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(57) ABSTRACT

An electrode active material comprising two or more groups
of particles having differing chemical compositions, wherein
cach group of particles comprises a matenal selected from:

(a) materials of the formula AZEszOg; and
(b) materials of the formula A, Mn O,;
wherein
(1) A%, and A> are independently selected from the group
consisting of L1, Na, K, and mixtures thereol, 0<e=6
and h=2.0;
(1) M is one or more metals, comprising at least one metal
selected from the group consisting of Fe, Co, N1, Mo, V,
/r, 11, Mo, and Cr, and 1=1=6;
(111) O<g=15;
(iv) M7, e, f, g, h, and 1, are selected so as to maintain
clectroneutrality of said compound; and
(v) said material of the formula A°, Mn,O,, has an inner and
an outer region, wherein the 1nner region comprises a
cubic spinel manganese oxide, and the outer region com-
prises a manganese oxide that is enriched in Mn** rela-

tive to the 1inner region.
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ELECTRODES COMPRISING MIXED
ACTIVE PARTICLES

[0001] This application 1s a continuation and claims prior-
ity from U.S. Ser. No. 11/381,602 filed May 4, 2006, now
allowed, which 1s a continuation of U.S. Ser. No. 10/406,890
filed Apr. 3, 2003, 1ssued as U.S. Pat. No. 7,041,239,

FIELD OF THE INVENTION

[0002] This invention relates to electrode active materials,
clectrodes, and batteries. In particular, this invention relates
to mixtures or blends of various active materials that comprise
alkal1 metals, transition metals, oxides, phosphates or similar

moieties, halogen or hydroxyl moieties, and combinations
thereol.

BACKGROUND OF THE INVENTION

[0003] A wide variety of electrochemical cells, or “batter-
1es,” are known in the art. In general, batteries are devices that
convert chemical energy into electrical energy, by means of
an electrochemical oxidation-reduction reaction. Batteries
are used 1n a wide variety of applications, particularly as a
power source for devices that cannot practicably be powered
by centralized power generation sources (e.g., by commercial
power plants using utility transmission lines).

[0004] Batteries can be generally described as comprising
three components: an anode that contains a material that 1s
oxidized (yields electrons) during discharge of the battery
(1.e., while 1t 1s providing power); a cathode that contains a
material that 1s reduced (accepts electrons) during discharge
of the battery; and an electrolyte that provides for transfer of
ions between the cathode and anode. During discharge, the
anode 1s the negative pole of the battery, and the cathode 1s the
positive pole. Batteries can be more specifically characterized
by the specific materials that make up each of these three
components. Selection of these components can yield batter-
1ies having specific voltage and discharge characteristics that
can be optimized for particular applications.

[0005] Batteries can also be generally categorized as being
“primary,” where the electrochemical reaction 1s essentially
irreversible, so that the battery becomes unusable once dis-
charged; and “secondary,” where the electrochemical reac-
tion 1s, at least 1n part, reversible so that the battery can be
“recharged” and used more than once. Secondary batteries
are 1ncreasingly used 1n many applications, because of their
convenience (particularly in applications where replacing
batteries can be ditficult), reduced cost (by reducing the need
for replacement), and environmental benefits (by reducing
the waste from battery disposal).

[0006] There are a variety of secondary battery systems
known 1n the art. Among the most common systems are
lead-acid, nickel-cadmium, nickel-zinc, nickel-iron, silver
oxide, nickel metal hydride, rechargeable zinc-manganese
dioxide, zinc-bromide, metal-air, and lithium batteries. Sys-
tems containing lithium and sodium afford many potential
benefits, because these metals are light 1n weight, while pos-
sessing high standard potentials. For a variety of reasons,
lithium batteries are, 1n particular, commercially attractive

because of their high energy density, higher cell voltages, and
long shelf-life.

[0007] Lithium batteries are prepared from one or more
lithium electrochemical cells contaiming electrochemically
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active (electroactive) materials. Among such batteries are
those having metallic lithium anodes and metal chalcogenide
(oxide) cathodes, typically referred to as “lithium metal”
batteries. The electrolyte typically comprises a salt of lithtum
dissolved in one or more solvents, typically nonaqueous apro-
tic organic solvents. Other electrolytes are solid electrolytes
(typically polymeric matrixes) that contain an ionic conduc-
tive medium (typically a lithium containing salt dissolved in
organic solvents) in combination with a polymer that itself
may be 1onically conductive but electrically insulating.

[0008] Cells having a metallic lithium anode and metal
chalcogenide cathode are charged in an 1ni1tial condition. Dur-
ing discharge, lithium metal yields electrons to an external
clectrical circuit at the anode. Positively charged 1ons are
created that pass through the electrolyte to the electrochemi-
cally active (electroactive) material of the cathode. The elec-
trons from the anode pass through the external circuit, pow-
ering the device, and return to the cathode.

[0009] Another lithium battery uses an “insertion anode”
rather than lithium metal, and 1s typically referred to as a
“lithium 10n” battery. Insertion or “intercalation” electrodes
contain materials having a lattice structure into which an 1on
can be iserted and subsequently extracted. Rather than
chemically altering the intercalation material, the 1ons
slightly expand the internal lattice lengths of the compound
without extensive bond breakage or atomic reorganization.
Insertion anodes contain, for example, lithium metal chalco-
genide, lithium metal oxide, or carbon materials such as coke
and graphite. These negative electrodes are used with lithium-
containing 1nsertion cathodes. In their initial condition, the
cells are not charged, since the anode does not contain a
source ol cations. Thus, before use, such cells must be
charged 1n order to transfer cations (lithium) to the anode
from the cathode. During discharge the lithium 1s then trans-
terred from the anode back to the cathode. During subsequent
recharge, the lithium 1s again transferred back to the anode
where 1t reinserts. This back-and-forth transport of lithium
ions (L.17) between the anode and cathode during charge and
discharge cycles had led to these cells as being called “rock-
ing chair” batteries.

[0010] A variety ofmaterials have been suggested for use as
cathode active materials 1n lithtum 1on batteries. Such mate-
rials include, for example, MoS,, MnO,, TiS,, NbSe,,
L1Co00,, L1N10,,[LiMn,0,,V O, ,, V, 0., SO,, CuCl,. Tran-
sition metal oxides, such as those of the general formula
L1, M,0,, are among those materials preterred in such batter-
ies having intercalation electrodes. Other materials include
lithium transition metal phosphates, such as LiFePO,, and
L1, V,(PO,),. Such matenials having structures similar to oli-
vine or NASICON materials are among those known in the
art. Cathode active materials among those known in the art are

disclosed in S. Hossain, “Rechargeable Lithium Batteries
(Ambient Temperature),” Handbook of Batteries, 3d ed.,

Chapter 34, Mc-Graw Hill (2002); U.S. Pat. No. 4,194,062,
Carnides, et al., 1ssued Mar. 18, 1980; U.S. Pat. No. 4,464,447,
Lazzari, et al., 1ssued Aug. 7, 1984; U.S. Pat. No. 5,028,500,
Fong et al., issued Jul. 2, 1991; U.S. Pat. No. 5,130,211,
Wilkinson, et al., 1ssued Jul. 14, 1992; U.S. Pat. No. 5,418,
090, Koksbang et al., 1ssued May 23, 1993; U.S. Pat. No.
5,514,490, Chen et al., 1ssued May 7, 1996; U.S. Pat. No.
5,538,814, Kamauchi et al., issued Jul. 23, 1996; U.S. Pat.
No. 5,695,893, Arai, et al., 1ssued Dec. 9, 1997; U.S. Pat. No.
5,804,335, Kamauchi, et al., 1ssued Sep. 8, 1998; U.S. Pat.
No. 5,871,866, Barker et al., 1ssued Feb. 16, 1999; U.S. Pat.
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No. 5,910,382, Goodenough, et al., 1ssued Jun. 8, 1999; PCT
Publication WO/00/31812, Barker, et al., published Jun. 2,
2000; PCT Publication WO/00/573505, Barker, published
Sep. 28, 2000; U.S. Pat. No. 6,136,472, Barker et al., 1ssued
Oct. 24, 2000; U.S. Pat. No. 6,153,333, Barker, 1ssued Nov.
28, 2000; PCT Publication WO/01/13443, Barker, published
Feb. 22, 2001; and PCT Publication WO/01/54212, Barker et
al., published Jul. 26, 2001; PC'T Publication WO/01/846355,
Barker et al., published Nov. 8, 2001.

[0011] In addition to the above-mentioned materials, mix-
tures of specific active materials have been used as cathode
active materials 1 lithium batteries. The blending of
L1, Mn,O, (also known as spinel) with various oxides are
among those blends known in the art and are disclosed in U.S.
Pat. No. 5,429,890, Pynenburg et al., 1ssued Jul. 4, 1995; and
U.S. Pat. No. 5,789,1110, Saidi et al., 1ssued Aug. 4, 1998;
both mcorporated herein by reference. U.S. Pat. No. 3,744,
2635, Barker, 1ssued Apr. 28, 1998 covers the use of physical
blends of L1,CuO, with lithium metal chalcogenides. Mix-
tures of lithium nickel cobalt metal oxide with a lithium
manganese metal oxide are disclosed 1n U.S. Pat. No. 5,783,
333, Mayer, 1ssued Jul. 21, 1998; and U.S. Pat. No. 6,007,947,
1ssued Dec. 29, 1999. Further, 1n a NEC report by Numata et
al (NEC Res. Develop. 41, 10, 2000) blended cathodes com-
prising L1, Mn,O, and LiN1, .Co, ,O, are disclosed.

[0012] In general, such a cathode material must exhibit a
high free energy of reaction with lithitum, be able to 1interca-
late a large quantity of lithium, maintain 1ts lattice structure
upon msertion and extraction of lithium, allow rapid diffusion
of Iithium, afford good electrical conductivity, not be signifi-
cantly soluble 1n the electrolyte system of the battery, and be
readily and economically produced. However, many of the
cathode materials known in the art lack one or more of these
characteristics. As a result, for example, many such materials
are not economical to produce, afford insuificient voltage,
have insuificient charge capacity, or lose their ability to be
recharged over multiple cycles.

SUMMARY OF THE INVENTION

[0013] Thepresentinvention provides mixtures or “blends™
of electrode active materials comprising alkali metals, tran-
sition metals, and anions such as oxides, phosphates or simi-
lar moieties, halogen or hydroxyl moieties, and combinations
thereol. Such electrode active materials comprise groups of
particles having different chemical compositions.

[0014] In one embodiment, an active material blend com-
prises two or more groups of particles having differing chemi-
cal compositions, wherein each group of particles comprises
a material selected from:

[0015] (a) materials of the formula A* M, (XY,) 7
[0016] (b) materials of the formula A* M~ - and
[0017] (c) materials of the formula A®>, Mn,O.;

wherein
[0018] (i)A', A’ and A’ are independently selected from

the group consisting of L1, Na, K, and mixtures thereot,
and 0<a=8, 0<e=6;

[0019] (ii) M is one or more metals, comprising at least
one metal which 1s capable of undergoing oxidation to a
higher valence state, and 0.8=b=3;

[0020] (iii) M? is one or more metals, comprising at least
one metal selected from the group consisting of Fe, Co,
N1, V, Zr, T1, Mo and Cr, and 1<{=6;

[0021] (1v) XY, 1s selected from the group consisting of
X'0,_ Y, X0, Y, X"S,, and mixtures thereof,

2y
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where X' 1s selected from the group consisting of P, As,
Sh, S1, Ge, V, S, and mixtures thereof; X" 1s selected
from the group consisting of P, As, Sb, S1, Ge, V, and
mixtures thereof; Y' is halogen; 0=x<3; and 0<y<2; and

O<c=3;

[0022] (v) Z 1s OH, halogen, or mixtures thereof, and
0=d=6;

[0023] (v1) O<g=15;

[0024] (viM',M*, X,Y,Z,a,b,c,d, e f g h, i xand

y are selected so as to maintain electroneutrality of said
compound; and

[0025] (viil) said material of the formula A®,Mn,Q,, has
an 1nner and an outer region, wherein the mner region
comprises a cubic spinel manganese oxide, and the outer
region comprises a manganese oxide that 1s enriched 1n
Mn™** relative to the inner region.

[0026] In a preferred embodiment, M' and M* comprise
two or more transition metals from Groups 4 to 11 of the
Periodic Table. In another preferred embodiment, M com-
prises at least one element from Groups 4 to 11 of the Periodic
Table; and at least one element from Groups 2, 3, and 12-16 of
the Periodic Table. Preferred embodiments include those
where c=1, those where ¢c=2, and those where ¢c=3. Preferred
embodiments include those where a=1 and c=1, those where
a=2 and c=1, and those where a=3 and c¢=3. Preferred
embodiments for compounds having the formula A' M',
(XY ,).Z ;also include those having a structure similar to the
mineral olivine (herein “olivines™), and those having a struc-
ture similar to NASICON (NA Super Ionic CONductor)
materials (herein “NASICONs™). In another preferred
embodiment, M"' comprises MO, a +2 ion containing a +4
oxidation state transition metal.

[0027] Inpreferred embodiment, M* comprises at least one
transition metal from Groups 4 to 11 of the Periodic Table,
and at least one element from Groups 2, 3, and 12-16 of the
Periodic Table. In another preferred embodiment M~ is
M* M> M?° . wherein M™ is a transition metal selected from
the group consisting of Fe, Co, N1, Cu, V, Zr, T1, Cr, Mo and
mixtures thereof; M> is one or more transition metal from
Groups 4 to 11 of the Periodic Table; M® is at least one metal
selected from Group 2, 12, 13, or 14 of the Periodic Table; and
k+m+n=i. Preferred embodiments of compounds having the
formula AzeszOg include alkali metal transition metal oxide
and more specifically lithium cobalt oxide, lithium nickel
oxide, lithium nickel cobalt oxide, lithium nickel cobalt metal
oxide and lithium copper oxide. In another preferred embodi-
ment A°, Mn O, has an inner and an outer region, wherein the
Inner region comprises a cubic spinel manganese oxide, and
the outer region comprises a manganese oxide that 1s enriched
in Mn** relative to the inner region.

[0028] In another embodiment, active matenials comprise
two or more groups of particles having differing chemaical
compositions, wherein

[0029] (a) the first group of particles comprises a mate-
rial of the formula A* M*,(XY,) Z ; and

[0030] (b) the second group of particles comprises a
material selected from materials of the formula A* M",
(XY ,).Z ; materials of the formula A* M* O, and mix-
tures thereof

wherein

[0031] (i) A'and A” are independently selected from the
group consisting of L1, Na, K, and mixtures thereot, and

0<a=8, and 0<e=6;
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[0032] (ii) M' and M are, independently, one or more
metals, comprising at least one metal which is capable of
undergoing oxidation to a higher valence state, and
0.8=b=3, and 1=1=6;

[0033] (11) XY, 1s selected from the group consisting of
X0, Y, X0, Y5, X"S,, and mixtures thereot,
where X' 1s selected from the group consisting of P, As,
Sh, S1, Ge, V, S, and mixtures thereof; X" 1s selected
from the group consisting of P, As, Sb, S1, Ge, V, and
mixtures thereof; Y' 1s halogen; 0=x<3; and 0<y<2; and

O<c=3;

[0034] (1v) Z 1s OH, halogen, or mixtures thereof, and
0=d=6;

[0035] (v)O0<g=15; and

[0036] (vi) wherein M', M”, XY, Z,a,b,c,d, e, f, g x
and y are selected so as to maintain electroneutrality of
said compound.

[0037] In a preferred embodiment, M comprises at least
one element from Groups 4 to 11 of the Periodic Table, and at
least one element from Groups 2, 3, and 12-16 of the Periodic
Table. In another preferred embodiment, M' comprises MO,
a +2 10n contaiming a +4 oxidation state metal. In another
preferred embodiment, M> is M*,M> M?°  wherein M* is a
transition metal selected from the group consisting of Fe, Co,
Ni, Cu, V, Zr, Ti, Cr, Mo and mixtures thereof; M" is one or
more transition metal from Groups 4 to 11 of the Periodic
Table; M° is at least one metal selected from Group 2, 12, 13,
or 14 of the Periodic Table. In another preferred embodiment
A M . comprises a material ot the formula A’ MnQ,
having an 1nner and an outer region, wherein the inner region
comprises a cubic spinel manganese oxide, and the outer
region comprises a cubic spinel manganese oxide that 1s
enriched in Mn** relative to the inner region. In another
preferred embodiment, the mixture further comprises a basic
compound.

[0038] In another embodiment, an active material of this
invention comprises two or more groups of particles having
differing chemical compositions, wherein

[0039] (a) the first group of particles comprises an inner
and an outer region, wherein the mnner region comprises
a cubic spinel manganese oxide, and the outer region
comprises a manganese oxide that is enriched in Mn™*
relative to the mnner region; and

[0040] (b) the second group of particles comprises a
material selected from materials of the formula A* M*,
(XY.).Z ; materials of the formula A* M° -+ and mix-
tures thereof;

wherein

[0041] (1) A' and A® are independently selected from the
group consisting of L1, Na, K, and mixtures thereof, and
0<a=38, 0<e=0;

[0042] (ii) M' and M are, independently, one or more
metals, comprising at least one metal which 1s capable of
undergoing oxidation to a higher valence state, and
0.83=b=3, and 1={=6;

[0043] (11) XY, 15 selected from the group consisting of
X0, Y, X'O,_ Y5, X"S,, and mixtures thereof,
where X' 1s selected from the group consisting of P, As,
Sh, S1, Ge, V, S, and mixtures thereof; X" 1s selected
from the group consisting of P, As, Sb, S1, Ge, V, and
mixtures thereof; Y' 1s halogen; 0=x<3; and 0<y<2; and
O<c=3;

[0044] (1v) Z 1s OH, halogen, or mixtures thereof, and
0=d=6;
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[0045] (v) O<g=13; and

[0046] (vi) wherein M*', M®, XY, Z,a,b,c,d, e, I, g x
and y are selected so as to maintain electroneutrality of
said compound.

[0047] In another embodiment the active material blend
comprises two or more groups of particles having differing
chemical compositions, wherein each group of particles com-
prises a material selected from:

[0048] (a) materials of the formula A' M*,(XY.).Z
and
[0049] (b) matenials of the formula LiMn,O, or Li,
zMn,_Oy;
wherein
[0050] (i) A'isselected from the group consisting of Li,

Na, K, and mixtures thereof, and 0<a=8;

[0051] (i1) M' is one or more metals, comprising at least
one metal which 1s capable of undergoing oxidation to a
higher valence state, and 0.8=b=3;

[0052] (111) XY, 1s selected from the group consisting of
X0, Y, X0, Y5, X"S,, and mixtures thereof,
where X' 1s selected from the group consisting of P, As,
Sh, S1, Ge, V, S, and mixtures thereof; X" 1s selected
from the group consisting of P, As, Sb, 81, Ge, V and
mixtures thereof; Y' 1s halogen; 0=x<3; and 0<y<2; and
O<c=3;

[0053] (v) Z 1s OH, halogen, or mixtures thereof, and
0=d=6; and

[0054] (vi)M', XY, Z, a,b,c,d x,yand z are selected
so as to maintain electroneutrality of said compound.

[0055] Additional particles can be further added to the
“binary” mixtures of two particles, to form mixtures having
three or more particles having differing compositions. The
particles can include additional active matenials as well as
compounds selected from a group of basic compounds. Such
blends can be formed by combining three, four, five, six, efc.
compounds together to provide various cathode active mate-
rial blends.

[0056] In particular, 1n another embodiment, a termiary
blend of active materials includes three groups of particles
having differing chemical compositions, wherein each group
of particles comprises a material selected from

[0057] (a) materials of the formula A' M",(XY.).Z
and

[0058] (b) materials of the formula A® M® O_; and mix-
tures thereotf; wherein

[0059] (i) A' and A® are independently selected from
the group consisting of L1, Na, K, and mixtures

thereof, and 0<a=8, and 0<e=6;

[0060] (ii) M' and M” independently comprise one or
more metals, comprising at least one metal which 1s
capable of undergoing oxidation to a higher valence
state, and 0.8=b=3, and 1=1=6;

[0061] (111) XY, 1s selected from the group consisting
of X'O,Y',, X0O,,Y,, X"S, and mixtures
thereol, where X' 1s selected from the group consist-
ing of P, As, Sb, S1, Ge, V, S, and mixtures thereof; X"
1s selected from the group consisting of P, As, Sh, Si,
Ge, V, and mixtures thereof; Y' 1s halogen; 0=x<3;
and 0<y<2; and 0<c=3;

[0062] (1v) Z 1s OH, halogen, or mixtures thereof, and
0=d=6;
[0063] (v)0<g=15; and
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[0064] (vi) wherein M', M°, X,Y, Z,a,b,c,d, e, f, g,
x and y are selected so as to maintain electroneutrality
of said compound.

[0065] This invention also provides electrodes comprising
an electrode active material of this invention. Also provided
are batteries that comprise a first electrode having an elec-
trode active material of this invention; a second electrode
having a compatible active material; and an electrolyte. In a
preferred embodiment, the novel electrode material of this
invention 1s used as a positive electrode (cathode) active
material, reversibly cycling lithium 1ons with a compatible
negative electrode (anode) active material.

[0066] It has been found that the novel electrode materials,
electrodes, and batteries of this invention afford benefits over
such materials and devices among those known 1n the art. In
particular, it has been found that mixtures of active materials
among those of this invention compensate and augment char-
acteristics exhibited by component active materials during
battery cycling. Such characteristics include enhanced
cycling capacity, increased capacity retention of the cell,
improved operating temperature characteristics, and
improved voltage profiles. Thus, batteries may be designed
having performance characteristics that are optimized for
given desired end-use applications, having reduced cost,
improved safety, and reduced environmental concerns asso-
ciated with battery manufacturing and performance. Specific
benefits and embodiments of the present invention are appar-
ent from the detailed description set forth herein. It should be
understood, however, that the detailed description and spe-
cific examples, while indicating embodiments among those
preferred, are intended for purposes of illustration only and
are not intended to limited the scope of the mvention.

[0067] Further areas of applicability of the present mven-
tion will become apparent from the detailed description pro-
vided heremnatter. It should be understood that the detailed
description and specific examples, while indicating specific
embodiments of the mvention, are intended for purposes of
illustration only and are not intended to limait the scope of the
invention.

DETAILED DESCRIPTION OF THE INVENTION

[0068] The present mvention provides electrode active
materials for use 1n a battery. The present invention further
provides batteries comprising mixtures of electrode active
materials and electrolytes. As used herein, “battery” refers to
a device comprising one or more electrochemical cells for the
production of electricity. Each electrochemical cell com-
prises an anode, a cathode, and an electrolyte. Two or more
clectrochemical cells may be combined, or “stacked,” so as to
create a multi-cell battery having a voltage that 1s the sum of
the voltages of the individual cells.

[0069] The electrode active materials of this invention may
be used 1n the anode, the cathode, or both. Preferably, the
active materials of this mvention are used 1n the cathode. As
used herein, the terms “cathode” and “anode” refer to the
clectrodes at which oxidation and reduction occur, respec-
tively, during battery discharge. During charging of the bat-
tery, the sites of oxidation and reduction are reversed. Also, as
used herein, the words “preferred” and “preferably” refer to
embodiments of the invention that atford certain benefits,
under certain circumstances. However, other embodiments
may also be preferred, under the same or other circumstances.
Furthermore, the recitation of one or more preferred embodi-
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ments does not imply that other embodiments are not usetul
and 1s not 1itended to exclude other embodiments from the

scope of the invention.

Electrode Active Materials:

[0070] The present invention provides mixtures or blends
of electrochemically active materials (herein “electrode
active materials™). The term “blend” or “mixture™ refers to a
combination of two or more individual active materials 1n a
physical mixture. Preferably, each individual active material
in a blend retains its individual chemical composition after
mixing under normal operating conditions, except such varia-
tion as may occur during substantially reversible cycling of
the battery in which the material 1s used. Such mixtures
comprise discrete regions, or “particles,” each comprising an
active material with a given chemical composition, preferably
a single active material. Preferably, the materials of this
invention comprise a substantially homogenous distribution
of particles.

[0071] The electrode active materials of the present mven-
tion comprise active materials of the general formulas A M,
(XY )L ;and AMO,.

[.A M,(XY.,).Z  Active Materials:

[0072] In one embodiment of this invention, active materi-
als include compounds having the formulaA' M" (XY ,) Z ..
Such electrode active materials of the formula A" M, (XY ,)
7. 1nclude lithitum or other alkali metals, a transition metal,
a phosphate or similar moiety, and a halogen or hydroxyl
moiety. (As used herein, the word “include,” and its variants,
1s intended to be non-limiting, such that recitation of 1items 1n
a list 1s not to the exclusion of other like 1tems that may also
be useful 1n the matenals, compositions, devices, and meth-
ods of this invention.)

[0073] A" is selected from the group consisting of Li
(Iithium), Na (sodium), K (potassium), and mixtures thereof.
In apreferred embodiment, A 1s L1, or amixture of L1 with Na,
a mixture of L1 with K, or a mixture of L1, Na and K. In
another preferred embodiment, A" is Na, or a mixture of Na
with K. Preferably “a” 1s from about 0.1 to about 8, more
preferably from about 0.2 to about 6. Where c=1, a 1s prefer-
ably from about 0.1 to about 3, preferably from about 0.2 to
about 2. In a preferred embodlment,, where ¢c=1, a 1s less than
about 1. In another preferred embodiment, where c=1, a 1s
about 2. Where c=2, a1s preferably from about 0.1 to about 6,
preferably from about 1 to about 6. Where ¢=3, a1s preferably
from about 0.1 to about 6, preferably from about 2 to about 6,
preferably from about 3 to about 6. In another embodiment,
“a” 1s preferably from about 0.2 to about 1.0.

[0 074] In apreferred embodiment, removal of alkali metal
from the electrode active material 1s accompanied by a
change 1n oxidation state of at least one of the metals com-
prising M". The amount of said metal that is available for
oxidation in the electrode active material determines the
amount of alkal1 metal that may be removed. Such concepts

are, 1n general application, well known 1n the art, e.g., as
disclosed in U.S. Pat. No. 4,477,541, Fraiol1, 1ssued Oct. 16,

1984; and U.S. Pat. No. 6,136,472, Barker, et al., 1ssued Oct.
24, 2000, both of which are incorporated by reference herein.
[0075] Referring to the general formula A* M*,(XY.) 7 .
the amount (a') of alkali metal that can be removed as
function of the quantity (b') and valency (VM )of 0X1dlzable
metal, 1s

a'=b(AVM),

L, e
where AV is the difference between the valence state of the
metal 1in the active material and a valence state readily avail-
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able for the metal. (The term oxidation state and valence state
are used 1n the art interchangeably.) For example, for an active
materlal comprising 1ron (Fe) in the +2 oxidation state,
AVM = 1, wherein 1iron may be oxidized to the +3 oxidation
state (although iron may also be oxidized to a +4 oxidation
state 1n some circumstances). If b=2 (two atomic units of Fe

per atomic unit of material), the maximum amount (a') of

alkal1 metal (oxidation state +1) that can be removed during
cycling of the battery 1s 2 (two atomic units of alkali metal).
If the active material comprlses manganese (Mn) in the +2
oxidation state, AVM =2, wherein manganese may be oxi-
dized to the +4 oxidation state (although Mn may also be
ox1idized to higher oxidation states in some circumstances).
Thus, 1n this example, the maximum amount (a') of alkali
metal that can be removed from a formula unit of active
material during cycling of the battery 1s 4 atomic units,
assuming that a =4.

