Office de la Propriete Canadian CA 2696784 A1 2009/03/12

Intellectuelle Intellectual Property
du Canada Office (21) 2 696 784
g,lnngL%?rri‘fg:na " mfgtfy”%ya‘r’]‘; " 12 DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION
13) A1
(86) Date de depot PCT/PCT Filing Date: 2008/09/02 (51) CLInt./Int.Cl. CO71B 25/45(2006.01)

(87) Date publication PCT/PCT Publication Date: 2009/03/12 | (71) Demandeur/Applicant:
(85) Entree phase nationale/National Entry: 2010/02/17 VALENCE TECHNOLOGY, INC., US
86) N° demande PCT/PCT Application No.: US 2008/074999 | (72) Inventeur/inventor:
(86) " demande pplication o FAULKNER, TITUS, US
(87) N° publication PCT/PCT Publication No.: 2009/032808
o o (74) Agent: MCFADDEN, FINCHAM
(30) Priorité/Priority: 2007/09/06 (US11/850,792)

(54) Titre : PROCEDE DE FABRICATION DE MATERIAUX ACTIFS UTILISABLES DANS DES CELLULES

ELECTROCHIMIQUES SECONDAIRES
54) Title: METHOD OF MAKING ACTIVE MATERIALS FOR USE IN SECONDARY ELECTROCHEMICAL CELLS

4651801
1200 E P— — . — — - e
: ,‘ : 3 : I Siemens D500 Gu-Kalpha
i i I 1 3 [ . . ;
I { ] ) [ 1 I I [
f [ { [ [ I I ; I
1000 - ; ; ; ! A : : :
] 1 i } ! i 3 i i !
i 1 I f ] 1 F 3 i b
i % 1 ] i 3 ¥ H L i
800 - l : J : : I I 1 .:
: I . : : i | : :
] { i | i t | I $
£ : : : : : : : : : |
g S0 - : : : ) | : | : :
O ’ ) ' : l I l ' ! }
F \ | i ) I | | l :
r I I ; I | { I ; :
400 - : : : i : : : l 1 |
: : : l i | : . i
[ ) 1 [ ' I | ; [
! I : : I : . : I
200 4 , : ; | ‘ ; ; :
1 1 | : : | : :
¥ I I i | I |
0 e e , | , S Sl ‘
10 12 14 16 18 20 22 24 20 28 a0
28 degrees
(57) Abréegée/Abstract:

The present Invention provides for the two step preparation of lithium vanadium phosphate by pre-treatment of a mixture of
precursor materials via high pressure at relatively low temperatures in water (hydrothermal pretreatment) and then calcining such
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(57) Abrege(suite)/Abstract(continued):
hydrothermally pretreated precursors at relatively high temperatures for a period of time sufficient to produce lithium vanadium
phosphate. The lithium vanadium phosphate so produced finds use in producing electrodes for electrochemical cells.
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(57) Abstract: The present invention provides for the two step preparation of lithium vanadium phosphate by pre-treatment of
a mixture of precursor materials via high pressure at relatively low temperatures in water (hydrotherma! pretreatment) and then
calcining such hydrothermally pretreated precursors at relatively high temperatures for a period of time sufficient to produce lithium
vanadium phosphate. The lithium vanadium phosphate so produced finds use in producing electrodes for electrochemical cells.

O
=




CA 02696784 2010-02-17
WO 2009/032808 PCT/US2008/074999

METHOD OF MAKING ACTIVE MATERIALS FOR USE IN SECONDARY

ELECTROCHEMICAL CELLS

FIELD OF THE INVENTION
The present invention relates to a process for the preparation of lithium
vanadium phosphate by hydrothermal pretreatment of the precursors and then
calcining said hydrothermally prefreated precursors at a temperature and for a
time to produce the lithium vanadium phosphate. The lithium vanadium
phosphate so produced is electroactive and is useful in making electrodes for

electrochemical cells.

