Li MPO4- BASED COVPQSI TI ONS OF MATTER FOR CATHODES FOR HI GH PERFORVANCE Li
BATTERI ES CLAIM OF PRIORITY [0001] This Application clains priority from

U. S. Prowyei20n@ssfgat ent Application Serial No. 61/335, 6881/senbdittobedo
"Modi fied Li FePO4 cathode materials with ultrafast charge rate and
ul trahi gh power density for high perfornmance Li Batteries," filed on

January 11, 201DiMRQBASHED]COMPOSITIONS/OF-MATER FERBed batteri es,
and in parti UAFHODESFOR HIGIPEREORNMANCE R BATTERIES f or

cat hodes for high-performance batteries such as Li rechargeable batteries,
where Mis at |east one transition netal. BACKGROUND ART [0003] Li

rechargeabl e batteries are preseqt,l prom si ng candi dates for
A gggf_y

| ar ge- scal e energy storage appli s for the next generation of

electric ybri.d el ectric.vehicles, .el rgnic.. ' . Qt:-her high
per f or rranilg)%tlgol ns ﬁﬁ’é’ﬁ?ﬁg’?,‘ﬂa&{n@ PURHONG® ﬁg'%\'/gfolvgsdgsi&i(%%gt %Eﬁﬁ%gx?

r echar gealkfalNg. 62133856880 brtitled eMddifiéd LiFeHOL chtbBd¥materialsMAtMultrafagener al
where Mcan be a transition netal or transition netals, is onelgé)f t he nost

proni si ngchugamivanthelgehighpomsr depsity|ferdugh pesfermance L1 Batteries, i filed An gh

capacity iﬂﬂ S al stability (safety). However, its lowintrinsic
el ectronicC cgﬁ{jﬁé?lb\%ty of 10-9S/cm prevents the full use of this naterial

to its theoretical capacity. Further & the Li+ ion diffusion coefficient
is very low, i.e., 10-11 to 10- io c =t . [0004] These two intrinsic
drawbacks of ol ivine-structured Li are.a bottleneck for its use in
commrci.al(%&ﬁg!i .‘PS%!OWrﬁgéFﬁd?h'ggs%t%ée?%é’? Jnjpact ?HSH?E‘I’ oss at high
current dengeb, BasddScomipsitns sPRfatt&olst aﬁh@desttbm&a)%mhnaﬁ;e baft@fe4 and
Li MhiPat etc. The poor performance at high current densities is believed to

be di r ect bycheasdd cechargeabletbatteties, pbererMinat loast one ensitign metali nt ri nsi ¢
el ectronic and ionic conductivity. There have been many attenpts to nodify
Li FePO4, including doping different elenents into Li FePO4, but these
attenpts have not overconme the BACKGROUND ART
[0003] Lirechargeable batteries are presently the most promising candidates for
large-scale energy storage applications such as for the next generation of electric and
‘ hybrid electric vehicles, electronic devices and other high performance tools,
machines, etc. Among the various types of Li rechargeable batteries, olivine-
structured LiFePO, or LiMPO, in general where M can be a transition metal or
transition metals, is one of the most promising cathode materials in the electric
vehicles due to its high capacity and structural stability (safety). However, its low
intrinsic electronic conductivity of 10" S/cm prevents the full use of this material to

its theoretical capacity. Furthermore, the Li* ion diffusion coefficient is very low; i.e.,

10" t0 107'° cm?s™.

| [0004] These two intrinsi¢ drawbacks of olivine:-structured LiMPO, are a
~ bottleneck for its use in commercial applications. In addition, the reversible capacity
loss at high current densities is another shortcoming of LiIMPO4 such as LiFePO,4 and
LiMnPO, etc. The poor performance at high current densities is believed to be
directly associated with the polarization caused by low intrinsic electronic and ionic
conductivity. There have been many attempts to modify LiFePO,, including doping

different elements into LiFePO,, but these attempts have not overcome the



af orenenti oned shortcom ngs to achi eve a Li FePO4-based cat hode with good
performance at hi gh charge and di scharge current densities. SUVMMARY [ 0005]
An aspectwof2otims4ionvent i on provides a nmethod of enhanci RgTiSiGeoIA®NRICt i vity
of lithium nmetal phosphate materials nodified through doping with

rut heni um 0006 Anot her aspect of _the in | O S.a osi.tion of

mat t er théf ﬁﬁbﬁl“?'?a shorfeomangs, to d%th“ﬂ’édabx‘eﬁa]f’tp Q@F%ﬁ ?%PO% ﬂﬁﬁi wher e
Mis at %%nﬁﬂﬁe%fﬁa@ﬁ'chbx%@aﬂ@ﬁﬁbh& Surrent Bensifibs. NI and Co), “and wher ei n
the material has a general lTattice structure. The material further includes
Ru ions that substitute for at |east one of Li ions and ions of the at

| east one transition metal Min theSYMMARY| |attice structure. [0007] An

exanple material (conpositions of matter) has the general fornula.
Li i Ru" MPOJ0MIr eAa a'swctoﬁ&neamnenaanipmym atmethérbof/erilhancing die qRmdugtivity

onstol o h@ﬁwﬁlﬁnﬁ%&pﬁ\ %gfﬁ“a'dﬁﬁf@ﬁa@%@wﬁiétﬁaﬁ% er ais

equal to t of Ru, ich can be from.2+ t < 8).
[0008] And ?fg‘%asﬁﬁ‘fté}f inyentipn,i Pﬁ?‘aﬁ?%ﬂ@a &h@‘s‘i&ﬁ&’f’ée%t erial
t hat Usesnﬁﬁi&ﬂﬁ % H&rﬁdlé‘ﬂﬁm’wr\wﬁﬁéﬁ}l 1sa£i‘ie£ﬁ§nét§‘ﬁ1sﬁ%era|

formul a Li Mhi. -coe2Ru where a is constant and equal to the val ence of

Ru ions i metdlde.gt, FecMnoNeand €oj, andwherein the maseriadaala gteoerahlettwal ence of Ru
ions in no st.Qi chi,onet ri <x<l1 [a. l.n.anothe t.he
par anet er ° ?tgr e%‘ﬁlmﬁtg@rﬁé‘qfﬂllgﬁg‘gesgﬁu PR MRS b@ﬂﬁm gﬂ{ H?a)ét 2111 rom 2+ to

8+. The | i¢rd andisNFaRe stdesdh 6aPhaistiorhetal B inBé géivpaliladte Siscn@s. an active
cathode material in Li-ion rechargeable batteri es [ 0009] Thus, anot her

aspect of [§¢u7] i NX8RkiRPleirateridl &H@Mtﬁ&@ P inaffRf)HaS tHAseneal forifier al fornul a
of Lii.. I!zu I\/ILO4 or LiRu J a-ax?c ° eroe a?ls) equal "to the valence of Ru

i ons, M i $iakRiu,ABO, wihereta srwnlstamrmdeqadtl to thredvaderice ofl Rudihstoschiorhetkic [ 0010]
Anot her aspect t the i vent|0n| osjtion of .matter conprisjng a -
FChium ST, o i Al A1 oL J B ROROICHg T AR g BFFR - ol

Li %e%m Liﬁ,?ﬂé%raxﬂe@@%ls"l\%&ﬁﬁﬁo%é valdRk of Ri2wvhich daliDetRInE PS¢ Of the Ru

ions and c1IsS ence
- 8+ (e,2<a<8).