[0076] In general, the value of “a” in the active materials
can vary over a wide range. In a preferred embodiment, active
materials are synthesized for use 1n preparing a lithtum ion
battery in a discharged state. Such active materials are char-
acterized by a relatively high value of “a”, with a correspond-
ingly low oxidation state of M' of the active material. As the
battery 1s charged from its initial uncharged state, an amount
a' of lithium 1s removed from the active material as described
above. The resulting structure, containing less lithium (i.e.,
a—a') than 1n the as-prepared state as well as the transition
metal 1n a higher oxidation state than 1n the as-prepared state,
1s characterized by lower values of a, while essentially main-
taining the original value of b. The active materials of this
invention include such materials 1n their nascent state (1.¢., as
manufactured prior to inclusion 1n an electrode) and materials
formed during operation of the battery (i.e., by 1nsertion or
removal of L1 or other alkali metal).

[0077] The value of “b” and the total valence of M' in the

active material must be such that the resulting active material
1s electrically neutral (1.e., the positive charges of all anionic
species 1n the material balance the negative charges of all

cationic species), as further discussed below. The net valence
of M' (VM ) having a mixture of elements (Mg Mg. .. M)
may be represented by the formula

M =M b M by T

[0078] where b,+b,+ .. .b_=1, and V¥_ is the oxidation
state of M, VMﬁ 1s the oxidation state ot My, etc. (The net
valence of M and other components of the electrode active
material 1s discussed further, below.)

[0079] M' is one or more metals including at least one
metal that 1s capable of undergoing oxidation to a higher
valence state (e.g., Co**—>Co™>), preferably a transition
metal selected from Groups 4-11 of the Periodic Table. As
referred to herein, “Group” refers to the Group numbers (1.¢.,
columns) of the Periodic Table as defined 1n the current
IUPAC Periodic Table. See, e.g., U.S. Pat. No. 6,136,472,
Barker et al., 1ssued Oct. 24, 2000, incorporated by reference
herein.

[0080] Transition metals useful herein include those
selected from the group consisting of T1 (Titanium), V (Vana-
dium), Cr (Chromium), Mn (Manganese), Fe (Iron), Co (Co-
balt), N1 (Nickel), Cu (Copper), Zr (Zirconium), Nb (Nio-
bium), Mo (Molybdenum), Ru (Ruthenium), Rh (Rhodium),
Pd (Palladium), Ag (Silver), Cd (Cadmium), Hf (Hafnium),
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Ta (Tantalum), W (Tungsten), Re (Rhenium), Os (Osmium),
Ir (Indium), Pt (Platinum), Au (Gold), Hg (Mercury), and
mixtures thereof. Preferred are the first row transition series
(the 4th Period of the Periodic Table), selected from the group
consisting of T1, V, Cr, Mn, Fe, Co, N1, Cu, and mixtures
thereof. Particularly preferred transition metals useful here
include Fe, Co, Mn, Cu, V, Ni, Cr, and mixtures thereotf. In
some embodiments, mixtures of transition metals are pre-
terred. Although, a variety of oxidation states for such tran-
sition metals are available, 1n some embodiments it 1s pre-
terred that the transition metals have a +2 oxidation state.

[0081] M' may also comprise non-transition metals and
metalloids. Among such elements are those selected from the
group consisting of Group 2 elements, particularly Be (Beryl-
lium), Mg (Magnesium), Ca (Calcium), Sr (Strontium), Ba
(Barium); Group 3 elements, particularly Sc (Scandium), Y
(Yttrium), and the lanthamdes, particularly La (Lanthanum),
Ce (Certum), Pr (Praseodymium), Nd (Neodymium), Sm
(Samarium); Group 12 elements, particularly Zn (zinc) and
Cd (cadmium); Group 13 elements, particularly B (Boron),
Al (Aluminum), Ga (Gallium), In (Indium), T1 (Thallium);
Group 14 elements, particularly Si1 (Silicon), Ge (Germa-
nium), Sn (Tin), and Pb (Lead); Group 15 elements, particu-
larly As (Arsenic), Sb (Antimony), and B1 (Bismuth); Group
16 elements, particularly Te (Tellurium); and mixtures
thereol. Preferred non-transition metals include the Group 2
clements, Group 12 elements, Group 13 elements, and Group
14 elements. Particularly preferred non-transition metals
include those selected from the group consisting of Mg, Ca,
/n, Sr, Pb, Cd, Sn, Ba, Be, Al, and mixtures thereof. Particu-
larly preferred are non-transition metals selected from the
group consisting of Mg, Ca, Zn, Ba, Al, and mixtures thereof.

[0082] In a preferred embodiment, M' comprises one or
more transition metals from Groups 4 to 11. In another pre-
ferred embodiment, M' comprises at least one transition
metal from Groups 4 to 11 of the Periodic Table; and at least
one element from Groups 2, 3, and 12-16 of the Periodic
Table. Preferably, M' comprises a transition metal selected
from the group consisting of Fe, Co, N1, Mn, Cu, V, Zr, 11, Cr,
Mo and mixtures thereof. More preferably, M' comprises a
transition metal selected from the group consisting of Fe, Co,
Mn, Ti, and mixtures thereof. In a preferred embodiment, M’
comprises Fe. In another preferred embodiment, M' com-
prises Co or a mixture of Co and Fe. In another preferred
embodiment, M' comprises Mn or a mixture of Mn and Fe. In
another preferred embodiment M' comprises a mixture of Fe,
Co, and Mn. Preferably, M' further comprises a non-transi-
tion metal selected from the group consisting of Mg, Ca, Zn,
Sr, Pb, Cd, Sn, Ba, Be, Al, and mixtures thereof. More prei-
erably, M' comprises a non-transition metal selected from the
group consisting of Mg, Ca, Al, and mixtures thereof.

[0083] In another preferred embodiment, M' comprises
MO, a +2 10n containing a +4 oxidation state metal. Prefer-
ably M 1s selected from the group consisting of V (Vana-
dium), Ta (Tantalum), Nb (Niobium), and Mo (Molybde-
num). Preferably M 1s V.

[0084] As further discussed herein, “b” 1s selected so as to
maintain electroneutrality of the electrode active material. In
a preferred embodiment, where c¢=1, b 1s from about 1 to
about 2, preferably about 1. In another preferred embodiment,
where ¢c=2, b 1s from about 2 to about 3, preferably about 2.

[0085] XY 1s an anion, preferably selected from the group
consisting of X'O,_Y', X'O,_Y',,, X"S,, and mixtures
thereof, where X' 1s selected from the group consisting of P
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(phosphorus), As (arsenic), Sb (antimony), Si (silicon), Ge
(germanium), V (vanadium), S (sulfur), and mixtures thereof;
X" 1s selected from the group consisting of P, As, Sb, S1, Ge,
V and mixtures thereof. XY, anions useful herein include
phosphate, silicate, germinate, vanadate, arsenate, antimo-
nite, sultur analogs thereof, and mixtures thereof. In a pre-
terred embodiment, X' and X" are, respectively, selected from
the group consisting of P,

[0086] Si1, and mixtures thereotf. In a particularly preferred
embodiment, X' and X" are P.

[0087] Y'is selected from the group consisting of halogen,
S, N, and mixtures thereot. Preferably Y' 1s F (fluorine). In a
preferred embodiment 0<x<3; and 0<y<2, such that a portion
of the oxygen (O) in the XY, moiety 1s substituted with
halogen. In another preferred embodiment, x and y are 0. In a
particularly preferred embodiment XY, 1s X'O,, where X' 1s
preferably P or S1, more preferably P. In another particularly

preferred embodiment, XY ,1s PO, __Y' , whereY' 1s halogen
and 0<x=1. Preferably Y' 1s F (fluorine) and 0.01<x=0.2.

[0088] Inapreferred embodiment, XY ,1s PO, (aphosphate
group) or a mixture ol PO, with another XY, group (i.e.,
where X'1s not P, Y'1s not O, or both, as defined above). When
part of the phosphate group 1s substituted, 1t 1s preferred that
the substitute group be present 1n a minor amount relative to
the phosphate. In a preferred embodiment, XY, comprises
80% or more phosphate and up to about 20% of one or more
phosphate substitutes. Phosphate substitutes include, without
limitation, silicate, sulfate, antimonate, germanate, arsenate,
monofluoromonophosphate, difluoromonophosphate, sulfur
analogs thereof, and combinations thereof. Preferably, XY,
comprises a maximum of about 10% of a phosphate substitute
or substitutes. In another preferred embodiment, XY, com-
prises a maximum of about 25% of a phosphate substitute or
substitutes. (The percentages are based on mole percent.)
Preferred XY, groups include those of the formula (PO,),__
(B). , where B represents an XY, group or combination of
XY , groups other than phosphate, and z 0.5. Preferably, z 0.8,
more preferably less than about z=0.2, more preferably z=0.
1

[0089] Z i1s OH, halogen, or mixtures thereof. In a preferred
embodiment, Z 1s selected from the group consisting of OH
(hydroxyl), F (fluorine), Cl (chlorine), Br (bromine) and mix-
tures thereol. In a preferred embodiment, Z 1s OH. In another
preferred embodiment, Z 1s F, or mixtures of F with OH, CI,
or Br. In one preferred embodiment, d=0. In another preferred
embodiment, d>0, preferably from about 0.1 to about 6, more
preferably from about 0.1 to about 4. In such embodiments,
where ¢=1, d 1s preferably from about 0.1 to about 3, prefer-
ably from about 0.2 to about 2. In a preferred embodiment,
where c=1, d1sabout 1. Where ¢c=2, d 1s preferably from about
0.1 to about 6, preferably from about 1 to about 6. Where ¢c=3,
d 1s preferably from about 0.1 to about 6, preferably from
about 2 to about 6, preferably from about 3 to about 6.

[0090] The compositionof M', XY, Z, and the values of a,
b, ¢, d, x and vy, are selected so as to maintain electroneutrality
ol the electrode active material. As referred to herein “elec-
troneutrality” 1s the state of the electrode active matenal
wherein the sum of the positively charged species (e.g., A and
M) 1n the material 1s equal to the sum of the negatively
charged species (e.g., XY,) in the material. Preferably, the
XY , moieties are comprised to be, as a unit moiety, an anion
having a charge of -2, -3, or -4, depending on the selection of
XL X" Y and x and y. When XY, 1s a mixture of groups such
as the preferred phosphate/phosphate substitutes discussed
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above, the net charge on the XY, anion may take on non-
integer values, depending on the charge and composition of
the individual groups XY, 1n the mixture.

[0091] In general, the valence state of each component
clement of the electrode active material may be determined 1n
reference to the composition and valence state of the other
component elements of the material. By reference to the
general formula A' M',(XY.,) 7 , the electroneutrality of
the material may be determined using the formula

(Va+(PL Yo+ (P =V e+ (V)d

where V< is the net valence of A', V¥ 'is the net valence of M* 3
V* is the net valence of Y, and V“ is the net valence of 7. As
referred to herein, the “net valence” of a component 1s (a) the
valence state for a component having a single element which
occurs 1n the active material in a single valence state; or (b) the
mole-weighted sum of the valence states of all elements 1n a
component comprising more than one element, or comprising
a single element having more than one valence state. The net
valence of each component 1s represented in the following
formula.
(PIb=[(Val{Ya' +(Val2)a+ . . . (Val?™)a" I/n;

alva’+ .. . a"=a

(VMY b=[(PMIB (P24 . (VN s bl b2t
.. b*=b

(VAe=[(VEY A+ A+ . .. (Vs clac’+ .. .
c=c

(VDe=1VDel+ (V) e+ ... (Ve m; clvc+ . ..
c=c

(VAI=[(VOYd'+(V2)dl+ . .. (VY I/ dM+d+ . . .
d'=d

[0092] In general, the quantity and composition of M' is
selected given the valency of X, the value of *“c,” and the
amount of A, so long as M comprises at least one metal that
is capable of oxidation. The calculation for the valence of M*
can be simplified, where V=1, V=1, as follows.

For compounds where c=1: (PMI)Z;‘Z( VYa+d-a— (V)

For compounds where ¢=3: (PMl)bZ( VY12 +d-a-
(V)3

[0093] The values of a, b, ¢, d, x, and y may result 1n
stoichiometric or non-stoichiometric formulas for the elec-
trode active materials. In a preferred embodiment, the values
of a, b, ¢, d, x, and y are all integer values, resulting 1n a
stoichiometric formula. In another preferred embodiment,
one or more of a, b, ¢, d, x and y may have non-integer values.
It 1s understood, however, in embodiments having a lattice
structure comprising multiple units of a non-stoichiometric
formula A' M",(XY,)_Z_, that the formula may be stoichio-
metric when looking at a multiple of the unit. That 1s, for a unmit
formula where one ormoreofa, b, ¢, d, X, or y1s anon-integer,
the values of each variable become an integer value with
respect to a number of units that 1s the least common multi-
plier of each of a, b, ¢, d, x and y. For example, the active
matenial Li,Fe, Mg, -PO_F 1s non-stoichiometric. However,
in a material comprising two of such units 1n a lattice struc-

ture, the formula 1s L1,FeMg(PO,),F .

[0094] A preferred non-stoichiometric electrode active
material is of the formula Li,, M'PO,F ,where 0<d=3, pref-
erably 0<d=1. Another preferred non-stoichiometric elec-
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trode active material 1s of the formula Li_, M'M"PO,F ;
where 0<d<3, preferably 0<d<1.

[0095] Another preferred embodiment comprises a com-
pound having an olivine structure. During charge and dis-
charge of the battery, lithium 10ns are added to, and removed
from, the active material preferably without substantial
changes in the crystal structure of the material. Such materials
have sites for the alkali metal (e.g., L1), the transition metal
(M), and the XY, (e.g., phosphate) moiety. In some embodi-
ments, all sites of the crystal structure are occupied. In other
embodiments, some sites may be unoccupied, depending on,
for example, the oxidation states of the metal (M).

[0096] A preferred electrode active material embodiment
comprises a compound of the formula

Li,M'",(POyZ,,

[0097] wherein
0098] (i) 0.1<a=4:
[0099] (ii) M'' is one or more metals, comprising at least

one metal which 1s capable of undergoing oxidation to a
higher valence state, and 0.8=b=1.2;

[0100] (i11) Z 1s halogen, and 0=d=4; and
[0101] (iv) wherein M'"', Z, a, b, and d are selected so as
to maintain electroneutrality of said compound.

[0102] wherein M'*, Z, a, b, and d are selected so as to
maintain electroneutrality of said compound. Prefer-
ably, 0.2<a=1.

[0103] Inapreferred embodiment, m comprises at least one
clement from Groups 4 to 11 ofthe Periodic Table, and at least
one element from Groups 2, 3, and 12-16 of the Periodic
Table. Preferably, M'' is selected from the group consisting
of Fe, Co, Mn, Cu, V, Cr, and mixtures thereof; and a metal
selected from the group consisting of Mg, Ca, Zn, Ba, Al, and
mixtures thereof. Preferably Z comprises F. Particularly pre-
terred embodiments 1nclude those selected from the group

consisting of Li,Fe, Mg, ,PO4F, Li,Fe, Mg, ,PO_F,
L1,Fe, Mg, ,-PO,F, L1,CoPO,F, L1,FePO,F, L1,MnPO_F,
and mixtures thereof.

[0104] Another preferred embodiment comprises a coms-
pound of the formula

LiM',_M",PO,,

wherein M'1s at least one transition metal from Groups4to 11
of the Periodic Table and has a +2 valence state; M" 1s at least
one metallic element which 1s from Group 2, 12, or 14 of the
Periodic Table and has a +2 valence state; and 0<j<1. In a
preferred embodiment compound LiM',_ M" PO, has an oli-
vine structure and 0<)=0.2. Preferably M'1s selected from the
group consisting of Fe, Co, Mn, Cu, V, Cr, N1, and mixtures
thereotf; more preferably M' is selected from Fe, Co, N1, Mn
and mixtures thereof. Pretferably, M" 1s selected from the
group consisting of Mg, Ca, Zn, Ba, and mixtures thereof. In
a preferred embodiment M' 1s Fe and M" 1s Mg.

[0105] Another preferred embodiment comprises a com-
pound of the formula:

LiFe, M"Y _PO,

wherein M'“ is selected from the group consisting of Mg, Ca,
/Zn, Sr, Pb, Cd, Sn, Ba, Be, and mixtures thereof; and 0<g<1.
Preferably 0<q=0.2. In a preferred embodiment M'* is
selected from the group consisting of Mg, Ca, Zn, Ba, and
mixtures thereof, more preferably, M'* is Mg. In a preferred
embodiment the compound comprises LiFe, Mg PO,,
wherein 0<q=0.5. Particularly preferred embodiments
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include those selected from the group consisting of LiFe,

sMg,, ,PO,, LiFe, Mg, PO, LiFe, .- Mg, ,-PO., and mix-
tures thereof.

[0106] Another preferred embodiment comprises a com-
pound of the formula

Li Co, Fe M!? M4 M!°, XY,

wherein
[0107] (1) O<a=2, u>0, and v>0;
[0108] (ii) M" is one or more transition metals, where
w=0;
[0109] (iii) M'* is one or more +2 oxidation state non-

transition metals, where aa=0;

[0110] (iv) M"> is one or more +3 oxidation state non-
transition metals, where bb=0:

[0111] (v) XY, 1s selected from the group consisting of
X0, Y, X0, Y, X"5,, and mixtures thereot,
where X' 15 selected from the group consisting of P, As,
Sh, Si1, Ge, V, S, and mixtures thereof; X" 1s selected
from the group consisting of P, As, Sb, 81, Ge, V and
mixtures thereof; Y' 1s selected from the group consist-
ing of halogen, S, N, and mixtures thereof; 0=x=3; and
O<y=2; and

[0112] wherein (u+v+w+aa+bb)<2, and M'°, M'*, M"°,
XY ., a,u,v,w,aa, bb, x, and y are selected so as to maintain

clectroneutrality of said compound. Preferably 0.8=(u+v+
w+aa+bb)=1.2; wherein u=0.8 and 0.05=v=0.15. More

preferably, u=0.5, 0.01=v=0.5, and 0.01=w=0.5.

[0113] Ina preferred embodiment M'° is selected from the
group consisting of Ti1, V, Cr, Mn, N1, Cu and mixtures
thereof. In another preferred embodiment M" is selected
from the group consisting of Mn, Ti, and mixtures thereof.
Preferably 0.01=(aa+bb)=0.5, more preferably 0.01 =aa=0.
2, even more preferably 0.01=aa=0.1. In another preferred
embodiment, M is selected from the group consisting of Be,
Mg, Ca, Sr, Ba, and mixtures thereof. Preferably M'* is Mg
and 0.01=bb=0.2, even more pretferably 0.01=bb=0.1. In
another preferred embodiment M is selected from the group
consisting of B, Al, Ga, In, and mixtures thereof. Preferably
M"> is Al. In a preferred embodiment XY, is PO,

[0114] Another preferred embodiment comprises a com-
pound of the formula:

LiM(PO,_Y".)

: : 16 17 18 19
wherein M1s M™° _M"", M""_M" 5 and

[0115] (i) M'° is one or more transition metals;
[0116] (ii) M'’ is one or more +2 oxidation state non-
transition metals;
[0117] (iii) M'® is one or more +3 oxidation state non-
transition metals;
[0118] (iv) M'” is one or more +1 oxidation state non-
transition metals;
[0119] (v)Y'1s halogen; and
cc>0, each of dd, ee, and 11=0, (cc+dd+ee+il)=1, and
0=x=0.2. Preferably cc=0.8. Preferably 0.01=(dd+e¢)=0.
5, more preferably 0.01=dd=0.2 and 0.0l1=ee=0.2. In
another preferred embodiment x=0.
[0120] In a preferred embodiment M'° is a +2 oxidation
state transition metal selected from the group consisting of'V,
Cr, Mn, Fe, Co, Cu, and mixtures thereof. In another preferred
embodiment, M'° is selected from the group consisting of Fe,
Co, and mixtures thereof. In a preferred embodiment M"” is
selected from the group consisting of Be, Mg, Ca, Sr, Ba and
mixtures thereof. In a preferred embodiment M'® is Al. In a
preferred embodiment, M"” is selected from the group con-
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sisting of L1, Na, and K, wherein 0.01=11=0.2. In another
preferred embodiment M'” is Li. In another preferred
embodiment, wherein x=0, (cc+dd+ee+f)=1, 14" is
selected from the group consisting of Be, Mg, Ca, Sr, Ba and
mixtures thereof, preferably 0.01=dd=0.1, M"® is Al, pref-
erably 0.01 =ee=0.1, and M'” is Li, preferably 0.01 =ff=0.1.
In another preferred embodiment, 0<x=0, even more prefer-
ably 0.01=x=0.03, and (cc+dd+ee+1il)<1, wherein cc=0.8,
0.01=dd=0.1, 0.01=ee=0.1 and 1I=0. Preferably (cc+dd+
ee)=1-x.

[0121] Another preferred embodiment comprises a coms-
pound of the formula:

Al (MO)M'|_;XO,

[0122] (i) A' is independently selected from the group
consisting of L1, Na, K and mixtures thereot, 0.1<a<2;
[0123] (1) M comprises at least one element, having a +4
oxidation state, capable of being oxidized to a higher
oxidation state; O<b=1;
[0124] (111) M'1s one or more metals selected from metals
having a +2 and a +3 oxidation state; and
[0125] (1v) X 15 selected from the group consisting of P,
As, Sb, S1, Ge, V, S, and mixtures thereof.
[0126] In a preferred embodiment, A' is Li. In another
preferred embodiment, M 1s selected from a group consisting,
of +4 oxidation state transition metals. Preferably M 1is
selected from the group comprising Vanadium (V), Tantalum
(Ta), Niobmum (Nb), molybdenum (Mo), and mixtures
thereot. In a preferred embodiment M comprises V, b=1. M’
may generally be any +2 or +3 element, or mixture of ele-
ments. In a preferred embodiment, M' 1s selected from the
group consisting V, Cr, Mn, Fe, Co, N1, Mo, T1, Al, Ga, In, Sb,
B1, Sc, and mixtures thereot. More preferably M'1s 'V, Cr, Mn,
Fe, Co, N1, T1, Al, and mixtures thereof. In one embodiment,
M' comprises Al. Particularly preferred embodiments include
those selected from the group consisting of LiVOPO,,
L1(VO), -sMn, ,-PO,, Li,-Na,,.-VOPO,, and mixtures
thereol.
[0127] Another preferred embodiment comprises a com-
pound of the formula:

A MXY 457,

wherein

[0128] (a) A 1s selected from the group consisting of Li,
Na, K, and mixtures thereof, and 2=a=8;

[0129] (b) M comprises one or more metals, comprising
at least one metal which 1s capable of undergoing oxi-
dation to a higher valence state, and 1=b=3;

[0130] (c) XY, 1s selected from the group consisting of
X'0,_ Y, X0, Y, X"S,, and mixtures thereof,
where X' 1s selected from the group consisting of P, As,
Sh, S1, Ge, V, S, and mixtures thereof; X" 1s selected
from the group consisting of P, As, Sb, S1, Ge, V, and
mixtures thereof; Y' 1s selected from the group consist-
ing of halogen, S, N, and mixtures thereot; 0=x<3; and
0<y<2; and

[0131] (d) Z 1s OH, halogen, or mixtures thereof, and
0=d=6; and

wherein M', XY, Z, a, b, d, X and y are selected so as to
maintain electroneutrality of said compound.

[0132] Inapreferred embodiment, A comprises L1, or mix-
tures of L1 with Na or K. In another preferred embodiment, A
comprises Na, K, or mixtures thereof. In a preferred embodi-
ment, M' comprises two or more transition metals from
Groups 4 to 11 of the Periodic Table, preferably transition
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metals selected from the group consisting of Fe, Co, N1, Mn,
Cu, 'V, Zr, 'T1, Cr, and mixtures thereof. In another preferred
embodiment, M' comprises M',__M"  where M' is at least
one transition metal from Groups 4 to 11 of the Periodic
Table; and M" 1s at least one element from Groups 2, 3, and

12-16 of the Periodic Table; and O<m<1. Preterably, M' 1s

selected from the group consisting of Fe, Co, N1, Mn, Cu, V,
Zr, T1, Cr, and mixtures thereol; more preferably M' is
selected from the group consisting of Fe, Co, Mn, Cu, V, Cr,
and mixtures thereof. Preferably, M" i1s selected from the
group consisting of Mg, Ca, Zn, Sr, Pb, Cd, Sn, Ba, Be, Al,
and mixtures thereol; more preferably, M" 1s selected from
the group consisting of Mg, Ca, Zn, Ba, Al, and mixtures
thereol. In a preferred embodiment, XY, 1s PO,. In another
preferred embodiment, X' comprises As, Sb, Sij Ge, S, and
mixtures thereof; X" comprises As, Sb, S1, Ge and mixtures
thereof; and 0<x<3. In a preferred embodiment, Z comprises
F, or mixtures of F with Cl, Br, OH, or mixtures thereof. In
another preferred embodiment, Z comprises OH, or mixtures
thereof with Cl or Br.

