wo 20107138458 A2 | I IO OOT 0O 0 O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

VAP,
(215 1 0 0 A O O

g %
(10) International Publication Number

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date

2 December 2010 (02.12.2010) PCT WO 2010/138458 A2
(51) International Patent Classification: (US). CAREL, Mark W. [US/US]; 428 Drake Dr., Ponca
C01G 31/00 (2006.01) City, Oklahoma 74604 (US).
(21) International Application Number: (74) Agent: HARDIE, Chance E.; 600 N. Dairy Ashford,
PCT/US2010/035969 MA-1135, IP Legal Services, Docketing, Houston, Texas
77079 (US).

(22) International Filing Date:
24 May 2010 (24.05.2010) (81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(25) Filing Language: English AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ.

(26) Publication Language: English CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,

L. DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,

(30) Priority Data: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,

61/181,319 27 May 2009 (27.05.2009) UsS KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,

(71) Applicant (for all designated States except US): CONO- ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,

COPHILLIPS COMPANY [US/US]; 600 N. Dairy Ash- NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,

ford, IP Services Group - Attn: Docketing, Bldg. SE, G, SK, SL, SM, ST, SV, 8Y, TH, TJ, TM, TN, TR,
MA-1135, Houston, Texas 77079 (US). TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(72) Inventors; and (84) Designated States (unless otherwise indicated, for every

(75) Inventors/Applicants (for US only): MAQ, Zhenhua kind of regional protection available): ARIPO (BW, GH,

[US/US]; 159 Fern Dr., Ponca City, Oklahoma 74604 GM, KE, LR, LS, MW, MZ, NA, SD, SL, 8Z, TZ, UG,

ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,

[Continued on next page]

(54) Title: METHODS OF MAKING LITHIUM VANADIUM OXIDE POWDERS AND USES OF THE POWDERS

(57) Abstract: Methods relate to making lithium vanadi-

/100 um oxide powders. Applications for the lithium vanadium

MIX A REDUCING AGENT WITH A LITHIUM-CONTAINING oxide powders include use as a negative electrode or an-
COMPOUND AND VANADIUM PENTOXIDE TO PROVIDE ode material for lithium ion batteries. Liquid phase reac-

A MIXTURE FOR LIQUID PHASE REACTIONS tions and reduction in vanadium oxidation state of precur-
sor material facilitate in the making of the lithium vanadi-
102 um oxide powders. Particles forming the lithium vanadium

oxide powders may further contain carbon to provide elec-

REDUCE THE VANADIUM PENTOXIDE WITHIN THE trical conductivity.

MIXTURE

l 104

PRODUCE SOLID PARTICLES (E.G., Li;,,VO,; 0=x<0.5)
FORMED FROM THE VANADIUM PENTOXIDE THAT IS
REDUCED AND LITHIUM CATIONS IN THE MIXTURE

106

SEPARATE THE SOLID PARTICLES FROM LIQUIDS OF
THE MIXTURE

l /108

HEAT TREAT THE SOLID PARTICLES TO ACHIEVE
CRYSTALLIZATION

110

INCORPORATE THE SOLID PARTICLES INTO AN ANODE
OF ABATTERY

FIG. 1



WO 2010/138458 A2 I W00 )00 00 0000 AU A

TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK, Published:

EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, SF, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CL CM, GA, GN, GQ,

GW, ML, MR, NE, SN, TD, TG).

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))



WO 2010/138458 PCT/US2010/035969

METHODS OF MAKING LITHIUM VANADIUM OXIDE POWDERS AND USES OF
‘ THE POWDERS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001]  None

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002] None

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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SUMMARY OF THE INVENTION

[0008] In one embodiment, a process of preparing a lithium anode battery powder includes
preparing a liquid mixture including a reducing agent, vanadium pentoxide (V,0s), and lithium
ions from a lithium salt. The method further includes forming lithium vanadium oxide by
subjecting the mixture to conditions that permit reduction of the vanadium pentoxide by the
reducing agent for precipitation of lithium vanadium oxide particles. The particles have a
formula defined as Li+,VO,, where x is a number from 0 to 0.5.

