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NICKEL MANGANESE COMPOSITE
HYDROXIDE PARTICLES AND
MANUFACTURING METHOD THEREOE,
CATHODE ACTIVE MATERIAL FOR A

NON-AQUEOUS ELECTROLYTE
SECONDARY BATTERY AND

MANUFACTURING METHOD THEREOL,

AND A NON-AQUEOUS ELECTROLY'TE
SECONDARY BATTERY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] ThisapplicationisaContinuation application of and
claims priority to U.S. Ser. No. 13/520,915 filed Oct. 4, 2012,
which 1s pending and which 1s hereby incorporated by refer-
ence 1n its entirety for all purposes. U.S. Ser. No. 13/520,915
1s a national phase application of and claims priority to inter-
national application PCT/JP2011/069350 filed Aug. 26,
2011, which1s hereby incorporated by reference 1n 1ts entirety
tor all purposes. PCT/JP2011/069350 claims priority to Japa-
nese application 2011-127763 filed Jun. 7, 2011.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to nickel manganese
composite hydroxide particles, which are a precursor to cath-
ode active material for a non-aqueous electrolyte secondary
battery, and the manufacturing method thereof, cathode
active material for a non-aqueous electrolyte secondary bat-
tery, which uses the nickel manganese composite hydroxide
particles as a raw material, and the manufacturing method
thereol, and a non-aqueous electrolyte secondary battery that
uses the cathode active material for a non-aqueous electrolyte
secondary battery as the cathode material.

[0004] 2. Description of the Related Art
[0005] In recent years, as portable electronic devices such
as mobile telephones and notebook personal computers

become widespread, there 1s a large need for development of
compact and lightweight non-aqueous electrolyte secondary
batteries that have high energy density. Moreover, there 1s
also a strong need for development of a high-output second-
ary battery as a motor drive battery, and particularly, as a
battery for the power source of transport equipment.

[0006] As a secondary battery that satisfies this kind of
need 1s a lithium-i10on rechargeable battery. A lithtum-ion
rechargeable battery comprises an anode, a cathode and an
clectrolyte, and a material in which lithtum can be desorbed
and 1nserted 1s used as the active material for the anode and
cathode.

[0007] Currently, much research and development 1s being
performed related to lithium-ion batteries, and of that,
research of lithtum-ion batteries that use layered or spinel
type lithtum metal composite oxide as the cathode material

has been advancing as high-energy density batteries that are
capable of 4V class high voltage.

[0008] Currently, as the cathode material of that kind of
lithium-10n secondary battery, lithtum composite oxides such
as lithtum cobalt composite oxide (L1C00O,) having a rela-
tively simple composition, lithium nickel composite
(L1N10, ), which uses nickel that1s less expensive than cobalt,
lithium mickel manganese cobalt composite oxide (LiNi,,
3C0, . Mn, ,,0,), lithium manganese composite oxide
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(LiMn,O,) that uses manganese, and lithtum nickel manga-
nese composite oxide (LiN1, -Mn, -O,) have been proposed.
[0009] Among these cathode active matenials, lithium
nickel manganese composite oxide ((LLiN1, :Mn, -O,), which
1s high capacity, has excellent thermal stability and does not
use cobalt of which there are few reserves, has gained much
attention in recent years. Lithium nickel manganese compos-
ite oxide ((LiN1, -Mn, -O,) 1s layered in the same way as
lithium cobalt composite oxides and lithium nickel composite
oxides, and nickel and manganese are included 1n transitional
metal sites at basically a compositional ratio of 1:1 (Ohzuku
et al., “Layered Lithium Insertion Material of LiNi1, ,,Mn,,
20 ,: A Possible Alternative to L1CoO,, for Advanced Lithium-
Ion Batteries™”, Chemistry Letters, Vol. 30 (2001), No. 8, p.
744-).

[0010] Incidentally, as a condition for a lithium 1on second-
ary battery to obtain good performance characteristics such as
high output, low resistance, high cyclability, and high capac-
ity, cathode material comprising particles having a uniform
and suitable particle size 1s required.

[0011] This 1s because, when a cathode material having a
large particle size and low specific surface area 1s used, the
reactive area with the electrolyte cannot be sulliciently main-
tained, so the reaction resistance rises, and 1t 1s not possible to
obtain a battery having high output. Moreover, when a cath-
ode material having a wide particle size distribution is used,
the voltage applied to the particles in the electrode become
uneven, and when the battery 1s repeatedly recharged, small
particles selectively deteriorate, and the capacity decreases.

[0012] Inaiming for high output of a lithium-1on secondary
battery, shortening the distance between the cathode and
anode 1s elfective, so preferably the cathode plate 1s made to
be thin, and from this aspect as well, using cathode material
having a small particle size 1s usetul.

[0013] Therefore, 1n order to improve the performance of
the cathode maternial, it 1s important that lithium nickel man-
ganese composite oxide, which 1s a cathode active matenal,
be manufactured so that the particle size 1s small and uniform.

[0014] Lithium nickel manganese composite oxide 1s nor-
mally manufactured from composite hydroxide, so in order to
make the lithium nickel manganese composite oxide particles
small with a uniform size, it 1s necessary to use a composite
hydroxide as the raw material that has small particles with a
uniform particle size.

[0015] Inother words, in order to improve the performance
of the cathode material and manufacture a high-performance
lithium-10n secondary battery as a final product, 1t 1s neces-
sary to use a composite hydroxide that comprises particles
having a small particle size and narrow particle distribution as
the composite hydroxide that will become the raw material of
the lithium nickel manganese composite oxide used 1n form-
ing the cathode matenal.

[0016] As a nickel manganese composite hydroxide that 1s
used as the raw matenal of a lithium nickel manganese com-
posite oxide, proposed are manganese nickel composite
hydroxide particles as disclosed 1n JP2004-210560(A) which
are composite hydroxide particles having a manganese to
nickel ratio of 1:1, with an average particle size of 5 to 15 um,
tap density of 0.6 to 1.4 g/ml, bulk density 01 0.4 to 1.0 g/ml,
specific surface area of 20 to 55 m®/g, amount of sulfate
radical contained being 25 to 45 weight %, and in X-ray
diffraction, a ratio (I,/1,) of the maximum strength (I,) of the
peak in the range 15<20=25 and the maximum strength (I, ) of
the peak 1n the range 30=20 40 of 1 to 6. The secondary
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particle surface and internal structure 1s formed 1n a netlike
structure with fold-like walls of primary particles, with the
space surrounded by the fold-like walls being relatively large.

[0017] Furthermore, as the manufacturing method, a
method 1s disclosed 1n which, while keeping the amount of
oxidation of manganese 1ons within a set range, a mixed
aqueous solution of manganese salt and nickel salt having a
atomic ratio of manganese and nickel of 1:1 1s mixed and
reacted with an alkaline solution 1n an aqueous solution hav-
ing a pH of 9 to 13 with the existence of a complexing agent
to cause coprecipitation of particles.

[0018] However, in the case of the lithium manganese
nickel composite oxide and manufacturing method disclosed
in JP2004-2103560(A), when mvestigating the structure of the
particles, 1t can be clearly seen 1n the disclosed electron
micrograph that coarse particles and fine particles are mixed

together 1n the obtained particles, and making the particle size
uniform has not been considered.

[0019] On the other hand, in regards to the particle size
distribution of lithium composite oxide particles, a lithium
composite oxide has been disclosed 1 JP2008-147068(A)
such that in the particle size distribution curve, the particles
have a particle size distribution with an average particle size
D50, which means the particle size of a cumulative frequency
of 50%, of 3 to 15 um, a minimum particle size of 0.5 um or
greater, and a maximum particle size of 50 um or less, and
where 1n the relationship between average particle size D10 at

a cumulative frequency of 10% and D90 at a cumulative
frequency of 90%, the ratio D10/D50 15 0.60 to 0.90, and the

ratio D10/D90 1s 0.30 to 0.70. It has also been disclosed that
this lithium composite oxide has high repletion, excellent
discharge capacity characteristic and high output character-
istic, and does not easily deteriorate even under conditions of
a large discharge load, so by using this lithium composite
oxide, a non-aqueous electrolyte lithium 10n secondary bat-
tery having excellent output characteristics and little deterio-
ration of cyclability can be obtained.

[0020] However, the lithtum composite oxide disclosed 1n
JP2008-147068(A) includes fine particles and coarse par-
ticles as a mimimum particle size 0.5 um or greater and a
maximum particle size of 50 um or less with respect to an
average particle size of 3 to 15 um. The particle size distribu-
tion that 1s regulated by D10/D50 and D10/D90 1s not a
narrow particle size distribution range. In other words, the
lithium composite oxide of JP2008-147068(A) does not have
suificiently high uniformity of particle size, and when that
lithium composite oxide 1s used, an i mprovement 1n perior-
mance of the cathode material cannot be expected, and 1t 1s
difficult to obtain a non-aqueous electrolyte lithtum-1on sec-
ondary battery having sufficient performance.

[0021] Moreover, a method for manufacturing a composite
hydroxide that will become the raw material for a composite
oxide aimed at improving the particle size distribution has
been disclosed. In JP2003-86182(A), 1n a method for manu-
facturing a cathode active material for a non-aqueous elec-
trolyte battery, a method for obtaining a hydroxide or oxide as
a precursor 1s disclosed 1 which an aqueous solution con-
taining two or more kinds of transition metal salts, or an
aqueous solution containing two or more different transition
metal salts and an alkaline solution are simultaneously put
into a reaction vessel, and co-precipitation 1s performed while
causing the solution to coexisting with a reducing agent or by
passing an 1ert gas though the solution.
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[0022] However, the technology disclosed in JP2003-
86182(A) 1s for recovery while classiiying the generated
crystals, so 1n order to obtain a material having uniform
particle size, strictly managing the manufacturing conditions
1s considered to be necessary, so production on an industrial
scale 1s difficult. Moreover, even though 1t 1s possible to
obtain crystal grain having a large grain size, obtaining small
particles 1s difficult.

[0023] Furthermore, 1n order to make a battery with high
output, increasing the size of the reactive area without chang-
ing the particle size 1s effective. In other words, by making
particles that are porous, or that have a hollow particle struc-
ture, 1t 1s possible to increase the surface area that contributes
to the battery reaction, and it 1s possible to reduce the reaction
resistance.

[0024] For example, in JP2004-253174(A), cathode active
material for a non-aqueous electrolyte secondary battery hav-
ing at least a layered structure of a lithium transition metal
composite oxide 1s disclosed wherein the lithium transition
metal composite oxide comprises hollow particles having a
shell section on the outside and a hollow section on the 1side
ol the outer shell section. Also disclosed 1s that this cathode
active material for a non-aqueous electrolyte secondary bat-
tery has excellent battery characteristics such as cycle char-
acteristics, output characteristics, thermal stability and the
like, and can suitably be used for a lithium-1on secondary
battery.

[0025] However, cathode active materials disclosed 1n
JP2004-253174(A) 1s expected to have a greater specific sur-
face area than solid particles because the cathode active mate-
rial has hollow particles, but JP2004-253174(A) does not
mention the particle size thereof. Therefore, improvement in
reactivity with the electrolyte due to an increase in specific
surface area can be expected, however, the effect on the
migration distance of the lithium ions due to making the
particles smaller 1s not clear, and a suificient improvement in
output characteristics cannot be expected. Furthermore, 1n
regards to the particle size distribution, the particle size dis-
tribution 1s considered to be the same as in conventional
cathode active material, so selective deterioration of minute
particles due to uneven voltage that 1s applied inside the
clectrodes occurs, and there 1s a strong possibility that there
will be a drop 1n battery capacity.

[0026] As described above, currently neirther a lithium
composite oxide that can suificiently improve the perfor-
mance of a lithium-1on secondary battery, nor a composite
hydroxide that will become the raw material for that compos-
ite oxide have been developed. Moreover, after investigating
various method for manufacturing composite hydroxides,
currently a method that 1s capable on an industrial scale to
manufacture a composite hydroxide that can become the raw
material for a composite oxide capable of improving the
performance of a lithium-1on secondary battery has not been
developed. In other words, a cathode active material having
particles with a small and uniform particle size, and that have
a large reactive area, for example having a hollow structure,
having not been developed, and a method capable of indus-
trially manufacturing that kind of cathode active material 1s
desired.
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SUMMARY OF THE INVENTION

Problem to be Solved by the Invention

[0032] Inconsideration of the problems above, an object of
the present invention 1s to provide nickel manganese compos-
ite hydroxide particles that, when used as a raw matenial, a
lithium nickel manganese composite oxide 1s obtained that
has small particles with a uniform particle size, and that due
to a hollow particle structure have a high specific surface area.

[0033] Moreover, another object of the present invention 1s
to provide a cathode active material for a non-aqueous elec-
trolyte secondary battery that can reduce the value of the
cathode resistance that 1s measured when used 1n a battery,
and to provide a non-aqueous electrolyte secondary battery
that uses that cathode active material and that has high capac-
ity, good cyclability and high output.

[0034] Furthermore, another object of the present invention
1s to provide a method for industrially manufacturing the
nickel manganese composite hydroxide particles and cathode
active material.

Means for Solving the Problems

[0035] The mventors diligently studied the use of lithium
nickel manganese composite oxide, which 1s capable of dis-
playing excellent battery characteristics, as the cathode mate-
rial for a lithium 1on secondary battery, and as a result,
obtained was a technical knowledge that by controlling the
particle size distribution of nickel manganese composite
hydroxide, which 1s the raw material, and by giving nickel
manganese composite hydroxide a structure provided with a
center section comprising {ine primary particles and an outer
shell section on the outside of the center section comprising of
primary particles that are larger than the primary particles of
the center section, 1t 1s possible to obtain lithium nickel man-
ganese composite oxide having hollow structure and com-
prising small particles with a highly uniform particle size.
Also obtained was a technical knowledge that by dividing
crystallization mto a nucleation step and a particle growth
step by controlling the pH and using an aqueous solution 1n
cach step that does not substantially include a complex 10on
formation agent that forms complex 1ons with nickel, man-
ganese and cobalt, the above nickel manganese composite
hydroxide can be obtained. The present invention was
achieved based on the above technical knowledge obtained by
the 1nventors.

[0036] In other words, a manufacturing method of nickel
manganese composite hydroxide particles of the present
invention 1s

[0037] amethod for manufacturing nickel manganese com-
posite hydroxide particles by a crystallization reaction such

that the mickel manganese composite hydroxide particles can
be expressed by the general formula N1, Mn, Co,M,(OH),,,
(where x+y+z+t=1, 0.3=x=0.7, 0.1=y=0.55, 0=z=<0.4, O=t=<0.
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1, O=a<0.5, and M 1s one or more added element that 1s
selected from among Mg, Ca, Al, T1, V, Cr, Zr, Nb, Mo and

W),
[0038] the manufacturing method comprising:
[0039] a nucleation step of controlling an aqueous solution

for nucleation, which includes at least a metallic compound
that contains nickel and a metallic compound that contains
manganese, and does not include a complex 10on formation
agent that forms complex 10ns with mickel, manganese and
cobalt, so that the temperature of the solution 1s 60° C. or
greater, and so that the pH value that 1s measured at a standard
solution temperature o1 25° C.1s 11.5 to 13.5, and generating,
nucle1 as center sections comprising {ine primary particles;
and

[0040] a particle growth step of controlling an aqueous
solution for particle growth, which includes the nucler that
were formed 1n the nucleation step and does not substantially
include a complex ion formation agent that forms complex
ions with nickel, manganese and cobalt, so that the tempera-
ture of the solution 1s 60° C. or greater, and so that the pH
value that 1s measured at a standard solution temperature of
25° C. 15 9.5 to 11.5, and 1s less than the pH value 1n the
nucleation step, and growing an outer shell section compris-
ing primary particles having a plate shape or needle shape that
1s larger than the fine primary particles on an outer surface of
the nuclex.

[0041] Inthe nucleation step and particle growth step, pret-
erably the oxygen concentration inside the reaction tank is
controlled to be 10% by volume or less.

[0042] The aqueous solution resulting from adjusting the
pH value of the aqueous solution for nucleation after the
nucleation step has finished can be used as the aqueous solu-
tion for particle growth. Alternatively, 1t 1s possible to use a
solution that 1s obtained by adding an aqueous solution,
which contains the nucler formed 1n the nucleation step, to a
component adjustment aqueous solution, which 1s separate
from the aqueous solution for nucleation in which the nuclei
were formed, does not substantially include a complex 1on
formation agent that forms complex 1ons with nickel, man-
ganese and cobalt, and 1s controlled so that the solution tem-
perature 1s 60° C. or greater, and so that the pH value that 1s
measured at a standard solution temperature 01 25° C.15 9.5 to
11.5 and 1s lower than the pH value 1n the nucleation step, as
the aqueous solution for particle growth.

[0043] Preferably, the particle growth step starts after part
of the liguid component of the aqueous solution for particle
growth has been removed.

[0044] Furthermore, in the nucleation step and particle
growth step when manufacturing nickel manganese compos-
ite hydroxide that includes one or more kinds of added ele-
ments, 1t 1s possible for the aqueous solution for nucleation or
the aqueous solution for particle growth to be an aqueous
solution that 1s obtained by adding an aqueous solution 1n
which a salt containing the one or more added elements 1s
added to a mixed solution that includes a nickel containing
metal compound and a manganese containing metal com-
pound, and that does not substantially include a complex 1on
formation agent that forms complex 1ons with nickel, man-
ganese and cobalt.