[0008] Another example material is a lithium manganese phosphate material that
uses manganese (Mn) as the transition metal and has the general formula
LiMn;_»Ru,PO, where a is constant and equal to the valence of Ru ions in the
stoichiometric forﬁ, and is not equal to the valence of Ru ions in nonstoichiometric
form, and 0<x<1/a. In another example, the parameter a is equal to the valence of
the Ru ions, which can be from 2+ to 8+. The lithium manganese phosphate material

has applications as an active cathode material in Li-ion rechargeable batteries.

[0009] Thus, another aspect of the invention is a composition of matter having a
general formula of Li;.oxRuyMPQy or LiRuyM.¢/cPO4, where o is equal to the

~ valence of Ru ions, M is at least one transition metal, and c is a valence of M.

[0010] Another aspect of the invention is a composition of matter comprising a
lithium metal phosphate material system having a general formula of Li; ,xRusMPO,
or LiRu,M, oz PO4 where a is not equal to the valence of the Ru ions, and c is the

valence of M.



[ 0011] Anot her aspect of the invention is conposition of matter that
conprises a lithiumnetal phosphate material system having either a first
formul a LWO20KR$4NPO4 or a second fornul a Li RuML- ax/ cPORCT/RIGROIpANENTRt er a
Is a constant -and i s not equal ‘to a valence of Ruions for the first

formula angd is naqt al to /al ence of Ru i.ans for the second fornula,
i s defi ne%8§ﬁ0<%£f,ﬁ'% cﬁ?ﬁpégg’tm%?fblstcp%gl?‘fw’bﬂ;mftﬁrl hat COPPUISESE 5 v al en)ée
of the at [iRAst mefE phosphatenhAEridIB! MavihB eftRer@i¥Pfodmulde paraneter a is

in the range from1l to 8 for the Tirst formula and is in the range fromc
to 8 for tlhieofecMPOsfosarsatand foooulaLiRndharP@s pEe pasameteeaiingconstant i s a

met hod of synt hesi zi a conpositi.on of t based,on lithi um nmetal
Dhosphat ¢ Fisprtisoaa vaoRB af Ride B it ipraiti sod A net eatddtha et al
conpound, valdHee sPRANEHSOE tHERestHd. foRitlatx BUleEASPBY 0dx D) M@ 40leastibaed Ure. The
met hod al so includes pre-calcining and firing the mxture to formthe

conposi t i drnsitiopametaly anbe isrpevalence of therap lagst eneitrapsiton mgte M. TR p” at | east
one transigi rar [ £ t ﬂngﬁ . .ce
structure éé‘#%ﬁ%e?ns s%%s‘?%t?@é #aggggﬁ&l g%s% ﬁ%ne O@?{(%ﬂﬁﬂdﬁ?%ﬁd Min
t he gener ahngefrbmeao StfotitelseconddBirinla DESCRI PTI ON' OF THE DRAW NGS [ 0013]
FIG 1A and FIG 1B are X-ray diffraction (XRD) spectra (Intensity vs.

0/ 20) of 00E2qamAnStHet hipebidfithe hveh@siPR alkethied 6f dyathesizthguiécinpdsitRiiO4 (FI G
1A) and Lii..4. Ru"FePO4 (FIG 1B), where the_ |lithiumiron phosphate
mat eri al  L9fimgatten bisepon alibiusy metad phosphatg araterial n dhe methadpelydesmpxing a

I nvention . ol ' ] [ 1B
showi ng a 1@‘6’?“5@““"@?’@1 %@e%?%@%’ \%Ip p ﬁéggpfogﬁ‘é %@%g%é@&?%ﬁﬁoﬁ:pyﬁg ases;

[ 0014] FI Go févtn antxtoreS ThtAnethed alsa rndludes pres cdleiaingrandrfodgpothe nditinld toi mages of
pure LiFePai (FIG 2A). and Lii-4"Ru"FePO4 (FI 2B ere the particles of
the materifam eecogggﬁswe meaaﬂ%uﬁmtaem&:%f%%%wfﬁ@ m about
100 m to @elihiibRteRd, TARCHR 8§'ﬁ'n¥>919;§4r IFa]EQ eﬁerglslaﬁicglsﬂ'ﬁct?fe smecific
capacity (mAh/g) versus voltag (l\/? or an e e§tro e tornmed from

Li 14. Ru" FeRGons witdestitute for ahbdast anelof thesLifipnsanddMan dlexigeaieral lattice stnictugensi ty of
16mA g (0.1C) to 4.3V without holding, and once the half cell is charged to

faﬁgl nigt ) |r 3rr: gm;(cj:l ?E)el:%cdg' schai ged t qo%‘ozl?\/rf%nl\ﬁ\rvill&gss current densities
[0013] FIG. 1A and FIG. 1B are X-ray diffraction (XRD) spectra (Intensity vs.
0/20) of an example lithium iron phosphate material and pure LiFePO; (FIG. 1A) and
Li;4xRusFePOy4 (FIG. 1B), where the lithium iron phosphate material Li;4xRuxFePO,

was synthesized according to methods of the invention as described in the Example

below, with the spectra of FIG. 1B showing a typical olivine structure without any
Ru-based impurity phases;

[0014] FIG. 2A and FIG. 2B are scanning electron microscope (SEM) images of
~ pure LiFePO, (FIG. 2A) and Lij4xRuFePO; (FIG. 2B), where the particles of the
material are agglomerated and have a particle size ranging from about 100 nm toa

few hundred nanometers;

[0015] FIG. 3 is a plot of specific capacity (mAh/g) versus voltage (V) for

an electrode formed from Li;4xRu,FePQO,, where the half cell is first charged at a
current density of 16mA/g (0.1C) to 4.3V without holding, and once the half cell is
charged to 4.3V, it is immediately discharged to 2.2V at various current densities

ranging from 0.2C to 30C (4800mA/g);



