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Ni -Cd. Thg 20 theoretlcal M L4 I's is large at
about

The increasing commercial importance of rechargeable
lithium ion battery cells has prompted a desire to identify and
10 to prepare cathode materials better able to reversibly
intercalate and deintercalate lithium ions at greater voltages.
There are three prominent reversible lithium intercalation
compounds used for lithium ion rechargeable batteries: LiCoO,
and LiNiO, compounds, as well as LiMn,0, spinel.
15
LiCo0, cells are of particular interést because of their
ability to insert/deinsert lithium reversibly at voltages
greater than 4V resulting in batteries that have an output
vbltage and an energy density 3 times greater than Ni-Cd. The
20 theoretical charge capacity of LiCoO, cells is large at about
275 Amp-hours/kilogram (A-h/kg). In practical application,
however, the maximum obtainable capacity for 1.:‘|.Cc>oz cells has
been only about 140 A-h/kg, corresponding to a maximum charge
voltage of about 4.2 V.
25
- Previous attemptﬁs to exceed this charge cutbff voltage in
LiCoO, cells have caused poor cell performance manifested by
severe loss of charge capacity in subsequent charge-discharge
cycles. The commonly-held reason for the 4.2 volt charge
30 limitation for LiCoO, cells was that electrochemical
delithiation of LiCoO, above this voltage destabilized the
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structure of the partially delithiated Li Co(Jerr] phase, inpairing -

i ntercal ati on of |it hiitAium ebbaequaﬁidshsdqptshéuﬂﬁﬂaybnancbe%ucture

Li t hi um cob It OXIde ado ts a hexa onal structure consi sting of
Coqrer] | QChk%? ® FERRTaLed. bghﬁ‘Van der Waals gap. The

octa_hedral s:.tes within the Van _der Waals gap are occupied by
the Li* ions. This results in the reversible intercalation of
lithium.

10 In such compounds, llthzum acts as a glue or cement,
screening the repulsive 1nteractions between the negatively
eharged Co0, layers. When the compound is fully lithiated
LiCo0,, the' sc.feening effect is greatest. As lithium ‘is removed,

| the screening effee; is decreased and the repulsions between

i5 the two Co0, layers are'enhanced resulting in an expansion of
the c-axis parameter. Due to the screening effect of lithium, it
was believed that complete lithium'deinterCalation to form CoO,

was not possible.

20 Ohzuku et al., J. Electrochem. Soc., Vol. 141; No. 11,
Nov. 1994, p. 2972, have suceeeded in removing approximately
85% of the lithium. Their efforts revealed a monoclinic phase

and questioned the existence of a CoO, phase.

25 In another theory, Reimers and Dahn, J. Electrochem.
Soc., 139, 2091, (1992), states that excess Co** destroys the
crystallinity of.the lithium cobalt oxide structure.
Apparently, it 1nh1b1ts the fqrmet;qn of h;ghly crystalline
phases at low 1ithium contents.

Wizansky, Rauch, and DzSalvo, Journal of Sol:d State
'Chemzs::y, 81, 203-207 (1989), znvestigated.the delithiation of
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octahedral sites within the Van der Waal s gap are occupi ed by t he
Li[err] ions. This results in the reversible intercalation of lithium
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delithia
working with the nickel oxide reported Li, NiO, and

10 approximated that this was_the end phase.

.Lithimn seco:idary. batteries are generally recognized and
are described for instance in U.S. Patent No. 5,296,318 to Gozdz
'et al., which is incorporated in its entirety herein by
15 reference Lithium metal free 'rocking-chair" batteries may
thus be viewed as comprising two lithium-ion-absorbing
electrode 'sponges' separated by a lithium-ion-conducting
electrolyte, usually comprising a Li* salt dissolved in a non-
~ agueous solvent or mixture of such solvents Numerous such
20 salts and solvents are known in the arts, as evidence in
Canadian Patent Publication No. 2 022,191, dated 30 January

1991.

When cells comprising these preViously-available
25 electrolytes are cycled to a voltage even slightly greater than
4.3 v, electrolyte oxidation occurs. Although small, this
oxidation can Jeopardize the capacity, cycle life, and safety
of the battery cell For example, the electrode oxidation
reaction consumes part of the charging current, which cannot be
30 recovered when discnarging the cell. The result is a continuous
loss in the cell capacity over subseqnent cycles. Further, if
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PCT/ US96/ 00556 LiCod err] through the use of powerful oxidizing
agents such as NJ err] " ~and MF[err]. Their results showed that this
approach ner el conposes the LiCoQerr]. 5 Li ﬁ&ﬁﬁﬁdﬂ# S
I sostructural wt CoJerr] and is commercially viable tor use 1n
secondary lithiumion batteries. Heretofore, no one has been capabl e

of obtai ni ng t hau#thgt bach athadge? apemazl part ddhzthleuedectrolyte is consumed,
El ectrochem Soc., Vol 140 7 u 99 : wor ki n ith the ni.gke
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salt dissol ved Lu id up a passivating layer on the particles of the active
material, essentially inbzeasing the polarization of the cell
and lowering the output voltage. Simultaneously, and more
10 importantly, the gaseous by-products increase the internal
pressure of the cell, thereby increasing the risk of explosion

and leading to unsafe and unacceptable operating conditions.

