LI THE UM MANGANESE OXI DE COVPOUND AND METHOD OF PREPARATI ON FI ELD OF THE
I'NVENTI ON The present invention relates to lithiated nulticonponent
manganese oxi de conpounds (Li[err]Merr]Mi[err]derr]) and their production
by contacting LiMerr]Mf[errjferr] with [ithiumdissolved in a solvent in
whi ch lithiumgenerates solvated el ectrons or in which a catalyst is
present that is capable of acceptingsn electron fromlithium and
delivering it to the LiMerr]Mf[err]derr]. BACKGROUND OF THE | NVENTI ON The
present invention relates to lithiated nulticonmponent manganese oxides, to
met hods of making such materials and to the use of such materials in the
manuf acture of battery cathodes and el ectrodes for other purposes such as
in el ectrochem cal Ce|LH‘HIﬂMWGANESEr(meE(IM(WNDO a process for the
- manuf acture of Li[err]M er AN WRTHOD R I

of Li[err]Merr]MJferr]Jerr] 1n electri ca storage patteries. Still nore
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i ncorporating |ithium i onsBACKGROIJNE BN h the anode and the
cat hode. During discharge of the cel | s, i thiumions |eave the anode, enter

- the el ectrol ytFheprsent irfreitivl @€latdPto llthihftﬂ multicomponent manganese oxides, to methods

of making such materials and to the use of such materials in the manufacture of battery cathodes
and electrodes for otﬁa purposes such as in electrochemical cells.

More partimlarl& it relates to a process for the manufacture of Li,MMn, (O, and the use
of Li;MMn,,O, in electrical storage batteries. Still more particularly, it rel#tes to a process for |
the manufacture of LLMM),_,,O‘ by the reaction of LiM;Mn, 0, with lithium and to using

- Li,M,Mn,,0, in the manufacturing of the cathode component of rechargeable lithium-ion
electrical storage batteries. . |

Convenfionally used nonaqueous electrolyte cells are primary cells which can be used
only once. With recent widespread use of video cameras and small audio instruments, there has
been an increased need for secondary cells which can be used conveniently and economically
~over many charge-discharge cycles.

Lithium cells gseﬁ:l as electrical storage batteries incorporate a metallic lithium anode
and a cathode including an active material which can take up lithium ions. An electrolyte
incorporating lithium ions is dispdsed in contact with the anode and the cathode. During

discharge of the cells, lithium ions leave the anode, enter the electrolyte and are taken up in the



2 active material ofthe cathode, resulting in release of electrical energy.
Provi ded that the reaction between the lithiumions and the cathode active
material is reversible, the process can be reversed by applying el ectrical
energy to the cell. If such a reversible cathode-active material is
provided in a cell having the appropriate physical configuration and an
appropriate electrolyte, the cell c@n be recharged and reused. Rechargeabl e
cells are conmmonly referréed to in the battery art as secondary cells. It
has | ong been known that useful cells can be made with a |ithium netal
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a cell incorporating a hthmm anode and manganese dioxide cathode-active material can be used

as an electrical power source. The same reference further teaches that a lithium and manganese
dioxide cell can serve as a secondary battery.

There has been considerable effort in the battery field directed towards development of
cathode materials based on lithium manganese oxides. Both lithium and manganese dioxide are
relatively inexpensive, readlly obtainable materials, offering the pronuse of a useful, potent
battery at low cost. Nonaqueous electrolyte primary cells using lithium as a negative electrode-
active material and nonaqueous solvent such as an organic solvent as an electrolyte medium have
advantages in that self-discharge is low, nominal potential is high and storability is excellent.

- Typical examples of such nonaqueous electrolyte cells include lithium manganese dioxide
primary cells which are widely used as current sources for clocks and memory backup of
electronic instruments 'becaﬁse of their long-term reliability. _

| Secondary lithium batteries using an intercalation compound as cathode and free lithium

metal as anode have been studied intensively due to their potential technological significance.



3 Unfortunately, these studies have reveal ed that inherent dangers
associated with the use of free lithiumdiscourage the use of such
batteries in general consumer applications. Upon repeated cycling,
dendritic gromh of lithiumoccurs at the lithiumelectrode. G owh of
lithiumdendrites can | ead eventually to an internal short-circuit in the
cell with a subsequent hazardous uncogtrolled rel ease of the cell's stored
energy. One approach to inproving the reversibility of lithium based anodes
i nvol ves the use of lithiumintercal ation conpounds. The intercal ation
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Batteries using this approach, in which an intercalation compound is used as the anode
instead of free lithium metal, are known in the art as "lithium-ion" or "rocking-chair" batteﬁe;.
Utilization of Li,Mn,0, in lithium-ion secondary batteries is described in detail in the recent
review paper, “The Li,,,Mn,0,/C Rocking-chair System," J M. Tarascon and D. Guyomard,
Electrochimica Acta, Vol. 38, No. 9, pp. 1221-1231 (1993). |

In this approach, a nonaqueous secondary cell is provided with (a) a negative electrode
consisting essentiaily of a carbonaceous material as a carrier fo-r a negative electrode-active
material, sgid carrier being capable of being doped and dedoped with lithium and (b) a positive
electrode comprising lithium manga;.nese complex oxide as an essential positive electrode-active
material. This cell has a high expected applicability because dendrite precipitation of lithium
does not occur on the surface of the negative electrode, the pulverization of lithium is inhibited,-

the discharge characte'x‘is;tics are good and the energy density is high.



4 The output voltage of this lithiumion battery is defined by the
difference in chemical potential of the two insertion conpounds.

Accordi ngly, the cathode and anode nust conprise intercalation conpounds
that can intercalate lithiumat high and | ow vol tages, respectively. The
viability of this concept has been denonstrated and future

commerci alization of such cells in D 4AA or coin-type batteries has been
i ndi cated. These cells include a Livn[err](err], a LiCoJerr] or a
LiNierr] cathode, an electrolyte and a carbon anode. These lithiumion
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However, a nonaqueous electrolyte secondary cell such as described above has
disadvantages in that some cell capacity is lost because some of the lithium doped into the
carbonaceous material used as a negative electrode active material cannot be dedoped upon
discharge. In practice, either carbon or graphite irreversibly consumes a portiox; of the lithium
during the first charge-discharge cycle. As a result the capacity of the electrochemical cell is
decreased in proportion to the lithium that is irreversibly intercalated into the carbon during the
first charge. |

This disadvantage can be eliminated i)y using Li;Mn,0, as all or part of the cathode.
Upon the first charge of the cell so manufactured, the Li,Mn,0, is converted to X-Mn,O‘. When
the cell is operated over the appropriate range of electrical potential, subsequent discharge cycles
of the cell convert A-Mn,0, to LiMn,O,, and .charge cycles convert LiMn,0, to A-Mn,O,.
Because excess lithium is available to satisfy the irreversible consumption by carbon or graphite,

cells manufactured using Li,Mn,O, have greater electrical capacity.



cells manufactured using Li[err]Mf[err](err] have greater electrical
capacity. 5 The capacity of a lithiumion cell is also limted by the
gquantity of |ithiumwhich can be reversibly renoved (i.e, cycled) fromthe-.
cathode. In the cathode materials of the prior art, only about one half
mol e of lithiumper transition netal can be renoved reversibly. Thus, they
have limted specific capacity, genegally no nore than about 140 mAh/g. In
principle, one nole of lithiumper ndle of manganese can be renoved
reversibly fromLi[err]MJ[err]O4. In practice, however, cells that cycle
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Li[err] M err| have t tion spectra given on
Thus, a combination of factors gives a lithium-ion cell that cycles lithium between a

carbon or graphite matrix as the anode and LiMn,O, as the fully discharged cathode many

particularly attractive features. Such cells can be assembled conveniently in an ovér-discharged

state using carbon or graphite for the anode and Li,Mn,0, for the cathode. Because the second

lithium ion cannot be uséd effectively for repeated cycling, its consumption to satisfy the

irreversible lithium intercalation of the carbonaceous anode material does not entail any
_additional loss of electrical capacity.