[0133] Non-limiting examples of active materials of the
invention include the following: Li, o-Co, JFej <Al PO,
L1y 555C00 g5F €6 05Al5 025Mg0 05P04, L1} 625C0 goleq
10Alg 055sMg0 0sPO4, L1y 55C06 45F€y 45Al5 005MEo 741
025C0g 5s5Feq 1 sAly 0,sME 05P0,, L1} 455C0, 5(Fe, JMny )
2Aly 055ME6 05PO,4,  Lig 025C00 75Feq 1 5Alg 025sMgg 05PO.,
L1, 555C04 g5F€q 0sAly 025MEg 05PO,, L1, 5,5C0, ;Feq
0sMny, |, Al 555Mgg 0sPO,, L1Co, 55Fe, 1 sAl; o55Ca, osPO5
07585 025, L1C0g goFeg 10Aly 025Ca5 05PO5 975F 6025, Ly,
25C0, Py | Mg, o75sMgg oo5Aly 0sPO,, L1 (Na, 55Co, sFey
1CUg 675Mg0 025AlG 05PO,, L1y 955C00 sFeq 1Al g55Mgg.
075PO,, L1y 455C0, beg osAly 1.MEg 0355P05 75F 55, Ly
025C0q sFeq 1Mo 0025Al0 04PO3 75F 25, L1y 75Co, sEeg
0sMgq. 015Alg 04PO3E, Lij 75C04 sFeq 0,5Cu, go5Beg o15Al,
04PO;F, L1, 75C04 sF€q 025Mg 55Cag 015Alp 04POSE, L1y
025C0q sFeq 05B0.12Ca0 0325P03 75F0 25, L1 025C00 5Feq
‘35Mg0.0125A10.1P03.75F0.25: Lil.DZSCOD.GSFeD.DSMgD.DSSAID.
14PO; 975V 025, 111 025C00 s5F€0 05MgEg 155Alp | PO5 75F 55,
L1 555C04 gsF€q 05ME6 065Al0 14PO5 975F 5 0255 L) 575C0,
sFeg 0sMg0.025Al0.05P03 975F 6 025, L1C, gFey 1 Alg 0osMgg.
0sPO;3 975F g 025, Lig asbeq 7Alg 45sPO,, LIMnALG o6,(PO,4)0 5
(810,4)0 5, L1 95C00 0Aly 0sMgg 0sPO,, Lig osFeg gCag s Al
osPO,, Li,,.-MnBe,,,-Ga,.S510,, Li,Na,,-Mn,  Ca,
375Al, (PO, L, ,5Al, 5sMg, 55C0o, 55PO,, Nag 55B, 1 sNig.
75Bag 55P0,, Ll 55C04 6Alg 655Mgo 05sPO0,, Ky 555N,
090Aly 055Ca, 5PO,, Lig 95C04 6Al osMg, 5PO,, L osbe,
8Cag 15Aly osPO,, Ly 55C00 7(Feg sMng ) 2Alg 6o5Mgg
0sPO,, L1} 5,5C00 gFeq 1 Alg 025sMgg 05PO,, L g55C04 oAl
025 Mg o5POy; L1 025C04 75F€ 15AlG 625ME6 035P04;
LiCog 75Feq 1 sAlg 025Cag 05PO5 975F 0 025, L1C0G gAlG 65,
LiCy gAly 655MEg 05015 6750 0255 Lg 75C04 625Al5 55PO5
75F g 25, L1y 75C06 sCUG 65sMEg 025Al0 05PO3 975F 6 025, L)
o7sFe, sMgy 575AlG 5PO3 975F g 9255 L1 675C00 sMEg o75Al.
05PO;3 975F0. 0255 L1y 55C04 Mg, 1 Alg 65PO; o75F 625
L1Coq sFeq 2 Alg 925sMgg 05PO;5 975F 025, L1sFg sMgg ,POLF;
Li,Fe, .Co, POLF; L1,CoPOF,; KFe(PO,)F; L1,Co(PO,F)
Br,; L1,Fe(POLF,)F; L1,FePO,(Cl; L1,MnPO_,OH;
L1,CoPOLF;  Li,Fc, Co, POF; Li,Fe, Mg, ,PO,F;
Li,Fe, sMg, ,POLL; L1, »sFeq oMgg PO 551
L1,MnPO/F; L1,CoPO,F; K.,Fe, Mg, P, As, O,F;
L1,MnSbO,OH; Li,Fe, (Co, ,SbO,Br; Na,CoAsO,F,; LiFe
(AsO,F)Cl;  Li1,Co(As, <Sb, O, F)F,;  K,Fe(AsO,F,)F;
L1,NiSbO,F; Li,FeAsO,OH; Li,Mn,(PO,),F; Na,FeMn
(PO, ),OH; Li4FeV(PO4)BBr; L1, VAI(PO,),F; K, VAI(PO,)




US 2010/0266899 Al

,Cl; LiKNaTiFe(PO,),F; Li1,11,(PO,);Br; L1,V,(PO,);F;;
Li.FeMg(PO,),OH; Li1,Mn,(SO,),F; K, FeMn(AsO,),OH;
Li,FeV(P, Sb, 0,),Br; LiNaKAIV(AsO,)F; K;VAl
(SbO,),Cl;  Li;Tiv(SbO,),F; Li,FeMn(P, <Asy sO5F);;
L1, 11,(POL)5E; Ly 55V ,(POL)E, 555 LisNa ;5Fe, (PO, ) F,
755 Nag sFe,(POL);(OH)Cl, 55 Kg11,(POL)5F B, Keli,
(POL)sFs; L T1,(POL)sF; LiNay 55V, (POL)5E sClg 553
K5 2sMn,(PO,);0Hy ,5;  LiNa, ,sKT1V(PO,);(OH), »5Cl;
Nagl1,(PO,4);R;CL; LisFe,(PO,) F,: LigFeMg(PO,4)5L,
25Cl, -5 LicNa, ./ TiMn(PO,),(OH),Cl, ;; Na;K, .MnCa
(PO4);(OH), sBr; KoFeBa(PO,),1,Cl,; L1,11,(510,4),(PO,)
F,; NagMn,(S510,4),(POYF,Cl Li;K, V4 (S10,),(POL(OH)
Cl; L1, 1T1,(810,),(PO)OH); L1,NaKV,(S10,),(PO,)F;
L1 TiFe(PO ) F; Na,K,VMg(PO,);FCl; Li,NaAINi1(PO,),
(OH); L1,K FeMg(PO,);F,, L1,Na,K,CrMn(PO, );(OH)Br;
Li1. T1iCa(PO,)5F; Li,T1, -Fe, -(PO,),F; Li;NaSnFe(PO,),
(OH); Li,NaGe, N1,(PO,),(PO,); Na,K,VCo(PO,);(OH)
Cl; LiyNa,MnCa(PO,),F(OH); Li,NaKTiFe(PO,),F;
Li1-FeCo(S510,),(PO,)F; Li1,Na, T1V(510,),(PO)F;
K5 sCrMn(510,),(PO,)Cl, 53 LisNa, 5V 2(8104)2(PO4)(0H)
055 Nas ,sFeMn(5104),(PO4)Br, 551 Lig sVC0(S5104), 5
(PO4)o sk Na; 55V,(8104), 55(PO,), 75F 55 Liy,NaVTi(510,)
3Fo 5Clo 53 Nay K, sZrV(S10,)5F, 53 L1, K,MnV(510,4),(OH)
-5 L1;Na;KT1,(8S10,):F; K. V,(8510,),(OH)Br; LisFeMn
(S10,),F,;  Na,K, -MnNi1(S10,),(OH), .; Li;Na,K,T1V
(510,);(OH), Cl, s; KoVer(510,),F,Cl; Li,Na,V,(510,)
FBr; L1,FeMg(SO,),F,; Na,KNi1Co(SO,),(OH); Na.MnCa
(SO,),F,Cl; Li;NaCoBa(50,):FBr; L1, K, -FeZn(SO,),F;
Li,MgFe(SO,),F,; Li1,NaCaV(S0,),F,; Li,NaCaV(SO,)
LFCl; Na,NiMn(50,),(OH),; Na,KBaFe(SO,),F; L1, KCuV
(SO4);(OH)Br; L1, sCo POLE, 53 L1y ,5CoPOLF, 55 Ly
7sEePOLY, 755 L) ¢MnPOLE, o6; 11 sCoq 75Ca, 55POLE 5
L1, 75C00 sMn, ;PO 751 L1y 5sbeq 7sMgg 2sPOLE 555 Ly
66C0q /0y ,PORE, ;. KMn,S10,Cl; Li1,VS10,(0OH),;
L1,CoGeO, F; LiMnSO,F; Nake, Mg, ,SO,Cl; LiFeSO,F;
LiMnSO,OH; KMnSO,F; Li, ,-Mn, Mg, ,PO.F, <
L13FEZH(PO4)F2: L1, 5V 75Mg0 s(POLYF, 753 L13Vj sAlp o
(PO F; <; L1, - VCa(POF, -5; L1,CuBa(POF,; L1,V

sCa(PO,)(OH), ; L1, ;FeMg(PO_)(OH)CI; LlFeCOCa(PO4)
(OH),F; L1;CoBa(PO,)(OH),Br,; L1, --Mn, ;Al(PO,(OH),
75, L1,C04 7sMg, -(POLE: LiNaCo, sMg, ,(PO4)E;
NaKCo, sMg, s(PO ;. LiNag 5K, sFeq 7sMgg »5(POLE;
L1, sKo.5Vo 521, s(POLE; Nagle,Mg(PS,);(OH,)CI;
L1,Mn, Co, ;(PO,F),(OH); ; K.FeMg(PO,F),F,Cl,

Li.Fe,Mg(50,),Cl; L111,(S0,);Cl, LiMn, (SO, );F, Li3Ni2
(SO,),(Cl, L1,Co,(SO,),F, L1,Fe,(SO,),Br, L1,Mn,(SO,),F,
Li,MnFe(SO,),F, L1,N1Co(SO ), Cl; LiMnSO,F;
LiFeSO,Cl; LiNiSO.F; LiCoSO,Cl; LiMn,_ Fe SO,F,
Li:?ei_IMgISO_{LF; LiTZrMn(SiO4)3F; L1-MnCO(510,),F;
L1-MnNi1(S10,),F; L1, VAI(510,),F; L1.MnCo(PO,),(S510.)
F; Li1,VAI(PO,),(S10,)F; L1,MnV(PO,),(S10,)F; L1,VFe
(PO,), (510 )F; Li, ;VPO,F, «; L1, VPO,F,4; L1VPO_F;
L1,V,(PO,),F;; LiVP,Cl; LiuVPO,OH; NaVPO,F; Na,V,
(PO,),F;; L1V, Al POLF;, LiFePO,F; LiTiPO_F;
LiCrPOLF ; LiFePO,; LiCoPO,, LiMnPO,; LiFe, Mg,
1PO,; LiFe, (Mg, ,PO,; LiFc, Mg, ,.PO.; LiFe, Ca,
1PO,; LiFe, (Ca, ,PO,; LiFe, «Zn, ,PO,; LiMn, JFe, ,PO,;
LiMn, ;Fe, PO,; L1,V,(PO,);; LiFe,(PO,),; Li;Mn,
(PO,),; Li,FeTi(PO,),; Li;CoMn(PO,);; Li;FeV(PO,);;
L1,VT1(PO,),; Li1,FeCr(PO,),; LisFeMo(PO,),; Li;FeNi
(PO,);; Li,FeMn(PO,),; Li;FeAl(PO,);; Li;FeCo(PO,);;
L1,11,(PO,)y; L1, TiCr(PO,),; Li;TiMn(PO,),; LiyTiMo
(POL)s: L1 11Co(POL)5: L3 T1,(PO,),:  Liy TiCr(PO,)5:
L1,ZrMnSiP,O, ,; L1, V,S1P, 0, ,; L1;MnVSi1P,0,,;
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L1, T1VSIP, 0O, ,; L1, TiCrS1P, 0O, 5; Li; (AIVS1, (P, O, ,; L1,
sV2S1, P, 0O,,; L1, (AlCrSy, P, O,2; L1, . V,P,0O,, R,
s, L1,V,P30,,F; L1, sVMnP;0,, sFy 5: L1,V sFe, sP;0,,F;
L1,V 5V, sP30y) sFy s L1,V,P,0,,F; Li;Mn, 5V,
sP30,,Fg 55 L1Cog gFeq 115 g5sMhg 65sPO,; Ly g,5Co, gFe,
1115 g25AlG 525PO,: L1 555C04 gFeg 1 115 505Mgg 55P0;.
97585 0255 11C0g gasF€q 1 115 02sMEg 025PO,;  LiCog gsFe,

075Ti0.025Mg0.025PO45 | LiCOo.SFea.lTio.q25A10.025Mg0.
025P0,, L1, 1,5C04 gFeq 114 g,sMgg 4sPO,, L1 ,5C0, gFey

1119 025Alp 025ME0 025PO4,  L1Coq gkeq 1 116 0sMgg 05PO.,
LiVOPO,, Li(VO),,-Mn,..PO,, NaVOPO,, Li,-,.Na,
>sVOPO,, Li1(VO), Al, PO, Na(VO), -.Fe,,-.PO,, Li,
sN, - VOPO,, L1(VO), -:Co, ,-PO,, L1(VO), ,-Mo, ,;PO_,
L1VOSQO,, and mixtures thereof.

[0134] Preferred active matenals i1nclude LiFePO,;
L1CoPO,, LiMnPO,; LiMn,  Fe, ,PO,; LiMn, ;Fe, ;PO,;
LlFe, Mg, ,PO,; LiFe, Mg, ,LiFe, osMg, osPO,;  Li;.
025C0g gsF€q osAly 02sME, 0sPO,, Ll 555C0, goFeq oAl
025Mg 0sPO,4, L1y 555C04 75F€ 1sAly 0osMgg 0sPO,,  Liy.
025C0q ,(Feq 4,Mng )6 Al 025sMgg 05PO,4, LiCog gFe, | Aly
025Cag 05PO3 9755 025, L1Coq gFey | Aly go5Mgg 05P0;.
97585 025,  [1C0g gF€ 1 115 025Mgg 05sPO4; Ly 555C0, sFe,
1115 g25AlG 525PO,: L1 55C04 gFeq 1 115 925Mgg 655P0;.
975H5 0255 11C0g gasF€q 1 T1g 02sMEg 0,5PO,;  LiCog gsFe,
07511, g-sME, 1,sPO,; L1IVOPO,; L1(VO), ,-Mn, ,.PO,; and
mixtures thereof. A particularly preferred active maternial 1s
L1Cog gkeq 1 Aly 025MEp 05PO5 975H 025

II. A MO, Active Materials:

[0135] Inanembodiment of this invention, active materials
of this invention comprise alkali metal transition metal oxides
of the formula A M O_. Such embodiments comprise com-

pounds of the formula A* M ng

[0136] A~ is selected from the group consisting of Li
(Iithium), Na (sodium), K (potassium), and mixtures thereof.
In a preferred embodiment, A~ is Li, or a mixture of Li with
Na, a mixture of L1 with K, or a mixture of L1, Na and K. In
another preferred embodiment, A” is Na, or a mixture of Na
with K. Preferably “e” 1s from about 0.1 to about 6, more
preferably from about 0.1 to about 3, and even more prefer-
ably from about 0.2 to about 2.

[0137] M’ comprises one or more metals, comprising at
least one metal which 1s capable of undergoing oxidation to a
higher valence state. In a preferred embodiment, removal of
alkali metal from the electrode active material 1s accompa-
nied by a change 1n oxidation state of at least one of the metals
comprising M. The amount of the metal that is available for
oxidation 1n the electrode active material determined the
amount of alkal1 metal that may be removed. Such concepts

for oxide active materials are well known 1n the art, e.g., as
disclosed in U.S. Pat. Nos. 4,302,518 and 4,357,215 1ssued to

Goodenough et al; and U.S. Pat. No. 3,783, 333, Mayer,
issued Jul. 21, 1998, all of which are incorporated by refer-
ence herein.

[0138] Similar to the oxidation process described above for
formula A' M' (XY,) 7 , the oxidation process for
A* M jOg reﬂects the amount (¢') of alkali metal that can be
removed as a function of the quantity (1') and valency (V )
of oxidizable metal, 1s

e'=f(AVT),

where AVM2’ 1s the difterence between the valence state of the

metal 1in the active material and a valence state readily avail-
able for the metal.
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[0139] The O, component of the compound provides the
oxide and the negatively charged species 1in the material.
Preferably 1=g=13, more preferably 2=g=13, and even
more preferably 2=g=8g,.

[0140] M’ may comprise a single metal, or a combination
of two or more metals. In embodiments where M is a com-
bination of elements, the total valence of M~ in the active
material must be such that the resulting active material 1s
electrically neutral. M> may be, in general, a metal or metal-

loid, selected from the group consisting of elements from
Group 2-14 of the Periodic Table.

[0141] TTransition metals useful herein include those
selected from the group consisting of T1 (Titanium), V (Vana-
dium), Cr (Chromium), Mn (Manganese), Fe (Iron), Co (Co-
balt), N1 (Nickel), Cu (Copper), Zr (Zirconium), Nb (Nio-
bium), Mo (Molybdenum ), Ru (Ruthenium), Rh (Rhodium),
Pd (Palladium), Ag (Silver), Cd (Cadmium), Hf (Hafnium),
Ta (Tantalum), W (Tungsten), Re (Rhenium), Os (Osmium),
Ir (Indium), Pt (Platinum), Au (Gold), Hg (Mercury), and
mixtures thereol. Preferred are the first row transition series
(the 4th Period of the Periodic Table), selected from the group
consisting of T1, V, Cr, Mn, Fe, Co, N1, Cu, and mixtures
thereol. Particularly preferred transition metals useful here
include Fe, Co, Mn, Mo, Cu, V, Cr, and mixtures thereof. In
some embodiments, mixtures of transition metals are pre-
terred. Although, a variety of oxidation states for such tran-
sition metals are available, 1n some embodiments 1t 1s pre-
terred that the transition metals have a +2 oxidation state.

[0142] M’ may also comprise non-transition metals and
metalloids. Among such elements are those selected from the
group consisting of Group 2 elements, particularly Be (Beryl-
lium), Mg (Magnesium), Ca (Calcium), Sr (Strontium), Ba
(Barium); Group 3 elements, particularly Sc (Scandium), Y
(Yttrium), and the lanthamdes, particularly La (Lanthanum),
Ce (Cerium), Pr (Praseodymium), Nd (Neodymium), Sm
(Samarium); Group 12 elements, particularly Zn (zinc) and
Cd (cadmium); Group 13 elements, particularly B (Boron),
Al (Aluminum), Ga (Gallium), In (Indium), T1 (Thallium);
Group 14 elements, particularly S1 (Silicon), Ge (Germa-
nium), Sn (Tin), and Pb (Lead); Group 15 elements, particu-
larly As (Arsenic), Sb (Antimony), and B1 (Bismuth); Group
16 elements, particularly Te (Tellurium); and mixtures
thereol. Preferred non-transition metals include the Group 2
clements, Group 12 elements, Group 13 elements, and Group
14 elements. Particularly preferred non-transition metals
include those selected from the group consisting of Mg, Ca,
/n, Sr, Pb, Cd, Sn, Ba, Be, Al, and mixtures thereof. Particu-
larly preferred are non-transition metals selected from the
group consisting of Mg, Ca, Zn, Ba, Al, and mixtures thereof.

[0143] In a preferred embodiment, M® comprises one or
more transition metals from Groups 4 to 11. In another pre-
ferred embodiment, M® comprises a mixtures of metals,
wherein 1s at least one 1s a transition metal from Groups 4 to
11. In another preferred embodiment, M> comprises at least
one metal selected from the group consisting of Fe, Co, N1, V,
Zr, T1, Mo and Cr, preferably 1=1=6. In another preferred
embodiment M~*is M* M>, M°, . wherein k+m+n=f. In a pre-
ferred embodiment, M* is a transition metal selected from the
group consisting of Fe, Co, N1, Mo, Cu, V, Zr, T1, Cr, Mo and
mixtures thereof, more preferably M* is selected from the
group consisting of Co, N1, Mo, V, T1, and mixtures thereof. In
a preferred embodiment, M” is one or more transition metal
from Groups 4 to 11 of the Periodic Table. In a preferred
embodiment, M® is at least one metal selected from Group 2,
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12, 13, or 14 of the Periodic Table, more preferably M® is
selected from the group consisting of Mg, Ca, Al, and mix-
tures thereot, preterably n >0.

[0144] A preferred electrode active material embodiment
comprises a compound of the formula A~ M~ .- 10 a pre-
ferred embodiment A® comprises Li. Preferably M* com-
prises one or more metals, wherein at least one metal 1s
capable of undergoing oxidation to a higher valence state, and
1=f=6. In another preferred embodiment M* is
M* M> M° . wherein k+m+n=f. In a preferred embodiment,
M* is a transition metal selected from the group consisting of
Fe, Co, N1, Mo, V, Zr, Ti1, Cr, and mixtures thereof, more
preferably M™ is selected from the group consisting of Co, Ni,
Mo, V, T1, and mixtures thereof. In a preferred embodiment,
M is one or more transition metal from Groups 4 to 11 of the
Periodic Table. In a preferred embodiment, M° is at least one
metal selected from Group 2, 12, 13, or 14 of the

[0145] Periodic Table, more preferably M® is selected from
the group consisting of Mg, Ca, Al, and mixtures thereof,
preferably n >0.

[0146] A preferred electrode active material embodiment
comprises a compound of the formula

LiNi Co M® 0,

wherein 0<(r+s)=1, and O=t<l. In another preferred
embodiment r=(1-s), where t=0. In another preferred
embodiment r=(1-s—t), wherein t>0. M° is at least one metal
selected from Group 2, 12, 13, or 14 of the Periodic Table,
more preferably M® is selected from the group consisting of
Mg, Ca, Al, and mixtures thereof.

[0147] Alkali/transition metal oxides among those useful
herein include LiMn, O, LiN10O,, L1CoO,, LiNi, 5 Al, 50,
L1,Cu0,, y-L1V,0., L1Co, :O,, NaCoO,, NaN1O,, LiNi-
CoO,, LiNi, -Co,,-0,, LiNi,Co,,0,, LiNi, Cu, O,
LiMnO,, LiMoO,, LiNi,Co,sAl;:0,, LiFeO;,
a-LiFe Oy, p-LiFe Og, L1,Fe, O , LiFe,0,, LiN1, .Co, ,Al,
20, LiN1, {Cog, Mg, 50,, L1N1, (Co, ,:Ca, ,:0,, NaN1,
8C0g 15Alp 0505, KN sCop 1 sMg 4505, L1Cr, ;Co, 15Al,
050,, KCo00,, L1, :Na, -Co0O,, NaNi, Co, .O,, KN1, -.Co,
>50,, LiFe,,.Co,,:0O,, LiCu,,Co,,0,, LiTi, (N1, ,0.,,
L1V, Co, .02, L1,V,Co, sAl, O, Na,Li1VN1, Mg, -O.,
L1.CrFe, .Ca0O,, L1CrO,, L1VO,, L1T10,, NaVO,, NaTi0.,,
L1,FeV,O., LiN1, .Co,0,; L1,V Fe, .Ca0,, and mixtures
thereof. Preferred alkali/transition metal oxides include
LiN10O,, LiCo0O,, LiNi_ Co O,, v-L1V,O., L1,CuO, and
mixtures thereof.

[0148] Another preferred embodiment of this mvention
comprises electrode active materials of the formula A°, Mn O
(herein “modified manganese oxide™) having an inner and an
outer region, wherein the inner region comprises a cubic
spinel manganese oxide, and the outer region 1s enriched with
Mn™* relative to the inner region.

[0149] In a preferred embodiment A° is selected from the
group consisting of L1 (lithium), Na (sodium), K (potassium),
and mixtures thereof. In a preferred embodiment, A° is Li, or
a mixture of L1 with Na, a mixture of .1 with K, or a mixture
of Li, Na and K. In another preferred embodiment, A® is Na,
or a mixture of Na with K. Preferably h=2.0, more preferably
0.8=h=1.5, and even more preferably 0.8=h=1.2, and h and
1 are selected so as to maintain electroneutrality.

[0150] In a preferred embodiment, such modified manga-
nese oxide active materials are characterized as particles hav-
ing a core or bulk structure of cubic spinel manganese oxide
and a surface region which is enriched in Mn** relative to the
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bulk. X-ray diffraction data and x-ray photoelectron spectros-
copy data are consistent with the structure of the stabilized
manganese oxide being a central bulk of cubic spinel lithium
manganese oxide with a surface layer or region comprising,

A,MnQO,, where A 1s an alkal1 metal.

[0151] The mixture preferably contains less than 50% by
weight of the alkali metal compound, preferably less than
about 20%. The mixture contains at least about 0.1% by
weight of the alkali metal compound, and preferably 1% by
weight or more. In a preferred embodiment, the mixture con-
tains from about 0.1% to about 20%, preferably from about
0.1% to about 10%, and more preferably from about 0.4% to
about 6% by weight of the alkali metal compound.

[0152] The alkali metal compound 1s a compound of
lithium, sodium, potassium, rubidium or cesium. The alkali
metal compound serves as a source of alkali metal 1on in
particulate form. Preferred alkali metal compounds are
sodium compounds and lithium compounds. Examples of
compounds include, without limitation, carbonates, metal
oxides, hydroxides, sulfates, aluminates, phosphates and sili-
cates. Examples of lithium compounds thus include, without
limitation, lithtum carbonates, lithium metal oxides, lithium
mixed metal oxides, lithium hydroxides, lithtum aluminates,
and lithium silicates, while analogous sodium compounds are
also preferred. A preferred lithtum compound 1s lithium car-
bonate. Sodium carbonate and sodium hydroxide are pre-
terred sodium compounds. The modified manganese oxide 1s
preferably characterized by reduced surface area and
increased alkali metal content compared to an unmodified
spinel lithtum manganese oxide. In one alternative, essen-
tially all of a lithtum or sodium compound 1s decomposed or
reacted with the lithtum manganese oxide.

[0153] In one aspect, the decomposition product 1s a reac-
tion product of the LMO particles and the alkali metal com-
pound. For the case where the alkali metal 1s lithium, a
lithium-rich spinel 1s prepared. A preferred electrode active
material embodiment comprises a compound of the formula
L1, ,Mn,_ O,, where 0=p<0.2. Preferably p 1s greater than

orle}c?lual to about 0.081.

[0154] In many embodiments, the modified manganese
oxide material of the ivention 1s red 1n color. Without being
bound by theory, the red color may be due to a deposit or
nucleation of L1,MnO; (or Na,MnQO,, which 1s also red in
color) at the surface or at the grain boundaries. Without being
bound by theory, one way to envision the formation of the
“red” modified manganese oxide is as follows. Mn™*> at the
surface ol a cubic spinel lithiated manganese oxide particle
loses an electron to combine with added alkali metal from the
alkali metal compound. Advantageously, the alkali metal
compound 1s lithtum carbonate. Thus, the cubic spinel lithi-
ated manganese oxide becomes enriched in lithtum. Charge
balance 1s maintained by combination with oxygen from the
available atmosphere, air, during the solid state synthesis. The
oxidation of Mn*> to Mn** at the surface of the particle results
in a loss of available capacity and a contraction of the unit cell.
Thus a surface region of the particle relatively enhanced 1n
Mn™* forms during the reaction of the cubic spinel lithiated
manganese oxide with the lithtum compound 1n air or 1n the
presence of oxygen. At leastin the early stages of the reaction,
a surface layer or coating of L1,MnQ, 1s formed on the surface
of the particle. It 1s believed that formation of the red colored
L1,MnO; (or Na,MnQO,) at the surface of the particle is
responsible for the red color observed in some samples of the
treated LMO of the invention.
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[0155] In a preferred embodiment of this invention, the
blends additionally comprise a basic compound. Such a
“basic compound™ 1s any material that 1s capable of reacting
with and neutralizing acid produced during operation of the
cell, such as by decomposition of the electrolyte or other
battery components as discussed below. A basic compound
can be blended in combination with one or more cathode
active material, such as those mentioned above, to provide
enhanced performance.

[0156] Non-limiting examples of basic compounds include
iorganic and organic bases. Examples of 1norganic bases
include, without limitation, carbonates, metal oxides,
hydroxides, phosphates, hydrogen phosphates, dihydrogen
phosphates, silicates, aluminates, borates, bicarbonates and
mixtures thereof. Preferred basic compounds include the
basic carbonates, basic metal oxides, basic hydroxides, and
mixtures thereol. Examples include without limitation Li1OH,
L1,0, [1AlO,, L1,510,, L1,CO,, Na,CO,, and CaCO,.
Organic bases useful as the basic compound include basic
amines and other organic bases such as carboxylic acid salts.
Examples include without limitation primary, secondary and
tertiary amines, and salts of organic acids such as acetic acid,
propanoic acid, butyric acid and the like. Specific examples of
amines 1mclude n-butylamine, tributylamine, and 1sopropy-
lamine, as well as alkanolamines. Preferred organic bases
include those having 6 carbon atoms or fewer.