U.S. Patent No. 5,192,629, which is herein inéorporated

15 by reference in’its ehtirety, provides a class of electrolyte
compositions that are_exceptiohally useful for minimizing
eiectrolyte decombdsition:in secondary batteries comprising
strongly oxidizing positive electrode materials. Thesé
electrolytes are thus uniquely capable of enhancing the cycle

20 life and improving the temperature performance of practical
*rocking chair'fcells. These electtblyte compositions have a
range of effective stability gktending up to about 5.0 V at
5§5°C, as well as at room temperature (about 25°C).

25 Electrolytes that are substantially inert to oxidation
include a 0.5M to 2M solution of LiPF¢, or LiPF; with up to about
an equal amount of LiBF, added, in a mixture of
dimethylcarbonate (DMC) and ethylene carbonate (EC) within the
weight percent ratio range from about 95 DMC:5 EC to 20 DMC:80

30 EC., In a preferred eléctrdlytg solution, the solvent ratio
range is about 80 DMC:20 EC to 20 DMC:80 EC. An optimum
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An addit:.onally useful electrolyte cons:.sts essentially of an
approximately 1M to 2M solution of equal parts of L.'LPF¢ and
LiBF, in a solvent mixture of a.bout 50 DMC:50 EC.
10 _
o Neglxgible current 1ncreases, after the reversible Li
| 1ntercalat10ns, at voltages up to about S V vs. Li ind:n.cates
this rema.rkable stabxl;ty that enables enhanced cell capacity
not only in the "rock:.ng cha:.r" cells comprising negative
15 electrodes of carl?on. e.g.., petrole_um coke, but also in Li
| negative electrodef cells. Such a lithiuitl metal cell utilizing a
Iaic'!oo2 positive el';ect_rode may be reasonably expected to achieve

normal operating ranges of about 4.3 to 5.1 V.

20 With the aigl of electrolytes which are substantially
inert to oxidatiozga and solid state electrolytic cells, fully
delithiated phases of both CoO, and NiO, were obtained.

25 SIMMARY OF THE INVENTION
Accordingly, the present invention is directed to
metastable Co0, a.nd NiO, phases and their use as intercalation

30 compounds for use in lith:l.um :|.on secondary batteries. Features
and advantages of th:.s invention are set forth in the
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-4- intercalation complex, thereby forming a stable cobalt dioxide
phase in the cathode.

In a further aspect, this invention relates to a stable

15 cobalt dioxide phase prepared by the foregoing method.

In a further aspect, this invention relates to a stable
cobalt dioxide phase having the x-ray diffraction pattern:

20 a(k)
4.30 + 0.02
2.44 + 0.02
2.12 + 0.02°
| 1.61 + 0.02
25 | 1.41 + 0.02
' 1.34 + 0.02

1.17 £ 0.02

+ =+ I+

i+

30 In a further aspect, this mvent:on relates to an

electrochemical method for preparing a stable nickel dioxide
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55[err] C weivehiieg! Y utilizes an 5 electrolyte consi st ipegnsogeaséd al | y of
an approxinmately 1.5M Li PF[err] solution in a solvent combination of
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Wth the aid of electrolytes which are substantially
complex. _ S

In a futthéfr aspect, this invention relates to a stable
10 nickel dio:;ide _ph_;fa._se prepared by the above des_crib_ed process.
In a further aspect, this invention relates to a stable nickel
dioxide phase having the x-ray diffraction pattern:

.

| | a(A)

15 o 4.47 + 0.02
2.40 & 0.02
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In a further aspect, the invention relates to the a method
of making a secondﬁry electrolytic cell including the stable
25 Co0, or NiO, phase and the cell formed thereby.

The accompanying drawings, which are incorporated in and
constitute a part of this specification, illustrate embodiments
of the invention and with the description serve to explaxn the

30 invention and its objects, advantages, and principles.



i'nert to oxidation and solid state electrolytic cells, fully

delithiated phases of both-Ge(Jerr] and NN(err] were obtained. 25
SUMVARY OF THE | NVENTI ON - Accordingly , the present invention
is directed to astable CoJerr] and N err] phases an | e
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fromthat = description or can be | earned by practice of the invention.

The present invention will be described with reference to

5 the accompanying drawing of which:

FIG. 1 is a series of x-ray diffraction diagrams taken
during electrochemical delithiation of LiCoO, to form the CoO,

phase;
10 _
FIG. 2 is a series of x-ray diffraction diagrams taken
during electrochemical intercalation of lithium into the CoO,
phase;
15 : FIG. 3 plots charge and discharge voltage versus lithium

éontent for a cell utilizing the CoO, phase;

FIGs. 4 and 5 plot charge and discharge voltage versus
lithium content for a cell having a LiNiO, cathode that has been
20 delithiated to the NiO, phase according to the invention;

FIG. 6 plots decomposition reaction heat versus

temperature for the CoO, and NiO, phase;

25 FIGs. 7 and 8 are x-ray diffraction diagrams for the
thermal decomposition products of the Co0, and NiO, phases;

FIG. 9 plots charge and discharge voltages versus sodium
content for a cell_ using the Co0O, phase of this invention

30 intercalaté_d with sodium ions;



I n one aspect, this invention relates to an 5 electrochem cal nethod for -

preparing a stable cobalt dioxide phase that includes preparing an
etectrotytTccetHt—travimg—an—— anode;- an—etectrotyte—stbstanttatty—nert
to oxidation, and a cathode including a lithium cobalt oxide

