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ABSTRACT

The present invention relates to a powderous electrode active material of lithium

transition metal oxide Li,MpO, in which 0.9 <a < 1.1, 0.9 <b < 1.1 and (1) M comprises
at least two transition metal selected from Mn, Co and Ni or (11) M=A,A’,; M’ .,.»,
M’=MnyNi,Coj.x.y, 0<y<1, 0<x<1, 0<z+z’<0.1, 2’<0.02, A 1s a metal chosen from Al,
Mg, Ti, Cr and A’ is a further dopant chosen from F, Cl, S, Zr, Ba, Y, Ca, B, Be, Sn, Na
and Zn. The powderous electrode active material has particles with a distribution of
sizes and and a composition of M varies with the size of the particles. The present

invention also relates to an electrochemical cell, particularly a rechargeable lithium

battery, using the powderous electrode active material .
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ELECTRODE ACTIVE MATERIAL POWDER WITH SIZE DEPENDENT
COMPOSITION AND METHOD TO PREPARE THE SAME

Technical Field

The present invention relates to a powderous electrode active matenal of lithium
transition metal oxide Li,My0; , wherein 0.9 <a < 1.1, 0.9 <b < 1.1 and M 1s dominantly
transition metal chosen from Mn, Co and Nickel, having particles with a distribution of
sizes, where the composition M varies with the size of the particles, and a preparation
method thereof. The present invention also relates to an electrochemical cell, particularly

rechargeable lithium battery, using the powderous electrode active material.

Background Art

A CcinventiOnal batteries use uniform cathode active materials. The (averaged)
composition of small and large particles is the same. Uniform materials also have a similar
composition in the inner and outer bulk of a single particle. -

LiCoQO,, charged to 4.4V or higher voltage is the superior mé.terial regarding
reversible capacity, gravimetric émd especially volumetric energy. Unfbrt‘unately, LiCo0,
charged to = 4.4V shows high capacity fading, low safety, and in contact with the
electrolyte reactivity (electrolyte oxidation) is observed.

Commercial rechargeable lithium batteries almost exclusively apply LiCoO; as
cathode active material. LiCoQ; delivers 137 mAh/g reversible capacity if charged to 4.2V;
approx. 155 mAh/g reversible capacity if charged to 4.3V; approx. 170 mAh/g reversible
capacity if charged to 4.4V; and approx. 185 mAb/g reversible capacity if charged to 4.5V.
An increase of charging voltage to 4.4 or 4.5V could drastically increase the energy density
of batteries compared with the standard 4.2V charging. Unfortunately, unprotected LiCoQO,

cannot be cycled at > 4.3V because of poor capacity retention and poor safety properties.
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Coating of LiCoO, particles has been suggested to protect the surface from
unwanted reactions between electrolyte and the charged (=delithiated) LiyCoO,. The
coating approach is for example described by Y. J. Kim et all., J. Electrochem. Soc. 149
A1337, J. Cho et all., J. Electrochem. Soc. 149 A127, J. Cho et all., J. Electrochem. Soc.
149 A288, Z. Chen et all., J. Electrochem. Soc. 149 A1604, Z. Chen, J. Dahn, Electrochem.
and solid-state letters, 5, A213 (2002), Z. Chen, J. Dahn, Electrochem. and solid-state
letters, 6, A221 (2003), J. Cho et all., Electrochem. and solid-state letters, 2, 607 (1999), J.
Cho and G. Kim, Electrochem. and solid-state letters, 2, 253 (1999), J. Cho et all,, J.
Electrochem. Soc. 148 A1110 (2001), J. Cho et all., Electrochem. and solid-state letters, 3,
362, (2000), J. Cho et all., Electrochem. and solid-state letters, 4, A159, (2001), Z. Whang
et all., J. Electrochem. Soc. 149, A466 (2002), J. Cho, Solid State Ionics, 160 (2003) 241-
2435,

Coating can to some degree improve certain properties like fading and safety. It 1s
however not clear if this is caused by the coating layer. In Z. Chen, J. Dahn, Electrochem.
and solid-state letters, 6, A221 (2003) as well as in Z. Chen, J. Dahn, Abs 329, 204" BECS
Meeting, Orlando, it was shown that a similar treatment (wash+heat) without applying a
coating layer causes the same improvement of cycling stability. The improvement however
is temporary and vanishes after storage of the cathode.

Different mechanisms cause the fading of cathode active materials like LiCoO,. A
first is the precipitation of reaction products of decomposed electrolyte onto the surface of
iCoO, forming resistive surface layers. A second is the chemical decomposition of
[iCoO, in the presence of electrolyte, thereby changing the outer bulk chemically and
structurally. A third is the degradation of bulk LiCoO; occurring in the absence of

electrolyte. This degradation can be a crystal structural degradation (for example

transformation to spinel) or a morphological disintegration (electrochemical grinding,
causing loss of electrical contact of crystallites). The first and second mechanism can be
prevented or reduced by coating. The third requires a modification of the bulk.

Similar as the capacity fading, safety problems are also caused by different
mechanism. First, delithiated LiCoO, tends to oxidize electrolyte, which 1s a strong

exothermic reaction. If the local temperature is high enough, the electrolyte oxidation
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becomes fast, more heat evolves and the battery might go to thermal runaway. Secondly,
delithiated LiCoO, 1n the bulk itself 1s unstable and migﬁt collapse towards denser phases,
releasing modest amounts of heat. The reaction not involves electrolyte. The first
mechanism can be prevented or reduced by coating. The second requires a modification of
the bulk.

