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These organosulfur materials typically contain multiple thiol groups that
can be oxidized readily to form an insoluble high polymer. The polymer
backbone is comprised of relatively small organic sections bonded through
disulfide bonds. During the reduction process, the disulfide bridges are cleaved
to form thiolates and the polymers are scissioned to form anionic monomers.
The thiolate ions are reoxidized to form the polymer upon recharging.

U.S. Patent No. 4,664,991 describes a battery containing a one
dimensional electron conducting polymer which forms a complex with at least
one polysulfurated chain. This polysulfurated chain is preferably formed
through non-covalent interactions, and contains an unknown and uncontrolled,
non-stoichiometric amount of sulfur because of the manufacturing process.

U.S. Patent No. 4,833,048 to Dejonghe et al. describes a battery which
features a cathode made from an organic sulfur material. The sulfur-sulfur
bonds are broken in the discharged state to form organometallic salts. The
organic sulfur material includes a polymer which features sulfur in the
backbone, such that the sulfur atoms form disulfide bonds. The patent

discloses a cell with an excellent specific charge density. However, although
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reduced, depolymerized state by pfoviding an electrolytic cell in which all the
components are in the solid state. In the fully charged states the cathode
comprises a one-dimensional, two-dimensional, or three-dimensional
polymeric electroactive component.  One two-dimensional polymer is
disclosed with sulfur groups that are pendant from the backbone, but which is
not PVM [poly (vinyl mercaptan)]. Indeed, this polymer has a backbone which
also contains nitrogen atoms and which therefore could also be susceptible to
scission. Furthermore, U.S. Patent No. 5,162,175 does not teach or suggest the
importance of a polymer backbone which contains only carbon atoms, or of the
utility of PVM. It must also be noted that, while U.S. Patent No. 5,162,175
claims to provide an all solid state battery operating in the temperature range of
ambient to 145°C, it is known that the use of solid electrolytes is limited to
warm or high temperature cells, at least about 82°C and certainly no less than
about 60°C, because known solid electrolytes, such as polyethylene based
electrolytes and B-alumina based electrolytes, exhibit very low conductivity at

ambient temperatures.
1J.S. Patent No. 5,324,599 describes electrode materials, one of which is

based



el ectrolytes and r3-alum na based el ectrol ytes, exhibit very_|l ow
conductivity at anbient tenperatures. U. S. Patent No. 5,324?5@&Mﬂﬁ$@0#bes
el ectrode materials, one of which is 1 7 JUN 200'4 WO 01/43209

PCTI | BOO/\Wd3943289 @ conductive polynmer with a disulfide gcommooide
conductive polynmer is a it conjugated conductive polyner, which could

I ncl ude the sulfur group either in tge backbone or el se as a pendant group
fromthe backbone. However, PVMis not a it electron conjugated conductive
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mobility of 1o0ns hin the polynmer film thus exerting high iR drops.
Second, |inear Ipol‘Newed &olidcrRebdx | Pidgthepisityorer Elactmdesit e(J&Ss338i nked by

di sul fi de baond ted  of m, ' .L.h ' h d d,
monorer | o S8 0TrrigS R € i sl Aot enbics R aEms® baRgeSBol yimer s
my be a BHE%??@‘?%% ahﬁrfﬁglnﬁa&f. tAE pBs b RigeMelisthAP Al Yh¥sfle can | ead

to degra&gg on o el ectrolyte or "'to the deterioration of the
anode- el egiotmhyitseof it disifode. fabhily dre limdoded. pdhg naribomr alsaltesied ubpect ed of
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pol ymer . @I&é}gy%@}% esndBOLAONed as an exanpl e of a | adder polyner, PVM
First, cross linked polymers that are cross linked by disulfide bonds
suffer from very bad mobility of ions within the polymer film, thus exerting
high iR drops.
Second, linear polymers and cross linked polymers that are cross linked
by disulfide bonds are suspected of migrating to the anode in the reduced,
monomeric state. The authors propose that the synthesis of large polymers may
be an appropriate remedy for the problem of migration, which can lead to
degradation of the electrolyte or to the deterioration of the anode-electrolyte
. interface.
Third, ladder polymers are also suspected of migrating to the anode in
the reduced state, albeit to a lesser degree. PVM and polyethylene imine
derivative are cited as examples of a ladder polymer.
Although PVM is mentioned as an example of a ladder polymer, PVM
is not recommended or favored over other ladder polymers, nor are ladder
polymers favored over other families of organosulfides. All families of
organosulfide compounds are identified by the authors, such that no clear
direction is provided.
There are other reasons that the use of PVM in a cathode material is far

