WO 2004/ 107480 PCT/ CA2004/ 000770 LI TH UM METAL OXI DE ELECTRODES FOR

LI THE UM CELLS AND BATTERI ES BACKGROUND OF THE INVENTION 5 This invention
rel at es twol2odsiomyonet al oxi de positive el ectrodes for pomcaagumouzol ithium
cells and batteries. Mre specifically, it relates to lithium netal-oxide
el ectrode conpositions and structures having a general fornula, after
in-situ or ex-situ oxidation, of LiXI\/hyI\/Il yOZ Wnere X <_0.20, 0 <y <1,
and 10 Mis one or nore transition netal or er_netal cations hayi ng

appropriate LIGHUM  METAL O%DEHS%IFE@ERDPE% Fﬁ’@ sHITFHUN e CRLLSo ANBRdul v

disrupting ifg ﬂ?ﬁ EQNs t hat have been found as possible fits into simlar
structures mcﬁu e. all of the first rowtransition netals, A, M), M, W
Ta, Si, Sn, Zr, Be, Ca, Ga, and P. The preferred cations include the

tranS|t|on ”BWGI@GRDUNIBCfFTHEINVENﬁQNh 15 as Ti, V, O, Fe, Co, N and
Cu, and other netals such as Al, Mgy, Mo, W Ta, Ga and Zr. The nopst

preferred5cat|ons are Co, Ni, Ti, A, Cu, Fe and My. The theoreti cal
capacity of whis iraspatied lelaths o fitlitan m)elaieexidgpmﬁiﬂi\ley elantipdes fazandivdes in

lithiumion batt h t han,th t .20 |
pr act | e, Forateos dhivid CHE aay JPHileriedddrs: ey o s 36 e ¢ he
capaci ty thamagiubddd eldctidesinpdsiidis 8hd tshﬁcﬂulrésh huw%zcwgéném Fewaulg) bl y

cycled in and out of the structure. For exanp as a theoretical
capacity of afigainmgiiy gr exsity ﬁéld@apacowxmmﬂqﬂdwhar@hx &80, < ws 1, and

el ectroc

t heoreti g@l R@Lsnéﬁ%ac}r ﬂgxaggcap%tépg [ ’gﬁt‘ég ﬁaq%gvg'lﬁ%{ﬂ]% @Ogﬁﬁ)ﬁﬁ Flaihave
been observefbriy rhbie t@abéllﬁhertédlbﬁtﬂot thd aruefur€odithoutt bndmpedustuptml gnt
cations such_as nickel [Delnmas, Saadoune_and Rougi er . Power Sources,

Vol . 43-44, Q@twe@éh@dzavelb@@} founghag Mossible ﬁt&w@ﬁmbrc%wwsonclw Mh
systems, andajip H?éﬁﬂs?rt&mrahgﬁoﬁgn&@%'MgomoLWO#é%f' &3 B ;@?, dave

been st udi ed® ex entive 'has’ repor't ed capati
appr oxi mat el gn@@ Tﬂ%p@fw&mcaﬁm intladedhe trahsitibn mdtgls [cbhlzes kirst edwasychUS
Pat ent AP:‘P a ggtlli,o\?, &(r),/l-zelf g,sﬁ'l] and Cu, and other metals such as Al, Mg, Mo, W, Ta,

Ga and Zr. The most preferred cations are Co, Ni, Ti, Al, Cu, Fe and Mg.

The theoretical capacity of the layered lithium metal oxides typically used as
cathodes in lithium ion batteries is much higher than the capacities achieved
20 in practice. For lithium ion battery cathodes, the theoretic capacity is the
capacity that would be realised if all of the lithium could be reversibly cycled in
and out of the structure. For example, LiCoO, has a theoretical capacity of
274 mAh/g but the capacity typically achieved in an electrochemical cell is
only about 160 mAh/g, equivalent to 58% of theoretical. Somewhat better
25 capacities of up to about 180 mAh/g have been observed by the partial
substitution of Co® with other trivalent cations such as nickel [Delmas,
Saadoune and Rougier, J. Power Sources, Vol. 43-44, pp. 595-602, 1993].

Materials in the more complex Co, Ni, Mn systems, and in particular the

30 composition LiCoqsNiisMnys02, have been studied extentively by Ohzuku.
He has reported capacities of approximately 200 mAh/g with good thermal
stablility [Ohzuku et al, US Patent Application 10/242,052].
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1 WD 2004/ 107480 PCT/ CA2004/ 000770 Oher related references on R 3m
structures of LiMX®2 in which Mis a conbination of Co, NN and M i ncl ude:
Yabuuchi wocdoé@mmsa, Journal of Power Sources, Vol unes »t9«cl2d94/0b0Fone 5
2003, Pages 171-174. Wang et al, Journal of Power Sources, Volunes 119-121,
1 June 2003, Pages 189-194. and Lu et al, Electrochem cal and Solid State
Letters, v4 (2001), A200-203. 10 Nunerous other |ayered structures based
on solid solutions of Li2MX3B and LiM Q2 in which Mis M4+ or Ti4+ and M
is afirst rowtransition netal cation or conbination of transiti on rretal

cations W t hofhayS5ee ré’féké?ﬂ?e'sOBn SRR %fruc"tgreshﬁli’ﬁﬁl e {EW&?%

application as positive electrode nateri I on batterl es
[ US Pat ent 6cambBinadianB? Gof, Nilaadkdn inclede:al and US patent applicati on,

Chese at or | SPEOUR AN QB G PP AL GOV SoURs NAPETGRALP APy | hien

bet ween apouppdd Opagey 97aRg4170 mAh/g. 20 However layered structures formed
fromsolid solutions of Li2WhO3 and either N O or Li Mo.5N 0.5
cont ai ni ng nW&m*s&i deummbaf Beemboleesh¥oimesokl #aL¥,ohJenaL80Bave shown

exceptional | ar C cities. In particular capacities up to 200 mAh/g
at roomtenpéﬁg?ﬁggg'@)fmo mAh/ g at 55C, were observed for sone

conposi ti onsgld soI id solutions of Li2MhO3 and 25 Li Ni 0. 5\Wnho, 52 on cycling
between 2.5 and 4.6 volts [ref. Shin, Sun and Am ne, Journal of Power

Sour ces, v11kuepabEjeqrashemival anil Golid Staip, Latierand (B3, AREO-203;.

El ectrochem Soc. v149 (2002), A815-822] denobnstrated that reversible
capacities near 230 mAh/g coul d be achieved fromcertain conpositions of
solid sol uti Nomerbus ictdrdayered Suothess based @l solieselutiteg o difMO4 afdvol ts.

30 The capacj ties observed on cycling these same materials between 3.0 and
LiM’ Oz in which M is Mn™ or Ti"" and M’ is a first row transition metal cation or
combination of transition metal cations with an average oxidation state of 3+
have been proposed for application as positive electrode materials for lithium

15 ion batteries [US Patent 6,677,082 B2 of Thackeray et al and US patent
application, 09/799,935 of Paulsen, Kieu and Ammundsen]. The capacities
reported for these materials vary widely with composition but have generally

been between about 110 mAh/g and 170 mAh/g.

20 However layered structures formed from solid solutions of Li-MnOj3 and either
NiO or LiMngsNips02 containing manganese as Mn4+ and Ni in the 2+
oxidation state have shown exceptionally large capacities. In particular
capacities up to 200 mAh/g at room temperature and 240 mAh/g at 55°C,
were observed for some compositions of solid solutions of Li:MnOsz and

25  LiNigsMng 502 on cycling between 2.5 and 4.6 volts [ref. Shin, Sun and Amine,
Journal of Power Sources, v112 (2002) 634-638]. Similarily, Lu and Dahn [ref.
J. Electrochem. Soc. v149 (2002), A815-822] demonstrated that reversible
capacities near 230 mAh/g could be achieved from certain compositions of
solid solutions of LioMnO3; and NiO when the cells were charged to 4.8 volts.