In most cases the coating accounted for less than 2-5% of the weight of the
cathode active material. The stoichiometfy of the total cathode active material i1s only
marginally changed, coated active materials are basically uniform materals, because the
composition of large and small particles is similar, and the composition of inner and outer
bulk 1s basically the same.

The described coating approaches have not fully solved the stability problem at >
4.3V. Particularly unsolved problems are one or more of :

- Non complete coating of surface. For example, a wetting of the cathode active material

powder with a gel or solution followed by a drying typically does not result in a completely

covered surface.

- Not enough adhesion between coating layer and cathode active material. During electrode
processing and during cycling (change of crystallographic unit cell volume of L1Co0, as
function of state of charge) significant strain occurs. The strain causes a peal-off of the
coating layers, leaving large areas unprotected. This problem is especially pronounced 1t
the coating layer and the cathode active material do not form a solid state solution.

- Chemical incapability. After coating usually a heating step is applied. During the heating
the coating layer might decompose the cathode active material. For example, coating
LiCoO, with lithium manganese spinel is difficult or impossible because the spinel and
1iCoO, contacting each other decompose forming cobalt oxide and Li,MnOs.

- Conduction problems. Insulators (as Al,O3, ZrO; ...) are suggested for the coating layers.
A particle, fully covered by an insulator, is electrochemically inactive. If the surface 1s fully
covered, then the layer has to be extremely thin (to allow “tunneling” of electrons). It 1s
questionable if such thin layers can be achieved and if they will prevent the electrolyte-
surface reactions.

- Coated layers are to thin to improve the satety.
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- Sharp two phase boundaries. If the LiCoO, and the coating layer do not have a solid
state solution, then lattice strains are localized at the boundary, which reduces the
mechanical stability. A braking of particles during extended cycling is possible.

Complex cathode active materials with layer structure have been disclosed. Some
show a better cycling stability than Li1CoQO; 1f cycled at > 4.3V, and they also show better
satety. Typical examples are layered cathode active materials being solid state solutions
within the ternary system, LiMn;/,Ni1,0, — LiNiO; — LifL1;53Mny3]0; — LiCoO, . In the
following a short notation for the transition metal composition will be used, “ABC” refers
to a hithium transition metal oxide with transition metal composition M=Mn,NigCoc.

Some examples are :

“110” - LiN112Mn; 20, or Li{Li,(Mn;2Ni;p)1x]O2, %20, [x|<<1 (Dahn et al. in Solid State
Ionics 57 (1992) 311, or T. Ohzuku, Y. Makimura, 2001 ECS meeting (fall), Abstr. 167 )
“442” - LiMO; or Li[LiuM;x]O; M=(Mn;;Nijp)i,Coy , x20, [x|<<l, y=0.2
(Paulsen& Ammundsen, 11th International Meeting on Lithium Batteries (IMLB 11),
Cathodes II, Ilion/Pacific Lithium)

“111” - LiMn;;sN115C0150, (Makimura&Ohzuku, Proceedings of the 41% battery
symposium on 2D20 and 2D21, Nagoya, Japan 2000 or N. Yabuuchi, T. Ohzuku, J. of

Power sources 2003, (in print )
“118” - LiCop.sMng.1Nig.1O; (S. Jouanneau et all., J. Electrochem. Soc. 150, A1299, 2003)
“530’- Li[Li}/gMIls/gNiU?,]Oz , “530mod” - Li[L1;0MnspNiy3]0;75 (J. Dahn, Z. Lu, US
patent application 2003/0108793A1, Z. Lu et all., J. Electrochem. Soc. 149 (6) A778
(2002))

Despite of some improvements these materials are not truly competitive.
Remaining problems are one or more of:
- High cost : “118” for example has raw materials costing similar as L1CoO; , however,
compared to LiCoO, which can be prepared by cheap routes (solid state reaction) the cost
of preparation (typically involving mixed precursors like mixed hydroxides) is much
higher.
- Low volumetric energy density: Low cobalt materials like “110” or “442” have low Li

diffusion constant. To obtain a sufficient rate performance, powders consisting of particles




10

15

20

29

30

CA 02552375 2006-06-30
WO 2005/0647135 PCT/KR2004/003530

with smaller crystallites and some porosity of particles are required. The obtained
porosity of electrodes 1s too high. Additionally, the crystallographic density is significantly
smaller than L1CoQO, (5.05 g/cm3). 110 has a density of approx. 4.6 g/cm’, “442” has
approx. 4.7 g/cm’ . The same applies for “530” with a low density of 4.4 g/cm’. cathode
active material (like “530”) are not stable. They transform to an oxygen and lithium
deficient cathode acfive material at > 4.5V during first charge. After discharge a different
material “530mod” is achieved. “530mod
- Side reactions : Manganese and lithium rich cathode material hike “530” 1s oxygen
deficient and not thermodynamically stable. Even if the electrochemical properties of the
resulting material are excellent, the transformation involves the release of oxygen, possibly
reacting with the electrolyte and forming undesired gas.

Important for real batteries is not only the gravimetric reversible capacity (mAh/g)
but also the energy density (=capacity x average voltage), here especially important 1s the
volumetric energy density (Wh/L) of the electrodes. Essential to achieve a high volumetric
energetic density of electrodes is (a) high powder density, (b) a large capacity and (c) high
voltage.

