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Theoretically, a rechargeable cell is capable of charging and dlschargmg
15 indefinitely, however, in practice such performance is unattainable. | The
degradation mechanisms of the various anodes, cathodes and electrolytes are
complex and are reviewed in the general literature.

Two basic types of cathodes are appropriate for a battery system that is
rechargeable at ambient temperatures. A liquid cathode can be used, allowing
', 20 reactions to take place with facility. Liquid cathodes are also advantageoué in
that thin films or crusts forming on the surface of the cathode tend to crack,
such that the cathode activity remains high over the course of the cycling. The
mobility of the cathodic material is a liability, however, in that contact with the
anode short-circuits the cell. Thus, an electrochemical cell with a liquid

25  cathode requires protective, insulating films on the anode.
| A solid cathode must be insoluble in the electrolyte, and must be able to
receive and release a charge-compensating ion in a substantially reversible and

fast manner. A prime example of a solid cathode of this variety is.an
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15 metal.

The intercalation of metal ions into the Chevrel compound releases
energy. Since the process is partially or fully reversible, these compounds are
particularly suitable as electrodes in electrochemical cells. For example,
lithium, the predominant intercalation ion, can be removed from the Chevrel

20 compound by the application of electrical energy. The energy is released as
electrical energy upon reintercalation.

The cathode-active material in the high energy density, rechargeable
electrochemical cells must be paired with a suitable anode-active material,
which is most commonly made of an active metal such as alkali metals.

25 However, the performance of a particular anode-cathode couple is strongly
influenced by the nature of the electrolyte system. Certain non-aqueous
electrolytes are known to perform well with a particular anode-cathode couple
and be ineffective or significantly less effective with other anode-cathode
couples, because of reaction between the components causes degradation over

30 time. As a result, much of the prior art relates to the cathode-active material,

the anode-active material and the electrolyte not only as independent entities,
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15
are disclosed in U.S. Patent No. 4,511,642 to Higashi et al., wherein R1-R4 are
organic radicals selected from the following groups: alkyl, aryl, alkenyl,
cycloalkyl, allyl, heterocyclic, and cyano, and M’ represents an alkali metal -
ion. |

20 U.S. Patent No. 4,139,681 describes cells containing electrolytically -
active metal salt complexes having the formula ZMR,X; wherein Z is a metal
from a group containing aluminum, the Rs are specified haloorganic radicals,
the Xs are selected from various halides, alkyls, aryls, alkaryls and aralkyls. M
is specified to be an alkali metal, with lithium being the preferred embodiment.

25 U.S. Patent No. 4,542,081 to Armand et al. describes solutions for the
constitution of solid electrolyte materials of electrochemical generators. The -
compound is of the formula |

(R-C=C)4Z", M’

30 in which Z is a trivalent element capable of entering into 4-coordination, such
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15 extinguish. Lithium is poisonous and compounds thereof are known for their

severe physiological effects, even in minute quantities. As a result, the use of
alkali metals requires specialized facilities, such as dry rooms, specialized
equipment and specialized procedures.
In contradistinction, magnesium metal and aluminum metal are easy to
20 process. The metals are reactive, but undergo rapid passivation of the surface,
such that the metals are highly stable. Both magnesium and aluminum are
inexpensive relative to the alkali metals.
U.S. Patemt No. 4,894,302 to Hoffman et al. discloses an
electrochemical cell having an intercalation cathode, an alkaline earth anode,
25 and a non-aqueous liquid electrolyte containing an organic solvent and an
electrolytically active, organometallic alkaline earth metal salt represented by
the formula



4 WD 01/29919 PCT/USQCO 28683 R M2 R4-Z-R2 5 R3 -12 wherein Z i,s borogn
or alum num R1-R4 are radicals selected fromthe 10 f'oll owi ng groups:

al kyl , %%& | karyl, aral kyl, al kenyl, cycloal kyl, all é E cyclic

al kyl ,wgn 9c%}gno; and Mrepresents an al kaline earth rre%‘ o @?ﬁgés
magnesi um The radicals can be inertly substituted with substituents that
have no detrinental effect upqdn the electfolytic properties of the

el ectrolyte conposition with respeRff to effectiveness in an

el ectrochem cal cell, such as 15 hal ogenated or partially hal ogenated
derivatives of the above groupy. V%ihe exhaustive care is taken to

di scl ose a broad range of organic radical s{and hal ogenated organic

radi cal s, bonding the netaMic |dciZesRE {he anion (Z) to another

i norgani c species is not considered., U S. Patent  No. 5,491, 039 describes a
sol i¥, singl e-phase electrolytﬁ 20 lkcontai hing a solid polymeric matrix and
an organonetal lic ion salt repriesenjgd byjthe formula Mc(ZRn) wherein Z
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organic radicals; Mis lithium-—sodium poRassium or 25 magnesium c is 1
or 2, and nis an integer froml to 6. As in U S. Patent No. 4,894,302, a
broad range of organic radicals and hal ogenated organic ris disclosed, but

bonding the netallic species of the anion (Z) to:another inorganic species
i s not whpreined. isBbonon. & aRaninum;\NR 1-B4481e adicalsd seleStedPdtomt thido. :
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heterocyclic alkyl, and cyano; and M represents an alkalihe earth metal such as

magnesium. The radicals can be inertly substituted with substituents that have
no detrimental effect upon the electrolytic properties of the electrolyte
composition with respect to effectiveness in an electroéﬁemical cell, such as
15 halogenated or i)anially halogenated derivatives of the above groups. While
exhaustive care is taken to disclose a broad rangé of organic radicals and
halogenated organic radicals, bonding the metallic species of the anion (Z) to
another inorganic species is not considered. B
U.S. Patent No. 5,491,039 describes a solid, single-phase electrolyte
20 'containing a solid polymeric matrix and an organometallic ion salt represented
by the formula . '
M(ZR.)

wherein Z is boron, aluminum or titanjum; Rs are various subsituted or

unsubsituted organic radicals; M is lithium, sodium, potassium, or

25 magnesium, ¢ is 1 or 2, and n is an integer from 1 to 6. As in U.S. Patent No.