I nt er cal agyigygniedr! ex; and applying a voltage to theceisbsgodds | Ci ent
to conpletely 10 deintercalate lithiumfromthe Iithium cobalt oxide

i ntercal ati on conpl ex, thereby form ng a stable cobalt dioxide phase

in the cathode. FIG. 10 is an xﬂrwfdufmtaspediagrmnstakanndunmgel ates to

a stable cobal t ,di oxid ase, pre he_ f or eqoi
In a furt rf’g‘re mica; dﬁﬁélgﬂ'}?% ‘?ecf)éllb‘gu?% o Stomm r}‘%'Q!OB $e4i oxi de
phase havigyg t he x- ray diffraction pattern:

d( A o .430+002
2.44 + 0.02 2.12 0.02

i gi +58 8% 25 pr6. 11 is an x-ray dlffractﬂm‘laliggmgzl11ustrat1ng the

effect of a!:mospher:.c water on the c<:o2 phase.

10

One hindranc;e to the achievement of the Co0O, and NiO,
phases of the presfent invention, was removed by the development
of electrolytes t:hat are stable (inert to oxidation) at the high

15 voltages thought: :f1ec:é.s'sary to achieve the delithiated CoO,
phase. These elecrirolytés are exemplified by t:hosé described in
U.S. Patent No. 5,192,629, the disclosure of which is
incorporated herein by reference. Nonetheless, it was commonly
held that the COO, phase was unattainable because in the

20 complete absence Qf lithium ions in the Van der Waals gap
between the negatively-charged Co0, layers, the repulsive force
between the layers would be too great and a completely
delithiated CoO, phase would never be stable. |

25 Using an eleL:trolytic cell incoipdrating' an LiCo0, cathode
material described herein and a high voltage-stable
electrolyte, the CoO, phase can be prepared by applying to the
cell a charge voltage of 5.2 V, which will deintercalate
substani:ially all the lithium from the LiCo0, cathode, forming

30 the CoO, phase. The CoO, phase is metastable and decomposes
above 200°C.
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I ntercal ation corrp%‘m aving:the fornmula Li[err]Ni:Gferr] wherein X 1S

preferably 0.8 to 1.0, preparing an electrolytic ‘cell having a cat hode
including the lithi umﬂn@? 1! 4& At e&eééfé Lpbic %eucqm a m@na%uhae-
a voltage to the cell lcient to delithiate conp y the lithium

ni ckel oxide i ntet@lalatélﬁctrﬂyl:@ompﬁeﬁ LiNloz cathode,l n aubatmeiahkmect
this invention r n}fété Odealﬁthfi‘&ltipikoto g {g 6) pgHa®¥ Q:an @%cﬂi&??ée%(by

t he above descri process n a fur aspect, I's I nven
relates to a staspslyimkael chargedwvoltdgepofisk. ha\n ng the x-ray diffraction
pattern:
Once obtained, the CoO, and NiO, phases of the present
i.nvention. can be r'eintercalated with lithium, or by other ions
" such as hydrogen nuclei, sodium (Example 4), potassium, or
rubidium. Reintercalation of lithium or other ionic species
10 into the Co0, or NiO, phaa_s can bs accomplished by
electrochemical insertion 'or by vapor phase transport at
temperatures below 200°C. Vapor phase transport: is described in
a paper by Tarascon et al., "Synthesis and peculiar properties
of InMo;S,_,Se,., T1MoS,. sSe, and Hg,Mo¢S, ,Se,", Physical Revzew B,
15 vVvol. 31, NO. 2, 1985, which is incorporated herein by reference
in its entirety.

| Following reintercalation, t:hes'e phases can, for example,
be cycled with l:.thxum between 3 V and 4.2 V for the Co0, phase
20 and 2. 8 V and 4.1 v for the NiO, phase w1thout loss of cell

capacity.

After formation of the CoO, phase, CoOOH may be formed by

exposure of the p_hase to atmospheric water. As can be seen from

25 FIG. 11, CoO, may be formed in situ in an electrochemical cell.
After exposure to air for approximately 30 minutes, two p'hase's

are present. After 3 _dajrs in.a._'ir CoOOH was formed, because at an

open circuit voltage >4 V the following reaction occurs:

30 o 2 HO - 4 e -———- >0, + 4 H
COO; + X e + x H' ---- > ch°02

- 10 -
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1.41 0.02 1.38 0.02 In a
further gﬂ? dghe invention relates to the a nethod PCIAISOBBdsk0 A
secondary e ectrolytic cell including the stable 25 CoJerr] or NN(err]
phase and the cell formed thereby. - The acconpanying draw ngs,
whi ch are incor poh@t@sbor nwdbe usedamtart Ulecarbaié edndittors Jar ictheat | on,
Il lustrate enbodi nents - of _the, |nvent|on apnd with the descrlptlon serve
to expl ai nbaREeRBy te?hﬂﬂ%ﬂﬂﬁbnTQﬁG ipel Bﬁf%cﬁgpl%ﬁﬁﬁﬁﬂQ1 }principl es.

- 7- electrode or NiMeH, Nl-H or Ni-Cd batteries in which cobalt is

already used.

