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SECONDARY ELECTROCHEMICAL CELL WITH INCREASED CURRENT

COLLECTING EFFICIENCY

FIELD OF THE INVENTION
[0001] This invention relates to elecirochemical cells employing a non-
aqueous electrolyte and a polyanion-based electrode active material, wherein the

cells are characterized as having increased current collecting efficiency.

BACKGROUND OF THE INVENTION
[0002] A battery consists of one or more electrochemical cells, wherein
each cell typically includes a positive electrode, a negative electrode, and an
electrolyte or other material for facilitating movement of ionic charge carriers
between the negative electrode and positive electrode. As the cell is charged,
cations migrate from the positive electrode to the electrolyte and, concurrently,
from the electrolyte to the negative electrode. During discharge, cations migrate
from the negative electrode to the electrolyte and, concurrently, from the
electrolyte to the positive electrode.
[0003] Such batteries generally include an electrochemically active material
having a crystal lattice structure or framework from which ions can be exiracted
and""subsequently reinserted, and/or permit ions to be inserted or intercalated

and subsequently extracted.
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[0004] Recently, three-dimensionally structured compounds comprising
polyanions (e.g., (SO,™, (PO,)™, (AsO4)", and the like), have been devised as
viable alternatives to oxide-based electrode materials such as LiM,O,, wherein M
is a transition metal such as cobalt (Co). These polyanion-based compounds
have exhibited some promise as electrode components, and are especially
suited for high rate applications. However, prior attempts to implement these
polyanion-based compounds in high rate secondary electrochemical cells has
proven substantially unsuccessful. Therefore, there is a current need for a
secondary electrochemical cell which, when a polyanion-based electrode active

material is employed, is capable of withstanding high rate cycling.

SUMMARY OF THE INVENTION
[0005] The present invention provides a novel secondary electrochemical
cell having an electrode active material represented by the nominai general
formula:
AaMm(XY g)oZe,
wherein:
(i) A is selected from the group consisting of elements from
Group | of the Periodic Table, and mixtures thereof, and 0 < a
<9

(iiy M includes at least one redox active element, and 1 sm < 3;
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(i) XY, is selected from the group consisting of X'[O4.Y",], X'[Oa.
v Y'oyl, XS4, [X,",X'12]O4, and mixtures thereof, wherein:
(a) X" and X" are each independently selected from the group
consisting of P, As, Sb, Si, Ge, V, S, and mixtures thereof;
(b) X" is selected from the group consisting of P, As, Sb, Si, Ge,
V, and mixtures thereof;
(c) Y' is selected from the group consisting of a halogen, S, N,
and mixtures thereof; and
(d)0sx<3,0=sy<2,0<sz=<1,and1<c=3;and
(iv)  Zis selected from the group consisting of a hydroxyl (OH), a
halogen selected from Group 17 of the Periodic Table, and
mixtures thereof, and 0 € e <4,
wherein A, M, X, Y, Z,a, m, ¢, X, Y, Z, and e are selected so as io maintain
electroneutrality of the material in its nascent or as-synthesized state.
[0006] In one embodiment, the secondary electrochemical cell is a
cylindrical cell having a spirally coiled or wound electrode assembly enclosed in a
cylindrical casing. In an alternate embodiment, the secondary electrochemical
cell is a prismatic cell having a jellyroll-type electrode assembly enclosed in a
cylindrical casing having a substantially rectangular cross-section.
[0007] In each embodiment described herein, the electrode assembly

includes a separator interposed between a first electrode (positive electrode) and



WO 2007/134091 PCT/US2007/068535

a counter second electrode (negative electrode), for electrically insulating the first
electrode from the second electrode. An electrolyte (preferably a non-aqueous
electrolyte) is provided for transferring ionic charge carriers between the first
electrode and the second electrode during charge and discharge of the
electrochemical cell.

[0008] The first and second electrodes each include an electrically
conductive current collector for providing electrical communication between the
electrodes and an external load. An electrode film is formed on at least one side
of each current collector, preferably both sides of the positive electrode current
collector, in a manner so as to provide an uncoated or exposed edge portion of
the current collector free from electrode film, which extends from a long edge of
each electrode. Each electrode is positioned relative to the separator, whereby
when the electrode assembly is wound or rolled-up, the exposed portions of each
elecirode project outward beyond the separator at opposing ends of the coiled or
wound electrode assembly.

[0009] A first electrode plate contacts the exposed portion of the first
electrode current collector in order to provide electrical communication between
the first electrode current collector and an external load. An opposing second
electrode plate contacts the exposed portion of the second electrode current
collector in order to provide electrical communication between the second

electrode current collector and an external load.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0010] Figure 1 is a schematic cross-sectional diagram illustrating the
structure of a non-aqueous electrolyte cylindrical electrochemical cell of the
present invention.
[0011] Figure 2 is a perspective view of the electrode assembly and

electrode plates.

[0012] Figure 3 is another perspective view of the electrode assembly.
[0013] Figure 4 is a perspective view of an electrode plate.
[0014] Figure 5 is a cross-sectional diagram illustrating an electrode plate

having an angled edge.

[0015] Figure 6 is a perspective view of another embodiment of an
electrode plate.

[0016] Figure 7 is a top view of another embodiment of an electrode plate.
[0017] Figure 8 is a perspective view of another embodiment of an
electrode plate.

[0018] Figure 9 is a top and sectional view of another embodiment of an
electrode plate.

[0019] Figure 10 is a cross-sectional diagram illustrating the structure of an

electrode plate and electrode assembly.



WO 2007/134091 PCT/US2007/068535

[0020] Figure 11 is a cross-sectional diagram illustrating another structure
of a non-agueous electrolyte cylindrical electrochemical cell of the present

invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0021] It has been found that the novel electrochemical cells of this
invention afford benefits over such materials and devices among those known in
the art. Such benefits include, without limitation, one or more of reduced internal
cell resistance, enhanced cycling capability, enhanced reversibility, enhanced
current collection efficiency, enhanced electrical conductivity, and reduced costs.
Specific benefits and embodiments of the present invention are apparent from
the detailed description set forth herein below. It should be understood,
however, that the detailed description and specific examples, while indicating
embodiments among those preferred, are intended for purposes of illustration
only and are not intended to limit the scope of the invention.
[0022] The present invention provides a electricity-producing
electrochemical cell having an electrode active material represented by the
nominal general formula (l):

AaMm(XY4)cZe. (1)

[0023] The term “nominal general formula” refers to the fact that the relative

proportion of atomic species may vary slightly on the order of 2 percentto 5

6
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percent, or more typically, 1 percent to 3 percent. The composition of A, M, XY,
and Z of general formula (1), as well as the stoichiometric values of the elements
of the active material, are selected so as to maintain electroneutrality of the
electrode active material. The stoichiometric values of one or more elements of
the composition may take on non-integer values.

[0024] For all embodiments described herein, A is selected from the group
consisting of elements from Group | of the Periodic Table, and mixtures thereof
(e.g. A, = A.2A’z, wherein A and A’ are each selected from the group consisting
of elements from Group | of the Periodic Table and are different from one
another, and a’ < a). As referred to herein, “Group” refers to the Group numbers
(i.e., columns) of the Periodic Table as defined in the current IUPAC Periodic
Table. (See, e.g., U.S. Patent 6,136,472, Barker et al., issued October 24, 2000,
incorporated by reference herein.} In addition, the recitation of a genus of
elements, materials or other components, from which an individual component or
mixture of components can be selected, is intended to include all possible sub-
generic combinations of the listed components, and mixtures thereof.

[0025] In one embodiment, A is selected from the group consisting of Li
(Lithium), Na (Sodium), K (Potassium), and mixtures thereof. A may be mixture
of Li with Na, a mixture of Li with K, or a mixture of Li, Na and K. In another
embodiment, A is Na, or a mixture of Na with K. In one preferred embodiment, A

is Li.
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[0026] A sufficient quantity (a) of moiety A should be present so as to allow
all of the “redox active” elements of moiety M (as defined herein below) to
undergo oxidation/reduction. In one embodiment, 0 < a £ 9. In another
embodiment, 3 £a <5. In another embodiment, 3 <a £ 5. Unless otherwise
specified, a variable described herein algebraically as equai to (“="), less than or
equal to (“<”), or greater than or equal to (“2”) a number is intended to subsume
values or ranges of values about equal or functionally equivalent to said number.
[0027] Removal of an amount of A from the electrode active material is
accompanied by a change in oxidation state of at least one of the "redox active”
elements in the active material, as defined herein below. The amount of redox
active material available for oxidation/reduction in the active material determines
the amount (a) of the moiety A that may be removed. Such concepis are, in
general application, well known in the art, e.g., as disclosed in U.S. Patent
4,477,541, Fraioli, issued October 16, 1984; and U.S. Patent 6,136,472, Barker,
et al., issued October 24, 2000, both of which are incorporated by reference
herein.

[0028] In general, the amount (a) of moiety A in the active material varies
during charge/discharge. Where the active materials of the present invention are
synthesized for use in preparing an alkali metal-ion battery in a discharged state,
such active materials are characterized by a relatively high value of "a", with a

correspondingly low oxidation state of the redox active components of the active

8
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material. As the electrochemical cell is charged from its initial uncharged state,
an amount (b) of moiety A is removed from the active material as described
above. The resulting structure, containing less amount of the moiety A (i.e., a-b)
than in the as-prepared state, and at least one of the redox active components
having a higher oxidation state than in the as-prepared state, while essentially
maintaining the original stoichiometric values of the remaining components (e.g.
M, X, Y and Z). The active materials of this invention include such materials in
their nascent state (i.e., as manufactured prior to inclusion in an electrode) and
materials formed during operation of the battery (i.e., by insertion or removal of
A).