30 The capacities observed on cycling these same materials between 3.0 and

4.4 volts were much lower, varying with composition from about 85 to



4.4 volts were nuch lower, varying with conposition fromabout 85 to 2 WO
2004/ 107480 PCT/ CA2004/ 000770 160 mAh/g. An in-situ transfornmation was
found t o worues/@mschar gi ng solid solution phases of Li 2bln@\2e0aghogi’bher Ni O
or LiN o,5M0.502 to voltages greater than 4.4 volts. The resulting
materials were found to have a nmuch higher reversible capacity. 5 In all
previous reports of exceptionally high capacities achieved after charging
to voltages greater than 4.4 volts, the materjals reported (\ﬁqere_ solid
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state and N hpaskhe £.0%Ek datn : f hart | [ GiaN ch
hi gh vol tagegbllr&gz)ﬂx?rrlgesnegl 3){/)* %32"?1'3?? ?&nﬁ]t% étl‘yf)o“ﬁﬁg’pelr @E?t‘:’wgg'ﬁg%%m%ﬁébe%u
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conpositions, of lithiumnetal .oxides formed in-situ in an el ectrochem cal
cell by char Bl%rf%"‘vﬁ'gleaﬁ%%ac&yeat er than 4.4 volts or ex-situ by chenical
oxi dationgthat denonstrate exceptionally high 15 capacities for reversible
lithiuminsertion. In particular, in this invention it is disclosed that
conposi t i ons It ehpaeviousyrepertsnefexcaptienally high bapacities aehiewed aftenehaying 2vhcs
and Li CoO2 c exhi bit
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invention di pelingaaydted stonss tbMamivng Mr intthem-netidation<stdesan® Niitlthe25
in-situ in an electrochem cal cell by charging to voltages greater than 4.4

volts, or exZ2¢iaxidajipncsiata. cMioreirinally shargiag tejsheh bidhariagee dpexsamelyy hi gh
capaciti f i §Mall [ 1 i +RsLihi s
Cabact o0 ¢ BeulEEPIoE QedfichBiBapkcilant obid cibad misBralls |
such as solid solutions of Li2MO3 and Li CoO2 can exhibit 3 WD 2004/107480
PCT/ CA2004/ 000770 . . . . .

This Invention discloses new compositions of lithium metal oxides formed

in-situ in an electrochemical cell by charging to voltages greater than 4.4 volts

or ex-situ by chemical oxidation that demonstrate exceptionally high

15 capacities for reversible lithium insertion.

In particular, in this invention it is disclosed that compositions containing no
Ni?* at all, such as solid solutions of LixMnO; and LiCoO, can exhibit
unusually large capacities after being severely oxidized by charging to high

20 voltages.
SUMMARY OF THE INVENTION

This invention discloses new compositions of lithium metal oxides formed
25 in-situ in an electrochemical cell by charging to voltages greater than 4.4

volts, or ex-situ by chemical oxidation that demonstrate exceptionally high

capacities for reversible lithium insertion.

In particular, in this invention it is disclosed that compositions containing no

30 N at all, such as solid solutions of Li2MnO3; and LiCoO, can exhibit



unusual |y large capacities after being severely oxidized by charging to
hi gh voltages. According to one aspect of the invention, we provide novel
l'i t hi um nwDabosorade 5 materials of general formula Li xboyMA2d@@oo77eher e
0:5 x:50.20 and 0 <y <1, M is Mi+4 and Mis one or nore transition
metal or other cations having appropriate sized ionic radii to be inserted
into the structure without unduly disrupting it. 10 According to another
aspect of the invention, the npovel materials of the invention are |ayered
crystal | ogra‘ﬂFH%Jaé'Vrﬁ@eu?@%aqlée@f% erakeingsTRverRly axidized d¥scharging Romghqueous
lithiumcellyg R as alithiumion cell or battery. According to yet

anot her aspect the invention, a process for nmaking the 15 novel |ithium
metal oxide materials of general formula Li,, MayM y02 where 0 5 x:5 0.20

do M 1 t h
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cont ent precursors ‘1.JSI ng a nodi f |cat on’ of the wel known "sucrose rret hod"
fromthat 20MorisgMihal epdriMpisrensd or inelieeirpnsitien troeial poashenvaamnSahavmtters
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in-situ trangiapidgiion, which occurs on charging solid solution phases of
Li 2MhO3 and either Li Nio.5W0.5(2 or NNOto voltages greater that 4.4
volts, preferably in a range of 4.4 to 5 volts. The 25 resulting materials

wer e foupd tg Yhng? t&“%tﬁ%rgﬁgéeéteéﬁe'iffé t?h\?erﬁi%ﬁgghéync%\)é? rﬂﬁ%e‘?lﬁ?é L gred

that the anoma ous “capaclities previously repor ems are
a nmore generiavepticrt asslaybeed prystallogmsaphid btbu@htes Usefoleasipesitiae I@lEFdDI@dle

nmetal i1ons that can be supstituted into syuch materials i n Iace of, 30 or
in additi on P NPHEANPORS ! ‘i?’%'% celfraigh %%l]lglé‘émd?récﬁ eehadery: i onic radii”

i.e. whether they can fit into the structure without unduly disrupting it.
Cations that 4 WD 2004/ 107480 PCT/ CA2004/ 000770 have been found as
possi bl e fi tAcé¢artimgsionyétaanatheuaspeasof thel inentia,| a procdas farrmaking the

15  novel lithium metal oxide materials of general formula Li;Mn,M;.,O2 , where 0
< x<0.20 and 0 <y <1 and M is one or more transition metal or other cations
having appropriate ionic radii to be inserted in to the structure without unduly
disrupting it, is provided, comprising preparation of high lithium content
precursors using a modification of the well known “sucrose method” from that

20 originally reported in the literature [Das, Materials Letters, v47 (2001), 344-350],
and then modifying the composition and structure further by in-situ or ex-situ
oxidation. The modifications include an in-situ transformation, which occurs on
charging solid solution phases of LixMnO3 and either LiNigsMngs02 or NiO to
voltages greater that 4.4 volts, preferably in a range of 4.4 to 5 volts. The

25 resulting materials were found to have a much higher reversible capacity.

We have discovered that the anomalous capacities previously reported in the
Mn-Ni systems are a more general process than previously thought. There are
a number of metal ions that can be substituted into such materials in place of,
30  or in addition to, the Ni cations. These choices are based on “ionic radii”’, i.e

whether they can fit into the structure without unduly disrupting it. Cations that



row transition netals, Al, My, Mo, W Ta, Si, Sn, Zr, Be, Ca, G, and P.
The preferred cations are the transition netals of the first row, such as
Ti, V, CrwoRey4/10€3p Ni and Cu, and ot her netal s such aspéircAYy4/ob;7oW Ta,
Ga and Zr. Such 5 conpositions can exhibit unusually high capacity, in
excess of the conventional theoretical capacities that are cal cul ated on
the basis of conventional views on the accessible range of oxidations

states. For exa it js conventjonall assuned that neit
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reduction in capaC| ty on the addition of Mi4. [Nunmata and Yananaka, Solid
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material s \Mmtm)nwmclsdmg[ellmdhéryuc'ﬁlly inEmeABt did istihobiair h|ghrdapacitle§'ﬁn68 was
found to have detri ment al ct on, the dischayge ca | es br gad
ange of cheiABE CYRIBT APl of FUNBRRRE Chyhadudamis dad irefRr ! 3
been shown_ URCRBMMAIERINBIAHISN IR HIANE InERABE T ThE feckBRlsnDfor! ese
5 WD 2004/ 107480 PCT/ CA20047 000770~ conpdsi ti ons have never been reported
previously ahe pregucivamf theseaneapalous capaeitiesraeemsdd $ie with the LiMnOg, or

15 possibly the Mn*, content, and the unusual stability of these materials from

undesirable reactions with the electrolyte at high voltages.

