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POSITIVE ELECTRODE MATERIAL FOR
LITHIUM SECONDARY BATTERY

TECHNICAL FIELD

[0001] This disclosure relates to a new positive electrode
material for a lithium secondary battery composed of lithium
containing complex oxides and to a method of manufacturing
the material.

BACKGROUND

[0002] Nowadays, there is a growing expectation for sec-
ondary batteries which are small and light and which have a
high energy density, in particular for lithium secondary bat-
teries, due to portable or cordless devices being used more
than ever. Known examples of a positive electrode material
for lithium secondary batteries include complex oxides of
lithium and transition metals such as LiCoO,, LiNiO,, LiNi,
8Co, ,O,, LiMn,O,, and LiMnO,. It is possible to achieve a
comparatively high capacity density of 180 to 200 mAh/g by
using a lithium secondary battery whose positive electrode
material is composed of a complex oxide having a layered
rock salt structure with a solid solution of cobalt and nickel
such as LiNi, ;Co, ,0O,. In addition, the lithium secondary
battery has good reversibility in a high voltage range of 2.5 to
45V.

[0003] Recently, in particular, lithium-nickel-cobalt com-
plex oxides represented by LiNi, ;Co, ,O, have been started
to be used as materials which can achieve a high capacity.
Commercialization of a lithium secondary battery having a
high voltage and high energy density is being facilitated by
using such materials as positive electrode materials and by
using, for example, carbon materials, which can occlude and
release lithium, as negative electrode materials.

[0004] The positive electrode material is the material that
plays the most important role in the battery performance and
safety of a lithium secondary battery. Nowadays, complex
metal oxides such as LiCoO,, LiMn,O,, LiNiO,, LiNi,_
xC0,0,, and LiMnO, are being investigated.

[0005] Among such positive electrode materials, Mn-con-
taining positive electrode materials such as LiMn,O, and
LiMnQO, are easy to be synthesized and comparatively inex-
pensive, but they are disadvantageous in that they can only
achieve a small discharge capacity. Although Cocontaining
positive electrode materials such as LiCoO, achieve good
electrical conductivity, high battery voltage, and excellent
electrode performance, there is a problem in that Co metal,
which is a main raw material, is rare and expensive. Ni-
containing positive electrode materials such as LiNiO, use Ni
metal, which is comparatively inexpensive among the posi-
tive electrode materials described above, as a main raw mate-
rial and are excellent in terms of practical discharge capacity
when used in a battery, although the theoretical discharge
capacity of the Ni-containing positive electrode materials is
not much different from that of LiCoO,. However, the Ni-
containing positive electrode materials are disadvantageous
in that they are difficult to be synthesized.

[0006] Japanese Unexamined Patent Application Publica-
tion (Translation of PCT Application) No. 2007-517368
describes an electrode material composed of Li, M, O,, where
M=A_A' M, _ ., where M'represents Mn, Ni, and Co, where
A represents metals selected from among Al, Mg, Ti, and Cr,
and where A' represents chemical elements selected from
among F, CL, S, Zr, Ba,Y, Ca, B, Be, Sn, Sb, Na, and Zn (claim
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3). That electrode material is a powder having a particle size
distribution, and a technique in which the composition M is
varied in accordance with the particle size is disclosed (claim
5).

[0007] Various positive electrode materials having various
chemical compositions have been investigated in conven-
tional techniques. However, in lithium secondary batteries
using the positive electrode materials according to conven-
tional techniques, further improvement is required in terms of
discharge capacity, charge-discharge efficiency, rate perfor-
mance, and safety. In particular, when a positive electrode
material is a composition which undergoes a large change in
mass with time in atmospheric air, there is a problem in that
the change has an influence on the product quality ofa lithium
secondary battery which is manufactured using the material.
[0008] We provide a new material (hereinafter, referred to
positive electrode material) used as a positive electrode mate-
rial for a lithium secondary battery which achieve high safety,
high capacity, and excellent rate performance, which does not
undergo deterioration, and which has a Li—Ni—Co—O-
containing, Li—Ni—Mn—O-containing, or Li—Ni—Mn—
Co—O-containing chemical composition.

[0009] We provide a positive electrode material for a
lithium secondary battery which is composed of a complex
oxide composition comprising Li—Ni—Co(or Mn)—O-
containing material and two or more other chemical elements,
a method of manufacturing the material, and a lithium sec-
ondary battery manufactured using this new material, as fol-
lows:

[0010] (1) A positive electrode material for a lithium
secondary battery, the material being a complex oxide
whose overall composition is expressed by Li,Ni,M-
NL,O,, where
[0011] M: oneortwo chemical elements selected from

Mn and Co,

[0012] N: one, two, or more chemical elements
selected from the group consisting of Mg, Al, Ti, Cr,
and Fe,

[0013] L: one, two, or more chemical elements

selected from the group consisting of B, C, Na, Si, P,
S, K, Ca, and Ba, and where

[0014] a/(b+c+d): 0.80 to 1.30,
[0015] b/(b+c+d): 0.30 to 0.95,
[0016] c/(b+c+d): 0.05 to 0.60,
[0017] d/(b+c+d): 0.005 to 0.10,
[0018] e/(b+c+d): 0.0005 to 0.010,
[0019] b+c+d=1, and
[0020] x:1.5t02.5.
[0021] (2) The positive electrode material for a lithium

secondary battery according to item (1), the material
undergoing a change in mass in an amount of 0.60 mass
% or less after having been exposed to atmospheric air
having a temperature of 25° C. and a humidity of 60%
for 240 hours.

[0022] (3) The positive electrode material for a lithium
secondary battery according to item (1) or (2), the mate-
rial having a density of 3.20 g/cc or more in the com-
pacted state with a load of 95.5 MPa.

[0023] (4) The positive electrode material for a lithium
secondary battery according to any one of items (1) to
(3), in which primary particles having an average par-
ticle diameter of 0.1 um or more are aggregated to form
secondary particles.
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[0024] (5) The positive electrode material for a lithium
secondary battery according to item (4), in which the
difference between Dy, and D, based on number of
particles is 5.0 um or more in the particle size distribu-
tion of the secondary particles of the complex oxides.