LiCoO, allows achieving powder densities of up to 3.5-4 g/cm’. This corresponds
to approx. 70-80% of crystallographic density, or 20-30% porosity. Electrodes of complex
layered materials or phosphates usually have a higher porosity. Additionally the
crystallographic density of the complex layered materials 1s 5-12% lower. The
crystallographic density of LiFePOy is 30% lower. The same applies for spinel materials.

This further reduces the energy density.

Disclosure of the Invention
An object of the present invention is to provide an electrode active material, which
combines high volumetric and gravimetric energy density with high cycling stability and

safety at low cost.

In one aspect, the present invention provides a powderous electrode active

material of lithium transition metal oxide L1,.M;,O»

-where 0.9 <a<1.1, 0.9 <b < 1.1 and M is dominantly transition metal chosen from Mn,
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Co and Nickel
- having particles with a distribution of sizes
- where the composition M varies with the size of the particles

In another aspect, the present invention provides a powderous electrode active

material of lithium transition metal oxide Li.M;,O,

- where 0.9 <a < 1.1, 0.9 <b < 1.1 and M 1s transition metal chosen from Mn, Co and

Nickel

- the particles have a layered crystal structure
- having a broad particle size distribution with d90 / d10 > 2
- where the composition M varies with the size of the particles

In still another aspect, the present invention provides a method for preparing the
powderous electrode active material with a size-dependent composition, the method
comprising the steps of: precipitating at least one transition metal contamning precipitate
onto seed particles, which have a different transition metal composition than the precipitate;
adding a controlled amount of a source of lithium ; and performing at least one heat
treatment, wherein basically all obtained particles contain a core, originating from a seed,

completely covered by a layer originating from precipitate.

Brief Description of the Drawings

FIG. 1 is a FESEM image of LiCoO; seed particles used as seed material 1n
Example 1.

FIG. 2 is a FESEM of LiCo0O, covered with Mn; N1, mixed hydroxide, achieved
after the precipitation in Example 1.

FIG. 3 is a FESEM of the cathode active material prepared in Example 1.

FIG. 4 is a graph showing a first cycle profile and rate performance of the cathode

active material of Example 1.

FIG. 5 is a graph showing cycling stability of the cathode active material of
Example 1.

FIG. 6 is a graph showing cycling stability of the cathode active material of
Example 6.
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Mode for Invention

In order to provide an electrode active material which combines high volumetric
and gravimetric energy density with high cycling stability and safety, the present invention
utilizes a “non-uniform approach.” The non-uniform approach uses the concept that in
order to achieve optimized performance the requirements are different for small and large
particles, and furthermore, requirements are different for mner bulk, outer bulk and surface
of single particles.—Particularly, the requirements for chemical stability m contact with
electrolyte, for the lithium diffusion constant, for the electronic conductivity and also for

the morphology vary with particle size, and they also vary from the outer bulk to the mner
bulk of a single particle.

Contrary to coating, the “non-uniform approach” relates to the whole bulk or at
least large parts of the outer bulk. It allows for a principally different and much more
radical optimization. Accordingly, the present invention discloses non-uniform materials,
where the composition changes significantly.

That is, the non-uniform approach relates to the composition of particles of the
powder, where the composition varies with the size of the particles. The non-uniform
approach also relates to single particles of the powder, wherein the single particle has a
composition different in the inner and outer bulk and surface. The non-unitorm approach
may relate not only to composition but also to further parameters like morphology.

According to an embodiment of the present invention, there 1s provided a
powderous electrode active material of lithium transition metal oxide Li;MyO, , wherein
0.9<a<1.1,09<b<1.1 and M is dominantly transition metal chosen from Mn, Co and
Nickel, having particles with a distribution of sizes, where the composition M varies with
the size of the particles.

Large dense particles have a long lithium diffusion path. Large particles contribute
excessive to poor cycling stability if intercalation induced strain is involved. Large particles
contribute excessive to poor rate performance if the lithium transport in the solid phase is
slow. Small particles have a lager specific surface area. Small particles contribute

excessive to low safety and poor cycling stability, if electrolyte reactions are mvolved.
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Accordingly, a powderous electrode active material of the present invention
comprises particles of lithium transition metal oxide, wherein the composition of transition
metal varies with the size of the particles, for example, the larger particles having a
composition the more allowable for fast bulk diffusion, and the smaller particles having a
composition ensuring high safety.

It is preferable that the powderous electrode active material according to the
present invention has a broad particle size distribution specified that the size ratio of large
to small particles exceeds 2, d90 / d10 > 2 where d90, the size of large particles, 1s defined
that particles with larger size constitute a fraction of 10% of the total mass of the powder
and d10, the size of small particles is defined that particles with smaller size constitute a
fraction of 10% of the total mass of the powder. The particle size distribution of powders
can be measured by suitable methods known in the art. Suitable methods are for example
laser diffraction or sieving by using columns of sieves with different mesh.

Preferably, the single particles of the powderous electrode active material are
basically lithium transition metal oxide, and the single particles have a Co content 1n the
transition metal continuously increasing with the particle size. More preferably, the single
particles contain further manganese in the transition metal, and have the manganese content
continuously decreasing with the particle size. Most preferably, the manganese content 1s
roughly proportional to the inverse of the radius of the particle.

