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as compared to the toxic conventional cathode material LiCoO,.

15 The key problem of using LiFePO4/Li3V,(PO,); in batteries is their sluggish mass
and charge transport, which causes capacity loss when the current density is increased.
Many attempts have been made to improve the ionic diffusion by reducing the crystallite
size of LiFePO4/Li3V,(PO4); and to improve electronic conduction by coating the surface
using conductive carbon. Yet, there is still a need to develop more economic and more

20 efficient LiFePO4/Li;V2(PO4)s for use in lithium batteries.

SUMMARY OF THE INVENTION
This invention is based on a discovery of mesoporous LiFePO4/C and
Li3V,(PO4)s3/C particles prepared by a soft-template method.

25 One aspect of this invention relates to a mesoporous particle, which includes
LiFePO, or Li3V(POy); crystallites and uniform coating of amorphous carbon on the
surface of each of the crystallites. Each of the crystallites has a size of 20-50 nm and the
carbon coating has an average thickness of 2-7 nm. The crystallites are packed in such a
manner that they are in close contact with their adjacent crystallites, resulting in

30  mesopores (i.e., nanosized pores, such as 2-10 nm) in the particle.



I n one enbodi nent, the mesoporous particle includes Li FePO4 crystallites.
This particle nay have one or nore of the followng features: the particle
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compound, and the phosphate ion-containing compound used in step (i) can be different,
i.e., three different compounds. Alternatively, two or three of them are the same
compound. For example, lithium dihydrogen phosphate is both a lithium ion-containing
compound and a phosphate ion-containing compound.
20 Still another aspect of this invention relates to a battery, which includes an anode,
a cathode, and a non-aqueous electrolyte between the anode and the cathode. The
cathode of this battery contains the particles described above.
The details of one or more embodiments of the invention are set forth in the
description and drawings below. Other features, objects, and advantages of the invention
25  will be apparent from the detailed description of several embodiments and also from the

appending claims.

BRIEF DESCRIPTION OF DRAWINGS

Figure 1 shows the diffraction patterns of LiFePOy and a-Li;V,(PO,) and the

identification of Bragg planes.
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Figures 2 (a) and (b) show FESEM i mages of LiFePO4/C, (c)-(d) are FESEM

i mges of Li3V2(PO4)3/C, and (e) is an HRTEM i nage of the carbon coating on
t he surf awe 20f2/d288¥2( PO4) 3. Figure 3 shows a ebarsgeediosessr ged
vol tage curve for LiFePO4/C at C/10 (17 5 mA/g) rate in the voltage range
of 2.3 - 4.6 V. Figure 4 shows charge-di scharge curves of Li FePO4/C
cathode materials at various Crates (fromC 10 to 30C) in the voltage

range of 2.3 - 4.6 V. Figure 5 shows a c.harge-di scharged vol tage
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vol tage range Bigurt PstibwR a\charge-discharged voitad Girée R P\FePO,AY &l CAOREY f Or mance
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Figure 8 shows a cyclic performance of a-Li3V,(POy)3/C versus Li cell at 20C up

15  to 1000 cycles in the voltage range of 2.5V-4.6 V.

DETAILED DESCRIPTION OF THE INVENTION
This invention relates to mesoporous nanostructured LiFePO,/C and
Li3V2(PQOy)3/C particles as described above.

20 To synthesize the mesoporous particles of this invention, one first mixes a soft-
template molecule, a lithium ion-containing compound, a iron or vanadium ion-
containing compound, a phosphate ion-containing compound, and a solvent at a
predetermined weight ratio to form a solution. The lithium ion-containing compound, the
iron or vanadium ion-containing compound, the phosphate ion-containing compound are

25  the sources for the lithium ions, the iron or vanadium ions, and the phosphate ions
included in the mesoporous particles. They are preferably at a stoichiometric ratio in the

solution.



self-assenble into mcelles at its critical mcellar concentration. At the
sane tinme, the conpounds containing lithium iron/vanadium and phosphate
i ons ar e weaoixdsdoe form Li FePO4/ Li 3V2(PO4) 3. The mesoplresscaorwoed2ss es of
the mcelles provide mcro or neso pores for, and guide, the growth of

Li FePO4/ Li 3V2(POX4) 3 nanocrystals. As such, the 10 mcelles restrict the

Li FePat/Li 3V2(PO4) 3 nanocrystals fromovergrowh. Generally, the aspect
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thereof Hydrates of these_ conpounds can al so be used. Sources of an

i ronl1Pon sa#actantﬁ thetarayide %‘ﬁali’lﬁ anigelle megphology and size fof §r@Wingo, i ron and
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acet onat es rogen sultates,
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dodecyl trimethyl ammonium bromide, myrsityl trimethyl ammonium bromide, cetyl

trimethyl ammonium bromide, trimethyloctadecylammonium chloride,

20  docosyltrimethylammonium chloride, pluronic P-123, pluronic F127, and pluronic F 68.

Sources of lithium ions include various ionic compounds of lithium. The lithium

ion source can be provided in powder or particulate form. A wide range of such
materials is well known in the field of inorganic chemistry. Non-limiting examples
include, but are not limited to, lithium fluoride, lithium chloride, lithium bromide, lithium

25  iodide, lithium acetate, lithium nitrate, lithium nitrite, lithium sulfate, lithium hydrogen
sulfate, lithium sulfite, lithium bisulfite, lithium carbonate, lithium bicarbonate, lithium
borate, lithium phosphate, lithium dihydrogen phosphate, lithium hydrogen ammonium
phosphate, lithium dihydrogen ammonium phosphate, lithium silicate, lithium

antimonate, lithium arsenate, lithium germinate, lithium oxide, lithium acetate, lithium



phosphat es, hydrogen ammoni um phosphat es, di hydrogen amoni um phosphat es,
oxi de bi s(2, 4-pent anadi onate), sulfate oxides, silicates, antinonates,