Some compositions in the LipMnOs-LiCoO, solid solution series have been
reported previously. However in prior studies, these materials were not

20 charged beyond 4.4V, and the authors reported the expected reduction in
capacity on the addition of Mn**, [Numata and Yamanaka, Solid State lonics,
vol. 118 (1999) pp. 117-120; Numata, Sakati and Yamanaka, Solid State
lonics, vol 117 (1999) pp 257-263]

25 Zhang et al [Journal of Power Sources, v117 (2003), 137-142] have described
the behaviour of materials where Mn is replaced by Ti. The addition of ’inert’
Li>TiOs was found to have a detrimental effect on the discharge capacities.

A broad range of chemical modifications of Li-MnO3 by addition of LiMO, have

30 been shown to have exceptionally large discharge capacities. Most of these



Some of the novel materials tested produced capacities that cannot be 5
expl ai ned conventionally. Results also indicate an unusual ability to tune
the di sowergeymalsbage through relatively snall vari ati eas/dazodsdnso77o
conposition. Sonme of the nore conplex novel materials have 5 different
species sharing a single crystallographic site. Many standard synthetic
techni ques would not 10 provide sufficient honogeneity to achieve a

si ngl e-phase mater,jal., The synthetic techpi ques used to date to achi eve
this |evel of°RBAYERIRDRYE &?éefage%(ﬁ‘?l??@]p&)’%@eaﬂ%ﬂﬁw&s%‘aée°&”es of
di spersi on/ copRisidi@g echni que and high- energy ball-mlling. 15 BRI EF
DESCRI PTI ON OF THE DRAW NGS Figure 1. Ternary phase diagramfor the
Li 2MhO3- Li Co2-Li NN 2 system The di anonds represent single phase
material s synthesi sed and .characterised. 20 Fiqure 2..X-ray diffraction
patterns forgﬂ'ﬁ'FerO? a‘ﬂ? nRvel nmatsTElh dgstep; Rf%@gOPW'%SOIﬂ?%' SRt ﬁﬁ
series. H gusgldined-doavestidnallRCheaisPakbahficafeCtin rt&ﬁj%hblaéﬁililgﬁotl*ﬂﬁe the

Li 1. 2Mn0. 4Ni 0.'4- XCoX02 25 (0°5 x 5 0.4) series. Figure 4. First three room
t enper at ur e @direhajee apkagmihgeudhyisiaiivelyrsmalt wariadioss in hetgaenposition.

Li 1. 2Mh0. 4N 0. 4- XCoXQ2 series cal cined at 800C. Cycling was carried out

bet ween 2.0-4.6V at 10nA/g. 30 6 WD 2004/ 107480 PCT/ CA2004/ 000770 Figure

5. Di schar geSempasti theafofeotornpleg mogbbmiatertdehaes Badiffdrieht 2pbsled Bharig aXCoXQ2
calcined at 740C as calculated fromthe nass of the |ithiumnetal oxide

bef ore char g¥ingleapiyrsiadographicusiterorMany siandasd i syathetignigchnisHesaveyld rPnt ent .

Ei E' g%g@m ;?oj@*é%ﬂﬁicfé%?%&rﬁb&e%éi&r 0 UFdR 3 'Shdid!phi&s | Rdterial.  The
synthetic techniques used to date to achieve this level of homogeneity are a
modified “sucrose-method” based dispersion/combustion technique and high-

energy ball-milling.
15 BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1. Ternary phase diagram for the Li;MnO3-LiCoO»-LiNiO, system.
The diamonds represent single phase materials synthesised and
characterised.

20
Figure 2. X-ray diffraction patterns for materials in the LioMnOs-

LiNio.75C00.2502 solid solution series.

Figure 3. X-ray diffraction patterns for materials in the Liy 2Mng 4Nip.4xC0xO2
25 (0 =x=0.4) series.

Figure 4. First three room temperature charge-discharge cycles of materials
in the Lij 2Mnyg 4Nip 4xC0402 series calcined at 800°C. Cycling was carried out
between 2.0-4.6V at 10mA/g.

30



XCoX02 cal cined at 800C as cal cul ated fromthe mass of the I|ithium netal
oxi de before charging and as a value nornalized to the transition netal
content. WO 2bdqgor07. Di scharge capacities for material CrCADE/BET) ES

Li 1. 2Vno. 4Ni 0. 4- XCoXQ2 cal ci ned 900C as cal cul ated fromthe mass of the
l'ithiummnmetal oxide before charging and as a value normalized to the
transition netal content. rate excursion to 30mA/g was carried out on
Li 1. 2Mho. 4Coq, 402 f t he 3 cycles .15 as ipdicated. Figure 8. Capacities
and aver age gl%‘é‘ﬁér 3&!3%’1@%@@%6?“'% foranpterialg g taeseispbi-MivaNised at 800C

when cycl ed gbo g g?c‘in@@h??‘ﬁ@’@gs Eél‘ématté‘k?frg'ﬁ?ﬁlﬁ%a%é‘ﬁf the lithiukiThigedial - oxi de

before chargl ng an a value normalized to transition netal
content . Fi goxidedefoterchargingfandcs anajpetnaemadizédto thet teansilien metalhe

Li 2MhO3- Li Ni 9. 5Co0502 solid solution series calcined at 800C. 25 Figure
10. Di scharg@ '&QB cities for materials in the Li 2Mh(G3-Li Ni 0. 5Co0.502 solid
sol ution series calcined at 800C. Figure 11. X-ray diffraction patterns of
a nunber of substituted anal ogues calcined at 800C. 30 7 WO 2004/ 107480
PCT/ CA2004/ 0btrre 6. Rigehrasge zapapitiey éoranaishialsge thesedie LuuMneNox- di f ferent

G THE | NENTTORE e e st g el BasR BB YR e e e NPT Ve

el ectrodes f oxida befiee-chauging aindiddw valueaidrmizdivéd @ thd weareditsh Aistalct ure and a
general formula, after in-situ or ex-situ oxidation, of LiXvhyML_yQ2 where

x <_ 0.20, nBPRI&Rkse 10 is in the 4+ oxidation state, and Mis one or nore
tranS|t|ﬂy nmetal or other netal cations having appropriate ionic radii to
be inserted in to the structure

Figure 7. Discharge capacities for materials in the series Lij 2Mng 4Nig4-

xC0xOq calcined 900°C as calculated from the mass of the lithium metal oxide
before charging and as a value normalized to the transition metal content. A
rate excursion to 30mA/g was carried out on Lij 2Mng 4Cog 40> for the 3 cycles

15 as indicated.

Figure 8. Capacities and average discharge voltage of Lij 2Mng 4Nip3C00.102
calcined at 800°C when cycled at 55°C as calculated from the mass of the
lithium metal oxide before charging and as a value normalized to the

20 transition metal content.

Figure 9. X-ray diffraction patterns for materials in the LioMnO3-LiNip5C00502

solid solution series calcined at 800°C.

25  Figure 10. Discharge capacities for materials in the LiMnO3-LiNig 5C00.502

solid solution series calcined at 800°C.

Figure 11. X-ray diffraction patterns of a number of substituted analogues
calcined at 800°C.
30



wi t hout unduly disrupting it. Cations that have been found as possible fits
into simlar structures include: all the first rowtransition netals, Al,
My, Mo, WYvoDag4/108i8p Sn, Zr, Be, Ca, Ga, and P. The pref ecrath2o@toooris ar e
the transition netals of 15 the first row, such as Ti, V, C, Fe, Co, N
and Cu, and other netals such as Al, M, W Ta, Ga and Zr. The nost
preferred cations are Co, N, Ti, Fe, Cu and A . The simlarities in

o e B e Reh SRR tlede AT Hers bR kB 1 oo

observed in gH@ELIT L Gth @ kaeanomal ously large in relation to their
conposi tion and the conventl 0 vi ews of accessible oxidation states.

