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NON-AQUEOUS ELECTROLYTE CELL AND
SOLID ELECTROLYTE CELL

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough indi-
cates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

RELATED APPLICATION DATA

The present application claims priority to Japanese Appli-
cation(s) No(s). P2000-306877 filed Oct. 5, 2000, which

application(s) 1s/are incorporated herein by reference to the
extent permitted by law.

BACKGROUND OF THE INVENTION

This invention relates to a non-aqueous electrolyte cell and
to a solid electrolyte cell. More particularly, 1t relates to a
cathode and an anode representing cell components of a non-
aqueous electrolyte cell and a solid electrolyte cell. Recently,
with drastic progress in the art of electronic Equipment,
ivestigations into rechargeable secondary cells, as a power
source usable conveniently and economically for prolonged

period of time, are proceeding briskly. Known secondary
cells include lead storage cells, alkali storage cells, and non-

aqueous electrolyte secondary cells. A particular non-aque-
ous electrolyte secondary cell, namely, a lithtum-1on second-
ary cell possesses certain advantages over other types of
secondary cells including high output and high energy den-
sity. Lithium-1on secondary cells include a cathode and an
anode wherein each have an active material capable of revers-
ibly doping/undoping lithium ions. Lithium-ion secondary
cells also include a non-aqueous electrolyte such as a non-
aqueous electrolyte solution or a solid electrolyte.

Typical anode active materials include metal lithium,
lithium alloys, such as L1i—Al alloys, lithtum-doped electri-
cally-conductive high molecular weight materials, such as
polyacetylene or polypyrrole, interlaver compounds in which
the crystals of lithtum 10ons are captured, and carbon materi-
als. Typical cathode active matenals include metal oxides and
metal sulfides or polymers, such as TiS,, MoS,, NbSe, or
V,0..

The discharging reaction of a lithium-ion secondary cell
proceeds as lithium 10ns are deintercalated into an electrolyte
solution at the cathode and are intercalated into the anode
active material. During charging, a reaction opposite to the
charging reaction proceeds, such that lithium 10ns are inter-
calated at the cathode. Thus, charging/discharging reactions
are repeated as the entrance or exit of lithium 1ons from the
cathode mto and from the anode occurs repeatedly.

Known cathode active materials used in lithtum-1on sec-
ondary cells include L1CoO,, LiN10O, and LiMnO,, which are
preferably used because these materials have both high
energy density and high voltage. However, these cathode
active materials, containing metal elements of low Clark
number 1n their composition, suffer from high cost and diifi-
culties met 1n connection with supply 1n stability. Moreover,
these cathode active materials are higher in toxicity and have
a significant negative etlect on the environment. Thus, a need
exists 1n the art for a cathode active matenal that does not
present these disadvantages, but still possesses both high
energy density and high voltage.
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2
In response to this need, a compound having an olivinic
structure  and the formula LiFe, M PO, wherein

0.05=x<1.2 and 2.0=y=0.8, and wherein M 1s at least one
clement selected from the group consisting of Mn, Cr, Co, Cu,
N1, V, Mo, T1, Zn, Al, Ga, Mg, B and Nb, has been proposed
for use as a cathode active material. This compound may be
used alone or 1n combination with other materials. Advan-
tages associated with the L1 Fe, M PO, compound include
the presence of iron therein. Iron 1s an 1nexpensive material
that 1s plentiful 1 supply, and is therefore less costly than
L1Co0,, LIN10, or LiMnO,,. Moreover, L1, Fe, PO, 1s lower
in toxicity and has less negative impact on the environment
than L1CoO,, LiIN10,, LiMnQO,, and the like.

However, when L1 Fe, M PO, 1s used as the cathode
active material, and charging/discharging of the cell 1s carried
out repeatedly. the charging/discharging capacity of the cell 1s
decreased appreciably due to internal shorting. After the 30”
cycle in a lithium-1on secondary cell wherein L1, Fe, ,M, PO,
1s employed as the cathode active material, the electrical
capacity falls to 50% or less of the initial electrical capacity.
This signmificant decrease 1n electrical capacity 1s caused by
volumetric changes that are produced in the cathode and
anode as a result of cell reactions occurring 1n the course of
charging/discharging. These volumetric changes are pro-
duced 1n those portions of the cathode and anode that con-
tribute to cell reaction. In addition, those portions of the
cathode and anode that do not contribute to cell reaction are
also subjected to stress caused by the volumetric changes 1n
the cell-reaction portions of the cathode and anode. This
stress can result in the detachment of the active materials from
the cathode and anode current collectors. This detachment, 1in
turn, causes mternal shorting of the cell device.

If, 1n a lithium-10n secondary cell, the cathode and anode
are layered and coiled together to form a generally spirally-
wound cell, the innermost portions of the cathode and anode
face each other and have the same polarity. The outermost
portions of the cathode and anode face an exterior material or
casing. The result of this configuration 1s that the innermost
and outermost portions of the cathode and anode do not
contribute to the cell reaction.

When used as a cathode active material, L1 Fe, M PO,
undergoes larger volumetric changes than other potential
active materials. In particular, the portions of the cathode and
anode that contribute to cell reaction suifer from volumetric
changes that may be as high as approximately 7%. These high
volumetric changes can also create larger stress on those
portions of the cathode and anode that do not contribute to the
cell reaction resulting 1n a substantial increase of internal
shorting occurrences. Thus, optimum cell cyclic characteris-
tics cannot be achieved when L1 Fe, M PO, 1s used as the
cathode active material. Moreover, the electrical capacity of a
cell using L1 Fe, M PO, as a cathode active material 1s
smaller than that of prior art active materials and the cell size
required to accommodate the active material 1s much larger
than when prior art active materials are used. Nevertheless,
LiFe, M, PO,1sverydesirableinother respects, namely, the
energy density per unit volume of L1 Fe, M PO, 1s lower
than that of Co-, Ni1- or Mn-based active materials. Accord-
ingly, there 1s a need 1n the art for a secondary cell employing
LiFe, M, PO, asacathode active material that does nothave
the disadvantages discussed above.

BRIEF SUMMARY OF THE INVENTION

It 1s therefore an object of the present invention to provide
a non-aqueous electrolyte cell and a solid electrolyte cell that,
with L1 Fe, M PO, as the cathode active material, sup-
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presses internal shorting thereby improving the cyclic char-
acteristics of the cell. It 1s a further object of the invention to
provide a cell having constant electrical capacity and a
reduced size and thickness than prior cells. Finally, a high
capacity cell having a fixed outer shape 1s also provided.

In a first embodiment, the non-aqueous electrolyte cell of
present invention includes a cathode, an anode, a separator,
and an electrolyte solution. The cathode includes a strip-
shaped cathode current collector upon which 1s deposited a
cathode active material. The cathode active material 1s a com-
pound having an olivinic crystal structure and the formula
LiFe, M PO, wherein0.05=x=1.2 and O=y=<0.8 and M 1s at
least one element selected from the group consisting of Mn,
Cr, Co, Cu, N1, V, Mo, Ti1, Zn, Al, Ga, Mg, B and Nb. The
active material compound may be used alone or 1n combina-
tion with other materials. The anode includes an anode cur-
rent collector upon which 1s deposited an anode active mate-
rial. A separator 1s also provided and acts to separate the
cathode and the anode from each other. The cathode and
anode with the separator therebetween are layered and coiled
together to form a circular or an elliptical spiral such that the
anode and cathode face both the outer casing of the cell as
well as the 1inner core. The cell of the present invention also
includes an exposed portion on each of the cathode and anode
current collectors. In particular, the active material 1s not
applied to one face of an end portion of the cathode current
collector such that the exposed portion faces the inner surface
of the cell casing or other outer matenial. Further, the active
material 1s not applied to an inner face of a beginning portion
ol the anode current collector within the core such that the
exposed portion faces the anode current collector.

In another aspect, the present ivention provides a solid
clectrolyte cell icluding a solid electrolyte and a cathode
having a cathode current collector upon which 1s deposited a
cathode active material formed of a compound of an olivinic
crystal structure having the formula L1 Fe, M PO, wherein
0.05=x=<1.2 and O=y=0.8, and wherein M 1s at least one ¢le-
ment selected from the group consisting of Mn, Cr, Co, Cu,
N1, V, Mo, T1, Zn, Al, Ga, Mg, B and Nb. The solid electrolyte
cell of the present mnvention also includes an anode having an
anode current collector upon which 1s deposited an anode
active material. The cathode and anode are layered and coiled
together so that the anode and cathode form a circular or
clliptical spiral that can be encapsulated within an exterior
material. The cell of the present invention also mncludes an
exposed portion on each of the cathode and anode current
collectors. In particular, the active material 1s not applied to
one face of an end portion of the cathode current collector
such that the exposed portion faces the inner surface of the
cell casing or other outer material. Further, the active material
1s not applied to an mnner face of a beginning portion of the
anode current collector within the core such that the exposed
portion faces the anode current collector.