4,894,302, a broad range of organic radicals and halogenated organic ris

disclosed, but bonding the metallic species of the anion (Z) to another inorganic
species is not reported. _

Both U.S. Patent No. 5,491,039 and U.S. Patent No. 4,894,302 disclose

30 electrochemical cells having an alkaline earth anode such as magnesium. For
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deposi tion of thEhusttherelisiai widehy recognizsbneed gor, andnis weuldhosdkighly t he
present invention there js provjded a, non-agueou | ectrql yte for _use in
an el ect r ocadvantageoys|tp hayg (?neJLWHiﬂ@‘a%%oBﬁrF;?&Eqﬁw& 8’(%)2&5’[‘”% Bt one
organi c solvent; ..(b) at |least. one,el ol Vi g|ly | M@ sent ed
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sel ected froma group cdnsisting o 25 al um num boron, phosphorus,

anti nony angip@wgeni c; R represents radicals selected fromthe foll ow ng
groups: al kyl, al kenyl, aryl, phenyl, benzyl, and amdo; X is a hal ogen

(1, Br, d, F); m=1-3; and n = 0-5 and g = 6 in the case of Z =

phosphorus, antinony and arsenic, and n = 0-3 and q = 4 in the case of 6
SUMMARY OF THE INVENTION

The present invention is a new type of electrolyte for use in

electrochemical cells. The properties of the electrolyte include high

15  conductivity and an electrochemical window that can exceed 2V vs. Mg/Mg”.

The use of the electrolyte in an appropriate cell promotes the
substantially-reversible deposition of the intercalating metal.

According to the teachings of the present invention there is provided a

non-aqueous electrolyte for use in an electrochemical cell, said electrolyte

20 comprising: (a) at least one organic solvent; (b) at least one electrolytically

active salt represented by the formula:
M™ (ZR X gn)m

in which; M’ is selected from a group consisting of magnesium, calcium,
aluminum, lithium and sodium; Z is selected from a group consisting of
25  aluminum, boron, phosphorus, antimony and arsenic; R represents radicals
selected from the following groups: alkyl, alkenyl, aryl, phenyl, benzyl, and
amido; X is a halogen (I, Br, Cl, F); m=1-3; and n=0-5 and q =6 in the case

of Z = phosphorus, antimony and arsenic, and n = 0-3 and q =4 in the case of



WO 01/ 29919 PCT/ US00/ 28683 Z = al um num and boron. According to further .
features in preferred enbodi nents of the invention described below the
el ect pad yirmopccording to the present invention i s i ncGdapaisebeskss Nt o
specific electrochem cal cells conprised of said electrolyte 5 and an
appr oprZ ataburaimar-andtopole. pair. According to further features in the
preferred enbodi nents, one such appropriate anode-cathode pair is a

magnﬁsi um netegordingde fumher features 3n preferned embedimestpofithe invenboe. |1 n yet .

t f nbQdi t, ' 0 i tion- d t hod
e dsha i Gelav) ofhq igstiolvtR  SRORIRBOR: e HREtoM AR DS |
wh ' =Q- =0- 2. - ti th
ahor ¢ cAP¢Aporashl indthiceific MedkEhEficd VIR CQMbHRC 6P Said slecBBfAEPhe |1,

for st henaradippropriatefanddedatide paigchar geabl e magnesi um battery with a
nom nal voltage ‘exceeding 1.5 volts. BRI EF DESCRI PTI ON OF THE DRAW NGS The

i nvention i Adoarding the funthdrefeaturgs \im the fprefearedl embotimentst bne 30ch ef er ence
to the acconpanyi ng drawi ngs, wherein: FIG 1la and FI | b are, graphs
di spl ayAPREPRIIALE @apde-gathade DAl isarmapnssNL metal gnode andsa mMagnesivit i ons in

tet__rahydrqc&iuran iTHFE] U@i n‘% a gold electrode; FIGS. 2a-2d are Scanning

El ect r JASFIERSEE o "crographs 25 showing different forns of -

nmetal | i ¢ magpesi depQshkt ON qop ﬁ#ﬁéﬁrod% an #n@s is a graph
of the vol tgge patterns o fanpg glc?:rter ocmb%a cell ceons?%%: ngmg? a

Cheor elingertios-copipuaaid. cathededs inmapiaiumClivrebimerealatibn cathode of

the form

Cu,Mg,Mo¢Ss
wherein x=0-1 and y=0-2.
The present invention successfully addresses the shortcomings of the
15 presently-known electrolytes and provides the basis for the production of a
viable, rechargeable magnesium battery with a nominal voltage exceeding 1.5

volts.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is herein described, by way of example only, with
20 reference to the accompanying drawings, wherein:
FIG. 1a and FIG. 1b are graphs displaying typical cyclic
voltammograms of magnesium salts solutions in tetrahydrofuran (THF) using a
gold electrode;

FIGS. 2a-2d are Scanning Electron Microscopé_. (SEM) micrographs
25 showing different forms of metallic magnesium deposition on a copper

electrode; and

FIG. 3 is a graph of the voltage patfems of an electrochemical cell

consisting of a Chevrel-phase cathode, magnesium metal anode, and an

7




WO 01/29919 PCT/ USOO 28683 el ectrol yte contai ning My(ALC12BuEt)2 salt in
THF, in which cycles '340-345 are plotted next to the first five cycles
(cycles 1oy o1Adep Rl PTI ON OF THE PREFERRED EMBODI MENTS Thepgf/@s6uinisess
invention is a new type of electrolyte for use in 5 electrochem cal cells.