ar senat eswogermmpaties, oxi des, hydroxi des, acetates, angcosahati®so2skydr at es
of the above conpounds can al so be used. So can m xtures thereof. The iron
and vanadiumin the starting materials may have 10 any oxidation state that
is different fromthat of the desired products. Oxidizing or reducing
conditions can be applied, as discussed bel ow. Sources of phosphate ions
can be vaeXalate lishiwophydrexide,and a rExturp thesedfn Hydoes dfithesacempoundsicanabsd t o,
met al al kal | tal phosphate, al kaline phosphate, transition netal
phosphat e;” and non-netal phosphate, such as phosphoric acid, amonium

di hydrogen 15 Shasehdtad iroaTod ahd awhydnas &h RERE Gk Gre TR RRSRaat e,
and a m xture thereof. drates of these conpounds can be used. A

conpound sadiamfluerides,chigrides, bromides, igfides.tagetates, dcetyhacatonatisupifratesd

phosphat e e P Y] . ) ecur sor
o pr oui duRSs sEfles RydREe miRie SAMR DS Bubiel R EOn T8 B BB
provi de bshosphateslydiOden afimonidign jlalhosblliatagt,) ﬂf@ﬂg@énfaﬁ]m@ﬁﬁﬁ}phswh?&e,soxgdé h
counterions that give rise o0 volatile byproducts. Exanples of suc

count eri otﬂ§(2eﬁ{] pentfngdiopate) su ?tez%\‘f%ﬁ’i sifcatescantponates sarsenatescgermandes.he | i ke
wher e possiifdsChvdroxi i t b H{g}

i ron/ vana%&ilﬁénsi %nﬁx‘gﬁ%ggﬁ%‘?g’a‘?‘gﬁgglﬁgg' gﬁg%t%?f(r:tgf??ogé 015{51%’ W KT 3138(13)126 i on
dependi ngused. Sbeammixiates direredfalhedfoni and ivapadiuman i startid materials may heve

oo PSS iR S (R s SRR St o B e Gl o

reduci ng ﬁaﬁcﬁﬁ%c&icﬁt%ﬂ%%hhﬁewgliédbﬁsdi@éﬂé&édlféibvﬁay be carried out in-situ by

including in the reaction mXture a reductant that will participate in the

reaction to reseueese@hosphatsriens eandiei vaniouoplpsphate saltso Bxamptesiincludeybusst at e

f th ired.in the final ti duct , but
by- pr oduchE P tr BiHA R shkrbigrPiAGh alsaBe eBabdle Ao st ¢ wi ¢
the fi ngthopplafk)@hd WoeetaghobpHaky, sidh a%'bh@épﬂéﬁib@ﬁiﬁ, shmdRived 8ihlaREEeM cal

cell. One convenient reductant for use to nake the nesoporous particles of
t he il3verithosphate; ammendumihydrogen phespbatengramenimm phasphatetand agnixtugay

by- pr oduc,%‘?rr?i){.ﬁﬂydrgéggpﬁe%%%ogogﬁfggmc%&%g dioxide (in the case of carbon)

or water e’ case 0 Is'readily renoved fromthe 5 reaction
m xture. A compound containing two or all three of lithium, iron/vanadium, and phosphate

ions can be used. For example, Li3PO4 may be used as a precursor to provide both Li and
PO, ions, and VPO4 may be used as a precursor to provide both V and PO ions.

20 It is preferred to select sources with counterions that give rise to volatile by-
products. Examples of such counterions are, for example, ammoniums, carbonates,
oxides, and the like where possible.

The reaction between sources of lithium, iron/vanadium, and phosphate ions may
also be carried out with reduction depending on the oxidation state of iron and vanadium

25 ions in the corresponding source. For example, the reaction may be carried out in a
reducing atmosphere such as hydrogen, ammonia, methane, or a mixture of reducing
gases. Alternatively, the reduction may be carried out in-situ by including in the reaction
mixture a reductant that will participate in the reaction to reduce one or more reaction
components to the oxidation state of the component(s) required in the final reaction

30 product, but by-products formed from the reduction reaction should not interfere with the
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The solvent used in the soft-tenplate synthesis can be selected in such a
manner that it allows the formation of mcelles fromthe surfactant that is
used to mmbeotdmessesoporous particles of this inventi onpamdGadrmoo2ss
facilitates the formation of LiFePO4/Li 3V2(PO4)3 nanocrystals fromthe

I oni ¢ conmpounds that are used to nake the 10 nesoporous particles. The

sol vent can be either an inorganic or organic solvent. Exanples of a

sui tabl e §O| vent include, but are not limted to, water, nethanol, ethanol,

pr opanol , finalPradyet whenfused fatergn anjelectrade ar ajvelpatrashemicalieell. Qneconvanigntyt ur e
of water gﬁqﬁ ) d 0. . st apting
material s eéf%{rt ?gg%%g%oﬁl\}get 0 %?g%rlolﬁﬂ?? %.ﬂ[ﬁlgi&% ‘égﬁ}eggﬂ%@ogﬁggﬁdﬁ&nﬁ clfoon

Li FePO4/ Lordiydfdgen.) b thahcase,yamly blysprodumt.ficec, dartioatreordxide draarbohidiskido(dg can

al so use anot her t hod, such as solvgthermal (either m crowave-assi sted or
not). See‘ﬁ?/ﬁ%ﬁexf’é Fa”r%ﬂP aateR g%a‘.e,caﬂ? 0 gephdhicadilyprepeygsl from s 14671
Af t er st herehdtfor RSkt 3V2( PO4) 3 nanocrystals are fornmed, the solvent is
renoved so as to collect them For exanple, one can evaporate the sol vent
at an el evat edllRosol wempusedtin the. softf templathsyntlesisanan bl aeletted in suehmurahnet he

obt ai ned po C e gr.ounded conventi onal. net hod to preak up the
aggl oner atﬁ?t\gﬂglngs?tﬁg? ; 88???%?@. s from tﬂefwiacﬁ%g&t%qsggéo F\"fggﬁ'@bt ai ned can
then be shédopoAls phrtidled bOthis RVBRIGH dhdsofabilitat@ah¥BsthafiBfof00C, so as to
all ow the nanocrystals to be closely packed to formparticles having a size

of ni cr ordFeRQs/bi Ve@€s): nangerystaly fropptheripnic comppendsahatiare esed to make the