[0016] FIG 4Ais a plot simlar to FIG 3 and plots vol tage versus charge
and di scharge capacity profiles for a Lii.s.RuxFePas el ectrode charged and
di schar gasoaniidisifogr ent rates varying from 0. 05 to 30C; PCOGGZ)11BD@10 4B
plots the specific capacity (mAh/g) vs. the nunber of charge/discharge

cycles for _a. el.ectr ere . the el ectrod | ed bet
2y2V and 4‘@@1 ﬁf&‘bf ESIEH{‘T’ d&q]gha&g Rlof yoltage v rerésigi'?)%h%%FC i? romel\ge'ta (r)]
20C; [ 001&isdrhige cap Aéiﬁr@ﬁi@& foriai mzutpbpla&iec%oa@éhdrigé@ﬁd(ﬁsaﬁrg%hai ge .rate

capacities of a Lil PO4 el ectrode charged at charge rates varying from
0.2 to 30Ciffenentrates|vagying Fome(-g2to IKC;2. OV at a di scharge rate of 0.1C
[0O019]FIG 6 is a plot simlar to FIG 4B for a Lii4"Ru"FePOX el ectrode,
and il lust[parHs FHE. 4Biph)bsi tihie'speomﬁc edpacity GuAhag3 vs.tthe summberiaedd at a charge and

di h t 20C. 0] .F dif t t
| e oar 0 dhtee Bichae sptias i e Rk P e riee s Al b ateds Por s of
pure. Li VniiRAyauth ¥ il 4 ROt 00 ditar 5 (rrlE) vafiOEdh 166 8 i S

the X-ray diffraction (XRD) spectra of fine-scanned from 24 degrees
to 30 degr206s and shows a shift of diffraction peaks from doping with Ru;
[0022] FIG 9A.s scanning el ectron mcroscope (SEM image of pure Li MaPO4
and FI G JP018] aFREM 1smqgjetmﬁulantimm098i§udﬂﬁsms chirge wat¢ bapapidies ptd es of the

materi al ar.e . r at da ve article si m.gpout 200
T Co & 1 v nRAdeC e one Bty § BaR ees vahyeifont B CB AT EERE
di schar ge dchhrged fo Qt)vaat@im@,hhligwl}a@q,fan@ a Li Mh0. 98Ru0. 01POX4 el ectrode
showi ng i nproved capacity delivery of Ru-doped el ectrode, wherein the

el ectrode e f Shafdr r | o 4.6 V and
Chen hot d 10988)° s T{f e S ARtk @ PGl 18 T: SENSRUFEO deldiichdd® T otod)

FIG 11 i lillusttatestthe darabilighof ¢lectrsleas itgscycled MrardargerandidigehargegRe0f 01PO4
el ectrod'eslo%t ‘a current density of 10 nmA/g. '

[0020] FIG. 7 shows X-ray diffraction (XRD) spectra (Intensity vs. 6/20) of an
- example lithium manganese phosphate materials of pure LiMnPO,4 and
LiMn,5xRu,PO4 (x = 0.01, 0.02, 0.05);

[0021] FIG. 8 is the X-ray diffraction (XRD) spectra of FIG. 7 fine-scanned from
24 degrees to 30 degrees and shows a shift of diffraction peaks from doping with Ru;

[0022] FIG.9A is scanning electron microscope (SEM) image of pure LiMnPO,
and FIG. 9B is a SEM image of LiMng 9sRug 01 FePO,, where the particles of the
material are agglomerated and have a particle size ranging from about 200 nm to a

few hundred nanometers;

~ [0023] FIG. 10 illustrates charge and discharge profiles of a pure LiMnPO, and a
LiMny ggRug 01PO4 electrode showing improved capacity delivery of Ru-doped
electrode, wherein the electrodes were first charged at a current density of 10 mA/g to
4.6 V and then held at 4.6 V until the current density decayed to 2 mA/g; aﬁd

[0024] FIG. 11 illustrates cyclabilities of pure LiMnPO,4 and LiMng ggRug 0;PO4
electrodes at a current density of 10 mA/g.



DETAI LED DESCRI PTI ON [0025] The invention relates generally to Li-based
batteries, and in particular relates to Li rechargeable batteries. Aspects
of the irwenviis4rre directed to the use of rutheni um dep&$G2011/000010
olivine-structured Li MPO4 fine powders as active cathode materials for

Li -ion and Li rechargeabl e bamw@s at least one transition
nmetal such as Fe, My, N and ; i nventi on i ncl ude net hods
for greatl ng the el ectroch C nance e_cat hode

v e o dP0RHlgn h Peon IR S BERT G Eip Bt bR i in il

rechar gealithitdd @ LefecRirgedbddBaterits) Asmcstofaﬁe inventidivae direted m:dhud@éof i thium
met al phosphate materials for formg\%}l(a ﬁbattery cat hodes. I.n an exanpl e,
Y

the |it hi urihepigm-goned ohixine-stcairedL n«ap@wmw acrtaﬁ%ﬁ@ sMmatetaly e wit h
I t

1 repor) "Hor LR A st reca PR AR W AR el Ppo SR HERGRE

exanpl e, tas&e| MnhNiland1€b .alA spéurs pf tht énveatian 1na1ud|esnetlmdsrfer geathy of a |ithium

nmanganese p osp terial that has a ner lattice s cture with an
ol ivine st %&epﬂgﬁocmﬁﬁmgégﬂaa%a ta*@#ﬁﬂ%@ﬂiﬁ@&ﬁ&%ﬁﬂ 'Li MPOY)
formed vi c'ueﬁaeém athiVe higAGRrRARML ioboiaHiciBRIbdfRkridsh Doth examples, the
general lattice structurés remain unchanged even thought Ru ions occupy
lattice si sition of
o o SO0, ARG L GntR iR Bunb0Rdh A0 AR RRTOO S

defi ned byfomnigg fié-battery cathiotes. LInNMR@tamplecthe lithium iadn plmphatenmtma:lmm tion
metal (e. and Co),..and wherein thz mat eri al has ener al

T2t 11 e o el GPeTakiafion SRR MAAR NG HEICHE 1 REITYHEE AHOMES i t ut e
for at | egilidelrublurdd LiFePO,PBFntPVR dobinkhFitittrade@Sdun® S fuflRAfind (FOK). Metal M

in the general lattice structure. [0023] "Anot her exanpl e conposition of
mat t er corpenctber exampiehthﬂhtlmnmtnepﬁhphmmate materdgliisin thyﬁqremffmhﬂmgnel ther a
first formula Lil. econd f la Li Ru. coacPMM, The '
par anet er “éaqggneéegﬁ?gr‘ﬁtﬁtmcéﬁlaﬂi at hgp 2 gHRFAR 1? C?%‘ft%rﬁc‘%l%?n Vif%ns for the
first formhauaGlel sSomplisea@undditied aliviak8fRecurd [RVHPO)S fdrftfedViedsiiiaond

formula, x is defined y O<x<1l, Mis at |east one transition netal, and c
i s a val erfith waceramouats df guthenigme Intbetseramplesqthegengral lathice stagigsl e, t he

par anet er 4 nd is in the
range fror%gr(‘:1 ?’ ghq‘ngr Fﬁe sec@qgiuflg%?rﬂ cuwiat{%fﬂ{f% "iﬂ’esa{l&rq}gwgexarrpl e, the
| i t hi um nefopingphosphate material can be in stoichionmetaic form (i.
represented by a first fornmula) when a is equal to the val ance of Ru i ons

or a nonstgexi Onﬁfe&axﬁ?lfe%ﬁip()hnﬁnofhﬁﬁae&%bwa HeYeif coMpASSE o Inhitah @) When a

