| MPROVEMENTS 'I| N AND RELATI NG TO LI THI UM ROCKI NG- CHAI R RECHARCGEABLE ‘7k0§?a
,BATTERI ES This invention is directed to electrochemcal cells and — 7
particularly to el ectrodes used as the negative el ectrode, or anodé;ﬂﬂf
rechargeabl e lithiumrocking chair battery. Solid-state el ectrochemn ca
cells are typically constructed froman al kali netal nega r.o
(anode), an jonically conducting polymeric electrolyte coh?¥§ﬁ§hz9gﬂ ﬁ%
ionizable al kali metal salt, and a positive el ectrode (cathode) The

cathode is usually fog g&ﬂfgﬁ Rbéﬁiﬁbﬂ@ﬁglﬁ‘ﬁkﬁhﬁkﬁ pygryaterial, a

netal salt, a polyneric electrol a_conductive er such as carbon

te
bl ack, andscoatlng this nixture §L§5F§pDFoFﬁBﬁﬁ?93 functlons as a

current
INTRODUCTION

Technical Field
This invention is directed to electrochemical

10 cells and particularly to electrodes used as the
negative electrode in a rechargeable lithium rocking

chair battery.

Backaground
is Solid-state electrochemical cells are

typically constructed from an alkali metal negative
electrode (anode), an ionically conducting polymeric
electrolyte containing an ionizable alkali metal salt,
and a positive electrode (cathode). The cathode is

20 usually formed by preparing a mixture of an active
material, a metal salt, a polymeric electrolyte, and a
conductive filler such as carbon black, and coating this
mixture on a metal foil which functions as a current
collector. Electrochemical cells formed in this fashion

25 using lithium metal as the alkali metal anode have found
wide use in numerous applications requiring portable
battery bower, since lithium batteries formed in this
manner have a hlgh enerqgy densxty

However, lithium metal is widely considered to

30 be the major source of safety-related problems when
lithium batteries are made rechargeable. Charging of
such batteries converts lithium ions to metallic lith-
ium, and the presence of metallic lithium in undesirable
locations inm“the battery structure can result in explo-

35 sion of the battery.

One process that has been proposed to overcome
this disadvantage is the use of an intercalation com-
pound based anode coupled with an intercalation compound
based cathode. 1In electrochemical cells employing such
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collector. Electrochemcal cells formed in this fashion using |ithium netal
as*the al kali netal anode have found w de use in numerous applications
requiring portable battery power, since lithiumbatteries fornmed in this
manner have a high energy density. However, lithiumnetal is wdely
considered to be the major source of safety rel ated problens when |ithium
batteries are ekadtrpdeRar §habrbarginghang d4scbprging papcessesavoheerts

lithiumions toaHEBﬁ\bh.h.ShEat t}wﬂbuanéhéheom%%aeoef mERAANEC1EichRbgm i n
undesirable locatiqns in ttery structure can result in the battery

expl odi ng. One 5?088§5F1P8 OpsiEHWE this disadvantage is to
On discharge of the cell described above,

5 lithium which is intercalated in the anode is discharged
from that electrode into the electrolyte as lithium
ions. The corresponding action at the cathode.involves
the intercalation of lithium ions into the active
cathode material. When the resulting discharged cell is

10 subjected to changing conditions, the reverse processes
occur at the two electrodes; lithium ions are discharged
from the cathode and are intercalated into the active

" material of the anode. This entire process does not
involve the formation of metallic lithium at any stage.

15 Batteries made from such electrodes are referred to as
"rocking-chair" batteries, since the alkali metal ions
transfer back and forth between the anode and cathode.

Intercalation electrodes and rocking-chair
batteries are known. For example, U.S. Patent No.

20 4,631,810 to Hooper et al. discloses a method for making
an intercalation compound based cathode in which a
dispersion of vanadium oxide, acetylene black and
polyethylene oxide in acetonitrile is applied to a

" nickel foil current collector and the solvent removed.

25 However, K there is a need for alternative approaches to

preparing lithium intercalation electrodes.

SUMMARY OF THE INVENTION
Accordingly, it is an object of the present
30 invention to provide an electrode for use as the nega-
tive electrode in a rechargeable battery based on

intercalation of lithium ions.
It is a further object of the present inven-
tion. to provide such an electrode that is capable of
35 obtaining current densities as high as or higher than
100 pA/cm2 and/or storage capacities as high as or
higher than 1.4 mAh/cmz.

Sheet Has Been Reﬂlaced

TR



use an intercal ati on conpound based anode coupled wth an intercal ation
conpound based cat hode. In electrochem cal cells enploying such

el ectr odes,

the charging and discharging process can be acconpli shed

without the formation of netallic lithium as described bel ow. -2- On

di scharge of such a cell_ lithiu

ch
di scharged from that eTBEFFoGBH]ﬁF ernebd FEE?rSEyF a%"V?PHF9ﬁ1FBH§
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| interc in the anode

been achieved by providing a carbon/pdlymer composite
electrode useful as the negative electrode (anode) in a
rechargeable lithium battery, comprising essentially
amorphous carbon dispersed in a polymeric matrix
containing an interpenetrating ionically conducting
liquid having an alkali metal salt dissolved therein.
In preferred embodiments of the invention, the polymer
and interpenetrating ionically conducting liquid
together represent a polymer-host network electrolyte,
as described in U.S. Patent Nos. 4,925,752 and 4,990413.
The positive electrode (cathode) in the rechargeable
battery is a lithium intercalation compound based .
electrode and is preferably lithium vanadium oxide or
lithium cobalt oxide.

DETAILED DESCRIPTION OF THE INVENTION

The present invention provides an electrode
that can sustain a current density as high as or higher
than 100 pA/cm2 and which has a storage capacity as high
as or higher than 1.4 mAh/cmz. One unusual feature of

the present invention is the use of a substantially
ahorphous or highly disordered form of carbon.
Conventional teachings in the battery art indicated that
ordered and crystalline forms of graphite and other
ordered and crystalline carbon forms were preferred so
as to provide ordered structures into which metal ions
could intercalate. In contrast, the carbon used in the
electrode of the present invention is substantially
amorphous or highly disordered carbon. For example, the
amorphous carbon can be activated carbon, acetylene
black, Shawinigan black or the like. Acetylene black or
Shawinigan bf&ék is a-preferred amorphous carbon used to
make .an electrode of the invention. By a "substantially
amorphous carbon" as used herein is meant a carbon in
which at least about 80% or more of the carbon is non-
crystalline or is microcrystalline in which at least
about 80% of the carbon microcrystals are in a random

heet Has Been Reflaoed

T



corresponding action at the cathode involves the intercalation of
lithiumions into the active cathode material. Wen the resulting

di scharged cell is subject to charging conditions, the reverse processes
occur at the two electrodes; lithiumions are discharged fron1the cat hode

and are intercalated into the act i ter of the an This entire
process does nofIEFANGERENre fp(’fleﬁﬁerBga h?\?té‘l"l“l’(?rlysttﬁl gt °§n)7—h59( age.

Batteries nade hﬁ&mumnﬁs&ﬂkﬂﬂheodaadameamehageménmobdsthhoeHnM@n dsaiat
batteries, sinc gg% @4§ 9@§tgl ggg A% ngf ecgggﬁ Q%fe th betmeen

t he anode cat ho Interca tion e ectro roc |ng chai r
batteries are carbon in which essentlally about 100% of the carbon is

5 non-crystalline or has a microcrystalline random
arrangement. See Pauling, L. “College Chemistry" (1957)
W. H. Freeman & Co., San Francisco or Moeller, T.
‘"Inorganic Chemistry" (1958) J. Wiley & Son, London for
a discussion on amorphous or microcrystalline carbon as
10 compared to crystalline carbon, such as graphite and
diamond. The carbon material in a preferred embodiment
of the present invention has particle diameter less than
‘about 5 um, more preferably less than about 1 uym, and
surface area greater than about 20 m2/g, more preferably
15 greater than 50 m2/g.
The polymeric network, which is interpenetrated by
the ionically conducting liquid and which serves as a
matrix for holding the amorphous carbon to form a
composite electrode, can be formed from a conductive
20 polymer or can be a supportive matrix of a non-
conductive polymer. .
Examples of polymers which may be used to form
conductive polymeric networks are described in U.S.
Patent 4,303,748. These polymers have repeating units
25 containipg at least one heteroatom such as an oxygen or
nitrogen atom. They can be represented as polymers
having the repeating unit

