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(57) Abrege(suite)/Abstract(continued):

amorphous lithium iron-phosphate complex within a temperature range from the glass transition temperature to the crystallization
temperature of the complex. Alternatively, the electrode active material may have as a main constituent a crystalline lithium iron-
phosphate complex obtained from a melt having a lithium-iron-phosphate composition, the crystalline lithium iron-phosphate
complex constituting more than 50% by mass of the material, in which case the material Is manufactured by adjusting the melt such
that the composition of the melt is non-stoichiometric and crystallizing the lithium-iron-phosphate composition and a LI,PO, phase

by slow cooling of the melt. The lithium-iron-phosphate composition has the formula LiXFePyOZ, wherein 0 <x<2, 0<y<2 1=<z<
7.9.
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ABSTRACT

A method of manufacturing an electrode active material comprising the steps of obtaining an
amorphous lithium-i1ron-phosphate complex by rapidly cooling a melt having a lithium-1ron-
phosphate composition and crystallizing a L13PO4 phase by heat treating the amorphous
lithium 1ron-phosphate complex within a temperature range from the glass transition
temperature to the crystalhization temperature of the complex. Alternatively, the electrode
active material may have as a main constituent a crystalline lithium iron-phosphate complex
obtained from a melt having a lithium-iron-phosphate composition, the crystalline lithium
iron-phosphate complex constituting more than 50% by mass of the material, in which case
the material 1s manufactured by adjusting the melt such that the composition of the melt 1s
non-stoichiometric and crystallizing the lithium-iron-phosphate composition and a L1;PO4
phase by slow cooling of the melt. The lithrum-iron-phosphate composition has the formula

LixFePyO,, wherein 0 <x <2,0<y<2,1<z<7.5.
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ELECTRODE ACTIVE MATERIAL COMPRISING AN AMORPHOUS OR

CRYSTALLINE LITHIUM-IRON-PHOSPHATE COMPLEX IN ADMIXTURE

WITH AN LI;PO; PHASE AND MANUFACTURING METHOD OF SAME

BACKGROUND OF 'HE INVENTION

]. Field of the Invention

[0001] The invention relates to electrode active material that can inhibit an
irreversible reaction which reduces an irreversible capacity, thus enabling a high capacity
to be maintained even when used at a high potential.

2. Description of the Related Art

[0002] A lithium-ion secondary battery is a classic example of a secondary
battery that charges and discharges by cations such as lithium ions travehng between
electrodes. Material that can absorb and release lithium 1ons can be used for the
electrode active material of such a secondary battery. One example of such a matenal 1s
carbonaceous material such as graphite which is an example of negative electrode active
material. On the other hand, an example of positive clectrode active matenal 1s an oxide
which has lithium and a transition metal as constituent elements, such as lithium nickel
oxide or lithium cobalt oxide (hereinafter, such an oxide may also be referred to as a
“lithium-containing composite oxide”). Moreover, in recent years, chemical compounds
having an olivine structure, ¢.g., chemical compounds represented by the general
expression LIMPO4 (M = Mn, Fe, Co, Cu, V), arc promising materials for positive
electrode active material due in part to their large theoretical capacity.

[0003] Meanwhile, Japanese Patent Application Publication No. 2005-158673
(JP-A-2005-158673) describes electrode active material which mainly consists of an
amorphous metal-phosphate complex that includes an olivine structure. With the
electrode active material that mainly consists of the, metal-phosphate complex, an
amorphous body can be synthesized from an inexpensive metal oxide at an extremely low
cost and in a short period of time by rapid cooling compared with a crystalline body of
related art. What is more, the resultant amorphous body seems to display the same

battery properties as the crystalline body.
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[0004] However, when an amorphous metal-phosphate complex is used at a
high potential, as it is when used 1n a vehicle, a side reaction with the electrolyte solution
causes an irreversible reaction which results in irreversible capacity, and as a result,

sufficient charging and discharging was unable to be pertormed.
SUMMARY OF THE INVENTION

[0005] This invention thus provides electrode active material that can inhibit
irreversible reaction which reduces an irreversible capacity, thus enabling a high capacity
to be maintained even when it is used at a high potential.

[0006] A first aspect of the invention relates to electrode active material in
which a LisPO4 phase is mixed in with an amorphous iron-phosphate complex having a
LixFeP,O, composition.

[0007] According to the first aspect, mixing a LizPO4 phase in with an
amorphous iron-phosphate complex having a LisFePyO, composition inhibits an
irreversible reaction with the electrolyte solution. As a result, electrode active material
that can effectively reversibly charge and discharge can be obtained.

[0008] Also, the amount of the LisPO4 phase may be 0 < L13PO4 < 10 percent
by mass. This is because the Li;PO4 phase works to inhibit an irreversible reaction with
the electrolyte solution, but if the content of the Li3;PO4 phase is equal to or greater than
10 percent by mass, the capacity drops below the nécessary capacity. '

[0009] Also, a second aspect of the invention relates to electrode active
material in which a LisPO; phase is mixed in with a LiFePO4 or LisFe;(POs); crystalline
iron-phosphate complex.