nanosiy uc )Nt rti.cles are in.close contact wth their

adj a?rgnt r%%ﬁgrro&gb é?lhggs'f gﬁ%gcﬂﬁm&g%g%Flé erﬁg\}x?(ﬁéargc ﬂﬁﬂrcgag’lcf\é\i,ve L. g., 2-10 nm
(the si zeExamplesisirassuitablt Belvemtiigeitde, basst BbeliMited &) SRt SineBanoll ¥Mak) Nt's on
t he pore). The carbon-containjng surfactant on the surface of the

nanocr ystPiPRanph bytanehand bexagel. tIh eanylsmbe & mixiues, 612 amixtye of water éadn coat i ng
of amrp%ogar bon on the surfaces of the nanocrystals, the average

t hi ckness 0 0 the coating being about 2-7 nm The term "uniform coating"

refers to coatOmgeantheatthe mixtubecdnitdinikg elssstating heatéritl cdstib&idbove o N0 nor e

t han n eater than that. t he .t hi nnest spot. ... The

abovégders?ea[l t?‘g ifwlpﬂﬁ?yl%%%@ﬁﬂﬁépgﬂﬁﬂwtﬁﬁq@ fa{fﬂﬁ?t_ﬁtﬂé‘ét i ve

at mos phergrm fiin, SHATR! dtso ds@ anHBBORENSE Aush ségbégghéen% @éiﬂ,@ﬁmcrawhy@e f urnace

filled wth 5argon, nitrogen, or other 1nert he sintered
powder i sassibtedornat).eSce VadivelMMemigametchl s §.dfled. Clhem.ulkl@(2008)elki668-1H6Thi um

battery cathodgs. . T sent inventiqn alsg provides a battery
i ncl udi ng an a@i‘ﬁé‘,‘e BIFSBWM&%@%?W(’H@' siarﬁea‘ﬁg r B SolvgpidE F5mRYedr ed
parti cl esoQe s EdIRRAtheR0 \For eﬁﬁﬂ%l@, dHRtaR QYA Ate Uik RIRAE A& R&G Wween the

anode and t he cat hode. ach of the anode and cat hode I ncl udes a
curr @At demperaturg. Afier the selventings beenoemoved, thoobtained powder dar begeounded t wo

el ectr Odei)sy aac%crilvgnqm%)élt e %(li tA Qraegk u}l)E ﬁlcehagC orrrrleerarlltgonC(())tl thg %gxgorcrystals.

The nanocrystals thus obtained can then be sintered at a high temperature, e.g.,

between 600-800°C, so as to allow the nanocrystals to be closely packed to form particles
having a size of micrometers or less, e.g., 50-1000 nm. In the particles, the

25  nanostructures forming the particles are in close contact with their adjacent nanocrystals,
forming mesopores having a nano size, e.g., 2-10 nm (the size of a pore is the longest
possible distance between two points on the pore). The carbon-containing surfactant on
the surface of the nanocrystals is decomposed at the high temperature to form uniform
coating of amorphous carbon on the surfaces of the nanocrystals, the average thickness of

30 the coating being about 2-7 nm. The term “uniform coating” refers to coating in which
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Is a foil or grid of an electrically conductive netal such as iron, copper,
alum num titanium nickel, or stainless steel, having a thickness of

bet ween Svpmendzdh@0 gm 15 preferably 5 gmand 20 gm Poe/scathodessay
further include a cathode film having a thickness of between 10 pm and 150
pm preferably between 25 p.mand 125 gm in order to realize the optinal
capacity for the cell. The cathode filmcontains 80-90% by wei ght the
mesoporous nanostructured particle described above, 1-10% by wei ght bi nder,
and 1- 109thsghigknegsat thethickest spot isinoahorg tham¥inmtgreatersthamthat at the thinrsi t abl e

bi nders i ude, but are not limted to, polyacrylic acid,

car boxynethyl cel | ul ose, diacetyl cellul ose, hydroxypropyl cell ul ose,

pol yet hyl ene, The ativerdes@ited siitdtitgeter AhGRYCoRNEtEH @iiRr § BRACNNE! |,
pol yt etraf | uor.oet hyl ene, @)(ZI yvi nyli dene fluoride, styrene-butadi ene rubber,

t et r af | uoHBOSPREr® nker exampley Hie|nappeystals wrr he siatssed ipraiibe fsnaogifilled wittc ohol |

pol yvisyl - I rrol i done,
t et ratjruoarrggl%’%#‘g%&%gétg%dgﬁﬁﬁyl vi nyl ether copolyner, vinylidene
f 1l uori de- hexaf Thwsingeredpowaieeisthentoode; collécted, astbstered for use in making

fluoride-chlorotrifl uproethyl ene copol yner, ethyl enetetrafl uoroethyl ene
copol yrrerl,“'l‘:l‘ﬂ"&P 6%%%3?(?%1 uor oet hyl ene, vinylidene

fl uori de- pent l,,*gﬁ = I yl ene 30
copol ynmer, et mﬁ&?ﬁﬁﬁﬁﬁﬁlﬁ(ﬁ@? oet 3%Pgﬁir9tg%%gﬁﬁegﬁgﬁ€({eh€%@§&né; fluoride-
hexaf | uor@ptapng éreemesopomius nenasautiytedpartidesodegonitied abowg;land @ men-aqueous
fluorjdeperfl uoronet hyl.vinyl, ether-tetrafl uoroethyl ene copol yner,

et hyIlgne-gﬁmlfvsgﬁme&xg%ﬂ%gﬁﬁ?&&&cﬁ d¢re- met hacrylic acid copol ymer,

et hyl ene- met hyEach@rhe¥fdde aR® tathbde inSlusd @&ﬁféﬁ?&&l@ctd?‘f&}}ﬁfﬁ{dﬁh%tegﬁﬁﬂ&ﬂ ymer,

styrene-but adi ene_rubber, fluorinated rubber, 5 polybutadi ene, m Xt ures
t her eof . communicaignthebyeenghetwa eleetrddes anhancxtemal lngénEach awrtentieglleotor ar e