The c.ompounds LiMn,O, and Li,Mn,0, that are useful in this applicatioﬁ are known in
the art. Depending upon methods of preparation, théir stoichiometries can differ slightly from
the ideal. They are precisely identified however by their x-ray powder diffraction patterns. The
materials hergin referred to as LiMn, 0, and Li,Mn,0, have the diffraction spectra given on
cards 35-781 and 38-299, respectively, of the Powder Diffraction File published by the
International Centre for Diffraction Data, Newtown Square Corporate Campus, 12 Campus

Boulevard, Downtown. Square, Pennsylvania, 19073-3273, USA. The materials designated



cards 35-781 and 38-299, respectively, of the Powder Diffraction File-

publ i shed by the International Centre for Diffraction Data, Newtown Sqguare
Cor porat e Canpus, 12 Canpus Boul evard, Downtown Square, Pennsyl vani a,
19073- 3273, USA. The material s desi gnated 6 LiMerr]MJerr](Jerr] and
Liferr]Merr]MJ[err]Qerr], in which Mrepresents a nmetal other than
manganese, which are the subject of tEi S invention, are essentially
insostructural with LiMi[err]Jerr] and Li[err]M[err](err], respectively,
and have powder diffraction spectra which differ fromthose of
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El ectrochem Soc. (1993), 93-23, 461-472; Y. Toyoguchi, US 5,084, 366, Jan.
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advant agegy corresponding to b moles of alternative metal per mole of lithium, Y. Bito, et al., Proc.-

Electrochem. Soc. (1993), 93-23, 461-472; Y. Toyoguchi, US 5,084,366, Jan. 28, 1992. The
range of conditions over which LiM;Mn, ,O, can be synthesized varies w1th the metal M and
with b, the proportion of M in the compound. In general, the synthesis is more facile as the value
of b is smaller. The compound LiM;Mn, O, is a raw material for the present invention.

In contrast, LiMn,0, is more difficult to prepare and in fact, known methods for the
preparation of Li;Mn,0, are excessively costly. Preparatibn of the substituted compounds
Li;M;Mn, 0, and ﬁeir use in rechargeé.ble batteries are the subjects of this invention. In the
manufacture of cathodes for rechargeable lithium-ion batteries, this material has the advantages
that accrue from the use of Li,Mn,O, as described above. Additionally, the Li,M,Mn,,0,
materials produce cathodes which have either greater electrical storage capacity or superior

cyclability or both comipared to similarly prepared cathodes based on Li;Mn,0,.



that accrue fromthe use of Li[err]Miferr](err] as described above.
Additionally, the Li[err]Merr]MJ[err]derr] materials produce cathodes
whi ch have either greater electrical storage capacity or superior
cyclability or both conpared to simlarly prepared cathodes based on
Lif[err]Miferr](err]. 7 SUMVARY OF THE INVENTION It is an object of the
present invention to provide a nonaqugous el ectrol yte secondary cell having
an increased cell capacity which conprises a negative el ectrode consisting
essentially of a carrier for a negative electrode active material and a
positive el ectrode conpri si 3 ' gl manganese oxi de as an
essential positive electrod i B cordance with the
present invention, the %gove obj ect, can be acconplished by a |ithjated
mul t i conponendt if& ehiect of the prosent ingention tq provide p SPRAqUERUS clectolyte Secprdary cell
+ prepared by contacting LiMerr]Mlerr]Jerr] with I'ithium suspended or

di ssol vedaving an insreases cell capacity whichicomprisegamegative slectspdecongistingessantilly ofr i n
which a catalyst is present that is capable of accepting an electron from
| i t hi um avdriteforaaegative electiode adtive tatefislrani Ripositive €baradp comprisinga substituted
DESCRI PTI ON OF THE PREFERRED EMBCDI MENT As noted above, this invention is
di rect ed lithium matighwede oxidensail esséntinl pugitive eletthodetlagtivemabterislonponent net al
oxide, Li[err]Merr]Mf[err]derr]. Specifically such nethod is

acconpl i shed 14 aeesvdhskberait-th(pRéseht\ialantioh the abdve Gbjéce ¢tk Be Récokrplittied rﬂyha

dissolving lithiumfromthe lithiumsource in a liquid nediumin whicC
l'ithium el 2513 fopr 6O -
transt or Liinie BRGESnGHCR elar GGUBILE o atid RGP el By SRk
l'ithium ki L. Js CHekd ' The,: f Lithi.um.ean.be an rce
i o R ol Sl e B B A b S uBEeRt

the pres es%ivakerave?er&rlogsnog 1|ntw I'c n; éa%alj(rjslt ?ssp?és\égtqhgéﬁs gapsagllc \é(ta' géce{:tri]ngvgn“ e(feQ:tron from

lithium and delivering it to the LiM,;Mn, O, reactant.

D

As noted above, this invention is directed to a method of manufacturing a lithiate-d
multicomponent metal oxide, LiMMn, 0 , Specifically such method is accomplished by
providing LiM,Mn,,0,, a source of lithium, dissolving lithium from the lithium source in a
liquid medium in which lithium generates solvated electrons or the reduced form of an electron- |
transfer catalyst and cc;ntacting the LiM;Mn, ,O, with the lithium-containing liquid medium. -

The source of lithium can be. any source which makes elemental lithium available for
reaction.

In accordance with the present invention lithiﬁm is dissolved by a solvent in which
lithium generates solvated electrons or the reduced form of an electron-transfer catalyst and
contacting the LiM;Mn, O, with the dissolved lithium... Advantageously the solvent is selected
from the group consisting of ammonia, organic anﬁnes, ethers, pyridine, substituted pyridines,
mixtures of ammonia and amines, and mixtures of ammonia and ethers. Preferably the solvent

is ammonia, organic amines, or pyridines. When the solvent is ammonia the contacting step is



| i thium generates sol vated el ectrons or the reduced formef an

el ectron-transfer catalyst and contacting the LiMerr]MJ[err]Jerr] with
the dissolved lithium Advantageously the solvent is selected fromthe
group consi sting of anmonia, organic am nes, ethers, pyridine, substituted
pyridi nes, m xtures of ammonia and am nes, and m xtures of anmmoni a and
ethers. Preferably the solvent is a nia, organi c am nes; or pyridines.
When the solvent is anmonia the confacting step is 8 advant ageously
carried out at a tenperature of from about mnus 30[err]C to about m nus
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the solvent used in the nethod of this invention is an organic amne, it is
advant agedhieh is asliquid atcthe reagtion tempgratire  ddivantageonsly svhenrsualng kiguidh medium is

et hyl am nes, propyl am nes, and butyl am nes. Advant ageously, the nethod of
thi s i nventplayed; s catalyst sefectadt frovh she group reensistingnofcsulfur, rselfides, aeduicihle sulfur
Preferably the contacting step of the present nethod is carried out at a

t enper at wompohnds| ivdine) ivdides) retscitl® todire contpounds) plydding, yridtine fderivdrivys, tand
contacting step is carried out froma tenperature of fromabout 20[err]Cto

about 90[twRhzdphenont istddded D the Bfuid iRdiub) t he method of this invent ionis a
pyridine or a substituted pyridine, the contacting step is advantageously
carried out atyrghd GEREAhECH HRRIMG! of s Snvinfibh liS dnCofPafie! amine, it is
advantageously selected from the grouﬁ consisting of methylamines, ethylamines, propylamine.s,'
and butylamines. Advantageously, the method of this invention is carried out wheréin tht;,
organic amine is a liquid. Preferably the contacting step of the present method is carried 6ut at
a temperature of from about minus 25°C to about 100°C. Preferably the contgcting step is
carried out from a temperatﬁre of from about 20°C to about 90°C. |

If the solvent used in the method of this invention is a pyridine or a substituted pyridine,
the contaéﬁng step is advantageously carried out at a tethpe'rature from about minus 5°C to about
190°C. Preferably when using pyridine or a substituted pyridine as the solvent the contacting
step is carried out at a temperature &‘ from about 30°C to about 165°C.