This is especially so for conpositions that are solid solutions between
Li 2Mh33 and Li CoOQ2 in which Ni2+ is not present at all and the cobalt 25

L7 1, onno i BETAERIES CrTnab BERIRINIERTION S *Showt d be: hasstes o

M "+Md+ -125mAh/g 30 In the case of Lii.2Nho.4Coo.402 calcined at 900C
t aper - char gefihiat invetioruralates to lthenn metalf pxide oraitye eleshieres tRssar ound

to be 345mAh / R 0 0] pancy
of 220mAh/ g. A%%éﬁﬁ?%‘é&?wﬂfm %?gé %ggy%gg% @C@go%ﬂjg é)g'{er%%lr %rmfﬁ ot her
cel | conponeafts, intsiiusomexsitiu Ioamzht:bn, oLlethWCgIBg+®hé&5MOQZO manddmés€o0410
220mAh/g . LI M4+Co4+Q 1.2 0.4 0.4 2 0.8 40.420.10 0.4 0,4 1.65

+0. 35' 0'1& Lisdnithectuoxigalion state, @ae Meiseong PhImeerel trapgilieon imelal gk other

Li 0. 125Mn0. 5 K@Mo &£ r ity of
appr oxi mat el &gﬂg%ﬁﬁ? Sm\/\ﬁ@ ﬁné{ ioqI@B%&? ﬁeﬁéngs%%hgg Iﬁ ng&gf‘%{iﬁgﬁﬁ active
mat eri al . Thwﬂhm(ﬁahwul)sdlsrwpimigdt aOadmm tHathava degnffbeneas possibkgfitspmtof i | es

that the material s exhi '

om cl.e 2 onwar restin
oboer vat i on SEIRHSHURESRFHGe 2 6 s fon Hansiton metals) A7 5 ME%w, Ta,

Si, Sn, Zr, Be, Ca, Ga, and P. The preferred cations are the transition metals of

15 the first row, such as Ti, V, Cr, Fe, Co, Ni and Cu, and other metals such as Al,
Mo, W, Ta, Ga and Zr. The most preferred cations are Co, Ni, Ti, Fe, Cu and
Al

The similarities in electrochemical properties between wide ranges of
20 compositions described in the examples would suggest a common
mechanism. The capacities observed in these materials are anomalously
large in relation to their composition and the conventional views of accessible
oxidation states. This is especially so for compositions that are solid solutions
between Li;MnO3 and LiCoQ in which Ni** is not present at all and the cobalt

25 isin the trivalent state.

For compositions in the series Lij 2Mng 4Nij 4.xC0404, the theoretical capacities
should be:

Mn*+M3* = Mn*+M*  ~125mAh/g
30 In the case of LijoMng4Co00.40, calcined at 900°C taper-charged at low

current to 4.6V, the first charge capacity was found to be 345mAh/g, leaving a



10 Li 1. 2Mo, 4C00. 402 after 2 full cycles is remarkably simlar to that
observed for LiCoo.5M0.502 [Kajiyama et al, Solid State lonics, v149
(2002) 39wad3po4/toheso smal | | ow vol tage feature early in trhe/@hessgeour ve
being cormon to both materials. In addition, the voltage curve of
Lil.2Mio. 4N 0.402 once the formation step is finished is simlar to that
observed for LiN o.5Wn0.502 15 [ Maki nura and Chzuku, Journal of Power

Sour ces, v119-121 (200 56- ,16Q] . Afte e faormation step from chargi ng
Co i gh vol { J5EEPATRY O eROMAN dssymid el He, PRUFES At p i Este i
up to 95-98 RAFEHMAEFLAI borhpoR¥Rs, s wlidashghsied period of time. This is
significantly better behaviour than Li XMh0.5Co0. 502 prepared by cheni cal

means, and is rem niscent of Li Mh20O4 spinel produced in-situ by cycling

o-Li M2 [&u t al, Matgrials. . ch Bul gt ] v28 (1199

1249- 1256] . We?&%apge&%ﬁylmﬁé%ﬁ%iw@fi*eﬂf%hlﬂm'\ﬂemﬁa%- doped
material (givwanN3sOtable 1) are exceptionally 25 good assumng in-situ
formati on of Li N o0.5C00.375A 0. 12502, with a theoretical capacity of
204mAh/ g STheLion¥inusCemifsravican has eneivalandporesatitied iasc Liasd/inds&omsD2,

stability, v iyl i tenperature. cycl eabilit djschar ge
capacities. %@q&ﬁ"%@%’ fdifégf?q'ﬁ%'&%@ﬁ%@g'%Xmeﬁat%W?%éﬁ@orrpl ex
materi al s madbehaorrezting férehenthasd of tiksofdinal adive maighial.e Thisyhbshafigmaphi ¢
site. Many standard synthetic techniques would not provide sufficient

hormpgenei ty Weulkageardt forsthadliderens yeltage prafdgs thahéhe gyaierialsiaxhikiicii@mques

d to dat ' hig . Lt L on- hased
conbi ned di <gie s HEERdL (| Ay Ridibnftio, SBEBARNGh X BRE e VBB APR, OF ST
met hod he beigaMuedCoi 43 dftam? fhie cgeles ¢S eerhad@blysyintilae 16 shaioohsErved For

e RO kb ot o St A 468581 a2 )
crystal it esggh) 15W26Sitagel &3P early in the charge curve being common to both
materials. In addition, the voltage curve of LijoMng4Nip4O2 once the
formation step is finished is similar to that observed for LiNigsMngs02
15 [Makimura and Ohzuku, Journal of Power Sources, v119-121 (2003) 156-
160].

After the formation step from charging to high voltages, the new in-situ
produced cathode material can cycle with up to 95-98 % reversibility over an
20 extended period of time. This is significantly better behaviour than
LixMno sC00502 prepared by chemical means, and is reminiscent of LiMn,O4
spinel produced in-situ by cycling o-LiMnO> [Gummow et al, Materials
Research Bulletin, v28 (1993) 1249-1256]. The discharge capacity and
capacity retention of the Al-doped material (given in table 1) are exceptionally
25 good assuming in-situ formation of LiNipsC0g375Al0.12502, with a theoretical

capacity of 204mAh/g

The inclusion of Mn** has been reported to increase thermal stability, voltage
stability, high temperature cycleability and discharge capacities.
30



10 The follow ng exanples of lithiumnetal oxide positive electrodes for a
non-aqueous |lithiumcell having a |l ayered structure and a general fornula,
af ter i n-wot2u04010748%- Si tu oxi dation, of Li,, MnyM y02 whecCe/ca2604/00020,
manganese is in the 4+ oxidation state, and Mis one or nore transition
metal or other 15 netal cations having appropriate ionic radii describe the
principles of the invention as conterrpl ated by the inventors, but they are

b 0 Thi.s ]
Hoscr boe | aomaiidae TRgrRtqRsapIN moaleHAls e BATS.pudifferenh pgdiss Shal
xLi Ni i _yCoyQgngi8 %téllo?r&ﬂh@ St/ ﬂan\%)stéﬁﬂar@ s%iﬂ&b%cﬁﬁhh% -would not
3) 20 6R20, - Co( NOB)

M(NO3) 2. 4H20, " Ni ) . \ H20 and "Li NO3 were dissolved fully
in water in }DlheldEequﬁflceﬂt rsiraegensityotn ashiavese \ﬁﬁ‘fgleatﬂti@@l% imateniahnodhe 25

correspondl reater than anti | 1 ard tao the total
ol ar - oat ok BEhAHutT Boed 161 b tBRe bt Bp(af BeHeps dfa b
concentr &t echéIétfdana%é'ddcoﬁBmeaoﬂ“ébé@mm@ﬁnﬁlﬁbﬂdtécﬁni@mép&ﬁc&WH-Bﬁer\g?t er.
Once the water had nostly evaporated the resulting viscous liquid was

further hedb@dniling. t e mathee hapdbeendqupdified Miesd thmaugeserhased swathesience

charring 30 S

conbust ed. T@néﬁ& #ﬁ@d Fnhtﬁ ﬁvté/aréﬂlggﬁ%l n@gﬁtfgﬂgg'—r@%éé’é‘Z@?&%@ogE}g?E’éboc for
6 hours. Fi gaickis éélslly\@abaﬁlﬁ &Dﬁ%@ciﬁ@ﬂcﬂﬂ@ﬁMﬂ@%ﬁbrihlssww&r}tdwhtbercﬁary
phase di agram describing the (1-x) Li2MO3: x LiNi1_ yCoy02 solid solution
series, w thSE9e<d8P8M al s synthesi zed being indicated by black dianonds.

