METHODS OF MAKI NG LI THI UM VANADI UM OXI DE POANDERS AND USES OF THE POWDERS
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FIELD OF THE INVENTION

[0003] Embodiments of the invention relate to lithium vanadium oxide materials.

BACKGROUND OF THE INVENTION
[0004] Requirements for a battery depend on intended applications for the battery. For
example, batteries used in electric drive vehicles need long life cycle, low cost, high gravimetric
densities and high volumetric densities sufficient to meet consumer demands. Materials used for
construction of such batteries determine ability to meet the requirements desired.
[0005]  Prior anode materials include carbonaceous particles such as graphite powder.
However, density of the graphite powder limits capacity of resulting electrodes employing the
graphite powder. Further, undesired reactions with organic electrolytes during discharge can
result in fires or explosions.
[0006] Other proposed materials may exhibit properties that enable achieving better energy
and power densities and safety than the carbonaceous material being replaced. However, various
methods for synthesizing these proposed materials rely on techniques, such as solid-state
reactions or hydrogen reduction processes, which create problems. In such methods, mixing and
milling steps for combining precursors and achieving desired particle sizes for final products
contribute to preparation costs associated with the methods and may still result in incomplete
reactions and inconsistent particle sizes. Further, need for particular oxidation states of elements
within the final products may limit ability in the methods to select the precursor material based
on price.
[0007] Therefore, a need exists for improved methods of preparing particles, such as lithium

vanadium oxide powder suitable for use as anode material for batteries.
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during the forming a molar ratio of lithium to vanadium within the mixture is from 1.5 to 1. The

particles are incorporated into an anode of a battery.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011] The invention, together with further advantages thereof, may best be understood by
reference to the following description taken in conjunction with the accompanying drawings.
[0012] Figure 1 is a flow chart illustrating a method of preparing lithium anode battery
powder, in accordance with one embodiment.
[0013] Figure 2 is a flow chart illustrating a method of preparing lithium anode battery
- powder that includes incorporation of carbon with particles of the powder, in accordance with

one embodiment.



[ 0011] The invention, together with further advantages thereof; may best be
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[0016]  Capacity (mAh/g): The amount of electrical charge that can be stored in and released
from a given electrode material per unit weight within a certain defined electrode potential
window.
[0017]  Coulombic Efficiency (%): The ratio of the amount of electrical charge discharged
from an electrode material to the amount of electrical charge that is used to charge the electrode
to the state before discharge.
[0018] A “carbon-residue-forming material” (CRFM) is any material which, when thermally
decomposed in an inert atmosphere to a carbonization temperature of 600°C or an even greater
temperature, forms a residue which is substantially carbon. “Substantially carbon,” as used
herein, indicates that the material is at least 95% carbon by weight.
[0019]  “Carbonization” is a process that converts a carbon-containing compound to a
material that is characterized as being “substantially carbon.”
[0020]  Precursors utilized in methods of preparing lithium anode battery powders include a
source of vanadium and a source of lithium. Synthesis of a resulting product defined by particles
of lithium vanadium oxide occurs via liquid phase reactions. A reducing agent as described
further herein may be in a liquid state at ambient conditions and also serve as a solvent for the
source of lithium. _
[0021] In some embodiments, the precursors include vanadium pentoxide (V,0s) powder as
the source of vanadium and a lithium salt such as lithium carbonate (Li2CO3) or lithium
hydroxide (LiOH) as the source of lithium. Prior to combining the precursors, the vanadium
pentoxide may be milled in a ball mill to a desired particulate size, such as an average particle

size of less than 30 micrometers, less than 15 micrometers, less than 8 micrometers or less than 5



[ 0017] Coul onbic Efficiency (% : The ratio of the amount of electrical
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carbonate. Other examples of suitable solvents include alcohols, acids, nitriles, amines, amides,

quinoline, pyrrolidinones, and combinations of such solvents. If the solvent is also used as the
reducing agent, the solvent is reactive with the precursor for the source of vanadium. For some
embodiments, a solvent-reducing agent thus includes liquid organic compounds, such as
alcohols, hydrocarbons, and carbohydrates.

[0024]  After the precursors and reducing agent are mixed resulting in a liquid mixture, the
mixture is heated in an inert atmosphere such as nitrogen, helium, argon, carbon monoxide,
and/or carbon dioxide gas while the mixture is agitated. With pressure below 3500 kilopascal,
the temperature is controlled to be between 50° C and 400° C or between 200° C and 300° C.
Heating drives the precursors and reducing agent to react and form the lithium vanadium oxide,
which may have a desired stoichiometric composition.

[0025] As the precursors are mixed and heated, the reducing agent causes the reduction of
the vanadium pentoxide from a plus-five oxidation state (V") to a plus-three or lower oxidation
state (V3*‘). While the vanadium pentoxide does not dissolve to form a true solution with the
source of lithium that is dissolved, the vanadium pentoxide loses oxygen atoms to the reducing
agent and combines with the lithium ions during the heating. Solid particles of the lithium
vanadium oxide precipitate out of the solution as a result of the heating and subsequent reacting.