[0029] For all embodiments described herein, moiety A may be partially
substituted by moiety D by aliovalent or isocharge substitution, in equal or
unequal stoichiometric amounts, wherein:

@  As=[Acgv) D),

(b) V*is the oxidation state of moiety A (or sum of oxidation
states of the elements consisting of the moiety A), and VP is the oxidation state of
moiety D;

() VA=VPorVA#VP

(d) f=dorf#d;and

(e) fd>0andd=sf=a.
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[0030] “Isocharge substitution" refers to a substitution of one element on a
given crystallographic site with an element having the same oxidation state (e.g.
substitution of Ca®* with Mg?*). "Aliovalent substitution” refers to a substitution of
one element on a given crystallographic site with an element of a different
oxidation state (e.g. substitution of Li* with Mg?").

[0031] Moiety D is at least one element preferably having an atomic radius
substantially comparable to that of the moiety being substituted (e.g. moiety M
and/or moiety A). In one embodiment, D is at least one transition metal.
Examples of transition metals useful herein with respect to moiety D include,
without limitation, Nb (Niobium), Zr (Zirconium), Ti (Titanium), Ta (Tantalum), Mo
(Molybdenum), W (Tungsten), and mixtures thereof. In another embodiment,
moiety D is at least one element characterized as having a valence state of 2 2+
and an atomic radius that is substantially comparable to that of the moiety being
substituted (e.g. M and/or A). With respect to moiety A, examples of such
elements include, without limitation, Nb (Niobium), Mg (Magnesium) and Zr
(Zirconium). Preferably, the valence or oxidation state of D (VP) is greater than
the valence or oxidation state of the moiety (or sum of oxidation states of the
elements consisting of the moiety) being substituted for by moiety D (e.g. moiety

M and/or moiety A).

10
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[0032] For all embodiments described herein where moiety A is partially
substituted by moiety D by isocharge substitution, A may be substituted by an
equal stoichiometric amount of moiety D, whereinf,d> 0,f<a, andf=d.

[0033] Where moiety A is partially substituted by moiety D by isocharge
substitution and d # f, then the stoichiometric amount of one or more of ihe other
components (e.g. A, M, XY, and Z) in the active material must be adjusted in
order to maintain electroneutrality.

[0034] For all embodiments described herein where moiety A is partially
substituted by moiety D by aliovalent substitution, moiety A may be substituted
by an “oxidatively” equivalent amount of moiety D, wherein: f =d; f,d < 0; and f <
a.

[0035] Where moiety is partially substituted by moiety D by aliovalent
substitution and d # f, then the stoichiometric amount of one or more of the other
components (e.g. A, M, XY, and Z) in the active material must be adjusted in
order to maintain electroneutrality.

[0036] Referring again to general formula (1), in ali embodiments described
herein, moiety M is at least one redox active element. As used herein, the term
"redox active element" includes those elements characterized as being capable
of undergoing oxidation/reduction to another oxidation state when the
electrochemical cell is operating under normal operating conditions. As used

herein, the term "normal operating conditions" refers to the intended voltage at

11
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which the cell is charged, which, in turn, depends on the materials used to
construct the cell.

[0037] Redox active elements useful herein with respect to moiety M
include, without limitation, elements from Groups 4 through 11 of the Periodic
Table, as well as select non-transition metals, including, without limitation, Ti
(Titanium), V (Vanadium), Cr (Chromium), Mn (Manganese), Fe (lron), Co
(Cobalt), Ni (Nickel), Cu (Copper), Nb (Niobium), Mo (Molybdenumj), Ru
(Ruthenium), Rh (Rhodium), Pd (Palladium), Os (Osmium), Ir (Iridium), Pt
(Platinum), Au (Gold), Si (Silicon), Sn (Tin), Pb (Lead), and mixtures thereof. For
each embodiment described herein, M may comprise a mixture of oxidation
states for the selected element (e.g., M = Mn**Mn**). Also, “include,” and its
variants, is intended to be non-limiting, such that recitation of items in a list is not
to the exclusion of other like items that may also be useful in the materials,
compositions, devices, and methods of this invention.

[0038] In one embodiment, moiety M is a redox active element. In one
subembodiment, M is a redox active element selected from the group consisting
of Ti**, V?*, Cr¥*, Mn%, Fe?*, Co®, Ni**, Cu®*, Mo®*, Si**, Sn**, and Pb?*. In
another subembodiment, M is a redox active element selected from the group
consisting of Ti**, V¥, Cr**, Mn*, Fe®*, Co®, Ni**, Mo®*, and Nb®".

[0039] In another embodiment, moiety M includes one or more redox active

elements and {(optionally) one or more non-redox active elements. As referred to

12
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herein, “non-redox active elements” include elements that are capable of forming
stable active materials, and do not undergo oxidation/reduction when the
electrode active material is operating under normal operating conditions.

[0040] Among the non-redox active elements useful herein include, without
limitation, those selected from Group 2 elements, particularly Be (Beryllium), Mg
(Magnesium), Ca (Calcium), Sr (Strontium), Ba (Barium); Group 3 elements,
particularly Sc (Scandium), Y (Yttrium), and the lanthanides, particularly La
(Lanthanum), Ce (Cerium), Pr (Praseodymium), Nd (Neodymium), Sm
(Samarium); Group 12 elements, particularly Zn (Zinc) and Cd (Cadmium);
Group 13 elements, particularly B (Boron), Al (Aluminum), Ga (Gallium), In
(Indium), Tl (Thallium); Group 14 elements, particularly C (Carbon) and Ge
(Germanium), Group 15 elements, particularly As (Arsenic), Sb (Antimony), and
Bi (Bismuth); Group 16 elements, particularly Te (Tellurium); and mixtures
thereof.

[0041] In one embodiment, M = Ml Mll,, wherein 0 <0 + n £ 3 and each of
o and n is greater than zero (0 < o,n), wherein Ml and MIl are each independently
selected from the group consisting of redox active elements and non-redox active
elements, wherein at least one of Ml and Mil is redox active. Ml may be partially
substituted with Ml by isocharge or aliovalent substitution, in equal or unequal

stoichiometric amounts.

13
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[0042] For all embodiments described herein where Ml is partially
substituted by Ml by isocharge substitution, Ml may be substituted by an equal
stoichiometric amount of Mil, whereby M = Ml ,Mil,. Where Ml is partially
substituted by Ml by isocharge substitution and the stoichiometric amount of Ml
is not equal to the amount of Mil, whereby M = Ml (MIl, and o # p, then the
stoichiometric amount of one or more of the other components (e.g. A, D, XY,
and Z) in the active material must be adjusted in order to maintain
electroneutrality.

[0043] For all embodiments described herein where Ml is partially
substituted by Mil by aliovalent substitution and an equal amount of Ml is
substituted by an equal amount of MIl, whereby M = Ml ,Mil,, then the
stoichiometric amount of one or more of the other components (e.g. A, D, XY,
and Z) in the active material must be adjusted in order to maintain
electroneutrality. However, Ml may be partially substituted by Mll by aliovalent
substitution by substituting an “oxidatively” equivalent amount of Ml for M,

whereby M=MI_, Ml , , wherein V" is the oxidation state of MI, and vMis the

v
oxidation state of MIl.

[0044] In one subembodiment, M! is selected from the group consisting of
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Mo, Si, Pb, Mo, Nb, and mixtures thereof, and MI|

is selected from the group consisting of Be, Mg, Ca, Sr, Ba, Sc, Y, Zn, Cd, B, Al

14
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Ga, In, C, Ge, and mixtures thereof. In this subembodiment, Ml may be
substituted by MIl by isocharge substitution or aliovalent substitution.

[0045] In another subembodiment, Ml is partially substituted by Ml by
isocharge substitution. In one aspect of this subembodiment, Ml is selected from
the group consisting of Ti?*, V2, Cr?*, Mn?*, Fe?*, Co®, Ni#*, Cu**, Mo, Si™,
Sn?*, Pb%*, and mixtures thereof, and Ml is selected from the group consisting of
Be®", Mg?*, Ca®*, Sr**, Ba®*, Zn**, Cd®*, Ge™, and mixtures thereof. In another
aspect of this subembodiment, Ml is selected from the group specified
immediately above, and Mil is selected from the group consisting of Be?, Mg?*,
Ca**, Sr**, Ba®*, and mixtures thereof. In another aspect of this subembodiment,
Ml is selected from the group specified above, and Ml is selected from the group
consisting of Zn?*, Cd®*, and mixtures thereof. In yet another aspect of this
subembodiment, Ml is selected from the group consisting of Ti**, V3, Cr®*, Mn®**,
Fe® Co®, Ni**, Mo®, Nb*, and mixtures thereof, and MIl is selected from the
group consisting of S¢*, Y%, B¥*, AI**, Ga®, In**, and mixtures thereof.

