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1
CATHODE ACTIVE MATERIAL COATED
WITH FLOURINE COMPOUND FOR
LITHIUM SECONDARY BATTERIES AND
METHOD FOR PREPARING THE SAME

TECHNICAL FIELD

The present invention relates to a method for treating the
surface of a cathode active material for lithium secondary
batteries with superior cycle characteristics and excellent
high-rate characteristics. More particularly, the present
invention relates to an improvement in the charge-discharge
characteristics, cycle characteristics, high-voltage character-
istics and thermal stability of lithium secondary batteries by
coating a cathode active material for the lithium secondary
batteries with a fluorine compound.

BACKGROUND ART

Demand for rechargeable lithium secondary batteries as
power sources of portable electronic devices for digital com-
munication, such as personal digital assistants (PDAs), cel-
Iular phones and notebooks, as well as electric bicycles and
electric automobiles is rapidly growing. The performance of
these devices is greatly influenced by secondary batteries as
key components of the devices. Accordingly, there is a strong
need for high-performance batteries. Several main character-
istics required in batteries are charge-discharge characteris-
tics, cycle characteristics, high-rate characteristics, and high-
temperature stability. Lithium secondary batteries have
drawn attention because of their high voltage and high energy
density.

Lithium secondary batteries are classified into lithium
metal batteries using lithium as an anode and lithium ion
batteries using an interlayer compound, e.g., carbon, capable
of intercalation/deintercalation of lithium ions. Further,
lithium secondary batteries are classified into liquid type
batteries using a liquid electrolyte, gel type polymer batteries
using a mixture of liquid and polymer electrolytes, and solid
type polymer batteries using a pure polymer electrolyte
according to the kind of electrolytes used.

Currently available small-size lithium ion secondary bat-
teries use [iCoO, as a cathode material and carbon as an
anode material. Lithium ion secondary batteries using
LiMn,O, as a cathode material were developed by Moli
Energy Corp., Japan, but their use is negligible in comparison
with that of batteries using LiCoQO,. Extensive research on
LiNiO,, LiCo Ni,_ O, and LiMn,0, is actively underway as
cathode materials. LiCoO, is a promising material in terms of
its stable charge-discharge characteristics, high electronic
conductivity, superior thermal stability and constant dis-
charge voltage characteristics, but has disadvantages of insuf-
ficient cobalt deposits, high price and toxicity. For these rea-
sons, development of novel cathode materials is needed.
LiNiO, has problems that it is difficult to synthesize and is
thermally unstable, which make LiNiO, unsuitable for com-
mercialization. Commercial applications of LiMn,O, are
currently limited to some low-priced products. However,
LiMn,O, is has a spinel structure and deliverers a lower
theoretical capacity (~148 mAh/g) than other active materi-
als. In addition, LiMn,O, has poor cycle characteristics due
to the Mn dissolution into electrolyte. Particularly, since
LiMn,O, has poor high-temperature characteristics at 55° C.
or higher when compared to LiCoQ,, ithas not yet been put to
practical use in batteries.

To overcome these problems, numerous studies have
focused on materials having a layered crystal structure. Under
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such circumstances, Li[Ni, ,Mn,,]O, (nickel:manga-
nese=1:1) and Li[Ni, ;Co, ;Mn, ;]O, (nickel:cobalt:manga-
nese=1:1:1), each of which has a layered crystal structure, are
currently in the spotlight. These materials are advantageous
over LiCoQ, in terms their low price, high capacity and supe-
rior thermal stability.

However, since Li[Ni,,Mn, |0, and Li[Ni,Co,
Mn, ,,]O, have a lower electronic conductivity than LiCoO,,
they show poor high-rate characteristics and poor low-tem-
perature characteristics. Further, since Li[Ni, ,Mn, ,]O, and
Li[Ni, 5Co,,5Mn, 5]O, have a low tap density, no improve-
ment in the energy density of batteries is achieved despite
their high capacity. Particularly, the electronic conductivity of
Li[Ni, ,Mn, ,]0, is extremely low, which causes difficulty in
the commercialization of the material (J. of Power Sources,
112 (2002) 41-48). Particularly, Li[Ni,,Mn,,]O, and
Li[Ni, 5Co,,5Mn, 5]O, show poor high-power characteristics
over LiCoO, and LiMn,0,, which makes them unsuitable as
materials for hybrid power sources for use in electric auto-
mobiles. In an attempt to solve such problems, Japanese
Patent Laid-open No. 2003-59491 suggests a method for
treating the surface of a cathode active material with conduc-
tive carbon black. However, significant improvement has not
hitherto been reported.

Lithium secondary batteries have problems in that the
cycle life is drastically shortened due to repeated charge-
discharge cycles, especially at high temperatures. The reason
for this is that electrolytes are decomposed, active materials
are degraded, and the internal resistance of batteries is
increased due to the presence of moisture within batteries and
other factors. A number of efforts to solve these problems
have been made. For example, Korean Patent No. 10-277796
discloses a cathode active material surface-coated with a
metal oxide, such as an oxide of Mg, Al, Co, K, Na or Ca, by
annealing. A technique for improving the energy density and
high-rate characteristics of lithium secondary batteries by
adding TiO, to an active material, e.g., LiCoO,, is suggested
(Electrochemical and Solid-State Letters, 4 (6) A65-A67
2001). A technique for prolonging the cycle life of lithium
secondary batteries by treating the surface of natural graphite
with aluminum is known (Electrochemical and Solid-State
Letters, 4 (8) A109-A112 2001). However, the problems of
the shortened cycle life and gas evolution arising from the
decomposition of electrolytes during charge and discharge
still remain unsolved. Further, active materials may be dis-
solved by acids formed from the oxidation of electrolytes
during charge due to a reduction in the capacity of batteries
(Journal of Electrochemical Society, 143 (1996) P2204). In
recent years, Korean Patent Laid-open No. 2003-0032363
describes a technique for coating the surface of a cathode
active material with a hydroxide, oxyhydroxide, oxycarbon-
ate or hydroxycarbonate of Mg, Al, Co, K, Na, Ca, Si, Ti, Sn,
V, Ge, Ga, B, As, or Zr.