BACKGROUND OF THE INVENTION
[0001] A battery pack consists of one or more electrochemical cells or
batteries, wherein each cell typically includes a positive electrode, a negative
electrode, and an electrolyte or other material for facilitating movement of ionic
charge carriers between the negative electrode and positive electrode. As the
cell is charged, cations migrate from the positive electrode to the electrolyte
and, concurrently, from the electrolyte to the negative electrode. During
discharge, cations migrate from the negative electrode to the electrolyte and,
concurrently, from the electrolyte to the positive elecirode.
[0002] = By way of exampie and generally speaking, lithium ion batteries

are prepared from one or more lithium ion electrochemical cells containing
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electrochemically active (electroactive) materials. Such celis typically include,
at least, a negative electrode, a positive electrode, and an electrolyie for
facilitating movement of ionic charge carriers between the negative and
positive electrode. As the cell is charged, lithium ions are transferred from the
positive electrode to the electrolyte and, concurrently from the electrolyie to
the negative electrode. During discharge, the lithium ions are transferred from
the negative electrode to the electrolyte and, concurrently from the electrolyte
back to the positive electrode. Thus with each charge/discharge cycle the
ithium jons are transported between the electrodes. Such lithium ion batteries
are called rechargeable lithium ion batteries or rocking chair batteries.

[0003] The electrodes of such batieries generally include an
electroactive material having a crystal lattice structure or framework from
which ions, such as lithium ions, can be extracted and subsequently
reinserted and/or from which ions such as lithium ions can be inserted or
intercalated and subsequently extracted. Recently a class of transition metal
phosphates and mixed metal phosphates have been developed, which have
such a crystal [attice structure. These transifion metal phosphates are
insertion based compounds and allow great flexibility in the design of lithium
ion batteries.

[0004] A class of such materials is disclosed in U.S. 6,528,033 B1
(Barker et al.). The compounds therein are of the general formula
LioMIMI(PQ,)s wherein Ml and Mll are the same or different. Ml is a metal
selected from the group consisting of Fe, Co, Ni, Mn, Cu, V, Sn, Cr and

mixtures thereof. Ml is optionally present, but when present is a metal
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selected from the group consisting of Mg, Ca, Zn, Sr, Pb, Cd, Sn, Ba, Be and
mixtures thereof. More specific examples of such compounds include
compounds wherein Ml is vanadium and more specifically includes
LisVo(POy)s.

[0005] Although these compounds find use as electrochemically active
materials these materials are not always economical to produce in an efficient
manner. Thus it would be beneficial to have a process for preparing such
intercalation materials more economically and efficiently. The inventor of the

present invention has now found that hydrothermal pretreatment of precursors

can produce more efficiently and economically.

SUMMARY OF THE INVENTION
[0006] The present invention provides for the two step preparation of
lithium vanadium phosphate by pre-treatment of a mixture of precursor
materials via high pressure at relatively low temperatures in water
(hydrothermal pretreatment) and then calcining such hydrothermally
pretreated precursors at relatively high temperatures for a period of time
sufficient to produce lithium vanadium phosphate. The lithium vanadium

phosphate so produced finds use in producing electrodes for electrochemical

cells.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007] Figure 1 shows an X-ray powder pattern for LVP synthesized by

calcining the hydrothermally treated precursor.
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DETAILED DESCRIPTION OF THE INVENTION
[0008] Specific benefits and embodiments of the present invention are
apparent from the detailed description set forth herein below. It should be
understood, however, that the detailed description and specific examples,
while indicating embodiments among those preferred, are intended for

purposes of illustration only and are not intended to limit the scope of the

iInvention.

[0009] The following is a list of some of the definitions of various terms
used herein:

[00107] As used herein "battery” refers to a device comprising one or

more electrochemical cells for the production of electricity. Each
electrochemical cell comprises an anode, a cathode and an electrolyte.

[0011] As used herein the terms "anode” and “cathode” refer to the
electrodes at which oxidation and reduction occur, respectively, during battery
discharge. During charging of the battery, the sites of oxidation and reduction
are reversed.

[0012] As used herein the terms "nominal formula” or “nominal general
formula” refer to the fact that the relative proportion of atomic species may
vary slightly on the order of 2 percent to 5 percent, or more typically, 1 percent
to 3 percent.

[0013] As used herein the words “preferred” and “preferably” refer to
embodiments of the invention that afford certain benefits under certain

circumstances. Further the recitation of one or more preferred embodiments
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are not useful and is not intended 1o exclude other embodiments from the
scope of the invention.
10014] As used herein the term "Tavorite-like phase” means a phase with

structure similar to the mineral Tavorite, which has triclinic space group P1 or
P1.

[0015] Metal phosphates, and mixed metal phosphates and in particular lithiated
metal and mixed metal phosphates have recently been introduced as electrode
aclive materials for ion batteries and in particular lithium ion batieries. These metal
phosphates and mixed metal phosphates are insertion based compounds. What is
meant by insertion is that such materials have a crystal lattice structure or framework
from which ions, and in particular lithium ons, can be extracted and subsequently
reinserted and/or permit ions to be inserted and subsequently extracted.