As discussed above, the use for which the Li,M,Mn, O, preﬁared by the method of this
invention is uniquely applicable is as a cathéde for use in a secondary lithium ion
electrochemical cell. Such a cell may be of known design having a lithium intercalation anode,

a suitable nonaqueous electrolyte, a cathode of material made by the method of this invention,

and a separator between the anode and the cathode. The anode may be of known materials such



190[err]C. Preferably when using pyridine or a substituted pyridine as the
sol vent the contacting step is carried out at atenperature of from about
30C to about 165[err]C. As discussed above, the use for which the
Liferr]Merr]Mlerr]derr] prepared by the method of this invention is

uni quely applicable is as a cathode for use in a secondary lithiumion

el ectrochem cal cell. Such a cell may be of known design having a |ithium
-intercal ati on anode, a suitable nona&heous el ectrolyte, a cathode of
materi al made by the nethod of thIS i nvention, and a separator bet ween t he

anode an

transiti on%@ OXI gxls@ﬁ%ﬁgl tion nlﬁe)(ﬁs K#? es ang ?gr&b?g%?gm%oﬁs
materi al s nan el a gel
R G gﬁi@tfuﬁﬁoé LG4 Yl et s thotle L fons:
rrultlcorrponent nmeg, oxide is re nte the

Li[err] M err] M ‘ﬁ}“@fﬁ?‘\’ 'ﬁéﬁ%?“@?ﬁgﬁeﬂtgﬁnw&mohnd
advant ageousl y is from about 0 001 to about 1.999. Preferabl is from
about 0. Owhereif N&ﬁemetd ofher than raanganese aad gdvaptagequslyb ig/from @e%‘éi‘%tor 3bgHt t he
group consisting of Al, Ti, V, O, Fe, Co, Ni, and Cu. Advant a&eously when
the net al 1.999. Arefirably bisfom about G001 tegboutm(hnwgetagmwlmhemetah igselegted s T

b is about 0.2 or |ess. Advantageously when the nmetal is C b is about 0.2
or |ess. fximahé ggapceisistingofiAl, Mg, VielraFe,iCo, I, dndiCu. about 0.5 or |ess.
Advant ageously when the netal is Co b is about 0.2 or |ess. Advantageously

when the net al Advanbigebushpwhénatié nidtalisXl blig alout Advariiéssgeousl y when the netal
is N b is about O. § Iess Advant ageously when the nmetal isNi b is from

about 0.5 to ahﬁ%&ge@@gly&ﬂ&ﬂﬂémwﬂbwﬂf&ﬁtb%ﬂ&km is N b is about

1.10 or less.
Advantageously when the metal is Cr b is about 0.2 or less.

Advantageously when the metal is Fe b is about 0.5 or less.
Advantageously when the metal is Co b is about 0.2 or less.
Advantageously when the metal is Ni b is about 0.2 or less.
Advantageously when the metal is Ni b is about 0.5 or less.
Advantageously when the metal is Ni b is from about 0.5 to about 1.99.
Advantageously when the metal is Ni b is about 1.10 or less.

Advantageously when the metal is Cu b is about 0.2 or less.
Advantageously when the metal is V b is about 0.2 or less.

The process of the present invention can optionally be praeﬁced by providing an
electon-txan#fer catalyst to the suspension of LiM;Mn, O, before or after t.he addition of
lithium. Advantageously, the catalyst is selected from' the grdup consisting of sulfur,
sulfides, reducible sulfur compounds, iodine, iodides, reducible iodine compounds, pyridine,
pyridine derivatives, and benzophenone.

Products were analyzed by X-ray powder diffraction. The materials Li,M;Mn,,O,

tend to react with oxygen and water from the air. To avoid decomposition during X-ray



Advant ageously when the netal is Cu b is about 0.2 or |ess. Advantageously
when the nmetal is Vb is about 0.2 or less. The process of the present

i nvention can optionally be practiced by providing an el ectron-transfer
catalyst to the suspension of LiMerr]MWf[err](err] before or after the
addition of lithium Advantageously, the catalyst is selected fromthe
group consisting of sulfur, sulfides,_ teducible sulfur conmpounds, iodine,

i odi des, reducible iodine conpounds, H@ridine, pyri di ne derivatives, and
benzophenone. Products were anal yzed by X-ray powder diffraction. The

nat eri al andlydie thé Mmple pidahey wérelpRépared fngh inért-atiiéspheretoxp xitD & hydiddarboi er

fromthe air. To avoid deconposition during X-ray 10 anal ysi's, the

sanpl e pl ‘ﬁ“[‘ﬁ | fixad" (OSTHR 8 Aasl ?esgaddrvpﬁgr bon
oi I (3- w?a({(gHou\ﬁ [‘err]) vva‘s‘mrin%%ﬁ{\)?nth ?%e garrpfxee bE]POI‘e t he pl ague

B‘?idﬁéfiﬁﬁﬁ%ﬁﬁfer%‘%ﬂ&t P rr et from the presence of X.ray
L1 Fer ) or F 1o doraa ot 3R %W@&%ﬁl@%@% Bt %ot on
Zi(:ogr?ﬁzc bedo abo‘ve I@se{i'eagrg{%%ﬂts ?}@ € ted 'gé'rgéprﬁﬁflhﬂn%;. Exaaesrrcple 1 The
Cor N\ ARSTIEEP ol Porses Diftactoe %%”“Jss&{b]peqnﬁé#ﬁ]  Fhes st ca Tepeisdi

medi um To an argon pur ged Schl enk tube were charged 50 mmol es (about 9.0

gr ams) ofthQ'Ih{)leH]l\/h[err]CIerr] and about 50 m of I|qU|d ammoni a. Stirring
was effected using a magnetically

Example 1

The experiments of Example 1 demonstrate the convefsion of LiM,,Mn, O, to
Li,My,Mn, ;0, M = Al, Tj, V, Cr, Fe, Co, Ni, and Cu) by reaction with elemental lithium in a
liquid ammonia medium. _

To an argon-purged Schlenk tube were charged 50 mmoles (about 9.0 grams) o-f
LiM,,Mn, ,O, and about 50 ml of liquid ammonia. Stirring was effected using a magnetically

- driven bar. Throughout the course of the experiment a dry-ice—-acetone bath was periodically
raised under the Schlenk tl;xbe to control the rate of ammonia vaporization by maintaining the
temperature between the normal boiling point and about -40 °C. The Schlenk tube was vented
to the atmosphere through a mineral oil filled bubbler. In a dry box, about 0.35 grams (50
mmoles) of l@thium ribbon were cut into small pieces and placed in a tightly stoppered
Erlenmeyer flask. The lithium was subsequently charged to the Schlenk tube in a protective
counter-flow of argon.

Reaction was rapid. The blue color of lithium dissolved in ammonia was evident
immediately. Within less than about 2 hours, the blue color was discharged, all of the lithium
was consumed, and the solid poﬁder became yellow-brown. Thereafter, the liquid ammonia was

allowed to evaporate. The product wis further dried in an oil-pump vacuum, while heat was



driven bar. Throughout the course of the experinent.a dry-ice-acetone bath
was periodically raised under the Schlenk tube to control the rate of
anmoni a vaporization by maintaining the tenperature between the nornal

boi ling point and about -40[err]C. The Schlenk tube was vented to the

at nosphere through a mneral oil filled bubbler. In a dry box, about 0.35
grans (50 mmoles) of lithiumribbon were cut into small pieces and pl aced
in atightly stoppered Erlenneyer f1akk. The 1ithium was subsequent |y
charged to the Schlenk tube in a protective counter-flow of argon. Reaction

1S D! SipphOE i S BRCEpRl ekl HRE 6 G505 S RO ThF PR BHE PR, oo
Sher oat Gt R AR B e e SR PG b bR
further dried_in an oil-pu vacuum while heat was supplied to the

sanpl e f#dipseribed above; Thedesyits aneaeported imEable hg t ape. The dried powder was
transferred to a g ' ' i ne 3t N o

s Jlass jar ln. apn lnerl atppspnere pDox and anal) d by X-ray
powder dififraction as descri bed above e results are reported in Table 1.
Table 1 L - Mg \ e al: able L. ; Yperi . LM
i ’ H - . .
otk 1ML L gL O prpagsnens , Pl eg, (FrUIC
2 ‘ Primarily Li[err]JAl[err éﬁ{]cierr] Ti .
Ll Tl [ er I’] Yo m = — = — e e e Do

LiTiy,Mn, ,0,
_ Li,Tig,Mn, ,0,
\'Z LiV,,Mn, 0, 33 <2 Primarily
Li,Vy,Mn, ,0, :
“ Cr LiCr,,Mn, ,0, 33 <2 Primarily
| Li,Cr,,Mn, 0, {
Fe LiFe,,Mn, 0, =33 <2 Primarily
| Li,Fe;,Mn, 0,
CO LiCOo_zMnl ..0‘ ’33 < 2 Pﬁmaﬂly
Li,Cop,Mn,,0,
Ni LiNig,Mn, ,0, 33 <2 Primarily '
LizN'lmMm 1O,