SUMMARY OF THE INVENTION
Technical Problem

The present invention has been made in view of the above
problems, and it is an object of the present invention to pro-
vide a cathode active material coated with a fluorine com-
pound powder that is capable of preventing deterioration in
the performance of batteries, such as cycle characteristics,
particularly at high voltage and high rate by coating of nano-
sized fluorine compound.

Technical Solution

In accordance with one aspect of the present invention for
achieving the above object, there is provided a cathode active
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material for lithium secondary batteries wherein the surface
of the cathode active material is coated with a fluorine com-
pound.

In one preferred embodiment of the present invention, the
fluorine compound is at least one compound selected from the
group consisting of CsF, KF, LiF, NaF, RbF, TiF, AgF, AgF,,
BaF,, CaF,, CuF,, CdF,, FeF,, HgF,, Hg,F,, MnF,, MgF,,
NiF,, PbF,, SnF,, SrF,, XeF,, ZnF,, AlF,, BF;, BiF;, CeF,,
CrF;, DyF,, EuF;, GasF, GaF;, GdF;, FeF;, HoF,, InF;,
LaF;, LuF;, MnF;, NdF;, VOF;, PrF,, SbF;, ScF;, SmF;,
TbF,, TiF;, TmF,, YF,, YbF,, TIF,, CeF,, GeF,, HfF,, SiF,,
SnF,, TiF,, VF,, ZrF ,, NbFs, SbFs, TaFs, BiFs, MoFs, ReFs,
SF5, WFS, MoF, ReF, SF, WF, and other inorganic fluo-
rine compounds other fluorine-containing compounds.

In one embodiment of the present invention, the cathode
active material coated with the fluorine compound is
Li[Co, M,]O,_F, or Li[Co,_M]O, S, (0=sa<0.1,
0=x<0.1, and M is at least one metal selected from the group
consisting of Mg, Al, Ni, Mn, Zn, Fe, Cr, Ga, Mo and W)
having a hexagonal layered rock-salt structure.

In one embodiment of the present invention, the cathode
active material coated with the fluorine compound is Li,
[Ni, _M.,]O,_,F, or Li,,,[Ni,_M]O, .S, (0.01=a=<0.2,
0=b<0.1, 0.01=x<0.5, and M is at least one metal selected
from the group consisting of Mg, Al, Co, Mn, Zn, Fe, Cr, Ga,
Mo and W) having a hexagonal layered rock-salt structure.

In one embodiment of the present invention, the cathode
active material coated with the fluorine compound is Li,,,
[Ni,_._,CoMn]O, ,F, or Li,[Ni,__ CoMn]O,,S,
(0.01=2a<0.2, 0=b=0.1, 0.05=x=0.4, 0.05=<y=<0.35, and 0.1 =x+
y=0.75) having a hexagonal layered rock-salt structure.

In one embodiment of the present invention, the cathode
active material coated with the fluorine compound is Li[Li,
(Ni,Co,_,,Mn,),_,]O,_,F, or Li[Li,(Ni,Co, ,Mn,),_,|
0,5, (0.01=a<0.2, 0.05=x=<0.5, and 0<b=0.1) having a hex-
agonal layered rock-salt structure.

In one embodiment of the present invention, the cathode
active material coated with the fluorine compound is Li[Li,
(Ni,Co,_,,Mn,_ ,M),_,0, ,F, or Li[Li,(NiCo,_,,
Mn, M), ,]O0,_,S, (M is at least one metal selected from
the group consisting of Mg, Ca, Cu and Zn, 0.01=a=<0.2,
0.05=x=0.5, 0.01=y=0.1, and 0=b=0.1) having a hexagonal
layered rock-salt structure.

In one embodiment of the present invention, the cathode
active material coated with the fluorine compound is Li[Li,
(Niy ;3Co 3 0pMny 3,9M), 10, ,F, or  Li[Li (Ni, 5
Cop3_omMng 3,9M),105_,S, (M is at least one metal
selected from the group consisting of Mg, Ca, Cu and Zn,
0.01=a=<0.2, 0=x=<0.5, 0.01=<y=<0.1, and O<b=<0.1) having a
hexagonal layered rock-salt structure.

In one embodiment of the present invention, the cathode
active material coated with the fluorine compound is Li[Li,
(NiCo,_,,_MnM) 10, ,F, or LilLi,(NiCo, , M-
M), _]O, .S, (M is at least one metal selected from the
group consisting of B, Al, Feand Cr, 0.01=a=<0.2,0.05=x=<0.5,
0.01=y=0.1, and 0=<b=0.1) having a hexagonal layered rock-
salt structure.

In one embodiment of the present invention, the cathode
active material coated with the fluorine compound is Li[Li,
(Ni.Co,_,,,Mn,_,MN)IO, ,F,  or  Li[Li,(Ni.
Coy_5, Mn,_,,MN,), .10, ,S, (M is at least one metal
selected from the group consisting of B, Al, Fe and Cr, N is
Mg or Ca, 0.01=a=<0.2, 0=x=<0.5, 0.01=<y=0.1, and 0<b=<0.1)
having a hexagonal layered rock-salt structure.

In one embodiment of the present invention, the cathode
active material coated with the fluorine compound is
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4

LiM Fe, PO, (is at least one metal selected from the group
consisting of Co, Ni and Mn, and 0=x<1) having an olivine
structure.

In one embodiment of the present invention, the cathode
active material coated with the fluorine compound is spinel
Lip, [Mn, M,]O,_,F, or Lip, [Mny M,]O,_,S,
(0.01=a<0.15, 0=<b=0.1, 0=x<0.1, and M is at least one metal
selected from the group consisting of Co, Ni, Cr, Mg, Al, Zn,
Mo and W) having a cubic structure.

In one embodiment of the present invention, the cathode
active material coated with the fluorine compound is spinel
Ly, [Nig sMn, s  M,]O,_,F, or Liy,[NipsMn, s . M,]
0,55, (0.01=a=<0.15, 0=b=0.1, 0=x=0.1, and M is at least
one metal selected from the group consisting of Co, Ni, Cr,
Mg, Al, Zn, Mo and W) having a cubic structure.