[0016] The transition metal phosphates allow for great flexibility in the design of
batteries, especially lithium ion batteries. Simply by changing the identity of the
transition metal allows for requlation of voltége and specific capacity of the active
materials. Examples of such transition metal phosphate cathode materials include
such compounds of the nominal general formulae LiFePQ4, LisVo(PO4); and

LIFe1., MaxPO4 as disclosed in U.S. 6,528,033 B1 (Barker et al, hereinafter referred
to as the ‘033 patent) issued March 4, 2003.

[0017] A class of compounds having the nominal general formula LisVy{PQO4)3
(Iithium vanadium phosphate or LVP) are disclosed in U.S. 6,528,033 B1. It is
disclosed therein that L.VP can be prepared by ball milling V20s, LioCO3, (NH4).HPQO4

and carbon, and then pelletizing the resulting powder. The pellet is then heated 1o

300°C to remove the NH3. The pellet is then powderized and repelietized. The new
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pellet is then heated at 850°C for 8 hours to produce the desired electrochemically
active product.

{0018] [t has been found that when making lithium vanadium phosphate by the
method of the '033 patent that problems result from the dry ball mixing method. The
dry ball-mill mixing method on a larger production scale sometimes results in an
incomplete reaction of the starting materials. When the incomplete reaction occurs
and the product so produced is used in a cell it produces a celi with poor cycle
performance. The method on a large scale also resuited in poor reproducibility of
the product formed.

[0019] Previous methods for producing lithium vanadium phosphate utilized
Inscluble vanadium compounds either mixed in the dry state or mixed in aqueous
solution with other precursors that may or may not have been soluble. Unless the
dry mixing method was done with very high shear for a long period of time, it tended
to leave traces of precursor in the final product. Both of these mixing methods
required that the insoluble vanadium precursor be milled to a small particle size in

order to overcome diffusion limitations during synthesis. Calcination of the precursor
mix using insoluble vanadium tended to require at least 8 hours at 800°C to get

complete conversion.

[0020] Previous methods of producing lithium vanadium phosphate made from
lithium dihydrogen phosphate and vanadium oxide via high temperature calcinations
required fine particle size particles and extensive mixing in order to enable complete
conversion of the precursors to lithium vanadium phosphate. Particle size reduction
and intensive mixing added cost to the process and may have reduced the powder
density of the lithium vanadium phosphate but the aliernative was potential

vanadium poisoning of batteries using the lithium vanadium phosphate so produced.
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In a typical mix, it was observed that 30% of the initial vanadium oxide is unreacted
up to calcinations temperatures of about 700°C.
[0021] It has now surprisingly been found that lithium vanadium phosphate can

be prepared in a beneficial manner. The present invention is beneficial over

previously disclosed processes in that it reduces mixing time, and reduces costs by
using less expensive precursors and resulis in improved performance of the lithium

vanadium phosphate as a lithium-ion cathode material.

[0022] One embodiment of the invention involves the hydrothermal
pretreatment of a mixture of precursor materials (including a vanadium oxide,
a source of lithium ion and a source of phosphate ion) via high pressure at
relatively low temperatures and then calcining (heating) the hydrothermally
treated precursors at relatively high temperatures for a time sufficient to
produce lithium vanadium phosphate.

[0023] The vanadium oxide can be V;0;, V505, NHsVO5 and the like. The
source of lithium ion can be Li2003(ﬁthi‘um carbonate) LHP (lithium
dihydrogen phosphate) LIOH.H,O and the like. The source of phosphate ion
can be LHP, HiPO,, NH;H.PO4, (NH3):HPO,4 and the like. It would be
understood by one skilled at in the art that when LHP and the like are used in
the process that it is both the lithium ion source and the phosphate ion source.
[0024] The precursor materials are mixed in stoichiometric amounts in a
mineralizer such as water, preferably deionized water, to produce lithium
vanadium phosphate of the nominal general formula LisVo(PQOy4)s. The amount

of water (mineralizer) used is sufficient to cover the solids completely. The
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mixture is then transferred and sealed in, for instance, a Parr Model #4744
acid digestion bomb.

[0025] The bomb is then transferred {o a box oven that has been pre-
heated at about 250°C. This creates an autogenous (self-generating)
pressure. The box is maintained at this temperature from about one hour to
about 12 hours. The material is then dried prior to calcination. Alternatively, if
there are no residual solubles left in the water then the maiterial could
optionally be filtered. Filtration of the material, in the event of complete
hydrothermal reaction, is an economically attractive option.