[0025] (6) A method of manufacturing the positive elec-
trode material for a lithium secondary battery according
to item (1), the method including mixing raw material
chemical elements or compounds containing raw mate-
rial chemical elements, baking the resultant raw materi-
als at a temperature of 700° C. or higher and 950° C. or
lower in a baking process, and thereafter performing a
treatment using a water-washing process.

[0026] (7) A lithium secondary battery, the battery com-
prising a positive electrode composed of a positive elec-
trode material containing a positive electrode material
for a lithium secondary battery according to any one of
items (1) to (5), a negative electrode composed of a
negative electrode material, and an ion-conducting
medium which is interposed between the positive elec-
trode and the negative electrode and which conducts
lithium ions.

[0027] (8) The positive electrode material for a lithium
secondary battery according to any one of items (1) to
(5), the complex oxides being manufactured by baking
after mixing Li compounds, a hydroxide which is
formed by co-precipitating Ni and one or more chemical
elements selected from Mn and Co and one, two, or more
chemical compounds selected from among the oxides,
nitrates, sulfates, carbonates, acetates, and phosphates
of chemical elements other than the chemical elements
described above.

[0028] The positive electrode material for a lithium second-
ary battery is a well-balanced, and excellent positive elec-
trode material having high safety, high capacity, excellent rate
performance, and stable in atmospheric air.

DETAILED DESCRIPTION

[0029] Our electrode materials and methods will be
described hereafter.
[0030] Positive electrode material for lithium secondary
battery
[0031] The positive electrode material is a complex oxide
whose overall composition is expressed by L[i,Ni,M_N
L_.O,, where
[0032] M: one or two chemical elements selected from
Mn and Co,
[0033] N: one, two, or more chemical elements selected
from the group consisting of Mg, Al, Ti, Cr, and Fe,

[0034] L: one, two, or more chemical elements selected
from the group consisting of B, C, Na, Si, P, S, K, Ca, and
Ba, where

[0035] a/(b+c+d): 0.80 to 1.30,

[0036] b/(b+c+d): 0.30 to 0.95,

[0037] c/(b+c+d): 0.05 to 0.60,

[0038] d/(b+c+d): 0.005 to 0.10,

[0039] e/(b+c+d): 0.0005 to 0.010,

[0040] b+c+d=1, and

[0041] x: 1.5t0 2.5,

[0042] and where Li: lithium, Ni: nickel, Mn: manga-

nese, Co: cobalt, Mg: magnesium, Al: aluminum, Ti:
titanium, Cr: chromium, Fe: iron, B: boron, C: carbon,
Na: sodium, Si: silicon, P: phosphorus, S: sulfur, K:
potassium, Ca: calcium, Ba: barium, and O: oxygen.
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[0043] The chemical composition described above is
expressed in terms of mole number under the assumption that
the total mole number of Ni, M, and N is 1 mole (that is,
b+c+d=1).

[0044] The Li content is 0.80 to 1.30 moles. When the Li
content is low, since there is an increase in the amount of
lithium deficiency in a crystal structure, there is a decrease in
battery capacity when such a material is used for a positive
electrode of a lithium secondary battery. When the Li content
is excessively high, the slurry becomes gelled as a result of
forming hydrates and carbonates such as lithium hydroxide
and lithium carbonate when an electrode is manufactured
and, therefore, the Li content is 0.80 to 1.30 moles, or pref-
erably 0.85 to 1.20 moles.

[0045] The Ni content is 0.30 to 0.95 moles. There is a
decrease in battery capacity when the Ni content is exces-
sively low, and there is a decrease in stability when the Ni
content is excessively high. It is preferable that the Ni content
be 0.50 to 0.95 moles, or more preferably 0.60 to 0.95 moles.
[0046] Mn and Co, which are M elements, increase thermal
stability, but, since there is a decrease in discharge capacity
when the M content is excessively high, the M content is 0.05
to 0.60 moles, or preferably 0.05 to 0.40 moles. M elements
and N elements may also be used as positive electrode raw
materials in the form of a co-precipitated hydrates formed by
combining the M elements and the N elements with Ni in
advance.

[0047] The content of one, two, or more chemical elements
selected from the group consisting of Mg, Al, Ti, Cr, and Fe,
which are N elements, is 0.005 to 0.10 moles, or preferably
0.005 to 0.07 moles. When the N element content is within
this range, since there is an appropriate decrease in crystal-
linity, there is an advantage in that Li ions are diffused in good
condition. When the N element content is more than 0.10
moles, there is a decrease in battery capacity.

[0048] When one, two, or more chemical elements selected
from the group consisting of B, C, Na, Si, P, S, K, Ca, and Ba,
which are L. elements, are added, the obtained positive elec-
trode material undergoes a small temporal change in mass in
atmospheric air at a normal temperature. It is preferable that
C, S, and Ba be used as the L elements. The L elements are
added in an amount of 0.0005 to 0.010 moles to increase
thermal stability. When the L content is excessively low, it is
difficult to achieve appropriate thermal stability for the posi-
tive electrode of the manufactured secondary battery. In addi-
tion, when the L content is more than 0.010 moles, there is a
significant decrease in capacity. It is preferable that the L.
content be 0.001 to 0.008 moles.

[0049] The positive electrode material for a lithium second-
ary battery is characterized in that one, two, or more chemical
elements selected from the group consisting of Mg, Al, Ti, Cr,
and Fe, which are referred to as the N elements, and one, two,
or more chemical elements selected from the group consist-
ing of B, C, Na, Si, P, S, K, Ca, and Ba, which are referred to
as the L. elements are added to an oxide composition basically
containing Li, Ni, Mn and/or Co. Although the functional
effects of adding the N elements and the L. elements are not
entirely clear, it is preferable that the N elements be added
because there is a particularly significant effect in achieving
high-rate discharge performance. However, it is possible that
the performance balance or safety of a battery decreases
depending on the combination of the chemical elements and
content ratios among them, and, in such a case, an increase in
discharge performance is not achieved even though the N
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elements are added. Therefore, it is effective to combine the
additive of N elements and the L elements.

[0050] We believe that, since there is an appropriate
decrease in the crystallinity of a positive electrode material by
adding chemical elements in the N element group, some
influence on a Liion transfer pathway being induced, there is
an increase in Li ion conductivity. We also believe that the
chemical elements in the L. element group are effective in
fixing excessive Li and preventing Li deficiency in the crys-
tals of a positive electrode material by influencing the com-
bined state of main chemical elements in the crystal system of
the positive electrode material and that, as a result, deteriora-
tion of the positive electrode material in air is prevented by
decreasing the amount of change in mass with time in atmo-
spheric air at a normal temperature.

