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(57) ABSTRACT

Disclosed herein is a process for making an electrode active
material, where said process includes the following steps:
(a) Providing a hydroxide TM(OH), or an oxyhydroxide
of TM, where TM is one or more metals and contains
Mn, optionally, Co, and from 85 to 95 mol % Ni,
referring to the sum of Ni, Co and Mn;
(b) Drying said hydroxide TM(OH), or oxyhydroxide of
TM at a temperature in the range of from 400 to 600°
C., thereby obtaining an oxide or oxyhydroxide of TM
with a residual moisture content of from 200 to 500
ppm;
(c) Mixing said oxide or oxyhydroxide from step (b) with
a source of lithium, at least one compound of Mg or Al,
and at least one compound of Ti or Zr; and
(d) Treating the mixture obtained from step (c) thermally
at a temperature in the range of 550 to 875° C.
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PROCESS FOR MAKING AN ELECTRODE
ACTIVE MATERIAL, AND ELECTRODE
ACTIVE MATERIAL

[0001] The present invention is directed towards a process
for making an electrode active material wherein said process
comprises the following steps:

[0002] (a) Providing a hydroxide TM(OH), or an oxy-
hydroxide of TM wherein TM is one or more metals
and contains Mn and, optionally, Co, and from 85 to 95
mol % Ni, referring to the sum of Ni, Co and Mn,

[0003] (b) Drying said hydroxide TM(OH), or oxyhy-
droxide of TM at a temperature in the range of from 400
to 600° C., thereby obtaining an oxide or oxyhydroxide
of TM with a residual moisture content of from 200 to
500 ppm,

[0004] (c) mixing said oxide or oxyhydroxide from step
(b) with a source of lithium and with at least one
compound of Mg or Al and with at least one compound
of Ti or Zr,

[0005] (d) treating the mixture obtained from step (c)
thermally at a temperature in the range of from 550 to
875° C.

[0006] Lithium ion secondary batteries are modern
devices for storing energy. Many application fields have
been and are contemplated, from small devices such as
mobile phones and laptop computers through car batteries
and other batteries for e-mobility. Various components of the
batteries have a decisive role with respect to the perfor-
mance of the battery such as the electrolyte, the electrode
materials, and the separator. Particular attention has been
paid to the cathode materials. Several materials have been
suggested, such as lithium iron phosphates, lithium cobalt
oxides, and lithium nickel cobalt manganese oxides.
Although extensive research has been performed the solu-
tions found so far still leave room for improvement.
[0007] The electrode material is of crucial importance for
the properties of a lithium ion battery. Lithium-containing
mixed transition metal oxides have gained particular sig-
nificance, for example spinels and mixed oxides of layered
structure, especially lithium-containing mixed oxides of
nickel, manganese and cobalt; see, for example, EP 1 189
296. However, not only the stoichiometry of the electrode
material is important, but also other properties such as
morphology and surface properties.

[0008] Generally, lithium-containing mixed transition
metal oxides are prepared using a two-stage process. In a
first stage, a sparingly soluble salt of the transition metal(s)
is prepared by precipitating it from a solution, for example
a carbonate or a hydroxide. This sparingly soluble salt is in
many cases also referred to as a precursor. In a second stage,
the precipitated salt of the transition metal(s) is mixed with
a lithium compound, for example Li,CO,, LiOH or Li,O,
and calcined at high temperatures, for example at 600 to
1100° C.

[0009] Existing lithium ion batteries still have potential for
improvement, especially with regard to the energy density.
For this purpose, the cathode material should have a high
specific capacity. It is also advantageous when the cathode
material can be processed in a simple manner to give
electrode layers of thickness from 20 um to 200 pm, which
should have a high density in order to achieve a maximum
energy density (per unit volume), and a high cycling stabil-

1ty.
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[0010] It was therefore an objective to provide electrode
active materials with excellent properties such as energy
density and capacity retention, and it was an objective to
provide a process for making such electrode active materi-
als.

[0011] Accordingly, the process defined at the outset has
been found, hereinafter also referred to as “inventive pro-
cess”. The inventive process comprises the following steps:

[0012] (a) Providing a hydroxide TM(OH), or an oxy-
hydroxide of TM wherein TM is one or more metals
and contains Mn and, optionally, Co, and from 85 to 95
mol % Ni, referring to the sum of Ni, Co and Mn,

[0013] (b) Drying said hydroxide TM(OH), or oxyhy-
droxide of TM at a temperature in the range of from 400
to 600° C., thereby obtaining an oxide or oxyhydroxide
of TM with a residual moisture content of from 200 to
500 ppm,

[0014] (c) mixing said oxide or oxyhydroxide from step
(b) with a source of lithium and with at least one
compound of Mg or Al and with at least one compound
of Ti or Zr,

[0015] (d) treating the mixture obtained from step (c)
thermally at a temperature in the range of from 550 to
875° C.

[0016] The inventive process comprises at least four steps,
(a), (b), (c), (d), in the context of the present invention also
referred to as step (a) and step (b) and step (c) and step (d),
respectively. Optionally, the inventive process additionally
comprises a step (e) or (f) described further below, or both.
Steps (a) to (d) as well as the optional steps (e) and (f) shall
be described in more detail below.

[0017] The inventive process starts off from a hydroxide
TM(OH), or at least one oxyhydroxide of TM or a combi-
nation of at least two of the foregoing provided in step (a).
In such hydroxide TM(OH), or at least one oxide TMO or
oxyhydroxide of TM, TM is one or more metals and contains
Mn and, optionally, Co, and from 85 to 95 mol % Ni,
referring to the sum of Ni, Co and Mn. Preferably, TM
contains both Co and Mn.

[0018] TM may include of at least one metal selected from
Al, Ti, Zr, V, Zn, Ba, and Mg. Preferably, TM contains in
total up to 0.5 mol-% of at least one metal selected from Ti,
Zr, and Co, and only traces of V, Zn, Ba, and Mg. Even more
preferably, TM is Ni. The amount and kind of metals such
as Ti, Zr, V, Co, Zn, Ba, and Mg may be determined by
inductively coupled plasma (“ICP”) and by synchrotron
XRD.

[0019] TM(OH), or oxyhydroxide of TM provided in step
(a) is preferably comprised of spherical particles, referring to
particles that have a spherical shape. Spherical particles shall
include not just those which are exactly spherical but also
those particles in which the maximum and minimum diam-
eter of at least 90% (number average) of a representative
sample differ by not more than 10%.

[0020] In one embodiment of the present invention,
TM(OH), or oxyhydroxide of TM provided in step (a) is
comprised of secondary particles that are agglomerates of
primary particles. Preferably, TM(OH), or oxyhydroxide of
TM provided in step (a) is comprised of spherical secondary
particles that are agglomerates of primary particles. Even
more preferably, TM(OH), or oxyhydroxide of TM provided
in step (a) is comprised of spherical secondary particles that
are agglomerates of spherical primary particles or platelets.
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[0021] In one embodiment of the present invention,
TM(OH), or oxyhydroxide of TM provided in step (a) has
an average particle diameter (D50) in the range of from 3 to
20 um, preferably from 5 to 16 um. The average particle
diameter can be determined, e. g., by light scattering or
LASER diffraction or electroacoustic spectroscopy. The
particles are usually composed of agglomerates from pri-
mary particles, and the above particle diameter refers to the
secondary particle diameter.