-CH2-CH-O-

30 R

wherein R is hydrogen or a group R,, ~CH,0R,, -CHZOReRa,
or -CHzN(CH3)2 in which Ra is an alkyl group containing
1l to 16 carhon atoms -and preferably 1 to 4 carbon atoms
35 or a cycloalkyl group containing 5 to 8 carbon atoms
and ke is an ether group of formula -{CHz—CH20]p-
wherein p is a number from 1 to 100, preferably 1 or 2:
or having the repeating unit
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known. * For exanple, the US. Patent No. 4,631,810 discloses a

met hod for making an intercal ati on conpound based cathode in which a

di spersi on of vanadi um oxi de, acetyl ene bl ack and pol yet hyl ene oxide in
acetonitrile is applied to a nickel foil current collector and the sol vent
renoved.. However, there is a need for alternative approaches to
preparing lithiumintercal ation electrodes A conposite electrode is known
from EP- A-0404478. A carbonaceous netGH.j-=C ~mh|ch crystalline graphite
is exenplified, is conmbined with a pol Iectrolyte in three
alternative ways. I n one case the carbonacdbUs material and the solid

el ectrol yté are nechanically

wherein R’ is R, or R R,, as defined above; or having
the repeating unit

-CH,-CH~
10
ReRa
wherein R, and R, are defined above. Copolymers of the
above polymers may also be useful.
15 In the electrodes of the present invention,

these polymers are cross-linked to form a network which
is sufficiently rigid to provide physical integrity to
the composite electrode as the cell is charged, dis-
charged, and recharged. These polymners may be cross-

20 linked in a number of ways. For example, U.S. patent
no. 4,357,401 to Andre et al. discloses PEO-PPO
copolymers which are cross-linked by ethylene diamine.

" Where the polymer includes moieties of primary or
secondary alcohols or amines, the polymer may be cross-

25 linked by reaction with a cross-linking agent such as a
polyisocyanate. For example, polyethylene 6xides may
also be cross-linked by using a cross-linking agent such
as poly(ethylene glycol) diacrylate and a thermal free
radical initiator such as 2,2’-azobis(2-methyl-

30 propionitrile) as described in U.S. Application Serial
Nos. 115,492 filed October 30, 1987 and 173,385, filed
March 25, 1988, now U.S. patent 4,830,939. See also
U.S. Patent No. 3,734,876. Radiation and thermally
initiated free radical addition reactions may also be

35 used to forg_the cross-linked polymeric network.

A particularly useful'group of radiation
polymerizable compounds for providing a cross-linked
conductive matrix is obtained by reacting a low
molecular weight polyethylene glycol with acrylic or

40 methacrylic acid. Also useful in the present invention

i



kneaded. In a second case the solid carbonaceous material is coated with
di ssolved electrolyte. In a third case the carbonaceous solid material is
imersed into a liquid electrolyte solution, a chem cal reaction bindi.-ng
the solid electrolyte to the boundary thereof. In accordance with the
present invention, we provide a carbon/polynmer conposite el ectrode
characteri sed dye radia¥ion counpabke miater jrdls/reucic amtadxylatddt antial |y

amor phous epoxies, é.g., Bisphenol A epoxy diac¢rylate, polyester
acrylates, copolymers of glycidyl ethers and acrylates
or a vinyl compound such as N-vinylpyrrolidone. The
5 latter provides a non-conductive matrix.

Preferably, the aforementioned radiation
polymerizable polyethylenically unsaturated compounds
have a molecular weight of about 200 to 2,000 and more

_ preferably 200 to 800. Still more preferably, they are
10 liquids at temperatures less than 30°C. Examples of
radiation curable materials include polyethylene.
glycol-300 diacrylate (average PEO molecular weight
about 300), polyethylene glycol-480 diacrylate (average
PEO molecular weight about 480) and the corresponding
15 methacrylates.

It may be desirable to include a radiation
curable comonomer in the composition to reduce the glass
transition temperature and improve the conductivity of
the polymer. Any suitable monoacrylate such as tetra-

20 hydrofurfuryl acrylate, tetrahydrofurfuryl methacrylate,
methoxypolyethylene glycol mono-methacrylate, 2-ethoxy-
ethyl acrylate, 2-methoxyethyl acrylate or cyclohexyl
methacrylate may be used for this purpose. Triacrylates
such as TMPTA, trimethylolpropane ethoxylated triacry-

25 lates (TMPEOTA) or trimethylolpropanepropoxy triacry-
late may be used to introduce cross-linking of the
polymer. Monoacrylates may be used in an amcunt of
about 5 to 50% by weight based on the total amount of
radiation polymerizable material. The triacrylates are

30 used in amounts of about 2 to 30% by weight on the same
basis.

- Examples of cross-linked non-conductive
supportive §51ymers are described in U.S. Patent
4,654,279 to Bauer et al. and include epoxies, poly-

35 urethanes, polymethacrylates, polyacrylates, poly-
acrylonitrile, and polystyrene. -

The radiation inert liquids which form the
ionically conductive liquid interpenetrating phase can
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carbon, nanely carbon which is 80% or nore non-crystalline or is
ntcrocrystalline in which 80% or nore of the carbon 5 mcrocrystals are
in a random arrangenent, honogeneously di spersed within and entrapped in
said matrix; and, further contained in said matrix, an interpenetrating

lonically conductlng non-aqueous |iquid having an alkali netal salt
di ssol ved t her dien.arg0 low volagihidhe gpnatilemidn@alyeant sudrefesct rode to

be capabl e of %g}m%své"ﬁﬂarfh%sIatﬂ@scﬁascatu@h%@rbwagwllt 100
[err] and/or storage capaciti %h qa(ia; or %h rl err]. An
el ect rocheni calPXdy 9uFat&or akay Lol Voratd ity SLmP i~

fies manufacture and improves shelf life. Representa-
5 tive examples are propylene carbonate, gamma-butyrolac-
tone, 1,3-dioxolane, and 2-methyltetrahydrofuran. Less
polar solvents having heteroatoms capable of bonding
alkali metal cations are also useful. Polyethylene
glycol dimethyl ether (PEGDME) is one such example.

10 Glymes such as tetraglyme, hexaglyme, and heptaglyme are
also desirable solvents. Preferably, the liquid is
propylene carbonate.

Ionizable alkali metal salts useful in this
invention include those salts conventionally used in

15 solid state electrochemical cells, such as lithium,
sodium, potassium or ammonium salts. Preferred
examples are sodium and lithium salts of less mobile
anions of weak bases having a large anionic radius.
Examples may be selected from the group consisting of

20 _1‘, Br~, SCN, c1o4°, BF4‘, prs‘, Asrs‘, CF3coo‘,
CF3SO3_, and the like. Representative specific examples
of such salts include Lic%04, NaClO4, LiF3CSO3, LiBF4
and the like.

The salt may be used up to an amount which

25 does not. exceed its solubility limit in the electrolyte.
The amount will therefore vary with the nature of the
liquid solvent. As a general rule, the maximum amount
of salt within its solubility limit should be used to

_ maximize the ionic conductivity of the electrolyte. 1In

30 most applications, about 10 to 60 parts salt is used per
100 parts of liquid phase.

o Inpgrcalat;on compounds and electronically
conductive ﬁaﬁerials_useful in forming the cathode that
is used with the anode of the present invention are well

35 known in the art and include metal oxides, sulfides and
selenides. Representative examples of intercalation
compounds are V308, Vg013, V205, MnO2, MoO2, MoS3,
Cr306, LiCo02, LixV30g, TiS2 and the like. Preferably,
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15 invention conprises such an electrode, a polyneric electrolyte
and a cathode. The polyner and interpenetrating ionically conducting |iquid
may together represent a pol yner-host network electrolyte, such as .
described in US Patent Nos. 4,925,752 20 and 4,990413, for exanple. The
positive el ectrode (cathod be a Iiéhiun1 ntercanIion conpound

ra 3
based eIectrodéﬂghdPﬁgeﬁﬁgféFéggycompoun is a vanaélum oxide con-

taining lithium or LiCoO2. The intercalation compound

preferably has a particle size of less than about

1 micron but can range up to about 20 microns. Other
5 examples can be found in the aforementioned references,

such as U.S. patents Nos. 4,925,752 and 4,822,701.

' The conductive filler in the cathode is
usually carbon black. Certain conductive polymers
(which are characterized by a conjugated network of

10 double bonds) like polypyrol and polyacetylene may also
be used for this purpose.

To prepare an anode in accordance with the
present invention, a mixture of the uncross-linked
polymer or the unpolymerized monomer or oligomer and the

15 initiator or cross-linking agent where needed is '
prepared and blended with the ionically conducting
liquid, the ionizable salt, and the amorphous carbon.
Blending is carried out, e.g., by agitation, for
example, by stirring and the like, such that the

20 particles of the amorphous carbon particles become
individually and homogeneously dispersed in the mixture
as described above. Preferably, this is done in an
inert atmosphere at ambient temperatures of about 60°C.
Due to the amorphous nature of the carbon, the viscosity

25 of the resulting solution is higher than about 8,000cp
at 75°C, preferably higher than about 10,000 cp at 75°C.

