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POSITIVE ELECTRODES FOR LITHIUM
BATTERIES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation of U.S. applica-
tion Ser. No. 12/284,201, filed on Sep. 19, 2008, now U..S. Pat.
No. 8,835,027, which claims the benefit of U.S. Provisional
Application Ser. No. 60/994,874, filed on Sep. 21, 2007/, each

of which 1s incorporated herein by reference in its entirety.

CONTRACTUAL ORIGIN OF THE INVENTION

[0002] The United States Government has rights in this

invention pursuant to Contract No. DE-AC02-06CHI11357
between the United States Government and UChicago
Argonne, LLC representing Argonne National Laboratory.

FIELD OF THE INVENTION

[0003] This mvention relates to positive electrodes (cath-

odes) for lithium cells and batteries, notably rechargeable
lithium-10n cells and batteries. These batteries are used to

provide power for a wide range of applications such as por-
table telecommunications equipment, computers, medical
devices, electric vehicles, and hybrid-electric vehicles.

BACKGROUND OF THE INVENTION

[0004] FElectrochemical energy conversion and storage in
new, advanced battery systems will undoubtedly contribute to
finding solutions to the world’s energy problems and, in par-
ticular, to lessening 1ts dependence on fossil fuels for trans-
portation. Non-aqueous, lithium batteries offer the most tlex-
ible chemistries and the best promise for greater-than-
incremental 1mprovement over known battery systems,
particularly in terms of their practical energy and power per-
formance.

[0005] The most significant advantage of lithium batteries
over aqueous systems 1s that they can operate at voltages
significantly higher than the decomposition potential of water
(about 1.2 V). Despite the progress that has been made 1n
recent years with conventional L1, C ,L.1C0oQO,, cells that oper-
ate at about 4 V, the energy and power densities of recharge-
able lithium-1on batteries for the mass storage of energy, e.g.,
for large scale applications such as electric vehicles and plug-
in hybrid electric vehicles, are still limited by the specific and
volumetric capacities of the electrode maternals currently in
use. New materials are required to advance lithium battery
technology. The present 1mvention provides novel positive
clectrode (cathode) materials, for a future generation of
lithium electrochemical cells and batteries. The invention
also provides examples of such electrode materials, methods
tor synthesizing the electrodes, and evaluating the electrodes
in non-aqueous lithium cells.

SUMMARY OF THE INVENTION

[0006] This invention relates to materials that can be used
as precursors for positive electrodes 1n non-aqueous lithium
cells and batteries, preferably rechargeable lithium-1on cells
and batteries, and to the positive electrodes formed therefrom.
More specifically, the invention relates to precursor materials
for positive electrodes containing lithium cations, other metal
cations, and charge balancing anions. The precursor material
comprises a first component, containing one or more L1,0-

Jan. 1, 2015

containing materials such as those with Mn, V, Fe and Ti
cations, for example, L1,MnO, (L1,0.MnQO,), L1V ,0, (L1,0.
3V,0.), L1,VO, (3L1,0.V,0,)LiFe. O, (L1,0.2.5Fe,0;),
LiFeO, (L1,0.Fe,03), LiFeO, (5L1,0.Fe,0;), Li1,T10,
(L1,0.110,; L1:T1=2:1). Alternatively, the first component
may comprise an intergrown material having a composite
structure or a blended material, in which the intergrown or
blended matenals each imnclude two or more Li1,0O-containing
components of different molecular structure, such as
L1,MnO,;.L1IMO, where M comprises a metal cation, typi-
cally one or more transition metal cations such as Mn, Ni
and/or Co cations, or the first component may comprise struc-
turally integrated or blended L1,MnO,.LiM', O, compounds
where M' typically comprises one or more metal cations, such
as .1 and Mn cations. The electrode precursor matenals also
comprise a second component, containing one oOr more
charged or partially-charged electrode compounds that can
react with an integral or fractional molar quantity of lithium,
based on the molecular formula of the charged material and
partially charged maternal respectively, during the charging
and discharging of the electrode when included 1n an electro-
chemical cell, preferably, but not exclusively, selected from a

metal oxide, a lithium metal oxide, a metal phosphate, or a
metal sulfate, such as MnO,, V,O., L1, V.0, (0=x=<0.3),

Fe,O,;, L1, _ FePO, (0<y=l) or Fe,(SO,),, with the proviso
that at least one of the electrode components does not contain
manganese. The second component may also be a Li1,0-
containing compound such as L1V ,0, (L1,0.3V,0O. ) that rep-
resents an example of a charged electrode compound that can
react with lithium to form L1,V ;04. According to the inven-
tion, L1,0 1s extracted from the above-mentioned electrode
precursors to activate the electrode either directly by electro-
chemical methods by applying a suiliciently high potential 1n
an electrochemical cell, or by chemical methods, e.g., by
reaction with an acidic medium having a O<pH<7. The
present invention also encompasses methods for synthesizing
the precursor lithium-metal-oxide electrodes, as well as
lithium cells and batteries containing such precursor elec-
trodes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The invention comprises certain novel features
hereinafter fully described, and 1llustrated in the accompany-
ing drawings, it being understood that various changes 1n the
details may be made without departing from the spirit, or
sacrificing any of the advantages of the present invention.

[0008] FIG. 1 1s anillustration of the powder X-ray difirac-
tion pattern of a composite 0.74L1,MnQO,.0.26L1, ,V,0,
clectrode powder prepared at 300° C.

