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ABSTRACT

Lithium batteries comprising:

(a) an electrode comprising a material of the formula

AaMb (XY4) czd:
wherein

(1) A 1s an alkaline metal and O<a=9;
(11) M comprises a transition metal, and 1=b=3;

(m) XY, 1s X'0,. Y, X0, Y, X"S,, or mixtures
thereof, where X' 1s P, As, Sb, S1, Ge, V, S, or
mixtures thereof; X" 1s P, As, Sb, Si1, Ge, V, or
mixtures thereof; Y' is halogen, S, N, or mixtures
thereof; 0=x<3; and O<yZ=2; and 0O<c=3; and

(iv) Z is OH, halogen, or mixtures thereof, and
0=d=6; and

(b) a counter-electrode; and

(¢) an electrolyte comprising an alkyl and/or alkylene

carbonate and a cyclic ester.

Preferably, M additionally comprises at least one non-
transition metal. Preferred embodiments include those hav-

ing an olivine structure, where c¢=1, and those having a
NASICON structure, where c=3.
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BATTERIES COMPRISING ALKALI-TRANSITION
METAL PHOSPHATES AND PREFERRED
ELECTROLYTES

FIELD OF THE INVENTION

[0001] Thisinvention relates to batteries. In particular, this
invention relates to batteries comprising active materials
comprising lithium or other alkali metals, transition metals,
and phosphates or similar moieties, with electrolytes com-
prising alkylene carbonates and cyclic esters.

BACKGROUND OF THE INVENTION

10002] A wide variety of electrochemical cells, or “batter-
ies,” 1s known 1n the art. In general, batteries are devices that
convert chemical energy 1nto 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 commer-
cial power plants using utility transmission lines).

[0003] 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
(i.e., while it 1s providing power); a cathode that contains a
material that is 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 char-
acterized by the specific materials that make up each of these
three components. Selection of these components can yield
batteries having specific voltage and discharge characteris-
fics that can be optimized for particular applications.

[0004] Batteries can also be generally categorized as being
“primary,” where the electrochemical reaction 1s essentially
irreversible, so that the battery becomes unusable once
discharged; and “secondary,” where the electrochemical
reaction 1s, at least 1n part, reversible so that the battery can
be “recharged” and used more than once. Secondary batter-
les are increasingly used in many applications, because of
their convenience (particularly in applications where replac-
ing batteries can be difficult), reduced cost (by reducing the
need for replacement), and environmental benefits (by
reducing the waste from battery disposal).

[0005] 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
benelits, because these metals are light 1n weight, while
possessing high standard potentials. For a variety of reasons,
lithium batteries are, in particular, commercially attractive
because of their high energy density, higher cell voltages,
and long shelf-life.

[0006] Lithium batteries are prepared from one or more
lithium electrochemical cells containing electrochemically
active (electroactive) materials. Among such batteries are
those having metallic lithium anodes and metal chalco-
genide (oxide) cathodes, typically referred to as “lithium
metal” batteries. The electrolyte typically comprises a salt of
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lithium dissolved 1n one or more solvents, typically non-
aqueous aprotic organic solvents. Other electrolytes are
solid electrolytes (typically polymeric matrixes) that contain
an ionic conductive medium (typically a lithium containing
salt dissolved in organic solvents) in combination with a
polymer that itself may be 1onically conductive but electri-
cally 1nsulating.

[0007] Cells having a metallic lithium anode and metal
chalcogenide cathode are charged in an initial condition.
During discharge, lithium metal yields electrons to an exter-
nal electrical 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
clectrons from the anode pass through the external circuit,
powering the device, and return to the cathode.

[0008] 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 1nto which an 1on
can be 1nserted 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 chal-
cogenide, lithium metal oxide, or carbon materials such as
coke and graphite. These negative electrodes are used with
lithium-containing insertion cathodes. In their 1nitial condi-
tion, the cells are not charged, since the anode does not
contain a source of 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
transferred from the anode back to the cathode. During
subsequent recharge, the lithtum 1s again transferred back to
the anode where 1t reinserts. This back-and-forth transport of
lithium ions (Li+) between the anode and cathode during
charge and discharge cycles had led to these cells as being
called “rocking chair” batteries.

[0009] A variety of materials have been suggested for use
as cathode active materials 1n lithium batteries. Such mate-
rials include, for example, MoS,, MnO,, TiS,, NbSe,,
LiCo0O,, LiNiO,, LiMn,O,, V.O,;, V,0O., SO,, CuCl,.
Transition metal oxides, such as those of the general formula
LiM,0,, are among those materials preferred m such
batteries having intercalation electrodes. Other materials
include Iithrum ftransition metal phosphates, such as
LiFePO,, and Li;V,(PO,);. Such materials having struc-
tures similar to olivine or NASICON materials are among
those known i1n the art. Cathode active materials among
those known 1n the art are disclosed 1 S. Hossain,
“Rechargeable Lithium Batteries (Ambient Temperature),
“Handbook of Batiteries, 2d ed., Chapter 36, Mc-Graw Hill
(1995); U.S. Pat. No. 4,194,062, Carides, et al., issued 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., 1ssued
Jul. 2, 1991; U.S. Pat. No. 5,130,211, Wilkinson, et al.,
issued Jul. 14, 1992; U.S. Pat. No. 5,418,090, Koksbang et
al., 1ssued May 23, 1995; U.S. Pat. No. 5,514,490, Chen et
al., 1ssued May 7, 1996; U.S. Pat. No. 5,538,814, Kamauchi
et al., 1ssued 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. No. 5,910,382,
Goodenough, et al., issued Jun. 8, 1999; PCT Publication
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WO/00/31812, Barker, et al., published Jun. 2, 2000; PCT
Publication WO/00/57505, 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;
European Patent Publication 1,049,182, Ravet et al., pub-
lished Nov. 2, 2000; PCT Publication W0/01/13443, Barker,
published Feb. 22, 2001; PCT Publication WO/01/54212,
Barker et al., published Jul. 26, 2001; PCT Publication
WO/01/84655, Barker et al., published Nov. 8, 2001.

[0010] Preferably, such a cathode material exhibits a high
free energy of reaction with lithium, 1s able to release and
insert a large quantity of lithium, maintains its lattice struc-
ture upon 1nsertion and extraction of lithium, allows rapid
diffusion of lithium, affords good electrical conductivity, 1s
not significantly soluble in the electrolyte system of the
battery, and 1s 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 msui-
ficient voltage, have insufficient charge capacity, or lose
their ability to be recharged over multiple cycles.

SUMMARY OF THE INVENTION

[0011] The invention provides batteries comprising active
materials comprising lithium or other alkali metals, transi-
fion metals and optionally other metals, and a phosphate,
substituted phosphate or similar moiety. In particular, the
present invention provides a lithium battery comprising

[0012] (a) a first electrode comprising an active mate-
rial of the formula

Aa Mb (XY4) -:Zd,
[0013] wherein

[0014] (1) A is selected from the group consisting
of L1, Na, K, and mixtures thereof, and O<a =9;

[0015] (11) M is one or more metals, comprising at
least one metal which 1s capable of undergoing
oxidation to a higher valence state, and 1=b=3;

[0016] (111) XY, is selected from the group con-
sisting of X'O,_ Y',, X'Oy4 vyn,, X"S,, and mix-
tures thereot, 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
selected from the group consisting of halogen, S,
N, and mixtures thereof; 0=x<3; and O<y=2; and

O<c=3;

[0017] (1v) Z is OH, halogen, or mixtures thereof,
and 0=d=6; and

[0018] wherein M, XY,, Z, a, b, ¢, d, X and y are
selected so as to maintain electroneutrality of said
compound;

[0019] (b) a second electrode which 1s a counter-
electrode to said first electrode; and

[0020] (c) an electrolyte comprising a mixture of a
cyclic ester and a carbonate selected from the group
consisting of alkyl carbonates, alkylene carbonates,
and mixtures thereof.
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[0021] In a preferred embodiment, M comprises two or
more transition metals from Groups 4 to 11 of the Periodic
Table. In another preferred embodiment, M comprises

M'M", where M' 1s 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. 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 also include
those having a structure similar to the mineral olivine

(herein “olivines™), and those having a structure similar to

NASICON (NA Super Ionic CONductor) materials (herein
“NASICONS”). In a particularly preferred embodiment, M
comprises Co _FeM' M* M?,, where M" is at least one
transition metal from Groups 4 to 11 of the Periodic Table;
M= comprises one or more +2 oxidation state non-transition
metals, and M> comprises one or more +3 oxidation state
non-transition metals, and e+f+g=b. In such an embodiment,
preferably A comprises Li, 0.8=a=1.2, 0.8=b=1.5, and
c=1. As used herein, unless otherwise specified, a variable
described algebraically as equal to (“="), less than or equal
to (“£”), or greater than or equal to (“£”) a number is
intended to subsume values or ranges of values about equal

or functionally equivalent to said number.

[10022] It has been found that the novel batteries of this
invention afford benefits over such materials and devices
among those known 1n the art. Such benefits include one or
more of increased capacity, enhanced cycling capability,
enhanced reversibility, and reduced costs. Specific benefits
and embodiments of the present invention are apparent from
the detailed description set forth herein. It should be under-
stood, however, that the detailed description and speciiic
examples, while indicating embodiments among those pre-
ferred, are intended for purposes of illustration only and are
not intended to limited the scope of the invention.

DESCRIPTION OF THE INVENTION

[0023] The present invention provides batteries compris-
ing certain 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 comprises an anode, a cathode,
and an electrolyte. Two or more electrochemical 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.

10024] The electrode active materials of this invention
may be used 1 the anode, the cathode, or both. Preferably,
the active materials of this mnvention are used 1n the cathode.
(As used herein, the terms “anode” and “cathode” refer to
the electrodes at which oxidation and reduction occur,
respectively, during battery discharge. During charging of
the battery, the sites of oxidation and reduction are reversed.
Also, as used herein, the words “preferred” and “preferably”
refer to embodiments of the invention that afford 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 embodiments does not imply that other embodi-
ments are not useful and 1s not intended to exclude other
embodiments from the scope of the invention.)
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0025] Electrode Active Materials:

0026] The present invention provides active materials
(herein “electrode active materials™) comprising lithium or
other alkali metals, a transition metal, a phosphate or stmilar
moiety, and (optionally) a halogen or hydroxyl moiety. Such
clectrode active materials i1nclude those of the formula
A M, (XY ,).Z,. (As used herein, the word “include,” and its
variants, 1s intended to be non-limiting, such that recitation
of 1tems 1n a list 1s not to the exclusion of other like 1tems
that may also be useful in the materials, compositions,
devices, and methods of this invention.)

10027] A 1s selected from the group consisting of Li
(lithium), Na (sodium), K (potassium), and mixtures thereof.
In a preferred embodiment, A 1s L1, a mixture of L1 with Na,
a mixture of L1 with K, or a mixture of L1, Na and K. In
another preferred embodiment, A 1s Na, or a mixture of Na
with K. Preferably “a” 1s from about 0.1 to about 6, more
preferably from about 0.2 to about 6. Where c=1, a 1s
preferably from about 0.1 to about 3, preferably from about
0.2 to about 2. In a preferred embodiment, where c=1, a 1s
less than about 1. In another preferred embodiment, where
c=1, a 1s about 2. Preferably “a” 1s from about 0.8 to about
1.2. Where ¢=2, a 1s preferably from about 0.1 to about 6,
preferably from about 1 to about 6. Where c¢=3, a 1s
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.

[0028] In a preferred embodiment, removal of alkali metal
from the electrode active material 1s accompanied by a
change 1 oxidation state of at least one of the metals
comprising M. The amount of said metal that 1s available for
oxidation 1n the electrode active material determines the
amount of alkali metal that may be removed. Such concepts
are, 1n general application, well known 1n the art, e.g., as
disclosed 1n U.S. Pat. No. 4,477,541, Fraioli, 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.

[0029] Referring to the general formula A M (XY ,).Z,,
the amount (a') of alkali metal that can be removed, as a
function of the quantity of (b') and valence state (V™) of
oxidizable metal (M), is

a'=b'(AV™),

[0030] where AV™ is the difference between the valence
state of the metal in the active material and a valence state
readily available for the metal. (The term oxidation state and
valence state are used in the art interchangeably.) For
example, for an active material comprising iron (Fe) in the
+2 oxidation state, AV™'=1, wherein iron may be oxidized to
the +3 oxidation state (although iron may also be oxidized
to a +4 oxidation state in some circumstances). If b=1 (one
atomic unit of Fe per atomic unit of material), the maximum
amount (a') of alkali metal (oxidation state +1) that can be
removed during cycling of the battery is 1 (one atomic units
of alkali metal). If b=1.25, the maximum amount of (a') of
alkali metal that can be removed during cycling of the
battery 1s 1.25.

[0031] 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
lithium 1on battery 1 a discharged state. Such active mate-
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rials are characterized by a relatively high value of “a”, with
a correspondingly low oxidation state of M of the active
material. As the battery 1s charged from 1ts 1nitial uncharged
state, an amount a' of lithium 1s removed from the active
material as described above. The resulting structure, con-
taining less lithium (i.e., a—a') than in the as-prepared state
as well as the transition metal 1in a higher oxidation state than
in the as-prepared state, 1s characterized by lower values of
a, while essentially maintaining the original value of b. The
active materials of this mnvention include such materials 1n
their nascent state (i.¢., as manufactured prior to inclusion in
an electrode) and materials formed during operation of the
battery (i.e., by insertion or removal of Li or other alkaline
metal).

[0032] The value of “b” and the total valence of M in the

active material must be such that the resulting active mate-
rial is electrically neutral (i.e., the positive charges of all
cationic species 1n the material balance the negative charges
of all anionic species), as further discussed below. The net
valence of M (V™) having a mixture of elements (M1, M2
. . . Mt) may be represented by the formula

YMoYMIp (VM2 oy M,

[0033] where b,+b,+ . . . b=1, and V™! is the oxidation
state of M1, V™= is the oxidation state of M2, etc. (The net
valence of M and other components of the electrode active
material is discussed further, below.)

[0034] 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
(i.e., 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. In another preferred embodiment, M further com-
prises a non-transition metal selected from Groups 2, 3, and

12-16 of the Periodic Table.

[0035] In another preferred embodiment, preferably where
c=1, M comprises Coe,FefMlgMthSi, wherein M' is at
least one transition metal from Groups 4 to 11, M~ is at least
one +2 oxidation state non-transition metal, M° is at least
one +3 oxidation state non transition metal, e20, {20, g=0,
h=0, 120 and (e+f+g+h+1)=b. Preferably, at least one of e
and I are greater than zero, more preferably both. In a
preferred embodiment O<(e+f+g+h+1)=2, more preferably
0.8=(e+f+g)=1.2, and even more preferably 0.9=(e+f+
g)=1.0. Preferably, €20.5, more preferably e=0.8. Prefer-
ably, 0.01=1{=0.5, more preferably 0.05=1=0.15. Prefer-
ably, 0.01=¢g=0.5, more preferably 0.05=¢=0.2. In a
preferred embodiment, (h+1)>1, preferably 0.01=(h+
1)=0.5, and even more preferably 0.01=(h+1)=0.1. Prefer-
ably, 0.01=h=0.2, more preferably 0.01=h=0.1. Prefer-
ably 0.01=1=0.2, more preferably 0.01=1=0.1.

