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RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Patent Application No.
60/415,854, filed October 3, 2002, which is incorporated herein by reference.

Field of the invention

The present invention relates to an electrochemical capacitor having at least one
chemically modified electrode based on a redox polymer of the poly-[Me(R-Salen)
type. The invention also relates to a method of use of such a capacitor that provides for
the restoring of electrochemical characteristics of the capacitor's electrodes.

Background of the invention

Capacitors with electrodes chemically modified by, for example, the immo-
bilization of conducting polymers on the surface of inert electrodes are one of the
promising types of electrochemical capacitors.

Conducting polymers are divided into two types [B.E.Conway, Electrochemical
Supercapacitors //Kluwer Acad. Plen. Publ., NY, 1999, 698 p]:

1) The so-called "organic metals" or conducting polymers - the polymers with the
type of conductivity which is similar to the mechanism of conductivity of metals;

2) Redox polymers - the compounds in which the transfer of electrons occurs
mainly due to the oxidation-reduction chemical reactions between the adjacent
fragments of a polymer chain.

Examples of the "organic metals" are polyacetylene, polypyrrole, polytiophen,
polyaniline. In a partially oxidized form, these polymers exhibit even higher con-
ductivity and can be regarded as a salt consisting of positively charged "ions" of the
polymer and counter-ions that are uniformly distributed throughout its structure and
that support the overall electrical neutrality of the system. In solid state physics a
cation-radical partially delocalized by polymer fragment is called a polaron. A polaron
stabilizes, thus, polarizing the ambient medium. The polaron theory of conductivity is
accepted as the main model of charge transfer in conducting polymers [Charge
Transfer in Polymeric Systems //Faraday Discussions of the Chemical Society. 1989.
V.88].

"Organic metals" may be produced by electrochemical oxidation of the appropriate
monomers on the surface of the inert electrode. These polymers may be converted
from the conducting (oxidized) state to the non-conducting (reduced) state via the
variation of the electrode potential. The transfer of the polymer from the oxidized state
to the neutral reduced state is accompanied by the departure of the charge-com-
pensating counter-ions from the polymer to the electrolyte solution in which the
process takes place, and vice versa.

The redox polymers comprise both purely organic systems and polymer metal

CONFIRMATION COPY
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complexes or metal organic compounds [H.G.Cassidy and K.A.Kun. Oxidation
Reduction Polymer //Redox Polymers. Wiley - Interscience, New York, 1965]. The
metal-containing polymers exhibit the highest conductivity.

As a rule, polymer metal complex compounds are obtained via electrochemical
polymerization of the source monomer complex compounds, which have an octahedral
configuration, the polymerization occurring on inert electrodes. The spatial con-
figuration of the monomers plays a principle role in the formation of the polymer
structures suitable for application in the capacitors. As an example of the redox
polymers obtained from the octahedral source complex compounds, it is possible to
consider polypyridine complexes of composition poly-[Me(v-bpy)x(L)y], where:

Me = Co, Fe, Ru, Os;

v-bpy = 4-vinyl-4'-methyl-2 2'-bipyridine

L = v-bpy (4-vinyl-4'-methyl-2,2"-bipyridine), phenanthroline-5,6-dione,
4-methylphenanthroline, 5-aminophenanthroline, 5-chlorphenanthroline;

at that (x+y=3) [Huirel H.C., Abruna H.D. Redox Conduction in Elec-
tropolymerized Films of Transition Metal Complexes of Os, Ru, Fe, and Co /
/Inorganic Chemistry. 1990. V.29. P.736-741].

Tons of metal, which may be in different charge states, serve as redox centers, i.e.
atoms, which participate in the oxidation-reduction reactions in a polymer. Thus,
complexes of metals having only one possible charge state (for example, zinc,
cadmium) don't create redox polymers. The presence of the complexes of branched
system of conjugated p-bonds bonds serve as conducting "bridges" between redox
centers in the ligand environment is a necessary condition of conductivity of redox
polymers. When a redox polymer is completely oxidized or completely reduced, i.e.
when all its redox centers are in one charge state, the transfer of the charge along the
polymer chain is impossible and the conductivity of the redox polymer is close to zero.
When the redox centers have different charge states, the exchange of electrons between
them becomes possible in the same manner as it happens in the solutions during the
oxidation-reduction reactions. Therefore, the electric conductivity of redox polymers is
proportional to the constant of the electron self-exchange rate between redox centers (k co

) and to the concentrations of oxidized and reduced centers ([Ox] and [Red]) in a
polymer, i.e. the conductivity of a redox polymer is ~ k,,[Ox] [Red].