The outermost portion of the cathode that faces the interior
surface of the cell casing or exterior material does not con-
tribute to cell reaction 1n the non-aqueous electrolyte cell or
the solid electrolyte cell of the present invention. Further-
more, the spiral formation of the cell causes the innermost
portion o the anode, located within the core of the cell, to face
itself thereby providing two surfaces of the same polarity that
do not contribute to cell reaction. The spiral formation 1n
conjunction with the exposed portions of the anode and cath-
ode current collectors wherein those portions do not contrib-
ute to cell reaction combine to resist the stress applied thereto
by repeatedly charging and discharging the cell and, because
no active material 1s present on the exposed portions of the
cathode and anode, there 1s no risk of the active material
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4

becoming detached and falling off. Accordingly, internal
shorting 1s prevented and the cyclic characteristics of the cell
ol the present invention are improved. Moreover, according to
the present invention, since the active material not contribut-
ing to cell reaction 1s not deposited on the current collector,
the outer size or thickness ofthe cell 1s reduced, or the amount
of the active material contributing to the cell reaction can be
increased, with the outer shape of the cell remaining
unchanged, thus enabling a high electrical capacity.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF
THE DRAWING

FIG. 1 1s a longitudinal cross-sectional view of a non-
aqueous electrolyte cell embodying the present invention.

FIG. 2 illustrates a cathode 1n accordance with the present
invention wherein FIG. 2a shows a first face of the cathode

and FI1G. 2b shows a second face of the cathode; and
FIG. 3 illustrates an anode 1n accordance with the present

invention wherein FI1G. 3a shows a first face of the anode and
FIG. 3b shows a second face of the anode.

DETAILED DESCRIPTION OF THE INVENTION

Referring to the drawings, preferred embodiments of the
present invention will be explained 1n detail. In a first embodi-
ment, a non-aqueous electrolyte cell employing an electrolyte
solution as the non-aqueous electrolyte 1s used to exemplily
the present invention.

Referring now to FIG. 1, the non-aqueous electrolyte cell
10 of the present invention comprises a casing 12 and a cell
device 14. As shown 1n FIG. 1, casing 12 1s generally rectan-
gular, but may also be cylindrical, square or any other suitable
shape for a secondary cell. In a first embodiment, casing 12
includes a first side wall 14, a second side wall 16, a top wall
18 and a bottom wall 20. Walls 14, 16, 18 and 20 are config-
ured to encapsulate cell device 14 and a non-aqueous electro-
lyte 16. Non-aqueous electrolyte 16 may be either a solution
or a solid. When non-aqueous electrolyte 16 1s a solution,
casing 12 may be an 1ron cell can, lined with an mner plating.
If a solid electrolyte 1s used as non-aqueous electrolyte 16,
casing 12 may be a flexible multi-layered laminate film.

Any non-aqueous e¢lectrolyte solution obtained by dissolv-
ing an electrolyte in a non-protonic non-aqueous solvent may
be used 1n accordance with the present invention. As the
non-aqueous solvent, use may be made of, for example, pro-
pylene carbonate, ethylene carbonate, butylene carbonate,
vinylene carbonate, y-butyl lactone, sulforan, 1,2-dimethoxy-
cthane, 1,2-diethoxyethane, 2-methyl tetrahydrofuran, 3-me-
thyl-1,3-dioxolane, methyl propionate, methyl butyrates,
dimethyl carbonate, diethyl carbonate, or dipropyl carbonate.
In particular, from the perspective of voltage stability, cyclic
carbonates, such as propylene carbonate, ethylene carbonate,
butylene carbonate or vinylene carbonate, and chained car-
bonates, such as dimethyl carbonate, diethyl carbonate or
dipropyl carbonate, may preferably be used. These non-aque-
ous solvents may be used either singly or in combination. The

clectrolytes dissolved 1n the non-aqueous solvent may be
lithium salts, such as LiPF., LiClO,, LiAsF., LiBF,_,

L1CF;S0, and LiN(CF;S0,),. Of these lithium salts, LiPF,
or L1BF,, 1n particular, are preferably employed.

As the solid electrolyte, an 1norganic solid electrolyte, a
high molecular weight solid electrolyte, or a gelated electro-
lyte, may be used as the solid electrolyte provided that the
material used exhibits lithium 10n conductivity. The high
molecular weight solid electrolyte 1s composed of an electro-
lyte salt and a high molecular weight compound capable of
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dissolving the salt. As the high molecular weight compound,
an ether-based high molecular material, such as poly(ethyl-
ene oxide) or an cross-linked product thereof, a poly(meth-
acrylate) ester-based high molecular weight matenial or an
acrylate-based high molecular weight material, may be used
cither singly, as a copolymer 1n the molecules, or as a mixture.
In this case, as a matrix of the gelated electrolyte, any of a
variety of high molecular weight materials that may be
gelated on absorption of the non-aqueous electrolyte solution
may be used. These high molecular weight materials may be
exemplified by fluorine-based high molecular weight mate-
rials, such as poly (vinylidene fluoride), poly (vinylidene
fluoride-CO-hexatluoropropylene), cther-based high
molecular weight materials, such as poly (ethylene oxide) or
cross-linked products thereof, and polyacrylonitrile. Of
these, the fluorine-based high molecular weight materials are
particularly desirable due to their redox stability.

It should be noted that, 1n a solid electrolyte cell employing
a solid electrolyte as the non-aqueous electrolyte, an electro-
lyte layer formed of a solid electrolyte may be provided on at
least one surface of each of cathode 18 and anode 20 instead
ol using separator 22 1n order to separate cathode 18 and
anode 20 from each other, with cathode 18 and anode 20
being layered and coiled together to form the cell device 14 so
that the electrolyte layer will be placed between the layers of
cathode active material and anode active material which will
be further described below.

Cell device 14 comprises a cathode 22, an anode 24, and a
separator 26. Referring now to FIGS. 1 and 2, cathode 22
comprises a generally strip-shaped cathode current collector
28 having magneto-optical discs thereon (not shown). Cur-
rent collector 28 1s preferably made of an aluminum foil and
1s generally flat and strip-shaped. Current collector 28
includes a beginning end 30, a terminating end 32, an outer
face 34, an inner face 36, a cathode active material 38, an
exposed portion 40, and a lead 42. Current collector 28 1is
generally spirally-wound or -coiled such that beginning end
301slocated generally centrally within a core 44 of cell device
14 and terminating end 28 1s located generally at the top of an
inner face 46 of first side wall 14. Cathode lead 38 is prefer-
ably mounted or coupled to current collector 28 1n the vicinity
of beginning end 30.

Referring now to FIGS. 2a and 2b, a layer of cathode active
material 38 1s applied to or formed on each magneto-optical
disc (not shown) on faces 34 and 36 of cathode current col-
lector 28 except at exposed portion 40 wherein current col-
lector 38 remains exposed. In particular, exposed portion 40 1s
located at position 2¢ near to terminating end 32, as shown 1n
FIGS. 1 and 2, such that exposed portion 40 faces the inner
face of top wall 18. Cathode active material 38 1s preferably
capable of both electrically emitting and occluding lithium. A
preferred active material 38 1s a compound with an olivinic
structure  having the formula LiFe, M PO,, wherein
0.05=x=1.2 and 2.0=y=<0.8 and wherein M 1s at least one
clement selected from the group consisting of Mn, Cr, Co, Cu,
N1, V, Mo, T1, Zn, Al, Ga, Mg, B and Nb and may be used
cither alone or in combination with another compound(s).
Active material 38 also includes a binder. Any suitable resin
materials routinely used as binder 1n non-aqueous electrolyte
cells may be used.

In a preferred embodiment of the present invention, active
material 38 1s a composite compound composed of LiFePO,
and a carbon material. More specifically, the composite com-
pound 1s comprised of a plurality of grains or particles of a
carbon material attached to the surface of LiFePO, grains or
particles. The carbon material grain size 1s significantly
smaller than that of the LiFePO,, grains and the carbon mate-
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rial 1s electrically-conductive. By combining LiFePO, with
an electrically-conductive carbon material, the electrical con-
ductivity of the composite material 1s higher than i active
material 38 was composed of LiFePO, alone. In other words,
the electrical conductivity of active material 38 may be sig-
nificantly improved and electrical capacity maximized by
attaching carbon material particles to the surface of LiFePO,
particles. Thus, by using the LiFePO,-carbon composite
material as active material 38, the non-aqueous electrolyte
cell 10 of the present invention can realize much higher elec-
trical capacity than conventional lithium-1on secondary cells.
The carbon content per unit weight of the LiFePO -carbon
composite material 1s preferably not less than 3 wt % because
a lesser amount would not provide enough carbon material
grains or particles for attachment to LiFePO,, particles and an
improvement in electrical conductivity of the cathode would
not be achieved.

The preferred carbon material has a strength to area ratio
A(D/G) of not less than 0.3 wherein A(D/G) 1s the back-
ground-iree Raman spectrum strength area ratio of the D peak
appearing at the number of waves of 1340 to 1360 cm™" in the
Raman spectrum of graphite (Gr) to the G peak appearing at
the number of waves of 1570 to 1590 cm™" as measured by
Raman spectrometry as shown in FIG. 2. The “background-
free” 1s synonymous with freeness from a noisy portion.