[0045] Alternatively, the mickel composite hydroxide that
was obtained 1n the particle growth step can be covered with
a compound containing the one or more added elements. As
this covering method, there 1s a method wherein the one or
more added elements are caused to be deposited onto the
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surface of nickel manganese composite hydroxide by adding
an aqueous solution containing the one or more added ele-
ments to a solution in which mickel manganese composite
hydroxide 1s suspended, while controlling the pH at a speci-
fied value; there 1s a method wherein a slurry, in which nickel
manganese composite hydroxide and a salt containing the one
or more added elements are suspended, 1s sprayed and dried;
or there 1s a method wherein nickel manganese composite
hydroxide and a salt containing the one or more added ele-
ments are mixed 1n a solid phase method. Particularly, when
a complex 1on formation agent other than a complex 1on
formation agent that forms complex 1ons with nickel, man-
ganese and cobalt forms complex 1ons between 1t and a pH
adjustment agent for controlling the pH value of each reaction
solution, covering with the added elements 1s necessary.
[0046] The mickel manganese composite hydroxide par-
ticles of the present invention are nickel manganese compos-
ite hydroxide particles that are expressed by the general for-
mula N1 Mn Co,M/(OH),, , (where x+y+z+t=1, 0.3=x=0.7,
0.1=y=0.55, 0=z=<0.4, 0=t<0.1, O<a=<0.5, and M 1s one or more
added element that 1s selected from among Mg, Ca, Al, T1, V,
Cr, Zr, Nb, Mo and W), and that are spherical shaped second-
ary particles that are formed by a plurality of aggregate pri-
mary particles, wherein the secondary particles have an aver-
age particle size of 3 to 7 um, a value [(d90-d10)/average
particle size]|, which 1s an index indicating the extent of the
particle size distribution, o1 0.55 or less, the particles having,
a center section comprising fine primary particles, and an
outer shell section on the outside of the center section com-
prising plate shaped or needle shaped primary particles that
are larger than the fine primary particles, with the thickness of
the outer shell section being 0.3 to 3 um.

[0047] Preferably, the fine primary particles have an aver-
age particle size of 0.01 to 0.3 um, and the plate shaped or
needle shaped primary particles that are larger than the fine
primary particles have an average particle size o1 0.3 to 3 um,
and preferably, the ratio of the thickness of the outer shell
section with respect to the particle size of the secondary
particles 1s 10 to 45%.

[0048] Moreover, preferably, the one or more added ele-
ments are uniformly distributed inside the secondary particles
and/or uniformly cover the surface of the secondary particles.
[0049] Also, preferably, the nickel manganese composite
hydroxide particles of the present invention are generated by
the manufacturing method for composite hydroxide particles
of the present invention.

[0050] The manufacturing method for manufacturing cath-
ode active material of the present invention 1s

[0051] amanufacturing method for manufacturing cathode
active material for a non-aqueous electrolyte secondary bat-
tery comprising lithium nickel manganese composite oxide
having layered hexagonal crystal structure and expressed by
the general formula: L1, NiMn Co MO, (where
—0.05=u=<0.50, x+y+z+t=1, 0.3=x=<0.7, 0.1=y=<0.53, 0=z=<0 4,
O=<t=<0.1, M 1s an added element selected from one or more
clements from among Mg, Ca, Al, T1, V, Cr, Zr, Nb, Mo and
W),

[0052] the manufacturing method comprising:

[0053] a mixing step that mixes a lithium compound nto

the nickel manganese composite hydroxide particles of any
one of the claims 7 to 11 to form a lithium mixture; and

[0054] a calcination step that performs calcination of the
mixture formed in the mixing step 1n an oxXygen atmosphere at
a temperature ol 800 to 980° C.
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[0055] Preferably, the lithtum mixture 1s adjusted so that
the ratio of the sum of the number of metal atoms other than

lithium included in the lithium mixture and the number of
lithium atoms 1s 1:0.95 to 1.5.

[0056] Moreover, preferably, 1n the calcination step, tem-
porary calcination has already been performed before calci-
nation at a temperature of 350 to 800° C.

[0057] Furthermore, preferably, the oxygen atmosphere
during the calcination step 1s an atmosphere having an oxygen
content of 18 to 100% by volume.

[0058] The cathode active material of the present invention
1s expressed by the general formula: Li,,, N1, Mn Co,M,O,
(where —0.05=u=<0.50, x+y+z+t=1, 0.3=x=0.7, 0.1=y=0.53,
0=<7=<0.4, 0=<t=<0.1, M 1s an added element selected from one or
more elements from among Mg, Ca, Al, 11, V, Cr, Zr, Nb, Mo
and W), and comprises lithium nickel manganese composite
oxide that 1s formed from a layered hexagonal crystalline
lithium contaiming composite oxide having an average par-
ticle size of 2 to 8 um, value [(d90-d10)/average particle
s1ze|, which 1s an mndex indicating the extent of the particle
s1ze distribution, of 0.60 or less, a specific surface area of 1 to
2 m°/g, and having a hollow structure comprising a hollow
section 1nside the particles and an outer shell section on the
outside, with the thickness of the outer shell section being 0.5
to 2.5 um.

[0059] Preferably, the ratio of the thickness of the outer
shell section with respect to the particle size of the lithium
nickel manganese composite oxide particles 1s S to 45%.
[0060] Moreover, preferably, the cathode active material
for anon-aqueous electrolyte secondary battery of the present
invention 1s generated by the manufacturing method for cath-
ode active material of the present invention.

[0061] In a non-aqueous electrolyte secondary battery of
the present invention, the cathode 1s formed using the cathode
active material for a non-aqueous electrolyte secondary bat-
tery above.

Eftect of the Invention

[0062] With the present mnvention 1t 1s possible to industri-
ally provide cathode active material for a non-aqueous elec-
trolyte secondary battery comprising lithtum nickel manga-
nese composite oxide having a small and umiform particle size
and having high specific surface area by having hollow struc-
ture. By using this cathode active material as the cathode
matenal, the high capacity, high output and cyclability of the
battery are also good.

[0063] The manufacturing methods for manufacturing the
cathode active material of the present invention and the nickel
manganese composite hydroxide particles as a precursor can
both be easily applied to large-scale production, so can be said
to have a large industnial value.

BRIEF DESCRIPTION OF THE DRAWINGS

[0064] FIG. 1 1s atlowchart of a process for manufacturing
the nickel manganese composite hydroxide of the present
invention.

[0065] FIG. 2 1s a flowchart of another process for manu-
facturing the nickel manganese composite hydroxide of the
present invention.

[0066] FIG. 3 1s atlowchart of a process for manufacturing
a lithium nickel manganese composite oxide, which is a cath-
ode active matenial, from the nickel manganese composite
hydroxide of the present invention.
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[0067] FIG.41saflowchart of the flow from manufacturing
the nickel manganese composite hydroxide to manufacturing,
a non-aqueous electrolyte secondary battery.

[0068] FIG. 5 1s an SEM photograph of the mickel manga-
nese composite hydroxide of the present mvention (1,000x
magnification rate).

[0069] FIG. 6 1s an SEM photograph of a cross section of
the nickel manganese composite hydroxide of the present
invention (10,000x magnification rate).

[0070] FIG. 7 1s an SEM photograph of the lithium nickel
manganese composite oxide, which 1s a cathode active mate-
rial, of the present invention (1,000x magnification rate).
[0071] FIG. 8 1s an SEM photograph of a cross section of
the lithium nickel manganese composite oxide, which 1s a
cathode active material, of the present invention (10,000x
magnification rate).

[0072] FIG. 9 1s a cross-sectional view of a coin-type bat-
tery that was used for battery evaluation.

[0073] FIG. 10 1s a drawing for explaining the evaluation
circuit that was used for measurement and analysis in 1imped-
ance evaluation.

BEST MODE FOR CARRYING OUT TH.
INVENTION

L1

[0074] The present invention relates to (1) nickel manga-
nese composite hydroxide particles, which are the precursor
for a cathode active material for a non-aqueous electrolyte
secondary battery and the manufacturing method thereof, (2)
a cathode active material for a non-aqueous electrolyte sec-
ondary battery that uses the nickel manganese composite
hydroxide and the manufacturing method thereotf, and (3) a
non-aqueous electrolyte secondary battery that uses the cath-
ode active material for a non-aqueous electrolyte secondary
battery for the cathode.

[0075] Inorderto improve the performance of a non-aque-
ous electrolyte secondary battery, the effect of a cathode
active material for a non-aqueous electrolyte secondary bat-
tery that 1s used for the cathode 1s large. In order to obtain a
cathode active material for a non-aqueous electrolyte second-
ary battery that can obtain excellent battery performance, the
particle size, particle size distribution and the specific surface
area are important factors, and a cathode active material hav-
ing a desired particle structure, and that has been adjusted to
have a desired particle size and particle size distribution 1s
preferred. In order to obtain that kind of cathode active mate-
rial, 1t 1s necessary to use a nickel manganese composite
hydroxide as raw material that has a desired particle structure
as well as a desired particle size and particle size distribution.

[0076] The invention according to (1) to (3) above 1s
described in detail below, however, first, the nickel manga-
nese composite hydroxide particles and manufacturing
method thereof, which are the main features of the present
invention, will be explained.

(1-1) Nickel Manganese Composite Hydroxide Particles

[0077] The mickel manganese composite hydroxide par-
ticles of the present mvention are expressed by the general
expression: NiMn Co M/ (OH),,, (where x+y+z+t=1,
0.3=x=0.7,0.1=y=0.55, 0=z=0.4, 0=t<0.1, O=<a=0.5, and M 1s
one or more additional element that 1s selected from among
Mg, Ca, Al, T1, V, Cr, Zr, Nb, Mo and W), the secondary
particles have an average particle size of 3 to 7 um, the index
for indicating the spread of the particle size distribution
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[(d90-d10)/ average particle size] 1s 0.55 or less, there 1s a
center section comprising {ine primary particles, and an outer
shell section having a thickness of 0.3 to 3 um on the outside
ol the center section that comprises primary particles having
a plate shape or needle shape that 1s larger than the fine
primary particles.

[0078] The composite hydroxide particles above are par-
ticularly suited as the raw matenial for the cathode active
material having a hollow structure of the present invention, so
in the following explanation 1t 1s presumed that these com-
posite hydroxide particles are used as the raw matenal for the
cathode active material of the present invention.

(Particle Structure)

[0079] As illustrated in the example in FIG. 5, the compos-
ite hydroxide particles of the present invention are spherical
particles. More specifically, as 1llustrated 1n the example 1n
FIG. 6, a plurality of primary particles are aggregated
together to form spherical secondary particles, even more
specifically, the particles comprise a structure wherein the
interior of the particles have a center section comprising fine
primary particles, and shell section on the outside of the
center section comprising a plate shaped or needle shaped
primary particles that are larger than the fine primary par-
ticles. With this structure, in the sintering process for forming
the lithium nickel manganese composite oxide, which 1s the
cathode active material of the present invention, dispersion of
lithium 1nside the particles 1s performed suificiently, so 1t 1s
possible to obtain a good cathode active material having a
uniform distribution of lithium.

[0080] Here, the center section 1s a structure comprising a
collection of fine primary particles, so when compared with
the outer shell section that comprises larger thick plate shaped
primary particles, 1n the sintering process above, sintering
and a contraction reaction start from a lower temperature.
After that, sintering and the contraction reaction proceed
toward the outer shell where progress 1s slow, so space occurs
in the center section. The reaction activity of the fine crystal of
the center section1s very high, the contraction rate 1s also very
high, and the fine crystals are absorbed by the large primary
particles of the outer shell due to Ostwald growth, so a sutlfi-
ciently large space 1s formed 1nside the center section. As a
result, the cathode active material that 1s obtained after calci-
nation has a hollow structure.

[0081] Moreover, 1it1s more preferable that the outer shell of
secondary particles be formed with the plate shaped or needle
shaped primary particles being aggregated in random direc-
tions. By the plate shaped or needle shaped primary particles
being aggregated 1n random directions, nearly uniform spac-
ing occurs between the primary particles, and when mixing
and calcining the lithium compound, the molten lithtum com-
pound moves 1nside the secondary particles, and dispersion of
the lithtum 1s adequately performed. Furthermore, by aggre-
gating those particles 1n random directions, absorption of the
particles of the center section during the calcination process
occurs evenly, so 1t 15 possible to form spaces of suitable size
inside the cathode active material, and so 1s preferred from
this aspect as well.

[0082] In order to form space during the calcination pro-
cess, preferably the average particle size of the fine primary
particles 1s 0.01 to 0.3 um, and more preferably 1s 0.1 to 0.3
um. Moreover, preferably the average particle size of the plate
shaped or needle shaped primary particles, which are larger
than the fine primary particles, 1s 0.3 to 3 um, and more
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preferably 15 0.4 to 1.5 um, and particularly, even more pret-
erably 15 0.4 to 1.0 um. When the average particle size of the
fine prlmary partlcles 1s less than 0.01 um, a center section
having a sullicient size may not be formed in the Composﬂe
hydroxide particles, and when the average particle size 1s
greater then 0.3 um, absorption of the center section 1s not
suificient, so 1t 1s possible that a space of adequate si1ze will
not be obtained after calcination. On the other hand, when the
average particle size of the plate shaped or needle shaped
particles of the outer shell section 1s less than 0.3 um, sinter-
ing 1s performed at low temperature during calcination, and 1t
may not be possible to obtain space having an suilicient size,
and when greater than 3 um, 1n order for the crystallinity of
the obtained cathode active material to be suitable, it 1s nec-
essary to increase the calcination temperature, so sintering
will occur between the secondary particles and the particle
s1ze ol the obtained cathode active material will exceed the

range above.

[0083] Furthermore, preferably the fine primary particles
are plate shaped or needle shaped. By the fine primary par-
ticles having these shapes, the density of the center section 1s
suificiently low, large contraction occurs due to calcination,
and a suflicient amount of space 1s created.

[0084] For the secondary particles, 1t 1s necessary that the
thickness of the outer shell section be 0.3 to 3 um. When the
thickness of the outer shell section 1s less than 0.3 um, con-
traction of the outer shell during calcination 1s larger, and
sintering of the surrounding secondary particles also pro-
ceeds, so the form of the secondary particles cannot be main-
tained. When the thickness exceeds 3 um the structure of the
outer shell becomes dense, so there 1s a problem 1n that holes
passing through to the center section are not formed, and the
center section cannot be used as a reaction surface. From the
aspect of stable productivity, the thickness 1s preferably 0.5 to
1.5 um.

[0085] Moreover, 1n the case of the secondary particles
above, preferably the thickness of the outer shell section 1s 10
to 45% the particle size of the secondary particles, and more
preferably 10 to 40%, and even more preferably 10 to 35%.
The cathode active material that 1s obtained with the compos-
ite hydroxide above as the raw material has hollow structure,
and the ratio of the thickness of the outer shell section with
respect to the particle size 1s maintained at that ratio for the
composite hydroxide secondary particles above. Therelore,
by keeping the ratio of the thickness of the outer shell section
with respect to the size of the secondary particles within the
range above, 1t 1s possible to form a suificient hollow section
in the lithium nickel manganese composite oxide particles.
When the thickness of the outer shell section 1s so thin that the
ratio with respect to the particle size of the secondary particles
1s less than 10%, the contraction of the composite hydroxide
particles 1n the calcination process when manufacturing the
cathode active material becomes large, and sintering occurs
between the secondary particles of the lithium nickel manga-
nese composite oxide, so there 1s a possibility that the particle
s1ze distribution of the cathode active material becomes poor.
On the other hand, when the ratio exceeds 45%, problems
such as not being able to form a sufficiently large center
section may occur.

[0086] The particle size of the fine primary particles and the
plate shaped or needle shaped primary particles, the thickness
ol the outer shell section of secondary particles, and the ratio
of the thickness of the outer shell section with respect to the
particle size of the secondary particles can be measured by
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using a scanning electron microscope to observe the cross
section of the nickel manganese composite hydroxide.

[0087] For example, a plurality of nickel manganese com-
posite hydroxide particles (secondary particles) can be
embedded 1n resin or the like, and through cross-section pol-
1sher processing or the like, can be put into a state such that the
cross section can be observed. The particle size of the fine
primary particles and the plate shaped or needle shaped pri-
mary particles can be found by measuring as the maximum
diameter of the cross section of preferably 10 or more of the
primary particles i the secondary particle, and calculating
the average.

[0088] Moreover, the ratio of the thickness of the outer shell
section with respect to the particle size of the secondary
particles can be found as described below. From among the
secondary particles 1n the resin above, particles 1n the center
whose cross section can be observed are selected, and at three
or more arbitrary locations, the distance between two points
where the distance from the outer surface of the outer shell
section to the inner surface on the center section side 1s the
shortest 1s measured, and the average thickness of the outer
shell section for each particle 1s found. By taking the maxi-
mum distance between two arbitrary points on the outer sur-
face of the secondary particle to be the particle size of the
secondary particle, and dividing the average thickness by the
particle size of the secondary particle, the ratio of the thick-
ness of the outer shell section with respect to the particle size
1s found for each particle. Furthermore, by averaging the
ratios that were found for 10 or more particles, 1t 1s possible to
find the ratio of the thickness of the outer shell section with
respect to the particle size of the secondary particles for the
nickel manganese composite hydroxide particles above.

