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(57) ABSTRACT

Processes are provided for making dense, spherical mixed-
metal carbonate or phosphate precursors that are particularly
well suited for the production of active materials for elec-
trochemical devices such as lithium ion secondary batteries.
Exemplified methods include precipitating dense, spherical
particles of metal carbonates or metal phosphates from a
combined aqueous solution using a precipitating agent such
as ammonium hydrogen carbonate, sodium hydrogen car-
bonate, or a mixture that includes sodium hydrogen carbon-
ate. Other exemplified methods include precipitating dense,
spherical particles of metal phosphates using a precipitating
agent such as ammonium hydrogen phosphate, ammonium
dihydrogen phosphate, sodium phosphate, sodium hydrogen
phosphate, sodium dihydrogen phosphate, or a mixture of
any two or more thereof. Further provided are compositions
of'and methods of making dense, spherical metal oxides and
metal phosphates using the dense, spherical metal precur-
sors. Still further provided are electrodes and batteries using
the same.
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FIG. 5A
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FIG. 7A
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PROCESSES FOR MAKING DENSE, SPHERICAL
ACTIVE MATERIALS FOR LITHIUM-ION CELLS

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent No. 60/674,894, filed Apr. 26, 2005, the contents of
which is incorporated herein by reference in its entirety and
for all purposes as if fully set forth herein.

GOVERNMENT RIGHTS

[0002] The United States Government has rights in this
invention pursuant to Contract No. W-31-109-ENG-38
between the United States Department of Energy and the
University of Chicago representing Argonne National Labo-
ratory.

FIELD OF THE INVENTION

[0003] The invention relates to processes for making
active materials for use in electrochemical devices. In par-
ticular, the invention relates to methods of preparing dense
spherical precursors and active materials for use in elec-
trodes of lithium ion cells, and electrodes and batteries made
from such materials.

BACKGROUND OF THE INVENTION

[0004] Lithium-ion secondary batteries are widely used as
rechargeable power sources for many applications such as
consumer electronics, electric vehicles, hybrid electric
vehicles (HEVs), satellites, spaceships, medical devices, and
power tools. For such applications, Li-ion secondary batter-
ies exhibiting higher energy densities and better thermal
safety are desired when compared to those Li-ion cells that
are currently available.

[0005] In general, the energy density and thermal safety of
a Li-ion cell depends on the cathode material used in the cell.
To increase the energy density of a Li-ion cell, it is necessary
to develop cathode materials which have a high practical
capacity and high material density to increase gravimetric
and volumetric capacity, respectively. Cathode-related ther-
mal safety problems may be caused by reactions between
cathode particle surfaces and the organic electrolytes in
charged states. Therefore, to improve the thermal safety of
Li-ion cells, cathode materials must be developed with
inherent thermal safety and/or which have a surface area that
is as small as possible. Also, cathode materials with smooth
surface morphologies can enhance the thermal safety char-
acteristics of the cells. Improved safety results from smooth
surfaces because the reactivity of materials with an organic
electrolyte is very high at sharp edges due to very high
chemical activity of ions at interfaces with high curvature.

[0006] In general, the morphology of calcined metal
oxides is determined by the starting metal precursors and the
synthetic methods employed. Both of these considerations
also play an important role in controlling the electrochemi-
cal properties of the cathode materials in Li-ion cells.
Co-precipitation of mixed metal hydroxides is the most
widely adopted process to prepare dense, spherical metal
precursors. However, co-precipitation of mixed metal
hydroxides requires careful control of certain experimental
parameters, such as pH and atmosphere. Such control is
especially important when the mixed metal hydroxides
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contain manganese, due to the instability of Mn(OH),. (J.
Ying et al., J. Power Sources, 99, 78 (2001); M. H. Lee et
al., Electrochim. Acta, 50, 939 (2004)). When manganese is
used as one of the major constituents of the co-precipitated
hydroxides, the co-precipitated hydroxide particles do not
form dense, spherical shapes. However, since manganese-
based cathode materials are promising for other reasons,
methods of making dense spherical manganese oxides are
highly desirable. More generally, there is a need in the art for
inexpensive and operatively simple methods of forming
dense spherical particles of active materials for lithium ion
cells.

SUMMARY

[0007] The present invention provides, in part, processes
for making dense, spherical mixed metal carbonate or phos-
phate precursors particularly well suited to the production of
active materials for lithium ion cells, such as lithium ion
secondary batteries. It has been unexpectedly discovered
that the co-precipitation of mixed metal carbonates or phos-
phates provides dense spherical particles with the exact
formulation necessary to prepare lithium metal oxides, phos-
phates, and other metal oxides used for cathodes in various
types of batteries. In addition to the high stability of man-
ganese carbonate precursors, carbonate precipitation has
many other advantages over hydroxide precipitation. For
example, carbonate precipitation is a cheaper process and
occurs at lower pH (from about pH 4 to about pH 8) than
hydroxide precipitation (pH>12). Furthermore, precipitated
carbonate powders are easier to handle in air, because they
are less hygroscopic than precipitated hydroxide powders.