Among numerous peaks of the Raman spectrum of Gr, two
peaks, namely the G peak appearing at the number of waves
of 1570to 1590 cm™" and the D peak appearing at the number
of waves of 1340 to 1360 cm™, are observed, as described
above. Of these, the D peak 1s inherently not dertved from the
G peak, but 1s a Raman-inactive peak appearing when the
structure 1s distorted and the structural symmetry has become
lower. Thus, 1t 1s known that the D peak 1s a measure of
structural distortion, and that the strength area ratio A(D/G) of
the D to G peaks 1s correlated linearly with a reciprocal of the
crystallite size La along the a-axis of Gr. The preferred carbon
material 1s an amorphous carbon material such as acetylene
black.

The carbon material having the strength to area ratio A(D/
(G) of not less than 0.3 may be obtained, for example, by
processing the carbon material by comminution with a pul-
verizer. The carbon material 1s readily produced by control-
ling the comminuting time. For example, graphite, as a crys-
talline carbon material, may have its structure destructed
casily by comminution with a powerful pulverizer, such as a
planetary ball mill. The carbon material 1s amorphized pro-
gressively resulting in increased strength to area ratio A(D/G)
by means of controlling the driving time of the pulverizer.
That 1s, by controlling the driving time of the pulverizer, such
a carbon material having an optional A(ID/G) not less than 0.3
may be produced extremely readily. Thus, on comminution,
crystalline carbon materials may also be used.

In addition to determining the strength to area ratio of the
carbon material, the powder density of the LiFePO -carbon
composite material 1s also measured and 1s preferably not less
than 2.2 g/cm”. If the powder density of the LiFePO,-carbon
composite material is less than 2.2 g/cm’, the composite
material 1s not compressed suiliciently and improvement in
the active material charging ratio of cathode 22 1s not shown.
In order to provide a LiFePO,-carbon composite material
with a powder density of not less than 2.2 g/cm”, the starting
materials of the composite material are heavily milled thereby
confirming that the composite material has been comminuted
suificiently. By using LiFePO, -carbon composite material
with a powder density of not less than 2.2 g/cm’, as the
cathode active material 38, the charging density of the cath-
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ode 1s significantly improved thereby non-aqueous electro-
lyte cell 10 having a high electrical capacity in accordance
with the present invention.

A further advantage 1s realized when the LiFePO,-carbon
composite material 1s comminuted to satisty the above-men-
tioned powder density. In particular, the specific surface area
of L1FePQO, 1s also increased thereby yielding a larger contact
area for attachment of the carbon material particles to the
LiFePO, particles resulting in improved electrical conductiv-
ity. The Bullnauver Emmet Teller (BET) specific surface area
of the LiFePO -carbon composite material 1s preferably not
less than 10.3 m*/g in. When the specific surface area of the
LiFePO -carbon composite material 1s not less than 10.3
m~/g, the specific surface area of LiFePO, particles per unit
area 1s sulliciently large to increase the contact area of the
LiFePO, particles with the carbon material thereby improv-
ing the electrical conductivity of cathode active material 38.

Additionally, the preferred primary grain size of the
LiFePO,-carbon composite material 1s not larger than 3.1 um.
When the primary grain size of the LiFePO,-carbon compos-
ite material 1s not larger than 3.1 um, the specific surface area
of the LiFePO, particles per unit area 1s large enough to
increase the contact area ot LiFePO,, particles with the carbon
material particles. The result 1s again the improved electrical
conductivity of cathode active material 38.

In a preferred embodiment, the LiFePO -carbon compos-
ite material 1s used as cathode active material 38. However,
the present invention 1s not limited thereto. In another
embodiment, LiFePO_ by itself may be used as cathode active
material 38. Other suitable compounds include a compound
having the formula LiFe, M PO, but not LiFePO,,
wherein 0.05=x<1.2 and 2.0=y=0.8 and wherein M 1s at least
one element selected from the group consisting of Mn, Cr, Co,
Cu, N1, V, Mo, T1, Zn, Al, Ga, Mg, B and Nb. The compound
may be used alone or in combination with other matenals.

Preferred compounds include LiFe, ,Mn, (PO,
LiFe, ,.Cr, sPO,,  LiFe,,CO,PO,,  LiFe, ,Cu, 4PO,,
LiFe, ,Ni, PO,, LiFe,,V,--PO,, LiFe,,-Mo,--PO,,
LiFe, ,sT1,,-PO,, LiFe, ;7Zn,,PO,, LiFe, ;Al,-PO,,
LiFe, ,Ga, PO, LiFe, ,-Mg, ,.PO,, LiFe, ,.B, PO, and
LiFe, ,<Nb, --PO,.

Referring now to FIGS. 1 and 3, anode 24 includes an
anode current collector 48. Current collector 48 1s generally
flat and strip-shaped and comprises a beginning end 50, a
terminating end 52, an inner face 34, an outer face 56, an
anode active material 58, an exposed portion 60, and a lead
62. Current collector 48 1s preferably made of a nickel foil or
the like. In a preferred embodiment, current collector 48 1s
generally spirally-wound or coiled such that beginning end 50
1s located generally centrally within a core 44 of cell device 14
and terminating end 52 1s located generally at the top of inner
face 46. Anode lead 62 1s preferably mounted or coupled to
current collector 48 1n the vicinity of beginning end 50.

Alayer of an anode active material 58 1s formed on faces 54
and 56 of anode current collector 48 except at location 3¢ near
beginning end 50 such that exposed portion 60 1s created. The
preferred active material 58 1s a matenial that 1s capable of
doping and undoping lithium including, for example, lithium,
metal lithium, lithium alloys, lithtum-doped electrically-con-
ductive high molecular weight matenals, carbon materials
and layered compounds, such as metal oxides. Active mate-
rial 58 may also include a suitable binder, such as resin
materials, that are routinely used as a binder 1n non-aqueous
clectrolyte cells.

Separator 26 1s generally flat and strip-shaped and 1s used
for separating cathode 22 and anode 24. Separator 26 may be
made of any suitable material commonly used as a separator
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for non-aqueous electrolyte cells. For example, the separator
may be a film of a high molecular weight material, such as
polypropylene. Moreover, separator 26 1s preferably very thin
and more preferably not larger than 50 um so as not to impede
the lithtum-10on conductivity and energy density of cathode 22
and anode 24. Referring now to FIG. 1, cathode 22 and anode
24 are layered together with separator 26 therebetween such
that outer face 34 of cathode 22 1s disposed along the inner
face of walls 14, 16, 18 and 20. Cathode 22, anode 24, and
separator 26 are spirally-wound or coiled together a plurality
of times beginning at core 44 to form a generally circular or
clliptical spiral. As a result of this coiling, anode 24 folds at
core 44 1n such a way that inner face 54a faces inner face 54b
and exposed portion 60 faces inner face 54b. The portions of
cathode 22 that are disposed along the inner face of walls 14,
16, 18 and 20 as well as the portions of anode 24 that face each
other, as described above, do not contribute to the cell reac-
tion. These portions of cell 10 are susceptible to stress caused
by volumetric changes produced during charging/discharg-
ing 1n the portions of cell 10 where cathode 22 and anode 24
face one another such as at locations 64 and 66. The present
invention, however, provides exposed current collector por-
tions 40 and 60 that, because they do not have active materials
38 and 58 formed thereon, are not at risk for detachment of
active material therefrom. Thus, 1f stress 1s applied to the
non-reactive portions of cell 10 caused by volumetric changes
during charge/discharge of cell 10, the presence of exposed
portions 40 and 60 prevents detachment of active material 38
and 58 from current collectors 28 and 48 thereby preventing
internal shorting of cell 10. Cyclic characteristics of cell 10
are therefore dramatically improved. Further, because there 1s
no active material 38 or 58 formed upon exposed portions 40
and 60, cell 10 1tself 1s reduced 1n both size and thickness.
However, those portions of cathode 22 and anode 24 that
contribute to cell reaction have thicker layers of active mate-
rial 38 and 58 1n order to realize higher electrical capacity.

A method for making the non-aqueous electrolyte cell 10
of the present invention 1s now described. First, cathode active
material 38 1s synthesized by mixing or kneading, milling and
sintering an LiFePO4 starting material such as L13P0O4, Fe3
(PO4)2 or its hydrate Fe3(PO4)2 nH20, wherein n 1s the
number of hydrates. Second, during or following mixing of
the starting material, a carbon material may then be added to
form a mixture. This mixture 1s then milled by a milling
process to form a milled mixture which 1s then fired by way of
a sintering process.