The anode is prepared by coating the mixture
on a current collector, such as a metal foil member, and
curing the composition. A typical foil is lithium foil

30 or lithium coated on nickel or copper foil or the like.
The composition can be coated by solvent coating using
conventional coating techniques such as a doctor blade
or an extrusfah method can be used. The anode is coated
in a.thickness of about 10 to 100 microns and typically

35 30 to 60 microns. |

Where a solvent casting technique is used, in
addition to the components discussed above, the anode
composition will contain a volatile solvent such as
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| it hium vanadi um oxi de or |ithiumcobalt oxide. Enbodi nents of el ectrodes
in"accordance with the invention can sustain a current density as high or
hi gher than 100 mA/ cn2 and have a storage capacity as high as or higher.
than 1.4 mah/ CM2. One unusual feature of electrodes in accordance with the

oresent i vent | 9dcbsbiedsagaq, 2azeBs ey Y WAL Y Ulhved

di sordered for vent 1 onal t he
art indicated t Bt aoﬁ@éﬂ@@taﬁésérl}@t &‘Ieltlhﬁ’él figr r¥§9(§#: @rfﬁ’pmh@e compostiftdion

ordered and crysialkhireg . carbon forns were preferred so as to provide
ordered structures into mhlcgen%%%pogggiogguu%|£y€%;5§d%%eWLth %Pntrast
t he carbon
5 present invention contain about 10 to 50 parts by weight
of the amorphous carbon and preferably from about 25 to
about 35 parts, about 0 to 10 parts of a conductive
filler, about 0 to 20 parts of an ionizable metal salt,
about 45 to 80 parts of an ionically conducting liquid,
10 and about 20 to 55 parts of the cross-linked polymer,
preferably 25 to 40 parts, per 100 parts of the final
polymer electrolyte composition (all parts by weight).
In one embodiment of the present invention, an
amorphous carbon/polymer composite anode prepared by the
15 aforementioned method is coated with a polymer host
network electrolyte as previously described. The
resulting composite electrode is cured by electron beam
radiation. A polymer composite cathode is formed by
coating a Vg0313/carbon/polymer composite onto a nickel
20 substrate and curing with electron beam radiation. The
cured composite cathode is lithiated by electrochemical
means and laminated onto the anode/electrolyte composite
surface. The resulting electrochemical cell has an open
circuit voltage of about 3 volts and can be cycled
25 between that voltage and 0 volts repeatedly.

' Another embodiment of the present invention
utilizes the amorphous carbon/polymer composite elec-
trode as both the anode and the cathode. The electrodes
are prepared as described above and laminated with a

30 polymer host network electrolyte therebetween. Prior to
lamination, the electrode to be utilized as the anode is
lithiated by electrochemical means. The resulting
electrochemical cell has an open circuit voltage of
about 1.5 volts and can be cycled between that voltage

35 and 0 volts repeatedly.
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used i'n el ectrodes in accordance with the present invention is

substanti ally anor phous or highly disordered carbon. For exanple, the
anor phous carbon can be activated carbon, acetyl ene bl ack, Shaw ni gan
bl ack or the Ilike. By a "substantially anorphous carbon” as used herein

I's meant a carbon in which at | east about 80% or nore of t he car bon
S non-crystalline or IS mcrocr ~he in which at | east about 80%

of the carbon mcrocryst Acetykena blackdpChevramgeh@&htcompdéss Novas
COELaLL et RIS SARURIAL DFod 0BG A8 e of Hpenpor my e
have a mi crocr peately igpntent smaller than 100 ppm. Sixty-two grams of
5 propylene carbonate (PC) of high purity, containing
less than 50 ppm of water, was put in a double planetary
mixer under inert atmosphere. To this PC, 1.5 g of high
molecular weight (MW = 900,000) polyethylene oxide (PEO)
containiﬁg less than 50 ppm of water was added. The

10 mixer content was then heated to 60°C under an inert
atmosphere and stirred at 60 rpm. The PC/PEO mix was
stirred for about 0.5 hrs. or until the PEO was
completely dissolved. Then 14 g of polyethylene glycol
diacrylate (PEGDA), having a MW of 400-600 and a water

15 content less than 50 ppm, and 2.5 g of trimethylol-
propane ethoxylate triacrylate (TMPEOTA) of high MW and
of water content less than 50 ppm was added and stirred
until the mixture is homogenous. To this homogenous
mixture, 20 g of the predried carbon material was added.

20 "This composite anode precursor mix was stirred for 2
hrs. at 60°C under inert atmosphere so that the
amorphous carbon particles became individually and
homogeneously dispersed. Due to the nature of the
carbon material, the viscosity of the composite anode

25 precursor was higher than 10,000 cp at 75°C. The
apparent density of the composite anode precursor was
approximately 1.2 g/cm2. Approximately 100 mg of this
composite anode precursor was coated as a thin (75-85
pm) uniform layer on a 10 cm2 surface treated nickel

30 current collector of 25 pm thickness. This anode pre-
cursor laminate is then either cured through exposure
to an electron beam (1 -9 Mrad) or overcoated with the
polymer electrolyte precursor, then cured by the same
means. _

35 A lithiated composite LigVg013 based cathode
(1.5 mAh/cm2) was mounted in front of the carbon based
composite anode. The cell was discharged at current
density of 100 pA/cm2. Approximately 1.4 maAh/cm2
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random arrangenent. See Pauling, L. "College Chem stry" (1957) WH. Freeman
&'Co., San Francisco or Meller, T. "lInorganic Chem stry" (1958) J. Wley &
Son, London for a discussion on anorphous or mcrocrystalline carbon as
conpared to crystalline carbon, such as graphite and di anond. The carbon
material in electrodes in accordance with the present invention may have a
particle di anet@?Packtytwas abservedndupingeths firstschasgeapdutherm and

may have a surf@gfoéh CBaédatShpdbddte a8AUEe?0 SBbgeqdiieftetabtyigr eatgt than
50 [err]. charge of the carbon composite anode, the anode was
discharged at the same current density, and approxi-
5 mately 50-60% of the charge capacity was available.
Further cycling shows capacity decrease similar to what
was observed in Li/VgO13 cells.
All publications and patent applications
mentioned in this specification are herein incorporated
10 by reference to the same extent as if each individual
publication or patent application was specifically and
individually indicated to be incorporated by reference.
The invention now being fully described, it
will be apparent to one of ordinary skill in the art
15 that many changes and modifications can be made thereto
without departing from the spirit or scope of the
appended claims.
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-4- The polyneric network, which is interpenetrated by the ionically
conducting liquid and which serves as a matrix for-holding the anorphous
carbon to forma conposite el ectrode, can be formed froma conductive .

pol ymer or can be a supportive matrix of a non- con mlwml mummm“,zxarrpl es
of polyners which may be used to form conductive p ar
descri bed i n URHATiS GLAIMER ISB. These pol yners have reépeatihg “units
containing at | east one heteroaton1such as an oxygen or nltrogen atom They

can be represented als pmﬁY car on)/por&gy'meh;? éoe ;':eoaéitneg nelc;[t oc{e compris-
ing substantially amorphous carbon entrapped in a poly-
5 meric matrix, wherein said matrix further entraps an
interpenetrating ionically conducting liquid having an
alkali metal salt dissolved therein.

2. The electrode of claim 1 wherein said sub-
10 stantially amorphous carbon is acetylene black or
Shawinigan black.

3. The electrode of claim 2 wherein said
ionically conducting liquid is a low volatility aprotic
15 solvent.
4. The electrode of claim 3 wherein said polymer

is a conductive polymer.

20 5. The electrode of claim 1 wherein said polymer
is formed at least in part from polyethylene oxide

MONOMErs .
6. The electrode of claim 5 wherein said liquid
25 is selected from the group consisting of propylene

carbonate, gamma-butyrolactone, 1,3-dioxolane, and
2-methyltetrahydrofuran.

7. The electrode according to claim 1 wherein the
30 substantially amorphous carbon has a surface area
greater than about 20 m2/g.

8. Thg:électroae according to claim 7 wherein
the substantially amorphous carbon has a surface area
35 greater than about 50 m2/g.

This Sheet Has Been Re ﬁ

A




wherein R is hydrogen or a group [err] in which [QLLL_;__an_akangroup

containing 1 to 16 carbon atons and preferably 1 to 4 carbon atons
cycl oal kyl group containing 5 to 8 carbon atons and |\ l“j““i ﬁ grou
of formula [err] wherein p is a nunber fromltoim * 2:

or having the repeating unit [err]. wherein R is [err] 6r terr] as deflned
above; or having the repeating unit [err] wherein R and [err] are defined
above. Copol ymers of ¢ he @i\ dadnsty adtrdilmp tee disainll JHersa s of
our el ectrodes su% olé/ rs are Cross-

_ antially amorphous carbon has a particle size

diameter of less than about 5 pm.

