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(7) ABSTRACT

A positive active material for a rechargeable lithium battery
is provided. The positive active material comprises a lithi-
ated intercalation compound and a coating layer formed on
the lithiated intercalation compound. The coating layer
comprises a solid-solution compound and an oxide com-
pound having at least two coating elements, the oxide
compound represented by the following Formula 1:

M,M0, )
wherein M and M' are not the same and are each indepen-
dently at least one element selected from the group consist-
ing of Zr, Al, Na, K, Mg, Ca, Sr, Ni, Co, Ti, Sn, Mn, Cr, Fe,
and V; O<p<l; O<q<l1; and 1<r=2, where r is determined
based upon p and q. The solid-solution compound is pre-
pared by reacting the lithiated intercalation compound with
the oxide compound. The coating layer has a fracture
toughness of at least 3.5 MPam'. A method of making the
positive active material is also provided.

28 Claims, 5 Drawing Sheets



U.S. Patent

FIG.1

100

Jul. 12, 2005

Sheet 1 of 5

US 6,916,580 B2

80 —

40 |—

atom concentration (at. %)

Co
P e e

60

80

100

distance from the surface of the particle (nm)



U.S. Patent Jul. 12, 2005 Sheet 2 of 5 US 6,916,580 B2

Comp. Ex. 3

Cell voltage (V)

:’ Comp. Ex. 5
3.0 = \ -
2.5 §—
2.0' | | | ' B 1 | ] | i | 1
0 S0 100 150 200 250 300 350 400

Specific Capacity (mAh/g)



U.S. Patent Jul. 12, 2005 Sheet 3 of 5 US 6,916,580 B2

FI1G.3

a 180 { l T ' 1 l 1 l I

< - i
< 170 — Ex. 1 ]
E = e mmsaag ,=','=gu===-__=-=—--=..aa.-===~:=:====-=====.=--==-:-=-=-===;.
~ “'“.U *00%%0s000004, -
S o L PO00eatn0ggt00,, et00enne Conle”Ex 2
-": ) ..‘Q.“
O h
©

% 150 o Comp Ex. 3 —
9 140 M T T

g oy
&

© 130 —
o

U =
2 120 —
©

9 110 A%% 7
t —
: :
joR 100 1 I ‘5‘4 | |

» 50 60 70

Number of cycles



U.S. Patent Jul. 12, 2005 Sheet 4 of 5 US 6,916,580 B2

T Ex. 1
[ 1C-1eycle
# 1C-30cycle

2 4
o _1t Comp.EX. 6
Y @ 1C-1¢ycle
g T 1S 1¢30¢cy¢cle
3

2.5 [ L 1 I 1 l | L 1

0 50 100 150 200 250

Specific Capacity (mAh/g)



U.S. Patent Jul. 12, 2005 Sheet 5 of 5 US 6,916,580 B2




US 6,916,580 B2

1

POSITIVE ACTIVE MATERIAL FOR A
RECHARGEABLE LITHIUM BATTERY,
METHOD FOR PREPARING THE SAME AND
BATTERY CONTAINING THE SAME

CROSS REFERENCE TO RELATED
APPLICATION

This application claims priority of Korea Patent Applica-
tion No. 2001-65805 filed on Oct. 24, 2001 in the Korean
Intellectual Property Office, the disclosure of which is
incorporated herein by reference.

BACKGROUND OF THE INVENTION

(a) Field of the Invention

The present invention relates to a positive active material
for a rechargeable lithium battery and a method for prepar-
ing the same, and more particularly, to a positive active
material for a rechargeable lithium battery having structural
stability and improved cycle-life characteristics and a
method for preparing the same.

(b) Description of the Related Art

A rechargeable lithium battery having an average dis-
charge potential of approximately 3.7 V, i.e. a battery having
substantially 4V, is considered to be one of the essential
components in the digital generation since it is an indis-
pensable energy source for portable digital devices such as
cellular phones, notebook computers, and camcorders,
which are often called “3C” devices.

Arechargeable lithium battery uses materials from or into
which lithium ions are deintercalated or intercalated for
positive and negative active materials. For the electrolyte, a
lithium salt solution in an organic solvent or a polymer is
used. A rechargeable lithium battery produces electric
energy as a result of changes in the chemical potentials of the
active materials during the intercalation and deintercalation
reactions of the lithium ions.