IS not equal to the val ance ions, nanely: Li i RuxMPO4 and

Li M _axi clmstﬂmhoﬂdwmatﬁﬂ&l)dméya geaer@bm LIMRQ« thngeMtlélat leastn 0 and
c is the val nce of er

exanpl e, tOHE P%Q%SE%%’?H c?hna at%g a?énce of Ru

whi ch can 1£tﬁcé §tﬁm&é TRe fihterial ﬁmhealma Rngens‘ theneuBstitateSfor af 18asdohier
exanpl es, the paraneter a is not equal to the Ru val ence. The Ru-doped

it hi um mof &4 l%ﬁ@%mﬁ@fﬂm@ﬂwtOlkﬂa%alﬁlt{?éﬁé?t&lll\’lllatﬂﬁé@%% ddHe%re that is
char ge- ne§ In an exanple of Li iRu"FePO4, charge neutrality is
mai nt ai ned via {he relationshi p: :

~ [0028] Another example composition of matter comprises a lithium metal
phosphéte material system having either a first formula Li; oxRuyMPO;, or a second
formula LiRuyM;_oxcPO4. The parameter o is a constant and is not equal to a valence
of Ru ions for the first formula and is not equal to a valence of Ru ions for the second
formula, x is defined by 0<x<1, M is at least one transition metal, and c is a valence
of the at least one transition metal M. In an example, the parameter a is in the range

from 1 to 8 for the first formula and is in the range from c to 8 for the second formula.



0=4 , - axl, F xat++2Fe2++5Ps++4x202. Li + [0030] Due to the presence of Ru
with a high oxidation state, vacancies formin the general lattice
struct ur ewobbe/@mmunt (nunber) of defects in the generalpclraicein®osto uct ure
depends on both.the oxidation state and the anount of Ru used. In the
nonstoi chionetric form electronic defects are present. [0031] In an

exanmpl e, tIAG2%ky Thus imfreexample, ithe kithgum metgl phosphateimatenid caaheim| | attice

structure Yyi:a.: ' . W ' atti\c t vi ng sane
nunber of sﬁé@?&é@%@é&?pifﬁsr%ﬁ%fg?eﬁp%ﬁ%fAur éﬁnaz;r‘fghé% O{Ileél%éﬁ‘{ﬂéghﬁeo undoped
|t hi um i MatanpdoBRE &ne 08 & ehdbichidhiduiefosmr (6] tepresedte® B h sbebndfoirhelh)
exanmple, the Ru ions are substituted for ions of the at |east one

t ransi t i orVheatoais nopequabtq the valgacesefr Rt ans.cnamedy:Ru dopi ng, with the general

| attice structure having sanme nunber of lattice positions and renai ning
unchanged relative to tlhexBuddped ahd tiMum -RoPOphd@ptel @) general lattice
structure. [0033] Wien used as a cathode in a Li battery, the lithium netal

h hat e _nateri.al id ha d electr. 1 cal . .at, hi gh
Phar o and RS cofa shE%s ERRRETED 6 FH0LR0E Nelie BEMy BRI Rt e ¢ he
battery cagsconetranstidddhetdln I848RRMBPIPIHR PAratetér) sh@ThtepErtankd e equal bd UM

nmet al phosphate material  includes m xi nchorrpounds or_elenmental Ru with

ot her rawthgavalencsiof Ryy whichicag be fizom 2+ tg 81 (irfy, o eastpngciomZaioi &n In gdehani cal

er T _ b g 2+ 0 i genani
L s R R S T A e S e

"m Xing"  infetgl phREpHate/ mdtesidl has 4 Bencrslclaficy s@iGuRS thitlid chBfésneiitrdl. Nth &t hods
or conbi nations thereof. £0035] The net hod al so i ncludes cal ci ni ng and
firing th&xsmplewf&itgRuL R0 fchatees mevirality ismaintainsdoyiatherrelatigndip:ur nace or
furnaces having an inner or reductive atnosphere or vacuum protection to
achi eve vho»m)’g.eneous dgﬁct | %]c-ﬂfu )Hhx%{ m )ither e

L% Ru®* Fel* + 51’5* +4x 202+

[0030]  Due to the presence of Ru with a high oxidation state, vacancies form in the
general lattice structure. The amount (number) of defects in the general lattice
structure depends on both the oxidation state and the amount of Ru used. In the

nonstoichiometric form, electronic defects are present.

[0031] In an example, the Ru ions are substituted for Li ions in the general lattice
structure via Ru doping, with the general lattice structure having same number of
lattice positions and remaining unchanged relative to undoped lithium iron phosphate

general lattice structure.

[0032] In another example, the Ru ions are substituted for ions of the at least one
transition metal in the lattice structure via Ru doping, with the general lattice structure
- having same number of lattice positions and remaining unchanged relative to the

undoped lithium iron phosphate general lattice structure.

[0033] When used as a cathode in a Li battery, the lithium metal phosphate material
provides enhanced electrochemical performance at high charge and discharge current
density without substantially compromising the battery capacity.

[0034] An example method of synthesizing the lithium metal phosphate material

- includes mixing compounds or elemental Ru with other raw materials by mixing, ball

6



[ 0036] Precursors with conmpounds of Li, M P, and Ru sources are initially
m xed to achieve a certain degree of honbgeneity. In an exanple, the

precur sorw0i2811/i8k®@ i nt 0 acetone, ethanol or distilled RarsG2andoehen bal l
mlled at different energies for 0.5 to 200 hours. In producing the
particul ar_ it hi L L . J: the .m . 18

pre-cal ci r%%lltllh&(ﬁ’ rcg'?{ +égi/ﬁglrn BF%@%@&%&%@@’ &eﬁﬂg"ég%‘é?g%‘ggﬂég ﬁﬁg‘%{% éll? into

pel | et s t hmiking Aethbdy) wheseit tHeahix@iy methbénperesdlly fofin ahotdogetiange from 200 to

600C for a time duration from.3Q mn to 1440 m n _or |onger. [0037] Exanple
i t hi um cSM¥BERbere, thefgan L%,‘SISFQ‘%I&%&HS%%WCI‘E{%WIOS‘CPF 8{‘? "g’BH%)ounds
i ncl ude Fquifge@g@gdsg%agﬁggm&&gps and Fe(AC)2. Exanpl e phosphorous
conpounds 1 nclude NI 44142P0O4, (\1114) 2HPO4, (NH4) 3PO4, P205, H3PO4. Exanpl e

of mangan o] ' 1€ ture P eni um
corrpoundsellﬁﬁ“;cﬁﬁuggﬂﬂuﬂggﬁg%oaﬁgfw1O 3 ]Q’)aﬁ?tﬁg@%l}egﬁ%(a ci ni n%‘,ﬁﬁt&%{épm xed
powder caninixecarfd temperaturt irma furngcetor finanedsiraeingaangnhmey ok raluctOdathmosAli®@OC for a
time duration from about 30 ninytes to about .6008 m nutes or |onger. .