As an alternatiye; once formed.'these phases can be used
in any variety of manners. In one preferred embodiment, the
cathode of a plastic solid state cell is not laminated to the
underlying electrolyte/anode structure. thus allowing ease of

10 removal of the Coo, or NJ.O; phase in a plastic matrix. This
plasticized phase can then easily be transported to other
.env1ronments For the reasons discussed above, if the pure CoO,
phase is deszred handling under inert (anhydrous) conditions
is preferred.

15 |

In another embodiment, this plasticired phase is placed
into a cell containing, for example. a sodium containing
electrolyte and a compatible electrolyte and then the cobalt or
nickel oxide phase is reintercalated with the sodium.ions This

20 | reintercalation may be stopped short of completion and, in that
way, a second or subsequent ion may be added to the

reintercalated metal oxide phase.

In yet another embodiment, the nickel or cobalt oxide
25 phase may be combined with an organic cemponent to form, for
example, either a composite polymer or an activated metal oxide
carrier. The redox potential of this phase is high making it
| potentially useful in many areas. Antzcxpated applications
include, for exaqple, forming inorganic polymer structures and
30 as a biochemicalgcarrier; Such applications would be clearly

recognizable to the skilled artisan.

- 11 -
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BRI EF DESCRI PTI ON OF THE—BRAW NG, . . —Fhe present invept+en—wll
be described with reference to 5 the acconpanying drawi ng of which:

FIG 1 is a seng 5?9; -ray diffraction diagrans taken dup i
el ectrochem calﬁge:lt!ﬁil(ation of LiCoJerr] to formthe CoCIerr? S pﬁase;

10 FIG 2 is a series of x-ray di’ffrapti on di agrans taken

during el ectrochen calrhenttel$alwdhg Odxahplés hiseiplilfy the Fesbeick of the
phase; 15 FI G, 3-pl'ots charge and di schar-ge voltage versus
lithium comxagentoinyention ke | the RFiqre azfq It wipAabe; appreciated by

FIGs. 4 and 5 pl §1aRdsdi a#k? Al AR 96 leia: Lt i ent
for a cell -havi ntgioﬁighlgg%gga%ﬁogggt at %ggsé beens%ao géﬁst ﬁ%gtggep%gﬁlﬂlée
Ni @2 phase accoratinsrrued hs Limitingnthe present invention.

5 _ .

Example 1

A plastic electrolytic cell was constructed comprising a
matrix of polyvinylidene fluoride (PVAF) and hexafluoro-
10 propylene (HFP), incorporating an electrolyte composition of
2 parts EC to one part DMC and 1M LiPF,, which was inert to
oxidation at high voltages. The cathode contﬁined LiCo0, as an
 active material and the anode contained carbon. The anode and
the solid state electrolyte were laminated to one another and

15 the cathode was placed thereover.

This cell was charged to 5.2 V, at which point the LiCo0O,
was fully'delit:hiéte to If_om the CoO, phase. The existence of
this phase is conf.:i..rmed by the x-ray data depicted in FIG. 1.
20 FIG. 1 depicts the diffraction pattern at the end of
deim:ercalatio.n' of .LiCoO, beginning at approximatély the last
known phase discloéed in the prior literature, i.e., monoclinic

(Li, ,sC00,) and proceeding to complete delithiation at a voltage

of 5.2vV.
25
The x-ray diffraction patterns were obtained in-situ
thi:-ough the use 'of an X-ray diffractiori apparatus that allows
.the. use of high'”vol.t'a'ges without corrosion of the beryllium
window. o o |
30

The final x&fay diff_raction pattern obtéined at 5.2 v is

the hexagonal structure associated with the Co0; phase.

- 12 -



FIG 6 plots deconposition reaction heat versus tenperature for the

CoJerr] and NNgerr] phase; 25 FIGs. 7 and 8 are x-ray
dtffreacttotr di agrars—for—the —thervad d .

CoJerr] and Nierr] phases; FIG 9 plots charge and

di schar ge wabépges Vversus sodium content for a cell P& sheiobsdsCo err]
phase of this itnvention 30 intercalated with sodiumions;

- 8- WD 96/ 24168

PCT/ US96/ O§5pover, once obtiaiﬁleﬁ thel Go@pphas%y r@bﬁhﬁéﬁté&ntdl €e am t aken
during el ectrochem ¢ delithiatign of LIiNNO2 to formthe Ni O2 phase;
and - LiCoO, phase durmg discha.rge of the cell as shown by the series
of x-ray diffractiron patterns in FIG 2. Follow:.ng attainment
of the Co0, phase J.n the cathode and reintercalation of lithium
5 to form the LiCoO, phase, this cell was cycled between 3 V and

4.2 V with little: loss of charge capacity, as seen in FIG. 3.

During the dharge cycle. of a pa.rtially'delithiated cobalt
_ oxide. reinsertion of the 11thium forms a monoclinic phase;
10 however. reinsertion of l:.tluum into the fully delithiated
cobalt oxide resulted in a hexagonal structure, which is the
same as the struct_[t__:._re_ of the Il.iCOO, origin_a_lly incorporated into

the electrolytic cell.
15 Exainple 2 |

‘A plastic .electrolytic cell was cohstructed as in
_Example 1, incorporating an electrolyte composition inert to
oxidation at high voltages and a cathode made from LiNiO,. This
20 cell was charged to 5.1V, at which voltage suhstantially all of
the lithium was removed from the L:I.N:LO, phase to form the NiO,
phase. '.l‘he existence of the NzOz phase is confirmed by the x-ray
data depicted in FIG. 10.

