METHOD FOR PRODUCING LITHIUM TRANSITION METAL

POLYANION POWDERS FOR BATTERIES STATEMENT REGARDING

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT
WHBEENGHE FIELD OF THE INVENTION [0002]This inventioRG&IEf@80065909

materials for use in the positive electrode of lithium-ion batteries and

processes for making such materials, BACKGROUND OF THE

INVENTION [0003]Lithium-ion batteries are recognized and valued for
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polyanion salt powder that is provided as the active material on the metal
pﬁ%g@%}of tH&pdsitive electrode. Iron, cobalt, manganese, and nickel
powders have been used and other transition metals have been
considered. Cobalt has High-pedfidiri&nite/BdtHasproven to be unsafe
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Vanadium has been proposed, but has yet to be used commercially,
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thgyie are several problems with each of these methods. The major
roblems incJude a) agglomeration of particles, b) incomplete reactions, c)
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requirement for expensive precursors and/or complicated processes.
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has proven to be unsafe because of the potential for explosion during recharging. Iron
is attractive because of its low cost, but does not provide the specific energy density
of other transition metal compounds such as LiCoQO» and LiNiO; etc. Vanadium has
been proposed, but has yet to be used commercially, probably because of the higher
expense and limited success in obtaining any advantage over other, more developed
systems.

[6G05] Many methods have been investigated to synthesize various lithium
transition metal polyanion salt powders. These methods include solid-state reactions,
carbon thermal reduction, and hydrogen reduction methods. However, there are
several problems with each of these methods. The major problems include
a) agglomeration of particles, b} incomplete reactions, c) the existence or presence of
undesirable components within the starting materials and their subsequent presence in
the final products, d) poor electrochemical properties of the resulting materials, and
e) the requirement for expensive precursors and/or complicated processes.

[0606] Lithium transition metal polyanion salt powders are most typically

synthesized using a solid state reaction. Precursors in the form of solid particles are
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synthesized using a solid state reaction. Precursors in the form of solid

particles are 1 mixed to produce an intimate mixture of particles. When

heat is applied to effect reaction, the solid particles react with one another
WihiBeigs#¥ariety of surface reactions accompanied by diffusiéi¥ 6188609

materials into and out of the various particles in the mixture. For this

reason, it is preferred to first provide particles of the desired particle size

and tgen mix these Lg)a‘rticles to create a mixture with the precursors highl
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and/or physical mixing. Since the active material particles may b
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rechargeable Ii: hiunft1 batteries and especially the inclusjon of oxide ‘
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cheanes Qpddessi@xirtiansition metal than the already developed
S@stems using cobalt, nickel and mangcanese, [0009]US Patent 5,871,866
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ihiam vapadium phosphate [Li PO4)3 or "LVr].is one of.the ”
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slgte-renctionitessihed aboyewhenrein hRIDERCESHPS argHiMerFinelsE:to
form a es&gntiall homa enOL{)s Powdder m'xi(;lj,lre There is discussion jn
C I, covalt an IIJT
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betehepzinagldesincsdntactiting wewé rhkirtieraiiteht dnitlogestepsedurings

sypthesisef 1he matarals. [0011]JUS Patent No. 6,913,855 to Stoker et at
gé(%% fter " toker"zf also describes an array of lithium transition metal

formutatidifeor Ude' i the R&THESR 8 PAATREn BarerieLRmeNtsng

ln\_iﬁib@t@lﬁelithilmndsath?&ippemmﬂqnsiﬁe qfaiammttb_m foay:sa cludReacsolvénbf
With.50m8 frestusorshging Rasially disselved Inthesolvent. Jhe Siury ¢

apparently creates the highly dispersed precursors which is then’spray
fetPepiiSAy dssHirky! i@Feiétion to produce the desired product. Like

Bevler, oreapticndgetdhalighdegreaiot Geatack femuipesifona bighbde
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intermingled to form an essentially homogenous powder mixture, There is discussion
in each describing the powder precursors being pressed into pellets to get better grain
to grain contact and several intermittent milling steps during synthesis of the
materials,

o111 US Patent No. 6,913,855 to Stoker er al (hereafter “Stoker™) also describes
an array of lithium transition metal oxide formulations for use in the cathode of
lithium-ion batteries including LVP. Stoker blends the precursors in a slurry that may

include a solvent with some precursors being partially dissolved in the solvent. The

slurry apparently creates the highly dispersed precursors which is then spray dried
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SUMMARY 10012]The present disclosure improves the state of the art of

batteries and materials useful in the production of batteries. More

specifically, the present disclosure provides an improved method for the

production of lithium vanadium phosphate [Li3V2(PO4)3] powder.
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ang Rarally.dissalvind I\nium, Gansiion metal and polyanion precursors

in ’Ilqui oform a's pension, w erein the traneition meta precursor

comprises vanadium trioxide (V203); b) heating the suspension to a first

reaction temperature (T1) to cause'di i&n of undissolved precursors
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[LI3V20e04) Boutaerein concentration of the precursors in the suspension is
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invention, together w [ther i
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Ugiatraneiovitng atfiistcephioodirastaithd invéntivesordeesbifomnidiingissolved
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nembedimentopibeinvaativepegerss:jokpaaking INRORWdRISIes from the liquid
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BRIEF DESCRIPTION OF THE DRAWINGS
[0013] The invention, together with further advantagés thereof, may best be
understood by reference to the following description taken in conjunction with the
accompanying drawings in which:
10014] Figure 1 is a block diagram showing a first embodiment of the inventive
process for making LVP powders;
[0015] Figure 2 is a block diagram showing a second embodiment of the
inventive process for making LVP powders.
[6016}] Figure 3 is a block diagram showing a third embodiment of the inventive
process for making a carbon coated LVP (CVLP) powders;
10017} Figure 4 is a graph comparing the discharge capacities of LVP and CLVP
powders made according to the present invention.
[0018] Figure 5a is a graph comparing the electrode potential profiles at the first
cycle for LVP and CL.VP powders made according to the present invention.
[0019] Figure 5b is a graph comparing the electrode potential profiles at the tenth
cycle for LVP and CLVP powders made according to the present invention.
10020} Figure 6a is a graph comparing the electrode potential profiles during the
first cycle for CLVPs made with different levels of pitch coating according to the present
invention.
[0021] Figure 6b is a graph comparing the electrode potential profiles during the
tenth cycie for CLVPs made with different levels of pitch coating according to the
present invention.



100181Figure 5a is a graph comparing the electrode potential profiles at
the first cycle for LVP and CLVP powders made according to the present
invention. 100191Figure 5b is a graph comparing the electrode potential
WEHRES 4%he tenth cycle for LVP and CLVP powders made BEEGTERPSHsS909
the present invention. [0020[Figure 6a is a graph comparing the electrode
potential profiles during the first cycle for CLVPs made with different levels
of pitch coating according to the present invention. 100211Figure 6b is a
géoé%é}co mipaHg the’ Tl SR BBtBREAT PrTUSHEARiG e %%’ﬁﬁ%%éyfd?
CGLuMPgsfad € ntPs diffeire nt fevief&ahpitolic oatipgea coonting douthmpreseat
irﬂye%gﬁitqgvewgl.2008/154287PCT/USZOO8/065909 [0022]Figure 7 is a
graph comparing the discharge capacities at different cycle numbers for
aPR72Els mie it oRffsAsRine viaston gl adebirding tothacpretant
inventioscfo0R3Mtgure 8 is a scanning electron micrograph of a CLVP
powder according to the present invention. DETAILED DESCRIPTION OF
THE INVENTION [0024]This invention includes several facets or aspects.

To aid in the discussion
DETAILED DESCRIPTION OF THE INVENTION

{0024]  This invention includes several facets or aspects. To aid in the discussion
and understanding of the invention as it relates to various parameters and qualities for
batteries, several definitions are provided for comparison of the materials of the
present invention with prior art materials or materials from prior art methods.

{6025] As used herein, the following terms have their usual meanings in the art
and are intended to specifically include the following definitions:

[Gd26] A Mcell” is the basic electrochemical unit used to generate or store
electrical energy.

(9027 A “battery” is two or more electrochemical cells electricaily
interconnected in an appropriate series/parallel arrangement to provide the required
operating voltage and current levels, Under common usage, the term “battery” is also
applied to a single cell device.

[8G28] The “cathode™ is the electrode in an electrochemical cell where reduction
takes place. During discharge, the positive electrode of the cell is the cathode.
During charge, the situation reverses, and the negative electrode of the cell is the
cathode.

(00291  “Capacity” (imAh/g) is 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.

{0036] “Capacity Fade” or “Fading” is the gradual loss of capacity of a
rechargeable battery with cycling. Synonymous with “Capacity Loss”

0031) “Coulombic Efficiency (%)” is the ratio of the amount of elecixical charge
discharged from an electrode material to the amount of electrical charge used to
charge the electrode to the state before discharge.