[0046] In another embodiment, Ml is partially substituted by Mll by
aliovalent substitution. In one aspect of this subembodiment, Mi is selected from
the group consisting of Ti#*, V&, Cr?*, Mn?", Fe®*, Co®", Ni**, Cu®*, Mo™, Si*",
Sn?*, Pb?*, and mixtures thereof, and Ml is selected from the group consisting of
sc®t v3, B, A%, Ga*, In**, and mixtures thereof. In another aspect of this

subémbodiment, Ml is a 2+ oxidation state redox active element selected from
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the group specified immediately above, and Mll is selected from the group
consisting of alkali metals, Cu'*, Ag'* and mixtures thereof. In another aspect of
this subembodiment, Ml is selected from the group consisting of Ti**, V®*, Cr**,
Mn3* Fe**, Co®, Ni**, Mo®", Nb®, and mixtures thereof, and Ml is selected from
the group consisting of Be**, Mg®, Ca®*, Sr**, Ba**, Zn®**, Cd*', Ge®", and
mixtures thereof. In another aspect of this subembodiment, Mi is a 3+ oxidation
state redox active element selected from the group specified immediately above,
and MIl is selected from the group consisting of alkali metals, Cu'*, Ag'* and
mixtures thereof.
[0047] In another embodiment, M = M1,M2,M3;, wherein:
(i) M1 is a redox active element with a 2+ oxidation state;
(i) M2 is selected from the group consisting of redox and non-
redox active elements with a 1+ oxidation state;
(i) M3 is selected from the group consisting of redox and non-
redox active elements with a 3+ or greater oxidation state; and
(iv) at least one of g, r and s is greater than 0, and at least one of
M1, M2, and M3 is redox active.
[0048] In one subembodiment, M1 is substituted by an equal amount of M2
and/or M3, whereby g = q - (r + s8). In this subembodiment, then the
stoichiometric amount of one or more of the other components (e.g. A, XY4, Z) in

the active material must be adjusted in order to maintain electroneutrality.
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[0049] In another subembodiment, M' is substituted by an “oxidatively”

equivalent amount of M? and/or M?, whereby M=M1 , _ M2, M3 _ , wherein

v T
VM is the oxidation state of M1, VM2 is the oxidation state of M2, and V™® is the
oxidation state of M3.

[0050] In one subembodiment, M1 is selected from the group consisting of
Ti?*, V&, Cr®*, Mn®*, Fe*, Co™, Ni?*, Cu®, Mo*, Si¥*, Sn?*, Pb?*, and mixtures
thereof; M2 is selected from the group consisting of Cu'*, Ag'* and mixtures
thereof; and M3 is selected from the group consisting of Ti**, V¥, Cr®*, Mn®*,
Fe*, Co®, Ni**, Mo®, Nb*, and mixtures thereof. In another subembodiment,
M1 and M3 are selected from their respective preceding groups, and M2 is
selected from the group consisting of Li'*, K'*, Na'™, Ru'*, Cs ™*, and mixtures
thereof.

[0051] In another subembodiment, M1 is selected from the group consisting
of Be**, Mg?*, Ca®, Sr**, Ba®, Zn®*, Cd**, Ge**, and mixtures thereof; M2 is
selected from the group consisting of Cu™, Ag'* and mixtures thereof; and M3 is
selected from the group consisting of Ti**, V**, Cr*, Mn®*, Fe®", Co®*, Ni**, Mo¥,
Nb*, and mixtures thereof. In another subembodiment, M1 and M3 are selected
from their respective preceding groups, and M2 is selected from the group
consisting of Li'*, K", Na'*, Ru™, Cs ™, and mixtures thereof.

[0052] In another subembodiment, M1 is selected from the group consisting

of Ti*t, V¥, Cr**, Mn?*, Fe**, Co®", Ni?*, Cu®*, Mo®*, Si**, Sn**, Pb®*, and mixtures

17
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thereof; M2 is selected from the group consisting of Cu', Ag'*, and mixtures
thereof; and M3'is selected from the group consisting of Sc**, Y**, B¥, Al**, Ga*,
In®*, and mixtures thereof. In another subembodiment, M1 and M3 are selected
from their respective preceding groups, and M2 is selected from the group
consisting of Li'*, K'*, Na'*, Ru'*, Cs', and mixtures thereof.
[0053] In all embodiments described herein, moiety XY, is a polyanion
selected from the group consisting of X'[O4.x Y'x], X'[Oay,Y’oyl, XS4, [X",X'12]04,
and mixtures thereof, wherein:
(a) X and X" are each independently selected from the group
consisting of P, As, Sb, Si, Ge, V, S, and mixtures thereof;
(b) X”is selected from the group consisting of P, As, Sb, Si, Ge,
V, and mixtures thereof;
(c) Y is selected from the group consisting of a halogen, S, N,
and mixtures thereof; and
(d 0=x=53,0sys2,0sz=s1,and1=scs3
[0054] in one embodiment, XY, is selected from the group consisting of
X' O4xY'ss X'O4yY'sy, and mixtures thereof, and x and y are both 0 (x,y = 0).
Stated otherwise, XY, is a polyanion selected from the group consisting of POy,
Si04, GeQy, VO, AsOy, SbO,, SO,, and mixtures thereof. Preferably, XY, is PO,
(a phosphate group) or a mixture of PO, with another anion of the above-noted

group (i.e., where X' is not P, Y’ is not O, or both, as defined above). In one
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embodiment, XY, includes about 80% or more phosphate and up to about 20%
of one or more of the above-noted anions.

[0055] in another embodiment, XY, is selected from the group consisting of
X'[O4x Y'x], X[O4.,Y’2,], and mixtures thereof, and 0 < x<3and 0 <y s 2,
wherein a portion of the oxygen (O) in the XY, moiety is substituted with a
halogen, S, N, or a mixture thereof.

[0056] In all embodiments described herein, moiety Z (when provided) is
selected from the group consisting of OH (Hydroxyl), a halogen, or mixtures
thereof. In one embodiment, Z is selected from the group consisting of OH, F
(Fluorine), CI (Chlorine), Br (Bromine), and mixtures thereof. In another
embodiment, Zis OH. In another embodiment, Z is F, or a mixture of F with OH,
Cl, or Br. Where the moiety Z is incorporated into the active material of the
present invention, the active material may not take on a NASICON structural. It
is quite normal for the symmetry fo be reduced with incorporation of, for example,
one or more halogens.

[0057] The composition of the electrode active material, as well as the
stoichiometric values of the elements of the composition, are selected so as to
maintain electroneutrality of the electrode active material. The stoichiometric
values of one or more elements of the composition may take on non-integer
values. Preferably, the XY, moiety is, as a unit moiety, an anion having a charge

of -2, -3, or -4, depending on the selection of X', X", X" Y’, and x and y. When

19



WO 2007/134091 PCT/US2007/068535

XY, is a mixture of polyanions such as the preferred phosphate/phosphate
substitutes discussed above, the net charge on the XY, anion may take on non-
integer values, depending on the charge and composition of the individual groups
XY, in the mixture.
[0058] In one embodiment, the electrode active material is represented by
the general formula (If):

AaMy(PO4)Zy, (1
wherein moieties A, M, and Z are as described herein above, 0.1 <a<4,8<b<
1.2and 0 = d <4; and wherein A, M, Z, a, b, and d are selected so as to maintain
electroneuirality of the electrode active material in its nascent or as-synthesized
state. Specific examples of electrode active materials represented by general
formula (1), wherein d > 0, include LizFeq gMgoe 1PO4F, LisFeq Mg sPO4F,
LisFeq.esMgo.osPO4F, LiCOPO,F, LisFePO,F, and Li,MnPO,F.
[0059] In a subembodiment, M includes at least one element from Groups 4
to 11 of the Periodic Table, and at least one element from Groups 2, 3, and 12-
16 of the Periodic Table. In a particular subembodiment, M includes an element
selected from the group consisting of Fe, Co, Mn, Cu, V, Cr, and mixtures
thereof; and a metal selected from the group consisting of Mg, Ca, Zn, Ba, Al,
and mixtures thereof.
[0069] In another embodiment, the electrode active material is represented

by the general formula (l11):
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AM’1 M"PQy,, (1
wherein moiety A is as described herein above, and wherein M’ is at least one
transition metal from Groups 4 to 11 of the Periodic Table and has a +2 valence
state; M” is at least one metallic element which is from Group 2, 12, or 14 of the
Periodic Table and has a +2 valence state; and 0 <j< 1. Inone
subembodiment, M’ is selected from the group consisting of Fe, Co, Mn, Cu, V,
Cr, Ni, and mixtures thereof; more preferably M’ is selected from Fe, Co, Ni, Mn
and mixtures thereof. Preferably, M” is selected from the group consisting of Mg,
Ca, Zn, Ba, and mixtures thereof.
[0061] In another embodiment, the elecirode active material is represented
by the general formula (1V):

LiFe.qM (PO, (IV)
wherein M is selected from the group consisting of Mg, Ca, Zn, Sr, Pb, Cd, Sn,
Ba, Be, and mixtures thereof; and 0 < g < 1. In one subembodiment, 0 < g < 0.2.
In a another subembodiment, M’ is selected from the group consisting of Mg, Ca,
Zn, Ba, and mixtures thereof, more preferably, M is Mg. In another
subembodiment the electrode active material is represented by the formula LiFe..
qMg4POy4, wherein 0 < g £ 0.5. Specific examples of electrode active materials
represented by general formula (IV) include LiFeqgMgo POy, LiFeggMgg 1PO,,

and Li Feo_g5Mgo_05PO4.