(Average Particle Size)

[0089] The average particle size of the composite hydrox-
ide particles of the present invention 1s adjusted to be 3 to 7
and preferably 3.5 to 6.5 um, and more preferably 4.0 to 3.5
um. By making the average particle size 3 to 7 um, the cathode
active material that 1s obtained using the composite hydroxide
particles of the present mmvention as raw material can be
adjusted to have a specified average particle size (2 to 8 um).
The particle size of the composite hydroxide particles 1s cor-
related with the particles size of the cathode active material
that 1s obtained, so affects the characteristics of a battery that
uses this cathode active material as the cathode material.

[0090] More specifically, when the average particle size of
the composite hydroxide particles 1s less than 3 the average
particle size of the obtained cathode active material also
becomes small, and the packing density of the cathode
decreases, and the battery capacity per volume decreases. On
the other hand, when the average particle size of the compos-
ite hydroxide particles exceeds 7 um, specific surface area of
the cathode active material decreases, and by reducing the
clectrolyte interface the cathode resistance increases, and the
output characteristics of the battery decreases.

(Particle Size Distribution)

[0091] The composite hydroxide particles of the present
invention are adjusted so that the index [(d90-d10)/average
particle size)] that indicates the extent of the particle size
distribution 1s 0.55 or less, and preferably 0.52 or less, and
more preferably 0.50 or less.
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[0092] The particle size distribution of the cathode active
material 1s greatly affected by the composite hydroxide par-
ticles, which are the raw material, so when fine particles or
coarse particles are mixed with the composited hydroxide
particles, similar particles also exist 1n the cathode active
maternial. In other words, when [(d90-d10)/average particle
s1ze)] exceeds 0.55 and the extent of the particle size distri-
bution 1s large, fine particles or coarse particles also exist in
the cathode active material.

[0093] When the cathode 1s formed using cathode active
material 1n where there are many fine particles, there 1s a
possibility that heat will be generated due to localized reac-
tion of the fine particles, and together with a decrease 1n the
safety of the battery, the fine particles selectively deteriorate,
so the cyclability of the battery becomes poor. On the other
hand, when the cathode 1s formed using cathode active mate-
rial 1n which there are many large particles, there i1s not
suificient reaction area between the electrolyte and the cath-
ode active material, and the output of the battery decreases
due to an increase in the reaction resistance.

[0094] Theretore, the composite hydroxide particles of the
present mnvention are adjusted so that [(d90-d10)/average
particle size] 1s 0.55 or less, and the range of particle size
distribution of the cathode active material that 1s obtained by
using these composite hydroxide particles as raw material
becomes small, so it 1s possible to make the particle size
uniform. In other words, the particle size distribution of cath-
ode active material can be adjusted such that [(d90-d10)/
average particle size] 1s 0.60 or less. As a result, 1n a battery 1in
which cathode active material that 1s formed using the com-
posite hydroxide particles of the present invention 1s used as

the cathode matenal, 1t 1s possible to achieve good cyclability
and high output.

[0095] In the index [(d90-d10)/ average particle size] that
indicates the extent of the particles size distribution, d10 1s the
particle s1ze when the number of particles of each particle size
from the side of small particle size 1s cumulatively totaled,
and that accumulated volume 1s 10% of the total volume of all
particles. Moreover, d90 1s the particle size when the number
of particles 1s stmilarly totaled, and that accumulated volume
1s 90% the total volume of all particles.

[0096] The method for finding the average particle size,
d90 and d10 1s not particularly limited, however, for example,
they can be found from the volume integrated value that 1s
measured using a laser diffraction scattering particle size
analyzer. When d50 1s used as the average particle size, it 1s
possible to use the particle size when, as in the case 01d90, the
accumulated volume 1s 50% the entire particle volume.

(Particle Composition)

[0097] The composite hydroxide particles of the present
invention are adjusted so that the composition 1s expressed by
the following general expression. By manufacturing a lithium
nickel manganese composite oxide with a nickel manganese
composite hydroxide having the this composition as the raw
material, and when using an electrode having that lithium
nickel manganese composite oxide as the cathode active
material 1n a battery, not only 1s 1t possible to lower the value
of the measured cathode resistance, but 1t 1s also possible to
improve the battery performance.

General Expression: Ni,Mn Co,M(OH),,,

Mar. 24, 2016

[0098] (x+y+z+t=1, 0.3=x=<0.7, 0.1=y=0.55, 0=z=04,
O<t=<0.1, O0=a<0.5, M 1s one or more additional element
selected from among Mg, Ca, Al,'T1,V, Cr, Zr, Nb, Mo and W.)

[0099] When cathode active material with composite
hydroxide particles as the raw material 1s obtained, the com-
position ratio (N1:Mn:Co: M) of the composite hydroxide par-
ticles 1s maintained 1n the obtained cathode active material.
Therefore, the composition ratio of the composite hydroxide
particles of the present invention 1s adjusted so as to be the
same as the composition ratio that 1s required for the cathode
active material to be obtained.

(1-2) Method {for Manufacturing Nickel
Composite Hydroxide Particles

Manganese

[0100] The method for manufacturing the composite
hydroxide particles of the present invention i1s a method for
manufacturing nickel manganese composite hydroxide par-
ticles by a crystallization reaction, and comprises: a) a nucle-
ation step for performing nucleation, and b) a particle growth
step that grows the nucleus that was produced 1n the nucle-
ation process.

[0101] Inother words, in the conventional continuous crys-
tallization method, the nucleation reaction and the particle
growth reaction proceeded simultaneously in the same tank,
so the particle size distribution of the obtained composite
hydroxide particles was over a wide range. On the other hand,
a feature of the manufacturing method for the composite
hydroxide particles of the present invention, 1s that by clearly
separating the time when nucleation reaction occurs (nucle-
ation step) and the time when the particle growth reaction
occurs (particle growth step) a narrow particle size distribu-
tion 1s achieved for the obtained composite hydroxide par-
ticles.

[0102] Moreover, 1n the present invention, a feature of the
nucleation step and the particle growth step 1s the use of an
aqueous solution that does not substantially contain a com-
plex 1on formation agent for forming complex 1ons with
nickel, manganese and cobalt. In the case of obtaining nickel
manganese complex hydroxide particles by crystallization,
normally, a complex 1on formation agent, for example an
ammonium 10n donor such as ammonia aqueous solution, for
forming complex 1ons with nickel, manganese, cobalt and the
like put 1nto the solution, however, 1n the present invention,
this kind of complex 10n formation agent is not used. By not
using a complex 1on formation agent, the solubility of nickel,
manganese and cobalt 1nto the reaction solution 1n the nucle-
ation step decreases, and fine primary particles are generated.
Moreover, the complex 1on formation agent 1s not used 1n
order to avoid difficulty 1n controlling the crystallization due
to fluctuation 1n density caused by the volatilization of the
complex 1on formation agent during crystallization, and sec-
ondarily, 1n order to reduce the load of the drainage process.

[0103] In addition to an ammonium 1on donor as the com-
plex 1on formation agent for forming complex ions with
nickel, manganese and cobalt, acetic acid, citric acid and the
like that form chelate complex 1ons with these metals are
possible.

[0104] First, a summary of the method for manufacturing
the composite hydroxide particles of the present invention
will be explained based on FIG. 1. In FIG. 1 and FIG. 2, (A)
corresponds to the nucleation step and (B) corresponds to the
particle growth step.
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(Nucleation Step)

[0105] As illustrated 1in FIG. 1, first, a plurality of metallic
compounds contaiming at least nickel and manganese are
dissolved 1 water at specified ratios, to make the mixed
aqueous solution. In the method for manufacturing the com-
posite hydroxide particles of the present invention, the com-
position ratio of the metal 1n the obtained composite hydrox-
ide particles 1s as a rule the same as the composition ratio of
the metals 1n the mixed aqueous solution.

[0106] Theretfore, the mixed aqueous solution 1s made by
adjusting the ratio of the metal compounds to be dissolved 1n
water, mainly nickel, manganese and cobalt, so that the com-
position ratio of the metals in the mixed aqueous solution 1s
the same composition ratio as the metals 1 the composite
hydroxide particles of the present invention. The added ele-
ments can be coated over the hydroxide particles 1n a later
step, so 1n that case the composition ration of the metals in the
mixed aqueous solution can be adjusted in consideration of
the elements added later. Moreover, the temperature inside
the reaction tank 1s kept at a fixed temperature, so the mixed
aqueous solution should be added after being heated to a
temperature of 25 to 50° C., and preferably after being heated
to 30 to 45° C. When the temperature 1s less than 25° C., the
difference with the temperature in the tank is large, and 1t
becomes difficult to control the temperature in the tank.
Moreover, when the temperature exceeds 50° C., the total
amount ol heat generated resulting from the heat brought by
the mixed aqueous solution, the heat generated due to neu-
tralization 1n the tank, and the heat generated due to friction
heat by mixing becomes large, and temperature inside the
tank becomes higher than the set temperature.

[0107] On the other hand, alkali aqueous solution, such as
sodium hydroxide aqueous solution, and water are supplied to
the reaction tank and mixed to form an aqueous solution that
does not substantially contain a complex 10n formation agent
that forms complex 1ons with nickel, manganese and coballt.
This aqueous solution (hereafter, referred to as the “aqueous
solution before reaction™) 1s heated with steam or hot water
that passes through the jacket and adjusted so that the tem-
perature 1s 60° C. or greater, and the pH value 1s adjusted to be
within the range 11.5 to 13.5 at a standard solution tempera-
ture of 25° C. by adjusting the amount of alkali aqueous
solution that1s supplied. The pH value of the aqueous solution
in the reaction tank can be measured using a typical pH meter.

[0108] Here, the meaning of “does not substantially con-
tain”” means that the amount contained 1s less than any amount
that would having any eflect on the solubility of the metal
compounds above in the reaction solution, and the allowed
amount ditfers depending on the kind of complex 10n forma-
tion agent, however, for example, in the case of ammonium
ions, preferably the amount1s 1 g/LL or less, and more prefer-
ably, 0.5 g/LL or less, and even more preferably, 0.1 g/L or less.
In the case of acetate 10ns, preferably the amount 1s 3.5 g/L or
less, and more preferably, 1.8 g/LL or less, and even more
preferably 0.35 g/L. In any case, 1t 1s particularly preferred
that the amount cannot be detected by normal analysis. When
the amount of this kind complex 1on formation agent that 1s
contained 1n the aqueous solution for nucleation exceeds the
allowed amount, the solubility of nickel and cobalt increases,
so the deposition rate of composite hydroxides decreases and
it becomes easy for primary particles to grow, so 1t becomes
impossible to form a nucleus 1n which fine primary particles
are aggregated, or 1 other words, 1t becomes 1impossible to
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form a nucleus that will become the center section of second-
ary composite hydroxide particles, and therefore 1t becomes
casy to obtain solid particles.

[0109] Moreover, preferably the atmosphere inside the
reaction tank 1s adjusted so that the oxygen concentration 1s
10 volume % or less. Controlling this atmosphere can be
adjusted by using an 1nert gas such as nitrogen or argon. More
specifically, adjustment 1s possible by adjusting the flow rate
of air and inert gas 1n the atmospheric gas that flows into the
reaction tank beforechand so that the oxygen concentration
becomes a specified level, and causing a fixed amount of
atmospheric gas to circulate.

[0110] In the reaction tank, after the atmosphere, and the
temperature and pH of the aqueous solution before reaction
have been adjusted, the mixed aqueous solution 1s supplied to
the reaction tank while stirring the aqueous solution before
reaction. As a result, the aqueous solution before reaction 1s
mixed with the mixed aqueous solution, and thus an aqueous
solution for nucleation, which is the reaction solution for the
nucleation step, 1s formed, and a minute nucleus of composite
hydroxide 1s formed 1n the aqueous solution for nucleation. At
this time, the temperature and pH of the aqueous solution for
nucleation are within the range above, so the formed nucleido
not grow much, and generation of the nuclei has priority.
[0111] The pH value of the aqueous solution for nucleation
changes during formation of the nuclei due to the supply of
mixed aqueous solution, so alkali aqueous solution 1s sup-
plied together with mixed aqueous solution to the aqueous
solution for nucleation, and the pH of the aqueous solution for
nucleation 1s controlled so that the pH value at a standard
solution temperature of 25° C. 1s kept within the range 11.5 to
13.5. Moreover, the temperature 1s controlled so that 1t 1s kept
at 60° C. or higher.

[0112] By supplying mixed aqueous solution and alkali
aqueous solution to the aqueous solution for nucleation, new
nucle1 are continuously generated in the aqueous solution for
nucleation. After a specified number of nucle1 are generated
in the aqueous solution for nucleation, the nucleation step
ends. Whether or not the specified number of nucle1 has been
generated 1s determined according to the amount of metal salt
added to the aqueous solution for nucleation.

(Particle Growth Step)

[0113] Adfter the nucleation step has finished, the atmo-
sphere 1nside the reaction tank 1s maintained and the tempera-
ture 1s kept at 60° C. or greater, and the pH of the aqueous
solution for nucleation at a standard solution temperature of
25° C.1s adjusted to 9.5 to 11.5, and preferably, to 9.5t0 11.0,
so that pH value 1s lower than the pH value during the nucle-
ation step, and an aqueous solution for particle growth, which
1s the reaction aqueous solution for the particle growth step, 1s
obtained. More specifically, controlling the pH during this
adjustment 1s performed by adjusting the amount of alkali
aqueous solution that 1s supplied.

[0114] By keeping the pH value of the aqueous solution for
particle growth within the range above, the growth reaction of
the nucle1 occurs with priority over the formation reaction of
nuclei, so 1n the particle growth step, hardly any new nuclei
are formed in the aqueous solution for particle growth, and the
nucle1 are grown (particle growth) and composite hydroxide
particle having a specified particle size are formed.

[0115] Smmilarly, as particles are grown by supplying
mixed aqueous solution, the pH value of the aqueous solution
for particle growth changes, so the pH value of the aqueous
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solution for particle growth 1s controlled by supplying alkali
aqueous solution together with mixed aqueous solution to the
aqueous solution for particle growth so that the pH value 1s
within the range 9.5 to 11.5 at a standard solution temperature
ol 25° C. After that, at the instant when the composite hydrox-
ide particles have grown to a specified particle size, the par-
ticle growth step ends. The end of the particle growth step can
be determined easily from preliminary testing from the
amount of metal salt added to the reaction solutions in both
the nucleation step and particle growth step, and when finding,
the relationship with the obtained particles, from the amount
ol metal salt added 1n each step.

[0116] As described above, 1n the case of the method for
manufacturing composite hydroxide particles above, forma-
tion of nucler takes precedence 1n the nucleation step with
hardly any nucleus growth occurring, however, 1n the particle
growth step only nucleus growth occurs, and hardly any new
nuclel are formed. Therefore, 1n the nucleation step it 1s
possible to form homogeneous nucle1 having a narrow par-
ticle size distribution range, and 1n the particle growth pro-
cess, 1t 15 possible to homogeneously grow nuclel. Conse-
quently, 1 the method for manufacturing composite
hydroxide particles, it 1s possible to obtain homogeneous
nickel manganese composite hydroxide particles having a
narrow particle size distribution range.

[0117] In the case of the manufacturing method above, 1n
both steps, metallic 10ns crystallize as nuclei or composite
hydroxide particles, so the ratio of the liquid component to the
metallic component 1n the reaction solutions increases. In that
case, apparently, the density of the mixed aqueous solution
that 1s supplied 1s decreased, and particularly 1n the particle
growth step, there 1s a possibility that composite hydroxide
particles will not grow sufficiently.

[01 18] Therelore, preferably, in order to suppress the
increase of liquid component, part of the liquid component 1n
the aqueous solution for particle growth 1s drained to outside
the reaction tank after the nucleation step ends and during the
particle growth step. More specifically, the supply of mixed
aqueous solution and alkali aqueous solution to the aqueous
solution for particle growth and mixing is stopped, the nucle1
and composite hydroxide particles are caused to precipitate
out, and the supernatant liquid of the aqueous solution for
particle growth 1s drained out. As a result, 1t 1s possible to
increase the relative concentration of mixed aqueous solution
in the aqueous solution for particle growth. Then, with the
relative concentration of the mix aqueous solution high, 1t 1s
possible to grow composite hydroxide particles, so 1t 1s pos-
sible to make the particle size distribution of the composite
hydroxide particles even narrower, and thus 1t 1s also possible
to increase the density of the composite hydroxide particles as
secondary particles.