[0032)] “Electrode Potential” is the electrical voltage between the electrode of

interest and another electrode (reference electrode).
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and understanding of the invention as it relates to various parameters and
qualities for batteries, several definitions are provided for comparison of
the materials of the present invention with prior art materials or materials
WHGHPHIEHt methods. [0025]As used herein, the following t@&REIR2RA8/065949
their usual meanings in the art and are intended to specifically include the
foIIowing definitions: [0026]A "cell" is the basic electrochemical unit used
%%nerate or store electrical energy. [0027]A "battery” is two or more
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or "Fadlng Is the gradual loss of capacity of a rechargeable battery with
7RG PV mous with "Capacity Loss" [0031]"Coulombic Efficiency
(Y8y358 thef{a‘nubﬁrth&idnmnmfgemwmﬂél{ﬁlﬁme ieli&qhanzgeﬁﬂmmmmhen
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ctrodetot state before rge ectrode tentla iS the
éééﬁ%@ﬂ%@é@ﬁﬂ@éﬁiﬁ@éﬁwﬁé@&m@ is “substantially carbon”.

[8036] Turning now more specifically to the invention, this invention relates to a
methed for making fine Li;Vy(PO4); (LVP) powders, i.e., powders having a small
particle size. The fine LVP powder is particularly useful as a material for the positive
electrode of high power lthium-ion batterics. In this invention, preferred
embodiments of these powders are produced with a carbon-coating which we describe
as CLVP. It is believed that CLVP powders have improved efficiency, capacity and
stability compared with other cathode powders. It is further believed that lithium-ion
batteries made with the CLVP from this invention have improved performance as
compared with lithium-ion batteries made with other cathode powders.

[0037] The present invention for producing L'VP comprises a process for forming
a suspension of the precursors with a high boiling temperature solvent and driving the
reaction to form the desired LVP product in liquid solution. The reaction occurs at
temperatures above about 50°C up to about 400°C, although a maximum temperature
of less than about 300°C is preferable, and a maximum temperature of less than about
250°C is more preferable. As the LVP forms, it precipitates out of solution. Suitable
solvents are any polar organic compounds or mixtures of polar organic compounds in
which the reaction precursors have a certain solubility and that are thermally stable
within the desired temperature range. Examples of suitable solvents include different
alcobols, acids, nitriles, amines, amides, quinoline, and pyrrolidinones, ere. and
mixture of these solvents. Specific examples include I-heptanol, propylene

carbonate, ethylene carbonate, diethylenetriamine, and NMP (n-methyl-pyrrolidone,



interest and another electrode (reference electrode). WO
2008/154287PCT/US2008/065909 [0033]"Stabilization" is a process
which renders particles of a carbon-residue- forming material (CREM)
WiaftigiBIé436¢n that the surface of the CRFM particles does nQSOHEME665909
melt and fuse to adjacent CREM patrticles during subsequent heat
treatments as long as the temperature of the subsequent heat treatment
does not exceed the instantaneous melting point of the stabilized CRFM.
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temperature of 60 n even greater temperature, forms a residue
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powder is particularly useful as a material for the positive electrode of high
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capacity and stability compared with other cathode powders. Itis further
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temgzra%ures $bove out 50C up to about 400C, although a maximum
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organic compounds or mixtures of polar organic compounds in whic
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pyrrolidinones, etc. an mixture of these solvents. pecific examples
iAetiraely - Aeptaine|, Propipenseerbisn atercathyienécegiiborate, The lithium
diehylonsisisamings and NMBe(mathykpysalidene,
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and are non-reactive with the precursors. Preferred solvents are also
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oIy dreqwelddrad. The heating causes the precursors to react and form the
desired compound, LizV3(PO4)s, which precipitates out of the solution upon
formation. A significant feature of the inventive process is that the presence of the
polar solvent prevents the particles of LizV2(POy4); from growing to a large size and
prevents the particles from aggiomerating and the Li3V2(PO,); remains as a loose

(flowable) powder following separation from the solution.
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[0038]Figure 1 shows the process flow diagram according to a first
embodiment of the invention. A suspension is made with vanadium
trioxide and a solvent. A first solution is made with a phosphate or other
WEol§SH3A lithium salt and water. The vanadium trioxide SUBBERSHIGRIHE909
first solution are combined to fonn a second suspension. The second
suspension is agitated continuously while being heated to a first
ti@%rature, T1, to drive the reaction to form LVP precipitate. [0039]The
preTetted pra¢arara LT B FRTCE GG R (b 2035 Howrels
astivet vz adlivni sounciiithiumacdrb onrete (R0 3ot lithiurm hydsebxighe:,
(k4 the lithi I nd-pk ic acid.(1-:131304) as the . .
D R elas Bhscapade T AT B i
ARnSANRPPHESHRRNE (0112 0P O dsh sBeHOUSar HsarephbipKtelsr
polygiion souresy@neel Ondinasy.skihirihemawil kegognize that there
rge,number of polyapion-cqntaini ompounds which could he
l@gz :ias sg%er%leﬂgfg tr?é%oi%aﬁﬁ%‘ﬁ% ﬁe’qa??e%%]r? the final ﬁfﬁi’ﬁ%eg/atr?a‘ N
penasRswie produdeinEdendtiond tiieBiis soveime spEaificyeqliicetertddpr
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precursor is preferably milled to an average particle size of less than 30

RIS, AR GRS dEhABR TeshtHAP P ThIERSmER: Ao i ebs@nd
thes falchiornratey ‘B_E)@ Athibde pie cudsooty picdtiyidisbelvesnindbend 850 °C.
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the resulting suspension is heated in an inert atmosphere, such as
MQQD@%Iium, carbon monoxide, or carbon dioxide gas, etc., while the
rfiRtiie is Bgilatediithesyspeasionisbaated 19 ademprIYREIY. a5 the
high as 4 but is,preferably below 300 C, even mare preferably below
e e, L R D R T T R e
dORiPBRY M9V IPDmY) 3ithHicPliesbipradtasisutofrtrssblttiormbponsingle

fosspation Asignificantfeatuie Aldheiinve ntive.psaeessHgtbahthteated o a
articles of Li3V2(P0O4)3 from

presence of the &)olar olvent prevents (t£he :
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[0041]Any conventional method for solid-liquid separation, such as, for
exampret é@%m&?@@aaﬁaffan%ras%ifﬁ%%ﬁ}%&h’ﬁéﬁﬁi@é@%@‘@ﬁ@f&éﬁﬂ@
s fdanmiibdi isetutienh¥\hereathdpsecussor foratgraisnarenofchighigualihe
e aanialn A PLALBRIILES Naloyld be deleterious to the final

product, separation can be achieved by simply evaporating the solvent
A0 the sevigrREryetdizaabi siepd podeRe ek ptEigirs
lhihe W¥Ryisdthen syliecischtoachigheedempaiaiuiesdidbta farmethgor art,
desired crystalline structure. Th%lﬁ%%g%lliization ste inv%Ives heayi?g the
reacted product at a temperature higher that 200 T an fReft 2 soud state
APATHSPhBFsSIZPHY Hiedtiiig emindes atares shobldriseepatovsien 18 00odnatd 800

Gmandprefaraply heiwae o 00,0 Q00 freANdhBrS RrefRLakly beween

500 and_ 850 C. The resulting product remains as a loose (flowable )
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@:sés'@ml erfvotvanerit ecﬁlthetmemhzerp;fmessfs,l ﬁ_am@}&e_s:o_ndabler_s must be
emboaioentirl of HA%R&E%E%Q&%&}I{%%P LR HIRXIASy %J'E%&kggﬁ%‘%&@lgon

phosphate) are combined with a solvent, and water as needed, to make a
{hpTRisas FaTHSH of Re Fenilihy WiEpBngisnsi el dte  so htirusiRieie
beirgyheatetldo:arfirshéempesaitreplof inidiyethecteastiomieionnie Ve

[RCIRUAR MG SERALANON 1M 16 SUSPRRSIO IS LN R s cn of
remains as a powder. The 1 IS the suBJecPe to a higher tempera(fure,
TEctenErnalfaniy b e tag@nT HdeprdeeBaasiforise pafratingrehid ing Pl the
suspension and for crystallizing the VP prepared according to the second
embodiment are the same as the processes for separating and
crystallizing the LVP prepared according to the first embodiment.
[0044]These new processes for making LVP produce a different and
better LVP than LVP produced by the solid state synthesis methods

described in the prior art. First, since the inventive process is performed in
A crienancinn and Nnot ac a2 enlid etate reactinn the ci7e nf the | \/P



agglomeration of the resulting particles, the inventive method can naturally
produce LVP particles smaller than 1 gm without additional milling or
further processing steps. [0045]Another significant benefit of the inventive
Wehtiiod 48t producing LVP is that contaminants, impurities oP REALEREGREEHI09
materials are less likely to be present in the final product. Most of the
non-desired materials are separated from the intermediate solid product
when it is separated fr(%_r_n the solvent because most of the impurities will
SRR RSBl e USRI, 5 SO EATE PR CBH i haiRece
PR ritiescors nandtesirted materalbeontainedih thigi presufeanss Piocessing
Eg}ggced as by-products of the reaction, are more likely to be carried into
the final product. [0046]Another advantage of the present invention is that
|08 lcost/prebar sers ines) bereiied ifeHevprode ctrorrofiti@todming LVP is