10. An electrochemical cell comprising an anode, a
cathode, and a polymeric electrolyte wherein said anode
comprises substantially amorphous carbon entrapped in a
polymeric matrix, wherein said matrix further entraps an

10 interpenetrating ionically conducting liquid having an
alkali metal salt dissolved therein.

11. The electrochemical cell of claim 10 wherein
said cathode is a vanadium oxide composition containing
15 intercalated lithium ions or LiCo02.

12. The electrochemical cell of claim 11 wherein
said substantially amorphous carbon is acetylene black
or Shawinigan black.

20
13. The electrochemical cell of claim 12 wherein

said anode contains intercalated lithium ions.

14. The electrochemical cell of claim 13 wherein
25 said ionically conducting liquid is a low volatility
aprotic solvent.

15. The electrochemical cell of claim 14 wherein

said polymer is a conductive polymer.
30 '

16. The electrochemical cell of claim 15 wherein
said liquid is selected from the group consisting of
propylene ci}bonate, gamma-butyrolactone, 1,3-dioxolane,
and 2-methyltetrahydrofuran.

35

17. The electrochemical cell of claim 10 wherein
‘said polymer is formed at least in part from
polyethylene oxide monomers. T
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linked"to forma network which is sufficiently rigid to provide physical

integrity to the conposite electrode as the cell is chargéﬁ“‘“drscharged
and rechar ged. These pol yners may be cross-1i imm way.s.
For exanple, U S. Patent No. 4,357,401 to Andre ””'”J'"H Ea EO PPO
copol ymers whi ch are cross-1inked 5 by ethyl end dFant net

pol ymer includes noieties of primary or secondary al cohols or am nes
pol ymer may be crosg4gl,i nkaghes IeRAGidcHeniddl &ell according to claim

10 wherein the substantially amorphous carbon has a
surface area greater than about 20 m2/g.

5
19. The electrochemical cell according to claim 18
wherein the substantially amorphous carbon has a surface

area greater than about 50 m2/g.
10 20. The electrochemical cell according to claim 10

wherein the substantially amorphous carbon has a
particle size diameter of less than about 5 um.
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cross+|inking agent such as a pol yi socyanate. For exanple, polyethylene
oxi des nmay al so be cross-linked by using a cross-linking agent such as

pol y(ethyl ene glycol) diacrylate and a thermal free radical initiator such
as 2,2 -azobis(2-nmethyl- propionitrile) as described in U S. Application
Serial Nos. 115,492 filed October 30, 1987 and 173,385, filed March 25
1988, now U.S. patent 4,830,939. See also U S. Patent No.UBTR=OI%/G¢0 US
Radi ation and thermally initiated free radical addition reactions nmay al so

be used to formthe gr =L in VYRS J fﬁaéi j arly useful
group of radiati onm %5%(‘ ]llfﬁa@#%g{ pr ow%l%i'gﬁg*oss-l i nked
conductive matrix is obtained AND RIRATRPDE | THERBEQR Ul ar wei ght

pol yethyl gne glycol with acrylic or nethacrylic acid. Al so, radiation

curable materials, such as, for
ABSTRACT OF THE DISCLOSURE

A carbon/polymer composite electrode compris-

ing substantially amorphous carbon entrapped in a poly-
meric matrix, wherein the matrix further entraps an

10 interpenetrating ionically conducting liquid having an
alkali metal salt dissolved therein.

=
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exanpl e, acrylated epoxies, e.g. Bisphenol A Epoxy diacrylate, polyester
~acryl ates, copolyners of glycidl ethers and ‘acryl ates or a vinyl conpound
ssuch as N vinylpyrrolidone nay be used. The latter provides a non-
‘conductive matrix. The radiation polymnerizabl e polyethylenically

unsat urated conpounds may have a nol ecular wei ght of about 200 to 2,000 and
nore preferably 200 to 800. They nmay be Iiquid at tenperatures Iess t han
30[err]. ' :

gl ycol - : PR

pol yet hyl ene egcoI 480 di acryl ate (average PEO nol ecul ar

This invention is directed to electrochemical
cells and particularly to electrodes used as the negative
electrode, or anode, in a rechargeable lithium rocking
chair battery.

Solid-state electrochemical cells are typically constructed from an
alkali metal negative electrode (anode), an ionically conducting polymeric
electrolyte containing an ionizable alkali metal salt, and a positive electrode
(cathode). The cathode is usually formed by preparing a mixture of an active
material, a metal salt, a polymeric électrolyte, and a conductive filler such as
carbon black, and coating this mixture on a metal foil which functions as a current
collector. Electrochemiéal cells formed in this fashion using lithium metal as the
alkali metal anode have found wide use in numerous applications requiring

portable battery power, since lithium batteries formed in this manner have a high

energy density.

However, lithium metal is widely considered to be
the major source of safety-related problems when lithium
batteries are made rechargeable. Charging of such
pbatteries converts lithium ions to metallic lithium, and
the presence of metallic lithium in undesirable }ocations
in the battery structure can result in the battery
explodlng

One proposal to overcome this disadvantage is to
use an intercalation compound based anode coupled w1th'an
intercalation compéund based cathode. In electrophemical
cells employing such electrodes, the charging and
discharging process can be accomplished without the
formation of metallic lithium as described below.

fhis is e teptacemem sheet
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WEI ght 0) and the corresponding nethacrylates. It nmay be desirable ,

to incl u @h@aqhﬁdem abl e conpononer in the corrp05| tion to reduce the
gl ass tran ure and inprove the- Hvy—et—thg pol yner.
Any sui t abl Mm such as tetrahydr of rTﬁJ$§HEEEWBa3E'§,N

t et r ahydr of met hacryl ate, met haxypol yethyl efERHAFER  nong-

nmet hacryl ate, 2-ethoxyethyl acrylate, 2-nethoxyethyl acryrate or cycl ohexyl
net hacryl ate may. beousedii&ohat§és ofurfuase. a Tieads,y| Bl @si wcinash TNRTA,

trimethyl ol propane,gioxy! i edidi aagr{ovcieat %be< gfgg’g@}o e  from that

trimet hyl ol propanepr opox rlacr
cross- | i nki ﬁées trode into the electrolyte as lithium ions. The

corresponding action at the cathode involves the
intercalation of lithium ions into the active cathode
material. When the resulting discharged cell is subject
to charging conditions, the reverse processes occur at the
two electrodes; 1lithium ions are discharged from the
cathode and are intercalated into the active material of
the anode. This entire process does not involve the
formation of metallic lithium at any stage. Batteries
made from such electrodes are referred to as "rocking-
chair" batteries, since the alkali metal ions transfer
back and forth between +the anode and cathode.
Intercalation electrodes and rocking-chair batteries are
" known. = For example, the U.S. Patent No. 4,631,'810
discloses a method for making an intercalation compound
based cathode in which a dispersion of vanadium oxide,
acetylene black and polyethylene oxide in acetonitrile is
applied to a nickel foil current collector and the solvent
removed. However, there 1is a need for alternative
approaches to preparing lithium intercalation electrodes.

A carbon/polymer coinposite electrode in accordance
with the invention comprises substantially amorphous
carbon entrapped in a polymeric matrix, characterised in
that the matrix further entraps an interpenetrating
ionically conducting liquid having an alkali metal salt
dissolved therein.

Such an electrode is capable of obtaining current
densities as high as or higher than 100 mA/cm’® and/or
storage capacities as high as or higher than 1.4 mAh/cm?.

An electrochemical cell in accordance with the
invention comprises such an electrode, a polymeric
electrolyte and a cathode.

The polymer and interpenetrating ionically
conducting liquid may together represent a polymer-host
network electrolyte, such as described in US Patent Nos.
4,925,752 and 4,990413, for example. '

The positive electrode (cathode), may be a lithium

oy yeel
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6 ihe'polyner. Monoacryl ates may be used in an anmount of about 5 to 50%
by wei ght based on the total anobunt of radiation polynerizable material.
The triacrylates nay be used in amounts of about 2 to 30% by wei ght on the
sane basis. Exanples of cross-I|inked nos-conductive supportive polyners are
described in U'S. Patent 4,654,279 and tnclude epoxi es, pol yur et hanes,
pol ynet hacryl antercpdbydony|Eimsqupd| yased| ehectrbde amfl piod ystgfermabl¥he

radiation 1neitnilindvelha it id@'dp Fh S YecoRdueti ve 1iquid
I nt er penetrati ng phase can_ be )

Embodiments of electrodes in accordance with the
invention can sustain a current density as high or higher
than 100 mA/cm?® and have a storage capacity as high as or
higher than 1.4 mah/CM?. One unusual feature of electrodes
in accordance with the present invention is the use of a

~substantially amorphous or highly disordered form of
carbon. Conventional teachings in the battery art
indicated that ordered and crystalline forms of graphite
and other ordered and crystalline carbon forms were
preferred so as to provide ordered structures into which
metal ions could intercalate. In contrast, the carbon
used in electrodes in accordance with the present
invention is substantially amorphous or highly disordered
carbon. For - example, the amorphous carbon can .be
activated carbon, acetylene black, Shawinigan black or the
like. By a "substantially amorphous carbon" as used
herein is meant a carbon in which at least about 80% or
more of the carbon is non-crystalline or is
microcrystalline in which at least about 80% of the carbon
microcrystals are in a random arrangement. The non-
crystalline or the microcrystalline random arrangement of
the carbon may be at least about 90% or more. 100% of the
carbon may be non-crystalline or have a microcrystalline
random arrangement. - See Pauling, L. "College Chemistry"
(1957) W.H. Freeman & Co., San Francisco or Moeller, T.
"Inorganic Chemistry" (1958) J. Wiley & Son, London for a
discussion on amorphous or microcrystalline carbon as
compared to crystalline carbon, such as graphite and
diamond.