The proper tdl@sralitet Eentaindeg ME(AIELBuE)dealhig THI dadwhichy cyoles 840345

el ectrochem cal w ndow that can exceed 2V vs. MglMg}2. The use of the

el ect r ol yt eare plattedamext op theafist fiveicyples fepcles 144 substantial | y-reversibl e
deposition of nmagnesium netal on the anode current collector and the
reversible intercalation of magnesiumin the cathode material. 10 Although
al kali nmetals are readily ionized, the use of other netal anodes, such as

magnesi um ' mﬁ@g ﬂqu Eﬂkﬂﬁr&%mm and al um num are
very inexpgégug\?gr%wauve T O fr*gll:l e : Sals are highly
reactive and highly flammable, and alkali fire is extrenely difficult to
extinguish. Lithiumin rticular i.s poisonous a 0 unds. t hereof are 15
known for their ofTES yéﬁ_’Yﬁ“g@PCé gff‘_ﬁ‘gt gypee\,tgﬁ qﬁﬁcr}ﬁ‘ﬁx{%t fssf_oﬁ_u _eti]ini es. As
a_resuls, JbGrbiRalaiRIdil MPhe! Broffly oo SHECERKiSBAe! BKildd | Righ such
as dry roons, Speclalized equi pmeht "and speci al i zed procedures. nesi um

and al um nugsnd@etiviepahd 48 elfdtiocheaitd vindpwdtheasd ¥Rdded2Wivs, face,
such that for all practical purposes, the netals are highly stable. 20
Magnesi um afie alusei mfm thee elecfirdlytd e imndini napgrepsiatee, celbn promiotss  the

non- hazar dous, and _easy tQ work wi.th, and as, such, are highly-desirable raw
material s fobstantiallygeyersibledepesitien é’rfdnf‘@l‘esé}fédpf?@f ] ales@)‘i‘ gEent,

parti cul ar. | t hou rimary, el ect rochenkcal S. IgNesi um ar e
known, suc hcq}gcicg aéﬁghﬁ B%Yef‘%ﬁ]r?alpgeé‘é%?téméﬁ%“%gggﬁé%‘dn?g? g%%g i f|ﬁt ary
applicatg ons. 2 ia{ﬂ'(é] | v 4 t $hd sl OP|gth&! hietdlr

i rrpossia]bl e wth &@Hﬁu%rga ?rgtﬁ%ﬂré%a}ag??%ﬂﬂ atl o%g%’ and el egi'?rol ytes

accordi ng tangdesOsuchrds mifagsihnn omahbminuer hes degidedadvantages] . Magnésiumar e
particularly (gr one to electrolyte deconposition and to encrustation

/ passi vat i candaluntinum ase veryinexpensive relative to alkali metals. Alkali metals are

highly reactive and highly flammable, and alkali fire is extremely difficult to

extinguish. Lithium in particular is poisonous and compounds thereof are
15 known for their severe physiological effects, even in minute quantities. As a
result, the use of alkali metals requires specialized facilities, such as dry rooms,
specialized equipment and specialized procedures.
Magnesium and aluminum are reactive, but undergo rapid passivation of
the surface, such that for all practical purposes, the metals are highly stable.
20 Magnesium and aluminum are available and inexpensive, non-toxic,
non-hazardous, and easy to work with, and as such, are highly-desirable raw
materials for electrochemical cells and for electrolytic solutions in particular.
Although primary electrochemical cells based on magnesium are known,
such cells are non-rechargeable and are used solely for military applications.
25  Sustaining a voltage of 1.5 volts is problematic or impossible with the usual
intercalation cathodes and electrolytes according to prior art. Magnesium
batteries operating at 1.5 volts are particularly prone to electrolyte

decomposition and to encrustation /passivation of the electrode surface.



WO 01/ 29919 PCT/ US00/ 28683 The present invention provides a non-aqueous.
electrolyte for use in an electrochemical cell conprising:.(a) at |east one
organiwwo gpteeent ; (b) at |l east one electrolytically actporeusosless epr esent ed
by the formula: M+m (ZRnXg.n)m5 in which: M is selected froma group
consi sti ng @Whenpresertti mventlahqiruvﬁ;des al nori-aqugousi electrolyte) forsust imanZ i s

sel ected froma _group consistin al um num boron, phosphorus, antinony
and ar g&qtaoc m@r&hﬁ@@pmm 3&) at é%ﬂsé(%lécpl‘gm Wlé!elﬂfel(bg\ﬁﬁ deasyr oups:

al kyl, aI k benz an X is a halogen (I, Br,

a, po lcél}'da‘ﬁ rgnﬁes&){{edé)y © ﬂQnB e 10 of Z = phosphor us.
anti nony and arsenic, and n = 0-y3p&mn 4 in the case of Z = al um num
and boron. As descri bed above, the el‘ec m cal wi ndow of a cell with an
el ectrolyte according to the present i nvent i on and an appropriate