In the mixing process, lithium phosphate and 1ron(II) phos-
phate octahydrate are first mixed together at a pre-determined
ratio. A carbon material 1s then added to form a mixture. The
iron(1l) phosphate octahydrate, when used as a starting mate-
rial for synthesis of active material 38, 1s synthesized by
adding disodium hydrogen phosphate dodecahydrate
(2Na,HPO,.12H,0) to an aqueous solution obtained by dis-
solving 1iron phosphate heptahydrate (FeSO,.7H,0) in water
and allowing the resulting mass to sit for a pre-determined
time period. The synthesis reaction of iron(Il) phosphate
octahydrate may be represented by the following chemical
formula:

3FeSO,.7H,0+2Na,HPO,.12H,0—Fe,(PO,)..
RH,0+2Na,S0,4+37H,0

In iron(I1) phosphate octahydrate, a certain amount of Fe”*
from the synthesis process may be left over. If Fe’* is left in
the material for synthesis, a trivalent Fe compound 1s gener-
ated by sintering to obstruct single-phase synthesis of the
LiFePO,-carbon composite material. It 1s therefore necessary
to add a reducing agent to the starting materials prior to
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sintering and to reduce Fe " contained in the starting materi-
als at the time of firing to Fe**. However, there is a limitation
to the capability of the reducing agent to reduce large amounts
of Fe3+ to Fe”*. If the amount of Fe* present in the starting
materials for synthesis is excessive, Fe* may not be reduced
in 1ts entirety and some will remain 1n the final synthesized
LiFePO, product. It 1s therefore desirable that the amount of
Fe * present in the iron(Il) phosphate octahydrate used as a
starting material be limited to 61 wt % or less. By limiting the
amount of Fe’* present, single-phase synthesis of the
LiFePO, product can be satistactorily achieved without
allowing Fe ™ to be left over which can generate undesirable
impurities in the final product.

It should be noted that, the longer the wait time 1n gener-
ating iron(H) phosphate octahydrate, the larger the Fe®* con-
tent 1n the generated product becomes. Accordingly, it 1s
important to control any wait time by setting pre-determined
time periods so that iron(1l) phosphate octahydrate having an
less Fe’* can be produced. The Fe’* content in the iron(II)
phosphate octahydrate can then be measured by the Mess-
bauer method.

The carbon material also acts as a reducing agent for reduc-
ing Fe>* to Fe**, at the time of sintering, even if Fe** con-
tained 1n wron(Il) phosphate octahydrate starting material 1s
oxidized to Fe’* by oxygen in the atmosphere or by the
sintering process. Therefore, even if excessive Fe’* remains
in the starting materials, impurities may be prevented by the
carbon material thereby assuring single-phase synthesis of
the LiFePO ,-carbon composite material of the present inven-
tion. Moreover, the carbon material acts as an antioxidant for
preventing oxidation of Fe** to Fe’*. That is, the carbon
material prevents oxidation by using oxygen present in atmo-
sphere or 1n a firing oven prior to or during sintering.

Accordingly, the carbon material acts not only as an elec-
trification agent for improving the electrical conductivity of
the cathode active material 38 but also as a reducing agent and
as an antioxidant. Since the carbon material 1s a component of
the LiFePO_-carbon composite material of the present inven-
tion, there 1s no necessity of removing the carbon material
following the synthesis of the composite material thereby
improving eificiency in the preparation of the LiFePO -car-
bon composite material. The carbon content per unit weight
of the LiFePO,-carbon composite material should not be less
than 3 wt % 1n order to fully exploit the capacity and cyclic
characteristics inherent in LiFePO4.

The next step 1n the method of the present mvention 1s
subjecting the mixture described above to a milling process
wherein pulverization and mixing occur simultaneously. The
milling process 1s conducted by powerful comminuting and
mixing by a ball mill. The ball mill may be a planetary ball
mill, a shaker ball mill or a mechano-fusion or any other ball
mill suitable for the purpose. The milling process enables the
starting materials and carbon material to be homogenously
mixed. Moreover, comminution increases the specific surface
areca of the starting materials thereby increasing the contact
area of the starting maternials so as to expedite the synthesis
reaction 1n the ensuing sintering step. Preferably, the mixture
1s milled suiliciently to produce a grain size distribution of
22% or less 1n terms of volumetric integration frequency
wherein the particle size 1s not less than 3 um. By setting the
grain size distribution at this level, the starting materials will
have a broad surface suilicient to realize surface activity for
synthesis reaction. Thus, even 1f the sintering temperature 1s
low and 1s below the melting point of the starting materials,
1.e. 600° C., the reaction efficiency i1s high to permit the
LiFePO, -carbon composite material to be synthesized reli-
ably 1n a single phase.
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In the preferred method, the milling process 1s carried out
so that the powder density of the LiFePO -carbon composite
material will not be less than 2.2 g/cm”. By comminuting the
starting materials for synthesis so as to yield the aforemen-
tioned powder density, the contact area between LiFePO,, and
the carbon material can be increased to improve the electrical
conductivity of the cathode active material 38. Thus, by mill-
ing the mixture containing the starting materials, it 1s possible
to produce a cathode active material capable of realizing a
high capacity 1n accordance with the present invention.

In the sintering step, the mixture milled 1n the milling step
1s sintered. By sintering the mixture, lithium phosphate 1s
reacted with iron(H) phosphate octahydrate to synthesize
LiFePO,. The synthesis reaction of LiFePO, may be repre-
sented by the following reaction formula:

Li,PO,+Fe,(PO,),.nH,0—3 LiFePO,+nH,0

where n denotes the number of hydrates and 1s equal to 0 for
an anhydride. In the above chemical formula, L1,PO, 1s
reacted with Fe,(PO,,), or 1ts hydrate Fe, (PO, ),.nH,O where
n denotes the number of hydrates. It will be appreciated by
those skilled 1n the art that no by-product 1s yielded it Fe,
(PO,), 1s used as a starting material. On the other hand, 1f
Fe,(PO,),.nH,O 1s used, water, which 1s non-toxic, 1s pro-
duced.

In prior art preparations, lithium carbonate, ammonium
dihydrogen phosphate and 1ron acetate II are used as starting
materials and are mixed at a pre-determined ratio and sintered
to synthesize LiFePO, according to the reaction shown by the
chemical formula:

Li,CO,+2Fe(CH,COO0),+2NH,H,PO,—2LiFePO,+
CO,+H,0+2NH,;+4CH,COOH

As may be seen from the above reaction formula, toxic by-
products, such as ammonia or acetic acid, are generated upon
sintering with the conventional synthesis method for
LiFePO,. Large-scale equipment, such as gas collector, 1s
therefore required for processing these toxic by-products
thereby raising the cost associated therewith. In addition, the
yield of LiFePO, 1s lowered because these by-products are
generated 1n large quantities.

According to the method of the present invention, wherein
L1,PO,, Fe,(PO,), or its hydrate Fe, (PO, ),.nH,O, whereinn
denotes the number of hydrates, 1s used as the starting mate-
rial, targeted LiFePO, can be produced without generating
toxic by-products. In other words, safety 1n sintering may be
appreciably improved as compared to the conventional manu-
facturing method. Moreover, while large-scale processing
equipment has been required for processing toxic by-prod-
ucts 1n prior art methods, the manufacturing method of the
present invention yields only water as a by-product thereby
appreciably simplitying the processing step and reducing the
s1ze o1 the processing equipment required. The result 1s that
the production cost can be appreciably lower than 1t toxic
by-products have to be processed. Moreover, since the by-
product 1s yielded only in small quantities, the yield of
LiFePO, 1s significantly improved.

The preferred sintering temperature 1s 400-900° C., and
more preferably about 600° C. If the sintering temperature 1s
less than 400° C., neither the chemical reaction nor the crys-
tallization process progresses far enough to remove 1mpuri-
ties, such as L1,PO,, from the starting materials thereby pre-
venting production of a homogeneous LiFePO, product.
Conversely, 1f the sintering temperature exceeds 900° C.,
excessive crystallization results yielding LiFePO,, particles
that are coarse and without suificient surface area thereby
decreasing the contact area between LiFePO,, and the carbon
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material. This decrease 1n contact area prevents suificient
discharge capacity in cell 10 to develop.

During sintering, the 1ron 1n the LiFePO ,-carbon compos-
ite matenal 1s 1n 1ts bivalent state. At 600° C., the 1iron 1n the
LiFePO, -carbon composite material 1s promptly oxidized to
Fe’* by oxygen in the sintering atmosphere in accordance
with the following chemical formula:

6LiFePO,4+3/20,—2Li,Fe,(PO,);+Fe, 05

As shown above, impurities, such as trivalent iron com-
pounds, are also produced. These impurities obstruct single-
phase synthesis of the LiFePO4-carbon composite material.
Inert gases, such as nitrogen or argon, or reducing gases, such
as hydrogen or carbon monoxide, are therefore used as the
sintering atmosphere, and the oxygen concentration in the
sintering atmosphere 1s prescribed to arange within which the
iron 1n the LiFePO -carbon composite material 1s not oxi-
dized, e.g., not larger than 1012 ppm (volume). By setting the
oxygen concentration in the sintering atmosphere to 1012
ppm (volume) or less, 1ron 1s prevented from being oxidized
even at a temperature of about 600° C. Single-phase synthesis
of the LiFePO  -carbon composite material may therefore be
achieved. If the oxygen concentration 1n the sintering atmo-
sphere 1s higher than 1012 ppm, the 1ron in the LiFePO,-
carbon composite material will oxidize to Fe* and generate
impurities that obstruct single-phase synthesis of the
LiFePO,-carbon composite material.

