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(57) ABSTRACT

A cathode composition for a lithium 10n battery that contains
lithium having the formula (a) Liy[Ml(1_1:,)M11b]02 or (b)
LiF[Ml(l_b)Mnb]Olﬂc where 0=y<1, O<b<l and 0O<c<0.5
and M" represents one or more metal elements, with the
proviso that for (a) M' is a metal element other than

chromium. The composition 1s 1n a form of a single phase

having an O3 crystal structure that does not undergo a phase
fransformation to a spinel crystal structure when incorpo-
rated 1n a lithium-1on battery and cycled for 100 full charge-
discharge cycles at 30 C. and a final capacity of 130 mAh/g
using a discharge current of 30 mA/g.
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CATHODE COMPOSITIONS FOR LITHIUM ION
BATTERIES

STATEMENT OF PRIORITY

[0001] This application claims the priority of U.S. Provi-
sional Application No. 60/310,622 filed Aug. 7, 2001, the
contents of which are hereby incorporated by reference.

TECHNICAL FIELD

[0002] This invention relates to compositions useful as
cathodes for lithium 10n batteries.

BACKGROUND

[0003] Lithium-ion batteries typically include an anode,
an clectrolyte, and a cathode that contains lithium 1n the
form of a lithium-transition metal oxide. Examples of
lithium-transition metal oxides that have been used include
lithium cobalt oxide, lithium nickel oxide, and lithium
manganese oxide. None of these materials, however, exhib-
its an optimal combination of high initial capacity, high
thermal stability, and good capacity retention after repeated
charge-discharge cycling.

SUMMARY

[0004] In general, the invention features a cathode com-
position for a lithrum 1on battery that contains lithium
having the formula (a) Li},[Ml(l_b)Mnb]O2 or (b)
LiF[Mlgl—b)Mnb]015+c: where 0=y<l1, O<b<l and 0O<c<0.5
and M~ represents one or more metal elements, with the
proviso that for (a) M' is a metal element other than
chromium.

0005] The composition is in the form of a single phase
having an O3 crystal structure that does not undergo a phase
transformation to a spinel crystal structure when incorpo-
rated 1n a lithium-1on battery and cycled for 100 full charge-
discharge cycles at 30° C. and a final capacity of 130 mAh/g
using a discharge current of 30 mA/g. The 1nvention also
features lithium-ion batteries incorporating these cathode
compositions 1n combination with an anode and an electro-
lyte.

[0006] In one embodiment of (b), b=(2-x)/3 and Ml(l_b)
has the formula Li,_, M~ , where 0<x<0.5 and O<y<I
and M~ represents one or more metal elements, with the
proviso that the weighted average oxidation state of all M~
1s 2 when 1n a fully uncharged state and 4 when 1n a fully
charged state. The resulting cathode composition has the
formula Li[Li;_,.sM*Mn,__ 105, . An example of

M2 1s nickel.

[0007] In a second embodiment of (a); b, M* ;_,;, M* and

x are defined as 1n the first embodiment, with the proviso that
(1-2x)=y<1 and M” is a metal element other than chro-

mium. The resulting cathode composition has the formula
Li|Li, o, ,BMZKMH(Z_K) 5]O,. An example of M~ is nickel.

[0008] In a third embodiment of (b); b, Ml(l_b), M~ and x
are defined as in the first embodiment, with the proviso that
O<y<(1-2x), O<a<(1-y) and M” is a metal element other
than chromium. The resulting cathode has the formula
Li,, [Liy_ oM Mn,_ 510 5, - An example of M*
1s nickel.

[0009] In a fourth embodiment of (b); b, M*; _,;,, M* and
X are defined as 1n the first embodiment, with the proviso that
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O<y<(1-2x). The resulting cathode composition has the
formula Li[Liy_sesM* Mo 3]0 s,c0y2- An example
of M? is nickel.

[0010] In a fifth embodiment of (b) ; b=(2-2x)/3 and
M1 4,y has the formula Lij,_, sM?_, where O<x<l and
O<y<1 and M* represents one or more metal elements, with
the proviso that the weighted average oxidation state of all
M= is 3 when in a fully uncharged state and 4 when in a fully
charged state. The resulting cathode composition has the
formula Li[Li,_, BMZKMH(Z_ZK) 3]0 5,5 Examples of M
are Co or Fe and combinations therof.

[0011] In a sixth embodiment of (b); b=(2-2x)/3 and
M:; 4,y has the formula Li(l_K)BMZK, O<a<(1-y), O<x<«l,
O<y<(1-x) and M~ represents one or more metal elements,
with the proviso that the weighted average oxidation state of
all M” is 3 when in a fully uncharged state and 4 when in a
fully charged state. The resulting cathode composition has
the formula Li},[Li(l_x),BMZKMn@_BK),B]015+K,2. Examples
of M* are Co or Fe and combinations therof.

[0012] In a seventh embodiment of (a); b, Ml(l_b), M? and
X are defined as 1n the fifth embodiment with the proviso that
(1-x)=y<1 and M~ is a metal element other than chromium.
The resulting cathode composition has the formula Li [ L1, _
x)z:aMzKMn(z_zK) ]O,. Examples of M* are Co or Fe and
combinations thereof.

[0013] In an eighth embodiment of (b); b, Ml(l_b), M? and
X are defined as in the fifth embodiment, with the proviso
that 0=y<(1-x). The resulting cathode composition has the
formula Li|Li,_,, ,BMZKMH(Q_ZX) 3]01545/24y2- Examples of
M= are Co or Fe and combinations thereof.

[0014] In a ninth embodiment of (b); b=(2-2x)/3 and

M:;_y, has the formula Li(l_K)BMZK, where 0<x<0.33 and
O<y<1 and M~ represents one or more metal elements, with
the proviso that the weighted average oxidation state of all
M~ is 3 when in a fully uncharged state and 6 when in a fully
charged state. The resulting cathode composition has the
formula Liy[Li(1_3),3M23Mn(2_23),3]O15+15X. An example of
M? is chromium.

[0015] In a tenth embodiment of (b);); b=(2-2x)/3 and
M, _,, has the formula Li,_, M=, O<a<(1-y), 0<x<0.33,
O<y<(1-3x), and M~ represents one or more metal elements,
with the proviso that the weighted average oxidation state of
all M~ is 3 when in a fully uncharged state and 6 when in a
fully charged state. The resulting cathode composition has
the fOI'II]lllEl Liy+a[Li(1—K)K3M2};Mn(2—2§i)£3]Ol.5+1.5:5.::+3!K2' An
example of M~ is chromium.

[0016] In an eleventh embodiment of (b); b=(2-2x)/3 and
Ml(l_b) has the formula Li,_,, sM”_, where 0<x<0.33 and
O<y<(1-3x) and M~ represents one or more metal elements,
with the proviso that the weighted average oxidation state of
all M? is 3 when in a fully uncharged state and 6 when in a
fully charged state. The resulting cathode composition has
the formula Li[Li,_ . -M*Mn, . :]10:5  15,- An
example of M~ is chromium.

[0017] The invention provides cathode compositions, and
lithium-10n batteries mncorporating these compositions, that
exhibit high initial capacities and good capacity retention
after repeated charge-discharge cycling. In addition, the
cathode compositions do not evolve substantial amounts of
heat during elevated temperature abuse, thereby improving
battery safety.
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[0018] The details of one or more embodiments of the
invention are set forth in the accompanying drawings and
the description below. Other features, objects, and advan-
tages of the mnvention will be apparent from the description
and drawings, and from the claims.