Specificalysihe, prefered sresusarsingiugedithivm carhanate,tLiZGQ8 )
vanadium trioxide, (V203). Lithium

phosphoric acid (H3PO4) an )

e Pr e R ot AT AT TR <SRBT e ol
phiosphitites st vashdivmheri oxides brasted High vensdigm contentard o he
lowscostmatarialcempatedosdtmest ofihe.atheryapadiyum gomponnds

suitable as the source of vanadium. Considering that nearly all of the
(OGS ard EBHUEHEE ROt iAl Brodtict, tRRAHENtVE protcess Shotid
provided MRanchaiberodathode pavwder prodlictsadablower D5t c amparad
tﬁrﬁh‘%\{y” techniques for producing these compounds. [0047]As noted
above, an additional aspect of the invention is the CLVP where the LVP is
48848l withreshsor THIG ek provitled witande dalderfeaso REGETiny

thal isnecassanlrdhe - lithiwmiirtercalatinr Rreses SN JRe-REsI IR ursors

electrode, side of a lithium-jon battery, Many.prj t lithium-iopn batterie
B T e N RaY R AR B AT St e e
gtaphitelWittnivaritmiveeadpisitisrensateil powle feospaidectiieneCissarny

elrchicahicROduativiva RAHB% EB @4 \MMIR LARAN DR%REYRIR 2 low cost

advanta%es in that it seems to be optimal to have a very thin coating so

BT 8H SRERAEIDREGHAORI MG YPeha Aty Imanidl AN Dpsardst
isfintrinsicall\y pastdfilietdpowdely Rieferiegiloading afcthe:catbdmabating!

QR CLYPiisakigash Q.42 4i i agout10P6, by weight. Preferably, . der

between about 0.5% and about 5% by weight, more preferably between
ABSLEH. 596 A8 BB BIPHRAg IR, KRerevdsr s ridfe Bl B asVEEH
ababldésand about 2.5% by weight. WO

%@&43/;154%837,«%%25’;35’%9%/ OPpO0R9048IQMher processes J@?J &%réghlévp
require that carbon lack of other carbonaceous matenals be frixed with
the LD tdsprsvige thihevalbeheledficacesiiudtvitideequibencfor gbodical

RertRmARCeal hisdackeasemPatb the MalumeaRgoneight Qf theRatiesyive
rggultﬁ inéagahﬂer which is larger and heavier compared to a battery
“pertot

d /
R I St LA o TS RIS” FED MO 3 SRy
procesbdionadiagrafcacedding dosthisvéenb edimentaptire, imidntio i dihe
REOSRSH CONSISISREING SiaRs.SAL fw&&&&g (gduge thekyR as d %%a;ﬂ@g%e

above and illustrated in Figures 1 and 2, but continues with Severa

SOdioHaf Sl T EBETHHE GAMEGHA B P HeaIt SR Pher e Behge @ very

sibjectattecacarhdmeoatigly and volume of the cathode material is in the LVP
and it is intrinsically past of the powder. Preferred loading of the carbon coating on
the CLVP is at least 0.1% wup to about 10% by weight, preferably between about 0.5%
and about 5% by weight, more preferably between about 0.5% and about 3% by

weight, and even more preferably between about 1% and about 2.5% by weight,
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or pitch-coating step which involves coating the reacted LVP particles

from the crystallization step above with a carbon-residue-forming material

(CRFM). After the CRFM coating is deposited on the surface, the coated

WEaWEeridseparated from the solvent and any CRFM remairf§ iAsaees/ 665509

solvent and dried. The dried coated LVP powder is heated to a

temperature of between about 500C and about 1000C, preferably

g@%%gen ZSOUt 700C and about 900C, more preferably between about
ABEUPEEEE o ShrivaH e CRERAECAMBOR T PRy Other

pevderastanbatrcdated vl oriGLMP 11viRhis erobddimentythef electrical

cysializalon Rt 2dsoRiRNaLAn oANOf QIILEd [RIEOIRIC:q

heating process at T4 achieves both conversion of the CRFM to carbon
AHdSHS CAMSEIfERNBNM SFTHE DR BetorditbifilarHead featfiertrar ey &n
opiional haattraaimembstepathde refared/e hereinafter as stabilization,
form d to prevent mel fusion of coate
et e e o R R i i o
fsthbErBIPwalhefretsiniring @xdniples nisefufeabhnigeeisdorico Aty as
t@@,dﬂ\ﬁ&i pawsderincludethestapsigflauefying the e REMBYameans eral
%t {neltlng or forming a solution with a suitable solvent combined

With 8¢84 n%jg step such as spraying the liquefied carbonaceous material
dfi6tthe LR padiicles, orrdippindettie LYP perticiesjintthiediguefied-GRREY
%@%ﬁ&?%@&i{&ngﬁé;ﬂWH“&QHB&WSSPAX&HQ hBSGHM ey ARARE from e

precipitated on the LVP powder by any suitable method to form the coated

ISPBBORIHER. FREAP R %@Im@%‘f’%@%‘é&é@&w potcHE ERbe wFitebe
lyRatEpersing thedoWiqiomdat isug:sespensiandigiddo 1£0fépamie}dfl?mm the
spe lution .containing the CRF a
?ogftN%gL\%p& ger sugeslgaﬁg% a EE m|>f<e S0t (BI% po on o tﬁgaﬁ?gg%
PRt eiigitateiofs tﬁetimnbrﬁfampé@mvm@ EREVIPYE wisttabeuTRE00°C,

@BEM@@B&@&%M@W@{@d@mcﬂ@ﬁ@v{ﬁ&@p@aﬁbﬁﬁ@s@@&é@mﬁ&%Ei@d}(’bﬂ

a oIventLLg) gqthe ref rr bOdI solutlon phase
preC|p|?af) ion (p)BPz e2SUsing P eurﬁGC %fﬁﬁlptﬁiﬁzﬂogﬁard%ag’ron'

ﬂﬂ@#@fiiséntsGIs‘ﬂ%edrt@hcoatlHQéimW \ﬁh@fﬁt&&aﬂﬁﬁm Q58] A partisisterly

yagfunethiadqf farming:a Wit coRtng. Of 3 CREMAS (8R2Etalk0k of
selectivel prec:l%t[?te the CRFM onto the surface of the LVP particles. A

hESHM Y ot fife ERENEM X titdiid-SiveRefartolifedpl heat-
cembiningtthia, CR Ftivith desolvenhertasepmipimatiafaf-golvantsitoifter as

dissobeeiall e sthatantial Ration ofe GRAN Jher.RsKelestp or coa

itch is used as the CRFM, preferred solvents are cyclic and aromatic

@Pgﬁoun&@%‘éﬁ BT EHe, beyfered i dTin & REN arsfrsahle method.

wahydwn@mhthﬂd@@eeﬁaaiph@y Rupo n&dnﬂd@eih@ﬁr@da@aﬂlﬁeTml%)w@r

na uhdtgggn?, nd| {Qn th Led pltch Tsh ratio olf he s Ivent%s%
ogn an te?[npera tre'of't Sené%fu?ﬁ)ﬂrlsormm

coRtro é’dtéo'attﬁatqlﬂé @Rrﬂm mhm@ielvtbramgw@mpmm dizsplveshin

ﬁ%&@&%@ib&ﬁé@&ﬁﬁhi@ﬁ%ﬂ%&%FMT@EQ i Lﬁ%ﬁﬁ@%%@gamcles

;L % Fa i{% or less, and the CRFM is dissolved in the solvent at a

AR D T R S e SP LIS COREt. The CRAM ey
E@@Bﬂf}@@’mmm doldtidnpavhierdip the solvbktitetsalute fratiotis lessed
then 2.Late cammonlyddann asluxselutiops. C%A%xrp&ap ﬁyéﬂ%om?é@f@

form concentrated flux solutions wherein the pitch is highly soluble whe
fiRedidatheey Someeatishivarrib pite fasoe st als\ft% DOB IS YR BT
theskdlux cnidisies wilC tievsanme Bolvienidiea solvetvip yaick: th@p@;RE)M
s enuPlelaslan s piRglioton of e SREV W hendbis, e
ution and preC| itation occurs in the Br% ce of a 'Su suspen Ion ofSLQ/E}
particles, the particles act as nucleating sites for the precipitation. The
result is an especially uniform coatirty of the CRFM on the particles.
[0055]The coating layer of the LVP particles can be applied by mixing the
particles directly into a solution of CRFM. When the LVP particles are
added to the solution of CRFM directly, additional solvent(s) is generally
added to the resulting mixture to effect partial precipitation of the CREM.