[0022] Some elements are ubiquitous. In the context of the
present invention, traces of ubiquitous metals such as
sodium, calcium, iron or zinc, as impurities will not be taken
into account in the description of the present invention.
Traces in this context will mean amounts of 0.005 mol-% or
less, referring to the total metal content of TM.

[0023] In one embodiment of the present invention, TM
corresponds to general formula (I)
(NiCoMn); My @
[0024] with
[0025] a being in the range of from 0.85 to 0.95,

[0026] b being zero or in the range of from 0.01 to 0.14,
[0027] c being in the range of from 0.01 to 0.15, and
[0028] d being in the range of from zero to 0.05,
[0029] M 1 is at least one of Al and Mg, and
[0030] a+b+c=1.

[0031] TM(OH), or oxyhydroxide of TM as provided in

step (a) may contain traces of anions other than oxide and
hydroxide, for example carbonate and sulfate. Especially
when oxyhydroxide of TM is manufactured from sulfates of
TM, some residual sulfate may remain in the precipitate.
Carbonate may be included by the use of aged alkali
hydroxide or by exposing the freshly precipitated TM(OH),
to air that contains CO,.

[0032] TM(OH), as provided in step (a) may be manufac-
tured by co-precipitation of Ni and at least one of Co and Mn
with alkali metal hydroxide from an aqueous solution of
nickel sulfate that is combined with a sulfate of cobalt or
manganese or with both and, if desired, at least one com-
pound of metal(s) selected from Al, Ti, Zr, V, Co, Zn, or Ba,
followed by filtration and drying.

[0033] Oxyhydroxide of TM as provided in step (a) may
be manufactured by heating TM(OH), and thus removing
water, for example to temperature in the range of 80 to 200°
C., under vacuum or under air. Oxyhydroxide of TM is
meant to include non-stoichiometric oxyhydroxides, with
water bound chemically as hydroxide or with residual mois-
ture content by physically adsorbed water.

[0034] In step (b), TM(OH), or oxyhydroxide of TM as
provided in step (a) is dried at a temperature in the range of
from 400 to 600° C., thereby obtaining an oxide or oxyhy-
droxide of TM with a residual moisture content of from 200
to 500 ppm, Especially when TM contains significant
amounts of manganese, a partial oxidation of TM and
specifically of the manganese takes place, and the oxide is
not strictly stoichiometric TMO.

[0035] The residual moisture content may be determined,
e.g., by Karl-Fischer Titration.

[0036] Step (b) may have a duration in the range of from
0.5 to 7 hours, preferably 1 to 2 hours.

[0037] In one embodiment of the present invention, step
(b) is carried out in a roller hearth kiln, a pusher kiln or
preferably in a plough-share mixer with heating system, and
even more preferred in a rotary kiln, for example in a rotary
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kiln with inclination angle of from 0.5 to 3°. In rotary kilns,
0.5 to 2 revolutions per minute are preferred. On lab scale,
step (b) may be carried out in a muffle oven as well.
[0038] In one embodiment of the present invention, step
(b) is carried out under an atmosphere of air, synthetic air or
nitrogen.

[0039] In one embodiment of the present invention, the
oxide or oxyhydroxide of TM from step (b) has a specific
surface (BET) in the range of from 50 to 120 m?*/g, deter-
mined by nitrogen adsorption after drying at 120° C. for 60
minutes, for example in accordance with to DIN-ISO 9277:
2003-05.

[0040] In step (c), the oxide or oxyhydroxide of TM from
step (b) is mixed with a source of lithium and

[0041]
[0042]

[0043] In a preferred embodiment of step (c), the oxide or
oxyhydroxide of TM from step (b) is mixed with a source of
lithium and

[0044] either with at least one compound of Al and with
at least one compound of Zr,

[0045] or with at least one compound of Mg and with at
least one compound of Ti and, optionally, with at least
one compound of Al.

[0046] Examples of sources of lithium are inorganic com-
pounds of lithium, for example LiNO;, Li,O, LiOH, Li,0,,
Li,COj;, and combinations of at least two of the foregoing,
preference being given to Li,O, LiOH and Li,CO;, water of
crystallization being neglected in the context of the source of
lithium, and even more preference being given to LiOH.
[0047] In one embodiment of the present invention, said
source of lithium has an average particle diameter (D50) in
the range of from 1 to 50 um, preferably 20 to 30 pum.
[0048] Examples of compounds of Mg are magnesium
nitrate, MgO, MgCO,, Mg(HCO,), and Mg(OH),, prefer-
ence being given to MgO and Mg(OH),, water of crystal-
lization being neglected in the context of the source of
magnesium. Even more preferred is Mg(OH),.

[0049] In one embodiment of the present invention, said
compound of magnesium is particulate and has an average
particle diameter (D50) in the range of from 50 nm to 1 um,
determined by dynamic light scattering.

[0050] Suitable compounds of aluminum are, e.g.,
AI(NO,);, ALLO,, AI(OH),, AIOOH, Al,O;-aq, preference
being given to AIOOH and Al,Oj;, especially y-Al,O;. Said
source of aluminum may be added as aqueous solution,
aqueous slurry or in particulate form, particulate form being
preferred.

[0051] In one embodiment of the present invention, said
compound of Al is particulate and has an average particle
diameter (D50) in the range of from 0.5 nm to 10 pm,
determined by dynamic light scattering.

[0052] Suitable compounds of Ti are TiO(OH),, Ti(OH),,
TiO,, TiO,-aq, preferred is TiO,.

[0053] In one embodiment of the present invention, said
compound of Ti is particulate and has an average particle
diameter (D50) in the range of from 1 um to 10 um measured
by laser diffraction.

[0054] Suitable compounds of Zr are 1.i,7rO;, ZrO(OH),,
Zr(OH),, Zr0O,, 7Zr0,-aq, preferred are Zr(OH),, ZrO,, and
7Zr0,-aq, even more preferred is Zr(OH),.

with at least one compound of Mg or Al and
with at least one compound of Ti or Zr.
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[0055] In one embodiment of the present invention, said
compound of Zr is particulate and has an average particle
diameter (D50) in the range of 1 pm to 10 pm measured by
laser diffraction.

[0056] In one embodiment of the present invention, the
molar ratio of source of lithium to (TM+Ti+Zr+Al+Mg)
added in step (c) is in the range of from 1.05:1 to 1.0:1.
[0057] In one embodiment of the present invention, the
molar amount of Mg added in step (c) is in the range of from
0.05 to 2, preferred 0.05 to 1.2 mol-%, referring to TM. In
other embodiments, as indicated above, no compound of Mg
is added in step (c).

[0058] In one embodiment of the present invention, the
molar amount of Al added in step (c) is in the range of from
0.1 to 3 mol-%, preferably 0.2 to 2 mol-%, referring to TM.
In other embodiments, as indicated above, no compound of
Al is added in step (c).

[0059] In one embodiment of the present invention, the
molar amount of Ti added in step (c) is in the range of from
0.01 to 0.8 mol-%, preferred are 0.1 to 0.5 mol-%, referring
to TM. In other embodiments, as indicated above, no com-
pound of Ti is added in step (c).