5 The rmlg)eri als were analyzed with an X-ray powder diffractoneter using
CuKa radiation. The ash precursors were found to contain unreacted Li2CC3.
However, af tEne dallowingt 'emamptesB@@Oithinrmimeﬂad)roﬁdélqmsétjvet ledecdrodaes foy honger

ﬁg%/er ?\;: g?nceonOfaqLITeouCCﬁhlum ce?l ﬁé\];llf\é aac‘aly%rr]ecf) a%ruc urr]g a%fd ghgeer%rrgld%?rtnula,
after in-situ or ex-situ oxidation, of LiMnyM1.,02 where x < 0.20, manganese

is in the 4+ oxidation state, and M is one or more transition metal or other

15 metal cations having appropriate ionic radii describe the principles of the

invention as contemplated by the inventors, but they are not to be construed

as limiting examples.

EXAMPLE 1
20
This example describes the typical synthesis route of materials in the (1-
X)Li2MnOg3: xLiNi;4yCoyO2 (0 = x = 1; 0 = y = 1) solid solution series.
Mn(NO3)2.4Ho.0, Ni(NO3)2.6H.0, Co(NO3)2.H,O and LiINO; were dissolved
fully in water in the required molar ratios. Sucrose was added in an amount
25 corresponding to greater than 50% molar quantity with regard to the total
molar cation content. The pH of the solution was adjusted to pH1 with
concentrated nitric acid. The solution was heated to evaporate the water.
Once the water had mostly evaporated the resulting viscous liquid was further
heated. At this stage the liquid foamed and began to char. Once charring
30 was complete the solid carbonaceous matrix spontaneously combusted. The

resulting ash was calcined in air at 800°C, 740°C or 900°C for 6 hours. Figure

10



10 Figures 2 and 3 show the X-ray diffraction patterns for materials in the
(1- x)Li2WhQ33: Li Ni o, 75C00. 2502 (0 <_ x:5 1) and Lit2Mo. 4N o. 4- XCox02 (0 <
x 5 0.4) .wobhegw7seri es correspond to the vertical and lroricaandsmootsoe- | i nes
shown in figure 1. There are no visible reflections due to Li2C33 in any
of the calcined materials, indicating that all of the materials were fully
reacted. The materials 15 in figure 2 show a change from Li ZI\/hCB i ke

patterns to |ayered R-3mlike atterns. The materials inp. fj

retain feat ut ho¥s H‘etiemﬂbgphﬁg% C}'i‘ﬁ{f"ﬂbrdﬁsc@mﬁb é )28'2&l g@@ -wer e
fabricated fr r mat el y
78wt o6 of -t HOTRP e eBMoRIRRES A e MeRRIB S Tnihs St ed Do G maRRRESEL TS,
pol y(vi nyl i delaek fllamoridde) as a slurry in 1-nethyl-2- pyrrolidene (NI\/P) The

slurry was then cast onto alumnumfoil. After drying 25 at 85C, and
pressing, circular el ectrodes were punched. The el ectrodes were assenbl ed

into el egtv\lgoPﬁ‘@Fﬂa‘tﬁﬂlalﬁ\}éré an| @d% grg - tdg%v@dlé}%ﬁffr%l‘od%éte?&si FKGO! N

cell har re. Lithiumforl s use node, porous pol ypropyl ene as
t he separ at omdiziod. llWHa BEh preclrsordi wetehyourahtbormitain (PMIcteh LigOy | ene
carbonate (EC) elect te sol utian, éﬁ'to'tiglyott 70 pl of 30 electrolyte was
used to sat ﬁ‘t"@V%rhét@% Figabien atBE0 L in aIr jRi& BYE: HPratwain XN abYr r ent

f 10 my

20041 107480 BTG ARE Sb bl FAREDn oo ornE BBl Ved on the
first and thirtieth cycles are gl ven in table 1. Figure 4 shows the

| ect b f th t I t

[i 1 2hnoltani GoHreRoB st poshow e A-iigitaib Pa s ieh Marils Belifofle 1 and
cal ci ned at ﬁQQMndEhﬁN}{,%G?%?OSL{D%ﬁ d 2) ghgt[r1gmn0%m\q é@otd)gtto & argmtl on

step occurs during earl i ng. For his ~formation
i s conpl et edThéseeseriee mrmpoayct%th@weématwartdn horgontat dietliles ghyewr ini t h

hi'gh capaci ty, 3q "RYSESLR'Ad LbISHIREALRE MY 10 o ASH 48P o Beibdihels that

materials, indicating that all of the materials were fully reacted. The materials
15 in figure 2 show a change from Lix-MnOs-like patterns to layered R-3m-like
patterns. The materials in figure 3 all retain features of a LixMnOgs-like

pattern.

EXAMPLE 2
20
Electrodes were fabricated from materials prepared as in example 1 by
mixing approximately 78 wit% of the oxide material, 7 wt% graphite, 7 wt%
Super S, and 8 wi% poly(vinylidene fluoride) as a slurry in 1-methyl-2-
pyrrolidene (NMP). The slurry was then cast onto aluminum foil. After drying
25 at 85°C, and pressing, circular electrodes were punched. The electrodes
were assembled into electrochemical cells in an argon-filled glove box using
2325 coin cell hardware. Lithium foil was used as the anode, porous
polypropylene as the separator, and 1M LiPFs in 1:1 dimethyl carbonate
(DMC) and ethylene carbonate (EC) electrolyte solution. A total of 70 pl of
30 electrolyte was used to saturate the separator. The cells were cycled at

constant current of 10 mA/g of active material between 2.0 and 4.6V at room

11



formed during oxidation rather than the chem cally synthesized conposition.
For x = 0.4, this formation requires nore than one cycle, with increased 10
l'i t hi um ewbnaegioassoal so on the second charge. The cel |l polrarA2a@tdoarroof x =
0.0, indicates that the formation is extrenely slow, and would require

hi gher voltages, or smaller particle size. Figure 5-7 show the discharge
capacities of Lil.2Mo0. 4N 0. 4- XCox02 materials 15 calcined at 740, 800 and

900C respectjvely. It c be seen that the trends in i scharge capacity
vary with boldRESAIE {165 CARACEESCPRRRrY Q“eﬁ}ﬁ—‘_eﬁ&ttuﬁ'@? iR TR APs
descri bed heggogGRtabIB ﬁUbPi&;ﬁFE !talﬁéoHé&e(Né ﬁ@elbbﬁgaﬁééﬂhf&al B?@}Q\hér bR first 3

conventional “lithi um bat_t ery ca mat eri a ven at the transition
met al s cont eayclepnf mdiatials is ubs tlaniMral sNjp.4xE0k0e (@ gsX 00.4rsedastpreparedt i s

ful 20 h ities,i f the t it tal (T
Cont ent - nor AR R BRI T AL bRe Bt o0k o et valaPR SiRER N haerT shon’ |
Li MR2.  Gonsgwertbintati@dgichl stats Qg eaNeopdlign Fdi x4 0Ur, @52 and 0.31aRier | bi ng

the di scharg}e capacity per transition nmetal equivalent. In the case of the
Li 1, 2Mho. 4Ni ranajion kpomplated aftenther first eydlg, afier whighsthe materils exclepibsed t o

scal i ng fact DERcrestiRy hd 6Vl ol ofdhdliy T UesliSa Al i sty
equi val ent. fopmedn@dirirey oxidatien ir@her tharhthe EherhidaaiBihesidedil dontposii@n.(0 < x