21



WO 2007/134091 PCT/US2007/068535

[0062] In another embodiment, the electrode active material is represented
by the general formula (V):
A.Co,Fe M™%, M™, M XY,, (V)
wherein:
(i) moiety A is as described herein above, 0 <as2
(i u>0andv>0;
(i)  M™is one or more transition metals, wherein w > 0;
(iv) M is one or more +2 oxidation state non-transition metals, wherein
aaz0;
(v)  M™ is one or more +3 oxidation state non-transition metals, wherein
bb = 0;
(viy XY, is selected from the group consisting of X'O4.4Y’y,
X'O4yY’2y, X"S4, and mixtures thereof, where X’ is selected from the
group consisting of P, As, Sb, Si, Ge, V, S, and mixtures thereof; X”
is 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 0 <y £2; and
wherein 0 < (U + v + w + aa + bb) < 2, and M™®, M, M"®, XY,, a, u, v, w,
aa, bb, x, and y are selected so as to maintain electroneutrality of the electrode
active material in its nascent or as-synthesized state. In one subembodiment,

08<(u+v+w+aa+bb)<1.2 whereihu>0.8and 0.056<v<0.15. In
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another subembodiment, 0.8 < (u + v + w + aa + bb) < 1.2, wherein u = 0.5, 0.01
<v<0.5,and 0.01 £w<0.5.
[0063] In one subembodiment, M'® is selected from the group consisting of
Ti, V, Cr, Mn, Ni, Cu and mixtures thereof, In another subembodiment, M is
selected from the group consisting of Mn, Ti, and mixtures thereof. In another
subembodiment, M'* is selected from the group consisting of Be, Mg, Ca, Sr,
Ba, and mixtures thereof. In one particular subembodiment, M is Mg and 0.01
< bb < 0.2, preferably 0.01 <bb <0.1. In another particular subembodiment, M
is selected from the group consisting of B, Al, Ga, In, and mixtures thereof.
[0064] In another embodiment, the electrode active material is represented
by the general formula (VI):
LIM(PO,,Y'), (V1)

wherein M is M6, .M""; ;M8 .M"%; and

(i)  M™is one or more transition metals;

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

(i) 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

wherein cc > 0, each of dd, ee, and ff2 0, (cc +dd +ee +ff) <1, and 0 < x

<£0.2. In one subembodiment, cc = 0.8. In another subembodiment, 0.01 < (dd +
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ee) < 0.5, preferably 0.01 £ dd < 0.2 and 0.01 < ee < 0.2. In another
subembodiment'x = 0.
[0065] In one particular subembodiment, M'® is a +2 oxidation state
transition metal selected from the group consisting of V, Cr, Mn, Fe, Co, Cu, and
mixtures thereof. In another subembodiment, M'® is selected from the group
consisting of Fe, Co, and mixtures thereof. In a preferred subembodiment M is
selected from the group consisting of Be, Mg, Ca, Sr, Ba and mixtures thereof.
In a preferred subembodiment M'® is Al. In one subembodiment, M'® is selected
from the group consisting of Li, Na, and K, wherein 0.01 <ff <0.2. In a preferred
subembodiment M' is Li. In one preferred subembodiment x = 0, (cc + dd + ee
+ff) = 1, M"" is selected from the group consisting of Be, Mg, Ca, Sr, Ba and
mixtures thereof, preferably 0.01 <dd < 0.1, M'® is Al, preferably 0.01 < ee < 0.1,
and M'? is Li, preferably 0.01 <ff < 0.1. In another preferred subembodiment, 0
<X £0, preferably 0.01 < x <0.05, and (cc + dd + ee + ff) < 1, wherein cc > 0.8,
0.01<dd<0.1,0.01 <ee<0.1and fi=0. Preferably (cc+dd +ee)=1~-x.
[0066] In another emboediment, the electrode active material is represented
by the general formula (Vil):
A'.(MO),M’1.,XO4, (VH)
wherein
(i) Alis independently selected from the group consisting of Li, Na, K

and mixtures thereof, 0.1 <a < 2;
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(i) M comprises at least one element, having a +4 oxidation state,
which is redox active; 0 < b < 1;
(i) M’ is one or more metals selected from metals having a +2 and a +3
oxidation state; and
(iv) Xis selected from the group consisting of P, As, Sb, Si, Ge, V, S,
and mixtures thereof.
[0067] In one subembodiment, A’ is Li. In another subembodiment, M is
selected from a group consisting of +4 oxidation state transition metals. In a
preferred subembodiment, M is selected from the group comprising Vanadium
(V), Tantalum (Ta}, Niobium (Nb), molybdenum (Mo), and mixtures thereof. In
another preferred subembodiment M comprises V, and b = 1. M’ may generally
be any +2 or +3 element, or mixture of elements. In one subembodiment, M’ is
selected from the group consisting V, Cr, Mn, Fe, Co, Ni, Mo, Ti, Al, Ga, In, Sb,
Bi, 5S¢, and mixtures thereof. In another subembodiment, M’ is selected from the
group consisting of V, Cr, Mn, Fe, Co, Ni, Ti, Al, and mixtures thereof. In one
preferred subembodiment, M’ comprises Al. Specific examples of electrode
active materials represented by general formula (VIl) include LiVOPOQ,,
Li{VO)o.75sMng 25POy, Lig7sNag 25 VOPO,, and mixtures thereof.
[0068] In another embodiment, the electrode active material is represented
by the general formula (VIII):

AaMo(XY4)aZa,  (VINI)
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wherein moieties A, M XY, and Z are as described herein above, 2 <a <8,
1<b<3,and0<Ld<86;and
wherein M, XY,, Z, a, b, d, x and y are selected so as to maintain

electroneutrality of the electrode active material in its nascent or as-synthesized

state.

In one subembodiment, A comprises Li, or mixtures of Li with Na or K. in
another preferred embodiment, A comprises Na, K, or mixtures thereof. In
another subembodiment, M is selected from the group consisting of Fe, Co, Ni,
Mn, Cu, V, Zr, Ti, Cr, and mixtures thereof. in another subembodiment, M
comprises 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,
Ni, Mn, Cu, V, Zr, Ti, Cr, and mixtures thereof. In subembodiment, M comprises
M 1.M"m, where M’ is at least one transition metal from Groups 4 to 11 of the
Periodic Table; and M” is at least one element from Groups 2, 3, and 12 - 16 of
the Periodic Table; and 0 < m < 1. Preferably, M’ is selected from the group
consisting of Fe, Co, Ni, Mn, Cu, V, Zr, Ti, Cr, and mixtures thereof; more
preferably M’ is selected from the group 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” is
selected from the group consisting of Mg, Ca, Zn, Ba, Al, and mixtures thereof.

In a preferred embodiment, XY, is PO,4. In another subembodiment, X’
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comprises As, Sb, Si, Ge, S, and mixtures thereof; X” comprises As, Sb, Si, Ge
and mixtures thereof; and 0 < x < 3. In a preferred embodiment, Z comprises F,
or mixtures of F with Cl, Br, OH, or mixtures thereof. In another preferred
embodiment, Z comprises OH, or mixtures thereof with Cl or Br. One particular
example of an electrode active material represented by general formula (VIII) is
LizVo(POy)s.

[0069] Non-limiting examples of active materials represented by general
formulas (1) through (VIII} include the following: LigesC0qgFeg 15Al0.0sPO4,
Li1.025C00.85F€0.05Al0.025MT0.0sPO4, Li1.025C00.80F€0.10Al0.025MT0.05P s,
Li1.025C00.45F€0.45Al0.025MG0.0sPO4, Li1.025C00.75F€0.15Al0.025M0.0sP O,
Li1.025C00.7(F€0.4MnNo.6)0.2Al0.025MJ0.05PO4, Li1.025C00.75F€0.15Al0.025MJo0.0sPOs,
Li1.025C00.857€0.05Al0.025M00.0sP O4, Li1.025C007F€0.08MN0.12Al0.025MJo.05P O4,
LiCog.75Fe0.15Al0.025C20,05PO3.975F 0,025, LiC00.80F€0.10Al0.025C80.0sP O3.975F 0.025,
Li1.25C00.6F€0.1MnNg.675MJo.025Al0.0sP O4, Lit oNg,25C00,6F€0.1CU0.075Mo0.025Al0,05PO4,
Li1.025C00.8F€0.1Al0.025MG0.075P 4, Li1.025C00 6F€0.05Al0.12MJo0.0325P O3.75F 0,25,
Li1.025C00.7F€0.1MJ0.0025Al0,04P O3 75F 0,25, Lio.75C00.5F0.05MG0.015Al0.04PO3F,
Lio.7sC00.5F€0.025CU0.025B€0.015Al0.04PO3F, Lig 75C00 5F€0.025MN0.025Ca0.015Al0.04P O3F,
Li1.025C00.6F€0.05B0.12C@0.0325P O3 75F 0.25, Li1.025C00.65F€0.05MG0.0125Al0.1PO3.75F 0 25,
Li1.025C00.65F€0.0sMo0.065Al0.14P O3 975F 0.025,
Li1.075C00.8F€0.0sMg0.025Al0.05P O3.975F 0.025, LiCO0.8F€0.1Al0 025MJ0,05P O3 675F 0.025,