[0009] FIG. 2 1s a graphical representation of the relation-
ship between the voltage and capacity for an 1nitial charge and
subsequent discharge/cycles of a L1/0.74L1,Mn0,.0.26L1,

>V ;04 cell operated at room temperature.

[0010] FIG. 3 1s a graphical representation of the relation-
ship between the voltage and capacity for an initial discharge
and subsequent charge/discharge cycle of a L1/0.74L1,MnQO,.
0.26L1, ,V,0; cell operated at room temperature.

[0011] FIG. 4 1s a graphical representation of the relation-
ship between the voltage and capacity for an imitial charge and
subsequent discharge/charge cycles of a C./0.74L.1,MnQO,.0.
2611, ,V ;0 cell operated at room temperature.
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[0012] FIG. S 1s anillustration of the powder X-ray difirac-
tion pattern of a composite 1.1/0.9(0.5L1,MnO,.0.5L1N1,

44Coq, »sMn, 5,0,).0.1L1, ,V .0, electrode powder prepared
at 450° C.

[0013] FIG. 6A1sagraphical representation of the relation-
ship between the voltage and capacity for an initial charge and
subsequent discharge/charge cycles of a L1/0.9(0.5L1,MnQO,,.
0.5LiN1, ,.Co, ,sMng, 5,0,).0.1L1, ,V,0, cell operated at
room temperature.

[0014] FIG. 6B 1s a capacity vs. cycle number plot for 50
charge/discharge cycles of a L1/0.9(0.5L.1,MnQO,.0.5LiNi,
44Co0, >sMn,, 5;0,).0.1L1, ,V ;04 cell operated at room tem-
perature.

[0015] FIG. 7 1s anillustration of the powder X-ray difirac-
tion pattern of a composite xLi.FeO,.(1-x)LiFeO, (0.5=x=0.
6) electrode powder prepared at 900° C.

[0016] FIG. 8 1s a graphical representation of the relation-
ship between the voltage and capacity for animitial charge and
subsequent discharge of a LixLiFeO,.(1-x)LiFeO,
(0.5=x=0.6) cell operated at room temperature.

[0017] FIG. 9 1s a graphical representation of the relation-
ship between the voltage and capacity for the initial discharge
and second charge of a Li/xL1.FeO,.(1-x)L.1iFeO, cell oper-
ated at room temperature.

[0018] FIG. 101s a graphical representation of the relation-
ship between the voltage and capacity for an imitial charge and
subsequent three discharge/charge cycles of a C./Li.FeQO,.
FePO, cell operated at room temperature.

[0019] FIG. 11A 1s a graphical representation of the rela-
tionship between the voltage and time for an 1nitial charge and
subsequent discharge of a C/Li;FeO,.L1, ,V ;04 cell oper-
ated at room temperature.

[0020] FIG. 11B 1s a graphical representation of the rela-

tionship between voltage and capacity for the subsequent six
discharge cycles of the cell of FIG. 11A.

[0021] FIG. 12 15 a schematic representation of an electro-
chemaical cell.
[0022] FIG. 13 1s a schematic representation of a battery

consisting of a plurality of cells connected electrically 1n
series and 1n parallel.

DETAILED DESCRIPTION OF PR
EMBODIMENTS

[0023] State-of-the-art L1 C /[1Co0O, lithium-ion batteries

are limited by the theoretical specific capacity of the graphite
anode (about 372 mAh/g) and L1CoO, cathode (about 280

mAh/g). In practice, the graphite anode provides approxi-
mately 300-350 mAh/g, while the LiCoQO, cathode provides
only approximately 130-140 mAh/g. By contrast, lithium
metal or a metal anode that alloys with lithium, such as Sn,
offers a significantly higher theoretical capacity than a graph-
ite anode (about 3863 mAh/g for lithium and 994 mAh/g for
Sn). In addition, the relatively high density of metal alloys,
typically p>4 g/cm’, provides anodes with significantly
higher volumetric capacity compared to graphite (p=2.2
g/cm’). Manganese and vanadium oxide cathodes, such as
MnQO,, V,0O. and L1V,0, (L1,0.3V,0.), which can be used
directly as cathodes in the charged state, offer theoretical
capacities 1n the range of about 300-440 mAh/g, respectively,
of which approximately 250-300 mAh/g has been realized 1n
practice. In addition, manganese-based electrodes with inte-
grated or blended composite structures, such as ‘layered-
layered’ xLL1,MnO,.(1-x)L1MO, (e.g., M=Mn, N1, Co) struc-
tures, as disclosed by Kim et al. in Chemistry of Matenals,
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Volume 16, page 1996 (2004), and ‘layered-spinel’
xL1,MnO;.(1-x)LiMn,_ M, O, (e.g., M=L1, N1, Co, Mg, Al)
structures, as disclosed 1in U.S. Pat. No. 7,303,840, the entire
disclosures of which are incorporated by reference, have been
reported to yield capacities close to 250 mAh/g at relatively
low current rates. In U.S. Pat. No. 7,303,840, the layered-
spinel components have a Li,O-containing component
(L1,MnO,) and a partially charged spinel component
(LiMn,_ M O,) but fall outside the scope of this mvention

because both components contain Mn.