[0026] The production scale equipment used for hydrothermal treatment is
called an autoclave or pressure leaching vessel. It can be operated in two
modes. In the batch mode, the reactants are introduced into the autoclave,
which is then sealed and heated to the operating temperature for the soak
time and then cooled before opening the autoclave to remove the products. In
continuous mode, the reactants are pressurized and fed into the inlet end of
an autoclave which is already at temperature and pressurized. The product is
forced out of the continuous autoclave at the outlet end. Production scale
autoclaves typically have independent control of temperature and pressure
and generally, do not rely on aufogenous pressure. One skilled in the art

- could determine the appropriate temperature and pressure for hydrothermal
pretreatment. Production scale autoclaves typically are integrated with their
‘heating systems and are not place into or removed from an oven.

[0027] The precursors that have been hydrothermally processed are then

calcined at temperatures from about 800°C to about 950°C and preferably at

8
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900°C. This temperature is then maintained from about 1 hour to about 16
hours and preferably for about 8 hours.

[0028] In another embodiment lithium dihydrogen phosphate, V>0, and
carbon are mixed in deionized water, transferred to an acid digestion bomb,
and sealed in the bomb. The bomb is placed in a box and heated to about
250°C to create an infernal autogenous (self generating) pressure and
maintained at this temperature to obtain conversion of the precursors to a
Tavorite-like phase. The Tavorite-like phase precursor mixture is then
calcined at a temperature and for a time to produce lithium vanadium
phosphate.

[0029] The precursor materials are mixed in stoichiometric amounts in
water (mineralizer), preferably deionized water to produce lithium vanadium
phosphate of the nominal general formula LisVo(PO4);. For instance the
LHP/,04/C are mixed in H,O.The mixture is then transferred and sealed in

for instance a bomb. Alternatively, the precursor materials are introduced into

an autoclave and heated as described above. In one aspect, the source of
carbon is provided by elemental carbon, preferably in particulate form such as
graphites, amorphous carbon, carbon blacks and the like.

[0030] The bomb is transferred to a box oven that has been pre-heated at
about 250°C. This creates an autogenous (self-generating) pressure. The
box is maintained at this temperature from about one hour to about 16 hours
and preferably for about 8 hours.

[0031] The precursors that have been hydrothermally pretreated are then

calcined at temperatures from about 800°C to about 950°C and preferably at

9
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900°C. This temperature is then maintained from about one hour to about 16
hours and preferably for about 8 hours.

[0032] in another embodiment HiPO,, deionized water, V,0O; and Li,CO4
are added to a bomb. The bomb is sealed and heated in a preheated oven at
about 250°C for about 3 hours. Alternatively, these precursor materials are
treated in an autoclave. Carbon is then added to the hydrothermally
pretreated precursor and the mixture is dried then calcined at a temperature
and for a time sufficient to produce lithium vanadium phosphate.

10033] The precursor materials are mixed stiochiometric amounts in water,
preferably deionized water to produce lithium vanadium phosphate of the
nominal general formula LisV,(PO4)s. The mixture is then transterred and
sealed, for instance, in a Parr Model #4744 acid digestion bomb.

[0034] The bomb is then transferred to a box oven that has been pre-
heated at about 250°C. This creates an autogenous (self-generating)
pressure. The box is maintained at this temperature from about one hour to
about 12 hours.

[0035] Carbon sufficient to produce a residual amount from about 1% by
weight to about 10% by weight is then added to the precursors that have been
hydrothermally pretreated and the mixture is calcined at temperatures from
“about 800°C to about 950°C and preferably at 900°C. This temperature is
then maintained from about one hour to about 16 hours and preferably for
about 8 hours. The product is cooled to produce the desired lithium vanadium

phosphate.

10
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[0036] In one embodiment the reaction proceeds according to the
following equations;:
(i) 2LiH,PO,4 (agueous) + V5,05 (solid) = 2LIVOPO, (tavorite) + 2H,0
(hydrothermal step)
(ii) 2LIVOPOQ, (tavorite) + LiH,PO4 +2C—> LisV,(PO,); +2C0 (calcining step)
[0037] The following non-limiting examples illustrate the compositions

and methods of the present invention.