[0157] In a preferred embodiment, the basic compound is
provided 1n particulate form. In another preferred embodi-
ment, the basic compound 1s a lithium compound. Lithium
compounds are preferred because they are more compatible
with other components of the cell which also provide sources
of lithium 1on. Most preferred lithium basic compounds
include, but are not limited to L1OH, L1,0, L1AlO,, L1,S10,,
and L1,CO;.

III. Blends Various blends of the above-mentioned com-
pounds having the general formulas A M, (XY,) 7, and
A MO, are preterred. The compounds are preferably mixed
with one another to provide an electrode active material com-
prising mixed active particles. In embodiments comprising a
first active material and a second active material, the weight
ratio of first material:second material 1s from about 1:9 to
about 9:1, preferably from about 2:8 to about 8:2. In some
embodiments, the weight ratio 1s from about 3:7 to about 7:3.
In some embodiments, the weight ratio 1s from about 4:6 to
about 6:4, preferably about 5:5 (1.e., about 1:1).

[0158] As will be appreciated by one of skill in the art,
varying the composition of the active material blend will
alfect operating conditions of the battery, such as discharge
voltage and cycling characteristics. Thus, a specific blend of
active materials can be selected for use within a battery
depending on the composition and design of the battery and
desired performance and operating parameters, such as elec-
trolyte/solvent being used, temperature, voltage profile, etc.

[0159] One cathode active material blend 1s a powder that
includes two groups of particles having differing chemaical
compositions, wherein each group of particles comprises a
material selected from:

[0160] (a) materials of the formula A" M"', (XY.).Z
[0161] (b) materials of the formula A* M*0,; and
[0162] (c) materials of the formula A°, Mn,O,;

[0163] wherein
[0164] (i)A',A” and A° areindependently selected from

the group consisting of L1, Na, K, and mixtures thereof,
and 0<a=g, 0<e=6;
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[0165] (ii) M is one or more metals, comprising at least
one metal which 1s capable of undergoing oxidation to a
higher valence state, and 0.8=b=3;

[0166] (iii) M~ is one or more metals, comprising at least
one metal selected from the group consisting of Fe, Co,
Ni, Cu, V, Zr, T1, and Cr, and 1=1=6;

[0167] (1v) XY, 1s selected from the group consisting of
X0, Y, X0, Y5, X"S,, and mixtures thereof,
where X' 1s selected from the group consisting of P, As,
Sh, S1, Ge, V, S, and mixtures thereof; X" 1s selected
from the group consisting of P, As, Sb, 51, Ge, V, and
mixtures thereof; Y' is halogen; 0=x<3; and 0<y<2; and

O<c=3;

[0168] (v) Z 1s OH, halogen, or mixtures thereof, and
0=d=6;

[0169] (v1) O<g=15;

[0170] (vii)M',M* XY, Z,a,b,c,d, e, 1, g h,i xand

y are selected so as to maintain electroneutrality of said
compound; and

[0171] (viii) said material of the formula A°>, Mn,O,, has
an mmner and an outer region, wherein the mner region
comprises a cubic spinel manganese oxide, and the outer
region comprises a manganese oxide that 1s enriched in
Mn** relative to the inner region.

[0172] In a preferred embodiment, M' and M* comprise
two or more transition metals from Groups 4 to 11 of the
Periodic Table. In another preferred embodiment, M' com-
prises at least one element from Groups 4 to 11 of the Periodic
Table; and at least one element from Groups 2, 3, and 12-16 of
the Periodic Table. Preferred embodiments include those
where ¢=1, those where ¢c=2, and those where ¢=3. Prelerred
embodiments 1include those where a=1 and c=1, those where
a=2 and c=1, and those where a=3 and c¢=3. Preferred
embodiments for compounds having the formula A* M",
(XY ,) 7, also include those having a structure similar to the
mineral olivine (herein “olivines™), and those having a struc-
ture similar to NASICON (NA Super Ionic CONductor)
materials (herein “NASICONs™). In another preferred
embodiment, M" further comprises MO, a +2 ion containing
a +4 oxidation state transition metal.

[0173] Inpreferred embodiment, M* comprises at least one
transition metal from Groups 4 to 11 of the Periodic Table,
and at least one element from Groups 2, 3, and 12-16 of the
Periodic Table. In another preferred embodiment M? is
M* M> M?° . wherein M is a transition metal selected from
the group consisting of Fe, Co, N1, Cu, V, Zr, T1, Cr, and
mixtures thereof; M> is one or more transition metal from
Groups 4 to 11 of the Periodic Table; M® is at least one metal
selected from Group 2, 12, 13, or 14 of the Periodic Table; and
k+m+n=i. Preferred embodiments of compounds having the
formula A*_M? . Include alkali metal transition metal oxide
and more specifically lithium nickel cobalt metal oxide. In
another preferred embodiment A®, Mn O, has an inner and an
outer region, wherein the inner region comprises a cubic
spinel manganese oxide, and the outer region comprises a
manganese oxide that is enriched in Mn** relative to the inner
region.

[0174] Additional particles can be further added to the mix-
ture of cathode active materials to form a terniary blend. The
particles can include additional active maternials as well as
compounds selected from a group of basic compounds. Fur-
ther blends can be formed by combining four, five, six, eftc.
compounds together to provide various cathode active mate-
rial blends.
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[0175] Another combination of cathode active materials
includes a powder comprising two groups of particles having
differing chemical compositions, wherein

[0176] (a) the first group of particles comprises a mate-
rial of the formula A* M',(XY,) Z ,; and

[0177] (b) the second group of particles comprises a
material selected from materials of the formula A* M,
(XY ,).Z ; materials of the formula A~ M’ o> and mix-
tures thereof;

[0178] wherein

[0179] (i) A' and A* are independently selected from the
group consisting of L1, Na, K, and mixtures thereotf, and
0<a=8, and 0<e=6;

[0180] (ii) M' and M” are, independently, one or more
metals, comprising at least one metal which 1s capable of
undergoing oxidation to a higher valence state, and
0.8=b=3, and 1={=6;

[0181] (111) XY, 1s selected from the group consisting of
X'0,_ Y, X'O4_oY'5,, X"S,, and mixtures thereof,
where X' 1s selected from the group consisting of P, As,
Sh, S1, Ge, V, S, and mixtures thereof; X" 1s selected
from the group consisting of P, As, Sb, S1, Ge, V, and
mixtures thereof; Y' 1s halogen; 0=x<3; and 0<y<2; and
O<c=3;

[0182] (1v) Z 1s OH, halogen, or mixtures thereot, and
0=d=6;

[0183] (v) O<g=13; and

[0184] (vi) wherein M', M>, XY, Z,a, b,c,d, e, 1, g x
and y are selected so as to maintain electroneutrality of
said compound.

[0185] In a preferred embodiment, M' comprises at least
one element from Groups 4 to 11 of the Periodic Table, and at
least one element from Groups 2, 3, and 12-16 of the Periodic
Table. In another preferred embodiment, M' comprises MO,
a +2 10n contaiming a +4 oxidation state metal. In another
preferred embodiment, M” is M*, M> M° = m wherein M is
a transition metal selected from the group consisting of Fe,
Co, Ni, Cu, V, Zr, Ti, Cr, and mixtures thereof; M° is one or
more transition metal from Groups 4 to 11 of the Periodic
Table; M® is at least one metal selected from Group 2, 12, 13,
or 14 of the Periodic Table. In another preferred embodiment
A M O, comprises a material ot the formula A’ Mn,O,
having an 1mnner and an outer region, wherein the inner region
comprises a cubic spinel manganese oxide, and the outer
region comprises a cubic spinel manganese oxide that 1s
enriched in Mn™* relative to the inner region. In another
preferred embodiment, the mixture further comprises a basic
compound.

[0186] A third cathode active material blend includes two
groups ol particles having differing chemical compositions,
wherein

[0187] (a) the first group of particles comprises an inner
and an outer region, wherein the mnner region comprises
a cubic spinel manganese oxide, and the outer region
comprises a manganese oxide that is enriched in Mn**
relative to the 1nner region; and

[0188] (b) the second group of particles comprises a
material selected from materials of the formula A' M*',
(XY.).Z ;; materials of the formula A* M’ o> and mix-
tures thereof;

[0189] wherein

[0190] (i)A',A” and A° areindependently selected from
the group consisting of L1, Na, K, and mixtures thereof,

and 0<a=g, 0<e=6;
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[0191] (ii)) M' and M are, independently, one or more
metals, comprising at least one metal which is capable of
undergoing oxidation to a higher valence state, and
0.8=b=3, and 1=1=6;

[0192] (11) XY, 1s selected from the group consisting of
X0, Y, X0, 0,5, X"S,, and mixtures thereot,
where X' 1s selected from the group consisting of P, As,
Sh, S1, Ge, V, S, and mixtures thereof; X" 1s selected
from the group consisting of P, As, Sb, S1, Ge, V, and
mixtures thereof; Y' 1s halogen; 0=x<3; and 0<y<2; and

O<c=3;

[0193] (1v) Z 1s OH, halogen, or mixtures thereof, and
0=d=6;

[0194] (v) 0<g=15; and

[0195] (vi) wherein M', M”, XY, Z,a, b,c,d, e, f, g x
and y are selected so as to maintain electroneutrality of
said compound.

[0196] A ternary blend of cathode active materials includes
three groups of particles having differing chemical composi-
tions, wherein each group of particles comprises a matenal
selected from

[0197] (a) materials of the formula A* M',(XY.) 7

[0198] (b) materials of the formula A* M o> and mix-
tures thereot; wherein
[0199] (i) A' and A” are independently selected from

the group consisting of L1, Na, K, and mixtures

thereof, and 0<a=g, and 0<e=6;

[0200] (ii) M' and M” independently comprise one or
more metals, comprising at least one metal which 1s
capable of undergoing oxidation to a higher valence
state, and 0.8=b=3, and 1={=6;

[0201] (1) XY, 1s selected from the group consisting
of X'O, Y, X0O,Y,, X"S, and mixtures
thereol, where X' 1s selected from the group consist-
ing ol P, As, Sb, S1, Ge, V, S, and mixtures thereof; X"
15 selected from the group consisting of P, As, Sb, Si,
Ge, V, and mixtures thereof; Y' 1s halogen; 0=x<3;
and 0<y<2; and 0<c=3;

[0202] (1v) Z 1s OH, halogen, or mixtures thereof, and
0=d=6;

[0203] (v)0<g=15; and

[0204] (vi) wherein M', M>, X, Y, Z,a,b,c,d, e, I, g,

x and y are selected so as to maintain electroneutrality
of said compound.

[0205] Oneembodiment comprises: (a) a first material hav-
ing the general formula A M, (XY ,) 7 , where A 1s L1, XY,
1s PO, and ¢ 1s 1; with (b) a second material of the formula
AMQO,. In a preterred embodiment, the first material 1s
Lite,_ Mg PO, where 0<q<0.5. Preferred first materials are
selected from the group consisting of LiFe, ; Mg, ,PO,;
LiFe, ;Mg, ,PO,; LiFe, ;- Mg, ,sPO,; and mixtures thereof.
Preferably the second maternial 1s selected from the group
consisting of LiNi, ,Co, ,sAl, ,:0,; LiIN1O,; LiCoO,;
v-L1V,0.; LiMnO,; LiMoO,; Li1,Cu0,; LiNi1,Co MO.,;
[iMn,O,, modified manganese oxide material of formula
LiMn.O,, and mixtures thereol. In a preferred embodiment,
the second material 1s selected from the group consisting of
LiNi, (Co, 15Al; 450,. LiNi1O,; LiCoO,; LiNi,_ Co 0.,
v-L1V,0.; and mixtures thereof. Preferably such preferred
blends comprise from about 50% to about 80% (by weight) of
the first matenal, more preferably from about 60% to about
70% of the first matenal.

[0206] Another embodiment of the present invention the
active material blend comprises two or more groups of par-
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ticles having differing chemical compositions, wherein each
group of particles comprises a maternal selected from:

[0207] (a) materials of the formula A' M*,(XY,) Z
and
[0208] (b) materials of the formula LiMn,O, or L1,
Mn,__O;
[0209] wherein
[0210] (1) A'is selected from the group consisting of L4,

Na, K, and mixtures thereof, and 0 <a <8;:

[0211] (ii) M" is one or more metals, comprising at least

one metal which 1s capable of undergoing oxidation to a
higher valence state, and 0.8=b=3;

[0212] (1) XY, 1s selected trom the group consisting of
X0, Y, X0, Y5, X"S,, and mixtures thereof,
where X' 15 selected from the group consisting of P, As,
Sh, Si1, Ge, V, S, and mixtures thereof; X" 1s selected
from the group consisting of P, As, Sb, S1, Ge, V and
mixtures thereof; Y' 1s halogen; 0=x<3; and 0<y<2; and
O<c=3;

[0213] (v) Z 1s OH, halogen, or mixtures thereof, and
0=d=6; and

[0214] (vi)M', XY, Z,a, b, c,d, X,y and z are selected
so as to maintain electroneutrality of said compound.

[0215] The LiMn,O, or Li,_Mn, O, useful i this
embodiment can be “treated” as known to those skilled in the
art. The “treated” lithium manganese oxide are ‘treated” with
a basic material that will react with acids 1n a battery configu-
ration, which acids would otherwise react with the lithium

manganese oxide. For example, the LiMn,O, or L1, Mn,_

I+~

20, can be coated with L1,MnQO, or Na,MnQO, as disclosed 1n
U.S. Patent Application 20020070374-Al published on Jun.
13, 2002. Another manner of “treating’” the LiMn,O, or L1
zMn,__QO, 1s to stmply mix 1t with a basic compound that will
neutralize the acids 1n a battery that would react with the
lithium manganese oxide as disclosed 1n U.S. Pat. No. 6,183,
718 1ssued on Feb. 6, 2001. JP 7262984 to Yamamoto dis-
closes LiMn, O, coated with L1,MnO, wherein the complex
1s formed by the decomposition product of LiMn,O,, 1n the
presence of L1IOH. Another example of treated lithium man-
ganese oxide 1s described 1n U.S. Pat. No. 6,322,744 1ssued
Nov. 27, 2001 wherein a cationic metal species 1s bound to the
the spinel at anmionic sites of the lithium manganese particle
surface. Another example of a “treated” lithium manganese
oxide 1s a composition comprising lithium-enriched manga-
nese oxide represented by the general formula Li,,_Mn,__ O,

wherein 0.08<z=0.20, which 1s the decomposition product of

a (a) spinel lithium manganese oxide of the general formula
L1, Mn,_ O, wherein 0<x=0.20, 1n the presence of (b)

I4+-X

lithium carbonate wherein x<z. (See U.S. Pat. No. 6,183,718
issued Feb. 6, 2001.)

[0216] Another embodiment comprises (a) a first material
selected from the group consisting of LiFe, Mg, ,PO,;
LiFe, Mg, ,PO,; LiFe, ;- Mg, ,-PO,; and mixtures thereof;
and (b) a second material having the formula LiN1,Co M O,,
wherein 0<(r+s)=1, and 0=t<1. Preferably M 1s at least one
metal selected from Group 2, 12, 13, or 14 of the Periodic
Table. More preferably M 1s selected from the group consist-
ing of Mg, Ca, Al, and mixtures thereol. Preferably, the sec-

ond material 1s selected from the group consisting of LiN1,
3C0g 15Alp 0505,  LiN1, 4Coq ,Alp 50,5, LiN1g Cog 1 sMgg
050,, LiNi, ;Co, ,sCa, 1s0,, NalNi, Co, ;Al; 550,, and

mixtures thereol. Preferably such blends comprise from
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about 50% to about 80% (by weight) of the first material,
more preferably from about 60% to about 70% of the first
material.

[0217] In another embodiment, the blends of this nvention
comprise (a) a first material having the general formula A M,
(XY ,) 7 ,preferably where A1s L1, XY ,1s PO_,and c1s 1; (b)
a second material ot the tormula A MO _; and (c) a basic

compound, preferably Li1,CO;. In a preferred embodiment,
the first material 1s LiFe, Mg, ,PO,; LiFe, ;Mg, ,PO,;

LiFe, osMgo 0sPO,4;  LiCoq ke 1Al 6o5sMgg 0sPO3 75t
025; and mixtures thereof; the second material 1s LiMn,O,;
and the basic compound i1s L1,CO,. In another preferred
embodiment, the second material 1s a modified manganese
oxide material of formula LiMnO,. Preterably such pre-
terred blends comprise from about 50% to about 80% (by
weight) of the first material, more preterably from about 60%
to about 70% of the first matenal.

[0218] Another embodiment comprises: (a) a first material
having the general formula Li Co, Fe M"> M M", XY,

Y and (b) a second material of the formula A MO,. In a
preferred embodiment, the first material 1s LiCo, jFc, ,Al,
025Mg, 0sPO5 975F 555. Preferably the second maternial 1s
selected from the group consisting of LiN1, ;Co, <Al 5505;
LiN10,; L1CoO,; yv-1.1V,0; LiMnO,; LiMoO,; L1,CuQO,;
LiN1, Co M O,; LiMn,O.,, modified manganese oxide mate-
rial of formula LiMn,O,, and mixtures thereot. In a pretferred
embodiment, the second material 1s selected from the group
consisting of LiNi,Co, Al :0,; L1IN1O,; L1Co0O.,;
v-L1V,0;; and mixtures thereof. Preterably such preferred
blends comprise from about 50% to about 80% (by weight) of
the first material, more preferably from about 60% to about

70% of the first material.

[0219] Another embodiment comprises (a) a first material
having the general formulaLi Co Fe M M'™ M'", XY.:
Y and (b) a second material having the formula LiNi1 -
Co M.O, wherein O<(r+s)=1, and 0=t<1. Preferably M 1s at
least one metal selected from Group 2, 12, 13, or 14 of the
Periodic Table. More preferably M 1s selected from the group
consisting of Mg, Ca, Al, and mixtures thereof. Preferably,
the second material 1s selected from the group consisting of
LiN1, {Cog, ;5Al, 0sO5, LiNi, (Co,5Al, ,O,, LiNi, Co,
15Mg0 0505, LINI1; 5C0og 1 5Cag 0505, NaNi, sCog ;sAl 5505,
and mixtures thereol. Preferably such preferred blends com-
prise from about 50% to about 80% (by weight) of the first
material, more preferably from about 60% to about 70% of
the first material.

[0220] Another embodiment comprises: (a) a first material
having the general formula Li M, (PO,)Z ,, where 0<d=4,
and 7 1s preferably F; and (b) a second material of the formula
A M,O,. Preterably the second material 1s selected from the
group consisting of LiNi, sCo, Al :0,, LIN10O,; L1CoQO,,
v-L1V,0;; LiMnO,; LiMoO,, Li1,CuO,; LiN1,Co M O,;
[L1Mn,O,, modified manganese oxide material formula [L1M-
n.O,, and mixtures thereof. In a preferred embodiment, the
second material 1s selected from the group consisting of
LiNi, ;Co, <Al 550,, LiNi1O,; LiCoO,; v-11V,0O.; and
mixtures thereol. Preferably such preferred blends comprise
from about 50% to about 80% (by weight) of the first mate-
rial, more preferably from about 60% to about 70% of the first
material.

[0221] Another embodiment comprises (a) a first material
having the general formula Li M, (PO,)Z ,, where 0<d=4,
and 7 1s preferably F; and (b) a second material having the
formula LiN1 Co M O, wherein 0<(r+s)=1, and 0=t<].
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Preferably M 1s at least one metal selected from Group 2, 12,
13, or 14 of the Periodic Table. More preferably M 1s selected
from the group consisting of Mg, Ca, Al, and mixtures
thereof. Preferably, the second material 1s selected from the
group consisting of LiN1, ,Co, ,sAl, ,sO,, LiN1, Co, ,Al,
20,, LiN1, ;Co, ;- Mg, ,:0,, L1N1, .Co, ,:Ca, ,5O,, NaNi1,
2C0g 1 sAly 0505, the mixtures thereof. Preferably such pre-
ferred blends comprise from about 50% to about 80% (by
weight) of the first matenial, more preterably from about 60%
to about 70% of the first matenal.

[0222] Another embodiment comprises: (a) a first material
having the general formula A M, (XY ,)_Z ,, where A 1s Li,
XY, 1s PO,, and c 1s 1, with (b) a second material of the
formulaA M, (XY ,) 7 ,.In apreferred embodiment, the first
material 1s LiFe,_ Mg PO, where 0<q<0.5, preterably
selected from the group consisting of LiFe, Mg, ,PO,;
LiFe, Mg, ,PO,. LiFe, osMg, (sPO,; and mixtures thereof.
In another preferred embodiment, the first material 1s of the
formulali CO Fe M'> M'* M", XY ;preferably LiCo,
ske, Aly 5,5 MEq sPO; o-5F 0,5, Preferred second materi-
als include those selected from the group consisting of
LiFePO,; LiFe, ; Mg, ,PO,; LiFe, Mg, ,PO,; L1Co, Mg,
1PO,, L1y 555C00 3s5F €5 05Al 025ME0 0sPO4 L1y g25C0,
soFey 10Al 02sMo 0sPO4, L) 025C00 75F e 1 sAL 6osMg,
0sPO,, L1y 555C04 7(Feq sMny )0 2Alp 02sMEp 05PO4, L1Co,
skeq 1 Alp 025Cag 05PO5 975F 0 025, L1C0g gHe, | Al 5,5Mg,
05sPO; 97510 025, L1C0q ke 1 115.025MEg 05PO4; L1 55C0,
skeq 1 11 925Alp 025PO4; L1y 025C00 sFey 1 116, 02sMg,
025P0; 97510 0251 L1C0G go5F € 1 116 025ME0 025sPO4; L1Co,
ssbeq 075 119 02sMEg 025PO4; L1Co, gFey | Al 0,5Mgg 05PO5
o75F, - and mixtures thereof. Preferably such preferred
blends comprise from about 50% to about 80% (by weight) of
the first material, more preferably from about 60% to about
70% of the first material. In some embodiments, such blends
additionally comprise a basic compound, preferably 1,CO,.

[0223] Another embodiment comprises: (a) a first material
having the general formula A M, (XY ,)_7Z ., having an olivine
structure where A 1s L1, a 1s about 1, XY, 1s PO_, and c 1s 1,
with (b) a second matenal of the formula A_M, (XY ,)_having
a NASICON structure, where A 1s L1, XY, 1s PO,, and ¢ 1s 3.
In a preferred embodiment, the first material 1s LiFe,_
Mg PO, where 0<q<0.5, preferably selected from the group
consisting of LiFe, Mg, PO, ; LiFe, ;Mg, ,PO,; LiFe,
osMg, ,sPO,; and mixtures thereof. In another preferred
embodiment, the first material 1s of the formula
Li Co Fe M M'* M"™, XY.; preferably LiCo, .Fe,
1Al 5-sMgg 0PO3 o7F; -s. Preferred second material
include those selected from the group consisting of [1,V,
(POL)s;  LisFe,(POL)5;  LisMn,(POL)s;  LisFeli(PO,)s;
L1,CoMn(PO,),; Li,FeV(PO,),; [1,VT1(PO,),; LiFeCr
(PO, );; L1,FeMOPO,);; L1;FeN4PO,),; LisFeMn(PO,);;
L1, FeAl(PO,),; Li;FcCo(PO,);; Li;11,(PO,),; Li;TiCr
(PO,);; L1;TiMn(PO,);; Li;TiMo(PO,),; Li3;TiCo(PO,);;
L1, T1AI(PO,),; L1, TiN1(PO, ), ; and mixtures thereol. Prefer-
ably such preferred blends comprise from about 50% to about
80% (by weight) of the first material, more preferably from
about 60% to about 70% of the first material. In some embodi-
ments, such blends additionally comprise a basic compound,

preferably L1,CO,,.

[0224] Another embodiment comprises: (a) a first material

of the formula A M, (XY ,)_7Z , having the having a NASI-
CON structure, where A 1s L1, XY, 1s PO, and ¢ 1s 3; and a
second material a second material of the formula A M O..
Preferably, the first material 1s selected from the group con-
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sisting of Li1,V,(PO,),; LijFc,(PO,);; Li;Mn,(PO.,);;
L1,FcT1(PO,),; Li1,CoMn(PO,),; Li,FcV(PO,),; Li1,VTi
(PO,),; Li1,FeCr(PO,);; LisFeMo(PO,);; LisFeNi(PO,);;
LiFeMn(PO,),; Li;FeAl(PO,);; LisFeCo(PO.,);; Li,T11,
(PO,),; L1, T1iCr(PO,),; L1, TiMn)PO,),; Li,TiMo(PO,),;
L1, T1Co(PO,);; L1, T1AI(PO,),; Li; TiNi(PO,),; and mix-
tures thereol. Preferably the second material 1s selected from
the group consisting of LiNi, .Co, sAly sO,, LiN1O,;
L1Co0,, v-L1V,0., LiMnO,; LiMoO,; Li,CuO,; LiNi -
Co M.O,; LiMn,O,, modified manganese oxide material of
formula LiMn,O,, and mixtures thereof. In a preferred
embodiment, the second material 1s selected from the group
consisting of LiNi, 4Co, ,sAl, 5:0,, LiN10O,; Li1CoO.,;
v-L1V,0.; and mixtures thereof. Preterably such preterred
blends comprise from about 50% to about 80% (by weight) of
the first matenal, more preferably from about 60% to about
70% of the first material. In some embodiments, such blends
additionally comprise a basic compound, preferably L1,COs;,.

[0225] Another embodiment comprises: (a) a first material
of the formula A M, (XY ,) 7  having a NASICON structure,
where A 1s L1, XY, 1s PO_, and ¢ 1s 3; and a second material
a second material of the formula LiN1 Co M O, wherein
0<(r+s)=1, and O=t<1, preferably M 1s at least one metal
selected from Group 2, 12, 13, or 14 of the Periodic Table,
more preferably M 1s selected from the group consisting of
Mg, Ca, Al, and mixtures thereof. Preferably, the first material
1s selected from the group consisting o1 L1,V ,(PO, );; LiFe,
(POL)s; L1;Mn,(PO,);; LizFeli(PO,);; Li;CoMn(PO,);:
L1,FeV(PO,),; Li1,VTi(PO,),; Li,FeCr(PO,);; Li,FeMo
(PO,),; LisFeNi(PO,),;; LisFeMn(PO,),; Li,FeAl(PO,);;
L1,FeCo(PO,),; Li1;11,(PO,),; L1, T1iCr(PO,),; Li,TiMn
(PO, );; Li;TiMo(PO,);; Li;T1Co(PO,);; L1, T1AI(PO,);;
L1, TiN1(PO,);; and mixtures thereot. Preferably, the second
material 1s selected from the group consisting of LiN1, ;Co,
15Al5 6505,  LiN1, 4Cog ,Aly ,O,,  LiNI, 3Coy 1 sMgg 050-.
LiN1, ,Co, ,sCa, ,s0,, NalNi, Co, Al ,sO,, and mix-
tures thereot. In some embodiments, such blends additionally
comprise a basic compound, preferably L1,CO,,. Preterably
such preferred blends comprise from about 50% to about 80%
(by weight) of the first maternal, more preferably from about
60% to about 70% of the first material. In some embodiments,
such blends additionally comprise a basic compound, prefer-
ably L1,CO,,.

