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C2/M-STRUCTURED CATHODE MATERIAL
FOR LITHIUM-ION BATTERY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority of Taiwanese Appli-
cation No. 100112039, filed Apr. 7, 2011, and Taiwanese
Application No. 100122025, filed Jun. 23, 2011.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The invention relates to a C2/m-structured cathode
material, and more particularly to a C2/m-structured cathode
material for a lithium-ion battery. The invention also relates to
a lithium-ion battery containing the C2/m-structured cathode
material.

[0004] 2. Description of the Related Art

[0005] A lithium-ion battery generally includes an anode
containing [.i,C, a cathode containing metal oxide or phos-
phate, a polymeric separator for separating the anode from the
cathode, and an organic electrolyte solution containing a
lithium salt. Conventional cathode materials include a lay-
ered-type oxide of Li MO, (M=Co or Ni), Spinel structured
Li,Mn,O,, or Olivine structured Li FePO,. For the layered-
type oxide of Li MO,, however, x is required to be equal to or
larger than 0.5 in view of structural stability of the cathode
material, and specific capacity of the layered-type oxide of
Li MO, is typically lower than 140 mAh/g.

[0006] WO 2008/137241 A2, which corresponds to US
2008/0280205, discloses a layer-structured cathode compo-
sition for a lithium-ion battery. The cathode composition has
a formula of Li[LianaNibCOch M?,]0,, wherein M* and
M? are different metals and are not Mn, Ni, or Co; x+a+b+c+
d+e=1; -0.5=x=0.2; 0=a=0.80; 0=b=0.75; 0=c=0.88;
0=d+e=0.30; and at least one of d and e is larger than 0. The
cathode composition has a space group of R-3m, and is in a
form of a single phase having a layered O, crystal structure.
The cathode composition has a stable interlayer structure and
is not liable to collapse due to movement of lithium ions from
and to the layer-structured cathode composition. Therefore,
the structural stability and the specific capacity can be
enhanced. However, the specific capacity of the layer-struc-
tured cathode composition is usually not greater than 180
mAh/g.

SUMMARY OF THE INVENTION

[0007] An object of the present invention is to provide a
C2/m-structured cathode material for a lithium-ion battery,
which can have superior specific capacity over the prior art.
[0008] Another object of the present invention is to provide
a lithium-ion battery including the C2/m-structured cathode
material of the present invention.

[0009] In one aspect of this invention, a C2/m-structured
cathode material for a lithium-ion battery includes a lithium
transition metal oxide represented by a formula of:

Li(Li, Ni,Co,Mn,)O,,
wherein
wHx+y+z=1,

0.42=2=0.60,

0.30=x+y=0.55
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[0010] any of w, x, and v is larger than O, and

[0011] the cathode material having a single-phase structure
with a space group of C2/m.

[0012] In another aspect of this invention, a lithium-ion
battery includes an anode, a cathode, an electrolyte, and a
separator separating the anode from the cathode. The cathode
contains a C2/m-structured cathode material including a
lithium transition metal oxide represented by a formula of:

Li(Li,,Ni,Co,Mn,)O,,
[0013]

wHx+y+z=1,

wherein

0.42=2=0.60,

0.30=x+y=0.55,

[0014] any of w, X, and v is larger than O, and
[0015] the cathode material having a single-phase struc-
ture with a space group of C2/m.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Other features and advantages of the present inven-
tion will become apparent in the following detailed descrip-
tion of the preferred embodiments of the invention, with
reference to the accompanying drawings, in which:

[0017] FIG. 1 is a flow chart of a method for producing a
C2/m-structured cathode material for a lithium-ion battery
according to the present invention;

[0018] FIG. 2 is a scanning electron microscope image of a
cathode material produced in Example 1-1;

[0019] FIG. 3 illustrates spectra of the cathode material of
Example 1-1 obtained from synchrotron radiation X-ray dif-
fraction and a Rietveld computational method, respectively;
[0020] FIG. 4 illustrates powder X-ray diffraction spectra
of the cathode materials produced in Examples 1-1 to 1-5;
[0021] FIG. 5 illustrates charge/discharge curves of
lithium-ion batteries produced in Examples 2-1 and Com-
parative Example;