from obvious. Many characteristics are required for the technical success of an
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3. Specific Charge nsit ) L h e It A epial is an
i ndi cation of the (%ﬁp%lf%%{ﬁogglg’ §$§§%ﬁedreéﬁ§§ S ogjaegg,gﬂll%.ke%, S{Iﬁ%té;qrr{))u_ne of
charge delivered bylectilyerosneapg®ach théladoliy/elebeoR®d aatfhéd doBinght. The
specific charge density generally ranges between 20 and 1000 m | [i anperes
*hour/ grarn. discharging; and the possible degradation of the electrolyte

and/or deterioration of the anode/electrolyte interface.

2.  Oxidation Potential

The oxidation potential must be high enough to be of practical
importance for batteries ( >1.5V higher than the anode material),
but not too high for the electrochemical window of the cell,

which also depends on the behavior of the electrolyte.

3.  Specific Charge Density

The specific charge density of a material is an indication of the
compactness of energy storage, i.e., the amount of charge
delivered by a given species divided by the molecular weight.
The specific charge density generally ranges between 20 and

1000 milliamperes*hour/gram.

4.  Kinetics of Charge-Transfer Reactions

The rate at which the charge is transferred is of particular
importance. Often, the kinetics can be improved significantly by
enlarging the contact (surface) areas and/or by utilizing additives

with electrocatalytic properties.
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| ong periods of tinme when not in use. This depends not only on the
particul ar properties of the cathode and anode materials, but on the
interactions with the other conponents of the cell. 6. Operating
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Many batteries, particularly solid-state batteries, operate at high
temperatures.  Batteries using sodium beta alumina as the
electrolyte, for example, operate at temperatures above 220°C.
The vast majority of battery applications require performance in
the range of ambient temperature, from about —20°C to about
40°C.

7.  Sensitivity to specific electrolytes, anode materials, etc.

The cathode material must be substantially inert with respect

to the other components of the cell.

There are several additional factors that are unconnected with the
electrochemical performance of the battery, but are of crucial importance in the
viability of the battery in the marketplace. These include toxicity and cost (raw

materials, processing, etc.).

Regarding ladder polymers, of which PVM is cited as an example, Liu
et al. relate to the reduced tendency of the anions to migrate to the electrolyte
(or to approach the anode/electrolyte surface) during discharging, relative to
linear and cross-linked polymers; they do not, however, relate to other

parameters influencing cyclability, nor do they relate to the host of other
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possess excellent cyclability and electrochemical reversibility.

Moreover, of the organosuifides specifically-mentioned as examples,
none display the characteristics necessary for a practical recyclable battery,
even those materials that were tested and favored. All cells utilizing the
favored organosulfides operate at temperatures exceeding 80°C. Since all
known solid electrolytes (e.g. polyethylene oxide based and beta-alumina based

( electrolytes) display very low conductivities at room femperature (~10S), the
utilization of solid electrolytes limits such cells to high-temperature operation
well above ambient temperatures, and to low operating power. Liu et al. do not
mention that in order to have high cyclability one has to resort to high
temperature membranes. This point has also been emphasized by other
researchers [Oyama and Naoi, EA 37 1851-1854-1901 (1992)].

In addition to the above, it should be appreciated that PVM was not
mentioned in any of the authors’ patents, nor was PVM the subject of any
subsequent paper or experimental work of the authors. The use of PYM as a
cathode material has not been the subject of any paper or experimental work by

scientists around the world in the eight years which have elapsed since the
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inert behavior with respect to such commonly-used components. Finally, it
would be of advantage to have an organosulfide-based cathode material that

exhibits low toxicity and is inexpensive to produce and process.