25 The cell was discharged at 200 pA, whereupon 70% of the
lithium intercala’ted ba'ck. into the Nio, structure, as seen in
_ FIG 4. Subsequent cycling this cell between 2. 8 Vand 4.0V
without capacity fading confirmed that the revers1b1e charge
characteristics of the LiNiO, were not destroyed by the
30 attainment of the NiO, phase. Reducing the discharge current to
150 MA resulted :.n interc_aletion of all of the lithium to form

- 13 -



5 FIG 11 is an x-ray diffraction diagramillustrating the
ef fect of atnospheric water—oen the GoJerr] '_phas-e. —_

DESCRI PTION OF THE * | NVENTI ON 10" ‘One hindrance to the
achi evenent 9@53 Jerr] and NN err] phases of the ?ﬁ%”“%"
I nventi on, waoé'oﬁ erml\ggd by the devel opnent of electrol yt(%gﬁ a re

stable (inert to oxidation) at the high 15 vol t ages thought necessary to

achi eve the dephph,AiRs Sﬁs_%e,__.s As shoahcin TRRSE 5;.' SubsabibRs éf@lfa@%ﬂ;o}tﬁuii%d

by those described in Pat ent No. 5,192,629, the disclosure

which is talbrbetween hé éfu_ angy 4r &1 ¥r zagelte@dnin e hdgh dapagity
| ' i 2
Complot o absent@riptel shidf 19 A-RIRGT Ve RMIGTRRLALRI Whd 4116

negat i vel y- chaigeevéréilriity aharactedstbpudfi ViNIQy.cThese réstlesnshdwe
| ayers would b

t t d a | | j thiated Co®2 ph
woul d neve begg?gg'l"%{aef rz%ﬂ:va %%Wﬁgﬁﬁﬂﬁaﬁr%’f'egﬁ ’ylf’?BSEEFF a fchiceure
i ncorporati ng ghatif&ad s |eletitiodhemical IRt &ttive descri bed herein and a

hi gh vol tage-stable el ectrolyte,- the CoO2 phase can be prepared by
applying to the cell a charge voltage of 5.2 V, which wll
dei ntercal ate substantially all thegladdiadfromthe Li Cogerr]

cat hode, form ng 30 the Co(Jerr] phase. The Co(Jerr] phase is netastable
and deconposes

10 A study of the thermal stability of the CoO, phase and
NiO, phase was undertaken. Plastic electrodes of LiCoO, and
LiNi.og brought to the CoO, phase and the NiO, phase in the
xﬁanner described in Examples 1 and 2, reSpectively, were
dissolved separately in a dilu_te écetdne solvent at room

15 temperature. The plastic portions of the electrodes dissolved
in the solvent, and the insoluble metal oxides settled to the
bottom of the vessels. The metal oxides were separated from the
solution and analyzed using differential scanning calorimetry
(DSC) ramped to 300°C at 10°C/min.

20

As seen in FIG. 6, a relatively strong exothermic
reaction occurred at 200°C for both the Co0, and NiO, phases.
Analysis of the samples by x-ray diffraction after DSC revealed
that both phases reduced with attendant oxygen loss according

25 to the reaction

MO, --> MO + 1/2 0O,.

The x-ray diffraction patterns depicted in FIGs. 7 and 8
30 confirm that the samples transformed into the mixed rocksalt
structures of CoO0 and NiO, which are known to be

electrochemically inactive to lithium intercalation.

- 14 -



above 200C. ' -0O- WO

96/ 24168 PCT/ US96/ 00556

' t-C- cet—ust ng-
el ectrol yt e and a Li Ni @2 cat hode, a substantially conpl ete
delithiat w},ﬁa{’@ Ni @2 phase can be achi eved by appl%’Wrge
vol tage o Once obtained, the CoJerr| an I J err]
phases of the present invention can be reintercalated with lithium or
by ot her ions such as hydr ogen piahgie $0di um (Exarrpl e 4) pot assi um
or rubi dium Reintercal ation of lithiumor other ionic species 10 :

into the Co(Jerr] or NNJerr] phases can be acconplished by
| ect hem cal 1 ] t m '
el eotrochem cal ANSa WA 8nf¥ry@Rad N IACEKAIROY.! The coo, PHRTRCLALUT oS

bel ow 200[err] C. ase Transport.1s des
Tar ascon efofthed ﬂﬁmmnuw pheuplastic opekl iads 5.2 V &br 15 hours.

InMo[err] S S Nb err rr n

Hg[errflVb[é? %[é&?] 2 Jr"f ¢ ‘ﬁé?‘bﬂ‘f"]qs% VLH?"&NLEsg Bicized CoQ: WA8, -, 1085,

which i's | ReRERed s ftqkeweéxrbe&eéﬂaﬁ@dg stridturies agd ihehy .
incorporated into a similarly constructed cell contained

sodium.

10 The new cell was constructed using the plast:.c Co0,
cathode, an NaClO. electrolyte and a sodium metal anode. Sodium
was :.ntroduced into the Coo2 phase by dmscharg:.ng the cell at
2.2V to insert the sod:Lum The cell was then cycled between 2.2
.V and 4 1 V, as shown in FIG. 9.