[0051] Thepositive electrode material for a lithium second-
ary battery is characterized in that a complex oxide is formed
by adding small amounts of N elements in combination with
L elements in amounts smaller than that of the N elements
when some amount of Ni is replaced by Co and/or Mn. Co,
Mn, and Ba contribute to high safety for a lithium secondary
battery. We believe that Al and Mg are effective in increasing
cycle performance when Al and Mg are added to the system
and that Al, Ti, Cr, and Fe are effective in increasing rate
performance.

[0052] It is preferable that the positive electrode material
for a lithium secondary battery undergo a change in mass of
0.60 mass % or less, more preferably 0.50 mass % or less, or
further more preferably 0.45 mass % or less, after having been
exposed to atmospheric air having a temperature of25° C. and
a humidity of 60% for 240 hours. A change in mass is deter-
mined by the difference between a mass before exposure and
a mass after exposure to atmospheric air controlled to have a
temperature of 25+3° C. and a humidity of 60+5% for 240
hours.

[0053] Generally, it is said that a nickel-containing positive
electrode material for a lithium secondary battery tends to
absorb water and carbon dioxide. When moisture in the air is
absorbed to the material, lithium hydrates is formed. The
formed lithium hydrates absorbs carbon dioxide, and then
lithivm hydrogen carbonate and lithium carbonate are
formed.

[0054] When the positive electrode material composed of a
nickel-containing positive electrode material for a lithium
secondary battery absorbs moisture, since the hydrolysis of
LiPF,, which is a generally used electrolytic salt, occurs,
acids such as hydrofluoric acid and phosphoric acid are
formed. The formed acids decompose some portions of the
constituent materials of the battery to emit various gasses.
Therefore, due to the emitted gasses, there may be battery
swelling and a decrease in safety.

[0055] When a change in mass is 0.60 mass % or less after
the material has been exposed to atmospheric air having a
constant temperature of 25° C. and a constant humidity of
60% for 240 hours, it is possible to inhibit the occurrence of
gelatification of a slurry for a positive electrode and to inhibit
the occurrence of the swelling of the battery which are due to
the phenomenon described above. In our system, it is possible
to decrease the rate of change in mass by adding at least one
of Ba, Ca, K, Na, S, C, Si, P, and B, which are chemical
elements in the L element group.

[0056] Itispreferable that primary particles having an aver-
age particle diameter of 0.1 pm or more be aggregated to form
secondary particles in the positive electrode material for a
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lithium secondary battery. It is preferable for the positive
electrode material that primary particles having an average
particle diameter of 0.1 um or more be coagulated to form
secondary particles because there is a decrease in thermal
stability when particles having a diameter of less than 0.1 um
are present. In the positive electrode material, secondary par-
ticles formed by polyhedral primary particles being aggre-
gated in a substantially spherical shape are observed using an
electron microscope at a magnification of 3000 times.
[0057] We provide a positive electrode material for a
lithium secondary battery having as satisfactory a battery
performance as possible by increasing the capacity per unit
volume of a positive electrode as a result of increasing the
density of the whole combined agent used for the positive
electrode.
[0058] To achieve that, since it is effective to increase the
filling rate of the particles of a positive electrode material, it is
preferable that the particles have an appropriate particle size
distribution.
[0059] When the overall composition of a complex oxide is
expressed by Li,Ni,M_N_I O,, where

[0060] M: one or two chemical elements selected from

Mn and Co,

[0061] N: one, two, or more chemical elements selected
from the group consisting of Mg, Al, Ti, Cr, and Fe,
[0062] L: one, two, or more chemical elements selected
from the group consisting of B, C, Na, Si, P, S, K, Ca, and

Ba, and where

[0063] a/(b+c+d): 0.80 to 1.30,

[0064] b/(b+c+d): 0.30to 0.95,

[0065] c/(b+c+d): 0.05 to 0.60,

[0066] d/(b+c+d): 0.005 to 0.10,

[0067] e/(b+c+d): 0.0005 to 0.010,

[0068] b+c+d=1, and

[0069] x: 1.5to 2.5, when the average particle diameter

of primary particles of the positive electrode material is
0.1 pm or more, when the primary particles are aggre-
gated to form secondary particles, and when the second-
ary particles have a comparatively wide particle size
distribution, the filling rate of the particles is high. It is
possible to determine the filling rate of the particles by
pressing powder to produce a pellet, determining the
density of the pellet, and defining the filling rate as the
determined press density. Although there is no particular
limitation on the upper limit of the average particle
diameter of the primary particles, the upper limit is
practically set to be 5 pm or less.
[0070] It is preferable that the positive electrode material
have a density of 3.20 g/cc or more in the compacted state
with a load of 95.5 MPa. Although it is preferable that the
upper limit of the density be as high as possible, it is not
practical that the density be more than 4.50 g/cc. When the
press density is within this range, there is an increase in the
capacity per unit volume of the electrode. It is more preferable
that the press density be 3.40 g/cc or more.
[0071] The density of a compacted body, which is also
called press density, pressure density, or pellet density (in a
tablet form), indicates the properties of the product better than
tapped density in a positive electrode material for a lithium
secondary battery. When the press density is compared with
the tap density, the two products can respectively have high
and low tapped density conversely have low and high press
density. This is thought to be because press density indicates
comprehensive properties including a surface state and a par-
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ticle size distribution. We believe that there is an increase in
press density when Mg, Ba, Ca, K, and Na are added and that
there is a supression in the rate of increase in mass when Ba,
Ca, K, Na, S, C, Si, P, and B are added.

[0072] The particle size distribution of the secondary par-
ticles can be prepared so that press density is high. When a
positive electrode material having high press density is used,
since there is an increase in the electrode density of a positive
electrode, there is an increase in discharge capacity per unit
volume. When there is an increase in the ratio of secondary
particles having a particle diameter less than 3 um, there is a
decrease in the coating performance of an electrode. There-
fore, it is preferable that the average particle diameter of
secondary particles be 3 um or more, because excellent coat-
ing performance of an electrode is achieved.