Al t er nat i \P&[Vgeuproteqhion to.achicy Qgencoys reactign QEedRiXNIe) ar e bal |l il ed,

or ground or treated by other neans to achieve a fine powder having a
subst ant i 409361 hoResguretrsvitheompennds AHLE MP.dnd Ry sources Arejaitighy mixed ng at

the afore i L i ' npl e, the
cal cf ni ng AEREFdr P BEAL SRR i BdiEcuridi FnREd

i nt erm tt émb agetoneliettgnol or distilkedangiereandtthen ball miltpdtat differart energoesfolbe

mai nt ai ne ubstantially constant over the firing_ ti durat.ion. [0039] In
an exanpl 553 té’rgoéﬂﬁl?ﬁ ]{prr%‘g'}cﬂlgrfﬂﬁaﬁmﬁglaﬁj}_&\éﬂf“ilﬁ?‘ hpﬂg“a"ber‘é‘@i‘}?g]oﬂ‘eduri ng the
regrindi ”%Ré&?&%&eﬂcﬁn%@ P?éléﬁcihaﬁdﬁé&%tmé’hﬁﬂed%&} 84l bofbme? cal
properties of ithtumiron phosphate material. The properties and

he fi nal :
qual i ty ofcomipacted itdo pelleththatarethen praooslsinedat temperatutes imthetyenge framed by

Cemer at urB0 ¢ RO Br R R RO FSEROREIR 480 i3t BleRg ot cs. orc. as
indor st 0od UGy onBxkple Bam AoPHEaR T OB LR On Fob IO CEF R

propertie : i o ) t Bx4 Exanpl e
O AR B IBNACFe0, EC0p EGON L eN FEOISRTEATH, Eurble

phoz pEat e phasphoiails chaﬁomfldmnolladeN&HoPo.a (NHpHPQs, M)shﬂ@uel’ﬁd, EhE@.of :?u_4+
used here), so.that the formula for the |i r osphate material is
T Rux Pl gt benesfese oo gpdi g uds MAG B Mo B SR BRbER ar e r om
X = 0. 000}y thBhifimt @nipouBds Mede RIS AndH T, [ 0041] To synthesis the exanple

lithiumiron phosphate material, stoichionetric anounts of Li2CO3, FeC204-

2H20, Nl‘mmlﬂ- C . } I i la in an
acetone liquid, g’?ﬁ%ﬁé%lﬁéﬁé{%té?ﬁf?dﬁ%%?g%hgﬁfﬁ&nﬁ%gﬁgwme{é for a few
hours to frargingfroamni0§etod 606’ Chiox fa tinee digration froineaboenl mynutes to abouta0006 | | .
0042] After ball mllipng, a.firin t.ep,is carried. out, which in an

bxanol o 1 SauEeer ey Altradtively, B ealtibRptndd of it batetSistee bl Booc
respecti vedifled,ide Jddrd?fl‘féﬁtewib&fbtﬁér%aﬁgt@iaﬁ’éife a'ﬂi}ie?ﬂdﬂfcfe}ﬁﬁ'ﬁngiaﬂ ng and

grinding are perforned to ensure chem cal honpbgeneity in the resultant
active powulstantially homogenous chemical and size distribution before firing at the '

aforementioned temperature and time duration ranges. In an example, the caIcining
and the'ﬁring of the mixed powder can be performed with intermittent grinding. In an
example, the firing temperature can be maintained substantially constant over the
firing time duration.

[0039] In an example, an amount of carbon can be mixed into the precursor during
- the regrinding process to enhance the conductivity and electrochemical properties of
_ the final lithium iron pliosphatej material. The properties and quality of the final

- lithium iron phosphate material may be altered by changing one or more of the
7



[0043] After the firing step, the active powder is well mxed with 15%
carbon bl ack powder and 5% pol yvi nyl i dene fluoride (PVDF) to forma slurry.
The sl ur ryo0i2811¢84t07on to an alum niumfoil to form an elPEFSGReI/000010t he

el ectrochem cal test, nmetal Li is used as an anode as well as the reference
el ectrode. [0044] FIG | A and FI.G 1B are X-ray diffractign (XRD) spectra
of an exar?ﬁ$‘@s"f PATRMETS Fush 351 Brng lemperatpreathefing qurg ehﬁp@gmo and

Li 14xRu" FeBating Fatds. eté.g_)«-s SR thd {AHoME S IdtRebiPhRsRbRE S B @bh@b11dd ih4 " RuxFePO4

was synthesized according to the nmethods described herein, wth the spectra
of FIG 1Bnainemsiungemstoodbycak skilied imthesrrinorderdo achiénadesaable prapertiesy phases

associated with. Ru. Thus, .the fact th the t spectra are essentially
i denti cal ?PWBF&%%@C?ﬂgﬁ"etlﬁ@uﬁlelﬁ%‘}gfosa%act?ﬂ% Tuctures for the two
materials are essentially identical and for all intents and purpose are

consi der.edixagnple 1t 0§ gRURFePOJ 0045] FIG 2A and FIG 2B are the scanning
el ectron m croscopy i mages of pure LiFePO4 (FIG 2A) and Lii4llu"FePO4

(FIG 2B) [0 i Aheshmple®nitdimEit R HedgthRen fbn phéspRateRiRériahss a Rae
particles are agglonerated and have a particle size ranging from about 100
nmto a foalenenmal4l.ecnanodethernalencé 0ORE] uredthere), 5o that thedormla forghe peci fi ¢

capacity h/ vers vol and_s the dj scharge capability of the
[T, R e onypegtiy Bl is o BRd Ay dined LI BFmiR icpieht s

used as aRfRIQAR bevaM&d fromsk A 0[0DDE RIS B a Aldinfuh @ F500@hdleas first charged
at a current density of 16mA/g (0.1C) to 4.3V without holding at 4.3V. Once

Lhe hal f gabd1y oo ChRaScnt Ol i85, HRUBBIELAN it hahBbetc 0 2. 2V at

various current densities rangl fromO. 30C (4800mA/g). It can be
seen fr omatrosntslofLiiGQs FeQsh 2H,® HeHRAQeandRuOrare mixdd accorld@ tot he cat hode
can still deliver. a _capgcity of 97 [gQ. [,0047]E 4A i s simlar
fo FI1G 3 CAREPPringdranas A fippeianch stpt REssUetyaer o5t Befblice for
Li 14" RuJeRfle® i Gl feRdRuf 816 a ABogérfol hiiRtiraNising '€ lovaBRerg R hérixahiati ng from
0.05 to 30C.. At a | ow charge and discharge rate of 0.05C, a discharge
capaci ty @#ll150 mah/ g can be obtained, while 92 and 63 mAh/g can be

achi eved for the high charge/di scharge rate 20C and 30C, respectively.
Conpar ed \9042] t hAfteetall miling tafinregistemisfaGiedRut \whlsick int ireexsingde isodiawva-s
charged at,K 0. 1C, it can. be seen th o bqth gases, the disgharge capacity
< hout - P8 sQikstale et certed ops i 1°C a8 SO0 T eE Ry AR AR ] v,
the nunbeky;hf ﬂd?vhiﬁg QfdR JRLRANARNEMHIRS aﬁ@%n’ﬁdlﬁg hitel peffoRfHed-RF&Adurl ect r ode,
where the el ectrode 1s cycled between 2.2V and 4.3V at rate (current)

varyi ng f chemitd hamogeaeity in the resultant active powder.

