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OXIDE SHELL FORMATION ON INORGANIC SUBSTRATES VIA LITHIUM
POLYOXOANION SALT DEPOSITION

Technical Field

The present invention relates to processes and compositions useful for
forming metal oxide coatings on inorganic substrates. More particularly, the present
invention relates to formation of metal oxide coatings, such as alumina, on inorganic
substrates, such as ceramic powders, by use of quaternary ammonium metalates,
such as aluminate, and lithium hydroxide. Most particularly, the present invention
relates to formation of a metal oxide coating, such as alumina, on lithium ion battery

cathode materials.
Background

Lithium ion battery cathode ceramic materials have been an intriguing
research field for many years. Out of various cathode materials, lithium transition
metal oxides represent the most successful category of cathode materials. The

crystal structures of lithium transition metal oxides can be a layered structure with a
chemical formula of LIMO, (where M is, for example, Mn, Co, and/or Ni) or a three

dimensional spinel structure with a typical chemical formula of LiM>Oy4 (M is, for
example, Mn). Both layered structure and spinel structures include a framework of

the transition metal and oxygen, into which the lithium ions are intercalated.

Lithium ion battery cathode ceramic materials, for example, lithium cobalt
oxide, lithium nickel oxide or lithium cobalt nickel oxide, have excellent basic
performance for energy storage. However, these materials also have drawbacks,
such as insufficient safety, in terms of thermal stability and overcharge
performance. To solve these problems, various safety methods have been
introduced, which include shut-down functions of separators, additives to the
electrolyte, safety protection circuits and PTC (Positive Temperature Coefficient)
devices. Unfortunately, all these methods were designed to be used under
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conditions in which the charging capability of the cathode active material is not too
high. Thus, when the charge capability of the cathode active material is increased
to meet the increasing demand for high capacity in such batteries, it can cause
deterioration in the safety of these systems.

On the other hand, the operation of an electrochemical battery always
generates an interface layer between the active cathode material and the
electrolyte, called a solid electrolyte interface (SEI). High voltage operation can
easily destroy this interface layer, leading to poor cycling performance and capacity
loss. Thus, controlling and stabilizing SEI formation and structure is still of great

importance and practical interest.

Furthermore, some active manganese-containing cathode materials, like
lithium manganese oxide, when directly in contact with the electrolyte, have a
problem of manganese dissolution into the cell electrolyte solution during cell
operation. This may cause capacity fading, i.e., loss of capacity through repeated
charging and discharging cycles.

To overcome the above drawbacks, a core/shell structure has been
suggested to improve the cycle life and safety of lithium batteries. The formation of
a passivation shell on active cathode ceramic particle surface (the core) can provide
structural and thermal stability in highly delithiated (discharged) states, thus the
cycle life and safety may be improved. There are various shells that have been
described for cathode ceramic particle surfaces, which include shells formed of, for

example, barium titanate (BaTiOg3), lithium iron phosphate oxide, and gradient

LiCoO.. Most of these shell formation schemes either use expensive raw materials

or employ a complicated process, or both. In addition to the active material shells
described above, inert metal oxide shells have been investigated over a long time.

The inert metal oxide shell formation is a relatively cheaper process. Various inert
metal oxide shells, such as TiO,, Al,O3, MgO and ZnO, have been prepared on

ceramic particle surface through so-called heterogeneous nucleation wet chemistry.
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However, current heterogeneous nucleation to form inert oxide shells is not
controllable, particularly in that known processes do not provide any way to control
the shell thickness with acceptable precision. The inert metal oxide shells by
definition are not electrochemically active — meaning they do not facilitate ion or
electron transport. At the same time, such shells should not interfere with the
operation. If a too thick and/or too dense inert shell is formed, the resistance of the
shell can limit the charging and discharging rate capability of the electrode and cell
performance would deteriorate. Current processes for deposition of aluminum
oxide (and other inert oxide) by heterogeneous nucleation using aluminum nitrate
(or other aluminum salts), involves ion-exchange between Li cations in the active
ceramic material and Al ions in the process solution. This may cause Li ion loss
from the active ceramic material, waste generation and possible generation of

cathode structure defects when the shell is deposited.

Thus, the problem of how to provide an oxide coating on an inorganic
substrate, such as the active ceramic material in a lithium ion battery cathode, has
been long-standing and not satisfactorily solved to date.

SUMMARY

To address the foregoing problems, the present invention provides a method
to create an oxide shell, including either metal oxides or certain nonmetal oxides, on
ceramic or other inorganic substrates, in which the oxide shell has a precisely
controllable thickness. The thickness is precisely controllable by controlling the
content of quaternary ammonium cations and polyoxoanions in the reaction
composition and the speed of deposition. The substrates may include active
cathode ceramic particle surfaces, such as ceramic materials used in lithium ion
battery cathodes. The method employs an organic salt composed of quaternary
ammonium cations and polyoxoanions as shell formation material sources. By

adding lithium hydroxide, the organic salt can slowly form one of a conducting shell
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layer, a semiconducting shell layer or an insulating shell layer on such a ceramic
surface. Thus, the speed of deposition can be affected by the content of lithium
hydroxide in the reaction composition.