[0022] FIG. 6 illustrates charge/discharge curves of a
lithium-ion battery produced in Example 2-2;

[0023] FIG. 7 illustrates charge/discharge curves of a
lithium-ion battery produced in Example 2-3;

[0024] FIG. 8 illustrates charge/discharge curves of a
lithium-ion battery produced in Example 2-4; and

[0025] FIG. 9 illustrates charge/discharge curves of a
lithium-ion battery produced in Example 2-5.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0026] As described above, the C2/m-structured cathode
material for a lithium-ion battery of the present invention
includes a lithium transition metal oxide represented by a
formula of:

Li(Li,,Ni,Co,Mn,)O,,
wherein
wHx+y+z=1,

[0027] 0.42=z=0.60, preferably 0.48=z=0.60, and more
preferably, 0.48=z=0.54,

0.30=x+y=0.55,
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[0028] any of w, X, and y is larger than 0, preferably,
0.02=w=0.20, 0.26=x=0.44, and 0.02=y=0.12, and more
preferably, 0.02=w=0.14, and

[0029] the cathode material having a single-phase structure
with a space group of C2/m.

[0030] When z is not larger than 0.42, the lattice may
assume the structure of O,. When z is larger than 0.60, the
single-phase structure with the space group of C2/m may not
be maintained. When x+y<0.30 or x+y>0.55, the single-
phase structure with the space group of C2/m may not be
maintained.

[0031] The arrangement of oxygen atom layers in the cath-
ode material of the present invention can be controlled to be in
a form of “ABAB”, such as that shown below, via the single-
phase structure with a space group of C2/m. The lithium ions
in the lattices can be substantially completely released during
the charge/discharge period without negatively affecting the
structural stability and the oxygen atom layer stability in the
C2/m-structured cathode material. Therefore, the mobility of
the lithium ions between the oxygen atom layers can be
enhanced.

@indicates text missing or illegible when filed

[0032] Referring to FIG. 1, amethod for producing a C2/m-
structured cathode material for a lithium-ion battery accord-
ing to the present invention includes the steps of:

A) Preparing a Solution of a Metal Salt Mixture:

[0033] Nickel nitrate (Ni(NOs;),), cobalt nitrate (Co(NOy;)
»), and manganese nitrate (Mn(NO;),) are mixed in water to
prepare a solution of a metal nitrate mixture.

B) Precipitating:

[0034] The solution of the metal nitrate mixture is added
dropwise to an alkaline hydroxide solution to form a precipi-
tated precursor.

C) Drying:

[0035] The precipitated precursor is dried. Preferably, the
precipitated precursor is washed 5 to 6 times with water and
then filtered prior to drying.

D) Preparing a Metal Oxide Mixture:

[0036] The dried precursor is mixed with lithium carbonate
(Li,CO;) to form a metal oxide mixture.

E) Sintering:

[0037] The metal oxide mixture is sintered at a temperature
from 800° C. to 950° C. to obtain the cathode material of the
present invention having a single-phase structure with a space
group of C2/m.

[0038] The C2/m-structured cathode material ofthe present
invention can be produced using other suitable methods. For
example, metal oxides, metal hydroxide, and/or metal car-
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bonate containing nickel, manganese, cobalt, and/or lithium
are mixed in a predetermined ratio to prepare a mixture,
which is then sintered (by a solid state sintering) to produce
the cathode material of the present invention having a single-
phase structure with a space group of C2/m. Alternatively,
metal citrates containing nickel, manganese, cobalt, and
lithium are mixed in a sol-gel method or a hydrothermal
method to prepare a precursor, which is then sintered to
produce the cathode material of the present invention.
[0039] The lithium-ion battery of the present invention
includes an anode, a cathode, an electrolyte, and a separator
separating the anode from the cathode. The cathode contains
a C2/m-structured cathode material including a lithium tran-
sition metal oxide represented by a formula of:

Li(Li,,Ni,Co,Mn,)O,,

wHx+y+z=1,

[0040] 0.42=z=0.60, preferably 0.48=z=0.60, and more
preferably, 0.48=z=0.54,

0.3=x+y=0.55,

[0041] any of w, x, and y is larger than 0, preferably,
0.02=w=0.20, 0.26=x=0.44, and 0.02=y=0.12, and more
preferably, 0.02=w=0.14, and

[0042] the cathode material having a single-phase structure
with a space group of C2/m.