[0043] After the firing step, the active powder is well mixed with 15% carbon black
powder and 5% polyvinylidene fluoride (PVDF) to form a slurry. The slurry is cast
on to an aluminium foil to form an electrode. In the electrochemical test, metal Li is

used as an anode as well as the reference electrode.

[0044] FIG. 1A and FIG. 1B are X-ray diffraction (XRD) spectra of an example
lithium iron phosphate material pure LiFePO, (FIG. 1A) and Li1_4xRuxFePO4

(FIG. 1B). The lithium iron phosphate material Li;4xRusFePO4 was synthesized
according to the methods described herein, with the spectra of FIG. 1B showing a
typical olivine structure without any impurity phases associated with Ru. Thus, the
fact that the two spectra are essentially identical indicates that the general lattice
structures for the two materials are essentially identical and for all intents and purpose ’

" are considered to be the same.



[0049] FIG 5 is aplot simlar to FIG 3 and illustrates charge capacities
of a Li1l4"Ru"FePO4 el ectrode charged and di scharged at different rates
varyi ng fworen/o84t06 30C. The charge capacity of the Lii #CR$&ADNNAG
measured at the different charge rates after being fully discharged to 2.0V

at a disc r n. be seen, fromthe plot of FIL.G 5 that
the Lii4x II;@()%SPC%}@I 2;'%: rdogg'g?r]argghec%alrmg c8 6{68{1'21"1 AV o ?‘%W?Wsé)lf P%0omy g
(300 in dliBeROAFRIGN2A) ardd Kiy i JRu, FeRG (FIG 2B atdiluithee theensrphologies 6apaci ty.
At a low charge rate of 0.2C, a higglg cha&ge capacity_of 150mAh/ g was

obt ai ned. thgsematerialy Fhepasticles aga apdchave aqagtiqle sige rapgme; fypm

decrease i bi®0GR P8 FPRAIrcd naidglitdi1e charge rate is bel ow 20C. At a
char ge rvataeoof gOC, a charge ca%acﬁéyérgs hi gh as 107 mAh/ g can be achi eved.

9 [0050] Li 4~ RuxE f(ﬁﬁ% tial al,so sh c
cycabilit Ja-gfﬂhi gﬁﬁgiéra 3’5% sC .Ji’r%g@‘?ggéa?%tﬁ“@@ ‘f%s.u%\AA"r?ltggeO\;\gnh\A ?ﬁr%’ g 6, the
Li 14xRu" FelRdisciatgwochpakiliscafithel i) LR G FePOgelébitslict forresricals dischargl rates, r ent

fade in charge capaciity. The

density of. Q0my g without a substanti al
o0 e1 a1 o BRI i s Yoas 28 0O Rl 8 SFATERRS 854 § UL A har ge

capacity. f 0 I : : ' 2:
ThnL, oxRep g o Euiqle el of 0Rin/E RAIC] BRRFY RHlloRy RoldiR it 43V TORE =
doped i n tthehalf cabllswas chargedtta k. 3Vaiit wassinimediatelyrdischintged o PAY ativaripud or mi ng

Li Mni _2xRu. PO4.. Based on. this rJyrul content of Ru can be varied from
v 2o GooPurgR Ry es magngdin P 26806 At RBo8te brcees Rbmdle BBt ne
exanpl e | ithdtieVé ATRAE AN SSral RIRARhL2TRURE EdthodeSdaflistilll deIRdrTal Gap@dB it S Of
CH3COOLi . 2H20, Mh(CH3CD0)2. 4H20, NHAH2PO4 and Ru02 are mi xed according to
correspon@/fdnfAbigrul a in an acetone liquid, ethanol, or distilled water and
then ball-mlled for a few hours to forma honogeneous m xture. [0053]

After bal I[0047] | i FG. $Afid a ploysistilap td EIG Srandétusitates voltaghvérsusatischampepl e i s a

two-step solid stat.e reacgt.iop: ied ou t 350C d.600C, respectively,-
0t o Bttty BB o A0 Rurk oP ok Elaeftite s Saas s ot hE RS oy o
per f or ned rite vt@x@ﬁ'l-%he R0 108 ©I0ADIRRMEEaYed dgxdtdgfch!h&%%t{e?ﬂb,@ﬁ hve powder.

[ 0054] After iring step, the active powd IS we m xed with 20%

car bon bl diskhgreeeanacity df 190madVg camibd obdained, fwhitsr 920and(G3vmAN g eantber m a

slurry. The..sl ur I s.cast _on,tq an a ) Ni U il to.form.an el ectrode. In
the. el eot RSt ok i Slapaip etk Bl ACeAE reapsfivelt "GhRpEEE 1
r ef er ence wathatié £3URs obtained in FIG. 3, where the electrode is charged at 0.1C, it can be

seen that in both cases, the discharge capacity is about the same.

[0048] FIG. 4B plots the specific capacity (mAh/g) vs. the number of
charge/discharge cycles for the Li;.4xRu,FePO; electrode, where the electrode is

cycled between 2.2V and 4.3V at rate (current) varying from 1C to 20C.

[0049] FIG. 5 is a plot similar to FIG. 3 and illustrates charge capaéiﬁes ofa
Lij4xRusFePOy electrode charged and discharged at different rates varying from 0.1
to 30C. The charge capacity of the Li;4xRu,FePO4 was measured at the different
charge rates after being fully discharged to 2.0V at a discharge rate of 0.1C. It can be
seen from the plot of FIG. 5 that the Li;4xRuFePO; electrode can be charged to 4.3V
from 2.2V at 4800mA/g (30C) in about 4 min with still more than 70% of the
theoretical capacity. At a low charge rate of 0.2C, a high charge capacity of

: ISOmAh/g was obtained. With an increase in the charge rate, there is only slight

' déér'eaée in the charge capacity Ewhen the charge rate is below 20C. At a charge rate
of 20C, a charge capacity as high as 107 mAh/g can be achieved.