[0119] Moreover, 1n the embodiment 1llustrated 1n FIG. 1,
aiter the nucleation step ends, an aqueous solution for particle
growth 1s formed by adjusting the pH of the aqueous solution
for nucleation, and then particle growth step 1s performed
alter the nucleation step, so there 1s an advantage 1n that it 1s
possible to quickly change to the particle growth step. Fur-
thermore, there 1s the advantage that changing from the nucle-
ation step to the particle growth step can be performed easily
by simply adjusting the pH of the reaction solution, and
adjusting the pH can also be performed easily by temporarily
stopping the supply of alkali aqueous solution. In the case of
using an inorganic acid that 1s the same kind as the acid of the
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metallic compounds, for example, sulfate, the pH of the reac-
tion solution can also be adjusted by adding sulfuric acid to
the reaction solution.

[0120] However, 1n another embodiment as 1llustrated 1n
FIG. 2, separate from the aqueous solution for nucleation, a
component adjustment solution whose pH 1s adjusted to cor-
respond to the particle growth step 1s formed, and a solution
containing the nucle1 that were formed 1n the nucleation step
in a separate tank (aqueous solution for nucleation, and pret-
erably, the aqueous solution from which part of liquid com-
ponent has been removed) 1s added to this component adjust-
ment solution to form a reaction solution, and the particle
growth step can be performed with this reaction solution as
the aqueous solution for particle growth. Similar to the aque-
ous solution before reaction, the component adjustment solu-
tion 1n this case does not substantially contain a complex 1on
formation agent that forms complex ions with nickel, man-
ganese and cobalt, the temperature of the solution 1s kept at
60° C. or greater, and the pH value 1s controlled so that when
measured at standard solution temperature of 25° C. the pH
value 1s 9.5 to 11.5, and 1s less than the pH value 1n the
nucleation step.

[0121] Inthas case, 1t 1s possible to separate the nucleation
step and particle growth step more completely, so the state of
the reaction solution 1n each step can be taken to be an opti-
mum condition for the step. Particularly, at the time when the
particle growth step starts, the pH of the aqueous solution for
particle growth can be taken to be the optimum condition.
Therefore, the range of the particle size distribution of the
nickel manganese composite hydroxide particles that are
formed 1n the particle growth step can be narrower and more
homogeneous.

(pH Control)

[0122] As described above, 1n the nucleation step, the pH
value of the reaction solution must be controlled so that at a
standard solution temperature of 25° C. the pH value 1s within
therange 11.5to0 13.5, and preferably, within therange 11.8 to
13.3, and more preferably, within the range 12.0 to 13.1.
When the pH value exceeds 13.5, the nuclei that are formed
are too fine, and there 1s a problem that the reaction solution
becomes a gel. Moreover, when the pH value 1sless than 11.5,
the nucleus growth reaction occurs together with nucleation,
so the range of the particle size distribution of the formed
nucle1 becomes large, and heterogeneous. In other words, 1n
the nucleation step, by controlling the pH value of the reaction
solution within the range above, it 1s possible to suppress
nucleus growth, and promote only nucleation, and the formed
nucle1l are homogeneous and the particle size distribution
range can be kept narrow.

[0123] Ontheother hand, in the particle growth step, the pH
value of the reaction solution must be controlled so that at a
standard solution temperature of 25° C. the pH value 1s within
the range 9.5 to 11.6, and preferably, within the range 9.5 to
11.0, and more preferably, within the range 10.0 to 10.6.
When the pH value exceeds 11.5, the amount of newly formed
nucle1 increases, and fine secondary particles are formed, so
hydroxide particles having a good particle size distribution
cannot be obtained. Moreover, when the pH value 1s less than
9.5, the solubility of nickel 1s high, and the amount of metal
ions that remain in the solution without precipitating out
increases, so production etficiency becomes poor. In other
words, 1n the particle growth step, by controlling the pH of the
reaction solution within the range above, 1t 1s possible to
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cause only growth of the nucle1 formed 1n the nucleation step
to occur and suppress the formation of new nuclel, and thus
the obtained nickel manganese composite hydroxide particles
are homogeneous and the particle size distribution range can
be kept narrow.

[0124] In both the nucleation step and the particle growth
step, preferably the range of fluctuation of the pH 1s kept
within the set value £0.2. When the range of fluctuation of the
pH 1s large, nucleation and particle growth do not become
fixed, and there 1s a possibility that uniform manganese com-
posite hydroxide particles having a narrow particle size dis-
tribution range will not be obtained.

[0125] When the pH value 1s 11.35, this pH value is the
boundary condition between nucleation and nucleus growth,
s0, depending on whether or not there are nucle1 in the reac-
tion solution, this pH value will become the condition for the
nucleation step or the particle growth step. In other words,
aiter the pH value for the nucleation step 1s made to be greater
than 11.5 a large quantity of nucle1r are formed, when the pH
value for the particle growth step 1s made to be 11.5, there 1s
a large quantity of nuclei 1n the reaction solution, so nucleus
growth occurs with priority, and hydroxide particles have a
narrow particle size distribution and relative large particle
s1ze are obtained.

[0126] On the other hand, when there are no nuclei 1n the
reaction solution, or in other words, when the pH value during,
the nucleation step 1s 11.5, there are no nucle1 that have
grown, so the formation of nuclei takes precedence, and by
lowering the pH value of the particle growth step to be less
than 11.5, the nuclei1 that are formed grow and good hydrox-
ide particles are obtained.

[0127] In either case, the pH value of the particle growth
step should be controlled to be a value that 1s less than the pH
value 1n the nucleation step, and 1n order to clearly separate
nucleation from particle growth, the pH value of the particle
growth step 1s preferably at least 0.5 less than the pH value of
the nucleation step, and even more preferably at least 1.0 less.

(Nucleation Amount)

[0128] The amount of nucler formed during the nucleation
step 1s not particularly limited, however, in order to obtain
composite hydroxide particles having good particle size dis-
tribution, preferably the amount 1s 1% to 2% of the total
volume, or 1n other words the amount of all metal salts sup-
plied to obtain the composite hydroxide particles, and more
preferably 1.5% or less. As described above, the amount of
nucleation can be controlled by finding through preliminary
testing the relationship between the amount of metal salts
added to the reaction solution and the amount of nuclei
obtained.

(Controlling the Particle Size of Composite Hydroxide
Particles)

[0129] The particle size of the composite hydroxide par-
ticles above can be controlled by the time of the particle
growth step, so by continuing the particle growth step until
the particles have been grown to a desired particle size, 1t 1s
possible to obtain composite hydroxide particles having a
desired particle size.

[0130] Moreover, the particle size of the composite hydrox-
1ide particles can be controlled not only by the particle growth
step, but also by the pH value of the nucleation step and the
amount of raw material added for nucleation. In other words,
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by making the pH value during nucleation the high pH value
side, or by increasing the amount of raw material added by
increasing the nucleation time, number of nucler formed 1s
increased. As a result, even when the particle growth condi-
tions are kept the same, 1t 1s possible to make the particle size
of the composite hydroxide particles small. On the other
hand, by performing control to reduce the number of nuclei
formed, 1t 1s possible to increase the particle size of the
obtained composite hydroxide particles.

[0131] The shape and size of the primary particles can be
controlled by controlling the temperature and pH value as
described above. For example, of the particles of the second-
ary particles, in order to made the average particle size of the
fine primary particles of the nucle1 0.01 to 0.3 um, the tem-
perature of the nucleation step 1s controlled to be 60° C. or
greater. On the other hand, 1mn order to make the primary
particles of the outer shell section plate shaped or needle
shaped by crystallizing around the nucler 1 the particle
growth step, and make the average particle size 0.3 to 3 um,
the pH of the particle growth step i1s controlled to be 9.5 or
greater.

[0132] Furthermore, 1n order to make the thickness of the
outer shell section be within the range 0.3 to 3 um, control 1s
performed to make the solubility hugh. Also, 1n order to make
the ratio of the thickness of the outer shell with respect to the
particle size of the secondary particles 10 to 45%, the amount
of crystallization 1s controlled at a temperature of 60° C. or
greater, and a pH o1 9.5 to 12.

[0133] In the following, the conditions for the metallic
compounds, reaction temperature and the like are explained,
however, the difference between the nucleation step and the
particle growth step 1s just the range for controlling the pH of
the reaction solutions, with the conditions such as the metallic
compounds, reaction temperature and the like essentially
being the same 1n both steps.

(Nickel, Manganese and Cobalt Sources)

[0134] Compounds containing the target metals are used as
the metal sources for nickel, manganese and cobalt. The com-
pounds used are preferably compounds that are water soluble
such as nitrates, sulfates and hydrochlorates. From the aspect
of mixing into the hydroxide particles, and disposing of the
waste liquid, preferably sulfates, such as nickel sulfate, man-
ganese sulfate and cobalt sulfate are used.

(Added FElement Sources)

[0135] Preferably, compounds that are water soluble are
used as the sources of the added elements (one or more
clement 1s selected from among the elements Mg, Ca, Al, Ti,
V, Cr, Zr, Nb, Mo and W); for example, titanium sulfate,
ammonium peroxotitanic, titanium potassium oxalate, vana-
dium sulfate, ammonium vanadate, chromium sulfate, potas-
sium chromate, zirconium sulfate, niobium oxalate, ammo-
nium molybdate, sodium tungstate, ammonium tungstate,
and the like can be used,

[0136] When uniformly dispersing the added elements
inside the composite hydroxide particles, 1t 1s possible to
precipitate out the added elements 1nto the composite hydrox-
ide particles 1n a uniformly dispersed state by adding addi-
tives that contain the added elements.

[0137] Moreover, when covering the surface of the com-
posite hydroxide particles with the added elements, for
example, by forming a slurry of composite hydroxide par-
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ticles 1n an aqueous solution that includes the added elements,
and performing control so that the pH becomes a specified
value, then adding an aqueous solution that includes one or
more kind of added element and depositing the added ele-
ments onto the surface of the composite hydroxide particle by
a crystallization reaction, 1t 1s possible to uniformly cover the
surface with the added elements. In this case, 1t 1s also pos-
sible to use an alkoxide solution added elements instead of an
aqueous solution containing added elements. Furthermore, 1t
1s also possible to cover the surface of the composite hydrox-
ide particles with added elements by spraying the composite
hydroxide particles with an aqueous solution or slurry con-
taining the added elements, and drying the liquid. Moreover,
the surface can be covered by a method of spraying and drying,
a slurry 1n which the composite hydroxide particles and salt
including one or more added element are suspended, or mix-
ing a composite hydroxide and salt containing one or more
added element using a solid-phase method.

[0138] When covering the surface with added elements, by
reducing the atomic ratios of the added element that exist in
the mixed solution by just the amount of covering, it 1s pos-
sible to match the atomic ratios with the atomic ratios of the
metal 1ons of the obtained composite hydroxide particles. The
step of covering the surface of the particles with added ele-
ments can also be performed for the particles after the com-
posite hydroxide particles have been heated.

(Mixed Solution Concentration)

[0139] Preferably, the concentration of the mixed solution
1s 1 to 2.6 mol/L for the total metallic compounds, and pret-
erably 1.5 to 2.2 mol/L.. When the concentration of the mixed
solution 1s less than 1 mol/L, the amount of crystallization per
reaction tank decreases, so productivity decrease, which 1s
not preferable.

[0140] On the other hand, when the salt concentration of the
mixed solution exceeds 2.6 mol/L, the concentration exceeds
the saturated concentration at normal temperature, so crystals
are reprecipitated and there 1s a danger that piping of the
equipment will become blocked.

[0141] Moreover, the metallic compounds do notneed to be
supplied to the reaction tank as a mixed solution, and, for
example, when using metallic compounds that are formed by
reacting when mixed, separate metallic compound solutions
can be prepared and the individual solutions of metallic com-
pounds can be supplied at the same time to the reaction tank
so that total concentration of metallic compound solution 1s
within the range above.

[0142] Furthermore, that amount of mixed solution or
amount of individual metallic compound solutions that are
supplied to the reaction tank should be such that the concen-
tration of crystallization at the time that the crystallization
reaction ends 1s generally 30 to 200 g/L., and preferably 80 to
150 g/L.. When the concentration of crystallized matenal 1s
less than 30 g/L, there 1s mnsullicient aggregation of primary
particles, and when the concentration exceeds 200 g/L, the
mixed solution that 1s added 1s not sufficiently dispersed
inside the reaction tank, so there 1s a possibility that there will
be deviation 1n particle growth.

(Reaction Temperature)

[0143] In the reaction tank, it 1s necessary to adjust the
reaction temperature to be 60° C. or greater, and preferably 60
to 90° C., and particularly 1t 1s preferred that the temperature
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be adjusted to be 60 to 80° C. With the reaction temperature
being within this range, 1t 1s possible to dissolve the necessary
amount ol nickel, manganese and cobalt metals for the crys-
tallization reaction at the proper and fixed solubility without
having to add a complex 10n formation agent. When the
reaction temperature 1s less than 60° C., the temperature 1s
low, so the solubility of nickel, manganese and cobalt
becomes too low, 1t becomes for nucle1 to be formed, and
there 1s a tendency for 1t to become difficult to control the
reaction. Even when the temperature 1s above 90° C., the
crystallization reaction 1s possible, however, water vaporiza-
tion 1s accelerated, so control of the reaction becomes diifi-
cult, and from an 1ndustrial aspect, the cost and safety risk of
maintaining a high temperature increases, which 1s not pret-
erable.

[0144] Inorder to keep the reaction temperature at 60° C. or
greater, 1t 1s preferable 1n the nucleation step that both the
aqueous solution before reaction and the reaction solution be
25 to 50° C., and more preferably 30 to 45° C. Moreover, 1n
the particle growth step as well, continuing from the nucle-
ation step, 1t 1s preferable that the temperature of the reaction
solution be maintained at 60° C. or greater, and that the
temperature of the added mixed solution be 25 to 50° C., and
more preferably 30 to 45° C.

(Alkal1 Aqueous Solution)

[0145] Inregards to the alkali aqueous solution that 1s used
to adjust the pH of the reaction solution, as long as the solu-
tion 1s not a solution that forms complex 10ns with nickel,
manganese and cobalt, the solution 1s not particularly limited;
for example, 1t 1s possible to use an alkali metal hydroxide
aqueous solution such as sodium hydroxide, potassium
hydroxide an the like, however, from the aspect of cost and
case ol handling, sodium hydroxide1s preferred. In the case of
alkali metal hydroxide, it 1s possible to supply that alkali
metal hydroxide directly to the reaction solution, however,
from the aspect of ease of control the pH of the reaction
solution 1n the reaction tank, adding the alkali metal hydrox-
ide to the reaction solution 1n the reaction tank as an aqueous
solution 1s preferred.

[0146] The method for adding the alkal1 aqueous solution
to the reaction tank 1s also not particularly limited, and can be
added using a pump capable of tlow control, such as a con-
stant rate pump, while sufficiently stirring the reaction solu-
tion so that the pH value of the reaction solution 1s kept within
the specified range.

(Atmosphere During Crystallization)

[0147] In the nucleation step, from the aspect of suppress-
ing oxidation of cobalt and manganese and stably forming
particles, preferably the oxygen concentration of the space
inside the reaction tank must be controlled to 10% by volume
or less, and more preferably, 5% by volume or less, and even
more preferably, 1% by volume or less. Even 1n the particle
growth step 1t 1s 1mportant to control oxidation, and it 1s
necessary to similarly control the oxygen concentration of the
space 1nside the reaction tank. The oxygen concentration of
the atmosphere can be adjusted, for example, using an inert
gas such as nitrogen, argon or the like. It 1s possible to con-
stantly cause a fixed amount of atmospheric gas to circulate
inside the atmosphere as a method for adjusting the oxygen
concentration mside the atmosphere to a specified concentra-
tion.
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(Crystallization Time)

[0148] The crystallization times 1n the nucleation step and
the particle growth step are appropriately selected according,
to the target particle size of the composite hydroxide par-
ticles. For example, when trying to obtain secondary particles
that are within the specified range of the present invention by

using a mixed solution (1.8 mol/L) of nickel sulfate and
manganese sulfate and a sodium hydroxide solution (25% by
volume), the nucleation step 1s preferably 20 seconds to 4
minutes, and the particle growth step 1s preterably 3 to 4
hours. When the nucleation step 1s less than 20 seconds, it 1s
not possible to form a suificient amount of nuclel, and when
the nucleation step exceeds 4 minutes, too many nucle1 are
formed, so a problem occurs 1n that there 1s variation in the
particle size due to aggregation. On the other hand, when the
particle growth step 1s less than 3 hours, there 1s not enough
time for particle growth, so 1t becomes difficult to control the
particle size, and it 1s not possible to obtain uniform second-
ary particles. When the particle growth step exceeds 4 hours,
the average particle size of the secondary particles exceeds
the desired range, and a problem occurs 1n that productivity
decreases. From the aspect of productivity, preferably the
nucleation step 1s 30 seconds to 3 minutes 30 seconds, and the
particle growth step 1s 3 hours 30 seconds to 4 hours.

(Manufacturing Equipment)

[0149] Inthe method for manufacturing composite hydrox-
ide particles of the present invention, an apparatus 1s used that
does not collect the produced material until the reaction 1s
complete. For example, the apparatus 1s a typically used batch
reaction tank 1n which a mixer provided. When using this kind
ol apparatus, a problem of collecting growing particles at the
same time as the overflow liquid, such as occurs 1n a continu-
ous crystallization apparatus that collects the produced mate-
rial by a typical overflow, does not occur, so 1t 1s possible to
obtain particles having a narrow particle size distribution and
uniform particle size.