[0060] In one embodiment of the present invention, the
molar amount of Zr added in step (c) is in the range of from
0.01 to 0.8 mol-%, preferred are 0.2 to 0.6 mol %, referring
to TM. In other embodiments, as indicated above, no com-
pound of Zr is added in step (c).

[0061] Step (c) may be performed as one operation but is
preferred that step (c) comprises the substeps of mixing
TM(OH), or TMO or oxyhydroxide of TM or combination
with said source of lithium followed by a sub-step of
addition of a solution of source of magnesium. Said substeps
shall be described in more detail below. It is preferred,
though, to perform step (c) in one step or to first mix source
of lithium with compound of magnesium or aluminum and
with compound of Ti or Zr, sub-step (cl), followed by
combination of the resultant mixture with oxide or oxyhy-
droxide of TM, sub-step (c2). In other embodiments, oxide
or oxyhydroxide of TM are mixed with source of lithium and
with compound of magnesium or aluminum and with com-
pound of Ti or Zr in a single step.

[0062] Examples of suitable apparatuses for performing
step (c) are high-shear mixers, tumbler mixers, plough-share
mixers, grinding mills and free fall mixers.

[0063] Step (c) may be performed at any temperature in
the range of from zero to 100° C., ambient temperature being
preferred.

[0064] In one embodiment of the present invention, step
(c) has a duration of 10 minutes to 2 hours. Depending on
whether additional mixing is performed in step (d) or not,
thorough mixing has to be accomplished in step (c).
[0065] Although it is possible to add an organic solvent,
for example glycerol or glycol, or water in step (c) it is
preferred to perform step (c) in the dry state, that is without
addition of water or of an organic solvent.

[0066] A mixture is obtained from step (c).

[0067] Step (d) includes subjecting said mixture to heat
treatment, for example at a temperature in the range of from
550 to 875° C., preferably 650 to 850° C.

[0068] In one embodiment of the present invention, the
mixture from step (c) is heated with a heating rate of 0.1 to
10° C./min.

[0069] In one embodiment of the present invention, the
temperature is ramped up before reaching the desired tem-
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perature of from 550 to 875° C., preferably 650 to 850° C.
For example, first the mixture from step (c) is heated to a
temperature to 350 to 550° C. and then held constant for a
time of 10 min to 4 hours, and then it is raised to 550° C. up
to 875° C.
[0070] In embodiments wherein in step (c) at least one
solvent has been used, as part of step (d), or separately and
before commencing step (d), such solvent(s) are removed,
for example by filtration, evaporation or distilling of such
solvent(s). Preferred are evaporation and distillation.
[0071] In one embodiment of the present invention, step
(d) is performed in a roller hearth kiln, a pusher kiln or a
rotary kiln or a combination of at least two of the foregoing.
Rotary kilns have the advantage of a very good homogeni-
zation of the material made therein. In roller hearth kilns and
in pusher kilns, different reaction conditions with respect to
different steps may be set quite easily. In lab scale trials,
box-type and tubular furnaces and split tube furnaces are
feasible as well.
[0072] In one embodiment of the present invention, step
(d) is performed in an oxygen-containing atmosphere, for
example in pure oxygen or in oxygen-enriched air, for
example in a 1:3 to 1:10 by volume mixture of air and
oxygen, preference being given to pure oxygen.
[0073] By performing the inventive process, a cathode
active material is made that shows excellent stability such as
a low capacity fade and a high cycling stability.
[0074] The inventive process may contain additional
steps. Preferably, the inventive process comprises at least
one of the steps (e) and (f), namely
[0075] astep (e) of treating the material obtained from
step (d) with an aqueous medium, preferably with
water, followed by a liquid-solid separation step, and/or
[0076] a step (f) of adding a compound of tungsten or
preferably of boron to the material obtained from step
(d) or (e), respectively, and a subsequent thermal treat-
ment.
[0077] More preferably, the inventive process comprises
both steps (e) and (f). Steps (e) and (f) are described in more
detail below.
[0078] In said optional step (e), said cathode active mate-
rial obtained from step (d) is treated with an aqueous
medium, preferably with water. Said aqueous medium may
have a pH value in the range of from 2 up to 14, preferably
at least 3.5, more preferably from 5 to 7. The pH value is
measured at the beginning of step (e). It is observed that in
the course of step (e), the pH value raises to at least 10, for
example 11 to 13. In embodiments wherein the pH value is
in the range of from 10 to 11 at the beginning of step (e) it
raises to more than 11 to up to 13. In embodiments wherein
the pH value is in the range of 3 to below 10 at the beginning
of step (e) it raises to 11 to up to 13 in the course of step (e).
[0079] It is preferred that the water hardness of said
aqueous medium used in step (e) is at least partially
removed, especially calcium. The use of desalinized water is
preferred.
[0080] The pH value of said aqueous medium is influ-
enced by substances dissolved or slurried in said aqueous
medium, for example acidic compounds such as sulfuric
acid or aluminum sulfate, or bases such as LiOH or NaOH.
In a preferred embodiment, such aqueous medium is water.
[0081] In one embodiment of the present invention, step
(e) is performed at a temperature in the range of from 5 to
85° C., preferred are 10 to 60° C.
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[0082] In one embodiment of the present invention, step
(e) is performed at normal pressure. It is preferred, though,
to perform step (e) under elevated pressure, for example at
10 mbar to 10 bar above normal pressure, or with suction,
for example 50 to 250 mbar below normal pressure, pref-
erably 100 to 200 mbar below normal pressure.

[0083] Step (e) may be performed, for example, in a vessel
that can be easily discharged, for example due to its location
above a filter device. Such vessel may be charged with
starting material followed by introduction of aqueous
medium. In another embodiment, such vessel is charged
with aqueous medium followed by introduction of starting
material. In another embodiment, starting material and aque-
ous medium are introduced simultaneously.

[0084] Inone embodiment of the present invention, in step
(e), the amounts of water and electrode active material have
a weight ratio in the range of from 1:5 to 5:1, preferably
from 2:1 to 1:2.

[0085] Step (e) may be supported by mixing operations,
for example shaking or in particular by stirring or shearing,
see below.

[0086] In one embodiment of the present invention, step
(e) has a duration in the range of from 1 minute to 90
minutes, preferably 1 minute to less than 60 minutes. A
duration of 5 minutes or more is possible in embodiments
wherein in step (e), water treatment and water removal are
performed overlapping or simultaneously.

[0087] In one embodiment of the present invention, treat-
ment according to step (e) and removal of the aqueous
medium are performed consecutively.

[0088] After or during the treatment with an aqueous
medium in accordance to step (e), water may be removed by
any type of filtration, for example on a band filter or in a
filter press.

[0089] In one embodiment of the present invention, at the
latest 5 minutes after commencement of step (e), the
removal of aqueous medium is started. Such removal
includes partially removing the water from treated particu-
late electrode active material, for example by way of a
solid-liquid separation, for example by decanting or prefer-
ably by filtration. Said “partial removal” may also be
referred to as partially separating off.

[0090] In one embodiment of the present invention, the
slurry obtained in step (e) is discharged directly into a
centrifuge, for example a decanter centrifuge or a filter
centrifuge, or on a filter device, for example a suction filter
or in a filter press or in a belt filter that is located preferably
directly below the vessel in which step (b) is performed.
Then, filtration is commenced.