anoge- GRWARD: VPRI fs selected Ofrbfy aS tb@ii51§t of| magAcsitm, Aaddiahed in a

stable, reversible fashion 15 at 5 vol ts without ecorrp05|t|on of the

el ect r allythéimang lithiom sngt sodivad; Zhis seleetedr fibas . a |groap peafsistingd of nbodi ment
of the invention, the electrolyte according to the present invention
funct i GkemimIBn berars : phespharusal angismonyyand %rsmlme amp@éenténdradwal

t | t hpd 20. Cer t { K t
per f or BETRITY 0Eh ¢ TRUPWIRE EEpur G, Atkeaut FabopieylBEeinatdect i ve or
o1 0! [ 146Ab! X dsGthlofhd ACBiveL 1 b 208! o &Qld@o%n& e—%ogphﬁjau as€ t her

because ectr hot" " nert of Dbecause It grade ring

cyqpi ngbfzt=plmspnbmsaaﬁumbhyra@ﬁqrshmé carid g &t 0-3hend ¢4t indihgtcase o6t only as
an i ndependent entity, but also as a unit within a system 25 containing an
appr oprZ staluminois -andthosor. pair . Hence accor ding to further features in

Bccor di mg ¢ ok HEPRBSE A0V Ry SR {FPH QSRR IR CO! dt bl paichr 18
o 60 0§ 5 i PSR lﬁoe&?&f AR mspm%@&?eeaﬁaa@e&ﬁoa I8

pair is 2 volts, such that the cell can be operated in a stable, reversible fashion

15 at 1.5 volts without decomposition of the electrolyte and encrustation of the
electrodes.

In a preferred embodiment of the invention, the electrolyte according to
the present invention functions in an electrochemical cell with a metal anode
and an intercalation cathode. | '

20 Certain non-aquéo'us electrolytes are known to | perform well with a
particular anode-cathode couple and be ineffective or significantly less
effective with other anode-cathode couples, either because the electrolyte is not
inert or because it degrades during cycling. It is relevant, therefore, to treat the
electrolyte, not only as an independent entity, but also as_'ai unit within a system

25 containing an appropriate anode-cathode pair. |

Hence, according to further features in preferred embodiments of the
invention described below, the electrolyte according to the present invention is
incorporated into specific electrochemical cells containing an appropriate
anode-cathode pair.

30 While various metals are suitable as anodes for the electrolytic solution,
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30 While ,various netals are suitable as anodes for the electrolytic
solution, 9 WO 01/29919 PCT/ USQOQ 28683 i ncludi ng nmagnesi um |ithium

al um num apg ofyegd UM a particularly appropriate battery PoTiUsStz8683he
el ectrolyte according to the present invention, a magnesium netal anode
and a magndstluding)seragnesiumy nithinch, c atimitem | angdetcaloivmpera ppasticulachy
enbodi nent, the nmagnesium 5 insertion-conpoung cathode is

magnesi um Gippveptiate bateryaingludss theelpeinel yisy accopding 40 Wﬁ@}tﬁﬁwoﬂnﬁer ein x
= 0-1and y = 0-2. Th i nci pl d oper.at | f ti |
w U an | mypagRRImna it G AR HRR R0 EonBRuB BEOEY | Gy be
better understoqg w&? Ir &h&ncegf&eﬁgg draNhimen)d (e acmapheinng

roly

description. The“ele e conpbsition of the present inventron includes
an orgagic in§éi’tibﬁfﬁon9§tﬁnﬂ| eahod heaimadneruneiCheorel rigrorcatation Icathodaldfs of
the form 15 M +nm(ZRiXg_n)m as descri bed above. Organonetallic salts of
this form ng fommconbi ned with conpati bl e non-organonetallic salts or with
conpati ble organonetallic salts of other forng. Many and di verse organic
solvents are suitable for use in the(@nddgy & of the present invention,
i ncl udi ng ethers, or%a i C caLg)? ates, lactones, ketones, 20 nitriles,

al i phatic awhemsith T Ocl AP 6T&Pon sol vents and organic nitro sol vents.

More specificall sui tabl e | vents. i | Ll [ ol uene,
TE. i gl yme. 1 [ PYRRPieE pig PSR E sl GeARR A cell pvih, AFXARRvl
di et hyl g} heglectrdl 5@&%&&1?‘&)”% ie5&t v entido xiddebe bettet utlerstdad: with
sul f ol al(r;(za, alﬁ%tr Xi[%romet hane. Zsﬂll ntercal ati on dggt hodes used i n conjunction
with the el@férentsytectheckawitigsgndithe atwnpparying déseriptiphon i ncl ude transition
nmet al oxi des, chal cogeni des and hal ogeni des and conbi nati ons thereof. Mre

specifically, the transition nmetal oxides include V205, TiS2, MS2, ZrS2,

Co304, Moz, M 4é efé@go{ng composition of the present invention includes an organic

solvent and electrochemically-active organometallic salts of the form
15 M ™(ZR,Xyn)m, as described above. Organometallic salts of this form may be
combined with compatible non-organometallic salts or with compatible

organometallic salts of other forms.

Many and diverse organic solvents are suitable for use in the electrolyte

of the present invention, including ethers, organic carbonates, lactones, ketones,

20  nitriles, aliphatic and aromatic hydrocarbon solvents and organic nitro solvents.