[0036] Transition metals useful herein include those

selected from the group consisting of Ti (Titanium), V
(Vanadium), Cr (Chromium), Mn (Manganese), Fe (Iron),
Co (Cobalt), N1 (Nickel), Cu (Copper), Zr (Zirconium), Nb
(Niobium), Mo (Molybdenum), Ru (Ruthenium), Rh
(Rhodium), Pd (Palladium), Ag (Silver), Cd (Cadmium), Hf
(Hafnium), Ta (Tantalum), W (Tungsten), Re (Rhenium), Os
(Osmium), Ir (Iridium), Pt (Platinum), Au (Gold), Hg (Mer-
cury), and mixtures thereof. Preferred are the first row
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transition series (the 4th Period of the Periodic Table),
selected from the group consisting of Ti, V, Cr, Mn, Fe, Co,
N1, Cu, and mixtures thereof. Particularly preferred transi-
tion metals mclude those selected from the group consisting
of Fe, Co, Ti, Mn, and mixtures thereof. In a preferred
embodiment, M 1s Co,__Fe , where 0<m=0.5. Preferably
0.01<m=0.2. Although, a variety of oxidation states for
such transition metals are available, 1n some embodiments 1t
1s most preferable that the transition metals have a +2
oxidation state. As used herein, the recitation of a genus of
clements, materials or other components, from which an
individual component or mixture of components can be
selected, 1s intended to include all possible sub-generic
combinations of the listed components, and mixtures
thereof.

[0037] In a preferred embodiment, M further comprises
one or more non-transition metals. As referred to herein,
“non-transition metals” include metals and metalloids from
Groups 2, 3, and 12-16 of the Periodic Table that are capable
of forming stable active materials and do not significantly
impede the 1nsertion or removal of lithtum or other alkaline
metals from the active materials under normal operating
conditions. Preferably, such elements do not include C
(carbon), Si (silicon), N (nitrogen) and P (phosphorus).
Preferred non-transition metals include those not readily
capable of undergoing oxidation to a higher valence state in
the electrode active material under normal operating condi-
fions. Among the non-transition metals useful herein are
those selected from the group consisting of Group 2 ele-
ments, particularly Be (Beryllium), Mg (Magnesium), Ca
(Calcium), Sr (Strontium), Ba (Barium); Group 3 elements,
particularly Sc (Scandium), Y (Yttrium), and the lantha-
mides, particularly La (Lanthanum), Ce (Cerium), Pr
(Prasecodymium), 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 ele-
ments, particularly Si (Silicon), Ge (Germanium), Sn ('Tin),
and Pb (Lead); Group 15 elements, particularly As
(Arsenic), Sb (Antimony), and Bi (Bismuth); Group 16
elements, particularly Te ('Tellurtum); and mixtures thereof.
Preferred non-transition metals iclude the Group 2 ele-
ments, 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,
Zn, Sr, Pb, Cd, Sn, Ba, Be, Al, and mixtures thereof.
Particularly preferred are non-transition metals selected
from the group consisting of Mg, Ca, Zn, Ba, Al, and
mixtures thereof.

|0038] As further discussed herein, “b” is 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 embodi-

ment, where ¢=2, b 1s from about 2 to about 3, preferably
about 2.

10039] XY, is an anion, preferably selected from the group
consisting of X'O, Y',, X0, Y, , X"S,, and mixtures
thereof, where X' 1s selected from the group consisting of P
(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, germanate, vanadate, arsenate,
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antimonate, sulfur analogs thereof, and mixtures thereof. In
a preferred embodiment, X' and X" are each selected from
the group consisting of P, S1, and mixtures thereof. In a
particularly preferred embodiment, X' and X" are P.

[0040] Y'is selected from the group consisting of halogen,
S, N, and mixtures thereof. Preferably Y'1s F (fluorine).In a
preferred embodiment 0=x=3; and O<y=2, such that a
portion of the oxygen (O) in the XY, moiety is 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 preterred embodiment, XY, 1s PO,__Y' , where
Y' is halogen and O<x=1. Preferably 0.01=x=0.05, more
preferably 0.02=x=0.03.

[0041] In a preferred embodiment, XY, is PO, (a phos-
phate group) or a mixture of PO, with another XY, group
(i.e., where X'isnot P, Y' is 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 embodi-
ment, XY, comprises 80% or more phosphate and up to
about 20% of one or more phosphate substitutes. Phosphate
substitutes 1nclude, without limitation, silicate, sulfate, anti-
monate, germanate, arsenate, monofluoromonophosphate,
difluoromonophosphate, sulfur analogs thercof, and combi-
nations thereof. Preferably, XY, comprises a maximum of
about 10% 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 k=0.5. Preferably, k=0.8, more
preferably less than about k=0.2, more preferably k=0.1.

10042] Z is OH, halogen, or mixtures thereof. In a pre-
ferred embodiment, Z 1s selected from the group consisting
of OH (hydroxyl), F (fluorine), C1 (chlorine), Br (bromine)
and mixtures thereof. In a preferred embodiment, Z 1s OH.
In another preferred embodiment, Z 1s F, or mixtures of F
with OH, Cl, 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 0.2 to about 6. In
such embodiments, where c¢=1, d 1s preferably from about
0.1 to about 3, preferably from about 0.2 to about 2. In a
preferred embodiment, where c=1, d 1s about 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.

10043] The composition of M, XY ,, Z and the values of a,
b, ¢, d, X, and y are selected so as to maintain electroneu-
trality of the electrode active material. As referred to herein
“electroneutrality” 1s the state of the electrode active mate-
rial wherein the sum of the positively charged species (e.g.,
A and M) in the material is 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 X', X", Y', and x and y. When XY, 1s a mixture of groups
such as the preferred phosphate/phosphate substitutes dis-
cussed above, the net charge on the XY, anion may take on
non-integer values, depending on the charge and composi-
tion of the individual groups XY, in the mixture.

|0044] In general, the valence state of each component
clement of the electrode active material may be determined
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in reference to the composition and valence state of the other
component elements of the material. By reference to the
general formula A M (XY ,).Zg4, the electroneutrality of the
material may be determined using the formula

(VMa+(VMb+(V¥)e=(V))de+(VE)d

[0045] where V* is the net valence of A, VM is the net
valence of M, V¥ is the net valence of Y, and V“ is the net
valence of Z. 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 1n 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 1n the following formulae.

(VHb=[(V*Da"+(Val™)a*+ . . . (V*Na" Vn, a'+a™+ .
.. a'=a

(VOB=[(VMDD (VOB + ... (VVB n; b'+b%+ .
. b'"=b

(Ve=[(VO+H(V)+ . L (Vs e+ . ..

c'=c
(Ve[ (VD + (VA + .. (Vi ct4e+ . ..
c''=c
(VOA=[ (VA" +(V))d+ . . . (VYA Vn; d +d*+ . . .
d"'=d
[0046] In general, the quantity and composition of M 1is

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
1s capable of oxidation. The calculation for the valence of M
can be simplified, where V*=1, V¥=1, as follows.

[0047] For compounds where c=1: (V*)b=(V ")4+d-
a—(V>)

[0048] For compounds where ¢=3: (V*)b=(V )12+
d—a—(V™)3

[0049] The values of a, b, ¢, d, X, and y may result in
stoichiometric or non-stoichiometric formulas for the elec-
trode active materials. In a preferred embodiment, the values
of a, b, ¢, d, X, and vy 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-stoichio-
metric formula A M (XY ,).Z,, that the formula may be
stoichiometric when looking at a multiple of the unit. That
1s, for a unit formula where one or more of a, b, ¢, d, X, or
y 1s a non-integer, the values of each variable become an
integer value with respect to a number of units that 1s the
least common multiplier of each of a, b, ¢, d, x and y. For
example, the active material Li,Fe, Mg, -POF 1s non-
stoichiometric. However, in a material comprising two of

such wunits 1 a lattice structure, the formula 1s
Li,FeMg(PO,).F,.

[0050] A preferred electrode active material embodiment
comprises a compound of the formula

LiaMb (P 04) Zd:
[0051] wherein
[0052] (a) 0.1<a=4;

[0053] (b)Mis M';_ M"_,where M'is at least one
transition metal from Groups 4 to 11 of the Peri-
odic Table; M" 1s at least one non-transition metal
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from Groups 2, 3, and 12-16 of the Periodic Table,
O<m<1, and 1=b=3; and

[0054] (c¢) Z comprises halogen, and 0=d=4; and

[0055] wherein M, Z, a, b, and d are selected so as to

maintain electroneutrality of said compound. Pref-
crably, M' 1s selected from the group consisting of
Fe, Co, N1, Mn, Cu, V, Zr, T1, Cr, and mixtures
thereof; more preferably M' 1s selected from the
ogroup consisting of Fe, Co, Mn, Cu, V, Cr, and
mixtures thereof. Preferably, M" is selected from the
group consisting of Mg, Ca, Zn, Sr, Pb, Cd, Sn, Ba,
Be, Al, and mixtures thereof; more preferably M" 1s
selected from the group consisting of Mg, Ca, Zn,

Ba, Al, and mixtures thereof. Preferably Z comprises
F.

[0056] Another preferred embodiment comprises a com-
pound of the formula:

AaMb (XY4) SZd:

[0057] wherein

[0058] (a) A is selected from the group consisting
of L1, Na, K, and mixtures thereof, and 2=a £9;

[0059] (b) M comprises one or more metals, com-
prising at least one metal which 1s capable of

undergoing oxidation to a higher valence state,
and 1=b=3;

[0060] (c) XY, is selected from the group consist-
ing ot X'0, Y', X0, Y, , X"S,, and mixtures
thereof, where X' 1s selected from the group
consisting of P, As, Sb, S1, Ge, V, S, and mixtures
thereof; X" 1s selected from the group consisting,
of P, As, Sb, Si1, Ge, V, and mixtures thereof; Y' 1s
selected from the group consisting of halogen, S,
N, and mixtures thereof; 0=x<3; and O<y<4; and

[0061] (d) Z 1s OH, halogen, or mixtures thereof,
and 0=d=6; and

[0062] wherein M, XY,, Z, a, b, d, x and y are
selected so as to maintain electroneutrality of said
compound. In a preferred embodiment, A comprises
L1, or mixtures of L1 with Na or K. In another
preferred embodiment, A comprises Na, K, or mix-
tures thereof. In a preferred embodiment, M com-
prises two or more transition metals from Groups 4
to 11 of the Periodic Table, preferably transition
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',_
mM" _, where M'1s 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. Preferably, M' 1is
selected from the group consisting of Fe, Co, N1, Mn,
Cu, V, Zr, T1, Cr, and mixtures thercof; more pret-
erably M' is selected from the group consisting of Fe,
Co, Mn, Cu, V, Cr, and mixtures thereolf. Preferably,
M" 1s selected from the group consisting of Mg, Ca,
Zn, Sr, Pb, Cd, Sn, Ba, Be, Al, and mixtures thereof;
more preferably, M" 1s selected from the group
consisting of Mg, Ca, Zn, Ba, Al, and mixtures
thereof. In a preferred embodiment, XY, 1s PO,. In
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another preferred embodiment, X' comprises As, Sb,
S1, Ge, S, and mixtures thereof; X" comprises As, Sb,
S1, Ge and mixtures thereof; and O<x<3. In a pre-
ferred 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 CI or Br.

[0063] Another preferred embodiment comprises a com-
pound of the formula

AaMleszMBgXY4,
[0064] wherein

[0065] (a) A 1s selected from the group consisting
of L1, Na, K, and mixtures thereof, and O<a =2;

[0066] (b) M' comprises one or more transition
metals, where e>0;

[0067] (c) M” comprises one or more +2 oxidation
state non transition metals, where {>0;

[0068] (d) M comprises one or more +3 oxidation
state non-transition metal, where g¢>0; and

[0069] (e) XY, 1s selected from the group consist-
ing of X0, Y',, X0, Y, , X"S,, and mixtures
thereof, where X' 1s selected from the group
consisting of P, As, Sb, 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 consisting of halogen, S,
N, and mixtures thereof; O<x<3; and O<y<2; and

[0070] wherein e+f+g<2, and M*, M*, M>, XY, a, ¢,
i, g, X, and y are selected so as to maintain electro-
neutrality of said compound. In embodiments where
XY, is PO, . Y', and M' is a +2 oxidation state
transition metal, a +2e+2{+3g=3-x.

[0071] Preferably, e+f+g=b. In a preferred embodiment
O<(e+f+g)<2, more preferably 0.8=(e+f+g)=1.5, and even
more preferably 0.9=(e+f+g)=1, wherein 0.01=(f+g)=0.5,

more preferably 0.05=(f+g)=0.2, and even more preferably
0.05=(f+2)=0.1.

[0072] In a preferred embodiment, A is Li. Preferably, M"
1s at least one transition metal from Groups 4 to 11 of the
Periodic Table; M~ is at least one non-transition metal from
Groups 2, 3, and 12-16 of the Periodic Table, and M is a +3
oxidation state metal selected from Group 13. Preferably M*
1s selected from the group consisting of Fe, Co, N1, Mn, Cu,
V, Zr, Ti, Cr, and mixtures thereof; more preferably M' is a
+2 oxidation state transition metal selected from the group
consisting of Fe, Co, Mn, Cu, V, Cr, and mixtures thereof.
Preferably M~ is selected from the group consisting +2
oxidation state non-transition metals and mixtures thereof;
more preferably M~ is selected from the group consisting of
Be, Mg, Ca, Sr, Ba, Ra, Zn, Cd, Hg and mixtures thereof.
Preferably, M is a +3 oxidation state non-transition metal,

preferably M is selected from Group 13, more preferably
Sc, Y, La, Ac, B, Al, Ga, In, Tl and mixtures thereof.

Preferably M” is Al. Preferably O<(f+g)<1, preferably
0.01 =(f+g)=0.3, more preferably 0.05=(f+g)=0.1. Prefer-
ably, 0.01 =f=0.3, more preferably 0.05={=0.1, and even
more  preferably 0.01={=0.03. Also preferably,
0.01=¢=0.3, more preferably 0.05=¢=0.1, and even more

preferably 0.01=g=0.03.
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[0073] Another preferred embodiment comprises a com-
pound of the formula

Li,COFeM' M*M* XY,

[0074] wherein
[0075] (a) 0<a=2, >0, and {>0;

[0076] (b) M"' is one or more transition metals,
where g=0;

[0077] (C) M? is one or more +2 oxidation state
non-transition metals, where h=20;

[0078] (d) M” is one or more +3 oxidation state
non-transition metals, where 120; and

[0079] (e) XY, is selected from the group consist-
ing of X'O,_Y',, X'0,,Y'; , X"S,, and mixtures
thereof, where X' 1s selected from the group
consisting of P, As, Sb, 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 consisting of halogen, S,
N, and mixtures thereof; 0=x=3; and O<y=2;

[0080] wherein (e+f+g+h+i)=2, and M', M*, M>,
XY,, a,¢,1,g h 1, X, and y are selected so as to
maintain electroneutrality of said compound. Pret-
erably, 0.8=(e+f+g+h+1)=1.2, more preferably
0.9=(e+f+g+h+1)=1. Preferably, €>0.5, more pref-
crably, ¢20.8. Preferably, 0.01={=0.5, more pref-
crably, 0.05=f{=0.15. Preferably, 0.01=g=0.5,
more preferably, 0.05=g=0.2. Preferably M' is

selected from the group consisting of T1, V, Cr, Mn,
Ni, Cu and mixtures thereof. Preferably, M' is
selected from the group consisting of Mn, Ti, and
mixtures thereof.