[0024] In principle, the lithium cells with the electrode
components of this imvention can significantly increase the
capacity and energy delivered by conventional lithium-ion
cells that are assembled in the discharged state. In one
embodiment of the 1nvention, new positive electrode (cath-
ode) precursor materials for lithium cells are disclosed, nota-
bly those containing at least one component from which L1,0
can be extracted, either electrochemically or chemically, 1n
combination with one or more charged electrode compo-
nents, the L1,0-containing component being used to activate
and enhance the capacity of the electrode. Broadly speaking,
the invention relates to positive electrode precursors contain-
ing surplus lithium that can be extracted electrochemically at
high potentials to load carbon-, metal-, semi-metal-, interme-
tallic-, and metal oxide anode materials, such as graphite, Sn,
S1, CuSn. and L1,T1.0,, materials, respectively, with
lithium during the 1nitial charging process, the lithiated anode
materials being able to provide suificient lithium on the sub-
sequent discharge to both the activated electrode component
and to the charged electrode component contained in the
initial parent precursor electrode.

[0025] When lithium 1s extracted from the precursor elec-
trode as L1,0, both lithium 1ons and oxygen are released from
the electrode during the activation of the electrode. This acti-
vation reaction leaves a structurally modified electrode that
can accommodate lithium on the subsequent discharge. The
activated electrode may be crystalline and may show a close
crystallographic relationship to parent precursor matenal.
Alternatively, the activated electrode may be poorly crystal-
line or amorphous to X-rays.

[0026] In a second embodiment, the invention relates to
precursor materials for positive electrodes containing lithtum
and other metal cations and charge balancing anions, that
contain, as a first component, one or more L1,0-containing
compounds such as those with Mn, Fe, and V cations.
Lithium-manganese-oxides and lithtum-iron-oxide com-
pounds, 1n particular, have the advantages of being low cost
and environmentally benign materials; vanadium oxides and
lithium-vanadium-oxide compounds offer high electro-
chemical capacities compared to other transition metal oxide
compounds. The first component of the precursor electrode
materials of this invention have a lithium to metal (L1:M) ratio
greater than, equal to, or less than 1:1, for example, L.1,MnO,
(L1,0.MnO,, L1:Mn=2:1), L1V ;04 (L1,0.3V,0., L1:V=1:3),
L1, VO, (3L1,.V,0., Li:V=3:1), Li.FeOy (L1,0.5Fe,0;,
Li:Fe=1:3), LiFeO, (L1,.Fe,O,, Li1:Fe=1:1), Li.FeO,, (5L1,.
Fe,O;, Li:Fe=5:1), L1, 110, (LL1,.110,; L1:T1=2:1). The first
component may, alternatively, comprise intergrown com-
pounds with composite structures or blended compounds
containing the L.1,0-containing component, such as layered
L1,MnO,.LiMO, materials 1n which M 1s typically a transi-
tion metal cation, such as Mn, N1, Co, optionally in combi-
nation with one or more other metal cations such as Al and
Mg, or the first component may comprise structurally inte-
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grated or blended L1,MnO,.L.iM',O,, (*layered-spinel” ) mate-
rials in which M' 1s typically comprised of L1 and Mn, option-
ally in combination with one or more other metal cations such
as N1, Co, Mg, and Al. Alternatively, the structurally-inte-
grated or blended component may be more complex, such as
a three-component xL1,MnO,.yLiMO,.zZL1M,O, (x+y+z=1)
or a higher order system. The electrode precursor materials of
this invention comprise, as a second component, one or more
clectrode materials 1n either a charged or partially-charged
state. Such charged and partially charged materials are well
known 1n the art to be able to react electrochemically with
lithium, for example, by a displacement reaction or by accom-
modating lithium within its structure, the second component
being selected preferably, but not exclusively, from a metal
oxide, a lithium metal oxide, a metal phosphate, or a metal
sulfate, such as MnO,, V,O., L1, V.0, (0=x<0.3), Fe,O,,
L1,_ FePO, (O<y=l) or Fe,(50,);, with the proviso that at
least one of the electrode components does not contain man-
ganese. The second component can also be a L1,0-containing
matenal, such as L1V ,0, (L1,0.3V,0.), which 1s an example
ol a charged cathode that can react electrochemically with
lithium by accommodating at least three lithium 10ns within
its structure to form L1,V ;04 as reported by de Picciotto et al
in Solid State Ionics, Volume 62, page 297 (1993). On the
other hand, the composition L1, ,V,0, 1s an example of a
partially charged cathode material because 1t 1s possible to
extract 0.2 lithium 10ns to reach its fully charged state L1V ,Oq
(L1,0.3V,0.). Likewise, MnO, 1s an example of a fully
charged electrode material that can react with one lithium to
form LiMnQO, and L1, :MnQO, (or LiMn,O,, spinel) represents
an example of a partially charged cathode because 1t can react
with 0.5 lithium 10ns to form LiMnQO, and because 0.5 lithium
ions can also be extracted from Li, \MnO, to produce the
tully charged electrode material MnO,. The charged elec-
trode components of the electrode precursors of this invention
should preferably provide a capacity of at least 100 mAh/g 1n
a lithtum electrochemical cell, whereas the partially charged

clectrode materials should provide a capacity of at least 50
mAh/g in the cell.