[0091] In a particularly preferred embodiment of the pres-
ent invention, steps (e) and the removal of the aqueous
medium are performed in a filter press or in a filter device
with stirrer, for example a pressure filter with stirrer or a
suction filter with stirrer (German for example: “Rithrfilter-
nutsche”). At most 5 minutes after, preferably at most 3
minutes after—or even immediately after—having com-
bined starting material and aqueous medium in accordance
with step (e), removal of aqueous medium is commenced by
starting the filtration. On laboratory scale, treatment with
and removal of the aqueous medium may be performed on
a Biichner funnel be supported by manual stirring.

[0092] In apreferred embodiment, step () is performed in
a filter device, for example a stirred filter device that allows
stirring of the slurry in the filter or of the filter cake.
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[0093] In one embodiment of the present invention, the
aqueous medium or water removal in accordance to step (e)
has a duration in the range of from 1 minute to 1 hour.
[0094] In one embodiment of the present invention, stir-
ring in step (e) is performed with a rate in the range of from
1 to 50 revolutions per minute (“rpm”), preferred are 5 to 20
rpm. In other embodiments, it is 200 to 400 rpm.

[0095] In one embodiment of the present invention, filter
media may be selected from ceramics, sintered glass, sin-
tered metals, organic polymer films, non-wovens, and fab-
rics.

[0096] In one embodiment of the present invention, step
(e) is carried out under an atmosphere with reduced CO,
content, e.g., a carbon dioxide content in the range of from
0.01 to 500 ppm by weight, preferred are 0.1 to 50 ppm by
weight. The CO, content may be determined by, e.g., optical
methods using infrared light. It is even more preferred to
perform step (e) under an atmosphere with a carbon dioxide
content below detection limit for example with infrared-light
based optical methods.

[0097] From step (e), a solid residue is obtained, prefer-
ably in the form of a wet filter cake. The moisture content of
the solid residue and especially of the filter cake may be in
the range of from 3 to 20% by weight, preferably 4 to 9%
by weight.

[0098] After step (e), drying may be performed, for
example under nitrogen or under reduced pressure (“in
vacuo”) at 50 to 150° C., to obtain a free-flowing powder.
[0099] In step (f), a compound of tungsten or preferably of
boron is added to the material obtained from step (d) or (e),
respectively, and subsequently, a thermal treatment is per-
formed.

[0100] Examples of compounds of tungsten are WOj,
Li,WO,, or Li,WO;.

[0101] Examples of compounds of boron are B,O;, boric
acid (B(OH);) and lithium borates, for example LiBO,.
Boric acid is preferred. Said compound of boron may be
added in bulk or in solution, for example as aqueous
solution.

[0102] Combinations of compounds of tungsten and of
boron are possible as well.

[0103] Inapreferred embodiment, step (e) is performed as
indicated above but with no drying, and a compound of
boron is added to the moist or even wet filter cake.

[0104] In one embodiment of the present invention, the
material obtained from step (d) or (e), respectively, are
allowed to interact, for example in the range of from 10
minutes to 5 hours and at a temperature of from 5 to 85° C.
[0105] In one embodiment of the present invention, the
amount of compound of tungsten or, preferably, of boron
added in step (f) is in the range of from 0.05 to 1.5 mol-%,
preferably 0.15 to mol-%, referring to TM.

[0106] Subsequently to the addition of compound of tung-
sten or boron a thermal treatment is performed. Said thermal
treatment may be carried out in any type of oven, for
example a roller hearth kiln, a pusher kiln, a rotary kiln, a
pendulum kiln, or—for lab scale trials—in a muffle oven.
[0107] The temperature of said thermal treatment in step
(f) may be in the range of from 150 to 600° C., preferably
250 to 500° C. and even more preferably from 250 to 400°
C. Said temperature refers to the maximum temperature of
step (D).

[0108] In one embodiment of the present invention, the
temperature is ramped up before reaching the desired tem-
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perature of from 150 to 600° C. For example, first the
mixture of step (f) is heated to a temperature to 350 to 550°
C. and then held constant for a time of 10 min to 4 hours, and
then it is raised to 500 to 600° C.

[0109] In one embodiment of the present invention, the
heating rate in step (f) is in the range of from to 10° C./min.
[0110] In one embodiment of the present invention, the
heat treatment step (f) is performed in a roller hearth kiln, a
pusher kiln or a rotary kiln or a combination of at least two
of the foregoing. Rotary kilns have the advantage of a very
good homogenization of the material made therein. In roller
hearth kilns and in pusher kilns, different reaction conditions
with respect to different steps may be set quite easily. In lab
scale trials, box-type and tubular furnaces and split tube
furnaces are feasible as well.

[0111] In one embodiment of the present invention, the
heat treatment in step (f) is performed in an oxygen-
containing atmosphere, for example in a nitrogen-air mix-
ture, in a rare gas-oxygen mixture, in air, in oxygen or in
oxygen-enriched air or in pure oxygen. In a preferred
embodiment, the atmosphere in step (f) is selected from air,
oxygen and oxygen-enriched air. Oxygen-enriched air may
be, for example, a 50:50 by volume mix of air and oxygen.
Other options are 1:2 by volume mixtures of air and oxygen,
1:3 by volume mixtures of air and oxygen, 2:1 by volume
mixtures of air and oxygen, and 3:1 by volume mixtures of
air and oxygen. Pure oxygen is even more preferred.
[0112] In one embodiment of the present invention, the
heat treatment in step (f) has a duration in the range of from
30 minutes to 5 hours. Preferred are 60 minutes to 4 hours.
The cooling time is neglected in this context.

[0113] A further aspect of the present invention relates to
precursors, hereinafter also referred to as inventive precur-
sors. The inventive precursors may be manufactured in
accordance with steps (a) and (b) of the inventive process.
Specifically, the inventive precursors are particulate oxides
according to general formula TMO, ,, wherein y is in the
range of from zero to 0.1, TM corresponds to general
formula (1),

(Ni,CoMn,), My @

[0114] with
[0115] a being in the range of from 0.85 to 0.95,
[0116] b being zero or in the range of from 0.01 to 0.14,
[0117] c being in the range of from 0.01 to 0.15, and
[0118] d being in the range of from zero to 0.05,
[0119] M is at least one of Al and Mg, and
[0120] a+b+c=1.

[0121] Inventive precursors are preferably comprised of

spherical particles, referring to particles that have a spherical
shape. Spherical particles shall include not just those which
are exactly spherical but also those particles in which the
maximum and minimum diameter of at least 90% (number
average) of a representative sample differ by not more than
10%.

[0122] Inone embodiment of the present invention, inven-
tive precursors are comprised of secondary particles that are
agglomerates of primary particles. Preferably, inventive
precursors are comprised of spherical secondary particles
that are agglomerates of primary particles. Even more pref-
erably, inventive precursors are comprised of spherical sec-
ondary particles that are agglomerates of spherical primary
particles or platelets.
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[0123] Inone embodiment of the present invention, inven-
tive precursors have an average particle diameter (D50) in
the range of from 3 to 20 um, preferably from 5 to 16 um.
The average particle diameter can be determined, e. g., by
light scattering or LASER diffraction or electroacoustic
spectroscopy. The particles are usually composed of
agglomerates from primary particles, and the above particle
diameter refers to the secondary particle diameter.