I51; 0< vy .- 1) solid solution series, e.g. .
Li 1. 158Mn0. 3E8RX0=284cdbisotesmation heaydas i 'S earp ongoaygdepaithy cased
1.188. 3, Ang | 3 LA ed USi:Ng_ t ot al
char ge %:bapalclztmdytar?%@fégg%éﬁ@%ﬁ%@ogh‘% gg@% y%&éﬁll%ﬂlﬁ%@&f@?ﬁi_ﬁ 'y, and
results 12 MBicatest/tha7 480 fOTTANAR 004007V slob) ande avduld meqiicerhigher
absorption sg{ggroscog% [or the cation contents. Atom c absorption ratios
were cal cul aY ¥HRISEC R PRHELCT PRIUEISSHS - cati on content equals 2 in a Li M2
format. For materials in the series Li2Mh@3: LiNii_xCox@Q2 (0 ,<_ x:5 0.4
calcined at 800C, the results of these calculations are shown in

Figure 5-7 show the discharge capacities of Lij2Mng4Nio4.xC0xO2> materials

15 calcined at 740, 800 and 900°C respectively. It can be seen that the trends in
discharge capacity vary with both composition and calcination temperature.
The materials described here contain substantially less transition metals than
conventional lithium-battery cathode materials. Given that the transition
metals content contributes substantially to the cost of production, it is useful

20 to compare the capacities in terms of the transition metal (TM) content
normally found in current lithium battery cathode materials, i.e. LiMO..
Consequently, additional plots are shown in figures 5-7, describing the
discharge capacity per transition metal equivalent. In the case of the
Liy 2Mng 4Nig 4.xC0xO2 series, the ratio of Li:TM is 1.2:0.8, as opposed to 1:1 in

25  conventional lithium battery cathode materials, so there is a scaling factor of
1/0.8 = 1.25 in order to produce the capacity per TM equivalent. For another
material in the (1-x)Li2MnOa: xLiNi;yCoyO, (0 = x = 1; 0 <y = 1) solid solution
series, e.g. Liy.158Mno.316Ni0.263C00.26302, the scaling factor would be 1/0.828 =
1.188.

30
An ultimate charged composition may be calculated using the total charge

capacity taking into account any early cycling irreversibility, and results
12



5 table 2. The results show that the conpositions with x = 0.1, 0.2 and 0.3
produce charged materials with lithiumcontents < 0.2, and x = 0.4 very

cl ose t o Wo204/ibsomaterial with x = 0.0 did not achi evecrim2eawmomit ent of
delithiation and 10 exhibited | ower capacities on cycling. EXAMPLE 3 Many
l'ithiumbattery cathode materials do not performwell at elevated 15
tenperatures, their discharge capaci ties on extended cycling fading
rapidly. The el ect r,ochemni cal havi.or of the mat e¥| als of the invention

were eval uat gptaingd éT%a?%m'Pe SPIRIIOR e SPRRERRCOPYI Tethes GatioB GOBIPNS t hose

at room te”ﬂ&frﬁt%%lﬁsorﬁlcwrrﬁnc?s Wé?é"»“caidﬂﬂ‘atgu%‘d%r %t(%ﬁ@%iaﬁ ¥aflbn content
800C-cal cined Lii.2M10.4N 0sCoo0.i02 at 55C. The voltage limts after the

first cycle aemais 20nrabiM@gl farmady diod theuallsonyln@ SdﬂeslmMnQd oiNi1- @O,

mat eri al exh te ry,.stab itie hver igh reversibility in
cycl e 2 onmal s S ssie 3 BpGhhg oSl igbel lalnh RS ebh by Yo
for 55C cycl tgpgs 2EXAMPLE 4 25 El ect rochem cal cells were fabricated as in

exanple 2 fromconpositions in the series (1-x) Li2MiG3 : x Li N o.5Coo0. 2
that were prepared as in exanple 1 and calcined at 800C. These cells were

tested as | nExauRlE 2uBRLRETo VLA £L 410 @9 % fBlddoo™

diffraction teérns for vari ous oSi |ons i nthe seri

Li 2Mh(3B: X LcergeB@n@teﬁa% itk hﬂhomccbmeihnsgwoez &dmd= otnevenqr¢le§¢3w¢mi g
el ectrochem cal ng@rforrrance is. illustrated in fig An addi ti onal

pl ot correspoh@inRferial wite W&Mﬁb@%aﬁaﬁvq Hih SABEnrpee dalghigipn and
2004/ 107%@0 B @f@%&gﬁggﬂ%g Q,Emm tion metal is also shown in figure
ca

10. The eoreti capacfties n conventional views of accessible
oxi dation states and structure as well as the accumul ated charge and
ultimate |itBXAMRIKEBent in the fully charged state are listed in table 3.

Many lithium battery cathode materials do not perform well at elevated
15 temperatures, their discharge capacities on extended cycling fading rapidly.
The electrochemical behavior of the materials of the invention were evaluated
at elevated temperature. Identical cells were used to those at room
temperature. Figure 8 shows the discharge capacity of 800°C-calcined
Li1 2Mng 4Nio3C00.102 at 55°C. The voltage limits after the first cycle were
20 reduced to avoid electrolyte decomposition. The material exhibited very
stable capacities with very high reversibility in cycle 2 onwards. The average

discharge voltage also remained quite stable for 55°C cycling.

EXAMPLE 4
25
Electrochemical cells were fabricated as in example 2 from compositions in
the series (1-x) LioMnQOj : x LiNipsCog» that were prepared as in example 1
and calcined at 800°C. These cells were tested as in example 2 between
voltage limits of 2.0 and 4.6 volts. The diffraction patterns for various
30 compositions in the series (1-x) LizMnOg; : x LiNig5C00502 are shown in figure
9 and the corresponding electrochemical performance is illustrated in figure
10. An additional plot corresponding to the discharge capacities normalized
13



5 EXAMPLE 5 Conpositions with additional substitutents have al so been

I nvestigated. 10 Figure 11 shows that nmaterials with Ti, Cu and Al

substi t utworoemuigoal so be produced singl e-phase. Thesecwaiaanisaosr7oer e
produced using the sanme chel ati on-based process, but with the addition of
the required nolar quantity of precursor. The precursors used were

(NH4) 2Ti ( C2H4) 2. H20, Cu(NCB)Z 3H20 and Al (NCB)3 9H20. The discharge
capaci ti es obtained.,for ials.after

1 t d
P e aoBer HARSHERI BT DIk shovimnth igws 10 ¢ T ahgoraea capadibes con
that Cu and FhsdPBh &briveRashadiths of@céééaﬁlaeoﬁm biafss ahg akiedire igt

these materials cycled wwth very stable capacity. Gven the very high
amount of Al webpasl that accumala @hargeoamoult:mat@ lithim tdeetatitsiohtireg éully

capacities °B$$\Jgﬁ§ Sqrﬁglﬁﬁﬁ%clﬁitt%@&@o Such a high level of Al in a

conventi onal e 'material would be expected to inpact

severely »n the discharge capacities obtained. Figure 12 shows the

char ge-di scharge voltage curves for the same nmaterials on the 30th cycle.