[0009] According to one embodiment, a process of preparing a lithium anode battery powder
includes preparing a liquid mixture including a reducing agent, vanadium pentoxide, and lithium
ions from a lithium salt. In addition, the method includes forming lithium vanadium oxide by
subjecting the mixture to conditions that permit the reducing agent to reduce the vanadium
pentoxide, in absence of oxygen displacing anionic compounds, for precipitation of lithium
vanadium oxide particles. Separating the particles from liquids of the mixture provides the
lithium anode battery powder.

[0010]  For one embodiment, a process of preparing a lithium anode battery powder includes
preparing a liquid mixture including n-methyl-pyrrolidinone, vanadium pentoxide, and lithium
ions from at least one of lithium carbonate and lithium hydroxide. Further, the method includes
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 with a formula of Li;+xVO,, given x is a number from 0 to 0.5 and
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.
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DETAILED DESCRIPTION OF THE INVENTION
[0014] Embodiments of the invention relate to methods of making lithium vanadium oxide
powders. Applications for the lithium vanadium oxide powders include use as a negative
electrode or anode material for lithium-ion batteries. Liquid phase reactions and reduction in
vanadium oxidation state of precursor material facilitate in the making of the lithium vanadium
oxide powders. Particles forming the lithium vanadium oxide powders may further contain
carbon to provide electrical conductivity.'
[0015] As used herein, the following terms have their usual meanings in the art and are
intended to specifically include the following definitions:
[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,Os) powder as
the source of vanadium and a lithium salt such as lithium carbonate (LiCOs3) 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
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micrometers. Subjecting a mixture of the precursors to conditions that permit the reducing agent
to reduce vanadium pentoxide in absence of oxygen displacing anionic compounds and in
presence of lithium ions from the source of lithium dissolved in the mixture enables precipitation
of the lithium vanadium oxide.

[0022] The methods do not require utilizing different compounds containing certain anions
in order to create products incorporating the certain anions. The vanadium pentoxide that is
reduced thus combines with the lithium ions without further reacting with anions such as
phosphate ions. The methods thereby only rely on reduction of vanadium without dissolution of
the vanadium pentoxide to provide elemental vanadium ions.

[0023] The solvent chosen dissolves at least some of the precursors, is stable at desired
reaction temperatures, and does not dissolve the resulting product. Exemplary solvents include
water and polar organic compounds such as NMP (CsHoNO, n-methyl-pyrrolidinone,
n-methyl-2-pyrrolidinone, or 1-methyl-2-pyrrolidone), ethylene carbonate and propylene
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 (V*"). 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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where x is a number from 0 to 0.5 or about 0.2. During forming of the particles of the lithium
vanadium oxide, molar ratio of lithium to vanadium within the mixture may be controlled to be
from 1.5 to 1.

[0026] In some embodiments, the precursors further include a CRFM. The CRFM provides
electrical conductivity for the solid particles and may be introduced for incorporation with the
solid particles during formation of the solid particles or subsequent to formation of the lithium
vanadium oxide, such as when applied in coating processes at any time after precipitation of the
lithium vanadium oxide. Carbon-containing lithium vanadium oxide refers to the particles
described herein for the lithium vanadium oxide that incorporates the CRFM.

[0027] Without limitation, examples of the CRFM include petroleum pitches and chemical
process pitches, coal tar pitches, lignin from pulp industry, and phenolic resins or combinations
thereof. The CRFM may comprise a combination of organic compounds such as acrylonitrile
and polyacrylonitriles, acrylic compounds, vinyl compounds, cellulose compounds, and
carbohydrate materials such as sugars. For some embodiments, the CRFM includes reaction
products of the NMP. With the heating of the mixture, the CRFM is thus also formed when the
reducing agent is oxidized and becomes less soluble in the rnixture‘ and non-volatile when
heated, consequently precipitating on and/or in the solid particles.

[0028] Presence of the solvent prevents the solid particles from growing and agglomerating.
Therefore, controlling concentration of the solid particles in the mixture achieves desired particle
size and controls or limits agglomeration of the solid particles. For some embodiments, total
solid content in the mixture may be between 5% and 70% by weight. Given that theoretical
productivity may rise with increase in the solid content, the solid content may be between 10%
and 70% of the solution-suspension by weight, or above 20% by weight.