For the negative active material in the rechargeable
lithium battery, metallic lithium was used in the early days
of development. Recently, however, because the metallic
lithium causes a short battery life due to its high reactivity
with the electrolyte and the formation of lithium dendrites,
carbonaceous materials such as amorphous carbon or crys-
talline carbon, which reversibly intercalate lithium ions,
have extensively been used instead of the metallic lithium.
It has also been suggested to add additives such as boron to
the carbonaceous material in order to improve the capability
of carbonaceous material. For example, a boron-coated
graphite (BOC) improves the performance characteristics of
the carbonaceous materials.

For the positive active material in the rechargeable
lithium battery, chalcogenide compounds into or from which
lithium ions are intercalated or deintercalated are used.
Typical examples thereof include LiCoO,, LiMn,O,,
LiNiO,, LiNi;_,Co. 0, (0<x<1), and LiMnO,. A manganese-
based positive active material such as LiMn,O, or LiMnO,
is attractive since it is readily prepared, is less expensive
than the other materials, and is environmentally friendly.
However, the manganese-based materials have the disad-
vantage a relatively low capacity. LiNiO, is inexpensive and
has a high capability, but it is difficult to prepare in the
desired structure, and it becomes structurally unstable dur-
ing the charge and discharge. Among these materials,
LiCoO, is most accepted in the battery market since its
overall performance characteristics are better than the oth-
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ers. Accordingly, most of the current commercially available
rechargeable lithium batteries (approximately 95%) adopt
LiCoO, as the positive active material, but it is rather
expensive. There is a great deal of effort being expended to
find an alternative, in order to reduce the cost of the active
material.

The positive active material for the rechargeable lithium
battery is also called a Li-intercalation compound because
its structural stability and capacity are determined by the
nature of reversible intercalation/deintercalation reactions of
lithium ion. The structure of the Li-intercalation compound
is converted during the intercalation/deintercalation reaction
of lithium ion, and its structural stability is strongly influ-
enced by the composition of the positive active material,
LiMO, (M=Ni or Co), i.e. the value of x. For example,
when x is at least 0.5, the phase transition occurs from a
hexagonal phase to a monoclinic phase, while when x is less
than 0.5, the hexagonal phase reappears. Anisotropic volu-
metric expansion caused by the phase transition will gener-
ate micro-cracks on the positive active material, causing
damage to its morphological structure, and charge-discharge
efficiencies of lithium as well as cycle-life characteristics
consequently deteriorate. Accordingly, there are still
demands to find a positive active material for a rechargeable
lithium battery in which anisotropic volumetric expansion is
minimized.

In order to improve the structural stability of the active
material during charge and discharge, it is suggested that the
Ni-based lithiated oxide or the Co-based lithiated oxide be
doped with other elements. In U.S. Pat No. 5,292,601,
LiMO, (wherein M is an element selected from Co, Ni, or
Mn; x is 0.5-1) is suggested to improve the performance for
LiCoO,. However, there are continuing demands for further
improved positive active materials, especially for structural
stability and cycle-life characteristics.

SUMMARY OF THE INVENTION

In one embodiment, the present invention is directed to a
positive active material for a rechargeable lithium battery
comprising a lithiated intercalation compound, and a coating
layer formed on the lithiated intercalation compound. The
coating layer includes a solid-solution compound and an
oxide compound having at least two coating elements. The
oxide compound having at least two coating elements is
represented as the following Formula 1:

M,M0, )
wherein M and M' are not the same and are each indepen-
dently at least one element selected from the group consist-
ing of Zr, Al, Na, K, Mg, Ca, Sr, Ni, Co, Ti, Sn, Mn, Cr, Fe,
and V,

O<p<l1,

0<qg<1, and

1<r=2, r is determined based upon p and q. The solid-
solution compound is prepared by reacting the lithiated
intercalation compound and the oxide compound. The coat-
ing layer has a fracture toughness of at least 3.5 MPam™?.

In another embodiment, the invention is directed to a
positive active material for a rechargeable lithium battery
comprising a lithiated intercalation compound and a coating
layer formed on the lithiated intercalation compound. The
coating layer comprises an oxide compound having at least
two coating elements represented by the following Formula
1:

MM, O

g
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wherein M and M' are not the same and are each indepen-
dently at least one element selected from the group consist-
ing of Zr, Al, Na, K, Mg, Ca, Sr, Ni, Co, Ti, Sn, Mn, Cr, Fe,
and V;

O<p<1;

0<qg<1; and

1<r=2, where r is determined based upon p and q.