In a special implementation, large particles have a composition near to LiCoO,
(for example “118”) allowing for a high Li diffusion constant, thus a sufficient rate
performance is achieved. The large particles contribute only a small fraction to the total
surface area of the cathode. Therefore, the quantity of heat evolving from reactions with
electrolyte at the surface or in the outer bulk is limited; as a result large particles contribute
little to poor safety. Small particles have a composition with less cobalt to achieve an
improved safety. The lower lithium diffusion constant can be tolerated in small particles
without significant loss of rate perfénnance because the solid state diffusion path length 1s
small.

In a cathode active material powder of the present invention, a preferred

composition of the smaller particles contains less cobalt and more of stable elements like
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manganese. The slower bulk lithium diffusion can be tolerated but the stability of the
surface 1s high. In a cathode active material powder of the present invention, a preferred
composition of the larger particles contains more cobalt and less manganese because a fast
bulk-lithium diffusion is required, whereas a slightly lower stability of the surface can be
tolerated.
Preferably, 1n the powderous electrode active material of lithium transition metal

oxide L1.MpO; , M =A,A’ » M’ 5> , M= MnNi,Coy.x.y(Where 0<y<1, 0<x<1, 0<z+z’ < 0.1,

z’ <0.02), A 1s a metal chosen from Al, Mg, Ti, Cr and A’ is a further minor dopant chosen
fromF, CL S, Zr,Ba, Y, Ca, B, Be, Sn, Sb, Na, Zn.

Preferably, the powderous electrode active material has a layered crystal structure.

In a preferable example of the powderous electrode active material of lithium
transition metal oxide Li.MpO; (0.9 <a < 1.1 and 0.9 <b < 1.1), M 1s transition metal
chosen from Mn, Co and Nickel, the particles have a layered crystal structure, having a
broad particle size distribution with d90 / d10 > 2, and the composition M varies with the
size of the particles. Preferably, the composition M varies continuously with the size of the
particles.

Preferably, in the powderous electrode active material of Li,MpO, with size
dependent composition, the averaged transition metal composition 1s M=MnNi,(Co_x-y)
with 0.35 > x > 0.03. |

Preferably, in the powderous electrode active material of Li1,MyO, with size
dependent composition, the averaged transition metal composition 1s M=MnNi1,(Co1..y)
with x>0.03 and x+y<0.7.

Preferably, in the powderous electrode active material of Li1,MyO, with size
dependent composition, basically all bulk of all particles has a layered crystal structure,
larger particles having a composition Li,MyO; where M=MnN1,(Co1.x.y) wWith x+y<0.35
and smaller particles having a different composition 1L1,M,0, where M=Mn,N1,-(Co1.y’)
with at least 10% less cobalt (1-x’-y’) < 0.9*%(1-x-y) and at least 5% more manganese x’-

x>0.05.

Electrodes utilizing active materials with very uniform particle size in principle

‘have one preferred, optimized, uniform composition. This however i1s not feasible, and
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usually not preferred because the desired higher powder densities are achieved by more
complex particle size distributions. In this case only the application of the “non-uniform”
principle allows for fully optimization, resulting m a powder with size dependent

composition.

A very simple example of a non-uniform cathode active material according to the

present mvention is a mixture of two different cathode active materials with different
particle size distribution. One cathode component has large partibles (for example having a
distribution centered at =20 um); its composition allows for fast bulk diffusion (for
example LiCoO, or “118”). The other cathode component has small particles (for example

having a distribution around 5 pum) and its composition ensures acceptable satety (for

example “1117 or “442”).

Another example of a non-uniform cathode active matenial according to the
present invention is a more complex size-composition distribution, wherein large particles
have a composition like LiCoO, or “118”, small particles have a composition hike “442”
and intermediary sized particles have an intermediary composition hike “111", etc. Such
cathode active materials can be easily achieved by the method disclosed further below.

A cathode active material which consists of particles with significant open
porosity, has one preferred optimized uniform composition. This however is not feasible,
and usually not preferred because the desired higher powder densities are achieved by
denser, monolithic particles. In this case the application of the “non-uniform™ approach
allows for fully optimization. This approach takes into account the different requirements
for inner bulk and outer bulk and surface.

- Accordingly, another embodiment of the present invention provides a powderous
electrode active material, wherein larger particles, specified by having a size larger than
d50 - these larger particles comprise a mass fraction exceeding 50% of the total mass of the
powder - have a different composition in the inner bulk and the outer bulk.

Preferably, the inner bulk of larger particles has a composition L1.MO; where
M=MnyNi1,(Cojx.y) and x<0.2.

Preferably, the inner bulk of larger particles has a composition Li.MpO; where

M=Mn,Ni1,Co; .,y with x+y<0.2.
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There are disclosures about mixtures of cathode active materials (for example
US 6,007,947 and US 6,379,842 (Polystor) “Mixed lithium manganese oxide and lithium
nickel cobalt oxide positive electrodes™). There are also disclosures about powders being a
mixture of LiCoO, and spinel. These powders are obviously not uniform - particles of the
different cathode components have different composition. These disclosures however are
unrelated to the “non-uniform approach” of the present invention. The described prior art
does not differentiate between performance requirements for large and small particles, and
it does not differentiate between requirements for inner bulk, outer bulk and surface of
particles. Particularly, each cathode component itself 1s “uniform”, the composition of large

and small particles is the same, and the composition of inner bulk, outer bulk and surface 1s

the same.

In a preferable example of the present invention, the imner bulk of larger particles
has a higher stoichiometry of cobalt and a lower stoichiomeiry of manganese than the outer
bulk.