[0008] Compositions and methods of making dense,
spherical metal oxides and metal phosphates using the
dense, spherical metal precursors are also provided. In
another aspect, the invention provides electrodes and bat-
teries using such dense, spherical metal oxides and phos-
phates.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 is an SEM (scanning electron microscopy)
image (x2,000) of (N1,Co,Mn)CO;, prepared from a solution
of 0.1 M Ni(OCOCHs;),, 0.1 M Co(NO,),, 0.1 M Mn(O-
COCH;),, and 1 M of NH,HCO; at 65° C. over 17 hours.

[0010] FIG. 2 (Comparative Example) is an SEM image
(x500) of (Ni, ,5Co, sMn, ;) COj;, prepared from a solution
0of 0.2 M of NiSQO,, 0.2 M CoSO,, 0.2 M MnSO,, and 1 M
of' Na,CO;, using (NH,),SO,, (0.067 M) as a chelating agent
at a temperature of 50° C. over 17 h.

[0011] FIGS. 3A and 3B are SEM images (3A: x2,000;
3B: x4,000) of (Ni,;Co,,;Mn, ,;)CO;, prepared from a
solution of 0.2 M of NiSO,, 0.2 M CoSO,, 0.2 M MnSO,,
and 1 M of NaHCO;, using (NH,),SO, (0.067 M) as a
chelating agent at a temperature of 50° C. over 17 h.

[0012] FIG. 4 is an SEM image (x2,000) of (Ni,,Co,,
3Mn, ;;)CO;, prepared from a solution of 0.2 M of NiSO,,
0.2 M CoSO,, 02 M MnSO,, and a mixture of 0.9 M
NaHCO, and 0.1 M NH,HCO;, at a temperature of 50° C.
over 24 h.

[0013] FIG. 5A is an SEM image (x6,000) of MnCO,,
prepared from 0.1 M MnSO,, and 1 M NH,HCO,;, using urea
(0.1 M) as a chelating agent at a temperature of 25° C. over
5h.
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[0014] FIGS. 5B and 5C are SEM images (5B: x2,000;
5C: x4,000) of (Nig ;5,C0q 125sMng 455)CO;, prepared from
a solution of 0.2 M Ni(OCOCH;),, 0.2 M Co(NO;);, 0.2 M
Mn(OCOCH,;),, and 1 M of NaHCO;, using (NH,),SO,
(0.067 M) as a chelating agent, at a temperature of 50° C
over 17 h.

[0015] FIGS. 5D and 5E are SEM images (5D: x2,000;
5E: x5,000) of (Ni, ,sMn, ,5) COj;, prepared from a solution
of 0.2 M of NiSO,, 0.2 M MnSO,, and 1 M of NaHCO;,
using (NH,),SO, (0.067 M) as a chelating agent at a
temperature of 50° C. over 24 h.

[0016] FIG. SF is an SEM image (x5,000) of
(Nig 5;6C0q ;25sMny ¢55)CO;5, prepared from a solution of 0.2
M of NiSO,, 0.2 M CoSO,, 0.2 M MnSO,, and 1 M of
NaHCO;, at a temperature of 50° C. over 24 h.

[0017] FIG. 6 is a compilation of X-Ray Diffraction
(XRD) patterns of co-precipitated metal carbonates: (a)
MnCO;, (b) (Ni, 5Co,,3Mn, 5)CO;, (©)
(Nig 157C0g 125M1, 425)CO;, and (d) Ag,CO;. The diffrac-
tion peak marked with an asterisk (*) is from the X-ray
sample holder.

[0018] FIG. 7A is an SEM image (x12,000) of LiMn,O,,
prepared by mixing Li,CO; and MnCO, followed by cal-
cining at 700° C. for 10 h in air.

[0019] FIG. 7B is an SEM image (x7000) of
Li; ouMn, 50Al; 60,4, prepared by mixing Li,CO;, Al O;,
and MnCO,; followed by calcining the mixture at 700° C. for
10 h in air.

[0020] FIG. 7C is an SEM image (x1000) of LiNi, ;Co,,
3Mn, ;;0,, prepared by mixing Li,CO; and (Ni Co,,;Mn,,
3)CO; followed by calcining the mixture at 1000° C. for 10
h in air.

[0021] FIG. 7D is an SEM image (x4000) of
Li, ,Ni, ,Mn, ;O,, prepared by mixing Li,CO; and (Ni,
4Mn;,,)CO; followed by calcining the mixture at 800° C. for
10 h in air.

[0022] FIG. 7E is an SEM image (x4000) of
LiNi, ,sMn, 50, 55, prepared by mixing Li,CO; and (Ni,
4Mn;,,)CO; followed by calcining the mixture at 900° C. for
10 h in air.