‘LiCuyMn, 0, | . Primarily




Li[err]Ti[err]M[err]Jerr] V LiV[err]MJferr]Jerr] --33
< 2 Primarily Li[err]V[err]MJ[err]derr] C

LiCr[err]Wn[err](err] -33 < 2 Primarily
Liferr]Cr[err]M[err]Jerr] Fe Li Fe[err]Mi[err](err] -33
< 2 Primarily Li[err]Fe[err]M[err](err] Co
LiCo[err]MWn[err](err] -33 < 2 Primarily
Li[err]Co[err]M[err](err] N 12 Ni[err]Mif[err](err]

-33 < 2 Primarily Cu LiCu[err]Mf[err](err]
-33 < 2 Primarily Lgk [err]Mh[err]err] 12
Exanpl e 2 The experinents of Exanple enonstrate the conversion_of

LiMerr]Ml[err]ger ' r]%'hq r ]MEHUF;E r ian Al Ll Fe,
Co, N, and Cu) ?/ %ﬁﬁntén L’g\ll F’e?ren a tﬁtﬂ%ﬁ% nﬁl’ P#Y#-m gfolﬁ%ﬁbn?‘h'edf} glgo an
1 N o £ nEoMepengDs PRl 500 Crofe 86 . SR ) reafivinotn e iy i

ef fected using a_ magnetically driven bar. Heating was effected using a

t her nost at PEPYIBMINeHat h. The Schl enk tube was vented to the atnpsphere

through a mneral oil filled bubbler. In a dry box., abqut Q.35 grans (5
mol es) of it hifanan aigeerpurged Schienk jtphe,weregshargsde £p &%a tea-%i Wﬁ‘s)( 0

tightly stoppered Erlenneyer flask. The |ithium was subseguqnt |y charged to
t he Schl enLiMyiMn 0, ang ahxug 50 imleof n-propylamine. Stirring was effected using a magnetically

driven bar. Heating was effected using a thermostatted il bath. Tl;e Schlenk tube was vented
to the atmosphere through a mineral oil filled bubbler. In a dry box, about 0.35 grams (50
mmoles) of lithium ribbon were cut into small pieces and placed in a tightly stoppered
Erlenmeyer flask. The lithium was subsequently charged to the Schlenk tube in a protective
counter-flow of argon.

The reaction mixture was Med to maintain a slow reflux of n-propylamine on the ai;'-
cooled walls of the Schlenk tube (about 49 °C). Reaction was relatively slow. Over about 24
hours, the lithium was consumed, and the solid powder became yellow-brown. Thereafter, the
;;mduct was recovered by filtration in an oven-dried Schienk filter tube under an atmosphere of
argon. The wet filter cake was washed on the fiit with about 50 ml of tetrahydrofuran.
Thereafter, the superficially dry filter cake was dried in the Schlenk filter tube; the tube was
evacuated with an oil pump and heated with several turns of electric heating tape. The dried
powder was transferred to a glass jar in an inert atmosphere box and analyzed by X-ray powder

diffraction as described above. The results are reported in Table 2.



counter-flow of argon. The reaction m xture was warned to maintain a sl ow
reflux of n-propylanmne on the air- cooled walls of the Schl enk tube (about
49 [err]C). Reaction was relatively slow Over about 24 hours, the lithium
was consuned, and the solid powder becane yell ow brown. Thereafter, the
product was recovered by filtration in an oven-dried Schlenk filter tube
under an atnosphere of argon. The wet filter cake was washed on the frit
wi th about 50 m of tetrahydrofuran.1?hereafter, the superficially dry
filter cake was dried in the Schlenk filter tube; the tube was evacuated
T pa— TERTTITO ape.
#r e box
and anal yzed by X-ray powder,diffr i on_as .described above. The regults
are reporffed in Table 2.”‘%@?’%’%@8 PRABEMS Mn[err] err] |
Preparat i

LiMerr]

Propyl - .
[err]C N our Proddict
110 LiMooMnyoBui e | yhoLi
LiTi[err]ipalecclClocc] 0 L e
Li[err]Ti [grr]Q.efr)]. V.,
110 | w Wil i mai
“ Ti LiTi; ,Mn, O, 110 <24 Primarily
Li;Tig,Mn, ;0,
“ v LiV,,Mn, 0, 110 <24 imari
Li,V,
Cr LiCro,Mn, 0, 110 <24
Liszn_zMﬂuO;
Fe LiFe,,Mn, O, 110 <24 Primarily
LiaFﬁpMnqu
“ Co "LiCop,Mn, ,O, 110 <24 imari
Li,Co
Ni LiNi,,Mn, ,O, 110 <24 i
Cu LiCuy,Mn, O,




Cr LiCr[err]M[err](err] 110 < 24

Primarily Li[err]Cr[err]Mn[err](err] Fe Li Fe[err]Mn[err](err]
110 <24 Primarily LiFe[err]MJ[err]derr] Co

Li Co[err]Mi[err](err] 110 < 24 Primarily
Li[err]Co[err]M[err](Jerr] N LiNi[err]Mferr](err]

110 < 24 Primarifl&l/ Li[err]Ni[err]MJferr]Jerr] Cu
LiCu[err]Mferr](err] 0 < 24 _

Primarily Li[err]Cu[err]Mi[err]derr] 14 Exanpl e 3 The experinents of

Exanpl e 3 denonstrate the conversi oBxapl¢BM err]Mi[err]Jerr] to
Liferr]Merr]M[err]Qerr] (M= A, Ti, V, G, Fe, Co, N, and Cu) by

reaction withrip) expRiivdhts! 6ff Ekatfiple 8 [iéhoflitiats thed corversichn of MIMINSOR! NK
tube were chargegf%o nmol es (gg%ut 9.0 grans) of LiMerr]Mlferr]derr] and

about 50r; I di=n Ly 1 ¢ ECLT Oy Heat withRRARhtaCBthiuh &/ | ven
bar . Fbg%l%%ndgd‘eﬁqectméﬁug’l Cn{jllg' ?ﬁ’mfats‘tgt g%l oibﬂlw‘batth. The Schlughk t ube

was Vent@?’id&ﬁ t he atnosphere through a mneral oil filled bubbler. In a dry
box, abo .35 granms (50 mmol es) of lithiumribbon were cut into small

D005 20, P8R8 gkl St RBRCERH SR el ibon 5 bl o,
Orer " abobiMa oy SrREOH S NAGSo SORHECSrcAed S50 A RAEDGURATY J5h e
vel Tow blrafrfmﬂea;irrt]gevrvssaéé'egtrea utsigg a thermostatted oil bath. The Schlenk tube was vented to the
atmosphere through a mineral oil filled bubbler. In a dry box, about 0.35 grams (30 mmoles) of
lithium ribbon were cut into sqxall pieces and placed in a tightly stoppered Erlenmeyer flask.
The lithium was subsequently charged to 'the Schlenk tube in a protective counter-flow of argon.
| The reaction mixture was warmed to abouf 80 °C. Reaction was rapid. Over about 1'
hour, the lithium was consumed, and the solid powder became yellow-brown. Thereafter, the:
product was recovered by filtration in an oven-dried Schlenk filter tube under an atmosphere of
argon. The wet filter cake was washed on the frit with about 50 ml of tetrahydrofuran.
Thereafter the superficially Idry filter cake was dried m the Schlenk filter tube; the tube was
evacuated with an oil pump and heated with several turns of electric heating tape. The dried
powder was transferred to a glass jar in an inert atmosphere box and analyzed by X-ray powder

diffraction as described above. The results are reported in Table 3.



product was recovered by filtration in an oven-dried Schlenk filter tube
under an atnosphere of argon. The wet filter cake was washed on the frit
wi th about 50 ml of tetrahydrofuran. Thereafter the superficially dry
filter cake was dried in the Schlenk filter tube; the tube was evacuated
with an oil punp and heated with several turns of electric heating tape.
The dried powder was transferred to ??glass jar in an inert atnosphere box
and anal yzed by X-ray powder diffractTon as described above. .The results

are reported in Table 3. 15 Table 3 Li[err]Mi[err]Jerr] Preparation
ExperinmenfS rm pPyrrarne ™. .. LoIMertvmnerrra e
T, Ti ne, Princi fPablé¢&rr] C hour |

Product Al ' Li Al 0 1 \
Pr?rrgr:i |y L| [err] Al [erri qubﬁ«}%a&n#%ﬁrﬂ%lixpergmmh Ti[err] K/h[err] N err]