[0226] Another embodiment comprises (a) as a first mate-
rial, a modified manganese oxide material of formula LiM-
nO,; and (b) a second maternial of the formula A M, (XY ,)
7. . In a preferred embodiment, the second material 1s LiFe,_
«Mg PO, where 0<q<0.5, preferably selected from the group
consisting of LiFe, ; Mg, ,PO.; LiFe, Mg, ,.PO,; LiFe,
osMg, ,-PO,; and mixtures thereof. In another preferred
embodiment, the second material 1s of the formula
L1 CO Fe M13 MM M15 XY ., preferably LiCo,  Fe,

1Al'D 025Mg0 D5PO3 o7sF g grs. Preferred second materials
include those selected from the group consisting of LiFePO,,
LiFe, Mg, ,PO,, LiFe, Mg, ,PO,, LiFe Mg, PO,
L1Co sMgg 1 POy, L1y 55C04 gsFeq 05Alg 025sMEo 0sPO4, L1,
025C00 50F'€0 10Alp 02sM80 0sP04, 11 925C00 751 e 1sAly,
025sMg 1sPO,, L1y 025C00 7(Feo My g)o oAl 02sMg,
0sPQ,, L1Co, skey | Aly 025Cag 05PO3 975 025, L1C0 skey,
1Al 555sME0 05P O3 675F 025, 11C0, gkeg 115 555sMgp 0sPO,:
L1y 925C00 sFe 1 110 925Al0 025P04; L1, 925C00 sFeq 1 110,
02sMgy 025PO;5 97510 0257 L1C0g 525F €0 1 115 025ME0 025P 041
L1Cog gsteg o75 116, 02sMEp 025PO4; L1Co, ske, j Aly 02sMg.

0sPO; o-<F, 5,5 and mixtures thereof. Preferably such pre-
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ferred blends comprise from about 50% to about 80% (by
weight) of the first material, more preferably from about 60%
to about 70% of the first material. In some embodiments, such
blends additionally comprise a basic compound, preferably
L1,CO,.

[0227] Another embodiment comprises (a) as a first mate-
rial, a modified manganese oxide material of formula LiM-
n,0,; and (b) a second material ot the formula A M,O,. Pret-
crably the second material 1s selected from the group
consisting of LiNi, Co, (Al 1sO,, LiN1O,; Li1CoO,,
v-L1V,0., LiMnO,; LiMoO,; Li1,CuQO,; and mixtures
thereof. Preferably such preferred blends comprise from
about 50% to about 80% (by weight) of the first matenal,
more preferably from about 60% to about 70% of the first
matenal. In some embodiments, such blends additionally
comprise a basic compound, preferably L1,CO;.

[0228] Another embodiment comprises (a) as a first mate-
rial, an oxide material of formula A M,O_; and (b) a second
material ot the formula A M,O,. Preferably the second mate-
rial 1s selected from the group consisting of LiN1, (Co, ;- Al,
050,, LiNi10O,; LiCoO,, v-LiV,0O., LiMnO,; LiMoO,;
L1,Cu0,; and mixtures thereof. If the first material 1s
LiMn,O,, then the second material 1s not LiN10O,; L1CoQO,,
LiN1,Co O, or L1,CuQ,. Preferably such preferred blends
comprise from about 50% to about 80% (by weight) of the
first material, more preferably from about 60% to about 70%
of the first material. In some embodiments, such blends addi-
tionally comprise a basic compound, preferably L1,CO;.

[0229] Another embodiment comprises: (a) a first material
having the general formula A M,(XY ,) _Z ., having a NASI-

CON structure where A 1s L1, a 1s about 3, XY, 1s PO,,, and ¢
1s 3, with (b) a second material of the formula A M, (XY ,)
7. . Preterably, the first matenal 1s selected from the group
consisting of L1,V,(PO,);; Li,Fe,(PO,);; Li,Mn,(PO,),;
Li;FeTi(PO,),; Li;CoMn(PO,);; Li;FeV(PO,),; Li;VTi
(PO, ),; Li,FeCr(PO,);; LisFeMo(PO,),; Li,FeNi1(PO,);;
L1,FeMn(PO,),; Li,FeAl(PO,),; Li,FeCo(PO,),; 1,11,
(PO,);; L1;TiCr(PO,);; Li;TiMn(PO,),; Li;TiMo(PO,);;
L1, T1Co(PO,),; L1, T1AI(PO,),; L1, TiN1(PO,),; and mix-
tures thereol. In a preferred embodiment, the second material
1s selected from the group consisting of L1, V,(PO,),; LisFe,
(POL)s; LisMn,(PO,)5: LisFeli(PO,)s; Li;CoMn(PO,)5:
L1, FeV(PO,);; Li1,VIi(PO,),; Li;FeCr(PO,);; LisFeMo
(PO,),; LiFeN1(PO,),; Li,FeMn(PO,),; Li,FeAl(PO,),;
L1, FeCo(PO,),; Li;11,(PO,),; Li;TiCr(PO,);; LiyTiMn
(PO,),; L1, TiMo(PO,),; L1, T1Co(PO,),; L1, T1Al(PO,),;
L1, TiN1(PO,),; and mixtures thereof. In another preferred
embodiment, the second material 1s Lite, _ Mg PO, where
0<q<0.5, preferably selected from the group consisting of
LikFe, Mg, ,PO,; LiFe, Mg, ,PO,;  Like, osMg, o5PO,:
and mixtures thereof. In another preferred embodiment, the
second material 1S of the formula
Li CO Fe M"™ M™ Ml5beY4, preferably LiCo, Fe,
1AL:j mstgm D5PO3 o7sF 0-5. Preferred second materials
include those selected from the group consisting of LiFePO
LiFe, Mg, ,PO,; LiFe, Mg, ,PO,; L1Co, Mg, ,PO., L1,
025C00 30l 05Alp 02sM8o 0sPO4s  11) 425C00 g0l €0 10Alp.
025Mg;, 0sPO,. L1y 55C00 75Feq 1ALy 025sMgg 0sPO,4, Ly
025C0g ;(Feq 4Mnyg 6)g 2Alp 02sMgg 0sPO4,  Li1Cog sFe,  Aly,
025Ca, (sPO; 575k 025 L1Co, gkey  Alp 025Mgg 0sPO;5.
975H0 025:  11C0g sFeq 1116 025ME0 0sPO4; L1y 025C0, ske,
1115 925Alp 025PO4: L1y 925C00 sFeq 1 11 025M80 025PO5.
975H0 0253 L1C0q 525F€0 1 116.025ME0 025PO4;  L1Cog gske,
075115 025M80 025P04; L1Co, sFe, 1 Al 6o5sMgg 65PO5 o75F,
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025 and mixtures thereof. Preferably such preferred blends
comprise from about 50% to about 80% (by weight) of the
first material, more preferably from about 60% to about 70%
of the first matenal.

[0230] More specifically, a preferred embodiment includes
(a) a first active matenal of the formula LiFe, ,-Mg, PO,
with (b) a second active material selected from the group

consisting of LiN10O,, L1CoO,, LiN1, Co, _ O, where 0<x<1,
L1,V,(PO,),, L1, N1,(PO,), where 0<x<2, L1, Cu,(PO,),
where 0<x<2; Li,,  Co,(PO,), where 0<x<2, Li,, Mn,
(PO,), where O0<x<2, v-LiV,O., LiMn,0O,, Li1,Cu0O,,
LiFePO,, LiMnPO,, LiFe Mn,_ PO, where 0O<x<1;
L1iVPO,F and L1,_ VPO, F where 0<x<1.

[0231] Another preferred embodiment includes (a) a first
active matenial of the formula L1Co, (Fe, | Al, 5,-Mg, o<sPO5
975F 5 5-5s and (b) a second active material selected from the
group consisting of LiN10O,, L1CoO,, LiN1 Co._ O, where
0<x<1,L1,V,(PO,),, L1y, . V,(PO,); where 0<x<2, LiN1PO,,
LiN1, Co,_ PO, where 0<x<l, and Li,_ VPO,F where
O=x<l1.

Methods of Manufacturing A* M*, (XY,).Z

[0232] Active materials of general formula A' M*, (XY ,)
7., are readily synthesized by reacting starting materials 1n a
solid state reaction, with or without simultaneous oxidation or
reduction of the metal species mvolved. According to the

desired values of a, b, ¢, and d 1n the product, starting mate-
rials are chosen that contain “a” moles of alkali metal A' from
all sources, “b” moles of metals M' from all sources, “c”
moles of phosphate (or other XY, species) from all sources,
and “d” moles of halide or hydroxide Z, again taking into
account all sources. As discussed below, a particular starting
material may be the source of more than one of the compo-
nents A', M', XY, or Z. Alternatively it is possible to run the
reaction with an excess of one or more of the starting mate-
rials. In such a case, the stoichiometry of the product will be
determined by the limiting reagent among the components
A', M', XY., and Z. Because in such a case at least some of
the starting materials will be present 1n the reaction product
mixture, 1t 1s usually desirable to provide exact molar

amounts of all the starting materals.

[0233] Inone aspect, the moiety XY, of the active material
comprises a substituted group represented by X'O,_ Y’ ,
where X 1s less than or equal to 1, and preferably less than or
equal to about 0.1. Such groups may be synthesized by pro-
viding starting materials containing, in addition to the alkali
metal and other metals, phosphate or other X'O, material in a
molar amount equivalent to the amount necessary to produce
a reaction product containing X'O,. WhereY" 1s F, the starting
materials further comprise a source of fluoride in a molar
amount sufficient to substitute F 1n the product as shown 1n the
formula. This 1s generally accomplished by including at least
“x” moles of F in the starting materials. For embodiments
where d>0, the fluoride source 1s used 1n a molar limiting,
quantity such that the fluorine 1s incorporated as a Z-moiety.
Sources of F include 1onic compounds containing fluoride ion
(F7) or hydrogen difluoride 1on (HF,™). The cation may be
any cation that forms a stable compound with the fluoride or
hydrogen difluoride anion. Examples include +1, +2, and +3
metal cations, as well as ammonium and other nitrogen-
containing cations. Ammomnium 1s a preferred cation because
it tends to form volatile by-products that are readily removed
from the reaction mixture.

[0234] Similarly, to make X'O,_ N _, starting materials are

4—x+ 'x
4 b b

provided that contain “x” moles of a source of nitride 10n.
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Sources of nitride are among those known in the art including
nitride salts such as L1,N and (NH,),N.

[0235] It 1s preferred to synthesize the active materials of
the 1nvention using stoichiometric amounts of the starting
maternals, based on the desired composition of the reaction
product expressed by the subscripts a, b, ¢, and d above.
Alternatively 1t 1s possible to run the reaction with a stoichio-
metric excess of one or more of the starting materials. In such
a case, the stoichiometry of the product will be determined by
the limiting reagent among the components. There will also
be at least some unreacted starting material 1n the reaction
product mixture. Because such impurities in the active mate-
rials are generally undesirable (with the exception of reduc-
ing carbon, discussed below), 1t 1s generally preferred to
provide relatively exact molar amounts of all the starting
materials.

[0236] The sources of components A', M', phosphate (or
other XY, moiety) and optional sources of F or N discussed
above, and optional sources of Z may be reacted together 1n
the solid state while heating for a time and at a temperature
suificient to make a reaction product. The starting materials
are provided 1n powder or particulate form. The powders are
mixed together with any of a variety ol procedures, such as by
ball milling, blending in a mortar and pestle, and the like.
Thereatter the mixture of powdered starting materials may be
compressed nto a pellet and/or held together with a binder
material to form a closely cohering reaction mixture. The
reaction mixture 1s heated 1n an oven, generally at a tempera-
ture of about 400° C. or greater until a reaction product forms.

[0237] Another means for carrying out the reaction at a
lower temperature 1s a hydrothermal method. In a hydrother-
mal reaction, the starting materials are mixed with a small
amount of a liquid such as water, and placed 1n a pressurized
bomb. The reaction temperature 1s limited to that which can
be achieved by heating the liquid water under pressure, and
the particular reaction vessel used.

[0238] The reaction may be carried out without redox, or 1f
desired, under reducing or oxidizing conditions. When the
reaction 1s carried out under reducing conditions, at least
some of the transition metals 1 the starting materials are
reduced 1n oxidation state. When the reaction 1s done without
redox, the oxidation state of the metal or mixed metals 1n the
reaction product 1s the same as 1n the starting materials.
Oxidizing conditions may be provided by running the reac-
tion 1n air. Thus, oxygen from the air 1s used to oxidize the
starting material containing the transition metal.

[0239] Thereactionmay also be carried out with reduction.
For example, the reaction may be carried out 1n a reducing
atmosphere such as hydrogen, ammonia, methane, or a mix-
ture of reducing gases. Alternatively, the reduction may be
carried out 1n situ by including in the reaction mixture a
reductant that will participate in the reaction to reduce a metal
M, but that will produce by-products that will not interfere
with the active material when used later 1n an electrode or an
clectrochemical cell. The reductant 1s described in greater
detail below.

[0240] Sources of alkali metal include any of a number of
salts or 1onic compounds of lithium, sodium, potassium,
rubidium or cestum. Lithium, sodium, and potassium com-
pounds are preferred. Preferably, the alkali metal source 1s
provided in powder or particulate form. A wide range of such
materials 1s well known 1n the field of inorganic chemistry.
Non-limiting examples include the lithtum, sodium, and/or
potassium fluorides, chlorides, bromides, 1odides, nitrates,
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nitrites, sulfates, hydrogen sulfates, sulfites, bisulfites, car-
bonates, bicarbonates, borates, phosphates, hydrogen ammo-
nium phosphates, dihydrogen ammonium phosphates, sili-
cates, antimonates, arsenates, germinates, oxides, acetates,
oxalates, and the like. Hydrates of the above compounds may
also be used, as well as mixtures. In particular, the mixtures
may contain more than one alkali metal so that a mixed alkali
metal active material will be produced 1n the reaction.

[0241] Sources of metals M' include salts or compounds of
any of the transition metals, alkaline earth metals, or lan-
thanide metals, as well as of non-transition metals such as
aluminum, gallium, indium, thallium, tin, lead, and bismuth.
The metal salts or compounds include, without limitation,
fluorides, chlorides, bromides, 10dides, nitrates, nitrites, sul-
fates, hydrogen sulfates, sulfites, bisulfites, carbonates, bicar-
bonates, borates, phosphates, hydrogen ammonium phos-
phates, dihydrogen ammonium phosphates, silicates,
antimonates, arsenates, germanates, oxides, hydroxides,
acetates, oxalates, and the like. Hydrates may also be used, as
well as mixtures of metals, as with the alkali metals, so that
alkali metal mixed metal active matenials are produced. The
metal M 1n the starting material may have any oxidation state,
depending the oxidation state required 1n the desired product
and the oxidizing or reducing conditions contemplated, as
discussed below. The metal sources are chosen so that at least
one metal 1n the final reaction product 1s capable of being 1n
an oxidation state higher than 1t 1s 1n the reaction product. In
a preferred embodiment, the metal sources also include a +2
non-transition metal. Also preferably, at least one metal
source 1s a source of a +3 non-transition metal. In embodi-
ments comprising 11, a source of T11s provided 1n the starting
materials and the compounds are made using reducing or
non-reducing conditions depending on the other components
of the product and the desired oxidation state o1 'T1 and other
metals 1n the final product. Suitable Ti-containing precursors

include T10,, 11,05, and TiO.

[0242] Sources of the desired starting material anions such
as the phosphates, halides, and hydroxides are provided by a
number of salts or compounds containing positively charged
cations 1n addition to the source of phosphate (or other XY,
species), halide, or hydroxide. Such cations include, without
limitation, metal 1ons such as the alkali metals, alkaline met-
als, transition metals, or other non-transition metals, as well
as complex cations such as ammonium or quaternary ammo-
nium. The phosphate anion 1n such compounds may be phos-
phate, hydrogen ammonium phosphate, or dihydrogen
ammonium phosphate. As with the alkali metal source and
metal source discussed above, the phosphate, halide, or
hydroxide starting maternals are preferably provided 1n par-
ticulate or powder form. Hydrates of any of the above may be
used, as can mixtures of the above.

[0243] A starting material may provide more than one of
the components A', M', XY, and Z, as is evident in the list
above. In various embodiments of the invention, starting
maternals are provided that combine, for example, the alkali
metal and halide together, or the metal and the phosphate.
Thus for example, lithium, sodium, or potassium fluoride
may be reacted with a metal phosphate such as vanadium
phosphate or chromium phosphate, or with a mixture of metal
compounds such as a metal phosphate and a metal hydroxide.
In one embodiment, a starting material 1s provided that con-
tains alkali metal, metal, and phosphate. There 1s complete
flexibility to select starting materials containing any of the
components of alkali metal A", metal M ", phosphate (or other
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XY, moiety), and halide/hydroxide 7, depending on avail-
ability. Combinations of starting materials providing each of
the components may also be used.

[0244] In general, any anion may be combined with the
alkal1 metal cation to provide the alkali metal source starting
maternial, or with the metal M cation to provide the metal M
starting material. Likewise, any cation may be combined with
the halide or hydroxide anion to provide the source of Z
component starting material, and any cation may be used as
counterion to the phosphate or similar XY, component. It 1s
preferred, however, to select starting materials with counte-
rions that give rise to volatile by-products. Thus, 1t 1s desirable
to choose ammonium salts, carbonates, oxides, hydroxides,
and the like where possible. Starting materials with these
counterions tend to form volatile by-products such as water,
ammonia, and carbon dioxide, which can be readily removed
from the reaction mixture.

[0245] The sources of components A", M', phosphate (or
other XY, moiety), and Z may be reacted together in the solid
state while heating for a time and temperature suilicient to
make a reaction product. The starting materials are provided
in powder or particulate form. The powders are mixed
together with any of a variety of procedures, such as by ball
milling without attrition, blending 1n a mortar and pestle, and
the like. Therealter the mixture of powdered starting materi-
als 1s compressed 1nto a tablet and/or held together with a
binder material to form a closely cohering reaction mixture.
The reaction mixture 1s heated 1n an oven, generally at a
temperature of about 400° C. or greater until a reaction prod-
uct forms. However, when Z 1n the active material 1s hydrox-
ide, 1t 1s preferable to heat at a lower temperature so as to
avold volatilizing water instead of incorporating hydroxyl
into the reaction product.

[0246] When the starting materials contain hydroxyl for
incorporation into the reaction product, the reaction tempera-
ture 1s preferably less than about 400° C., and more preferably
about 250° C. or less. One way of achieving such tempera-
tures 1s to carry out the reaction hydrothermally. In a hydro-
thermal reaction, the starting materials are mixed with a small
amount of a liquid such as water, and placed 1n a pressurized
bomb. The reaction temperature 1s limited to that which can
be achieved by heating the liquid water under pressure, and
the particular reaction vessel used.

[02477] The reaction may be carried out without redox, or 1f
desired under reducing or oxidizing conditions. When the
reaction 1s done without redox, the oxidation state of the
metal or mixed metals 1n the reaction product is the same as in
the starting materials. Oxidizing conditions may be provided
by running the reaction 1n air. Thus, oxygen from the air 1s
used to oxidize the starting material cobalt having an average
oxidation state of +2.67 (8/3) to an oxidation state of +3 in the
final product.

[0248] Thereactionmay also be carried out with reduction.
For example, the reaction may be carried out 1n a reducing
atmosphere such as hydrogen, ammonia, methane, or a mix-
ture of reducing gases. Alternatively, the reduction may be
carried out 1n situ by 1mncluding the reaction mixture a reduc-
tant that will participate 1n the reaction to reduce the metal M,

but that will produce by-products that will not interfere with
the active material when used later 1n an electrode or an
clectrochemaical cell. One convenient reductant to use to make
the active materials of the mnvention 1s a reducing carbon. In a
preferred embodiment, the reaction 1s carried out 1n an inert
atmosphere such as argon, nitrogen, or carbon dioxide. Such
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reducing carbon 1s conveniently provided by elemental car-
bon, or by an organic material that can decompose under the
reaction conditions to form elemental carbon or a similar
carbon containing species that has reducing power. Such
organic materials include, without limitation, glycerol,
starch, sugars, cokes, and organic polymers which carbonize
or pyrolize under the reaction conditions to produce a reduc-
ing form of carbon. A preferred source of reducing carbon 1s
clemental carbon.

[0249] The stoichiometry of the reduction can be selected
along with the relative stoichiometric amounts of the starting
components A', M', PO, (or other XY, moiety), and Z. It is
usually easier to provide the reducing agent 1n stoichiometric
excess and remove the excess, 1f desired, atter the reaction. In
the case of the reducing gases and the use of reducing carbon
such as elemental carbon, any excess reducing agent does not
present a problem. In the former case, the gas 1s volatile and
1s easily separated from the reaction mixture, while 1n the
latter, the excess carbon 1n the reaction product does not harm
the properties of the active material, because carbon 1s gen-
erally added to the active material to form an electrode mate-
rial for use 1n the electrochemical cells and batteries of the
invention. Conveniently also, the by-products carbon mon-
oxide or carbon dioxide (1n the case of carbon) or water (1n the

case of hydrogen) are readily removed from the reaction
mixture.

[0250] The extent of reduction 1s not dependent simply on
the amount of hydrogen present—it 1s always available 1n
excess. It 1s dependent on the temperature of reaction. Higher
temperatures will facilitate greater reducing power. In addi-
tion whether one gets e.g. (PO,),F or P,O,,F in the final
product depend on the thermodynamics of formation of the
product. The lower energy product will be favored.

[0251] At a temperature where only one mole of hydrogen
reacts, the M*> in the starting material is reduced to M*”,
allowing for the incorporation of only 2 lithiums 1n the reac-
tion product. When 1.5 moles of hydrogen react, the metal 1s
reduced to M*>~ on average, considering the stoichiometry of
reduction. With 2.5 moles of hydrogen, the metal 1s reduced to
M**> on average. Here there is not enough lithium in the
balanced reaction to counterbalance along with the metal the
—10 charge of the (PO,);F group. For this reason, the reactio
product has instead a modified P,O, ,F moiety with a charge
of -8, allowing the L1, to balance the charge.

[0252] When using a reducing atmosphere, 1t 1s difficult to
provide less than an excess of reducing gas such as hydrogen.
Under such as a situation, it 1s preferred to control the sto-
ichiometry of the reaction by the other limiting reagents.
Alternatively the reduction may be carried out in the presence
of reducing carbon such as elemental carbon. Experimentally,
it would be possible to use precise amounts of reductant
carbon as illustrated 1n the table for the case of reductant
hydrogen to make products of a chosen stoichiometry. How-
ever, 1t 1s preferred to carry out the carbothermal reduction 1n
a molar excess of carbon. As with the reducing atmosphere,
this 1s easier to do experimentally, and it leads to a product
with excess carbon dispersed into the reaction product, which
as noted above provides a usetul active electrode matenal.

[0253] The carbothermal reduction method of synthesis of
mixed metal phosphates has been described 1n PCT Publica-
tion WQO/01/53198, Barker et al., incorporated by reference
herein. The carbothermal method may be used to react start-
ing materials in the presence of reducing carbon to form a
variety of products. The carbon functions to reduce a metal
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ion 1n the starting material metal M source. The reducing
carbon, for example 1n the form of elemental carbon powder,
1s mixed with the other starting materials and heated. For best
results, the temperature should be about 400° C. or greater,
and up to about 950° C. Higher temperatures may be used, but
are usually not required.

[0254] Generally, higher temperature (about 650° C. to
about 1000° C.) reactions produce CO as a by-product
whereas CO, production 1s favored at lower temperatures
(generally up to about 650° C.). The higher temperature reac-
tions produce CO effluent and the stoichiometry requires
more carbon be used than the case where CO, effluent 1s
produced at lower temperature. This 1s because the reducing
effect of the C to CO, reaction 1s greater than the C to CO
reaction. The Cto CO, reaction involves an increase in carbon
oxidation state of +4 (from 0 to 4) and the C to CO reaction
involves an increase in carbon oxidation state of +2 (from
ground state zero to 2). In principle, such would affect the
planning of the reaction, as one would have to consider not
only the stoichiometry of the reductant but also the tempera-

ture of the reaction. When an excess of carbon 1s used, how-
ever, such concerns donot arise. It1s therefore preferred to use
an excess of carbon, and control the stoichiometry of the
reaction with another of the starting materials as limiting
reagent.

[0255] As noted above, the active material A' M*', (XY )
7., can contain a mixture of alkali metals A", a mixture of
metals M', amixture of components Z, and a phosphate group
representative of the XY, group in the formula. In another
aspect of the mvention, the phosphate group can be com-
pletely or partially substituted by a number of other XY,
moieties, which will also be referred to as “phosphate
replacements” or “modified phosphates”. Thus, active mate-
rials are provided according to the invention wherein the XY,
moiety 1s a phosphate group that 1s completely or partially
replaced by such moieties as sulfate (SO,)*”, monofluo-
romonophosphate,  (PO.F)*~,  difluoromonophosphate
(PO, F)*", silicate (Si0,)*", arsenate, antimonate, and ger-
manate. Analogues of the above oxygenate anions where
some or all of the oxygen 1s replaced by sulfur are also useful
in the active materials of the invention, with the exception that
the sulfate group may not be completely substituted with
sulfur. For example thiomonophosphates may also be used as
a complete or partial replacement for phosphate 1n the active
materials of the invention. Such thiomonophosphates include
the anions (PO,S)’", (PO,S,) ", (POS,)’and (PS,)"". They
are most conveniently available as the sodium, lithium, or
potassium derivative.

[0256] To synthesize the active materials containing the
modified phosphate moieties, 1t 1s usually possible to substi-
tute all or part of the phosphate compounds discussed above
with a source of the replacement anion. The replacement 1s
considered on a stoichiometric basis and the starting materi-
als providing the source of the replacement anions are pro-
vided along with the other starting materials as discussed
above. Synthesis of the active materials containing the modi-
fied phosphate groups proceeds as discussed above, either
without redox or under oxidizing or reducing conditions. As
was the case with the phosphate compounds, the compound
containing the modified or replacement phosphate group or
groups may also be a source of other components of the active
materials. For example, the alkali metal and/or the mixed
metal M ' may be a part of the modified phosphate compound.
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[0257] Non-limiting examples ol sources of monofluo-
romonophosphates include Na,PO,F, K,PO,F, (NH,),PO,F.
H,O, LiNaPO,F.H,O, LiKPO,F, LiNH_,PO.F, NaNH_PO;F,
NaK,(PO,F), and CaPO,F.2H,O. Representative examples
of sources of difluoromonophosphate compounds include,
without limitation, NH,PO,F,, NaPO.,F,, KPO,F,,
Al(PO,F,);, and Fe(PO,F,)..

[0258] When 1t 1s desired to partially or completely substi-
tute phosphorous 1n the active materials for silicon, it 1s pos-
sible to use a wide variety of silicates and other silicon con-
taining compounds. Thus, usetul sources of silicon 1n the
active matenals of the invention include orthosilicates, pyro-
silicates, cyclic silicate anions such as (S1,0,)°7, (S1,0,4)"*"
and the like and pyrocenes represented by the formula [(S10,)
“1,., for example LiA1(S10,),. Silica or Si0., may also be used.

[0259] Representative arsenate compounds that may be
used to prepare the active materials of the mvention include
H,AsQ, and salts of the anions [H,AsO,]” and HAsO,]*".
Sources of antimonate 1n the active materials can be provided
by antimony-containing materials such as Sb,0., M'SbO,

where M’ is a metal having oxidation state +1, MmeO

where M™ is a metal having an oxidation state of +3, and
M*“Sb,O., where M” is a metal having an oxidation state of
+2. Addltlonal sources ol antimonate include compounds
such as L1,5SbO,, NH,H,SbO,, and other alkali metal and/or

ammonium mixed salts of the [SbO.]”~ anion.