DESCRIPTION OF DRAWINGS

10019] FIGS. 1a-¢ are plots of voltage versus capacity and
capacity versus cycle number {for Li/Li[N]'XLi(1 13- 2%/3)
0 10, cells with x=V6, %, Y3, %2 and %2. The cycling

was between 2.0 and 4.8 V at 5 mA/g.

10020] FIGS. 2a-¢ are plots of voltage versus capacity and

capacity versus cycle number {for Li/Li[NiXLi 1/3—2%/3)
0, 10, cells with x=Y6, ¥, V3, %2 and Y. Thc cycling

was between 3.0 and 4.4 V at 10 mA/g.

10021] FIG. 3 is a plot of specific capacity versus X in
Li[NiLi;5_5,5Mn;5_, 3]0, over various voltage ranges.
The solid and dashed lines as indicated give expected
capacities. The circles give the experimental capacity to 4.45
V, the squares give the experimental capacity of the anoma-
lous plateau and the triangles give the experimental first
charge capacity.

10022] FIG. 4a are in-situ x-ray diffraction results for the
ﬁrst two charge-discharge cycles of LiNi i 5 5 s,

0. ]O2 with x=>12 between 3.0 and 4.4 V. FIG 4b shows
thc “dilfraction pattern of the starting powder. The in-situ
scans are synchronized with the voltage-time curve i FIG.
4c. For example, the 8th x-ray scan took place at the top of
the first charge as indicated.

10023] FIGS. Sa-c are in-situ x-ray diffraction results for
LINLLi 5 5 M, s 5[0, with x=Y12. FIG. Sa is the
voltage-time curve; F1G. 5b are the lattice constants a and
c; and FIG. 5¢ 1s the unit cell volume correlated to the

voltage-time curve. The cell was cycled between 3.0 and 4.4
v

10024] FIGS. 6a-¢ are plots of differential capacity versus
voltage for LI/Li[ N1, Li; 5_5, 3y Mn, 5_. /3]0, cells with x as
indicated. The cells were charged and discharged between
3.0 and 4.4 V using a speciiic current of 10 mA/g.

10025] FIGS. 7a-c are in-situ x-ray diffraction results for
LiNLLi ;5 00 syMno s 3]0, with x=%12. FIG. 7a 1s the
voltage-time curve; F1G. 7b are the lattice constants a and
c; and FIG. 7c¢ 1s the unit cell volume correlated to the

voltage-time curve. The cell was cycled between 2.0 and 4.8
V.

10026] FIG. 8a are in-situ x-ray diffraction results for the
ﬁrst two charge-discharge cycles of LiNi iz o3,

n,.. 3)]02 with x=% between 2.0 and 4.8 V. F1G. 8b shows
thc ditfraction pattern of the starting powder. The in-situ
scans are synchronized with the voltage-time curve in FIG.
8c. For example, the 16th x-ray scan took place at the top of
the first charge as indicated.

10027] FIGS. 9a-c are in-situ x-ray diffraction results for
LiNL L1500 3Mng s 3]0, with x=%%. FIG. 9a 1s the
voltage-time curve; FI1G. 9b are the lattice constants a and
c; and

10028] FIG. 9c is the unit cell volume correlated to the
voltage-time curve. The cell was cycled between 2.0 and 4.8

V.
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[10029] FIG. 10 1s a Gibbs triangle for the Li—M—O

ternary system with M representing NiMn, 5 .. The
compositions of relevant phases are indicated.

[0030] FIG. 11 is an expanded portion of the Li—M—O
Gibbs triangle of FI1G. 10 showing the region of interest for
the charge and discharge of LY/Li[Ni Li,_, - Mn,__ |0,
cells.

[0031] FIGS. 12a-e are plots of differential capacity ver-
sus voltage for Li/Li[ NI Li; ;5_5.5Mn5_. 3]0, cells with
x as 1ndicated. The cells were charged and discharged
between 2.0 and 4.8 V using a specific current of 5 mA/g.

[0032] FIG. 13 is a plot of the portion of the discharge
capacity of Li/LiINiLi;_, . sMng, ,]0, cells (first
charged to 4.8 V) due to the reduction of Mn. The points are
the experimental results, the solid line 1s the prediction if the
capacity 1s governed by the sites available 1n the Li layer
(after the Ni** is reduced to Ni**) and the dashed line is the

capacity available if all Mn** in the compound is reduced to
Mn>*.

10033] FIGS. 14a-b is an ex-situ x-ray diffraction pattern
of LiNi Li,_,:sMn,_. :]0, with x="5 charged to 4.8 V.
The estimated stoichiometry of the sample at this potential
based on oxidation state arguments (see table 1) 1is
[N1 Liy;13Mngsss]Oq555 The calculated pattern is shown as

the solid line. FIGS. 14¢ and 144 show the variation of the
goodness of fit (G.O.F.) and the Bragg-R factor versus the
occupation of the oxygen sites.

[10034] FIGS. 15a-g are plots of voltage vs. capacity for
Li/Li] CrxLi(¥5-x/3)Mn(%3-2x/3)02 cells with x=¥ to 1.
The cycling was between 2.0 and 4.8 V at 5 mA/g.

10035] FIGS. 16a-g are plots of capacity vs. cycle number
for the materials of FIGS. 154-g under the same cycling
conditions.

[0036] FIGS. 17a-g are plots of differential capacity vs.
potential of Li/Li] CrxLi(¥5-x/3)Mn(%3-2x/3)]O2 cells with
x=Vs, V4, V3, Y2, 3, %6 and 1.0 between 2.0 and 4.8 V.

DETAILED DESCRIPTION

[0037] Cathode compositions have the formulae set forth
in the Summary of the Invention, above. The formulae
themselves, as well as the choice of particular metal ele-
ments, and combinations thereof, for M* and M=, reflect
certain criteria that the inventors have discovered are useful
for maximizing cathode performance. First, the cathode
compositions preferably adopt an O3 crystal structure fea-
turing layers generally arranged in the sequence lithium-
oxygen-metal-oxygen-lithum. This crystal structure 1is
retained when the cathode composition 1s incorporated 1n a
lithium-1on battery and cycled for 100 full charge-discharge
cycles at 30° C. and a final capacity of 130 mAh/g using a
discharge current of 30 mA/g, rather than transforming into
a spinel-type crystal structure under these conditions. In
addition, to maximize rapid diffusion in the lithium layers,
and thus battery performance, it 1s preferred to minimize the
presence of metal elements 1n the lithium layers. It 1s further
preferred that at least one of the metal elements be oxidiz-
able within the electrochemical window of the electrolyte
incorporated in the battery.

|0038] The cathode compositions can be synthesized by
clectrochemically cycling cathode material described in
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Dahn, et.al. U.S. Ser. No. 09/845,178 entitled “Improved
Cathode Compositions For Lithium Ion Batteries”, filed Apr.
23,2001 and hereby incorporated by reference 1n its entirety.
This 1nvolves synthesis by jet milling or by combining
precursors of the metal elements (e.g., hydroxides, nitrates,
and the like), followed by heating to generate the cathode
composition. Heating 1s preferably conducted in air at tem-
peratures of at least about 600° C., more preferably at least
800° C. In general, higher temperatures are preferred
because they lead to materials with increased crystallinity.
The ability to conduct the heating process 1n air 1s desirable
because 1t obviates the need and associated expense of
maintaining an mert atmosphere. Accordingly, the particular
metal elements are selected such that they exhibit appropri-
ate oxidation states 1n air at the desired synthesis tempera-
ture. Conversely, the synthesis temperature may be adjusted
so that a particular metal element exists in a desired oxida-
fion state 1n air at that temperature.