More specifically, suitable solvents include acetonitrile, hexane, toluene, THF,

diglyme, triglyme, tetraglyme, dimethoxyethane, diethoxyethane, diethylether,

dimethoxyethane, dimethylsulfoxide, dimethylsulfite, sulfolane, and
nitromethane.

25 Intercalation cathodes used in conjunction with the electrolyte according
to the present invention include transition metal oxides, chalcogenides and
halogenides and combinations thereof. More specifically, the transition metal
oxides include V,0s, TiS;, MoS,, ZrS,;, C03;04 MnO;, MnyOs and the

chalcogenides include Chevrel-phase compounds.
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chal cogeni des i ncl ude Chevrel - phase conpounds. 10 WO 01/29919 . .
PCT/ US00/ 28683 EXAMPLE 1 A magnesi um Chevrel intercal ation cathode for use
I N CORkyBghdeps W th the electrolyte according to the pf@ﬁ/ﬁﬁ’ﬁo/zb ention was
synt hesi zed according to 5 the procedure devel oped by Goecke, Sch?l horn et
al. (lnorg. Chem 26, p. 1805 (1987)). Elenmental sulfur, nolybdenum and
copper of hi 8h urity were added in a stoichionetric ratio of 4:3:1. After
i ntimat ' h@phnd pressing into pellets, the mxture was sealed in a

quartz anpoule under a yacuumof 10"5 Torr he anpoul ¢ was placed in a
flrnace.  andATRABHSHGrGReHTE] WrcAlation catiode 10y USEUB GRIWMBEAMD. 450C. The

was r o DEsTeglyERctoRIifg b the bisent Bivenfign M SmaiRR ale G BC o1 24
hourss. thBgréesiuee a&wlegwsyt@@&ke,asélmhaﬁl é al! @h8re fcﬂegﬂ.ﬁ‘éd’g rFf q8$950C and

was mai ntai ned at 1050C for 48 hours. After cooling roorh tenperature at

a rat e (98I0 Elé¢mental salfpr) uhelybdenimadeshcdgper mfrhigh paritg ppere addedbdenum .
sul fide (Cu2Nb6S8) obtained was mlled into fine powder using nortar and

pest | e.inThsteishioumetris| satigealih:3:d 1 Afterpintimeate waixing and pressingeinton- | oaded

bon black (CB). Th |11 t d t ai nl I h
ano BT iR weS olstloh F st Rpabisg e & FgHem: o ABcum at T oom
20 il |y fected t

tenesat g diffodld WiRitced it RlifELL 408 HERHBIRAL S Histl Bk go1 €0 Lo

el ectrochem cal retreatnent 1n copper Tons Tn the host
matlgi x rafe!3Ma668C/h e uS0RE] Bl téitiperhiifte O AL hAsBRBACA 4569 iteF 04l ati on of

copper was performed in a non-aqueous nedium a |Msolution of My(C104)2
i n acethmirs.r iAgainTthe tnperatuge wasoraisedsatpa rater ofed0ORC/h 1a700AM andt i ¢

Ater et GRG0 80P i ThetemBersbug e Gy rasscont fho.
el eCt I QiR of PI0X A% 508 ld'WaS iRl 8t FONGHEKE a8 Rofrs! VaFRE UL 1 O OF
cooling to room temperature at a rate of 120°C/h, the ampoule was broken ;
15 open. The copper molybdenum sulfide (Cu;MogSg) obtained was milled into
fine powder using mortar and pestle.
The copper molybdenum sulfide powder was mixed with Teflon-loaded
carbon black (CB). The resulting paste was spread on stainless steel mesh and
pressed. The composite electrode formed was dried under vacuum at room
20  temperature for 24 hours.
The electrode was subsequently subjected to electrochemical
pretreatment in Which some of the copper ions in the host matrix (Cu;MogSg)
were deinserted. The electrochemical deintercalation of copper was performed
in a non-aqueous medium, a 1M solution of Mg(ClO,), in acetonitrile. The
25 deinsertion was performed by a galvanostatic charging process in which the
upper limit of the potential was controlled.
After thorough washing in acetonitrile and subsequent drying of the
electrode, charging-discharging cycles were conducted in a 1M solution of
Mg(ClOy), in acetonitrile at various scan rates between -1.6V and 0.01 V,
30 relative to the Ag/Ag+l reference electrode. A pronounced electrochemical

redox activity was observed,_ with a main oxidation peak at —1.219 V vs.
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My(C104)2 in acetonitrile at various scan rates between -1.6V and 0.01 V,
30 relative to the Ag/ Ag+ reference el ectrode. A pronounced

el ect r ochampos2991y edox activity was observed, with a main WT@ﬁQW’@ﬁﬂi‘peak at
-1.219 Vvs. 11 WO 01/29919 PCT/ USOQ 28683 /Ag dac ' ng mai n
reduction p%g[lAglt anda&pn%p@ldmgmgnre “d??ﬁ-g s‘glo

rospect i velPARRABROREY B ﬁw%ﬁergﬁaaor@e t%r‘?%ﬁom#&%%ﬁ?—égflmf*h/g
Cu0. 13 h
00, 1300y Mgty A, SRRSO CHHRGORPE 51 OB Dl gl e
Referring now to the draw ngs, FlI @UollNg'Md:Sﬁ b are graphs 10

et he

di spl ayi ng typical cyclic voltanmograns bf r- magnesi um or gano-
hal o- al um nates solutions in tetrahydrofuran (THF) using a gold el ectrode.