[0010] According to this structure, mixing a Li3PO4 phase in with a LiFePOq4
or LisFey(PO,); crystalline iron-phosphate complex inhibits an irreversible reaction with
the electrolyte solution. As a result, electrode active material that can maintain a high
capacity even when used at a high potential can be obtained.

[0011] Also, the amount of the LisPO4 phase may be 0 < Li3PO4 < 10 percent
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by mass. This is because the L1;P0O4 phase works to inhibit an irreversible reaction with

the electrolyte solution, but if the content of the Li3PO4 phase i1s equal to or greater than

10 percent by mass, the capacity drops below the necessary capacity.

[0012] A third aspect of the tnvention relates to an electrode active material

manufacturing method that includes an amorphising step for obtaining an amorphous
iron-phosphate complex by rapidly cooling a melt having a LiFeP;O, composition, and a
crystallizing step for crystallizing a Li;PO4 phase by heat treating the amorphous
iron-phosphate complex within a temperature range from a glass transition temperature to

a crystallization temperature.

[0013] According to this third aspect of the invention, performing these steps

makes it possible to more efficiently manufacture material that displays useful properties
as electrode active matenal that inhibits an irreversible reaction with an electrolyte

solution and thus can reversibly charge and discharge.

[0014] Also, a fourth aspect of the invention relates to a manufacturing method

of electrode active material having as a main constituent a crystalline iron-phosphate

complex that used a melt having a LiFeP,O, composition. By “main” i1s meant that such
complex constitutes more than 50% by mass of the material. This manufacturing method
includes a melt adjusting step for adjusting the melt such that a composition of the melt is
off from a stoichiometric composition, and a crystallizing step for crystallizing a Li;PO,

phase by slowing cooling the melt.

[0015] According to this fourth aspect of the invention, performing these steps
makes it possible to more efficiently manufacture material that displays useful properties
as electrode active material that can maintain a high capacity even when used at a high
potential.

[0016] Also, a fifth aspect of the invention relates to a high voltage
nonaqueous electrolyte secondary battery that includes the electrode active matenal
described above

[0017] According to this fifth aspect of the invention, providing the electrode
active material that inhibits an irreversible reaction enables a nonaqueous electrolyte

secondary battery to be obtained that can maintain a high capacity even when used at a
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high potential.
[0018] This invention makes it possible to obtain electrode active material that
can inhibit an irreversible reaction which reduces the irreversible capacity, thus enabling

it to maintain a high capacity even when used at a high potential.
BRIEF DESCRIPTION OF THE DRAWINGS

[0019] The foregoing and further features and advantages of the invention will
become apparent from the following description of example embodiments with reference
fo the accompanying drawings, wherein like numerals are used to represent like elements
and wherein:

FIG. 1 is an XRD pattern of electrode active material obtained by Example 1;

FIG. 2 is an XRD pattern of electrode active material obtained by Combarative
example 1;

FIG. 3 is a property diagram showing the charge and discharge properties of a
lithium secondary battery obtained by Examplé 2;

FIG. 4 is a property diagram showing the charge and discharge properties of a
lithium secondary battery obtained by Comparative example 2;

FIG. 5 is an XRD pattern of electrode active material obtained by Example 3;

FIG. 6 is an XRD pattern of electrode active material obtained by Comparative
example 3; and

FIG. 7 is a property diagram showing the charge and discharge properties of

lithium secondary batteries obtained by Example 4 and Comparative example 4.
DETAILED DESCRIPTION OF THE EMBODIMENTS

[0020] Hereinafter, electrode active material and a manufacturing method
thereof according to the invention will be described in detail.

[0021] First the electrode active material of the invention will be described.

4
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The electrode active matenal of the invention can be divided into two example
embodiments, one which is mainly an amorphous iron-phosphate complex (the first
example embodiment), and the other which is mainly a crystalline iron-phosphate
complex (the second example embodiment). Hereinafter, the electrode active material
of the invention will be described 1n detail divided into these example embodiments.

[0022] The electrode active matenal according to the f{irst example
embodiment of the invention is such that a [.13PO4 phase mixed in with an amorphous
iron-phosphate complex having a composition of LisFeP,0,.

[0023] According to this example embodiment, having a 1.13P0O4 phase mixed
in with the amorphous iron-phosphate complex having a composition of LiFeP,0,
enables electrode active matenal to be obtained which can inhibit the irreversible reaction
with the electrolyte solution and thus reversibly charge and discharge. Hereinafter, the
electrode active matenal of this example embodiment will be described in detail for each
structure.

[0024]) First, the iron-phosphate complex having the composition of LiyFeP,O,
that is used in this example embodiment will be described.