Thus, in one embodiment, the present invention relates to a process for
depositing an oxide coating on an inorganic substrate, comprising:

providing an aqueous composition containing a tetraalkylammonium

polyoxoanion and lithium hydroxide;

contacting the aqueous composition with an inorganic substrate for a time
sufficient to deposit a lithium polyoxoanion derived from the polyoxoanion on
surfaces of the inorganic substrate to form an initially coated inorganic substrate;
and

heating the initially coated inorganic substrate for a time sufficient to convert
the lithium polyoxoanion to an oxide to form on the inorganic substrate an oxide

coating derived from the polyoxoanion.

In one embodiment, the tetraalkylammonium polyoxoanion comprises

tetramethylammonium hydroxide.

In one embodiment, the tetraalkylammonium polyoxoanion comprises a
polyoxoanion having the general formula AXOyZ' , wherein A represents one or
more transition metal or other metal or metalloid capable of forming a polyoxoanion.
In one embodiment, the atom A in this general formula is selected from Al, Si, B,
Ga, Ge, As, In, Sn, Sb, Tl, Pb and Bi, or a combination of any two or more thereof,
O is an oxygen atom, and values of x, y and z depend on the valence of A in the

polyoxoanion and y > x.

In one embodiment, the transition metal comprises one or more of Ti, V, Zn,
Ni, Co, Mn, Fe and Cu.
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In one embodiment, the inorganic substrate comprises a ceramic oxide. In
one embodiment, the ceramic oxide comprises Li* ions and is adapted for use in a

lithium ion battery ceramic cathode material.

In one embodiment, the inorganic substrate comprises a semiconductor
material. In one embodiment, the semiconductor material comprises a
semiconductor wafer, in which optionally the semiconductor wafer comprises

electronic circuitry.

In one embodiment, the tetraalklyammonium polyoxoanion is
tetramethylammonium aluminate and the inorganic substrate is a ceramic material.

In one embodiment, the ceramic material is a lithium ion battery cathode material.

In another, more specific embodiment, the present invention relates to a

process for depositing an alumina coating on an inorganic substrate, comprising:

providing an aqueous composition containing a tetraalkylammonium

aluminate and lithium hydroxide;

contacting the aqueous composition with an inorganic substrate for a time
sufficient to deposit lithium aluminate on surfaces of the inorganic substrate to form
an initially coated inorganic substrate; and

heating the initially coated inorganic substrate for a time sufficient to convert

the lithium aluminate to alumina.

In one embodiment, the inorganic substrate is a ceramic material. In one

embodiment, the ceramic material is a lithium ion battery cathode material.

In one embodiment, the tetraalkylammonium aluminate is

tetramethylammonium aluminate.

In one embodiment, the heating is carried out at a temperature in the range
from about 450°C to about 1000°C, or at a temperature of about 500 °C.
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The presence of the Li* ions from the lithium hydroxide in the aqueous

composition results in inclusion of the Li* ions in the oxide shell.

The invention described herein is not only applicable for core-shell structure
formation for ceramic particles, but also is applicable for passivation shell formation
on inorganic material surfaces in plane plate form or almost any other irregular
shape form. Thus, for example, the present invention may be applied in formation of
an oxide layer on a semiconductor, e.g., a silicon or silicon/germanium, wafer
surface or on other inorganic surfaces, e.g., on a glass surface, as well as on

semiconductor devices with electronic components already present.

The advantages of this invention include one or more of (1) the present
process is a room temperature process; (2) the present process is a simple one-
step process; (3) the present process provides a shell thickness that is predictable
and controllable; (4) the present process is a homogeneous shell; (5) the present
process is applicable for thin film shell formation on the substrates; (6) the present
process is not an ion-exchange process that might deplete ions from the substrate;
(7) the present process provides for shell formation on each single crystal particle of
the substrate; (8) the present process provides for wide applications on many
substrates in addition to Li ion battery cathode ceramic materials.

BRIEF DESCRIPTION OF THE DRAWINGS

Figs. 1-5 are X-ray diffraction (XRD) patterns for exemplary inorganic
substrates, with and without the oxide coating, in accordance with certain

embodiments of the present invention.

Figs. 6-15 are scanning electron microscope (SEM) photomicrographs of
exemplary inorganic substrates, with and without the oxide coating in accordance

with certain embodiments of the present invention.
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The Figures are provided as non-limiting examples of embodiments of the
present invention and comparative examples, and are intended to facilitate
understanding of the present invention.

DETAILED DESCRIPTION

As used herein, the term polyoxoanion refers to a chemical compound
having the general formula AXOyZ' (where A represents a transition metal ion, as
known from the Periodic Table, e.g., Ti, V, Zn, Ag, Ni, Co, Mn, Fe, Cu, Au, or a
metal or metalloid including Al, Si, B, Ga, Ge, As, In, Sn, Sb, Tl, Pb and Bi, or a
combination of any two or more thereof, and O is an oxygen atom). The values of
X, y and z depend on the valence of the atom A in the polyoxoanion in the
polyoxoanion and y > x. In most embodiments, the atom A is in its highest oxidation

(+) state. The atom A should include an atom capable of forming a polyoxoanion.