[0023] FIG. 7F is an SEM image (x2,000) of Li,,
2Nig 175C0p.16MIg 55501 05Fo.0s,  prepared by —mixing
Li,CO;, (Nij 5;6C0q ;25sMny, ¢55)CO5, and NH,F, followed
by calcining the mixture at 900° C. for 10 h in air.

[0024] FIG. 7G is an SEM image (x4, 000) of
LiNi, sMn, 5O, prepared by mixing Li,CO; and (Ni Mn
4)CO; followed by calcining the mixture at 900° C. for 10
h in air.

[0025] FIG. 8 is a compilation of XRD patterns of lithium
metal oxides shown in FIGS. 7B, 7C, and 7F: (a)
Li; M, 50Al; 050, (b) LiNi,5Co,/sMn, 50,; and (c)
Li; ,Niy ;55C0g ;oM 5550, o5Fg os. The diffraction peak
marked with an asterisk (*) is from the X-ray sample holder.

DETAILED DESCRIPTION

[0026] The present invention generally relates to new
methods for the preparation of precursors for active mate-
rials, and for the use of such active materials in electrodes
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for lithium ion cells. In accordance with one aspect, there are
provided methods for making dense, spherical metal car-
bonates and metal phosphates. In some embodiments, the
methods include precipitating spherical particles comprising
one or more metal carbonates or one or more metal phos-
phates from a combined aqueous solution comprising a
precipitating agent. In other embodiments, the methods
include precipitating spherical particles comprising two or
more metal carbonates or two or more metal phosphates
from a combined aqueous solution comprising a precipitat-
ing agent. In some embodiments, methods further comprise
calcining the spherical particles from about 100° C. to about
1000° C. or from about 400° C. to about 1000° C. As used
herein, calcining refers to heating at a designated tempera-
ture(s) in either an inert atmosphere or in air. Where the
spherical particles comprise metal carbonates, the precipi-
tating agent may be, but is not limited to, sodium hydrogen
carbonate, or a mixture that comprises sodium hydrogen
carbonate. Such a mixture may include sodium hydrogen
carbonate and ammonium hydrogen carbonate, or sodium
hydrogen carbonate, ammonium hydrogen carbonate and
sodium carbonate. Where the spherical particles comprise
metal phosphate(s), the precipitating agent may be, but is not
limited to, ammonium hydrogen phosphate, ammonium
dihydrogen phosphate, sodium phosphate, sodium hydrogen
phosphate, sodium dihydrogen phosphate, or a mixture
comprising any two or more thereof. Spherical particles, as
understood by those skilled in the art, are round particles that
are generally sphere-shaped when observed at the microme-
ter level. Use of the term “spherical” does not mean that
every particle is a perfect sphere, merely that a majority of
the particles are not rough and irregular in shape at the
micron level.

[0027] In some embodiments, the precipitation is carried
out by adding an aqueous solution of one or more metal salts
to an aqueous solution comprising the precipitating agent to
form the combined solution. Generally, suitable metal salts
for use in inventive methods, include metal sulfates, metal
acetates, metal nitrates, metal chlorides, and mixtures of any
two or more thereof. Exemplary metal salts include, but are
not limited to, those of Ni, Co, Mn, Fe, Ag, Cu, Zn, and Mg.
Typically, the total concentration of metal ions in the aque-
ous solution of the metal salts ranges from about 0.01 M to
about 5 M. In some embodiments, the total concentration of
metal ions in the aqueous solution of metal salts ranges from
about 0.05 or 0.1 M to about 1, 2, or 3 M. The pH of the
aqueous metal salt solution may adjusted to be from about
4 to about 8. The total concentration of precipitating agent
is typically in the range of about 0.05 M to about 5 M and
can be about 0.1 or 0.2 M to about 2 or 3 M. The combined
solution is kept at a constant temperature in the range of
about 20° C. to about 100° C. during the precipitation
process and is generally stirred at a speed in the range of 250
rpm to 1500 rpm. Atmospheric make-up can affect particle
purity in some instances. For example, where the spherical
metal particles are iron phosphates, the combined solution is
purged with a gas such as air or oxygen during the precipi-
tation process to provide a pure FePO, precursor.

[0028] In other embodiments, the precipitation of dense,
spherical metal carbonates and metal phosphates is carried
out in the presence of a chelating agent such as ammonium
sulfate, ammonium hydroxide, ammonium chloride, ammo-
nium acetate, ammonium nitrate, urea, or a mixture of any
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two or more thereof. Typically, the total concentration of
chelating agent ranges from about 0.005 M to about 2 M.