[0081] Preferably, (h+i)>0, more preferably 0.01=(h+

1)=0.5, more preferably 0.02=(h+i1)=0.3. Preferably,
0.01=h=0.2, more preferably, 0.01=h=0.1. Preferably, M~
1s selected from the group consisting of Be, Mg, Ca, Sr, Ba,
and mixtures thereof. More preferably, M~ is Mg. Preferably,
0.01=1=0.2, more preferably 0.01 =1=0.1. Preferably, M” is
selected from the group consisting of B, Al, Ga, In, and
mixtures thereof. More preferably, M~ is Al.

[0082] In one embodiment, XY, is PO,. In another
embodiment, XY, 1s PO, _F_, and O<xZ=1, preferably,
0.01=x=0.05.

[0083] Another preferred embodiment comprises a com-
pound having an olivine structure. During charge and dis-
charge of the battery, lithtum 10ns are added to, and removed
from, the active material preferably without substantial
changes 1n the crystal structure of the material. Such mate-
rials have sites for the alkali metal (e.g., Li), the transition
metal (M), and the XY, (e.g., phosphate) moiety. In some
embodiments, 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). Among such preferred compounds are those of the
formula

LiM(PO,_.Y',)
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[0084] wherein M is MlgMthBiM4j, and
[0085] (a) M" is one or more transition metals;

[0086] (b) M~ is one or more +2 oxidation state
non-transition metals;

[0087] (c) M” is one or more +3 oxidation state
non-transition metals,

[0088] (d) M* is one or more +1 oxidation state
non-transition metals; and

[0089] (e) Y' is halogen; and

[0090] g,>0; h=0; 1£20; j=20; (g+h+i+))=1; and the net
valence of M 1s 2-x. Preferably, g=0.8, more preferably,
g20.9. Preferably, M is a +2 oxidation state transition metal
selected from the group consisting of V, Cr, Mn, Fe, Co, Ni,
and mixtures thereof. More preferably, M is selected from
the group consisting of Fe, Co, and mixtures thercof. Prel-
erably M' additionally comprises Ti.

[0091] Preferably, (h+1)>0.1, more preferably, 0.02=(h+
1)=0.5, more preferably, 0.02=(h+1)=0.3. Preferably,
0.01=h=0.2, more preferably, 0.01=h=0.1. Preferably, M~
1s selected from the group consisting of Be, Mg, Ca, Sr, Ba,

and mixtures thereof. Preferably, 0.01=1=0.2, more prefer-
ably, 0.01=1=0.1. Preferably, M° is Al.

10092] In one embodiment, j=0. In another embodiment,
0.01=7=0.1. Preferably, M4 1s selected from the group
consisting of Li, Na, and K. More preferably, M* is Li.

[0093] In one embodiment, x=0. In another embodiment,
O<x=1. In such an embodiment, preferably, 0.01=x=0.05,
and (g+h+1+j)<1. In an embodiment where j=0, preferably,
(g+h+1)=1-x.

10094] Non-limiting examples of active materials of the
invention include the following: Li, o-Co, sFe, <Alq osPO,,
L1, 555C00 85F€0 05ALy 025M80 05PO 4
L1; 025C0g gob€q.10Alp 025ME0 05PO L4,
L1, 055Cug 4sbeq 45ALy 025Mgg o5PO,,

L%l.025C00.75Feo.15A~0.025Mg0.05po4=
L%l.025C00.7(F60.4MH0.ﬁ)o.zAlo.025Mg0.05PO4=
L1, 555C0g 75Feq 15Alg 0oMgg 05P O,

L1, 955C0¢ g5F€0.05Al5 02sM8E0 05sPO 4,

L1, 425C00 sFeq 0sMng 1240 02sMgg 05PO 4,
Li1Cog 55Feq 15Alg 025C20 0sPO5 975 0255
Li1Coq gokeq 10Alg 025Ca0.05P05 675F0 0255

L1y 025C0q e 1 Mng g75Mgg 025Al 05sP O,

L1, oNag ,5Coq sbes 1Cug 075Mg0 025A15.05P 0.,

L1y 025C0q sFeq 1ALy 025Mg0.075P0.4,

Li; 025C00 6He0 05Al.12M80 025P05 75Fg 025,

L1, 955C00 7Feq 1 Mg g25AlG 04PO5 75F 55,

L1y 75C04 sEeq 025Mng g05Cag o15Al, 0,POSE,

L1, 005Cug 6Feg 05Bo.12Cag 0325P05 75K 55,

L1, 055Cug ss5Heq 0sMgg 125Al0 1 PO5 75Fq 25,

L1; 025C0q.65F€0.0sM80.065Al0.14P03 975F g 025,

L1, 075C00 gFeq 0sMEo 025Al5.05P 03 075F0 0255

L1Coq gkFeq 1Aly 025Mgo 05sP O3 975F0 0255

Lig ,sFeq ;AL 4sPO,, LiMnAl, AP0 4)g £(510,)
Lip05Cug oAl 0sMgo osPO,4,  LigosFeq gCag 15Al osPO,,
L1, ,sMnBe, ,,5Ga, 5510,

L1y sNag ,sMn, Cag 575Al, PO,

Lig »5Alp 2sMgg 25C04 75PO,,  Nag 55Bg 15N1g 75Bag 25PO,,
L1y 025Cug 0Alg 6osMgg 05PO 4,

K1 .025N1g 00Aly 025C0 05P O, Lig 05Cug oAl sMgg 0sPO,,
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L1y o5Feq 5Cag 15Al, 0sPO,,

Lig go5Cog AFeq JMng )g 2Aly 52sMEg 0sPO.,

L1, 925C0q gFeq 1 Alg 025MEg 05P0,,

L1 0o5Cug oAl go5Mgg 05PO,,

L1, 555C00 75F€q 15Alp 025sM80 025PO,;

LiCoq 75beq 15Alg 025Cag 05PO5 075F g 02511C06 0Alg 025
Mgo.05P 0350750 0255 Lig 75C00 525Al5 25P05 75Fq 55,
L1, 475C0q CUg 0sMEp 025Al5 05PO5.075F0 0255

L1, o75Feq sMgg 075Al0.05P05 075F0 025

L1, 575C04 §Mgg 075Al0 05P05 975F 0255

L1y 025C00.sMgo 1Al 05PO5 0750 025

LiCoq ;Feq 2 Al 025sMg0 05PO5 675F0 0255

Li,Fe, Mg, ,PO,F; Li,Fe, . Co, POJF; Li1,CoPO,F,;
KFe(PO,F)F; L1,Co(POsF)Br,; Li,Fe(POLF,)F;
L1, FePO,Cl; L1,MnPO_,OH; L1,CoPO,F;
Li,Fey sCoq sPO,LE; Li,Fe, Mg, PO,E;
Li,Feq sMgo PO,E; L1, 5sbeq oMgg 1 POLE 253
Li,MnPO/F; Li,CoPO,F; K,Fe, Mg, P, As,  O,F;
Li,MnSbO,OH; LiFe, .Co,,SbO,Br; Na;CoAsO,F,;

LiFe(AsO,F)CI; Li,Co(As, sSb, sO.F)F,; K, Fe(AsO.F,)F;
Li,NiSbO,F; Li,FeAsO,OH; Li,Mn,(PO,);F;
Na,FeMn(PO,);OH; Li,FeV(PO,);Br; Li;VAI(PO,),F;
K,VAI(PO,);Cl; LiKNaTiFe(PO,),F; Li,Ti,(PO,);Br;
Li,V,(PO,)sF,;  LigkeMg(PO,);0H;  Li,Mn,(AsO,);F;
K,FeMn(AsO,),OH; Li,FeV(P, .Sb, .O,),Br;
LiNaKAIV(AsO,)sF; K5 VAI(SbO,);Cl; Li;TiV(SbO,)sF;

Li,.FeMn(P, -As, O,F).; Li,Ti,(PO,),F;
Li5,5V,o(PO,)sF 55 LiBNaO.TﬁP:eB(POéL)BFO.TS;
Nag sFe,(PO,);(OH)Cl 5; KgTi,(PO,)5F5Br,;
K¢ Ti,(PO,)5Fs; L1, T1,(PO,),F;
LiNa, ,5sV,(PO,)5F, sCly 755 K5 »sMn,(PO,);0H »s;
LiNa, ,.KTiV(PO,),(OH), ,.ClI; Na,/Ti,(PO,).F,CL,;

Li;Fe,(PO,)sE>;

LisNa, sTiMn(PO,);(OH),Cl, 5;
Na;K, sMnCa(PO,);(OH), sBr;
L1, T1,(S10,),(PO,)F,;
Li;K,V,(810,),(PO )(OH)CL;

LigFeMg(PO,);F, ,5Cly 753

KgFeBa(PO,);F,Cl,;
NagMn,(S10,),(PO)F,Cl;
L1, T1,(510,),(PO,)(OH);

Li,NaKV,(S810,),(PO,)F; Li;TiFe(PO,),F;
Na,K,VMg(PO,),FCI; Li,NaAINi(PO,),(OH);
Li,K;FeMg(PO,)sF.; Li,Na,K,CrMn(PO,);(OH)Br;
Li;TiCa(PO,);F; Li,Ti, -sFe, s(PO,);F;
Li;NaSnFe(PO,);(OH); Li;NaGe, <Ni,(PO,);(OH);
Na,K,VCo(PO,);(OH)CI; Li,Na,MnCa(PO,);F(OH);
Li,NaKTiFe(PO,),F; Li - FeCo(SiO,),(PO,)F;

Li;Na;TiV(Si0,),(PO,)F; K, CrMn(Si0,),(PO,)CI, s;
Li;Na, 5V,(510,),(PO,)(OH), 5;

Nas ,sFeMn(S10,),(PO)Bry ,s;

Lis sVCo(S10,), s(PO,)o sE;
Na;,5V(S10,4)525(PO4)g 75F; L NaVTi(S10,);5F, 5Cl, 53

Na,K, sZrV(S5i0,);F, s; Li, K, MnV(Si0,),(OH),;
Li1,Na,KTi,(S10,),F; K.V,(810,),(OH)Br;
LigFeMn(S510,)F.; Na;K, sMnNi($10,);(OH), ;
Li,Na,K, TiV(SiO,),(OH), -Cl, «; KgVCr(S10,).F,CI;
Li,Na,V,(510,);FBr; Li,FeMg(SO,);F;
Na,KNiCo(SO,);(OH); Na;MnCa(SO,),F,CI;
Li;NaCoBa(SO,);FBr; L1, K, sFeZn(SO,);F;
Li;MgFe(SO,);F; L1,NaCaV(S0,);FCI;
Na NiMn(SO,),(OH),; Na, KBaFe(SO,),F;
L1, KCuV(SO,);(OH)Br; Li, ;CoPO,F, s;
L1, ,5sCoPO K, 555 Ly 55EHePO F, 555 L1y (¢MnPO,F o6

L%l.5C00.75C30.25PO4F0.5; Li:}.TSCUO.SMHO.2P04F0.75;
L1, »5beq 7sMgg 25sPOLE 553 L1, 66C0g 640 4POF 66
KMn,Si0,Cl; Li, VS10,(0OH),; Li;CoGeO,F; LiMnSO,F;
Nake, ; Mg, ,SO,Cl; LiFeSO_ F; LiMnSO,OH; KMnSO,F;
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Ly, ;sMng ¢Mg, ,PO,F 75; LisFeZn(PO,)F,;
Liy 5V.75Mgg s(POLF, 5; L1,V 5Al, s(POYE; 5;
Li, -sVCa(PO,)F, -5; Li1,CuBa(PO/)F,;
Lij 5V, sCa(PO,)(H), s Li, sFeMg(PO,)(OH)CL;
LiFeCoCa(PO )(OH),F; Li;CoBa(PO)(OH),Br,;
Li; ;,sMn, sAl(PO,)(OH); s; L1,Co, ,sMg,, »5(PO,)F;
LiNaCug sMg, ,(POF; NaKCoq sMg, s(PO)F;

LiNag 5K sFeq 7,sMgq »5(PO,)F;

L1, sKo 5V sZng s(PO,)F; Nagke ,Mg(PS,),(OH,)Cl;
Li,Mn, 5Coq s(PO5F);(OH); 5; KgFeMg(PO,F);F;Cl,
Li.Fe,Mg(SO,),Cl,; LiTi,(SO,),Cl,  LiMn,(SO,),F,
Li1;N1,(S0,);Cl, L1,Co,(S0,);F, Li;Fe,(SO,);Br,
Li,Mn,(SO,).F, Li,MnFe(SO,).F, Li,NiCo(S0,),ClI;
LiMnSO,F; LiFeSO,Cl; LiNiSO,F; Li1CoSO,Cl; LiMn,_
xFe_SO,F, LiFe, Mg SO,F; L1,ZrMn(S10 ,),;F;
Li1-MnCo(Si0,).F; Li-MnNi(S10,).F; Li,VAI(510,),F;
Li-MnCo(PO,),(S10)F; L1, VAI(PO,),(Si0,)F;
L1,MnV(PO,),(S510,)F; L1, VFe(PO,),(S10 )F;
Lig s VPOFy 6 Lig sVPOLF, g5 LiVPo L F; LizV,(PO,),Fs;
LivPO,Cl; LiVPO,OH; NaVPO,F; Na;V,(PO,),F;;
L1V, Al {PO,F; LiFePO/F; LiTiPOLF; LiCrPO,F;
LikePO,; Like, sMg, 1PO; Likeq sMg, PO ;
Like, ,Ca, ,PO,;  LiFe, . Ca,,PO,;  LiFe,Zn, ,PO,;
L1, V,(PO,);; LisFe,(PO,);; LisMn,(PO,);; LisFeTi(PO,)s;

L1,CoMn(PO,).; Li,FeV(PO,),; L1, VTi(PO,),;
Li;FeCr(PO,)s;; Li;FeMo(PO,); Li;FeNi(PO,);;
Li;FeMn(PO,); Li,FeAl(PO,);; Li,FeCo(PO,);;
Li,Ti,(PO,);; L1, TiCr(PO,)s;; Li;TiMn(PO,);;
L1, TiMo(PO,);; L1, TiCo(PO,)s;; L1, TiAI(PO,)s;;
L1, TiNi(PO,); L1,ZrMnS1P,0, ,; L1,V,S1P,0 ,;
Li:MnVS1P, 0, ,; L1, T1VSIP, O, ,; L1, T1CrS1P, 0 ;
Li; sAIVSy, 5P, 50,53 Li; 5V,514 5P, 5045;
Li, sAlCrS1, 5P, 5045, Li, sV,P304; 5Fq 55 Li, VP304 F;
Li, sVMnP;0,; sF; s, L1,V, ske, sP;04,F;
L15V5.05V0.5P301; 5Fq s L1,V,P;0,,F;
LisMng sV, 5P30,,F 5; L1Coq gskeq 1115 osMgg 5P O ;