In some embodiments, the lithium vanadium oxide formed has a formula defined as Lij+,VO,,
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[0030] The solid-liquid separation prevents or at least limits amount of contaminants,

impurities or non-desired materials present with the lithium vanadium oxide. In particular, the
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preparing a lithium anode battery powder, for one embodiment. A liquid mixture that is

prepared in mixing step 100 includes a reducing agent, such as NMP, lithium ions from a lithium
salt, and vanadium pentoxide. Subjecting the mixture to conditions for vanadium pentoxide

reduction permits in vanadium reduction step 102 the reducing agent to reduce vanadium



preparing a lithium anode battery powder, for one enbodinent. Aliquid

m xture that is prepared in mxing step 100 i ncludes a reduci ng agent, such
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[ 0038] EXAMPLES [0039] Exanple 1: [0040] A m xture was prepared with 31.3
granms of V205 powder (99.2% Alfa Chemcal), 18.1 grans of hydrated |ithium
hydr oxi de (Li OH. H20, 98% and 90 grams of n-nethyl pyrrolidinone (NWP). The
m xture was shaken in a plastic bottPBe for about 10 minutes. Subsequently,
the m xture was transferred into a stainless steel pressure vessel and
heated at 250 C for 3 hours while the m xture was continuously agitat ed.
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[0041)] The powder was transferred into a furnace, and subsequently heated at 1150° C for 3
hours under a nitrogen gas atmosphere. The furnace was then cooled to room temperature. The
powder was retrieved from the furnace. Total weight of the powder was 30.6 grams. The
powder was then evaluated for electrochemical properties as the active anode material in lithium
ion cells, as described further herein.

[0042] Example 2:

[0043] To evaluate potential for carbon coatings, 14.7 grams of the powder made in Example
1 was coated with about 5% of pitch. In particular, the powder was first dispersed in 100 ml of
xylene to form a dispersion heated to 140° C. In parallel, 8 grams of a petroleum pitch was
dissolved in an equal amount of xylene to form a pitch solution that was heated to 90° C. The
pitch solution was poured into the dispersion and continuously heated at 140° C for 10 minutes.

The heat was removed. The solution was cooled to room temperature. Resulting solid particles



[ 0045] El ectrochem cal evaluation - The powders made in the Exanples 1 and 2
were evaluated as the anode material for lithiumion batteries. The powders
were fabricated into el ectrodes and then tested in coin cells. ‘

[ 0046] El ectrode Preparation - The podder (nmade in Exanple 1 or Exanple 2)
was mxed wth a graphite powder, acetyl ene carbon bl ack powder, and

pol yvinylidene fluoride (PVDF) solution (N-nethyl pyrrolidinone as the
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carbonate). A test scheme was as follows. The cells were charged under a constant current of

0.5 mA (~50 mA/g) until the cell voltage reached 0.0 volts, and charged further at 0.0 volts for

one hour or until the current dropped to below 0.03 mA. The cells were then discharged at



mAh/ g after ten cycles. Calcul ated specific capacity of the powders of
Exanple 2 was 370 mAh/g. Thus, the powders of Exanple 2 with the carbon
coating provided better specific capacity performance relative to the
powders of Exanple 1 that |acked thelcarbon coating. [0051]In view of the
foregoi ng, |ithiumvanadi um oxi des powders synthesized as descri bed herein
result in desirable el ectrochem cal properties when used as anode naterials
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[0049] Specific capacity of the electrodes made with powders of Example 1 was about 250
mAh/g on a first cycle, but increased to about 300 mAh/g by the tenth cycle. The specific
capacity was calculated based on tofal weight of both the lithium vanadium oxide and the
graphite powder. Given that the specific capacity of the graphite powder was 305 mAh/g, a
portion of the specific capacity contributed from the lithium vanadium oxide of Example 1 was
determined based on the graphite powder accounting for 46% of the total weight. The specific
capacity of the lithium vanadium oxide of Example 1 was therefore calculated on the first cycle
to be 204 mAh/g and 296 mAh/g on the tenth cycle. Even though the specific capacity for the
powder of Example 1 is about the same as if utilizing the graphite powder alone, density of the
electrodes made with the powders of Example 1 was measured to be 2.2 g/cc compared to about
1.4 g/ce for graphite electrodes without lithium vanadium oxide. Thus, volumetric specific
capacity of the electrodes made with the powders of Example 1 is higher than that of the graphite
electrodes by 57%. '
[0050] Overall specific capacity of the electrodes made with powders of Example 2 was 340
mAh/g after ten cycles. Calculated specific capacity of the powders of Example 2 was 370
mAh/g. Thus, the powders of Example 2 with the carbon coating provided better specific
capacity performance relative to the powders of Example 1 that lacked the carbon coating.
[0051] In view of the foregoing, lithium vanadium oxides powders synthesized as described
herein result in desirable electrochemical properties when used as anode materials for Li-ion

batteries. Simplicity of preparing the lithium vanadium oxides powders enables economical