Lig.2sFe0.7Alp.45PO4, LiMNAlg g67(PO4)0.6(SiO4)o2: Lig.e5C00.8Al5.0sMdo.05PO4,
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Lig.osFe0.8Ca0.15Al0.05PO4, Lio 2sMNBeg 425Ga0 5S04, LigsNag2sMhg 6Cags75Al.1PO4,
Lio.25Al0.25MJ0.25€00.75P 04, Nao 55B0.1sNio.75B80.25P 04, Lis 025C00.0Al5.025MJ0.0sPO4,
K1.025Mi0.00Al0.025C80,05P Oy, Lio.05C00.9Al0.0sMJ0.0sPO4, LiossFeosCao 15Al0.05P 04,
[0070] Li1.025C00.7(F€0.4MnNg 6)0.2Al0.025M00.05PO4,,
Li1.025C00.8F€0.1Al0.025MJ0.0sPOs,  Li1.025C00.9Al0.025MT0.05PO4,
Li1.025C00.75F€0.15Al0,025MJ0.025P O,

[0071] LiCoq 75F€0.15Al0.025Ca0.0sPO3.975F 0.025,
LiCG0.9Al0.025M00.0sP O3 .975F 0,025

[0072] Lio.75C00.625Al0.25PO3.75F 0.25, Li1.075C00.8CU0.05MJ0.025Ak0.05PO3.975F0.025,
Li1.075F€0.8MJo.075Al0.05P O3 9755 0,025, Li1.075C00.8MJ0.075Al0.05PO3.975F 0,025,
Li1.025C00.8Mgo.1Al0.05P O3 975F0.025, LiC007F€0.2Al0.025MT0,05PO3.975F 0,025,

[0073] LisFeo sMgooPO4F; LisFeqsCoqsPO4F; LisCoPO4F,. KFe(POsF)F;
Li,Co(PO3F)Bry; LiosFe(POsFo)F; LipFePO,Cl; LioMnPO,0OH; LixCoPO4F;
LisFeqsC0psPO4F; LisFeqoMgo 1PO4F; LisFeqsMgePO4F;

Lij 2sFeqoMgo.1PO4Fo2s; LioMNPO,F; Li;CoPO4F; KoFesgMgo 1PosASesO4F;
LixMnSbO,OH; LixFeqsC04.4S004Br; NasCoAsO,F,. LiFe(AsO;F)Cl;
LioCo(ASgs500503F)Fa. KoFe(AsOsFo)F; LipNiSbO4F; LixFeAsO4OH;
LisMny(PO,)sF; NasFeMn(PO,);0H; LisFeV(PO,4)3Br; LisVAI(PO,)sF;
K3VAI(PO,)sCl; LIKNaTiFe(PQy)sF; LisTio(PO4)sBr; LisVo(POg)sk2.
LisFeMg(PO,4)20H; LisMny(AsOy)sF; KiFeMn(AsO,)30H; LisFeV(PosSbos04)sBr;

LiNaKAIV(AsO,)sF; KaVAI(SbO,)sCl; LisTiV(SbOy)sF; Liz2FeMn(Po sAses03F)a;
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LisTio(POy4)sF; Liz25Va(PO4)sFo.2s LisNag7sFea(POy)sFo.7s,
NagsFex(PO4)s(OH)Clys, KeTio(PO4)sF3sBra; KsTin(POy)sFs; LisTia(PO4)sF;

LiNaq 25Va(PO4)sFo5Clo7s; KaosMno(PO4)3OHg2s; LiNay ssKTiV(PO,4)3(OH)4 25CI;
NagTio(PO4)aFsClo; LizFex(PO,)sF2; LisFeMg(PO4)aF 2 25Clo 7s;

LisNap s TIMN(PO4)3(OH).Clos; NagKssMnCa(PO,)3(0OH), sBr; KoFeBa(PO4)sF:Cly.
Liz Tip(SiO4)2(PO4)Fo; NagMn,(SiO4)a(PO4)F2Cl; LigKoVa(SiO4)2(POL)(OH)CI;
LisTio(SiO4)2(PO4)(OH); LiaNaKV,(SiOy)o(PO4)F;  LisTiFe(PO4)sF;
NasK.VMg(PO4)sFCI; LisNaAINi(PO4)s(OH); LisKsFeMg(PQ,)sF2,
LioNasKoCrMn(PO4)a(OH)Br; LisTiCa(PO,)aF; LigTig7sFes s(PO4)sF;
LisNaSnFe(PO,)3(OH); LisNaGeqsNip(PO4)3(OH); NazKoVCo(PO,4)s(OH)CI;
LisNa,MnCa(PQO,4)sF(OH); LisNaKTiFe(PQ,)sF; Li;FeCo(SiO4)(PO.)F;
LiaNasTiV(SiO4) PO4F; KssCrMn(SiO,)(PO4)Clgs;

LisNay 5V2(8i04)2(PO4)(OH)os5; Nag 2sFeMn(SiO4)2(PO4)Bro 25,

Lis s VCO(SiO4)2 5(PO4)osF; Na725Va(SiO4)2.25(POylo7sF2; LiaNaVTi(SiO4)3FosClos;
NayKo sZrV(SiOy)sFos; LisKoMnV(SiOy) 3(OH),; LisNasKTiz(Si0,)sF;
KeV2(Si04)3(OH)Br; LigFeMn(SiO4)sF2; NagK, sMnNi(SiO4)a(OH); 5;
LisNasKTiV(SiO4)a(OH)osClos; KoVCr(SiO4)3FCl; LigNasVo(SiOy4)sFBr;
LisFeMg(SO,)sF,; NaKNICo(SO,)3(0H); NasMnCa(SQ4)sF-Cl;
LisNaCoBa(SO4)aFBr; LipsKosFeZn(S04);sF; LisMgFe(SO,)sF»;
LipNaCaV(S0,)sFCl; NayNiMn(SO,)3(OH),; NaKBaFe(SO,)sF;

LE2KCUV(SO4)3(OH)BI’; Li; sCOPO4Fgs; Lii2sCoPO4Fg 25 Liy7sFePOsFq7s;
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Li1 6sMNPO4sFoee; Li15C0075Ca025PO4Fo5; Lit75C00.8MnNo2PO4F 75
Li125F€0.75MQ0.05sPO4Fo25; Liy66C008ZN04POsFoes; KMNoSiO4CH; LipsVSIOL(OH),;
Li;CoGeO,F; LiIMnSO4F; NaFeqsMge1S0O4Cl; LiFeSO4F; LiMnSO,OH;
KMNnSO4F; Lis75Mng sMgo 2PO4Fo75; LisFeZn(PO4)Fs; LiosVo.75Mgos(PO4)Fo.zs;
LizVosAlos(PO4)Fss; Lig7sVCa(PO4)F+ 75 Lis;CuBa(POy4)F,;
LipsVosCa(PO,)(OH), 5; Liy sFeMg(PO4)(OH)CI; LiFeCoCa(PO,)(OH)sF;
LisCoBa(PO,)(OH)2Brz; Lio7sMny sAlI(PO4)(OH)3 75, LizC0g.75Mgo.25(PO4)F;
LiNaCog gMgo(PO4)F; NaKCogsMgos(PO4)F; LiNagsKosFeo 7sMge2s(PO4)F;
Li1.sKo.sVo.52N05(PO4)F2; NagFeMg(PS4)s(OH2)Cl; LisMny 5C00.5(PO3F)3(OH)3 5
KeFeMg(PO3F)3FsCls LisFeoMg(S04)3Cls; LiTix(SO4)sCl, LiMNna(SO,)sF,
LizNia(S04)3Cl, LizC02(SO4)sF, LizFex(S04)sBr, LisMna(SO,4)sF, LisMnFe(SO,)4F,
LisNiCo(S04)sCl; LiMnSO,4F; LiFeSO,CI; LiNiISO4F; LiCoSO,4Cl; LiMn,.
«FexSO4F, LiFe , Mg,SO4F; Li-ZrMn(SiOy4)sF; Li;MnCo(SiO,)sF;
Li;MnNi(SiO4)sF; Li;VAI(SIO,)sF; LisMnCo(PO,)2(Si0O4)F; Li,VAI(PO4)(SIOL)F;
LisMnV(PQO,)o(SiOg)F; LisVFe(PO4)2(SiO4)F; LiggVPOsFes; LiosVPO4Fos;
LiIVPO4F; LisVa(POy)oFs; LIVPOLCI; LIVPOLOH; NaVPO,F; NagVa(POy)oFs;
LiVogAlo 1PO4F; LiFePOLF; LiTiPO4F; LiCrPO4F; LiFePOy; LICoPO,, LIMNPOy;
LiFeqsMgo.1POy; LiFeq sMgo2POy; LiFeq gsMQo.0sPO4; LiFesgCag 1POy;
LiFeosCagsPOs; LiFegsZng.POy; LiMng sFeq2POy; LiMnggFeg sPO4; LizVa(POy)s;
LisFes(POy)s; LisMNa(PQOy)s; LisFeTi(POy)s; LisCoMn(PO,)s; LisFeV(PO,)s;

L|3VT|(PO4)3, LigFecr(PO4)3; Li3F9M0(PO4)3; L|3F8N](PO4)3, LE3FGMﬂ(PO4)3;