In the inner bulk of a single particle having a composition L1;MO,, M to at least
80 w% is cobalt or nickel, preferably. In a further preferred implementation of the present
invention, the inner bulk of the particle has a composition near to LiCoO,. The outer bulk is
a lithium manganese nickel cobalt oxide.

An example of a non-uniform cathode active material according to the present
invention is a mixture of different cathode active materials with different particle size,
wherein large particles have a composition “118” in the outer bulk and a higher cobalt
content in the inner bulk; small particles have a composition “111” in the mner bulk and
“442” in the outer bulk; and intermediary particles have an intermediary averaged
composition, also richer in cobalt in the inner bulk. Such cathode materials can be achieved
by the method disclosed further below.

Another example of a non-uniform cathode active material according to the
present invention is a cathode active materials wherein the composition of particles varies
with the size of particles, and, additionally, the single particles have a different morphology
in the inner and outer bulk. The particles have a monolithic inner bulk, but the morphology

of the outer bulk near to the surface has a morphology which yields an mcreased surface
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area. An example 1s a bﬁlky particle with a structured, 1.e. rough or partly porous surface.
Such cathode materials can be achieved by the method disclosed further below.

Many further reaching applications of the “non-uniform™ principle are possible,
but not all can be achieved easily at low cost. Two examples: (1) The porosity of electrodes
preferable decreases from the surface towards the current collector, this would allow for
faster rates at the same averaged porosity. (2) Safety requirements in the center of a battery
are more severe than at the outside (here the evolved heat is faster dissipated). A “non-
uniform” improved battery would have a jelly roll, where the (averaged) composition and
morphology of the cathode powder would changes from the outside to the inside.

According to still another embodiment of the present invention, there 1s provided a
method for preparing electrode active matenal particles with a size-dependent composition,
the method comprising the steps of: precipitating at least one transition metal containing
precipitate onto seed particles, which have a different transition metal composition than the
precipitate; adding a controlled amount of a source of lithium ; and performing at least one
heat treatment, wherein basically all obtained particles contain a core, originating from a
seed, completely covered by a layer originating from precipitate.

The inventive method can prepare the powderous electrode active materials with a
size-dependent composition at low cost. The method involves a precipitation reaction
utilizing seed particles. The seed particles preferably have a non-narrow size distribution.
After the precipitation reaction, a precipitate covers the seed particles. The precipitation
reaction is characterized that the seed particles have a sigmificantly different transition
metal composition than the precipitate. The precipitation reaction 1s furthermore
characterized that the precipitate forms a layer of uniform thickness, covering the seed
particles. The precipitate can additionally contain further metal cations, like Al, Mg, Ti, Zr,
Sn, Ca and Zn etc. Accordingly, the outer layer originating from the precipitate can contain
further at least one metal element chosen from Al, Mg, Ti, Zr, Sn, Ca and Zn.

Typically, a flow of dissolved mixed transition metal salt, and a tflow containing a
suitable counter-anion (like NaOH or Na,CO;) are fed to an agitated reactor, which
contains a slurry of dispersed seed particles. In a preferred implementation, LiCoQO,, or

LiCoO, based materials (for example, LIMO, where M is transition metal M=MnyNi1,Co1 -
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,» Where x<0.25 and y < 0.9) are used as seed particles. Preferably, the particles are
monolithic. Structured secondary particles (agglomerates of smaller primary particles) are
less desired. After a successful precipitation, a uniform layer of precipitate with sufficient
adhesion covers all seeds particles. Preferably, the precipitate contains manganese. More
preferably, at least 40 w% of the transition metal of the precipitate 1s manganese. The
amount of the precipitated layer is significant, so that the averaged (transition) metal
composition of the particles is significantly different from that of the seed particle. The
thickness of the precipitated layer typically is uniform, in this way the average composition
of small particles differs from the composition of large particles, yielding the desired size-
composition distribution. Furthermore, it is preferred that the precipitate has a low porosity,
and covers completely the seed. Basically no particles, not having a seed-particle core are
present. To achieve this goal, it is important during precipitation to keep the degree of
supersaturation low. Especially important is the choice of reaction conditions like flow rate,
pH, temperature, volume, agitation, additives (like ammonia), content of oxygen,
thickening, shape of reactor, etc.

Instead of LiCoQ,, other materials can be used as seed materials. Preferably, the
seed itself has a high energy density, if it would be applied as cathode active material. A
possible example is modified LiNiO, (like Al and/or Co doped LiNiO,). Alternatively, the
seed can be a precursor (for example a transition metal oxide), which converts to a cathode
active material with high energy density during the heat treatment.

Preferably, the precipitate contains manganese, and the seeds dominantly are
monolithic particles chosen from LiCoO, or LiMO, where M dominantly is transition metal
(M=A,M’1.;, 0=2<0.05, A is an additional dopant like Al, Mg, etc. known from the art).
The transition metal M’ contains at least 75% Co or Ni, M’=MnyNi1yCo1.y.x , 0<x<0.25.

Preferably, all obtained particles contain a core, originating from a seed,
completely covered by a layer of precipitate.