[0260] Sources of sulfate compounds that can be used to
partially or completely replace phosphorous in the active
materials with sulfur include alkali metal and transition metal
sulfates and bisulfates as well as mixed metal sulfates such as
(NH,),Fe(50,),, NH Fe(S0O,), and the like. Finally, when i1t
1s desired to replace part or all of the phosphorous 1n the active
materials with germanium, a germamum containing com-
pound such as GeO,, may be used.

[0261] To prepare the active materials containing the modi-
fied phosphate groups, it suilices to choose the stoichiometry
of the starting materials based on the desired stoichiometry of
the modified phosphate groups in the final product and react
the starting materials together according to the procedures
described above with respect to the phosphate materials.
Naturally, partial or complete substitution of the phosphate
group with any of the above modified or replacement phos-
phate groups will entail a recalculation of the stoichiometry
of the required starting materials.

[0262] In general, any anion may be combined with the
alkal1 metal cation to provide the alkali metal source starting
material, or with a metal M" cation to provide a metal starting
material. Likewise, any cation may be combined with the
halide or hydroxide anion to provide the source of Z compo-
nent starting material, and any cation may be used as coun-
terion to the phosphate or similar XY, component. It 1s pre-
terred, however, to select starting materlals with counterions
that give rise to the formation of volatile by-products during
the solid state reaction. Thus, 1t 1s desirable to choose ammo-
nium salts, carbonates, bicarbonates, oxides, hydroxides, and
the like where possible. Starting materials with these counte-
rions tend to form volatile by-products such as water, ammo-
nia, and carbon dioxide, which can be readily removed from
the reaction mixture. Sumilarly, sulfur-containing anions such
as sulfate, bisultate, sulfite, bisulfate and the like tend to result
in volatile sulfur oxide by-products. Nitrogen-containing
anions such as nitrate and nitrite also tend to give volatile NO_
by-products.
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[0263] As noted above, the reactions may be carried out
without reduction, or 1n the presence of a reductant. In one
aspect, the reductant, which provides reducing power for the
reactions, may be provided 1n the form of a reducing carbon
by including a source of elemental carbon along with the
other particulate starting materials. In this case, the reducing
power 1s provided by simultaneous oxidation of carbon to
either carbon monoxide or carbon dioxide.

[0264] The starting materials containing transition metal
compounds are mixed together with carbon, which 1s
included 1n an amount suificient to reduce the metal 10n of one
or more of the metal-containing starting materials without
tull reduction to an elemental metal state. (Excess quantities
of the reducing carbon may be used to enhance product qual-
1ty.) An excess of carbon, remaining after the reaction, func-
tions as a conductive constituent 1n the ultimate electrode
formulation. This 1s an advantage since such remaining car-
bon 1s very mntimately mixed with the product active matenal.
Accordingly, large quantities of excess carbon, on the order of
100% excess carbon or greater are useable 1n the process. In
a preferred embodiment, the carbon present during com-
pound formation 1s intimately dispersed throughout the pre-
cursor and product. This provides many advantages, includ-
ing the enhanced conductivity of the product. In a preferred
embodiment, the presence of carbon particles 1n the starting
materials also provides nucleation sites for the production of
the product crystals.

[0265] Altermatively or 1n addition, the source of reducing
carbon may be provided by an organic material. The organic
material 1s characterized as containing carbon and atleast one
other element, preferably hydrogen. The organic material
generally forms a decomposition product, referred to herein
as a carbonaceous material, upon heating under the condi-
tions of the reaction. Without being bound by theory, repre-
sentative decomposition processes that can lead to the forma-
tion ol the carbonaceous material include pyrolization,
carbonization, coking, destructive distillation, and the like.
These process names, as well as the term thermal decompo-
sition, are used interchangeably 1n this application to refer to
the process by which a decomposition product capable of
acting as a reductant 1s formed upon heating of a reaction
mixture containing an organic material.

[0266] A typical decomposition product contains carbon-
aceous material. During reaction 1n a preferred embodiment,
at least a portion of the carbonaceous material formed par-
ticipates as a reductant. That portion that participates as
reductant may form a volatile by-product such as discussed
below. Any volatile by-product formed tends to escape from
the reaction mixture so that 1t 1s not mcorporated into the
reaction product.

[0267] Although the invention 1s understood not to be lim-
ited as to the mechanism of action of the organic precursor
material, 1t believed that the carbonaceous material formed
from decomposition of the organic material provides reduc-
ing power similar to that provided by elemental carbon dis-
cussed above. For example, the carbonaceous material may
produce carbon monoxide or carbon dioxide, depending on
the temperature of the reaction.

[0268] In a preferred embodiment, some of the organic
material providing reducing power 1s oxidized to a non-vola-
tile component, such as for example, oxygen-containing car-
bon materials such as alcohols, ketones, aldehydes, esters,
and carboxylic acids and anhydrides. Such non-volatile by-
products, as well as any carbonaceous material that does not
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participate as reductant (for example, any present in stoichio-
metric excess or any that does not otherwise react) will tend to
remain in the reaction mixture along with the other reaction
products, but will not be significantly covalently incorpo-
rated.

[0269] The carbonaceous material prepared by heating the
organic precursor material will preferably be enriched in
carbon relative to the mole per cent carbon present 1n the
organic material. The carbonaceous material preferably con-
tains from about 50 up to about 100 mole percent carbon.

[0270] While 1n some embodiments the organic precursor
material forms a carbonaceous decomposition product that
acts as a reductant as discussed above with respect to elemen-
tal carbon, 1n other embodiments a portion of the organic
material may participate as reductant without first undergoing
a decomposition. The mvention 1s not limited by the exact
mechanism or mechanisms of the underlying reduction pro-
CEesSes.

[0271] As with elemental carbon, reactions with the
organic precursor material are conveniently carried out by
combining starting materials and heating. The starting mate-
rials include at least one transition metal compound as noted
above. For convenience, 1t 1s preferred to carry out the decom-
position of the organic material and the reduction of a transi-
tion metal in one step. In this embodiment, the organic mate-
rial decomposes in the presence of the transition metal
compound to form a decomposition product capable of acting
as a reductant, which reacts with the transition metal com-
pound to form a reduced transition metal compound. In
another embodiment, the organic material may be decom-
posed 1n a separate step to form a decomposition product. The
decomposition product may then be combined with a transi-
tion metal compound to form a mixture. The mixture may
then be heated for a time and at a temperature suificient to
form a reaction product comprising a reduced transition metal
compound.

[0272] The organic precursor material may be any organic
material capable of undergoing pyrolysis or carbonization, or
any other decomposition process that leads to a carbonaceous
maternial rich in carbon. Such precursors include in general
any organic material, 1.e., compounds characterized by con-
taining carbon and at least one other element. Although the
organic material may be a perhalo compound containing
essentially no carbon-hydrogen bonds, typically the organic
materials contain carbon and hydrogen. Other elements, such
as halogens, oxygen, nitrogen, phosphorus, and sultur, may
be present 1n the organic material, as long as they do not
significantly interfere with the decomposition process or oth-
erwise prevent the reductions from being carried out. Precur-
sors include organic hydrocarbons, alcohols, esters, ketones,
aldehydes, carboxylic acids, sulfonates, and ethers. Preferred
precursors include the above species containing aromatic
rings, especially the aromatic hydrocarbons such as tars,
pitches, and other petroleum products or fractions. As used
here, hydrocarbon refers to an organic compound made up of
carbon and hydrogen, and containing no significant amounts
of other elements. Hydrocarbons may contain impurities hav-
ing some heteroatoms. Such impurities might result, for
example, from partial oxidation of a hydrocarbon or incom-
plete separation of a hydrocarbon from a reaction mixture or
natural source such as petroleum.

[0273] Other organic precursor materials include sugars
and other carbohydrates, including derivatives and polymers.
Examples of polymers include starch, cellulose, and their
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cther or ester derivatives. Other dervatives include the par-
tially reduced and partially oxidized carbohydrates discussed
below. On heating, carbohydrates readily decompose to form
carbon and water. The term carbohydrates as used here
encompasses the D-, L-, and DL-forms, as well as mixtures,
and includes material from natural or synthetic sources.

[0274] In one sense as used in the invention, carbohydrates
are organic materials that can be written with molecular for-
mula (C)_(H,O) , where m and n are integers. For simple
hexose or pentose sugars, m and n are equal to each other.
Examples of hexoses of formula C.H,,O, include allose,
altose, glucose, mannose, gulose, mmose, galactose, talose,
sorbose, tagatose, and fructose. Pentoses of formula C.H, ,O-
include ribose, arabinose, and xylose. Tetroses include eryth-
rose and threose, while glyceric aldehyde 1s a triose. Other
carbohydrates include the two-ring sugars (di-saccharides) of
general formula C, ,H,,O, . Examples include sucrose, mal-
tose, lactose, trehalose, gentiobiose, cellobiose, and meli-
biose. Three-ring (trisaccharides such as raffinose) and higher
oligomeric and polymer carbohydrates may also be used.
Examples include starch and cellulose. As noted above, the
carbohydrates readily decompose to carbon and water when
heated to a sufliciently high temperature. The water of
decomposition tends to turn to steam under the reaction con-
ditions and volatilize.

[0275] It will be appreciated that other materials will also
tend to readily decompose to H,O and a material very rich in
carbon. Such materials are also intended to be included in the
term “carbohydrate” as used 1n the mnvention. Such materials
include slightly reduced carbohydrates such as glycerol, sor-
bitol, mannitol, 1ditol, dulcitol, talitol, arabitol, xylitol, and
adonitol, as well as “slightly oxidized” carbohydrates such as
gluconic, mannonic, glucuronic, galacturonic, mannuronic,
saccharic, manosaccharic, ido-saccharic, mucic, talo-mucic,
and allo-mucic acids. The formula of the slightly oxidized
and the slightly reduced carbohydrates 1s similar to that of the
carbohydrates.

[0276] A preferred carbohydrateis sucrose. Under the reac-
tion conditions, sucrose melts at about 150-180° C. Prefer-
ably, the liquid melt tends to distribute 1tself among the start-
ing materials. At temperatures above about 450° C., sucrose
and other carbohydrates decompose to form carbon and
water. The as-decomposed carbon powder 1s 1n the form of
fresh amorphous fine particles with high surface area and high
reactivity.

[0277] The organic precursor material may also be an
organic polymer. Organic polymers include polyolefins such
as polyethylene and polypropylene, butadiene polymers, 1s0-
prene polymers, vinyl alcohol polymers, furfuryl alcohol
polymers, styrene polymers including polystyrene, polysty-
rene-polybutadiene and the like, divinylbenzene polymers,
naphthalene polymers, phenol condensation products includ-
ing those obtained by reaction with aldehyde, polyacryloni-

trile, polyvinyl acetate, as well as cellulose starch and esters
and ethers thereot described above.

[0278] In some embodiments, the organic precursor mate-
rial 1s a solid available 1n particulate form. Particulate mate-
rials may be combined with the other particulate starting
maternals and reacted by heating according to the methods
described above.

[0279] In other embodiments, the organic precursor mate-
rial may be a liquid. In such cases, the liquid precursor mate-
rial 1s combined with the other particulate starting materials
to form a mixture. The mixture i1s heated, whereupon the
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organic material forms a carbonaceous material 1n situ. The
reaction proceeds with carbothermal reduction. The liquid
precursor materials may also advantageously serve or func-
tion as a binder in the starting material mixture as noted
above.

[0280] Reducing carbon 1s preferably used in the reactions
in stoichiometric excess. To calculate relative molar amounts
of reducing carbon, it 1s convenient to use an “equivalent™
weight of the reducing carbon, defined as the weight per
gram-mole of carbon atom. For elemental carbons such as
carbon black, graphite, and the like, the equivalent weight 1s
about 12 g/equivalent. For other organic materials, the
equivalent weight per gram-mole of carbon atoms 1s higher.
For example, hydrocarbons have an equivalent weight of
about 14 g/equivalent. Examples of hydrocarbons include
aliphatic, alicyclic, and aromatic hydrocarbons, as well as
polymers containing predominantly or entirely carbon and
hydrogen 1n the polymer chain. Such polymers include poly-
olefins and aromatic polymers and copolymers, including
polyethylenes, polypropylenes, polystyrenes, polybuta-
dienes, and the like. Depending on the degree of unsaturation,
the equivalent weight may be slightly above or below 14.

[0281] For organic materials having elements other than
carbon and hydrogen, the equivalent weight for the purpose of
calculating a stoichiometric quantity to be used 1n the reac-
tions 1s generally higher than 14. For example, 1n carbohy-
drates 1t 1s about 30 g/equivalent. Examples of carbohydrates
include sugars such as glucose, fructose, and sucrose, as well
as polymers such as cellulose and starch.

[0282] Although the reactions may be carried out in oxygen
or air, the heating 1s preferably conducted under an essentially
non-oxidizing atmosphere. The atmosphere 1s essentially
non-oxidizing so as not to interfere with the reduction reac-
tions taking place. An essentially non-oxidizing atmosphere
can be achieved through the use of vacuum, or through the use
of 1nert gases such as argon, nitrogen, and the like. Although
oxidizing gas (such as oxygen or air), may be present, it
should not be at so great a concentration that 1t interferes with
the carbothermal reduction or lowers the quality of the reac-
tion product. It 1s believed that any oxidizing gas present will
tend to react with the reducing carbon and lower the avail-
ability of the carbon for participation in the reaction. To some
extent, such a contingency can be anticipated and accommo-
dated by providing an approprate excess of reducing carbon
as a starting material. Nevertheless, 1t 1s generally preferred to
carry out the carbothermal reduction 1n an atmosphere con-
taining as little oxidizing gas as practical.

[0283] In a preferred embodiment, reduction 1s carried out
in a reducing atmosphere in the presence of a reductant as
discussed above. The term “reducing atmosphere” as used
herein means a gas or mixture of gases that 1s capable of
providing reducing power for a reaction that 1s carried out in
the atmosphere. Reducing atmospheres preferably contain
one or more so-called reducing gases. Examples of reducing
gases 1nclude hydrogen, carbon monoxide, methane, and
ammonia, as well as mixtures thereol. Reducing atmospheres
also preferably have little or no oxidizing gases such as air or
oxygen. IT any oxidizing gas 1s present 1n the reducing atmo-
sphere, 1t 1s preferably present at a level low enough that 1t
does not significantly interfere with any reduction processes
taking place.

[0284] The stoichiometry of the reduction can be selected
along with the relative stoichiometric amounts of the starting
components A', M', PO, (or other XY, moiety), and Z. It is
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usually easier to provide the reducing agent 1n stoichiometric
excess and remove the excess, 11 desired, after the reaction. In
the case of the reducing gases and the use of reducing carbon
such as elemental carbon or an organic material, any excess
reducing agent does not present a problem. Inthe former case,
the gas 1s volatile and 1s easily separated from the reaction
mixture, while 1n the latter, the excess carbon 1n the reaction
product does not harm the properties of the active material,
particularly in embodiments where carbon 1s added to the
active material to form an electrode material for use 1n the
clectrochemical cells and batteries of the invention. Conve-
niently also, the by-products carbon monoxide or carbon
dioxide (in the case of carbon) or water (in the case of hydro-
gen) are readily removed from the reaction mixture.

[0285] When using a reducing atmosphere, 1t 1s difficult to
provide less than an excess of reducing gas such as hydrogen.
Under such as a situation, it 1s preferred to control the sto-
ichiometry of the reaction by the other limiting reagents.
Alternatively the reduction may be carried out 1n the presence
of reducing carbon such as elemental carbon. Experimentally,
it would be possible to use precise amounts of reductant
carbon to make products of a chosen stoichiometry. However,
it 1s preferred to carry out the carbothermal reduction 1n a
molar excess of carbon. As with the reducing atmosphere, this
1s easier to do experimentally, and 1t leads to a product with
excess carbon dispersed into the reaction product, which as
noted above provides a usetul active electrode matenial.

[0286] Belore reacting the mixture of starting materials, the
particles of the starting materials are imtermingled. Prefer-
ably, the starting materials are in particulate form, and the
intermingling results 1n an essentially homogeneous powder
mixture of the precursors. In one embodiment, the precursor
powders are dry-mixed using, for example, a ball mill. Then
the mixed powders are pressed into pellets. In another
embodiment, the precursor powders are mixed with a binder.
The binder 1s preferably selected so as not to inhibit reaction
between particles of the powders. Preferred binders decom-
pose or evaporate at a temperature less than the reaction
temperature. Examples include mineral oils, glycerol, and
polymers that decompose or carbonize to form a carbon resi-
due before the reaction starts, or that evaporate before the
reaction starts. In one embodiment, the binders used to hold
the solid particles also function as sources of reducing carbon,
as described above. In still another embodiment, intermin-
gling 1s accomplished by forming a wet mixture using a
volatile solvent and then the intermingled particles are
pressed together 1n pellet form to provide good grain-to-grain
contact.

[0287] The mixture of starting materials 1s heated for a time
and at a temperature sufficient to form an 1norganic transition
metal compound reaction product. If the starting materials
include a reducing agent, the reaction product 1s a transition
metal compound having at least one transition metal 1n a
lower oxidation state relative to 1ts oxidation state in the
starting materials.

[0288] Preferably, the particulate starting materials are
heated to a temperature below the melting point of the starting,
materials. Preferably, atleast a portion of the starting material
remains in the solid state during the reaction.

[0289] The temperature should preferably be about 400° C.
or greater, and desirably about 450° C. or greater, and pret-
erably about 500° C. or greater, and generally will proceed at
a faster rate at higher temperatures. The various reactions
involve production of CO or CO, as an effluent gas. The
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equilibrium at higher temperature favors CO formation.
Some of the reactions are more desirably conducted at tem-
peratures greater than about 600° C.; most desirably greater
than about 650° C.; preferably about 700° C. or greater; more
preferably about 750° C. or greater. Suitable ranges for many
reactions are from about 700 to about 950° C., or from about

700 to about 800° C.

[0290] Generally, the higher temperature reactions produce
CO effluent and the stoichiometry requires more carbon be
used than the case where CO, effluent 1s produced at lower
temperature. This 1s because the reducing efiect of the C to
CO, reaction 1s greater than the C to CO reaction. The C to
CO, reaction involves an increase in carbon oxidation state of
+4 (from O to 4) and the C to CO reaction involves an increase
in carbon oxidation state of +2 (from ground state zero to 2).
Here, higher temperature generally refers to a range of about
650° C. to about 1000° C. and lower temperature refers to up
to about 650° C. Temperatures higher than about 1200° C. are
not thought to be needed.

[0291] In one embodiment, the methods of this mnvention
utilize the reducing capabilities of carbon 1n a unique and
controlled manner to produce desired products having struc-
ture and alkali metal content suitable for use as electrode
active materials. The advantages are at least 1n part achieved
by the reductant, carbon, having an oxide whose ree energy
of formation becomes more negative as temperature
increases. Such oxide of carbon 1s more stable at high tem-
perature than at low temperature. This feature 1s used to
produce products having one or more metal 1ons 1n a reduced
oxidation state relative to the precursor metal 10n oxidation
state.

[0292] Referring back to the discussion of temperature, at
about 700° C. both the carbon to carbon monoxide and the
carbon to carbon dioxide reactions are occurring. At closer to
about 600° C. the C to CO,, reaction 1s the dominant reaction.
At closer to about 800° C. the C to CO reaction 1s dominant.
Since the reducing effect of the C to CO, reaction 1s greater,
the result 1s that less carbon 1s needed per atomic unit of metal
to be reduced. In the case of carbon to carbon monoxide, each
atomic unit of carbon 1s oxidized from ground state zero to
plus 2. Thus, for each atomic unit of metal 1on (M) which 1s
being reduced by one oxidation state, one half atomic unit of
carbon 1s required. In the case of the carbon to carbon dioxide
reaction, one quarter atomic unmt of carbon 1s stoichiometri-
cally required for each atomic unit of metal 1on (M) which 1s
reduced by one oxidation state, because carbon goes from
ground state zero to a plus 4 oxidation state. These same
relationships apply for each such metal 10n being reduced and
for each unit reduction 1n oxidation state desired.

[0293] The starting materials may be heated at ramp rates
from a fraction of a degree up to about 10° C. per minute.
Higher or lower ramp rates may be chosen depending on the
available equipment, desired turnaround, and other factors. It
1s also possible to place the starting materials directly into a
pre-heated oven. Once the desired reaction temperature 1s
attained, the reactants (starting materials) are held at the
reaction temperature for a time suificient for reaction to occur.
Typically the reaction 1s carried out for several hours at the
final reaction temperature. The heating 1s preferably con-
ducted under non-oxidizing or inert gas such as argon or
vacuum, or in the presence of a reducing atmosphere.

[0294] Adter reaction, the products are preferably cooled
from the elevated temperature to ambient (room) temperature
(1.e., about 10° C. to about 40° C.). The rate of cooling may
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vary according to a number of factors including those dis-
cussed above for heating rates. For example, the cooling may
be conducted at a rate similar to the earlier ramp rate. Such a
cooling rate has been found to be adequate to achieve the
desired structure of the final product. It 1s also possible to
quench the products to achieve a higher cooling rate, for
example on the order of about 100° C./minute.

[0295] The general aspects of the above synthesis routes are
applicable to a variety of starting materials. The metal com-
pounds may be reduced in the presence of a reducing agent,
such as hydrogen or carbon. The same considerations apply to
other metal and phosphate containing starting materials. The
thermodynamic considerations such as ease of reduction of
the selected starting materials, the reaction kinetics, and the
melting point of the salts will cause adjustment 1n the general
procedure, such as the amount of reducing agent, the tem-
perature of the reaction, and the dwell time.

[0296] In a preferred embodiment, a two-step method 1s
used to prepare the general formula Li,, MPO,F , which
consists of the initial preparation of a LiMPO, compound
(step 1), which 1s then reacted with x moles of LiF to provide
L1,MPO_F (step 2). The starting (precursor) materials for the
first step include a lithtum containing compound, a metal
containing compound and a phosphate containing compound.
Each of these compounds may be individually available or
may be incorporated within the same compounds, such as a
lithium metal compound or a metal phosphate compound.

[0297] Following the preparation in step one, step two of
the reaction proceeds to react the lithium metal phosphate
(provided 1n step 1) with a lithuum salt, preferably lithium
fluoride (L1F). The LiF 1s mixed in proportion with the lithium
metal phosphate to provide a lithiated transition metal fluo-
rophosphate product. The lithiated transition metal fluoro-
phosphate has the capacity to provide lithium 1ons for elec-
trochemaical potential.

[0298] In addition to the previously described two-step
method, a one step reaction method may be used 1n preparing
such preferred materials of the present mvention. In one
method of this invention, the starting materials are intimately
mixed and then reacted together when 1nitiated by heat. In
general, the mixed powders are pressed into a pellet. The
pellet 1s then heated to an elevated temperature. This reaction
can be run under an air atmosphere or a non-oxidizing atmo-
sphere. In another method, the lithium metal phosphate com-
pound used as a precursor for the lithiated transition metal
fluorophosphate reaction can be formed either by a carboth-
ermal reaction, or by a hydrogen reduction reaction.

[0299] The general aspects of the above synthesis route are
applicable to a variety of starting materials. The metal com-
pounds may be reduced in the presence of a reducing agent,
such as hydrogen or carbon. The same considerations apply to
other metal and phosphate containing starting materials. The
thermodynamic considerations such as ease of reduction of
the selected starting materials, the reaction kinetics, and the
melting point of the salts will cause adjustment 1n the general
procedure, such as the amount of reducing agent, the tem-
perature of the reaction, and the dwell time.

[0300] The first step of a preferred two-step method
includes reacting a lithium containing compound (lithium
carbonate, [.1,CO,), a metal containing compound having a
phosphate group (for example, nickel phosphate, N1,(PO,,),.
xH,O, which usually has more than one mole of water), and
a phosphoric acid dertvative (such as a diammonium hydro-
gen phosphate, DAHP). The powders are pre-mixed with a
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mortar and pestle until uniformly dispersed, although various
methods of mixing may be used. The mixed powders of the
starting materials are pressed into pellets. The first stage
reaction 1s conducted by heating the pellets 1n an oven at a
preferred heating rate to an elevated temperature, and held at
such elevated temperature for several hours. A preferred ramp
rate of about 2° C./minute 1s used to heat to a preferable
temperature of about 800° C. Although 1n many instances a
heating rate 1s desirable for a reaction, 1t 1s not always neces-
sary for the success of the reaction. The reaction 1s carried out
under a flowing air atmosphere (e.g., when M 1s N1 or Co),
although the reaction could be carried out 1n an 1nert atmo-
sphere such as N, or Ar (when M 1s Fe). The flow rate will
depend on the size of the oven and the quantity needed to
maintain the atmosphere. The reaction mixture 1s held at the
clevated temperature for a time suilicient for the reaction
product to be formed. The pellets are then allowed to cool to
ambient temperature. The rate at which a sample 1s cooled
may vary.

[0301] Inthe second step, the L1,MPO_F active material 1s
prepared by reacting the LiMPO,, precursor made 1n step one
with a lithium salt, preferably lithium fluoride LiF. Alterna-
tively, the precursors may include a lithium salt other than a
halide (for example, lithium carbonate) and a halide matenal
other than lithium fluoride (for example ammonium fluoride).
The precursors for step 2 are initially pre-mixed using a
mortar and pestle until uniformly dispersed. The mixture 1s
then pelletized, for example by using a manual pellet press
and an approximate 1.5" diameter die-set. The resulting pellet
1s preferably about 5 mm thick and uniform. The pellets are
then transierred to a temperature-controlled tube furnace and
heated at a preferred ramp rate of about 2° C./minute to an
ultimate temperature of about 800° C. The entire reaction 1s
conducted 1n a flowing argon gas atmosphere. Prior to being
removed from the box oven, the pellet 1s allowed to cool to
room temperature. As stated previously, the rate in which the
pellet 1s cooled does not seem to have a direct impact on the
product.

[0302] An alternate embodiment of the present invention 1s
the preparation of a mixed metal-lithium fluorophosphate
compound. The two stage reaction results in the general
nominal formula Li,M',_ M" PO,F wherein 0=m<I]. In
general, a lithium or other alkali metal compound, at least two
metal compounds, and a phosphate compound are reacted
together 1 a first step to provide a lithium mixed metal
phosphate precursor. As previously described in other reac-
tions, the powders are mixed together and pelletized. The
pellet 1s then transferred to a temperature-controlled tube
tfurnace equipped with a flowing inert gas (such as argon). The
sample 1s then heated for example at a ramp rate of about 2°
C./minute to an ultimate temperature of about 750° C. and
maintained at this temperature for eight hours or until a reac-
tion product 1s formed. As can be seen 1n various examples,
the specific temperatures used vary depending on what 1nitial
compounds were used to form the precursor, but the standards
described in no way limit the application of the present inven-
tion to various compounds. In particular, a high temperature 1s
desirable due to the carbothermal reaction occurring during
the formation of the precursor. Following the heating of the
pellet for a specified period of time, the pellet was cooled to
room temperature.