The present invention also provides a method of preparing
a positive active material for a rechargeable lithium battery.
In this method, a coating liquid comprising at least two
coating elements is prepared. To the coating liquid, a lithi-
ated intercalation compound is added and coated. Then, the
coated lithiated intercalation compound is subjected to heat-
treatment to provide a positive active material in which the
lithiated intercalation compound with a coating layer has a
fracture toughness of at least 3.5 MPam'/%. The coating layer
includes a solid-solution compound and an oxide compound
having at least two coating elements. The solid-solution
compound is prepared by reacting the lithiated intercalation
compound and the oxide compound. The oxide compound
having at least two coating elements is represented as the
following Formula 1:

M,M0, )

wherein M and M' are not the same and are each indepen-
dently at least one element selected from the group consist-
ing of Zr, Al, Na, K, Mg, Ca, Sr, Ni, Co, Ti, Sn, Mn, Cr, Fe,
and V; O<p<l1; O<q<l1; and 1<r=2, where r is determined
based upon p and q.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the invention, and many
of the attendant advantages thereof, will be readily apparent
as the same becomes better understood by reference to the
following detailed description when considered in conjunc-
tion with the accompanying drawings, wherein:

FIG. 1 is a view showing a concentration distribution of
coating elements from the surface to the center of the
positive active material fabricated by the method according
to Example 1 of the present invention;

FIG. 2 is a graph showing charge-discharge characteris-
tics at a 0.1 C rate of coin cells according to Example 1 of
the present invention and Comparative Examples 3 to 5;

FIG. 3 is a graph showing cycle-life characteristics of coin
cells according to Example 1 of the present invention and
Comparative Examples 1 to 5; and

FIG. 4 is a graph showing charge-discharge characteris-
tics at the overvoltage of 4.6V of coin cells according to
Example 1 of the present invention and Comparative
Example 6.

FIG. 5 is a perspective view of a battery according to the
invention.

DETAILED DESCRIPTION OF THE
INVENTION

Hereinafter, the present invention is described in detail.

The present invention relates to a positive active material
for a rechargeable lithium battery having a lithiated inter-
calation compound with a surface on which a coating layer
is formed. The coating layer has a fracture toughness of at
least 3.5 MPam'? and includes an oxide compound having
at least two coating elements and a solid-solution com-
pound. The solid-solution compound is formed by reacting
the lithiated intercalation compound with the oxide com-
pound.

10

15

20

25

30

35

40

45

50

55

60

65

4

The lithiated intercalation compound is anisotropically
expanded and contracted during the intercalation/
deintercalation reaction of lithium ions, and it thereby under-
goes phase transition at the a-axis and c-axis of the positive
active material. If the ratios of the volumetric expansion and
contraction of the lithiated intercalation compound are over
0.2%, too many micro-cracks are generated to ensure sta-
bility of the structure.

The present invention provides a coating layer on the
surface of the lithiated intercalation compound in order to
improve the structural stability of the compound. The coat-
ing layer should be able to tolerate the anisotropic volumet-
ric variation, and it includes a solid-solution compound and
an oxide compound having at least two coating elements.
The solid-solution compound is prepared by reacting the
lithiated intercalation compound and the oxide compound.
The oxide compound having at least two coating elements is
represented by the following Formula 1:

M,M0, )
wherein M and M' are not the same and are each indepen-
dently at least one element selected from the group consist-
ing of Zr, Al, Na, K, Mg, Ca, Sr, Ni, Co, Ti, Sn, Mn, Cr, Fe,
and V; O<p<l; O<q<l; and 1<r=2, where r is determined
based upon the values of p and q.

According to a preferred example of the present
invention, the oxide compound having at least two coating
elements is a zirconium-containing oxide compound repre-
sented by the following Formula 2:

Zr, M0, 2
wherein M' is at least one element selected from the group
consisting of Al, Na, K, Mg, Ca, Sr, Ni, Co, Ti, Sn, Mn, Cr,
Fe, and V, preferably Al; O<p<1; 0<q<1; and 1<r=2, where
r is determined based upon the values of p and q.

In this embodiment, the positive active material of the
present invention comprises a lithiated intercalation
compound, and a coating layer is formed on the lithiated
intercalation compound. The coating layer has a fracture
toughness of at least 3.5 MPam'? and includes a solid-
solution compound and an oxide compound having a
zirconium-containing oxide compound as shown in the
above Formula 2. The solid-solution compound is prepared
by reacting the lithiated intercalation compound with the
zirconium-containing oxide compound.

The coating layer has a fracture toughness of at least 3.5
MPam™? and preferably at least 10 MPam'?. When the
fracture toughness is less than 3.5 MPam'?, the structural
stability is not sufficiently improved.