[0150] Moreover, preferably the reaction atmosphere 1s
controlled, so using an apparatus, such as a sealed apparatus,
that 1s capable of atmosphere control 1s preferred. By using
such an apparatus, it 1s possible to manufacture composite
hydroxide particles having the structure above, and it 1s pos-
sible to umiformly promote the nucleation reaction and par-
ticle growth reaction, so it 1s possible to obtain particles
having a good particle size distribution, or 1n other words,
particles having a narrow particle size distribution range.

(2-1) Cathode Active Material for a Non-Aqueous Electrolyte
Secondary Battery

[0151] The cathode active material of the present invention
1s lithium nickel manganese composite oxide particles that
are represented by the general formula: L1, Ni Mn,.
Co MO, (where —-0.05=u<0.50), x+y+z+t=1, 0.3=x=<0.7,
0.1=y=0.55, 0=z=0.4, O=t<0.1, and M 1s at least one kind of
added element selected from among Mg, Ca, Al, T1,V, Cr, Zr,
Nb, Mo and W), and has a layered hexagonal crystal structure.
A cathode active maternial having a layered hexagonal crystal
structure, 1t advantageous in that when compared with a cath-
ode active material having a spinel structure, has excellent
theoretical capacity density, and cyclability.
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(Composition)

[0152] The cathode active material of the present invention
1s lithium nickel manganese composite oxide particles, and
the composition thereof 1s adjusted so as to satisiy the general
formula above.

[0153] In the cathode active material of the present mven-
tion, “u”, which indicates the surplus amount of lithium, 1s
withintherange —0.5 to 0.50. When the surplus amount “u” of
lithium 1s less than —0.03, the reaction resistance of the cath-
ode of the non-aqueous electrolyte secondary battery that
uses the obtained cathode active material becomes large, so
the output of the battery becomes low. On the other hand,
when the surplus amount “u” of lithium exceeds 0.50, the
initial discharge capacity when the cathode active material
above 1s used for the cathode of the battery decreases, and the
reaction resistance of the cathode also increases. In order to
turther reduce the reaction resistance, preferably the surplus
amount “u” of Lithium 1s no less 0.10 and no greater than

0.35.

[0154] Moreover, the nickel (N1), manganese (Mn) and
cobalt (Co), together with the L1, make up the basic structure
of the lithium-containing composite oxide having layered
hexagonal crystal structure. The atomic ratios “x”, “y”, “z”
that indicate the amounts contained of these elements are
determined for the non-aqueous electrolyte secondary battery
that uses the obtained cathode active material in consideration

e,y

éf battery capacity, cyclability and safety. The value of “x 1s
0.3 to 0.7, and pretferably 0.33 to 0.63; the value of “y” 15 0.1

to 0.53, and preferably 0.2 to 0.5; and the value of “z” 15 0.4
or less, and preferably 0.35 or less.

[0155] Asexpressedinthe general formula above, the cath-
ode active material of the present invention 1s preferably
adjusted so that the lithium nickel manganese composite
oxide particles contain added element(s) M. By containing
clement(s) M above, 1t 1s possible to improve the durability,

and output characteristics of a battery that uses this cathode
active material.

[0156] Particularly, by uniformly distributing the added
clement on the surface or iside the particles, 1t 1s possible to
obtain the above effect in the whole of the respective particles,
and together with obtaining the effect above by adding a small
amount, 1t 1s possible to suppress a decrease 1n capacity.
Furthermore, 1n order to obtain the effect by adding an even
smaller amount, preferably the concentration of added ele-
ment on the surface 1s higher than that imnside the particles.

[0157] When the atomicratio “t” of the added element(s) M
with respect to all metal atoms (N1, Mn, Co and added ele-
ment(s) M) exceeds 0.1 the metal elements that contribute to
the Redox reaction decrease, so the battery capacity
decreases, which 1s not preferred. Therefore, the added ele-
ment(s) M 1s adjusted so that the atomic ratio 1s within the
range above.

(Average Particle Size)

[0158] The cathode active material of the present invention
has an average particle size of 2 to 8 um. When the average
particle size 1s less than 2 um, the packing density of particles
when the cathode 1s formed decreases, and the battery capac-
ity per volume of the cathode decreases. On the other hand,
when the average particle size exceeds 8 um, the specific
surface area of the cathode active material decreases, and by
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the interface with the electrolyte of the battery decreasing, the
resistance of the cathode increases and the output character-
istic of the battery decreases.

[0159] Theretfore, by adjusting the cathode active material
so that the average particle size 1s preferably 2 to 8 um, or
more preferably 3 to 6.5 um, it 1s possible to increase the
battery capacity per volume of the battery that uses this cath-
ode active material for the cathode, and 1t 1s possible to obtain
excellent battery characteristics such as safety and high out-
put.

(Particle Size Distribution)

[0160] As illustrated in FIG. 7, for the cathode active mate-
rial comprises highly homogeneous lithium mickel manga-
nese composite oxide secondary particles having an imndex
[(d90-d10)/ average particle size] that indicates the size of the
particle distribution of 0.60 or less, and an average particle
s1ze of 2 to 8 um.

[0161] For the cathode active material of the present mnven-
tion, the index [(d90-d10)/average particle size] that indi-
cates the size of the particle size distribution 1s 0.60 or less,
and preterably 0.55 or less, and even more preferably 0.52 or
less.

[0162] When particle size distribution 1s wide, there are
many fine particles having a particle size that 1s very small
with respect to the average particle size, or coarse particles
having a particle size that 1s very large with respect to the
average particle size. When the cathode 1s formed using a
cathode active material having many fine particles, there 1s a
possibility that heat will be generated due to localized reac-
tion of the fine particles, and together with a decrease in
safety, fine particles selectively deteriorate, causing the cycla-
bility to become poor. However, when the cathode 1s formed
using cathode active material having many coarse particles,
there 1s not suilicient reaction area for the electrolyte and
cathode active material, and thus the battery output decreases
due to an 1ncrease 1n reaction resistance.

[0163] Therefore, by making the index [(d90-d10)/average
particle size] described above 0.60 or less, it 1s possible to
reduce the ratio of fine particles or coarse particles 1n the
particle size distribution of cathode active material, and a
battery that uses this cathode active material for the cathode1s
very sale, and has good cyclability and battery output char-
acteristics. The average particle size, d90 and d10 are the
same as those used for the composite hydroxide particles, and
measurement 1s performed 1n the same way.

(Particle Structure)

[0164] As 1illustrated 1n FIG. 8, a feature of the cathode
active material of the present invention 1s the hollow structure
comprising a hollow section 1nside the secondary particles
and an outer shell section on the outside. By having this kind
of hollow structure, 1t 1s possible to increase the reaction area,
and electrolyte enter inside from the particle boundaries or
space between the primary particles of the outer shell, and
lithium 1s mmserted and removed at the reactive interface on the
surface of the primary particles on the hollow side inside the
particles as well, so mobility of L1 1ons and electrons 1s not
hindered, and it 1s possible to 1increase the output character-
1stic.

[0165] In the present invention, the thickness of the outer
shell section 1s within the range 0.5 to 2.5 um. Preferably the
range 1s 0.5 to 2 um, and 1t 1s particularly pretferred that the
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range be 0.6 to 1.8 um. When the thickness of the outer shell
section 1s less than 0.5 um, the hollow section becomes too
large, packing into the electrode becomes worse, the strength
ol the secondary particles 1s insuificient, and during forma-
tion of the electrode, the particles are broken and become fine;
and when the thickness of the outer shell section exceeds 2.5
um, the hole connecting with the hollow section are covered
by the particles of the outer shell section, so a problem occurs
in that the hollow structure cannot be taken advantage of and
the characteristics decrease.

[0166] Moreover, preferably the ratio of the thickness of the
outer shell section with respect to the particle size1s S to 45%
and more preferably, 5 to 38%. When the ratio of the thickness
of the outer shell section with respect to the particle size 1s less
than 5%, the strength of the lithium nickel manganese com-
posite oxide particles decreases, so handling the powder, and
when used 1n a battery cathode, the particles break down and
become fine particles, making the characteristics poor. On the
other hand, when the ratio of the thickness of the outer shell
section with respect to the particle size exceeds 45%, only a
small amount of electrolyte enters inside the hollow section
inside the particles from the particle boundaries and spaces,
and the surface area that contributes to the battery reaction
becomes smaller, so the cathode resistance increases and the
output characteristic decreases.

[0167] The thickness of the outer shell section of lithium
nickel manganese composite oxide particles and the ratio of
the thickness of the outer shell section with respect to the
particle size can be found in the same ways as for the com-
posite hydroxide particles.

(Specific Surface Area)

[0168] In the case of the cathode active material of the
present invention, the specific surface area is 1 to 2 m*/g, and
preferably 1.2 to 1.8 m*/g. When the specific surface area is 1
m~/g or greater, the reaction area of the cathode active mate-
rial and the electrolyte 1s sulficiently large, so a battery that
uses a cathode that 1s formed suing this cathode active mate-
rial can become a high-output battery. On the other hand,
when the specific surface area 1s too large, the particle size
becomes to small, and the amount of active material that can
be charged inside a battery having limited volume 1s reduced,
and the capacity per volume of the battery decreases. There-
fore, for the cathode active material of the present invention,
the upper limit for the specific surface area 1s taken to be 2
m>/g.

(Characteristics)

[0169] When the cathode active material above 1s used for
example 1n the cathode of a 2032 type coin battery, when
cobalt 1s not added, high initial discharge capacity of 200
mAh/g or greater 1s obtained, and even when cobalt 1s added
at an atomic ratio of 30% of the entire metallic elements other
than lithium, a high initial discharge capacity ol 150 mAh/g 1s
obtained, and low cathode resistance and high cycle capacity
retention 1s obtained, which are excellent characteristics for a
cathode active material for a non-aqueous electrolyte second-
ary battery.

(2-2) Method for Manufacturing Cathode Active Matenal for
a Non-Aqueous FElectrolyte Secondary Battery

[0170] As long as the method for manufacturing the cath-
ode active material of the present mvention 1s such that the
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cathode active material has the average particle size, particle
s1ze distribution and particle structure above, the method 1s
not particularly limited, however, by employing the method
below the cathode active material can surely be manufac-
tured, so 1s preferred.

[0171] As illustrated in FIG. 3, the method for manufactur-
ing cathode active material of the present invention includes:
a) a step of heat treating the nickel manganese composite
hydroxide particles that are the raw material for the cathode
active material of the present invention obtained and obtained
by the manufacturing method above; b) a mixing step for
forming a mixture by mixing a lithium compound into the
particles after heat treatment; and a calcination step of cal-
cining the mixture that was formed in the mixing step. Each of
the steps will be explained below.

a) Heat Treatment Step

[0172] The heat treatment step 1s a step for performing heat
treatment that heats the nickel manganese composite hydrox-
ide particles (herealter, referred to as composite hydroxide
particles) to a temperature of 105 to 750° C., and removes the
moisture contained 1n the composite hydroxide particles. By
performing this heat treatment step, the moisture that remains
in the particles until the calcination step can be reduced to a
certain amount. As a result, 1t 1s possible to prevent fluctuation
in the percentage of the number of metal atoms or the number
of lithtum atoms 1n the manufactured cathode active material.
[0173] Moisture should be removed to an amount such that
tfluctuation in the percentage of the number of metal atoms or
the number of lithium atoms 1n the manufactured cathode
active material does not occur, so 1t 1s not absolutely neces-
sary to convert all of the composite hydroxide particles to
nickel manganese composite oxide particles (hereaftter,
referred to as composite oxide particles). However, 1n order to
turther reduce the fluctuation described above, preferably the
heating temperature 1s 500° C. or greater, and all of the
composite hydroxide particles are converted to composite
oxide particles.

[0174] In the heat treatment step, when the heating tem-
perature 1s less the 105° C., 1t 1s not possible to remove the
surplus moisture in the composite hydroxide particles, and 1t
1s not possible to suppress the fluctuation above. On the other
hand, when the heating temperature exceeds 750° C., the
particles are sintered by the heat treatment, and 1t 1s not
possible to obtain composite oxide particles having a uniform
particle size. The metallic component that 1s included 1n the
composite hydroxide particles 1s analyzed according to the
heat treatment conditions and found beforehand, and by
determining a ratio with the lithium compound, 1t 1s possible
to suppress the fluctuation.

[0175] Theatmosphere for performing heat treatment 1s not
particularly limited, and can be a non-reducing atmosphere,
however, preferably heat treatment 1s performed 1n an atmo-
sphere wherein air flow can be performed easily.

[0176] Moreover, the heat treatment time 1s not particularly
limited, however, when the time 1s less than one hour, the
removal of surplus moisture in the composite hydroxide par-
ticles cannot be performed sufficiently, so preferably the time
1s one hour or longer, and more preferably 5 to 15 hours.
[0177] The equipment that 1s used 1n the heat treatment 1s
not particularly limited, and as the composite hydroxide par-
ticles can be heated 1n a non-reducing atmosphere, and pret-
erably 1n air flow, an electric furnace that does not generate
gas can suitably be used.
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b) Mixing Step

[0178] The mixing step 1s a step for obtaining a lithium
mixture by mixing the composite hydroxide particles that
were heat treated 1n the heat treatment step (hereafter, referred
to as heat treated particles) with a material containing lithium,
for example a lithium compound.

[0179] Here, not only the composite hydroxide particles
from which residual moisture was removed 1n the heat treat-
ment step, but also complex oxide particles that were con-
verted to oxides 1n the heat treatment step or a mixture of these
particles 1s contained 1n the heat treated particles.

[0180] The heat treated particles and the lithium com-
pounds are mixed so that the ratio of the number of lithium
atoms with respect to the number of metal atoms other than
lithium 1n the lithium mixture, 1n other words, the sum of the
atoms of nickel, manganese, cobalt and added elements (Me)
(L1/Me) 1s 0.95 to 1.5, and preferably 1 to 1.5, and more
preferably 1.1 to 1.35. In other words, the ratio Li/Me does
not change before and after the calcination step, so the ratio
L1/Me 1n the mixing step become the ratio Li/Me 1n the
cathode active material, so mixing 1s performed so that the
ratio Li1/Me of the lithtum compound is the same as the ratio
L.1/Me 1n the cathode active material to be obtained.

[0181] The lithium compound that 1s used for forming the
lithium mixture 1s not particularly limited, however, for
example, from the aspect of the ease of obtaining maternal,
lithium hydroxide, lithium sulfate, lithium carbonate or a
mixture of these 1s preferred. Particularly, taking 1into consid-
cration the ease of handling and the stability of quality, pret-
erably lithium hydroxide or lithtum carbonate 1s used.

[0182] Preferably the lithium mixture 1s sufficiently mixed
betfore calcination. When mixing 1s not suificient, there 1s a
possibility that problems will occur such as fluctuation in
L1/Me between individual particles, and suificient battery
characteristics will not be obtained.

[0183] Furthermore, a typical mixer can be used for mix-
ing; for example, 1t 1s possible to use a shaker mixer, V
blender, ribbon mixer, Julia mixer, Loedige mixer or the like,
and the composite oxide particles should be suificiently
mixed with material containing lithium to an extent that the
framework of the heat treated particles 1s not broken down.
For example, in the case of using a shaker mixer, by setting the
mixing condition to be 5 to 20 minutes, 1t 1s possible to
suificiently mix the composite hydroxide particles and
lithium compound.

¢) Calcination Step

[0184] The calcination step 1s a step that caclinates the
lithium mixture that was obtained in the mixing step, and
forms a hexagonal crystal type layered lithium nickel man-
ganese composite oxide. When the lithium compound 1s cal-
cinated 1n the calcination step, the lithium 1n a lithium con-
taining material 1s dispersed in the heat treated particles, so a
lithium nickel manganese composite oxide 1s formed.

(Calcination Temperature)

[0185] The calcination of the lithtum mixture 1s preferably
performed at a temperature of 800 to 980° C., and more

preferably 820 to 960° C.

[0186] When the calcination temperature 1s less than 800°
C., dispersion of lithtum 1nto the heat treated particles 1s not
performed sufliciently, and surplus lithium or unreacted par-
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ticles remain, the crystal structure 1s not suiliciently arranged,
and when used 1n a battery, suificient battery characteristics
are not obtained.

[0187] Moreover, when the calcination temperature
exceeds 980° C., there 1s a possibility that together with
severe sintering occurring between composite oxide par-
ticles, there will be abnormal particle growth, so there 1s a
possibility that the particles after calcination will become
coarse, and 1t will not be possible to maintain the particle
shape (spherical particles shape to be described next). In the
case of this kind of cathode active material, the specific sur-
face area decreases, so when used 1n a battery, there 1s a
problem 1n that the cathode resistance increases and the bat-
tery capacity decreases.

[0188] From the aspect of uniformly performing the reac-
tion between the heat treated particles ad the lithtum com-
pound, preferably the temperature above will rise at a tem-
perature increase rate of 3 to 50° C./min. Furthermore, by
maintaining the temperature at near the melting point of the
lithium compound for 1 to 5 hours, 1t 1s possible to perform a
even more uniform reaction.