After precipitation the slurry is washed and dried. Alternatively an equilibration in
a salt solutions to remove unwanted ions by ion exchange is possible, followed by wash
and dry. After adding a controlled amount of a source of lithium (like L1,CO3) and mixing,

at least one heat treatment follows. During the heat treatment a chemical reaction proceeds.
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The precipitated layer reacts with lithium and preferable, a lithium transition metal phase
with layered crystal structure phase is formed. During the heat treatment also diffusion
reaction between layer and seed occurs, which relaxes the transition metal compositional
oradient. The sintering conditions are important since excessive sintering would cause a

low surface area, and in some cases the “non-uniform” character would be lost. Not enough

sintered samples can result in a too high porosity, and a too large surface area, and the
oradient between outer phase (originating from the precipitate) and inner phase (originating
from the seeds) might be too steep. In a preferred implementation of the present invention,
after sintering the cathode powder consists of particles being lithium transition metal oxide
with layered crystal structure (typical space group : r-3m).

Preferably, the heat treatment is made in air, the femperature being within the
raﬁge from 750 to 1050°C, more preferably the temperature being in-between 850-950°C.

The choice of suitable seeds, precipitation and sintering conditions allow to
optimize the final cathode powder. The (averaged) composition of particles varies with
particle size. Preferably, also the composition varies between inner bulk and outer bulk and
surface. A preferable morphology can be achieved. Particularly the surface and the outer
bulk near to the surface can be modified without altering the dense monolithic structure of
the inner bulk. One preferred example is a smooth surface with low surface area. Another
preferred example is a slightly structured surface with larger surface area. The first 1s
desired if safety is of concern, the latter can be preferred if impedance layers are of
concern. Many more morphologies can be achieved. Under certain conditions, deep valleys
or pin-wholes, penetrating straight into the bulk of the particle can be achieved. This might
be desired if large particles with sufficient rate performance are of interest. During
sintering, beneficial epitaxi-related effects between the outer phase and the inner phase can
be desired.

The inventive method allows to obtainz a non-uniform cathode material at lowered
cost. In the following the cost of a non-uniform cathode is compared with LiCoO,, low
cobalt complex cathodes and high cobalt complex cathodes. LiCoO; has a medium high
price because the cobalt precursors are expensive, but the processing 1s reasonable cheap.

Complex low-Co materials like “1117, “442”. “530” etc. usually have a medium to medium
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high price because the precursors are cheaper, but often the processing (co precipitation)
is expensive. High Co complex cathodes like “118” are expensive. The precursors (cobalt)
are expensive, and the processing (typically precipitation) is expensive as well. Compared

to “118” the “non-uniform” cathode materials of this mvention have simalar or better

performance, but can be prepared at lower cost.

The present invention is further described n the following non-limitative

examples.

Examples

Example 1) Preparation of a powder, having particles with size dependent
composition

Seed particles: Commercial LiCoO; not having a small particle size distribution,
consisting of monolithic particles (not secondary particles being agglomerates of
primary particles) was used as seed material. The LiCoQO; consisted of about 50%) by
volume of large particles of size between 10-25/m, the d50 being about 17/, and about
50% by volume smaller particles of size between 3-10um, the d50 being about 5/m.
Figure 1 shows a FESEM image of the applied powder.

Precipitation : 3 kg of LiCoO; and 1.4 L of H,O were added to a 5 L reactor. A
flow of 4M NaOH solution and a flow of 2M MSQ; solution (M=MmaNitav|10™) were
added to the reactor during rigid stirring. The temperature was kept at 95°C, the flow
rates were controlled so that the pH was kept stable. After 70 minutes the precipitation
was interrupted, clear Na;SO; solution was removed from thc solution, and the
precipitation was continued for another 70 minutes. A total of 0.25 mol M(OH); was
precipitated per 1 mol LiCoO,. The resulting slurry was decanted, and equilibrated over
night in 0.3 M LiOH solution, followed by wash and filtering. The filter cake was dried
at 180°C in air. Figure 2 shows a FESEM image of the achieved powder.

Reaction : 3.5 g Li,CO; was added per 50 g of the above achieved powder and
mixed. A solid state reaction was performed at 980°C for 24 hours. After that, the
powder is grinded and sieved, resulting in a powder of high press density. Figure 3
shows an FESEM image of the achieved powder.

Powder properties : Powder density was measured by pressing pellets. At 2000
kg/cm? a press density of 3.4-3.5 g/cm’ was achieved. The particle size distribution was
bimodal, with centers at approx. 20 pm and 5um. Large particles had a composition of
LiCoi.xMy10,, small particles had a composition LiCojxxMx2O2 with M=Mn, 2N1;/; and
x1<0.05 and x2<0.2. The composition was checked by a suitable separation of large
and small particles (for example by dispersing in a liquid) , followed by ICP chemical

analysis.
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Electrochemical properties : Coin cells with Li anode were prepared using the
above achieved bimodal cathode active material particles. The reversible capacity (C/10
rate, 4.4V) was > 165 mAh/g. The rate performance (discharge to 3.0V) was satisfying,
the ratio of capacities at 2C : C/5 rate was > 93%. Figure 4 shows the first cycle voltage
profile and the rate performance discharge profiles. An excellent cycling stability was
achieved at 4.4V. Figure 5 compares the initial discharge profile at C/10 rate and 1C rate
(cycle 2 and 5) with the discharge profiles at the same rate after extended cycling (cycle
> 1 and 52). At least 98%) of capacity has remained. Very little impedance built-up was
observed. Under similar conditions a reference cell with unmodified LiCoO» shows

significant loss of capacity. DSC of charged electrodes shows significant changes
compared to bare LiCoO-.

Structural analysis : EDS mapping, quantitative analysis of EDS spectra of
large and small particles, X-ray diffraction with careful Rietveld analysis of the cathode
active material powder of Example 1 showed that a LiCoO, phase remains in the inside
of larger particles, the outside being LiCo;.MnNi,O» with x<0.13...0. 16, smaller
particles are monophase with x>0.16.