It can be seen that the Ti-doping has a particular effect on the discharge
curve, with EXAMRPLR& kink at approximately 3.3V. The Al -doping 25 has the
effect of increasing the average discharge voltage of the material. G ven

the very high anount of Al doped into Lii_2Mio.4Ni 0. 2Coo.| Al 0.102, the

di scharge cagagigdstforebiinnediciohafluubetitiiahts Watd alsei BebAT BResRRAGH! Y Of
186 rrAh/?(éafter 30 cycles. 30 The theoretical capacities, for the Al and Ti

substit ut®d Heaues i1dl %ho‘/bﬁaﬂlﬁi rpateriglsnBhtTiloqHl and émumtlfd&@é%iﬂﬂl @sededat i on
pcrl oae 11114 PHEEHH 7RSI ey Sfie brdieig Viets Biadibed beiaLihe: sAPE: i 1
the fully cheliglatioisbated preceds, duedvithnthtaddditich oEfﬁ&VFéLdim@d folar quantity
of precursor. The precursors used were (NH4)oTiO(CoHg)2.H20,
Cu(NO3)2.3H20 and AI(NO3)3.9H,O. The discharge capacities obtained for
15 the Al, Cu and Ti-substituted materials after the first and thirtieth cycles are
tabulated in table 1. It can be seen that Cu and Ti-doping impacted the
discharge capacities obtained, but these materials cycled with very stable
capacity. Given the very high amount of Al doped into
Lis 2Mno 4Nig 2C00.1Al 1Oz, the discharge capacities obtained are quite high.
20  Such a high level of Al in a conventional lithium battery cathode material
would be expected to impact severely on the discharge capacities obtained.
Figure 12 shows the charge-discharge voltage curves for the same materials
on the 30th cycle. It can be seen that the Ti-doping has a particular effect on
the discharge curve, with a distinct kink at approximately 3.3V. The Al-doping
25 has the effect of increasing the average discharge voltage of the material.
Given the very high amount of Al doped into Lij2Mng4Nig2C00.1Aly.102, the
discharge capacities obtained are quite high, with a discharge capacity of
186 mAh/g after 30 cycles.

30 The theoretical capacities, for the Al and Ti substituted materials, based on

conventional views of accessible oxidation states and structure as well as the

14



The use of nitrates is not necessary for the production of single phase

Li 1. 2Mho. 4Ni 0. 3Co0. 102. The X-ray diffraction verified that that

si ngl e- phweaoosmmydoni al s can be produced using all acet atrersa206100077a
conbination of lithium formate and netal acetate salts as precursors. Al

of the other processing 10 conditions were identical to exanples 1 and 2.
The di scharge capacities obtained using nitrates and lithiumformate with
acetates as the precursors are ?iveq_Ln table 1, lt c&n be seen that the
per f or mance $CURMIBLES I‘%‘%r%ﬁa@éﬂi mals; Ijiupheontenh fTBnERAIRH StRtg e at es.
After 30 cycglsgsy inlhgpfl gcharge capacity is approxi mately 20mAh/ g hi gher
than using nitrate precursors. 15 EXAMPLE 7 This exanpl e shows that
materials with simlar performnce nay be produced by nethods other than a
solution-bazgg ﬁﬁﬁkﬁéion mechani sm Li 2MhG3 and 20 Li CoO2 were mxed in a
1:1 nolar r é, mlled in a high-energy ball-mll for a total of 9
hours. The resulting powder was calcined in air at 7400C in air for 6
hours. X-ray diffraction of the materials both before and after cal cination
showed no i ntheatseonf gfitrates jsr ssbmesessary Prnibe. praskickian eofi singler phase

cal cination i gl hase ljne. t t I '
pr ecur sor . I\‘ggz 14 ?‘gc(;:%é?%é (é:@%agip Hé?e@ffyqscﬁ@beg&ﬁﬁa C{]g}gqteﬁ%t 'Eérﬁlg%ﬁg Wi th
t he bal | - m | hatapiateogie henprioeiuced usmdedll AbetatnBalts ¥e hi crgnisinativrt o hithiaa
exanple 2 were substantially simlar to those obtained with materi al

produced usifegneleeanddnatal @seknie adlte Rs BIacHsPPoctl §f the ofisenpiosesaingo74s8o
PCT/ CA2 /0 T, : ] Clty| a | hirtieth
cycl es 1913);1 ch%égtﬂ)sns @%kﬁ%éé?qtpgﬁgg%&@%%h%ﬁag x?h%ﬁ%a&%e&?}gggglbti es
are cal cul atalstainedstsing nitrdtescarirh fithilina Sormatehwithveaggtdtesfad thes pradursorsnet al
oxi de as prepared, before,  in-sifu oxi atiﬁn, and then_norma|ized to,a per
transition paglv%bh@ %/_1. It can be seen that the periormance is actually improved

using the lithium formate with acetates. After 30 cycles the discharge

capacity is approximately 20mAh/g higher than using nitrate precursors.

15

EXAMPLE 7

This example shows that materials with similar performance may be produced
by methods other than a solution-based chelation mechanism. Li;MnOs and
20 LiCoO, were mixed in a 1:1 molar ratio, and milled in a high-energy ball-mill
for a total of 9 hours. The resulting powder was calcined in air at 740°C in air
for 6 hours. X-ray diffraction of the materials both before and after calcination
showed no indication of the presence of LixMnOs. The material after

calcination was single-phase and more crystalline than the milled precursor.

25
The discharge capacities, listed in table 1, obtained with the ball-mill
produced material under the same cycling conditions as example 2 were
substantially similar to those obtained with material produced using the
solution-based chelation process.

30

15



5 Conposition 1st 1st 30th 30th discharge di scharge di scharge di scharge
capacity capacity capacity capacity (mAh/g) per TM (mAh/g) per TM (mAh/g)
(mAh/ g) EsAbRLIB7480- 740C Li 1. 2Mh0. 4N1o. 402 134 168 184 p23@A2bdsloddt0. 4N1O
3C00.1 @2 175 219 192 240 Lil.2Wn0. 4N 0.2Co0.202 232 290 192 240

Li 1. 2Vvho. 4Ni 0. i Coo. 302 180 225 177 222 Li 1, 2Who. 4Coo. 402 189 236 164 205

EXAMPLE 2 - 800C Li 1.2Mn 0.4N i0.402 143 179 159 199

Li 1. 2Mh0. 4Ni O 3C00. 102 183 229 202 253 _Li 12Nho. 4N o.égo?. 202. 199 249 200
250 Li1.2M d- 1leisehage capaciies af gae firgt apd thislialo cxelss fapwaripys 241 172
215

EXAVPLE. 2. i) ANAi 2 - i N
i 0. 3C00. 102%‘%3%%@%4@ %%M'@fﬂyf%@”% Bﬂ%gé.ggﬁéé%g%g%ﬂ%ﬁ%%gé
Li 1. 2Mh0. 4Ni mAhGpbasePas op hevelght of5He liihiuravh@al CRitde 48Drapsre25BeR08 254
EXAVPLE 3 Li 1, 2Mh0. 4N o. 30@3 102 580C 225 281 195 244 EXAVPLE 4
Li 1. 158Mho. eV 15b 255 309n peENalizpdto-a pekiransition metal capacity.
Li 1. 135MD. 270Ni 0. 297C00. 29802 175 202 159 184

LI 10059MVn0. T8N U-é‘dﬁﬁb@é’itiﬁﬁ“w 19 dU-pStJ.4/ J.bb1st 30th 30th
discharge | discharge | discharge | discharge
capacity | capacity | capacity | capacity
(mAh/g) per TM (mAh/g) per TM
(mAh/qg) (mAh/g)
EXAMPLE 2 - 740°C ‘
Li1 oMng.4Nig.4O- 134 168 184 230
Li1 oMng.4Nio.3Co0g 1 O, 175 219 192 240
Li1 2Mng4Nig.2C0g 05 232 290 192 240
Li1 _2Mn0_4Nio_1 C00_302 180 225 177 222
Li1.2Mnp 4C00.40> 189 236 164 205
EXAMPLE 2 - 800°C
Li1 _2Mn0,4Nio_402 143 179 159 199
Li1_2Mn0_4Nio_3COo_102 183 229 202 253
Li1 5Mng 4Nig2C0g 505 199 249 200 250
Li1_2Mn0_4Nio_1C00_302 207 259 186 233
Li1 ,gMno,4COo,402 193 241 172 215
EXAMPLE 2 - 900°C
Li1.oMno.4Nio 4O2 154 193 152 190
Li1 .QMno‘4Nio.3C00,1 02 148 185 147 184
Li1.oMno 4Nio.2C00.20 152 190 174 218
Li1.2Mno.4Ni0.1C00.30> 192 240 203 254
Li1 2Mnp 4C00.40- 206 258 203 254
EXAMPLE 3
Li1_2MI’lo_4Nio,3COo_1 02 (5500) 225 281 195 244
EXAMPLE 4
Li1_158Mn0.316Nio_263000'26302 186 221 173 205
Li4 135Mng.270Ni0.297C 00 290802 175 202 159 184
Li1.056Mno.118Ni0.414C00 41402 197 209 147 156
LiNio_5COo_5OQ 162 162 143 143
EXAMPLE 5
Li1.oMng 2 Tio 2Nio.2C00202 156 195 175 219
Li1,2Mn0_4Ni0.QCOO_1AIO.1OQ 179 224 186 233
Li1_16Mno,4Nio,QCOo_1GCUO_04O 150 188 150 ! 188
2
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Li Ni