[0025] The 1ron-phosphate complex of this example embodiment s
represented by the following general expression (1):

LiFeP,O, ... (1)
In this general expression (1), x, y, z are values that satisfy 0 < x £2; 0 <y <2;0<z <

7.5, and preferably 0 < x <2; 0 <y <2; 0 <z <7, respectively. Here, value z in the
general expression Li1,FeP,O; (1) 1s a value that is determined by the valence of iron and

the values x and y to satisty stoichiometry, and 1s expressed by the following equation

(2).

z=(x+ Sy + valence 2 or 3 ofiron) /2 ... (2)

The valence of iron is 2 when the foregoing iron-phosphate complex is reacted in an inert
atmosphere or a reducing atmosphere (simply referred to as a ‘“‘non-oxidizing

environment” in this specification), and 1s 3 when it is reacted in an oxidizing atmosphere.

Therefore, the iron takes on either a valence of 2 or 3 depending on the atmosphere. In
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this case, z can more specifically be a value that satisfies 1 <z < 7.5. In particular, In

this invention, the atmosphere is preferably a non-oxidizing atmosphere, i.e., the valence
of iron is preferably 2. In this case, z is a value that satisfies 1 <z <7.

[0026] In this example embodiment, the iron-phosphate complex with the
composition of Li,FeP,O, is an amorphous material. The amorphous iron-phosphate
complex may be amorphous to the extent that one or two or more of the following
conditions are satisfied. (1) the average crystallite size 1s equal to or léss than
approximately 1000 Angstrom (preferably equal to or less than approximately 100
Angstrom, and more preferably equal to or less than 50 Angstrom); (2) the specific
gravity of the iron-phosphate complex is large at equal to or greater than approximately
3% (and rﬁore preferably equal to or greater than approximately 5%) compared to the
specific gravity (theoretical value) when the iron-phosphate complex is completely
crystalline; and (3) no peak which supports the iron-phosphate complex being crystalline
can be observed in an X-ray diffraction pattern. That is, a classic example of the
iron-phosphate complex described here is mainly a lithium iron-phosphate complex that
satisfies one or two or more of the foregoing conditions (1) to (3). In this example
embodiment, the iron-phosphate complex may be a lithium iron-phosphate complex that
satisfies at least condition (3). Incidentally, the X-ray pattern can be obtained using an
X-ray diffractometer (XRD) (model number Rigaku RINT 2100 HLR/PC) that may be
obtained from Rigaku Corporation, for example.

[0027] Next, the LisPO,4 phase of this example embodiment will be described.
The Li;PO4 phase is mixed in with the amorphous iron-phosphate complex and inhibits a
side reaction with the electrolyte solution. That is, the LizPO4 crystalline phase 1s a
refractory so it inhibits an irreversible reaction with the electrolyte solution.

[0028] The percentage of the Li3PO4 crystalline phase is within the range of 0
< Li13P0O4 < 10 percent by mass, preferably within the range of 0 < L13PO4 < 5 percent by
mass, and more preferably within the range of O < LisPO4 < 1 percent by mass. If the
content exceeds that range, the Li;PQO,; crystalline phase itself will not charge and

discharge so the capacity decreases to less than the necessary capacity, and as a result,
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performance as electrode active material may dechne.

[0029] Incidentally, the use of the electrode active material obtained from this
example embodiment is not particularly limited. For example, it may be used as a
positive electrode active material of a high voltage nonaqueous electrolyte secondary
battery which will be described later.

[0030] Next, the second example embodiment of the electrode active material
of the invention will be described. The electrode active material of this example
embodiment has a Li;PO4 phase mixed in with a LiFePO4 or LizFe(PO4); crystalline
iron-phosphate complex.

[0031] According to this example embodiment, having a Li3PO4 phase mixed
in with a LiFePO, or LisFe;(PQ,); crystalline iron-phosphate complex enables electrode
active material to be obtained that can maintain a high capacity, even if used at a high
potential, by inhibiting the irreversible reaction with the electrolyte solution.
Hereinafter, the electrode active material of this example embodiment will be described
in detail for each structure.

[0032] First, the LiFePO4 or LizFex(POs); crystalline iron-phosphate complex
in this example embodiment will be described.

[0033] In this example embodiment, the iron-phosphate complex 1s LikFePOq
crystalline material with an olivine structure or LizFe,(POy) 3 crystalline material with a
NASICON structure. Of these, the LiFePO4 crystalline material with the olivine
structure enables the theoretical capacity to be larger.

[0034] The Li3PO, crystalline material that is mixed in with the foregoing
electrode active material of this example embodiment has effects similar to those
described in the foregoing first example embodiment so a description of the effects will -
be omitted here. |

[0035] Incidentally, the use of the electrode active material obtained from the
second example embodiment of the invention is not particularly limited. For example,
as in the first example embodiment, it may be used as positive electrode active material

of a high voltage nonaqueous electrolyte secondary battery which will be described later.
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[0036] Next, manufacturing methods of electrode active material according to
third and fourth example embodiments will be described. The manufacturing methods
of eleétrode active material of the invention can be classified into two example
embodiments, one which 1s a manufacturing method of mainly an amorphous
iron-phosphate complex (the third example embodiment), and the other which is a
manufacturing method of mainly a crystalline iron-phosphate complex (the fourth
example embodiment). Hereinafter, the manufaqturing mefhod of electrode active
material of the invention will be described in detail divided into these example
embodiments.