[0029] Methods of the invention provide active materials
having superior morphology and well-defined compositions
for use in lithium ion cells. Other, known methods of
preparing active materials can result in irregularly shaped
particles that have undesirably sharp edges and high surface
areas (see FIG. 2). The chemical composition of the par-
ticles can also be difficult to control in such known methods.
In contrast, precipitated particles that result from the dis-
closed methods tend to be very spherical, dense, and of
well-defined composition (see, e.g., FIGS. 1, 3, 4, and 5).
Thus, in another aspect, compositions are provided that may
be prepared by any of the methods described herein. In
particular, there are provided compositions comprising
spherical particles of metal carbonates or metal phosphates
having a diameter of from about 0.1 pm to about 100 pm and
an average tap density of from about 1.5 g/cm> to about 3
g/cm in some embodlments or from about 1.8 g/cm?® to
about 2.5 g/em® in other embodiments. Tap density is
typically measured by placing a known mass of a powder in
a mass cylinder at may be attached to a tap-density meter.
The tap density-meter then taps the mass cylinder about
1600 times. After tapping is finished, the volume of the
powder is determined and the tap density (g/ml) is calculated
from the weight and volume of the powder. Tap density
meters such as the AUTOTAP™ are commercially available
from sources such as Quantachrome Instruments in Boynton
Beach, Fla. The composition of particles of metal carbonates
provided by the above methods may include, for example,
Ag CO; or (Ni,CogMn Me',)CO;, wherein Me' is Fe, Ag,
Cu, Zn, or Mg; and 0=a =1, 0=6=1, 0=y=1, and 0=0=1
and where the sum of o, f, y, and 8 is 1. In other embodi-
ments, methods are provided for preparing dense, spherical
particles of metal phosphates having, for example, the
formula (Ni,CogMn, Feg)pn,, wherein 0Sa=1, 0=B=1,
0=y=1, and 0=0=1 and where the sum of ., f3, y, and 8 is
1. The methods also provide dense, round particles of
nickel-cobalt-manganese carbonates, such as (Ni,;Co,,
3Mn, ;)CO,;, and iron phosphates, such as FePO,.

[0030] In another aspect, there are provided spherical
lithium metal oxides and phosphates using the precursor
materials described herein and methods of making the same.
In some embodiments for preparing lithium metal oxides or
phosphates using the precipitated carbonate or phosphate
precursors, the mixing of lithium salt and metal carbonates
or phosphates is carried out in a manner that will not destroy
the spherical shape of the metal carbonates or phosphates. In
some embodiments, methods are provided comprising cal-
cining a mixture of a lithium salt and a mixture of spherical
particles embodied herein to provide spherical lithium par-
ticles selected from, but not limited to spherical lithium
metal oxides or spherical lithium metal phosphates. Lithium
metal salts suitable for this purpose include, but are not
limited to, lithium carbonate, lithium hydroxide, lithium
nitrate, lithium acetate, or a mixture of any two or more
thereof. In some embodiments, the mixture to be calcined
also includes a metal cation dopant such as a metal oxide,
metal hydroxide, metal acetate, metal nitrate, or a mixture of
two or more thereof. In some embodiments, the metal of the
cation dopant may be, but is not limited to Mg, Zn, Al, Ga,
B, Zr, Si, Ti, Nb, W, or a mixture of any two or more thereof.
In other embodiments, the mixture to be calcined further
includes a material that provides an anion dopant such as F,
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S, Cl, Br, I, or a mixture of any two or more thereof. In some
embodiments, the mixture is calcined by heating at about
400° C. to about 1,000° C. in either an inert atmosphere or
in the presence of oxygen, such as in air. An inert atmo-
sphere is typically used in the preparation of dense, spherical
lithium iron phosphates.

[0031] In some embodiments, the spherical lithium metal
oxide includes, but is not limited to Li, Ni,CosMn,Me O,
zX, wherein Me is Mg, Zn, Al, Ga, B "Zr, Si, Ti, Nb, or W
Xis F, S, Clyor [; 0£x£0.33, 0=a=1, 0281, 0=v£1,
0§y§0.2, and 0§Z§3; and Where the sum of x, ., B, y, and
y is equal to 1. In some embodiments, the spherical lithium
metal oxide is a spinel comprising Li  Ni,Co,Mn.Me O,_
zX, wherein Me is Mg, Zn, Al, Ga, B, Zr, Si, Ti, Nb, or W;
Xis F, S, Cl, or I; 0£x=0.33, 0=a=2, 0=b=2, 0=c=2,
0y=0.2, and 0=£7=0.3; and where the sum of x, a, b, ¢, and
y is equal to 2. In yet other embodiments, the spherical
lithium metal phosphate includes, but is not limited to
Li (NiCogMn Fes),  Me" PO, wherein M" is selected
from the group consisting of Al, Zr, Si, Ti, Nb, Mo, and W;
0=x'20.1; 0=2a=1, 0=p=1, 0=vy=1, and 0=y'=0.1

[0032] In other embodiments, methods of preparing metal
oxides include calcining a mixture of a vanadium oxide and
a spherical metal carbonate comprising silver, to provide a
spherical silver vanadium oxide. In some embodiments, the
composition comprising silver is silver carbonate and the
vanadium oxide is vanadium pentoxide or ammonium meta-
vanadate. As above, the mixture is calcined by heating the
mixture at about 400° C. to about 1,000° C. In some
embodiments, the spherical silver vanadium oxide has the
formula Ag,V,0,;.