The carbon material in electrodes in accordance
with the present invention may have a particle diameter
less than about 5mm, preferably less than about lmm, and
may have a surface area greater than about 20 n%/q,

preferably greater than 50 n’g.
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any l'ow volatility aprotic polar solvent capable of dissolving the

I oni zabl e al kali netal salt. Sui tabl e sol ven rised by a
boi l'i ng point greater than about 80[err]. Lo \ﬁQ{‘@TaPEETylP@BﬁﬁN i es

manuf acture and i nproves shelf life. Represenfati ver propyl ene
car bonat e, gamma- but yrol act one, 1, 3-di &ol ane etrahdrofuran

Less polar sokvent Sﬂd%ﬂ?ﬂﬁnb&fe&ﬁ&&} %iﬁchqaﬁﬁﬂ&hﬂamtram!nbly rige ainkedlly met al
cations are al so useful yet hyl ene gl ycol di et hyl ther |

one such eondupling liquidaydshichsseryes assa matrty fog) Raldl "gh %FE?E

heptagl yme arg al 8 gor%%%lsﬁg BleBerd8d, VR bR fol€a Floft'h ToBYctie Bél?%r%}ecan

car bonat e.

bea su_ppomve matrix of a non-conductive polymer.

Examples of polymers which may be used to form conductive
polymeric networks are described in U.S. Patent 4,303,748. These polymers have
repeating units containing at least one heteroatom such as an oxygen or nitrogen
atom. They can be represented as polymers having the repeating unit

-CH,-CH-O-

I
R

wherein R is hydrogen or a group R, -CH,OR , -CH,OR R, or -CH2N(CH3)2'
in which Ra is an alkyl group containing 1 to 16 carbon atoms and preferably 1 to
4 carbon atoms or a cycloalkyl group containing 5 to 8 carbon atoms and R, isan
ether group of formula -[CH2-CH20]p- wherein p is a number from 1 to 100,
preferably 1 or 2:
or having the repeating unit

-CH,-CH,-N-

R!

wherein R’ is R a OF ReRa’ as defined above; or having the repeating unit

. "CHz'CTI'
OR eR a

wherein R e and R'a are defined above. Copolymers of the above polymers may
also be useful. _

In the electrodes in accordance with the present
invention, these polymers are cross—linked to form a
network which is sufficiently rigid to provide physical
integrity to the composite electrode as the cell is
charged, discharged, and recharged. These polymers may be

cross—linked in a number of ways. For Iexampie, U.S.
Patent No. 4,357,401 to Andre et al. discloses PEO-PPO
copolymers which are cross-linked ' T
: ot This Sheet Has
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I'oni zabl e alkali metal salts include those salts conventionally used in
solid state electrochemcal cells, such a lithium sodium potassium or
anmoni um salts. Exanples are sodiumand lithiumsalts of |ess nobile anions
of weak bases having a | arge anionic radius. Exanples nay be selected from
t he group consisting of I- [err] ande the | i ke. Exanples of such salts
include [err] [err] and the like. The salt may be used up to an anount

- whi ch does pgaithf¥h€ ethrming. SWheke thel polyisi inclutlet Revieliecdf pliaey ofhe amount
will therefdore vary with the pature of the liquid . . .
secondary alcohols or amines, the polymer may be cross-linked by reaction with a

cross-linking agent such as a polyisocyanate. For example, polyethylene oxides
may also be cross-linked by using a cross-linking agent such as poly(ethylene
glycol) diacrylate and a thermal free radical initiator such as 2,2’-azobis(2-methyl-
propionitrile) as described in U.S. Application Serial Nos. 115,492 filed

October 30, 1987 and 173,385, filed March 25, 1988, now U.S. patent 4,830,939.
See also U.S. Patent No. 3,734,876. Radiation and thenhally initiated free radical
addition reactions may also be used to form the cross-linked polymeric network.

A particularly  useful group of radiation
polymerizable compounds for providing a cross-linked
conductive matrix is obtained by reacting a low molecular
weight polyethylene glycol with acrylic or methacrylic
acid. Also, radiation curable materials, such as, for
example, acrylated epoxies, e.g.' Bisphenol A Epoxy
diacrylate, polyester acrylates, copolymers of glycidl
ethers and acrylates or a vinyl compound such as N-
vinylpyrrolidone may be used. The latter provides a non-
conductive matrix. -

The radiation polymerizable polyethylenically
unsaturated compounds may have a molecular weight of about
200 to 2,000'and more preferably 200 to 800. They may be
liquid at temperatures less than 30°C. Examples of
radiation curable materials include polyethylene glycol-
300 diacrylate (average PEO molecular weight about 300),
polyethylene glycol-480 diacrylate (average PEO molecular
weight about 480) and the corresponding methacrylates.

It may be desirable to include a radiation curable comonomer in the
composition to reduce the glass ﬁansi-tion temperature and improve the
conductivity of the polymer. Any suitable monoacrylate such as tetrahydrofurfuryl
acrylate, tetrahydrofurfuryl methacrylate, methoxypblyethylene glycol mono-
methacrylate, 2-ethoxyethyl acrylate, 2-methoxyethyl acrylate or cyclohexyl
methacrylate may be used for this purpose. Triacrylates such as ’I;MP’I‘A,
trimethylolpropanc ethoxylated triacrylates (TMPEOTA) or

trimethylolpropanepropoxy triacrylate may be used to introduce cross-linking of

‘This is the replacement sheet
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sOIveht: As a general rul e, the maxi nrum amount of salt within its
solubility limt should be used to maxi m se the Loni

' 0
the electrolyte. - In nost applications, aboq T4G $ecBoH BEENSH) t may
be used per -

- 7 - 100 parts of liquid phase. {| nter &PAACER

oun

and electronically conductive materi a®s usef ully e cat hode
that is used whéehpolemede Manaaceydstescheni &8 weed ip an amount of

about 5 to 50% by weight based on the total amount of

radiation polymerizable material. The triacrylates may be.

f
ds

used in amounts of about 2 to 30% by weight on the same

basis.

Examples of cross-linked non-conductive supportive
polymers are described in U.S. Patent 4,654,279 and
include epoxies, polyurethanes, polymethacrylates,
polyacrylates, polyacrylonitrile, and polystyrene.

The radiation inert 1liquids which form the
ionically conductive ligquid interpenetrating phase can be
any low volatility aprotic polar solvent. These materials
may be characterised by a boiling point greater than about
80°C. Low volatility simplifies manufacture and improves
shelf 1life. Representative examples are propylene
carbonate, gamma-butyrolactone, 1,3-dioxolane, and 2-
methyletrahdrofuran. Less polar solvents having
heteroatoms capable of bonding alkali metal cations are
also useful. Polyethylene glycol dimethyl ether (PEGDME)
is one such example. Glymes such as tetraglyme,
hexaglyme, "and heptaglyme are also desirable solvents.
The liquid may be propylene carbonate.

Ionizable alkali metal salts include those salts
conventionally used in.solid state electrochemical cells,
such a 1lithium, sodium, potassium or ammonium salts.
Examples are sodium and lithium salts of less mobile

anions of weak bases having a large anionic radius.

Examples may be selected from the group consisting of I’
,Br’,SCN",C10,”, PF,’ ,AsF, ,CF5C00 ,CF;80;", and the 1like.
Examples of such salts include Liclo,, Naclo,, i.iF3C803,
LiBF, and the like.