[0039] In general, examples of suitable metal elements for
inclusion 1n the cathode composition include Ni, Co, Fe, Cu,
L1, Zn, V, and combinations thereof. Particularly preferred
cathode compositions are those having the following for-
mulae (where weighted average oxidation state of all M~ is
2 when 1n a fully uncharged state and 4 when 1 a fully
charged state):

[0040] Liy[Li(l—zxjﬂaszMn(z—x)B]O1.5+x where O<y<I,
O<x<0.5;

[0041 ] Liy[Li(1-zx);3M2:;Mn(2-x);3]01.5+x+yz2 where
O<y<(1-2x) and 0<x<0.5;

[0042] Lif[Li,_M*Mn, ,.-]O, where
(1-2x)=y<1 and 0<x<0.5 and

[0043 ] Liy+a[Li(l-zx);:stan(z-x)z:?,]015+x+yz2 where

O<a<(1-y), O<y<(1-2x) and O<x<0.5.

10044] The cathode compositions can be combined with
an anode and an electrolyte to form a lithium-ion battery.
Examples of suitable anodes include lithium metal, graphite,
and lithium alloy compositions, e€.g., of the type described 1n
Turner, U.S. Pat. No. 6,203,944 entitled “Electrode for a
Lithium Battery” and Turner, WO 00/03444 entitled “Elec-
trode Material and Compositions.” The electrolyte can be
liquid or solid. Examples of solid electrolytes include poly-
meric electrolytes such as polyethylene oxide, polytetrafluo-
rocthylene, fluorine-containing copolymers, and combina-
tions thereof. Examples of liquid electrolytes 1nclude
cthylene carbonate, diethyl carbonate, propylene carbonate,
and combinations thereof. The electrolyte 1s provided with a

lithium electrolyte salt. Examples of suitable salts include
LiPF ., LiBF,, and LiClO,.

0045] Specifically the electrochemical behavior of Li/Li
NiLig 5 05 Mng s 50, cells for x=V6, %4, 75, %12 and
Y2and for Li[ CrxLi(Y5-x/3)Mn(%5 2x/3) |O2with x=Ys, Y4, V53,
Y2, 73, ¥6 and 1.0 is described herein. Li/LiNL Li;/5_s, 3
(ZIB_KE)]O is derived from Li,MnO; or LifLi,,;Mn, 4]0,
by substitution of Li* and Mn** by Ni** while maintaining
all the remaining Mn atoms in the 4+ oxidation state.
Conventional wisdom suggests that lithium can be removed
from these materials only until both the N1 and Mn oxidation
states reach 4™ giving a charge capacity of 2y. We show that
LYLI N1 L1 5 03 Mn5/5_45]O, cells give smooth revers-
ible voltage profiles reaching about 4.45 V when 2x L1 atoms
per formula unit are removed, as

Jun. 12, 2003

expected. If the cells are charged to higher voltages, sur-
prisingly they exhibit a long plateau of length approximately
equal to 1-2x 1n the range between 4.5 and 4.7 V. Subse-
quent to this plateau the materials can reversibly cycle over
225 mAh/g (almost one Li atom per formula unit) between
2.0 and 4.8 V. In-situ x-ray diffraction and differential
capacity measurements are used to infer that irreversible loss
of oxygen from the compounds with x<¥% occurs during the
first charge to 4.8 V. This results 1n oxygen deficient layered
materials with stoichiometry approximately equal to [L1]
[NL L1 o0 sMn, 510, 5, at 4.8 V where x is APPrOXI-
mately equal to zero. These oxygen deficient materials then
reversibly react with lithum.

[0046] Li[NiLi ;5 5. 5Mnu;s .50, 1s derived from
Li MnO; or Li[Li,,;Mn,,;]O, by substitution of Li" and
Mn* by N12+ while maintaining all the remaining Mn atoms
in the 4+ oxidation state. Similar materials containing Cr>*

like L1[Cr LA s gmMn, 5 o 5|0, with x=0.4 and contain-
ing Co>*, like Ll[)CO Ll gmMios 50510, (0Sy=1)
have been reported. In these materials the electrochemical
activity during the first extraction of lithium is thought to be

derived from the oxidation of Ni (Ni**—=Ni**, Cr (Cr’*—
Cr°*) or Co (Co>*—Co""). These oxidation state changes,
therefore, set limits for the maximum amount of L1 that can
be extracted from the compounds in a conventional inter-
calation process. For example, the N1 oxidation state reaches
4+ at the stoichiometry Li;_, NI Li; 5 sMn,_ o 5]0,,
leading to an expected reversible capacity of 2x L1 per
formula unit.

10047] FIGS. 1a-d shows the voltage-capacity curves of
Li/Li| N1 Ll(1 oyaMn 5 KW]O cells for x=V6, ¥4, 5, %12 and
4. There 1s a clear change in slope of the voltage profile of
the first charge near 4.45 V, followed by an irreversible
plateau (except for x=%2), whose length increases as x
decreases. The capacity of the first charge between 3.0 V and
4.45 V 1n the sloping portion of the curve 1s very near to that
expected when Ni reaches 4+, as we will show later below.
Theretore, the origin of the long plateau 1s mysterious, but
useful, because 1t leads to materials with considerably
oreater reversible capacity. The compositions mnvolved 1n
this irreversible plateau are the focus of this application.

[0048] Our first objective was to confirm that the removal
of lithium from Li[Ni Li;_, sMne_.:]O, over the range
where the oxidation state of N1 1s expected to be less than 4+
1s a conventional intercalation process. FIGS. 2a-¢ shows
the voltage wversus capacity for Li/LiNi iz o3,

n, 3;3)]0 (x=Y6, Y4, V3, 12, ¥2) cells between 3. 0 and 4.4
V using a specnﬁc current of 10 mA/g. The Capac1ty VErsus
cycle number 1s also shown for the same cells 1n the right
hand panels of the figures. The voltage profiles are smooth
and the cells show excellent reversibility.

[0049] The solid line in FIG. 3 shows the capacity
expected before the N1 oxidation state equals +4 plotted
versus X 1n LiNL L5 5 5Mno s 5]O0,. This occurs at
the stoichiometry Li;_, [Ni Li;_,.ysMn,_.5]O,. The cir-
cular data points in FIG. 3 give the capacity to 4.45 V 1n
FIG. 1, which corresponds to the capacity of the reversible
cycling range 1n FIG. 2, except for the data for x=% which
1s taken as the full capacity shown i FIG. 1. There 1s good
agreement between the prediction and the measured capaci-
ties, suggesting that Ni** is oxidized to Ni** during the
portion of the charge to 4.45 V.
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10050] FIGS. 4a-c shows in-situ x-ray diffraction results
for a LVLI N1 Li;_,.ysMng,_. 3]0, cell with x="12, cycled
two times between 2.0 and 4.4 V. All changes to the Bragg
peak positions appear to be completely reversible, as
expected 1n an intercalation process. FIGS. 5a-c shows the
lattice constants and the unit cell volume correlated to the
voltage profile. Within the error of the experiment, the
changes to the lattice constants and the unit cell volume
appear to be reversible as lithium 1s removed from and added
to the compound.

[0051] FIGS. 6a-¢ shows the differential capacity versus
voltage for the Li/LiNi Li;_,.,sMne,_.s]O, cells cycled
between 3.0 and 4.4 V. Apart from small differences between
the first charge cycle and later cycles thought to be caused
by the impedance of the uncycled Li electrode 1n the freshly
assembled cells, the differential capacity 1s perfectly repeat-
able for numerous cycles, suggesting a stable intercalation
process for all these materials.