[0043] The lithium ions in the lattices can be substantially
completely released and are stably moveable between the
anode and cathode using the cathode material having a single-
phase structure with a space group of C2/m. Therefore, supe-
rior specific capacity over the prior art can be obtained.
[0044] Examples of the material suitable for the anode
include, but are not limited to, lithium metal, lithium carbide
(Li,C), lithium-silicon alloy(Li Si), lithium titanate
(Li,Ti50,,), tungsten oxide(WQO,), silicon oxide (Si0,), tin
oxide(SnO, ), and combinations thereof. The material for the
electrolyte can be in a form of a solid state, a liquid state, a gel
state, or combinations thereof. Examples of the material for
the electrolyte in a solid state include, but are not limited to,
polyethylene oxide, polytetratluoroethylene, polyvinylidene
fluoride (referred to as PVDF hereinafter), fluorine-contain-
ing copolymers polyacrylonitrile, and combinations thereof.
Examples of the material for the electrolyte in a liquid state
include, but are not limited to, ethylene carbonate (referred to
as EC hereinafter), propylene carbonate, dimethyl carbonate,
diethyl carbonate (referred to as DEC hereinafter), ethyl-
methyl carbonate, butylenes carbonate, vinylene carbonate,
fluoroethylene carbonate, fluoropropylene carbonate, y-buty-
rolactone, methyl difluoroacetate, ethyl difuoroacetate,
dimethoxyethane, bis(2-methoxyethyl)ether, tetrahydrofu-
ran dioxolane, lithium hexafluorophosphate (LiPFy), and
combinations thereof. Examples of the material for the elec-
trolyte in a gel state include, but are not limited to, copolymer
gel disclosed in U.S. Pat. No. 6,387,570, and terpolymer gel
disclosed in U.S. Pat. No. 6,780,544.

[0045] The following examples are provided to illustrate
the preferred embodiments of the invention, and should not be
construed as limiting the scope of the invention.

Preparation of Cathode Material for a Lithium-Ion
Battery
EXAMPLE 1-1

[0046] Nickel nitrate (Ni(NO,),.6H,0, 109.268 g), cobalt
nitrate (Co(NO,),.6H,0, 25.119 g), and manganese nitrate
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(Mn(NO;),.5H,0, 199.058 g) were mixed in water in a molar
ratio of 0.370:0.087:0.543 to prepare a solution of a metal
nitrate mixture. The solution of the metal nitrate mixture was
added dropwise to a sodium hydroxide solution (2.5 M)
slowly to form a precipitated precursor (Nig 5,6C0q gg7Mng,
543(OH),).

[0047] The precursor was purified by washing 5 to 6 times
with water, filtering, and drying to obtain a purified solid
precursor. The purified precursor (83.419 g) was mixed with
lithium carbonate (40.141 g) in a molar ratio of 0.92:0.54 to
obtain a metal oxide mixture, which was then sintered at a
temperature of 900° C. for 10 hours to obtain a cathode
material of Li(Li, 5gNig 5,C0q osM11, 50)O,. Formulation of
the cathode material is summarized in Tables 1 and 2.

EXAMPLE 1-2

[0048] A cathode material was fabricated according to the
same method as Example 1-1 except for the following. Nickel
nitrate (129.355 g), cobalt nitrate (12.036 g), and manganese
nitrate (190.764 g) were mixed in water in a molar ratio of
0.438:0.042:0.521. The precursor thus formed is Ni; 433Coq
042Mn, 5,,(OH),. The purified precursor (87.117 g) was
mixed with lithium carbonate (38.655 g) in a molar ratio of
0.96:0.52. The cathode material obtained is Li(Li, o,Nij
42Co, 1,Mn0.50)0,. Formulation of the cathode material is
summarized in Tables 1 and 2.