15

20

25

30

- 15 -



Fol | owi ng reintercal ati on, these phases can, for exanple, be cycl ed
with I'ithium between 3—are4-2 V for théLLCm\phase 20 aprd—2. 8 V

and 4.1 V for the N(err] phase w igmmmmm'ﬂ # capacity.
After formati e CoJerr] phasdl E ormed by sure
Hodprid ! beocic

of the phase t0 atnospheric water. can be ’seén #*rom 25 FI%&T

may be fornmed in situ in an el ectrochem cal cell. After exposure to
air for approxiwgg?._eu ggaf)g',gwtfss, two phases are present. After 3 days
in air CoOCH was forned, because at an open circuit voltage >4 V the
foll owi ng reaction occurs: 30 2 Herr]0 - 4 e-
----- > (Jerr] + 4 Herr] CoJerr] + x e- + x Herr]
----- > Herr]Co(err] - 10 -
WO 96/ 24168 1. A method of preparing a stable mefal/ dESxidé Tifase

5 characterized in that

said method comprises:

a) preparing an electrolytic cell having an anocde, an
electrolyte inert to oxidation, and a cathode comprising a
metal oxide selected from the group consisting of a lithium

10 cobalt oxide intercalation complex and a lithium nickel oxide
intercalation complex having the formula LiNiO, wherein x is
0.8 to 1.0; and

b) applying to said cell a voltage sufficiently high to

deintercalate substantially all lithium from said metal oxide.
15

2. A method according to claim 1 wherein said voltage is in
excess of about 5.0 v.

20
3. A method according to claim 2 wherein said electrolyte
comprises a 0.5M to 2M solution of LiPFs, or LiPF¢ with up to
about an equal amount of LiBF, added, in a mixture of dimethyl-
carbonate (DMC) and ethylene carbonate (EC) within the weight
25 percent ratio range from a_b_out 95 DMC:5 EC to 20 DMC:80 EC.

4. A method according to claim 1 which further comprises
intercalating said stable metal dioxide phase with an element
30 selected from the group consisting of lithium, sodium,

potassium, rubidium, and hydrogen.

- 16 -



The CoOCH may be used as an el ectronic conductor in other battery

technol ogy. This includes applicationin-theN eI ectrode or Ni MeH,
N—=t+or—N—Cd—battertes—n- Whl ch cobal t is at- trsetct

As an alternative, once for H!llcan be used |_n any
variety ofygdsndfggs. | n one p t he PCITiQ0RsOT 2
plastic solid state cell is not amnatedtothe under | yi ng

el ectrol yte/ anode structure, thus allow ng ease of 10 renmoval of the
Cod err] ors N @ etablehastal ndfokids iphas@ prieparédi accordingacs i enged phase

can then easily be transported to other environments. Forthe reasons
di scussed Zeshod pf chaiBute co phase is desired, handling under
inert (anhydrous) condifiQnsg a ¢ tie Priefel &d. 15:, t | n anot her
enbodi ment, this plasticized phase is placed . nto a ceIT cont ai ni ng,
for exanpl e:h@amaﬂunﬁcaﬂl%m@gfmm the sroup 998831%&69 cefipeabial te and

el ect rcg yt gi%% then the cobalt or ni ckel oxi de phase is

rei nt ercal Wi‘'th the sodiumions. This 20 reintercal ation nay be

st opped short of conpletion and, in that way, a second or subsequent
ion may be added to the reintercal ated netal oxide phase.

In yet another enbodi nent, .the nickel or cobalt oxide 25 phase may be.
conbi ned wigt,h ﬁnseasaaleosmtummd@pme@ abbrding €X¥Mifh FiHaAngd

conposite polyner or an activated netal oxide - carrier. The redox
potential &het K-sayhditirackiom nahters it potentially useful in many
areas..pAnti ci pated applications ~ include, for exanple,. fornng
1
i norgani ¢ pol ymer stttettres—ant—36—as—abtochentrcat—car++er— Such
appl i cations would be clearly d(A)
4.30 + 0.02
2.44 + 0.02
2.12 + 0.02
15 1.61 + 0.02
1.41 + 0.02
1.34 1 0.02
1.17 £ 0.02
20

7. A stable n:.ckel diox;de phase accordmg to claim 5 having
the X-ray diffraction pattern

| a(A)
25 | | ' 4.47 % 0.02
| 2.40 + 0.02
2.29 & 0.02
1.97 + 0.02
1.51 + 0.02
30 | 1.41 + 0.02
1.38 + 0.02

+ B B I+

+



recogni zabl e to the skilled arti WO 96/ 24168

PCT/ US96/ 00556 -——TFhe foll ow ng exa .exenplify the practice
of the present invention: towﬂmwmﬁmg}lmt wi |l be appreciated by

- those skilled i t,EE' t that th not to be onstrued
as limting theﬁgr esel i nvention. P&msm

Exanple 1 A plastic el ect r ol yt| C ceI | was constructed

i si trj d_bexaf| -
10" bropyl one (LErp AeseniaBy SEEERE: ol RINARG) plAngHe 2d )
parts EC to one gladtroiptendandl &i E&tleode V\:hl ch was inert to

oxi dation at high voltages. Jhe cat hode cont,ai ned deerr;:l as an
active material and the an§dB BohtdiGdd €& o ©r aFr gh & t the

solid state el eddaid yathedecchipiisés th (srale mﬁeaia&@d@ghaé@eofaét@ﬂ# 5.

was pl aced thereover. ' This cell was charged to 2 V, at which
poi nt the LiToCR was fuIIy delithiate to formthe CoJerr] phase. The
exi stence of this phase is confirmed by the x-ray data depicted in
FIG 1. '

8. A secondary electrolytic cell according to claim 8
characterized in tha-t
said cathode further cémprises an element selected from the
10 group consisting of lithium, sodium, potassium, rubidium, or
hydrogen intercalated into said stable metal dioxide phase.