[0073] A particle size distribution is determined by obtain-
ing the distribution in the whole particle size range using a
laser diffraction-scattering-type measuring method. “D,,
D, respectively refer to particle diameters corresponding to
the integrated values of 10% and 90% in a particle size dis-
tribution based on number of particles, and these are deter-
mined using a laser diffraction-scattering-type measuring
method. It is more preferable that Dy-D, be 5.0 um or more
in the positive electrode material. When Dg,-D),, is within
this range, since there is an increase in press density, there is
an increase in battery capacity obtained due to an increase in
the capacity per unit volume of the positive electrode mate-
rial. It is further more preferable that Dy,—D,, be 7.0 pm or
more and 20.0 um or less.

[0074] Examples of a method of appropriately preparing
the particle diameter distribution include one in which the
particle diameter range is appropriately controlled before
baking is performed and one in which the particle diameter
distribution is controlled by crushing a sintered material as
needed and by sorting the powder particles using, for
example, a filter.

[0075] When the press density of a positive electrode mate-
rial is high, there is an increase in the capacity per unit volume
of a positive electrode, which contributes to an increase in
battery capacity. However, it is possible that the density can-
not be increased because the electrode brittleness or spalling
of a positive electrode material or the like occurs in a rolling
process depending on the particle diameter and kind of the
positive electrode material used. If necessary, two or more of
powders having different average particle diameters may be
manufactured using different manufacturing conditions and
these powders may be appropriately mixed together. A posi-
tive electrode material having high press density can be
obtained by adjusting a baking temperature and crushing
conditions among manufacturing conditions.

Method of Manufacturing Positive Electrode Material for
Lithium Secondary Battery

[0076] The method of manufacturing a positive electrode
material will be described hereafter, but the method is not
limited to the methods described below.

[0077] Examples of the raw materials to be used in manu-
facturing of a complex oxide, which is a positive electrode
material, include oxides and materials which become oxides
by a baking reaction when synthesis is performed in the
manufacturing process.

[0078] Li, Ni, one or two chemical elements selected from
Mn and Co, one, two, or more chemical elements selected
from the group consisting of Mg, Al, Ti, Cr, and Fe, and one,
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two, or more chemical elements selected from the group
consisting of B, C, Na, Si, P, S, K, Ca, and Ba are mixed into
the raw material to be used in manufacturing of a complex
oxide, which is a positive electrode material, and the mixture
is baked. With this method, it is possible to manufacture a
positive electrode material for a lithium secondary battery.

[0079] There is no particular limitation on what method is
used for synthesizing the complex oxide and examples of the
method include a solid-phase reaction method, one in which
precipitates from a solution is baked, a spray combustion
method, a molten salt method, and so forth.

[0080] As anexample, acomplex oxide can be synthesized
by mixing a lithium source, a nickel source, and the like at
respective rates in accordance with the chemical composition
of the target lithium-nickel complex oxide, by appropriately
selecting a temperature at which baking is performed in
accordance with the kind of the complex oxide to be formed,
and by baking the mixture in an atmosphere consisting of one,
two, or more gasses selected from the group consisting of
oxygen, nitrogen, argon, and helium at a temperature of about
700° C. to 950° C. It is also preferable that the baking
described above be a baking process performed in a manner
such that the mixture is sequentially subjected to a pre-baking
stage in which the mixture is held at a temperature of 300 to
500° C. for 2 to 6 hours in an oxygen atmosphere, a heating
stage in which the pre-baked mixture is heated at a heating
rate of 5 to 30° C./min after the pre-baking has been per-
formed and, subsequently, to the heating stage, a final baking
stage in which the heated mixture is held at a temperature of
700 to 950° C. for 2 to 30 hours and that the baked complex
oxide be subjected processing using a water-washing process
in which the baked complex oxide is mixed with water and
stirred, a dewatering process, and a drying process to manu-
facture a complex oxide.

[0081] Since Ni-containing positive electrode material is
tends to absorb water, the material is not usually washed using
water. However, when unreacted Li is removed in the water-
washing process included in the process described above, it is
possible to inhibit the occurrence of gelatification of a slurry
for a positive electrode and inhibit the occurrence of the
swelling of the battery.

[0082] As Ni source, a Co source and a Mn source, for
example, oxides, hydroxides and nitrates of the respective
chemical elements can be used. Since uniform mixing is
important when Ni, Co, and Mn are added, it is particularly
preferable that, for example, Ni—Co—(OH),, Ni-—Mn—
(OH),, and Ni—Co—Mn—(OH), which are manufactured
using a wet synthesis method be used as raw materials. The
amounts of Ni—Co—(OH),, Ni—Mn—(OH),, and
Ni—Co—Mn—(OH), are adjusted so that the mole ratio of
the amount of Co and Mn to the total amount of Ni, Co, and
Mn is 0.05 to 0.60. In manufacturing these materials, it is
desirable that dense powdery materials in the form of second-
ary particles of Ni—Co—(OH),, Ni—Mn—(OH),, and
Ni—Co—Mn—(OH), be manufactured using, for example, a
wet synthesis method so that the average particle diameter is
controlled to be 5 to 20 pm and the tapped density is con-
trolled to be 1.8 g/cc or more.

[0083] As Lisource, for example, hydroxides, nitrates, and
carbonates are preferable. As compounds of one or more
chemical elements selected from among Mg, Al, Ti, Cr, and
Fe, which are N elements, and from among B, C, Na, Si, P, S,
K, Ca, and Ba, which are L elements, for example, the oxides,
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hydroxides, carbonates, nitrates and organic acid salts of the
respective chemical elements can be used.

[0084] It is preferable that a complex oxide be manufac-
tured by baking after mixing Li compounds, a hydroxide
which is formed by co-precipitating Ni, and M elements (one
ortwo chemical elements selected from Mn and Co) and one,
two, or more chemical compounds selected from among the
oxides, nitrates, sulfates, carbonates, acetates, and phos-
phates as raw materials containing other constituent chemical
elements.

[0085] Also, it is preferable that a complex oxide be manu-
factured by baking after mixing a hydroxide which is formed
by co-precipitating N elements (one, two, or more chemical
elements selected from the group consisting of Mg, Al, Ti, Cr,
and Fe) or L elements (one, two, or more chemical elements
selected from the group consisting of B, C, Na, Si, P, S, K, Ca,
and Ba) and one, two, or more chemical compounds selected
from among the oxides, nitrates, sulfates, carbonates,
acetates, and phosphates as raw materials containing other
constituent chemical elements.