EXAMPLE 1-3

[0049] A cathode material was fabricated according to the
same method as Example 1-1 except for the following. Nickel
nitrate (119.525 g), cobalt nitrate (18.439 g), and manganese
nitrate (194.823 g) were mixed in water in a molar ratio of
0.404:0.064:0.532. The precursor thus formed is Nij 4,,C00.
064Mn0.532(OH),. The purified precursor (85.268 g) was
mixed with lithium carbonate (39.398 g) in a molar ratio of
0.94:0.53. The cathode material obtained is Li(Li, osNig
38C0g osMng 50)O,. Formulation of the cathode material is
summarized in Tables 1 and 2.

EXAMPLE 1-4

[0050] A cathode material was fabricated according to the
same method as Example 1-1 except for the following. Nickel
nitrate (98.556 g), cobalt nitrate (32.097 g), and manganese
nitrate (203.481 g) were mixed in water in a molar ratio of
0.333:0.111:0.556. The precursor thus formed is Ni; 555Cog
111Mny 556(OH),. The purified precursor (81.570 g) was
mixed with lithium carbonate (40.885 g) in a molar ratio of
0.90:0.55. The cathode material obtained is Li(Li, ;oNi,
30C0g ;oMng 50)O,. Formulation of the cathode material is
summarized in Tables 1 and 2.

EXAMPLE 1-5

[0051] A cathode material was fabricated according to the
same method as Example 1-1 except for the following. Nickel
nitrate (94.076 g), cobalt nitrate (26.261 g), and manganese
nitrate (216.430 g) were mixed in water in a molar ratio of
0.318:0.091:0.591. The precursor thus formed is Ni; 5;3C0oq
091Mn,, 55,(OH),. The purified precursor (79.636 g) was
mixed with lithium carbonate (41.628 g) in a molar ratio of
0.88:0.56. The cathode material obtained is Li(Li, ;,Ni,
28C0, osMng 5,)O0,. Formulation of the cathode material is
summarized in Tables 1 and 2.
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TABLE 1

Molar ratio of nickel
nitrate, cobalt nitrate,

and manganese nitrate ~ Precursor

Ex. 1-1 0.370:0.087:0.543 (Nig.370C00.087MIlg 543(0OH)5)
Ex. 1-2 0.438:0.042:0.521 (Nig.438C00.045M1lg 55 (OH)5)
Ex. 1-3 0.404:0.064:0.532 (Nig.404C00.064M11g 535(0OH)5)
Ex. 1-4 0.333:0.111:0.556 (Nig 333C00 1 1M1 556(OH)5)
Ex. 1-5 0.318:0.091:0.591 (Nig.318C00.001M11g 56, (OH)5)
TABLE 2
Molar ratio of precursor
and lithium carbonate ~ Cathode material
Ex. 1-1 0.92:0.54 Li(Lig ogNig 34C00 0sM1lg 50)O05
Ex. 1-2 0.96:0.52 Li(Lig g4Nig 45C0g 0aMng 50)0-
Ex. 1-3 0.94:0.53 Li(Lig 0gNig 35C00 06Mng 50)0-
Ex. 1-4 0.90:0.55 Li(Lig 1 oNig 30C0g._1oMng 50)0-
Ex. 1-5 0.88:0.56 Li(Lig 15Nig25C0g 0sM1lg 55)O05

Preparation of Lithium-Ion Battery:
EXAMPLE 2-1

[0052] Polyvinylidene difluoride (PVDE), super P carbon
black, and the cathode material of Example 1-1 were added
sequentially to N-methyl-2-pyrrolidone (NMP) with stirring
to form a uniform slurry. The weight of NMP used in this
example was equal to the total weight of PVDF, super P
carbon black, and the cathode material. The slurry was then
coated onto an aluminum foil of high purity using a doctor
blade of 0.2 mm. The coated electrode was then dried in a
vacuum oven set at 120° C. for 1 hour, followed by compact-
ing using a roller to obtain a cathode.