L1, 555C0, gFeq 1 11 g55Al 025P0,;

L1y 025Cug gbeq 1 T1g 025ME0 025P 05 975F 6 025

LiCug g-sFeq 1 T104 5, sMgg 025PO0

L1Cuy gsFeq 075115, 025sME0 025P O 4;

L1Cu, gFeq 1T g05Alg 025sMgg 025P 0.,

L1, 955Cug gFeq 1 114 0o sMgg osPO,,

L1, 925Cug gFeq 1115 g05Alg 92sMgg 025PO0,,

LiCu, JFe, ,T1, ,sMg, <PO,, and mixtures thereof. Pre-
ferred active materials include LiFePO,; LiFe, Mg, ;PO ;
Like, (Mg, ,PO,; L1y 025C0q.s5F€0.05Alg.025M80.05sPO 45
L1, 925Cug goFeq 10Aly 025sME0 05PO.,

L1, 925Cug 75F€0 15AlG 02sMEg 05PO,

L1, 5,5Coq A(Feq JMng 6)g 2Alg 025Mgg 05PO,,

L1Coq ggbeq 10Alg.005C0, 5P 03 975Fg 025,

LiCoq gbeg 1Al 52sMEg 05P O3 075F 0255

L1Coq ggbeq 1 115 025sMgg 0sPO;

L1, 5,5C00 ogbeq 1 Tl g25Aly 025PO,;

L1, 925Cuq gFeq 1116 0o sMgg 025P03 o75F 025

L1Coq g-5F€q 1Tl 025M80.025P04;

L1Co, 4sFe, 07511, 0-sMg, 0-5PO,; and mixtures thereof. A

particularly preferred active material 1S
LiCo, gk ;Al0.025Mg, sPO5 g75F g5

0095] Methods of Manufacture:

0096] Active materials of general formula A M (XY ,).Z,
are readily synthesized by reacting starting materials in a
solid state reaction, with or without simultaneous oxidation
or reduction of the metal species involved. According to the
desired values of a, b, ¢, and d 1n the product, starting
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materials 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 components A, M, XY, or Z. Alternatively 1t 1s
possible to run the reaction with an 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 A, M, XY ,, and Z. Because 1n 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 materials.

[0097] Inone aspect, the moiety XY, of the active material
comprises a substituted group represented by X'O, Y',
where X 15 less than or equal to 1, and preferably less than
or equal to about 0.1. Such groups may be synthesized by
providing starting materials containing, in addition to the
alkali metal and other metals, phosphate or other X'O,
material 1n a molar amount equivalent to the amount nec-
essary to produce a reaction product containing X'O,. Where
Y' 1s F, the starting materials further comprise a source of
fluoride 1n a molar amount sufficient to substitute F in the
product as shown 1n the formula. This 1s generally accom-
plished 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 1is
incorporated as a Z-moiety. Sources of F include 1onic
compounds containing fluoride ion (F~) or hydrogen difluo-
ride ion (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.
Ammonium 1s a preferred cation because 1t tends to form

volatile by-products that are readily removed from the
reaction mixture.

[0098] Similarly, to make X'O,_ N_, starting materials are

provided that contain “x” moles of a source of nitride 10n.

Sources of nitride are among those known 1n the art includ-
ing nitride salts such as Li;N and (NH,);N.

[0099] It is preferred to synthesize the active materials of
the mvention using stoichiometric amounts of the starting
materials, 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 sto-
ichiometric 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
in the reaction product mixture. Because such impurities in
the active materials are generally undesirable (with the
exception of reducing carbon, discussed below), it is gen-
erally preferred to provide relatively exact molar amounts of
all the starting materials.

[0100] 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
suflicient 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
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by ball milling, blending 1n a mortar and pestle, and the like.
Thereafter the mixture of powdered starting materials may
be compressed into 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
temperature of about 400° C. or greater until a reaction
product forms.

[0101] Another means for carrying out the reaction at a
lower temperature 1s a hydothermal 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.

10102] The reaction may be carried out without redox, or
if desired, under reducing or oxidizing conditions. When the
reaction 1s carried out under reducing conditions, at least
some of the transition metals 1n 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 in the starting
materials. Oxidizing conditions may be provided by running
the reaction 1n air. Thus, oxygen from the air 1s used to
ox1idize the starting material containing the transition metal.

[0103] The reaction may also be carried out with reduc-
tion. For example, the reaction may be carried out 1 a
reducing atmosphere such as hydrogen, ammonia, methane,
or a mixture of reducing gases. Alternatively, the reduction
may be carried out i1n situ by including mm the reaction
mixture a reductant that will participate 1n the reaction to
reduce a metal M, but that will produce by-products that will
not 1nterfere with the active material when used later 1n an
clectrode or an electrochemical cell. The reductant is
described 1n greater detail below.

10104] Sources of alkali metal include any of a number of
salts or 1onic compounds of lithium, sodium, potassium,
rubidium or cesium. Lithium, sodium, and potassium com-
pounds are preferred, with lithium being particularly pre-
ferred. Preferably, the alkali metal source is provided 1n
powder or particulate form. A wide range of such materials
1s well known 1n the field of inorganic chemistry. Examples
include the lithium, sodium, and/or potassium fluorides,
chlorides, bromides, 1odides, nitrates, nitrites, sulfates,
hydrogen sulfates, sulfites, bisulfites, carbonates, bicarbon-
ates, borates, phosphates, hydrogen ammonium phosphates,
dihydrogen ammonium phosphates, silicates, 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 in the reaction.

[0105] Sources of metals M, M, M*, M>, and M" include
salts or compounds of any of the transition metals, alkaline
carth metals, or lanthamide metals, as well as of non-
fransition elements such as boron, aluminum, gallium,
indium, thallium, germanium, tin, lead, antimony, and bis-
muth. The metal salts or compounds include fluorides,
chlorides, bromides, 1odides, nitrates, nitrites, sulfates,
hydrogen sulfates, sulfites, bisulfites, carbonates, bicarbon-
ates, borates, phosphates, hydrogen ammonium phosphates,
dihydrogen ammonium phosphates, silicates, antimonates,
arsenates, germanates, oxides, hydroxides, acetates,
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oxalates, and the like. Hydrates may also be used. The metal
M 1n the starting material may have any oxidation state,
depending on the oxidation state required in the desired
product and the oxidizing or reducing conditions contem-
plated, as discussed below. In particular, the cobalt and iron
of the active materials may be provided by starting materials
with Co*=, Co*>, Fe*=, or Fe™. The metal sources are chosen
so that at least one metal in the final reaction product is
capable of being 1n an oxidation state higher than 1t 1s 1 the
reaction product. In a preferred embodiment, the metal
sources also include a +2 non-transition metal. Also prefer-
ably, at least one metal source 1s a source of a +3 non-
transition metal. In embodiments comprising T1, a source of
11 1s provided 1n the starting materials and the compounds
are made using reducing or non-reducing conditions depend-
ing on the other components of the product and the desired
oxidation state of T1 and other metals 1n the final product.
Suitable Ti-containing precursors include Ti0,, T1,0,, and

T110.

[0106] Sources of the desired starting material anions,
such as phosphates, halides and hydroxides, are provided by
a number of salts or compounds containing positively
charged cations in addition to a source of phosphate (or other
XY, species), halide, or hydroxide. Such cations include
metal 1ons such as the alkali metals, alkaline metals, tran-
sition metals, or other non-transition elements, as well as
complex cations such as ammonium or quaternary ammo-
nium. The phosphate anion in such compounds may be
phosphate, hydrogen ammonium phosphate, or dihydrogen
ammonium phosphate. As with the alkali metal source and
metal source discussed above, the phosphate or other XY,
species, halide and hydroxide starting materials are prefer-
ably provided 1n particulate or powder form. Hydrates of any
of the above may be used, as can mixtures of the above.

[0107] As noted above, the active materials
AM, (XY,).Z, of the invention can contain a mixture of
alkali metals A, a mixture of metals M, a phosphate group
representative of the XY, group 1n the formula and, option-
ally, a halide or hydroxide Z. In another aspect of the
invention, the phosphate group can be completely or par-
tially substituted by a number of other XY, moieties, which
will also be referred to as “phosphate replacements” or
“modified phosphates.” Thus, active materials are provided
according to the invention wheremn the XY, moiety 1s a
phosphate group that 1s completely or partially replaced by
such moieties as sulfate (SO,)*~, monofluoromonophos-
phate, (PO;F)", difluoromonophosphate (PO,F)*", silicate
(Si0,)"*", arsenate, antimonate, and germanate. Analogues
of the above oxygenate anions where some or all of the
oxygen 1s replaced by sultfur are also useful 1n the active
materials of the invention, with the exception that the sulfate
oroup may not be completely substituted with sulfur. For
example thiomonophosphates may also be used as a com-
plete or partial replacement for phosphate 1n the active
materials of the 1nvention. Such thiomonophosphates
include the anions (PO,S)’", (PO.S.)", (POS,)’", and
(PS,)°~. They are most conveniently available as the
sodium, lithium, or potassium derivative.

[0108] To synthesize the active materials containing the
modified phosphate moieties, it 1s usually possible to sub-
stitute all or preferably only part of the phosphate com-
pounds discussed above with a source of the replacement
anion. The replacement 1s considered on a stoichiometric
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basis. Starting materials providing the source of the replace-
ment anions are provided along with the other starting
materials as discussed above. Synthesis of the active mate-
rials containing the modified 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 any of the other metals may be a part
of the modified phosphate compound.

[0109] Non-limiting examples of 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;(POsF), and CaPO;F.2H,0O. Represen-
tative examples of sources of difluoromonophosphate com-
pounds include, without limitation, NH,PO,F,, NaPO,F,,
KPO,F,, Al(PO,F,),, and Fe(PO,F,)..

[0110] When it is desired to partially or completely replace
phosphorous 1n the active materials with silicon, 1t 1s pos-
sible to use a wide variety of silicates and other silicon
containing compounds. Thus, useful sources of silicon 1n the
active materials of the invention include orthosilicates, pyro-
silicates, cyclic silicate anions such as (Si;0,)°,
(Si 0,.)""" and the like, and pyrocenes represented by the
formula [(Si05)""],, for example LiAI(SiO),. Silica or
510 may also be used. Partial substitution of silicate for
phosphate 1s illustrated 1n Example 4.

[0111] Representative arsenate compounds that may be
used to prepare the active materials of the mvention include
H.AsO, and salts of the anions [H,AsO,] and [HAsO, T
Sources of antimonate 1n the active materials can be pro-
vided by antimony-containing materials such as Sb,O.,
MiSbO., where M' is a metal having oxidation state +1,
MuSbO, where M™ is a metal having an oxidation state of
+3, and M"Sb,0, where M" is a metal having an oxidation
state of +2. Additional sources of anfimonate include com-

pounds such as Li1,SbO,, NH,H,SbO,, and other alkali
metal and/or ammonium mixed salts of the [SbO,]°~ anion.

[0112] Sources of sulfate compounds that can be used to
partially or completely replace phosphorous 1n the active
materials with sulfur include alkali metal and transition
metal sulfates and bisulfates as well as mixed metal sulfates
such as (NH,),Fe(S0,),, NH,Fe(SO,), and the like. Finally,
when 1t 1s desired to replace part or all of the phosphorous
in the active materials with germanium, a germanium con-
taining compound such as GeO, may be used.

[0113] To prepare the active materials containing the
modified phosphate groups, it generally 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 sub-
stitution of the phosphate group with any of the above
modified or replacement phosphate groups will entail a
recalculation of the stoichiometry of the required starting
materials.

[0114] A starting material may provide more than one of
the components A, M, XY ,, and Z, as 1s evident 1n the list
above. In various embodiments of the invention, starting
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materials are provided that combine, for example, the metal
and the phosphate, thus requiring only the alkali metal to be
added. In one embodiment, a starting material 1s provided
that contains alkali metal, metal, and phosphate. As a general
rule, there 1s flexibility to select starting materials containing
any of the components of alkali metal A, metal M, and
phosphate (or other XY, moiety), as well as halide or
hydroxide Z, depending on availability. Combinations of
starting materials providing each of the components may
also be used.

[0115] In general, any anion may be combined with the
alkali 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
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 coun-
terions that give rise to the formation of volatile by-products
during the solid state reaction. Thus, 1t 1s desirable to choose
ammonium salts, carbonates, bicarbonates, oxides, hydrox-
ides, 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. Similarly, sulfur-con-
taining anions such as sulfate, bisulfate, sulfite, bisulfite 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.

[0116] 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 in 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.

[0117] The starting materials containing transition metal
compounds are mixed together with carbon, which 1is
included 1n an amount sufficient to reduce the metal 1on of
onc or more of the metal-containing starting materials
without full reduction to an elemental metal state. (Excess
quantities of the reducing carbon may be used to enhance
product quality.) An excess of carbon, remaining after the
reaction, functions as a conductive constituent in the ulti-
mate electrode formulation. This 1s an advantage since such
remaining carbon 1s very intimately mixed with the product
active material. Accordingly, large quantities of excess car-
bon, on the order of 100% excess carbon or greater are
uscable 1n the process. In a preferred embodiment, the
carbon present during compound formation 1s intimately
dispersed throughout the precursor and product. This pro-
vides many advantages, including the enhanced conductivity
of the product. In a preferred embodiment, the presence of
carbon particles in the starting materials also provides
nucleation sites for the production of the product crystals.

|0118] Alternatively or in addition, the source of reducing
carbon may be provided by an organic material. The organic
material 1s characterized as containing carbon and at least
one other element, preferably hydrogen. The organic mate-
rial generally forms a decomposition product, referred to
herein as a carbonaceous material, upon heating under the
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conditions of the reaction. Without being bound by theory,
representative decomposition processes that can lead to the
formation of the carbonaceous material include pyrolization,
carbonization, coking, destructive distillation, and the like.
These process names, as well as the term thermal decom-
position, 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.

[0119] A typical decomposition product contains carbon-
aceous material. During reaction 1n a preferred embodiment,
at least a portion of the carbonaceous material formed
participates 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 incorporated into the
reaction product.

[0120] Although the invention is understood not to be
limited as to the mechanism of action of the organic pre-
cursor material, 1t believed that the carbonaceous material
formed from decomposition of the organic material provides
reducing power similar to that provided by elemental carbon
discussed above. For example, the carbonaceous material
may produce carbon monoxide or carbon dioxide, depend-
ing on the temperature of the reaction.

[0121] In a preferred embodiment, some of the organic
material providing reducing power 1s oxidized to a non-
volatile component, such as for example, oxygen-containing,
carbon 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 participate as reductant (for example, any
present 1n stoichiometric excess or any that does not other-
wise react) will tend to remain in the reaction mixture along
with the other reaction products, but will not be significantly
covalently incorporated.