(Calcination Time)

[0189] Of the calcination time, the hold time, during which
the temperature 1s maintained at a specified temperature, 1s
preferably at least one hour, and more preferably 2 to 12
hours. When the time 1s less than one hour, 1t 1s possible that
the formation of the lithium nickel manganese composite
oxide will not be performed suificiently. After this hold time
1s finished, the time 1s not particularly limited, however, when
the lithium mixture 1s accumulated 1n a sagger and calcinated,
in order to prevent deterioration of the sagger, preferably the
atmosphere 1s cooled to 200° C. at a cooling rate of 2 to 10°
C./min.

(Temporary Calcination)

[0190] Particularly, when lithium hydroxide or lithtum car-
bonate 1s used as the lithium compound, temporary calcina-
tion 1s performed by maintaining the temperature at a tem-
perature 01350 to 800° C., which 1s lower than the calcination
temperature, and preferably at a temperature o1 450 to 780° C.
for 1 to 10 hours, and preferably 3 to 6 hours. In other words,
preferably temporary calcination 1s performed at the reaction
temperature of the lithium hydroxide or lithtum carbonate
and the heat treated particles. In this case, by maintaining the
temperature at near the reaction temperature of the lithium
hydroxide or lithtum carbonate, 1t 1s possible to sufficiently
perform dispersion of the lithium into the heat treated par-
ticles, and thus 1t 1s possible to obtain uniform lithium nickel
manganese composite oxide.

[0191] When 1t 1s desired to increase the concentration of
added element M on the surface of the lithium nickel manga-
nese composite oxide particles, heat treated particles of the
raw material, the surface of which are uniformly covered by
the added element M, can be used. By calcining a lithium
mixture that contains the heat treated particles under moder-
ate conditions, 1t 1s possible to increase the concentration of
the added element M on the surface of the lithium nickel
manganese composite oxide particles. More specifically, by
calciming a lithium mixture that contains heat treated particles
covered by the added element M at a temperature lower than
the calcination temperature and for a time shorter than the
calcination time, 1t 1s possible to obtain lithtum nickel man-
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ganese composite particles having an increased concentration
of added element M on the surface of the particles. For
example, when the calcination temperature 1s taken to be 800
to 900° C. and the calcination time1s 1 to 5 hours, 1t1s possible
to increase the concentration of added element M on the
surface of the particles by 1 to 10%.

[0192] On the other hand, even when a lithium mixture
containing heat treated particles covers with the added ele-
ment M 1s calcinated, when the calcination temperature 1s
high and the calcination time 1s long, 1t 1s possible to obtain
lithium nickel manganese composite oxide particles in which
the added element 1s uniformly distributed inside the par-
ticles. In other words, by adjusting the heat treated particles of
the raw material and the calcination conditions, it 1s possible
to obtain lithtum nickel manganese composite oxide particles
having the target concentration distribution.

(Calcination Atmosphere)

[0193] The calcination atmosphere 1s preferably an oxidiz-
ing atmosphere, and more preferably the oxygen concentra-
tion 1s 18 to 100% by volume, and a mixed atmosphere of
oxygen having the oxygen concentration described above and
an inert gas 1s particularly preferred. In other words, prefer-
ably calcination 1s performed in atmospheric air or 1n an
oxygen flow. When the oxygen concentration 1s less than 18%
by volume, there 1s a possibility that the crystallinity of the
lithium mickel manganese composite oxide will not be suifi-
cient. Particularly, when considering the battery characteris-
tics, performing calcination in oxygen flow is preferred.
[0194] The furnace that 1s used 1n calcination is not particu-
larly limited, and as long as the lithtum mixture can be heated
in atmospheric air or 1n oxygen flow any kind of furnace can
be used, however, from the aspect of umiformly maintaining
the atmosphere inside the furnace, a furnace 1n which gas 1s
not generated 1s preferred, 1t 1s possible to used either a batch
type or continuous type of furnace.

(Cracking)

[0195] Of the lithium nickel manganese composite oxide
particles obtained by calcination, aggregation or light sinter-
ing may occur. In that case, the particles must be cracked, and
as a result, lithium nickel manganese oxide, or in other words,
the cathode active matenal of the present invention can be
obtained. Cracking 1s an operation for loosening up an aggre-
gate wherein mechanical energy 1s applied to an aggregate of
a plurality of secondary particles resulting from sintering
necking between secondary particles during calcination in
order to separate the secondary particles without breaking
drown the secondary particles themselves. As the method of
cracking, 1t 1s possible to use a known method such as a pin
mill, hammer mill or the like, however, when performing
cracking, the cracking force should preferably be adjusted so
that the secondary particles are not broken down.

(3) Non-Aqueous Electrolyte Secondary Battery

[0196] The non-aqueous electrolyte secondary battery of
the present mvention employs a cathode that uses the cathode
active material for a non-aqueous electrolyte secondary bat-
tery for the cathode. First, the construction of the non-aque-
ous electrolyte secondary battery of the present invention will
be explained.

[0197] Except for using cathode active material of the
present invention, the construction of the non-aqueous elec-
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trolyte secondary battery of the present invention essentially
comprises the same construction as a typical non-aqueous
clectrolyte secondary battery.

[0198] More specifically, the secondary battery of the
present mvention comprises a case, a cathode and anode that
are housed 1n the case, a non-aqueous electrolyte and a sepa-
rator. Even more specifically, an electrode unit that 1s
obtained by layering a cathode and electrode with a separator
in between 1s impregnated with a non-aqueous electrolyte,
and collector leads are used to connect between the cathode
current collector of the cathode and the cathode terminal that
leads to the outside, and between the anode current collector
of the anode and the anode terminal that leads to the outs, and
these are sealed 1n the case to form the secondary battery of
the present invention.

[0199] The construction of the secondary battery of the
present invention, needless to say, 1s not limited to the
example above, and various shapes can be used for the exter-
nal shape such as a can shape, layered shape or the like.

(Cathode)

[0200] First, the cathode, which 1s the feature of the sec-
ondary battery of the present invention, 1s explained. The
cathode 1s a sheet shaped member, and 1s formed, for
example, by coating and drying a blended cathode material
paste that contains the cathode active material of the present
invention on the surface of an aluminum foil collector.
[0201] The cathode i1s appropriately process to correspond
to the type of battery used. For example, processing such as a
cutting process to form a suitable size for the battery, a com-
pression process such as roll pressing or the like to increase
the electrode density and the like 1s performed.

[0202] The blended cathode material paste 1s formed by
adding a solvent to the blended cathode material and mixing
them. The blended cathode matenal 1s formed by mixing the
powder cathode active material of the present invention with
a conductive material and a binding agent.

[0203] The conductive material 1s added for giving suitable
conductivity to the electrode. This conductive material 1s not
particularly limited, for example, a carbon black materal
such as graphite (natural graphite, man-made graphite,
expanded graphite), acetylene black, Ketchen black and the
like can be used.

[0204] The binding agent serves the role of binding cathode
active materials. The binding agent that 1s used 1n this blended
cathode material 1s not particularly limited, however, 1t 1s
possible to use, for example, polyvinylidene {fluoride
(PVDF), polytetrafluoroethylene (PTFE), fluororubber, eth-
ylene-propylene-diene rubber, styrene-butdiene, cellulose
resin, polyacrylic acid or the like.

[0205] It 1s also possible to add activated carbon to the
blended cathode material, and by added activated carbon, 1t 1s
possible to increase the electric double layer capacitance of
the cathode.

[0206] The solvent dissolves the bonding agent, and causes
the cathode active material, conductive material and activated
carbon to be dispersed into the bonding agent. This solvent 1s
not particularly limited, however, 1t 1s possible use an organic
solvent such as N-methyl-2-pyrrolidone for example.

[0207] The mixture ratio of the material inside the blended
cathode material paste 1s not particularly limited. For
example, when the solid content of the blended cathode mate-
rial without the solvent1s taken to be 100 parts by weight, then
as 1n the case of a cathode 1n a typical non-aqueous electrolyte
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secondary battery, the content of the cathode active material
can be 60 to 95 parts by weight, the content of the conductive
material can be 1 to 20 parts by weight, and the content of the
binding agent can be 1 to 20 parts by weight.

(Anode)

[0208] The anode 1s a sheet shaped member that 1s formed
by coating and drying blended anode material paste on the
surface of a metal o1l collector made of metal such as copper.
This anode 1s formed essentially by the same method as the
cathode, however the components of the blended anode mate-
rial paste, the composition of those components, and the
material of the collector differ, and as in the case of the
cathode, various processing 1s performed as necessary.
[0209] The blended anode material paste 1s formed by add-
ing a suitable solvent to the blended anode maternial, which 1s
a mixture ol anode active material and a binding agent, to
obtain a paste.

[0210] The anode active material, for example, can be a
maternial containing lithium such as metallic lithium or
lithium alloy, or can be an absorbing material that 1s capable
of absorption and desorption of lithtum 1ons.

[0211] The absorbing material 1s not particularly limited,
and 1t 1s possible to use natural graphite, man-made graphite,
an organic compound fired matenal such as phenol resin and
the like, or a powder like carbon material such as coke. When
this absorbing material 1s used for the anode active material,
as 1n the case of the cathode, it 1s possible to use a fluorine-
containing resin such as PVDF as the binding agent, and 1t 1s
possible to use an organic solvent such as N-methyl-2-pyr-
rolidone as the solvent that disperses the anode active mate-
rial into the binding agent.

(Separator)

[0212] Theseparatoris located between the cathode and the
anode, and functions to separate the cathode and anode and to
hold the electrolyte. The separator 1s made from a thin poly-
cthylene or polypropylene film, for example, it 1s possible to
use a film having a plurality of fine holes, however, as long as
the separator has the functions described above, 1t 1s not
particularly limited.

(Non-Aqueous Electrolyte)

[0213] The non-aqueous clectrolyte 1s formed by dissolv-
ing a lithrum salt, which 1s the supporting electrolyte salt, 1n
an organic solvent.

[0214] The organic solvent canbe selected from one kind or
a mixture ol two or more kinds of a cyclic carbonate such as
cthylene carbonate, propylene carbonate, butylene carbonate,
tritfluoroacetic propylene carbonate or the like; a chain car-
bonate such as diethyl carbonate, dimethyl carbonate, ethyl
methyl carbonate, dipropyl carbonate and the like, an ether
compound such as tetrahydrofuran, 2-methyltetrahydrofu-
ran, dimethoxyethane and the like; a sulfur compound such as
cthyl methyl sultfone, butane sultone and the like; or a phos-
phorus compound such as triethyl phosphate, trioctyl phos-
phate and the like.

[0215] As the supporting electrolyte salt, 1t 1s possible to
use a salt such as LiPF., LiBF,, LiClO,, LiAsF., LiN

(CF;SQO,), or a combination of these.

[0216] In order to improve the battery characteristics, the
non-aqueous electrolyte can also include a radical scavenger,
a surfactant, a flame retardant and the like.
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(Characteristics of the Non-Aqueous Electrolyte Secondary
Battery of the Present Invention)

[0217] The non-aqueous electrolyte secondary battery of
the present invention 1s constructed as described above, and
has a cathode that uses the cathode active material of the
present invention, so a high imitial discharge capacity of 150
mAh/g or greater, and preferably 135 mAh/g, and a low
cathode resistance of 10€2 or less, and preferably 9€2 or less
are obtained, so the battery 1s a high capacity and high output
battery. Moreover, the ability to maintain a 200 cycle capacity
1s 80% or greater, and preferably 85% or greater, so has
excellent cyclability, and when compared with conventional
lithium, can be said to have high thermal stability and good
safety characteristics.

(Uses of the Secondary Battery of the Present Invention)

[0218] The secondary battery of the present invention has
the above characteristics, so it 1s suitable for use as a power
source for a compact portable device that requires constant
high capacity (such as a notebook personal computer, mobile
telephone or the like).

[0219] Moreover, the secondary battery of the present
invention 1s also suitable for use as battery as the power
source for driving a motor that requires high output. As a
battery becomes large, it becomes difficult to maintain satety,
and expensive protective circuits are essential, however, the
secondary battery of the present invention has excellent
safety, so not only 1s 1t easy to maintain safety, 1t 1s possible to
simplify expensive protective circuits, and further lower the
cost. The battery can be made to be compact and have high
output, so 1s suitable as a power source for conveying equip-
ment that 1s restricted by 1nstallation space.

EXAMPLES

Example 1

Manufacturing of the Composite Hydroxide Particles

[0220] The composite hydroxide particles were manufac-
tured as described below. For all samples, the composite
hydroxide particles, cathode active material and secondary

battery were manufactured using high grade specimens
manufactured by Wako Pure Chemical Industries, Ltd.

(Nucleation Step)

[0221] First, 7 liters of water 1s put into the reaction tank (34
L) and while stirring, the temperature inside the tank 1s set to
70° C., and nitrogen gas 1s caused to be circulated for 30
minutes, and the oxygen concentration 1n the space mside the
reaction tank 1s kept at 1% or less. An appropriate amount of
25% by volume sodium hydroxide aqueous solution 1s added
to the water in the reaction tank, and the pH value of the
aqueous solution in the reaction tank before reaction 1is
adjusted to a value of 13.1 at a standard solution temperature

of 25° C.

[0222] Next, nickel sulfate and manganese sulfate 1s dis-
solved in the water to prepare a /s mol/L. mixed solution. The
mixed solution 1s adjusted so that the elemental mole ratio of
cach metal 1s N1:Mn=50:350.

[0223] This mixed solution 1s added at a rate of 88 ml/min
to the aqueous solution 1n the reaction tank before reaction to
form a reaction solution. At the same time, 25% by volume
sodium hydroxide aqueous solution 1s also added at a con-
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stant rate to the reaction solution, and while circulating nitro-
gen gas though the reaction solution, and while performing
control to keep the pH value of the reaction solution (aqueous
solution for nucleation) at a value of 13.1 (nucleation pH
value), nucleation was performed by allowing crystallization
for 2 minutes 30 seconds. The range of fluctuation of the pH
value was £0.2. Moreover, the temperature inside the tank
was maintained at 60° C. or greater.

(Particle Growth Step)

[0224] Adter nucleation ended, the temperature 1nside the
tank was maintained at 60° C. or greater, and sulfuric acid was
added until the pH value of the reaction solution reached a
value of 10.6 at a standard solution temperature of 25° C.
After the pH value of the reaction solution reached 10.6, the
mixed solution and the 25% by volume sodium hydroxide
aqueous solution were one again supplied to the reaction
solution (aqueous solution for particle growth), and while
performing control to keep that pH value at 10.6 at a standard
solution temperature of 25° C., crystallization was performed
for 4 hours. The grown material was then washed, filtered and
dried to obtain composite hydroxide particles.

[0225] Duning the crystallization above, the pH was con-
trolled using a pH controller to adjust the supply flow rate of
sodium hydroxide aqueous solution, and the range of fluctua-
tion was within the range of £0.2 of the set value.

| Analysis of the Composite Hydroxide]

[0226] For the obtained composite hydroxide, after a
sample was dissolved 1n an 1norganic acid, chemical analysis
was performed by using ICP-Atomic Emission Spectrometry,
and the composition was found to be Ni, -Mn, -(OH),_

(0=a=<0.5).

[0227] Moreover, for this composite hydroxide, the value
[(d90-d10)/ average particle size] that indicates the average
particle size and particles size distribution 1s calculated and
found from the volume integrated value that was measured
using a laser diffraction scattering particle size distribution
measurement device (Microtrac HRA, manufactured by Nik-
kiso Co., Ltd.). As aresult, the average particle size was found

to be 3.9 um, and the value [(d90-d10)/average particle size]
was 0.49.

[0228] Next, SEM (scanning electron microscope S-4700,
manufactured by Hitachi High-Technologies Corporation)
observation (magnification rate: 1000x) of the obtained com-
posite hydroxide particles was performed, and 1t was con-
firmed that the composite hydroxide particles were spherical,
and the particle size was nearly uniform. The SEM observa-
tion results are illustrated 1n FIG. 5.

[0229] A sample of the obtained composite hydroxide par-
ticles 1s embedded 1n resin, and after performing a cross-
section polishing process, SEM observation was performed at
a magnification rate of 10,000x, and as a result 1t was found
that the composite hydroxide particles comprises secondary
particles, and those secondary particles were spherical in
shape with a center section having fine primary particles with
a particle size of 0.05 um, and an outer shell section having
plate shaped or needle shaped primary particles having a
particle size of 0.8 um were observed, with the thickness of
the outer shell section being 1.2 um. The results of the SEM
observation of this cross section are 1llustrated 1n FIG. 6. The
thickness of the outer shell section with respect to the diam-
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cter of the secondary particles was found to be 30.8% from the
SEM observation of this cross section.

| Manufacturing the Cathode Active Matenal]

[0230] Thecomposite hydroxide particles were heat treated
in air (oxygen: 21% by volume) at a temperature of 700° C.
for 6 hours, converted to composite oxide particles and recov-
ered.