10052] FIGS. la-e clearly shows that there is excess
capacity available 1 these samples above 4.45 V which
occurs as a plateau between 4.5 and 4.7 V during the first
charge cycle. The length of the plateau capacity 1s plotted
versus X 1n LiINi Li ;5 5 5Mn, 5 3]0, as the squares in
FIG. 3. The plateau capacity decreases smoothly with x. If
the plateau occurs once the N1 oxidation state reaches 4+, or
at the stoichiometry Li,_, [Ni Li;_ ;. sMn,_.:]O,, then
the plateau should have a length of 1-2x per formula unat,
if all L1 atoms can be removed from the Li layers and
provided that L1 atoms cannot be extracted from the pre-
dominantly transition metal layer. This prediction 1s given as
the long dashed line in FIG. 3 and agrees well with the
square data points which are the experimental plateau
capacities from FIG. 1 Finally, the total capacity of the first
charge of the cells described by FIG. 1 1s given as the
triangles in FIG. 3, and compared to the capacity expected
if all the L1 atoms could be extracted from the Li layers. The
agreement 1s quite good.

[0053] The results in FIGS. 1-6 suggest that when the Ni
oxidation state 1s below 4+, the compounds show reversible
cycling 1n an intercalation process. Once the N1 oxidation
state reaches 4+ (near 4.45 V), it appears that further Li can
be extracted, up to the limit when all the Li has been
extracted from the Li layers. There are some questions that
must be answered, however. First, what happens to the
transition metal oxidation states along the plateau? Second,
why 1s the subsequent cycling after the cells have first been
charged to 4.8 V so different than the initial charge (see FIG.
1)? Third, is it true that lithium is being extracted during the
plateau, as we hypothesize? To address these questions,
further in-situ XRD experiments were made.

10054] FIGS. 7a-c show analyzed in-situ x-ray diffraction
results for a LI/LI N Li;_,sMng,_. 510, cell with x=%12,
cycled two times between 2.0 and 4.8 V. The lattice constant
and the unit cell volume changes are correlated to the
voltage profile. Near 4.8 V, the c-axis begins to decrease
rapidly, consistent with the behaviour observed (for example
in LiCoO,) when the last lithium atoms are removed from
the lithium layers. In addition, during the plateau near 4.6 V,
the a-axis remains almost constant, while the c-axis i1s
changing. The plateau cannot correspond entirely to a para-
sitic side reaction mvolving the electrolyte, because clearly
the lithrum content of the material 1s changing. Both the
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clear plateau near 4.6 V and the region of constant a-axis are
not observed during the second charge. Some irreversible

change has occurred in the electrode during its charge to
4.8V,

[0055] In order to observe these changes more clearly, we
carried out the same experiments on the sample with x=1%,
where the plateau 1s very pronounced. FIGS. 8a-c show the
raw 1n-situ XRD results and FIGS. 9a-c¢ show the lattice
constants and unit cell volume correlated to the cell voltage
proiile. Both FIGS. 8 and 9 clearly show that the structure
of the material, as evidenced by the diffraction pattern and
the lattice constants, in the discharged state (53 hours) is
different from the virgin sample. In particular, the unit cell
volume (FIG. 9¢) is much larger than in the original
material. FI1G. 95 also shows that the a-axis does not change
significantly during the plateau 1n the first charge between
4.5 and 4.7 V, even while the c-axis decreases rapidly. The
rapid decrease in the c-axis near 4.8 V suggests again that
most of the L1 has been extracted from between the Li layers.

[0056] The results in FIGS. 7, 8 and 9 suggest several
things. First, the rapid decrease 1n the c-axis near 4.8 V
suggests that most of the Li 1s being removed from the Li
layers, consistent with the cell capacities, as shown 1n FIG.
3. The a-axis decreases smoothly with lithrum content
during the first charge until the anomalous plateau 1s reached
in both FIGS. 7 and 9. The a-axis presumably decreases
because the Ni** formed during charge is smaller than Ni**.
Once the plateau 1s reached, the a-axis remains approxi-
mately constant, suggesting that the transition metal oxida-
fion states are not changing during the plateau. If the
transition metal oxidation states do not change, then the
charge removed must come from the oxygen atoms and
therefore the removal of lithium must be accompanied by
the expulsion of oxygen from the structure along this
plateau. This expelled oxygen may react with the cell
clectrolyte, and may be responsible for clear correlation
between the length of the anomalous plateau mm FIG. 1 and
the 1rreversible capacity for the samples with x=Y6, 13, ¥4 and

2.

[0057] The simultancous expulsion of both lithium and
oxygen from the compound during the plateau 1s surprising.
Support for this can be found, however, 1n a careful study of
the voltage profiles in FIG. 1 and a further examination of
the 1n-situ X-ray diffraction results in FIGS. 7 and 9. It 1s
also useful to first consider the stoichiometry of the mate-

rials at 4.8 V.

[0058] FIG. 10 shows the Gibbs triangle of the ternary
Li—M—O system where we have abbreviated Ny, Mn,_. /5
by M, where x is set by the nickel quantity in Li]Ni_
Li/s 005Mnos /3]0, The compositions of relevant
phases 1n the triangle are given. The solid solution series
LiNi L1 5 0. 5Mno 5 450, (0<x<0.5) 1s found on the
line joining LiLi;,sM, 3]0, and LiMO,. The line joining
LiLi M,;]O, and MO, represents a line of constant tran-
sition metal oxidation state equal to 4+. FI1G. 11 shows an
expanded view of the Gibbs triangle 1n the region of interest
to describe the charge of a Li/LiI N1 Li; 5 55 Mns_ 3]

O, cell.

[0059] The path of the stoichiometry of the electrode
particles 1s traced by the heavy solid line 1n F1G. 11 which
1s 1llustrated for the case x=Vs. The electrode in the freshly
assembled cell begins at the point of intersection between
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the heavy solid line and the line joining Li[ Li, sM, 5]O, and
LiMO.,. During the charge to 4.45 V, the electrode compo-
sition moves to the point “A”. This corresponds to the
stoichiometry Li,_, [N Li;_ 5 Mn,_ . :]0, for x=V% as
orven 1n table 1. Next, we assume that the overall stoichi-
ometry of the electrode material continues to move on a
straight line between “A” and “D”, into a two-phase region
between oxygen gas and a solid with transition metals in
oxidation state 4+. Thus, the solid portion of the electrode
moves from “A” to “B”. At the point “B”, we assume that
the transition metals are 1n oxidation state 4+ and that all Li
1s removed from the L1 layers, leading to the stoichiometry
[N L1 5 sMne,_ 510, 5, at the point “B” as shown in
FIG. 11 and table 1. Now, during the next discharge cycle,
we assume that lithium 1s simply added to this oxygen
deficient layered phase, until the Li layers are filled again,
corresponding to the path from “B” to “C” 1n FI1G. 11. The
point “C” in FIG. 11 has the stoichiometry Li[N1 Li,_,
sMng,_5]0; 5, (for x=1%) as given in table 1. Subsequent
cycling occurs between “B” and “C”.

[0060] The scenario described by the heavy line in FIG.
11 predicts that the first charge should be different from

[nitial

X  Stoichiometry

MH(Z—:&E);‘S]OE
0.167 Li|Nig 457115 527
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the reduction of Mn must occur. If we assume that Ni** is
first completely reduced to Ni** and then Mn™* is reduced,
we can predict the point where Mn reduction should occur.
The stoichiometry where Mn reduction first occurs based on
this assumption is Li, [NLLi; 5.ysMneo, 3]0, 5, as
ogrven 1n table 1.