The content of the coating element present in the coating
layer preferably ranges from 0.1 to 10 wt %, more preferably
from 1 to 7 wt %. If the coating element is present in an
amount less than 0.1 wt % in the coating layer, the coating
effect is not sufficient, while if the coating element is present
in an amount more than 10 wt % in the coating layer, it is
also not desirable, since charge-discharge capacity and effi-
ciency deteriorate.

The fracture toughness is a maximum point tolerable to
mechanical fracture, so that it is understood that the higher
the fracture toughness is, the more stable the material
structure is. The fracture toughness is generally measured by
a single-edge-notched beam (SENB) method or an indenta-
tion crack length (ICL) method. Table 1 shows the results of
fracture toughness measurements made by the indentation
crack length (ICL) method.
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TABLE 1
Oxide Compound Fracture Toughness (MPam'/?)

ZrAlO, 10~14

7:0, 8~10

ALO, 2742

TiO, 2.38

B,O, 1.44

Sio, 0.70

As shown in Table 1, the ternary-element oxide com-
pound ZrAlO, (which is stoichiometrically equivalent to
Zry sAl, 5O,) has a fracture toughness superior to that of the
binary-element oxide compound. Notably, it was discovered
that the structural stability of the positive active material
improves and the cycle-life characteristics dramatically
improve when the lithiated intercalation compound is coated
with a coating layer of a ternary-element oxide compound or
an oxide compound of more than 3 elements having a high
fracture toughness. It is postulated that the coating layer
reduces the anisotropic volumetric variation caused by
intercalation/deintercalation of lithium ions during charge
and discharge.

The coating layer includes, in addition to the oxide
compound having at least two coating elements, a solid-
solution compound prepared by reacting the oxide com-
pound with the lithiated intercalation compound. The solid-
solution compound can be formed to the depth of no more
than 20,000 A from the surface of the coating layer. The
solid-solution compound is distributed with a concentration
gradient such that the concentration decreases toward the
center of the positive active material.

Generally, the fracture toughness increases with an
increase in the thickness of the coating layer, but the
thickness preferably ranges from 0.01 to 2 um and more
preferably from 0.01 to 0.1 um. If the thickness of the
coating layer is less than 0.01 um, the cycle-life character-
istics do not sufficiently improve, while if the thickness is
over 2 um, the capacity is reduced.

The lithiated intercalation compound is capable of inter-
calating lithium ions and includes a lithiated metal oxide or
a lithiated calcogenide compound. These compounds have a
fundamentally cubic, hexagonal, or monoclinic structure.
Preferably the lithiated intercalation compound is selected
from the following compounds, represented by Formulas (3)
to (15):

LiMn, M,A, ©)
LiMn, M 0, X, @
Li,Mn,0,_X, ®
LiMn, M A, ®
Li,Co, M',A, ™
Li,Co, M0, X, ®
Li,Ni, M A, ©
LiNi, M0, X, 10)
Li,Ni, ,C0,0, X, an
Li,Ni,_, Co M A, 12
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Li,Ni,,..Co,M.0, X, (13)
Li,Ni,_,.Mn M, Ac (14)
Li,Ni, , Mn M0, X, (1s)

wherein

0.95=2x=1.1; 0=2y=0.5; 0=z=0.5; 0=a=2;

M'is an element selected from the group consisting of Al,
Ni, Co, Mn, Cr, Fe, Mg, Sr, V, Sc, Y, and elements of the
lanthanoid group;

A'is an element selected from the group consisting of O,
F, S, and P; and

X is an element selected from the group consisting of F,
S, and P.

The particle size of the lithiated intercalation compound
preferably ranges from 1 to 20 um, and more preferably
from 3 to 15 um.

To coat the positive active material of the present
invention, the coating liquid having at least two coating
elements is used. The coating liquid is prepared by adding a
coating-element source such as a coating-element-
containing alkoxide, a coating-element-containing salt, or a
coating-element-containing oxide to an organic solvent.
Examples of the organic solvent include, but are not limited
to, alcohols such as methanol, ethanol, and isopropanol;
hexane; chloroform; tetrahydrofuran; ether; methylene chlo-
ride; and acetone. The coating liquid is prepared by adding
a coating-element source to one or more solvents to form a
solution or a suspension.

The concentration of the coating-element is preferably 10
to 70 wt % of the coating liquid. When the concentration of
the coating element is below 10 wt %, coating is not fully
effective, whereas when the concentration is more than 70
wt %, charge-discharge capacity and efficiency undesireably
deteriorate.