[0033] In another aspect, embodiments provide electrodes
comprising the spherical lithium metal oxides and lithium
metal phosphates described herein. Typically, the electrodes
made from the disclosed materials are cathodes for use in an
electrochemical device. Thus, some embodiments provide
an electrochemical device comprising: a cathode; an anode;
and a non-aqueous electrolyte. The non-aqueous electrolyte
may be any conventional or otherwise suitable organic
electrolyte known in the art. For example, non-aqueous
electrolytes disclosed in co-pending U.S. patent application
Ser. Nos. 10/857,365; 11/338,902; 11/297,120, and 11/366,
891, and in U.S. Provisional Application No. 60/662,056,
are particularly well-suited for use in the present invention.
In some embodiments, the electrochemical device is a
lithium secondary battery; the cathode is a lithium metal
oxide or a lithium metal phosphate cathode; the anode is a
carbon or lithium metal anode; and the anode and cathode
are separated from each other by a porous separator. The
anode may comprise graphite, amorphous carbon,
Li,Ti;O,,, tin alloys, silicon alloys, intermetallic com-
pounds, lithium metal, or mixtures of any two or more
thereof. Suitable graphitic materials may include, but are not
limited to, natural graphite, artificial graphite, graphitized
meso-carbon microbeads, graphite fibers, or a mixture of
any two or more thereof, as well as any amorphous carbon
materials.

[0034] One skilled in the art will readily realize that all
ranges discussed can and do necessarily also describe all
subranges therein for all purposes and that all such sub-
ranges also form part and parcel of this invention. Any listed
range can be easily recognized as sufficiently describing and
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enabling the same range being broken down into at least
equal halves, thirds, quarters, fifths, tenths, etc. As a non-
limiting example, each range discussed herein can be readily
broken down into a lower third, middle third and upper third,
etc.

[0035] All publications, patent applications, issued pat-
ents, and other documents referred to in this specification are
herein incorporated by reference as if each individual pub-
lication, patent application, issued patent, or other document
was specifically and individually indicated to be incorpo-
rated by reference in its entirety. Definitions that are con-
tained in text incorporated by reference are excluded to the
extent that they contradict definitions in this disclosure.

[0036] The present invention, thus generally described,
will be understood more readily by reference to the follow-
ing examples, which are provided by way of illustration and
are not intended to be limiting of the present invention.

EXAMPLES

General Procedures

[0037] Dense, spherical (Ni,Mn,Co,Me')CO;, is generally
prepared by co-precipitation as follows: an appropriate
amount of NiSO, (alternatively, Ni(OCOCHs;),, Ni(NO,),,
NiCl,, a mixture any two or more thereof, or a mixture of
any one or more with NiSO, may be used), MnSO, (alter-
natively, Mn(OCOCH;),, Mn(NO;),, MnCl,, a mixture any
two or more thereof, or a mixture of any one or more with
MnSO, may be used), CoSO, (alternatively, Co(OCOCH,),,
Co(NO,),, CoCl,, a mixture any two or more thereof, or a
mixture of any one or more with CoSO, may be used), and
Me',(SO,), (alternatively, Me', (OCOCH,),, Me', (NO;),,
Me',.Cl,, a mixture any two or more thereof, or a mixture of
any one or more with Me',(SO,), may be used; wherein Me'
is selected from Fe, Ag, Cu, Zn, or Mg; and m=1 or 2, and
n=1, 2, or 3) is dissolved in distilled water. The total
concentration of the metal ions may vary from 0.1 M to 1 M.
An appropriate amount of (NH,),SO, (alternatively
NH,OH, NH,Cl, NH,(OCOCH,), NH,NO;, urea, a mixture
any two or more thereof, or a mixture of any one or more
with (NH,),SO, may be used) is added as a chelating agent,
with the total concentration of the chelating agent(s), vary-
ing from 0.063 M to 0.1 M. An appropriate amount of
NH,OH or NaOH is added to the metal solutions to control
the pH of the metal solution from about 4 to 8. The mixed
metal solution is then added to a solution of precipitating
agents comprising NaHCO,, NH,HCO;, or a mixture
thereof with the total concentration of the precipitating
agents varied from 0.5 M to 1 M. During the co-precipitation
process the overall solution is stirred at a speed of about 250
to about 1500 rpm, and kept at a constant temperature in the
range of 20° C. to 100° C. The co-precipitated powder is
washed, filtered, and dried at from about 25° C. to about
120° C.

[0038] To prepare lithium metal oxides, Li,CO;, LiOH,
Li(OCOCH,;), LiNO;, or a mixture of any two or more
thereof, and (N1,Co,Mn,Me")CO; is mixed in a manner so as
to not destroy the spherical morphology of the metal car-
bonates. The mixed powder is then calcined from 400 to
1,000° C. for 6 to 30 hours in an air, oxygen, or inert
atmosphere. During the calcining process, slow heating
(heating rate =2° C./min) is preferred so that decomposition
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of (Ni,Co,Mn,Me")CO; takes place slowly. Similar pro-
cesses could also be used to prepare an olivine such as
LiFePO,, a silver vanadium oxide (Ag,V,0,,), or other
lithium metal oxide active materials that are used in lithium
secondary and primary batteries.