[0303] The second stage provides the reaction of the
lithium mixed metal phosphate compound with an alkali
metal halide such as lithium fluoride. Following the making,
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of the pellet from the lithium mixed metal phosphate precur-
sor and the lithium fluoride, the pellet 1s placed inside a
covered and sealed nickel crucible and transferred to a box
oven. In general, the nickel crucible 1s a convenient enclosure
for the pellet although other suitable containers, such as a
ceramic crucible, may also be used. The sample 1s then heated
rapidly to an ultimate temperature of about 700° C. and main-
tained at this temperature for about 15 minutes. The crucible
1s then removed from the box oven and cooled to room tem-
perature. The result 1s a lithiated transition metal fluorophos-
phate compound of the present invention.

[0304] In addition to the general nominal formula L1,M', _
~M" PO_F, a non-stoichiometric mixed metal lithium fluo-

1

rophosphate having the general nominal formula L1,, M', _
=M" PO_F ,1s further provided. The same conditions are met
when preparing the non-stoichiometric formula as are fol-
lowed when preparing the stoichiometric formula. In the non-
stoichiometric mixed metal lithium fluorophosphate, the
mole ratio of lithiated transition metal phosphate precursor to
lithium fluoride 1s about 1.0 to 0.25. The precursor com-
pounds are pre-mixed using a mortar and pestle and then
pelletized. The pellet 1s then placed inside a covered and
sealed crucible and transterred to a box oven. The sample 1s
rapidly heated to an ultimate temperature of about 700° C.
and maintained at this temperature for about 15 minutes.
Similar conditions apply when preparing the nominal general

formula L1, . MPO.F .

[0305] Referring back to the discussion of the lithium fluo-
ride and metal phosphate reaction, the temperature of reaction
1s preferably about 400° C. or higher but below the melting
point of the metal phosphate, and more preferably at about
700° C. It 1s preferred to heat the precursors at a ramp rate 1n
a range from a fraction of a degree to about 10° C. per minute
and preferably about 2° C. per minute. Once the desired
temperature 1s attained, the reactions are held at the reaction
temperature from about 10 minutes to several hours, depend-
ing on the reaction temperature chosen. The heating may be
conducted under an air atmosphere, or 1f desired may be
conducted under a non-oxidizing or inert atmosphere. After
reaction, the products are cooled from the elevated tempera-
ture to ambient (room) temperature (1.e. from about 10° C. to
about 40° C.). Desirably, the cooling occurs at a rate of about
50° C./minute. Such cooling has been found to be adequate to
achieve the desired structure of the final product 1n some
cases. It 1s also possible to quench the products at a cooling
rate on the order of about 100° C./minute. In some instances,
such rapid cooling may be preferred. A generalized rate of
cooling has not been found applicable for certain cases, there-
fore the suggested cooling requirements vary.

Method ot Manufacturing A', MO

[0306] The alkali metal transition metal oxide, denoted by
the formula A’ M"O_, 1s prepared by reacting an alkali metal
(A') containing compound and a transition metal (M') con-
taining compound. The sources of A' and M' may be reacted
together 1n a solid state while heating for a time and tempera-
ture sullicient to make a reaction product. The starting mate-
rial are provided 1n powder or particulate form. The powders
are mixed together with any of a variety of procedures, such
as by ball milling without attrition, blending 1n a mortar and
pestle, and the like. Thereafter the mixture of powdered start-
ing materials 1s compressed into a tablet and/or held together
with a binder material to form a closely cohering reaction
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mixture. The reaction mixture 1s heated in an oven, generally
at a temperature of about 400° C. or greater until a reaction
product forms.

Method of Manufacturing Modified Manganese Oxide
(A°, Mn,O,):

[0307] The modified A®>, Mn,O.. compound is prepared by
reacting cubic spinel manganese oxide particles and particles
of a alkali metal compound in air for a time and at a tempera-
ture sullicient to decompose at least a portion of the com-
pound, providing a treated lithium manganese oxide. The
reaction product 1s characterized as particles having a core or
bulk structure of cubic spinel lithium manganese oxide and a
surface region which is enriched in Mn* relative to the bulk.
X-ray diffraction data and x-ray photoelectron spectroscopy
data are consistent with the structure of the stabilized LMO
being a central bulk of cubic spinel lithium manganese oxide
with a surface layer or region comprising A,MnQO,, where A
1s an alkal1 metal.

[0308] For atreated lithium manganese oxide, a method of
preparing comprises first forming a mixture of the lithium
manganese oxide (LMOQO) particles and an alkali metal com-
pound. Next, the mixture 1s heated for a time and at a tem-
perature suificient to decompose at least a portion of the alkali
metal compound 1n the presence of a lithium manganese
oxide.

[0309] The mixture may be formed 1n a number of ways.
Preferred methods of mixing result in very well-mixed start-
ing materials. For example, 1n one embodiment, powders of
the LMO and the alkali metal compound are milled together
without attrition. In another, the powders can be mixed with a
mortar and pestle. In another embodiment, the LMO powder
may be combined with a solution of the alkali metal com-
pound prior to heating.

[0310] The mixture preferably contains less than 50% by
weight of the alkali metal compound, preferably less than
about 20%. The mixture contains at least about 0.1% by
weight of the alkali metal compound, and preferably 1% by
weilght or more. In a preferred embodiment, the mixture con-
tains from about 0.1% to about 20%, preferably from about
0.1% to about 10%, and more preferably from about 0.4% to
about 6% by weight of the alkali metal compound.

[0311] The alkali metal compound 1s a compound of
lithium, sodium, potassium, rubidium or cesium. The alkali
metal compound serves as a source of alkali metal 10on in
particulate form. Preferred alkali metal compounds are
sodium compounds and lithium compounds. Examples of
compounds include, without limitation, carbonates, metal
oxides, hydroxides, sulfates, aluminates, phosphates and sili-
cates. Examples of lithium compounds thus include, without
limitation, lithtum carbonates, lithium metal oxides, lithium
mixed metal oxides, lithium hydroxides, lithium aluminates,
and lithium silicates, while analogous sodium compounds are
also preferred. A preferred lithtum compound 1s lithium car-
bonate, which decomposes in the presence of LMO at a
temperature in arange of 600° C. to 750° C. Likewise, sodium
carbonate and sodium hydroxide are preferred sodium com-
pounds. Depending on the temperature selected, a portion of
the alkali metal compound 1s decomposed or reacted with the
lithium manganese oxide and a portion of the alkali metal
compound 1s dispersed on the surface of the lithium manga-
nese oxide particles. The result 1s a treated spinel lithium
manganese oxide characterized by reduced surface area and
increased alkali metal content as compared to an untreated
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spinel lithium manganese oxide. In one alternative, essen-
tially all of a lithium or sodium compound 1s decomposed or
reacted with the lithium manganese oxide.

[0312] In one aspect, the heating 1s conducted 1n an air
atmosphere or 1 a tlowing air atmosphere. In one embodi-
ment, the heating 1s conducted 1n at least two stages beginning
at an elevated temperature, followed by cooling to an ambient
temperature. In one example, three progressive stages ol heat-
ing are conducted. As an example, a {irst stage 1s 1n a range of
about 650 to 700° C., a second stage 1s at a lower temperature
on the order of 600° C., and a third stage 1s at a lower tem-
perature 1in a range of about 400 to 500° C., followed by
permitting the product to cool to an ambient condition.
Quenching 1s considered optional. The heating 1s conducted
for a time up to about 10 hours.

[0313] Inanothernon-limiting example, two stages ol heat-
ing may be used, for example by first heating 1n a first furnace
at a temperature of about 600-750° C. for about 30 minutes,
then removing the material to a second furnace set a about
450° C. for about one hour, ensuring that the second furnace
has a good supply of tlowing air, and finally removing the
material from the second furnace to allow 1t to cool. Single
stage heating may also be used. For example, the mixture may
be heated 1n a single box furnace set at about 650° C. for about
30 minutes. Thereafter, the furnace may be turned off and the
material allowed to cool in the furnace while ensuring there 1s
a good supply of tlowing air throughout.

[0314] In another alternative, the heating and cooling may
be conducted 1n a Multiple Heat Zone Rotary Furnace. Here,
the material 1s fed 1into the hottest part of the furnace, typically
at 650-750° C. Then, the material travels through the furnace
to another heat zone at a lower temperature, for example, 600°
C. Then the material progress to a zone at 400° C. to 450° C.,
and finally 1s allowed to cool to room temperature. A good
supply of flowing air 1s provided throughout the furnace.

[0315] The product of the atoresaid method 1s a composi-
tion comprising particles of spinel lithium manganese oxide
(LMO) enriched with alkali metal by a decomposition prod-
uct of the alkali metal compound forming a part of each of the
LMO particles. The product 1s preferably characterized by
having a reduced surface area and improved capacity reten-
tion with cycling, expressed in milliamp hours per gram as
compared to the imitial, non-modified spinel. In one aspect,
the decomposition product 1s a reaction product of the LMO
particles and the alkali metal compound. For the case where
the alkali metal 1s lithium, a lithium-rich spinel 1s prepared
that can be represented by the formula L1, ., Mn,__ O, wherex
1s greater than zero and less than or equal to about 0.20.
Preferably x 1s greater than or equal to about 0.081. This
lithium-rich spinel product i1s preferably prepared from a
starting material of the formula Li,, Mn, O, where
0=x=0.08, and preferably the starting material has x greater
than 0.03. The lithium-rich spinel product has an L1 content
greater than that of the LMO starting materal.

[0316] The product of the aforesaid method will depend

upon the extent of heating during heat treatment. If all the
alkali metal compound 1s decomposed or reacted, then the
alkal1 metal enriched spinel 1s produced. If some of the alkali
metal compound (for example, lithium carbonate or sodium
carbonate) remains unreacted or not decomposed, then 1t 1s
dispersed on and adhered to the surface of the alkali metal
enriched spinel particles.

[0317] Once each of the active materials are formed, pro-
portions are combined 1n a powder mixture. Each active mate-




US 2010/0266899 Al

rial 1s physically combined together to form a homogenous
mixtures containing relative proportion of active materials.

Electrodes:

[0318] The present invention also provides electrodes com-
prising an electrode active material blend of the present
invention. In a preferred embodiment, the electrodes of the
present mnvention comprise an electrode active material mix-
ture of this invention, a binder; and an electrically conductive
carbonaceous material.

[0319] In a preferred embodiment, the electrodes of this
invention comprise:

[0320] (a) from about 25% to about 95%, more prefer-
ably from about 50% to about 90%, active material

blend;

[0321] (b) from about 2% to about 95% electrically con-
ductive matenial (e.g., carbon black); and

[0322] (c) from about 3% to about 20% binder chosen to
hold all particulate materials 1n contact with one another
without degrading ionic conductivity.

(Unless stated otherwise, all percentages herein are by
weight.) Cathodes of this invention preferably comprise from
about 50% to about 90% of active material, about 5% to about
30% of the electrically conductive material, and the balance
comprising binder. Anodes of this invention preferably com-
prise from about 50% to about 95% by weight of the electri-
cally conductive material (e.g., a preferred graphite), with the
balance comprising binder.

[0323] Electrically conductive materials among those use-
tul herein include carbon black, graphite, powdered nickel,
metal particles, conductive polymers (e.g., characterized by a
conjugated network of double bonds like polypyrrole and
polyacetylene), and mixtures thereol. Binders useful herein
preferably comprise a polymeric maternial and extractable
plasticizer suitable for forming a bound porous composite.
Preferred binders include halogenated hydrocarbon polymers
(such as poly(vinylidene chloride) and poly((dichloro-1,
4-phenylene)ethylene), fluorinated urethanes, fluorinated
epoxides, fluorinated acrylics, copolymers of halogenated
hydrocarbon polymers, epoxides, ethylene propylene
diamine termonomer (EPDM), ethylene propylene diamine
termonomer (EPDM), polyvinylidene difluoride (PVDEF),
hexafluoropropylene (HFP), ethylene acrylic acid copolymer
(EAA), ethylene vinyl acetate copolymer (EVA), EAA/EVA

copolymers, PVDEF/HFP copolymers, and mixtures thereof.

[0324] In a preferred process for making an electrode, the
clectrode active material 1s mixed into a slurry with a poly-
meric binder compound, a solvent, a plasticizer, and option-
ally the electroconductive material. The active material slurry
1s appropriately agitated, and then thinly applied to a substrate
via a doctor blade. The substrate can be a removable substrate
or a functional substrate, such as a current collector (for
example, a metallic grid or mesh layer) attached to one side of
the electrode film. In one embodiment, heat or radiation 1s
applied to evaporate the solvent from the electrode film, leav-
ing a solid residue. The electrode film 1s further consolidated,
where heat and pressure are applied to the film to sinter and
calendar 1t. In another embodiment, the film may be air-dried
at moderate temperature to yield self-supporting films of
copolymer composition. If the substrate 1s of a removable
type 1t 1s removed from the electrode film, and further lami-
nated to a current collector. With either type of substrate it
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may be necessary to extract the remaining plasticizer prior to
incorporation into the battery cell.

Batteries:

[0325] The batteries of the present invention comprise:

[0326] (a) a first electrode comprising an active material
of the present invention;

[0327] (b) a second electrode which 1s a counter-elec-
trode to said first electrode; and

[0328] (c) an electrolyte between said electrodes.

The electrode active material of this invention may comprise
the anode, the cathode, or both. Preferably, the electrode
active material comprises the cathode.

[0329] The active material of the second, counter-electrode
1s any material compatible with the electrode active material
of this invention. In embodiments where the electrode active
material comprises the cathode, the anode may comprise any
of a variety of compatible anodic materials well known 1n the
art, including lithium, lithium alloys, such as alloys of lithium
with aluminum, mercury, manganese, iron, zinc, and interca-
lation based anodes such as those employing carbon, tungsten
oxides, and mixtures thereol. In a preferred embodiment, the
anode comprises:

[0330] (a) from about 0% to about 95%, preferably from
about 25% to about 95%, more preferably from about
50% to about 90%, of an insertion material;

[0331] (b) from about 2% to about 95% clectrically con-
ductive matenal (e.g., carbon black); and

[0332] (c)from about 3% to about 20% binder chosen to
hold all particulate materials 1n contact with one another
without degrading 1onic conductivity.

In a particularly preferred embodiment, the anode comprises
from about 50% to about 90% of an insertion material
selected from the group active material from the group con-
s1sting of metal oxides (particularly transition metal oxides),
metal chalcogenides, and mixtures thereof. In another pre-
ferred embodiment, the anode does not contain an insertion
active, but the electrically conductive material comprises an
insertion matrix comprising carbon, graphite, cokes, meso-
carbons and mixtures thereol. One preferred anode interca-
lation material 1s carbon, such as coke or graphite, which 1s
capable of forming the compound L1 C. Insertion anodes
among those useful herein are described in U.S. Pat. No.
5,700,298, Shi et al., 1ssued Dec. 23, 1997; U.S. Pat. No.
5,712,059, Barker et al., 1ssued Jan. 27, 1998; U.S. Pat. No.
5,830,602, Barker et al., 1ssued Nov. 3, 1998; and U.S. Pat.
No. 6,103,419, Saidi et al., 1ssued Aug. 15, 2000; all of which
are incorporated by reference herein.

[0333] Inembodiments where the electrode active material
comprises the anode, the cathode preferably comprises:

[0334] (a) from about 25% to about 95%, more prefer-
ably from about 50% to about 90%, active material;
[0335] (b) from about 2% to about 95% electrically con-

ductive matenal (e.g., carbon black); and

[0336] (c)1irom about 3% to about 20% binder chosen to
hold all particulate materials 1n contact with one another
without degrading 1onic conductivity.

Active materials useful 1n such cathodes include electrode
active materials of this invention, as well as metal oxides
(particularly transition metal oxides), metal chalcogenides,
and mixtures thereof. Other active materials include lithiated
transition metal oxides such as L1CoO,, LiN10O,, and mixed
transition metal oxides such as LiCo,_, N1_O,, where
0<m<1. Another preferred active material includes lithiated
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spinel active materials exemplified by compositions having a
structure of LiMn,O,, as well as surface treated spinels such

as disclosed in U.S. Pat. No. 6,183,718, Barker et al., 1ssued

Feb. 6,2001, incorporated by reference herein. Blends of two
or more of any of the above active materials may also be used.
The cathode may alternatively further comprise a basic com-

pound to protect against electrode degradation as described in
U.S. Pat. No. 5,869,207, 1ssued Feb. 9, 1999, incorporated by
reference herein.

[0337] In one embodiment, batteries are provided wherein
one of the electrodes contains an active material and option-
ally mixed with a basic compound as described above,
wherein the battery further contains somewhere 1n the system
a basic compound that serves to neutralize the acid generated
by decomposition of the electrolyte or other components.
Thus, a basic compound such as but not limited to those
discussed above, may be added to the electrolyte to form a
battery having increased resistance to breakdown over mul-
tiple charge/recharge cycles.

[0338] The batteries of this invention also comprise a suit-
able electrolyte that provides a physical separation but allows
transier of 1ons between the cathode and anode. The electro-
lyte 1s preferably a material that exhibits high 1onic conduc-
tivity, as well as having isular properties to prevent seli-
discharging during storage. The electrolyte can be either a
liquid or a solid. A liquid electrolyte comprises a solvent and
an alkal1 metal salt that together form an 1onically conducting
liguid. So called “solid electrolytes” contain 1n addition a
matrix material that 1s used to separate the electrodes.

[0339] One preferred embodiment 1s a solid polymeric
clectrolyte, made up of a solid polymeric matrix and a salt
homogeneously dispersed via a solvent in the matrix. Suitable
solid polymeric matrices include those well known 1n the art
and include solid matrices formed from organic polymers,
inorganic polymers or a solid matrix-forming monomer and
from partial polymers of a solid matrix forming monomer.

[0340] In another variation, the polymer, solvent and salt
together form a gel which maintains the electrodes spaced
apart and provides the 1onic conductivity between electrodes.
In still another variation, the separation between electrodes 1s
provided by a glass fiber mat or other matrix material and the
solvent and salt penetrate voids in the matrx.

[0341] Preferably, the salt of the electrolyte 1s a lithium or
sodium salt. Such salts among those useful herein include
LiAsF, LiPF, [i1Cl10O,, LiB(C H;),, Li1AICl,, LiBr, LiBF,,
[1SO,CF;, LiN(SO,CF;),, LIN(SO,C,F.),, and mixtures
thereot, as well as sodium analogs, with the less toxic salts
being preferable. The salt content 1s preferably from about
3% to about 65%, preferably from about 8% to about 35% (by
weight of electrolyte). A preferred salt1s LiBF . In a preferred

embodiment, the LiBF, 1s present at a molar concentration of
from 0.5M to 3M, preferably 1.0M to 2.0M, and most prei-

erably about 1.5M.

[0342] Electrolyte compositions among those usetul herein
are described 1n U.S. Pat. No. 5,418,091, Gozdz et al., 1ssued

May 23, 19935; U.S. Pat. No. 5,508,130, Golovin, 1ssued Apr.
16, 1996; U.S. Pat. No. 5,541,020, Golovin et al., 1ssued Jul.
30, 1996; U.S. Pat. No. 5,620,810, Golovin et al. 1ssuedApr
15,1997; U.S. Pat. No. 5,643,695, Barker et al. 1ssued Jul. 1,
1997; U.S. Pat. No. 5,712,059, Barker et al., 1ssued Jan. 27,,
1998 U.S. Pat. No. 5,851,504, Barker et al., 1ssued Dec. 22,
1998; U.S. Pat. 6,020,087, Gao, 1ssued Feb. 1 2000; U.S. Pat.
No. 6,103,419, Said: et al., 1ssued Aug. 13, 2000 and PCT
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Application WO 01/24303, Barker et al., published Apr. 5,
2001; all of which are incorporated by reference herein.

[0343] The solvent is preferably a low molecular weight
organic solvent added to the electrolyte, which may serve the
purpose of solvating the norganic 1on salt. The solvent 1s
preferably a compatible, relatively non-volatile, aprotic,
polar solvent. Examples of solvents among those useful
herein include chain carbonates such as dimethyl carbonate

(DMC), diethyl carbonate (DEC), dipropylcarbonate (DPC),

and ethyl methyl carbonate (EMC); cyclic carbonates such as
cthylene carbonate (EC), propylene carbonate (PC) and buty-
lene carbonate; ethers such as diglyme, triglyme, and tetrag-
lyme; lactones; esters, dimethylsulfoxide, dioxolane, sul-
folane, and mixtures thereof. Examples of pairs of solvent

include EC/DMC, EC/DEC, EC/DPC and EC/EMC.

[0344] In a preferred embodiment, the electrolyte solvent
contains a blend of two components. The first component
contains one or more carbonates selected from the group
consisting of alkylene carbonates (cyclic carbonates), having
a preferred ring size of from 3 to 8, C,-C, alkyl carbonates,
and mixtures thereof. The carbon atoms of the alkylene car-
bonates may be optionally substituted with alkyl groups, such
as C,-C, carbon chains. The carbon atoms of the alkyl car-
bonates may be optionally substituted with C,-C, alkyl
groups. Examples of unsubstituted cyclic carbonates are eth-
ylene carbonate (3-membered ring), 1,3-propylene carbonate
(6-membered ring), 1,4-butylene carbonate (7-membered
ring), and 1,5-pentylene carbonate (8-membered ring).
Optionally the rings may be substituted with lower alkyl
groups, preferably methyl, ethyl, propyl, or 1sopropyl groups.
Such structures are well known; examples include a methyl
substituted 5-membered ring (also known as 1,2-propylene
carbonate, or simply propvlene carbonate (PC)), and a dim-
cthyl substituted 5-membered ring carbonate (also known as
2.3-butylene carbonate) and an ethyl substituted 5-membered
ring (also known as 1,2-butylene carbonate or simply buty-
lene carbonate (BC). Other examples include a wide range of
methylated, ethylated, and propylated 5-8 membered ring
carbonates. Preferred alkyl carbonates include diethyl car-
bonate, methyl ethyl carbonate, dimethyl carbonate and mix-
tures thereof. DMC 1s a particularly preferred alkyl carbon-
ate. In a preferred embodiment, the first component 1s a 5- or
6-membered alkylene carbonate. More preferably, the alky-
lene carbonate has a 5-membered ring. In a particularly pre-
terred embodiment, the first component comprises ethylene
carbonate.

[0345] The second component 1n a preferred embodiment
1s selected from the group of cyclic esters, also known as
lactones. Preferred cyclic esters include those with ring sizes
of 4 to 7. The carbon atoms in the ring may be optionally
substituted with alkyl groups, such as C,-C. chains.
Examples of unsubstituted cyclic esters include the 4-mem-
bered [-propiolactone (or simply propiolactone); v-butyro-
lactone (5-membered ring), o-valerolactone (6-membered
ring) and e-caprolactone (7-membered ring). Any of the posi-
tions of the cyclic esters may be optionally substituted, pret-
crably by methyl, ethyl, propyl, or 1sopropyl groups. Thus,
preferred second components include one or more solvents
selected from the group of unsubstituted, methylated, ethy-
lated, or propylated lactones selected from the group consist-
ing of propiolacone, butyrolactone, valerolactone, and capro-
lactone. (It will be appreciated that some of the alkylated
derivatives of one lactone may be named as a different alky-
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[

lated dertvative of a different core lactone. To 1llustrate, v-bu-
tyrolactone methylated on the y-carbon may be named as
v-valerolactone.)

[0346] In a preferred embodiment, the cyclic ester of the
second component has a 5- or a 6-membered ring. Thus,
preferred second component solvents include one or more
compounds selected from y-butyrolactone (gamma-butyro-
lactone), and o-valerolactone, as well as methylated, ethy-
lated, and propylated derivatives. Preferably, the cyclic ester
has a S-membered ring. In a particular preferred embodiment,
the second component cyclic ester comprises y-butyrolac-
tone.

[0347] The preferred two component solvent system con-
tains the two components 1n a weight ratio of from about 1:20
to aratio of about 20:1. More preferably, the ratios range from
about 1:10 to about 10:1 and more preferably from about 1:5
to about 3:1. In a preferred embodiment the cyclic ester 1s
present 1n a higher amount than the carbonate. Preferably, at
least about 60% (by weight) of the two component system 1s
made up of the cyclic ester, and preferably about 70% or
more. In a particularly preferred embodiment, the ratio of
cyclic ester to carbonate 1s about 3 to 1. In one embodiment,
the solvent system 1s made up essentially of y-butyrolactone
and ethylene carbonate. A preferred solvent system thus con-
tains about 3 parts by weight y-butyrolactone and about 1 part
by weight ethylene carbonate. The preferred salt and solvent
are used together 1n a preferred mixture comprising about 1.5
molar Li1BF, 1n a solvent comprising about 3 parts y-butyro-
lactone and about 1 part ethylene carbonate by weight.

[0348] A separator allows the migration of 1ons while still
providing a physical separation of the electric charge between
the electrodes, to prevent short-circuiting. The polymeric
matrix itsell may function as a separator, providing the physi-
cal 1solation needed between the anode and cathode. Alterna-
tively, the electrolyte can contain a second or additional poly-
meric material to further function as a separator. In a preferred
embodiment, the separator prevents damage from elevated
temperatures within the battery that can occur due to uncon-
trolled reactions preferably by degrading upon high tempera-
tures to provide infinite resistance to prevent further uncon-
trolled reactions.

[0349] The separator membrane element 1s generally poly-
meric and prepared from a composition comprising a copoly-
mer. A preferred composition contains a copolymer of about
715% to about 92% vinylidene fluoride with about 8% to about
25% hexatfluoropropylene copolymer (available commer-
cially from Atochem North America as Kynar FLEX) and an
organic solvent plasticizer. Such a copolymer composition 1s
also preferred for the preparation of the electrode membrane
clements, since subsequent laminate iterface compatibility
1s ensured. The plasticizing solvent may be one of the various
organic compounds commonly used as solvents for electro-
lyte salts, e.g., propylene carbonate or ethylene carbonate, as
well as mixtures of these compounds. Higher-boiling plasti-
cizer compounds such as dibutyl phthalate, dimethyl phtha-
late, diethyl phthalate, and tris butoxyethyl phosphate are
preferred. Inorganic filler adjuncts, such as fumed alumina or
silanized fumed silica, may be used to enhance the physical
strength and melt viscosity of a separator membrane and, 1n
some compositions, to mncrease the subsequent level of elec-
trolyte solution absorption. In a non-limiting example, a pre-
terred electrolyte separator contains about two parts polymer
per one part of fumed silica.
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[0350] A preferred battery comprises a laminated cell
structure, comprising an anode layer, a cathode layer, and
clectrolyte/separator between the anode and cathode layers.
The anode and cathode layers comprise a current collector. A
preferred current collector 1s a copper collector fo1l, prefer-
ably 1n the form of an open mesh grid. The current collector 1s
connected to an external current collector tab, for a descrip-
tion of tabs and collectors. Such structures are disclosed 1n,
for example, U.S. Pat. No. 4,925,752, Fauteux et al, 1ssued
May 15, 1990; U.S. Pat. No. 5,011,501, Shackle et al., 1ssued
Apr. 30, 1991; and U.S. Pat. No. 3,326,653, Chang, 1ssued
Jul. 5, 1994; all of which are incorporated by reference herein.
In a battery embodiment comprising multiple electrochemi-
cal cells, the anode tabs are preferably welded together and
connected to a nickel lead. The cathode tabs are similarly
welded and connected to a welded lead, whereby each lead
forms the polarized access points for the external load.