[0062] Table 1. Stoichiometry of LilNi Liy 5.3

Mn (Z_K)B]Oz starting material assuming all N1 and Mn are 1n

the +4 oxidation state (2nd column); the stoichiometry
reached when all Ni has been oxidized to Ni** near 4.45 V
(3rd column); the stoichiometry reached when all Li is
removed from the Li layer (4.8 V), assuming Ni and Mn
cannot be oxidized beyond 4+ and oxygen loss can occur
(4th column); the stoichiometry reached when all Ni has
been reduced to Ni** during discharge and Mn begins to be
reduced (near 3.5 V) (2nd column of lower table); the
stoichiometry reached at 2.5 V, assuming all sites 1n the Li
layer can be re-filled (3rd column of lower table); the Mn
oxidation state reached at 2.5 V, assuming all Ni is Ni** (4th
column of lower table); and the unit cell volume measured
from m-situ XRD experiments at various states of charge for
two of the samples.

Stoichiometry at 4.45 V Stoichiometry at 4.8 V

Lil—zx[NixLi(l—Ex);’E [NixLil—EK)HSMHE—K)HB]01.5+K
Mﬂ(z—x)ﬂ]oz

LlD.ﬁﬁ?[Nlﬂ.lﬁ?LID. 29oMng 44 1] [Nlﬂ.lﬁ?]—‘lﬂ. »2oMng g1 1]01.55?

Mng 611105 O,

0.25 Li[Nig ,sLig 167 Lig 5| Nig 5sLig 1 67,Mng 56305 [Nigoslig 167Mng 565107 75
Mn 565]O,

0.333 Li|Nig 33015 115 Lig 35| Nig 33115 113Mng 556]O5 [Nig33Lig 113Mng 55610 033
Mn 556]O;

0.416 Li|Nig 416lip0s6  Lig 168l Nip4161i0.056 [Nig 416li0.0s6Mn_s508 |04 016
Mn_5,6]O, Mn_ 5,60,

0.5 Li|Niy sMn, <O, N1, sMn, < |O,
Stoichiometry Unait
when Mn begins Mn [nitial cell Unit cell
to be oxidation unitcell volume  volume
reducedduring Stoichiometry at 2.5  state at  volume (A% at (A% at

X discharge \Y% 2.5V (A% 48V 25V
X LiEx[Ni}{Li(l—Qx)‘S Ll[leLl(l—Qx)HS (5 + ZX)/

MH(E—X)HS] Mﬂz—x);3]01.5+x (2-x%)
01.5+:5{

0.167 Lig 55| Nig 16711555, Li|Nig 157115295 2.91 100.7 08.2 103.0
Mng 611101 667 Mnyg 611101 667

0.25 Liy<|NigosLliy {67 L1 Nig »5Li5 147 3.14
Mng 563101 75 Mnyg s3]0 75

0.333 Liy gq Nigs5lig 113 LiNigs5Lig 145 3.40
Mng s56]0; e33 Mnyg 556101 833

0.416 Liges|Nigaielinose L Nig 416lig ose 3.68 102.5 08.8 103.0
MH—;SQB]OLQM Mﬂ—;528]01.915

0.5 Li]Ni, sMn, < |O, Li|Nig, {Mn, - ]O, 4.0

subsequent cycles, as observed 1 FIG. 1. FIG. 12 rein-
forces this point by showing that the differential capacity
versus voltage of the first charge to 4.8 V 1s different than the
next cycles for the cells described by FIG. 1. The subse-

quent cycles are very reversible, as predicted by the line
from “B” to “C” 1n FIG. 11.

[0061] If the oxygen content of the solid portion of the
electrode 1s reduced along the line from “A” to “B”, then
there will be a point during the subsequent discharge where

[0063] A critical comparison of the differential capacities
in FIGS. 6a-¢ (only Ni being oxidized and reduced) and
12a-¢ (both Ni and Mn being oxidized and reduced) sug-
oests that the capacity below about 3.5 V during discharge
must be due to the reduction of Mn. The capacity attributable
to Mn reduction based on this model 1s 1-2x per formula
unit. This prediction 1s shown as the solid line 1n FIG. 13
and 1s compared to the experimental discharge capacity
below 3.5 V. The agreement 1s very good for the samples
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with x= 5. We take this qualitative agreement as conclusive
evidence for the extraction of oxygen from the sample along
the plateau for otherwise Mn reduction would not be
required. A further consideration 1s that 1t may not be
possible to reduce Mn beyond Mn>™ at these potentials, even

if the L1 layer 1s not filled. The dashed line 1n FIG. 13 shows

the capacity available based on the reduction of all the Mn™*
to Mn’+. Notice that the solid and dashed lines cross near
x=0.2 which 1s close to the point where the experimental
points appear to deviate from the solid line. The samples

with x<¥3 do not agree well with either prediction. However
these show substantial irreversible capacity which may be
related to the large amounts of oxygen removed along the
plateau. When so much oxygen 1s removed, it may be that
substantial motion of the transition metals to the lithium
layer may occur, leading to poor lithtum diffusion and large
irreversible capacity.

[0064] A comparison of the c-axis variation with lithium
content in FIGS. 7b (for x=%2) and 9b (for x=%) is
mstructive. When x=Y12, the c-axis first increases as lithium
1s extracted from the host and only when most of the lithium
1s extracted does the c-axis fall rapidly. This 1s consistent
with the behaviour observed for layered compounds like
L1CoO,. By contrast, the sample with x=V6, (FIG. 9c) shows
a relatively smooth variation of the c-axis with lithium
content after crossing the anomalous plateau. This may
suggest a transfer of some transition metals 1nto the lithium
layer. These heavy cations 1n the Li layer could be the cause
of the large wrreversible capacity observed for this sample
since they would make 1t difficult to msert lithtum into every
available site due to slow diffusion.

[0065] Table 1 gives the expected Mn oxidation state at the
point “C” in FIG. 11. Samples with smaller x in Li|Ni_
L1 Mn,/5_y/3,]O, have smaller Mn oxidation states at

(1!3—2:2/{3%3” : . 2+ 3+
point than do those with larger x. Since Mn~* and Mn
are larger than Mn™*, we expect samples at the point “C” in
FIG. 11, to have larger unit cell volume than the original
LiN1 Li 50 5Mn s (5|0, starting materials. This is
shown to be the case for both the x=16 and x=>42 materials
in table 1. The increase m unit cell volume 1s largest for the
sample with x=% because 1t has more reduced Mn than the
sample with x=%12.

[0066] The results above strongly suggest that oxygen loss
from the samples occurs during the plateau at 4.5 V. In order
to confirm this, ex-situ x-ray diffraction studies of electrodes
with x=V6, Y5 and %12 charged to 4.8 V were made. FIGS.
14a-d show the diffraction pattern of the sample with x='3
and the best-fit to experiment calculated as described below.
The structural model used to calculate the diffraction pattern
in figure assumed that the sample retained the O3 structure.
We assumed that the lithium layers were empty of lithium,
but that an amount of N1, equal to that found on the Li layers
in the original Rietveld refinement of the Li[Ni Li;/;_s, /3
Mn(2 - 1O, starting material, remained. The occupation of
the L1, Ni and Mn atoms in the transition metal layer were
fixed at the occupations originally found in the starting
material. The occupation of the oxygen sites was allowed to
vary and the best fit was found for an oxygen occupation of
1.813, which agrees well with that expected as indicated in
table 1. This assumes random loss of oxygen from the
oxygen sites, creating vacancies. FIGS. 14¢ and 144 show

the variation of the goodness of fit and the Bragg R-factor
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with the occupation of the oxygen sites. This clearly indi-
cates that oxygen loss from the compound has occurred.