Subsequently, the lithiated intercalation compound is
introduced into the coating liquid. The coating method
preferably comprises a dip coating method since it is a
simple method, but it may include other coating methods
such as a spray coating method.

The coated lithiated intercalation compound is subjected
to heat-treatment to provide a coated positive active mate-
rial. The heat treatment process is preferably performed at a
temperature ranging from 300 to 800° C. for 3 to 10 hours.
An additional drying step may be carry out before the heat
treatment, preferably at a temperature ranging from 80 to
200° C. for 1 to 5 hours. The lithiated intercalation com-
pound reacts with the oxide compound during the heat-
treatment to provide a solid-solution compound. If the
heat-treating temperature is below 300° C., the capacity and
cycle-life characteristics do not improve, while if it is over
800° C., the coating layer is burned out.

The resultant positive active material is added to and
mixed with an organic solvent together with a binder and a
conductive agent to provide a positive active material slurry.
The slurry is coated on a collector to provide a positive
electrode 3 for a rechargeable lithium battery. The prepared
positive electrode 3, along with a negative active material to
form a negative electrode 4, a separator 2 and an electrolyte
are put into a case 1 to fabricate a rechargeable lithium cell.
The negative electrode comprises a negative active material
capable of reversibly intercalating lithium ions. The elec-
trolyte comprises a lithiated compound and an organic
solvent. The negative active material and the electrolyte
include any conventional materials capable of being used in
the rechargeable lithium battery art.

The following examples illustrate the present invention in
further detail, but the present invention is not limited by
these examples.
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EXAMPLE 1

50 wt % of a zirconium ethylhexanoisopropoxide suspen-
sion and 50 wt % of an aluminum ethylhexanoisopropoxide
suspension in a volume ratio of 1:1 were mixed to obtain a
coating liquid. The obtained coating liquid and LiCoO,
powder having an average particle size of 10 um were mixed
in a weight ratio of 50:50 in 50 g of isopropanol to coat the
LiCoO, powder with the coating liquid. The coated LiCoO,
powder was dried at 100° C. for 2 hours, then heat-treated
at 400° C. for 10 hours to form solid-solution compounds of
ZrAlO, and LiCo, ,Zr,Al .0, (0<a=0.6, 0<b=0.2,
0<c=0.2) on the surface thereof. Using the obtained positive
active material precursor, a Super P conductive agent, and a
polyvinylidene fluoride in a weight ratio of 92:4:4, a positive
active material slurry was provided. The positive active
material slurry film was cast on an Al-foil to about 100 ym,
and then compressed to provide a positive electrode for a
coin cell. The positive electrode was punched in a circle
shape with a diameter of 1.6 cm. Using the prepared positive
electrode and a lithium counter-electrode, a coin cell was
fabricated in a glove box. For the electrolyte, a 1 M LiPF,
solution of ethylene carbonate and dimethyl carbonate (1:1
volume ratio) was used.

EXAMPLE 2

A coin cell was fabricated by the same procedure as in
Example 1, except that 50 wt % of a zirconium ethylhex-
anoisopropoxide suspension was mixed with 50 wt % of a
nickel ethylhexanoisopropoxide suspension in a volume
ratio of 1:1 to provide the coating liquid.

EXAMPLE 3

A coin cell was fabricated by the same procedure as in
Example 1, except that 50 wt % of a zirconium ethylhex-
anoisopropoxide suspension was mixed with 50 wt % of an
aluminum ethylhexanoisopropoxide suspension and 50 wt
% of a nickel ethylhexanoisopropoxide suspension in a
volume ratio of 1:1:1 to provide the coating liquid.

EXAMPLE 4

A coin cell was fabricated by the same procedure as in
Example 1, except that LiNiO, having an average particle
size of 10 um was used instead of LiCoO,.

EXAMPLE 5

A coin cell was fabricated by the same procedure as in
Example 1, except that LiMn,O, having an average particle
size of 13 um was used instead of LiCoO,.

EXAMPLE 6

A coin-type half-cell was fabricated by the same proce-
dure as in Example 1, except that LiNiyoCoq ;S1g 0205
having an average particle size of 13 yum was used instead of
LiCoO,.

EXAMPLE 7
A coin cell was fabricated by the same procedure as in

Example 1, except that LiNiy {Mn, ,O, having an average
particle size of 10 um was used instead of LiCoO,.
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8
EXAMPLE 8

A coin cell was fabricated by the same procedure as in
Example 1, except that
Li; 43Nig soMny 10C0g 1Al 07Mg 070, having an average
particle size of 13 um was used instead of LiCoO,.