As described in the foregoing, the present invention relates to formation of an
oxide shell, e.g., a passivation shell, on surfaces of inorganic material substrates.
The invention is particularly applicable to Li ion battery cathode ceramic particles.
The process uses organic salts composed of quaternary ammonium cations and
polyoxoanions, in combination with lithium hydroxide.

In the following, a TMA (tetramethylammonium) aluminate salt is used as an
example to show a possible mechanism for shell formation on an inorganic material

surface.

Although not to be bound by theory, it is believed that the process of the
present invention proceeds as follows. TMA aluminate and lithium hydroxide can
slowly react to form lithium aluminate on the surface of the inorganic substrate
through heterogeneous nucleation. The layer of lithium aluminate can grow as
more and more reactants are consumed, until the aluminate ions in the solution are

completely consumed. Thus, a lithium aluminate precursor of the nascent alumina
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shell is formed on the inorganic material surface. Then, the inorganic material, with
the precursor lithium aluminate shell formed on its surface, is removed from the wet
chemical solution and is heated in an oven at an elevated temperature in the range
from about 450°C to about 1000°C, or, e.g., about 500°C, for several hours, e.g., for
4-10 hours, or about 5 hours. Upon the heating, the lithium cations in the lithium
aluminate precursor shell may migrate into the inorganic substrate due to an
intercalation reaction with the substrate, leaving the aluminate to form the aluminum
oxide shell. The degree to which the Li ions migrate into the core depends on the Li
content of the core. If the core is already saturated with Li ions, then little or no
migration may occur. If not all Li ions can migrate into the core then some Li ions
will remain in the shell. This provides the benefit of obtaining the desired alumina
shell on the inorganic substrate core, while at the same time adding lithium ions to
the core. This is especially desirable for production of Li ion battery cathode

ceramic particles.

The invention described herein is applicable for core-shell structure formation
on inorganic material particles or for passivation shell formation on inorganic
material surfaces in plane plate form or any other regular or irregular shape form.
That is, the present invention can form the disclosed oxide shell on surfaces ranging
from fine ceramic particles, such as are used in the formation of Li ion battery
cathodes, to large, flat surfaces such as those on semiconductor wafers and
devices, and on any kind of irregular surface.

The inorganic material particle or substrate can be: oxide, ceramic, glass,
silicon and any other inorganic material that is capable of forming bonds to a metal

oxide through atoms such as oxygen atoms.

The shell material or passivation material can be a polyoxoanion of any of
the transition metal, e.g., Ti, V, Zn, Ag, Ni, Co, Mn, Fe, Cu, Au, as well as metals
and metalloids including Al, Si, B, Ga, Ge, As, In, Sn, Sb, Tl, Pb and Bi. Thus, the

polyoxoanions useful in the present invention include all possible metal elements
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and nonmetal elements that have or can form polyoxoanions, but does not include

N, O, P, S, F, Cl, Br, |, etc., or the alkali or alkaline earth metals.

The present invention thus provides a process for controllably depositing an
oxide coating on an inorganic substrate, in which the thickness of the oxide coating
can be readily and predictably controlled.

The aqueous composition contains a tetraalkylammonium polyoxoanion and
lithium hydroxide. The aqueous composition contains the tetraalkyammonium
polyoxoanion at a concentration in the range from about 0.0001 wt% to about 30
wt%, and in one embodiment in the range from about 0.011 wt% to about 1.1 wt%,
based on the total weight of the aqueous composition. The content of the
tetraalkylammonium polyoxoanion should be selected based on the quantity of
inorganic substrate to the treated and the thickness of the deposit of the oxide shell
desired to be obtained. As shown in the Examples, by adjusting the stoichiometry
of the aqueous composition, different but controllable thicknesses of the oxide shell
can be obtained.

The lithium hydroxide is provided at a concentration in the range from about
0.0001 wt% to about 30 wt%, and in one embodiment in the range from about 0.009
wt% to about 0.023 wt%. The content of lithium ions in the oxide shell should be
from 0 to about 50 wt%, and for an aluminum oxide shell, the Li ion content may be
about 22 wt%. The content of the added lithium hydroxide in the aqueous
composition may be adjusted as needed to obtain the desired content of lithium ions
in the oxide shell.

Since the aqueous composition includes lithium ions, Li*, the oxide coating
can be provided with a controllable content of lithium ions, which facilitates use of

the products for lithium ion battery cathode materials.