9



[0055] FIG 7 shows X-ray diffraction (XRD) spectra of the pure Li MnPO4 and
Li Mhi .. 2xRuxPO4 (x = 0.01, 0.02, 0.05). FIG 8 reveals the detailed X-ray

di ffractiwo228pessra fine-scanned from24 to 30 degrees. PCT/SGav1meodeen t hat
XRD diffraction peaks of Li Wi _2xRuxPO4 are shifted to a high angle. [0056]

FIG9 i ec cro es of ure (FIG
9A) anhsLm%ﬂ %lhﬁg‘ é&%&b g‘g'gftgﬂm?‘bsﬁ’ ‘Fy"?h’é‘ g‘l@:l es of
t he mmat er ichlrgesdi@hare oaﬂemruengl@y aAf WS @, ﬂn%ﬁ,Q{LeRﬁfI%P@@aﬂlB&’é’ are

aggl onerated. [0057] FIG 10 illustrates charge and di Schar ge piofiles of

the pure L9 W@ﬂlseﬁwlqglW@QM@t@hmﬂ@n@@nmﬂe§320ﬂneM@I\ﬂﬂmubdes are first

charged t 10 mAl at 4.6 V
until t he%gﬁsrtg%tléfl ?ﬁéigﬁrsxﬂfﬂgg%p gﬁhnllt&%i cg;t?ﬁ ca%ltgésg%g)& §?erl éil early
shows i npriheteds slapacnd yharé@ﬂiiaBdlt)Ffaﬂe aftdr ]IdOblt’ytzlbﬁhﬁ%oﬁlyt@in@bﬂatUré of3s5°ef the
pure Li MiPO4 "and Li Mn0. 98Ru0. 01PO4 el ectrodes at. a current density of 10

my g. W&deﬁpl@hauml_lz;{uﬁﬁ nposi tion of matter, conprising:
[0051] Anothef example material is LIMnPO,, where Ru is doped in the transition
metal lattice (1 €. Mn lattice pos1t10n) forming LiMn;_5,Ru,PO;. . Based on this
fonnula, the content of Ru can be varied from x = 0.0001 mole to a maximum of

0.5000 mole.

[0052] To synthesize the example lithium manganese phosphate material,
. st01ch10metr1c amounts of CH3COOL1 2H,0, Mn(CH;3COO),: 4H,0, NH4I-12PO4 and -
o Rqu are mixed according to correspondmg formula in an acetone liquid, ethanol, or

distilled water and then ball-milled for a few hours to form a homogeneous mixture.

[0053] After ball milling, a firing step is carried ouf, which in an eXample is a two-
step solid state reaction carried out at 350°C and 600°C, respectively, in a furnace
with flowing airgon. Intermittent mixing and grinding are performed to ensure

chemical homogeneity in the resultant active powder.

[0054] After the firing step, the active powder is well mixed with 20% carbon black
powder and 10% polyvinylidene fluoride (PVDF) to form a slurry. The slurry is cast
on to an aluminium foil to form an electrode. In the electrochemical test, metal Li is

used as an anode as well as the reference electrode.

[0055] FIG. 7 shows X-ray diffraction (XRD) spectra of the pure LiMnPO,4 and
LiMn; 5xRu,PO4 (x = 0.01, 0.02, 0.05). FIG. 8 reveals the detailed X-ray diffraction
spectra fine-scanned from 24 to 30 degrees. It can be seen that XRD diffraction peaks |
of LiMn;,RusPOj are shifted to a high angle.

[0056] FIG.9 is scanning electron microscope (SEM) images of pure LiMnPOy,
(FIG. 9A) and LiMng ggRug o;FePO, (FIG. 9B), where the size of the particles of the

material is about 200 nm to a few hundred nanometers and they are agglomerated.

[0057} FIG. 10 illustrates chérge and discharge profiles of the pure LiMnPOy and

LiMng ¢gRug 01PO4 electrodes. The electrodes are first charged to 4.6 V at a current
10



a material defined by a general formula Li MPO4, where Mis at |east one

transition netal, and wherein the material has a general lattice structure;
and wbengiisstohe material further includes Ru ions thatscaehmveciert e for
at | east one of Li ions and ions of the at |east one transition nmetal Min

t he general Iattlce st ruct 2. A conpgsjtion of matter acc rding to
claim 1, dg?‘i held a6 Yoyt the guryent flﬁ’éﬁ‘tyd@f"?ﬁéﬂ ®first

fornul a Lify gak ggﬂgfat&lagzgﬁgﬂ sﬁ&ﬁs’ﬂq}ﬁoxl‘éd!\éa AghCRU. PO4, where a is a

constant an ence o Ru i 0 or the first fornmula or is

equal to defhin O<x<1
/g, and c 0/5%21 va enceﬁ%fnl?eﬁ Iél‘[% h?algg g’ﬂﬂer ansi tl‘%’hn n%%@wga(%me
conposi t i elecrbdesat b enrraft dehsity & 10/A/ e n aisinthe range from2 to 8. 4.
The conposition of matter of claim1, further conprising the general

| attice structure with the Ru ions having the sane nunber of lattice
positions as the general lattice structure without Ru ions. 5. The
conposition of matter of claim1l, wherein the general lattice structure
remai ns unchanged upon the introduction of the Ru ions. 6. The conposition
of matter of claim1l1l, wherein the general lattice structure that includes
the Ru ions conprises an olivine structure. The conposition of matter
of claim1l, wherein the general lattice structure that includes the Ru ions
is charge neutral. 8. The conposition of matter of claim11, further
conprising the Ru ions creating lattice defects in the general l|attice
structure.

11



12 WD 2011/084107PCT/ SG2011/ 000010 9. A conposition of matter conprising:
a lithiumnetal phosphate material system having either a first formula

Li i Ru" MPXoap118sweond fornul a Li RuxM -axi c. PO4; and PCTI®G2010/080016 a
constant and is not equal to a valence of Ruions for the first fornula and
I's not eq t.0 ﬁir\r/lgge_nce of Ru ions for the second fornula, x is defined
by 0O<x<1, pas g ¥t one transition metal, and c is a val ence of the at
| east one transition nmetal M 10. The conposition of matter of clam9,
wherein a is in the range from1l to 8 for the first formula Lii,"Ru"MPO4,
and a is in the range fromc to 8 for the second fornmula LiRti.M -axi cPOX,
11. The conpdsiti on dFompesiten of mattes; ¢AnIPrisipgsr ein the Ru ions partly -

substitute for Li iq . IEB? ﬁﬂnl) | 1] ?h% ' , erein
the Ru ions partly s‘ﬂﬁ%&#‘%ﬁ?e or o%gﬂ%élo@ﬁghgiﬁ eas“[’Q{')hrfgé ﬁ ggn%i lfélMgn" et al
M 13. The conpm®itidnsitionfmetall and wiierein dienn8teriahkdsca gerideal 1Rice atractpss;t | y

substitute for Li ions and partly substitute for ions of the at |east one
transition met &™ .

wherein the material further includes Ru ions that substitute for at least
" one of Li ions and ions of the at least one transition metal M in the general

lattice structure.

2 4‘ A composition, of matter according to claim I, wherein the

- composition of matter 1s further defined by a first formula Li; xRuxMPO; or a

. second . formula LiMl;,:x/cRuxPO‘;, where o is a constant and is equal to a-
valence of Ru ions for the first formula or is equal to a valence of Ru ions for
the second formula, x is defined 0<x<1/a, and-c is a valence of the at least one

transition metal M.

3. The composition of matter of clam 2, wherein « is in the range from 2

to 8.

4. The composition of matter of claim 1, further comprising the general
lattice structure with the Ru ions having the same number of lattice positions .

as the general lattice structure without Ru ions.

5. The composition of matter of claim 1, wherein the general lattice

structure remains unchanged upon the introduction of the Ru ions.

6. The composition of matter of claim 1, wherein the general lattice

structure that includes the Ru ions comprises an olivine structure.