[0027] In a third embodiment of this mnvention, the L1,0
constituent of the L1,0-contaiming components 1s extracted
from the electrode precursors to activate the electrode either
directly by electrochemical methods at a suificiently high
potential in an electrochemical cell or by chemical methods,
¢.g., by reaction with an acidic solution having a O<pH<7
prior to loading the electrode 1n a fully-charged or partially
charged cell. The acid may be either an iorganic acid or an
organic acid, preferably an inorganic acid comprising HF,
HCI, HNO, or H,PO,. When the 1,0 component 1s extracted
clectrochemically from the positive electrode, the lithium
1ions are removed with the concomitant release of oxygen that
can either evolve as a gas or react with the surrounding elec-
trolyte. The principal advantage of this invention 1s that the
L1,0 component of the positive electrode precursor can act as
a source of surplus lithium to load a negative electrode during
the activation step and that this lithium can be used during a
subsequent discharge reaction not only with the host elec-
trode component from whence 1t came, but also with the
charged or partially charged components 1n the parent elec-
trode that are susceptible to reaction with lithium, as
described hereinbefore, thereby maximizing the use and
capacity of the overall electrode.
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[0028] The present invention encompasses methods for
synthesizing the precursor positive electrodes, as well as elec-
trochemical lithium cells and batteries containing such pre-
cursor electrodes.

[0029] The principles of this invention are described with
respect to the following idealized reactions:

[0030] 1. Composition of precursor electrode: Li1,MnOj:
211, 5 V30,

[0031] Imitial Charge Reaction at the Electrode:

Li,MnO3;+2L1,; 5V;,0,—=MnO5+3V,0:+4.4L17+0O,+4.
de”

10032]

4 4L174+MnO5+3V,05+44.4e—=LiMnO,+3L1,
133V,5,0s.

Subsequent Discharge Reaction:

10033]
18Fe,0,
10034]

41.i.FeO,+18Fe,03—20Fe,05+20Li* +50,+20¢e™
10035]
20Li*+20Fe,04+20e —20LiFe,O;.

[0036] 3. Composition of precursor electrode: Li1,MnOj,.
LiMn, N1, sO,+211, , V304
[0037] Imtial Charge Reaction at the Electrode:

Ii,MnO5.LiMn, sNig sO5+2Li, 5V304—MnO,.Mn,
sNig sO5+3V,0+5 AL +0,+5.4e

2. Composition of precursor electrode: 4L1.FeQO,:

Initial Charge Reaction at the Electrode:

Subsequent Discharge Reaction:

10038]

5.4Li*+MnO,.Mn, Ni, sO,+3V,0+5.4¢”

Subsequent Discharge Reaction:

[0039] 4. Composition of precursor electrode: Li1,MnO;.
LiMn, <Ni, O,+FePO,
[0040] Imitial Charge Reaction at the Electrode:

Li,MnO,.LiMn, sNi, sO,+FePO,~MnO,.Mn, -Ni,
50,+3.0Li*+FePO,+150,+3.0e”

10041]

3.0Li*+MnO,.Mn, -Nig sO,+FePO,+3.0e"
—1.iMnO,.LiMn, sNi, sO+LiFePO,.

Subsequent Discharge Reaction:

[0042] The overall principles of the invention are demon-
strated by the following practical examples:

Example 1

[0043] A positive electrode precursor with the nominal
composition 0.74L.1,Mn0O,.0.26L1, ,V,0, was prepared by
intimately mixing individually-prepared Li,MnO; and L1,
>V .04 powders 1n the desired stoichiometric ratio and subse-
quently heating the mixture at about 300° C. 1 air for 24
hours. The L1, ,V,0, precursor was prepared by mixing
L1,CO; and NH, VO, powders and thereafter calcining them
at about 450° C. for 48 hours 1n air. The L1,MnQO, precursor
sample was prepared by mixing and calcining L.1,CO; and
MnCO, powders under the same preparative conditions as the
L1, ,V;0, sample. The X-ray diffraction pattern of the
0.741.1,MnQO,.0.2611, ,V,0O, product 1s shown 1n FIG. 1.

[0044] Electrochemical tests of the 0.74L1,Mn0O,.0.26L1,

>V .04 electrodes were conducted 1n lithium ‘half” cells as
tollows. The electrodes for each lithium cell were fabricated
from a mixture of 84 wt % of 0.74L.1,Mn0,.0.26L1, ,V ;04
clectrode powder, 8 wt % polyvinylidene difluoride (PVDEF)
polymer binder (Kynar, Elf-Atochem), 4 wt % acetylene
black (Cabot), and 4 wt % graphite (SFG-6, Timcal) slurried
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in 1-methyl-2-pyrrolidinone (NMP) (Aldrich, 99+%). An
clectrode laminate was cast from the slurry onto an Al current
collector fo1l using a doctor-blade. The laminate was subse-
quently dried, first at about 75° C. for about 10 hours, and
thereafter under vacuum at about 70° C. for about 12 hours.
The electrolyte was 1 M LiPF, 1in a 1:1 mixture of ethylene
carbonate (EC) and ethylmethyl carbonate (EMC). The elec-
trodes were evaluated at room temperature 1n coin-type cells
(s1ize CR2032, Hohsen) with a lithium foil counter electrode
(FMC Corporation, Lithium Division) and a polypropylene
separator (CELGARD 2400). Cells were assembled 1nside a
He-filled glovebox (<5 ppm, H,O and O,) and cycled on a
MACCOR Series 2000 tester under galvanostatic mode using
a constant current density of about 0.05 mA/cm” between 4.8
and 2.0 V.