30



WO 2007/134091 PCT/US2007/068535

LisFeAl(PQOy)s; LisFeCo(PQy)s; LigTia(POy)s; LisTiICHPOy)s; LisTIMN(PO,)s;
LisTiMo(PQOy)s; LizTICO(POy)s; LisTIAI(PO4)a; LisTiNi(PO4)3; LiaZrMnSiP,0y5;
LizVoSiPy01p; LisMNVSIP,Oyy; LisTIVSIP2O4p; Lig TICrSiP2045; Lis sAVSig sP2.5010;
Lia sV2Sig 5P25012; Lia sAICISigsP250412; Liz5V2P3011 sF0s; LizVaP3014F;

Liz sVMNP30+1 5Fos; LiaVosFeqsP3041F; LigVosV1sP20115F0s; LisVaP3O44F;
LizMno5V15P3011Fos; LiGC0og gFeo.1 Tio.02sMQ0.0sP Q4. Liy.025C008F€0.1Tig.025Al0.025PO4;
Li1,025C00,8F€0.1Tio,025MJ0.025PO3.975F 0.025: LiC00,g25F€0.1Ti0.028MJo0.025POs;

LiCog g5F€0.075 l6.025M00.025PO4; LiGC0g sFeq 1 Ti.025Al0.025MJ0.025PO4.
Li1.025C00.8F€0.1Tio.025MJ0.05P 04, Li1.025C00.8F€0.1Tio,025Al0.025MJo0.025P Oa,

LiCog gFeo 1 Ti0.0sMJo.0sPO4, LIVOPOy, Li(VO)q 75Mng25P0,4, NaVOPQ,,

Lig 7sNag 25 VOPQ,, Li(VQ)esAlgsPO4, Na(VO)g 75Fe25P 04, LigsNagsVOPO,,
Li{VO)q.75C0025P 04, LI{VO)o.75M0g25PO4, LIVOSQO,, and mixtures thereof.

[0074] Preferred active materials include LiFePQOy; LiCoPQO,, LIMNPOy;
LiMng gFeg2POy; LiMng gFeq sPOy; LiFegoMgo 1POy; LiFeg gMge P04,
LiFeo.95M00.0sPO4; Li1.025C00.85F€0.05Al0.02sM70.0sP Os,
Li1.025C00.80F€0.10Al0.025MJ0.0sPO4, Liy.025C 00 75F €0.15Ak0,025MQ0.05PO4,
Li1.025C00.7(F€0.4MnNo,6)0.2Al0.025MJo0.0sP Oy, LiG0g gFe0 1Al0.025Ca0.0sPOs.975F 0.025,
LiC0o.sFe0.1Alo.025MT0.0sPO3.975F 0.025: LiC0O0 sF€0.1Tig.005MT0.05PO4:
Li+.025CG00.8F€0.1Ti0.025Al0.02sP O Li1.025C 00 8F€0.1 Ti0.025MJ0.025P O3.975F 0,025

LiC0o.825F€0.1Ti0.025MG0.025PO4; LiCOg gsF€0.075 Tio.025M0.025P O4; LIVOPOy;
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Li{VO)o.75sMng 25PQ4; and mixtures thereof. A particularly preferred active material
is LiC0o.sF€0.1Al5.025Mo0.05sPOa.975F 0.025.

[0075] Methods of making the electrode active materials described by
general formulas (1) through (VIll), are described are described in: WO 01/54212
to Barker et al., published July 26, 2001; International Publication No. WO
98/12761 to Barker et al., published March 26, 1998; WO 00/01024 to Barker et
al., published January 6, 2000; WO 00/31812 to Barker et al., published June 2,
2000; WO 00/57505 to Barker et al., published September 28, 2000; WO
02/44084 to Barker et al., published June 6, 2002; WO 03/085757 to Saidi et al.,
published October 16, 2003; WO 03/085771 to Saidi et al., published October 16,
2003; WO 03/088383 to Saidi et al., published October 23, 2003; U.S. Patent No.
6,528,033 to Barker et al., issued March 4, 2003; U.S. Patent No. 6,387,568 to
Barker et al., issued May 14, 2002; U.S. Publication No. 2003/0027048S to Barker
et al., published February 2, 2003; U.S. Publication No. 2002/0192553 to Barker
et al., published December 19, 2002; U.S. Publication No. 2003/0170542 to
Barker at al., published September 11, 2003; and U.S. Publication No.
2003/1029492 to Barker et al., published July 10, 2003; the teachings of all of
which are incorporated herein by reference.

[0076] Referring to Figures 1 through 3, a novel secondary electrochemical
cell 10 having an electrode active material represented by general formulas (1)

through (VIll}, includes a spirally coiled or wound electrode assembly 12 having a
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top 12a and a bottom 12b and enclosed in a sealed container, preferably a rigid
cylindrical casing 14 having an open end. The electrode assembly 12 includes: a
positive electrode 16 consisling of, among other things, an electrode active
material represented by general formulas (1) through (VIII); a counter negative
electrode 18; and one or more separators 20 interposed between and
surrounding the first and second electrodes 16,18. The separator 20 is
preferably an electrically insulating, ionically conductive microporous film, and
composed of a polymeric material selected from the group consisting of
polyethylene, polypropylene, polyethylene oxide, polyacrylonitrile and
polyvinylidene fluoride, polymethyl methacrylate, polysiloxane, copolymers
thereof, and admixtures thereof.

[0077] A non-aqueous electrolyte (not shown) is provided for transferring
ionic charge carriers between the positive electrode 16 and the negative
electrode 18 during charge and discharge of the electrochemical cell 10. The
electrolyte includes a non-aqueous solvent and an alkali metal salt dissolved
therein. Suitable solvents include: a cyclic carbonate such as ethylene
carbonate, propylene carbonate, butylene carbonate or vinylene carbonate; a
non-cyclic carbonate such as dimethyl carbonate, diethyl carbonate, ethyl methyl
carbonate or dipropyl carbonate; an aliphatic carboxylic acid ester such as
methyl formate, methyl acetate, methyl propionate or ethyl propionate; a

.gamma.-lactone such as y-butyrolactone; a non-cyclic ether such as 1,2-
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dimethoxyethane, 1,2-diethoxyethane or ethoxymethoxyethane; a cyclic ether
such as tetrahydrofuran or 2-methyltetrahydrofuran; an organic aprotic solvent
such as dimethylisulfoxide, 1,3-dioxolane, formamide, acetamide,
dimethylformamide, dioxolane, acetonitrile, propylnitrile, nitromethane, ethyl
monoglyme, phospheric acid triester, trimethoxymethane, a dioxolane derivative,
sulfolane, methylsulfolane, 1,3-dimethyl-2-imidazolidinone, 3-methyl-2-
oxazolidinone a propylene carbonate derivative, a tetrahydrofuran derivative,
ethyl ether, 1,3-propanesultone, anisole, dimethylsulfoxide and N-
methylpyrrolidone; and mixtures thereof. A mixture of a cyclic carbonate and a
non-cyclic carbonate or a mixture of a cyclic carbonate, a non-cyclic carbonate
and an aliphatic carboxylic acid ester, are preferred.

[0078] Suitable alkali metal salts, particularly lithium salis, include: LiCIOy;
LiBF4; LiPFg; LIAICI,; LiSbFg; LISCN; LiCl; LICF3 SOs; LICF3CO,; Li(CF3S0,),;
LiAsFs; LIN(CF3S02),; LiB1oClye; a lithium lower aliphatic carboxylate; LiCl; LiBr;
Lil; a chloroboran of lithium; lithium tetraphenylborate; lithium imides, LiBOB
(lithium bis(oxalato)borate); and mixtures thereof. In one embodiment, the
electrolyte contains at least LiPFs. In another embodiment, the electrolyte
contains LiBOB.

[0079] Referring again to Figures 1 through 3, each electrode 16,18
includes a current collector 22 and 24, respectively, for providing electrical

communication between the electrodes 16,18 and an external load. Each current
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collector 22,24 is a foil or grid of an electrically conductive metal such as iron,
copper, aluminum, titanium, nickel, stainless steel, or the like, having a thickness
of between 5 ym and 100 pm, preferably 5 ym and 20 um. Optionally, the
current collector may be surface cleaned using a plasma or chemical etching
process, and coated with an electrically conductive coating for inhibiting the
formation of electrically insulating oxides on the surface of the current collector
22,24. An examples of a suitable coatings include polymeric materials
comprising a homogenously dispersed electrically conductive material (e.g.
carbon), such polymeric materials including: acrylics including acrylic acid and
methacrylic acids and esters, including poly (ethylene-co-acrylic acid); vinylic
materials including poly(vinyl acetate) and poly(vinylidene fluoride-co-
hexafluoropropylene); polyesters including poly(adipic acid-co-ethylene glycol);
polyurethanes; fluoroelastomers; and mixtures thereof.

[0080] The positive electrode 16 further includes a positive electrode film 26
formed on at least one side of the positive electrode current collector 22,
preferably both sides of the positive electrode current collector 22, each film 26
having a thickness of between 10 um and 150 um, preferably between 25 pm an
125 ym, in order to realize the optimal capacity for the cell 10. The positive
electrode film 26 is composed of between 80% and 95% by weight of an

electrode active material represented by the nominal general formula (1),
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between 1% and 10% by weight binder, and between 1% and 10% by weight
electrically conductive agent.