The additional solvent(s) can be the same as or different than the
cnlvvant(<) 1iced to nrenare the caliition of the CRENM [TOOGBATIN an



solvent(s) or in a different solvent at a desired temperature, preferably
below the boiling point of the solvent(s). The suspension of the LVP
particles is then combined with the solution of CRFM, causing a certain
WHaeH HE¥he CREM to deposit substantially uniformly on theP€0yEGE08/065909

the LVP particles. [0057]The total amount and chemical composition of
the CRFM that precipitates onto the surface of the LVP particles depends
on the portion of the CRFM that precipitates out from the solution, which in
(N QDRGSR o aiferenBO (R0 SBLINAY GFUTEETaE I Tt <
solutoncand inatheafinal sakstian. When the CRFM is a pitch, wide ranges

cular weigh cl . ically present. One skilled in the art.
e R B T B i i
fREtiRbTaePtiiE MdRdrsaiemithad e pretpsitard wotild betdmbvsynigh P
meleawamweight and have a high melting point, and the remaining

s would be relatively. low molecular.weight.and have a low melti

e R e b M R T

diverrsdlventdegbivenrmiriute te fEnds onahasietycofofabtorsy hphudiig,

far exRERIG. £ONGEBL RN, termReratyie; and %@%ﬁyf@f&%ﬁ%ﬁgd%%ﬂﬁﬁ
dilution of concentrated flux solutions causes solubijlity of the CRFM to

dBereREl BIEASTANEh VARG [ AT SAMARERE B Gamg Al
processcitian ERVigte dtdmpprativeand graduallyidowieringdhe the CRFM,
tempgratue duing the goating progsss-The SREM:Gan ke tg%egai@%%,

either ambient or reduced pressure and at a temperature of about -5
SbitiEgoce iy sapiEing Beduidrrantisrshe sNénbro PrwerPrPdrParibe
thedselutioredampe mtshitheiolabamannbanst chierigaleRMPRskiandthe

105, CREMprecinigleg on (e LY, pariicles can be conrolled. 1008915y
using a liquia phase selective preC|p|taat|on ecnni ue,%e(fotefl amount,
crensited conipysitionS BAY prysidekpropettiassofoterERPMiseried on the

L¥R-pOWdel-aRY de eartioledimihgachoics af G RFN: hvehanging.theor
olvent u egé%big(giallg_ q‘islsolve the CRFM, by changing the amount of

JeRte ML) RSB HE CRiER ke BRI EF e RO

dlodolgentrincthibeGRIFNMELVP mixture. The amount of solvent used may be
pysamouptsuifabie o avide. AdgsiIrRd SoAtng, 1B GRMAIR eMmAdiments,

the weight ratio of CREM to solvent may be between about 0.1 to about 2,

e FRANURNY (BB B 0081985 and2ah 8Lt b Bro el piaie Grapsprated
bebweentabouh@:diane: ghett 0. Ric[0060]ibis toHke understapdihatihe: at
Q%M_%-%Wdﬁ%gés hecoing onihg: LY E: may. bg.2ny materialwhich,
when thermal Yy ecomposed‘m an inert atmosp ere toa carbonization

B ST E0BFBD 0T Gt GriateRidvh pepaturd e dtrasiduaal pietirigation
"substarislly carben'mit igiieibe wnoerstanddbatosubstantiallyCameny a

iQ%iCe%tse%tQPL%? re§iqueti at least 95t% br}/ eight c,arbf?n. &;Feferred for
G858 CBating mAterals are CRENSTHAT 47 cAp IR st BetigPreartsg o™
Whh mrbxidizivgeadntuPfeferedico niouABE i clute thusdewith a high
mRkg Point andia highsashon visle afiglthermahdecqmpesition. Withgut

limitation, examples of CRFMs include petroleum pitches and chemical

BrOLEEs BcHed o reirisRH R ighin Psm%%ip‘fiﬁa’ﬁ@tfgﬁsafﬁa WHehaithe
mnsmnﬁmﬁ@swmédbnm srthentembogémtg,aﬂmww_mammg
COMPKISG &@ﬂ&%@g&&%ﬂ%@ FAPRONNAFSUCAS G %ﬁ@h&%?%%

polyacrylonitriles; acrglépciz compounds; vinyl compounds, cellulose
HipBEANST AGERFBBRYRTARVARHER aE SuBREedbgaripR g kR RREM.
poeseired foraisaiasapatingaoaterials arepetraleunand caaktan pilehes

and lignin that.are readily available,and have been observed to be . .
e TR DA T e R S hegsnar
tHéativo Aiee 605 Thia Hseid | afitmo wkdinsitetiion céXdhiplesrof suitdiiation of
solvents include xylene, benzene, tdiiene, tetrahydronaphthalene (sold by
Dupont under the trademark Tetralin), decaline, pyridine, quinoline,
tetrahydrofuran, naphthalene, acetone, cyclohexane, ether, water,
n-methyl-pyrrolidone (NMP), carbon disulfide, or combinations thereof.
The solvent may be the same or different than the suspension liquid used

to form the LVP powder suspension. Without limitation, examples of
harde crntahle for criecneancinn of thea | A/P nowdaer incliide vwlene



mixed together, the CRFM-EVP mixture may be heated. The CRFM-LVP
nuxture may be heated to temperatures from about 25C to about 400C,
alternatively from about 70C to about 300C. [0063]The temperature of the
We R4 mixture may be reduced so that a portion of the B{RE2008/065309
precipitates on to the LVP powder to fonn a coating of CRFM. In particular
embodiments the CRFM-LVP mixture may be cooled to a temperature
wee about 0C and abo t 100C, Iter tlvel between about 20C and
RO 0B AHS E0AtaH irb FOL TS SO Hizy Bebeion e
é@phmgﬁedﬁ&ofﬂ%@@@ﬂm EPsmpeturentsy ammmtemmm combined
Examples Qhsyitable maihodsdnelude Jliration, eiHHgaliatn « deposit

sedimentation, and/or clarification. [0065]In certain embodiments, the
c%’ﬁf’é‘ﬁi“l‘ﬁ)ﬁ‘ﬁbﬁ%‘élﬁ" ﬁfh&hﬁbﬂlﬁﬁ@d’f dverdeitiual solvent on the
qeasad partieleswheccaated dRipdwslesdayber driedRBINGanysiitable
&t ut limitati le ying methads inclyde
e L R R R R
JURSH BHD HintENts e Buated The p‘b@@’ér@%@?%e@té&ﬁh@é@@ﬁ@r in the

mﬂtgoeﬁmﬂae@ RFMe LM Ramixtuiien &{ahﬁimiq&mwda@wd%@@tm
ted Lt\/iP %Wder for de ermln amount of t|me1|n a nearlé
e S D B S TE e ol BE s
tkﬂeltedatteaﬁt_wmﬂrﬂm@mydaé@t@bnﬂzbﬁ@ymaiémlgowrmmemp@ﬂemiermm
betweshaheuh20GRPARKH ARCHRIIFERRIME R I E e R ARk 47 Iﬁagcum

400C, and holding the temperature between about 20C and 400

S ARLAVERP Be b ot %Btaaﬂ@aﬁf‘dﬁe&%éﬂﬁarﬁfsrﬁfﬂ%eJ?Sﬁ%i?t%vzw

Hoursioaiternatirely betieen ahoﬂicﬁlmglpmtemanﬂaaﬂautﬂ‘&: e pitch,

%B§§$ftlve}‘¥)g) se %’ﬁ?? %?%%1 &fﬂmwgé @Qn 5%1 %H% or so %t IHIX%H”& depends
ot exceed

stabilization temperature s e mstantaneous melting
pEint oREKE cafbirREe dBuAatk rifr THEEkactUIFaTetfrely Rperature, and

qiﬁl@@ﬁzati@a stk glepaad andbe tenpesatureiand the.psapesties Qﬁ&bmty of

dg atl 0067 Igca EErlte1(‘)%r5? grrégodlme %ﬁhe coate {3 powder
may 5t‘ﬁe SreSenca of ah oxidiz ﬁs g ent. F’imcéeu ung
axigitingt ag e}% #ﬁ&v@epeeede e@éma&a%dmx@mﬂzm telmqmdrm«i@m the
VAL 9RsLOUSOXIHIZEr HORINRIANGEY VIR SNE(0% AJF AV REHSed.
as an oxidizing agent. [0068]The coated LVPﬁ)owder ma%é[hen be

AU SEBPEA BN 2308 Tay b At M pisHe aByang Saitipléairehd
IsoBiare nﬁbﬂ)ﬁlmEﬁM thelcoatedu: i zmp@enmamb&earbﬁm@edﬂm apinert
CoflhanmentngeReNIANE SONAURTR NGO DY IR, LRAUAR B GGREM to
car %n Wltﬁout I|m|tat|8 e con ItIO S mcll e ralsmg t

58 rature t@ibeﬁ/&eema%iﬁ mwaﬁ%mm, mbegtamélmmt@baywm

ketveen ahewsARAC @ﬁdpabsm%&@&r@@do@@m&w hetween akout/p

800C and aﬁ)out Qoqpa'ghe |ne enw%oa{rf‘ggat ma comgrlse ag swta le

iReH Gal iciuding Witho Flm‘fa?lgﬁ rGon. itk SgRAPHBHUAT “CArBBRsed

didddie, @Mbmbhqaﬁaﬁé/ith@re@ﬁi@meei@amgedf thévearlveril oatedally
LB (SeLP)orawsersamay heddsed @s anbaterial fonthe posiivesieeirode

in lithium ion batteries or for ané/ other suitable use.
mixture. The amount of solvent used may be any amount suitable to provide a desired

coating. In certain embodiments, the weight ratio of CRFM to solvent may be
between about 0.1 to about 2, alternatively between about (.05 and about 0.3, or more
particularly between about 0.1 and about .2,