[0037] First, the manufacturing method of electrode active material of mainly
an amorphous iron-phosphate complex according to the third example embodiment of the
invention will be described. The manufacturing method of electrode active material of
this example embodiment includes 1) an amorphising step for obtaining an amorphous

iron-phosphate complex by rapidly cooling a melt having a LisFeP,O, composition, and

11) a crystallizing step for érystallizing the Li3PO4 by heat treating the amorphous

iron-phosphate complex within a temperature range from the glass transition temperature
to the crystallization temperature.

[0038] According to this third example embodiment, performing these steps
makes it possible to more efficiently manufacture material that displays useful properties

as electrode active material that inhibits an irreversible reaction with an electrolyte

“solution and thus can reversibly charge and discharge.

[0039] The manufacturing method of electrode active matenal according to the
third example embodiment includes at least the amorphising step and the crystallizing
step. Hereinafter, each of these steps will be described in detail.

[0040]) First, the amorphising step in the third example embodiment will be
described. The amorphising step in this exé.mple embodiment is a step for obtaining an
amorphous iron-phosphate complex by rapidly cooling a melt having a LixF‘ePyOZ
composition.

[0041]. The method for rapidly cooling the melt used in this step (i.e., the melt
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rapid cooling method) 1s a method for amorphising a metal complex by rapidly
solidifying the metal complex from a molten‘ state. For example, a metal complex 1n a
molten state is rapidly solidified by being put into a low temperature medium (such as ice
water) so that it solidifies rapidly. More specifically, the single-roll method for rapidly
cooling melt may be used, for example.

[0042] The melt rapid cooling method includes a process of rapidly solidifying
a mixture including Li raw material (such as a Li compound), Fe raw materal (such as an
Fe oxide), and P raw material (such as a phosphate compound), which corresponds to the
LiyFeP,O,. This method may preferably be applied to a lithium iron-phosphate complex
or the like.

[0043] As the Li raw material used in this step, one or two or more kinds of L1
compounds may be used. The Li compound may be, for example, L1,CO; or L10OH,
LiOH being the more preferable. Using this kind of lithium compound enables
electrode active material cdrresponding to a state in which lithium has been absorbed
beforechand to be obtained. As a result, the irreversible capacity can be reduced. In
addition, the melting point of the mixture can be reduced by selecting a lithium
compound that can function as a flux or fusing agent.

[0044] Also, as the Fe raw material used in this step, one or two or more kinds
of Fe oxides may be used. The Fe oxide may be, for example, FeO or Fe,0; or the like,
FeO being the more preferable.

[0045] Also, as the P raw material used in this step, one or two or more kinds
of phosphorous compounds may be used. The phosphorous compound may be, for
example, phosphorous oxide or phosphorous ammonium salt or the like, P,Os being
preferable.

[0046] The avefage particle diameter and particle diameter distribution and the
like of the raw materials used in this step are not particularly limited. Also, generally
the raw materials are preferably relatively uniformly mixed, and more preferably almost
uniformly mixed. However, the raw material composition is melted once so even if 1t 1s

not that uniform, it is still possible to manufacture electrode active material with
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sufficient uniformity for practical use. In this way, the method used in this example
embodiment differs from the solid feaction method of the related art in that it suppresses
the effects of the nature and uniformity of the raw material composition on the product
material and the manufacturing conditions are easy to control.

[0047] Next, the crystallization step of this third example embodiment will be
described. The crystallization step in this example embodiment is a step for separ;:lting
out the L13PO4 phase by heat treating the amorphous electrode active matenal LisFeP,0O,
obtained by the amorphising step within a temperature range from the glass transition
temperature to the crystallization temperature.

[0048] Normally the heat treatment in this step is preferably conducted 1n a
non-oxidizing atmosphere such as an inert gas atmosphefe of, for example, argon gas or
nitrogen (N>), or an atmosphere that includes a reducing gas such as hydrogen gas. Of
these, an 1nert gas atmosphere of argon gas 1s preferable.

[0049] The heating temperature during the heat treatment 1s within a
temperature range from the glass transition temperature of the amorphous electrode
active material LiyFeP,O, to the crystallization temperature thereof. However, within
this range the heat treatment is preferably conducted within the temperature range in
which the Li3POy4 crystalline phase separates out. More particularly, the heat treatment
1s preferably conducted within a temperature range in which crysfalline phases other than
the LisPO4 crystalline phase, such as the LiFePQ4 crystalline phase with the olivine
structure, do not separate out. More specifically, the temperature may be within a range
from 300 to 500°C, preferably 350 to 450°C, and more preferably 375 to 425°C.