Lithium Secondary Battery

[0086] A positive electrode for a lithium secondary battery
manufactured using the positive electrode material may be
manufactured using an ordinary method. For example, acom-
bined agent for a positive electrode is formed by mixing a
carbon-based electrical conducting material such as acety-
lene black, graphite, and Ketjen black and binder into the
powder of the positive electrode material. As the binder, for
example, polyvinylidene fluoride, polytetrafluoroethylene,
polyamide, carboxymethylcellulose, and acrylic resin can be
used.

[0087] A positive electrode material layer is formed on a
positive electrode current collector by coating slurry, which is
formed by dispersing the combined agent for a positive elec-
trode described above in a dispersion medium such as N-me-
thylpyrrolidone, onto the positive electrode current collector
composed of, for example, aluminum foil, by performing
drying and press rolling.

[0088] Foralithium secondary battery in which the positive
electrode material is used for the positive electrode, it is
preferable that one or more of lithium salts having an anion
such as C10,—, CF;SO;—, BF,—, PF— AsF.—, SbF,—,
CF;CO,— and (CF;S0,),N— be used as solutes of an elec-
trolyte solution. Both cyclic carbonate and chain carbonate
may be used. Examples of a cyclic carbonate include propy-
lene carbonate and ethylene carbonate (EC). Examples of a
chain carbonate include, dimethyl carbonate, diethyl carbon-
ate (DEC), ethyl methyl carbonate, methyl propyl carbonate,
and methyl isopropyl carbonate.

[0089] For a separator, for example, a porous polyethylene
and a porous polypropylene film may be used.

[0090] The negative electrode material of a lithium battery
in which the positive electrode material is used for the posi-
tive electrode is a material capable of occluding and releasing
lithium ions. Although there is no particular limitation on
what kinds of materials are used to form a negative electrode
material, examples of such materials include lithium metal,
lithium alloys, carbon materials, carbon compounds, silicon
carbide compound, silicon oxide compound, titanium sulfide,
boron carbide compound, and oxides including mainly met-
als in 14 and 15 groups in the periodic table.
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[0091] There is no particular limitation on the form of a
lithium secondary battery in which the positive electrode
material is used.

[0092] The battery is selected depending on its use from
among batteries such as a cylinder type battery using an outer
can having a cylinder form (circular cylinder form or square
cylinder form), a flat type battery using an outer can having a
flat form (flat form having a circular form or a square form in
a plan view), and soft package type battery using a laminate
film as an outer package.

EXAMPLES

Example 1

[0093] Ni—Co—(OH), was prepared using a wet solution
synthesis method by controlling the mole ratios of Ni and Co
to obtain a raw material as a Ni and Co source. Commercially
available reagents were used as other starting materials. Li
hydrate was used as a Li source, Al,O; was used as an Al
source, and Ba(NO,), was used as a Ba source.

[0094] By weighing these starting raw materials to obtain
the target compound composition and, by sufficiently mixing
the weighed materials, a baking raw material was obtained.
Baking was performed in an oxygen atmosphere, by first
holding the material at a temperature of 400° C. for 4 hours
mainly to remove water in the raw material, by thereafter
heating the material at a heating rate of 5° C./min, holding the
heated material at a baking temperature of 800° C. for a
holding duration of 4 hours, and taking out the baked material
from the furnace after cooling. The baked material taken out
was crushed to obtain the powder of the positive electrode
material. The obtained powder was mixed with water and
stirred, dewatered and dried. Evaluation and determination
such as particle size distribution determination, chemical
composition analysis, and so forth were performed under the
conditions described below. The evaluation results are given
in Table 1. The symbol “-” in the table indicates a case where
the corresponding item was not performed and not deter-
mined.

Examples 2 to 22, and Comparative Examples 1 to 9

[0095] The same raw materials as used for Example 1 were
used as a Ni source, a Co source, a Lisource, an Al source, and
a Ba source. Ni—Co—Mn—(OH), was prepared using a wet
solution synthesis method by controlling the mole ratios of
Ni, Co, and Mn to obtain a raw material as a Mn source used
for Examples 11, 12, 13, and 22 and Comparative Example 7.
In addition, Ni—(OH), was used as a Ni source for Compara-
tive Example 5, and Ni—Mn—(OH), was prepared using a
wet solution synthesis method by controlling the mole ratios
of Niand Mn to obtain a raw material as a Ni and Mn source
used for Comparative Example 6. Commercially available
reagents were used as other starting materials. Sulfur powder
was used as a S source, carbon black was used as a C source,
Si0, was used as a Si source, KNO; was used as a K source,
Mn;0O, was used as a Mn source, MgO was used as a Mg
source, Ti0, was used as a Ti source, Fe,O, was used as an Fe
source, P,O5 was used as a P source, Ca(NO,),.4H,O was
used as a Ca source, Cr,O; was used as a Cr source, NaNO,
was used as a Na source, and H;BO; was used as a B source.
The powder of a positive electrode material was manufac-
tured by performing processing using the baking process and
the water-washing process under the same conditions as used
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for Example 1 while the compound composition was varied.
In addition, evaluation was performed under the same condi-
tions as used for Example 1, and the results are given in Table
1. A water-washing process was not used for Example 13,
Example 22, and Comparative Example 9.

[0096] Subsequently, using these powders, the positive
electrodes of lithium secondary batteries were manufactured,
the battery performance of the batteries was evaluated as
described below, and the results are given in Table 1.

[0097] By adding N-methyl-2-pyrrolidone to a mixture of
90 mass % of the powder of the positive electrode material for
a lithium secondary battery of an example or a comparative
example, 5 mass % of acetylene black, and 5 mass % of
polyvinylidene fluoride, sufficiently kneading the mixture,
applying the kneaded mixture to a current collector composed
of aluminum to form a film having a thickness of about 150
pm, pressing the film with a pressure of about 200 kg/cm?,
punching the coated current collector into a disc having a
diameter of 14 mm, and drying the disc at a temperature of
150° C. for 15 hours in vacuum, a positive electrode was
obtained. A lithium metal sheet was used as a negative elec-
trode, and a porous polypropylene film (marketed under the
trade name of Celgard #2400) was used as a separator. In
addition, 1 mole of LiClO, was dissolved in 1 L of a liquid
mixture containing ethylene carbonate (EC) and dimethyl
carbonate (DMC) at a volume ratio of 1:1 to obtain a non-
aqueous electrolyte solution.