Cost analysis : Example 1 prepared 3.7 kg of a cathode active material with an
(approximate) averaged composition LiCog.sMng Nio.1O,. The preparation included a
2-step precipitation reaction using a 5 L reactor. The powder densities during processing
were high (volumes were less than 1.5 L of powder (before adding Li,CO;) and less
than 2 L powder (after Li,COs addition) ). Waste was about 10 L of Na,SO..

Comparative example 1
Comparative example 1 was performed to demonstrate that the preparation of a cathode
active material with particles having a size dependent composition according Example 1
was performed at low cost.

A typical precipitation reaction to produce complex cathode materials involves
large liquid reactor volumes, large amounts of waste, and the loading of drying ovens,
turnaces etc. is low.

For a compartson, the same equipment was used to prepare a uniform cathode
material having the same composition LiCO0 sMng ;Nio 1O, ("118"). The preparation
was similar as described in Example 1 with the following exceptions:

(a) the transition metal flow was transition metal sulfate (2M) not having the "110" but
the "118" composition

(b) no seed particles were applied

(c) after precipitation, 0.53 mol Li,CO were added per 1 mol of the mixed transition

metal hydroxide
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0.8 kg of final material was achieved. The powder densities during processing
were low. The total involved powder volumes (before the heat treatment) exceeded the
volumes of Example 1. The same total amount of waste was produced. Briefly, the cost

of processing was the same as in example 1 but only 20% of the total mass was
achieved.

Example 2

A LiCoO, powder, the powder containing a significant amount of larger (10-23
im) and smaller particles (size 3-1 Oum) was used as seed. The smaller particles had
approx. 50% of the mass and they dominantly contribute to the surface area of the
cathode active material. A cathode active material was prepared similar as described 1n
Example 1 with the following exception:
(a) only 2 kg of seeds are used
(b) 0.4 mol transition metal hydroxide is precipitated per 1 mol of LiCoO;
(c) the transition metal sulfate flow contained was not "110" but "331"
(d) the amount of Li,CO was adjusted (0.53 mols Li per 1 mol precipitate)
As a result a cathode active material powder was achieved where larger particles had an

outer and inner phase. The inner phase had a composition near to LiCoO,. The outer
phase was basically LiCo;.2xMnNi,O, with x=0.13...0.16. Small particles (<5 1) were

single phase with x>0.3. Intermediary sized particles were single phase with 0.15 <x <
0.3.

Example 3
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The cathode active material powder was prepared 1n the same manner as in

Example 1 except that the sintering temperature was lowered to about 900°C , much less
than 980°C. A cathode active materiél in many aspects similar to that of example 1 was
achieved. The material of Example 3 was however different in two important aspects. First,
the surface was rough, causing an increased surface area. Secondly, due to the less severe
sintering, the surface contained less cobalt. Electrochemical testing showed high stability
(less impedance built-up), and improved rate performance. :

Example 4

The cathode active material powder was prepared in the same manner as in
Example 1 except that the sintering temperature was increased to 1020°C, much more than
980°C. A cathode active material with a low surface area was achieved. Cathode particles
with size dependent composition were achieved. Small and medium sized particles were
one-phase, having the same composition in the outer and inner bulk. Large particles were
two phase, the core being LiCoQ, , the shell being LiMO, with M approximately M=Co;.
»xMn, N1y , X = 0.2.

Example S

The cathode active material powder was prepared in the same manner as In
Example 1 except that the co-precipitation reaction was modified so that additionélly a thin
“coating” layer was achieved. Typically, at the end of the precipitation, only for a limited
time, soluble salts, or pigments of inactive elements were added to the reactor. Typical
elements were Al, Mg, Ti1, Zr, Sn etc.

Example 6

2kg of commercial LiCoO; (d10 = 3 um, d90 = 12 pm) having potato shape
morphology were coated by Mn-Ni-hydroxide similar as described in example 1. The
precipitate was MOOH with M=Mn,2Nii/; . 0.25 mol MOOH was precipitated‘per 1 mol
L1Co0.,.

A sample was prepared from 50g of the precipitate coated LiCoO,. 3.26 g L1,COs3
was added and mixed, and the mixture was heat treated at 800°C in air.
Then 1.275g of a mixture (2:1 by weight) of Li3AlFs and Li,CO3 was added to the sample.
The mixture was heated to 920°C for 2 hours.
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Coin cells were assembled (Li metal anode) and electrochemical tested. During
most cycles the charge and discharge rate was C/5 (1C=150 mA/g). The charge voltage was
4.5V. Figure 6 shows results obtained during cycling at 50°C. The cycling stability was
excellent. At slow rate after 50 cycles, only about 1% of reversible capacity was lost. The
built-up of impedance at higher rate was negligible.

The charge efficiency (averaged from cycle 9-20) exceeded 99.7%, proving a very
low rate of electrolyte oxydation even under these rigid (high voltage of 4.5V and elevated

temperature of 50°C) testing conditions.

A uniform cathode material (coated LiCoO,) showed clear deterioration during

similar testing.
Example 7
5 kg of commercial L1CoQO, having potato shape morphology with (d10 = 3-4 um,

d90 = 20-22 um) was immersed to 1.61 water. Into a reactor (5L) a flow of NaOH (4M) and
a flow of MSO,4 (2M), M=Mn,;,,Ni;, were continuously added during rigid stirring. The

flow rates were adjusted to remain in a preferred pH region. The temperature was = 90°C.