[0050] Also, with regard to heating time, heating during the heat treatment 1s
preferably continued until the Li3PO,; crystalline phase separates out. Further, the
heating time 1s kept short enough so that crystalline phases other than the LisPOq4
crystalline phase, e.g., the LiFePO4 with the olivine structure, do not separate out. More
specifically, the heating time may be one hour or longer, preferably between 2 and 8
hours, and more preferably between 4 and 6 hours.

[0051] Next, the manufacturing method of electrode active material that
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mainly consists of a crystalline iron-phosphate complex according to the fourth example
embodiment of the invention will be described. The manufacturing method of electrode
active material of this example embodiment is a method for manufacturing electrode
active material that mainly consists of a crystalline iron-phosphate complex using a melt
having a LisFeP,0, éomposition, and includes 1) a melt adjusting step for adjusting melt
in which the composition thereof is off from the stoichiometric compos’ition, and 1) a
crystallizing step for crystallizing the Li3PO4 phase by gradually cooling this melt.

[0052] According to this fourth example embodiment, performing these steps
makes it possible to more efficiently manufacture material that displays useful properties
as electrode active material that can maintain a high capacity even when used at a high
potential.

[0053] The manufacturing method of electrode active material according to the
fourth example embodiment includes at least the melt adjusting step and the crystallizing
step. Hereinafter, each of these steps will be described 1n detail.

[0054] First, the melt adjusting step in the fourth example embodiment will be
described. The melt adjusting step in this example embodiment is a step for adj usting
melt so that the Li,FePyO, composition of the melt is off from the stoichiometric
composition.

[0055] The melt used in this step may be obtained by preparing a solid raw
material composition including Li raw material (such as a Li compound), Fe raw material
(such as an Fe oxide), and P raw material (such as a phosphate compound), which
corresponds to LiyFePyO,, for example, and then melting that composition (i.€., turning it
into a molten state). This method may preferably be applied to a lithium iron-phosphate
complex or the like.

[0056] Incidentally, the Li Fe, and P raw materials are the same as those
described in the third example embodiment so descriptions thereof will be omitted here.

[0057] Also, the average particle diameter and particle diameter distribution
and the like of the raw materials used in this step are also the same as those described in

the third example embodiment so descriptions thereof will be omitted here.
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[0058] The melt in this step preferably contains Li, Fe, and P raw materials of
which the content ratio is off from the stoichiometric composition (1.e., an atomic ratio of
Li:Fe:P=1:1:1). The content ratio of the Li raw material, the Fe raw matenal, and
the P raw material used in this step is, for example, Li: Fe : P=1:05t0 1.5: 0.5 to 1.5,
preferably Li: Fe: P=1:0.6 to 1.4 : 0.6 to 1.4, and more preferably Li: Fe : P=1:0.7
to 1.3 : 0.7 to 1.3, as the atomic ratio of L1, Fe, and P.

[0059] Next, the crystallizing step in the fourth example embodiment will be
described. The crystallizing step in this example embodiment 1s a step for crystallizing
the LisPO4 phase by slowly cooling the melt having the LiyFePyO, composition obtained
from the melt adjusting step.

[0060] The method for slowly cooling the melt used in this step (1.e., the melt
slow cool‘ing method) is a method for crystallizing a metal complex by reducing the
temperature of the metal complex relatively slowly from a molten state.

[0061] From the viewpoint of manufacturing efficiency and ehergy cost and
the like, the period of time from after the raw material composition obtained by the melt
adjusting step is melted (i.e., the melt time) until it starts to be cooled (slowly cooled) 1s,
for example, no more than 24 hours, preferably between 5 minutes and 24 hours, and
more preferably between 5 minutes and 6 hours.

[0062] Also, from the viewpoint of increasing the uniformity of the object, the
time for which the melt is maintained at the maximum temperature is, for example, at
least 30 seconds, preferably at least 30 seconds but no more than 2 hours, and more
preferably at least 1 minute but no more than 1 hour.  Alternatively, the melt may start to
be slowly cooled immediately after being heated to the maximum temperature.

[0063] The slow cooling may be performed while controlling the temperature |
profile to a predetermined temperature profile or the melt may be left to cool naturally on
its own. The predetermined temperature profile may be one in which the temperature 1s
gradually reduced at a constant rate (temperature reducing rate), one in which the
témperature is reduced in stages, or a combination of the two. Of these, a temperature

profile in which the temperature is reduced at a constant rate is easy and preferable. In
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general, a more highly crystallized object tends to be obtained with a slower temperature
reducing rate. However, if the temperature reducing rate is too slow, 1t may reduce
manufacturing efficiency. Taking these points into account, the temperature reducing
rate is,' for example, preferably set to at least 6°C/h, more preferably at least 30°C/h, and
even more preferably at least 60°C/h. When the temperature is reduced in stages as well,
the average temperature reducing rate from the start of slow cooling until the end of slow
cooling is also preferably within these ranges.