80 Pr|marlIyle[err]Tl[err]Nh[err]qerr] |
Li V[err] s | g/Pyridine = <1

L|[err]V[ rr] [er 19 LicrLerr] M
i’M]izL% Opri nhri Ly Li Erl“]‘%:r
L| Fe[ er r] 80 | _°C 1 J hour | __ Produghil,
Ll[err]Fe[rr]Mh[e”]th;,MnlO <1
4
‘ Ti LiTi,,Mn, ,O, 80 <1 Primarily
‘ LiTig Mn, (O,
v LiVy,Mn, O, 80 <1 Primarily
Li,Vy,Mn, O,
“ Cr LiCr,,Mn, ,0, 80 <1 Primarily
Li,CrMMnl 304 )
' L.hFepMnl 104
Co LiCog,Mn, ;O 80 <1 Primarily
- Li,Cop,Mn, ;0,
Ni LiNiy,Mn, ,0, 80 <1 Primarily
LizN.thj 10,
Cu LiCug;Mn, 0, 80 <1 Primarily
Li O




Co LiCo[err]Mferr](err] 80 <1

Primarily.Li[err]Co[err]Mi[err]derr] N LiNi[err]M[err](err]
80 <1 Primarily Li[err]Ni[err]MWMn[err]derr] Cu
Li.Cu[err]Mferr](err] _ 80 <1

Primarily Li[err]Cu[err]Mf[err](err] 16 Exanple 4 The experinents of

Exanpl e 4 denonstrate the conversion %f LiMerr]MJ[err]derr] to :
Liferr]Merr]MW[err]derr] (M= A, 'h, V, C, Fe, Co, Ni, and Cu) by
reaction with elemental lithiumin 1,2- diethoxyethane and pyridine. To an
argon-purged Schl enk tube were charBggm@@4mol es (about 9.0 grans) of
LiMerr]MJ[err]Jerr], about 40 m of 1, 2-diethoxyethane, and about 10 ni
of pyridine. fjd %d?&éﬁﬁsoﬁfﬁ:&ﬁ?l%dct UfelnidfistPaté BB Rbhverdidy of 'LiNGIMARO, fdeat i ng
was effected using a thernostatted oil bath. The Schl enk tube was vented to

t he atno I . R ger [ ' % sl hRG yout
0.35 gra "?té]rﬂsﬂé%&"g‘f’% ??h@h%g’rlﬁibg%dn iglé %:ngilto ﬁm%ho&gﬁcgﬁ ﬁtpl ecglsﬁgnd

pl aced i ti Ly, red Erlennmeyer flask. The |ithium was
su-bsequeﬁ%%%&é@%@%ﬁé Schl enk tube in a protective counter-flow of
argon. The reaction m xtur r.red to.aboyt 110 rr{gg. ctio S
sonewhat sl owe? af‘hﬁﬁ%'g'r"gf'ﬁgéﬁ%?lf%owaﬁen‘&w c‘(fqlﬂ'ﬁlq??f ?'ét%gr e\.‘,’\PO/er
about 4 hour, the |jthium consunmed, and the soli owder hecane

yel | ow bi-B¥ireMnin@y, ahoyt 40 m&mgle’%'ﬂﬁg‘metm- and about mag9PP¥mfﬁﬂ°aE-Wa Wasin
oven-dried Schlenk filter tube under an atnosphere of argon. The wet filter
cake was effestebusingia nagnetically deiven barb Jicating was eldgctedausingia theraiostatiad oifhatheaf t er

the superficially dry filter
The Schlenk tube was vented to the atmosphere through a mineral oil filled bubbler. In a dry

box, about 0.35 grams (50 mmoles) of lithium ribbon were cut into small pieces and placed in
a tightly stoppered Erlenmeyer flask. The lithium was subsequently charged to the Schlenk tube
in a protective counter-flow of argon. .

The reaction mixture was warmed to about 110 °C. Reaction was somewhat slower than
for the correspondir;g reaction in pure pyridine. Over about 4 hour, the lithium was consumed,
and the solid powder became yellow-brown. Thereafter, the product was recovered by filtration
in an oyen-dried Schlenk ﬁlte; tube under an atmosphere of argon. The wet filter cake was
washed on the frit with about SO ml of tetrahydrofuran. Thereafter the superficially dry filter
cake was driéd in the Schlenk filter tube; the tube was evacuated with an oil pump and heated
with several tums of electric heating tape. The dried powder was transferred to a glass jar in an
inert atmosphere box and analyzed by X-ray powder diffraction as described above. The results

are reported in Table 4.



cake was dried in the Schlenk filter tube; the tube was evacuated with an
oil punp and heated with several turns of electric heating tape. The dried
powder was transferred to a glass jar in an inert atnosphere box and

anal yzed by X-ray powder diffraction as descri bed above. The results are
reported in Table 4 17 Table 4 Li[err]Merr]Mferr](err] Preparation
Experinents in 1,2-Di et hoxyl et hane wipgh Pyridine Catal yst M

LiMerr]MJlerr]Jerr] T, Ti me, Pri nci pal
[err]C hour Product AI L|Al[err]|\/h[err]Qerr]
110 i

Li Ti[err] M '
Liferr]Ti[¢ rr err

11% i “F"}%[e]rﬂQe]rr] |
LiCr[err] <4 ' Primarilj

Li [err] O [ drrlihl e Lohed Ll or [

110

LiTiy ,Mn, ,O, 110 <4 Primarily
' Li,Tiy,Mn, ,0,
A% LiVy,Mn, O, 110 <4 Primarily
Li,Vg,Mn,,0,
Cr LiCry,Mn, ,O, 110 <4
“ Fe LiFe,,Mn, ;,0, 110 <4
“ Co LiCo,,Mn, ,0, 110 <4
“ Ni LiNiy,Mn, ,0, 110 <4
Cu . LiCuy,Mn, O, 110 - <4 Primarily




Ni LiNi[err]Mferr](err] 110 <4

Primarily Cu LiCu[err]MWMn[err](err] 110 < 4
Primarily Lif{err]Cu[err]M[err]derr] 18 Exanpl e 5 The experinents of
Exanpl e 5 denonstrate the conversion of LiMerr]Mferr]derr] to
Liferr]Merr]MW[err]Jerr] (M= A, Ti, V, C, Fe, Co, N, and Cu) by
reaction with elenental lithiumin 1,5.- di et hoxyet hane cont ai ni ng
benzophenone as an el ectron-transfer gt al yst. To an argon-purged Schl enk
tube were charged 50 nmol es (about 9.0 grans) of LiMerr]Mj[err](err],
about 50 ml of 1,2-diethoxyethane, &wmpledut 0.5 grans of benzophenone.
Stirring was effected using a magnetically driven bar. Heating was effected

using a ther NMThHeadsp@imeits ofExampld's Sehomttistet theecorversionndf LiMpMmj g0, to

at nosphere through a m neral oil filled bubbler. In a dry box, about 0.35

5 lhaced
granms ( Wé&gb@ vnt:r FOly Nieng c;:zb y kddcorbWith bleﬁbﬁﬁﬁﬁluﬁﬁ%ﬂ Jace

inatig enrreyer fl ask. l'ithi um was subsequent| y
charged t 'ﬁmj of argon. The
reaction (%ﬂ}ék??e m@ﬂm&aéwﬁg e?&ﬁ%ﬂi r‘fﬁ?%m. eactl on was sonewhat

sl ower than f the corr oRdl I

pyri di ne. @e%‘a%&fg &# §ﬂ#§'ﬂl ﬁ“ﬁﬁ%ﬁ&?&%&%‘mgu‘n"‘é@é@“? yé?’%i povvder
becane yel| Wn., Thereafter t he product vva recov filtration in
an oven- dHNngQ@ b:eﬂl?R“thPFlE &f 12rfliethoxes 'aﬁ?dém %rbe%’g%ﬂ

filter cake was washed on the frit wth_about 50 of tetrahydrofuranl

Ther eaf t eWas effected yisingjagnagnetjcally driven bag, féeam Was efipcted using 3 thermostatied joi

filter tube; the tube was evacuated with an oil punp and heated with

several thatihsThe Schlendttube whsvantedgotthgatmosphereshroughpomiaerel oibSlledbubblenrined t o

a glass jar in an inert atnosphere box and analyzed by X-ray powder
di f f r act i 2odry box, about 0.35 grams (50 mmoles) of lithium ribbon were cut into small pieces and placed

in a tightly stoppered Erlenmeyer flask. The lithium was subsequently charged to the Schlenk
tube in a protective counter-ﬂow of argon.