In one embodiment, the weight ratio of the tetraalkylammonium polyoxoanion
to the inorganic substrate ranges from about 0.0001 to about 2, and in one
embodiment, from about 0.002 to about 0.5. As will be recognized, this ratio is
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dependent on the surface area of the inorganic substrate and the desired thickness
of the oxide shell to be deposited. As shown in the Examples below, the ratio range
from 0.01 to about 0.33 is calculated to deposit from about 1 nm to about 30 nm of
the oxide shell on finely ground ceramic particles intended for use in lithium ion
battery cathode materials. The foregoing ranges are merely exemplary, and the
desired ratios can be calculated by the skilled person based on the desired
thickness of the oxide shell and the nature of the inorganic substrate with relatively
simple and straightforward calculations and some small but reasonable amount of
experimentation. The Examples set forth below provide a good starting point for

such calculations.

The step of contacting the aqueous composition with an inorganic substrate
is carried out for a time sufficient to deposit the lithium polyoxoanion on surfaces of
the inorganic substrate to form an initially coated inorganic substrate. The time for
this deposition is generally in the range of about 4 hours to about 24 hours, and in
one embodiment is from about 6 hours to about 12 hours, and in one embodiment
from about 8 to about 10 hours.

The step of contacting is carried out by constant mixing of the ingredients in
the mixture of the aqueous composition and the particles of the inorganic substrate.
The actual method of mixing of course depends on the volume of material being
treated. On a small scale, a simple laboratory shaker can be used, whereas on a
larger, e.g., preparative or industrial scale, appropriately heavier mechanical mixing
devices may be employed, and these can be appropriately selected by persons of
ordinary skill in the art.

The step of heating the initially coated inorganic substrate is carried out for a
time sufficient to convert the lithium polyoxoanion to form the oxide. The oxide
coating is derived from the polyoxoanion and the time needed to convert the lithium
polyoxoanion to the oxide depends to some extent on the identity of the
polyoxoanion and the central atom, i.e., of the element A in the general formula

AxO,” , as described below.
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The tetraalkylammonium polyoxoanion can include alky groups of any
desired size, but in most embodiments, the alkyl groups are each a C1-Cqg alkyl
group, or a C4-Cg alkyl group, or a C4-C4 alkyl group, any of which may be
branched or unbranched. In general, the sizes of the alkyl groups are not
considered to be critical, but the alkyl groups should not be so long as to impede
solubility of the resulting tetraalkylammonium polyoxoanion in the aqueous
composition. In one embodiment, the tetraalkylammonium polyoxoanion comprises
tetramethylammonium hydroxide (TMAH). TMAH is normally the preferred
quaternary ammonium compound, since it is readily available and is very soluble in

agueous compositions.

As described above, the polyoxoanion of the tetraalkylammonium
polyoxoanion has the general formula AXOyZ' , wherein A represents a transition
metal ion or a metal or metalloid capable of forming a polyoxoanion. In one
embodiment, the atom A in this general formula is selected from Al, Si, B, Ga, Ge,
As, In, Sn, Sb, TI, Pb and Bi, or a combination of any two or more thereof, O is an
oxygen atom, and values of x, y and z depend on the valence of A in the
polyoxoanion andy > x. Thus, if Ais Al, x=1,y=3 andz=1;if Ais B, x=1, y=3 and
z=3;if Ais Mn, x=1, y=4 and z=1, and so on, as will be readily appreciated by the
person of skill in the art.

In one embodiment, the transition metal comprises one or more of Ti, V, Zn,
Ni, Co, Mn, Fe and Cu.

In one embodiment, the inorganic substrate comprises a ceramic oxide. In
one embodiment, the ceramic oxide comprises Li* ions and is adapted for use in a

lithium ion battery ceramic cathode material. The ceramic oxide may be, for
example, one of the following:

lithium nickel manganese cobalt oxide, LiNig 33Mng 33C00.3302
lithium nickel cobalt aluminum oxide, LiNig gC0og 15Alg.0502
lithium nickel cobalt aluminum oxide, LiNig 79C0g.20Alg 0102
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lithium nickel cobalt oxide, LiNig gC0g 205

lithium iron phosphate, LiFePOy

lithium nickel oxide, LiNiO»

lithium trivanadate, LiV3Og

manganese nickel carbonate; Mng 75Nig 25CO3
copper vanadium oxide, CuV20g

lithium cobalt phosphate, LiCoPOy4

lithium manganese dioxide, LiMnO»

lithium manganese oxide, LiMnoO4

lithium manganese nickel oxide, Lio-Mn3zNiOg

lithium iron oxide, LiFeO»

lithium cobalt oxide, LiCoO»

lithium molybdate, LiMoO4

lithium titanate, Li>TiO3

lithium cobalt manganese oxide, LiCog gMng 2O
lithium nickel manganese oxide, LiNig gsMng. 1502
lithium cobalt nickel manganese oxide, LiCog 45Nig 45Mng 1002
lithium nickel manganese oxide, LiNig gMng 202
lithium nickel cobalt boron oxide, LiNig 79C0¢.2Bg.0102
lithium nickel cobalt tin oxide, LiNig79C00.5Sng 0102
lithium nickel cobalt aluminum oxide, LiNig 70C0g 2Bg 0gOo.