[0066] It is to be understood that the CRFM provided as the coating for the LVP

may be any material which, when thermaily decomposed in an inert atmosphere to a
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[0069]The various embodiments of the coating process described above
may also be used to increase the battery properties of a LVP powder. In
particular, the battery properties that may be increased or improved
Wihetielat& capacity and the coulombic efficiency of a LVP p8WHES2EHHE969
embodiment, the capacity of a LVP powder is increased by at least about
10%, preferably by at least about 15%, more preferably by at least about
20%. In another embodiment, the coulornbic efficiency of a LVP powder is
T RRE B S RN SO0 HO b O RETRFABRT B A B AST Bb OG5 itiohes
preferabiyibycableastiaBoubd et ESHOMQRo sthe nidusteat@at
VAl )Qdi fthe present.inventi e.following examples are
Mt e S R e e
iftehffon vt e By Praeinbe 3e. 68 gants bf yapadiamnetdeside Privaed
(V202989 0hanek 106«enkah NMRK Lrinathyb-nyiralidinaneing milingndal

and ball-milled with abgut one pound of '4" stainles | balls for about
B e e s R R BB e Rk S LAt Ry R
(bt BOR2HR0 POTBYM) hek /@6 Lag naris of mmbniupuhyddtery; and
RhiesphatediNEAZEROM A8 L were disselvedin QM ofwateafhg.
V203 suspension and LIC2H30221-130/(NH4)3HPO4/water solution were
COMBiREd 4 JIABEREER artd affEditiSRAIRSEB I NifFP (asSothod s trand
Wtﬂﬁtrﬂ'dﬂt& z_&mﬁpgn@imwas; hegmdsmmoiﬁa@m@mtmﬂmmstmt
adliahon:hy habing. wibniogen gasuptlalling selkenis (WP and,,
water) ' were completely evaporated. The resulting product was a 1 owaﬁé
poRtrEs memw@alnwdpf@mé? RiaBes I ab Hep A H i Blyatvaeble and
heataddn aiuheduwBasadmiadlitrogenigas atmosphere in the following
nce:,3 hours at 350C, 5 hours at 450 d 5 hours at 650C. The
B RS S R BT A Bt el
DA e disialeh . cRrepowdermiriicsthsaguaniydheatert ab8Bone folutss:,
horis idiRaaR 82381 esPRRIR1 ARSI EXaMRIR RAsSePthe kY Recaline,
pow%gr pro.dt?:(};ed b ?ﬁgygi grocess described in Example 1 and coated it

' WHOCHeH IS ERPo RATRITBIEER: ASRB pFERISBP N Yr iAo f
thenpétrbfeunligitch(Wehe) disdoived itfidboutcdgrammsof sdene ahd heated
9 206 A SHaPersian.cansisting Qff-A@aingk\E-Rpovdan i 200:9rams.of

xylene was heated to 140C. The pitch/xylené solution was added to the
PERERTAR | e A Rt pHRLRYIS S fe Sifs cRE B D HitAbKe SbrEdRaRABRE the
dgiatiervdthenhrate xwas Stbsaquentlydemevad tadel the suspensi@ine,
| to room temperature. The resylting solid powder was separated out
O St SR i L0000 Lo U P LS g B

WelgHed & grdAvsc THY Biclatonadiy Eomprizeebapsaroigys By weight. The
piskeroatad pewmdesRsiRlanedhinaduhefurnacs andmradually heatedhin

aJiiogen gas almosahers al e fate of aciminte fo 300, and

RIS G AP 00T AUt TR SRR e oBI& & BOW L PNt
tenipelatirdcand e pdinde rivas 1&1 ovedean dIfsh dédrm @ glastobbtile.
Suhsed la%egysﬁaecpowﬂa{owe%q%gi@a%i@h@%ﬁfuw&%lg&qt&%aﬁ% ip.a

nitrogen atmosphere according to the following sequence: 350C for 2

AEEFESASD &SP ABUIR B GY S5 08 tot B¥hoard $HBOHLSRInGproduRt Wk
augesei¢iionwdbiehp@Rddf whictndidayoba dguice fafthe bamiingixed together.
[BR 41 ample SHsed e LYPRowderpreduced BY INEPIOGESS wime or

described in Examgﬁ% | and coated it with 2.3 wt% pitch using the same
FHEFTS {FEPETEEITSof s [EXARMIED SSRYBHG HIRYS 5T hseigstentGimrsatures
dissohvet: insab athBogramsof adena@ndheateddo ROC (A=BUsPBISON In
cansisting, of 30 grams L VP, der in. 200 grams of xyle s heated to
140 I%%?%gﬁf?(tyl%neé s&&%NW&’éf AddeT 16 emﬁ)goﬁge{f] Xy ensgiumn are
suspension and subjected to 10 minutes of continuous agitation. The
heater was subsequently removed thlet the suspension cool to room
temperature. The resulting solid powder was separated out by filtration,
and dried at 100C under vacuum. The resulting powder weighed 30.8
grams. The pitch coating comprised about 2.6% by weight. The
pitch-coated powder was placed in a tube furnace and gradually heated in

a nitrogen gas atmosphere at the rate of 1C/minute to 300C, and
maintained at 200C for A hnitire The fiirnace wae cnnled down to ambieant



hours, and 850C for 5 hours. The resulting product was a loose (flowable)

powder which did not require further milling. [0075]Example 4 was

prepared in the same manner as Example 3, except that the amount of
WHilME0oAtHg was 1.6% by weight. This was achieved by disS$RFilg%08/065909

grains of pitch 4 grams of xylene to coat 30 grains of the LVP powder from

Example 1. [0076]The powders made in Examples 1-4 were evaluated as

the materials for th itiye electrode of |ithjum ion batteries. First, the

P SEH L7 2B D BSCHBES ARkt RGO 2k G miure
desyribddasibeleampfedviEiAdesirbdaiotinbofthe pEides was hikedrom

with.aeptylens.carbgnplack, fine graphite (<8 pm), and a solution of
gﬁ%lﬁglvinylidene fluoride (NDF) dissolved in NMP to make a slurry. The

P was Tt B fiff aftintifdhd ol i Bifeden st padesorhat 2
driedosalitt i os Rdniaitipth 2 nddacarbon biaskid withrgrapbite: Jont%rm.
B . % of th ler tested. The film ereatrie:mm? lo
5E %ﬁ%i%§‘§§%§%ésd %%%qﬁﬁa%%ﬁig Fofli g‘]% Srcé%%géot?ha% fﬂ%ﬁg ©
deRsRsrotri §dhcrfithidwad EbbutliemglivelyThetwhick sy 8P theandagput

lgading of the solid films was controlled to be about 9 mg/cm2. Because

t wder, from Ex lelis lectrically conductive, the electrode
mgp%sitioéﬂ\?vea{:soafgg\’/\% %%‘\5\?82%@ \}/’\/W/éi%ra‘%)aé’ P BIER P R JPa St

dndrs % PD by 087 8iDisks mesgisertingEkatipbm i dicimigte nwérelpundhéd

Qut:fham mﬁtﬂfsgﬁr%&f;,l;m@ﬁ@d&%aﬁ)}'aﬁx@@&&x& electrode in standard

:@in cells (size CR2025) with lithium metal as the negative electrode. The

Bthtor TSETRPRRRBINERs Rasa sy oty (i Aiavahe Grigdsto remove
rregriofibsel filte Gy B)araghdhie lete Cltelytaoahs IPMoksi Bir Gnixy adrintdresik
%el r , 30% methyl carbonate, and 30%
S s B Rl oo
protsd QreTERER & Sl WA ehayEg  sderbieyisaieredfrent of 0.5 mA (-35
mobés) untilthecelbmobiage reachedA4i2volts, pakehargedduithes k4o
volts for one hour o [ current dropped to,below 0,03 mA, Then the
e T e A g
reathiedVE pyoitsy. Chameddischiardesyeiesivane irepaateld tocdeimmmimes

thesstabiityenbie.matkials,furing ey cing ke, canacity.afthe materials,
was calculated based on the electrical charge passed during discharging,
J&ﬁi%wt%%zceéuFavmmlélaﬁiéﬂfnégfwsga%la%&fa%éf‘d%eg&eabfsﬁttﬁ@%nansf b

ahmummﬁelectﬁwlamima@@wmg@iﬂifm lﬁhmioglttt_e thepamounbofveen
elgglrioalcharos et used to.chaigeths gell befare-disshargs: Aldhs.; 1

tests were conducted at room témperature (-23 "C) using an
Adlasondnc %@%t&%ﬁﬂ@%}/n%wa@} BRSO B NGOBOIA BPRRpANSEHF-
aftheadagacitieseandasoetoribiaiefficienciessatthe Ishand IHb cyelesdom
{6 PAVIR" MRS D RXAPRIES A it 3 BIOLFIL L8P 8 hhe carbonaceous
material. The exact time required for stabilization will depend on the temperature and
the properties of the CRFM coating.