The take-out temperature of the sintered LiFePO -carbon
composite material, that 1s, the temperature of the LiFePO, -
carbon composite material when exposed to the environment
outside of the sintering atmosphere, 1s preferably less than
305° C. and, more preferably, less than 204° C. By setting the
take-out temperature of the LiFePO,-carbon composite mate-
rial to 305° C. or less, the 1ron 1n the sintered LiFePO, -carbon
composite material 1s oxidized by oxygen 1n the outside envi-
ronment which prevents impurities from being produced. IT
the sintered LiFePO,-carbon composite material 1s removed
from the sintering atmosphere before i1t has cooled sufifi-
ciently, the 1ron becomes oxidized by the outside environ-
ment thereby producing impurities. On the other hand, 1f the
LiFePO, -carbon composite material 1s cooled too much, the
operating efficiency 1s also lowered. Thus, by setting the
take-out temperature of the sintered LiFePO,-carbon com-
posite material to 305° C. or less, 1t 1s possible to prevent 1rron
in the sintered LiFePO,-carbon composite material from
being oxidized by oxygen in the outside environment thereby
preventing impurities from being generated. As a result,
operation elficiency as well as desirable cell characteristics
and high etficiency of the LiFePO -carbon composite mate-
rial are maintained

After sintering, the LiFePO ,-carbon composite matenal 1s
cooled 1n a sintering furnace. The cooling method may be
either spontaneous cooling or forced cooling. However, 11 a
shorter cooling time, that 1s a higher operating efficiency, 1s
envisaged, forced cooling 1s the preferred cooling method.
During forced cooling, 1t 1s suificient if either a gas mixture of
oxygen and 1nert gases or inert gases alone are supplied to the
sintering furnace so that the oxygen concentration in the
sintering furnace will be not higher than the aforementioned
preferred oxygen concentration, that1s, 1012 ppm in volume
or less.

In the foregoing embodiment, the carbon material 1s added
prior to the milling step. In another embodiment of the present
invention, the carbon material may be added after the milling
step or after the sintering step. However, 11 the carbon material
1s added after the sintering step, the reducing effect or the
oxidation-preventative effect during sintering cannot be
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obtained and 1t will be necessary to prevent excess Fe3+ from
forming by some other means. Addition of the carbon mate-
rial 1s therefore only useful for improving the electrical con-
ductivity of the cell. Moreover, one skilled 1n the art will
appreciate that, 1f the carbon material 1s added after the sin-
tering step, the product synthesized on sintering 1s not the
LiFePO,-carbon composite material described above, but 1s
merely LiFePO,. Accordingly, after the carbon material 1s
added to the LiFePO, after the sintering step, the mixture
must then be milled to produce the LiFePO, of the present
invention. During this second milling step, the carbon mate-
rial added to the LiFePO, 1s comminuted and becomes more
susceptible to attachment to the surface of LiFePO,. More-
over, this second milling step allows the LiFePO, and the
carbon material to be mixed suificiently enough to permit the
comminuted carbon material to uniformly attach to the sur-
face of the LiFePO,. Accordingly, even when the carbon
material 1s added after sintering, it 1s possible to obtain a
product similar to the one obtained by addition of a carbon
material prior to milling, that 1s, the LiFePO -carbon com-
posite material, as well as to achieve the desired result similar
to that described above.

A method for making the non-aqueous electrolyte cell 10
of the present mvention, employing the LiFePO,-carbon
composite material, prepared as described above, as cathode
active material 38 1s also disclosed. During preparation of
cathode 22, cathode active material 38, namely, the LiFePO, -
carbon composite material, and any suitable binder are dis-
persed 1n a solvent to prepare a slurried cathode mixture. The
slurried cathode mixture 1s applied to faces 34 and 36 of
cathode current collector 28 except at exposed portion 40 on
iner face 36 wherein current collector 28 remains exposed.
The slurnied cathode mixture 1s then dried 1n situ to form a
generally uniform layer or coat of cathode active material 38.

In the foregoing embodiment of the present invention, the
LiFePO, -carbon composite material 1s used as cathode active
material 38. The present invention, however, 1s not limited to
this embodiment. Another embodiment contemplated by the
present invention provides for the use LiFePO, alone as cath-
ode active material 38. As cathode active mixture 38, a third
embodiment uses an olivinic structure having the formula
LiFe, M PO, wherein 0.05=x<1.2 and 0=<y=<0.8, wherein
M 1s at least one element selected from the group consisting of
Mn, Cr, Co, Cu, N1, V, Mo, T1, Zn, Al, Ga, Mg, B and Nb, and
wherein this compound 1s not LiFePO,. This compound may
be used alone or in combination with other materials.
Examples of this compound include, but are not limited to,
LiFe, .Mn, ;PO,, LiFe, ,Cr,PO,, LiFe,,CO, PO,
LiFe, ,Cu, ,PO,,  LiFe,,N1, ,PO,, LiFe,,.V,-PO,,
LiFe, ,-Mo, ,-PO,, LiFe,,:T1,--PO,, LiFe,.Zn,-PO,,
LiFe, ;Al, ,PO,, LiFe,,Ga,-PO,, LiFe,,-Mg,--PO,,
LiFe, ,-B, --PO, and LiFe, ,-Nb, ,-PO,.

To prepare anode 24, anode active material 38 and any
suitable binder known to those skilled 1n the art are dispersed
in a solvent to prepare a slurried anode mixture. This slurried
anode mixture 1s applied to faces 54 and 56 of anode current
collector 48 except at exposed portion 60 on outer face 54
wherein current collector 48 remains exposed. The anode
mixture 1s then dried in situ to form a generally uniform layer
or coat anode active material 58.

Cathode 22 and anode 24, thus prepared, are then layered
together with separator 26 therebetween such that cathode 22
1s disposed on the outside, that 1s, closest to walls 14, 16, 18
and 20. The combined layers of cathode 22, separator 26, and
anode 24 are then spirally-rolled or coiled a plurality of times
starting with beginning ends 30 and 50 and ending with
terminating ends 32 and 52 such that beginning ends 30 and
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50 such that beginning ends 30 and 50 are disposed within
core 44 and terminating ends 32 and 52 are exposed on the
exterior of the coiled layers. The coiled layers of cathode 22,
separator 26, and anode 24 are then inserted 1into casing 6 into
which a non-aqueous electrolyte solution 1s charged. The
non-ageuous electrolyte solution 1s prepared by dissolving an
clectrolyte salt 1n a non-aqueous solvent. A lid 1s caulked to
exterior of casing 6 via a gasket to complete the non-aqueous
clectrolyte cell 10 of the present invention. It will be appre-
ciated by one skilled 1n the art, however, that this invention 1s
not limited to any particular fabrication method.

EXAMPLES

Comparative Example 1

An L1iFePO,-carbon composite material and a binder were
dispersed 1n a solvent to prepare a slurried cathode mixture.
The cathode mixture was then applied to both faces of a
cathode current collector 1n an amount suificient to produce a
coating thickness of 60 um on one face of the current collector
and a coating length of 30 cm on both faces of the current
collector. An anode active material and a binder were dis-
persed 1n a solvent to prepare a slurried anode mixture which
then was applied to the both faces of an anode current collec-
tor 1n an amount suificient to form a coating 45 um thick on
one face of the current collector and having a length 01 30 cm
on both faces of the current collector. The cathode and anode
were then wound together five turns with an electrolyte layer
of 30 um therebetween to prepare a cell device having a total
thickness of 3.11 mm. This cell device was housed 1n a cell
can 3.6 mm in thickness, 35 mm in width and 60 mm 1n length
and sealed to fabricate a cell. In the cell of the present Com-
parative Example 1, no current collector exposed portion 1s
provided and the cathode active material present on the inner
face of the cathode faces the anode active material present on
the outer face of the anode at the core of the cell while the
cathode active material present on the outer face of the cath-
ode faces the inner surface of the cell can.

Example 1

A cell was prepared under the same conditions as those for
the cell of Comparative Example 1, except that the coating
thickness on one face of the cathode current collector was
64.5 um, the coating thickness on one face of the anode
current collector was 48.5 um, and the coating length of the
cathode active material on the outer face of the cathode cur-
rent collector, at the time of winding, was 23 cm from the
cathode beginning end so that the total thickness of the lay-
ered and coiled cathode, anode and separator was 3.11 mm as
in the cell of Comparative Example 1. Inthe cell of the present
Example 1, the portion of the cathode current collector lying
on the radially outermost periphery and facing the inner sur-
face of the walls of the cell can, that is, the outer face of the
current collector near the terminating end of the cathode
current collector, 1s provided with a current collector expos-
ing portion that 1s not coated with the cathode active material.