[0045] The voltage profiles of the first two charge/dis-
charge cycles of a L1/0.74L1,Mn0,.0.26L1, ,V,0, cell,
cycled between 4.8 and 2.0 V are shown in FIG. 2, whereas
the voltage profiles of an i1dentical cell that was discharged
first, followed by one charge/discharge cycle between the
same voltage limits are shown in FIG. 3. In FIG. 2, the
capacity withdrawn from the 0.74L1,Mn0O,.0.26L1, ,V .04
clectrode between 3.3 and 4.0V on the imitial charge 1s attrlb-
uted to the extraction of L1 from the L1, ,V,04; component
with a concomitant oxidation of V** to V°*; the capacity
withdrawn from the electrode above 4.0V 1s attributed to the
irreversible extraction of L1,0 from the L1,MnO, component
that yields an electrochemically active MnO., component that
can accommodate lithium within 1ts structure on the subse-
quent discharge. The voltage profile of the second charge
process differs significantly from the first charge process
(FI1G. 2) as aresult of the activation of the precursor electrode,
whereas the profile of the second discharge closely follows
that of the first, reflecting the reversibility of the activated
clectrode reaction. The capacity delivered between 4.5 and
about 3.0V 1s attributed predominantly to the MnO, compo-
nent of the electrode, whereas the capacity delivered 1n a
series of steps between 3.0 and 2.0 V 1s attributed predomi-
nantly to the vanadium oxide component of the electrode.
FIG. 3 demonstrates that when a similar cell 1s mitially dis-
charged (discharge 1), lithium 1s 1nserted only into the L1,
>V 0O, component, not the unactivated .1,MnQO, component,
and that activation of the L1,MnO, component occurs on the
subsequent charge. Thereafter, the cell discharges 1n a like
manner to that shown in FIG. 2. FIGS. 2 and 3 demonstrate
that a high electrochemical discharge capacity of approxi-
mately 250 mAh/g can be obtained from 0.74L1,MnQO,.0.
2611, ,V ;04 electrode precursors when activatedto 4.8 V and
subsequently cycled to 2.0V 1n a lithium cell. This capacity 1s
significantly higher than the capacity obtained in practice
trom conventional L1CoQO, (layered), L.iMn,O, (spinel) and
LiFePO, (olivine) electrodes.

Example 2

[0046] The 0.74L1,Mn0O,.0.26L1, ,V,0, electrodes of
Example 1 were also evaluated in lithium-ion ‘full” cells
contaiming MCMB graphitic anodes. Cells were cathode lim-
ited. The cells were cycled between 4.7 and 1.0 V at 0.05
mA/cm”. The voltage profiles of the initial charge and subse-
quent discharge/charge cycles of a typical cell are shown 1n
FIG. 4, which demonstrates the reversibility of the activated
0.74L1,Mn0O,.0.26L1, ,V,0, electrodes 1n a lithium-1on cell
configuration. The relatively low rechargeable capacity
obtained from the positive electrode (approximately 150
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mAh/g) 1s attributed to the excess MCMB graphite that was
used in the unbalanced cell and to the relatively high
L1,MnQO; content in the electrode. Improvements in the elec-
trode capacity and cycling efliciency can be expected by
increasing the L1, ,V ;04 content in the electrode relative to
L1,MnQO,, and by balancing the required relative amounts of
anode and cathode materials 1n the lithium-1on cell.

Example 3

[0047] Inthis example, a precursor material, consisting of a
L1,0-contaimng  0.5L1,Mn0O,.0.5L1N1, ,.Co, ,-Mn, 5,0,
component (L1,MnO,=L1,0.Mn0O,) and a charged Li,
>V .04 component 1n a 0.9:1 molar ratio was evaluated. The
0.9(0.5L1,Mn0O,.0.5LiN1, ,,Co, ,-Mn, ;,0,).0.1L1, ,V,0,

precursor was prepared by mixing pre-prepared 0.51L.1,MnQO;,.
0.5L1Ny, ,.Co, ,<Mn, 5,0, and 0.1L1, ,V,0, materials 1n a
0.9:0.1 stoichiometric ratio and heating them typically at a
temperature 1n the range of about 100° C. to 450° C. for about
12 hours 1n air. The 0.51.1,MnQO,.0.5L1Ni, ,.,Co, ,-Mn,, 5,0,
component was prepared by first intimately mixing L.1,CO,
and (Mn,, 4-.Co, ,-sN1, »,5)(OH), powders and, thereafter,
calciming the mixture at about 700° C. for about 36 h 1n air.
The L1, ,V,0, precursor was prepared as described 1n

Example 1. The X-ray diflraction pattern 010.9(0.5L1,MnQO,.
0.5LiN1, ,.Co, ,sMn, 5,0,).0.1L1, ,V,04 product was con-
sistent with the typical patterns of 0.5L1,MnO,.0.5L1N1,
24Co0, ,sMn, 5,0, and L1, ,V ;04 materials. When heated to
about 450° C., the diffraction pattern of the product showed.,
in addition, a minor amount of an unidentified by-product of
the reaction (FIG. §). FIG. 6 A shows the initial charge and
subsequent discharge/charge profiles of a L1/0.9(0.
SL1,Mn0O,.0.5LiN1, ,Co, 5sMn, 5,0,).0.1L1, ,V,0,  cell
cycled between 4.6 and 2.0 V at 0.05 mA/cm? at room tem-
perature. FIG. 6B demonstrates, 1n a capacity vs. cycle num-
ber plot, that a rechargeable capacity greater than 200 mAh/g
was delivered for 50 cycles, which 1s significantly higher than
the capacity that can be achieved from state-oi-the-art
[1C00,, LiMn,O, and LiFePO, electrodes, in accordance

with the principles of this invention.