FIG | § shows tTig pbkgiitdlodydastectréutiemicalr reersibilisg Cofl Ibe) nteisalakiond wi t h
THE solution using a gold working el ectrode. The peak at -1V is due to the
deposi t i on mbcesagvassdamonsitated omanulﬁelq)@mle%t around 0.9V is attributed to
15 the subsequent el ectrochem cal dissolution of the magnesi um netal. The
el ectrochem cal w ndow obtained with this systemexceeds 2.6V. It is

clearly the cyclic voltambgramthat the process of nagnesi um
deposi ti on\%gmgg?ﬂ;nut ion is fully reversible. The potentiodynam c

response of Mi( ALGelERE R ion ol FirhQigs, 0.5 1a 2AhdIFIEN 1 EeCgrighs The

el ect rochem cal spans over 2. a rmagnesi um deposi tion peak

starting atdisplapivig( viyphdal Meygliov Vbltmnhmammt of rrmgrmrsnagmsaunsmng-on peak
occurring at 0.4V. As in_the previaous case, eV|d t frogﬂhe cyclic
ﬁéﬁwm

vol t ammogr dalofaluminatesmobetions ipftetrahyidseiugn g@rg GIE&FQ Bl ution is
rosul ts " obt ai ndblG 1rsHERG BF BELF ob?ﬁ%gg%ﬁﬂéﬁog&ﬁ%@@ B ftalgett 1" 10
4,894, 302 tQ:th THF solution using a gold working electrode. The peak at ~1V is due to
the deposition of magnesium metal, and the peak at around 0.9V is attributed to
15 the subsequent electrochemical dissolution of the magnesium metal. The
electrochemical window obtained with this system exceeds 2.6V. It is clearly
evident from the cyclic voltammogram that the process of magnesium
deposition and dissolution is fully reversible.
The potentiodynamic response of Mg(AIC1,BuEt), in THF solution is
20 given in FIG. 1b. The electrochemical window spans over 2.3 V, with a
magnesium deposition peak starting at -0.3V (vs.Mg/Mg") with subsequent
magnesium redissolution peak occurring at 0.4V. As in the previous case, it is
evident from the cyclic voltammogram that the process of magnesium
deposition and dissolution is fully reversible.
25 The above-mentioned results compare favorably with the results
obtained with the electrolytes suggested by U.S. Patent No. 4,894,302 to
Hoffman et al. The electrochemical window obtained with the prior art
organo-borane salts, measured in a comparative study using magnesium
dibutyl-diphenyl boronate (Mg(BBu,Ph;),), spans only about 1.8-1.9V. The

30 wider electrochemical window obtained using electrolytes according to the
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Hof fman et al. The el ectrochem cal w ndow obtained with the prior art
or gano- borane salts, neasured in a conparative study using. magnesi um

di but Yo gi/egsy! boronate (M (BBu2Ph2)2), spans only abPE'i‘/U%olﬁi }%39V- The 30
|

wi der el ectrocheni cal w ndow obt ai ned using el ectrol ytes accor& g to the
12 VO Qkbkp? ifvention ¢ bS5 SRprdaVeasanbility {61 e Blecho) HER4nged

st abi | ?'%y for the el ectrolyt ig sol uti onitgnd al | oe\k/:\s t}ﬁgé Sglghg}i a{r?rlt)wrae

ener getallovwesathiearse ofanerei anesgetivucathodematerisls suchahat bothi the cyeledifehe ener gy
density of the battery are substantially increased. The SEM m crographs

provi deadithe epergydenssy ofithe baktery arpsubstentially fnegeassdum deposi ti on.

f | | vt d el ect hemg cal || . di to.th
bresent i nvel oM pitopsaplis, DedYided S F16, 2 rbove cifleredi nmbe ot col |
9 sl gy S | . ) .
sgfgi : (t)iﬁ - FI Zgb godﬁ@gﬁr Bétg%r'?g ?%il [eﬁéeéﬁteqqggs r g%@é%%@gﬁgﬁ%%ﬁa,i n%e-e[gcri bed

above, dceomiihghté hthee! mrebént! ViheentiorVd ( AFIGS.2BUEDD 2 correBpdhdE 4 @l ution.
Wth My(A1C 13Bu)2, a wi der el ectrochem cal windowis obtained relative to

My( Al C elegseaehemicalowesllr , desceibedgnaboven iin dwhinhi t ik aslegtrodytes isor as
spheri ers, he case_gof the My(ALCl12BuEt)?2, the salt provides
alr[: el eMl@%k %&%wm; FiGS Srefherrrespond tarthe wledtrachemicalrngnesi um
nmet al SiLi ' Si Y. en at. ability is
T5 o odty dhkdfied 3008 b SHESh o bELUARAR R MEAIC i dn R o

r I tdohgtion. €| Whthv I 0 ' ; : t onj uncti-on
Ot P b R MIEQr SUHcaita Randw s bl ener oy
di sper sielativartal Mg(Al®l,BuBthy Hbweves the aignedinm isdepovited! asaphbiesi s -
confirnmed that the degegéiition of magnesium netal was 20 substantially

o

pure. EXasrsnhegicahclys dn jbericasg of the Mg(AlGi Buakvs thersaltsprionidest a

O eSS eo AR Sondh TSR S S e SRR e

froma gkl Weposition is considerably more homogeneous, such that cyclability is

15  greatly enhanced. Both electrolytes display superior electrochemical properties
relative to electrolytes according to prior art.