[0067] Table 2 gives the results of the Rietveld refinement
of the charged electrodes. The obtained oxygen stoichiom-
etry 1s compared to the predicted oxygen stoichiometry at
4.8 V given 1n table 1 based on oxidation state arguments.
The agreement between predicted and measured oxygen
stoichiometries appears to be very good and 1s evidence that
the charged materials are oxygen deficient.

TABLE 2

Results of ex-situ x-ray diffraction analysis of the samples charged to
4.8 V, showing oxygen 10ss.

X Refined Parameters

a = 2.8437 = 0.0006A

c = 14.01306 = 0.0089A

n(0) = 1.73 = 0.03

expected n(O), based on table 1 = 1.667
7(O)= 0.2397 = 0.0005

Ryp =14.54%, Rg = 5.4%

a =2.8493 + 0.0004A

c = 14.2288 = 0.0041A

n(O) = 1.813 + 0.016

expected n(0O), based on table 1 = 1.833
7(O) = 0.2381 = 0.0003

Ryp = 9.13%, R = 2.7%

a =2.8478 + 0.0003A

c = 14.1958 = 0.0030A

n(0) = 1.875 + 0.011

expected n(O), based on table 1 = 1.916
2(0) = 0.2347 = 0.0002

R, = 7.8%, Ry, = 3.8%

X = 1/6

X =1/3

x = 5/12

[0068] The experimental evidence is consistent with the
simultaneous extraction of both L1 and O atoms along the
plateau above 4.5 V during the first charge. The extraction
1s done 1n a way to keep the transition metal oxidation state
fixed at 4, theretore it 1s as 1t L1,0 18 being removed from
the compound during this plateau.

[0069] Objects and advantages of this invention are further
illustrated by the following examples, but the particular
materials and amounts thereof recited in these examples, as
well as other conditions and details, should not be construed
to unduly limait this invention. Parts and percentages are by
welght unless otherwise indicated.

EXAMPLES

Examples 1-7

[0070] LiOH.H,O (98%+, Aldrich), Ni(NO,),.6H,O
(98%+, Fluka) and Mn(NO,),.6H,O (97%+, Fluka) were
used as the starting materials. The samples Li|Ni Li ;5 /3,
Mn,/5_3]0, (0=0.0, Yi2, V5, Y4, V3, Y12, and %) were
prepared by the “mixed hydroxide” method as described in
Z.Lu and J. R. Dahn, J. Electrochem. Soc. 148, A237 (2001)

and 1ncorporated herein by reference.

[0071] A 50 ml aqueous solution of the transition metal
nitrates was slowly dripped (1 to 2 hours) into 400 ml of a
stirred solution of LLiIOH using a buret. This causes the
precipitation of M(OH), (M=Mn, Ni) with what we hope is
a homogeneous cation distribution. The buret was washed
three times to make sure that all the transition metal nitrates
were added to the LiOH solution. The precipitate was
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filtered out and washed twice with additional distilled water
to remove the residual Li salts (LiOH and the formed
LINQO,). The precipitate was dried in air at 180° C. over-
night. The dried precipitate was mixed with the stoichio-
metric amount of Li(OH).H,O and ground in an automatic
orinder. Pellets about 5 mm thick were then pressed. The
pellets were heated in air at 480° C. for 3 hrs. Tongs were
used to remove the pellets from the oven and sandwich them
between two copper plates 1n order to quench the pellets to
room temperature. The pellets were ground and new pellets
made. The new pellets were heated in air at 900° C. for
another 3 hrs and quenched to room temperature 1n the same
way. The samples described here are the same ones reported

in U.S. Ser. No. 09/845,178.

Example 8

[0072] CH;CO,Li.2H,0 (98%, Aldrich), Cr(NO5);.9H,0
(99%, Aldrich) and (CH,CO,)2Mn.4H,0O (99%+, Aldrich)
were used as the starting materials. The samples Li[ Cr Li,,
3-x3MN /30,310, (0=Y6, %4, 13, V2, %3, 76, and 1.0) were
prepared by the “Sol-gel” method. Stoichiometric amounts
of CH;CO,L1.2H,0, Cr(NO5);.9H,0 and
(CH,CO,)2Mn.4H,0O were dissolved in about 100 ml dis-
filled water 1n a 500 ml beaker while stirring. The pH of the
solution was adjusted to about 10 by adding NH,OH solu-
fion and precipitation occurred. Then the beaker was placed
on a hot-plate to evaporate the water slowly while stirring.
After most of the water had evaporated, the beaker was put
in a muffle oven and dried in air at 130° C. overnight. The
dried precipitate was ground in an automatic grinder and
heated in air at 480° C. for 12 hrs. After cooling to room
temperature, the heated powder was ground 1n an automatic
orinder again and pellets about 5 mm thick were pressed.
The pellets were heated in an argon stream at 900° C. for 3
hours using a Lindberg tube furnace. The oven was heated
to 900° C. at a rate of 600° C./hr. After dwelling at 900° C.
for 3 hours, the oven was cooled to room temperature at a
rate of 600° C./hr. Before heating, argon was purged through
the tube oven for about 3 hrs to remove residual oxygen
from the tube.

X-Ray Daiffraction

[0073] X-ray diffraction was carried out using a Siemens
D500 diffractometer equipped with a Cu target X-ray tube
and a diffracted beam monochromator. Profile refinement of
the data for the powder samples was made using Hill and
Howard’s version of the Rietveld Program Rietica as
described 1n Rietica v1.62, window version of LHPM, R. J.
Hill and C. J. Howard, J. Appl. Crystallogr. 18, 173 (1985);
D. B. Wiles and R. A. Young, J. Appl. Crystallogr.14, 149
(1981).

[0074] The materials are single phase and adopt the
a-NakeO structure (space group R-3M, #166). In-situ x-ray
diffraction measurements were made using the same diffrac-
tometer and lattice constants were determined by least
squares refinements to the positions of at least 7 Bragg
peaks. Rietveld profile refinement was not performed on
in-situ x-ray diffraction results.

Electrode Preparation and Testing

[0075] “Bellcore-type” electrodes were prepared for the
clectrochemical tests. Z grams of the sample 1s mixed with
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ca. 0.1Z (by weight) super S carbon black and 0.25Z Kynar
2801 (PVdJF-HFP)(Elf-Atochem). This mixture was added
to 3.1Z acetone and 0.4Z dibutyl phthalate (DBP, Aldrich) to
dissolve the polymer.

[0076] After several hours of stirring and shaking, the
slurry was then spread on a glass plate using a notch bar
spreader to obtain an even thickness of 0.66 mm. When the
acetone evaporated, the dry films were peeled off the plate
and punched into circular disks with a diameter of 12 mm.
The punched electrode was washed several times 1in anhy-
drous diethyl ether to remove the DBP. The washed elec-
trode was dried at 90° C. in air overnight before use. Using
the above positive electrodes, 2325 type coin-cells (23 mm
diameter, 2.5 mm thick) were assembled in an argon glove-
box (water<5 ppm, O,<5 ppm) with lithium as the anode,
Celgard 2502 membrane as the separator and 1M LiPF, 1n
33 vol % ethylene carbonate (EC)+67 vol % diethyl car-
bonate (DEC) (Mitsubishi Chemical) as the electrolyte.
Usually, the cathode mass was around 20 mg. The cells were
tested using constant charge and discharge currents between
the desired potential limits.