In accordance with another aspect of the present invention,
there is provided a preferred method for preparing a cathode
active material coated with a fluorine compound for lithium
secondary batteries, the method comprising mixing a fluorine
(F) compound with an elemental precursor in an aqueous
solution to obtain a fluorine compound powder with a high
degree of dispersion therein, adding a solution of a cathode
active material for lithium secondary batteries to the aqueous
solution, and reacting the mixed solution at 50-100° C. for
3-48 hours.

In accordance with yet another aspect of the present inven-
tion, there is provided a method for preparing a cathode active
material coated with a fluorine compound for lithium second-
ary batteries, the method comprising mixing a cathode active
material for lithium secondary batteries with 0.1-10% by
weight of an elemental precursor, relative to the weight of the
cathode active material, in an aqueous solution, adding a
solution of a fluorine (F) compound to the aqueous solution,
and reacting the mixed solution at 50-100° C. for 3-48 hours.

In one preferred embodiment, the methods of the present
invention further comprise drying the resultant reaction prod-
uct at 110° C. for 6-24 hours, followed by annealing the dried
resultant in an oxidizing or reducing atmosphere or under
vacuum at 150-900° C. for 1-20 hours to produce a fluorine
compound powder-coated cathode active material.

In one preferred embodiment of the present invention, the
elemental precursor is an alkoxide, sulfate, nitrate, acetate,
chloride or phosphate of at least one element selected from
the group consisting of Cs, K, Li, Na, Rb, Ti, Ag (I), Ag (1),
Ba, Ca, Cu, Cd, Fe, Hg (I), Hg (I), Mn (II), Mg, Ni, Pb, Sn,
Sr, Xe, Zn, Al, B, Bi (IIT), Ce (II1), Cr, Dy, Eu, Ga, Gd, Fe, Ho,
In, La, Lu, Mn (III), Nd, VO, Pr, Sb (IIT), Sc, Sm, Th, Ti (IIT),
Tm, Y, Yb, TI, Ce (IV), Ge, Hf, Si, Sn, Ti (IV), V, Zr, Nb, Sb
(V), Ta, Bi (V), Mo, Re, S, and W.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects, features and other advantages
of'the present invention will be more clearly understood from
the following detailed description taken in conjunction with
the accompanying drawings, in which:

FIG. 1is a flow chart illustrating the procedure of a method
for coating a cathode active material in Example 1 of the
present invention;

FIG. 2 shows X-ray diffraction (XRD) patterns of a cath-
ode active material prepared in Example 1 and a cathode
active material used in Comparative Example 1 of the present
invention;

FIG. 3 is a field emission scanning electron microscopy
(FESEM) image of a cathode active material prepared in
Example 1 of the present invention;
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FIG. 4 is a field emission scanning electron microscopy
(FESEM) image of a cathode active material used in Com-
parative Example 1 of the present invention;

FIGS. 5 and 6 are images showing the results of a cathode
active material prepared in Example 1 of the present invention
by energy dispersive spectroscopy (EDS);

FIG. 7 is a graph showing discharge capacity versus num-
ber of cycles of half-cells using a cathode active material
prepared in Example 1 and a cathode active material used in
Comparative Example 1 of the present invention in the volt-
age range of 3.0-4.5V at room temperature (30° C.) and a
constant current density of 0.8 mA/cm?;

FIG. 8 is a graph showing discharge capacity versus num-
ber of cycles of half-cells using a cathode active material
prepared in Example 1 and a cathode active material used in
Comparative Example 1 of the present invention in the volt-
age range of 3.0-4.5V at a high temperature (55° C.) and a
constant current density of 0.8 mA/cm?;

FIG. 9 is a graph showing discharge capacity versus num-
ber of cycles of half-cells using a cathode active material
prepared in Example 1 and a cathode active material used in
Comparative Example 1 of the present invention in the volt-
age range of 3.0-4.5V at room temperature (30° C.) and a
constant current density of 0.2 mA/cm?;

FIG. 10 is a graph showing discharge capacity versus num-
ber of cycles of half-cells using a cathode active material
prepared in Example 1 and a cathode active material used in
Comparative Example 1 of the present invention according to
C-rates in the voltage range of 3.0-4.5V at room temperature
(30° C.),

FIG. 11 is a graph showing discharge capacity versus num-
ber of cycles of half-cells using a cathode active material
prepared in Example 1 and a cathode active material used in
Comparative Example 1 of the present invention according to
C-rates in the voltage range 0f 3.0-4.5V at a high temperature
(85° C.),

FIG. 12 is a graph showing the Co dissolution rate of a
cathode active material prepared in Example 1 and a cathode
active material used in Comparative Example 1 of the present
invention as a function of time;

FIG. 13 shows XRD patterns of cathode active materials
prepared in Examples 1 to 3 and a cathode active material
used in Comparative Example 1 of the present invention;

FIG. 14 is a graph showing discharge capacity versus num-
ber of cycles of half-cells using cathode active materials
prepared in Examples 1 to 3 and a cathode active material
used in Comparative Example 1 ofthe present invention in the
voltage range of 3.0-4.5V at 30° C. and a constant current
density of 0.2 mA/cm?;

FIG. 15 shows XRD patterns of cathode active materials
prepared in Examples 4 to 6 and a cathode active material
used in Comparative Example 2 of the present invention;

FIG. 16 is a graph showing discharge capacity versus num-
ber of cycles of half-cells using cathode active materials
prepared in Examples 4 to 6 and a cathode active material
used in Comparative Example 2 of the present invention in the
voltage range of 3.4-4.3V at 55° C. and a constant current
density of 1.1 mA/cm? (1 C); and

FIG. 17 is a graph showing discharge capacity versus num-
ber of cycles of half-cells using a cathode active material
prepared in Example 7 and a cathode active material used in
Comparative Example 1 of the present invention in the volt-
age range 0f3.0-4.5V at 30° C. and a constant current density
of 0.8 mA/cm?>.
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DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Hereinafter, the present invention will be described in
greater detail.