[0029] Separating the solid particles from liquids of the mixture provides a loose dry powder.
Any conventional method for solid-liquid separation, such as centrifugal separation or filtration,
can be used to separate the lithium vanadium oxide from the liquids of the mixture. Depending
on precursor quality and amount of impurities, separation can be achieved by evaporating the
liquids. In some embodiments, the liquids that provide the solvent may be recycled back for
combining with new precursors following a process that eliminates water and byproducts.

[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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non-desired materials remain dissolved in the liquids that are separated from the solid particles of
the lithium vanadium oxide. In a solid state reaction, contaminants, impurities or non-desired
materials including those contained in the precursors or formed as byproducts of the reactions are
more likely to be carried into final products.

[0031] The carbon-containing lithium vanadium oxide may not have degree of crystallinity
desired following the solid-liquid separation. Heat treating increases temperature of the carbon-
containing lithium vanadium oxide powder to above 300° C in an inert atmosphere. For some
embodiments, the temperature of the heat treating is above 900° C, above 1000° C, or between
950° C and 1250° C. Such heating provides conditions to form desired crystalline structures and
carbonizes the CRFM if present. Further, achieving x béing from 0 to 0.5 in the formula
Lij+x VO, may occur after the heating, which with carbon presence may enable reduction of the
lithium vanadium oxide. When x is 0 or less or greater than 0.5, the crystalline structures may
not form with the heating of the lithium vanadium oxide.

[0032] Introducing graphite or carbon black into the particles offers one approach for
creating sufficient electrical conductivity to enable the powder to perform in a battery. For some
embodiments, a carbon coating as described in U.S. Patent Number 7,323,120 may be applied to
the powder to provide the electrical conductivity. Essentially, this additional coating process
comprises applying the coating on the powder while the powder is suspended in a solution of
CRFM using a selective precipitation method. The lithium vanadium oxide with the CRFM
coating is then heated (e.g., between 500° C and 1000° C, between 600° C and 900° C, between
700° C and 900° C) to convert the CRFM to carbon and to bond the carbon coating firmly to the
particles of the lithium vanadium oxide. The coating results in amount of carbon on and/or in the
carbon-containing lithium vanadium oxide being above 0.5 wt% and up to about 10 wt%,
between 0.5 wt% to about 5 wt%, or between 1 wt% and 3 wt%. Even without the coating,
techniques as described herein can attain the carbon content between 0.5 wt% and 10 wt%,
between 0.5 wt% and 5 wt%, and between 1 wt% and 3 wt%.

[0033] Figure 1 shows a process flow diagram that sets forth a method described herein of
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
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oxidation state from 5+ to 3+ or less within the mixture. Precipitation step 104 forms lithium
vanadium oxide by subjecting the mixture to conditions that permit precipitation of lithium
vanadium oxide particles formed from combining the vanadium pentoxide that is reduced and
the lithium ions. In collection step 106, separating solids from liquids within the mixture isolates
the particles. Heating the particles achieves crystallization of the particles, in treatment step 108.
Further, battery assembly step 110 includes incorporating the particles into an anode of a battery.
[0034] Figure 2 illustrates a process flow diagram representing a method of preparing lithium
anode battery powder that includes carbon incorporated with particles of the powder. A liquid
mixture that is prepared in mixing step 200 includes a reducing agent, lithium ions, and
vanadium pentoxide. In vanadium reduction step 202, conditions that the mixture is subjected to
permit the reducing agent to reduce vanadium oxidation state from 5+ to a lower value within the
mixture. Precipitation step 204 thereby forms lithium vanadium oxide while the mixture is
subjected to conditions that permit precipitation of lithium vanadium oxide particles.

[0035] Various approaches enable incorporating carbon with the particles, in carbon
combining step 206. In some embodiments, the carbon combining step 206 may include carbon-
coating applications for lithium vanadium oxide powders made by other methods, such as when
powders are made with V,0j3 utilized as precursor for vanadium. Further, battery assembly step
208 includes incorporating the particles into an anode of a battery. Timing of the carbon
combining step 206 depends on the approach used to incorporate the carbon with the particles
and may thereby occur anytime prior to the battery assembly step 208.