[0124] Inone embodiment of the present invention, inven-
tive precursors have a specific surface (BET) in the range of
from 50 to 120 m?/g, preferably 20 to 30 m*/g, determined
by nitrogen adsorption after drying at 120° C. for 60
minutes, for example in accordance with to DIN-ISO 9277:
2003-05.

[0125] Inone embodiment of the present invention, inven-
tive precursors have a narrow particle diameter distribution,
measured as their span. The span may be defined as ((D90)-
D(10))/D(50), and the span being in the range of from 0.30
to 0.60, preferably of from 0.3 to 0.5.

[0126] In another embodiment of the present invention,
inventive precursors have a broad particle diameter distri-
bution, measured as their span. The span may be defined as
((D90)-D(10))/D(50), and the span being in the range of
from 0.65 to 5.0, preferably of from 0.9 to 1.5.

[0127] Inventive precursors may have a monomodal or
bimodal particle diameter distribution.

[0128] Inventive precursors may contain additional anions
as impurities, for example sulfate in a molar percentage of
0.1 to 0.8 referring to oxide but being neglected in the
context of the present invention.

[0129] A further aspect of the present invention refers to
electrodes comprising at least one electrode active material
according to the present invention. They are particularly
useful for lithium ion batteries. Lithium ion batteries com-
prising at least one electrode according to the present
invention exhibit a good discharge behavior. Electrodes
comprising at least one electrode active material according
to the present invention are hereinafter also referred to as
inventive cathodes or cathodes according to the present
invention.

[0130] A further aspect of the present invention relates to
particulate electrode active materials, hereinafter also
referred to as inventive electrode active materials or inven-
tive cathode active materials. Inventive electrode active
materials have a shell and a core, wherein the core comprises
a composite lithium metal oxide according to the formula
Li,,,TM',_ O, and the shell comprises at least one com-
pound of tungsten or preferably of boron, and wherein x is
in the range of from -0.02 to +0.02, and wherein TM'
corresponds to general formula (II)

{(Ni,CoMn), M} M, an
[0131] with
[0132] a being in the range of from 0.85 to 0.95,
[0133] b being zero or in the range of from 0.01 to 0.14,
[0134] c being in the range of from 0.01 to 0.15, and
[0135] d being in the range of from zero to 0.05,
[0136] e being in the range of from 0.005 to 0.03,
[0137] M is at least one of Al and Mg, and
[0138] M? is a combination of at least one of Al and Mg

and at least one of Ti and Zr,
[0139] a+b+c=1.
[0140] Inone embodiment of the present invention, inven-
tive electrode active materials have an average particle
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diameter (D50) in the range of from 3 to 20 pum, preferably
from 5 to 16 um. The average particle diameter can be
determined, e. g., by light scattering or LASER diffraction or
electroacoustic spectroscopy. The particles are usually com-
posed of agglomerates from primary particles, and the above
particle diameter refers to the secondary particle diameter.
[0141] In one embodiment of the present invention, M?

[0142] is either a combination of Al and Zr

[0143] or a combination of Mg and Ti and, optionally,

with Al

[0144] Inventive electrode active materials are preferably
made by the inventive process.
[0145] The shell may have an average thickness in the
range of from 1 nm to 500 nm. The shell may also be
compared to a coating, which is preferably non-homoge-
neous and has an island structure.
[0146] The shell of inventive electrode active materials
comprises a compound of tungsten or preferably of boron.
Examples of compounds of tungsten are WO;, Li,WO,, and
Li,WO,. Examples of compounds of boron are B,O;,
LiBO,, Li,B,0,, and combinations of at last two of the
aforementioned.
[0147] Inone embodiment of the present invention, inven-
tive electrode active materials have a narrow particle diam-
eter distribution, measured as their span. The span may be
defined as ((D90)-D(10))/D(50), and the span being in the
range of from 0.30 to 0.60, preferably of from 0.3 to 0.5.
[0148] In another embodiment of the present invention,
inventive electrode active materials have a broad particle
diameter distribution, measured as their span. The span may
be defined as ((D90)-D(10))/D(50), and the span being in
the range of from 0.65 to 5.0, preferably of from 0.9 to 1.5.
[0149] In one embodiment of the present invention, inven-
tive electrode active materials have a specific surface (BET)
in the range of from 0.1 to 2.0 m*/g, determined by nitrogen
adsorption after drying at 200° C. for 30 minutes, for
example in accordance with to DIN-ISO 9277:2003-05.
[0150] Inventive cathode active materials may have a
monomodal or bimodal particle diameter distribution.
[0151] Preferably, particles of inventive electrode active
materials have a spherical shape. Spherical particles shall
include not just those which are exactly spherical but also
those particles in which the maximum and minimum diam-
eter of at least 90% (number average) of a representative
sample differ by not more than 10%.
[0152] In inventive cathode active materials, the compo-
sition of bigger particles may be the same as in smaller
particles, or it may be different. For example, the nickel
content may increase with increasing particle size and the
Mn content accordingly then decreases, and the cobalt
content being the same.
[0153] A further aspect of the present invention relates to
cathodes, hereinafter also referred to as inventive cathodes.
Inventive cathodes contain at least one inventive electrode
active material.

[0154] Specifically, inventive cathodes contain
[0155] (A) at least one inventive electrode active mate-
rial,
[0156] (B) carbon in electrically conductive form,
[0157] (C) a binder material, also referred to as binders

or binders (C), and, preferably,
[0158] (D) a current collector.
[0159] In a preferred embodiment, inventive cathodes
contain
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[0160] (A) 80 to 98% by weight inventive electrode
active material,
[0161] (B) 1 to 17% by weight of carbon,
[0162] (C) 1 to 15% by weight of binder material,
[0163] percentages referring to the sum of (A), (B)
and (C).