COMPARATIVE EXAMPLE 1

A coin cell was fabricated by the same procedure as in
Example 1, except that an uncoated LiCoO, powder having
an average particle size of 10 um was used.

COMPARATIVE EXAMPLE 2

A coin cell was fabricated by the same procedure as in
Example 1, except that 4 wt % of an aluminum ethylhex-
anoisopropoxide suspension was used as the coating liquid
source.

COMPARATIVE EXAMPLE 3

A coin cell was fabricated by the same procedure as in
Example 1, except that 4 wt % of a titanium ethylhexanoiso-
propoxide suspension was used as the coating liquid source.

COMPARATIVE EXAMPLE 4

A coin cell was fabricated by the same procedure as in
Example 1, except that 4 wt % of a boron ethylhexanoiso-
propoxide suspension was used as the coating liquid source.

COMPARATIVE EXAMPLE 5

A coin cell was fabricated by the same procedure as in
Example 1, except that 4 wt % of a silicon ethylhexanoiso-
propoxide suspension was used as the coating liquid source.

COMPARATIVE EXAMPLE 6

A coin cell was fabricated by the same procedure as in
Example 1, except that 4 wt % of a zirconium ethylhex-
anoisopropoxide suspension was used as the coating liquid
source.

COMPARATIVE EXAMPLE 7

A coin cell was fabricated by the same procedure as in
Example 1, except that an uncoated LiNiO, powder having
an average particle size of 10 um was used.

FIG. 1 shows the Auger Electron Spectroscopy Analysis
results of the positive active material fabricated by the
method according to Example 1. It is recognized that the
concentrations of zirconium and aluminum decrease toward
the center of the positive active material. Accordingly,
zirconium and aluminum present in the coating layer are
present mostly around the surface of the positive active
material.

FIG. 2 shows a graph illustrating charge-discharge char-
acteristics at 0.1C at the voltage range of 2.75 to 4.4 V for
the test cell of Example 1 of the present invention, and for
Comparative Examples 3 to 5. As shown in FIG. 2, the coin
cell of Example 1 has improved discharge characteristics
over those of Comparative Examples 3 to 5.

FIG. 3 shows the cycle-life characteristics of coin cells of
Example 1 of the present invention and Comparative
Examples 1 to 5. The cycle-life characteristics were mea-
sured at 0.5 C at a voltage range of 2.75 to 4.4 V. As shown
in FIG. 3, cycle-life characteristics of the coin cell of
Example 1 in which the positive active material is coated
with the ternary-element oxide compound of ZrAlO, are
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distinctly better than those of Comparative Examples 1 to 5
in which the positive active material is coated with the
binary-element oxide compound, and they are similar to
those of Comparative Example 6.

FIG. 4 shows the charge-discharge characteristics of coin
cells of Example 1 of the present invention and those of
Comparative Example 6. The charge-discharge characteris-
tics were measured during repeated charge and discharge at
0.1 C at an overvoltage of 4.6 V. As shown in FIG. 4, the
coin cell of Example 1 in which the positive active material
is coated with the ternary-element oxide compound of
ZrAlO, has improved charge-discharge characteristics over
that of Comparative Example 6 in which the positive active
material is coated with the binary-element oxide compound.
FIG. 4 also shows that the charge-discharge characteristic at
the 30th cycle, that is the cycle-life characteristic, of
Example 1 is superior to that of Comparative Example 6.

As mentioned above, the positive electrode for the
rechargeable lithium battery of the present invention has a
coating layer having a very high fracture toughness so that
the lithiated intercalation compound has a stable structure
due to reduced volumetric expansion during intercalating
and deintercalating lithium ions. Accordingly, the cycle-life
and charge-discharge characteristics are significantly
improved when the rechargeable lithium battery employs the
positive active material of the present invention.

While the present invention has been described in detail
with reference to the preferred embodiments, those skilled in
the art will appreciate that various modifications and sub-
stitutions can be made thereto without departing from the
spirit and scope of the present invention as set forth in the
appended claims.

What is claimed is:

1. A positive active material for a rechargeable lithium
battery comprising:

a lithiated intercalation compound; and

a coating layer formed on the lithiated intercalation

compound, the coating layer comprising an oxide com-
pound having at least two coating elements represented
by the following Formula 1:
M,M0, )
wherein M and M' are not the same and are each inde-
pendently at least one element selected from the group
consisting of Zr, Al, Na, K, Mg, Ca, Sr, Ni, Co, Ti, Sn,
Mn, Cr, Fe, and V;

O<p<1;

0<qg<1; and

1<r=2, where r is determined based upon p and q.