The present invention provides a cathode active material
coated with a fluorine compound powder that is capable of
preventing deterioration in the performance of lithium sec-
ondary batteries, such as cycle characteristics, particularly at
high temperature and high rate.

The fluorine compound coated on the surface of the cath-
ode active material may be at least one compound selected
from the group consisting of CsF, KF, LiF, NaF, RbF, TiF,
AgF, AgF,, BaF,, CaF,, CuF,, CdF,, FeF,, HgF,, Hg,F,,
MnF,, MgF,, NiF,, PbF,, SnF,, StF,, XeF,, ZnF,, AlF,, BF;,
BiF;, CeF,, CrF;, DyF;, EuF,, GaF,, GdF,, FeF;, HoF,,
InF,, LaF;, LuF;, MnF,, NdF;, VOF;, PrF;, SbF,, ScF,,
SmF,, TbF,, TiF,;, TmF,, YF,, YbF,, TIF,, CeF,, GeF ,, HfF ,,
SiF,, SnF,, TiF,,, VF,, ZrF,, NbF, SbF, TaF, BiFs, MoFs,
ReFs, SF5, WE,, MoF, ReF, SF¢, WF, and other inorganic
fluorine compounds other fluorine-containing compounds.

The coating with the fluorine compound reduces the influ-
ence of acids formed in the vicinity of the cathode active
material and inhibits the reactivity between the cathode active
material and an electrolyte so that a drastic reduction in the
capacity of batteries can be prevented, thereby improving the
charge-discharge characteristics, cycle characteristics, high-
voltage and high-rate characteristics, and thermal stability of
the final cathode active material for batteries.

The surface of the cathode active material to be coated with
the fluorine compound is amorphous, crystalline, or a mixed
state thereof.

The present invention also provides a preferred method for
preparing a cathode active material coated with a fluorine
compound for lithium secondary batteries, the method com-
prising the steps of mixing a fluorine (F) compound with an
elemental precursor in an aqueous solution to obtain a fluo-
rine compound powder with a high degree of dispersion
therein, adding a solution of a cathode active material for
lithium secondary batteries to the aqueous solution, and react-
ing the mixed solution at 50-100° C. for 3-48 hours to coat the
cathode active material with the fluorine compound.

The reason for the high co-precipitation reaction tempera-
ture is that the co-precipitation of the elemental precursor
enables the formation of a precipitate with a high degree of
dispersion in a complex state.

The fluorine compound powder with a high degree of dis-
persion is obtained after a certain time of the mixing of the
fluorine (F) compound with the elemental precursor. Since
the coating is carried out after the formation of the fluorine
compound powder with a high degree of dispersion, the
necessity of controlling the precipitation rate is avoided when
the fluorine (F) compound is added. In addition, since the
fluorine compound is previously obtained by mixing the fluo-
rine (F) compound and the elemental precursor, the amount of
a solvent used, e.g., an alcohol, which is a more expensive
reagent than distilled water, can be reduced, thus reducing the
coating cost.

Specifically, the cathode active material coated with the
fluorine compound is prepared in accordance with the follow-
ing procedure. First, at least one elemental precursor selected
from Cs, K, Li, Na, Rb, Ti, Ag (1), Ag (II), Ba, Ca, Cu, Cd, Fe,
Hg (1I), Hg (I), Mn (II), Mg, Ni, Pb, Sn, Sr, Xe, Zn, Al, B, Bi
(I1), Ce (I1I), Cr, Dy, Eu, Ga, Gd, Fe, Ho, In, La, Lu, Mn (II),
Nd, VO, Pr, Sb (1IT), Sc, Sm, Tb, Ti (III), Tm, Y, Yb, TI, Ce
AV), Ge, Hf, S1,Sn, Ti (IV), V, Zr, Nb, Sb (V), Ta, Bi (V), Mo,
Re, S and W is dissolved in an alcohol, such as a monohydric
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(e.g., methanol, ethanol or isopropanol) or dihydric alcohol
(e.g., ethylene glycol or butyl glycol), or distilled water. A
fluorine (F)-containing solution is added to the solution to
obtain a metal fluoride compound powder. Thereafter, a cath-
ode active material for lithium secondary batteries is added to
the mixed solution so that it is coated with the metal fluoride
compound.

The amount of the fluorine (F)-containing solution used is
preferably in the range of 1 to 20 moles, relative to one mole
of the coating element. As the elemental precursor, there can
be used an alkoxide, such as methoxide, ethoxide, isopro-
poxide or butoxide, sulfate, nitrate, acetate, chloride, or
oxide. The amount of the coating element used is desirably in
the range 0f 0.1 to 10% by weight, relative to the weight of the
cathode active material. If the coating element is used in an
amount of less than 0.1% by weight, coating effects are not
exhibited. Meanwhile, if the coating element is used in an
amount exceeding 10% by weight, the excessive weight of the
coating element causes a reduction in the capacity and energy
density of batteries. The mixed solution containing the cath-
ode active material for lithium secondary batteries and the
fluorine compound is reacted at 50-150° C. for 3-48 hours.

In another aspect, the present invention also provides a
method for preparing a cathode active material coated with a
fluorine compound for lithium secondary batteries, compris-
ing mixing a cathode active material for lithium secondary
batteries with 0.1-10% by weight of an elemental precursor,
relative to the weight of the cathode active material, in an
aqueous solution, adding a solution of a fluorine (F) com-
pound to the aqueous solution, and reacting the mixed solu-
tion at 50-100° C. for 3-48 hours to coat the cathode active
material with the fluorine compound.

According to the previous method, the fluorine compound
powder obtained from the mixture of the fluorine (F) com-
pound and the elemental precursor may not have a high
degree of dispersion in view of the characteristics of the
elemental precursor and has a strong tendency to aggregate so
that it has a large size. As a result, an improvement in char-
acteristics may not be expected. Accordingly, it is desirable to
control the precipitation rate so that the fluorine compound is
slowly formed, and at the same time, it is coated on the surface
of the cathode active material.