[0164] Cathodes according to the present invention can
comprise further components. They can comprise a current
collector, such as, but not limited to, an aluminum foil. They
can further comprise conductive carbon and a binder.
[0165] Cathodes according to the present invention con-
tain carbon in electrically conductive modification, in brief
also referred to as carbon (B). Carbon (B) can be selected
from soot, active carbon, carbon nanotubes, graphene, and
graphite, and from combinations of at least two of the
foregoing.
[0166] Suitable binders (C) are preferably selected from
organic (co)polymers. Suitable (co)polymers, i.e., homopo-
lymers or copolymers, can be selected, for example, from
(co)polymers obtainable by anionic, catalytic or free-radical
(co)polymerization, especially from polyethylene, polyacry-
lonitrile, polybutadiene, polystyrene, and copolymers of at
least two comonomers selected from ethylene, propylene,
styrene, (meth)acrylonitrile and 1,3-butadiene. Polypropyl-
ene is also suitable. Polyisoprene and polyacrylates are
additionally suitable. Particular preference is given to poly-
acrylonitrile.
[0167] In the context of the present invention, polyacry-
lonitrile is understood to mean not only polyacrylonitrile
homopolymers but also copolymers of acrylonitrile with
1,3-butadiene or styrene. Preference is given to polyacry-
lonitrile homopolymers.
[0168] In the context of the present invention, polyethyl-
ene is not only understood to mean homo-polyethylene, but
also copolymers of ethylene which comprise at least 50
mol-% of copolymerized ethylene and up to 50 mol-% of at
least one further comonomer, for example a-olefins such as
propylene, butylene (1-butene), 1-hexene, 1-octene, 1-de-
cene, 1-dodecene, 1-pentene, and also isobutene, vinylaro-
matics, for example styrene, and also (meth)acrylic acid,
vinyl acetate, vinyl propionate, C,-C, ,-alkyl esters of (meth)
acrylic acid, especially methyl acrylate, methyl methacry-
late, ethyl acrylate, ethyl methacrylate, n-butyl acrylate,
2-ethylhexyl acrylate, n-butyl methacrylate, 2-ethylhexyl
methacrylate, and also maleic acid, maleic anhydride and
itaconic anhydride. Polyethylene may be HDPE or LDPE.
[0169] In the context of the present invention, polypro-
pylene is not only understood to mean homopolypropylene,
but also copolymers of propylene which comprise at least 50
mol-% of copolymerized propylene and up to 50 mol-% of
at least one further comonomer, for example ethylene and
a-olefins such as butylene, 1-hexene, 1-octene, 1-decene,
1-dodecene and 1-pentene. Polypropylene is preferably iso-
tactic or essentially isotactic polypropylene.
[0170] Inthe context of the present invention, polystyrene
is not only understood to mean homopolymers of styrene,
but also copolymers with acrylonitrile, 1,3-butadiene,
(meth)acrylic acid, C,-C,,-alkyl esters of (meth)acrylic
acid, divinylbenzene, especially 1,3-divinylbenzene, 1,2-
diphenylethylene and a-methylstyrene.
[0171] Another preferred binder (C) is polybutadiene.
[0172] Other suitable binders (C) are selected from poly-
ethylene oxide (PEO), cellulose, carboxymethylcellulose,
polyimides and polyvinyl alcohol.
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[0173] Inone embodiment of the present invention, binder
(C) is selected from those (co)polymers which have an
average molecular weight M, in the range from 50,000 to
1,000,000 g/mol, preferably to 500,000 g/mol.

[0174] Binder (C) may be cross-linked or non-cross-
linked (co)polymers.

[0175] In a particularly preferred embodiment of the pres-
ent invention, binder (C) is selected from halogenated (co)
polymers, especially from fluorinated (co)polymers. Halo-
genated or fluorinated (co)polymers are understood to mean
those (co)polymers which comprise at least one (co)poly-
merized (co)monomer which has at least one halogen atom
or at least one fluorine atom per molecule, more preferably
at least two halogen atoms or at least two fluorine atoms per
molecule. Examples are polyvinyl chloride, polyvinylidene
chloride, polytetrafiuoroethylene, polyvinylidene fluoride
(PVdF), tetrafluoroethylene-hexafluoropropylene copoly-
mers, vinylidene fluoride-hexafluoropropylene copolymers
(PVdAF-HFP), vinylidene fluoride-tetrafluoroethylene copo-
lymers, perfluoroalkyl vinyl ether copolymers, ethylene-
tetrafluoroethylene copolymers, vinylidene fluoride-chloro-

trifluoroethylene copolymers and ethylene-
chlorofluoroethylene copolymers.
[0176] Suitable binders (C) are especially polyvinyl alco-

hol and halogenated (co)polymers, for example polyvinyl
chloride or polyvinylidene chloride, especially fluorinated
(co)polymers such as polyvinyl fluoride and especially poly-
vinylidene fluoride and polytetrafluoroethylene.

[0177] Inventive cathodes may comprise 1 to 15% by
weight of binder(s), referring to electrode active material. In
other embodiments, inventive cathodes may comprise 0.1 up
to less than 1% by weight of binder(s).

[0178] A further aspect of the present invention is a
battery, containing at least one cathode comprising inventive
electrode active material, carbon, and binder, at least one
anode, and at least one electrolyte.

[0179] Embodiments of inventive cathodes have been
described above in detail.

[0180] Said anode may contain at least one anode active
material, such as carbon (graphite), TiO,, lithium titanium
oxide, silicon or tin. Said anode may additionally contain a
current collector, for example a metal foil such as a copper
foil.

[0181] Said electrolyte may comprise at least one non-
aqueous solvent, at least one electrolyte salt and, optionally,
additives.

[0182] Non-aqueous solvents for electrolytes can be liquid
or solid at room temperature and is preferably selected from
among polymers, cyclic or acyclic ethers, cyclic and acyclic
acetals and cyclic or acyclic organic carbonates.

[0183] Examples of suitable polymers are, in particular,
polyalkylene glycols, preferably poly-C,-C,-alkylene gly-
cols and in particular polyethylene glycols. Polyethylene
glycols can here comprise up to 20 mol-% of one or more
C,-C,-alkylene glycols. Polyalkylene glycols are preferably
polyalkylene glycols having two methyl or ethyl end caps.
[0184] The molecular weight M, of suitable polyalkylene
glycols and in particular suitable polyethylene glycols can
be at least 400 g/mol.

[0185] The molecular weight M, of suitable polyalkylene
glycols and in particular suitable polyethylene glycols can
be up to 5 000 000 g/mol, preferably up to 2 000 000 g/mol.
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[0186] Examples of suitable acyclic ethers are, for
example, diisopropyl ether, di-n-butyl ether, 1,2-dimethoxy-
ethane, 1,2-diethoxyethane, with preference being given to
1,2-dimethoxyethane.

[0187] Examples of suitable cyclic ethers are tetrahydro-
furan and 1,4-dioxane.

[0188] Examples of suitable acyclic acetals are, for
example, dimethoxymethane, diethoxymethane, 1,1-dime-
thoxyethane and 1,1-diethoxyethane.

[0189] Examples of suitable cyclic acetals are 1,3-dioxane
and in particular 1,3-dioxolane.

[0190] Examples of suitable acyclic organic carbonates
are dimethyl carbonate, ethyl methyl carbonate and diethyl
carbonate.

[0191] Examples of suitable cyclic organic carbonates are
compounds according to the general formulae (111 a) and (111
b)

(I11a)
0

>_Q

(IIIb)
0

o)J\o
R3
R! R?
o)]\o
M R?
R! 2
where R', R? and R? can be identical or different and are
selected from among hydrogen and C,-C,-alkyl, for
example methyl, ethyl, n-propyl, isopropyl, n-butyl,
isobutyl, sec-butyl and tert-butyl, with R* and R> preferably
not both being tert-butyl.
[0192] In particularly preferred embodiments, R' is
methyl and R? and R? are each hydrogen, or R', R* and R?
are each hydrogen.
[0193] In yet another embodiment, in formula (III a) R* is
fluorine and both R* and R? are hydrogen.

[0194] Another preferred cyclic organic carbonate is
vinylene carbonate, formula (IV).

av)

[0195] The solvent or solvents is/are preferably used in the
water-free state, i.e. with a water content in the range from
1 ppm to 0.1% by weight, which can be determined, for
example, by Karl-Fischer titration.