15

20

25

30
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20 FIG 1 depicts the diffraction pattern at the end of

deintercal ation of LiCo(Qerr] beginning at approximtely the | ast

k newrr—ptase—etsetesed—+n—the pri or—++erat ure——e——noefocHnte
(L[err]Coderr]) and proceeding to conplete delithiation at a voltage

of 5.2V. 25y0 9614168 The x-ray diffraction patterns were pbdgiosmesssN-situ

t hrough the use of an X-ray diffraction apparatus that allows t he use
of high voltages wi thout corrosion of the er{ry lium wi ndow. 30

The final x-ray diffraction pattern obtai nddT@ 5.2 vis t he hexagonal
structure associated with the Co(JJerr] phase.

- 12 - LelerS; Py

PCT/ US96/ 00556 " asdeWer, orldd bt ai ndd gthe cod er Monaglinic
reconverted to the LiCoJ err] phage du iﬁ di schar ge8e#. 93 cejl as
shown by the serigs of x-(&yOyifffactidn patterns in c . Fpllow ng
at t ai nnent o] H‘go&q err] p@ n thd cat(QQ8) and F=A92Bcal htion of
lithium 5 to £orm the Li(20d)e §§ i (,o"éﬁd betjveen 3 V
and

Intensity - arbitrary units

1Be Hexagonal
a=2.8222
(106) (110) b=12.879
(2083)
“ --_.JMJML_ML
60 70 80

Angle, 260 - degrees
FIG. 1



4f2_v with little | oss of charge capacity, as seen in FIG 3.

Du

reinsertion of the lithiumfornms a nonoclinic phase;
reinserti onwaf,ﬁulwi uminto the fully delithiated

[ e structure, which is the
originally incorporated into

resul ted in a hexagona
of the LiCo(err]
15

el ectrolytic cel

el ectrolyte conposition inert to
cat hode made fromLiNNQerr].

vol tage substantially al

pa

was constructed as in
oxi dation at high voltages and a

Lt oxide

r th-akby—del | thi

10 however,

Exanpl e 2 A plastic

I ncor porating

éz/lg%nple 1,

LiNierr] phase to
phase is confirmed b
The cel

Subsequent cycling t
fading confirmed tha
Liferr]NNderr] were
phase. Reducing the Q

e (100 o
G botuetn 2 by and 09D (11qf¥CIZES,

ok

intercal ati on of al
2
§§ -
2-“
:.g-n
0D
[
14+
[ -
= N
=
e
L
o
-
Lo

saﬁgb?éﬂ%é&&?fﬁct ure

the electrolytic cell.

an

This 20 cell was charged to 5.1 V, at which
of the lithiumwas renoved fromthe
Nlay nhase eoxistence of the NiQerr]

daj{@08)pi fBed in FI G 1dexagomal
A | wher eupon 70% of theg=2.82221H

5 cel |
e chrrge chparactgqri stics
e 30 att gl nmenty of ft he Ni OJ

.L,_uu.l'ul. f & | - Ited i n{
O [ - . :

IAAVITIVY VIAARAAAMEASA

20
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|
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213 - WO 96/ 24168
PGHUS86/00556 ——+the LIN O2 phase—As shawnin EILG 5 subsequent

cycling of this cell between 2.8 Vand 4.1 Vresulted in a high
capacity er than 190 A-h/kg) with m ninmal polarization and slight
i rreversi bi\vf’% racteristic of LiNiQerr]. These resul t SCTSHO055G 5t
total renoval of lithiumfromLi Nl Q2 produces a structure t hat remains
el ectrochem cal ly acti ve. ' Exanpl e 3 10
A study of the thermal stability of the Coqer] phase and Ni derr]
phase was undertaken. Plastic el ectrodes of Li CoO2 and LiNNg err]
brought to the CoO2 phase and the Ni @2 phase in the manners descri bed
in Exanples 1 and 2, respectively, were di ssol ved separately in a

di l ute acetone solvent at room15 tenperature. The plastic portions of

t he el ectrodes dissol ved in the solvent, and the insoluble netal

oxi des settled to the bottom of the vessels. The netal oxides were
separated fromthe sol ution and anal yzed using differential scanning
calorinetry

| ]
0 02 04 06 08 10
X in Li,CoO,

FIG. 3



(DSC) ranped to 300C at 10[err]C/ mn. 20

i } reaction occurred at
Anal ysis of the sanples by x-ray
t hat both phases reduc

to the reaction

The x-ray diffraction patterns depicted in FIGs.

confirmthat the sanples transforned |{7f>g he m xed rocksalt
o De el ectrochem cal ly

re ng—exet-heri-c—
CodJerr] and NNJerr] phases.
diffractio SC reveal ed

oxygen | oss accor
[err]
30

structures of CoO and N o, which are known

Ing 25

inactive to lithiumintercal ati on.