Example 4

[0048] This example demonstrates that an 1ron-based pre-
cursor material, consisting of a Li.FeO, (5L1,.Fe,O,) com-
ponent and a LiFeO, component (L1,.Fe,O,), represented
generically in two-component notation as xLi.FeO,.(1-x)
LiFeO, (0<x<1) can be used effectively as an electrode pre-
cursor and source of lithium for charging lithium cells. The
xL1.FeO,0.(1-x)L1FeO, precursor was prepared by the reac-
tion of lithium oxide powder (LL1,0; Aldrich, 99+%) and 1ron
oxide powder (Fe,O;, Aldrich 99.9%). The powders were
mixed using a mortar and pestle, and then fired at about 750°
C. under mitrogen for about 12 hours. The product was re-
ground, pelletized and re-fired under nitrogen at about 900°
C. for several hours. The two-component character of this
precursor was confirmed by powder X-ray diffraction (CuKc.
radiation) (FIG. 7). A quantitative analysis of the diffraction

pattern revealed that the product contained approximately 40

to 50% LiFeO, and 30 to 60% Li.FeO,. FIG. 8 demonstrates
that the electrochemical extraction of lithium from the

xL1.FeO,0.(1-x)L1FeO,(0.5=x<0.6) precursor 1n a lithium
cell, assembled according to the methods described 1n
Examples 1, 2 and 3, and cycled between 5.0 and 1.5V at 0.05

mA/cm”, occurs in a two-step process, consistent with the
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two-component character of the precursor material, the first
process occurring at a lower potential (about 4.0V vs. L1/L17)
than the extraction of lithtum from the L1,MnO; component
of the corresponding 0.741.1,Mn0O,.0.2611, ,V,0, electrode
precursor in FIG. 2 (>4.5V vs. Li/Li"). The large irreversible
capacity loss that occurs on the 1nitial cycle 1s attributed to the
surplus of lithtum that can be withdrawn from the xLi.FeQO,.
(1-x)L1FeQO, precursor electrode during charge (443 mAh/g)
and the relatively small quantity of lithium that could be
introduced into the activated Fe,O; electrode component on
the subsequent discharge (112 mAh/g) (FIG. 8). This phe-
nomenon can be understood by considering a xLi1.FeO,.(1-
x)L1FeO, electrode that contains equimolar amounts of
Li.FeO, (L1,.Fe,O;) and LiFeO,(L1,0.Fe,0,) (1.e., x=0.5).
Such an electrode would yield a theoretical capacity of 645
mAh/g during charge 1f all the L1,0 was withdrawn from the
two components, but would deliver a theoretical capacity of
only 215 mAh/gif the resulting activated Fe,O, electrode was
completely discharged to LiFe,O,. Essentially all the capac-
ity of the Li/xLi.FeO,.(1-x)LiFeO, celectrode of this
Example that was delivered on the 1nitial discharge could be
recovered on the second charge to 4.8V, reflecting the revers-
ible redox chemistry of the Fe>*/Fe** couple in the electrode
(F1G. 9). Such iron-based electrodes with a high 1,0 content
therefore have particular utility 1n composite electrode sys-
tems that also contain an appreciable amount of a charged,
high capacity component 1n the electrode precursor, such as
V,0., L1V;,0, and MnQO,, and for supplying high capacity
anode materials with suificient lithium to offset irreversible
capacity phenomena, as often observed 1n metal, semi1 metal
and intermetallic electrode systems.

Example 5

[0049] A charged FePO, precursor electrode component
was synthesized from a commercial LiFePO, (olivine)
sample. The LiFePO, sample was chemically delithiated with
a 2-fold excess of NO,BF, in an acetonitrile solvent. The
powder was 1solated by suction filtration and washed multiple
times with fresh acetonitrile. Lithium full cells (lithium-ion
configuration) were constructed with a graphite (MCMB)
anode and a cathode of physically blended Li.FeO,.FePO,
materials 1 a 1:1 molar ratio. The cathode compartment
consisted of 80% Li.FeO,.FePO,, 8% PVDF binder, and 6%
graphite and 6% acetylene black as current collecting media.
The electrolyte consisted of a 1.2 M Li1PF solution 1n ethyl-
ene carbonate:ethylmethyl carbonate (3:7 molar ratio). Cells
were first charged to 4.75 V at a current density of 0.1
mA/cm”, then discharged to 2.5 V; subsequent cycles were
limited to the voltage window 2.25 to 4.2 V (FIG. 10). The
data 1n FIG. 10 clearly demonstrates the principles of the
invention with respect to an wron-based electrode. During the
initial charge, lithium 1s extracted from the highly lithium-
rich Li.FeO, (SL1,.Fe,0O,) component of the precursor elec-
trode (as L1,0) and 1nserted into the MCMB graphite anode.
On the subsequent discharge, lithium 1s inserted into the
FePO, charged component of the precursor electrode to a cut
off voltage of 2.25 V, delivering a discharge capacity of
approximately 100 mAh/g, indicating the likelihood that the
charged FePO, component of the electrode delivered all 1ts
capacity, the theoretical capacity of the FePO, component in
this electrode composition being 88 mAh/g. The balance of
the capacity (12 mAh/g) 1s attributed to the Fe,O; component
of the charged electrode derived from Li.FeO,. Further
capacity can be expected from these activated Li.FeO,.
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FePO, electrodes 1f discharged to 1.5V, when further reduc-
tion of the Fe,O, component can occur, as demonstrated by
the electrochemical data of the Li/xLi1.FeO,0.(1-x)LiFeQO,
cell shown 1n FIG. 9.