In addition to ceramics, including the foregoing exemplary materials suitable
for use as lithium ion battery cathodes (the list is not all-inclusive of such materials),
the inorganic substrate can be almost any inorganic material, including the ceramic
materials and other inorganic materials such as silicon, glass, metals, dielectrics,
and conductive materials. In one embodiment, the inorganic substrate comprises a
semiconductor material. In one embodiment, the semiconductor material comprises
a semiconductor wafer, in which optionally the semiconductor wafer comprises

electronic circuitry.

In one embodiment, the tetraalklyammonium polyoxoanion is

tetramethylammonium aluminate and the inorganic substrate is a ceramic material.
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In one embodiment, the ceramic material is a lithium ion battery cathode material.
In a presently preferred embodiment, the present invention relates to a process for
depositing an alumina coating on an lithium ion battery cathode material as the
inorganic substrate, including the steps described above, in which the aqueous

composition contains tetramethylammonium aluminate and lithium hydroxide.

It is noted that, although the present invention provides a thin layer of the
oxide derived from the polyoxoanion on the surface of the target substrate, since
the layer deposited is so thin, the X-ray diffraction (XRD) pattern of the resulting
material should not change substantially. If too heavy a layer of the oxide derived
from the polyoxoanion is deposited on the surface of the target substrate, the XRD
pattern may change, and this would reveal that the layer deposited is thicker than
needed or desired. Thickness, and especially excess thickness, can be observed
and estimated via SEM, by comparing SEM micrographs of the inorganic substrate
taken before and after deposition of the oxide shell. See, e.g., Figs. 6-10 and the
descriptions thereof in the Examples below. For materials to be used as Li ion
battery cathode materials, the layer of oxide derived from the polyoxoanion on the
surface of the ceramic material should be thin enough to allow passage of Li* ions
during operation of the battery. If the layer is so thick that it inhibits free flow of the
Li* ions, then it is too thick. In one embodiment, the thickness of the oxide derived
from the polyoxoanion on the surface of the target substrate is in the range from
about 1 nm to about 20 nm, and in another embodiment, is in the range from about
2 nm to about 10 nm. Here, and elsewhere in the specification and claims of the
present application, the limits of the ranges may be combined, and the ranges are
all deemed to include intervening integral and fractional values. Thus, for example,
although a thickness of 4 nm is not specifically mentioned, since this value falls
within the disclosed range, it is included in the disclosure. Similarly, although a
thickness of 3.5 nm is not specifically mentioned, it too is included in the disclosure.

Examples
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The quaternary ammonium polyoxoanion materials used herein can be
prepared using a two-step process including precipitation and dissolution. The
following examples use aluminum oxides as the polyoxoanion, but as noted above,
this process is broadly applicable to many metal and metalloid atoms. Preferably,

the quaternary ammonium polyoxoanion used is tetramethylammonium aluminate.
Preparation of a quaternary ammonium aluminate

To a 200 ml flask with a magnetic stir bar, is added 37.51 g (0.1 mole) of
aluminum nitrate nonahydrate and 200 g Dl-water. The solution is stirred until it
forms a clear solution. To this solution, is slowly added 114.04 g (0.3 mol) of 23.98
Y%wt tetramethylammonium hydroxide (TMAH) solution. A white precipitate occurs
immediately. The resulted white precipitate is filtered and rinsed with 200 ml DI-
water three times. The resulting white solid is freeze-dried to afford dry aluminum
hydroxide.

Then, to a 200 ml flask with a magnetic stir bar, is added 5.69 g (0.073 mol)
of the above aluminum hydroxide powder and 145.83 g DI-water. To this suspended
solution, is added slowly 83.15 g (0.22 mol) of 23.98 %wt TMAH solution. The
white aluminum hydroxide powder disappears when all of the TMAH has been
added, thus forming tetramethylammonium aluminate at a concentration of 0.311
mmol/g, i.e., 9.24 wt%. It is noted that a stoichiometric amount of TMAH should be
used in both steps of the preparation since excess TMAH inhibits deposition of the

oxide shell on the ceramic powder core, as discussed in more detail below.

The same two-step procedure, with appropriate adjustments to account for
molecular weight, can be carried out to produce the corresponding quaternary

ammonium polyoxoanions disclosed herein.

The ceramic powders to which the present invention is applicable include,
but are not limited to, Li ion battery cathode ceramic materials, exemplified in the
following by lithium nickel cobalt oxide, having a formula LiCog2NigsO,. The

ceramic powders useful in this invention are either commercial product or may be
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prepared according to procedures found in the literature and/or known to those
having ordinary skill in the art. The XRD pattern of the ceramic powder
LiC0o.2Nip 502 is shown in Fig. 1, and its SEM micrograph is shown in Fig. 6.