[0351] Lamuination of assembled cell structures 1s accom-
plished by conventional means by pressing between metal
plates at a temperature of about 120-160° C. Subsequent to
lamination, the battery cell material may be stored either with
the retained plasticizer or as a dry sheet after extraction of the
plasticizer with a selective low-boiling point solvent. The
plasticizer extraction solvent 1s not critical, and methanol or
cther are often used.

[0352] In a preferred embodiment, a electrode membrane
comprising the electrode active matenal (e.g., an 1nsertion
material such as carbon or graphite or a insertion compound)
dispersed 1n a polymeric binder matrix. The electrolyte/sepa-
rator {1lm membrane 1s preferably a plasticized copolymer,
comprising a polymeric separator and a suitable electrolyte
for 10n transport. The electrolyte/separator 1s positioned upon
the electrode element and 1s covered with a positive electrode
membrane comprising a composition of a finely divided
lithium 1nsertion compound 1n a polymeric binder matrix. An
aluminum collector foil or grid completes the assembly. A
protective bagging material covers the cell and prevents infil-
tration of air and moisture.

[0353] In another embodiment, a multi-cell battery con-
figuration may be prepared with copper current collector, a
negative electrode, an electrolyte/separator, a positive elec-
trode, and an aluminum current collector. Tabs of the current
collector elements form respective terminals for the battery
structure.

[0354] In a preferred embodiment of a lithium-1on battery,
a current collector layer of aluminum foil or grid 1s overlaid
with a positive electrode film, or membrane, separately pre-
pared as a coated layer of a dispersion of msertion electrode
composition. This 1s preferably an insertion compound such
as the active material of the present invention 1n powder form
in a copolymer matrix solution, which 1s dried to form the
positive electrode. An electrolyte/separator membrane 1s
formed as a dried coating of a composition comprising a
solution containing VAF:HFP copolymer and a plasticizer
solvent 1s then overlaid on the positive electrode film. A
negative electrode membrane formed as a dried coating of a
powdered carbon or other negative electrode material disper-
sion 1n a VAF:HFP copolymer matrix solution 1s similarly
overlaid on the separator membrane layer. A copper current
collector fo1l or grid 1s laid upon the negative electrode layer
to complete the cell assembly. Therefore, the VdF:HFP
copolymer composition 1s used as a binder in all of the major
cell components, positive electrode film, negative electrode
film, and electrolyte/separator membrane. The assembled
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components are then heated under pressure to achieve heat-
fusion bonding between the plasticized copolymer matrix
clectrode and electrolyte components, and to the collector
orids, to thereby form an effective laminate of cell elements.
This produces an essentially unitary and tlexible battery cell
structure.

[0355] Cells comprising electrodes, electrolytes and other
materials among those useful herein are described in the
following documents, all of which are incorporated by refer-
ence herein: U.S. Pat. No. 4,668,595, Yoshino et al., 1ssued
May 26, 1987; U.S. Pat. No. 4,792,504, Schwab et al., 1ssued
Dec. 20, 1988; U.S. Pat. No. 4,830,939, Lee et al. 1ssuedMay
16,1989; U.S. Pat. No. 4,935,317, Fauteaux et al., 1ssued Jun.
19, 1990 U.S. Pat. No. 4,990,413, Lee et al., 1ssued Feb. 3,
1991 U.S. Pat. No. 5,037,712, Shackle et al.,, 1ssued Aug. 6,
1991; U.S. Pat. No. 5,262,253, Golovin, 1ssued Nov. 16,
1993; U.S. Pat. No. 5,300,373, Shackle 1ssued Apr. 5, 1994;
U.S. Pat No. 5,399,447, Chaloner—Glll etal., 1ssued Mar. 21,
1995; U.S. Pat. No. 5,411,820, Chaloner-Glll 1ssued May 2,
19935; U.S. Pat. No. 5,435,054, Tonder et al., 1ssued Jul. 25,
19935; U.S. Pat. No. 5,463,179, Chaloner- G111 et al., 1ssued
Oct. 31 1995; U.S. Pat. No. 5,482,795, Chaloner-Glll , 1ssued
Jan. 9, 1996 U S. Pat. No. 5,660,948, Barker 1ssuedAug 26,
1997, and U.S. Pat. No. 6,306,215, Larkin, 1ssued Oct. 23,
2001. A preferred electrolyte matrix comprises organic poly-
mers, icluding VdF:HFP. Examples of casting, lamination

and formation of cells using VdF:HFP are as described in U.S.
Pat. No. 5,418,091, Gozdz et al., 1ssued May 23, 1995; U.S.

Pat. No. 5,460,904, Gozdz et al., 1ssued Oct. 24, 1995; U.S.
Pat. No. 5,456,000, Gozdz et al., 1ssued Oct. 10, 1995; and

U.S. Pat. No. 5,540,741, Gozdz et al., 1ssued Jul. 30, 1996; all
of which are incorporated by reference herein.

[0356] The electrochemical cell architecture 1s typically
governed by the electrolyte phase. A liquid electrolyte battery
generally has a cylindrical shape, with a thick protective
cover to prevent leakage of the mternal liquid. Liquid elec-
trolyte batteries tend to be bulkier relative to solid electrolyte
batteries due to the liquid phase and extensive sealed cover. A
solid electrolyte battery, 1s capable of mimaturization, and
can be shaped into a thin film. This capabaility allows for a
much greater flexibility when shaping the battery and config-
uring the recerving apparatus. The solid state polymer elec-
trolyte cells can form flat sheets or prismatic (rectangular)
packages, which can be modified to fit into the existing void
spaces remaining in electronic devices during the design
phase.

[0357] The description of the invention 1s merely exem-
plary in nature and, thus, variations that do not depart from the
g1st of the invention are mntended to be within the scope of the
invention. Such variations are not to be regarded as a depar-
ture from the spirit and scope of the mnvention.

[0358] The following are examples of the present invention
but 1n no way limit the scope of the present invention.

Example 1

[0359] A blend of the present invention comprising LiFe,
oMg, , PO, and L1CoQO, 1s made as follows. Each ol the active
materials are made individually and then combined to form a
blend of active material particles for use 1n an electrode.

[0360] (a) The first active material LiFe, Mg, PO, 1is

made as follows. The following sources containing L1, Fe,
Mg, and phosphate are provided contaiming the respective
clements 1n a molar ratio of 1.0:0.9:0.1:1.0.
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0.50 moles Li,CO; (mol. wt. 73.88 g/mol), 1.0 mol Li 36.95 g
0.45 mol Fe>O; (159.7 g/mol), 0.9 mol Fe 71.86 ¢
0.10 moles Mg(OH), (38 g/mol), 0.1 mol Mg 583 ¢
1.00 moles (NH,),HPO, (132 g/mol), 1.0 mol phosphate 132.06 ¢
0.45 moles elemental carbon (12 g/mol) (=100% mass 540 ¢
excess)

[0361] The above starting materials are combined and ball

milled to mix the particles. Thereatter, the particle mixture 1s
pelletized. The pelletized mixture 1s heated for 4-20 hours at
750° C. 1 an oven 1n an argon atmosphere. The sample 1s
removed from the oven and cooled. An x-ray diffraction pat-
tern shows that the material has an olivine type crystal struc-
ture.

[0362] (b) The second active material L1CoQO, 1s made as
follows or can be obtained commercially. The following
sources containing L1, Co, and oxygen are provided contain-

ing the respective elements 1n a molar ratio of 1.0:1.0:2.0.

0.50 moles L1,CO; (mol. wt. 73.88 g/mol), 1.0 mol Li
1.0 moles CoCo3 (118.9 g/mol), 1.0 mol Co

36.95 g
1189 ¢

[0363] The above starting materials are combined and ball
milled to mix the particles. Thereatter, the particle mixture 1s
pelletized. The pelletized mixture 1s calcined for 4-20 hours,
most preferably 5-10 at 900° C. 1n an oven. The sample 1s
removed from the oven and cooled.

[0364] (c) The first active material LiFe, ;Mg, ,PO, and
second active material LiCoO, are physically combined 1n a
677.5/32.5 weight percent mixtures respectively.

[0365] An electrode 1s made with 80% of the active mate-
rial, 10% ol Super P conductive carbon, and 10% poly
vinylidene difluoride. A cell with that electrode as cathode
and a carbon intercalation anode 1s constructed with an elec-
trolyte comprising 1M LiBF, dissolved 1n a 3:1 mixture by
weight of v-butyrolactone:ethylene carbonate.

[0366] In the foregoing Example, L1Co, jFe, ;Al, 5sMg,
05sPO, o-:F, 5,5 can be substituted tor LiFe, ;Mg, PO, with
substantially equivalent results.

Example 2

[0367] A blend of the present invention comprising LiCo,
SFBD.1A10.025Mg0:05PO3.975F0.025 and LiFe, ;Mg (sPO, 15
made as follows. Each of the active materials are made indi-
vidually and then combined to form a blend of active material
particles for use in an electrode.

[0368] (a) The firstactive matenial L1Co, (Fe, ;Al, 5,-Mg,
05PO, o,:F, 5-5 1s made as follows. The following sources
containing L1, Co, Fe, Al, Mg, phosphate, and fluoride are

provided containing the respective elements 1n a molar ratio
01 1.0:0.8:0.1:0.025:0.05:1.0:0.025.

0.05 moles Li1,CO; (mol. wt. 73.88 g/mol), 0.1 mol Li 37 ¢
0.02667 moles Co;0, (240.8 g/mol), 0.08 mol Co 642 ¢
0.005 moles Fe, 05 (159.7 g/mol), 0.01 mol Fe 0.8 g
0.0025 moles AI{OH); (78 g/mol), 0.0025 mol Al 0.195 ¢
0.005 moles Mg(OH), (58 g/mol), 0.005 mol Mg 0.29 g
0.1 moles (NH,4)>,HPO, (132 g/mol), 0.1 mol phosphate 13.2 g
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-continued
0.00125 moles NH,HF> (57 g/mol), 0.0025 mol I 0.071 g
0.2 moles elemental carbon (12 g/mol) (=100% mass excess) 24 g

[0369] The above starting materials are combined and ball
milled to mix the particles. Thereatter, the particle mixture 1s
pelletized. The pelletized mixture 1s heated for 4-20 hours at
750° C. 1n an oven 1n an argon atmosphere. The sample 1s
removed from the oven and cooled. An x-ray diffraction pat-
tern shows that the material has an olivine type crystal struc-
ture.

[0370] (b)The second active material LiFe, - Mg, PO, 1s
made as follows. The following sources containing L1, Fe,
Mg, and phosphate are provided contaiming the respective
clements 1n a molar ratio of 1.0:0.95:0.05:1.0.

0.50 moles L1,CO; (mol. wt. 73.88 g/mol), 1.0 mol L1 3695 ¢
0.475 mol Fe,O4 (159.7 g/mol), 0.95 mol Fe 7585 ¢
0.05 moles Mg(OH), (538 g/mol), 0.05 mol Mg 2915 ¢
1.00 moles (NH,)>,HPO, (132 g/mol), 1.0 mol phosphate 132.06 g
0.45 moles elemental carbon (12 g/mol) (=100% mass excess) 540 ¢

[0371] The above starting materials are combined and ball
milled to mix the particles. Thereatter, the particle mixture 1s
pelletized. The pelletized mixture 1s heated for 4-20 hours at
750° C. 1n an oven 1n an argon atmosphere. The sample 1s
removed from the oven and cooled. An x-ray diffraction pat-

tern shows that the material has an olivine type crystal struc-
ture.

[0372] (c)Thefirstactive matenial L1Co, JFe, (Al ,<-Mg,
0sPO; o-<F, 5,5 and second active matenial LiFe, Mg,
0sPO, are physically combined 1n a 50/50 weight percent
mixtures respectively.

[0373] An electrode 1s made with 80% of the active mate-
rial, 10% of Super P conductive carbon, and 10% poly
vinylidene difluoride. A cell with that electrode as cathode
and a carbon intercalation anode 1s constructed with an elec-
trolyte comprising 1M LiBF4 dissolved 1n a 3:1 mixture by
weight of y-butyrolactone:ethylene carbonate.

Example 3

[0374] A blend of the present invention comprising LiFe,
osMg, PO, and LiN1, ,.Co, ,-O, 1s made as follows. Each
of the active maternials are made individually and then com-
bined to form a blend of active material particles for use 1 an
clectrode.

[0375] (a) The first active material LiFe, o<Mg, PO, 1s
made as follows. The following sources containing L1, Fe,
Mg, and phosphate are provided contaiming the respective
clements 1n a molar ratio of 1.0:0.95:0.05:1.0.

0.50 moles Li1,CO; (mol. wt. 73.88 g/mol), 1.0 mol Li 3695 ¢
0.95 mol FePO, ((150.82 g/mol), 0.95 mol Fe 143.28 ¢
0.05 moles Mg(OH}), (58 g/mol), 0.1 mol Mg 2915 ¢
0.05 moles (NH,)>HPO, (132 g/mol), 0.05 mol phosphate 033 ¢
0.45 moles elemental carbon (12 g/mol) (=100% mass 540 g
eXcess )

[0376] The above starting materials are combined and ball

milled to mix the particles. Thereatter, the particle mixture 1s
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pelletized. The pelletized mixture 1s heated for 4-20 hours at
750° C. 1n an oven 1n an argon atmosphere. The sample 1s
removed from the oven and cooled. An x-ray diffraction pat-
tern shows that the material has an olivine type crystal struc-

fure.

[0377] (b) The second active matenal LiNi, --Co, ,<:O, 15
made as follows or can be commercially obtained. The fol-
lowing sources containing L1, N1, Co, and oxygen are pro-

vided containing the respective elements in a molar ratio of
1.0:0.75:0.25:2.0.

0.50 moles L1,CO; (73.88 g/mol), 1.0 mol L1 3695 ¢
0.75 moles Ni({OH), (92.71 g/mol), 0.75 mol N1 69.53 ¢
0.25 moles CoCO; (118.9 g/mol), 0.25 mol Co 2973 ¢

[0378] The above starting materials are combined and ball
milled to mix the particles. Thereaiter, the particle mixture 1s
pelletized. The pelletized mixture 1s calcined for 4-20 hours,
most preferably 5-10 at 900° C. 1n an oven. The sample 1s
removed from the oven and cooled.

[0379] (c) The first active matenial LiFe, - Mg, PO, and
second active material LiN1, ,.Co,, ,.O, are physically com-
bined 1n a 67.5/32.5 weight percent mixtures respectively.

[0380] An electrode 1s made with 80% of the active mate-
rial, 10% of Super P conductive carbon, and 10% poly
vinylidene difluoride. A cell with that electrode as cathode
and a carbon intercalation anode 1s constructed with an elec-
trolyte comprising 1M LiBF, dissolved 1 a 3:1 mixture by
weight of y-butyrolactone:ethylene carbonate.

Example 4

[0381] A blend of the present invention comprising LiFe,
osMg, PO, and y-1.1V,0O. 1s made as follows. Each of the

active materials are made individually and then combined to
form a blend of active matenal particles for use in an elec-
trode.

[0382] (a) The first active material LiFe, o-Mg, PO, 1s
made as follows. The following sources containing L1, Fe,
Mg, and phosphate are provided containing the respective
clements 1n a molar ratio of 1.0:0.95:0.05:1.0.

0.50 moles Li,CO; (mol. wt. 73.88 g/mol), 1.0 mol L1 36.95 ¢
0.95 mol FePO, (150.82 g/mol), 0.95 mol Fe 143.28 ¢
0.05 moles Mg(OH), (58 g/mol), 0.1 mol Mg 2915 ¢
0.05 moles (NH,)>HPO, (132 g/mol), 0.05 mol phosphate 033 g
0.45 moles elemental carbon (12 g/mol) (=100% mass 540 ¢
excess)

[0383] The above starting materials are combined and ball

milled to mix the particles. Thereaiter, the particle mixture 1s
pelletized. The pelletized mixture 1s heated for 4-20 hours at
750° C. 1n an oven 1n an argon atmosphere. The sample 1s
removed from the oven and cooled. An x-ray diffraction pat-
tern shows that the material has an olivine type crystal struc-

fure.

[0384] (b) The second active material y-LL1V205 1s made as

tollows. The following sources containing L1, V, and oxygen
are provided containing the respective elements 1n a molar

ratio of 1.0:2.0:5.0.
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1.0 moles V505 (181.88 g/mol), 1.0 mol 181.88 g
0.5 moles L1,CO; (92.71 g/mol), 0.5 mol Li 36.95 ¢
0.25 moles carbon (12 g/mol) (=25% mass excess) 375 ¢g

[0385] The above starting materials are combined and ball
milled to mix the particles. Thereaiter, the particle mixture 1s
pelletized. The pelletized mixture 1s heated 1n an 1nert atmo-
sphere (1.. argon) for 1-2 hours, most preferably around one
hour at between 400-650° C., more preferably 600° C. 1n an
oven. The sample 1s removed from the oven and cooled.
[0386] (c) The first active material LiFe, ,-Mg, ,-PO, and
second active material y-L.1V,O. are physically combined in a
67.5/32.5 weight percent mixtures respectively.

[0387] An electrode 1s made with 80% of the active mate-
rial, 10% of Super P conductive carbon, and 10% poly
vinylidene difluoride. A cell with that electrode as cathode
and a carbon intercalation anode 1s constructed with an elec-
trolyte comprising 1M LiBF, dissolved in a 3:1 mixture by
weight of y-butyrolactone:ethylene carbonate.

Example 5

[0388] A blend of the present invention comprising LiFe,
osMg, PO, and L1,CuQ, 1s made as follows. Each of the
active materials are made individually and then combined to
form a blend of active maternial particles for use 1n an elec-
trode.

[0389] (a) The first active material LiFe, o-Mg, PO, 1s
made as follows. The following sources containing L1, Fe,
Mg, and phosphate are provided containing the respective
clements 1n a molar ratio of 1.0:0.95:0.05:1.0.

1.0 moles LiH,PO, (103.93 g/mol), 1.0 mol Li 3695 ¢
0.475 mol Fe,O4 (159.7 g/mol), 0.95 mol Fe 7585 ¢
0.05 moles Mg(OH), (538 g/mol), 0.1 mol Mg 2915 ¢
0.45 moles elemental carbon (12 g/mol) (=100% mass excess) 540 ¢

[0390] The above starting materials are combined and ball
milled to mix the particles. Thereaiter, the particle mixture 1s
pelletized. The pelletized mixture 1s heated for 4-20 hours at
750° C. 1n an oven 1n an argon atmosphere. The sample 1s
removed from the oven and cooled. An x-ray diffraction pat-
tern shows that the material has an olivine type crystal struc-
ture.

[0391] (b) The second active matenial L1,CuO, 1s made as
tollows. The following sources containing L1, Cu, and oxygen

are provided containing the respective elements 1n a molar
ratio of 2.0:1.0:2.0.

2.0 moles L1iOH (23.948 g/mol), 2.0 mol L1
1.0 moles CuO (79.545 g/mol), 1.0 mol Cu

47.896 g
79.545 g

[0392] Prior to the mixing of the copper oxide with the
lithium hydroxide, the lithium hydroxide salt 1s predried to
about 120° C. for about 24 hours. The lithitum salt 1s thor-
oughly ground, so that the particle size 1s approximately
equivalent to the particle size of the copper oxide. The lithium
hydroxide and copper oxide are mixed. Thereafter, the par-
ticle mixture 1s pelletized. The pelletized mixture 1s heated in

30
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an alumina crucible 1 an inert atmosphere at a rate of
approximately 2° C./minute up to about 455° C. and 1s held at
such temperature for approximately 12 hours. The tempera-
ture 1s ramped again at the same rate to achieve a temperature
of 825° C. and then held at such temperature for approxi-
mately 24 hours. The sample 1s then cooled, and followed by
a repeat heating for approximately 6 hours at 455° C., 6 hours
at 650° C., and 825° C. for 12 hours.

[0393] (c) The first active matenial LikFe, ,-Mg, PO, and
second active matenial L1,CuQO, are physically combined 1n a
677.5/32.5 weight percent mixtures respectively.

[0394] An electrode 1s made with 80% of the active mate-
rial, 10% ol Super P conductive carbon, and 10% poly
vinylidene difluoride. A cell with that electrode as cathode
and a carbon intercalation anode 1s constructed with an elec-
trolyte comprising 1M LiBF, dissolved 1n a 3:1 mixture by
weight of y-butyrolactone:ethylene carbonate.

[0395] In the foregoing Example, L1Co, jFe, ;Al, -sMg,
0sPO; o-sF, 5,5 Ccan be substituted for LiFe, o-Mg, PO,
with substantially equivalent results.

What 1s claimed 1s:

1. An electrode active material comprising two or more
groups ol particles having differing chemical compositions,
wherein each group of particles comprises a material selected
from:

(a) materials of the formula A M~ - and
(b) materials of the formula A>, Mn.O.;
wherein

(1) A%, and A> are independently selected from the group
consisting of L1, Na, K, and mixtures thereof, 0<e=6;
h=2.0; and 1=2;

(1) M~ is one or more metals, comprising at least one metal
selected from the group consisting of Fe, Co, N1, Mo, V,
Zr, T1, Mo, and Cr, and 1=1=6;

(111) O<g=15;

(iv) M?, e, f, g, h, and 1, are selected so as to maintain
clectroneutrality of said compound; and

(v) said material of the formula A°, Mn,O,, has an inner and
an outer region, wherein the 1nner region comprises a
cubic spinel manganese oxide, and the outer region com-
prises a manganese oxide that is enriched in Mn™* rela-
tive to the 1inner region.

2. An electrode active material according to claim 1, com-
prising a material of the formula A* M~ -

3. An clectrode active material according to claim 2,
wherein A* comprises Li.

4. An electrode active material according to claim 3,
wherein M” is M* M> M°  wherein M” is a transition metal
selected from the group consisting ot Fe, Co, N1, Mo, V, Zr, 11,
Cr, and mixtures thereof; M" is one or more transition metal
from Groups 4 to 11 of the Periodic Table; M°® is at least one
metal selected from Group 2, 12, 13, or 14 of the Periodic
Table; and k+m+n=t.

5. An clectrode active material according to claim 4,
wherein M° is selected from the group consisting of Mg, Ca,
Al, and mixtures thereotf, and n>0.

6. An electrode active material according to claim 4, com-
prising a material of the formula LiNi Co M° 0., wherein
0<(r+s)=1, and 0=t<].

7. An electrode active material according to claim 17, com-
prising a material selected from the group consisting of

LiN10O,, L1CoQO,, v-L.1V,0O. and mixtures thereof.
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8. An clectrode active material comprising two or more
groups ol particles having differing chemical compositions,
wherein

(a) the first group of particles comprises a material of the
formula A' M"',(XY.,) Z ; and

(b) the second group of particles comprises a material of
the formula A" M",(XY.)_Z  wherein said first and sec-
ond group of particle have differing formulas; and

wherein

(i) A' is independently selected from the group consisting
of L1, Na, K, and mixtures thereot, and 0<a=g;:

(1)) M is independently, one or more metals, comprising at
least one metal which 1s capable of undergoing oxida-
tion to a higher valence state, and 0.8=b=3;

(111) XY, 15 selected from the group consisting of X'O,,_
Y, X0, Y5, X"S,, and mixtures thereof, where X'
1s selected from the group consisting of P, As, Sb, S1, Ge,
V, S, and mixtures thereot; X" 1s selected from the group
consisting of P, As, Sb, S1, Ge, V, and mixtures thereof;
Y' 1s halogen; 0=x<3; and 0<c=3;

(1v) Z 1s OH, halogen, or mixtures thereotf, and 0=d=6;

(v) wherein M', X, Y, Z, a, b, ¢, d, and x are selected so as
to maintain electroneutrality of said compound.

9. An electrode active material of claim 8, comprising a

material of the formula A M, (XY ,) 7 , having an olivine

structure.

10. An electrode active material of claim 8, comprising a
material of the formula A M, (XY ,) Z  having a NASICON
structure.

11. An electrode active material according to claim 8,
wherein M’ comprises at least one element from Groups 4 to
11 ofthe Periodic Table, and at least one element from Groups
2, 3, and 12-16 of the Periodic Table.

12. An electrode active material according to claim 11,
wherein M' comprises a transition metal selected from the
group consisting of Fe, Co, N1, Mn, Cu, V, Zr, Ti, Cr, and
mixtures thereof.

13. An electrode active material according to claim 12,
wherein M' comprises a transition metal selected from the
group consisting of Fe, Co, Mn, 11, and mixtures thereof.

14. An electrode active material according to claim 11,
wherein M' comprises a metal selected from the group con-
sisting of Mg, Ca, Zn, Sr, Pb, Cd, Sn, Ba, Be, Al, and mixtures
thereof.

15. An electrode active material according to claim 11,
wherein XY, 1s PO,.

16. An electrode active material of claim 11, comprising a
material of the formula:

LiFe, M' PO,

wherein M"* is selected from the group consisting of Mg, Ca,
Zn, Sr, Pb, Cd, Sn, Ba, Be, and mixtures thereof; and 0<g<1.
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17. An electrode active material of claim 16, wherein
0<q=0.2.

18. An electrode active material of claim 64, wherein M*~
1s selected from the group consisting of Mg, Ca, Zn, Ba, and
mixtures thereof.

19. An electrode active material of claim 18, wherein M*~
1s Mg.

20. An electrode active material of claim 19, comprising a
material of the formula LiFe, Mg _PO,, wherein 0<q=0.5.

21. An electrode active material according to claim 20
wherein said active material 1s selected from the group con-

sisting of LiFe, Mg, ,PO, and LiFe, Mg, ,PO.,, and mix-
tures thereol.

22. An electrode active material comprising a first group of
particles comprising an active material according to claim 21,
and a second group of particles comprising an active material
selected from the group consisting of v-1L.1V,O., LiN1, sCo,
15Al5 505, L1C00,, LiN1,Co,0,, L1, Mn,_ O,, LiNiO.,
L1,Cu0, and mixtures thereof, wheremn 0<(r+s)=1, and
0=p<0.2.

23. An electrode active material comprising a first group of
particles comprising an active material according to claim 21,
and a second group of particles comprising an active material
having an inner and an outer region, wherein the inner region
comprises a cubic spinel manganese oxide, and the outer
region comprises a manganese oxide that is enriched in Mn**
relative to the inner region.

24. An electrode active material comprising a first group of
particles comprising an active material selected from the
group consisting of LiFe, Mg, ,PO,, LiFe, Mg, PO.,
LiFe, o Mg, ,sPO,, L1Co, ; Mg, ,PO,, and mixtures thereof;
and a second group of particles comprising an active material
selected from the group consisting of LiCoO,, LiN1,Co O,
L1, Mn, O, Li,CuO,, and mixtures thereof, wherein
0<(r+s)=1, and 0=p<0.2.

25. A lithtum battery comprising:

(a) afirst electrode comprising a powder mixture according

to claim 1,

(b) a second electrode which 1s a counter-electrode to said
first electrode; and

(¢) an electrolyte between said electrodes.
26. A lithium battery comprising:

(a) afirst electrode comprising a powder mixture according,
to claim 11,

(b) a second electrode which 1s a counter-electrode to said
first electrode; and

(¢) an electrolyte between said electrodes.
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