[0053] Lithium metal of high purity was used as an anode.
Electrolyte solution was Tinci TC-1216, which is composed
of a lithium hexafluorophosphate solution (1M) dissolved in
a mixture of EC and DEC in a molar ratio 1:1. The separator
used in this example was double-layered PE (Celgard 2320).

EXAMPLES 2-2 to 2-5

[0054] Lithium-ion batteries of Examples 2-2 to 2-5 were
fabricated according to the same method as Example 2-1
except that the cathode materials obtained from Examples 1-2
to 1-5 were respectively used for fabricating the cathodes of
Examples 2-2 to 2-5.

COMPARATIVE EXAMPLE

[0055] A lithium-ion battery was fabricated according to
the same method as Example 2-1 except that Li; sNi, ;Mn;,
3Co, 50, (NM-3100, Japan) was used as the cathode material
for fabricating the cathode. The cathode material used in the
Comparative Example has a single-phase structure with a
space group of R-3m.

Analysis:
(1) Synchrotron Radiation X-Ray Diffraction Analysis:

[0056] FIG. 2 shows a scanning electron microscope image
captured from a cathode material produced in Example 1-1.
[0057] Referring to FIG. 3, a spectrum of the cathode mate-
rial of Example 1-1 obtained from synchrotron radiation
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X-ray diffraction is shown in curve (a), and a fitting curve of
the cathode material of Example 1-1 obtained from a Rietveld
computational method (The Rietveld Method, edited by R. A.
Young, Oxford University Press) is shown in curve (b). Curve
(a) is substantially matched with curve (b) (Rwp %=9.8%).
The calculated lattice parameters of the cathode material of
Example 1-1 are: a=4.9997 A, b=2.8602 A, c=5.8086 A,
a=y=90.000, $=125.0179. Therefore, it is confirmed that the
cathode material produced in Example 1-1 has a single-phase
structure with a space group of C2/m.

(2) Powder X-Ray Diffraction Spectrum Analysis:

[0058] Referring to FIG. 4, powder X-ray diffraction spec-
tra of the cathode materials produced in Examples 1-1 to 1-5
were obtained and are shown in curves (a), (b), (c), (d), and
(e), respectively. As shown in this figure, at the fingerprint
area of the diffraction angle ranging from 30 to 40 degrees,
curves (b), (c), (d), and (e) have the diffraction peak slitting
substantially identical to curve (a). Therefore, it can be con-
firmed that the cathode materials produced in Examples 1-2
to 1-5 also have a single-phase structure with a space group of
C2/m.

[0059] The charge/discharge curves of lithium-ion batter-
ies produced in Examples 2-1 and Comparative Example
were recorded using a charge/discharge rate of 0.2 C. The
charge/discharge rate of 0.2 C means that a battery cell can be
fully charged/discharged in 5 hours.

[0060] Referring to FIG. 5, the first charge/discharge curve
of the lithium-ion battery of Comparative Example is shown
in curve (al), the second charge/discharge curve of the
lithium-ion battery of Comparative Example is shown in
curve (a2), the first charge/discharge curve of the lithium-ion
battery of Example 2-1 is shown in curve (b1), and the second
charge/discharge curve of the lithium-ion battery of Example
2-1 is shown in curve (b2). As shown in this figure, as com-
pared to the curves of the first and second discharges of the
lithium-ion battery of Comparative Example, the curves of
the first and second discharges of the lithium-ion battery of
Example 2-1 substantially overlap with each other at the
lower end portion of the curves, which means that the repro-
ducibility of the discharge of the lithium-ion battery of
Example 2-1 is superior over the reproducibility of the dis-
charge of the lithium-ion battery of Comparative Example.
Furthermore, the discharge specific capacity of the lithium-
ion battery of Comparative Example is about 150 mAh/g, and
the discharge specific capacity of the lithium-ion battery of
Example 2-1 is over 200 mAh/g. Therefore, the specific
capacity of the lithium-ion battery of Example 2-1 is
enhanced over that of the lithium-ion battery of Comparative
Example.