Example 1 (CS1P013) Preparation of core-shell structure of lithium nickel
cobalt oxide LiCo,sNip 0. with an estimated 1 nm shell

To a 100 ml plastic beaker, is added 0.0594 g of 0.311 mmol/g TMA
aluminate, 40 g DI-water and 0.5 g of 1.5 mmol/g lithium hydroxide. The solution
total weight is brought up to 50 g by adding additional DI-water. To the thus-
prepared solution, is added 0.5 g LiC0¢.2Nip.s02 with average crystal particle size ~3
um. The mixture is shaken vigorously overnight, and then the ceramic powder is
isolated by centrifuge. The collected ceramic powder is placed in an oven and
heated at 500°C for 5 hours, giving the core-shell structure ceramic powder in
accordance with the present invention. The XRD pattern is shown in Fig. 2 and the
SEM micrograph shown in Fig. 7.

Example 2 (CS2P013) Preparation of core-shell structure of lithium nickel
cobalt oxide LiCoy >Nip.sO- with an estimated 10 nm shell

To a 100 ml plastic beaker, is added 0.594 g of 0.311 mmol/g TMA
aluminate, 40 g DI-water and 0.74 g of 1.5 mmol/g lithium hydroxide. The solution
total weight is brought up to 50 g by adding additional Dl-water. To the thus-
prepared solution, is added 0.5 g LiCo0¢2Nip sO, with average crystal particle size ~3
um. The mixture is shaken vigorously overnight, and then the ceramic powder is
isolated by centrifuge. The collected ceramic powder is placed in an oven and
heated at 500°C for 5 hours, giving the core-shell structure ceramic powder in
accordance with the present invention. The XRD pattern is shown in Fig. 3 and the
SEM micrograph is shown in Fig. 8.
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Example 3 (CS3P013) Preparation of core-shell structure of lithium nickel
cobalt oxide LiCoy »Nip.sO- with estimated 20 nm shell

To a 100 ml plastic beaker, is added 1.188 g of 0.311 mmol/g TMA
aluminate, 40 g DI-water and 1.48 g of 1.5 mmol/g lithium hydroxide. The solution
total weight is brought up to 50 g by adding additional Dl-water. To the thus-
prepared solution, is added 0.5 g LiCo0¢2Nip sO, with average crystal particle size ~3
um. The mixture is shaken vigorously overnight, and then the ceramic powder is
isolated by centrifuge. The collected ceramic powder is placed in an oven and
heated at 500°C for 5 hours, giving the core-shell structure ceramic powder in
accordance with the present invention. The XRD pattern is shown in Fig. 4 and the

SEM micrograph is shown in Fig. 9.

Example 4 (CS4P013) Preparation of core-shell structure of lithium nickel
cobalt oxide LiCo, >Nip O, with an estimated 30 nm shell

To a 100 ml plastic beaker, is added 1.782 g of 0.311 mmol/g TMA
aluminate, 40 g DI-water and 2.21 g of 1.5 mmol lithium hydroxide. The solution
total weight is brought up to 50 g by adding additional DI-water. To the thus-
prepared solution, is added 0.5 g LiC0¢.2Nip.s02 with average crystal particle size ~3
um. The mixture is shaken vigorously overnight, and then the ceramic powder is
isolated by centrifuge. The collected ceramic powder is placed in an oven and
heated at 500°C for 5 hours, giving the core-shell structure ceramic powder in
accordance with the present invention. The XRD pattern is shown in Fig. 5 and the

SEM micrograph is shown in Fig. 10.

Discussion of Results of the Foregoing Examples

The XRD pattern and SEM micrograph of LiCo¢.2Nie 802 ceramic particles
are shown in Fig. 1 and Fig. 6, respectively. Examples 1-4 describe the detailed

methods for preparation of the core-shell structures in accordance with the present
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invention, with LiCog 2Nip sO2 ceramic particles as the core and Al,O3 as the shell.
The core-shell structures are prepared by suspending LiCoo 2NipsO2 ceramic
particles in the aqueous solution containing tetramethylammonium aluminate and
lithium hydroxide. The ratio of the tetramethylammonium aluminate to the lithium
hydroxide is controlled, so that there is not precipitate formed immediately after
mixing the two compounds. The LiCoo2NiosO, ceramic powder had been carefully
ground in a mortar and pestle before loading into the formulation solution for shell
preparation, so that there would be no mechanical adhesion between the ceramic
particles and the surfaces of all the particles are available to be covered by a shell.
After the shell formation process, the ceramic powder that is isolated by centrifuge
tends to agglomerate the particles again. However, the agglomerated ceramic
particles already have been coated with the shell.

The shell thickness may be controlled by manipulating the TMA aluminate
concentration, and the formulations with estimated Al.O3 shell thickness 1 nm, 10
nm, 20 nm and 30 nm may be designed as in the Examples. The XRD patterns of
the as-prepared core-shell structure LiCo,2NiosO» ceramic particles with the oxide
shell are shown in Fig. 2 - Fig. 5. Apparently, the shell formation process does not
have an impact on the ceramic crystal structure, and the shell thickness is small
enough that it does not significantly affect the XRD pattern.