In conjunction with the SEM microscopy, elemental analysis was

performed by EDAX (énergy dispersive analysis by x;ray fluorescence). The

clemental analysis confirmed that the depositioﬁ 6f magnesium metal was

20  substantially pure.

EXAMPLE 3
An electrochemical cell was prepared consisting of a Chevrel-phase
cathode, a magnesium metal anode, and an electrolyte containing
25 Mg(AICl,BuEt), salt in THF. The 25.7 mg cathode was made from a mixture
of copper-leached Chevrel-phase material containing 10 weight-% carbon
black and 10 weight-% PVDF as a binder, spi'ead on stainless steel mesh. The
solution was prepared from 0.25 Molar Mg(AICI2BuEt)2 salt in THF. The
anode was a disc of pure magnesium metal, with a diameter of 16 mm and a
30 thickness of 0.2 mm. The battery was encased in a stainless steel “coin cell”

configuration with a paper separator made from glass fibers. The cell was
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of copper-| eached Chevrel -phase material containing 10 wei ght -% carbon

bl ack and 10 wei ght-% PVDF as a binder, spread on stainless steel nesh. The
sol uti on wee opeeepmred from 0. 25 Mol ar My(ALCLl2BuUEt) 2 salt PAT/USPU28833e

anode was a disc of puredbrr;ignesi umnetal, with a dianeter of 16 nm and a 30

thi ckness afycled? onma  Standped tchaygenedischatgaredvitn 2 ke density 6] 23-doi n
g:: : Wagon}gﬂ“ratl on, Wt ﬁﬁ@ﬁager 'Eﬁﬁ%@t%tf@%@“%gs?qﬁﬂéwgf’%ﬁss ef'nb(fgﬁ'at-rhe

char ger - di = W J %aréed Iakd | anperes/ gram The
potenti al ﬁﬁ%ﬁ@?g 888‘%‘% ?ﬁgﬁﬁg@bﬁel?v@gg : gaké't he fully di scharged
state and 1.8V frje bieryUivhy sGbREREM0SEGIthuotl&ybhihg @ver Bamontilly. edhed to
continuous cycling over 3 nonthis. The 5 excellent cyclability of the

batt erysi s excelentycyeldbilityt of therbaftety isSclearly whident filom FiGcBein whichohs are
plotted next to the first five cycles (cycles 1-5), The batt

per f or mncecyckased4fs34 arerpjotiod pextie tbﬁ%lrﬁéi‘t'ee%(ftl?ﬁ @D’C{;ﬁé'é pﬂ‘gh@‘ﬁry The
charge density obtained iLn each discharge..is,61 r t cat hode
material. IRF Fg rEMAINS, fltoRg QVET Eﬁg%ggr%ilwq}ﬁ% 8&%&#&% n\L/]glrelti on
was prepare fald ire e aCh Hischaf g{@g MaBiR of e cdttiode! ved in
hept ane. (%’r?g%er cra 'Ef%blgﬁt-gragg?lﬁhé%g%mrlas a ?gd dropovm' se to the
MyBu2 15 soldfekial according to the nolar ratio. The m xture was stirred for
48 hours under an inert gas, and Mg(Bu2AI C12)3 was crystallized out of
solutid® The solvent was renoved by evacuation. Ether solvents were added

very slowy to_. the organonmagnesi umsalt to produce a saturated sol ution
(around O. 4 EEi%ni c conductivity of the saturated My(Bu2A1Cl12)3

| uti 20,6. 9 " ip o |
onf1 qurat on. 1 A8FeptRie JEPdtRE o flle, PRERY ApTMicE S Broseled o
| nt ended OfgiohR: SGntiferdihl,teARine Fradt Melth, WY QisSeivee o dhepmhe. ar e

possi ble within the
Commercial, reagent-grade AIEtCl, was added drop wise to the MgBu,

15  solution according to the molar ratio. The mixture was stirred for 48 hours
under an inert gas, and Mg(Bu,AICl,); was crystallized out of solution. The
solvent was removed by evacuation. Ether solvents were added very slowly to
the organomagnesium salt to produce a saturated solution (around 0.5M).

The ionic conductivity of the saturated Mg(Bu,AlCl,); solution was

20  6.9%10" Sem™'mol™” at 100kHz in a parallel cell configuration.

It will be appreciated that the above descriptions are intended only to

serve as examples, and that many other embodiments are possible within the

spirit and the scope of the present invention.
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spirit and the scope of the present invention. 14 WD 01/29919 | I"IL~") .
LEreer "~ et 0y 28683 WHAT IS CLAIMED IS: * CI L N S
1. A mommus eI ect roI yt (e:j!mi ﬂﬂ Ill Ht ﬂllect r ocheni pci/USmi2B683sai d

el ectrW{ $ ni c solvent and (b) at |east
one el ectroly |c ve salt '

represented by the formul a:
M +m( ZRnXg-n) m i n V\/m ch is selected froma group consisting of
magnesi um cal cium alum num lithiumand sodium Z is selected froma
group consi dti ng Ahoatdqueousreldetodyte fopussimhai slectrachérivay celldsaid seni c; R
represents radicals selected fromthe follow ng groups: alkyl, al kenyI
aryl , mseotsolytetpomprisingnd anmido; X is a halogen (I, Br, d, F) mFl-3; n =

0-5 d = f h h nd i C, d = 0-3 d =4 f Z
i S R T 10 T i
[ | ect ed [ um
S s i T

non- aqueous eI ectrol yt e of cI aim 1. werein is selected froma group
consi sting of nmagnesi um and cal ch (ZRdeM ein Zis alumnum 5. The
non- aqueous el ectrolyte of claim1, wherein M is selected froma group
consi sting of magaeshigh) and calcium Z is alumnum Rand R 15 WO
01/29919 111111 ~~ PCT/ US00/ 28683 . . .