SUMMARY OF THE INVENTION

( The present invention is the utilization of PVM as a cathode material for
use in rechargeable electrochemical cells. It has been discovered that the
polymer backbone of PVM, which consists solely of carbon atoms, is not
subject to scission during repeated charge-discharge cycles, such that the
cathode material remains substantially insoluble in standard liquid electrolytes.
As a result, cells containing PVM as the cathode material and liquid electrolyte
are génuinely electrochemically reversible.

The use of PVM overcomes the problems associated with organosulfides
of the background art, with which dissolution of anions in the liquid electrolyte
during discharging results in migration from the cathode and contamination of

the anode/electrolyte surface and ultimately leads to degradation of the
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without an organic binder, such as PVdF or Teflon, thereby reducing losses in
energy density, simplifying formulation, and reducing production costs. The
molecular structure of PVM, which is a modification of the well-known and
characterized PVC, also suggests a very low toxicity relative to the family of

organosuifides.

According to the teachings of the present invention there is provided a
(_ cathode material for use in an electrochemical cell, said cathode material
comprising PVM.

In a preferred embodiment, the cathode material comprises PVM and a
conducting additive.

In a preferred embodiment, the PYM containing céthode material is free
of binder.

In yet another preferred embodiment, the conducting additive is selected
from the group consisting of carbon black, graphite powder, acetylene black
and high surface area carbon.

According to further features in preferred embodiments of the invention

described below, the cathode material according to the present invention is
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(Accor di ng to further features in the preferred enbodi nents, the
carbonate, esters, such as methyl formate, and other organic solvents, such as

sulfolane, glyme, diglyme, NMP, and combinations thereof.

According to further features in the preferred embodiments, the
electrolyte comprises a cation selected from the group consisting of lithium,
sodium, potassium, magnesium, aluminum, tetraalkylammonium, and

combinations thereof.

According to further features in the preferred embodiments, the

electrolyte comprises an anion selected from the group consisting of PFg, AsFg,
9 | Cl0,, BF,, F, and combinations thereof, |

More specifically, PVYM was found to perform well in the presence of a
salt selected from the group consisting of tetraalkyl ammonium
tetrafluoroborate, LiPF¢, LiBF,, Mg(ClOy), and combinations thereof.

In yet another preferred embodiment, PVM is incorporated into an
electrochemical cell that is substantially rechargeable at ambient temperatures.

The present invention successfully addresses the shortcomings of the
presently-known electrolytes and provides the basis for the production of a
viable, rechargeable magnesium battery with a nominal voltage exceeding 2.5

volts and a viable, rechargeable lithium battery with high energy density.
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Etrolyte conprises an anion selected fromthe group consisting of PF6,
C104, BF4, F, and conbi nations thereof Myre specifi CQITyty r&’\%ﬂ\é\/as
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rechargeabl e at anbient tenperaturgs. The present invention successfully
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FIG. 3b provides a typical cyclic voltammetry of another preferred

polymeric material of the background art — poly(trithiocyanuric acid), cycicd in

an electrolyte consisting of Mg(ClO,), in PC.

- DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention is the utilization of PVM as a cathode material for
use in rechargeable electrochemical cells. It has been discovered: that the
polymer backbone of PVM, which consists solely of carbon atoms, is not
subject to scission during repeated charge-discharge cycles, such that the
cathode material remains substantially insoluble in standard liquid electrolytes.
As a result, cells containing PVM as the cathode material and liquid electrolyte
are genuinely electrochemically reversible.