2. The nmethod according to claim1l, wherein form ng the particles includes
heating the m xture that has a nolar ratio of lithiumto vanadiumw thin
the mxture froml1l.5to 1 while formng the particles. 3. The nethod
according to claim1, wherein the |ilthiumsalt conprises at |east one of

| ithium carbonate and |ithium hydroxide. 4. The nethod according to claim
1, wherein the reducing agent is n-nethyl- pyrrolidinone. 5. The nethod
according to claim1, wherein the |ithiumsalt conprises at |east_ one of
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n- met hyd - . dj hod according to claim1, further
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invention that are not exactly as described herein. It is the intent of the inventors that variations

and equivalents of the invention are within the scope of the claims below and the description,

abstract and drawings are not to be used to limit the scope of the invention.



residue-formng material. 10. The nmethod according to claim1, further
conprising: coating the particles wwth a carbon-residue-formng materi al ;
and heating in an inert environment the particles that are coated, wherein
the heating is at a tenperature suffliéent to carboni ze the
carbon-residueformng materi al . The met hod according to claiml,
further conprising: oxidizing the reducing agent, wherein the reducing
agent is n-nmethyl-pyrrolidinone and renmains on the particles after
evaporation of liquids fromthe ”1X¢HAEM§0 forma coating that is between 1
and 10 wei ght percent of the particlé and heating the coating in an inert
environnent at a tenperature sufficient to carbonize the coating on the
particles. 12, A met hod .co I.S1ng. the steps of: preparing a liquid mxture
conprisiig n- ﬁ%ﬁ?%ﬂd ?PPHPQEF&&H% vanadlun1pentOX|de and lithiumions
fromat |east one I un1carbon§te an q1 n<h ht 18X59§ht ornlng
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forming the particles.

3. The method according to claim 1, wherein the lithium salt comprises at least one of
lithium carbonate and lithium hydroxide.

4. The method according to claim 1, wherein the reducing agent is n-methyl-
pyrrolidinone.
5. The method according to claim 1, wherein the lithium salt comprises at least one of

lithium carbonate and lithium hydroxide and the reducing agent is n-methyl-pyrrolidinone.

6. The method according to claim 1, further comprising crystallizing the particles by
heating the particles at a temperature above 1000 °C.

7. The method according to claim 1, wherein x is 0.2.

8. The method according to claim 1, wherein the reducing agent is an organic
compound.

9. The method according to claim 1, wherein the mixture further comprises a carbon-

residue-forming material.

10.  The method according to claim 1, further comprising: coating the particles with a
carbon-residue-forming material; and heating in an inert environment the particles that are
coated, wherein the heating is at a temperature sufficient to carbonize the carbon-residue-
forming material.



14. The method according to claim 12, further conprising heating the
particles renoved fromthe m xture to carbonize a material that is part of
the particles, wherein the material is selected fromthe group consisting
of petrol eum pitches and chem cal pr oqgss pitches, coal tar pitches, lignin
frompul p i ndustry, phenolic resins and conbi nations t her eof

11.  The method according to claim 1, further comprising:

oxidizing the reducing agent, wherein the reducing agent is n-methyl-pyrrolidinone and
remains on the particles after evaporation of liquids from the mixture to form a coating that is
between 1 and 10 weight percent of the particles; and

heating the coating in an inert environment at a temperature sufficient to carbonize the
coating on the particles.

12. A method comprising the steps of:

preparing a liquid mixture comprising n-methyl-pyrrolidinone, vanadium pentoxide, and
lithium ions from at least one of lithium carbonate and lithium hydroxide;

forming lithium vanadium oxide by heating the mixture such that the n-methyl-pyrrolidinone
reduces vanadium oxidation state from 5+ to a lower oxidation state for precipitation of
lithium vanadium oxide particles, wherein during the heating a molar ratio of lithium to
vanadium within the mixture is from 1.5 to 1 and the particles have a formula of Li;+xVOa,
where x is a number from 0 to 0.5; and

incorporating the particles into an anode of a battery.

13.  The method according to claim 12, wherein the mixture further comprises at least one
of a material selected from the group consisting of petroleum pitches and chemical process
pitches, coal tar pitches, lignin from pulp industry, phenolic resins and combinations thereof.

14.  The method according to claim 12, further comprising heating the particles removed
from the mixture to carbonize a material that is part of the particles, wherein the material is
selected from the group consisting of petroleum pitches and chemical process pitches, coal tar
pitches, lignin from pulp industry, phenolic resins and combinations thereof.