[0122] The carbonaceous material prepared by heating the
organic precursor material will preferably be enriched in
carbon relative to the mole percent carbon present 1 the
organic material. The carbonaceous material preferably con-
tains from about 50 up to about 100 mole percent carbon.

10123] While in some embodiments the organic precursor
material forms a carbonaceous decomposition product that
acts as a reductant as discussed above with respect to
clemental carbon, in other embodiments a portion of the
organic material may participate as reductant without first
undergoing a decomposition. The 1nvention 1s not limited by
the exact mechanism or mechanisms of the underlying
reduction processes.

[0124] As with clemental 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, it 1s preferred to carry out the
decomposition of the organic material and the reduction of
a transition metal 1 one step. In this embodiment, the
organic material decomposes 1n the presence of the transi-
fion metal compound to form a decomposition product
capable of acting as a reductant, which reacts with the
transition metal compound to form a reduced transition
metal compound. In another embodiment, the organic mate-
rial may be decomposed 1n a separate step to form a
decomposition product. The decomposition product may
then be combined with a transition metal compound to form
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a mixture. The mixture may then be heated for a time and at
a temperature suflicient to form a reaction product compris-
ing a reduced transition metal compound.

[0125] The organic precursor material may be any organic
material capable of undergoing pyrolysis or carbonization,
or any other decomposition process that leads to a carbon-
aceous material rich in carbon. Such precursors include 1n
ogeneral any organic material, 1.e., compounds characterized
by containing 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
clements, such as halogens, oxygen, nitrogen, phosphorus,
and sulfur, may be present in the organic material, as long as
they do not significantly interfere with the decomposition
process or otherwise prevent the reductions from being
carried out. Precursors include organic hydrocarbons, alco-
hols, esters, ketones, aldehydes, carboxylic acids, sul-
fonates, 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. Hydro-
carbons may contain impurities having some heteroatoms.
Such 1mpurities might result, for example, from partial
oxidation of a hydrocarbon or incomplete separation of a
hydrocarbon from a reaction mixture or natural source such
as petroleum.

[0126] Other organic precursor materials include sugars
and other carbohydrates, including derivatives and poly-
mers. Examples of polymers include starch, cellulose, and
their ether or ester derivatives. Other derivatives include the
partially reduced and partially oxidized carbohydrates dis-
cussed 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
SOUICes.

[0127] In one sense as used in the invention, carbohy-
drates are organic materials that can be written with molecu-
lar formula (C)_ (H*"),, 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, 1nose, galactose,
talose, sorbose, tagatose, and fructose. Pentoses of formula
C;H,,0; mclude ribose, arabinose, and xylose. Tetroses
include erythrose 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, maltose, lactose, trehalose, gentiobiose,
cellobiose, and melibiose. 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 sufficiently high temperature.
The water of decomposition tends to turn to steam under the
reaction conditions and volatilize.

[0128] 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 1n
the term “carbohydrate” as used in the invention. Such
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materials include slightly reduced carbohydrates such as
olycerol, sorbitol, mannitol, iditol, dulcitol, talitol, arabitol,
xylitol, and adonitol, as well as “slightly oxidized” carbo-
hydrates such as gluconic, mannonic, glucuronic, galactur-
onic, mannuronic, saccharic, manosaccharic, ido-saccharic,
mucic, talo-mucic, and allo-mucic acids. The formula of the
slightly oxidized and the slightly reduced carbohydrates is
similar to that of the carbohydrates.

[0129] A preferred carbohydrate is sucrose. Under the
reaction conditions, sucrose melts at about 150-180° C.
Preferably, the liquid melt tends to distribute itself among
the starting materials. At temperatures above about 450° C.,
sucrose and other carbohydrates decompose to form carbon
and water. The as-decomposed carbon powder 1s in the form
of fresh amorphous fine particles with high surface area and
high reactivity.

[0130] The organic precursor material may also be an
organic polymer. Organic polymers include polyolefins such
as polyethylene and polypropylene, butadiene polymers,
1soprene polymers, vinyl alcohol polymers, turfuryl alcohol
polymers, styrene polymers mncluding polystyrene, polysty-
rene-polybutadiene and the like, divinylbenzene polymers,
naphthalene polymers, phenol condensation products
including those obtained by reaction with aldehyde, poly-
acrylonitrile, polyvinyl acetate, as well as cellulose starch
and esters and ethers thereof described above.

[0131] In some embodiments, the organic precursor mate-
rial 1s a solid available in particulate form. Particulate
materials may be combined with the other particulate start-

ing materials and reacted by heating according to the meth-
ods described above.

[0132] In other embodiments, the organic precursor mate-
rial may be a liquid. In such cases, the liquid precursor
material 1s combined with the other particulate starting
materials to form a mixture. The mixture 1s heated, where-
upon the organic material forms a carbonaceous material in
situ. The reaction proceeds with carbothermal reduction.
The liquid precursor materials may also advantageously
serve or function as a binder 1n the starting material mixture
as noted above.

[0133] Reducing carbon 1s preferably used in the reactions
in stoichiometric excess. To calculate relative molar
amounts of reducing carbon, 1t 1S convenient to use an
“equivalent” weight of the reducing carbon, defined as the
welght per gram-mole of carbon atom. For elemental car-
bons 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 equiva-
lent weight of about 14 g/equivalent. Examples of hydro-
carbons 1nclude aliphatic, alicyclic, and aromatic hydrocar-
bons, as well as polymers containing predominantly or
entirely carbon and hydrogen in the polymer chain. Such
polymers include polyolefins and aromatic polymers and
copolymers, including polyethylenes, polypropylenes, poly-
styrenes, polybutadienes, and the like. Depending on the
degree of unsaturation, the equivalent weight may be
slightly above or below 14.

10134] For organic materials having elements other than
carbon and hydrogen, the equivalent weight for the purpose
of calculating a stoichiometric quantity to be used in the
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reactions 1s generally higher than 14. For example, in
carbohydrates it 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.

[0135] Although the reactions may be carried out in oxy-
oen or air, the heating 1s preferably conducted under an
essentially non-oxidizing atmosphere. The atmosphere 1is
essentially non-oxidizing so as not to interfere with the
reduction reactions taking place. An essentially non-oxidiz-
ing 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
it interferes with the carbothermal reduction or lowers the
quality of the reaction product. It 1s believed that any
oxidizing gas present will tend to react with the reducing
carbon and lower the availability of the carbon for partici-
pation 1n the reaction. To some extent, such a contingency
can be anticipated and accommodated by providing an
appropriate excess of reducing carbon as a starting material.
Nevertheless, 1t 1s generally preferred to carry out the
carbothermal reduction in an atmosphere containing as little
oxidizing gas as practical.

[0136] In a preferred embodiment, reduction is 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 1n
the atmosphere. Reducing atmospheres preferably contain
one or more so-called reducing gases. Examples of reducing
cgases 1nclude hydrogen, carbon monoxide, methane, and
ammonia, as well as mixtures thereof. Reducing atmo-
spheres also preferably have little or no oxidizing gases such
as air or oxygen. If any oxidizing gas 1s present in the
reducing atmosphere, 1t 1s preferably present at a level low
enough that 1t does not significantly interfere with any
reduction processes taking place.

[0137] 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 in stoichiomet-
ric excess and remove the excess, if 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. 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, particularly in embodi-
ments where carbon 1s added to the active material to form
an electrode material for use in the electrochemical cells and
batteries of the mvention. Conveniently also, the by-prod-
ucts carbon monoxide or carbon dioxide (in the case of
carbon) or water (in the case of hydrogen) are readily
removed from the reaction mixture.

[0138] When using a reducing atmosphere, it is difficult to
provide less than an excess of reducing gas such as hydro-
ogen. Under such as a situation, it 1s preferred to control the
stoichiometry of the reaction by the other limiting reagents.
Alternatively the reduction may be carried out in the pres-
ence of reducing carbon such as elemental carbon. Experi-
mentally, 1t would be possible to use precise amounts of
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reductant carbon to make products of a chosen stoichiom-
etry. 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 1nto the reaction
product, which as noted above provides a useful active
clectrode material.

10139] Before reacting the mixture of starting materials,
the particles of the starting materials are intermingled.
Preferably, the starting materials are 1n particulate form, and
the mmtermingling results in 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 1nhibait
reaction between particles of the powders. Preferred binders
decompose or evaporate at a temperature less than the
reaction temperature. Examples include mineral oils, glyc-
erol, and polymers that decompose or carbonize to form a
carbon residue 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, intermingling 1s accomplished by forming a
wet mixture using a volatile solvent and then the inter-
mingled particles are pressed together in pellet form to
provide good grain-to-grain contact.

0140] The mixture of starting materials 1s heated for a
fime and at a temperature sufficient to form an inorganic
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 its oxidation state
in the starting materials.

[0141] Preferably, the particulate starting materials are
heated to a temperature below the melting point of the
starting materials. Preferably, at least a portion of the starting
material remains 1n the solid state during the reaction.

[0142] The temperature should preferably be about 400°
C. or greater, and desirably about 450° C. or greater, and
preferably about 500° C. or greater, and generally will
proceed at a faster rate at higher temperatures. The various
reactions 1nvolve production of CO or CO, as an effluent
ogas. The equilibrium at higher temperature favors CO {for-
mation. Some of the reactions are more desirably conducted
at temperatures greater than about 600° C.; most desirably
oreater 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.

[0143] Generally, the higher temperature reactions pro-
duce CO effluent and the stoichiometry requires more car-
bon 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
C to CO, reaction 1mmvolves 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). 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.
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[0144] In one embodiment, the methods of this invention
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 free energy
of formation becomes more negative as temperature
increases. Such oxide of carbon 1s more stable at high
temperature than at low temperature. This feature 1s used to
produce products having one or more metal 10ns 1n a reduced
oxidation state relative to the precursor metal 10n oxidation
state.

[0145] 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 is the dominant

reaction. At closer to about 800° C. the C to CO reaction is
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
oground state zero to plus 2. Thus, for each atomic unit of
metal ion (M) which is 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 unit of
carbon 1s stoichiometrically required for each atomic unit of
metal ion (M) which is 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.

[0146] 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 15 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 sufficient for reaction to
occur. Typically the reaction 1s carried out for several hours
at the final reaction temperature. The heating 1s preferably
conducted under non-oxidizing or 1nert gas such as argon or
vacuum, or in the presence of a reducing atmosphere.

10147] After reaction, the products are preferably cooled
from the elevated temperature to ambient (room) tempera-
ture (i.e., about 10° C. to about 40° C.). The rate of cooling
may vary according to a number of factors including those
discussed 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.

|0148] The general aspects of the above synthesis routes
are applicable to a variety of starting materials. The metal
compounds may be reduced 1n 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
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adjustment 1n the general procedure, such as the amount of
reducing agent, the temperature of the reaction, and the
dwell time.

0149] Electrodes:

0150] The present invention also provides electrodes
comprising an electrode active material of the present inven-
fion. In a preferred embodiment, the electrodes of the
present mvention comprise an electrode active material of
this 1nvention, a binder; and an electrically conductive
carbonaceous material.

[0151] In a preferred embodiment, the electrodes of this
Invention comprise:

[0152] (a) from about 25% to about 95%, more
preferably from about 50% to about 90%, active
material;

[0153] (b) from about 2% to about 95% electrically
conductive material (e.g., carbon black); and

[0154] (c) from about 3% to about 20% binder cho-

sen to hold all particulate materials in contact with
one another without degrading 1onic conductivity.

[0155] (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 pret-
erably comprise from about 50% to about 95% by weight of
the electrically conductive material (e.g., a preferred graph-
ite), with the balance comprising binder.

[0156] Electrically conductive materials among those use-
ful 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 thereof. Binders useful herein
preferably comprise a polymeric material and extractable
plasticizer suitable for forming a bound porous composite.
Preferred binders include halogenated hydrocarbon poly-
mers (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 copoly-
mer (EAA), ethylene vinyl acetate copolymer (EVA), EAA/
EVA copolymers, PVDE/HFP copolymers, and mixtures
thereof.

[0157] In a preferred process for making an electrode, the
clectrode active material 1s mixed mnto a slurry with a
polymeric binder compound, a solvent, a plasticizer, and
optionally the electroconductive material. The active mate-
rial slurry 1s appropriately agitated, and then thinly applied
fo 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 embodi-
ment, heat or radiation 1s applied to evaporate the solvent
from the electrode film, leaving a solid residue. The elec-
trode 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 tempera-
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ture to yield self-supporting films of copolymer composi-
tion. If the substrate 1s of a removable type it 1s removed
from the electrode film, and further laminated to a current
collector. With either type of substrate it may be necessary
to extract the remaining plasticizer prior to i1ncorporation
into the battery cell.

0158] Batteries:

0159] The batteries of the present invention comprise:

[0160] (a) a first electrode comprising an active mate-
rial of the present invention;

[0161] (b) a second electrode which 1s a counter-
electrode to said first electrode; and

[0162] (c) an electrolyte between said electrodes.

[0163] The electrode active material of this invention may
comprise the anode, the cathode, or both. Preferably, the
clectrode active material comprises the cathode.

[0164] The active material of the second, counter-clec-
trode 1s any material compatible with the electrode active
material of this invention. In embodiments where the elec-
trode 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 lithrum with aluminum, mercury, manganese,
iron, zinc, and intercalation based anodes such as those
employing carbon, tungsten oxides, and mixtures thereof. In
a preferred embodiment, the anode comprises:

[0165] (a) from about 0% to about 95%, preferably
from about 25% to about 95%, more preferably from
about 50% to about 90%, of an 1nsertion material;

[0166] (b) from about 2% to about 95% electrically
conductive material (e.g., carbon black); and

[0167] (c) from about 3% to about 20% binder cho-
sen to hold all particulate materials 1n contact with
one another without degrading 1onic conductivity.

[0168] 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 consisting of metal oxides (particularly transition
metal oxides), metal chalcogenides, and mixtures thereof. In
another preferred embodiment, the anode does not contain
an i1nsertion active, but the electrically conductive material
comprises an msertion matrix comprising carbon, graphite,
cokes, mesocarbons and mixtures thereof. One preferred
anode 1ntercalation material 18 carbon, such as coke or
oraphite, which is capable of forming the compound LixC.
Insertion anodes among those useful herein are described 1n
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, Said1 et al., 1ssued Aug. 15,

2000; all of which are incorporated by reference herein.

[0169] In embodiments where the electrode active mate-
rial comprises the anode, the cathode preferably comprises:

[0170] (a) from about 25% to about 95%, more
preferably from about 50% to about 90%, active

material;
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[0171] (b) from about 2% to about 95% electrically
conductive material (e.g., carbon black); and

[0172] (c) from about 3% to about 20% binder cho-
sen to hold all particulate materials in contact with
one another without degrading 1onic conductivity.