PVM exhibits an excellent oxidation potential of 3.5V-4.5V vs. classic
anodes such as sodium and lithium, respectively, and performs well in
conjunction with other important anode materials, including anodes made from -
magnesium and lithiated carbon. PVM has also been found to be appropriate
for a wide range of electrolytes, including éommonly-used electrolytes such as
acetonitrile, alkyl carbonates, such as propylene carbonate and ethylene

carbonate, esters, such as methyl formate, and other organic solvents, such as



subj ect to scission during repeated charge-discharge cycles, such that the
cathode material remains substantially insoluble in standard {i/qutid 2004
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invention there is provided a cathode nateri al for use in an
el ect r ocheemptisisgPVMsai d cat hode material conprising PYM In a preferred

enbodi nent, the cat hade terial comprises PVM and a con I ng, addi ti ve.
In a preferred%%ﬂ#ﬁﬁmgﬂ%‘%%@ﬁ?@ﬁoa? r%ﬂlyl‘f:ré@h‘i?&%prﬁﬁs r %3 ree of
: d ,that, in contrast to many ot her organosul fides,
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the characteristic flexibility of PYMallows the cathode material to be
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PVM wi t h awhhgit apraagariic dindepesuich ias P3likrayd Taftomsi This reduces the material
and processing costs associated with the manufacturing of a cathode material,
and improves the practical specific charge density. Pure PVM has a high
specific charge density to begin with (454 mAh/g), such that eliminating the
need for an organic binder provides PVM with a high practical specific charge
density.
PVM is simple and inexpensive to produce in industrial quantities.
Moreover, the molecular structure of PVM also suggests a very low toxicity
relative to the family of organosulfides.
In another preferred embodiment, the conducting additive is selected
from the group consisting of carbon black, graphite powder, acetylene black
and high surface area carbon. Such additives greatly increase the surface area,
thereby improving the electrokinetics.
According to further features in preferred embodiments of the invention,
the cathode material according to the present invention is incorperated into
specific electrochemical cells comprised of PVM and an appropriate anode and
an electrolyte.

According to further features in the preferred embodiments, the

appropriate anode material is selected from the group consisting of lithium,




PV is sinple and inexpensive to produce in industrial quantjties.
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electrochemical cell that is substantially rechargeable at ambient temperatures.

The principles and utilization of PVM as a cathode material and as a
cathode material incorporated in electrochemical cells according to the present
invention may be better understood with reference to the drawings and the
accompanying description.

Referring now to the drawings, Figure 1 shows the molecular scheme of
PVM and illustrates the molecular transformations that PVM undergoes during
charge-discharge cycles. As can be seen in the drawing, only the disuifide

(. bonds present in the oxidized, charged state are cleaved, leaving the polymer

backbone intact, with sulfur (thiolate) moieties pendant to the polymer
backbone. Since the polymer does not undergo scission and degradation in
each cycle to form readily-soluble monomer units, the solubility in the organic
solution is extremely low, such that the material rematins intact in the cathode
current collector over multiple cycles.

Samples of PVM electrodes were prepared by mixing NMP solution of
PVM with 8 to 10% carbon black and spreading onto platinum or nickel foil.
After evaporation of the solvent, the electrodes were tested in half-cells with a
variety of solutions.

Figure 2 provides a typical cyclic voltammetry of PVM in
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scan. It is observed from Figure 2 that the cyclability of PVM in the aprotic

liquid solution is extremely good over 200 charge-discharge cycies.

>From the vast number of experiments conducted, it is concluded that
PVM is substantially blind to the nature of the salt in the solution and to the
nature of the anode material; the performance was very similar in all solutions
tested. In general, specific charge capacities of about 50-60 mAh/g were
measured, without the optimization of all the experimental parameters, such as
scan rate, amount of carbon black, current densities, size, etc. While small
variations in performance were observed using different solvents, these
variations were not significant provided that the solvent and the salt provide an
electrochemical stability window of at least 4.5 V vs. lithium.

Various polydisulfides have been publicized in the literature (e.g., Liu et
al.) as possessing attractive properties as cathode materials, including DMcT
(poly(2,5-dimercapto  1,3,4-dithiazole)), poly(trithiocyanuric acid), and
2-mercapto ethyl sulfide. As with PVM, the performance of these well-known,
background art polymers were measured under ambient conditions in
conjunction with ten commonty-used solvents and five commonly-used salts.
Each combination of solvent, salt, and anode material was chosen in

accordance with the electrochemical stability window of each background art
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ackground art — DMcT -- cycled in an electrolyte consisting of PC/LiClO4

(0.5M). It is readily observed that after only four charge-discharge cycles in
the solution, most of the polymer has become inactive. After about 10 cycles,
the charge capacity dropped to practically zero.