Example 6

[0050] ALz, ,V,0,sample was synthesized by the reaction
of vanadium oxide with lithium hydroxide monohydrate for
10 h in the appropriate mole ratio at 680° C. 1n air. The
Li.FeO, was made by reacting iron-oxide and lithium
hydroxide monohydrate 1n nitrogen at 700° C. for 72 h. A
lithium-10on cell was constructed 1n a similar fashion to that
described n in Example S using a 1:1 molar ratio of L1, ,V,0,
and L..FeO, as the cathode. The cell was charged to 4.9V and
then subsequently discharged to 2.0 V at 0.1 mA/cm”® to
evaluate the effectiveness of using Li.FeO,, (SL1,.Fe,O5)as a
source of lithium i1n the electrode precursor to load the
MCMB graphite anode. The mitial charge/discharge profile
of this cell 1s shown 1n FIG. 11A. The data demonstrate that
during charge 223 mAh/g of capacity was withdrawn from
the electrode to load the MCMB anode with lithtum and that
158 mAh/g was delivered by the Fe,O,.1.1V,0O, component
tformed during charge. The discharge voltage profile 1s char-
acteristic of that expected from L1V .04, and the delivered
capacity 1s approximately 87% of the theoretical capacity
value expected for the L1V,0, component of the composite
clectrode (181 mAh/g), thereby confirming the utility of the
Li1.FeO,.L1, ,V;0, precursor electrode of this invention 1n a
lithium-10n cell configuration. FIG. 11B shows the charge/
discharge profiles of the cell for the subsequent six discharge
cycles, showing the unoptimized rechargeable behavior of the
lithtum-iron-vanadium-oxide electrode.

[0051] This invention therefore relates to lithium-rich com-
pounds that can be used as precursors for positive electrodes
in both primary and secondary (rechargeable) lithium cells
and batteries, a typical cell being shown schematically in FIG.
12, represented by the numeral 10 having a negative electrode
12 separated from a positive electrode 16 by an electrolyte 14,
all contained 1n an msulating housing 18 with suitable termi-
nals (not shown) being provided in electronic contact with the
negative electrode 12 and the positive electrode 16. Binders
and other materials normally associated with both the elec-
trolyte and the negative and positive electrodes are well
known 1n the art and are not fully described herein, but are
included as 1s understood by those of ordinary skill 1n this art.
FIG. 13 shows a schematic 1llustration of one example of a
battery in which two strings of electrochemaical lithium cells,
described above, are arranged 1n parallel, each string com-
prising three cells arranged 1n series. The invention also
includes methods for making the lithtum-rich precursor elec-
trode compounds and methods for activating the precursor
clectrodes 1n lithium cells and batteries including the same.
[0052] The use of the terms “a” and “an” and “the” and
similar referents 1n the context of describing the invention
(especially 1n the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by context.
The terms “comprising,” “having,” “including,” and *“con-
taining”” are to be construed as open-ended terms (1.€., mean-
ing “including, but not limited to,”) unless otherwise noted.
Recitation of ranges of values herein are merely intended to
serve as a shorthand method of referring individually to each
separate value falling within the range, unless otherwise indi-
cated herein, and each separate value 1s incorporated into the
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specification as i1f 1t were individually recited herein. All
methods described herein can be performed 1n any suitable
order unless otherwise indicated herein or otherwise clearly
contradicted by context. The use of any and all examples, or
exemplary language (e.g., “such as™) provided herein, is
intended merely to better 1lluminate the invention and does
not pose a limitation on the scope of the invention unless
otherwise claimed. No language in the specification should be
construed as indicating any non-claimed element as essential
to the practice of the invention.

[0053] Preferred embodiments of this invention are
described herein, including the best mode known to the inven-
tors for carrying out the invention. Variations of those pre-
terred embodiments may become apparent to those of ordi-
nary skill 1in the art upon reading the foregoing description.
The 1nventors expect skilled artisans to employ such varia-
tions as appropriate, and the inventors intend for the invention
to be practiced otherwise than as specifically described
herein. Accordingly, this invention includes all modifications
and equivalents of the subject matter recited 1n the claims
appended hereto as permitted by applicable law. Moreover,
any combination of the above-described elements 1n all pos-
sible variations thereof 1s encompassed by the mnvention
unless otherwise indicated herein or otherwise clearly con-
tradicted by context. It 1s also understood that additional
improvements 1n the capacity and stability of the electrodes
can be expected to be made 1n the future by improving and
optimizing the processing techniques whereby lithium-rich
compounds can be fabricated and incorporated as electrodes
in electrochemical lithium cells.