[0196] Electrolyte (C) further comprises at least one elec-
trolyte salt. Suitable electrolyte salts are, in particular,
lithium salts. Examples of suitable lithium salts are LiPFg,
LiBF,, LiClO,, LiAsF,, LiCF;SO;, LiC(C,F,,,;S0,),,
lithium imides such as LiN(C,F,,,;SO,),, where n is an
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integer in the range from 1 to 20, LiN(SO,F),, Li,SiFg,
LiSbF,, LiAlICl, and salts of the general formula (C,F,,,,
180,),YLi, where m is defined as follows:

[0197] t=1, when Y is selected from among oxygen and
sulfur,
[0198] t=2, whenY is selected from among nitrogen and

phosphorus, and
[0199] =3, when Y is selected from among carbon and
silicon.

[0200] Preferred electrolyte salts are selected from among
LiC(CF;S0,),, LiN(CF;S80,),, LiPF, LiBF,, LiClO,, with
particular preference being given to LiPF; and LiN
(CF;580,),.
[0201] In an embodiment of the present invention, batter-
ies according to the invention comprise one or more sepa-
rators by means of which the electrodes are mechanically
separated. Suitable separators are polymer films, in particu-
lar porous polymer films, which are unreactive toward
metallic lithium. Particularly suitable materials for separa-
tors are polyolefins, in particular film-forming porous poly-
ethylene and film-forming porous polypropylene.
[0202] Separators composed of polyolefin, in particular
polyethylene or polypropylene, can have a porosity in the
range from 35 to 45%. Suitable pore diameters are, for
example, in the range from 30 to 500 nm.
[0203] In another embodiment of the present invention,
separators can be selected from among PET nonwovens
filled with inorganic particles. Such separators can have
porosities in the range from 40 to 55%. Suitable pore
diameters are, for example, in the range from 80 to 750 nm.
[0204] Batteries according to the invention further com-
prise a housing which can have any shape, for example
cuboidal or the shape of a cylindrical disk or a cylindrical
can. In one variant, a metal foil configured as a pouch is used
as housing.
[0205] Batteries according to the invention display a good
discharge behavior, for example at low temperatures (zero °©
C. or below, for example down to —=10° C. or even less), a
very good discharge and cycling behavior.
[0206] Batteries according to the invention can comprise
two or more electrochemical cells that combined with one
another, for example can be connected in series or connected
in parallel. Connection in series is preferred. In batteries
according to the present invention, at least one of the
electrochemical cells contains at least one cathode according
to the invention. Preferably, in electrochemical cells accord-
ing to the present invention, the majority of the electro-
chemical cells contains a cathode according to the present
invention. Even more preferably, in batteries according to
the present invention all the electrochemical cells contain
cathodes according to the present invention.
[0207] The present invention further provides for the use
of batteries according to the invention in appliances, in
particular in mobile appliances. Examples of mobile appli-
ances are vehicles, for example automobiles, bicycles, air-
craft or water vehicles such as boats or ships. Other
examples of mobile appliances are those which move manu-
ally, for example computers, especially laptops, telephones
or electric hand tools, for example in the building sector,
especially drills, battery-powered screwdrivers or battery-
powered staplers.
[0208] The present invention is further illustrated by the
following working examples.
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[0209] Average particle diameters (D50) were determined
by dynamic light scattering (“DLS”). Percentages are % by
weight unless specifically noted otherwise.

[0210] The specific surface (BET was in each case mea-
sured according to DIN-ISO 9277:2003-05. after drying the
sample at 120° C. for 60 min under vacuum for precursors
and at 200° C. for 30 minutes for cathode active materials.

1. Syntheses

1.1 Step (a.1) Precursor Co-Precipitation

[0211] A stirred tank reactor was filled with deionized
water and 49 g of ammonium sulfate per kg of water. The
solution was tempered to 55° C. and a pH value of 12 was
adjusted by adding an aqueous sodium hydroxide solution.
[0212] The co-precipitation reaction was started by simul-
taneously feeding an aqueous transition metal sulfate solu-
tion and aqueous sodium hydroxide solution at a flow rate
ratio of 1.8, and a total flow rate resulting in an average
residence time of 8 hours. The transition metal solution
contained Ni, Co and Mn at a molar ratio of 91:4.5:4.5 and
a total transition metal concentration of 1.65 mol/kg. The
aqueous sodium hydroxide solution was a 25 wt. % sodium
hydroxide solution and 25 wt. % ammonia solution in a
weight ratio of 6. The pH value was kept at 12 by the
separate feed of an aqueous sodium hydroxide solution.
Beginning with the start-up of all feeds, mother liquor was
removed continuously. After 33 hours all feed flows were
stopped. The mixed transition metal (TM) oxyhydroxide
precursor TM-OH.1 was obtained by filtration of the result-
ing suspension), washing with distilled water, drying at 120°
C. in air and sieving. The average particle diameter (D50)
was 10 pm.

1.2 Step (b): Precursor Heat Treatment

Step (b.1): Precursor Drying

[0213] 4 kg TM-OH.1 from step (a.l) was heated in a
saggar in muffle furnace for 2 hours at 450° C. under flowing
air. The material has a BET of 96.2 m*/g.

1.3 Calcinations and Post-Treatments

1.3.1 Manufacture of CAM. 1

[0214] Step (c.1): 2.7 kg dried precursor from step (b.1)
was mixed with 1.27 kg LiOH monohydrate, 17 g Mg(OH),,
12 g TiO 2 and 11 g ZrO, for 15 minutes in a grinding mill
or high shear mixer. A saggar was charged with the resultant
mixture and transferred into a mufile furnace (step d.1). The
temperature was raised at rate of 2 C/min to 750° C. under
flowing oxygen and then held constant at 750° C. for 8 hours
and subsequently allowed to naturally cool under flowing
oxygen. The resultant powder was then deagglomerated in a
grinding mill and sieved through a 325 mesh screen. After
de-agglomeration, the powder had an average particle diam-
eter (D50) of 11 um.

[0215] Step (e.1): 400 g powder from step (d.1) was them
added to 200 ml deionized water stirred for 2 minutes and
then immediately filtered on a Buchner funnel to remove
water. The wet filter cake was then dried under an N,
atmosphere with reduced pressure at 120° C. for 10 hours.
[0216] Step (f.1): The resultant powder was then dry
coated with boric acid by mixing 400 g powder, mixing
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media and 2.54 g boric acid for 40 minutes at low speed on
a roller mill. A saggar was charged with the dried powder
and heat treated in muffle furnace. The muffle furnace was
heated to 300° C. for 2 hours under oxygen atmosphere and
allowed to cool naturally. Inventive CAM.1 was obtained.

1.3.2 Manufacture of CAM.2

[0217] Step (c.2): 2.7 kg dried precursor from step (b.1)
was mixed in grinding mill or high shear mixer with 1.27 kg
LiOH monohydrate, 30 g Al,O; and 11 g ZrO, for 15
minutes. A saggar was charged with the resultant mixture
and transferred into a muffle furnace, step (d.2). The tem-
perature was raised at rate of 2 C/min to 750° C. under
flowing oxygen. The temperature was held constant at 750°
C. for 8 hours and allowed to naturally cool under flowing
oxygen. The resultant powder was then deagglomerated in a
grinding mill and sieved through a 325 mesh screen. After
de-agglomeration, the powder had an average particle diam-
eter (D50) 11.2 pm.