Figure 3b provides a typical cyclic voltammetry for poly{trithiocyanuric
acid) cycled in an electrolyte consisting of PC/Mg(Cl10,), (0.5M). Here, also,
the rapid deterioration of the cathode performance is evident, with the charge
capacity dropping significantly after only four cycles. After about 15 cycles,
the charge capacity dropped to practically zero.

The above cyclic voltammograms demonstrate the extremely poor
cycling efficiency of DMcT and poly(trithiocyanuric acid) in liquid electrolyte
at ambient temperature, in sharp contrast to the supefior cycling efficiency
displayed by PVM (Figure 2) over 200 cycles.

EXAMPLE 1
The synthesis of PVM was conducted according to the procedure of
Daly, et al. [Polymer Science, Polymer Chemistry Ed., 13, 105 (1975)]. The

monomers were polymerized neat at 65°C, with 0.5% to 1.0% (molar) AIBN as
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in the examples below.

EXAMPLE 3

The dry composite electrode was introduced into an electrochemical cell
containing sulfolane with 0.5M LiPFs. The half-cell consisted of the PVM
working electrode, standard lithium wire as the reference electrode and lithium
foil as the counter-electrode (auxilary electrode). The working electrode was
scanned between 1.5 V t0 4.75 V at a scan rate of 5 mV/S for 200 cycles. The
specific charge capacity calculated from the data was 31 mAbh/g; the cycling
efficiency approached 100 % (in fact, the specific charge capacity increased
from cycle to cycle in the first 10-20 cycles, then stabilized and remained

constant throughout the rest of the experiment).

EXAMPLE 4

The dry composite electrode was introduced into an electrochemical cell
containing propylene carbonate with 0.25M Mg(CiO4);.  The half-cell
consisted of the PVM working electrode, standard Ag/Ag’ silver reference




characterization. EXAMPLE 2 El ectrodes contai ning PVYM were prepared as
follows: PYMwas dissolved in NWP. The NWP solution of PYMwith B 1oy 1G4
carbon bl ack was m xed and spread onto platinumor nickel foil. After
evapor at i WR W#320he solvent the electrodes were tested | RCREBYME| s with a
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sul folane with 0.5M Li PF6. The hal f-cell consisted of the PVYM worKking
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char ge capeadéulgied dome dwedhta pas i aydhig; the eyeling effaciemey wias 8@ %4.0- 20 cycl es,
then stabilized and remai ned constant throughout the rest of the
experinment). EXAMPLE 4 The dry conposite el ectrode was introduced into an
el ectrochepxaalpeeld containing propyl ene carbonate with 0.25M My(C104) 2.
The half celT consisted of the PYM working el ectrode, standard Ag/ Ag+
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90 % EXANRhinnbd foil as the counter-electrode. The working electrode was scanned

between 1.5 V to 4.75 V at a scan rate of 1 mV/S for 200 cycles. The specific

charge capacity calculated from the data was 77 mAh/g; the cycling efficiency

was substantially 100 % over 200 cycles.

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.




The dry conposite el ectrode was introduced into an el ectrochﬂ;?'gﬁLI @ﬁb)b
cont ai ni ng propyl ene carbonate with 1M Li BF4. The half cell n ‘{ f
the PVMworking electrode, standard lithiumwre as the reference

el ect r odeWa#4320¢ t hi um foil as the counter-el ectrode. ThECHEBWOAYP4e| ect r ode
was scanned between 1.5 Vto 4.75 V at a scan rate of 1 nv/S for 200
cycles. The specific charge capacityjgalculated fromthe data was 77

ni Ah/g; the cycling efficiency was substantially 100 % over 200 cycles. It
wi Il be appWBATakSedLARMED B above descriptions are intended only to serve
as exanpl es, and that many ot her enbodi nents are possible within the