The precipitation reaction continued for 2h 45 min. 0.07 mol MOOH was precipitated per 1
mol L1CoO,. The solution was decanted and replaced by 0.5M LiOH, the solid equilibrated
in the L1IOH solution over night. After washing and filtering, the sample was dried at
180°C.

100 g of the precursor was mixed with 1.6 g L1,CO5 and 0.51 g of a 2:1 mixture of
LizAlF¢ and Li,COs3, followed by a heat treatment at 900°C.

Coin cells were assembled (L1 metal anode) and electrochemical tested. During
most cycles the charge and discharge rate was C/5 (1C=150 mA/g). The charge voltage was
4.5V. Testing occurred at 60°C. The obtained reversible capacity was 190 mAh/g. The
cycling stability was excellent. Reversible capacity was lost at a rate of approx. 6% per 100
cycles. A high charge efficiency of > 99.6% (averaged during cycle 10-20) was achieved,
proving a very low rate of electrolyte oxydation even under these very rigid (high voltage
of 4.5V and elevated temperature of 60°C) testing conditions.

A uniform cathode material (coated LiCoO,) showed strong deterioration during

similar testing.
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Claims

1. A powderous electrode active material of lithium transition metal oxide

Li,M, O,
- where 0.9 <a<1.1,0.9 <b < 1.1 and (1) M comprises at least two transition metals
selected from Mn, Co and Ni or (1) M=A,A’ M’ 12, M’=MnNi1yC0}.xy, 0<y<1, 0<x<1,
0<z+z’<0.1, 72’<0.02, A 1s a metal chosen from Al, Mg, Ti and Cr, and A’ i1s a further
dopant chosen from F, Cl, S, Zr, Ba, Y, Ca, B, Be, Sn, Na and Zn;
- having particles with a distribution of sizes;
- where a composition of M varies with the size of the particles,

wherein the powderous material a broad particle size distribution specified that a
size ratio of large to small particles exceeds 2, d90 / d10 > 2 where d90, the size of large
particles 1s defined that particles with larger size constitute a fraction of 10% of a total
mass of the powder and d10, the size of small particles is defined that particles with

smaller size constitute a fraction of 10% of the total mass of the powder.

2. The powderous electrode active material according to claim 1, wherein the

particles have a layered crystal structure.

3. The powderous electrode active material of lithium transition metal oxide
L1,M,O; according to claim 1, wherein

- particles have a layered crystal structure.

4, The powderous electrode active material of Li,M,O; according to claim 3,
wherein M=MnyN1,(Co;.x.y) with 0.35>x>0.03.

5. The powderous electrode active material of Li,M;0O, according to claim 3,

wherein M=MnyNi,(Co,.x.y) with x>0.03 and x+y<0.7.

6. The powderous electrode active material of Li,M,0O; according to any one of
the claims 1-5, where larger particles are specified by having a size larger than d50 -

these larger particles comprise a mass fraction exceeding 50% of the total mass of the
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powder having a composition Li,MyO, where M=Mn,Ni,(Co;..y) with x+y<0.35 and
smaller particles are specified by having a size smaller than d50 — these smaller particles
comprise a mass fraction lower that 50% of the total mass of the powder having a
different composition M=Mn,Ni,»(Co;x.,) with at least 10% less cobalt (1-x’-y’) <

0.9*(1-x-y) and at least 5% more manganese x’-x>0.05.

7. The powderous electrode active material according to claim 6, wherein larger

particles, have a different composition in an inner bulk and an outer bulk.

8. The powderous electrode active material according to claim 7, wherein the
inner bulk of larger particles has a composition Li,M;O, where M=MnNi1,(Co; x.y) and
x<0.2.

9. The powderous electrode active material according to claim 7, wherein the
inner bulk of larger particles has a composition Li,MyO, where M=MnyN1,Co0, x.y with

x+y<0.2.

10. The powderous electrode active material according to claim 7, wherein the
inner bulk of larger particles has a higher stoichiometry of cobalt and a lower

stoichiometry of manganese than the outer bulk.

11. The powderous electrode active material according to claim 3, wherein the

composition of M varies continuously with the size of the particles.

12. The powderous electrode active material according to claim 1 or 3, where the

Co stoichiometry of single particles continuously increases with the particle size.

13. The powderous electrode active material according to claim 1 or 3, where the

Mn stoichiometry of single particles continuously decreases with the particle size.

14. The powderous electrode active material according to claim 13, wherein the

manganese stoichiometry is proportional to the inverse of the radius of the particle.
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15. The powderous material according to claim 1 or 3, which is used as cathode

active material in a rechargeable lithium batteries.

16. A method for preparing the powderous electrode active material of claim 1 or
3, the method comprising the steps of:

precipitating transition metal-containing precipitate onto seed particles;

adding a controlled amount of a source of lithium; and

performing at least one heat treatment.

17. The method according to Claim 16, wherein the precipitate contains
manganese, and the seeds comprise monolithic particles chosen from LiCoO, or LIMO;

where M is transition metal M=Mn,Ni,Co1.x.y Where x<0.25 and y<0.9.

18. The method according to Claim 17, wherein at least 40 w% of the transition

metal of the precipitate 1s manganese.

19. The method according to Claim 17, wherein the at least one heat treatment is

made 1n air, the temperature being within the range from 750° to 1050°C.

TOR_LAW\ 8373776\1
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