[0081] Suitable binders include: polyacrylic acid; carboxymethylcellulose;
diacetylcellulose; hydroxypropylcellulose; polyethylene; polypropylene; ethylene-
propylene-diene copolymer; polytetrafluoroethylene; polyvinylidene fluoride;
styrene-butadiene rubber; tetrafluoroethylene-hexafluoropropylene copolymer;
polyvinyl alcohol; polyvinyl chloride; polyvinyl pyrrolidone; tetrafiuoroethyiene-
perfluoroalkylvinyl ether copolymer; vinylidene fluoride-hexafluoropropylene
copolymer; vinylidene fluoride-chlorotrifluoroethylene copolymer;
ethylenetetrafluoroethylene copolymer; polychlorotrifluoroethylene; vinylidene
fluoride-pentafluoropropylene copolymer; propylene-tetrafluoroethylene
copolymer; ethylene-chlorotrifluoroethylene copolymer; vinylidene fluoride-
hexafluoropropylene-tetrafluoroethylene copolymer; vinylidene fluoride-
perfluoromethylvinyl ether-tetrafluoroethylene copolymer; ethylene-acrylic acid
copolymer; ethylene-methacrylic acid copolymer; ethylene-methyl acrylate
copolymer; ethylene-methyl methacrylate copolymer; styrene-butadiene rubber;
fluorinated rubber; polybutadiene; and admixtures thereof. Of these materials,
most preferred are polyvinylidene fluoride and polytetrafiuoroethylene.

{0082] Suitable electrically conductive agents include: natural graphite (e.g.
flaky graphite, and the like); manufactured graphite; carbon blacks such as

acetylene black, Ketzen black, channel black, furnace black, lamp black, thermal
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black, and the like; conductive fibers such as carbon fibers and metallic fibers;
metal powders such as carbon fluoride, copper, nickel, and the like; and organic
conductive materials such as polyphenylene derivatives.

[0083] The negative electrode 18 is formed of a negative electrode film 28
formed on at least one side of the negative electrode current collector 24,
preferably both sides of the negative electrode current collector 24. The negative
electrode film 28 is composed of between 80% and 95% of an intercalation
material, between 2% and 10% by weight binder, and (optionally) between 1%
and 10% by of an weight electrically conductive agent.

[0084] Intercalation materials suitable herein include: transition metal
oxides, metal chalcogenides, carbons (e.g. graphite), and mixtures thereof. In
one embodiment, the intercalation material is selected from the group consisting
of crystalline graphite and amorphous graphite, and mixtures thereof, each such
graphite having one or more of the following properties: a lattice interplane (002)
d-value (diop) Obtained by X-ray diffraction of between 3.35 A to 3.34 A,
inclusive (3.35 A < dog < 3.34 A), preferably 3.354 A to 3.370 A, inclusive
(3.354 A < dioozy £ 3.370 A; a crystallite size (L) in the c-axis direction obtained
by X-ray diffraction of at least 200 A, inclusive (L. 2 200 A), preferably between
200 A and 1,000 A, inclusive (200 A < L. < 1,000 A); an average particle
diameter (Py) of between 1 um to 30 pm, inclusive (1 ym = P4 = 30 um); a

specific surface (SA) area of between 0.5 m?/g to 50 m%g, inclusive (0.5 m?/g <
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SA < 50 m?/g); and a true density (p) of between 1.9 g/cm®to 2.25 g/cm?®,
inclusive (1.9 g/om®< p < 2.25 g/em®).

[0085] Referring again to Figures 1 and 3, to ensure that the electrodes
16,18 do not come into elecirical contact with one another, in the event the
electrodes 16,18 become offset during the winding operation during manufacture,
the separator 20 is provided with a width “X” that is greater than the widths “Y”,
“Z” of the positive and negative electrode films 26 and 28, respectively. This
allows the separator 20 to “overhang” or extend a width “A” beyond each of the
top and bottom long edges (26a and 26b, respectively) of the positive electrode
film 26, and to “overhang” or extend a width “B” beyond each of the top and
bottom long edges (28a and 28b, respectively) of the negative electrode film 28.
In one embodiment, 50 ym £ A < 5,000 um, and 50 um =< B < 5,000 um.

[0086] The cylindrical casing 14 includes a cylindrical body member 30
having a closed end 32 in electrical communication with the negative electrode
18 via a negative electrode plaie 34, and an open end defined by crimped edge
36. In operation, the cylindrical body member 30, and more particularly the
closed end 32, is electrically conductive and provides electrical communication
between the negative electrode 18 and an external load (not illustrated).

[0087] A positive terminal subassembly 40 in electrical communication with
the positive electrode 16 via a positive electrode plate 42 provides electrical

communication between the positive electrode 16 and the external load (not
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illustrated). In one embodiment, the positive terminal subassembly 40 is adapted
to sever electrical communication between the positive electrode 16 and an
external load/charging device in the event of an overcharge condition (e.g. by
way of positive temperature coefficient (PTC) element), elevated temperature
and/or in the event of excess gas generation within the cylindrical casing 14.
Suitable positive terminal assemblies 40 are disclosed in U.S. Patent No.
6,632,572 to lwaizono, et al., issued October 14, 2003; and U.S. Patent No.
6,667,132 to Okochi, et al., issued December 23, 2003. A gasket member 44
sealingly engages the upper portion of the cylindrical body member 30 to the
positive terminal subassembly 40.

[0088] As shown in Figures 2 and 3, each electrode 16,18 is provided with
a current collector exposed edge portion 48 and 50, respectively, which is free
from electrode film 26,28. The current collector exposed edges 48,50 extend
along the long edges of each electrode 16,18, are each characterized as having
a width “C" and “D,” respectively. In one embodiment, A< C < 2,000 ym and B <
D = 3,000 um. In one subembodiment, A < C <400 um and B £ D < 800 um.
[0089] When each electrode 16,18 is positioned relative to the separator 20
in an offset relationship. When the electrode assembly 12 is wound or rolled-up,
the exposed edges 48,50 of each electrode 16,18 project outward beyond the
separator or separators 20 at opposing ends of the coiled or wound electrode

assembly 12, a distance having a width of C' and D’, respectively, wherein:
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C=C+A, and
D=D+B.

[0090] Referring to Figures 1 and 2, the negative electrode plate 34
contacts the exposed edge 50 of the negative electrode current collector 24 in
order to provide electrical communication between the negative electrode current
collector 24 and an external load (not illustrated). The opposing positive
electrode plate 42 contacts the exposed edge 48 of the positive electrode current
collector 26 in order to provide electrical communication between the positive
electrode current collector 26 and the external load (not illustrated). A negative
electrode plate lead 52 provides electrical contact between negative electrode
plate 34 and the cylindrical body member closed end 32. A positive electrode
plate lead 54 provides electrical contact between positive electrode plate 42 and
the positive electrode assembly 40.
[0091] Referring to Figures 4 and 5, in one embodiment, one or both
electrode plates 34,42 consists of a flat disk-shaped member having substantially
the same shape (e.g. same diameter) as the end of the wound electrode
assembly 12, having a thickness of between 100 um and 2,000 ym. In one
subembodiment, the electrode plate 34,42 is a single layer material constructed
from an electrically conductive material capable of being welded to the relevant
battery structure {e.g. the current collector 22,24, positive terminal assembly 40

and/or the cylindrical body member closed end 32). Preferably, the electrode
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plate 34,42 is constructed from a material that does not form an intermetallic
compound with the alkali metal used in the electrolyte (e.g. Li*). Examples of
such a material include nickel (Ni) and copper (Cu).

[0092] In one embodiment, as illustrated in Figure 4, the electrode plate
34,42 has a two-layer structure, having a first layer 56 and a second layer 58. A
two-layer electrode plate 34,42 is best suited for applications where one material
does not provide all the desired properties. For example, where laser welding is
employed, the layer distal to the electrode assembly 12 (namely, the first layer
56) is selected having a lower beam reflectivity, whereas the layer proximal to the
electrode assembly 12 (namely, the second layer 58) exhibits superior resistance
to the formation of intermetallic compounds and welding characteristics. In one
embodiment, the second layer 58 is a solder or other suitable material which
upon heating (e.g. by ultrasonic welding or the like) bonds the electrode plate
34,42 to the current collector 22.

[0093] Referring to Figure 5, in another embodiment, the electrode plate
34,42 is provided with an angled edge 60 along the periphery of the plate 34,42.
The angled edge is provided to ensure the outermost current collector exposed
edges 48,50 do not contact the inner walls of the cylindrical body member 30.
[0094] Referring to Figure 6, in an alternate embodiment, one or both
electrode plates 34,42 consists of a flat disks-shaped member having

substantially the same shape (e.g. same diameter) as the end of the wound
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electrode assembly 12, having plurality of bent portions 62 which contact and/or
are secured to the corresponding current collector exposed edge 48,50.

[0095] Referring to Figure 7, in an alternate embodiment, one or both
electrode plates 34,42 consists of a flat disks-shaped member having
substantially the same shape (e.g. same diameter) as the end of the wound
electrode assembly 12, having plurality of apertures defined by edge 64 for
promoting the free flow of electrolyte in and about the electrode assembly 12.
[0096] Referring to Figure 8, in an alternate embodiment, one or both
electrode plates 34,42 consists of a flat disks-shaped member having
substantially the same shape (e.g. same diameter) as the end of the wound
electrode assembly 12, having plurality of apertures defined by edge 66 for
promoting the free flow of electrolyte in and about the electrode assembly 12, as
well as a plurality of projections 68 that extend toward the electrode assembly 12.
Also provided are current collector collection tabs 70 formed by cutting and
bending a portion of the outer periphery of the electrode plate 34,42. The current
collector collection tabs 70 are provided to ensure the outermost current collector
exposed edges 48,50 which are proximal to the projections 68 (and therefore are
likely to deform when the electrode plate 34,42 is brought into contact there with)
do not contact the inner walls of the cylindrical body member 30.