[0036] For example, the carbon combining step 206 may occur with the precipitation step
204 if a CRFM is added to the mixture in the mixing step 200. Further, the CRFM may be added
to the mixture following the precipitation step 204 by adding a solution of pitch, for example, to
the mixture such that, by subjecting the mixture to conditions that permit precipitation of the
pitch, the pitch coats the particles after being formed. In some embodiments, such precipitation
of the CRFM occurs by utilizing suspensions prepared with the particles after separating the
particles from the mixture but before heating of the particles to crystallize the particles and/or
carbonize the CRFM. For some embodiments, the particles have already been heat treated for
crystallization prior to being coated by techniques described herein for precipitation of the

CRFM.
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[0037]  In addition, the CRFM may be contributed in the carbon combining step 206 by NMP
oxidation-reduction reaction with five valence vanadium, as described herein. Oxidation of the
NMP produces water and carbon-yielding materials that remain in solution after the precipitation
step 204 and do not evaporate if the lithium vanadium oxide particles are separated from liquids
in the mixture by evaporation. These carbon-yielding materials thus coat the lithium vanadium
oxide since separation is accomplished by evaporation so as to keep a residual layer of the
carbon-yielding compounds with the lithium vanadium oxide particles. In some embodiments,
regulating an amount of liquid separated from the mixture by filtration prior to evaporation helps
control level of coating on the particles.

[0038] EXAMPLES

[0039] Example 1:

[0040] A mixture was prepared with 31.3 grams of V,0s powder (99.2%, Alfa Chemical),
18.1 grams of hydrated lithium hydroxide (LiOH.H,O, 98%) and 90 grams of n-methyl-
pyrrolidinone (NMP). The mixture was shaken in a plastic bottle for about 10 minutes.
Subsequently, the mixture was transferred into a stainless steel pressure vessel and heated at 250°
C for 3 hours while the mixture was continuously agitated. Then, the vessel was continuously
purged with nitrogen gas until liquid in the mixture was completely evaporated. Heat was
removed and the vessel was cooled to room temperature. A resulting dried powder weighed 34.6
grams.

[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 lithtum
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



WO 2010/138458 PCT/US2010/035969

were separated out by filtration. Once separated, the particles provided a powder that weighed
15.52 grams, yielding a pitch coating level of 5.3%.

[0044] The powder was transferred into a furnace and heated in nitrogen gas under the
following sequence: 1° C/minute to 250° C, held for 4 hours, 1° C/minute to 300° C, held for 8
hours, 5° C/minute to 1100° C, held for 1 hour, and then 5° C/minute to room temperature. The
powder that resulted weighed 15.2 grams. The powder was then analyzed for carbon content. A
mixture was prepared by dissolving 2 gram of the powder in 50 ml of 15 wt% acidic aqueous
solution (7 wt% HCI, 5 wt% HNOs3, and 3% H,SOy) at 60° C. Acid insoluble residual solid was
separated by filtration, washed thoroughly with deionized water, and dried at 100° C under
vacuum for over 2 hours. Since this solid contained mainly elemental carbon, ash content of the
solid was obtained by burning in air at 850° C. The powder made in Example 2 was thereby
determined to contain 5.0 % carbon.

[0045] Electrochemical evaluation — The powders made in the Examples 1 and 2 were

evaluated as the anode material for lithium ion batteries. The powders were fabricated into
electrodes and then tested in coin cells.

[0046] Electrode Preparation — The powder (made in Example 1 or Example 2) was mixed
with a graphite powder, acetylene carbon black powder, and polyvinylidene fluoride (PVDF)
solution (N-methyl pyrrolidinone as the solvent) to make a slurry. The slurry was cast on 10
micron thick copper foil. A slurry coated film that resulted was dried on a hot plate. The film
that was made contained 2% carbon black, 46.5% graphite, 5% PVDF, and 46.5% of a respective
one of the powders of lithium vanadium oxide. The film was trimmed into 5 cm strips and
pressed through a hydraulic rolling press. Thickness or mass loading of the film was controlled
to be about 6 mg/cm®.