n0. 4N i 0. R0@0041HC180. 040 150 188 150 188 2 16 WO 2004/ 10¢4&MA2004/000770

PCT/ CA2004/ 000770 EXAMPLE 6 nitrates 208 260 186 233 Li
acetates 189 236 215 269 EXAMPLE 7 Li 1, 2Wh0. 4C00.402 m |l ed 196 245
209 Lil. 2MnQAC00. 402 (sucrose) 188 235 164 205 Table 2. Tabul ation

terials in the series Li2MQO3:
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Table 2. Tabulation of lithium contents for materials in the series LixMnQOs:

5  LiNi;xC0x02 (0 £ x = 0.4) calcined at 800°C, as made and after in-situ
formation in an electrochemical cell.
X Li content Accumulated | Ultimate charged Li
(AA) charge content
(mAh/qg)
0.0 1.162 263 0.32
0.1 1.146 298 0.20
0.2 1.174 308 0.20
0.3 1.158 334 0.09
0.4 1.172 301 0.20
10 Table 3. Tabulation of theoretical capacities, accumulated charge and lithium
contents after in-situ formation in an electrochemical cell for various
compositions in the series x Lio-MnOg: (1-x) LiMO, calcined at 800°C.
Nominal composition Conventional | Actual Ultimate
theoretical accumulated | charged
charge charge Li
capacity (mAh/g) content
(mAh/g)
Li1'gMno,gTio_zNio,QCOo,QOQ 127 318 0.20
Li1,QMno_4Nio.QCOO_1A|0_102 97 298 0.28
Li1.158Mng.316Ni0.263C00.26302 | 160 301 0.17
Li1.185Mno.270Nio.297C 0029802 | 178 323 0.05
Li1.050Mno.118Ni0.414C0041402 | 235 273 0.10
15
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charge charge Li capacity (mAh/g) content (mAh/Q)

Li 1, 2ivno. 2Ti 0. 2Ni 0. 2C00. 202 127 318 0.20 Li1l.2Wn0. 4N 0. 2Co0. 1A 0., 02 97 298
0.28 Lil.15BWn0. 316Ni 0. 263Co00. 26302 160 301 0.17

Li t. 135Mn0. 270Ni 0. 297Co00. 2952 178 323 0.05 Li1l.059Wn0. 118N 0. 414Co00. 41402
235 273 0.10 15 17 CLAIMS: |I. A lithiumnetal -oxi de el ectrode conpositions
and strucLulels: having a |ayered crystall ographic structure and the general
formula Li xMhyM _yQ2 where 5 0 < x < 0.20, 0 <y < 1, nanganese is in the 4+
oxidation state and Mis one or nore transition nmetal or other cations. 2.

A materigl acgor PltmnineetmL@ma@ Lama@l rboMﬁo&thHQSG‘a’ﬂdf r @fcalbs ofhating Ht her
first rowtransition netals: Ti, Fe, Co, N nd Cu, and other 10

cati ons M’cﬂadappysmﬂloga@blcm sﬁemturomandré@h i genAtal ngllN@ DiWMIEM 1,61, vdrdre  Zr |

Be but not sol el A mat.eri al  acco to claim
1, \mé:a —<rs18@§e Oor ¥m el t‘?jﬁl?‘%aln?’f%?? 1%l%al4+ pxigtiey, s i %;M %ogléen % rom
t he ot he[nofé lsitloRwndtalanddremismt al s © Ti, V. 15 C, Fe, Co, N and Cu,
and ot her netal cations such as Al, Mo, W Ta, Ga and Zr. 4. A materi al

according to claiml1l, wherein Mis one or nore transition netal or other

oo of acmat o AT G oP ook "Eo “ar 81 oV BTahednis craid Ty A8 e,

use of a“ma rece as |t|ve

el Ielct rodgthkN ArshOfbvAdteRiSor | mbiathn qgl Iv.orcﬂpan,erao, Nichards @u,| iahhl Wtheri on
ce . 25
10 cations with appropriate sized ionic radii: Al, Mg, Mo, W, Ta, Si, Sn, Zr, Be,

Ca, Ga, and P, but is not solely Ni.

3. A material according to claim 1, wherein M is one or more transition
metal or other cations chosen from the other first row transition metals : Ti, V.

15 Cr, Fe, Co. Ni and Cu, and other metal cations such as Al, Mo, W, Ta, Ga and
Zr.

4. A material according to claim 1, wherein M is one or more transition
metal or other metal cations chosen from the first row transition metals and

20 Al

5. The use of a material according to any of the preceding claims, as
positive electrode in a non-aqueous lithium cell or battery, such as a lithium
1on cell.

25

6. A process for making a material of formula LiMnyM;,0,, wherein x <
02, 0 <y <1, Mn is Mn+t4 and M is one or more transition metal cations or
other cations, comprising providing a starting material of formula LijxMnM,.,.

30 O, wherein x is equal to or greater than 0, and M is one or more transition
metal or other cations, as a cathode in a lithium ion cell, and charging the cell
to a voltage in the range of 4.4 to 5 volts, at a temperature in the range of room temperature to
55°C.

18



6. A process for making a material of fornmula LixMiyML_yQ2, wherein x <
0.2, 0<y <1, Mhis Mh+4 and Mis one or nore transition netal cations or
ot her cations, conprising providing a starting nmaterial of formula

Lii +xMhyM _y. 30 02, wherein x is equal to or greater than 0, and Mis one
or nore transition netal or other cations, as a cathode in a lithiumion
ceII and chargi ng the cell to a voltage in the range of 4.4 to 5 volts, at

tenperature,in the ran room.t e era ture S
accor di ng to %I AT, %%r%é TEAY Cm"@hose Fi*d %1;)'15 f’%sﬁg fr&f’he?lp frce[ﬁ row
transiti ehermefi®d Stowl tranditidd , mE®@ls: QF; N, al’td e, @nd Nt held @©at 1268 owet h
appropriate sized ionic radii: A, Ta, Si Sn Zr, Be, 5 Ca, @,
and P, btAtiops Wbk amirepraty sizegl lﬂlllﬁr!%'éssAh é@ﬁ %6 diaai $h 6S0.wREr en M i s

one af n@g%g aﬁl&l?i ﬁdt%n?t@‘ﬁ e.?}Lle)_r ot her net al catl ons chosen fromthe other

first” row'transi Fe, Co, N and Cu, and ot her
cations such as Al, M, W Ta, Ga and 10 Zr. 9. A process according to
claim®6, wherein MIS one Qr m)retran5|t|on rretal or other netal cations
chosen fom tfe Pregest 2SRrdRENG tSlg ndt avkereing Malis a5 195, motsr d@agilion

accor di NGty %nyotﬂér %&éln%aﬁoﬁs c%osewn%cﬁfl ntﬁeh%tﬁe‘?m?‘ﬂtatrb’\%e tt'aﬁmﬁ&pnﬁletals.
tenperature. 19
Ti, V. Cr, Fe, Co, Ni and Cu, and other cations such as Al, Mo, W, Ta, Ga and

10 Zr.

9. A process according to claim 6, wherein M is one or more transition
metal or other metal cations chosen from the first row transition metals and
AL '

15
10. A process according to any of claims 6 to 9, wherein the temperature is room

temperature.
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