The conductivity of redox polymers is maximumal at equal concentrations of
oxidized and reduced redox centers, which corresponds to the conditions when a redox
system has a standard oxidation-reduction potential equal to E°([Ox]/[Red])).

The existence of the redox centers in different charge states was the reason for
naming the redox polymers based on coordination compounds "mixed valence
complexes" or "partly oxidized complexes". The transfer of redox polymer molecules
from the oxidized state to the reduced state is accompanied (like it was described
above in reference to conducting polymers) by the transition of charge-compensating
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counter-ions from the polymer into the electrolyte solution where the process takes
place, and vice versa.

Compared to the electrodes modified by "organic metals” (conducting polymers),
redox polymers and electrodes with redox polymers on their surface can potentially
offer higher specific energy capacity due to a higher contribution of the Faraday
component of the capacitance (related to the possibility of multi-electron oxidation/
reduction of metal centers) to the overall capacitance of the polymer.

One of the disadvantages of electrochemical capacitors with chemically modified
electrodes based on the redox polymer of a poly-[Me(R-Salen)] type is the dete-
rioration of the electrochemical characteristics of their electrodes and the cor-
responding impairment of electric characteristics of the capacitors. This occurs due to
a partial dissolution of a redox polymer in the electrolyte during operation of such a
capacitor.

Summary of the invention

It is an object of the present invention to create a capacitor having specific features
that make it possible to restore its electric characteristics. It is also an object of the
present invention to provide a method of using such a capacitor enabling to regenerate
a capacitor during operation.

An electrode based on the redox polymer of a poly-[Me(R-Salen) type comprises a
conducting substrate, a layer of the energy-accumulating redox polymer produced by
electrochemical polymerization or any other method and disposed on the conducting
substrate. A polymer complex produced from complex compounds of transition metals
(e.g. Ni, Pd; Co, Cu, and Fe) with at least two different oxidation levels is used as a
redox polymer. Source complex compounds should be of a planar structure (with a
deviation from a plane of no greater than 0.1 nm) and should have a branched system
of f-bonds. Polymer metal complexes based on substituted tetra-dentate Schiff's bases,
including poly-[Me(R-Salen)] (where: Me - transition metal, Salen - residue of bis-
(salicylaldehyde)-ethylenediamine in Schiff's base, R - electron-donating substituent:
e.g. radicals CH,O-, C,H,0-, HO-, -CH, and others), comply with these requirements.
The thickness of a polymer layer applied onto said substrate varies from 1 nm to 20
mm.

A structure that offers a high value of a specific surface parameter made of an elec-
tronically conductive material and which is electrochemically inactive within the range
of potentials from about -3.0 to +1.5 V (from here on the potentials are given in
relation to a reference chlorine-silver electrode) may be employed as a conducting
substrate of the electrode. For example, it is possible to use carbon fiber and other
carbon materials, carbon materials with metal coatings, and metal electrodes offering a
high value of the specific surface parameter. Besides, electronically conductive
polymers in the form of films, porous structures, foams and so forth may be used as a
conducting substrate.
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An electrolyte for the capacitor is prepared based on organic solvents - for
example, acetonitrile, dimethyl ketone, propylene carbonate or others. It is also
possible to use different mixtures of the above-indicated solvents and other solvents.
To prepare an electrolyte, one should add certain substances to the solvents indicated
above. Such substances should be capable of dissolving in said solvents with the
resulting concentration of no less than 0.01 mol/l and of dissociating with the
formation of ions that are electrochemically inactive within the range of potentials
from -3.0 V to +1.5 V. Among such substances are, for example, salts of tetraethyl
ammonium or tetramethyl ammonium - perchlorates, tetrafluoroborates, hexafluo-
rophosphates and other substances meeting the above-indicated requirements.

A distinctive peculiarity of the capacitor claimed herein is that in addition to the
solvent and electrochemically inactive ions, the electrolyte of the capacitor contains
molecules of the source metal complex [Me(R-Salen)] forming the redox polymer
layer on the electrode substrate; or molecules of a metal complex that is similar to this
source metal complex and that meets the above-mentioned requirements to the source
compounds used for the production of the energy-accumulating polymers.

The concentration of the metal complex solution may be from 5+ 10” mol/liter to a
value capped by solubility limit.

The electrolyte may also contain a mixture of different metal complexes that
comply with the above-indicated requirements to the source compounds for the
production of energy-accumulating polymers - for example, complexes of a
[Me(R-Salen)] type containing different metal centers and/or different substituents of
R in the ligand environment.

Due to the above-indicated specific features of the capacitor of the present
invention, if the positive electrode of said capacitor is made on the basis of the above-
mentioned redox polymer, it is regenerated (i.e. it restores its electrochemical charac-
teristics) while the capacitor is in use.