[0098] Using a testing cell which had been formed by
assembling these members in a glove box filled with argon
gas, the first discharge capacity was determined by perform-
ing charge and discharge within a voltage range of 2.75 to
4.25 V with a constant current density of 0.5 mA/cm®. In
addition, the first charge-discharge efficiency was calculated
using the following equation:

first charge-discharge efficiency=[(first discharge
capacity)/(first charge capacity)]x100.

[0099] By further performing charge-discharge measure-
ment within a range of 2.75 to 4.25 V with a constant current
density of 2.0 mA/cm?, the rate performance was determined
by calculation using the following equation:

rate performance (% )=[(discharge capacity for 2.0

mA/cm?)/(discharge capacity for 0.5 mA/cm?)]x
100.

Evaluation Method

(1) Powder Properties

[0100] 1) Average particle diameter of primary particles:
The particle diameters are determined by observing the
obtained positive electrode material using an electron micro-
scope.

2) Particle Size Distribution of Secondary Particles

[0101] The particle size distribution in the whole particle
size range is obtained using a laser diffraction-scattering-type
measuring apparatus. “D,,, Do, respectively refer to particle
diameters corresponding to the integrated values of 10% and
90% in a particle size distribution based on number of par-
ticles.
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3) Press Density

[0102] A certain amount of the sample is charged into a
mold having a diameter of 20 mm, and compressed with a
pressure of 95.5 MPa, and then the press density is calculated
from the measured height and mass of the sample.

[0103] A tapped density indicates how well powder is natu-
rally compacted without pressure when the powder is com-
posed of the mixture of particles respectively having large
diameters and small diameters. A press density indicates how
well powder is compacted under pressure when the powder is
composed of the mixture of particles respectively having
large diameters and small diameters.

(2) Chemical Composition

[0104] By performing quantitative composition analysis
for the obtained powder, the mole ratio of each constituent
chemical element with respect to Ni content+M content+N
content=1 mole was determined, and the overall composition
of'the sample is given in Table 1.

(3) Increase in Mass

[0105] A certain amount of the obtained positive electrode
material is charged into a sample bottle, then the sample bottle
is kept in a constant temperature and humidity tank with
atmospheric air having a temperature of 25+£3° C. and a
humidity of 60+£5%, and 240 hours later, an increasing rate of
mass is determined. The average value of the determined
values of plural samples is defined as the rate of increase in
mass.

(4) Nail Penetration Test

[0106] A cell for a nail penetration test was prepared using
the following method. By adding N-methyl-2-pyrrolidone to
a mixture of 89 mass % of the powder of the synthesized
positive electrode material for a lithium secondary battery, 6
mass % of acetylene black, and 5 mass % of polyvinylidene
fluoride, sufficiently kneading the mixture, by applying the
kneaded mixture to a current collector composed of alumi-
num having a thickness of 20 pm, and performing drying and
pressing, the positive electrode was manufactured. The nega-
tive electrode was manufactured by adding N-methyl-2-pyr-
rolidone to a mixture of 92 mass % of carbon black, 3 mass %
of acetylene black, and 5 mass % of polyvinylidene fluoride,
sufficiently kneading the mixture, applying the kneaded mix-
ture to a current collector composed of copper having a thick-
ness of 14 um, and performing drying and pressing. The
thicknesses of the positive electrode and the negative elec-
trode were respectively 75 um and 100 um. The electrolyte
solution was prepared by dissolving 1 mole of LiPF;in 1 L. of
a liquid mixture containing ethylene carbonate (EC) and
methyl ethyl carbonate (MEC) at a volume ratio of 1:1. The
separator was composed of a porous polypropylene film.
Using an aluminum laminate sheet, a square type battery
having a length of 60 mm, a width of 35 mm, and a thickness
of 4 mm was manufactured. By performing charge to 4.2V
with a current of 160 mA, and performing discharge to 3.0V
with the same current, the determined discharge capacity was
800 mA.

[0107] After having charged a battery with a constant volt-
age for 8 hours, a nail having a diameter of 2.5 mm was
penetrated through the central part of the battery, and then the
state of the battery was observed. When ignition was not
recognized was judged as satisfactory, and when ignition was
recognized was judged as unsatisfactory.