2. The positive active material according to claim 1,
wherein M is Zr.

3. The positive active material according to claim 1,
wherein the coating layer has a fracture toughness of at least
10 Mpam'>.

4. The positive active material according to claim 1,
wherein the lithiated intercalation compound has a funda-
mental structure selected from the group consisting of cubic
structures, hexagonal structures, and monoclinic structures.

5. The positive active material according to claim 1,
wherein the lithiated intercalation compound is selected
from the group consisting of the following compounds
represented by Formulas (3) to (15):

Li,Mn, M A,
Li,Mn, M0, X,
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10
Li,Mn,0,_X, ®
LiMn, M\ A, ©
Li,Co, M',A, o)
Li,Co, M0, X, ®
Li,Ni, M\A, ©
Li,Ni, ,M\,0, X, (10)
Li,Ni, ,Co,0, X, (1)
LiNi; , .Co,M".A, 12
Li,Ni, . .Co,M.0, X, (13)
Li,Ni, , Mn M,Ac (14)
Li,Ni, . Mn M.0, X, (15)
wherein

0.95=x1.1; 0=y=0.5; 0=z=0.5; 0Za=2;

M'is an element selected from the group consisting of Al,
Ni, Go, Mn, Cr, Fe, Mg, Sr, V, Sc, Y, and elements of
the lanthanoid group;

A'is an element selected from the group consisting of O,
F, S, and P; and

X is an element selected from the group consisting of F,
S, and P.

6. The positive active material according to claim 1,
wherein the coating element has a concentration gradient in
which the concentration gradually decreases from the sur-
face toward the center of the positive active material.

7. The positive active material according to claim 1,
wherein the coating layer has a thickness ranging from 0.01
to 2 pm.

8. The positive active material according to claim 1,
wherein the coating element is present in the coating layer
in an amount ranging from 0.1 to 10 wt %.

9. A positive active material for a rechargeable lithium
battery comprising:

a lithiated intercalation compound; and

a coating layer formed on the lithiated intercalation
compound, the coating layer comprising a solid-
solution compound and an oxide compound having at
least two coating elements represented by the following
Formula 1:

M,M,0, )
wherein M and M' are not the same and are each inde-
pendently at least one element selected from the group
consisting of Zr, Al, Na, K, Mg, Ca, Sr, Ni, Co, Ti, Sn,

Mn, Cr, Fe, and V;

O<p<l;
0<qg<1; and
1<r=2, where r is determined based upon p and q,

wherein the solid-solution compound is prepared by react-
ing the lithiated intercalation compound with the oxide
compound, and the coating layer has a fracture tough-
ness of at least 3.5 MPam'.

10. The positive active material according to claim 9,
wherein M is Zr.

11. The positive active material according to claim 9,
wherein the coating layer has a fracture toughness of at least
10 Mpam™>.

12. The positive active material according to claim 9,
wherein the lithiated intercalation compound has a funda-
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mental structure selected from the group consisting of cubic
structures, hexagonal structures, and monoclinic structures.

13. The positive active material according to claim 9,
wherein the lithiated intercalation compound is selected
from the group consisting of the following compounds
represented by Formulas (3) to (15):

LiMn, M A, ©)
LiMn, M 0, X, @
Li,Mn,0,_X, ®
LiMn, M A, ®
LiCoy M'\A, ™
Li,Co, M0, X, ®
LiNi; M'\A, ©)
LiNi, M0, X, (10)
Li,Ni, ,C0,0, X, (an
LiNi; , .Co,M".A, 12
Li,Ni, ,.Co M .0, X, 13
Li,Ni, . ,Mn M, Ac as
Li,Ni, , Mo M.0, X, s
wherein

0.95=x=1.1; 0=y=£0.5; 02z=0.5; 020 =2;

M'is an element selected from the group consisting of Al,
Ni, Co, Mn, Cr, Fe, Mg, Sr, V, Sc, Y, and elements of
the lanthanoid group;

Ais an element selected from the group consisting of O,
F, S, and P; and

X is an element selected from the group consisting of F,
S, and P.

14. The positive active material according to claim 9,
wherein the coating element has a concentration gradient in
which the concentration gradually decreases from the sur-
face toward the center of the positive active material.