[0064] Also, the slow cooling is preferably performed at least between the time
that the melt is at the maximum temperature, i.e., in a molten state, until it solidifies.
For example, the melt is slowly cooled until its temperature 1s at least no more than

300°C, more preferably no more than 100°C, and more preferably no more than 40°C or

approximately room temperature.

[0065] Next, a high voltage nonaqueous electrolyte secondary battery
éccording to a fifth example embodiment of the invention will be described. The high
voltage nonaqueous electrolyte secondary battery of the fifth example embodiment
includes the electrode active material described above.

[0066] According to the fifth example embodiment of the invention, it 1s
possible to obtain a nonaqueous electrolyte secondary battery that can maintain a high
capacity, even when used at a high potential, by having the foregoing electrode active
material that inhibits an irreversible reaction.

[0067] The nonaqueous electrolyte secondary battery according to the fifth
example embodiment of the invention is a nonaqueous electrolyte secondary battery that
has a positive electrode containing the electrode active material, a negative electrode
containing negative electrode active material, and a nonaqueous electrolyte. The
nonaqueous electrolyte secondary battery according to the fifth example embodiment of
the invention is advantageous in that it can maintain a high capacity even when used at a
high potential. Hereinafter, the reason why the nonaqueous electrolyte secondary
battery of the fifth example embodiment of the invention has this kind of édvantage will

be described. The nonaqueous electrolyte secondary battery according to the fifth
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example embodiment of the invention can inhibit an irreversible reaction with the
electrolyte solution during charging by using electrode active material into which the
LisPO4 crystallization phase described in either the foregoing first or second example
embodimenf has been mixed as the positive electrode active material. It is presumed
that this is because the Li3PO4 crystallization phase is a refractory. As a result, a
nonaqueous electrolyte secondary battery can be obtained that has superior charging and
discharging characteristics in which an irreversible reaction can be inhibited such that a
high capacity can be maintained even if it is used at a high potential. Hereinafter, the
high voltage nonaqueous electrolyte secondary battery of this invention will be described
in detail for each structure.

[0068] First, the positive electrode used 1n .the fifth example embodiment of the
invention will be described. The positive electrode at least has the electrode active
material and also normally has a binder to hold the electrode active matenal.

[0069] Any well-known binder may be used. More specifically, the binder
may be, for example, polyvinylidene-fluoride (PVDF), polytetrafluoroethylene (PTFE),
polyvinylidene-fluoride - hexafluoropropylene copolymer (PVDF - HFP), a
fluorine-containing resin such as fluoro-rubber, or a thermoplastic resin such as
polypropylene or polyethylene. Also, the content of the binder of the positive electrode
layer is, for example, within a range of 1 to 10 percent by mass, and preferably within a
range of 3 to 7 percent by mass.

[0070] Also, the positive electrode may contain an additive in addition to the
positive electrode active material and the binder. A conductive agent, for example, may
be used as the additive. More specifically, carbon black, acetylene black, ketjen black,
or black lead or the like may be used as the conductive agent.

[0071] Next, the negative electrode used in the fifth example embodiment of
the invention will be described. When the foregoing electrode active material 1s used as
the positive electrode of the battery, a metal such as lithium (L1), natrium (Na),
magnesium (Mg), aluminum (Al), or an alloy thereof, or carbon material that can absorb

and release cations, or the like may be used as negative electrode active material for the
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counter electrode to the positive electrode. Furthermore, the negative electrode also
normally has a binder to hold the negative electrode active material.

[0072] Also, examples of the Binder used in the negative electrode according to
the fifth example embodiment of the invention include polyvinylidene-fluoride (PVDEF),
carboxymethylcellulose (CMC), and styrene-butadiene rubber polymer (SBR).

[0073] Further, the negative electrode may also contain an additive in addition
to the negative electrode active .material and the binder. A conductive agent, for
example, may be used as the additive. More specifically, carbon black, acetylene black,
kétj en black, or black lead or the like may be used as the conductive agent.

[0074] The nonaqueous electrolyte used in the secondary battery according to
this fifth example embodiment of the invention may include a nonaqueous solvent and a
compound (support electrolyte) that contains cations that can be inserted into and
removed from electrode active material. The nonaqueous solvent of the nonaqueous
electrolyte may be any of a variety of types of aprotic solvents such as a carbonate, ester,
ether, nitrile, sulfone, or lactone type. - Examples include propylene carbonate; ethylene
carbonate; diethyl carbonate; dimethyl carbonate; ethyl methyl carbonate; 1,
2-dimethoxyethane; 1, 2-diethoxyethane; acetonitrile; propionitrile; tetrahydrofuran;
2-methyltetrahydrofuran; dioxane; 1, 3-dioxolan; nitromethane; N,
N-dimethylformamide; dimethylsulfoxide; sulfolane; and y-butyrolactone. Only one
type or a mixture of two or more types of nonaqueous solvent selected from among these
nonaqueous solvents may be used. Also, a compound that includes cations that are
inserted into/removed from the electrodé active material may be used as the support
electrolyte that constitutes the nonaqueous electrolyte. For example, with a lithium 10n
secondary battery, one or two or more types of lithium compounds (lithium salts) such as
LiPF¢, LiBF4, LIN(CF3S0,),, LiCF3S03, LiC4F9SO3, LiC(CF3S0;)3, and LiClO4 may be
used.