spirit and the scope of the present invention. 1 7 JUN 2004 WO 01/43209
PCTI 1 BOO 01994 17 WHAT IS CLAIMED I'S: 1. A cathode material for use in an
el ectrochenmical cell, said cathode material conprising PYM 2. The cathode
mat eri al of clalml V\/ne n sald C thode material further conprises a
conducti ng addi}4 ve.A3cat é%ztﬁ%%le OFa Us? i 18| a%feE‘Ft&?qlPFE“Cﬁhé?lg A%igai d

conduct i ngc\kgggéﬁ]%%%a §?r§ﬁ}el§gé@q,Mrom t he group consisting of carbon bl ack,

graphite po ace ack, high surface area carbon, and
conbi nati ons thereof. 4. The cat hode material of claim1, wherein said
cathode material is substantially free of binder. 5. An el ectrochem cal

cell conprising.a caThﬂ)%hm myategial of olgim 4§ mperRisaidncathodie madereali al , and
aliquid ele tro(lel)éte. 6. e el eC‘H;\ chemi cal cell of claimb5, wherein said
anode mat eﬁ?&'ﬁrc H’ﬂ?fisfe%o Y&V Sel ected from the group consisting of
(I ithium sodium rmagnesi um nmagnesiumsalts, alumnum |ithiated carbon,

and lithiated tin oxide. 7. The el ect rochem' cal cell of claimb5, wherein
said el ectrol yt® The cathode material of claim 2, wherein said conducting

additive is selected from the group consisting of carbon black, graphite powder,

acetylene black, high surface area carbon, and combinations thereof.

4. The cathode material of claim 1, wherein said cathode material is

substantially free of binder.

5. An electrochemical cell comprising a cathode material

comprising PVM, an anode material, and a liquid electrolyte.

6. The electrochemical cell of claim 5, wherein said anode material
comprises a material selected from the group consisting of lithium, sodiumn,
magnesium, magnesium salts, aluminum, lithiated carbon, and lithiated tin

oxide.

7. The electrochemical cell of claim 5, wherein said electrolyte
comprises a solvent selected from the group consisting of acetonitrile,
sulfolane, alkyl carbonates including propylene carbonate and ethylene
carbonate, esters, including methyl formate, a_nd other organic solvents,

including glyme, diglyme, NMP, and combinations thereof.



conprises a solvent selected fromthe group consisting of acetonitrile,
sul fol ane, al kyl carbonates including propyl ene carbonate andL “’\)GNGQ%J?
carbonate, esters, including nmethyl fornmate, and ot her organit 'sOl'vents,

i ncl udi ngwguy odi glyme, NWP, and conbi nations thereof. 0 94 WO
01/ 43209 P | BOO/ 01994 18 8. The el ectrochenical cell g#TéFaw%,g wher ei n

said electrolyte conprises a cation sel ected fromthe group consisting of
lithium sodium potassium magnesi uM® al umi num tetraal kyl ammoni um and

mbi nat | %redi i cal cel |, of . clai in said
cl oot rolyie compri sabeoileaREhEl-aeh (GILEFI I8 BrovnPein sBunerertit of "ero,

AsF6, Cl04.cobipfises la, catitth eéleBredafro@nthel BRuPOEonkistinkf ¢ltRitht, OsdmiEmcal cel |
of claimb5, wherein said electrolyte conprises a salt selected fromthe

group consipStassiynuf magnesdank atuminvwoni teraatiedaramionomobendt egmbin@F6ns Li BF4,
My(Cl 04) 2 ?ﬂed ctonbi nations thereof 11. The el ectrochem cal cell of claimb5,
wherei n sai"d&ectrochenmical cell is substantiall y rechargeabl e at anbi ent

t enper at ur es.

9. The e¢lectrochemical cell of claim 5, wherein said electrolyte
comprises an anion selected from the group consisting of PF,, AsFg, Cl0,, BF,,

F, and combinations thereof.

10.  The electrochemical cell of claim 5, wherein said electrolyte
comprises a salt selected from the group consisting of tetraalkyl ammonium

tetrafluoroborate, LiPF¢, LiBF 4, Mg(ClQy), and combinations thereof,

11.  The electrochemical cell of claim 5, wherein said electrochemical

cell is substantially rechargeable at ambient temperatures.