[6067] In a preferred embodiment, the coated LVP powder may be heated in the
presence of an oxidizing agent. Any suitable oxidizing agent may be used, such as a
solid oxidizer, a liquid oxidizer, and/or a gascous oxidizer. For instance, oxygen
and/or air may be vsed as an oxidizing agent,

{0068] The coated LVP powder may then be carbonized. Carbonization may be
accomplished by any suitable method. In an embodiment, the coated LVP powder

may be carbonized in an inert environment under suitable conditions to convert the
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[0081]Example 5: Example 5 used less expensive chemicals as the
precursors than those used in Example 1. In this example, 27.46 grams of
lithium carbonate (Li2CO0], 99%) and 83.84 grams of phosphoric acid

WO A488Y%6) were dissolved in a solution consisting of 50 IS at&iafesseo
50 nils NMP. Similar to Example 1, 38.71 grains of vanadium trioxide
powder (V203, 95%) were milled in a laboratory ball mill in 200 nil NMP.
The resulting Li-contajning golution and V303 suspension were combined,
SRR Vi i, A e G R BB DO e rane
déscribeditviExanplectabove SPRE Timel phodudt MRS advosetiftdwbdbieden
Pawderayhich did ok regpire IHEthermilling, TR PAWARK{Tom-EXRMPISoR:

was not electrically conductive and was evaluated in the same way as the
Sder fromPEXEMBRPTREThEBBETOUY BIPGSiShaiagFe s ithout
povideiy2 g9, cabee blatkinil Syt ghaplite pﬁ&ﬁ%dﬁMﬁ Fhereof. Once
[OFaIExamRles B4hraudh %%ﬁéﬂ@"ﬁf B dhroudh P llusiate the gifedt of
changing reaction temperature T] on thé per?orma ce of the LVP powder
PRy RleFafisgnt Proeées BHHE pressitREativHA L0083 Twenty
gomepsampiesvefithe pewdeisiadedt Bx@mpieodnarehtatethale/8Calso
(Example 6), 750 xample 7), 800C ( le 8). or 900C (Example 9
5 T PSR RE BORSTY FOERa A & FRh & RARS e b baced
afextritaliyhebridi chvecarided erengvalsdtoglinidibesameiwaydsithapgondier

fE@H&iEiE%"GPLﬁﬂvﬁzepo%@|Qﬁt6%@%ﬁ98&!ﬁﬁ§i@,0{ﬂe\’\@§a3§ PG POWARS der is
wt% carbon black, 15 wt% graphite, and 5% PVDF. C[!0884]Examples 10

ARTIRABRib eSS 2 d 4T iftrirabivRe Bttt BigitdR BoRGFPasErbly by
subisequenticafifonizationtiom thebpénrfmm aheeafllMRcpaifidernsy Fiftaehvp
yamsanplas.olihs Rovders madedn Fxample éyme%g&am&!? 173%5?0 .

each coated with about 1.5% pitch and subsequen eat-treated at 800C
dnefase reddettivBRrULIAY the methods described in Example 2. Since
the resulting coated LVP powders were electrically conductive, they were
%Wﬁg the same way as the powder from Example 2, i.e., the
electrode composition was 2 wt% carbon black, 4 wt% graphite, 4 wt%
PRABE, and 90uwites diukiensovedertobbadsters WeEhe present invention, the

20084194287 RCT AlS2008/065909 [0085]A comparison of the capacities
ulonthic efficiencies at the | loth cycles for the powders made in
R S e TR et i AR
cledd\pdelnons fiatesghat thievancbarte dibi3EC4) 3\hOwdesdiemt 100 m!
Example L has/niesirRronsities @ameasiedRcana6lY and nbal one

coulomb|§ efficiency) compared to the carbon-coated powders SICLVP)
PO ERApIHEDERd 'S TIRESCRY B pwier diing 1 cosling tries wige’s

Riteh(Bxanmple: Heexhibitsyakettancapasityithan she L)L MR pawderSms of
having a coating of 2.6 wt% or 2.3 wt%gpitch (Examples 2 and 3).

. )
EOREU Y™ A BrhBhPPBfSodrs {EG ke d ahl T sRbas exhiltitatod water.
negligible;losspasapacibs withinH0 svelas, (008 AExample 1% Exampler:
12 was similar to Example 5 except that the separation of the solid powder
ORPIRETpedioh MALDTLPRIN 1) MG HAraRieBre DA BRaeaH oY
[Thei dnp6&8igramis bfareshadiientisibxpeqpovwdér (M203; 9bG40R IhOlgssms
%ahmgggngagﬁmiiéﬁ-Es%;goﬁgﬂs?(ﬁf?ag (el QL. carhanate (99:9%0)q.

were dispersed and dissolved in 100 ml of 1-methyl-2-pyrrolidinone

Ny uifng pestirisadosnsiemvs€transferred into a pressure vessel

apay beatethat 260 Gofale? haursasmhilenthe SUSPENSION WaB KARINUOWYbe

%riﬁtéated. After the heat was %emovg[geafggothe Sus ensiog ﬁtgoled
m

t : : o
ambient temperature, the suspension was trafstetred toa |ﬁ?§ﬁ6tr’105f%ghgl

aAArfiRb o8 tnakst YAeutinitteS8titai T thaeselith poovetsr. Tiserkessdlting plastic
powder was dried at 100 C under vacuum. The dried loose powder
weighed 26 grams and was slightly b‘f'een in color, similar to the color of
Li3V2(P0O4)3 powder. This powder was further processed by coating it
with pitch and subjecting it to a heat treatment in the same manner as
described in Example 2. The final powder was evaluated for its
electrochemical properties as described above and the results are
provided in Table 2.



[0088]The data in Table 2 demonstrates that the uncoated LVP materials

of Examples 5-9 exhibit better capacity as reaction temperature T2 is

increased, but improvement of the coulombic efficiency appears to reach
WG M8SFIAT level and subsequently declines as the reaction ¥} &Rt E65909

T) is increased beyond that which provides maximum efficiency. However,

the coated LVP powders in Examples 10 - 12 exhibit both higher capacity

nd coul ic efficiency than the uncoated LVP powders of Examples 5
pli R Ao R SR Rt

Effici€riC\f¢o4) Gapacityitrogen gas atmosphere.

10073] Exampie 2 used the LVP powder produced by the process described in
Example 1 and coated it with 2.6 wi% pitch using a petroleum pitch as the precursor.
Two grams of the petroleum pitch were dissolved in about 4 grams of xylene and
heated to 90°C. A suspension consisting of 7.6 grams LVP powder in 200 grams of
xylene was heated to 140°C. The pitch/xylene solution was added to the
powdex/xylene suspension and subjected to 10 mimutes of continuous agitation. The
heater was subsequently removed to let the suspension cool to room temperatire, The
resulting solid powder was separated out by filtration, and dried at 100°C under
vacuum. The resulting powder weighed 8 grams. The pitch coating comprised about
2.6% by weight, The pitch-coated powder was placed in a tube furnace and gradually
heated in a nitrogen gas atmosphere at the rate of 1°C/minute to 300°C, and
maintained at 300°C for 6 hours. The furnace was cooled down to ambient
temperature and the powder was removed and blended in a plastic bottle.
Subsequently, the powder was placed back in the furnace and heated in a nitrogen
atmosphere according to the following sequence: 350°C for 2 hours, 450°C for 2
hours, and 850°C for 5 hours. The resulting product was a loose (flowable) powder
which did not require further milling

[6074]  Example 3 used the LVP powder produced by the process described in
Example 1 and coated it with 2.3 wt% pitch using the same pitch as the precursor as
Exampie 2. Seven grams of the pitch were dissoived in about 7 grams of xylene and
heated to 90°C. A suspension consisting of 30 grams LVP powder in 200 grams of
xylene was heated to 140°C. The pitch/xylene solution was added to the
powder/xylene suspension and subjected to 10 minutes of continuous agitation, The
heater was subsequently removed to let the suspension cool to room temperature, The
resulting solid powder was separated out by filtration, and dried at 100°C under
vacuum, The resulting powder weighed 30.8 grams. The pitch coating comprised
about 2.6% by weight. The pitch-coated powder was placed in a tube furnace and
gradually heated in a nitrogen gas atmosphere at the rate of 1°C/minute to 300°C, and
maintained at 300°C for 6 hours. The furnace was cooled down to ambient
temperature and the powder was removed and Dblended in a plastic bottle.
Subsequently, the powder was placed back in the furnace and heated in a nitrogen

atmosphere according to the following sequence: 350°C for 2 hours, 450°C for 2
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hours, and 850°C for 5 hours. The resulting product was a loose {flowable) powder
which did not require further milling.