not |imt, ural .araphite (e.qg. flak raphite); nuf. act ur ed

gr aphi te;lgggir)@gﬁgﬁ 3?:%6@?}’8%1 scoélggft@ie gg]bﬁ%ﬁﬂﬁ‘?ﬁ%tc?@erb 4" hannel

bl ack, f uitamias, Blokel or staiffesPbtaélkhaviita tHickne® ofHeBfden TRAAHE Y0V Anf i bers such
as carbon fibers and netallic fibers; netal powders such as carbon 10

fl uor1i5de,Pf€fS’m5’&‘ 3 _Pah@%%m{ ; and organic conductive materials such as

PoL PRenY!<r LR 55 eI cRRRAEHR g SOUGEAR AL 720"

such as ald juhhnd 150G preferably between 25 um and 125 pum, in order to realize the optimal
capacity for the cell. The cathode film contains 80-90% by weight the mesoporous
nanostructured particle described above, 1-10% by weight binder, and 1-10% by weight

20  an electrically conductive agent.

Suitable binders include, but are not limited to, polyacrylic acid,
carboxymethylcellulose, diacetylcellulose, hydroxypropylcellulose, polyethylene,
polypropylene, ethylene-propylene-diene copolymer, polytetrafluoroethylene,
polyvinylidene fluoride, styrene-butadiene rubber, tetrafluoroethylene-

25  hexafluoropropylene copolymer, polyvinyl alcohol, polyvinyl chloride, polyvinyl
pyrrolidone, tetrafluoroethylene-perfluoroalkylvinyl ether copolymer, vinylidene
fluoride-hexafluoropropylene copolymer, vinylidene fluoride-chlorotrifluoroethylene
copolymer, ethylenetetrafluoroethylene copolymer, polychlorotrifluoroethylene,
vinylidene fluoride-pentafluoropropylene copolymer, propylene-tetrafluoroethylene

30  copolymer, ethylene-chlorotrifluoroethylene copolymer, vinylidene fluoride-
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An el ectrol yte provides ionic conmunication between the cathode and the
anode, 15 by transferring ionic charge carriers between the cathode and the
anode durwAgote3®whar ge and di scharge of an el ectr ochemP€AISGEe111000Z8He

el ectrolyte includes a non-aqueous solvent and an al kali netal salt

di ssol ved therein. Suitable solvents include, but are not limted to, a
cyclic carbonate such as ethyl ene carbonate, propylene carbonate, butyl ene

carbonate or_vinyl ene carbgnate, a non-cyclic carbonate such as di nethyl
car bonat diexafuorppropylene-tgtrafingroethylang eopolymen vinydidsam veridsr di pr opy!

car bonat g g ] JoTob AT } IE,m%p JEL Q . or mat e,

nmet hyl agpet at é%ﬁ@pm+ﬁ§?%%?onatug&&ﬁ®é%ﬁ%%bg opl’gegﬁa‘f%f a -‘%a}ic](;:(fone such as
y- but yr ol capdlymeer, ethyleme-mgthacrylie hbtidrcopolymer ethiyléhecinethiyhacrylatelvapelymkr,2 -

di et hoxyet hgane or et hoxynet hoxyethane, a cycli¢c ether such as

t et rahydr%hﬁ?‘? 3 @?’i Be iﬁ’? Pél#’&ﬂ?d?%%‘éﬁ‘,tadéﬁ?eﬂ%i fi“%‘&?@f‘irﬂb@&l vent
such as doRpiuidicnél iitnB@ured thitteof> di 0xol ane, formam de, acetam de,

di et hyl formam de, di oxol ane, acetonitrile, propylnitrile, nitromethane,

et hyl nonogl yritablesdqsitrically canduttive agenteincludej but ateonop higtitedte, naturali oxol ane

derivative, ,sul fol ane t.hyl sul fol ane, 1. 3-dinethyl-2- im dazolidinone,
3 et nyl SR AP o o BB st ot N g sy e nene

t et r ahy dridddiki RietzeR biaéR! dhvfinel Bldek! fulidee black, Bnp IRk SsdtheRNa blaRi sol e,

di et hyl sul f oxi de 30 and N- et hfyj pyrrolidone, and m xtures thereof.

The aboveoadudtivefibgrstuch ay carbemfibers pmbpw@taélacl Bers; metalmoavdsrssuch as carbomat
d hbedy i n US i cation. 644 ( Publicati . US. 2009{ 0305135) .
W e hd0c - fiefideroopBl biEhicRd). did dradu EondubHle ke eblhs rTiRAI PR e oy v

can, baseRrioativehe di scl osure herein, utilize the present invention to its
full est extent. The following 5 specific enbodinents are, therefore, to be

construed as nEreeAnpdeieachs 3y opaventionalanode psadiigdithismdraticries. fhorgxample, of t he
di scl OSUlife d@wﬁ@*ﬂmmz%%f%ﬁﬁ“%B&Zﬁl'fms cited herein are

i ncorporated by r rence. paration of Li3V2(PO)3/C and
Li FePO4/ C par tAmrctlestrolyte provilés iohiercoamhurfication ibstween alielcatitddé and shenaiode,

co rciaglly avail abl e and used as received wi thout further purifjcation

il 048 otydfaRsleing Wpischarge carriers, stveen thecetheds, W%P%ﬁ‘r‘g‘mftﬁé;l%ém&), a
rfacta ' | : ' | t

su Hhd dmﬁa.t‘ég %g %& t‘!'\}l%&_rr%dﬁeﬁtlaﬁeai. 133 &éé‘ﬁ)éﬁe Sitiikes 9 oﬁ-aqh%ﬁi fgl(%znt( as

concentration of prepare Li FePO4/ C 15 particles,
| i t hi um and aphbejimxta ssbdisselykd thedeifre Saiabl¢Rivents iaelud2HA0 Ayeonordimitedsed as

lon prec L{cr),saocgysclic -cl:-arllr ona L g@c%sas%fthytlgn% car r&g{'e?{)]}o%yfélrslg gariagna%é/, %Elpy?esrlez ©
carbonate or vinylene carbonate, a non-cyclic carbonate such as dimethyl carbonate,