[0173] Active materials useful in such cathodes include
electrode active materials of this invention, as well as metal
oxides (particularly transition metal oxides), metal chalco-
ogenides, and mixtures thereof. Other active materials include
lithiated transition metal oxides such as LiCoO,, LiNiO.,,
and mixed transition metal oxides such as Li1Co,__Ni_O,,
where O<m<1. Another preferred active material includes
lithiated 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 compound to protect against electrode

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

[0174] The batteries of this invention also comprise a
suitable electrolyte that provides a physical separation but
allows transfer of 1ons between the cathode and anode. The
clectrolyte 1s preferably a material that exhibits high 1onic
conductivity, as well as having insular properties to prevent
self-discharging during storage. The electrolyte can be either
a liquid or a solid. A liquid electrolyte comprises a solvent
and an alkali metal salt that together form an 1onically
conducting liquid. So called “solid electrolytes” contain 1n
addition a matrix material that 1s used to separate the
electrodes.

[0175] 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. Suit-
able solid polymeric matrices include those well known 1n
the art and include solid matrices formed from organic
polymers, 1norganic polymers or a solid matrix-forming,
monomer and from partial polymers of a solid matrix
forming monomer.

[0176] In another variation, the polymer, solvent and salt
together form a gel which maintains the electrodes spaced
apart and provides the 1onic conductivity between elec-
trodes. In still another variation, the separation between
clectrodes 1s provided by a glass fiber mat or other matrix
material and the solvent and salt penetrate voids in the
matrix.

[0177] The electrolytes of the present invention comprise
a salt dissolved 1n a mixture of an alkylene carbonate and a
cyclic ester. Preferably, the salt of the electrolyte 1s a lithium
or sodium salt. Such salts among those useful herein 1include
LiAsF, LiPF, LiClO,, LiB(C,Hy),, L1AICl,, LiBr, LiBF,,
LiSO,CF;, LIN(SO,CF;),, LIN(SO,C,Fs),, and mixtures
thereof, as well as sodium analogs, with the less toxic salts
being preferable. The salt content 1s preferably from about
5% to about 65%, preferably from about 8% to about 35%
(by weight of electrolyte). A preferred salt 1s LiBF,. In a
preferred embodiment, the LiBF, i1s present at a molar
concentration of from 0.5M to 3M, preferably 1.0M to 2.0M,
and most preferably about 1.5M. Electrolyte compositions
comprising salts among those useful herein are described in
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U.S. Pat. No. 5,418,091, Gozdz et al., 1ssued May 23, 1995;
U.S. Pat. No. 5,508,130, Golovin, issued 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., issued Jan. 27 1997; U.S.
Pat. No. 5,851,504, Barker et al. 1ssued Dec. 22, 1998; U.S.
Pat. No. 6,020,087, Gao, 1ssued Feb 1, 2001; U.S. Pat. No.
6,103,419, Said1 et al., 1ssued Aug. 15 2000 and PCT
Application WO 01/24305 Barker et al., published Apr. 5,
2001; all of which are incorporated by reference herein.

[0178] The electrolyte solvent contains a blend of a cyclic
ester with an alkylene carbonate, an alkyl carbonate, or
mixtures thereof. The alkylene carbonates (cyclic carbon-
ates) have a preferred ring size of from 5 to 8. The carbon
atoms of the ring may be optionally substituted with alkyl
groups, preferably lower alkyl (C,-C,) chains. Examples of
unsubstituted cyclic carbonates are ethylene carbonate
(5-membered ring), 1,3-propylene carbonate (6-membered
ring), 1,4butylene 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 isopropyl groups. Such structures
are well known; examples include a methyl substituted
5-membered ring (also known as 1,2-propylene carbonate,
or simply propylene carbonate (PC)), and a dimethyl sub-
stituted 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. In a preferred embodiment, the first component
1s a 5- or 6-membered ring carbonate. More preferably, the
cyclic carbonate has a 5-membered ring. In a particular
preferred embodiment, the alkylene carbonate comprises
cthylene carbonate.

[0179] The alkyl carbonates are preferably C,-C, alkyl,

which may be unsubstituted or substituted on one or more
carbon atoms with C,-C, alkyl. Alkyl carbonates among
those useful herein include diethyl carbonate (DEC), dim-
ethyl carbonate (DMC), dipropyl carbonate (DPC), ethyl
methyl carbonate (EMC), and mixtures. DEC is a preferred
alkyl carbonate.

[0180] The carbonate component of the electrolyte solvent
may comprise an alkylene carbonate, an alkyl carbonate or
mixtures thereof. Preferably, the carbonate 1s an alkylene
carbonate.

|0181] The electrolyte solvent also comprises a cyclic
ester, preferably a lactone. Preferred cyclic esters include
those with ring sizes of 4 to 7. The carbon atoms 1n the ring
may be optionally substituted with alkyl groups, preferably
lower alkyl (C,-Cy) chains. Examples of unsubstituted
cyclic esters include the 4-membered (-propiolactone (or
simply propiolactone); y-butyrolactone (5-membered ring),
0-valerolactone (6-membered ring) and e-caprolactone
(7-membered ring). Any of the positions of the cyclic esters
may be optionally substituted, preferably by methyl, ethyl,
propyl, or 1sopropyl groups. Thus, preferred second com-
ponents 1nclude one or more solvents selected from the
oroup of unsubstituted, methylated, ethylated, or propylated
lactones selected from the group consisting of propiolacone,
butyrolactone, valerolactone, and caprolactone. (It will be
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appreciated that some of the alkylated derivatives of one
lactone may be named as a different alkylated derivative of
a different core lactone. To illustrate, y-butyrolactone methy-
lated on the y-carbon may be named as y-valerolactone.)

[0182] In a preferred embodiment, the cyclic ester of the
second component has a 5- or a 6-membered ring. Thus,
preferred second component solvents imnclude one or more
compounds selected from y-butyrolactone (gamma-butyro-
lactone), and d-valerolactone, as well as methylated, ethy-
lated, and propylated derivatives. Preferably, the cyclic ester
has a 5-membered ring. In a particular preferred embodi-
ment, the second component cyclic ester comprises y-buty-
rolactone.

[0183] The preferred two component solvent system con-
tains the two components 1in a weight ratio of from about
1:20 to a ratio 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 5:1. In a preferred embodiment the
cyclic ester 1s present 1n a higher amount than the cyclic
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 cyclic 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 contains about 3 parts by
welght y-butyrolactone and about 1 part by weight ethylene
carbonate. The preferred salt and solvent are used together
in a preferred mixture comprising about 1.5 molar LiBF, in
a solvent comprising about 3 parts y-butyrolactone and about
1 part ethylene carbonate by weight.

|0184] The solvent optionally comprises additional sol-
vents. Such solvents include low molecular weight organic
solvents. The optional solvent 1s preferably a compatible,
relatively non-volatile, aprotic, polar solvent. Examples of
such optional solvents among those useful herein include
cthers such as diglyme, triglyme, and tetraglyme; dimeth-
ylsulfoxide, dioxolane, sulfolane, and mixtures thereof.

[0185] A separator allows the migration of ions while still
providing a physical separation of the electric charge
between the electrodes, to prevent short-circuiting. The
polymeric matrix itself may function as a separator, provid-
ing the physical 1solation needed between the anode and
cathode. Alternatively, the electrolyte can contain a second
or additional polymeric 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 uncontrolled reactions preferably by
degrading upon high temperatures to provide infinite resis-
tance to prevent further uncontrolled reactions.

[0186] A separator membrane element 1s generally poly-
meric and prepared from a composition comprising a
copolymer. A preferred composition contains a copolymer of
about 75% to about 92% vinylidene fluoride with about 8%
to about 25% hexafluoropropylene copolymer (available
commerclally from Atochem North America as Kynar
FLEX) and an organic solvent plasticizer. Such a copolymer
composition 1s also preferred for the preparation of the
clectrode membrane elements, since subsequent laminate
interface compatibility 1s ensured. The plasticizing solvent
may be one of the various organic compounds commonly
used as solvents for electrolyte salts, e€.g., propylene car-
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bonate or ethylene carbonate, as well as mixtures of these
compounds. Higher-boiling plasticizer compounds such as
dibutyl phthalate, dimethyl phthalate, 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 composi-
tions, to increase the subsequent level of electrolyte solution
absorption. In a non-limiting example, a preferred electro-
lyte separator contains about two parts polymer per one part
of fumed silica.

|0187] 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 foil,
preferably 1n the form of an open mesh grid. The current
collector 1s connected to an external current collector tab.
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. 5,326,653, Chang, 1ssued Jul. 5, 1994; all of which are
incorporated by reference herein. In a battery embodiment
comprising multiple electrochemical 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.

|0188] 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 {foil,
preferably 1n the form of an open mesh grid. The current
collector 1s connected to an external current collector tab, for

a description 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. 5,326,653,
Chang, 1ssued Jul. 5, 1994; all of which are incorporated by
reference herein. In a battery embodiment comprising mul-
tiple electrochemical 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.

[0189] Lamination 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 metha-
nol or ether are often used.

[0190] In a preferred embodiment, an electrode membrane
comprising the electrode active material (e.g., an insertion
material such as carbon or graphite or a insertion compound)
1s dispersed 1n a polymeric binder matrix. The electrolyte/
separator film membrane 1s preferably a plasticized copoly-
mer, comprising a polymeric separator and a suitable elec-
trolyte for 1on transport. The electrolyte/separator 1is
positioned upon the electrode element and 1s covered with a
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positive electrode membrane comprising a composition of a
finely divided lithium insertion compound 1n a polymeric
binder matrix. An aluminum collector foil or grid completes
the assembly. A protective bagging material covers the cell
and prevents iniiltration of air and moisture.

[0191] 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.

[0192] In a preferred embodiment of a lithium-ion battery,
a current collector layer of aluminum foil or grid 1s overlaid
with a positive electrode film, or membrane, separately
prepared as a coated layer of a dispersion of insertion
clectrode composition. This 1s preferably an insertion com-
pound such as the active material of the present mnvention in
powder form 1n 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 VdF: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 dispersion in a VdF:HFP copolymer matrix solution
1s similarly overlaid on the separator membrane layer. A
copper current collector foil or grid 1s laid upon the negative
clectrode layer to complete the cell assembly. Therefore, the
VdF:HFP copolymer composition 1s used as a binder 1n all
of the major cell components, positive electrode film, nega-
five electrode 11lm, and electrolyte/separator membrane. The
assembled components are then heated under pressure to
achieve heat-fusion bonding between the plasticized copoly-
mer matrix electrode and electrolyte components, and to the
collector grids, to thereby form an effective laminate of cell
clements. This produces an essentially unitary and flexible
battery cell structure.

[10193] Cells comprising electrodes, electrolytes and other
materials among those useful heremn are described in the
following documents, all of which are incorporated by
reference 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.
1ssued May 16, 1989; U.S. Pat. No. 4,935,317, Fauteaux et
al., 1ssued Jun. 19, 1980; U.S. Pat. No. 4,990,413, Lee et al.,

issued Feb. 5, 1991; U.S. Pat. No. 5,037,712, Shackle et al.,
issued 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-Gill,
et al., 1ssued Mar. 21, 1995; U.S. Pat. No. 5,411,820,
Chaloner-Gill, 1ssued May 2, 1995; U.S. Pat. No. 5,435,054,
Tonder et al., 1ssued Jul. 25, 1995; U.S. Pat. No. 5,463,179,
Chaloner-Gill et al., 1ssued Oct. 31, 1995; U.S. Pat. No.
5,482,795, Chaloner-Gill., 1ssued Jan. 9, 1996; U.S. Pat. No.
5,660,948, Barker, 1ssued Sep. 16, 1995; and U.S. Pat. No.
6,306,215, Larkin, 1ssued Oct. 23, 2001. A preferred elec-
trolyte matrix comprises organic polymers, including VdF-
:HFP. Examples of casting, lamination and formation of

cells using VAF:HFP are as described in U.S. Pat. Nos.
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.

Oct. 9, 2003

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

[0194] The electrochemical cell architecture is typically
coverned by the electrolyte phase. A liquid electrolyte
battery generally has a cylindrical shape, with a thick
protective cover to prevent leakage of the internal liquid.
Liquid electrolyte batteries tend to be bulkier relative to
solid electrolyte batteries due to the liquid phase and exten-
sive sealed cover. A solid electrolyte battery, 1s capable of
miniaturization, and can be shaped into a thin film. This
capability allows for a much greater flexibility when shaping
the battery and configuring the receiving apparatus. The
solid state polymer electrolyte cells can form flat sheets or
prismatic (rectangular) packages, which can be modified to
fit 1nto the existing void spaces remaining 1n electronic
devices during the design phase.

[0195] The following non-limiting examples illustrate the
compositions and methods of the present invention.

EXAMPLE 1

[0196] An clectrode active material of formula
L1, 0-sCuy oAl o-sMg, PO, 1s made as follows. The fol-
lowing sources of Li, Co, Al, Mg, and phosphate are

provided containing the respective elements in a molar ratio
of 1.025:0.9:0.025:0.05:1.

0.05125 moles Li,CO; {(mol. wt. 73.88 g/mol) 38 g
0.03 moles Co;0, (240.8 g/mol) 72 g
0.0025 moles AI{OH); (78 g/mol) 0.195 g
0.005 moles Mg(OH), (58 g/mol) 0.29 g
0.1 moles (NH,),HPO, (132 g/mol) 13.2 g
0.2 moles elemental carbon (12 g/mol) (>100% excess) 24 g

[0197] 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 in an argon atmosphere. The sample
1s removed from the oven and cooled. An x-ray diffraction
pattern shows that the material has an olivine type crystal
structure. An electrode 1s made with 80% of the active
material, 10% of Super P conductive carbon, and 10% poly
vinylidene difluoride. A cell with that electrode as cathode
and lithium metal as anode 1s constructed with an electrolyte
comprising 1 M LiBF, dissolved 1n a 3:1 by weight mixture
of v-butyrolactone:ethylene carbonate. The active material
exhibits a reversible capacity over 140 mAhg-1.

EXAMPLE 2

material of formula

[0198] An electrode active

Li  Cogssteq osAlg2sMgg 0sPO,
(LlCeO 25F€0 05sAly 0osMg, o515 025P0O,) is made as follows.
The following sources of L1, Co, Fe, Al, Mg, and phosphate
are provided containing the respective elements In a molar

ratio of 1.025:0.85:0.05:0.025:0.05:1.

0.05125 moles Li,CO; (mol. wt. 73.88 g/mol) 38 g
0.02833 moles Co;0, (240.8 g/mol) 6.82 g
0.0025 moles Fe,O5 (159.7 g/mol) 0.4 g

0.0025 moles AI{OH); (78 g/mol) 0.195 g
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-continued
0.005 moles Mg(OH), (58 g/mol) 0.29 g
0.1 moles (NH,),HPO, (132 g/mol) 13.2 g
0.2 moles elemental carbon (12 g/mol) (>100% excess) 2.4 g

[0199] The above starting materials are combined and ball
milled to mix the particles. Thereafter, the particle mixture
1s pelletized. The pelletized mixture 1s heated for 4-20 hours
at 750° C. in an oven in an argon atmosphere. The sample
1s removed from the oven and cooled. An x-ray diffraction
pattern shows that the material has an olivine type crystal
structure. An electrode 1s made with 80% of the active
material, 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
clectrolyte comprising 1 M LiPF,. dissolved 1n a 2:1:1 by
welght mixture of y-butyrolactone:ethylene carbonate:dim-
ethyl carbonate.