The salt may be used up to an amount which does
not exceed its solubility limit in the electrolyte. The
amount will therefore vary with the nature of the liquid
solvent. As a general rule, the maximum amount of salt
within its éolubility limit should be used to maximise the
jonic conductivity of the electrolyte. In most

applications, about 10 to 60 parts salt may be used per
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dccordance with the present invention are well known in the art and include
nmet al oxi des, sulfides and sel enides. Representative exanpl es of

“intercal ati on conpounds are [err] and the Iike. ntercdaatyon
conpound may be a vanadi um oxide containing | ilk ARG $rgﬁ%ﬁFFN The
] aho 1itm cron

I ntercal ati on conpound may have ,a Earticle size oflLLess thih
but can range 4B0tB2EE8UPT28 18" dF0RR2SeY her exanpl es can be found in the
-af orement.i oned ref erencasersadhtdsnl. Scoltpbends Noandd, 92f.eHtraaitally

4,822,701 The goRgueti%enhkblh1 5 Ldd¥uCaheEEnt Ry UeHE! ddthode that is
used with the anode in an electrochemical cell in
.accordance with the present invention are well known in
the art and include metal oxides, sulfides and selenides.
'Representative examples of intercélation compounds are
V303, V¢Oy3, V,05, MnO,, MoO,, MoS;, CrzO,, LiCoO,, Li V0., Tis,
and the 1like. The intercalation compound may be a
vanadium oxide containing 1lithium  or LiCoO0,. The
intercalation compound may have a particle size of less
than about 1 micron but can range up to about 20 microns.
Other examples can be found in the aforementioned '
references, such as U.S. Patents Nos. 4,925,752 and
4,822,701.

The conductive filler in the cathode is usually
carbon black. Certain conductive polymers (which have a
conjugated network of double bonds) such as, for example,
polypyrol and polyacetylene may also be used for this
purpose.

To prepare an anode for an electrochemical cell in
accordance with the present invention, a mixture of the
uncross—linked polymer or the unpolymerized monomer or
oligomer and the initiator or cross-linking agent where
needed may be prepared and blended  with the ionically
conducting liguid, the ionizable salt, and the amorphous
carbon. Blending is carried out by agitation, for
example, or by stirring and the 1like, such that the
particles of the amorphous carbon particles becone
individually and homogeneously dispersed in the mixture as
described above. This may be done in an inert atmosphere
at ambient temperatures of about 60°C. Due to the
amorphous nature of the carbon, the viscosity of the
resulting solution is higher than about 8,000cp at 75°C,
and may be higher than about 10,000 cp at 75°C.

The anode may be prepared by coating the mixture
on a current collector, such as a metal foil member, and
curing the composition. A suitable foil is lithium foil

or lithium coated on nickel or copper foil or the 1like.

ent sheet '
This is the reptacem This Sheet Has Been Reﬂlaced

yo BEC T AR

Date:



net wor k

arbon bl ack. Certain conductive polyners (whi
of doubl e bonds) such as, for exanple, polypyro|l Tans SﬂEEYaMgtBQEW(? may al so
be.used for this purpose. To prepare an anpde HaM.ACED erq odi ment

of " el ectrochem cal cell in accordance w fgh the T FAvertForm—a nm xture
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anode may be coated to a thickness of about 10 to 100
nicrons, typically to about 30 to 60 microns.

Where a solvent casting technique is used, in
addition to the components discussed above, the anode
composition will contain a volatile solvent

such ds tetrahydrofuran. After coating, the solvent is removed if 2 solvent casting
method is used, and the composmon is cured.

Anode compositions in accordance with the preseat invention
contain about 10 to 50 parts by weight of the amorphous carbon and preferably
from about 25 to about 35 parts, about 0 to 10 parts of a conductive filler, about 0
to 20 parts of an ionizable metal salt, about 45 to 80 parts of an ionically
conducting liquid, and about 20 to 55 parts of the cross-linked polymer, preferably
25 to 40 parts, per 100 parts of the final polymer electrolyte composition (all parts’

- by weight) In one embodiment of an electrochemical cell in

accordance with the present invention, an amorphous
carbon/polymer composite . anode prepared by the
aforementioned method is coated with a polymer host
network electrolyte as previously describéd. The
resulting composite electrode is cured by electron bheam
radiation. A polymer composite cathode is formed by
coating a V/0,;/carbon/polymer composite onto a nickel
substrate and curing with electron beam radiation. The
cured composite cathode is lithiated by electrochemical
means and laminated onto the anode/electrolyte composite
surface. The resulting electrochemical cell has an open
circuit voltage of about 3 volts and can be cycled between
that voltage and 0 volts repeatedly.

Another embodiment of a electrochemical cell in
accordance with the present invention wutilizes ‘the
amorphous carbon/polyner composite electrode as both the
anode and the cathode. The electrodes are prepared as
described above and laminated with a polymer host network
electrolyte therebetween. Prior to lamination, the
electrode to be utilized as the anode is lithiated by
electrochemical neans. The resulting electroc'nem:ical cell
has an open circuit voltage of about 1.5 volts and can be
cycled between that voltage and O volts repeatedly.

The invention will now be described with reference

to the following example.
This Sheet Has Been R laced
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ekérr‘pl e, or by stirring and the like, such that the particles of the
anor phous carbon particles becone individually and honbgeneously di spersed
in the mxture as described above. This may be done in an inert atnosphere
at anbient tenperatures of about 60[err]. Due to the anorphous
nature of the carbon, the viscosity of the -7A- resulting solution is
hi gher than about 8,000cp (8 N [err] at 75[err], and may be hi gher than
about 10,000 cp (10 N s/[err]) 9 : :
Acetylene black (Chevron 100% compress) was dried in vacuum at
100°C for 48 hrs., to a level of water content smaller than 100 ppm. Sixty-two.
grams of propylene carbonate (PC) of high purity, containing less than 50 ppm of
water, was put in a double planetary mixer under inert atmosphere. To this PC,
1.5 g of high molecular weight (MW = 900,000) polyethylene oxide (PEO)
containing less than 50 ppm of water was added. The mixer content was then
heated to 60°C under an inert atmosphere and stirred at 60 rpm. The PC/PEO-
mix was stirred for about 0.5 hrs. or until the PEO was completely dissolved.
Then 14 g of polyethylene glycol diacrylate (PEGDA), having a MW of 400-600
and a water content less than 50 ppm,' and 2.5 g of trimethylolpropane ethoxylate
- triacrylate (TMPEQOTA) of high MW and of water content less than 50 ppm was
added and stirred until the mixture is homogenous. To this homogenous mixture,
20 g of the predried carbon material was added. This composite anode precursor
mix was stirred for 2 hrs. at 60°C under inert atmosphere so that the amorphous
carbon particles became individually and homogeneously dispersed. Due to the
nature of the carbon material, the viscosity of the composite anode precursor was
higher than 10,000 cp at 75°C. The apparent density of the composite anode .
precursor was approximately 1.2 g/cm®. Approximately 100 mg of this composite
anode precursor was coated as a thin (75-85 mm) uniform layer on a 10 cm?
surface treated nickel current collector of 25 mm thickness. This anode precursor
laminate is then either cured through exposure to an electron beam (1-9 Mrad) or

overcoated with the polymer electrolyte precursor, then cured by the same means.

A lithiated composite Li;V40,; based cathode (1.5 mAh/cm?) was
mounted in front of the carbon based composite anode. The cell was discharged at
current density of 100 mA/cm’. Approximately 1.4 mAh/cm? capacity was
observed during the first charge of the carbon based composite anode. Subsequent
to this first charge of the carbon composite anode, the anode was discharged at the

same current density, and approximately 50-60% of the charge capacity was

-
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at 75[err]. The anode may be prepared by coating the nixture on a current
coll ector, such as a netal foil nenber, and curing the conposition. A
suitable foil is lithiumfoil or lithium coated on nickel or copper foil or
the Iike. - 8 - The conposition can be coated by sol vent coating using
conventional coating techniques such as a doctor blade, for exanple, or an

extrusi on net hod can be used. The 10

available. Further cycling shows capacity decrease
similar to what was observed in Li/vV, 0,5 cells.
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anode may be coated
about 30 to 60 m
.addition to the c

contain a volatlle*sonent such as tetrghydrofuran. |[Afterf PEYATHY, thd

| vent casting t echrreoe=—Fs—asea—FA

to a t%\& of about 10 to 100 microns, typically to
scussed above, the anoﬂéﬂtaﬁ%ﬁfTﬁﬂﬁhBEﬁWI

solvent is rennvsg | f a solvent casting nethod is uSed, and the conmposition

is cured. Ano
contain about 10 to
preferably frq] m abo
conductive fil

abou

ositions in accordance with the present invention
50 parts by weight of the anorphous carbon and

ut 2 ?::50 %&lﬁ:’elp Y, os@@@uélgctt(i'o& %‘int;ﬁ'lg

an ioni zable metal salt, gb ut 45

to 80 partsloﬁﬂﬂ$§§ﬂﬁ¥§ﬂ1¥ %%ﬂﬁﬂ%@?#mf%ﬁhﬂﬂ(Sntﬁﬁﬁp§5bdF‘Eoppéyyﬁrﬁ&rts of
the cross-|inkearigl yBHarddedeisdd in that the matrix further entraps

an interpenetrating ionically conducting liquid having

an alkali metal salt dissolved therein.