[0047] Electrochemical tests — Disks of 1.41 cm in diameter were punched out from the films
prepared as described and were used as the positive electrode in standard coin cells (size
CR2025) with lithium metal as the negative electrode. The separator used in the coin cells was a
glass mat (Watman® Glass microfibre filter, GF/B), and the electrolyte was 1 M LiPF¢ in a
mixture of solvents (40% ethylene carbonate, 30% methyl carbonate, and 30% diethyl
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
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constant current of 0.5 mA until the cell voltage reached 2.0 volts. Charge/discharge cycles were
repeated to determine material stability during cycling. Capacity of the powders was indicated
by calculations based on passed electrical charge during discharging, while coulombic efficiency
was calculated based on ratio of discharge capacity to capacity on charging. All the tests were
conducted using an electrochemical test station (Arbin Model BT-2043). All experiments were
conducted at room temperature (~22° C).

[0048] In contrast to cathode materials that result in voltage increases during charging, the
cell voltage for the cells with the powder of Example 1 decreased with charging. The
charge/discharge cycles thereby demonstrated suitability for the powder as the anode material.
Further, the powder of lithium vanadium oxide thus provided electrochemical characteristics
distinct from such cathode materials as lithium vanadium phosphate.

[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 total 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/cc 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
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production of the powders. Further, use of inexpensive vanadium precursors further facilitates
making production of the powders economical.

[0052]  The preferred embodiment of the present invention has been disclosed and illustrated.
However, the invention is intended to be as broad as defined in the claims below. Those skilled
in the art may be able to study the preferred embodiments and identify other ways to practice the
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.
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CLAIMS

1. A method comprising the steps of:

preparing a liquid mixture comprising a reducing agent, vanadium pentoxide
(V205), and lithium ions from a lithium salt; and

forming lithium vanadium oxide by subjecting the mixture to conditions that
permit reduction of the vanadium pentoxide by the reducing agent for precipitation of
lithium vanadium oxide particles, wherein the particles have a formula defined as

Li1+xVO,, where x is a number from 0 to 0.5.

2. The method according to claim 1, wherein forming the particles includes heating
the mixture that has a molar ratio of lithium to vanadium within the mixture from 1.5to 1

while forming the particles.

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

of lithium carbonate (Li,CO3) and lithium hydroxide (LiOH).

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 (Li,COs3) and lithium hydroxide (LiOH) 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.
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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.

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

oxidizing the reducing agent that 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 a reducing agent, vanadium pentoxide
(V705), and lithium ions from a lithium salt;

forming lithium vanadium oxide by subjecting the mixture to conditions that
permit the reducing agent to reduce the vanadium pentoxide, in absence of oxygen
displacing anionic compounds, for precipitation of lithium vanadium oxide particles; and

separating the particles from liquids of the mixture.

13.  The method according to claim 12, wherein the particles have a formula defined

as Lij+xVO,, where x is a number from 0 to 0.5.

14.  The method according to claim 12, wherein during the forming a molar ratio of

lithium to vanadium within the mixture is from 1.5 to 1.
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15.  The method according to claim 12, wherein forming the lithium vanadium oxide

is performed by heating the mixture in an inert atmosphere.

16.  The method according to claim 12, wherein the separating the particles from the

liquids is accomplished by evaporating the liquids from the particles.

17.  The method according to claim 12, wherein the separating the particles from the

liquids is accomplished by a mechanical liquid extraction and then by evaporation.

18. A method comprising the steps of:

preparing a liquid mixture comprising n-methyl-pyrrolidinone, vanadium
pentoxide (V,0s), and lithium ions from at least one of lithium carbonate (Li,CO3) and
lithium hydroxide (LiOH);

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 particleé
have a formula of Li1+,VO,, where x is a number from 0 to 0.5; and

incorporating the particles into an anode of a battery.

19.  The method according to claim 18, wherein the mixture further comprises at least
one of petroleum pitches and chemical process pitches, coal tar pitches, lignin from pulp

industry, and phenolic resins.

20.  The method according to claim 18, further comprising heating the particles
removed from the mixture to carbonize a material that is part of the particles and
comprises at least one of petroleum pitches and chemical process pitches, coal tar pitches,

lignin from pulp industry, and phenolic resins.
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