EXAMPLE 3

[0200] An electrode active material of the formula
L1  Cuggbeq 1Aly 025Mgo.05P0,

(L1CuO Fe, (Al 5,sMg, osLi, ,sPO,) is made as follows.
The following sources of L1, Co, Fe, Al, Mg, and phosphate
are provided containing the respective elements In a molar

ratio of 1.025:0.8:0.1:0.025:0.05:1.

0.05125 moles Li,CO5 (mol. wt. 73.88 g/mol) 38 g
0.02667 moles Co;0, (240.8 g/mol) 6.42 g
0.005 moles Fe,O5 (159.7 g/mol) 0.8 g
0.0025 moles AI{OH); (78 g/mol) 0.195 ¢
0.005 moles Mg(OH), (58 g/mol) 0.29 g
0.1 moles (NH,),HPO, (132 g/mol) 13.2 g
0.2 moles elemental carbon (12 g/mol) (>100% excess) 2.4 g

[0201] 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 in an argon atmosphere. The sample
1s removed from the oven and cooled. An x-ray diffraction
pattern shows that the material has an olivine type crystal
structure. An electrode 1s made with 80% of the active
material, 10% of Super P conductive carbon, and 10% poly
vinylidene difluoride. A cell with that electrode as cathode
and a carbon intercalation anode is constructed with an
clectrolyte comprising 1 M LiPF, dissolved 1 a 3:1 by
welght mixture of y-butyrolactone:ethylene carbonate.

EXAMPLE 4

10202] An clectrode active material of the formula
LiCo_ Feg osAly ;Mg 55(PO,)0 o(S10,), ; 1s made as fol-
lows. The following sources of Li, Co, Fe, Al, Mg, phos-
phate, and silicate are provided containing the respective

elements 1n a molar ratio of 1:0.8:0.05:0.1:0.05:0.9:0.1.

0.05 moles Li,CO; (mol. wt. 73.88 g/mol) 3.7 g
0.08 moles CoCO; (118.9 g/mol) 9.5 g
0.0025 moles Fe,O5 (159.7 g/mol) 0.4 ¢
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-continued
0.0025 moles AI{OH); (78 g/mol) 0.195 g
0.005 moles Mg(OH), (58 g/mol) 0.29 g
0.09 moles (NH,),HPO, (132 g/mol) 119 g
0.01 moles Si0, (60.1 g/mol) 0.6 g
0.2 moles elemental carbon (12 g/mol) (excess) 24 g

[0203] The above amounts of starting materials are com-
bined and ball milled to mix the particles. Note that the
reducing carbon 1s present 1n approximately a 40-fold
excess, relative to the 0.05 moles of 1ron 1n the 1ron III oxide
to be reduced. Thereafter, the particle mixture 1s pelletized.
The pelletized mixture is heated for 4-20 hours at 750° C. in
an oven 1n an argon atmosphere. The sample 1s removed
from the oven and cooled. An electrode 1s made with 80%
of the active material, 10% of Super P conductive carbon,
and 10% polyvinylidene difluoride. A cell with that elec-
trode as cathode and a carbon intercalation anode 1s con-
structed with an electrolyte comprising 1 M LiBF, dissolved
in 3:1 by weight mixture of y-butyrolactone:ethylene car-
bonate.

EXAMPLE 5

[0204] An clectrode active material of the formula
LiCo_ Fe, 1Aly 0osMgg 05PO5 075F0 025 18 made as follows.
The fellewmg sources containing Li, Co, Fe, Al, Mg,
phosphate, and fluoride are provided containing the respec-
tive clements in a molar ratio of

1.0:0.8:0.1:0.025:0.05:1.0:0.025.

0.05 moles Li,CO; (mol. wt. 73.88 g/mol), 0.1 mol Li 3.7 g
0.02667 moles Co;0, (240.8 g/mol), 0.08 mol Co 6.42 ¢
0.005 moles Fe,O5 (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 g
0.005 moles Mg(OH), (58 g/mol), 0.005 mol Mg 0.29 g
0.1 moles (NH,),HPO, (132 g/mol), 0.1 mol phosphate 132 ¢
0.00125 moles NH,HF, (57 g/mol), 0.0025 mol F 0.071 g
0.2 moles elemental carbon (12 g/mol) (>100% excess) 24 g

[0205] 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 in an argon atmosphere. The sample
1s removed from the oven and cooled. An x-ray diffraction
pattern shows that the material has an olivine type crystal
structure. An electrode 1s made with 80% of the active
material, 10% of Super P conductive carbon, and 10%
polyvinylidene difluoride. A cell with that electrode as
cathode and a carbon intercalation anode 1s constructed with
an clectrolyte comprising 1M LiBF, dissolved i a 3:1
mixture by weight of y-butyrolactone:propylene carbonate.

EXAMPLE 6

[0206] An eclectrode active material of the formula
LiFe Mg, PO, 1s made according to the following reaction
scheme.

0.50Li,CO4+0.45Fe,04+0.10Mg(OH) -+
(NH,),HPO,+0.45C—1iFey sMg, ,PO,+0.50C0,+
0.45C0+2.0NH,+1.6H,0

[0207] A mixture of 36.95 g (0.50 mol) of Li,CO,, 71.86

g (0.45 mol) of Fe,05, 5.83 g (0.10 mol) of 0.10 Mg(OH),,
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132.06 g (1.0 mol) of (NH ),HPO,, and 10.8 g (0.90 g-mol,
100% excess) of carbon is made, using a mortar and pestle.
The mixture 1s pelletized, and transferred to a temperature-
controlled tube furnace equipped with an argon gas flow.
The mixture is heated at a ramp rate of about 2° C./minute
to an ultimate temperature of about 750° C. in the inert
atmosphere and maintained at this temperature for about &
hours. The product 1s then cooled to ambient temperature
(about 22° C.). An electrode is made with 80% of the active
material, 10% of Super P conductive carbon, and 10%
polyvinylidene difluoride. A cell with that electrode as
cathode and a carbon intercalation anode 1s constructed with
an electrolyte comprising 1M LiBF, dissolved m a 4:1
mixture by weight of 6-valerolactone:ethylene carbonate.

EXAMPLE 7

[0208] An clectrode active material comprising
L1 Feqo Mg, ,POF, 55 1s made according to the tollowing
reaction scheme.

1.0LiFe, Mg, PO, +dLiF—Li, . Fe, Mg, ,PO,F,

[0209] For d equal to 025, 1.082 grams of
LiFe Mg, PO, (made as in Example 6) and 0.044 grams of
LiF are premixed and pelletized, transferred to an oven and
heated to an ultimate temperature of 700° C. and maintained
for 15 minutes at this temperature. The sample 1s cooled and
removed from the oven. Almost no weight loss 1s recorded
for the reaction, consistent with full incorporation of the
lithium fluoride into the phosphate structure to make an
active material of formula Li, ,.Fe, Mg, ,PO,F,,-. An
electrode 1s made with 80% of the active material, 10% of
Super P conductive carbon, and 10% polyvinylidene difluo-
ride. A cell with that electrode as cathode and a carbon
intercalation anode 1s constructed with an electrolyte com-
prising 1M LiBF, dissolved 1n a 3:1 mixture by weight of
v-butyrolactone:ethylene carbonate.

EXAMPLE &

[0210] An electrode active material comprising NaVPO F
1s made according to the following reaction scheme.

0.5Na,CO,+NH,F+VPO,—~NaVPO,F+NH,+
0.5C0,+0.5H,0

[0211] 1.23 grams Of VPO,, 0.31 grams of NH,F, and
0.45 grams Na,CO; are premixed with approximately 20
milliliters of deionized water and transferred and sealed 1n a
Parr Model 4744 acid digestion bomb, which 1s a Teflon
lined stainless steel reaction vessel. The bomb 1s placed 1n an
oven and heated to an ultimate temperature of 250° C. and
maintained at this temperature for forty-eight hours. The
sample 1s cooled to room temperature and removed for
analysis. The sample 1s washed repeatedly with the deion-
1zed water to remove unreacted 1impurities and thereafter is
dried in an argon atmosphere at 250° C. for an hour.

EXAMPLE 9

[0212] An clectrode active material comprising
Li, 555C0q oAl gosMg, osPOLF 1s made as follows. (This
Example shows the synthesis of a mixed metal active
material containing lithium and three different metals, with
two metals in a +2 and one metal in a +3 oxidation state). For
A=Li, a=2.025, M'=Co, M*=Al, and M°=Mg, the reaction
proceeds according to the following scheme.
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0.5125 Li,CO;3 + 0.3 Cos (Poy), - 8H,0 +
0.0125 Al,0; +0.05 Mg(OH), + LiF+ 0.4 NH, H,PO, —
L1 025C00.9ALg025Mg o5 PO4F +

0.5125CO, + 0.4 NH; + 8.9H,0.

[0213] Powdered starting materials are provided in the
molar ratios indicated, mixed, pelletized, and heated 1n an
oven at 750° C. for four hours to produce a reaction product.
An electrode 1s made with 80% of the active material, 10%
of Super P conductive carbon, and 10% polyvinylidene
difluoride. A cell with that electrode as cathode and a carbon
intercalation anode 1s constructed with an electrolyte com-
prising 1M LiBF, dissolved 1n a 3:2 mixture by weight of
3-propiolactone:ethylene carbonate.

EXAMPLE 10

[0214] An electrode active material comprising
Li,V,(PO,);F is synthesized according to the equation

3C+2.51i,C04+V,0-+LiF+3NH,H,PO,—>

LigV,(PO,) F+2.5C0O,+3NH,+4.5H,0+3CO.
[0215] The equation presupposes that the carbothermal
reaction proceeds with production of carbon monoxide. The
carbon 1s provided in excess, in this case to reduce the
vanadium +5 species all the way down to 1ts lowest oxida-
tion of +2. It 1s appreciated 1n the reaction scheme that such
a reduction 1s possible because there 1s enough lithtum 1n the
reaction scheme that lithium 1s incorporated into the reaction
product in an amount sufficient to neutralize the [(PO,)sF]
19~ group of the active material. An electrode is made with
80% of the active material, 10% of Super P conductive
carbon, and 10% polyvinylidene difluoride. A cell with that
clectrode as cathode and a carbon intercalation anode 1is
constructed with an electrolyte comprising 1M LiBF, dis-
solved 1n a 3:1 mixture by weight of y-butyrolactone:ethyl-
ene carbonate.

[0216] The examples and other embodiments described
herein are exemplary and not intended to be limiting in
describing the full scope of compositions and methods of
this invention. Equivalent changes, modifications and varia-
tions of specific embodiments, materials, compositions and
methods may be made within the scope of the present
invention, with substantially similar results.

What 1s claimed 1s:
1. A lithium battery comprising:

(a) a first electrode comprising an active material of the
formula

AaMb (XY4) czd:
wherein

(1) A is selected from the group consisting of Li, Na, K,
and mixtures thereof, and O<a =9;

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

(i1) XY, 1s selected from the group consisting of
X0, Y, X0,,Y, , X"S,, and mixtures thereof,

2y2
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where X' 15 selected from the group consisting of P,
As, Sb, Si1, Ge, V, S, and mixtures thereof; X" 1s
selected from the group consisting of P, As, Sb, Si,
Ge, V and mixtures thereof; Y' is selected from the

group consisting of halogen, S, N, and mixtures
thereof; 0=x=3; and O<y=2; and O<c=3;

(iv) Z 1is 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;

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

(¢) an electrolyte comprising a mixture of a cyclic ester
and a carbonate selected from the group consisting of
alkyl carbonates, alkylene carbonates, and mixtures
thereof.

2. A battery according to claim 1, wherein ¢ 1s about 1.

3. Abattery according to claim 2, wherein A comprises Li,
and 0.1=a=2, and said active material has an olivine
structure.

4. Abattery according to claim 1, wherein c 1s about 3, and
said active material has a NASICON structure.

5. A battery according to claim 1, wherein M comprises
M', __M" _where M'1s at least one element from Groups 4
to 11 of the Periodic Table; M" 1s at least one element from
Groups 2, 3, and 12-16 of the Periodic Table; and O<m<1.

6. A battery according to claim 5, wherein M' 1s selected
from the group consisting of Fe, Co, N1, Mn, Cu, V, Zr, Ti,
Cr, and mixtures thereof.

7. A battery according to claim 6, wherein M' 1s selected
from the group consisting of Fe, Co, Mn, T1, and mixtures
thereof.

8. A battery according to claim 5, wherein M' comprises
Fe and Co.

9. A battery according to claim &8, wherein M" 1s selected
from the group consisting of Mg, Ca, Zn, Sr, Pb, Cd, Sn, Ba,
Be, Al, and mixtures thereof.

10. Abattery according to claim 9, wherein M" 1s selected
from the group consisting of Mg, Ca, Al, and mixtures
thereof.

11. A battery according to claim 1, wherein X' comprises
S1or a mixture of S1 and P, and X" comprises S1 or a mixture
of S1 and P.

12. A battery according to claim 1, wherein XY, 1s
selected from the group consisting Of X'O,_Y', X'O,
vY 5, X"S,, and mixtures thereot, where X' is P and X" is
P; and 0<x<3; and O<y<4.

13. A battery according to claim 12, wherem XY, is
PO, F_, and O<x=1.

4-x+ x°

14. A battery according to claim 1, wherein Z comprises
F, and 0.1<d=4.

15. Abattery according to claim 1, wherein said carbonate
comprises an alkylene carbonate having a ring size of from
5 to 8 atoms and 1s unsubstituted or substituted with lower
alkyl on one or more carbon atoms.

16. A battery according to claim 1, wherein said carbonate
comprises a C,-C, alkyl carbonate which 1s unsubstituted or
substituted with C,-C, alkyl on one or more carbon atoms.

17. A battery according to claim 1, wherein said cyclic

ester has a ring size of from 4 to 7 atoms, and 1s unsubsti-
tuted or substituted on one or more carbon atoms with a

lower alkyl group.

20
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18. A battery according to claim 17, wherein said carbon-
ate comprises an alkylene carbonate, and the weight ratio of

said cyclic ester to said alkylene carbonate 1s from about 1:1
to about 5:1.

19. A battery according to claim 18, wherein said carbon-
ate additionally comprises an alkyl carbonate.

20. A battery according to claim 18, wherein said carbon-
ate 1s ethylene carbonate and said cyclic ester 1s y-butyro-
lactone.

21. A battery comprising;:

(a) a first electrode comprising an active material of the
formula

Li,M,(PO,)Z,

wherein
(1) 0.1<a=4;

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

(i11) Z is halogen, and 0.1<d=4; and

wherein M, Z, a, b, and d are selected so as to maintain
clectroneutrality of said compound;

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

(c) an electrolyte comprising a mixture of a cyclic ester
and a carbonate selected from the group consisting of
alkyl carbonates, alkylene carbonates, and mixtures
thereof.