20  diethyl carbonate, ethyl methyl carbonate or dipropyl carbonate, an aliphatic carboxylic
acid ester such as methyl formate, methyl acetate, methyl propionate or ethyl propionate,
a y-lactone such as y-butyrolactone, a non-cyclic ether such as 1,2-dimethoxyethane, 1,2-
diethoxyethane or ethoxymethoxyethane, a cyclic ether such as tetrahydrofuran or 2- |
methyltetrahydrofuran, an organic aprotic solvent such as dimethylsulfoxide, 1,3-

25  dioxolane, formamide, acetamide, dimethylformamide, dioxolane, acetonitrile,
propylnitrile, nitromethane, ethyl monoglyme, phospheric acid triester,
trimethoxymethane, a dioxolane derivative, sulfolane, methylsulfolane, 1,3-dimethyl-2-
imidazolidinone, 3-methyl-2-oxazolidinone a propylene carbonate derivative, a
tetrahydrofuran derivative, ethyl ether, 1,3-propanesultone, anisole, dimethylsulfoxide

30 and N-methylpyrrolidone, and mixtures thereof.
-8-



Li FePO4/C are listed in Table 1 below. To prepare Li3V2(PX)3/C particles,
lithium acetate hydrate, vanadium (1V) oxide bis(2,4-pentanadi onate), and
amoni umwohytregwn phosphate were used as ion precur sorsT/SGherwesght s of
the conponents used 20 to synthesize Li3V2(PO4)3/C are |listed in Table 2
bel ow. The ion precursors were added into the CTAB- ethanol solution. Then,
de-ioni zed water was added to the solution with the ethanol -water vol une
ratio of 5:1 or, 12:1. The_solution was stirred for 24 hours and dried using

a rotor evapor ERgsboye-desaribed patiqry gay be grepased by methed sivailenée thabis gr ounded

using a . | | o) r intered in a
tube fur %ﬁ?ﬁﬂﬂ)ﬁﬁ@?ﬁ% é? )r%gg’gﬁé F%@?Sﬁ%@%% L‘@stﬁ) or argon
at mospher e (f oWithoepfarthagelabosatRnPid4y Belivved Bt 8AOKkifl@l inthSartt 0ad, basedd
2012/ 023904RCT/ SG2011/ 000285 Tabl e 1: The wei ghts and concentrations

of the cdRpdisciosure tuligs therpesentiny entionde ats Tultestexsertn (Thadeliowing TAB
3. 64460 LpeliRPtniboatitehtTarEfdrefdtEA0 bR cofidtiued 3 ffetdy Fedtriflve 30a Wt

limitative of the remainder of the disclosure in any way whatsoever. All publications

cited herein are incorporated by reference.

Example 1:
10 Preparation of Li3V(PO4)3/C and LiFePO,/C particles

All chemical precursors and solvents were commercially available and used as
received without further purification unless otherwise stated.
Cetyl trimethylammonium bromide (CTAB), a surfactant, was dissolved in
ethanol to give a solution at the concentration of 0.01 M. To prepare LiFePO4/C
15 particles, LiH,POj (as lithium and phosphate sources) and FeCl,.4H,0 or Fe(C,H30,),
were used as ion precursors. The weights of the components used to synthesize
LiFePO,4/C are listed in Table 1 below. To prepare Li3V2(PO,4)3/C particles, lithium
acetate hydrate, vanadium (IV) oxide bis(2,4-pentanadionate), and ammonium
dihydrogen phosphate were used as ion precursors. The weights of the components used
20  to synthesize Li3V2(PO4)3/C are listed in Table 2 below. The ion precursors were added
into the CTAB- ethanol solution. Then, de-ionized water was added to the solution with
the ethanol-water volume ratio of 5:1 or 12:1. The solution was stirred for 24 hours and
dried using a rotor evaporator at 70°C. After drying, the obtained powder was grounded
using a mortar and a pestle. Finally, the ground powder was sintered in a tube furnace
25  under Ar/H; atmosphere (for preparing LiFePO,) or argon atmosphere (for preparing
Li3V»(POs);3 at 600-800°C for 4-6 hours.



Li H2PO4 0. 5975 ¢ Tabl e 2: The wei ghts and concentrations of the
conponents used to synthesize 5 Li 3V2(PO4) 3/ C. Conponent Wi ght CTAB

3. 64469 Lwohoipm2zmet at e dehydrate 0.25 g Vanadi um (1V) o©XTG€2011/000285

bi s( 2, 4- pent anadi onate) 0.4332 g Amoni um di hydrogen phosphate 0.2819 g

Table 1: The weights and concentrations of the components used to synthesize

LiFePO,/C:

Component Weight

CTAB 3.6446 g

LiH,PO4 0.5227 g

FeCl,.4H,0 850 mg

or
Fe(C,H30,), 850 mg
LiH,PO4 05975 g

Table 2: The weights and concentrations of the components used to synthesize
5 Li3V2(PO4)3/CZ

Component Weight
CTAB 3.6446 g
Lithium acetate dehydrate 025g
Vanadium (IV) oxide 04332 g
bis(2,4-pentanadionate)
Ammonium dihydrogen 0.2819¢g
phosphate
Example 2:
Characterization of mesoporous nanostructured particles
10 The LiFePO4/C and Li3V,(PO,)3/C particles were subjected to X-ray diffraction

structural analysis. These studies confirm single phase formation of LiFePO, and o-
Li3V2(POy). Figure 1 shows the diffraction patterns of LiFePO, and o-Li3V2(POy4) and
the identification of Bragg planes.