15. The positive active material according to claim 9,
wherein the coating layer has a thickness ranging from 0.01
to 2 yum.

16. The positive active material according to claim 9,
wherein the coating element is present in the coating layer
in an amount ranging from 0.1 to 10 wt %.

17. A positive active material for a rechargeable lithium
battery comprising:

a lithiated intercalation compound; and

a coating layer formed on the lithiated intercalation
compound, the coating layer comprising a solid-
solution compound and a Zr-containing oxide com-
pound of Zry sAl, 50,,

wherein the solid-solution compound is prepared by react-
ing the lithiated intercalation compound with the
Zr-containing compound, and the coating layer has a
fracture toughness of at least 10 MPam*/,

18. A method of preparing a positive active material for a

rechargeable lithium battery comprising:

preparing a coating liquid comprising an oxide compound
of at least two coating elements;

adding a lithiated intercalation compound to the coating
liquid and coating the lithiated intercalation compound
with the coating liquid; and
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12
heat-treating the coated lithiated intercalation compound,

wherein the surface of lithiated intercalation compound is
provided with a coating layer comprising a solid-
solution compound and the oxide compound repre-
sented by the following Formula 1:
MM 0, )
wherein M and M' are not the same and are each indepen-
dently at least one element selected from the group consist-
ing of Zr, Al, Na, K, Mg, Ca, Sr, Ni, Co, Ti, Sn, Mn, Cr, Fe,
and V;
O<p<l;
0<qg<1; and
1<r=2, where r is determined based upon p and q,

wherein the solid-solution compound is prepared by react-
ing the lithiated intercalation compound with the oxide
compound, and the coating layer has a fracture tough-
ness of at least 3.5 MPam"2.

19. The method according to claim 18, wherein M is Zr.

20. The method according to claim 18, wherein the oxide
compound is Zry sAl, sO5.

21. The method according to claim 18, wherein the
lithiated intercalation compound has a fundamental structure
selected from the group consisting of cubic structures,
hexagonal structures, and monoclimc structures.

22. The method according to claim 18, wherein the
lithiated intercalation compound is selected from the group
consisting of the following compounds represented by For-
mulas (3) to (15):

LiMn, M\ A, ©)
Li,Mn, M’,0, X, ©
Li,Mn,0,_X, ®
LiMn, M\ A, ©
LiCoy M'\A, ™
Li,Co, M0, X, ®
LiNi; M'\A, ©)
LiNi, M0, X, (10)
LiNi; ,Co,0, X, an
LiNi; , .Co,M".A, 12)
Li,Ni, . .Co,M.0, X, 13)
Li,Ni, . .Mn M, Aa 14
Li,Ni, . Mn M.0, X, 15)
wherein

0.95=2x=1.1; 0=2y=0.5; 0=z=0.5; 0=a=2;

M'is an element selected from the group consisting of Al,
Ni, Co, Mn, Cr, Fe, Mg, Sr, V, Sc, Y, and elements of
the lanthanoid group;

A'is an element selected from the group consisting of O,
F, S, and P; and

X is an element selected from the group consisting of F,
S, and P.

23. The method according to claim 18, wherein the

coating layer has a thickness ranging from 0.01 to 2 um.
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24. The method according to claim 18, wherein the
coating element is present in the coating layer in an amount
ranging from 10 to 70 wt %.

25. The method according to claim 18, wherein the
coating element has a concentration gradient in which the
concentration gradually decreases from the surface toward
the center of the positive active material.

26. The method according to claim 18, wherein the
heat-treatment step is performed at a temperature ranging
from 300 to 800°.

27. The method according to claim 18, wherein the
heat-treatment step is performed for a time ranging from 3
to 10 hours.

28. A rechargeable lithium battery comprising a positive
active material comprising:

a lithiated intercalation compound; and

a coating layer formed on the lithiated intercalation
compound, the coating layer comprising a solid-
solution compound and an oxide compound having at

10

14

least two coating elements represented by the following
Formula 1:

MM'.0O @

g

wherein M and M' are not the same and are each inde-
pendently at least one element selected from the group
consisting of Zr, Al, Na, K, Mg, Ca, Sr, Ni, Co, Ti, Sn,
Mn, Cr, Fe, and V;

O<p<l;

0<qg<1; and

1<r=2, where r is determined based upon p and q,

wherein the solid-solution compound is prepared by react-
ing the lithiated intercalation compound with the oxide
compound, and the coating layer has a fracture tough-
ness of at least 3.5 MPam'.