[0077] In-situ x-ray diffraction measurements were made
in the same coin-type cells, except the can of the cell had a

circular hole that was replaced by a beryllium window as
described 1n M. N. Richard, I. Koetschau and J. R. Dahn, J.

Electrochem. Soc., 144, 554 (1997). The cathode electrode
was facing the beryllium, so that diffraction patterns with
minimal contamination from cell hardware could be
obtained. Cells were charged and discharged using constant
currents and x-ray diffraction scans were collected sequen-
fially.

[0078] In order to examine the crystal structure of
LiNi L1 5_0.5Mn, 5 45 ]O, after the long charge plateau
at 4.5 V, electrochemical cells were prepared for ex-situ
diffraction studies. Cells using electrodes of materials with
x=Ys, 13 and Y12 were charged to 4.8 V and stabilized there.
After the cell current decayed to below 5 mA/g the cells
were disassembled and the positive electrode recovered. The
electrode was washed with EC-DEC (33%:67%) solvent to
remove the dissolved salt. The electrode powder was placed
on a zero background holder (510-cut Si) and a diffraction
pattern was recorded. Rietveld refinement was then used to
obtain the structural parameters of the sample.

10079] FIGS. 15a-g and FIGS. 16a-g show the charge-
discharge curves and capacity retention versus cycle number
of Li/Li CrxLi(Y53-x/3)Mn(%5-2x/3)]O, cells cycled
between 2.0 and 4.8 V using a specific current of 5 mA/g at
30° C. FIGS. 15a-¢g shows that the first charge profiles are
quite different from the following ones and that the 1rrevers-
ible capacity losses are between 75 mAh/g and 150 mAh/g.
FIGS. 16a-g shows that the delivered reversible capacity
oradually decreases from about 260 mAh/g to almost 0
mAh/g as the Cr content increases from % to 1. For
Li| CrxLi(Y5—x/3)Mn(%5-2x/3) |02 with x='6 , Y4, 15, 14, 74,
% and 1.0, the Cr 1s believed to be 1n 3+ oxidation state and
the Mn 1n the 4+ oxidation state. Since Mn4+ can not be
oxidized beyond the 4+ oxidation state 1n these experiments,
the Mn4+ 1s assumed not to take part 1in the redox reaction.
It has been reported that the Cr3+ in Li| Li0.2Cr0.4Mn0.4 ]
02 1s oxidized into Cr6+ when the lithium 1s extracted from
its structure, and simultaneously, Cr moves from the octa-
hedral site to a neighboring tetrahedral site.
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[0080] For Lif CrxLi(¥5-x/3)Mn(%5-2x/3)]O2 with x=%
and Y4, the expected capacities due to the redox reaction on
Cr are smaller than the first charge capacity up to 4.8 V. Like
Li| NixLi'5-2x/3Mn%3-x/3) |02 (0<x<%2), Li|CrxLi(Y5—x/
3)Mn(%5-2x/3)]O2 with x=V6 and ¥ must lose some amount
of oxygen during the first charge process. FI1GS. 17a-g show
the differential capacity vs. potential of Li/Li] CrxLi(Y5—x/
3I)Mn(75-2x/3)]O2 cells with x=6, ¥, V3,%, %43, ¥ and 1.0
between 2.0 and 4.8 V. FIG. 17 shows that the first charge
1s quite different from the following ones. The features
(marked with the dashed circle) during the first charge
become more pronounced as the Cr content, X increases.
These changes may be related to the movement of Cr during
the first extraction of Li. The peak 1in FIG. 17 marked with
the solid circle near 4.5 V during the first charge 1s due to
oxygen loss. Just as in the case of Li/Li| NixLi%5-2x/3Mn%53—
x/3]02 (0<x<'2) cells, this peak in dQ/dV appears as a
plateau 1n the voltage profile of the first charge shown in
FIG. 15. For Li/Li| CrxLi(Y5-x/3)Mn(43-2x/3) |O2 cells, the

plateau 1s not as flat, and hence easy to observe, as 1t 1s for
Li/Li NixLi'5-2x/3Mn%3-x/3]02 (0<x<'%2) cells.

|0081] The peak near 4.5 V in FIGS. 17a-g becomes

weaker as the Cr content increases from % to %. This 1s
because more Cr 1s available for the redox reaction. Oxygen
loss should not be required for samples with x<'5 1n order to
remove all the L1 from the Li layer, and FIGS. 17a-g show
that the 4.5 V peak 1s almost gone for the x=5 sample.
Furthermore, FIG. 17a-g show that Li/Li] CrxLi(Y5—x/
3)Mn(%3-2x/3)]O2 cells with x=%6 display extra capacity
between 2.0 and 3.1 V after losing oxygen during the first
charge to 4.8 V. This extra capacity 1s attributed to the
reduction of some Mn4+ to Mn3+—the same behavior as
observed in Li/Li[NixLi¥5-2x/3Mn%3-x/3]02 (Ye<x<Y5)
cells.

[0082] All publications, patents and patent documents are
incorporated by reference herein, as though individually
incorporated by reference. The invention has been described
with reference to speciiic and preferred embodiments and
techniques. However, other embodiments of this mvention
will be apparent to those skilled 1n the art upon consideration
of this specification or from practice of the ivention dis-
closed herein. Various omissions, modifications, and
changes to the principles and embodiments described herein
may be made by one skilled 1n the art without departing from
the true scope and spirit of the invention which 1s indicated
by the following claims.

What 1s claimed 1s:

1. A cathode composition for a lithtum 1on battery having
the formula (a) Lly[M1 1-myMn,, JO,, or (b) Li [Ml(1 wyMny, |
O,.,.where 0=y<l, O<b-::1 and 0<c<0.5 and M* represents
one or more metal elements, with the proviso that for (a) M*
1s a metal element other than chromium;

said composition characterized as being 1n the form of a
single phase having an O3 crystal structure that does
not undergo a phase transformation to a spinel crystal
structure when incorporated in a lithium-ion battery
and cycled for 100 tull charge-discharge cycles at 30 C.
and a final capacity of 130 mAh/g using a discharge
current of 30 mA/g.

2. A cathode composition for a lithium-1on battery having
the formula Li [Li;_,,, ,BMZKMH(Q_K) 3101545 Where O<y<1,
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0<x<0.5 and M~ represents one or more metal elements,
with the proviso that the weighted average oxidation state of
all M~ is 2 when in a fully uncharged state and 4 when in a
fully charged state.

3. The cathode composition of claim 2 wherein said
composition 1s characterized as being in the form of a single
phase having an O3 crystal structure that does not undergo
a phase transformation to a spinel crystal structure when
incorporated 1n a lithium-1on battery and cycled for 100 full
charge-discharge cycles at 30 C. and a final capacity of 130
mAh/g using a discharge current of 30 mA/g.

4. A cathode composition for a lithium-1on battery having,
the formula Lig, [Li,_ 2151‘,_),3M2 Mn,_ K),B]O15+E+},,2 where
O<a<(1-y), 0<:y<:(1 2}{) and 0<x<0.5 and M~ represents one
or more metal elements, with the proviso that the weighted
average oxidation state of all M* is 2 when in a fully
uncharged state and 4 when 1n a fully charged state.