[6075] Example 4 was prepared in the same manner as Example 3, except that the
amount of pitch-coating was 1.6% by weight. This was achieved by dissolyving 4
grams of pitch 4 grams of xylene to coat 30 grams of the LVP powder from Example
L

[0676] The powders made in Examples 1-4 were evaluated as the materials for the
positive electrode of lithium ion batieries. First, the powders were fabricated into
electrodes and tested in coin cells as described as below.,

(00777 A desired amount of the powder was mixed with acetylene carbon black,
fine graphite (<8 um), and a solution of polyvinylidene fluoride (PVDF) dissolved in
NMP to make a slurry. The slurry was cast on a 20 [im aluminum foil, and dried on a
hot plate. The dried solid films contained 2 wt% carbon black, 4 wt% graphite, 4
wt% PVDF, and 90 wt% of the powder to be tested, The films were trimmed to 5 cm
strips and pressed through a hydraulic rolling press so that the density of the solid
films was about 2.1 g/ce. The thickness or the mass loading of the solid films was
controlled to be about 9 mg/ecm’. Because the powder from Example 1 is not
electrically conductive, the electrode composition was 78 wi% powder, 2 wt% carbon
biack, 15 wt% graphite, and 5% PVDF.

[0678] Disks measuring 1.41 cm in diameter were punched out from the pressed
films and 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 matt (Watman® Glass microfibre filter, GF/B), and the electrolyte was 1 M
LiPFg in a mixture of solvents (40% ethylene carbonate, 30% methyl carbonate, and
30% diethyl carbonate}.

[8979] Cells were tested according the following procedure:  Each cell was
charged under a constant current of 0.5 mA (=35 mA/g) until the cell voltage reached
4.2 volts, and charged further at 4.2 volts for one hour or unti} the current dropped to
below (.03 mA. Then the cell was discharged at a constant current of 0.5 mA until
the cell voltage reached 3.0 volts. Charge/discharge cycles were repeated to
determine the stability of the materials during cycling. The capacity of the materials
was calculated based on the electrical charge passed during discharging, while the

coulombic efficiency was calculated based on the ratio of the amount of electrical
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comparison of the capacities and couloinbic efficiencies at the Ist cycle

and the 10th cycle for the samples prepared in Examples 1 through 4
WA P2 (C) PCT/US2008/065909

charge discharged from the cell to the amount of electrical charge that used to charge
the cell before discharge. All the tests were conducted at room temperature (~23 °C)
using an electrachemical test station (Arbin Model BT-2043),

[60384¢] A comparison of the capacities and coulombic efficiencies at the 1 and
10™ cycles for the powders made in Examples 1 - 4 is provided in Table 1.

[6081] Example 5: Example 5 used less expensive chemicals as the precursors
than those used in Example I, In this example, 27,46 grams of lithium carbonate
(Li,C0s, 99%) and 83.84 grams of phosphoric acid (H;P0,.86%) were dissolved in a
solution consisting of 50 mils water and 50 mls WNMP. Similar to Example 1, 38.71
grams of vanadium trioxide powder (V20s, 35%) were milled in a laboratory ball mill
in 100 ml NMP. The resulting Li-containing solution and V.0 suspension were
combined, 500 mls NMP were added, and the suspension was processed as described
in Example I above. The final product was a loose (flowable) powder which did not
require further milling. The powder from Example 5 was not electrically conductive
and was evaluated in the same way as the powder from Example 1, i.e., the electrode
composition was 78 wt% powder, 2 wt% carbon black, 15 wt% graphite, and 5%
PVDFE.

[6082] Examples ¢ through 9: Examples 6 through 9 illustrate the effect of
changing reaction temperature T; on the performance of the LVP powder produced
according to process of the present invention. .

[6083] Twenty gram samples of the powder made in Example 5 were heated at
700 °C (Example 6), 750 °C (Example 7), 800°C (Example 8), or 900°C (Example 9)
for 10 hours. The powders from Examples 6 through 9 were not electrically
conductive and were evaluated in the same way as the powder from Example 1, i.e.,
the electrode composition was 78 wt% powder, 2 wt% carbon black, 15 wt% graphite,
and 5% PVDF.

[0084] Examples 1§ and 11: Examples 10 and 11 illustrate the effect of pitch
coating and subsequent carbonization on the performance of LVP powders. Fifteen
gram samples of the powders made in Example 4 and Example 7 were each coated
with about 1.5% pitch and subsequently heat-treated at 800°C and 850°C respectively
using the methods described in Example 2. Since the resulting coated LVP powders
were electrically conductive, they were evaluated in the same way as the powder
from Example 2, Le., the elecrode composition was 2 wt% carbon black, 4 wt%

graphite, 4 wt% PVDF, and 90 wt% of the powder to be tested,
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[G085] A comparison of the capacities and coulombic efficiencies at the 1% and
10" cycles for the powders made in Examples 5 through 11 is provided in Table 2.
[6086] The data in Table 1 clearly demonstrates that the uncoated LisVo(POu)s
powder from Example 1 has inferior properties (as measured by capacity and initial
coulombic efficiency) compared to the carbon-coated powders (CLVP) [from
Examples 2 and 3. The CLVP powder having a coating of 1.3 wt% pitch (Example 4)
exhibifs a better capacity than the CLVP powders having a coating of 2.6 wt% or 2.3
wt% pitch (Examples 2 and 3). However, all of the LVP powders (coated and
uncoated) exhibited a negligible loss in capacity within 10 cycles.

D887} Example 12: Example 12 was similar to Example 5 except that the
separation of the solid powder from the suspension was performed by filtration
instead of evaporation of liquid. 9.68 grams of vanadium trioxide powder (V.0s,
95%), 21.08 grams of phosphoric acid (85.5%), and 7.00 gram of lithium carbonate
(99.0%) were dispersed and dissolved in 100 ml of 1-methyi-2-pyrrolidinone (NMP).
The resulting suspension was transferred into a pressure vessel and heated at 250 °C
for 2 hours while the suspension was continuously agitated, After the heat was
removed and the suspension cooled to ambient temperature, the suspension was
transferred to a filtration funne] and filtered under vacuum to obtain the solid powder.
The resulting powder was dried at 100 °C under vacuum. The dried loose powder
weighed 26 grams and was slightly green in color, similar to the color of LisVa(POy)a
powder, This powder was further processed by coating it with pitch and subjecting it
to a heat treatment in the same manner as described in Example 2. The final powder
was evaluated for its electrochemical properties as described above and the results are
provided in Table 2.

[6688] The data in Table 2 demonstrates that the uncoated LVP materials of
Examples 5-9 exhibit better capacity as reaction temperature T, is increased, but
improvement of the coulombic efficiency appears to reach a maximum level and
subsequently declines as the reaction temperature T, is increased beyond that which
provides maximum efficiency. However, the coated LVP powders in Examples 10 -
12 exhibit both higher capacity and coulombic efficiency than the uncoated LVP
powders of Examples 5 through 9,
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Wi 1" cycle 10" cycle
Example pitch Capacity |Efficiency | Capacity [Efficiency

{(mAh/g) (%) (mAh/g) {%0)
1 - 69.7 85.3 69.5 97.6
2 2.6 118.5 94.7 118.3 9%.0
3 2.3 117.5 95.3 118.1 99.1
4 1.3 1241 95.5 124.9 99.0

Table 1. A comparison of the capacities and coulombic efficiencies at the 1% eycle
and the 10" cycle for the samples prepared in Examples 1 through 4

1* cycle 10" cycle
Example {;%) Pitchv}gf:rbon Capacity | Efficiency | Capacity | Efficiency

(mAh/g) (%) (mAh/g) (%)
5 650 - 1001 91.3 99.9 08.1
6 700 - 107.2 92.3 107.5 599.6
7 750 - 113.2 94.4 112.6 90.4
8 800 - 115.1 92.9 108.2 08.3
9 900 - 121.9 91.0 121.6 99.0
10 850 | ~L5picch | 1257 | 950 | 1260 | 99.1
11 800 | ~1.5pitch | 1260 | 955 1268 | 993
12 850 | 3.0 Carbon | 1219 96.1 1228 | 994

Table 2. A comparison of the capacities and coulombic efficiencies at the 19 cycle for
the samples prepared in Examples 5 through 12.

[0089] Table 2 summarizes the capacities and coulombic efficiencies at the 1st
and 10th cycles for the I.VP and CLVP powders made in Examples 5-12, The
uncoated LVP powders of Examples 5-9 exhibit a lower capacity than the coated LVP
powders from Examples 10 and 11, and also have a lower coulombic efficiency at the
1st and 10th cycles than the coated samples. In addition, the specific capacity of the
uncoated LVP powders of Example 5-9 dropped slightly from the 1% to 10% cycles
whereas that of the carbon-coated LLVP powders from Examples 10-12 increased
slightly, The increase in the specific capacity of the carbon-coated LVP powders
from Examples 10-12 provides evidence supporting the beneficial effect of carbon
coating.