[0039] Lithium metal oxides, silver vanadium oxide, or
lithium iron phosphates thus prepared, are then mixed with
carbon additives and polyvinylidene fluoride (PVDF) binder
to form a laminate film on aluminum foil. This laminate was
then used for electrochemical testing in the presence of a
lithium or carbon counter electrode in a non-aqueous elec-
trolyte prepared from a solution of LiPF in a 1:1 mixture of
ethylene carbonate (EC) and diethylene carbonate (DEC).

Example 1

[0040] A (Ni,Co,Mn)CO; compound was prepared from a
solution of 0.1 M each of Ni(OCOCH,),, Co(NO,),, Mn(O-
COCH;),, and 1 M NH,HCO,;. The solution was prepared
at 65° C. over 17 h, and the targeted composition was
(Ni,,5Co,/;3Mn, ;)CO;. FIG. 1 is an image of the prepared
(N1,Co,Mn)CO; sample as recorded using SEM. The SEM
image of the precipitated carbonate shows a dense and
spherical morphology with average particle size of approxi-
mately 4-5 um. The elemental analysis revealed that the
composition of the carbonate was
(Nig 555C0q 36:Mny 355 )CO5, which, presumably, was due to
strong Ni—NH; complex in the solution leading to partial
precipitation of the Ni component. Incomplete precipitation
of Ni was also confirmed by the observation of a blue color
of the filtered solution. Blue is indicative of the presence of
Ni—NH, complexes.

Comparative Example 1

[0041] A of (Ni,;;Co,,sMn, ;)CO; was prepared from a
solution of 0.2 M of NiSO,, 0.2 M CoSO,, 0.2 M MnSO,,
and 1 M of Na,CO;, with (NH,),SO, (0.067 M) used as a
chelating agent at 50° C. and over 17 h. FIG. 2 shows an
SEM image of (Ni, ,;Co, ;Mn, ;)CO;. The chemical com-
position of the (Ni,,;Co,,;Mn,,;)CO; was confirmed by
elemental analysis. The filtered solution was colorless, indi-
cating complete precipitation of all the metal ions. However,
the co-precipitated powder showed irregular shape and
agglomerates of very fine particles.

Example 2

[0042] A sample of (Ni,;,;Co,,;Mn,,;)CO; was prepared
from a solution of 0.2 M of NiSO,, 0.2 M CoSO,, 0.2 M
MnSO,, and 1 M of NaHCO;. (NH,),SO, (0.067 M) was
used as a chelating agent, and the pH was adjust to 7-8 using
NH,OH. The reaction was carried out at 50° C. and 17 h.
FIGS. 3A and 3B show SEM images of (Ni Co,;Mn,,
3)CO; at different magnifications. The chemical composition
of the carbonate was confirmed by elemental analysis. The
use of NaHCO; resulted in the preparation of a dense
carbonate powder with spherical morphology and an aver-
age particle size of 2-4 pum.

Example 3

[0043] A different sample of (Ni,,;Co;,;Mn, ;)CO; was
prepared from a solution of 0.1 M each of Ni(OCOCH,;),,
Co(NO;),, Mn(OCOCH,),, and a mixture of 0.9M NaHCO,
and 0.1M NH_HCO; at 50° C. and over 24 h. FIG. 4 is an
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SEM image of the different sample of (Ni,;Co,;Mn,,
3)CO;. The use of a mixture of NaHCO, and NH,HCO,
resulted in the preparation of a dense carbonate powder with
spherical morphology and an average particle size of 2-5
pm.

Example 4

[0044] Similarly, FIGS. SA-SE show SEM images of
co-precipitated metal carbonates with various cationic com-
positions. All of the prepared metal carbonates showed
spherical morphology with uniform size distribution.
MnCO;, as depicted in FIG. SA, was prepared from 0.1 M
MnSO, and 1 M NH,HCO,;, with urea (0.1 M) as a chelating
agent, at 25° C., and over 5 h. (Nij ;5,Cog ;55Mn, 425)CO;5,
as depicted in FIGS. 5B and 5C, was prepared from a
solution of 0.2 M Ni(OCOCH,),, 0.2 M Co(NO,),, 0.2 M
Mn(OCOCH,),, and 1 M of NaHCO,, with (NH,),SO,
(0.067 M) as a chelating agent at 50° C., and over 17 h.
(Niy ,sMn, ,5)CO;, as depicted in FIGS. 5D and 5E, was
prepared from a solution of 0.2 M of NiSO,, 0.2 M MnSQO,,
and 1 M of NaHCO,, with (NH,),SO, (0.067 M) as a
chelating agent at 50° C., and over 24 h.
(Nig 5;6C0q 125M1, 455)CO;, as depicted in FIG. SF, was
prepared from a solution of 0.2 M of NiSO,, 0.2 M CoSO,,
0.2 M MnSO,, and 1 M of NaHCO; at 50° C., and over 24
h.