The SEM micrographs of as-prepared core-shell structure LiCog 2NiosO2
ceramic particles with the oxide shell are shown in Fig. 7 - Fig. 10. As compared
with pure LiCog2Nig O ceramic particles in which the edges of the crystal facets
are very sharp, the core-shell structure of the LiCoq2NipsO, ceramic particles with
the oxide shell made in accordance with the present invention show rounded crystal
edges. As the coating thickness increases, the thick shell can be observed based
on the obvious difference in appearance compared with the uncoated ceramic
particles as shown in Fig. 6.

The process solutions after core-shell formation are analyzed to check the

residual aluminum content variation. The result is shown in Table 1. In Table 1,
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the aluminum conversion refers to the amount of aluminum deposited on the
ceramic particle surface relative to the amount of aluminum provided to the reaction
in the aqueous composition. Clearly, virtually all of the aluminum in Examples 1-4
solutions has deposited on the ceramic particle surfaces. Thus, the present
invention provides an effective way to control shell thickness by controlling the

aluminate concentration in the reaction solution.

Table 1. Aluminum transfer from solution to ceramic particle surface

Examples 1-4 Estimated shell thickness
1nm 10 nm 20 nm 30 nm
Example 1 | Example 2 | Example 3 | Example 4
Aluminum conversion (%) 99.9 99.9 99.9 99.9

Additional Examples

Example 5 (CS01P016) Preparation of core-shell structure of lithium nickel
cobalt oxide LiCoy >Nip.s0- with an estimated 20 nm silicon dioxide shell

To a 100 ml plastic beaker, is added 0.0496 g of 12.6 %wt TMA silicate, 40 g
Dl-water and 1.48 g of 1.5 mmol/g lithium hydroxide. The solution total weight is
brought up to 50 g by adding additional DI-water. To the thus-prepared solution, is
added 0.5 g LiCog 2Nig 802 with average crystal particle size ~3 um. The mixture is
shaken vigorously overnight, and then the ceramic powder is isolated by centrifuge.
The collected ceramic powder is placed in oven and heated at 500°C for 5 hours,
giving the core-shell structure ceramic powder in accordance with the present

invention. Fig. 11 is an SEM micrograph of the ceramic powder thus produced.

Example 6 (CS02P016) Preparation of core-shell structure of lithium
manganese oxide LiMn,0O, with a silicon dioxide shell

To a 100 ml plastic beaker, is added 0.0496 g of 12.6 %wt TMA silicate, 40 g
Dl-water and 1.48 g of 1.5 mmol/g lithium hydroxide. The solution total weight is

brought up to 50 g by adding additional DI-water. To the thus-prepared solution, is
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added 0.5 g LiMn,O4 with average crystal particle size ~1~2 um. The mixture is
shaken vigorously overnight, and then the ceramic powder is isolated by centrifuge.
The collected ceramic powder is placed in oven and heated at 500°C for 5 hours,
giving the core-shell structure ceramic powder in accordance with the present
invention. Fig.12 shows the XRD pattern of pure LiMn>O4 ceramic powder, its SEM
micrograph is shown in Fig. 13. The as-prepared core-shell structure ceramic
powder in this example has a SEM micrograph shown in Fig.14.

Example 7 (CS01P016) Preparation of core-shell structure of lithium
manganese oxide LiMn,O, with an aluminum oxide shell

To a 100 ml plastic beaker, is added 1.188 g of 0.311 mmol/g TMA
aluminate, 40 g DI-water and 1.48 g of 1.5 mmol/g lithium hydroxide. The solution
total weight is brought up to 50 g by adding additional DI-water. To the thus-
prepared solution, is added 0.5 g LiMn,O4 with average crystal particle size ~1~2
um. The mixture is shaken vigorously overnight, and then the ceramic powder is
isolated by centrifuge. The collected ceramic powder is placed in oven and heated
at 500°C for 5 hours, giving the core-shell structure ceramic powder in accordance
with the present invention. Fig. 15 is an SEM micrograph of the ceramic powder

thus produced.

It is noted that, throughout the specification and claims, the numerical limits
of the disclosed ranges and ratios may be combined, and are deemed to include all
intervening values. Furthermore, all numerical values are deemed to be preceded

by the modifier “about”, whether or not this term is specifically stated.

While the principles of the invention have been explained in relation to
certain particular embodiments, and are provided for purposes of illustration, it is to
be understood that various modifications thereof will become apparent to those
skilled in the art upon reading the specification. Therefore, it is to be understood
that the invention disclosed herein is intended to cover such modifications as fall
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within the scope of the appended claims. The scope of the invention is limited only
by the scope of the appended claims.
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CLAIMS

1. A process for depositing an oxide coating on an inorganic substrate,

comprising:

providing an aqueous composition containing a tetraalkylammonium

polyoxoanion and lithium hydroxide;

contacting the aqueous composition with an inorganic substrate for a time
sufficient to deposit a lithium polyoxoanion on surfaces of the inorganic substrate to
form an initially coated inorganic substrate; and

heating the initially coated inorganic substrate for a time sufficient to convert
the lithium polyoxoanion to an oxide to form on the inorganic substrate an oxide

coating derived from the polyoxoanion.

2. The process of claim 1 wherein the tetraalkylammonium polyoxoanion

comprises tetramethylammonium hydroxide.