US 2015/0340683 Al

Nov. 26, 2015

TABLE 1
Secondary First
Particle size Rate of First Charge-
distribution ~ Press Increase Discharge Discharge Rate Nail
(Dog-Dyio) Density in Mass Capacity Efficiency Performance  Penetration
No. Overall Composition pm g/cc % mAh/g % % Test
Example 1 Lil.03 Ni0.79 C00.19 Al0.02 13.47 3.43 0.44 185 91.0 86.3 Satisfactory
Ba0.003 02
2 Li0.88 Ni0.72 C00.26 Al0.02 — 3.41 0.44 173 87.0 87.5 —
Ba0.003 §0.005 C0.001 O2
3 Lil.01 Ni0.79 Co00.18 Al0.03 18.26 3.53 0.49 180 89.0 86.2 —
Ba0.007 8i0.003 02
4 Lil.12 Ni0.79 C00.18 Al0.03 12.81 3.56 043 182 88.8 87.7 —
Ba0.003 K0.005 02
5 Lil.03 Ni0.92 C00.05 Mn0.01 11.34 3.46 0.40 193 91.1 85.0 Satisfactory
Al0.01 Mg0.01 Ba0.003 O2
6 Lil.07 Ni0.83 C00.09 Mn0.04 Al0.01 — 3.45 0.39 183 90.0 85.1 —
Mg0.03 Ba0.003 S0.003 O2
7 Li1.02 Ni0.90 C00.05 Mn0.02 Al0.02 — 3.46 0.39 191 90.3 854 —
Mg0.01 Ba0.003 C0.003 O2
8 Lil.05 Ni0.85 C00.09 Mn0.01 Al0.01 — 3.47 0.52 190 91.2 90.5 —
Mg0.01 Ti0.03 Ba0.003 O2
9 Lil.03 Ni0.87 C00.10 Mn0.01 Al0.01 — 3.47 0.40 192 90.8 86.3 —
Mg0.01 Ba0.003 8i0.001 O2
10 Lil.00 Ni0.86 C00.10 Mn0.01 Al0.02 — 3.45 045 192 90.5 87.0 —
Mg0.01 Ba0.003 P0.003 O2
11 Lil.03 Ni0.69 Co0.15 Mn0.15 Al0.01 13.11 3.41 0.31 176 90.3 88.7 Satisfactory
Ba0.0008 02
12 Lil1.02 Ni0.67 C00.14 Mn0.14 Al0.05 12.53 3.40 0.28 172 89.5 87.3 —
Ba0.003 50.003 O2
13 Lil.03 Ni0.37 C00.29 Mn0.30 Al0.04 — 3.36 043 148 86.7 88.5 —
Ba0.003 8i0.007 O2
14 Lil1.00 Ni0.81 C00.09 Mn0.08 Al0.02 — 3.46 0.50 183 88.7 87.6 Satisfactory
Ba0.005 02
15 Lil1.04 Ni0.81 C00.09 Mn0.09 Al0.01 6.58 3.40 043 181 88.6 88.0 —
Ba0.003 §0.003 C0.002 O2
16 Lil1.03 Ni0.82 C00.09 Mn0.07 Al0.02 — 3.45 0.49 184 90.1 88.3 —
Ba0.003 Ca0.003 O2
17 Lil1.00 Ni0.79 C00.09 Mn0.09 Al0.03 11.59 3.46 045 180 874 88.1 —
Ba0.003 K0.005 02
18 Lil1.03 Ni0.90 C00.05 Al0.03 Mg0.02 — 3.49 045 189 89.9 86.3 —
Ba0.003 50.003 O2
19 Li0.98 Ni0.85 C00.09 Mn0.03 Al0.03 8.88 3.41 0.44 182 87.5 87.8 —
Ba0.003 §0.003 C0.002 O2
20 Lil.00 Ni0.82 C00.09 Mn0.01 Al0.08 15.62 3.35 0.57 172 86.8 89.4 —
$0.001 C0.006 02
21 Lil.04 Ni0.82 C00.09 Mn0.03 Mg0.05 — 3.42 0.58 176 88.2 84.0 —
Cr0.01 Na0.003 C0.003 O2
22 Lil.17 Ni0.41 C00.25 Mn0.33 Fe0.01 13.25 3.45 042 151 91.2 82.5 —
Ba0.004 B0.003 O2
Comparative 1 Lil.03 Ni0.79 C00.19 Al0.02 O2 — 3.22 0.78 189 90.0 80.3 Unsatisfactory
Example 2 Lil.03 Ni0.81 C00.19 O2 14.22 3.31 0.71 195 95.0 76.2 Unsatisfactory
3 Li0.75 Ni0.85 C00.10 Al0.05 4.55 3.19 1.11 139 72.2 63.8 Unsatisfactory
K0.003 02
4 Li0.78 Ni0.79 C00.19 Al0.02 4.29 3.30 1.08 145 76.0 57.8 —
Ba0.003 02
5 Lil.10 Ni0.82 Mn0.02 Mg0.15 10.01 3.56 0.78 139 79.0 82.6 Satisfactory
Ti0.01 $0.003 O2
6 Lil.12 Ni0.30 Mn0.66 Al0.03 Ti0.01 12.57 3.16 0.18 128 82.5 92.2 Satisfactory
Ba0.003 K0.003 02
7 Lil.02 Ni0.15 C00.65 Mn0.17 Al0.01 9.45 3.45 0.22 129 88.0 91.6 —
Ti0.01 Fe0.01 Na0.003 O2
8 Lil.03 Ni0.89 C00.05 Mn0.03 Al0.02 9.45 3.27 0.77 189 90.8 85.1 Unsatisfactory
Mg0.01 02
9 Lil.03 Ni0.79 C00.19 Al0.02 3.98 3.24 2.33 168 73.1 68.0 Satisfactory
Ba0.003 02
10 Lil.02 Ni0.78 C00.19 Al0.03 8.56 3.35 0.50 125 78.7 72.2 —
Ba0.015 02

Description of Examples and Comparative Examples

[0108] InExample 1, where Al, which is an N element, and
Ba, which is an L element, were added to the Li—Ni—Co—
O-based material for Comparative Example 2, although there
was a little decrease in first discharge capacity and first

charge-discharge efficiency, there was an increase in rate
performance and press density, there was a decrease in the
rate of increase in mass, and a satisfactory result was obtained
in a nail penetrating test, which means that Example 1 was an
excellent positive electrode material having well-balanced
properties. Moreover, in Example 5 where Mn, which isan M



US 2015/0340683 Al

element, and Mg, which is an N element, were added, there
was further increase in each of the properties.

[0109] In Comparative Examples 1, 2, and 8 where an L
element was not added, and in Comparative Example 9 where
water-washing was omitted, since the rate of increase in mass
was much larger than in examples where an L. element, which
is effective in decreasing the rate of increase in mass, was
added, there is concern that the slurry may become gelled in
the manufacturing process of a positive electrode and that
batteries may become swollen when Comparative Examples
1, 2, 8, and 9 are used for positive electrodes.

[0110] When comparing the measurement results of the
press density for Examples 1, 3,4, 5, and 17 having a value for
Dgo-D;, whichis a particle size distribution based on number
of particles, of 5.0 um or more with the results for Compara-
tive Examples 3, 4, and 9 having a value for Dy,-D, , less than
5.0 um, the differences are significant, and it is difficult to
increase capacity per unit volume even if discharge capacity
per unit mass is high in the case of the comparative examples,
while it can be said that Examples 1, 3, 4, 5, and 17 are
excellent in terms of capacity.

[0111] Sincethe complex oxides of Comparative Examples
1, 2, and 8, which are positive electrode materials not con-
taining an L. element, had low thermal stability and were
unsatisfactory in a nail penetrating test, there is a problem
with the safety of a battery.

[0112] Examples 1,3, 11, 20, and 22 had sufficiently wide
secondary particle size distribution. Examples 3, 4, 8, 9, and
18 had high press density. Examples 6, 7, 11, 12, and 13 had
a small rate of increase in mass. Examples 5 and 7 through 10
had high first discharge capacity. Examples 1, 5 through 11,
16, and 22 had high first charge-discharge efficiency.
Examples 8, 11, 13, 15 through 17, and 20 had high rate
performance.