Specifically, the cathode active material coated with the
fluorine compound is prepared in accordance with the follow-
ing procedure. First, at least one elemental precursor selected
from Cs, K, Li, Na, Rb, Ti, Ag (1), Ag (II), Ba, Ca, Cu, Cd, Fe,
Hg (II), Hg (1), Mn (II), Mg, Ni, Pb, Sn, Sr, Xe, Zn, Al, B, Bi
(1), Ce (I11), Cr, Dy, Eu, Ga, Gd, Fe, Ho, In, La, Lu, Mn (),
Nd, VO, Pr, Sb (I1I), Sc, Sm, Th, Ti (IIT), Tm, Y, Yb, TI, Ce
(IV), Ge, Hf, Si, Sn, Ti (IV), V, Zr, Nb, Sb (V), Ta, Bi (V), Mo,
Re, S and W is dissolved in an alcohol, such as a monohydric
(e.g., methanol, ethanol or isopropanol) or dihydric alcohol
(e.g., ethylene glycol or butyl glycol), or distilled water. A
cathode active material for lithium secondary batteries is
added to the solution. Thereafter, to the mixed solution is
added a fluorine (F)-containing solution so that the cathode
active material for lithium secondary batteries is coated with
the metal fluoride compound.

The amount of the fluorine (F)-containing solution used is
preferably in the range of 1 to 20 moles, relative to one mole
of'the coating element. As the metal salt, there can be used an
alkoxide, such as methoxide, ethoxide, isopropoxide or
butoxide, sulfate, nitrate, acetate, chloride, or oxide. The
amount of the coating element used is desirably in the range
0f'0.1 to 10% by weight, relative to the weight of the cathode
active material. I[f the coating element is used in an amount of
less than 0.1% by weight, coating effects are not exhibited.
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Meanwhile, if the coating element is used in an amount
exceeding 10% by weight, the excessive weight ofthe coating
element causes a reduction in the capacity and energy density
of'batteries. The mixed solution containing the cathode active
material for lithium secondary batteries and the fluorine com-
pound is reacted at 50-150° C. for 3-48 hours.

The methods of the present invention may further comprise
drying the coated cathode active material at 110° C. for 6-24
hours, followed by annealing in an oxidizing or reducing
atmosphere or under vacuum at 150-900° C. for 1-20 hours.
The annealing serves to remove remaining impurities to
obtain the fluorine compound in a desired form and to
enhance the binding force of the fluorine compound powder
coated on the surface of the cathode active material.

MODE FOR THE INVENTION

The present invention will now be described in more detail
with reference to the following examples. However, these
examples are not to be construed as limiting the scope of the
invention.

Example 1
1. Preparation of AlF;-Coated LiCoO,

2 mol % of AI(NO,),.9H,0 was dissolved in 150 ml of
distilled water in a 500-ml beaker, and then a commercially
available LiCoO, active material was contained therein. The
mixture was stirred. Separately, 150 ml of a solution of NH,F
(6 mol %) was continuously added to the previous solution at
a flow rate of 1 ml/min while maintaining the temperature of
the reactor at 80° C. The mixed solution was subjected to
co-precipitation, followed by stirring for 24 hours. At this
time, the average temperature of the reactor was maintained at
80° C. The reason for the high co-precipitation reaction tem-
perature is that the co-precipitation of AlF; enables the for-
mation of a precipitate with a high degree of dispersion in a
complex state. The LiCoO, coated with the fluorine com-
pound was washed with distilled water, dried in a hot-air
thermostat at 110° C. for 12 hours, and annealed in an inert
atmosphere at 400° C., giving the final AlF,-coated LiCo00O,.

2. Evaluation of Characteristics of AlF,-Coated
LiCoO,

1) XRD

An X-ray diffraction pattern of the AlF;-coated LiCoO,
was obtained using an X-ray diffraction analyzer (Rint-2000,
Rigaku, Japan). The pattern is shown in FIG. 2.

i) Scanning Electron Microscopy (SEM)

An image of the AlF;-coated LiCoO, prepared in Example
1 was obtained using a SEM (ISM 6400, JEOL, Japan), and
the image is shown in FIG. 3.

iii) Energy Dispersive Spectroscopy (EDS)

An image of the AlF;-coated LiCoO, prepared in Example
1 was obtained using an EDS (JSM 6400, JEOL, Japan), and
the image is shown in FIG. 5. The image indicates uniform
distribution of Al and F.

3. Production of Cathode

20 mg of the AlF;-coated LiCoO,, 8 mg of teflonized
acetylene black and 4 mg of graphite were homogeneously
mixed. The mixture was uniformly pressed under a load of 1
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ton using a stainless steel Ex-met, and dried at 100° C. to
produce a cathode for lithium secondary batteries.

4. Fabrication of Coin Cell

A 2032 coin cell was fabricated by using the cathode, a
lithium foil as a counter electrode, a porous polyethylene film
(thickness: 25 [, Celgard 2300, Celgard L.L.C) as a separator,
and a 1M LIPF, solution in a mixed solvent of ethylene
carbonate and dimethyl carbonate (1:1 (v/v)) as a liquid elec-
trolyte in accordance with procedures well known in the art.

To evaluate the characteristics of the coin cell, charge-
discharge tests were conducted at room temperature (30° C.)
and a current density of 0.8 mA/cm® (FIG. 7), at a high
temperature (55° C.) and a current density of 0.8 mA/cm?
(FIG. 8), and at room temperature (30° C.) and a constant
current density of 0.2 mA/cm? (FIG. 9) in the voltage range of
3.0-4.5V using an electrochemical analysis system
(Toscat3000U, Toyo, Japan). Changes in discharge capacity
with increasing number of cycles are shown in FIGS. 7 to 9.
After 50 cycles of discharging and recharging, the AlF;-
coated LiCoO, showed a capacity retention of 93% at 0.8
mA/cm? at room temperature (30° C.), a capacity retention of
99% at 0.2 mA/cm® at room temperature (30° C.), and a
capacity retention of 90% at 0.8 mA/cm? at a high tempera-
ture of 55° C. These results demonstrate that there is little or
no decrease in capacity retention with increasing number of
cycles.