Example 2

A cell was prepared under the same conditions as those for
the cell of the Comparative Example 1, except that the coating,
thickness of the cathode active material on one face of the
cathode current collector was 65 um, the coating thickness of
the anode active material on one face of the anode current
collector was 49 um, and the coating length of the cathode
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active material on the mner face of the cathode current col-
lector, at the time of winding, was 24 cm measured {from the
terminating end of the cathode current collector thereby pro-
viding a total thickness 013.11 mm as 1n the cell of Compara-
tive Example 1. In the cell of the present Example 2, however,
the 1inner face of the anode current collector lying 1n the core

or innermost portion of the cell toward the beginning end of
the current collector wherein the inner face of the anode

current collector faces itself 1s provided with a current col-
lector exposing portion not coated with the anode active
material.

Example 3

A cell was prepared under the same conditions as those for
the cell of the Comparative Example 1, except that the coating
thickness of the cathode active material on one face of the
cathode current collector was 70.5 um, the coating thickness
of the anode active material on one face of the anode current
collector was 53 um, the coating length of the cathode active
material on the outer face of the cathode current collector, at
the time of winding, was 23 cm measured from the beginning
end of the cathode current collector, and the coating length of
the anode active material on the mmner face of the anode
current collector, at the time of winding, was 24 cm measured
from the terminating end of the anode current collector, so
that the total thickness of the cell device will be 3.11 mm as in
the cell of Comparative Example 1. In the cell of the present
Example 3, however, the outer face of the cathode current
collector lying at the radially outermost periphery of the cell
device facing the mner surface of the cell can walls near the
terminating end of the cathode current collector 1s provided
with an exposed portion not coated with the cathode active
material. Further, the inner face of the anode current collector
lying 1n the core or mnermost portion of the cell toward the
beginning end of the current collector wherein the inner face
of the anode current collector faces 1tself 1s provided with a
current collector exposing portion not coated with the anode
active material.

Example 4

A cell was prepared in the same way as 1 Example 1,
except a separator was used between the cathode and anode
instead of an electrolyte layer. The separator used was 30 um
thick and the electrolyte solution was charged into the cell
can.

Comparative Example 2

An LiFePO,-carbon composite material and a binder were
dispersed 1n a solvent to prepare a slurried cathode mixture.
The cathode mixture was then applied to both faces of a
cathode current collector 1n an amount sufficient to produce a
coating thickness of 60 um on one face of the current collector
and a coating length of 35 cm on both faces of the current
collector. An anode active material and a binder were dis-
persed 1n a solvent to prepare a slurried anode mixture which
then was applied to the both faces of an anode current collec-
tor 1n an amount suificient to form a coating 45 um thick on
one face of the current collector and having a length o135 cm
on both faces of the current collector. The cathode and anode
were then wound together six times with an electrolyte layer
of 30 um therebetween to prepare a cell device having a total
thickness of 3.71 mm. This cell device was housed 1n an
exterior multi-layered laminate film. In the cell of the present
Comparative Example 2, no current collector exposed portion
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1s provided and the cathode active material present on the
inner face of the cathode faces the anode active material
present on the outer face of the anode current collector at the
core of the cell while the cathode active material present on
the outer face of the cathode faces the inner surface of the cell
can.

Example 5

A cell was prepared under the same conditions as those for
the cell of the Comparative Example 2, except that the coating,

length of the cathode active material on the outer face of the
cathode current collector was 29 ¢cm measured from the
beginning end of the cathode current collector, and that the
total thickness of the cell device was 3.56 mm. In the cell of
the present Example 3, the outer face of the cathode current
collector lying at the radially outermost periphery of the cell
device facing the mner surface of the cell can walls near the
terminating end of the cathode current collector 1s provided
with an exposed portion not coated with the cathode active
material.

Example 6

A cell was prepared under the same conditions as those for
the cell of the Comparative Example 2, except that the coating
length of the anode active material on the inner face of the
anode current collector was 30 cm and that the total thickness
of the cell device was 3.53 mm. In the cell of the present
Example 6, the mner face of the anode current collector lying
in the core or innermost portion of the cell toward the begin-
ning end of the current collector wherein the inner face of the
anode current collector faces 1tself 1s provided with a current

collector exposing portion not coated with the anode active
material.

Example 7

A cell was prepared under the same conditions as those for
the cell of the Comparative Example 2, except that the coating
length of the cathode active material on the mner face of the
cathode current collector was 29 ¢cm measured from the
beginning end of the cathode current collector, and the coat-
ing length of the anode active material on the inner face of the
anode current collector, at the time of winding, was 30 cm
measured from the terminating end of the anode current col-
lector, with the total thickness of the cell device being 3.38
mm. In the cell of the present Example /7, the outer face of the
cathode current collector lying at the radially outermost
periphery of the cell device facing the inner surface of the cell
can walls near the terminating end of the cathode current
collector 1s provided with an exposed portion not coated with
the cathode active material. Further, the inner face of the
anode current collector lying in the core or innermost portion
of the cell toward the beginning end of the current collector
wherein the inner face of the anode current collector faces
itsell 1s provided with a current collector exposing portion not
coated with the anode active matenal.

Example 8

A cell was prepared 1in the same way as 1n Example 7 except
that the cathode and anode were provided 1n an exterior film
with a separator 30 um thick therebetween instead of the
clectrolyte layer between the cathode and anode, and that the
clectrolyte solution was charged.
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Testing Results

The cells of the Comparative Examples 1 and 2 and cells of
Examples 1 to 8 were evaluated as to their electrical capacity,
outer shape, and cyclic characteristics. The results are shown

in Tables 1 and 2.

TABLE 1
Device Constant
thick-  volume
Current collector #of  ness  exterior
Example Electrolyte  exposing portion turns (mm) materal
Comp. solid none 5 3.11 OK
Ex. 1 electrolyte
Ex. 1 on radially outer 5 3.11 OK
most end of cathode
Ex. 2 solid on radially outer 5 3.11 OK
electrolyte most end of anode
Ex. 3 solid on radially outer most 5 3.11 OK
electrolyte side of cathode + on
radially inner most
side of anode
Ex. 4 non-aqueous on radially outer most 5 3.12 OK
electrolyte side of cathode + on
radially inner most
side of anode
Comp. solid None 6 3.71 NG
Ex. 2 electrolyte
Ex. 3 solid on radially outer most 6 3.56 OK
electrolyte end of cathode
Ex. 6 solid on radially outer most 6 3.53 OK
electrolyte end of anode
Ex. 7 solid on radially outer most 6 3.38 OK
electrolyte side of cathode + on
radially inner most
side of anode
Ex. 8 non-aqueous on radially outer most 6 3.39 OK
electrolyte side of cathode + on
radially inner most
side of anode
TABLE 2
Inner
Rate of In- In- shorting
ratio (af-
thickness Electrical creasing Electrical creasing ter
300
reduction  capacity ratio capacity ratio  cycles)
(%0) mAh (%) density (%) (%)
Comp. 100 646 100 132 100 28%
Ex. 1
Ex. 1 100 689 107 144 109 4%
Ex. 2 100 693 107 144 110 7%
Ex. 3 100 745 115 155 118 0%
Ex. 4 100 744 115 155 118 0%
Comp. 100 751 116 132 100 23%
Ex. 2
Ex. 5 96 752 116 139 106 3%
Ex. 6 95 751 116 139 106 5%
Ex. 7 91 753 117 148 112 0%
Ex. 8 91 752 117 147 112 0%

First, the electrical capacities of the cells of Comparative
Example 1 and Examples 1-4 were compared against one
another. The cells of Examples 1 to 4, as compared to the cell
of the Comparative Example 1 in which active materials were
coated on the entire current collector surfaces and no current
collector exposing portions were provided, the layer of the
active materials of the portions contributing to the cell reac-
tion could be increased i1n thickness, in an amount corre-
sponding to the elimination of the layers of the active mate-
rials not contributing to the cell reaction by providing the
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current collector exposing portions, with the total thickness of
the cell devices remaining equivalent to that of the cell of the
Comparative Example 1. The result i1s that the electrical

capacity of the cells of the Examples 1 to 4 was approximately

690 mAh to 750 mAh, which 1s higher than the electrical
capacity of the cell of the Comparative Example 1 which was

646 mAh. Specifically, the electrical capacity of the cell of
Example 1, in which the cathode had a current collector
exposing portion, was increased to 107%. The electrical

capacity of the cell of the Example 2, in which the anode had

a current collector exposing portion, was 1ncreased to 107%.
The electrical capacity of the cells of Examples 3 and 4, 1n
which both the cathode and anode had current collector
exposing portions, was increased to 115%.

I, 1n the device structure of the Comparative Examples, the
number of turns 1s increased to six, the device thickness 1s
equal to that of the Comparative Example 2, namely 3.71 mm,
so that the cell cannot be held 1n the cell can 3.6 mm 1n
thickness as used in Comparative Example 1 and Examples
1-4. Conversely, with the device structure of the Comparative
Examples, 1f the active matenal 1s coated to a coating thick-
ness similar to that of Comparative Example 1, and the num-
ber of turns 1s increased to 6, the total device thickness 1s of
the same values as those of Examples 5-8. This, with the
device structures of the Examples 1 to 8, the total device
thickness was less than 3.6 mm, thus indicating that the elec-
trical capacity can be increased by increasing the number of
turns.