[0231] Lithium hydroxide was weighed so that Li/Me=1.
35, and then mixed with the composite oxide particles above

to prepare a lithium mixture. Mixing was performed using a
shaker mixer (TURBULA Type T2C, manufactured by Willy

A. Bachofen (WAB)).

[0232] The obtained lithium mixture was temporarily cal-
cinated 1n air (oxygen: 21% by volume) at a temperature of
500° C. for 4 hours, then calcinated at 900° C. for 4 hours,
cooled, and then crushed to obtain the cathode active mate-
rial.

| Analysis of the Cathode Active Matenal ]

[0233] Using the same method as for the composite
hydroxide particles, the particle size distribution of the
obtained cathode active material was measured, and the aver-
age particle size was 4.3 um, and the value [(d90-d10)/aver-
age particle size] was 0.53.

[0234] Using the same method as for the composite
hydroxide particles, the SEM observation and cross-section
SEM observation of the cathode active material were per-
formed, and 1t was confirmed that the obtained cathode active
material was spherical and the particle size was mostly uni-
form. The results of the SEM observation of this cathode
active material 1s illustrated 1n FIG. 7. On the other hand, it
was also confirmed from the cross-section SEM observation
that this cathode active material has hollow construction com-
prising an outer shell section of sintered primary particles,
and a hollow section 1nside the shell section. The thickness of
the outer shell section was 0.66 um. The results of the cross-
section SEM observation of this cathode active material are
illustrated 1n FIG. 8. The ratio of the thickness of the outer
shell section with respect to the particle size of the cathode
active material was 15.3%.

[0235] The specific surface area of the obtained cathode
active material was found using a tlow type gas adsorption
specific surface area measurement device (Multisorb, manu-
factured by Yuasa-Ionics) to be 1.5 m*/g.

[0236] Moreover, analysis by Cu—Ka line powder X-ray
diffraction was performed for the obtained cathode active
material using an X-ray diffractometer (X'Pert PRO, manu-
factured by PANalytical), and the crystal structure of the
cathode active material was confirmed to comprise a single-
phase hexagonal layered crystal lithium nickel manganese
composite oxide.

[0237] Furthermore, similarly, using the ICP-Atomic
Emission Spectrometry method, the composition of the cath-
ode active material was analyzed, and confirmed to be L1,
36N1, <,Mn, O, with a composition of L1 at 9.55% by
weight, N1 at 29.7% by weight and Mn at 27.8% by weight.

| Manufacturing the Secondary Battery]

[0238] For evaluation of the obtained cathode active mate-
rial, the cathode active material was used 1n 2032 type coin
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battery. As illustrated in FIG. 9, this coin type battery 1
comprises a case 2, and electrodes 3 that are housed inside the
case 2.

[0239] The case 2 has a cathode can 2a that 1s hollow and
opened on one end, and an anode can 2b that 1s placed at the
opening section of the cathode can 2a, and when this anode
can 2b 1s placed at the opening section of the cathode can 2a,
a space 1s formed that houses electrodes 3 between the anode
can 2 and cathode can 2a.

[0240] The electrodes 3 comprise a cathode 3a, separator
3¢ and anode 35, which are layered 1n this order, and are
housed 1n the case 2 such that the cathode 3a comes 1n contact
with the inner surface of the cathode can 2a, and the anode 354
comes 1n contact with the inner surface of the anode can 2b.
[0241] The case 2 comprises a gasket 2¢, and this gasket 2¢
tastens the cathode can 2a and anode can 2b so that an elec-
trically insulated state 1s maintained between the cathode can
2a and anode can 2b5. Moreover, the gasket 2¢ also has the
function of sealing off the space between the cathode can 2a
and anode can 25 and closing off the space between the inside
of the case 2 and the outside so that the space 1s airtight and
fluad tight.

[0242] This coin type battery 1 1s manufactured as
described below. First, 52.5 mg of the obtained cathode active
material, 15 mg of acetylene black, and 7.5 mg of polytet-
rafluoroethylene resin (PTFE) are mixed, and then the cath-
ode 3a 1s manufactured by pressing the mixture with a pres-
sure of 100 MPa, to a diameter of 11 m and length of 100 pum.
The manufactured cathode 3a is dried 1n a vacuum drier at
120° C. for 12 hours. Using this cathode 3a, an anode 35, a
separator 3¢ and electrolyte, the coin type battery 1 1s manu-
factured inside a glove box having an Ar atmosphere having a
dew point controlled at —80° C.

[0243] An anode sheet that 1s formed by coating copper foil
with graphite powder having an average particle size o1 20 um
and polyvinylidene fluoride and that 1s punched 1nto a disk
shape having a diameter of 14 mm 1s used as the anode 3. A
porous polyethylene film having a film thickness of 25 um 1s
used as the separator 3c. A mixed solution (manufactured by
Tomiyama Pure Chemical Industries, Ltd.) of equal amounts
of ethylene carbonate (EC) and diethyl carbonate (DEC) with
1M of LiClO, as the supporting electrolyte 1s used as the
clectrolyte.

|Battery Evaluation]

[0244] The mitial discharge capacity, the cycle capacity
retention rate and the cathode resistance, which are used to
evaluate the performance of the obtained coin type battery,
are defined in the following.

[0245] The 1mmtial discharge capacity 1s the capacity after
the coin type battery 1 1s allowed to sit for 24 hours after being
manufactured and the open circuit voltage (OCV) has become
stable, 1s charged to a cutoil voltage of 4.8 V with the current
density with respect to the cathode being 0.1 mA/cm?, then
alter stopping for one hour, 1s discharged to a cutoil voltage of

25 V.

[0246] The cycle capacity retention rate 1s the calculated
ratio of the discharge capacity after the charging/discharging
cycle of charging to 4.5V and discharging to 3.0 V has been
performed 200 times, with the current density with respect to
the cathode being 2 mA/cm?, and the initial discharge capac-
ity. Measurement of the charge and discharge capacity 1is
performed using a multi-channel voltage/current generator
(R6741 A, manufactured by Advantest Corporation).
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[0247] The cathode resistance 1s evaluated as described
below. The coin type battery 1 1s charged to a potential o1 4.1
V, an then using a frequency response analyzer and a potentio/
galvanostat (12558, manufactured by Solartron), the cathode
resistance 1s measured by the alternating current impedance
method, and a Nyquist plot as illustrated in FIG. 10 1s
obtained. This Nyquist plot 1s represented as a sum of char-
acteristic curves that indicated the solution resistance, anode
resistance and capacity, and cathode resistance and capacity,
so the value of the cathode resistance was calculated by
performing a {itting calculation using an equivalent circuit
based on this Nyquist plot.

[0248] In performing battery evaluation of the coin type
battery having a cathode that was formed using the cathode
actrive material above the mitial charge capacity was 206.5
mA/g, and the cathode resistance was 8.3£2. The capacity
retention rate was 86% atter 200 cycles.

[0249] The characteristics of the composite hydroxide
obtained 1n this example 1s 1llustrated 1n Table 1, and the
characteristics of the cathode active material and the evalua-
tions of a coin type battery that uses this cathode active
material are illustrated 1n Table 2. The same contents for

examples 2 to 4 and comparative examples 1 to 3 below are
also illustrated 1n Table 1 and Table 2.

Example 2

[0250] Except for mixing lithium hydroxide and composite
ox1ide particles were mixed so that Li/Me=1.25, and using a
calcination temperature of 850° C., cathode active material
for a non-aqueous electrolyte secondary battery was obtained
in the same way as in Example 1.

[0251] The average particle size of the cathode active mate-
rial was 4.8 um, the value [(d90-d10)/average particle size]
was 0.52 and the specific surface area was 1.6 m*/g. More-
over, 1t was confirmed from SEM observation that the cathode
active material was spherical and the particle size was mostly
uniform, and comprised a outer shell section of sintered pri-
mary particles and a hollow section on the inside thereof.
From this observation 1t was found that the thickness of the
outer shell section of the cathode active material was 0.58 um,
and the ratio of the thickness of the outer shell section with
respect to the particle size was 14.1%. Furthermore, 1t was
confirmed that the crystal structure of the cathode active
material was single-phase hexagonal layered crystalline
lithium nickel manganese composite oxide, with the compo-

sition of the cathode active material being expressed as L1,
25N1, ., M, sO,, where L11s 8.84% by weight, N11s 29.9% by

weight and Mn 1s 28.0% by weight.

[0252] The same battery evaluation as in Example 1 was
performed for a coin type battery having a cathode that 1s
formed using the cathode active material above, and i1t was
found that the 1mitial discharge capacity was 202.3 mAh/g,
and the cathode resistance was 8.9£2. Moreover, the capacity
retention rate after 200 cycles was 85%.

Example 3

[0253] Except for using a 1.8 mol/LL mixed solution that
was obtained by setting the temperature 1n the reaction tank to
65° C., adjusting the pH value of the reaction solution to 12.8
at a standard solution temperature of 25° C., dissolving nickel
sulfate, cobalt sulfate, manganese sulfate and zirconium sul-
fate 1n water so that the molar ratio of the metal elements was

N1:Co:Mn:7Zr=33.2:33.1:33.3:0.5 and controlling the pH
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value of the reaction solution during the nucleation step to a
value of 12.8, the composite hydroxide particles were
obtained in the same way as 1n Example 1.

[0254] The composition of the composite hydroxide par-
ticles 1s expressed as Ni, ;3,C0q 33 Mg 33,21 005(OH),
(0=a=<0.5), the average particle size was 3.8 um, and the value
[(d90-d10) average particle size] was 0.41. From SEM
observation it was confirmed that the composite hydroxide
particles were spherical and had mostly a uniform particle
s1ze. Furthermore, 1t was observed that the composite hydrox-
1ide particles comprised secondary particles, and that the sec-
ondary particles were spherical with a center section of pri-
mary particles having a particle size of 0.04 um and an outer
shell section of plate shaped or needle shaped primary par-
ticles having a particle size of 0.9 um; the thickness of the
outer shell section being 0.95 um and the ratio of the thickness
ol the outer shell section with respect to the particle size being
25%.

[0255] Next, except for heat treating the obtained compos-
ite hydroxide for 12 hours at 150° C., then using lithium
carbonate as a lithium compound to obtain a lithium mixture
with Li/Me=1.15, and temporarnly calcining the obtained
lithium mixture 1n air for 4 hours at 760° C., and performing
calcination for 10 hours at 950° C., cathode active material
was obtained 1n the same way as in Example 1.

[0256] The average particle size of the cathode active mate-
rial was 4.0 um, the value [(d90-d10)/ average particle size]
was 0.47, and the specific surface area was 1.3 m*/g. From
SEM observation 1t was confirmed that the cathode active
material was spherical, had mostly a uniform particle size and
had hollow structure with an outer shell section comprising
sintered primary particles, and a hollow section 1nside
thereof. From this observation 1t was found that the thickness
of the outer shell section was 0.92 um and the ratio of the
thickness of the outer shell section with respect to the particle
s1ze was 23%. Furthermore, it was confirmed that the crystal
structure of this cathode active material was single-phase
hexagonal layered crystalline lithium nickel manganese com-
posite oxide, and that the composition of the cathode active
material was represented as L1, <Ni, 13,C0q 353 Mg 35,71,
0050,, where L1 was 7.93% by weight, N1 was 19.2% by
weight, Co was 19.3% by weight, Mn was 18.0% by weight
and Zr was 0.45% by weight.

[0257] When evaluating a coin type battery that has a cath-
ode that was formed using the cathode active matenal above,
except that the cutoll voltage 1s made to be 3.0 to 4.3 V,
evaluation was performed in the same way as 1n Example 1,
and 1t was found that the mnitial discharge capacity was 138.2
mAh/g, and the cathode resistance was 3.2€2. Moreover, the
capacity retention rate after 200 cycles was 91%.

Example 4

[0258] Except for simultaneously and continuously adding
an aqueous solution of sodium tungstate during the crystalli-
zation reaction, the composite hydroxide particles were
obtained in the same as 1n Example 3.

[0259] The composition of the composite hydroxide par-
ticles 1s expressed as Nij ,,C0, s M1 12215 605 Wo 00s(OH)
., (O=a 0.5), the average particle size was 4.0 um, and the
value [(d90-d10)/average particle size] was 0.44. From SEM
observation, 1t was confirmed that the composite hydroxide
particles were spherical and mostly had uniform particle size.
Furthermore, 1t was observed that the composite hydroxide
particles comprised secondary particles, and that the second-
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ary particles were spherical with a center section having
primary particles with a particle size of 0.03 um and an outer
shell section having plate shape or needle shaped primary
particles with a particle size of 0.8 um; the thickness of the
outer shell section being 1.0 um and the ratio of the thickness
of the outer shell section with respect to the particle size being

25%.

[0260] Adfter that, cathode active material was obtained
from the composite hydroxide particles 1n the same way as 1n
Example 3. The average particle size of the cathode active
material was 4.3 um, the value [(d90-d10)/average particle
size] was 0.49, and the specific surface area was 1.4 m®/g.
From SEM observation 1t was confirmed that the cathode
active material was spherical, had mostly a uniform particle
size and had hollow structure with an outer shell section
comprising sintered primary particles, and a hollow section
inside thereof. From this observation 1t was found that the
thickness of the outer shell section was 0.95 um and the ratio
of the thickness of the outer shell section with respect to the
particle size was 22%. Furthermore, 1t was confirmed that the
crystal structure of this cathode active material was single-
phase hexagonal layered crystalline lithium nickel manga-
nese composite oxide, and that the composition of the cathode
active material was represented as L1, ; Ni, 5;C0, 33 Mng

33W 4 005215 00505, Where L1 was 8.07% by weight, N1 was
19.6% by weight, Co was 19.7% by weight, Mn was 18.3% by

weight, Zr was 0.46% by weight and W was 0.93% by weight.

[0261] A coin type battery that has a cathode that was
tormed using the cathode active material above was evaluated

in the same way as 1n Example 3, and 1t was found that the
initial discharge capacity was 157.4 mAh/g, and the cathode

resistance was 3.1£2. Moreover, the capacity retention rate
alter 200 cycles was 92%.

Example 5

[0262] Except for using a 1.8 mol/LL mixed solution
obtained by dissolving nickel sulfate, cobalt sulfate, manga-
nese sulfate and zirconium sulfate in water so that the molar
ratio of each metal element was N1:Co:Mn:Zr=33.2:33.1:33.
2:0.5, and simultaneously and continuously adding an aque-
ous solution of sodium tungstate during the crystallization
reaction, the composite hydroxide particles were obtained in
the same as 1n Example 1.

[0263] The composition of the composite hydroxide par-
ticles 1s expressed as Ni, ;;C0q 33Mng 323215 505 Wo 00s(OH)
5., (0=a 0.5), the average particle size was 3.8 um, and the
value [(d90-d10)/average particle size] was 0.42. From SEM
observation, 1t was confirmed that the composite hydroxide
particles were spherical and mostly had uniform particle size.
Furthermore, 1t was observed that the composite hydroxide
particles comprised secondary particles, and that the second-
ary particles were spherical with a center section having
primary particles with a particle size of 0.03 um and an outer
shell section having plate shape or needle shaped primary
particles with a particle size of 0.8 um; the thickness of the
outer shell section being 1.0 um and the ratio of the thickness

of the outer shell section with respect to the particle size being
26.3%.

[0264] Next, except for heat treating the obtained compos-
ite hydroxide for 12 hours at 150° C., then using lithium
carbonate as a lithium compound to obtain a lithium mixture
with Li/Me=1.15, and temporarnly calcining the obtained
lithium mixture 1n air for 4 hours at 760° C., and performing
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calcination for 10 hours at 950° C., cathode active material
was obtained 1n the same way as in Example 1.

[0265] The average particle size of the cathode active mate-
rial was 4.1 um, the value [(d90-d10)/average particle size]
was 0.48, and the specific surface area was 1.3 m*/g. From
SEM observation 1t was confirmed that the cathode active
material was spherical, had mostly a uniform particle size and
had hollow structure with an outer shell section comprising
sintered primary particles, and a hollow section inside
thereol. From this observation 1t was found that the thickness
of the outer shell section was 0.94 um and the ratio of the
thickness of the outer shell section with respect to the particle
s1ze was 23%. Furthermore, it was confirmed that the crystal
structure of this cathode active material was single-phase
hexagonal layered crystalline lithium nickel manganese com-
posite oxide, and that the composition of the cathode active

material was represented as L1, N1, 33 Con 33 Mng 5371,
005 W, 1050,, where L1 was 8.07% by weight, N1 was 19.6%

by weight, Co was 19.7% by weight, Mn was 18.3% by
weight, Zr was 0.46% by weight and W was 0.93% by weight.
[0266] When evaluating a coin type battery that has a cath-
ode that was formed using the cathode active material above,
except that the cutoil voltage 1s made to be 3.0 to 4.3 V,
evaluation was performed 1n the same way as in Example 1,
and 1t was found that the mnitial discharge capacity was 138.2
mAh/g, and the cathode resistance was 3.2€2. Moreover, the
capacity retention rate after 200 cycles was 92%.