To evaluate the high-rate characteristics of the cell, charge-
discharge tests were conducted at room temperature (30° C.)
(FIG. 10) and at a high temperature (55° C.) (FIG. 11) in the
voltage range of 3.0-4.5V under various current density con-
ditions using an electrochemical analysis system
(Toscat3000U, Toyo, Japan). Changes in discharge capacity
with increasing number of cycles are shown in FIGS. 10 and
11. The graphs demonstrate that the AlF;-coated LiCoO,
shows superior high-rate characteristics both at room tem-
perature (30° C.) and a high temperature (55° C.) under
various current density conditions, compared to LiCoO,.

To evaluate the Co dissolution of the AlF;-coated LiCoO,,
after three cycles of charging and recharging in the potential
range 01 3.0-4.5V at a high temperature (60° C.), the coin cell
was charged to 4.5V at the 4-th cycle. Thereafter, the cell was
disassembled to separate the cathode. The cathode was
immersed in an electrolyte and stored in a thermostat at 60° C.
Changes in the Co concentration in the electrolyte were ana-
lyzed with the passage of time using an atomic absorption
spectroscopy (AAS) (Varion6, Analytik-jena, Germany). The
analytical results of the Co dissolution are shown in FIG. 8.
For the AAS analysis, a Co standard solution (1,000 ppm,
AnApex Co. Ltd. Korea) was diluted to 100 ppm and 10 ppm
sequentially to optimize the concentrations (ppm). Using the
optimized concentrations, a calibration curve was plotted. As
a result, the calibration curve had a confidence level of
99.99%. Co was dissolved at 86.925 ppm from LiCoO,
within the electrolyte after 336 hours, whereas Co was dis-
solved at 23.275 ppm from the AlF;-coated LiCoO, within
the electrolyte after 336 hours. From these results, it is appar-
ent that the coating with AlF; considerably decreases the Co
dissolution.

Example 2
Preparation of ZnF,-Coated LiCoO,

2 mol % of ZN(NO,);.H,O was dissolved in 150 ml of
distilled water in a 500-ml beaker, and then a commercially
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available LiCoO, active material was contained therein. The
mixture was stirred. Separately, 150 ml of a solution of NH,F
(4 mol %) was continuously added to the previous solution at
a flow rate of 1 ml/min while maintaining the temperature of
the reactor at 80° C. The mixed solution was subjected to
co-precipitation, followed by stirring for 24 hours. At this
time, the average temperature of the reactor was maintained at
about 80° C. The reason for the high co-precipitation reaction
temperature is that the co-precipitation of ZnF, enables the
formation of a precipitate with a high degree of dispersion in
a complex state. The LiCoO, coated with the fluorine com-
pound was washed with distilled water, dried in a hot-air
thermostat at 110° C. for 12 hours, and annealed in an inert
atmosphere at 400° C., giving the final ZnF ,-coated LiCoO,.

2. XRD Evaluation of ZnF,-Coated LiCoO,

An X-ray diffraction pattern of the ZnF,-coated LiCoO,
was obtained using an X-ray diffraction analyzer. The pattern
is shown in FIG. 13.

3. Fabrication of Coin Cell and Evaluation of
Characteristics

A cathode was produced using the ZnF,-coated LiCoO,,
and a coin cell comprising the cathode was fabricated in
accordance with the procedure of Example 1.

To evaluate the characteristics of the coin cell, a charge-
discharge test was conducted at 30° C. and a current density
of 0.2 mA/cm? in the voltage range of 3.0-4.5V using an
electrochemical analysis system (Toscat3000U, Toyo,
Japan). Changes in discharge capacity with increasing num-
ber of cycles are shown in FIG. 13. The graph shows that there
is a slight decrease in the discharge capacity of the coin cell
with increasing number of cycles, indicating superior cycle
characteristics.

Example 3
Preparation of LiF-Coated LiCoO,

2 mol % of LiNO; was dissolved in 150 ml of distilled
water in a 500-ml beaker, and then a commercially available
LiCoO, active material was contained therein. The mixture
was stirred. Separately, 150 ml of a solution of NH,F (2 mol
%) was continuously added to the previous solution at a flow
rate of 1 ml/min while maintaining the temperature of the
reactor at 80° C. The mixed solution was subjected to co-
precipitation, followed by stirring for 24 hours. At this time,
the average temperature of the reactor was maintained at
about 80° C. The reason for the high co-precipitation reaction
temperature is that the co-precipitation of LiF enables the
formation of a precipitate with a high degree of dispersion in
a complex state. The LiCoO, coated with the fluorine com-
pound was washed with distilled water, dried in a hot-air
thermostat at 110° C. for 12 hours, and annealed in an inert
atmosphere at 400° C., giving the final LiF-coated LiCoO,.

2. XRD Evaluation of LiF-Coated LiCoO,
An X-ray diffraction pattern of the LiF-coated LiCoO, was
obtained using an X-ray diffraction analyzer. The pattern is

shown in FIG. 13.

3. Fabrication of Coin Cell and Evaluation of
Characteristics

A cathode was produced using the LiF-coated LiCoO,, and
a coin cell comprising the cathode was fabricated. To evaluate
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the characteristics of the coin cell, a charge-discharge test was
conducted using an electrochemical analysis system
(Toscat3000U, Toyo, Japan) at 30° C. and a current density of
0.2 mA/cm?® in the voltage range of 3.0-4.5V. Changes in
discharge capacity with increasing number of cycles are
shown in FIG. 14. The graph shows that there is a slight
decrease in the discharge capacity of the coin cell with
increasing number of cycles, indicating superior cycle char-
acteristics.

Example 4

AlF;-coated LiMn, O, was prepared, the characteristics of
the AlF;-coated LiMn, O, were evaluated, and a cell compris-
ing the AlF,-coated LiMn,O, was fabricated in accordance
with the procedure of Example 1. To evaluate the character-
istics of the coin cell, a charge-discharge test was conducted
using an electrochemical analysis system (Toscat3000U,
Toyo, Japan) at 55° C. and a current density of 1.1 mA/cm? (1
C) in the voltage range of 3.4-4.3V. Changes in discharge
capacity with increasing number of cycles are shown in FIG.
16. The graph shows that there is a slight decrease in the
discharge capacity of the coin cell with increasing number of
cycles, indicating superior cycle characteristics.