The reaction mixture was warmed to about 110 °C. Reaction was somewhat slower that;
for the corresponding reaction in which the catalyst was pyridine. Over about 8 hour, the lithium
was consumed, and the solxd powder became yellow-brown Thereafter, the product was
recovered by filtration in an oven-dned Schlenk filter tube under an atmosphere of argon. The
wet filter cake was washed on the frit with about 50 ml of tetrahydrofuran Thereafter the
superficially dry filter cake was dried in the Schlenk filter tube; the tube was evacuated with an
oil pump and heated with several turns of electric heatihg tape. The dried powder was
transferred to a glass jar in an inen.atmosphere box and analyzed by X-ray powder diffraction

as described above. The results are reported in Table 5.



as described above. The results are reported in Table 5. 19 Table 5
Liferr]Merr]MWn[err]err] Preparation Experinments in 1,2-Di et hoxyl et hane

W th Benzophenone Catal yst M LiMerr]MJ[err]Jerr]
T, Ti nme, Principal [err]C hour
Product Al L|Al[err]Nh[err]CIerr] 110 <8
Primarily L|[err]AI[err]IVh[err]C{err]1 LiTi[err]Mn[err](err]
110 8 Primarily Li[err]Ti[err]Mn[err]err]
Primarily V L|V[err]Nh[err]CIerr] 110 < 8
Li[err]V[gTTTVIEerT] o 5 TO err| =
110 ’ Pr|marlI'EahlcierrlCr[err]I\/h[err]derr] P
LiFe[err]¥nh[err] err] ] Primafily
Li[err] Fefjerr]M[err]Jer rI“IUMM“Ha gremeP’Ef[‘%‘?q“}m err]err] 4
110 < 8 Prlnarlly‘El[errACb[err Mierr]Jerr]
LiNi[err] N 1__1,2-Diethoxylethane with Benzophenone Cafalyst _
Primarily
LiAl,;Mn, ,0,
LiTi,,Mn, ;0, : Primarily
_ Li;Tiy,Mn, ;0,
v LiV,,Mn, 0, 110 <8 ‘Primari
Cr LiCr,,Mn, O, 110 <8
“ Fe LiFe,,Mn, O, 110 <8
Co LiCo,Mn,O, | 110 <3
Ni LiNi, ,Mn, ,O, 110 <8
Li,Ni, ,Mn, ,O,
Cu LiCu,,Mn, ,O, 110 <8 Primarily
Li 9,




Cu LiCu[err]Mferr](err] 110 . < 8

Primarily Li[err]Cu[err]M[err](err] 20 Exanple 6 The experinents of
Exanpl e 6 denonstrate the conversion of LiMerr]Mferr]derr] to
Li.[err]Mferr]dJerr] (M=A, Ti, V, &, Fe, Co, N, and Cu) by reaction
with elemental lithiumin 1,2- diethoxyethane containing elenental sulfur
as an electron-transfer catalyst. Tozpn argon- purged Schl enk tube were
charged 50 Mol es (about 9.0 grans) Of LiMerr]MWn[err]derr], about 50 m
of 1, 2-di et hoxyet hane, and about 0.2 granms of finely divided el enental

sul fur. Stirring was effected usi ngEgariglggetically driven bar. Heating was
effected using a thernostatted oil bath. The Schl enk tube was vented to the

at mospher e t ws&apeginlié}\&eww&glef &/ deatbnitiirO1RE -coh%ramlsi 'of 1K MAD @]t tc0- 35

grans (50 mol es) -0 thiumribbon were cut into small pieceS and pl aced

char god FAMAELTRFLEA. B8 SR Co, NE AN @%ﬁ%ﬁ%&%@%@@gﬁ‘g‘éﬁf# e
ed 76 the o 0 .
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yel | ow brown.,  Thereafter roduct was .recqvgyl ed Ll tration in_an
oven-dried SchP é’fkarg?ﬁ’\%‘fgeé [%B!oeﬁ‘ﬁ GRS 'hgi gmbq%sa{ 4)od gi?hg% %ilter
cake. was_washed on the frit with about 50 ml of tetrahydrofuran. Thereafter
t he supefMoMn 4Oy shopt 30 mi ofr1,2-diktboxysibang; andcibpus 0t2graras off finely dividedeslemeglab: t he
tube was evacuated with an oil punp and heated with several turns of '

el ectri csulfut i Stigringapias effenteds using a magpesicaliedrivendiar.t Hsatingowas effestad ysing he
drying step and coll ected on cooler portions of the wall of the filter

t ube. Thehetinostattadoilteath. Wike Schiénkytulsecwas wented tb thenatmiosplend thooughwiminéral eibrai ned
tightly adherent to the wall. The product was transferred to a glass jar in
an inert filled bubbler. In a dry box, about 0.35 grams (50 mmoles) of lithium ribbon were cut into small

pieces and placed in a tightly stoppered Erlenmeyer flask. The lithium was subsequently charged
to the Schlenk tube ina protectivé counter-flow of argon.

The reaction mixture w#s warmed to about 110 °C. Reaction occurred smoothly over
about 8 hour; the lithium was consumed, and the solid powder bécame yellow-brown.,
Thereafter, the product was recovered by filtration in an oven-dried Schlenk filter tube under an
atmosphere of argon. The wet filter cake was washed on the fiit with about 50 ml .of
tetrahydréﬁ:ran. Thereafter the superficially dry filter cake was dried in the Schlenk filter tube;
the tube was evacuated with an oil pump and heated with several turns of electric heating tape.
The sulfur vap_orized ﬁ'bm the product during the drying step and collected on cooler portions
of the wall of the filter tube. The dried powdér was easily separated from the sulfur, which
remained tightly adherent to th_e wall. The product was transferred to a glass jar in an inert
atmosphere box and analyzed by X-ray powder diffraction as described above. The results are

reported in Table 6.



at nrosphere box and anal yzed by X-ray powder diffraction as described above.

The results are reported in Table 6. 21 Table 6
- Liferr]Merr]Ml[err]Jerr] Preparation Experinents in 1,2-Diethoxyl et hane
with Sul fur Catalyst M LiMerr]MJ[err]Jerr] T,
Ti nme, Principal [err]C hour Product Al
LiAl[err]MWM[err](err] 11021 < 8 Primarily
Liferr]Al[err]M[err]Jerr] Ti LiTi[err]M[err](errr]
110 <8 Primarily LiTi[err]Mferr]Jerr] V
LiVerr] Mn[lerrTqgerr o <938 __  pPrrmarrry
L|[err]V[e ]MierrlQderr] O Tabl€6[errll\/h[err]derr] . 110
‘ Primarily L r e £ %
L|Fe[err] [err]Jerr] ilﬁﬂ&ﬁ?4 arJng?xq-.nm - Primarily E
Li[err] Fe[ ¢ r]IVh[err]qerr] lElCo err]Miferr]Jerr] i 110
< 8 Pripprily | i = L__A_“_NL*L‘!_‘L St I .
2
LiNi[err] . <8 e Primarilyf
o’ Prmcxpaim1
L N S » .
iferr]Ni[grr] Product
Al LiAl,,Mn, .0, 110 <8 Primarily N
LiZAlonnllol
Ti LiTi, ,Mn, O, 110 <8 Primarily
Li,Tip,Mn, ;O,
v LiVy,Mn, 0O, 110 <8 Primarily
_ Li,Vy,Mn, ,O,
} Cr LiCry;Mn, O, 1o | <s Primarily
| Li,Cro,Mn, ;0,
|| Fe LiFe,,Mn, 0, 110 <8 Primarily
Li,Fe,,Mn, ,0,
“ Co LiCo,,Mn, ,0, 110 <8 Primarily
LizCOnzMﬂl 304
Ni LiNi, ,Mn, ,O, 110
Cu LiCuy,Mn, ,O, 110