- WO 96/ 24
PCT/ US96/ 0556 aﬁg

Voltage - V

Voltage - V

200C for

As seen in FIG 6, a
hot h the

4.0 4

EXanpr e 2

3.5 -
200pA
3.0 2.8-4.0V
2.5 : : . :
0 0.2 04 0.6 0.8 1.0
X in Li,NiO,
| FIG. 4
4.5 -
NiO
y 2
4.0 -
3.5 -
3.0 - 150|J.A
2.8-4.1V
2'5 ] ] ] |
0 02 04 06 08 1.0
X in LiyNiO,

FIG. 5

d wi th attendant
i'cmlsmoosss
7 and 8
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A cel | ~was constructed as in Exanple 1. The CoQerr] phase was f ormed

by—delithiating t he—plastic—cell at-52MVfor 15 hours—5 Ater—the—

CodJ err] phase was formed, the plasticized CoJerr] was renoved from
the el ectrq] ode structure and then i ncor por at ed_J pmlarly
construct e&%éﬁ%‘? ont ai ned sodi um 10 The kw&%‘&%s
constructed using the plastic Co(Jerr] cat hode, an NaC J err]
el ectrolyte and a sodi um netal anode. Sodi was i ntroduced into the
Co®2 phase by discharging the cell at 2.2 Vtoinsert the sodium The
cell was then cycled between 2.2 Vand 4.1 V, as shown in FIG 9. 15
20 25
0.30
4 NiOo
O
: - ~
- -
£
0.00 -

] =1 ]
-40 40 120 200 280 360
Temperature - °C

FIG. 6



30 | | - 15 006/ 24168

PG clained s 1A lteL.h.od_chLe..pa.u_ng_a
stabl e netal dioxide phase 5 characteri zed I n
t hat |4 nmethod conpri ses: a) preparin rolytic
cell havi Wgo%f%%gﬂode, an gP&[)Use”ﬁ&t“
6/10 .
After DSC

Intensity - arbitrary units

Angle, 20 - degrees

FIG. 7



el ect rol yte inert to oxidation, and a cathode conprising a met al oxi de

select-ed—from-t-he—group—consi sting—of-a lithium10 cobalt oxide

i-ntercalation conplex and a lithium nickel oxide i ntercal ati on conpl ex
havi ng t f aLi[err]N(err] wherein x is 0.8 : d

b) appl yrﬁa%%l d cell a voltage sufficiently high to J&ﬂﬁmr cal ate
substantially all lithiumfromsaid netal oxide. 15 2. A net hod
according to claim1 wherein said vol tageazzp' n excess of about 5.0 V.
20 3. A nethod according to claim 2 ein said electrolyte

conprises a 0.5Mto 2M solution of LiPF[err], or LiPF[err] with up to
about an equal anmount of LiBF[err] added, in a m xture of dinethyl-
carbonate (DMC) and et hyl ene carbonate (EC) within the wei ght 25 percent

rati o range fromabout 95 DMC.:5 EC to 20 DMC: 80 EC. 4. A met hod
according to claim21 which further conprises intercalating said stable
net al di oxi de phase with an el enent 30 sel ected fromthe group consisting
of lithium sodium pot assi um rubi di um and hydrogen.

- 16 -
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WD 96/ 24168 PCT/ US95/ 00556 5.
A MMWW&WCCOL&%M@—M@M

characterizedinthat the nmetal is
sel ected group consisting of cobalt and 5 nic 6. A
stabl e cobfat‘?{g%{]‘gm de phase according to claimb5 having kl‘?‘g"“?"'ﬁ'g's?'(-‘ray
diffraction pattern: 10 d (A
4.30 + 0.02 44 0.02
2.12 [err] 0.02 15 8/16 1.61 [err] 0.02
1.41 [err] 0.02 1.34 [err] 0.02

1.17 0.02

Voltage - V

Nag a=C00
1‘5 ] . 3 L | lo.65 2

|
0 0.2 0.4 - 0.6
X in Na,CoO,

FIG. 9



20 7. A stabl e nickel dioxide phase according to claim5 having

t- he—Xt-ay—ei-ffaeiten—pattern: —eHA}
25 4.47 0.02
2.40 0.0 2.29 [err] 0.0
1.97 0. ngomm _ 1.51 0.02 30 PeTmasaesss
1.41 0.02 1.38 [err] 0.02
- 17 - ‘ W06/ 24168 9/ PCT/ US96/ 00556
8. A secondary electrolytic cell including an anode, an el ectrol yte,
and a cat hode characteri zed in t hat

2 B

= e .

c . [ (003) NiO,
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FIG. 10



shid cathode conprises a stable netal dioxide phase of claim5. 5

9: —A-secondary—elestrobytic.cel|l according toclalm-8 c-h a

racteri zedint hat sai d cat hode further conprises an
el enment selected fromthe 10 group consisting of lithium_sodiu
pot assi um m or hydrogen intercalated into s nmet a

di oxi de phase. 15 20 25
10/10

J'[[ (012) 10 Air: 3 days

(113)

Air: 30 min

Intensity - arbitrary units

Angle, 20 - degrees

FIG. 11
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