3. The process of either claim 1 or claim 2 wherein the tetraalkylammonium
polyoxoanion comprises a polyoxoanion having the general formula AXOyZ' ,
wherein A represents a transition metal or a metal or metalloid selected from Al, Si,
B, Ga, Ge, As, In, Sn, Sb, TI, Pb and Bi, or a combination of any two or more
thereof, O is an oxygen atom, and values of x, y and z depend on the valence of A

in the polyoxoanion and y > x.

4. The process of claim 3 wherein the transition metal comprises one or more of
Ti, V, Zn, Ni, Co, Mn, Fe and Cu.
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5. The process of any preceding claim wherein the inorganic substrate
comprises a ceramic oxide.

6. The process of claim 5 wherein the ceramic oxide comprises Li* ions and is

adapted for use in a lithium ion battery ceramic cathode material.

7. The process of any of claims 1-4 wherein the inorganic substrate comprises

a semiconductor material.

8. The process of claim 7 wherein the semiconductor material comprises a
semiconductor wafer, wherein optionally the semiconductor wafer comprises

electronic circuitry.

9. The process of any preceding claim wherein the tetraalkylammonium
polyoxoanion is tetramethylammonium aluminate and the inorganic substrate is a

ceramic material.

10.  The process of claim 9 wherein the ceramic material is a lithium ion battery
cathode material.

11. A process for depositing an alumina coating on an inorganic substrate,

comprising:

providing an aqueous composition containing a tetraalkylammonium

aluminate and lithium hydroxide;
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contacting the aqueous composition with an inorganic substrate for a time
sufficient to deposit lithium aluminate on surfaces of the inorganic substrate to form
an initially coated inorganic substrate; and

heating the initially coated inorganic substrate for a time sufficient to convert

the lithium aluminate to alumina.

12.  The process of claim 11 wherein the inorganic substrate is a ceramic

malterial.

13.  The process of claim 12 wherein the ceramic material is a lithium ion battery
cathode material.

14.  The process of any one of claims 11-13 wherein the tetraalkylammonium

aluminate is tetramethylammonium aluminate.

15.  The process according to any preceding claim wherein the heating is carried
out at a temperature in the range from about 450°C to about 1000°C, or ata
temperature of about 500°C.
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Estimated oxide shell thickness 10 nm
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Estimated oxide shell thickness 30 nm

Fig. 10



PCT/US2013/030376

WO 2014/142803

11/15

Fig. 11



WO 2014/142803 PCT/US2013/030376

12/15




PCT/US2013/030376

WO 2014/142803

13/15

Fig. 13



WO 2014/142803 PCT/US2013/030376

14/15




PCT/US2013/030376

WO 2014/142803

15/15

Fig. 15



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2013/030376

A. CLASSIFICATION OF SUBJECT MATTER

INV. HOIM4/36 HO1M4/505
ADD.

HO1M4/525 HO1M4/62

According to International Patent Classification (IPC) or to both national classification and IPG

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HOIM

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A WO 20117031544 A2 (ENVIA SYSTEMS INC [US]; 1-15
KARTHIKEYAN DEEPAK KUMAAR KANDASAMY [US];
VENK) 17 March 2011 (2011-03-17)

claims 1,2; example 2

30 March 2006 (2006-03-30)
abstract; examples 1-10

18 December 2002 (2002-12-18)

abstract; claims 38,39; example 1

A WO 2006/033525 Al (LG CHEMICAL LTD [KR]) 1-15

A EP 1 267 431 Al (SAMSUNG SDI CO LTD [KR]) 1-15

D Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"Q" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

29 October 2013

Date of mailing of the international search report

07/11/2013

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswik

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Hintermaier, Frank

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2013/030376
Patent document Publication Patent family Publication

cited in search report date member(s) date

WO 2011031544 A2 17-03-2011 CN 102870256 A 09-01-2013
EP 2471133 A2 04-07-2012
JP 2013503449 A 31-01-2013
KR 20120099375 A 10-09-2012
US 2011076556 Al 31-03-2011
WO 2011031544 A2 17-03-2011

WO 2006033525 Al 30-03-2006  CN 101027805 A 29-08-2007
EP 1805834 Al 11-07-2007
JP 4767963 B2 07-09-2011
JP 2008514534 A 08-05-2008
KR 20060051055 A 19-05-2006
TW 1268860 B 21-12-2006
US 2006068289 Al 30-03-2006
US 2010187471 Al 29-07-2010
WO 2006033525 Al 30-03-2006

EP 1267431 Al 18-12-2002 CN 1399364 A 26-02-2003
EP 1267431 Al 18-12-2002
EP 2375480 A2 12-10-2011
EP 2573847 A2 27-03-2013
JP 4582990 B2 17-11-2010
JP 2003007299 A 10-01-2003
KR 20020095421 A 26-12-2002
US 2003082448 Al 01-05-2003
US 2006281005 Al 14-12-2006
US 2010183922 Al 22-07-2010

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - wo-search-report
	Page 41 - wo-search-report