-10-



Exanpl e 2: Characterization of nesoporous nanostnictured particles 10The

Li FePO4/ C and Li 3V2(PO4) 3/ C particles were subjected to X-ray diffraction
struct ur avoangloessos. These studi es confirm singl e phaseptCoscatilono2ss

Li FePO4 and aLi 3V2(POX4). Figure 1 shows the diffraction patterns of Li FePO4
and a-Li 3V2(PO4) and the identification of Bragg pl anes. The

Li FePO4/ C and Li 3V2(PO4) 3/ C particles were al so subjected to a field

em ssion scanning el ectron mcroscopy (FESEM. Figures 2(a) and 2(b) are
FESEM i mages ofhe LiEePOFEROI/LE ubP Oi)oCamarticles weresitsovsubjepledtea ffielde nor phol ogy

with the thickness alo b- axi s bei nd.. 30 n - an ~axes about
30 nm ( PSP canas itisn BedetpyPESERHY Fighren el A5 ARIESEBST nac
when Usi rghagtd Sfthe BilvPERAC patidles, WIHEN SHOW & platd-Hke Adrphofogy(with flee FESEM

i mages of the Li3V2(PO4)3/C particles, which are spherical. Figure 2(e) is

a hi gh r ¢Biskuess glengbamenbeing afouad 80 nabandy-aind soaxgy abauR3Emn (Brerespate t he

; _ . . P h N h
cont | g rEQUS N et HorBholbhy A DOtAIEA pRhustoE oA RAR ARl 1C o
propert i giecursdrs. FERés(aR) arSNES EXFindges ¢fthe LENVBEP0,)3/C paftielgdOwhich

el ectrodes were fabricated by m xing the Li FePO4/ C or Li3V2(POX4)3/C
parti cl esire sphseralp Fighre d(¢) iy abigh reselption feaasmisgipn slectrgn micrgscapye wei ght

rati o of —[;lé%g ' B Wati ' r ]

t hi ckness(% }ﬁﬁéﬁ?‘# geon%gtagl%gflﬁgér%gﬂg? °§%evg(bn@%&e§§%§%%?he‘§”susi ng
an et chedhatlthercouating thas & uaforan thicknesstarowid £amor. A lithiumnmetal foil, 1 M
Li PFj I n ethyl ene carbonate and di ethyl carbonate (1:1 VAT) (Merck), and
Cel g Pd 2502 nenbrane were used as a counter el ectrode, an electrolyte, and

a separ atE;[amﬂ@§:pectivel y, to assenble coin-type cells (size 2016) in an
Ar-filled glrove 20 box (MBratm Germany). The cells were aged for 12 h

bef or e mEElectrochemical Bopertjes of EiFeBOYE anddli; VigPA4):/& patidesant current was
carried out using a.copputer controlled.Arhin t t est er. I

BT2000, UsA) - e BIEBHO S ot APt oot bt ke o BPORRIG S
exhi bi t egaftit&] hipet PTafon BadkEddBiHIITR armlf:acttﬁe% f Bkidlot 709 srpyoval  of
1 Li in one hour resulting in 25 170 my). See Figure 3. At a higher rate of

30C, 16he imdbmothybpyrrolidoaPOTheelsatrodesiveth o thicknessqfi6i iy and a geomethical,
compar ed E L1} SPEYOLIE! el Ly, SUIE DeSl AR ESE R 1Y A St gt 49

lithium metal foil, 1 M LiPF; in ethylene carbonate and diethyl carbonate (1:1 V/V)

(Merck), and Celgard 2502 membrane were used as a counter electrode, an electrolyte,
and a separator, respectively, to assemble coin-type cells (size 2016) in an Ar-filled glove
20  box (MBraun, Germany). The cells were aged for 12 h before measurement. Charge-
discharge cycling at a constant current was carried out using a computer controlled Arbin
battery tester (Model, BT2000, USA).
It has been observed that mesoporous LiFePO4/C particles exhibited excellent
storage performance at 2C rate (1C refers to removal of 1 Li in one hour resulting in
25 170 mA). See Figure 3. At a higher rate of 30C, the mesoporous LiFePO4/C particles
had a capacity of 58 mAh/g, compared with solvothermally synthesized LiFePQO, that had
only about 45 mAh/g. See Figure 4.
Electrochemical properties of mesoporous Li3V,(POy)3/C particles were also

investigated.
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El ectrochem cal properties of mesoporous Li3V2(PO)3/C particles were al so

I nvestigated. WD 2012/ 023904PCT/ SG2011/ 000285 A char ge-di scharge

vol t age owowei1dmsoothe synt hesi zed a-Li 3V2(PO4) 3 at the rerscabi1@od8s (19. 7
mAh/g) in the voltage range of 2.5 - 4.6 Vis shown in Figure 5. Four
charge plateaus at 3.59 V, 3.67 V, 4.07 V and 4.54 V were observed in the
charging profile. These plateaus correspond to the phase transition
processes of Li"V2(PO4)3 ( x= 2.5, 2.0, 51.0, and 0). The sequences of the
reactions are Alcbange-disshirge woltage.chgvefor thieisgivhesiat) &-LisMoP G4t pimdate of 0. 5Li +

0.5 .67 M. Li2.5V2(PO4) 3-ALi POY) 3 .5Li #+_0. 5e-(ch
5. 07 v SR BTds Ly in dip polfade sangelgt 25 1 45 pakbiayn Digres phurchatge” ™" 9°)
Li V2( PO4)plateané%t BG9)WB 361V, .07 ik 5 88) were observE®inthé ehaEme ppéMeess, on

t he ot her hand, gave a S—shaped curve, which indicates the solid solution

behavi or Thes¢ plateags sarresponditpchg phasa transitien prasesspnelelix Y ARGk ( 8 281a%i or  at
vol tage p| ate ou . 6 L 2V - > PX4)3) and 3.59 V 15
(Li 2.gvz?’P@ﬁ“@ﬁ>i’$§@%&%?¥ﬂ%ﬁ%&%§%§§8‘g%gspg%{u y c?an)reach 176. 8

mAh/ g. Figure 6 shows charge-di scharge curves of nonoclinic
a-Li 3V2(POX4) 3/ C at various C ratesggfrom C 10 to 80C) in the voltage range
of 2.5 - 4.6 \B5FVglrieV#PQnowdiz M P T Ot O-3f  a- L{cB¥rZePO4) 3/ C

particles ver i cwGl NI \L©) e ran 2.5-4.6 V. At a
rate of 80C, ?ng ych‘%?b%@é@éﬁf/ 23?5{% +r21§SIF%A %gwas ag:ﬁfug\%)ed W th
excel | ent cycl4.07 perLigVi(ROge—1IW,@Oghi+ Liiand” st or age f @hangg) was obser ved.