Post Treatment

[0218] Step (e.2): 400 g powder from step (d.2) was them
added to 200 ml deionized water stirred for 2 minutes and
then immediately filtered on a Buchner funnel to remove
water. The wet filter cake was then dried under an N,
atmosphere with reduced pressure at 120° C. for 10 hours.
[0219] Step (f.2): The resultant powder was then dry
coated with boric acid by mixing 400 g powder, mixing
media and 2.54 g boric acid for 40 minutes at low speed on
a roller mill. A saggar was charged with the dried powder
and heat treated in muffle furnace. The muffle furnace was
heated to 300° C. for 2 hours under oxygen atmosphere and
allowed to cool naturally. Inventive CAM.2 was obtained.
[0220] CAM.1 had an average particle diameter (D50) of
10.8 pm and a specific surface (BET) of 0.65 m?/g.

[0221] CAM.2 had an average particle diameter (D50) of
11.1 um and a specific surface (BET) of m*/g.

II. Testing of Cathode Active Material
11.1 Electrode Manufacture, General Procedure

11.1.1 Cathode Manufacture

[0222] Positive electrode: PVDF binder (Solef® 5130)
was dissolved in NMP (Merck) to produce a 7.5 wt. %
solution. For electrode preparation, binder solution (3 wt.
%), graphite (SFG6L, 2 wt. %), and carbon black (Super
C65, 1 wt.-%) were suspended in NMP. After mixing using
a planetary centrifugal mixer (ARE-250, Thinky Corp.;
Japan), either inventive CAM.1 or CAM.2 (94 wt. %) was
added and the suspension was mixed again to obtain a
lump-free slurry. The solid content of the slurry was adjusted
to 65%. The slurry was coated onto Al foil using a KTF-S
roll-to-roll coater (Mathis AG). Prior to use, all electrodes
were calendared. The thickness of cathode material was 70
um, corresponding to 15 mg/cm?. All electrodes were dried
at 105° C. for 7 hours before battery assembly.

11.2: Electrolyte Manufacture

[0223] A base electrolyte composition was prepared con-
taining 12.7 wt % of LiPF,, 26.2 wt % of ethylene carbonate
(EC), and 61.1 wt % of ethyl methyl carbonate (EMC) (EL
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base 1), based on the total weight of EL. base 1. To this base
electrolyte formulation 2 wt. % of vinylene carbonate (VC)
was added (EL base 2).

11.3 Test Cell Manufacture—Coin-Type Half Cells

[0224] Coin-type half cells (20 mm in diameter and 3.2
mm in thickness) comprising a cathode prepared as
described under 1I.1.1 and lithium metal as working and
counter electrode, respectively, were assembled and sealed
in an Ar-filled glove box. In addition, the cathode and anode
and a separator were superposed in order of cathode/sepa-
rator/Li foil to produce a half coin cell. Thereafter, 0.15 mL
of the EL base 1 which is described above (II1.2) were
introduced into the coin cell.

II1. Evaluation of Cell Performance

Evaluation of Coin Half-Cell Performance

[0225] The initial performance, C-rate performance and
cycling performance were measured as follows: Coin half
cells according to I1.3 were tested in a voltage range between
4.3 Vto 2.8 V at room temperature. For the initial cycles, the
initial lithiation was conducted in the CC-CV mode, i.e., a
constant current (CC) of 0.1 C was applied until reaching
4.3V, followed by the CV step until the current dropped to
0.01 C. After 10 min resting time, reductive lithiation was
carried out at constant current of 0.1 C up to 2.8 V. For the
C-rate test charge and discharge rates were adjusted accord-
ingly. For the cycling test, the constant current was chosen
to be 1 C until 100 cycles were reached. The results are
summarized in Table 1.

[0226] Powder was formed into an electrode and tested in
coin half cells. The electrochemical performance is summa-
rized in Table 1:

TABLE 1

Electrochemical performance data of
inventive cathode active materials

0.1 Crate 1 Crate Capacity

1% Discharge 1% cycle capacity capacity retention

mAh/g efficiency mAl/g mAl/g 100 cycles
CAM.1 212.0 89.0 214.9 193.4 79%
CAM.2 214.8 89.7 218.3 197.0 T7%

1. A process for making an electrode active material

wherein said process comprises the following steps:

(a) providing a hydroxide TM(OH), or an oxyhydroxide
of TM, wherein TM is one or more metals and contains
Mn, optionally Co, and from 85 to 95 mol % Ni,
referring to the sum of Ni, Co and Mn;

(b) drying said hydroxide TM(OH), or said oxyhydroxide
of TM at a temperature in a range of from 400 to 600°
C., thereby obtaining an oxide or oxyhydroxide of TM
with a residual moisture content of from 200 to 500
ppm;

(c) mixing said oxide or oxyhydroxide from step (b) with
a source of lithium, at least one compound of Mg or Al,
and at least one compound of Ti or Zr; and

(d) treating the mixture obtained from step (c) thermally
at a temperature in a range of from 550 to 875° C.
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2. A process according to claim 1 further comprising a
step (e) of treating the material obtained from step (d) with
an aqueous medium, followed by a liquid-solid separation
step.

3. A process according to claim 2 further comprising a
step (f) of adding a compound of boron or tungsten to the
material obtained from step (d) or (e), respectively, and a
subsequent thermal treatment.

4. A process according to claim 1, wherein in step (a), the
oxyhydroxide of TM contains both Co and Mn.

5. A process according to claim 1, wherein in step (c), said
oxide or oxyhydroxide of TM from step (b) is mixed with a
source of lithium and

either with at least one compound of Al and at least one

compound of Zr,

or with at least one compound of Mg and at least one

compound of Ti and, optionally, at least one compound
of Al.

6. A process according to claim 1, wherein said TM
corresponds to a formula (I)

(Ni,CopMn,); M, @
with

a being in a range of from 0.85 to 0.95,

b being zero or in a range of from 0.01 to 0.14,

¢ being in a range of from 0.01 to 0.15, and

d being in a range of from zero to 0.05,

M! is at least one of Al and Mg, and

a+b+c=1.

7. A process according to claim 1, wherein step (d) is
performed in an atmosphere of at least 80 vol-% oxygen.

8. A particulate electrode active material having a shell
and a core, wherein the core comprises a composite lithium
metal oxide according to a formula Li, , [ TM'; O,, and the
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shell comprises at least one compound of boron or tungsten,
and wherein x is in a range of from -0.02 to +0.02, and
wherein TM' corresponds to a formula (II)
{(Ni,Co;Mn,) ldMld} 1M, an
with
a being in a range of from 0.85 to 0.95,
b being zero or in a range of from 0.01 to 0.14,
¢ being in a range of from 0.01 to 0.15, and
d being in a range of from zero to 0.05,
e being in a range of from 0.005 to 0.03,
M! is at least one of Al and Mg, and
M? is a combination of at least one of Al and Mg and at
least one of Ti and Zr,
a+b+c=1.
9. A particulate electrode active material according to
claim 8, wherein M?>
is either a combination of Al and Zr,
or a combination of Mg and Ti and, optionally, Al.
10. A cathode containing:
(A) at least one electrode active material according to
claim 8,
(B) carbon in electrically conductive form, and
(C) a binder material.
11. A cathode according to claim 10 containing:
(A) 80 to 98% by weight of the electrode active material,
(B) 1 to 17% by weight of the carbon, and
(C) 1 to 10% by weight of the binder material.
12. An electrochemical cell containing at least one cath-

ode according to claim 10.

13. (canceled)
14. (canceled)