Moreover, since the electrical capacity increase was simi-
lar 1n the cells of Examples 3 and 4, 1t may be seen that the
clectrical capacity may be increased by employing the device
structure of Examples 1-8. This 1s true not only in the case
where the cathode was separated from the anode by a sepa-
rator with the use of a liquid electrolyte but also where a solid
clectrolyte was used. It may also be seen that similar favor-
able effects were achieved where the cathode and anode were
separated from each other by both an electrolyte layer and the
separatotr.

The cells of Comparative Example 2 and Examples S and 6
were compared to one another to evaluate the outer shape. It
1s noted that, since the total thickness of the device 1s directly
reflected by total cell thickness, 11 the multi-layered laminate
film 1s used as the exterior matenal, the outer shape was
evaluated based on the thickness of the cell device.

With the cells of the Examples 5 to 8, as compared to the
cells of the Comparative Example 2, in which an active mate-
rial 1s coated on the entire surfaces of the current collectors of
the cathode and the anode, with there being no current col-
lector exposing portion, the total device thickness can be
reduced, by providing the current collector exposing portion,
for eliminating the layer of the active material not contribut-
ing to the cell reaction, as the electrical capacity 1s maintained
at an equivalent value to that of the cell of the Comparative
Example 2. The result 1s that, while the total device thickness
of the cell of the Comparative Example 2 1s 3.771 mm, the
total device thickness of the cell of the Example 515 3.56 mm,
with the thickness reducing ratio being 96%, the total device
thickness of the cell of the Example 6 1s 3.53 mm, with the
thickness reducing ratio bemg 95%, the total device thickness
of the cell of the Example 7 1s 3. 38 mm, with the thickness
reducing ratio being 91% and the total device thickness of the
cell of the Example 8 1s 3.39 mm, with the thickness reducing
ratio being 91%, thus realizing the reduced cell thickness. In
this case, 1t may be seen that the cells of Examples 5 to 8 are
higher 1n electrical capacity density per unit volume than the
cell of the Comparative Example 2, even though the
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Examples 5 to 8 and the Comparative
approximately equal electrical capacity.

Since the thickness reducing ratio 1s similar for Examples
7 and 8, 1t may be seen that the reduction 1n size and thickness
of the cell may be realized by employing the device structure
shown 1n the Examples 1 to 8, no matter whether the cathode
and anode matenals are separated from each other using a
liquid electrolyte or using a solid electrolyte. It follows from
this that similar favorable results may be achieved when the
cathode and anode materials are separated from each other
using both the electrolyte layer and the separator.

100 test cells of each of Comparative Examples 1 and 2 and
the Examples 1 to 8 were prepared and cyclic characteristics
thereol were evaluated. Since inner shorting was responsible
for the electrical capacity of the test cells after 300 cycles of
charging/discharging falling to not higher than 50% of the
initial capacity, the inner shorting ratio was found from the
“number of mner shortingx100/100 (number of test cells)”
and the values thus obtained were used to evaluate the cyclic
characteristics.

In the cells of Comparative Examples 1 and 2, in which the
active material 1s coated on the entire surface of the current
collector, the inner shorting ratio 1s not less than 20%,
whereas, 1n the cells of Examples 1, 2, 5 and 6, in which the
current collector exposing portion 1s provided 1n the cathode
or 1n the anode, the mnner shorting ratio 1s decreased to 10% or
less. Additionally, with the cells of the Examples 3, 4, 7 and 8,
in which the current collector exposing portions are provided
in both the cathode and anode, the inner shorting ratio 1s 0%.
This may be ascribed to the fact that if, in the electrodes of the
cathode and anode, the stress due to volumetric changes of the
clectrode portions contributing to the charging/discharging
cell reaction 1s applied to the electrode portions not contrib-
uting to the cell reaction and accumulated, the active material
1s detached from the current collector to fall off to cause inner
shorting in the case of the cells of the Comparative Examples
in which the active material 1s also coated on the stresses
clectrode portions not contributing to the cell reaction,
whereas, inthe cells of the Examples 1 to 8, no active material
1s coated on the stressed portion so that there 1s no detachment
or falling off of the active material responsible for inner
shorting. Thus, by not coating the active material on the
clectrode portion not contributing to the cell reaction, 1t 1s
possible to prevent iner shorting from being produced to
improve cyclic characteristics.

Since the inner shorting ratio 1s 0% 1n each of the Examples
3, 4,7 and 8, it may be said that, by using the cell structure of
the Examples 1 to 8, the cyclic characteristics of the cells can
be improved no matter whether the cathode and anode are
separated from each other by a separator using a liquid elec-
trolyte or using a solid electrolyte. Also, it follows from this
that similar favorable results may be derived 1n case of sepa-
rating the cathode and anode using the electrolyte layer and a
separator.

Further, cells of the Examples 9 to 22 were prepared and
the outer shape as well as cyclic characteristics thereof were
evaluated.

Example 2 are of

Example 9

A cell was prepared under the same conditions as that for
the cell of Example 3 except using LiFe, ,Mn, (PO, as the
cathode active material in place of the LiFePO4-carbon com-

posite material.
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Example 10

A cell was prepared under the same conditions as that for
the cell of Example 3 except using LiFe, ,Cr, PO, as the
cathode active material in place of the LiFePO,-carbon com-
posite material.

Example 11

A cell was prepared under the same conditions as that for
the cell of Example 3 except using LiFe, ,CO, PO, as the
cathode active material 1in place of the LiFePO,-carbon com-
posite material.

Example 12

A cell was prepared under the same conditions as that for
the cell of Example 3 except using LiFe, ,Cu, (PO, as the
cathode active material 1n place of the LiFePO,-carbon com-
posite materal.

Example 13

A cell was prepared under the same conditions as that for
the cell of Example 3 except using LiFe, N1, (PO, as the
cathode active maternial 1n place of the LiFePO_-carbon com-
posite material.

Example 14

A cell was prepared under the same conditions as that for
the cell of Example 3 except using LiFe, ..V, ,-PO, as the
cathode active material 1n place of the LiFePO,-carbon com-
posite material.

Example 15

A cell was prepared under the same conditions as that for
the cell of Example 3 except using LikFe, ,-Mo, PO, as the
cathode active material 1n place of the LiFePO,-carbon com-
posite material.

Example 16

A cell was prepared under the same conditions as that for
the cell of Example 3 except using LiFe, ,<T1, PO, as the
cathode active material 1n place of the LiFePO,-carbon com-
posite material.

Example 17

A cell was prepared under the same conditions as that for
the cell of Example 3 except using LiFe, ;Zn, PO, as the
cathode active material 1n place of the LiFePO,-carbon com-
posite material.

Example 18

A cell was prepared under the same conditions as that for
the cell of Example 3 except using LiFe, ;Al, -PO, as the
cathode active material 1n place of the LiFePO,-carbon com-
posite material.
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Example 19

A cell was prepared under the same conditions as that for
the cell of Example 3 except using LiFe, ;Ga, -PO, as the
cathode active material 1n place of the LiFePO,-carbon com-
posite material.

Example 20

A cell was prepared under the same conditions as that for
the cell of Example 3 except using LiFe, ,-Mg, PO, as the
cathode active material 1n place of the LiFePO,-carbon com-
posite material.

Example 21

A cell was prepared under the same conditions as that for
the cell of Example 3 except using LiFe, ,-B, ,-PO, as the
cathode active material 1n place of the LiFePO,-carbon com-
posite material.

Example 22

A cell was prepared under the same conditions as that for
the cell of Example 3 except using LiFe, ,.Nb, PO, as the
cathode active material 1n place of the LiFePO,-carbon com-
posite material.

Testing Results

The cells of Examples 9-22 were evaluated for electrical
capacity, outer shape and cyclic characteristics 1n a manner
similar to the testing of the cells of Examples 1-8. It was
verified that results were favorable and comparable to those of
the Example 3 employing LiFePO, as the cathode active
material.

What 1s claimed 1s:

1. A non-aqueous electrolyte cell comprising;:

an exterior material having an 1nner surface;

a cathode including a cathode current collector, a cathode
active material, and an exposed portion, wherein said
cathode active material 1s deposited on said cathode
current collector except at said exposed portion, and
wherein said cathode active material is a [compound of]
carbon composite material comprising (a) an olivinic
crystal structure having the formula LiFe, M PO,,
wherein 0.05=x=1.2 and O=y=0.8, wherein M 1s at least
one element selected from the group consisting of Mn,
Cr, Co, Cu, N1, V, Mo, T1, Zn, Al, Ga, Mg, B and Nb and
(b) a carbon material, said [compound] carbon compos-
ite material being used alone or 1n combination with
other materials;

an anode including an anode current collector, an anode
active material, and an exposed portion, wherein said
anode active material 1s deposited on said anode current
collector except at said exposed portion;

a separator for separating said cathode and said anode from
each other; and

a non-aqueous electrolyte solution;

wherein said cathode, said separator, and said anode are
layered and spirally-wound together to form a generally
spirally-shaped cell device;

wherein the exposed portion comprises (1) a portion of
cathode and anode current collector leads protruding
from the spirally-wound portion and (i1) a non-protrud-
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ing radially outermost spirally-wound portion of said
cathode facing said inner surface of said exterior mate-
rial,

wherein the exposed portion does not contribute to cell
reaction;

wherein said cell device 1s encapsulated within said exte-
rior material except for said protruding collector leads;

wherein the carbon material of said [LiFePO,] Li Fe,_,
M PO, carbon composite material has a strength to area
ratio of a diffraction line appearing at wave numbers
1570 to 1590 cm™" (G peak) to a diffraction line appear-
ing at wave numbers 1340 to 1360 cm™" (D peak) of the
Raman spectrum in Raman spectrometry, or A(D/G),
equal to 0.3 or higher; and

wherein the carbon content per unit volume n said
[LiFePO ] Li Fe, M PO, carbon composite material is
not less than 3 wt %.