[0075] The nonaqueous electrolyte secondary battery obtained from the fifth
example embodiment of the invention may be any of a variety of shapes, such as

coin-shaped, laminated (stacked), or cylindrical. Of these, laminated or cylindrical 1s
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preferable.

[0076] Also, the nonaqueous electrolyte secondary battery can be used with
high voltage, the range of the maximum voltage being within 3.5 to 5.5V, for example,
preferably 3.7 to 5.3V, and more preferably 4.5 to 5.5V.

[0077] The purpose for which the nonaqueous electrolyte secondary battery 1s
used is not particularly limited. For example, the nonaqueous electrolyte secondary
battery may be used in an automobile. '

[0078] Incidentally, the invention is not limited to the foregoing example
embodiments. The foregoing example embodiments illustrate examples. Other
examples having substantially the same structure as the technical ideas described within
the scope of the claims for patent of the invention and displaying the same operation and
effects are also included within the technical scope of the invention.

[0079] Hereinafter, the invention will be described in even more detail with the
following examples.

[0080] [Example 1}

LiOH as the Li raw material, FeO as the Fe raw material, and P,Os as the P raw
material were mixed together at a molar ratio of 2 : 1 : 1.5. This mixture was then
melted for 1 minute at 1200°C in an Ar atmosphere and then rapidly cooled with a Cu roll
using a single-roll rapid cooling apparatus to obtain amorphous electrode active material
LixFéPyOz. The obtained amorphous electrode active material was then heat treated for
5 hours at 400°C in an Ar atmosphere such that electrode active material in which a
Li;PO4 phase is mixed in with an amorphous iron-phosphate complex having a Li,FeP,O,
composition Was obtained.

[0081] Next, the X-ray diffraction pattern of the obtained electrode active
material in which a Li;PO4 phase is mixed in with an amorphous iron-phosphate complex
having a LiyFeP,O, composition was measured under the following conditions.
Apparatus used: Rigaku, RAD-X; X-ray: CuKa, 40 kV, 40 mA; scan range: 2 6 = 10° to
80°. The X-ray diffraction pattern of the electrode active material after heat treatment

that was obtained by these measurements 1s shown in FIG. 1.
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[0082] [Comparative Example 1}

[LiOH as the Li raw material, FeO as the Fe raw material, and P,Os as the P raw
material were mixed together at a molar ratio of 2 : 1 : 1.5. This mixture was then
melted for 1 minute at 1200°C 1n an Ar atmbsphere and then rapidly cooled with a Cu roll
using a single-roll rapid cooling apparatus to obtain amorphous electrode active maternal
LixFeP,0..

[0083] The X-ray diffraction pattern of the obtained electrode active material
LixFeP,O, was then measured under the same conditions as those in Example 1 above.
The X-ray diffraction pattern of the electrode active material before heat treatment that

was obtained by these measurements is shown 1n FIG. 2.

[0084] [Example 2]}

A test coin cell was manufactured using the electrode active material after heat
treatment that was obtained by Example 1. That is, ketjen black as the conducting
material and polytetrafluoroethylene (PTFE) as the binder were mixed together at a mass
ratio of electrode active material : conducting material (i.e., ketjen black) : binder (PTFE)
=70:25:5. A testelectrode was then manufactured using this mixture. Metal L1 was
used as the counter electrode and a polyethylene (PE) separator (Ube Industries, Ltd.)
was used for the separator. Also, for the electrolyte solution, LiPFg was dissolved at a
concentration of 1 mol/liter'in a mixed solvent with a volume ratio of 3 : 3 : 4 of ethylene
carbonate (EC), ethyl methyl carbonate (EMC), and dimethyl carbonate (DMC). The
test coin cell was manufactured using these constituent elements. Charging and
discharging with a current value of 150 pA within a voltage range of 2.5 to 4.5V was then
repeatedly performed with this test coin cell. The results from charging and discharging
five times are shown 1n FIG. 3.

[0085] [Comparative example 2]

A test coil cell was manufactured using the electrode active material before heat
treatment that was obtained by Comparative example 1. The constituent elements of the

test cell and the measuring conditions are the same as those in Example 2. The results

are shown 1n FIG 4.
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[0086] [Example 3]

LiOH as the Li raw material, FeO as the Fe raw material, and P,0Os as the P raw
material were mixed together at a molar ratio of 1 : 1 : 0.75. This mixture was then
melted for 15 minutes at 1100°C in an Ar atmosphere and then cooled slowly to obtain
crystalline electrode active material in which a LizPO4 phase is mixed in with a
crystalline iron-phosphate complex having a LiyFePyO, composition.