[0045] FIG. 6 is a compilation of XRD patterns of various
metal carbonates prepared by the disclosed co-precipitation
methods. The diffraction patterns of MnCO;, (Ni,;Co,,
3Mn, 5)CO;, and (Nij ;5,C0, 1,5Mn, 6553)CO; agree well
with those of rhombohedral MnCO; and CoCO; with a
space group of R3c. The diffraction pattern of Ag,CO; is in
good agreement with that of monoclinic silver carbonate
with space group of P2,/m, as found in the powder XRD
database from the Joint Committee for Powder Diffraction
Studies (JCPDS 70-2184). These patterns demonstrate that
pure, single-phase metal carbonates are produced by the
methods described herein.

Example 5

[0046] FIGS. 7A-G show SEM images of various lithium
metal oxides prepared from the co-precipitated carbonate
precursors of Examples 2, 3, and 4. To prepare LiMn,O, and
Li; ouMn, oAl 060, (FIGS. 7A and 7B, respectively),
appropriate amounts of Li,CO;, MnCO,, and Al,O; were
mixed and calcined at 700° C. for 10 h in air. LiNi, ;Co;,
3Mn, ;0,; Li; 5Nig ,Mn, (O, LiNi, ,sMny, 550, 55
Li, ,Nig 175C00 10Mg 5550 9sFo 05, and  LiNig sMn, O,
(the SEM images of which are shown in FIGS. 7C-7G),
were prepared from appropriate amounts of Li,CO;, (Ni,
Co,Mn)CO;, and in the one instance NH,F, which were
mixed and calcined at 800-1,000° C. for 10-24 h in air. The
SEM images depicted in FIGS. 7A-7G show that the
lithiated materials retain the spherical shape and particle size
of the metal carbonate precursors.

[0047] FIG. 8 shows the XRD patterns of various lithium
metal oxides as prepared above, the SEM images of which
are depicted in FIGS. 7B, 7C, and 7F. The XRD pattern of
Li; ouMn, 50Al, 060, shows a cubic spinel structure (space
group of Fd3m); the XRD pattern of LiNi, ,;Co,,;Mn, 50,
shows a a-NaFeO, structure (space group of R3m); the
XRD pattern of Li, ,Ni, ;,5C0q | JMny 55,50, o5F o5 shows
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an a-NaFeO, structure with additional small peaks at
approximately 22° corresponding to Li—Mn ordering.
These images demonstrate that pure, single-phase lithium
metal oxides have been synthesized using the co-precipi-
tated mixed-metal precursors produced by methods as dis-
closed herein.

Example 6

[0048] The lithium metal oxide cathode materials from
Example 5 were tested in electrochemical cells comprising
a positive electrode, a negative electrode, and a non-aqueous
electrolyte. The positive electrode consisted of 84 wt %
lithium metal oxide powder, 8 wt % carbon, and 8 wt %
PVDF binder on aluminum foil. The negative electrode was
either metallic lithium or graphite on copper foil. The
non-aqueous electrolyte was 1 M LiPF; in a 1:1 mixture of
EC and DEC. LiNi,,;Co,,;Mn, ;O, was galvanostatically
cycled versus Li° at 2.8-4.3V and delivered a stable dis-
charge capacity of from about 160 to about 180 mAh/g.
Li Nig 175C00,10Mng 52501 95Fo 05 Was  galvanostatically
cycled versus Li° at 2.8-4.6V and delivered a stable dis-
charge capacity of from about 220 to about 240 mAh/g.

[0049] While some embodiments have been illustrated
and described, it should be understood that changes and
modifications can be made therein in accordance with ordi-
nary skill in the art without departing from the invention in
its broader aspects as defined in the following claims.

What is claimed is:
1. A method comprising:

precipitating spherical particles comprising one or more
metal carbonates or one or more metal phosphates from
a combined aqueous solution comprising a precipitat-
ing agent, wherein:

the precipitating agent is selected from ammonium hydro-
gen carbonate, sodium hydrogen carbonate, or a mix-
ture comprising sodium hydrogen carbonate when the
spherical particles are the one or more metal carbon-
ates; or

the precipitating agent is ammonium hydrogen phosphate,
ammonium dihydrogen phosphate, sodium phosphate,
sodium hydrogen phosphate, sodium dihydrogen phos-
phate, or a mixture comprising any two or more thereof
when the spherical particles are the one or more metal
phosphates.

2. The method of claim 1, wherein the spherical particles
are calcined from about 100° C. to about 1000° C.

3. The method of claim 1, wherein the spherical particles
have a diameter of from about 0.1 um to about 100 um and
a tap density from about 1.5 g/cm® to about 3 g/cm®.