Example 6

[0267] Except for adding the aqueous solution for nucle-
ation after the nucleation step to a component adjustment
solution that was prepared separately from the aqueous solu-
tion of nucleation to form a reaction solution and performing
the particle growth step with this reaction solution as the
particle growth aqueous solution, the composite hydroxide
particles were obtained 1n the same way as in Example 1. The
component adjustment solution was adjusted to a pH value of
10.6 by mixing a 1.8 mol/LL mixed solution that was obtained
by dissolving nickel sulfate and manganese sulfate in water
with a 25% by weight sodium hydroxide aqueous solution.
[0268] The composition of the composite hydroxide par-
ticles 1s expressed as Ni, ,Mn, s, (OH),.  (0O=a 0.5), the
average particle size was 4.1 um, and the value [(d90-d10)/
average particle size] was 0.50. From SEM observation, 1t
was confirmed that the composite hydroxide particles were
spherical and mostly had uniform particle size. Furthermore,
it was observed that the composite hydroxide particles com-
prised secondary particles, and that the secondary particles
were spherical with a center section having primary particles
with a particle size of 0.04 um and an outer shell section
having plate shape or needle shaped primary particles with a
particle size o1 0.9 um; the thickness of the outer shell section
being 1.1 um and the ratio of the thickness of the outer shell
section with respect to the particle size being 26.8%.

[0269] Adter that the cathode active material was obtained
in the same way as in Example 1. The average particle size of
the cathode active material was 4.3 um, the value [(d90-d10)/
average particle size] was 0.53, and the specific surface area
was 1.2 m*/g. From SEM observation it was confirmed that
the cathode active material was spherical, had mostly a uni-
form particle size and had hollow structure with an outer shell
section comprising sintered primary particles, and a hollow
section 1nside thereof. From this observation 1t was found that
the thickness of the outer shell section was 1.1 um and the
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rat10 of the thickness of the outer shell section with respect to
the particle size was 25.6%. Furthermore, 1t was confirmed
that the crystal structure of this cathode active material was
single-phase hexagonal layered crystalline lithium nickel
manganese composite oxide, and that the composition of the
cathode active material was represented as L1, ; N1, .,Mn,
500,, where L1 was 9.53% by weight, N1 was 29.6% by
weight, and Mn was 27.7% by weight.

[0270] When evaluating a coin type battery that has a cath-
ode that was formed using the cathode active material above
in the same way as 1n Example 1, 1t was found that the mitial
discharge capacity was 203.3 mAh/g, and the cathode resis-
tance was 8.6L2. Moreover, the capacity retention rate after
200 cycles was 85%.

Example 7

[0271] Except for stopping the supply and mixing of the
mixed solution and sodium hydroxide aqueous solution once
to allow the nucle1 and composite hydroxide to precipitate out
and drain the supernatant liquud from the particle growth
aqueous solution during the particle growth process, the com-
plex hydroxide particles are obtained in the same way as in
Example 1.

[0272] The composition of the composite hydroxide par-
ticles 1s expressed as Ni, Mn, s, (OH),.  (O=a 0.5), the
average particle size was 3.9 um, and the value [(d90-d10)/
average particle size] was 0.48. From SEM observation, i1t
was confirmed that the composite hydroxide particles were
spherical and mostly had uniform particle size. Furthermore,
it was observed that the composite hydroxide particles com-
prised secondary particles, and that the secondary particles
were spherical with a center section having primary particles
with a particle size of 0.05 um and an outer shell section
having plate shape or needle shaped primary particles with a
particle size of 0.9 um; the thickness of the outer shell section
being 1.3 um and the ratio of the thickness of the outer shell
section with respect to the particle size being 33.3%.

[02773] Adter that the cathode active material was obtained
in the same way as in Example 1. The average particle size of
the cathode active material was 4.3 um, the value [(d90-d10)/
average particle size] was 0.54, and the specific surface area
was 1.4 m*/g. From SEM observation it was confirmed that
the cathode active material was spherical, had mostly a uni-
form particle size and had hollow structure with an outer shell
section comprising sintered primary particles, and a hollow
section inside thereof. From this observation 1t was found that
the thickness of the outer shell section was 0.7 um and the
rat10 of the thickness of the outer shell section with respect to
the particle size was 16%. Furthermore, 1t was confirmed that
the crystal structure of this cathode active material was
single-phase hexagonal layered crystalline lithium nickel
manganese composite oxide, and that the composition of the
cathode active material was represented as L1, N1, .,Mn,
500,, where L1 was 9.55% by weight, N1 was 29.7% by
weight, and Mn was 27.8% by weight.

[0274] When evaluating a coin type battery that has a cath-
ode that was formed using the cathode active material above
in the same way as 1n Example 1, 1t was found that the mitial
discharge capacity was 204.5 mAh/g, and the cathode resis-
tance was 8.4€2. Moreover, the capacity retention rate after
200 cycles was 85%.

Comparative Example 1

[0275] Using a reaction tank for continuous crystallization
comprising an overtlow pipe at the top, in atmospheric atir,
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crystallization was performed by a typical method wherein a
mixed solution that i1s the same as 1n Example 1, a 10 g/LL
ammonia aqueous solution, and 25% by weight sodium
hydroxide aqueous solution are continuously added at a con-
stant flow rate while keeping the pH value of the reaction
solution constant at 11.0 at a standard solution temperature of
25° C., and the overtlowing slurry 1s continuously recovered.
The temperature 1nside the tank was maintained as 40° C.
Except for setting the average amount of time inside the
reaction tank for 10 hours, recovering the slurry, separating
the solids and liquid, and obtaining crystallized matter after
the 1nside of the tank reached a continuous state of equilib-
rium, cathode active material for a non-aqueous electrolyte
secondary battery was obtained and evaluated in the same
way as 1n Example 1.

[0276] The composition of the composite hydroxide par-
ticles 1s expressed as Ni, ,Mn, s, (OH),.  (0O=a 0.5), the
average particle size was 10.2 um, and the value [(d90-d10)/
average particle size] was 0.70. From SEM observation, 1t
was confirmed that overall the composite hydroxide particles
were primary particles that were the same as those of the outer
shell section of Example 1.

[0277] Theaverage particle size of the cathode active mate-
rial was 10.5 um, the value [(d90-d10)/average particle size]
was 0.73, and the specific surface area was 1.4 m*/g. From
SEM observation 1t was confirmed that the cathode active
material was spherical, had mostly a uniform particle size and
were particles having a dense solid structure. Furthermore, 1t
was conlirmed that the crystal structure of this cathode active
material was single-phase hexagonal layered crystalline
lithium nickel manganese composite oxide, and that the com-
position of the cathode active material was represented as
L1, 3,N1,5 oMn, <O, where L1 was 9.55% by weight, N1 was
29.7% by weight, and Mn was 27.8% by weight.

[0278] Evaluation of a battery that was the same as that of
Example 1 was performed, and it was found that the mitial
discharge capacity was 208.2 mAh/g, and the cathode resis-

tance was 30.5 CI. Moreover, the capacity retention rate after
200 cycles was 78%.

Comparative Example 2

[0279] Except for adding 25% by weight ammonia water
during the crystallization reaction so that the ammonia con-
centration 1n the solution becomes 15 g/L, keeping the tem-
perature inside the tank at 40° C., making the pH during
nucleation 12.8, and the pH during particle growth 11.6,
cathode active matenal for a non-aqueous electrolyte second-
ary battery was obtained and evaluated 1n the same way as 1n
Example 3.

[0280] The composition of the composite hydroxide par-
ticles 1s expressed as Nij 51,C0, 33, M1, 13,71 555(OH),.
(0=a 0.5), the average particle size was 4.2 um, and the value
[(d90-d10) average particle size] was 0.43. From SEM
observation, it was confirmed that overall the composite
hydroxide particles were primary particles that were the same
as those of the outer shell section of Example 1.

[0281] The average particle size of the cathode active mate-
rial was 4.4 the value [(d90-d10)/average particle size] was
0.51, and the specific surface area was 0.85 m*/g. From SEM
observation 1t was confirmed that the cathode active material
was spherical, had mostly a uniform particle size and were
particles having a dense solid structure. Furthermore, 1t was
confirmed that the crystal structure of this cathode active
material was single-phase hexagonal layered crystalline
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lithium nickel manganese composite oxide, and that the com-
position of the cathode active material was represented as
L1, ;N1 15,C0g 33 M1y 335741 5050,, where L1 was 7.93%
by weight, N1was 19.2% by weight, Co was 19.3% by weight,
Mn was 18.0% by weight and Zr was 0.45% by weight.

[0282] Evaluation of a battery that was the same as that of
Example 3 was performed, and i1t was found that the maitial
discharge capacity was 155.6 mAh/g, and the cathode resis-
tance was 5.1€2. Moreover, the capacity retention rate after
200 cycles was 90%. The particles had a solid structure, so
when compared with the particles 1n example 3 having the
same composition, the specific surface area was low and the
cathode resistance was high.

Comparative Example 3

[0283] Except for the temperature 1inside the tank being 40°
C., the pH during particle growth being 11.6, and the calci-
nation conditions being 1050° C. and 10 hours, the composite
oxide cathode active material was obtained 1n the same way as
in Example 3.

[0284] The composition of the composite hydroxide par-
ticles 1s expressed as Ni, ;3,C0g 33 Mg 33,21 505(OH),,
(O=a 0.5), the average particle size was 4.0 and the value
[(d90-d10)/average particle size] was 0.44. From SEM
observation, it was confirmed that the composite hydroxide
particles were spherical and mostly had uniform particle size.
Furthermore, 1t was observed that the composite hydroxide
particles comprised secondary particles, and that the second-
ary particles were spherical with a center section having
primary particles with a particle size of 0.05 um and an outer
shell section having plate shape or needle shaped primary
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particles with a particle size of 0.9 um; the thickness of the
outer shell section being 1.0 um and the ratio of the thickness
ol the outer shell section with respect to the particle size being

25%.

[0285] The average particle size of the cathode active mate-
rial was 8.9 um, the value [(d90-d10)/average particle size]
was 0.92, and the specific surface area was 0.42 m*/g. From
SEM observation 1t was confirmed that the cathode active
material was spherical, however, sintering of secondary par-
ticles advanced forming tertiary particles. It was also con-
firmed from this observation that sintering of primary par-
ticles and particle growth advanced, and the hollow section
became very small. From this observation 1t was found that
the thickness of the outer shell section of the cathode active
material was 2.0 um and the ratio of the thickness of the outer
shell section with respect to the particle size was 22.5%.
Furthermore, 1t was confirmed that the crystal structure of this
cathode active material was single-phase hexagonal layered
crystalline lithium mickel manganese composite oxide, and
that the composition of the cathode active material was rep-
resented as L1, ,N1j 33,C0q 33, M1g 33-7415 00505, where Li

was 7.80% by weight, N1 was 19.1% by weight, Co was
19.1% by weight, Mn was 17.9% by weight, and Zr was
0.45% by weight.

[0286] When evaluating a battery in the same way as for
Example 3, 1t was found that the 1nitial discharge capacity was
141.4 mAh/g, and the cathode resistance was 8.6£2. More-
over, the capacity retention rate atter 200 cycles was 76%.
The calcination temperature was high and sintering
advanced, so when compared with the third example having
the same composition, the specific surface area was low and
the cathode resistance value was high.

TABLE 1

(Manufacturing Conditions and Characteristics of Composite Hyvdroxide Particles)

Average Particle Size

NH; Secondary Particles of Primary Particles Thickness of the
Added Tank  Nucle- Particle Concen- Average par- (d90 -d10)/ Center Outer shell _Outer Shell Section
Element  Temp. ation  Growth tration ticle Size Avg. Par- section section Thickness  Rate
M (C.) pH pH (g/L) (um) ticle Size  (um) (Lm) (Hm) (o)
Example 1 — 70 13.1 10.6 — 3.9 0.49 0.05 0.8 1.2 30.8
Example 2  — 70 13.1 10.6 — 3.9 0.49 0.05 0.8 1.2 30.8
Example3  Zr 65 12.8 10.6 — 3.8 0.41 0.04 0.9 0.95 25.0
Example4  Zr, W 65 12.8 10.6 — 4.0 0.44 0.03 0.8 1.0 25.0
Example 5 Zr, W 70 13.1 10.6 — 3.8 0.42 0.03 0.8 1.0 26.3
Example 6  — 70 13.1 10.6 — 4.1 0.50 0.04 0.9 1.1 26.8
Example 7 — 70 13.1 10.6 — 3.9 0.48 0.03 0.9 1.3 33.3
Comparative — 40 11.0 11.0 10 10.2 0.70 — — Uniform structure
Examplel
Comparative — 40 12.8 11.6 15 4.2 0.43 — — Uniform structure
Example 2
Comparative Zr 40 12.8 11.6 — 4.0 0.44 0.05 0.9 1.0 25
Example 3
TABLI
(Manufacturing Conditions and Characteristics of Cathode Active Material)
Avg. Par- (d90 - d10)/
Calcination ticle Size Avg. par-
Li/Me (° C.) Composition (pm) ticle size
Example 1 1.35 900 L1; 34N1g s06M1g 5005 4.3 0.55
Example 2 1.25 850 L1; 55Nig so6M1g 5005 4.8 0.52
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TABLE 2-continued

(Manufacturing Conditions and Characteristics of Cathode Active Material)

Mar. 24, 2016

Example 3 1.15 950 L1y.15N1g 332C00 331 MNg 332216 0050>
Example 4 1.15 950 Li1y.15N1g.33C00 33M1g 33716 605W 0.0050>
Example 3 1.13 930 L1y 15Nig 33C006 33Mng 33710 665W 6.0050>
Example 6 1.35 900 L1 36N1g soMng 5005
Example 7 1.35 900 L1 36N1g soMng 5605
Comparative 1.35 900 L1 36N1g soMng 5005
Examplel
Comparative 1.15 950 L1y.15N1g 332C00 331 MNg 332216 0050>
Example 2
Comparative 1.15 1050 L1 146N1g 335CO0 33 MNg 335215 6050-
Example 3
Specific Initial
Outer shell thickness  Surface  Discharge
Thickness Rate Area Capacity
(um) (%) (m°g™) (mAh-g™)
Example 1 0.66 15.3 1.5 206.5
Example 2 0.58 14.1 1.6 202.3
Example 3 0.92 23 1.3 15%8.2
Example 4 0.95 22 1.4 157.4
Example 5 0.94 23 1.3 15%8.2
Example 6 1.1 25.6 1.2 203.3
Example 7 0.7 16 1.4 204.5
Comparative Solid 1.4 208.2
Examplel
Comparative Solid 0.85 155.6
Example 2
Comparative 2.0 22.5 0.42 141.4
Example 3
INDUSTRIAL APPLICABILITY
[0287] The non-aqueous electrolyte secondary battery of

the present invention 1s suitable as a power source for com-
pact electronic devices (notebook type personal computer,
mobile telephone, and the like).

[0288]

Moreover, the non-aqueous electrolyte secondary

battery of the present invention has excellent satety charac-
teristics, 1s compact and has high output, so 1s suitable for use
as a power source of conveying equipment with limited space.

EXPLANATION OF REFERENCE NUMBERS

[0289]
(0290}
[0291]
[0292]
[0293]
[0294]
[0295]
[0296]
[0297]

1 Coin type battery
2 Case

2a Cathode can

2b Anode can

2¢ (Gasket

3 Electrodes

3a Cathode

36 Anode
3¢ Separator

What is claimed 1s:
1. A cathode active material for a non-aqueous electrolyte
secondary battery, the cathode active material comprising;:
spherical secondary particles formed with aggregated pri-
mary particles of a lithium nickel manganese composite
oxide, the lithium mickel manganese composite oxide
expressed by the general formula

Liy,,Ni,Mn Co,M,0,

wherein
—0.05=u=<0.50,
X+y+zZ+1=1,

4.0 0.47
4.3 0.49
4.1 0.48
4.3 0.53
4.3 0.54
10.5 0.73
4.4 0.51
8.9 0.92
Capacity
Cathode  Retention
Resistance Rate
(£2) (%o)
8.3 86
8.9 85
3.2 o1
3.1 92
3.2 92
8.6 85
8.4 83
30.5 7R
5.1 90
8.6 76
0.3=x=0.7
0.1=y=0.55,
O<z=<0.4,
O<t<0.1

M 1s an added element selected from one or more ele-
ments from among Mg, Ca, Al, 11, V, Cr, Zr, Nb, Mo
and W;
wherein the secondary particle comprise
a layered hexagonal crystalline structure,

an average particle size of 2 to 8 um,

a value of 0.60 or less of index (d90-d10)/average par-
ticle size) indicating an extent of a particle size dis-
tribution,

a specific surface area of 1 to 1.8 m*/g, and

a hollow structure comprising a hollow section formed

in a center section of the secondary particles and an
outer shell section on the outside of the hollow sec-
tion, the outer shell section formed with the aggre-
gated primary particles and the thickness of the outer
shell section being 0.5 to 2.5 um to allow electrolyte to
enter mside from the particle boundaries or space
between the primary particles of the outer shell and to
allow lithium to be 1nserted and removed at a reactive
interface on a surface of the primary particles on the
hollow section side; and

a ratio of the thickness of the outer shell section with
respect to the particle size of the lithium nickel man-

ganese composite oxide particles 1s 0.05 to 0.45.
2. The cathode active material for a non-aqueous electro-
lyte secondary battery of claim 1, wherein the average particle
size 1s 3 to 6 um, and the specific surface areais 1 to 1.6 m*/g.

G o e = x
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