[0087] Next, the X-ray diffraction pattern of the obtained crystalline electrode
active material was then measured under the same conditions as those in Example 1.
The X-ray diffraction pattern of the electrode active material that was obtained by those
measurements is shown in FIG. 5.

[0088] [Comparativ'e Example 3]

LiOH as the Li raw material, FeO as the Fe raw matenal, and P,0Os as the P raw
material were mixed together at a molar ratioof 1 : 1 : 1. This mixture was then melted
for 15 minutes at 1100°C in an Ar atmosphere and then cooled slowly to obtain
crystalline electrode active material having a LixFeP,O, composition.

[0089] Next, the X-ray diffraction pattern of the obtained crystalline electrode
active material was then measured under the same conditions as those in Example 1.
The X-ray diffraction pattern of the electrode active material that was obtained by those

measurements 1s shown in FIG 6.

[0090] [Example 4]

A test coin cell was manufactured using the electrode active material that was
obtained by Example 3. The constituent elements of the test coin cell are the same as
those in Example 2. Charging and discharging with a current value of 150 pA within a
voltage range of 2.5 to 5V was then repeatedly performed with this test coin cell. The
results are shown 1n FIG. 7.

[Comparative Example 4]

A test coin cell was manufactured using the electrode active material that was
obtained by Example 3. The constituent elements of the test coin cell are the same as

those in Example 2 and the measurement conditions were the same as those in Example 4.
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The results are shown 1n FIG 7.

[0091] [Results]

The following is evident from the results shown in FIGS. 1 to 7. As shown 1n
FIG. 1, the electrode active material obtained with Example 1 confirms that a L13PO4
crystalline phase and a LiFePOy crystalline phase with an olivine structure are mixed in
with amorphous material. On the other hand, as shown in FIG 2, the electrode active
material obtained with Coinparative example 1 shows only X-ray diffuse scattering
specific to amorphous material so crystalline material was not confirmed, only
amorphous material was confirmed. Also, as shown in FIG. 3, in Example 2, a L13POy
crystalline phase is mixed in with the amorphous iron-phosphate complex so even when
charging and discharging was repeated 5 times within the high voltage range of 2.5 to
4.5V, an irreversible reagtion with the electrolyte solution was inhibited so the
degradation reaction of the electrolyte solution was able to be reduced. As a result,
reversible charging and discharging was possible. On the other hand, as shown in FIG. 4,
with Comparative example 2, a Li3POy4 crystalline phase 1s not mixed 1in with the
amorphous iron-phosphate complex so when charging and discharging was performed 5
times within the high voltage range of 2.5 to 4.5V, the irreversible reaction was not
inhibited so the degradation reaction of the electrolyte solution was not able to be reduced.
As a result, reversible charging and discharging was not possible. Also, as shown 1n FIG.
5, the electrode active material obtained with Example 3 confirms that a Li3POy
crystalline phase is mixed in with a LiFePOj4 crystalline phase with an olivine structure
which is a crystalline iron-phosphate complex. On the other hand, as shown 1n FIG. 6,
the electrode active material obtained with Comparative example 3 confirms that only a
LiFePO, crystalline phase with an olivine structure formed. Also, as shown in FIG. 7,
with Example 4, it was confirmed that mixing the Li;PO4 crystalline phase into a
LiFePQ, crystalline phase with an olivine structure which is a crystalline iron-phosphate
complex inhibits the degradation reaction of the electrolyte solution such that it can be
used even with a high voltage of 5V. With Comparative example 4, on the other hand, 1t

was confirmed that a degradation reaction of the electrolyte solution occurred because a
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LisPO4 crystalline phase is not mixed in with the LiFePO4 crystalline phase having an
olivine structure which is a crystalline iron-phosphate complex so it is unable to be used

at a high voltage of 5V. From these results it was confirmed that with Examples 2 and 4,
which used the electrode active material of the invention, an irreversible reaction 1s able
to be suppressed which reduces the irreversible capacity, thereby enabling a high capacity

to be maintained even when it is used at a high potential.
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CLAIMS:

. A method of manufacturing an electrode active material comprising the steps of:
obtaining an amorphous lithium-iron-phosphate complex by rapidly cooling a melt
having a lithium-iron-phosphate composition; and
crystallizing a Li13PO4 phase by heat treating the amorphous lithium 1ron-phosphate
complex within a temperature range from the glass transition temperature to the
crystallization temperature of the complex;

wherein said lithium-iron-phosphate composition has the formula Li,FePyO,, wherein

0<x<2,0<y<2, 12570,

2. The method according to claim 1, wherein the temperature range 1s from 300 to
500°C.

3. The method according to claim 2, wherein the temperature range 1s from 350 to
450°C.

4, The method according to claim 3, wherein the temperature range 1s from 375 to
425°C.

5. The method according to any one of claims 1 to 4, wherein a percentage of the Li3POy

phase 1s within a range of 0 < L13P0O4 <1 percent by mass.
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