[0061] Referringto FIGS. 6,7, 8, and 9, which illustrate the
charge/discharges curves of the lithium-ion batteries fabri-
cated in Examples 2-2, 2-3, 2-4, and 2-5, respectively, the
discharge specific capacities of the lithium-ion batteries fab-
ricated in Examples 2-2, 2-3, 2-4, and 2-5 are 196.7 mAh/g,
193.3 mAh/g, 193.2 mAh/g, and 204.4 mAh/g, respectively.
[0062] Among the lithium-ion batteries fabricated in
Examples 2-1, 2-2, 2-3, 2-4, and 2-5, the lithium-ion battery
fabricated in Example 2-1, which contains the cathode mate-
rial (i.e., Li(LigysNig 34C0q0sMn, 50)0,) produced in
Example 1-1, has best efficiency in terms of the specific

capacity.
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[0063] In view of the aforesaid, the cathode material and
the lithium-ion battery containing the same of the present
invention have the following advantages:
[0064] (1) The arrangement of oxygen atom layers in the
cathode material of the present invention can be controlled to
be in the form of “ABAB” via the single-phase structure with
a space group of C2/m. About 70% to 90% of'the lithium ions
in the lattices can be released during the charge/discharge
period without negatively affecting the capacity of the cath-
ode material. Therefore, the mobility of the lithium ions
between the oxygen atom layers can be enhanced.
[0065] (2) About 70% to 90% of the lithium ions in the
lattices can be released and are stably moveable between the
anode and cathode using the cathode material. Therefore,
superior specific capacity over the prior art can be obtained.
[0066] While the present invention has been described in
connection with what are considered the most practical and
preferred embodiments, it is understood that this invention is
not limited to the disclosed embodiments but is intended to
cover various arrangements included within the spirit and
scope of the broadest interpretation so as to encompass all
such modifications and equivalent arrangements.

What is claimed is:

1. A C2/m-structured cathode material for a lithium-ion
battery, said cathode material comprising a lithium transition
metal oxide represented by a formula of:

Li(Li, Ni,Co,Mn,)O,,

wherein

wHx+y+z=1,
0.42=2=0.60,

0.30=x+y=0.55,

any of' w, X, and y is larger than 0, and
said cathode material having a single-phase structure with
a space group of C2/m.
2. The C2/m-structured cathode material as claimed in
claim 1, wherein 0.02=w=0.20.
3. The C2/m-structured cathode material as claimed in
claim 1, wherein 0.26=x=0.44.
4. The C2/m-structured cathode material as claimed in
claim 1, wherein 0.02=y=0.12.
5. The C2/m-structured cathode material as claimed in
claim 1, wherein 0.48=7=0.60.
6. The C2/m-structured cathode material as claimed in
claim 1, wherein 0.02=w=0.14, and 0.48=7z=0.54.
7. A lithium-ion battery comprising:
an anode;
a cathode;
an electrolyte; and
a separator separating said anode from said cathode;
said cathode containing a C2/m-structured cathode mate-
rial including a lithium transition metal oxide repre-
sented by a formula of:
Li(Li,Ni,Co,Mn_)O,,
wherein

wHx+y+z=1,
0.42=2=0.60,

0.30=x+y=0.55,

any of w, X, and y is larger than 0, and
said cathode material having a single-phase structure
with a space group of C2/m.
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8. The lithium-ion battery as claimed in claim 7, wherein 11. The lithium-ion battery as claimed in claim 7, wherein
0.02=w=0.20. 0.48=7=0.60.
9. The lithium-ion battery as claimed in claim 7, wherein 12. The lithium-ion battery as claimed in claim 7, wherein
0.26=x=0.44. 0.02=w=0.14, and 0.48=7=0.54.

10. The lithium-ion battery as claimed in claim 7, wherein
0.02=y=0.12. LI T T