22. A battery according to claim 21, wherein 0.2Za%=1.

23. A battery according to claim 22, wherein M comprises
M' __M"  where M'i1s at least one element from Groups 4

to 11 of the Periodic Table; M" 1s at least one element from
Groups 2, 3, and 12-16 of the Periodic Table; and O<m<1.

24. Abattery according to claim 23, wherein M' 1s selected
from the group consisting of Fe, Co, Mn, Cu, V, Cr, and
mixtures thereof, and M" 1s selected from the group con-
sisting of Mg, Ca, Zn, Ba, Al, and mixtures thereof.

25. A battery according to claim 21, wherein said carbon-
ate comprises an alkylene carbonate having a ring size of
from 5 to 8 atoms and 1s unsubstituted or substituted with
lower alkyl on one or more carbon atoms.

26. A battery according to claim 21, wherein said carbon-
ate comprises a C,-C. alkyl carbonate which 1s unsubstituted
or substituted with C,-C, alkyl on one or more carbon
atoms.

27. A battery according to claim 25, wherein said cyclic
ester has a ring size of from 4 to 7 atoms, and 1s unsubsti-
tuted or substituted on one or more carbon atoms with a
lower alkyl group.

28. A battery according to claim 26, wherein said alkylene
carbonate 1s ethylene carbonate, said cyclic ester 1s y-buty-
rolactone, and the weight ratio of said cyclic ester to said
alkylene carbonate 1s from about 1:1 to about 5:1.

29. A battery comprising:

(a) a first electrode comprising an active material of the
formula

Li,Co.Fe,M' M5 M* XY,
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wherein
(1) O<a =2, >0, and £>0;
(ii) M' is one or more transition metals, where g=0;

(iii) M~ is one or more +2 oxidation state non-transition
metals, where h=0;

(iv) M” is one or more +3 oxidation state non-transition
metals, where 1=20; and

(v) XY, 1s selected from the group consisting of X'O,_
<Y', X'0,, Y%, X"S,, and mixtures thereof, where
X' 1s selected from the group consisting of P, As, Sb,
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

consisting of halogen, S, N, and mixtures thereof;
0=x=3; and O<y=2; and

wherein (e+f+g+h+i)<2, and M', M*, M°, XY, a, ¢, I, g,
h, 1, X, and y are selected so as to maintain electroneu-
trality of said compound; and

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

(¢) an electrolyte comprising an electrolyte salt, a cyclic
ester and a carbonate selected from the group consist-

ing of alkyl carbonates, alkylene carbonates, and mix-
tures thereof.

30. A battery according to claim 29, wherein 0.8 =(e+{+
g+h+1)=1.2.

31. A battery according to claim 30, wherein 0.9 =(e+{+
g+h+1)=1.

32. A battery according to claim 30, wherein ¢=0.5.

33. A battery according to claim 32, wherein ¢20.8.

34. Abattery according to claim 31, wherein 0.01=1=0.5.

35. A  battery according to claim 34, wherein
0.05=1=0.15.

36. A  Dbattery according to claam 31, wherein
0.01=g=0.5.

¥7. A  battery according to claim 36, wherein
0.05=2g=0.2.

38. A battery according to claim 36, wherein M is
selected from the group consisting of T1, V, Cr, Mn, N1, Cu
and mixtures thereof.

39. A battery according to claim 38, wherein M is
selected from the group consisting of Mn, T1, and mixtures
thereof.

40. A battery according to claim 31, wherein (h+1)>0.

41. A battery according to claim 40, wherein 0.01=(h+
1)=0.5.

42. A battery according to claim 41, wherein 0.02=(h+
1)=0.3.

43. A  battery according to claam 41, wherein
0.01=h=0.2.

44. A Dbattery according to claam 43, wherein
0.01=h=0.1.

45. A battery according to claim 43, wherein M? is
selected from the group consisting of Be, Mg, Ca, Sr, Ba,
and mixtures thereof.

46. A battery according to claim 45, wherein M* is Mg.
47. Abattery according to claim 41, wherein 0.01=1=0.2.
48. A battery according to claim 47, wherem 0.01 £1=0.1.
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49. A battery according to claim 47, wherein M 1s selected
from the group consisting of B, Al, Ga, In and mixtures
thereof.

50. A battery according to claim 49, wherein M° is Al.

51. A battery according to claim 29, wherein XY, 1s PO ..

52. A battery according to claim 51, wherein €=20.8, and
0.05=1=0.15.

53. A  battery according to claim 52, wherein
0.01=h=0.1.

54. A battery according to claim 53, wherein M~ is
selected from the group consisting of Be, Mg, Ca, Sr, Ba,
and mixtures thereof.

55. A battery according to claim 52, wherein 0.01=1=0.1.

56. A battery according to claim 55, wherein M” is Al.

57. A battery according to claim 29, wherein XY, 1s
PO, _F_, and O<x=1.

d-x" x?

58. A  battery according to claim 57, wherein
0.01=x=0.05.

59. A battery according to claim 57, wherein €20.8, and
0.05=1=0.15.

60. A battery according to claim 59, wherein
0.01=h=0.1.

61. A battery according to claim 60, wherein M? is
selected from the group consisting of Be, Mg, Ca, Sr, Ba,
and mixtures thereof.

62. A battery according to claim 59, wherein 0.01=1=0.1.

63. A battery according to claim 62, wherein M" is Al.

64. A battery according to claim 29, wherein said carbon-
ate comprises an alkylene carbonate having a ring size of
from 5 to 8 atoms and 1s unsubstituted or substituted with
lower alkyl on one or more carbon atoms.

65. A battery according to claim 64, wherein said alkylene
carbonate 1s selected from the group consisting of ethylene
carbonate, 1,3-propylene carbonate, 1,4-butylene carbonate,
1,5-pentylene carbonate, 1,2-propylene carbonate, 2,3-buty-
lene carbonate, 1,2-butylene carbonate, and mixtures
thereof.

66. A battery according to claim 65, wherein said alkylene
carbonate 1s ethylene carbonate.

67. Abattery according to claim 29, wherein said carbon-
ate comprises a C,-C alkyl carbonate which 1s unsubstituted
or substituted with C,-C, alkyl on one or more carbon
atoms.

68. A battery according to claim 67, wherein said alkyl
carbonate 1s selected from the group consisting of diethyl
carbonate, ethyl methyl carbonate, dimethyl carbonate, and
mixtures thereof.

69. A battery according to claim 66, wherein said cyclic
ester has a ring size of from 4 to 7 atoms, and 1s unsubsti-
tuted or substituted on one or more carbon atoms with a
lower alkyl group.

70. A battery according to claim 69, wherein said cyclic
ester 1s selected from the group consisting of substituted or
unsubstituted [3-propiolactone; substituted or unsubstituted
v-butyrolactone, substituted or unsubstituted o-valerolac-
tone, substituted or unsubstituted e-caprolactone, and mix-
tures thereof.

71. A battery according to claim 69, wherein said cyclic
ester 15 y-butyrolactone.

72. A battery according to claim 29, wherein said elec-
trolyte salt 1s a lithtum salt selected from the group consist-
ing of LiAsF, LiPF, LiCIO,, LiB(C.Hs),, LiAICl,, LiBr,
LiBF,, LiSO;CF;, LIN(SO,CF,),, LIN(SO,C,Fy),, and
mixtures thereof.
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73. A battery according to claim 72, wherein said salt 1s
LiBEF,,.

74. A battery according to claim 29, wherein said cyclic
ester comprises at least about 60% of said electrolyte, and
the weight ratio of said cyclic ester to said alkylene carbon-
ate 1s from about 1:1 to about 5:1.

75. A battery according to claim 74, wherein said weight
ratio 1s about 3:1.

76. A lithium battery of claim 29, wheremn said first
electrode 1s a cathode, and said second electrode 1s an
msertion anode.

77. A lithium battery of claim 76, wherein said second
clectrode comprises a material selected from the group
consisting of metal oxides, metal chalcogenides, carbon,
ographite, and mixtures thereof.

78. A battery comprising:

(a) a first electrode comprising an active material having
an olivine structure, of the formula

LiM(PO, . Y")
wherein M 1s MlgMthBiM4j, and
(i) M" is one or more transition metals;

(i1) M” is one or more +2 oxidation state non-transition
metals;

(iii) M” is one or more +3 oxidation state non-transition
metals,

(iv) M is one or more +1 oxidation state non-transition
metals;

(v) Y' is halogen; and

o>(0, each of h, i, and j20; (g+h+1+))=1, and 0=x=0.5;
and

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

(¢) an electrolyte comprising an electrolyte salt, an alky-
lene carbonate, and a cyclic ester and a carbonate
selected from the group consisting of alkyl carbonates,
alkylene carbonates, and mixtures thereof.

79. An clectrode active material according to claim 78,
wherein g=0.8.

80. An electrode active material according to claim 79,
wherein g=0.9.

81. An electrode active material according to claim 79,
wherein M* is a +2 oxidation state transition metal selected

from the group consisting of V, Cr, Mn, Fe, Co, N1, and
mixtures thereof.
82. An electrode active material according to claim 81,

wherein M" is selected from the group consisting of Fe, Co,
and mixtures thereof.

83. An clectrode active material according to claim 79,
wherein (h+1)>0.

84. An electrode active material according to claim 83,
wherein 0.01 =(h+1)=0.5.

85. An electrode active material according to claim 84,
wherein 0.02=(h+1)=0.3.

86. An clectrode active material according to claim 83,
wherein 0.01=h=0.2.

87. An electrode active material according to claim 86,
wherein 0.01=h=0.1.
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88. An electrode active material according to claim 86,
wherein M is selected from the group consisting of Be, Mg,
Ca, Sr, Ba, and mixtures thereof.

89. An electrode active material according to claim 83,
wherein 0.01=1=0.2.

90. An electrode active material according to claim 89,
wherein 0.01=1=0.1.

91. An clectrode active material according to claim 89,
wherein M~ is Al.

92. An electrode active material according to claim 79,
wherein 1=0.

93. An electrode active material according to claim 79,
wherein 0.01=7=0.1.

94. An clectrode active material according to claim 93,
wherein M* is selected from the group consisting of Li, Na,
and K.

95. An electrode active material according to claim 94,
wherein M* is Li.

96. An clectrode active material according to claim 79,
wherein x=0.

97. An electrode active material according to claim 96,
wherein g=0.8, and (g+h+i+))=1.

98. An electrode active material according to claim 97,
wherein 0.01=h=0.1 and M~ is selected from the group
consisting of Be, Mg, Ca, Sr, Ba, and mixtures thereof.

99. An electrode active material according to claim 97,
wherein 0.01=1=0.1, and M° is Al

100. An electrode active material according to claim 97,
wherein 0.01=7=0.1, and M* is Li.

101. An clectrode active material according to claim 78,
wherein O<x=1.

102. An electrode active material according to claim 101,
wherein 0.01=x=0.05, and (g+h+i+))<l1.

103. An electrode active material according to claim 102,
wherein g=0.8.

104. An electrode active material according to claim 103,
wherein 0.01=h=0.1, and M~ is selected from the group
consisting of Be, Mg, Ca, Sr, Ba, and mixtures thereotf.

105. An electrode active material according to claim 103,
wherein 0.01=1=0.1, and M° is Al

106. An electrode active material according to claim 103,
wherein 1=0.

107. An electrode active material according to claim 106,
wherein (g+h+1)=1-x.

108. A battery according to claim 81, wherein said active
material 1s selected from the group consisting of: LiFePO,;
Likeq oMgq 1PO; LiFeq Mgy .PO;
L1y 025CUg gsF€q osAly 025sMgo 0sP O,

L1;.025C0g s0b€0.10Alp 025M80 05sP O,

L%l.025030.75Feo.05A~0.025Mg0.05po4:
L1, 525C0g A(Feg sMng 6)0.2Alg 02sMgg 05P O,

LiCoq skeq 1Alg 925Cag osPO3 075F 0 025
LiCoq gkeq 1 Alg 025M80.05sP O35 075F 0255
LiCoq sbeq 1 115.025M8g 05PO4;
L1, 05C00 gbeq 1 115 025Al5 025PO0 45
L1, 025C0g skeq 1115 025M80.025P 03 075F0 025
LiCug gosteq 1 115,025ME0.025P0 43
L1Cu, ssFeq o511 g-<MEg4 5,sPO,; and mixtures thereof.
109. A battery according to claim 29, wherein said active
material 1s LiCoq gFeq ;Aly 05Mgg 0sPO5 75 o5
110. A battery according to claim 80, wherein said car-
bonate comprises an alkylene carbonate having a ring size of
from 5 to 8 atoms and 1s unsubstituted or substituted with
lower alkyl on one or more carbon atoms.
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111. A battery according to claim 110, wherein said
alkylene carbonate 1s ethylene carbonate.

112. A battery according to claim 80, wherein said car-
bonate comprises C,-C, alkyl carbonate which 1s unsubsti-
tuted or substituted with C,-C, alkyl on one or more carbon
atoms.

113. A battery according to claim 112, wherein said alkyl
carbonate 1s diethyl carbonate.

114. A battery according to claim 80, wherein said cyclic
ester has a ring size of from 4 to 7 atoms, and 1s unsubsti-
tuted or substituted on one or more carbon atoms with a
lower alkyl group.

115. A battery according to claim 114, wherein said cyclic
ester 1s y-butyrolactone.

116. A battery according to claim 80, wherein said salt 1s
selected from the group consisting of LiAsF., LiPF,,
LiCl10,, LiB(C.Hy),, LiAlCl,, LiBr, LiBF,, LiSO,CF;,
LiIN(SO,CF,),, LIN(SO,C,F.),, and mixtures thereof.

117. A battery according to claim 80, wherein the weight
rat1o of said cyclic ester to said alkylene carbonate 1s from
about 1:1 to about 5:1.

118. A battery according to claim 117, wherein said
welght ratio 1s about 3:1.

119. A lithum battery of claim 80, wherein said first
electrode 1s a cathode, and said second electrode 1s an
insertion anode.

120. A lithium battery of claim 119, wherein said second
clectrode comprises a material selected from the group
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consisting of metal oxides, metal chalcogenides, carbon,
ographite, and mixtures thereof.

121. A battery comprising;:

(a) a first electrode comprising an active material of the
formula

LiCoq gFeq 1Al gosMgg 0sP O3 675F 0 025

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

(c) an electrolyte comprising
(1) an electrolyte salt;

(i1) an alkylene carbonate having a ring size of from 5
to 8 atoms and unsubstituted or substituted with
lower alkyl on one or more carbon atoms; and

(i11) a cyclic ester having a ring size of from 4 to 7
atoms, and 1s unsubstituted or substituted on one or
more carbon atoms with a lower alkyl group.

122. A battery according to claim 120, wherein said first
electrode 1s a cathode, said second electrode 1s an insertion
anode, said alkylene ester 1s ethylene carbonate; said cyclic
ester 1s y-butyrolactone; the weight ratio of said cyclic ester
to said alkylene carbonate 1s from about 1:1 to about 5:1; and
said electrolyte salt 1s LiBF,,.

% o *H % x
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