4. The method of claim 1, wherein the spherical particles
are metal carbonates selected from Ag,CO; or
(Ni,CogMn,Me')CO;, wherein Me' is selected from the
group consisting of Fe, Ag, Cu, Zn, or Mg; 0Za =1,
0=pB=1, 0=y=1, and 0=0=1; and the sum of ., f3, v, 0 is
1.

5. The method of claim 1, wherein the spherical particles
are metal phosphates selected from (Ni,CogMn,Feg)(PO,);
wherein 0Za=1,0=p=1,02v=1, and 0=0=1; and where
the sum of a, f3, v, and & is 1.
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6. The method of claim 1, further comprising:

forming the combined aqueous solution by adding an
aqueous solution of one or more metal salts to an
aqueous solution comprising the precipitating agent.

7. The method of claim 6, wherein the one or more metal
salts are selected from metal sulfates, metal acetates, metal
nitrates, metal chlorides, or a mixture of any two or more
thereof.

8. The method of claim 6, wherein when the spherical
particles are the metal phosphates, the method further com-
prises purging the combined solution with nitrogen, argon,
carbon dioxide, or oxygen gas during the precipitating step.

9. The method of claim 6, wherein a concentration of
metal ions in the aqueous solution of one or more metal salts
is from about 0.01 M to about 5 M.

10. The method of claim 6, wherein a pH of the aqueous
solution of one or more metal salts is from about 4 to about
8.

11. The method of claim 6, wherein a concentration of
precipitating agent is from 0.1 M to 5 M.

12. The method of claim 1, wherein the mixture compris-
ing sodium hydrogen carbonate, further comprises ammo-
nium carbonate, sodium carbonate, or both ammonium
carbonate and sodium carbonate.

13. The method of claim 1, wherein the precipitating step
is carried out in the presence of a chelating agent.

14. The method of claim 13, wherein the chelating agent
is selected from the group consisting of ammonium sulfate,
ammonium hydroxide, ammonium chloride, ammonium
acetate, ammonium nitrate, urea, or a mixture of any two or
more thereof.

15. The method of claim 13, wherein a total concentration
of chelating agent is from about 0.005 M to about 2 M.

16. The method of claim 1, further comprising calcining
a mixture comprising the spherical particles and a lithium
salt to provide spherical lithium particles selected from
spherical lithium metal oxides and spherical lithium metal
phosphates.

17. The method of claim 16, wherein the lithium salt is
selected from lithium carbonate, lithium hydroxide, lithium
nitrate, lithium acetate, or a mixture of any two or more
thereof.
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18. The method of claim 16, wherein the mixture further
comprises a metal cation dopant selected from the group
consisting of Mg, Zn, Al, Ga, B, Zr, Si, Ti, Nb, and W.

19. The method of claim 16, wherein the mixture further
comprises an anion dopant selected from the group consist-
ing of F, S, Cl, Br, and 1.

20. The method of claim 16, wherein the mixture is
calcined in an inert atmosphere or in the presence of oxygen
and the calcining is performed from about 450° C. to about
1100° C.

21. The method of claim 16, wherein the spherical lithium
metal oxide comprises Li,,Ni,CogMnMe O, X,
wherein Me is selected from the group consisting of Mg, Zn,
Al, Ga, B, Zr, Si, Ti, Nb, and W; X selected from the group
consisting of F, S, Cl, and [; 0=x=0.33; 02a=1, 028 =1,
0=y=1, 0=2y=0.2, and 0=£7z=0.3; and where the sum of x,
a, B, v, and y is equal to 1.

22. The method of claim 16, wherein the spherical lithium
metal oxide comprises Li, ,,Ni,Co,Mn ,Me O, X, wherein
Me is selected from the group consisting of Mg, Zn, Al, Ga,
B, Zr, Si, Ti, Nb, and W; X selected from the group
consisting of F, S, Cl, and I; 0=£x=0.33; 0=a=2, 0=b=2,
0=c=2,0=y=0.2, and 0=2=0.3; and where the sum of x,
a, b, ¢, and y is equal to 2.

23. The method of claim 16, wherein the spherical lithium
metal  phosphate  comprises Li (Ni,CogMn,Fes),_
yMe",PO, wherein Me" is selected from the group consist-
ing of Al, Zr, Si, Ti, Nb, Mo, and W; 0=x'£0.1; 0= =1,
0=8=1, 0=y=1, and 0=y'=0.1.

24. The method of claim 1, further comprising calcining
a mixture comprising the spherical particles of the one or
more metal carbonates wherein the one or more metal
carbonates is silver carbonate, and a vanadium oxide to
provide a spherical silver vanadium oxide, wherein the
vanadium oxide is selected from vanadium pentoxide or
ammonium metavanadate.

25. The method of claim 24, wherein the spherical silver
vanadium oxide is Ag,V,0,;.

26. A composition prepared by the method of claim 16.