Example 5

ZnF,-coated LiMn,O was prepared, the characteristics of
the ZnF,-coated LiMn,O were evaluated, and a cell compris-
ing the ZnF,-coated LiMn,O was fabricated in accordance
with the procedure of Example 1. To evaluate the character-
istics of the coin cell, a charge-discharge test was conducted
using an electrochemical analysis system (Toscat3000U,
Toyo, Japan) at 55° C. and a current density of 1.1 mA/cm? (1
C) in the voltage range of 3.4-4.3V. Changes in discharge
capacity with increasing number of cycles are shown in FIG.
16. The graph shows that there is a slight decrease in the
discharge capacity of the coin cell with increasing number of
cycles, indicating superior cycle characteristics.

Example 6

LiF-coated LiMn,O, was prepared, the characteristics of
the LiF-coated LiMn,O,, were evaluated, and a cell compris-
ing the LiF-coated LiMn,O, was fabricated in accordance
with the procedure of Example 1. To evaluate the character-
istics of the coin cell, a charge-discharge test was conducted
using an electrochemical analysis system (Toscat3000U,
Toyo, Japan) at 55° C. and a current density of 1.1 mA/cm? (1
C) in the voltage range of 3.4-4.3V. Changes in discharge
capacity with increasing number of cycles are shown in FIG.
16. The graph shows that there is a slight decrease in the
discharge capacity of the coin cell with increasing number of
cycles, indicating superior cycle characteristics.

Example 7

2 kg of AlF;-coated LiCoO, was prepared in a 70-L. reactor
in the same manner as in Example 1. The characteristics of the
AlF;-coated LiCoO, were evaluated, and a cell comprising
the AlF,-coated LiCoO, was fabricated in accordance with
the procedure of Example 1. To evaluate the characteristics of
the coin cell, a charge-discharge test was conducted using an
electrochemical analysis system (Toscat3000U, Toyo, Japan)
at 30° C. and a current density of 0.8 mA/cm?® (1 C) in the
voltage range 0f 3.0-4.5V. Changes in discharge capacity with
increasing number of cycles are shown in FIG. 17. The graph
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shows that there is a slight decrease in the discharge capacity
of the coin cell with increasing number of cycles, indicating
superior cycle characteristics. The cell comprising the AlF;-
coated LiCoO, prepared in a larger amount (2 kg) in Example
7 exhibited the same effects as that comprising the AlF,-
coated LiCoO, prepared in a smaller amount in Example 1.

Comparative Example 1

The characteristics of a commercially available uncoated
LiCoO, cathode active material were evaluated by the proce-
dure of Example 1. FIG. 2 shows XRD patterns of the cathode
active material prepared in Example 1 and the cathode active
material used in Comparative Example 1. FIG. 4 is a FESEM
image of the cathode active material used in Comparative
Example 1. FIG. 7 is a graph showing discharge capacity
versus number of cycles of the half-cells using the cathode
active material prepared in Example 1 and the cathode active
material used in Comparative Example 1 in the voltage range
of 3.0-4.5V at room temperature (30° C.) and a constant
current density of 0.8 mA/cm®. FIG. 8 is a graph showing
discharge capacity versus number of cycles of the half-cells
using the cathode active material prepared in Example 1 and
the cathode active material used in Comparative Example 1 in
the voltage range of 3.0-4.5V at a high temperature (55° C.)
and a constant current density of 0.8 mA/cm?. FIG. 9is a
graph showing discharge capacity versus number of cycles of
the half-cells using the cathode active material prepared in
Example 1 and the cathode active material used in Compara-
tive Example 1 in the voltage range of 3.0-4.5V at room
temperature (30° C.) and a constant current density of 0.2
mA/cm?. FIG. 10 is a graph showing discharge capacity ver-
sus number of cycles of the half-cells using the cathode active
material prepared in Example 1 and the cathode active mate-
rial used in Comparative Example 1 according to C-rates in
the voltage range of 3.0-4.5V at room temperature (30° C.).
FIG. 11 is a graph showing discharge capacity versus number
of cycles of the half-cells using the cathode active material
prepared in Example 1 and the cathode active material used in
Comparative Example 1 according to C-rates in the voltage
range of 3.0-4.5V at a high temperature (55° C.). FIG. 12 is a
graph showing the Co dissolution rate of the cathode active
material prepared in Example 1 and the cathode active mate-
rial used in Comparative Example 1 as a function of time.
FIG. 13 shows XRD patterns of the cathode active materials
prepared in Examples 1 to 3 and the cathode active material
used in Comparative Example 1. FIG. 14 is a graph showing
discharge capacity versus number of cycles of the half-cells
using the cathode active materials prepared in Examples 1 to
3 and the cathode active material used in Comparative
Example 1 in the voltage range of 3.0-4.5V at 30° C. and a
constant current density of 0.2 mA/cm?.

Comparative Example 2

The characteristics of a commercially available uncoated
LiMn,0O, cathode active material were evaluated by the pro-
cedure of Example 1. FIG. 15 shows XRD patterns of the
cathode active materials prepared in Examples 4 to 6 and the
cathode active material used in Comparative Example 2. FIG.
16 is a graph showing discharge capacity versus number of
cycles of the half-cells using the cathode active materials
prepared in Examples 4 to 6 and the cathode active material
used in Comparative Example 2 in the voltage range of 3.4-
4.3V at 55° C. and a constant current density of 1.1 mA/cm?>
(10).
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INDUSTRIAL APPLICABILITY

The coating of a cathode active material for lithium sec-
ondary batteries with a fluorine compound reduces the influ-
ence of acids formed in the vicinity of the cathode active
material and inhibits the reactivity between the cathode active
material and an electrolyte so that a drastic reduction in the
capacity of batteries can be prevented, thereby improving the
charge-discharge characteristics, cycle characteristics, high-
voltage and high-rate characteristics, and thermal stability of
the final cathode active material for batteries.