2.

An electrode according to Claim 1, characterised

in that the substantially émorphous carbon is acetylene

black
3.

or Shawinigan black. _
An electrode according to Claim 1 or 2,

characterised in that the ionically conducting liquid is

a low
4.

volatility aprotic solvent.
An electrode according to Claim 1,2 or 3,

characterised in that the polymer is a conductive

polymer.

5.

An electrode according to any preceding Claim,

characterised in that the polymer is formed at least in

part from polyethylene oxide monomers.

6.

An electrode according to any preceding Claim,

characterised in that the liquid is selected from the

group

consisting of @propylene carbonate, ganma-

butyrolactone, 1,3~-dioxmolane, and 2~

methyltetrahydrofuran.

7.

An electrode according to any preceding Claim,

characterised in that the substantially amorphous carbon

has a
8.

surface area greater than about 20m%/qg.
An electrode according to Claim 7, characterised

in that the substantially amorphous carbon has a surface

area greater than about 50 m%/g.

9.

An electrode according to any preceding Clainm

characterised in that the substantially amorphous carbon

has a
10.

particle diameter of less than about 5nm.

An electrode according to any preceding Clain,

characterised in that the electrode contains

intercalated lithium ions.

11.

An electrochemical cell comprising a cathbde, a

polymeric electrolyte and an electrode according to any
of Claims 1 to 10.
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25 tb 40 parts—per—1B0-—parts—of the final polynmer electrolyte conposition

parts by eight) In one enbodi nent of an el ect I n
accordance wﬂ El IIE ﬂ“l nvent ion, an anp r
conposite the af ore coat ed

with a polymer host nétwork™ el ectrol yte as F=—d6scri bed.
The resulting conposite electrode is cured by el ectron beam radi ati on. A
pol ymer conposite cathode is fornmed by coating a [err]./carbon/polymer

composi te 0gho & ni Gkele SUBSLLE En Ot UL 19aBELDATHES WA {201 ati on.

The
characterised in that the cathode is a wvanadium oxide
composition containing intercalated lithium ions or
LiCo0,.

//,,
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-8A- “cured conposite cathode is lithiated by el ectrocheni cal means and
| am nated onto the anode/ el ectrol yte conposite surface. The resulting
el ectrochem cal cell has an open circuit voltage of about 3 volts and can
be cycl ed between that voltage and O volts repeatedly. Another enbodi nent

of an el ectrochem cal cell in accordance with the present invention
utilizes the anorphous carbon/pol yner conposite el ectrode as both the anode
and the cat hode. The el ectrodes are pPBepared as descri bed above and

| am nat ed wi &Qsﬁﬁ@ﬂmr host network

- IMPROVEMENTS IN AND RELATING TO LITHIUM ROCKING-CHAIR
RECHARGEABLE BATTERIES

A carbon/polymer composite electrode comprises
substantially amorphous carbon entrapped in a polymeric
matrix, wherein the matrix further entraps an
interpenetrating ionically conducting liquid having an
alkali metal salt dissolved therein. Such an electrode
may be used as the anode in an electrochemical cell, or
battery, which also comprises a polymeric electrolyte and
a cathode. . The cathode may be a vanadium oxide
composition containing intercalated lithium ions or LiCo0,.

This is the replacement sheet

' Date.ﬁ
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|l ectrol yte therebetween. Prior to lamnation, the electrode to be
utilized as the anode is |ithiated by el ectroche R esul ting
el ectrochem cal cell has an open circuit voltagejgﬁzg% ﬁﬁ@?E§  Ts and can
be cycl ed between that voltage and O volts repeateflly. The invenfipn wll

now be described with reference to the foll ow ngjekar®RalAN 1938 Acel yl ene
black (Chevron 100% conpress) was dried_ig vacuu gt

on discharge of such a cell, lithium which is
intercalated in the anode is discharged from that
electrode into the electrolyte as 1lithium ions. The
corresponding action at the cathode involves the
intercalation of 1lithium ions into the active cathode
material. When the resulting discharged cell is subject
to charging conditions, the reverse processes occur at the
two electrodes; lithium ions are discharged from the
cathode and are intercalated into the active material of
the anode. This entire process does not involve the
formation of metallic lithium at any stage. Batteries
made from such electrodes are referred to as “"rocking-
chair" batteries, since the alkali metal ions transfer
back and forth befween the anode and cathode.
Intercalation electrodes and rocking-chair batteries are
Known. For example, the U.S.  Patent No. 4,631,810
discloses a method for making an intercalation compound
based cathode in which a dispersion of vénadium oxide,
acetylene black and polyethylene oxide in acetonitrile is
applied to a nickel foil current collector and the solvent
removed. However, there is a need for alternative
approaches to preparing lithium intercalation electrodes.

A composite electrode is known from EP-A-0404478. A
carbonaceous material, of which crystalline graphite is
- exemplified, is combined with a polymeric electrolyte_in'
three alternative ways. In one case the carbonaceous
material and the solid electrolyte are mechanically
kneaded. 1In a second case the solid carbonaceous material
is coated with dissolved electrolyte. 1In a third case the

carbonaceous solid material is immersed into a liquid
electrolyte solution, a chemical reaction binding the solid
electrolyte to the boundary thereof.

In accordance wi;h the present invention, we provide
a carbon/polymer composite electrode characterised in -
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dispersed within and entrapped in said matrix; and, further
contained in said matrix, an interpenetrating ionically

- conducting non-aqueous liquid having an alkal: metal salt

10

15

20

dissolved therein.

. We have found embodiments of such electrode to be
capable of obtaining current densities as high as or higher
than 100 mA/cm® and/or storage capacities as high as or
higher than 1.4 mAh/cu’.

, An electrochemical cell in accordance with 'the
invention comprises such an electrode, a polymeric
electrolyte and a cathode.

The polymer and interpenetrating ionically conducting
liquid may together represent a polymer-host network
electrolyte, such as described in US Patent Nos. 4,925,752
and 4,990413, for example.

 The positive electrode (cathode) may be a lithium
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anor phous carbon particles becane individuallyjafd honbgeneousliytdi spersed.
Due to the nature of the carbon material, the Vi 9coi2 JANf1#¥de|c nposite

-‘anode precursor was higher than 10,000 gp.at 73[drr]. The appaden
of the conposite anode precursor was approxi matiely 1.2 g/[err]. .
Approxi mately 100 ng of this conposite anode pr } as a thin

75- 85 unifermla . 10 [err] surface treated, pickel cu rent
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current densit 1.4 mAh/[err] capacity was
Examples of polymers which may be used to form conductive

polymeric networks are described in U.S. Patent 4,303,748. These polymers have

t
g
§
I

repeating units containing at least one heteroatom. such as an oxygen or nitrogen
atom. They can be represented as polymers having the repeating unit

-CH,-CH-O-

l
R

wherein R is hydrogen or a group Ra’ -CHzORa, -CH,ZOR.eRa, or -CH,ZN(CH3)2
in which Ra is an alkyl group containing 1 to 16 carbon atoms and preferably 1 to
4 carbon atoms or a cycloalkyl group containing 5 to 8 carbon atoms and R, isan

ether group of formula -[CHZ-CH20]p- wherein p is a number from | to 100,
preferably 1 or 2: |

or having the repeating unit _
.-CH2-CII-I2-N-

Rl

wherein R’ is Ra or ReRa’ as defined above; or having the repeating unit
-CH,-CH-

ORﬁRa

wherein R, and R, are defined above. Copolymers of the above polymers may
also be useful. .

In examples of our electrodes such polymers are cross-
linked to form a network which is suffic'iently rigid to
provide physical integrity to the composite electrode as
the cell is charged, discharged, and recharged. These
polymers may be cross-linked in a number of ways. For
example, U.S. Patent No. 4,357,401 to Andre et al.
discloses PEO-PPO copolymers which are cross-linked



. AAGNT SUIERT
observed during the first charge of the carbon g@%&éﬁi%%?géqﬁﬁ'ﬂ hode.
* Subsequent to this first charge of the carbon ¢ofposite anode,|the anode
was di scharged at the sanme current density, and appp @xjamtiedd H0i60% of the
charge capacity was 10 avail abl e. é~urt heq }cycling sho capacity

decrease simyar 0 Mhat Ao QRSSLYEG D Ad¥ "dd L8 in an amourt of
about 5 to 50% by weight based onithe Total amount of
radiation polymerizable material. The triacrylates may be
used in amounts of about 2 to 30% by weight on the same

basis.

Examples.of‘cross-linked.non—conductive supportive
polymers are described in U.S. Patent 4,654,272 and
include epoxies, poiyurethanes, polymethacrylates,
polyécrylates, polyacrylonitrile, and polystyrene.