EXAMPLE 1

[0038] Preparation of LVP

Dry LVP precursor (5.00g) consisting of a mixture of V,0;, LiH,PO, and
Super-P carbon with stoichiometry sufficient 1o generate a product of
LisVao(PO4)s with 5% residual carbon was processed in a 125 ml acid digestion
bomb half filled with water. The bomb was placed in a box oven preheated at
250°C for 24 hours. The product was dried at 180°C for 2 hours to vield 4.30g
of product whose XRD scan resembled Tavorite.

The tavorite-like product was then heated to 750°C at a ramp rate of
10°C/minute and maintained at this temperature for 1 hour under an argon

atmosphere. The product of this reaction contained a significant amount of

LVP.

xample 2
HaPO4 (2.885¢, Aldrich) was added to a 45 ml bomb. Deionized water

(20ml) was added. Jet milled Li;CO3(0.363g, Pacific Lithium) was slowly
11
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added to the bomb. Then the V,03 (1.471g, Stratcor) was added. The
mixture was briefly stirred and then the bomb was sealed.

The bomb was placed in a box oven which had been preheated to
250°C and maintained at this temperature for 3 hours. Carbon (0.145g, Super
P grade from Timcal) was added to the product which was kept in its original
water and then jar milled for 4 hours at approximately 15 RPM. The resuiting
slurry was then dried to form the hydrothermally treated precursor.

The hydrothermally treated precursor was then heated to 900°C at a
ramp rate of 5°C per minute with an argon purge. The temperature was

maintained for 8 hours to produce lithium vanadium phosphate (4.000g).

[0039] The examples and other embodiments described herein are
exemplary and not intended to be limiting in describing the full scope of
compositions and methods of this invention. Equivalent changes,
modifications and variations of specific embodiments, materials, compositions
and methods may be made within the scope of the present invention, with

substantially similar resulits.
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WHAT IS CLAIMED 1S:

1. A method for making lithium vanadium phosphate comprising mixing a
vanadium oxide with a source of phosphate ion and a source of lithium ion in a
mineralizer, introducing said mixture into an autoclave reactor; heating said
mixture at a temperature above 100°C and at a pressure above one
atmosphere to form a hydrothermaliy treated precursor; and

calcining the hydrothermally treated precursor at a time and temperature
sufficient to produce lithium vanadium phosphate.

2. The method according to claim 1 wherein the autoclave reactor is
neated at about 100°C to about 300°C.

3. The method according to claim 2 wherein the autoclave reactor is

heated for about one hour to about 24 hours.

4, The method according to claim 1 wherein the autoclave reactor is
heated at 250°C.
5. The method according to claim 4 wherein the autoclave reactor is

heated for about 3 hours.

6. The method according to claim 1 wherein the vanadium oxide is V50s.
7. The method according to claim 1 wherein the source of lithium ion and
source of phosphate ion is LHP.

8. The method according to ctaim 6 wherein the source of lithium ion and
source of phosphate ion is LHP.

0. The method according to claim 1 wherein the source of phosphate ion is

H3PO,.
13



CA 02696784 2010-02-17
WO 2009/032808 PCT/US2008/074999

10. : The method according to claim 6 wherein the source of phosphate ion is
H;PO,.
11. The method according to claim 1 wherein the source of lithium ion is
LioCOa.
12. The method according to claim 6 wherein the source of lithium ion is
Li,COs.
13. The method according to claim 1 wherein the hydrothermally treated
precursors are calcined at about 800°C to about 950°C.
14. The method according to claim 13 wherein the hydrothermally treated
precursors are calcined at 900°C for about 3 to about 24 hours.
15. The method according to claim 14 wherein the hydrothermally treated
precursors are heated for about 8 hours.
16. A method for making lithium vanadium phosphate comprising adding
HsPO,4 water, V,05; and Li,COs3 to an autoclave reactor;
heating the autoclave reactor at a temperature and for a time sufficient to
produce hydrothermally treated precursor;
adding carbon to the hydrothermally freated precursor to form a precursor
composifion; and
calcining the precursor composition at a temperature and for a time sufficient
to produce lithium vanadium phosphate.
17.. : The method according to claim 16 wherein the autoclave reactor is
heated af about 250°C for about 1 to about 8 hours.
18. -~ The method according to claim 17 wherein the autoclave reactor is

heated for about 3 hours.

14
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19. The method according to claim 16 wherein the precursor composition
is calcined at about 750°C to about 950°C.

20. The method according to claim 19 wherein the precursor is calcined at

about 900°C for about 8 hours.

15
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