The invention claimed is:

1. A cathode active material for lithium secondary batteries
wherein a surface of the cathode active material is coated with
a fluorine compound powder, the coated surface of the cath-
ode active material having a powdery form structure, wherein
the fluorine compound is at least one compound selected from
the group consisting of CsF, KF, NaF, RbF, TiF, AgF, AgF,,
BaF,, CaF,, CuF,, CdF,, FeF,, HgF,, Hg,F,, MnF,, NiF,,
PbF,, SnF,, StF,, XeF,, ZnF,, AlF;, BF;, BiF;, CeF;, CrF;,
DyF,, EuF;, GaF;, GdF;, FeF;, HoF;, InF;, LaF;, LuF;,
MnF;, NdF,, VOF,, PrF,, SbF;, ScF,, SmF;, TbF;, TiF;,
TmF;, YF,, YbF,, TIF,, CeF,, GeF,, HfF,, SiF,,, SnF,, TiF,,
VF,, ZrF,, NbF, SbF;, TaF;, BiF5, MoFs, ReFs, SF, WES,
MoF, ReF, SF,, and WF .

2. The cathode active material of claim 1, wherein:

the cathode active material coated has a hexagonal rock-
salt structure and is represented by formula:

Li[Coy_,M,]O,

wherein:
0=x<0.1; and
M is at least one metal selected from the group consist-
ing of Mg, Al, Ni, Mn, Zn, Fe, Cr, Ga, Mo and W.
3. The cathode active material of claim 1, wherein the

cathode active material coated has a hexagonal rock-salt
structure and is represented by formula:

Liy q[Ni; M, ]O;_pF, or Liy ,[Ni; M,]0, S,

.

wherein:
0.01=a=0.2, 0<b=0.1, 0.01=x<0.5, and
M is at least one metal selected from the group consist-
ing of Mg, Al, Ni, Mn, Zn, Fe, Cr, Ga, Mo and W.

4. The cathode active material of claim 1, wherein the
cathode active material coated has a hexagonal rock-salt
structure and has formula:

Lip,o[Nij_,,Co,Mn, ]O5_,F, or Lij,a
[Nil—x—ycoany]O2—bSb
wherein:
0.01=a<0.2, 0<b=0.1, 0.05=x=0.4, 0.05=y=<0.35, and
0.1=x+y=0.

5. The cathode active material of claim 1, wherein the
cathode active material coated has a hexagonal rock-salt
structure and is represented by formula:

Li[Li (Ni,Co; »Mn,); .05 »Fs or
Coy_5Mn,);_]058;

Li[Li,(Ni,

wherein:
0.01=a=0.2, 0.05=x=<0.5, 0<b=0.1.
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6. The cathode active material of claim 1, wherein the
cathode active material coated has a hexagonal rock-salt
structure and is represented by formula:

Li[Li (Ni,Co;_5Mn, ¢5,M,); 405 ,F; or Li[Li,

(Ni,Co, 72anx—0.5yMy) 1-alO2_555

wherein:

M is at least one metal selected from the group consist-
ing of Mg, Ca, Cu and Zn;
0.01=a=0.2, 0=x<0.5, 0.01=<y=0.1, and 0<b=0.1.

7. The cathode active material of claim 1, wherein the
cathode active material coated has a hexagonal rock-salt
structure and is represented by formula:

Li[Lia(Nil/Sco(1/3—2X)Mn(1/3+x)Mx) 1-a]O2_pFp 01
Li[Lia(Nil/Sco(l/3—2x)Mn(l/3+x)Mx)l~a]O2—bSb

wherein:

M is at least one metal selected from the group consist-
ing of Mg, Ca, Cu and Zn;
0.01=a=0.2, 0=x<0.5, 0.01=<y=0.1, and 0<b=0.1.

8. The cathode active material of claim 1, wherein the
cathode active material coated has a hexagonal rock-salt
structure and is represented by formula:

Li[Li,(Ni,Co, . )MnM,), ]O, ,F,orLi[Li,
(Ni,Co, . IMM,), 105 ,S,

wherein:

M is at least one metal selected from the group consist-
ing of B, A1 M, Fe and Cr;
0.01=a=0.2, 0.05=x<0.5, 0.01=<y=<0.1, and O<b=0.1.

9. The cathode active material of claim 1, wherein the
cathode active material has a hexagonal layered rock-salt
structure and is represented by formula is:

Li[Li (NL.Co, 5, Mn,_, sMM'), 10, F,or
Li[Li,(Ni,Co; —2x—yMnx—0.5zMyM'z) 1-a)O2-555

wherein:

M is at least one metal selected from the group consist-
ing of B, Al M, Fe, and Cr;

M'is Mg or Ca;

0.01=a=0.2, 0=x<0.5, 0.01=y=0.1, and 0.01=b=0.1.

10. The cathode active material of claim 1, wherein the
cathode active material has an olivine structure and is repre-
sented by formula: is

LiM,Fe, PO,

wherein:
M is at least one metal selected from the group consist-
ing of Co, Ni and Mn, and O=x=1.
11. The cathode active material of claim 1, wherein the
cathode active material is a spinel having a cubic structure and
is represented by formula:

Lij, [Mn, MO, ,F,orLi, [Mn, M]O, .S,

.

wherein:
0.01=a<0.15, 0=b<0.1, 0=x<0.1; and
M is at least one metal selected from the group consist-
ing of Co, Ni, Cr, Mg, Al M, Zn, Mo and W.

12. The cathode active material of claim 1, wherein the
cathode active material is a spinel having a cubic structure and
is represented by formula:

Liy, o(NigsMny ,M,]0,_F, or iy, ,[Nip sMny .M, ]
0458,
wherein:
0.01=a<0.15, 0=b<0.1, 0=x<0.1; and
M is at least one metal selected from the group consist-
ing of Co, Ni, Cr, Mg, Al M, Zn, Mo and W.

#* #* #* #* #*
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