[0097] Referring to Figures 9 and 10, in an alternate embodiment, a bus

member 72 is provided having one or more lengths 74 extending radially from a
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body member 76. Each length 74 includes one or more U-shaped collection
member 78 adapted to receive one or more current collector exposed edges
48,50. In operation, when the current collector exposed edges 48,50 are
inserted into a collection member 78, the collection member 78 can either be
crimped to secure the current collector exposed edges 48,50 therein, and/or
welded.

[0098] Referring to Figure 11, in an alternate embodiment, an insulating
cone 82 is pressed against the top of the electrode assembly 12 by the gasket
member 44 forcing width C of the positive electrode 16 inward. The cone 82
both gathers the exposed edge of the positive electrode current collector 22, as
well as prevent the positive electrode current collector 22 from contacting the
inner wall of the casing 14. A conductive spring 84 affixed to the positive
electrode assembly 40 and biased inward toward the electrode assembly 12
presses down on the top of the electrode assembly 12, contacting the positive
electrode current collector 22 which provides electrical communication between
the positive electrode 16 and the external load (not illustrated) via the positive
terminal subassembly 40. In a subembodiment, the conductive spring 84 is
bonded to the positive electrode current collector 22 using laser welding,
ultrasonic welding, TIG welding or other similar method. In another
subembodiment (not illustrated), a conductive strip having a length approximately

twice the width of the electrode assembly 12 is positioned horizontally across the

43



WO 2007/134091 PCT/US2007/068535

top of the electrode assembly 12 and is bonded to the positive electrode current
collector 22 using laser welding, ultrasonic welding, TIG welding or other similar
method. The free or non-bonded portion of the strip folds over and is bonded to
the positive terminal subassembly 40.

[0099] 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 variations of specific embodiments, materials, compositions and methods
may be made within the scope of the present invention, with substantially similar

results.
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WHAT IS CLAIMED IS:

1. An electrochemical cell, comprising:

a cylindrical casing having an open first end and a closed second end,;

a wound electrode assembly positioned in the cylindrical casing, the
electrode assembly comprising a separator interposed between a first electrode
and a counter second electrode, the separator and first electrode and second
electrode each having a top long edge and an opposing bottom long edge;

the first electrode comprising a first electrode film on at least one
side of a first electrode current collector, the first electrode current collector
having an exposed edge portion free from electrode film and extending along the
top long edge of the first electrode, the first electrode current collector exposed
edge portion extending beyond the top long edge of the separator; and

the second electrode comprising a second electrode film on at least
one side of a second electrode current collector, the second electrode current
collector having an exposed edge portion free from electrode film and extending
along the bottom long edge of the second electrode, the second electrode
current collector exposed edge portion extending beyond the bottom long edge of
the separator;

wherein the first and second elecirodes are positioned in an offset

relationship relative to the separator, the separator extending beyond each of the
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top and bottom long edges of the first electrode film, and the separator extending
beyond each of the top and bottom long edges of the second electrode film;

the electrochemical cell further comprising an electrolyte contained in the
cylindrical casing and in ion-transfer communication with the first electrode and
the second electrode for transferring ionic charge carriers between the first
electrode and the second electrode during charge and discharge of the
electrochemical cell;

a first electrode plate in electrical contact with the exposed portion of the
first electrode current collector;

a terminal assembly sealingly engaged with the cylindrical casing and in
electrical communication with the first electrode plate in order {0 provide electrical
communication between the first electrode current collector and an external load;
and

a second electrode plate in electrical contact with the exposed portion of
the second electrode current collector and in electrical contact with the cylindrical
casing in order to provide electrical communication between the second
electrode current collector and the external load,;

wherein the first electrode film comprises an electrode active material of
the general formula:

AaMm(XY g)cZe,

wherein:
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(i) A is selected from the group consisting of elements from
Group | of the Periodic Table, and mixtures thereof, and 0 < a
<9;

(i Mincludes at least one redox active element, and 1 <=m < 3;
(i) XY, is selected from the group consisting of X’ [O4 Y'x], X[O4
v.Y'oyl, X"S4, [X.",X'1.2]O4, and mixtures thereof, wherein:

(@) X and X" are each independently selected from the
group consisting of P, As, Sb, Si, Ge, V, S, and mixtures
thereof;

(b} X" is selected from the group consisting of P, As, Sb, S,
Ge, V, and mixtures thereof;

(c) Y’ is selected from the group consisting of a halogen, S,
N, and mixtures thereof; and

(d) 0sxs3,0=<y=<20=szs1,and1<c=3;and

(iv) Zis selected from the group consisting of a hydroxyl (OH}, a
halogen selected from Group 17 of the Periodic Table, and
mixtures thereof, and 0 £ e < 4;

wherein A, M, X, Y, Z,a, m, ¢, X, v, z, and e are selected so as to

maintain electroneutrality of the material in its nascent state.
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2. The electrochemical cell of Claim 1, wherein the first and second electrode

plates each comprise a flat disk-shaped member.

3. The electrochemical cell of Claim 2, wherein each electrode plate has an

angled edge located about the periphery of the plate.

4, The electrochemical cell of Claim 2, wherein each electrode plate
comprises a plurality of apertures for promoting the free flow of electrolyte in and

about the electrode assembly.

5. The electrochemical cell of Claim 4, wherein each electrode plate further

comprises a plurality of projections that extend toward the electrode assembly.

6. The electrochemical cell of Claim 4, wherein each electrode plate further

comprises current collector collection tabs formed by cutting and bending a

portion of the outer periphery of each electrode plate.
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7. The electrochemical cell of Claim 1, wherein the first and second electrode
plates each comprise a bus member having one or more lengths extending
radially from a body member, each length having one or more U-shaped
collection member adapted to receive one or more current corresponding

collector exposed edges.

8. The electrochemical cell of Claim 1, further comprising an insulating cone
pressed against the top of the electrode assembly for gathering the exposed
edge portion of the first electrode current collector,

wherein the first electrode plate is a conductive spring operably affixed to

the terminal assembly and biased inward toward the electrode assembly,

9. The electrochemical cell of Claim 9, wherein the conductive spring is

bonded to the exposed edge portion of the first electrode current collector.
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10. The electrochemical cell of Claim 1, wherein the electrode active material
is represented by the general formula:

AaMy(PO4)Zy,
wherein 0.1 <a<4,8<b<1.2and0=d<4, and wherein A, M, Z, a, b, and d
are selected so as to maintain electroneutrality of the electrode active material in

its nascent state.

11. The electrochemical cell of Claim 1, wherein the electrode active material
is represented by the general formula:

AM';M"PO,,
wherein M’ is at least one transition metal from Groups 4 to 11 of the Periodic
Table and has a +2 valence state; M” is at least one metallic element which is
from Group 2, 12, or 14 of the Periodic Table and has a +2 valence state, and 0

<j<1.

12. The electrochemical cell of Claim 1, wherein the elecirode active material
is represented by the general formula:

LiFe.(M PO,
wherein M’ is selected from the group consisting of Mg, Ca, Zn, Sr, Pb, Cd, Sn,

Ba, Be, and mixtures thereof; and 0 < q < 1.
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13. The electrochemical cell of Claim 1, wherein the electrode active material
is represented by the general formula:
A.Co Fe,M? M, M XY,
wherein:
(v) O<as?2
(vi)j u>0andv>0;
(vi)y M is one or more transition metals, wherein w > 0;
(vii) M is one or more +2 oxidation state non-transition metals, wherein
aa = 0; and
(ix) M is one or more +3 oxidation state non-transition metals, wherein
bb = 0;
wherein 0 < (U + vV + W + aa + bb) < 2, and M, M™, M™, XY, a, u, v, w,
aa, bb, x, and y are selected so as to maintain electroneutrality of the electrode

active material in its nascent state.
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14. The electrochemical cell of Claim 1, wherein the elecirode active material
is represented by the general formula;
A'o(MO)M'1,XO,
wherein
(i) Al is independently selected from the group consisting of Li, Na, K
and mixtures thereof, 0.1 <a < 2;
(i) M comprises at least one element, having a +4 oxidation state,
which is redox active; 0 <b < 1;
(ili) M’ is one or more metals selected from metals having a +2 and a +3
oxidation state; and
(iv) Xis selected from the group consisting of P, As, Sb, Si, Ge, V, S,

and mixtures thereof.
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15. The electrochemical cell of Claim 1, wherein the electrode active maierial
is represented by the general formula:
AMy(XY 4)alg,

wherein2<a<8,1<b<3,and0<d<86.

16. The electrochemical cell of Claim 1, wherein the second electrode
comprises an intercalation active material selected from the group consisting of

transition metal oxides, metal chalcogenides, carbons, and mixtures thereof.

17. The electrochemical cell of Claim 16, wherein the intercalation active

material is graphite.
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SECTIONAL VIEW TAKEN ON LINE A-A'
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