5. The cathode composition of claim 4 wherein said
composition 1s characterized as being in the form of a single
phase having an O3 crystal structure that does not undergo
a phase transformation to a spinel crystal structure when
incorporated 1n a lithtum-1on battery and cycled for 100 full
charge-discharge cycles at 30 C. and a final capacity of 130
mAh/g using a discharge current of 30 mA/g.

6. A cathode composition for a lithium 1on battery having
the  formula  Liy[Li, . M*Mn, 0,  where
(1-2x)=y<1 and 0<x<0.5 and M represents one or more
metal elements, with the proviso that M* is a metal element
other than chromium and that the weighted average oxida-
tion state of all M* is 2 when in a fully uncharged state and
4 when 1n a fully charged state.

7. The cathode composition of claim 6 wheremn said
composition 1s characterized as being 1n the form of a single
phase having an O3 crystal structure that does not undergo
a phase transformation to a spinel crystal structure when
incorporated 1n a lithium-1on battery and cycled for 100 full
charge-discharge cycles at 30 C. and a final capacity of 130
mAh/g using a discharge current of 30 mA/g.

8. A cathode composition for a lithium 10n battery having,
the formula TLifLi, o ,BMQ Mn(z_x) 3191 50x0y2  Where
O<y<(1-2x) and O<X<O 5 and M” represents one or more
metal elements, with the proviso that the weighted average
oxidation state of all M~ is 2 when in a fully uncharged state
and 4 when 1n a fully charged state.

9. The cathode composition of claim 8 wheremn said
composition 1s characterized as being in the form of a single
phase having an O3 crystal structure that does not undergo
a phase transformation to a spinel crystal structure when
incorporated 1n a lithium-1on battery and cycled for 100 full
charge-discharge cycles at 30 C. and a final capacity of 130
mAh/g using a discharge current of 30 mA/g.

10. A cathode composition according to any one of claims
2-9 wherein M~ is nickel.

11. A cathode composition for a lithium-ion battery hav-
ing the formula Li|[Li,_ 1WBMZ Mn,_5.y3]0;5,,,, Where
O<y<l and O<x<l and M represents one or more metal
clements, with the proviso that the weighted average oxi-
dation state of all M 1s 3 when 1n a fully uncharged state and
4 when 1n a fully charged state.

12. The cathode composition of claim 11 wherein said
composition 1s characterized as being in the form of a single
phase having an O3 crystal structure that does not undergo
a phase transformation to a spinel crystal structure when
incorporated 1n a lithium-1on battery and cycled for 100 full
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charge-discharge cycles at 30 C. and a final capacity of 130
mAh/g using a discharge current of 30 mA/g.

13. A cathode composition for a lithium-ion battery hav-
ing the formula Liy+a[Li(1—KJKSMZKMH(Z—EE)XS]O15+EK2+3!K2
where O<a<(1-y), O<y<(1-x) and O<x<1 and M~ represents
one or more metal elements, with the proviso that the
weighted average oxidation state of all M” is 3 when in a
fully uncharged state and 4 when 1n a fully charged state.

14. The cathode composition of claim 13 wherein said
composition 1s characterized as being in the form of a single
phase having an O3 crystal structure that does not undergo
a phase transformation to a spinel crystal structure when
incorporated 1n a lithium-1on battery and cycled for 100 full
charge-discharge cycles at 30 C. and a final capacity of 130
mAh/g using a discharge current of 30 mA/g.

15. A cathode composition for a lithium 1on battery having
the  formula  LifLi;_,, ,BMZKMH(Q_ZK) 4]0,  where
(1-x)=y<1 and O<x<1 and M~ represents one or more metal
elements, with the proviso that M~ is a metal element other
than chromium and that the weighted average oxidation state
of all M” is 3 when in a fully uncharged state and 4 when in
a fully charged state.

16. The cathode composition of claim 15 wherein said
composition 1s characterized as being in the form of a single
phase having an O3 crystal structure that does not undergo
a phase transformation to a spinel crystal structure when
incorporated 1n a lithium-1on battery and cycled for 100 full
charge-discharge cycles at 30 C. and a final capacity of 130
mAh/g using a discharge current of 30 mA/g.

17. A cathode composition for a lithium-ion battery hav-
ing the formula LifLi,_ . ,BMZEMH(Z_QK) 3101 5052442
where O<y<(1-x) and O<x<1 and M~ represents one or more
metal elements, with the proviso that the weighted average
oxidation state of all M~ is 3 when in a fully uncharged state
and 4 when 1n a fully charged state.

18. The cathode composition of claim 17 wheremn said
composition 1s characterized as being in the form of a single
phase having an O3 crystal structure that does not undergo
a phase transformation to a spinel crystal structure when
incorporated 1n a lithium-1on battery and cycled for 100 full
charge-discharge cycles at 30 C. and a final capacity of 130
mAh/g using a discharge current of 30 mA/g.

19. A cathode composition according to any one of claims
11-18 wherein M~ is selected from the group consisting of
Co and Fe and combinations thereof.

20. A cathode composition for a lithtum-ion battery hav-
ing the formula Liy[Li(l_K)BMZKMH(Z_ZK)B]O15+1_5}; where
O<y<1 and 0<x<0.33 and M~ represents one or more metal
clements, with the proviso that the weighted average oxi-
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dation state of all M~ is 3 when in a fully uncharged state and
6 when 1n a fully charged state.

21. The cathode composition of claim 20 wherein said
composition 1s characterized as being in the form of a single
phase having an O3 crystal structure that does not undergo
a phase transformation to a spinel crystal structure when
incorporated 1n a lithium-1on battery and cycled for 100 full
charge-discharge cycles at 30 C. and a final capacity of 130
mAh/g using a discharge current of 30 mA/g.

22. A cathode composition for a lithium-ion battery hav-
ing the formula Li,, [Li, . M*Mn,_, X3£015+15K+yf2
where O<a<(1-y), O<y<(1-3x) and O<x<0.33 M~ represents
onc or more metal elements, with the proviso that the
weighted average oxidation state of all M* is 3 when in a
fully uncharged state and 6 when 1n a fully charged state.

23. The cathode composition of claim 22 wherein said
composition 1s characterized as being in the form of a single
phase having an O3 crystal structure that does not undergo
a phase transformation to a spinel crystal structure when
incorporated 1n a lithium-1on battery and cycled for 100 full
charge-discharge cycles at 30 C. and a final capacity of 130
mAh/g using a discharge current of 30 mA/g.

24. A cathode composition for a lithium-ion battery hav-
ing the formula LiJLi,_ ;3M2;;Mﬂ5z_z};) 3101 5415x4y/2
where O<y<(1-3x) and 0<x<0.33 and M~ represents one or
more metal elements, with the proviso that the weighted
average oxidation state of all M* is 3 when in a fully
uncharged state and 4 when 1n a fully charged state.

25. The cathode composition of claim 24 wherein said
composition 1s characterized as being in the form of a single
phase having an O3 crystal structure that does not undergo
a phase transformation to a spinel crystal structure when
incorporated 1n a lithium-1on battery and cycled for 100 full
charge-discharge cycles at 30 C. and a final capacity of 130
mAh/g using a discharge current of 30 mA/g.

26. A cathode composition according to any one of claims
20-25 wherein M~ is chromium.

27. A lithium-1on battery comprising:

(a) an anode;

(b) a cathode; and

(¢) an electrolyte separating said anode and said cathode,

said cathode comprising the cathode composition of
any onc of claims 1,2, 4,6, 8,11, 13, 15,17, 20, 22,
and 24.
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