2. The non-aqueous electrolyte cell according to claim 1
wherein said anode active material 1s capable of doping and
undoping lithium.

3. The non-aqueous electrolyte cell according to claim 1
wherein said cathode active material 1s a LiFePO, carbon
composite material comprising said compound and a carbon
material.

4. The non-aqueous electrolyte cell according to claim [3]
I wherein the powder density of said [LiFePO,] Li Fe,_,
M PO, carbon composite material not less than 2.2 g/ cm”.

5. The non-aqueous electrolyte cell according to claim [3]
[ wherein the Bullnauer Emmet Teller specific surface area of
said [LiFePO,] Li Fe, M PO, carbon composite material is
not less than 10.3 m*/g.

6. The non-aqueous electrolyte cell according to claim [3]
! wherein the first-order particle size of said [LiFePO,]
Li Fe, M PO, carbon composite material 1s not larger than
3.1 um.

7. A solid electrolyte cell comprising:

a laminate film having an inner surface;

a cathode 1ncluding a cathode current collector, a cathode
active material, and an exposed portion, wherein said
cathode active material 1s deposited on said cathode
current collector except at said exposed portion, and
wherein said cathode active material is a [compound of]
carbon composite material comprising (a) an olivinic
crystal structure having the formula LiFe, M PO,,
wherein 0.05=x=<1.2 and 0=y=0.8, and wherein M 1is at
least one element selected from the group consisting of
Mn, Cr, Co, Cu, N1, V, Mo, 11, Zn, Al, Ga, Mg, B and Nb,
and (b) a carbon material, said [compound] carbor
composite material being used alone or 1n combination
with other materials:

an anode 1ncluding an anode current collector, an anode
active material, and an exposed portion, wherein said
anode active material 1s deposited on said anode current
collector except at said exposed portion; and

a solid electrolyte;

wherein said cathode and said anode are layered and coiled
together to form a spirally-shaped cell device;

wherein the exposed portion comprises (1) a portion of
cathode and anode current collector leads protruding
from the spirally-wound portion and (11) a non-protrud-
ing radially outermost spirally-wound portion of said
cathode facing said inner surface of said exterior mate-
rial;

wherein the exposed portion does not contribute to cell
reaction;

wherein said cell device 1s encapsulated by said laminate
film except for said protruding collector leads;
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wherein the carbon material of said [LiFePO,] Li fe,_,
M PO, carbon composite material has a strength to area
ratio of a diffraction line appearing at wave numbers
157010 1590 cm™" (G peak) to a diffraction line appear-
ing at wave numbers 1340 to 1360 cm™' (D peak) of the
Raman spectrum in Raman spectrometry, A(D/G), equal
to 0.3 or higher; and

wherein the carbon content per unit volume in said
[LiFePO,] Li Fe, M PO, carbon composite material is

not less than 3 wt %.

8. The solid electrolyte cell according to claim 7 wherein a
separator 1s provided between said cathode and said anode.

9. The solid electrolyte cell according to claim 7 wherein
said anode active material 1s capable of doping and undoping,
lithium.

[10. The solid electrolyte cell according to claim 7 wherein
said cathode active matenial 1s a LiFePO,, carbon composite
material comprising said compound and a carbon material.]

11. The solid electrolyte cell according to claim [10] 7
wherein the powder density of said [LiFePO,] Li Fe,.
M, PO, carbon composite material 1s not less than 2.2 g/cm”.

12. The solid electrolyte cell according to claim [10] 7
wherein the Bullnauer Emmet Teller specific surface area of
said [LiFePO,] Li Fe, M PO, carbon composite material is
not less than 10.3 m*/g.

13. The solid electrolyte cell according to claim [10] 7
wherein the first-order particle size of said [LiFePO,] Li,
Fe, M PO, carbon composite material 1s not larger than 3.1
L.

14. The non-aqueous electrolyte cell according to claim 7
wherein the exposed portion further comprises non-protrud-
ing self-facing portions of a radially mnermost spirally-
wound portion of said anode.

15. The non-aqueous electrolyte cell according to claim 1
wherein the exposed portion further comprises non-protrud-
ing self-facing portions of a radially mmnermost spirally-
wound portion of said anode.

16. A non-aqueous electrolyte cell comprising:

an exterior material having an inner surface;

a cathode including a cathode current collector, a cathode
active material, and an exposed portion, wherein said
cathode active material 1s deposited on said cathode
current collector except at said exposed portion, and
wherein said cathode active material is a [compound of]
carbon composite material comprising (a) an olivinic
crystal structure having the formula LiFe, M PO,,
wherein 0.05=x=1.2 and O=y=0.8, wherein M 1s at least
one element selected from the group consisting of Mn,
Cr, Co, Cu, N1, V, Mo, 11, Zn, Al, Ga, Mg, B and Nb, and
(b) a carbor material said [compound] carbor compos-
ite material being used alone or 1n combination with
other materials;

an anode including an anode current collector, an anode
active material, and an exposed portion, wherein said
anode active material 1s deposited on said anode current
collector except at said exposed portion;

a separator for separating said cathode and said anode from
each other; and

a non-aqueous electrolyte solution;

wherein said cathode, said separator, and said anode are
layered and spirally-wound together to form a generally
spirally-shaped cell device;

wherein the exposed portion comprises (1) a portion of
cathode and anode current collector leads protruding
from the spirally-wound portion and (i1) a non-protrud-
ing radially outermost spirally-wound portion of said
cathode facing said 1nner surface of said exterior mate-
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rial; and (111) a non-protruding self-facing portion of a
radially innermost spirally-wound portion of said anode;

wherein the exposed portion does not contribute to cell
reaction;

wherein said cell device 1s substantially encapsulated
within said exterior material except for said protruding
collector leads;

wherein the carbon material of said [LiFePO,] Li fe,_,
M PO, carbon composite material has a strength to area
ratio of a diffraction line appearing at wave numbers
1570 to 1590 cm™' (G peak) to a diffraction line appear-
ing at wave numbers 1340 to 1360 cm™" (D peak) of the
Raman spectrum 1 Raman spectrometry, or A(D/G),
equal to 0.3 or higher; and

wherein the carbon content per unit volume in said
[LiFePO,] Li Fe, M PO, is not less than 3 wt %.

17. A solid electrolyte cell comprising:

a laminate film having an inner surface;

a cathode 1including a cathode current collector, a cathode
active material, and an exposed portion, wherein said
cathode active material 1s deposited on said cathode
current collector except at said exposed portion, and
wherein said cathode active material is a [compound of]
carbon composite material comprising (a) an olvinic
crystal structure having the formula LiFe, M PO,
wherein 0.05=x=<1.2 and 0=y=0.8, and wherein M 1is at
least one element selected from the group consisting of
Mn, Cr, Co, Cu, N1, V, Mo, 11, Zn, Al, Ga, Mg, B and Nb,
and (b) a carbon material, said [compound] carbor
composite material being used alone or 1n combination
with other materials;
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an anode including an anode current collector, an anode
active material, and an exposed portion, wherein said
anode active material 1s deposited on said anode current
collector except at said exposed portion; and

a solid electrolyte;

wherein said cathode and said anode are layered and coiled
together to form a spirally-shaped cell device;

wherein the exposed portion comprises (1) a portion of
cathode and anode current collector leads protruding
from the spirally-wound portion and (i1) a non-protrud-
ing radially outermost spirally-wound portion of said
cathode facing said 1nner surface of said exterior mate-
rial; and (111) a non-protruding seli-facing portion of a
radially innermost spirally-wound portion of said anode;

wherein the exposed portion does not contribute to cell
reaction;

wherein said cell device 1s substantially encapsulated by
said laminate film except for said protruding collector
leads;

wherein the carbon material of said [LiFePO,] Li fe,_,
M PO, carbon composite material has a strength to area
ratio of a diffraction line appearing at wave numbers
1570to 1590 cm™" (G peak) to a diffraction line appear-
ing at wave numbers 1340 to 1360 cm™" (D peak) of the
Raman spectrum in Raman spectrometry, A(D/G), equal
to 0.3 or higher; and

wherein the carbon content per unit volume in said
[LiFePO,] Li Fe, M PO, carbon composite material

1s not less than 3 wt %.
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