Cu LiCu[err]Mferr](err] 110 < 8

Primarily Li[err]JCulerr]Mn[err](err] 22 Exanple 7 The experinents of
Exanpl e 7 denonstrate the conversion of LiMerr]Mferr]derr] to
Li[err]Merr]Mferr]err] (M= A, Ti, V, O, Fe, Co, Ni, and Cu) by
reaction with elemental lithiumin 1,2- diethoxyethane containing el enental
I odi ne as an electron-transfer catalyz2. To an argon-purged Schl enk tube
were charged 50 mmol es (about 9.0 grans) of LiMerr]MWn[err]derr], about 50
m of 1, 2-di et hoxyet hane, and about_0. 2 grams of elenental iodine. Stirring
was effected using a magnetically ar. Heating was effected using a
thernostatted oil bath. The Schl enk tube was vented to the atnosphere

t hrough a m riheatxpetiments | ofcBxample| % dempnstaatedthe sonversionoof LiMasMpnQudo( 50
mol es) of lithiumribbon were cut into small pieces and placed in a

tight |y IijMygMayOd (M= AljTe VeCr, Fe,A3¢ NiTand Cu)blyireactiomwith elesmegtablithium inl:@-ged t o
the Schlenk tube in a protective counter-flow of argon. The reaction

m xt ur e diethoxyethamelcdntainifpeleménkil ibdifi 3san dReeronitansfocetilysed snoot hly over
about 8 hour; the lithiumwas consuned, and the solid powder becane

yel I ow br own.Tol & faftint jRirged. BEhIGHKORIBE twete Thired 50! Rfholts (abduit! b | gosmd)NofaN
oven-dried Schlenk filter tube under an atnosphere of argon. The wet filter
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filled bubbler. Ina dry box, about 0.35 grams (50 mmoles) of lithium ribbon were cut into small

va)

pieces and placed in a tightly stoppered Erlenmeyer flask. The lithium was subsequently charged
to the Schlenk tube in a protective counter-flow of argon.

The reaction mixture was warmed to about 110 °C. Reaction occurred smoothly over
about 8 hour; the lithium was consumed, and the solid powder became yellow-brown.
Thereafter, the product was recovered by filtration in an oven-dried Schlenk filter tube under an
atmosphere of argon. Thé wet filter cake was washed on the frit with about 50 ml of
tetrahydrofuran. Thereafter the superficially dry filter cake was dried in the Schlenk filter tube;
the tube was evacuated with an oil pump and heated with several turns of electric heating tape.
The product was transferred to a glass jar in an inert atmosphere box and analyzed by X-ray

powder diffraction as described above. The results are reported in Table 7.



23 Exanple 7 Li[err]Merr]MJ[err]Jerr] Preparation Experinents in

1,'2-Di et hoxyl ethane with lodine Catalyst M L|I\/[err]|\/h[err]CIerr]
T, Ti nme, Principal [err]C hour Product Al
Li.LAl[err]Mferr](err] 110 <8 Primarily
LiAl[err]Mferr]err] Ti LiTi[err]Mferr](err] 110 - <8
Primarily Li[err]Ti[err]M[err](err LiVierr]Mferr]Jerr]
110 <8 Primarily Li%érr]V[err]th[err]qerr] Cr

LiGgerr Primril

Liferr] Crj r e err T 110
<8 | PI’IrTB.I’I|V LlferrlFe[erEkmerTlderrl Co

LiCo[err] fh[err]err] Primarily
Li[err]Coflerr]M[err] O er rﬁ'h%z“'}“uml"eem‘?'g?ﬁw&’r] Jerr] 110

<8 Pr mar I L err e [r err]. Cu
Li Cu[ er r] il I I { I[ 1,2-Diethax eﬂlmne e LgneCa! alyst
Li[err]Cu

LiTio,Mn, ;O

A LiV,,Mn, 0, 110 <8
Li,Vp,Mn, ,O,
Cr LiCr,,Mn, ;O, 110 <8 Primarily
' Li,Cro,Mn, ;0,
Fe LiFe,,Mn, ,O, 110 <8 i
. Li,F
Co 'LiCoy,Mn, ,0, 110 <8 Primarily
Li;Co,,Mn, ;0,
Ni LiNi,,Mn, ,O, 110 <8 Primarily
Li;Ni, ,Mn, ,O,
Cu LicuoiMl\l_'o‘, i i




What is clainmed is: 1. A met hod for manufacturing
LiTerr]Merr]M[err]derr] conprising the steps of: a. Provi di ng
LiMerr]Mlerr](err]; b. Provi ding a source of |1 Provi di ng

adiquid mediumin whi ch 1ithium gener ates sol vat ed ons
reduced formof an electron-transfer catalyst; 7m

fromthe lithiumsource in the |iqui24nedi um and e.

} hi um
LiMerr]MlJlerr]derr] with the liquid medi um cont ai ni ng the di*sse we
l'ithium and the sol vated el ectrons or the reduced formof the

el ect r orWhatdsieéimed ésat al yst. 2. .The method of claim1 wherein the liquid
mediumis selected fromthe group consisting of amonia, organic am nes,

ethers, RQyri mmmoamwwmgumgﬁmm sheatepgfioni a and ami nes,
and m xtures of ammoni a and et hers. 3. The net hod of claim2 wherein the

liquid mediumg is PwAdhgLiMMn,, 0fhe rret hod of claim3 wherein the
tenperature during the contacting step is maintained at from about m nus

30[err]Cto gﬁout I’%ﬂﬂiﬁ%§%ﬁ‘rﬁé$ﬁlthﬁm The nmethod of claim4 wherein the

tenperature ring t ontacting step is maintained at from about minus

R L
CNLact |19 SCEP | SGRRE Rk bbby R RaleE, ° | omybout m e
oot sol 2 p 1R sm?s‘i‘ﬁéﬁgelﬂm%ﬂf fromm the eS0T source i the liqui Snediam; and 2L &7 11 to
e. Contacting the LiM;Mn, O, with the liquid medium containing the dissolved
lithium and the solvated electrons or the reduced form of the electron-transfer
catalyst.
2. The method of claim 1 wherein the liquid medium is selected from the group consisting
of ammonia, organic amines, ethers, pyridine, substimted _pyridines, mixtures ot.‘
ammonia and amines, and mixtures of ammonia and ethers.
3. The method of claim 2 wherefm the liquid medium is ammonia.
4.  Themethod of claim 3 wherein the temperature during the cont#cting step is maintained
at from about minus 30°C to about minus 50°C.
5. The method of claim 4 wherein the temperature during the contacting step is maintained
| at from about minus 33°C to about minus 45°C.
6. The method of claim 2 wherein the liquid medium is an organic amine.
7.  The method of claim 6 wherein the contacting step is carried out at a temperature of from
about minus 25°C to about 100°C.
8. The method of claim 7 wherein the contacting step is carried out at a temperature of from
about 20°C to about 90°C. |



25 9. The nethod of claim®6 wherein the organic anmine is selected from

t he group consisting of methylanines, ethylanm nes, propylanines and

but yl am nes. 10. The nethod of claim6 wherein the organic anine is a
“li,quid. 11. The met hod of claim2 wherein the sol vermt—1s pyridine. 12.

The met hod of claim 11 wherein the contacting step |smmm||mllﬁnm
tenperature of from about mnus 5[ergC to about 190] ol

met hod of claim 12 wherein the contacting step is carried® out 4t |
tenperature of from about 35 err]C to about 125C. 14. The net hod of claim
2 wher ei 9. t he The eettaddrof dlainys ivehereirs the Drgdnid atingig stldited froththe grotp @onsistingd -of
claim 14 wherein the contacting step is carried out at a tenperature of

from about N Qege Rrfires; iR prbfPlafines tnd iitylamind$le Met hod of claim 15

wherein the contacling step is carried out at a tenperature of from about

35(er ] C 00 289 B3 i .ol LAYl B g 1 1 the 11 quid

mediumis a mxture of anmoni a e nethod of claim2
wherein the |iquid di i m. Xt ur e of .a nia and ethers. 19. The
mechod oft Tl arlie siEres e 7 shheffid 6@ ERERINST *50 ' "The et hod of
claim1 including the, s of di.,ng, a catalyst to the
i M or 1] A e reitashod 3 Bt Phsref Yodgontasfing Sen bioatrint o 2 tespasauee of
including the step of addi g& a catala/ost tothe LiMerr]MJ[err](err] prior
to step (c). JvomabophminysShGdo abowt1806-1 i ncl uding the step of adding a
catalyst to the Li errlldwh_[err]qe'rr i mredi ately prior to step (d). 23.
The net hdd. of Tieanethed phelaiongl Znwherpia the eqntasting at¢p iycagrieshout| ay gttemperatyee of
LiMerr]MJ[err]Jerr]

from about 35°C to about 125°C.