10 4.54 V : LiVy(PO4)3—V2(PO4)s + Li* + € (charge)

The discharge process, on the other hand, gave a S-shaped curve, which indicates
the solid solution behavior (V2(PO4);—Li; V2(POy)3) and the two-phase transition
behavior at voltage plateaus about 3.67 V (LiV2(PO4)3—Liz sV2(POs);) and 3.59 V

15 (Liz5V2(PO4)3s—Li3V2(PO4);). The discharge capacity can reach 176.8 mAh/g.

Figure 6 shows charge-discharge curves of monoclinic a-Li3V,(POs)3/C at various
C rates (from C/10 to 80C) in the voltage range 0f 2.5 -4.6 V.

Figure 7 shows rate performance of a-Li;V2(POs)3/C particles versus Li up to
25 cycles in the voltage range of 2.5-4.6 V. At a rate of 80C, a discharge capacity of 59

20 mAh/g was achieved with excellent cyclic performance. No significant storage fading
was observed.

Figure 8 shows cyclic performance of a-Li3V,(PO,)3/C particles versus Li at
20C up to 1000 cycles in the voltage range of 2.5V-4.6 V. It indicated that the
synthesized a-Li3;V2(PQOj)3/C particles retained the discharge storage capacity around

25 102 mAh/g without significant fading up to 1000 cycles.

In summary, the soft-template synthesis possesses several advantages over other
methods, such as (a) homogeneous mixing of the reactants avoiding any non-
stoichiometry, (b) high degree of crystallinity, (c) control over the size and morphology,
(d) in-situ carbon coating on the surface of particulates, and (e) low cost and easy mass

30 production. This soft-template synthesis affords LiFePO4 and a-Li3V2(POy); crystallites
-12-



Figure 8 shows cyclic performance of a-Li3V2(PO4)3/C particles versus Li at
20C up to 1000 cycles in the voltage range of 2.5V-4.6 V. It indicated that
t he synt N©I202@23001i 3V2(PO4) 3/ C particles retai ned the #CILGAVGHRBHr age
capacity around 25102 mAh/g wi thout significant fading up to 1000 cycl es.
In summary, the soft-tenplate synthesis possesses several advantages over
ot her net hods, such as (a) honbgeneous m xi ng of the reactants avoi di ng any
nonst oi chi oretry, (b) high degree of crystallinity, (c) control over the

si ze and hayimgsmallgsizes( dy addition,ithis segtheshingrededes g thin untferm geatingofof

articul 3 }OR. L S:
ottt e Bh At oh (o RbripSh e RAIHERRY R EPOT L PAIR N e elies o5 - 12
- havi ngTlssebhigsaeé stesctures havtdied toexcell fiteldvarbbigghical tpreystiti&ofahd pdrticlesi f or m
coating of_  ampr phous carbon (5-7 nn) on the surface of LiFePO4 and

a- Li 3v2( IRYSPEPR | i tes. These uni que structures have |ed to excell ent
el ect sochem cal properties of the particles of this invention. 5 OTHER
EVMBODI MENTS Al'l of the features disclosed in this specification may

be conbi ned i n any conbi nati onOTHERNEMBODIMENITSc| osed in this
specification y-he replaced by.an al ternative feature serving the sane,
equi val ent, orgﬁpﬁaiez#atﬁ{?@&@.sgdrms ﬁl.?ﬁ‘l’lg‘ﬁgnofdn@k ?&E‘P‘?eé d ot herwi se,
each featdonfbistitnl Fa6K fdature lskloddd MRiiRpeciRtatRnIBREd fephbéd BpaPf equi val ent
or simlar features. From t he above description, one skilled in the

art can edtcmajive featyre sevingthe same eqiivelent ar siotikar putposs THust wdessr esent

i i it h d ti f th irit d th f.,
ke 10ay ettt 0 AR o RO Ra 3R i @R e S esdisosries o 15
vari ous usgageiaRAtocsmiht feafaes. Thus, ot her enbodi ments are also within the

claims. WHAT IS CLAIMED |S: .
From the above description, one skilled in the art can easily ascertain the essential

characteristics of the present invention, and without departing from the spirit and scope
thereof, can make various changes and modifications of the invention to adapt it to

15  various usages and conditions. Thus, other embodiments are also within the claims.
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1. A nesoporous particle conprising Li FePO4 or Li3V2(POX4)3 crystallites,
and 5uni form coating of anorphous carbon on the surface of each of the
crystal | iWO20123840¢i n each of the crystallites has a si PETHG2R008@8HM and

t he carbon coating has an average thickness of 2-7 nm and the crystallites
are closely packed together, resulting in nmesopores in the particle. 10 2.
The particle of claim1l, wherein the crystallites have a size of 20-30 nm

3. The p%ﬂl‘%ﬁLx ﬂ wherein the particle conprises Li FePO4

crystall gafticle of claim1, wherein the particle conprises
Li 3V2(PO4) 3 crystallites. 5. The particle of claim1l, wherein the
nmesopores have a pore size of 2-10 nmm. 206. The particle of cl ai m 1,
wherein the paktiﬁcmsdmsolanaﬂthcmnpniﬁing.SO 1000 mm. 7. The

particle of clai erei nes res have a pore size of 2-10 nm
8. The particle g}’l@ébpq\fh ‘%‘gﬁéfwsflﬂﬁg sp&? icle conprises Li FePO4
crystallites. 25uyniform c&aunghﬁaﬁ@ﬁmo@h 8arBbn 6h M BBfac¥bLERN B Ccar bon
coating on the surface of the crystallites has an average thickness of 5

nm crystallity, The particle of claim7, wherein the particle conprises
Li 3v2( P%éeré&ceragﬁsﬂhle 'ch%?allites has a size of 20-50 nm and the carbon coating has an

average thickness of 2-7 nm, and the crystallites are closely packed together, resulting in

mesopores in the particle.

10

2. The particle of claim 1, wherein the crystallites have a size of 20-30 nm.

3. The particle of claim 1, wherein the particle comprises LiFePO, crystallites.
15 4. The particle of claim 1, wherein the particle comprises Li;V,(PO4)3

crystallites.