1. The compositioh of matter of claim 1, wherein the general lattice

 structure that includes the Ru ions is charge neutral.

8. The composition of matter of claim 1, further comprising the Ru jons

creating lattice defects in the general lattice structure.
12



14. The conposition of matter of claim9 having a general lattice structure
with a sane nunber of lattice positions as undoped |ithium netal phosphate.
15. The cwoposiasiwn of matter of claim 14, wherein the geEmSGad11loand ce
structure renains unchanged after Ru doping. 16. The conposition of matter
of claim 14, wherei n t he enera%P tice.structure conprises an olivine
structure. 1% The ¢d ° tﬁ‘ﬁtcP'é‘PHB‘chl aim9, wherein the Ru ions

create |attice def e(‘atliihﬁﬂfjméia@gﬁés‘ﬁﬁhtﬁ nﬁ@éﬂ%%téﬂhﬁﬂﬁg@ﬁﬁ&*é fidst oM VO
2011/ 084107PCT/ SG2011/ 000010 18. A" net hod of synthesizing a |ithium netal

phosphat e conpdsi-&xRoxMBO4 natatsechbeonpuHaﬂJ,lemex/cBOaslang at least one lithium
conmpound, at |east one transition ne und t. on osphorous
conpound, and .at | edS¥roHds PGOW%SW%EIPB Fﬁ%ﬁﬂpg&ﬁf&@f ‘é’ﬁﬁﬁ’e

pre-cal ¢ci ni ng tter
defined by the;ﬁ?écj)rIr)rtllﬂl?lhg\]gmi Q%owég?(ga k/lalelg&;({mﬁﬁag? ng%féfgﬁgﬁ@glnﬁnet al ,

and wherein thé dnﬁmdbytOKmﬁl,dM isat least ohetrassitimmmetal, andctis a valeneandt ur e, and

wherein Ru ion tutef t one of Li and Min the general
lattice struct ‘%,?‘L%lf one transi Onmetaielsls

10. The composition of matter of clam 9, wherein o is in the range from 1
“to 8 for the first formula Li;.oxRuMPOs, and o is in the range from c to 8 for

j the second formula LiRu,M.qxcPOy;

‘ 1113 The composmon of matter of claim 9, wherein the Ru ions partly -

substltute for Li ions.

12, The composition of matter of claim 9, wherein the Ru ions partly

substitute for ions of the at least one transition metal M.

13. The composition of matter of claim 9, wherein the Ru ions partly
substitute for Li ions and partly substitute for ions of the at least one transition

metal.

14. The composition of matter of claim 9 having a general lattice structure

with a same number of lattice positions as undoped lithium metal phosphate.

15. The composition of matter of claim 14, wherein the general lattice

structure remains unchanged after Ru doping.

16. The composition of matter of claim 14, wherein the general lattice

structure comprises an olivine structure.

17. The compositioh of matter of claim 9, wherein the Ru ions create

lattice defects and electronic defects in the material system.
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19. The net hod according to claim 18, conprising at | east one of the
follow ng: a) selecting the at | east one |ithium conmpound froma group of
| it hi um cyopRowN8s10¢onsi sting of: Li2C03, Li 20, Li CH3COOPEZHZG2011{0pPO4,
LiOH, b) selecting the at |east one iron conpound froma group of iron

conpounds consi sting of: , MC204, MC204-2H20, N2Q3, MCO3 and Fe(Ag)2 (M
Fe, M, N, a%); and”‘d‘)‘etg‘%o 8E§W$gest1ﬁ§géthﬁh@’é%ﬂn%ﬂep0*bﬁ6%ﬁ&PB’BQSIE ifmd(
froma group ofg,ahe rghlr%:conpounds consi sting of: NHAH2PO4, (1H4) 2HPO4,
(Nl -14) 3P4, P205, Li HZPO4,” H3PO4. 20. The met hod according to claim 19,
further conpri si npipegfarleastgorentithiwint campoupd; nat epsti wne nigansttionc mietal ni ng
and the firing. 21.Th(g mett rllod accorﬁii ng to claim 1% f(lill’tth [sC rbSing
formng the m XCHPEY G b i?‘?s%iot“ﬁep LPRERYR r “HF YN Or 28 p%l B PO m Y22, The
met hod accor di @nipdufid & 6t @ mixtirkid conprising performng the

pre-calcining and firing the mixture to form said compositioh of matter

~ defined by the formula LIMPO,, where M is at least one transition metal, and wherein
- the composition of matter has a general lattice structure, and wherein Ru ions

| substitute for at least one of Li and M in the general lattice structure.

19: The method according to claim 18, comprising at least one of the

ifollowiﬁg: .

- a) selecting the at leést. one lithium compound from a group of lithium
compounds consisting of: Li,CO;, Li;O, LiCH;COO-2H;0, LiHoPOs,
LiOH;

b) selecting the at least one iron compound from a group of iron compounds
consisting of: MO, MC,0,, MC,04-2H,0, M203, MCO3 and Fe(Ac), (M =
Fe, Mn, Ni, Co); and

c) selecting the at least one phosphorous compound from a group of
phosphorous compounds consisting of: NH4H,POs, (NH4)HPO,,
(NH4)3POs, P,Os, LiH,PO4, H3PO4.

20. The method according to claim 19, further comprising performing
intermittent grinding during the calcining and the firing.

21. The method according to claim 19, further comprising forming the

mixture to be in either a powder form or a pellet form.

22. The method according to claim 19, further comprising performing the
pre-calcining to have a :temperature in a range from approximately 200 °C to
approximately 600°C, and for a time duration in the range from

approximately 30 minutes to approximately 1440 minutes.
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pre-calcining to have a tenperature in a range from approximately 200 Cto
approxi mately 600C, and for a tine duration in the range from approxi mately
30 m nut esOo2011A8pr0xi mat el y 1440 minutes. WO 2011/ 08410T¢PSG28E0@®1H 000010
23. The nethod accordiing to claim 19, further conprising maintaining the

pre-cal ci nin terrper ure er the tine d ion. 24. .The met hod cordi ng
to claim 19 Furt her'lal'te ‘gl"‘?ﬁj’r ng to CIaB’é ﬁﬁ%ﬁgcqmgﬂwg MRptaIgne 6}5
tenperat ure rangechic ga@ﬁﬁ,%mbe&ythégglequ}gl@pprom mat el y 1000C, and for
atinme duration in the rtange of approximtely 30 mnutes to approxi nmately
6000 m n; and erform ng grindi ng process durlngtheflrlng -
terrperature 24.me dur mﬁhocizscwm@gmlmulicfe@h@m@mmr aim 19, further
conpr i si ng. mai nt ai ni g b, ofhE GRe 1S TREE B1thferMUf rahBE sobd bfioRRRGFS t1 e

dur ati on.

. 500 °C to approximately 1000°C, and for a time duration in the range of
- ~ approximately 30 minutes to approximately 6000 min; and
performing a grinding process during the firing temperature time

* duration.

25. The method according to claim 19, further comprising maintaining the firing

. - temperature over the ﬁﬁng process time duration.

15