M’ is selected from a group consisting of magnesium, calcium,

aluminum, lithium and sodium;

Z is selected from a group consisting of aluminum, boron,

phosphorus, antimony and arsenic;

R represents radicals selected from the following groups: alkyl,

alkenyl, aryl, phenyl, benzyl, and amido;

X is a halogen (I, Br, Cl, F);

m=1-3;

n=0-5 and q=6 for Z = phosphorus and arsenic, and

n=0-3 and =4 for Z = aluminum and boron.

2. The non-aqueous electrolyte of claim 1, wherein M’ is selected

from a group consisting of magnesium, calcium, and aluminum.
3. The non-aqueous electrolyte of claim 1, wherein Z is éluminum.

4, The non-aqueous electrolyte of claim 1, wherein M’ is selected
from a group consisting of magnesium and calcium, and wherein Z is

aluminum.

5. The non-aqueous electrolyte of claim 1, wherein M’ is selected

from a group consisting of magnesium and calcium, Z is aluminum, R and R’

15



are al kyl- radicals, mis 2, and n is 1. 7E*-—s—6._The non-aqueous

- electrolyte of claim1l, wherein M is ”m ) Brdik s alumnum R and R
are al kyl wagi/peiss, mis 2, and nis 1 Is | h g ; POUSpEl/Bshoigkast e of

claim1, wherein the grgani sol vent coéntalns W is magnesium Z is

al uni num @%ﬁj&yﬁa‘ﬁ?@s’gmﬁﬁ’a‘?‘gﬂil% {s, mis 2 and nis 1. 8. The

non- agueous el ectrolyte of claiml, wherein the electrolytically active

salt is My[BuAlCl3]2. 9. An electrochem cal cell conprising: (a) a netal

anode; (b) an | 1 er caffal | i SRARIC CIGRBINE) o REANAIHCCHReREFCMO!i! ©

el ectrol yte conpri sing: at " east one organic solvent and 1 at |east one

el ectrol yt imagdegivag} Z vealaadibume Rr arER e dikylradicalsomris 23 anMin¥(IZRnXg. . n) m

in which: M Is selected froma group consisting of magnesi um cal cium

aluminum lithiumand sodium Z is selected froma group consisting of

al um num boron,_  phosphorus, antinony and agsenic; R represents radicals
sel ected from the folThswneg-agiusows clegtojyte oficlaimy |1, wherein the mrganigenzy| |

d ami do; X, hal. Ly, Br, O, F); =1-3. =, 0- dggs6f z
A Shosphor (OIVEH ORI T YL df ruterisstyt, 3 B phiptipetin R oty &5 ard st |
(i1 VO Olll%gﬁg,g’ﬁlgg[/a{{&ql%q%% n=0-3and q = 4 for Z = alum num and

bor on.

8. The non-aqueous electrolyte of claim 1, wherein the

electrolytically active salt is Mg[BuAICl;],.

9. An electrochemical cell comprising:
{(a) ametal anode;
(b) an intercalation cathode; and
{c) anon-aqueous electrolyte electrolyte comprising:
0 at least one organic solvent and
1 at least one electrolytically active salt represented by the

formula:
M"™(ZRXgn)m

in which:

M’ is selected from a group consisting of magnesium, calcium,
aluminum, lithium and sodium;

Z is selected from a group consisting of aluminum, boron,
phosphorus, antimony and arsenic;

R represents radicals selected from the following groups: alkyl,
alkenyl, aryl, phenyl, benzyl, and amido;

X is a halogen (I, Br, CL, F);

m=1-3;

n=0-5 and q =6 for Z =phosphorus, antimony and arsenic, and
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10. The el ectrochem cal ceI”!l, "I tmlerei n M in said electrolyte-is
sel ected froma group consi #lum and cal cium-Z is alum num
R andwOomeial kyl radicals, mis 2, and n is 1. 11. TheCHUSMEBé3hemn cal

cell of claim, gi q f&tzgﬁhﬁ] axﬁEFB e is a Chevrel -phase

I ntercal ation catljﬁhg):a a?% The el ectroc 1e‘?ﬁﬁca celﬁ of claim1ll, wherein
said Chevrel -phase intercalation cathode is represented by the formula
CuxMgyMb6S& wherein x=0- 1 andy=0-2. 13. The el ectrochenical cell of claim

9, wherein said netal anode is magnesium 14. The el ectrochem cal cell of

claim9, wherein said netal anode is Ilithium 17 . .
10. The electrochemical cell of claim 9, wherein M’ in said

electrolyte is selected from a group consisting of magnesium and calcium, Z is

aluminum, R and R’ are alkyl radicals, mis 2, and nis 1.

11. The electrochemical cell of claim 9, wherein said intercalation

cathode is a Chevrel-phase intercalation cathode.

12.  The electrochemical cell of claim 11, wherein said Chevrel-phase
intercalation cathode is represented by the formula
| Cu,Mg,MogSs
wherein x=0-1 andy=0-2.

13.  The electrochemical cell of claim 9, wherein said metal anode is

magnesium.

14. The electrochemical cell of claim 9, wherein said metal anode is

lithium.
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