5. The particle of claim 1, wherein the mesopores have a pore size of 2-10 nm.
20 6. The particle of claim 1, wherein the particle has a diameter of 150-1000 nm.

7. The particle of claim 6, wherein the mesopores have a pore size of 2-10 nm._

8. The particle of claim 7, wherein the particle comprises LiFePOj crystallites.
25

9. The particle of claim 8, wherein the carbon coating on the surface of the

crystallites has an average thickness of 5 nm.

10. The particle of claim 7, wherein the particle comprises Li3V2(PO4);
30 crystallites.
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11. The particle of claim 10, wherein the carbon coating on the surface of
the crystallites has an average thickness of 5 nm 12. The particle
of cl ai mBo 2eipansdon the particle has a dianeter of 150- 20®8Ga0om1/060285 13.
The particle of claim4, wherein the particle has a diameter of 150-1000
nm 14. A method of preparing carbon-coated nesoporous netal
phosphate particles, conprising 10providing a solution containing a
carbon-contai ning soft-tenplate nolecule, a lithiumion-containing
conpound, an iYlenTherpavtigled! caim b0,-wimreinithe cagbaoenatiog dn tlze pinfaspbfithe

I on-cont ai ni C ound, and. a sol yent, wherein, anong the lithium

i on- cont aﬁﬁtﬂgteég’%g%ﬁv ,age;}‘g‘c???ﬁoﬁs Mnadi um i on- cont ai ni ng compound, and
t he phosphate ion-containing conmpound, two of them are the sane conpound,
all three of themare the 15 sanme conpound, or all three of themare

di fferent conp@unthe partidleof elgim hewhatindhe particlgthias p diameteri afd 5S8i1900mm. and
sintering the solid mxture to provide carbon-coated nesoporous netal
phospﬁate particles. 2015. The nethod of claim 14, wherein the

sof t-tenpl at e ¥80I'Hitiagtidle oDelhivh 4} wheteinhhi¢ pativlerhas idiunsierdd 1504000 nhd.i met hyl
ammoni um brom de, dodecyl trinmethyl ammonium brom de, nyrsityl trinethyl
anmoni um brom de, cetyl trinmethyl anmoni um brom de,

bl Uroni o P 123+ B FPBAR of i ki cSREAD IS ppldTE b BB A BBl [0,
cl ai m 15,contpeisgign t he |ithiumion-containing conpound is lithiumacetate
S\bhg g}g; 8231965&'@% g%%%fqr 2 eng@ﬂﬁﬁf?%ﬁr bn-%cr)ntla{ntirpgl sl{) -tg%/n%rlﬁélm% ecu er’lghydr ate.
lithium ion-containing compound, an iron or vanadium ion-containing compound, a
phosphate ion-containing compound, and a solvent, wherein, among the lithium ion-
containing compound, the iron or vanadium ion-containing compound, and the phosphate
ion-containing compound, two of them are the same compound, all three of them are the
15  same compound, or all three of them are different compounds;
removing the solvent to afford a solid mixture; and
sintering the solid mixture to provide carbon-coated mesoporous metal phosphate

particles.

20 15. The method of claim 14, wherein the soft-template molecule is octyl
trimethyl ammonium bromide, decyl trimethyl ammonium bromide, dodecyl trimethyl
ammonium bromide, myrsityl trimethyl ammonium bromide, cetyl trimethyl ammonium
bromide, trimethyloctadecylammonium chloride, docosyltrimethylammonium chloridé,
pluronic P-123, pluronic F127, or pluronic F 68.

25

16. The method of claim 15, wherein the lithium ion-containing compound is
lithium acetate dihydrate, lithium dihydrogen phosphate, or lithium hydroxide

monohydrate.
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17. The method of claim 15, wherein the iron ion-containing conpound is
iron acetate, iron chloride, or iron acetyl acetonate; and the vanadi um

i on- cont aw@i2a/edvpound i s vanadi um (V) oxi de, vanadi umPCIISIGROIINPESS de,
vanadi um (111) oxide, vanadium (1V) oxide bis(2,4-pentanadi onate), vanadi um
(I'V) sulfate oxide hydrate, or 5 vanadium (l111) acetyl acetonate. 18.
The nmet hod of claim 15, wherein the phosphate ion containing conpound is

anmoni um di hydr.ng hgsphat e. 19, The met hod of claim 15, where the
lithiumion-co ?’aﬁi‘? ﬁ'ﬁ&é’ar‘?gS@HBj]gnﬁh?rﬁ@ the OB ARl EONtYAING SAMPORNG i ¥ pound
are the sg¥ts FRCHRRideNG irdrSadetyl BEOAAL; WHE HROGR BRSO XoGtainin 20.

The nmethod of claim 15, wherein'the sintering step Is congucte at 600-
15800C. compoundis vapadiume(Voekide, vehaxdium (H]) chvhwridej varatimns(IH) exideg step is

conducte rotecti at nosphere. 2022. o] ous, ret gl phosphate
particl egvaglrgglg%r’rwﬁyldﬁ’ S(%'gf%ggﬁ ‘°‘&‘F§¥W !%ﬁﬁﬁ%@@%@gﬁaﬁwgﬂ ng: an
anode,5 a vaadree(Ill)bestfacetditife. aqueous el ectrol yte between the anode and the
cat hode, wherein the cathode contains the particles of claim1l.

18. The method of claim 15, wherein the phosphate ion containing compound is

ammonium dihydrogen phosphate.

10 19. The method of claim 15, where the lithium ion-containing compound and the
phosphate ion containing compound are the same compound that is lithium dihydro gen

phosphate.

20. The method of claim 15, wherein the sintering step is conducted at 600-
15  800°C.

21. The method of claim 15, wherein the sintering step is conducted under a

protective atmosphere.
20 22. Mesoporous metal phosphate particles prepared by the method of claim 14.

23. A battery comprising:
an anode,
a cathode,
25 and a non-aqueous electrolyte between the anode and the cathode,

wherein the cathode contains the particles of claim 1.
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