The radiation inert 1liguids which form the
ionically conductive liquid interpenetrating phase can be
any low wvolatility aprotic polar solvent capable of
dissolving the ionizable alkali metal salt. Suitable
solvents may be characterised by a boiling point greater
than about 80°C. Low volatility simplifies manufacture and
impioves shelf life. Representative examples are propylene
carbonate, gamma-butyrolactone, 1,3-dioxolane, and 2-
‘methyletrahdrofuran. - Less polar solvents having
heterocatoms capable of bonding alkali metal cations are
also useful. Polyethylene glycol dimethyl ether (PEGDME)
is one such example. Glymes such as tetraglyme,
hexaglyme, and heptaglyme are also desirable solvents.
The liquid may be propylene carbonate.

Ionizable alkali metal salts include those salts
conventionally used in solid state electrochemical cells,
such a 1lithium, sodium, potassium or ammonium salts.
Examples are sodium and lithium salts of less mobile
anions of weak bases having a large anionic radius.
Examples may be selected ffom the group consisting of I°
,Br",SCN',C10,”, PF, ,AsF, ,CF,C00",CF,80,, and the like.
"Examples of such salts include Liclo,, NaClo,, LiF;CSOj5,
LiBF, and the like.

The salt may be used up to an amount which does
not exceed its solubility limit in the electrolyte. The
amount will therefore vary with the nature of the liquid
solvent. As a general rule, the maximum amount of salt
within its solubility limit should be used to maximise the
ionic conductivity of the electrolyte. In most
applications, about 10 to 60 parts salt may be used per



11 CLAIMS 1.
“conpri sing:

carbon which is 80% or nore non-crystalline 5 or

whi ch 80% or
honogeneousl

contained in said matrix, an interpenetrating ionjc

non- agueous

di ssol ved t hé0& rarss ofphiquidephaste accordino.

further

A carbon/ pol ynmer conposite el ectrode characterised in
a polyneric matrix; substantially ano

nore of the carbon mcrocrystals are
y dispersed within and entrapped in s

| i qui d conprisiing a solvent having 10

Intercalation compounds and
conductive materials useful in forming the cathode that is
used with the anode in an electrochemical cell .in
accordance with the present invention are well known in
the art and include metal .oxides, sulfides and selenides.
Representative examples of intercalation compounds are
V04, V0,5, V,0,, MnO,, MoO,, MoS;, Cr;0,, LiCo0,, Li,V;0,, TiS,
and the like. The intercalation compound may be a
vanadium oxide containing lithium or LiCoO,. The
intercalation compound may have a particle size of less
than about 1 micron but can range up to about 20 microns.
Other examples can be found in the aforementioned
references, such as U.S. Patents Nos. 4,925,752 and
4,822,701. | |

The conductive filler in the cathode is usually
carbon black. Certain conductive polymers (which have a
conjugated network of double bonds) such as, for example,
polypyrol and polyacetylene may alsoc be used for this
purpose.

- To prepare an anode for an embodiment of
electrochemical cell in : .
accordance with the present invention, a mixture of the
uncross-linked polymer or the unpolymerized monomer or
oligomer and the initiator or.cross-linking agent where
needed may be prepared and blended with the ionically
conducting liquid, the ionizable salt, and the amorphous
carbon. Blending ié carried out by agitation, for
example, or by stirring and the like, such that the
particles of the amorphous carbon particles become
individually and homogeneously dispersed in the mixture as
described above. This may be done in an inert atmosphere
at ambient temperatures of about  60°C. Due to the

amorphous nature of the carbon, the viscosity of the

panel y




;chéraqteriséd in that the substantially anorphous gﬁ%@Q@Eﬁéﬁéﬁé@ﬁﬁ@ e bl ack
or Shaw ni gan bl ack. 3. An el ectrode according it ‘""dkéﬁiéfl further

15 <characterised in that the ionically conductin I|qU|d is a

volatility aprotic solvent. 4. An el ectrode accofdi n@ 2JAN Eﬁgﬁl 2 or 3,

further characterised in that the polymer is a condugtive polyner 5.
el ectrode according to any preceding claigyg furthef Z0 characterise
that -the polyner is formed at |east in part from pplyethylene—axde
nononers. 6. An el ectrode according to any preceding claim further

char act er i sed resulitEing linliventisi Righéecthan falsdht 8,000cp (8 N s/m?)
at 75°C, and may be higher than about 10,000 cp (10 N s/m?)

- at 75°C.

The anode may be prepared by coating the mixture
on a current collector, such as a metal foil member, and
curing the composition. A suitable foil is lithium foil
or lithium coated on nickel or copper foil or the like.

An
in



_propyl ene carbonate, gamma-butyrol actone, 1, 3- diOXﬂD|a£§d_25,maﬂd“WTﬁ
"2-net hyl tetrahydrofuran. 7. An el ectrode accordlngi} Y _ i _
claim further characterised in that the substanti ajikg: ca bon  has
a surface area greater than about 20[err]/g. 8. An} | atcprdi ng
to Cdam 7, further 30 characterise? in that t [

anor phous carbon has a surface area grea

el ectrode according to any preceding claim further ichar acterl sed i n_tihat

about 5mm

The composition can be coated by solvent coating using
conventional coating techniques such as a doctor blade,
for example, or an extrusion method can be used. The
anode may be coated to a thickness of about 10 to 100
microns, typically to about 30 to 60 microns.

Where a solvent casting technique is used, in
addition to the components discussed above, the anode
composition will contain a volatile solvent

such as tetrahydrofuran. After coating, the solvent is removed if a solvent casting
method is used, and the composition is cured.

Anode compositions in accordance with the present invention
contain about 10 to 50 parts by weight of the amorphous carbdn and preferably
from about.25 to about 35 parts, about O to 10 parts of a conductive filler, about 0
to 20 parts of an ionizable metal salt, ébout 45 to 80 parts of an ionically
conducting liquid, and about 20 to 55 parts of the cross-linked polymer, preferably
25 to 40 parts, per 100 parts of the final polymer electrolyte composition (all parts

by weight) In one embodiment of an electrochemical cell in

accordance with the present invention, an amorphous
carbon/polymer composite anode prepared by the
aforementioned method 1is coated with a polymer host
network electrolyte as previously described. The
resulting composite electrode is cured by electron beam
radiation. A polymer composite cathode is formed by
coating a V,0,;/carbon/polymer composite onto a nickel
_substrate and curing with electron beam radiation. The
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that the cathode is a vanadi um oxi de conposition conj
lithiumions or [err].
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An el ectrochem cal cell according to d ai
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cured composite 'cathode is lithiateq by electrochemical
means and laminated onto the anode/electrolyte composite
surface. ' The resulting electrochemical cell has an open
circuit voltage of about 3 volts and can be cycled between
that voltage and 0 volts repeatedly.

Another embodiment of an electrochemical cell in
accordance with the present invention utilizes the
amorphous carbon/polymer composite electrode as both the
anode and the cathode. The electrodes are prepared as
described above and laminated with a polymer host network
electrolyte therebetween. Prior to 1lamination, the
electrode'to be utilized as the anode is lithiated by
electrochemical means. The resulting electrochemical cell
has an open circuit voltage of about 1.5 volts and can be
cycled between that voltage and O volts repeatedly.

The invention will now be described with reference
to the following examnle.
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1. A carbon/polymer composite electrode characterised in
comprising: a polymeric matrix; substantially amorphous
carbon, namely carbon which is 80% or moxe non-crystalline
or is microcrystalline in which 80% or more of the carbon
microcrystals axe in a random arrangement, homogeneocusly

'~ dispexsed within and entrapped in said matrix; and, further

contained in said matrix, an interpenetrating ionically
conducting non-aqueocus liquid comprising a solvent having
an alkali metal salt dissolved therein.

2. An electxode according to Claim 1, further
characterised in that the substantially amorphous carbon is
acetylene black ox Shawinigan black.

3. An electrode according to Claim 1 or 2, further
characterised in that the ionically conducting liquid is a

‘low volatility aprotic solvent.

4. An electrode according to Claim 1, 2 or 3, further
characterised in that the polymer is a conductive polymer.
5. An electrode according to any'precedlng clalm, further
characterised in that the polymer is formed at least in
part from polyethylene oxide monomers. -

6. An electrode according to any preceding cla«m, further
charactexised in that the solvent is selected £from
propylene carbonate, gamma- butyrolactone,-1,37dioxmolane,'
and 2-methyltetrahydrofuran.

7. An electrode according to any preceding ciaim, further
characterised in that the sukstantially amorprous caxbon
has a surface area greater than about 20m?/g.

8. An electrode according to Claim 7, further

. characterised in that the substantially'amorphous carbon
 has a surface area greater than about 50 m?/g.

9. An electrode according to any preceding claim, further
characterised in that the substant_ally amorphous carbon
has a particle diameter of less than about S5Smm.