14.  The method of claim 2 wherein the liquid medium is a substituted pyridine.

15.  The method of claim 14 wherein the contacting step is carried out at a temperatﬁre of
from about minus 5°C to about 190°C.

16.  The method of claim 15 wherein the contacting step is carried out at a temperéture o.f
from about 35°C to about 165°C.

17.  The method of claim 2 wherein the liquid medium is a mixture of ammonia and amines.

18.  The method of claixﬁ 2 wherein the liquid medium is a mixture of ammonia and ethers.

19.  The method of claim 2 wherein the solvent is an ether.

©20. The méthod of claim 1 including the step of adding a catalyst to the LiM,Mn, O, prior

to step.(b). |

21.  The method of claim 1 including the step of adding a catalyst 1o the LiM,Mn, ,O, prior
to step (c).

22.  The method of claim 1 including the step of adding a catalyst to the LiM,Mn, O,
immediately prior to step (d).

23.  The method of claim 1 including the step of adding a catalyst to the LiM,Mn,,O,
immediately after step (d).



i mredi ately after step (d). 26 24. The net hod of claim 20 wherein the
catalyst is selected fromthe group consisting of sulfur, sulfides,
reduci bl e sul fur compounds, i odine, iodides, r ' ot ounds,
pyridi ne, pyridine derivatives, and benzophenong twod of claim
21 wherein the catalyst is.selected fromthe grajllmellu!]ﬂ'l sul fur,

sul fides, reducible sul fur conpounds,2¢g odi ne, i od+tdes, educsble iodine

. conmpounds, pyridine, pyridine derivatives, and benzophenone. 26. The

met hod of claim 22 wherein the catalyst is selected fromthe group

consi st 24g oThe miethod, of Tigirhi20eeherein dheceadlyst fsuselested dromp thengioup coubisting of

| odi des, reducible iodine conpounds, pyridine, pyridine derivatives, and

benzophenonegylfyf; sulfiieg P&fubiblk Qhifit mpewhdehaddihe) Idddes,2traducible 1isding! ect ed

fromthe group consisting of sulfur, sulfides, reducible sulfur conpounds,

i odi ne, i odi @&ﬁ%o%ng%%gﬁgﬁodgg%ggeﬁﬁﬁp&?meﬂﬁ&ﬂ&d&?’ pyr.i di ne

derivatives, an . ~ A cathode for use in a secondary

01 umason S AR 21O ki B BRI she roun comgpting of
oo | oo SR R soBBun TRES) il Al ot
defined in claim 28, angd, a separat or betwegn the anode and the cat hode. 30.
An el ectroch@?ﬁ‘E%h‘“%&é?YFg‘&E-cﬂyPBWﬁ e’t‘Y?"‘HF%P‘PfW?ﬁ@P%‘Fﬂ t he anode conprises a
material_selected fromthe group consisting of transition nmetal oxides,
transiti26n ndihemeshadi ofordaimFawherein dheyeatalyst 1vsalectadafrom theygroup consisting of

electrolyte is inliquid form 31. A cathode for use in a secondary
lithiumion bl rmifidesi reducibld |sulfini compoumdspdiodiee] iodides, reducible iodine

compounds, pyridine, pyridine derivatives, and benzophenone.

27.  The method of claim 23 wherein the catalyst is selected from the group consisting of
sulfur, sulfides, reducible sulfur compounds, iodine, iodides, reduéible iodine
compounds, pyridine, pyridine derivatives, and benzophenone. -

28. A cathode foruseina secondary lithium ion electrochemical cell which is produced by
Li,M;Mn, O, broduced by the method of claim 1.

29. A s;acondary fithium ion electrochemical cell comprising a lithium intercalation anode,
a suitable nonaqueous electrolyte,-a cathode as defined in claim 28, and a séparator
between the anode and the cathode.

30. An electtoch'enﬁcal cell according to claim 29 Whérein the anode coxﬁprises a material
selected from the group consisting of transition metal 'dxides, ttansitionl metal sulﬁdeS'
and carbonaceous material, and v;rherein the electrolyte is in liquid form.

31. A cathode for use in a; secondary lithium ion electrochemical cell which is produced

using Li,M;Mn, O, produced by the method of claim 6.



using Li[err]Merr]M[err](err] produced by the nmethod of claimé6. 32.
A secondary lithiumion el ectrochem cal cell corrprisi ng a lithium

i ntercal ati on anode, a suitable nonaqueous el roI a cat hode as
defined in claim31, and a separator. between it ode an t hode. 33.
An el ectrochem cal cell according to claim 32 W Hmlm conprises a
material selected fromthe group co sting Of OXI des,
transition metal sulfides and carbofdceous material, and wherein the
electrolyte is inliquid form 34. The net hod of cI aim1 wherein the
l'iquid nmagdi UMAl Secandafy Uiim fbA\dléttroatieni¢at Goll Edpristiasd Mthivadinbdryztdtioni anode,ved
therein. 35. The nmethod of claim34 wherein the li qU| d nediumis a

m xture of co Wfﬁ’ &mdlaseDaras
The net hod of g%‘? E?ﬁes;serll&tt{?Wat aﬁ%{er]ﬁs‘{ege ecte dmthe °§r oup
consi sting of ci bl e sul fur conpounds, iodine, :
I odi des, reduggﬁegﬂi%ﬁﬁééégﬁ%oung&u pyri di ne, pyr| di ne derivatives, and
benzophe t hod of ..cl n net a.I ot her .than
manganes@3and AN tlectroctimiaBisen sgcoseee fo a4 Wheigthste 380 SSrigBserch mefariey

1 h hod , of
] A MBI 502 i
Fe, Co, N, and Cu. 40 The nethod of claim 39, wherein Mis Al and b is
about 0.2 or |andearbanaceousynaseriabiand whereinthg electrolytgrieindiquiddorm. Ti and b is

about 0.2 or |ess. 42. The met hod of claim39 wherein Mis O and b is
about 0. B4or |'Besethtd. of claifihbwhereih the ligidohedium $0a saleant having dnseldetrontransfer s

about 0.5 or |ess.

catalyst dissolved therein.

35.  The method of claim 34 wherein the liquid medium is a mixture of compounds which is
a liquid at the reaction temperature. |

36.  The method of claim 34 wherein the catalyst is selected from the group consisting of
sulfur, sulfides, reducible sulfur compounds, iodine, ibdides, reducible iodine
compounds, pyridine, pyridine derivatives, and benzophenone.

37.  The method of claim 1 wherein M is 2 metal other than manganese and b is from about
0.001 to about 1.999.

38.  The method of claim 37 where b is from about 0.001 to about 0.20.

39.  Themethod of claim 37 where M is selected from the group consisting of Al, Ti, V, Cr,
Fe, Co, Ni, and Cu.

40.  The method of claim 39, wherein M is Al and b is about 0.2 or less.

41.  The method of claim 39 wherein M is Ti and b is about 0.2 or less.

42.  The method of claim 39 wherein M is Cr and b is about 0.2 or less.

43.  The method of claim 39 wherein M is Fe and b is about 0.5 or less.

44.  The method of claim 39 wherein M is Co and b is about 0.2 or less.

45.  The method of claim 39 wherein M is Ni and b is about 0.2 or less.



44. - The nethod of claim 39 wherein Mis Co and b is about 0.2 or |ess.
45, The method of claim 39 wherein Mis N and b is about 0.2 or Iess
28 46. The nethod of claim39 wherein Mis N and
47. The method of claim39 wherein Mis N and b i llnmu“m
about 1.99. 48. The et hod of claim 39 wherein Mi a‘ mﬂm t
1.10 or less. 49. The nethod of cl ggm 39 wherein Mis Cu &nd"b Fs about
0.2 or less. 50. The met hod of claim 39 whereinMis V and b’is about 0.2

or | ess.
46.  The method of claim 39 wherein M is Ni and b is about 0.5 or less.

€ss.

47.  The method of claim 39 wherein M is Ni and b is from about 0.5 to about 1.99.
48.  The method of claim 39 wherein M is Ni and b is about 1.10 or less.
49, The method of claim 39 wherein M is Cu and b is about 0.2 or less.

50. The method of claim 39 wherein Mis Vand b is_ about 0.2 or less.