INDUSTRIAL APPLICABILITY

[0113] A positive electrode for which the positive electrode
material for a lithium secondary battery is used has high
safety, high capacity, excellent rate performance, and a low
rate of increase in mass in a certain atmosphere. A lithium
secondary battery for which such a positive electrode is used
can widely be used as a power supply that is small and light
and has ahigh energy density for information-related devices,
communication devices, and vehicles. A secondary battery
which is manufactured using a positive electrode material for
a lithium secondary battery can be equally applied to a cyl-
inder type battery using an outer can having a cylinder form
(circular cylinder form or square cylinder form), a flat type
battery using an outer can having a flat form (flat form having
a circular form or a square form in a plan view), and soft
package type battery using a laminate film as an outer pack-
age.

1-13. (canceled)

14. A positive electrode material for a lithium secondary
battery, the material comprising a complex oxide whose over-
all composition is expressed by Li,Ni,M N O,, where

M: one or two chemical elements selected from the group

consisting of Mn and Co,

N: one, two, or more chemical elements selected from the

group consisting of Mg, Al, Ti, Cr, and Fe,

L: one, two, or more chemical elements selected from the

group consisting of B, C, Na, Si, P, S, K, Ca, and Ba, and
where
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a/(b+c+d): 0.80 to 1.30,
b/(b+c+d): 0.30 to 0.95,
c/(b+c+d): 0.05 to 0.60,
d/(b+c+d): 0.005 to 0.10,
e/(b+c+d): 0.0005 to 0.010,
b+c+d=1, and

x: 1.5t02.5.

15. The positive electrode material according to claim 14,
wherein the material undergoes a change in mass in an
amount of 0.60 mass % or less after having been exposed to
atmospheric air having a temperature of 25° C. and a humid-
ity of 60% for 240 hours.

16. The positive electrode material according to claim 14,
wherein the material has a density of 3.20 g/cc or more in a
compacted state with a load of 95.5 MPa.

17. The positive electrode material according to claim 15,
wherein the material has a density of 3.20 g/cc or more in a
compacted state with a load of 95.5 MPa.

18. The positive electrode material according to claim 14,
wherein primary particles of the complex oxides having an
average particle diameter of 0.1 pm or more are aggregated to
form secondary particles.

19. The positive electrode material according to claim 18,
wherein a difference between Dy, and D, based on number
of particles is 5.0 pum or more in the particle size distribution
of the secondary particles of the complex oxides.

20. A method of manufacturing the positive electrode
material for a lithium secondary battery according to claim 14
comprising:

mixing raw material chemical elements or compounds

containing raw material chemical elements,

baking the resultant raw materials at a temperature of 700°

C. or higher and 950° C. or lower in a baking process,
and

thereafter performing a treatment using a water-washing

process.

21. A lithium secondary battery comprising a positive elec-
trode composed of a positive electrode material containing
the positive electrode material according to claim 14, a nega-
tive electrode composed of a negative electrode material, and
an ion-conducting medium interposed between the positive
electrode and the negative electrode and which conducts
lithium ions.

22. A lithium secondary battery comprising a positive elec-
trode composed of a positive electrode material containing
the positive electrode material according claim 18, a negative
electrode composed of a negative electrode material, and an
ion-conducting medium interposed between the positive
electrode and the negative electrode and which conducts
lithium ions.

23. A lithium secondary battery comprising a positive elec-
trode composed of a positive electrode material containing
the positive electrode material according to claim 19, a nega-
tive electrode composed of a negative electrode material, and
an ion-conducting medium interposed between the positive
electrode and the negative electrode and which conducts
lithium ions.

24. The positive electrode material according to claim 14,
wherein the complex oxides are manufactured by baking after
mixing Li compounds, a hydroxide formed by co-precipitat-
ing Ni and one or more chemical elements selected from Mn
and Co and one, two, or more chemical compounds selected
from among the oxides, nitrates, sulfates, carbonates,
acetates, and phosphates of chemical elements other than the
chemical elements described above.
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25. The positive electrode material according to claim 18,
wherein the complex oxides are manufactured by baking after
mixing Li compounds, a hydroxide formed by co-precipitat-
ing Ni, and one or more chemical elements selected from the
group consisting of Mn and Co and one, two, or more chemi-
cal compounds selected from among oxides, nitrates, sul-
fates, carbonates, acetates, and phosphates of chemical ele-
ments other than the chemical elements described above.

26. The positive electrode material according to claim 19,
wherein the complex oxides are manufactured by baking after
mixing Li compounds, a hydroxide formed by co-precipitat-
ing Ni and one or more chemical elements selected from the
group consisting of Mn and Co and one, two, or more chemi-
cal compounds selected from among oxides, nitrates, sul-
fates, carbonates, acetates, and phosphates of chemical ele-
ments other than the chemical elements described above.

27. The positive electrode material according to claim 15,
wherein primary particles of the complex oxides having an
average particle diameter of 0.1 pm or more are aggregated to
form secondary particles.

28. The positive electrode material according to claim 16,
wherein primary particles of the complex oxides having an
average particle diameter of 0.1 pm or more are aggregated to
form secondary particles.
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29. The positive electrode material according to claim 17,
wherein primary particles of the complex oxides having an
average particle diameter of 0.1 pm or more are aggregated to
form secondary particles.

30. A lithium secondary battery comprising a positive elec-
trode composed of a positive electrode material containing
the positive electrode material according to claim 15, a nega-
tive electrode composed of a negative electrode material, and
an ion-conducting medium interposed between the positive
electrode and the negative electrode and which conducts
lithium ions.

31. A lithium secondary battery comprising a positive elec-
trode composed of a positive electrode material containing
the positive electrode material according to claim 16, a nega-
tive electrode composed of a negative electrode material, and
an ion-conducting medium interposed between the positive
electrode and the negative electrode and which conducts
lithium ions.

32. A lithium secondary battery comprising a positive elec-
trode composed of a positive electrode material containing
the positive electrode material according to claim 17, a nega-
tive electrode composed of a negative electrode material, and
an ion-conducting medium interposed between the positive
electrode and the negative electrode and which conducts
lithium ions.