The embodiments of the imvention i which an exclusive
property or privilege 1s claimed are defined as follows:

1. A non-aqueous lithium electrochemaical cell comprising
anegative electrode and an activated positive electrode with a
lithium-containing non-aqueous electrolyte therebetween;
wherein the activated positive electrode 1s prepared by;

combining a first component and a second component to

form a precursor material, wherein the first component
contains one or more metal cation and L1,0O-containing
materials; and the second component contains one or
more charged or partially-charged metal cation-contain-
ing electrode materials selected from the group consist-
ing of a charged or partially charged lithium metal oxide,
a charged or partially charged metal phosphate, and a
charged or partially charged metal sulfate, which can
accommodate lithium within their structure during the
charging and discharging ofthe electrode when included
in an electrochemical cell, with the proviso that at least
one of the first and second components does not contain
manganese;

fabricating an electrode from the precursor material; and

subsequently electrochemically activating the positive

clectrode by applying a suificiently high potential to the
clectrode 1n the electrochemical cell to remove Li1,0
from the precursor material, such that lithium 1s electro-
chemically extracted from the positive electrode to load
the anode therewith:

wherein the negative electrode comprises one or more
material selected from carbon, a metal, a semimetal, an
intermetallic material, and a metal oxide.

2. The electrochemical cell of claim 1, wherein the first
component comprises an intergrown or blended composite
structure comprising two or more Li,0O-containing compo-
nents of different molecular structure.
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3. The electrochemical cell of claim 1, wherein the metal
cations of the first component comprise one or more of Mn, V,
Fe and Ti cations.

4. The electrochemical cell of claim 3, wherein the first
component comprises one or more materials selected from
the group consisting of L1,0.MnO,, L1,0.3V,0., 3L1,0.
V.0, [1,0.2.5Fe,0,, L1,0.Fe,0,, 50L1,.Fe,O,, and L1,0.
T10.,.

5. The electrochemical cell of claim 3, wherein the first
component comprises one or more materials selected from
the group consisting of a L1,MnO; and LiMO,-containing
material and a [L1,MnQO, and [L1M',0,-containing material;
wherein M and M' are independently one or more metal
cations.

6. The electrochemical cell of claim 5, wherein M com-

prises one or more of Mn, N1, and Co; and wherein M' com-
prises L1 and Mn.

7. The electrochemical cell of claim 1, wherein the negative
clectrode comprises one or more material selected from
graphite, Sn, S1, CuSn< and L1,11:0O,,.

8. The electrochemical cell of claim 1, wherein the second
component comprises one or more of Li,, V.0, 1n which
0=x=0.3, L1,_ FePO, 1n which 0<y=1, and Fe,(50,);.

9. The electrochemical cell of claim 1, wherein first com-
ponent comprises one or more materials selected from the
group consisting of Li,.MnO,, L1,0.3V,0., 3L1,.V,O.,
[1,0.2.5Fe,0,, L1,0.Fe,O,, 5L1,.Fe,O,, and L1,0.1T10,;
and the second component comprises one or more of L1,
xV 30z 1In which 0=x<0.3, L1,_ FePO, in which O<y=I, and
Fe,(50,)s.

10. The electrochemical cell of claim 1, wherein the L1,0-

containing material of the first component comprises one or
more of Mn, Fe, V and Co cations.

11. The electrochemical cell of claim 1, wherein the posi-
tive electrode 1s either crystalline, partially crystalline, or
amorphous.

12. An activated positive electrode for a non-aqueous
lithium cell prepared by combining:

(a) a first component containing one or more metal cation-
and L1,0-containing materials; and

(b) a second component contaiming one or more charged or
partially-charged metal cation-containing electrode
materials selected from the group consisting of a
charged or partially charged lithium metal oxide, a
charged or partially charged metal phosphate, and a
charged or partially charged metal sulfate, which can
accommodate lithium within their structure during the
charging and discharging of the electrode when included
in an electrochemaical cell, to form a precursor material;
fabricating an electrode from the precursor material, and
subsequently electrochemically activating the electrode
by applying a suiliciently high potential to the electrode
in an electrochemical cell also including a negative elec-
trode and a non-aqueous electrolyte to remove Li1,0
from the precursor material;

wherein the first component comprises an intergrown coms-
posite structure or a blend of compounds containing the
[.1,0-containing material;

with the proviso that at least one of the first and second
components does not contain manganese.

13. The electrode of claim 12, wherein the L1,0O-containing
material comprises a lithium manganese-oxide or lithium-
iron oxide component.
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14. The electrode of claim 13, wherein the L1,0O-containing
material comprises L1,MnO, or Li1.FeO,.

15. The electrode of claim 12, wherein the first component
turther comprises a lithium metal oxide component, LiMO.,,
in which M comprises a transition metal cation.

16. The electrode of claim 15, wherein M comprises one or
more of Mn, N1 and Co.

17. The electrode of claim 15, wherein the transition metal
1s combined with one or more other metal 10ns.

18. The electrode of claim 15, wherein the transition metal
1s combined with one or more of Al and Mg.

19. The electrode of claim 15, wherein the second compo-
nent comprises a charged or partially-charged metal oxide, a
lithium metal oxide, a metal phosphate, or a metal sulfate.

20. The electrode of claim 19, wherein the second compo-
nent 1s a charged or partially-charged lithium metal oxide.

21. The electrode of claim 20, wherein the metal of the
charged or partially-charged lithium metal oxide comprises
one or more transition metal.

22. The electrode of claim 21, wherein the transition metal
1s selected from Mn, V and Fe.

22. A non-aqueous lithium battery comprising a plurality
ol electrically connected electrochemaical cells of claim 1.

23. An electrochemical cell comprising the positive elec-
trode of claim 12, a negative electrode spaced from the posi-
tive electrode, and a lithium-containing non-aqueous electro-
lyte 1n contact with the positive and negative electrodes.

24. A non-aqueous lithium battery comprising a plurality
of electrically connected electrochemical cells of claim 23.
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