[0090] The capacity data in Table 1 also indicates that the capacity of the samples
barely changed after 10 cycles. Figure 1 provides a graphic comparison of the

capacities at different cycles for the L.VP and CLVP from the Examples 1 and 2.
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Cleatly, up to the number of cycles tested, both the samples exhibit a very stable
capacity, L.e., there is not any appreciable capacity loss during cycling.

o091} However, as shown in Fig, 5 (a) and (b), the potential profiles of the
matertals indicate that the particles made in Examples [ and 2 are comprised of
different materials. The LVP of Example 1 exhibits three plateaus between 3.4 and
3.8 volts, whereas the CLVP powder of Example 2 has only two plateaus within the
same potential window, The potential prefile of the CLVP powder of Example 2 is
consistent with that of LisV,(PQ4)s. Therefore, it appears that the LVP powder of
Example 1 is not pure phase LisVa(PO4)s but is an electrocheniically active material
that is also very stable during cycling. Based on these results, it is possible that a
crystallization temperature T, of 650°C may be not be high enough for the formation
of pure phase crystalline Li3V3(PQ4)s in the process of the invention.

10092] Figures 6 (a) and (b) show comparisons of the potential profiles at the first
and tenth cycles for the CLVP from Examples 3 and 4. The patterns of the potential
profiles are exactly the same between the samples and are consistent with those of
LisV3(POy4)s, however, the CLVP powder from Example 4 exhibits slightly longer
potential plateaus than the CLVP powder of Example 3, suggesting that the process of
Example 4 resulted in-a product which contains more active material per gram than
the process of Example 3. Since the only difference between the Examples 3 and 4 is
the level of pitch coating (2.3 % vs. 1.3%), this result suggests that the presence of an
excess amount of carbon may have an adverse effect on the capacity of CLVP
powders.

[0093]  The cycling data for the carbon-coated LVP powders made in Examples 3
and 4 are summarized in Fig. 7. The capacity of the materials increases slightly
within initial 5 cycles and then remains nearly constant, After ail the tested cycles,
ranging from 80 to 100 cycles, the capacity of the materials faded negligibly, less than
0.3 mAbh/g. It should be kept in mind that the cycling condition is 100% depth of total
capacity for the materials tested. It would be expected that the materials would be
perfectly stable if they are cycled at a level less than their total capacity, as would be
the situation during normal use.

[0094] Thus, it has been illustrated that both plain (uncoated) and carbon-coated
LisV5(POua)s powders can be easily made using inexpensive precursors according to

this invention. The usefulness of the process is reflected not only in loose (flowable)

20



99 fl 800 850 -1.5 pitch 126.0 95.5F126.8 99.3 3.0 Carbon 121.9
96.1122.8 99.4 Table 2. A comparison of the capacities and coulo bic

efficiencies at thecycle for
WO 2008/154287 PCT/TUS2008/065009

powders throughout the process, but also in the superior functionality of the materials
produced.

[6095] Accordingly, the scope of protection is not limited by the description set
out above, but is only limited by the claims which follow, that scope including all
equivalents of the subject matter of the claims. Each and every claim is incorporated
mto the specification as an embodiment of the present invention, Thus the claims are
a further description and are an addition to the preferred embodiments of the present
invention. The discussion of any reference is not an admission that it is prior art to
the present invention, especially any reference that may have a publication date after

the priority date of this application,
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the samples prepared in Examples 5 through 12. [0089]Table 2
summarizes the capacities and coulombic efficiencies at the 1st and 10th
cycles for the LVP and CLVP powders made in Examples 5-12. The
uncoated LVP powders of Examples 5-9 exhibit a lower capacity than the
coated LVP powders from Examples 10 and 11, and also have a lower
coulombic efficiency at the 1st and 10th cycles than the coated samples.
In addition, the specific capacity oéégl}\eéﬁgcoated LVP powders of Example
5-9 dropped slightly from the 151 ycles whereas that of the
carbgn-co \Y/ ers,fr e ' ightl .
o e O T Yo e
Examipleisi0i 2 provides evidence supporting the beneficial effect of
carbon coaiag (IRPONENS AARIIRIB ARG Laispindialasialdiganion
capacity of the samples barely changed after 10 cycles. Figure 1 provides
a graphic cOSfyEIRSeATOR thahphRiBs HFUfERsRt c)dIes b Hind pvaBiangnetal
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tested, both the samples exhibit a very stable capacity, i.e., there is not
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particles made in mples 1 and 2 are, comprised of different materials.
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Based on these resufts, it'is possible that a crystallization‘temperature T

of 650C maybelnerbetigh davdghrisrehe formation of pure phase
crystalline Li3V2(P0O4)3 in the process of the invention. [0092]Figures 6
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ExafiBi& 37Slgges iﬁ”g that the process of Example 4 resulted in a

product which contains more active material per grain than the process of
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presence of an excess amount of carbon may have an adverse effect on

the capacity of CLVP powders, [0093]The cycling data forthe . .
. cont IR CORESEEL E pLIacRe EED  ELRHA e s B G o
in Figh00°The capacity of the materials increases slightly within initial 5
cycles and then remains nearly constant. After all the tested cycles,
ranging from 80 to 100 cycles, the capacity of the materials faded
negligibly, less than 0.3 mAh/g. It should be kept in mind that the cycling
condition is 100% depth of total capacity for the materials tested. It would
be expected that the materials would be perfectly stable if they are cycled
at a level less than their total capacity, as would be the situation during
notinal use. [0094]Thus, it has been illustrated that both plain (uncoated)
and carbon-coated Li3V2(P0O4)3 powders can be easily made using
inexpensive precursors according to
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this invention. The usefulness of the process is reflected not only in loose
(flowable) powders throughout the process, but also in the superior
functionality of the materials produced. [0095]Accordingly, the scope of
protection is not limited by the description set out above, but is only limited

by the claims which follow, that scope including all equivalents of the

subject matter of the claims. Each and every claim is incorporated into the
.specfficatigsas anembedineqtohthe presem inertion of husAaaEaims solid
are a fur‘therr{desc iption and are.an a((j)ldition to Stiae preferred embodiments ,
of thEPPESEATIRY t?b‘ﬁﬁl RETERS LGS &0 ot Ay ?8?%%5’@‘?% 5P consisting
admisSiondhat, ipisvirioepatdocthengresenfipyeritarstespecially any

reference that may have a publication date after the priority date of this
pouRIBe LA A presase (F MAKOG AN URRSHNMERl. powdcr
polyaniohic powder comprising thé steps of: a) dispersing and partially
dissotihg fHigmrarainsitionninatalasgitibolyanion precursors in a liquid to
form a suspension, wherein the transition metal precursor comprises
vanadium trioxide (V203); b) heating the suspension to a first reaction
temperature (T1) to cause dissolution of undissolved precursors and

reaction of the precursors to form solid particles of a lithium transition

metal phosphate product precipitate; and c) separating the solid particles
from the liquid and drying the solid particles to produce the powder of
Li3V2(PO4)3 wherein concentration of the precursors in the suspension is
such that the solid particles have a mean patrticle size of less than 50
microns. 2. The process according to Claim 1, further comprising heating

the powder to a second temperature (T2) that is higher than 650 C and
higher than the first temperature (T1) to provide crystallization of the

powder that is thereby pure phase crystalline Li3V2(P0O4)3. 3. The

process according to Claim 2, wherein the step of heating the powder to

the second temperature is performed in an inert environment. 4. The

process according to Claim 2, wherein the second temperature is below
1000C.
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7.

3.

10.

5. The process according to Claim 1, wherein the step of separating the

solid particles from the liquid comprises at least one selected from the

group consisting of filtration, gravity separation and centrifugal separation.

6. The process according to Claim 1, further comprising a step of coating

the powder with a carbon-residue-forming material. 7. The process
according to Claim 6, wherein the powder that is coated is stabilized by
heating in the presence of an oxidizing agent. 8. The process according to
Claim I, further comprising applying to the powder a carbon coating that is
between about 1 and about 10 weight percent of the solid particles. The
proc §§ RESSTAiAL t6E1iMR Bl Pe $HE R L AR ROSHERS IR Hotnien Astilized
1 andsabeuind ineighirpeicent ofitheigolisbpartigles. 10.The process

according to Claim 1 wherein the lithium precursor is selected from the

group i BRELiNG, LM SRRARAe ARG QB VM e de B0 er o
and combinations thereof. II.The process according to aim &L wheréin

the VeaRkilirpRtraxibe s hifleeetosandvieragerpartidle sivighsfierssnthantBo solid
micrggi@gg@ prior to step a). 12.The process according to Claim | wherein
the first temperature is above about 50C and no more than about 400C.

The process according to Claim 8 where the carbon coating is between about 1

and about 3 weight percent of the solid particies.

The process according to Claim | wherein the lithium precursor is selected from
the group consisting of lithium carbonate (Li,COs3), Hthium hydroxide (LiOH) and

combinations thereof,
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11,

The process according to Claim 1 wherein the vanadium trioxide is milled to an

average particle size of less than 30 micrometers prior to step a).

The process according to Claim 1 wherein the first temperature is above about

50°C and no more than about 400°C.
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