Addition of a metal complex to the electrolyte results in a considerable increase of
the amount of energy stored by the positive electrode. This increase is caused by
different chemical processes, in particular, healing of defects in the volume of the
redox polymer layer of the positive electrode during the electrode charging and,
partially, by the additional polymerization of the complex on the positive electrode
surface.

The molecules of the metal complex diffuse into the redox polymer layer during
the breaks between the charging and discharging cycles. When a voltage is supplied to
the electrodes during the charging step, these complexes may integrate into the
structure of the redox polymer. Thus, the restoration of the electrochemical charac-
teristics of the positive electrode happens during the operation of the capacitor with the
above-mentioned electrolyte.

In the case when the negative electrode of the electrochemical capacitor is made



WO 2004/032162 PCT/IB2003/004371

[33]

[36]

(37]

[38]
[39]
[40]
[41]
(42}
[43]

[44]
[43]

[46]

511

based on the above-described redox polymer and the positive electrode is made by
another method, the molecules of the metal complex diffuse to the surface of negative
electrode during the charging step and get reduced in the liquid phase during the
negative electrode charging, thus, playing the role of an additional energy-ac-
cumulating substance.

If both electrodes of the electrochemical capacitor are made in accordance with the
above-described method, the positive electrode is regenerated due to the mechanism
described above, while the negative electrode accumulates additional energy due to the
reduction of the molecules of the metal complex in the liquid phase during the
charging of the electrode.

The specific features of the case when both electrodes of the electrochemical
capacitor are made as a conducting substrate with a layer of an energy-accumulating
redox polymer make it possible to implement a unique method of use of such a
capacitor. This method comprises periodically alternating the polarity of the capacitor
electrodes during the operation of the capacitor.

The step of periodical alternating of the polarity of the capacitor electrodes may be
performed during the removal of the capacitor from the device where it operates or
directly during the operation of the capacitor in such a device because of the ap-
propriate switching of electrodes in the electrical circuit of the device.

Both electrodes are periodically regenerated (restored) as a result of the said
switching step.

Brief description of the drawings

The invention is illustrated by the following graphical materials and drawings.

Fig. 1 is a diagram of the electrochemical capacitor.

Fig. 2 is a schematic illustration of the diffusion of the metal complex molecules
from the electrolyte into the redox polymer layer.

Fig. 3 is a schematic illustration of the process of incorporation of the molecules of
the metal comples from the electrolyte into the redox polymer structure.

Detailed description of the invention

An electrochemical capacitor of the present invention has the following various
design features. An example of the simplest capacitor design is given in Fig. 1.
Positive electrode 2 and negative electrode 3 are placed in hermetically sealed casing
1. Casing 1 is also filled with electrolyte 4. The capacitor is equipped with outputs 5
and 6 (for the purpose of supplying and draining electric current) connected to
electrodes 2 and 3. Depending on the specific features of the design of the capacitor,
electrodes 2 and 3 can be separated by a porous separator 7, such as, for example, by a
micro-porous polypropylene film.

It is a specific feature of the capacitor that during its operation a positive electrode
of said capacitor is reduced (meaning that it restores its electrochemical charac-
teristics), provided that the positive electrode is based on a redox polymer of a poly-
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[Me(R-Salen)] type.

The addition of a metal complex to the electrolyte leads to a considerable increase
in the amount of energy stored by the positive electrode. This increase occurs because
of different chemical processes. In particular, because of the effect of "healing” of
defects in the volume of the redox polymer layer of the positive during the electrode
charging step and, partially, because of additional polymerization of the metal complex
on the positive electrode surface.

Both processes are illustrated by Fig. 2 and Fig. 3, which show electrode 11
consisting of conducting substrate 12 with layer 13 of the redox polymer of the poly-
[Me(R-Salen)] type deposited on substrate 12 (shown as fragments 14 of the redox
polymer with anions 15 of the salt of electrolyte 16 attached to these fragments), in
which electrolyte electrode 11 is submerged. Anions 17 and cations 18 of the
electrolyte salt and molecules 19 of the metal complex (that are the components of
electrolyte 16) are shown in Fig. 2 and Fig. 3.

During the break intervals between the charging and discharging cycles of the
capacitor (see Fig. 2) molecules 19 of the metal complex in electrolyte 16 diffuse in
the direction of layer 13 of the redox polymer. When a voltage is supplied to the
electrodes (see Fig. 3) during the step of charging, these molecules may get integrated
into the structure of layer 13 of the redox polymer. Thus, the restoration (regeneration)
of the electrochemical characteristics of the positive electrode takes place during the
operation of the capacitor in such an electrolyte.

In the case when the negative electrode of the electrochemical capacitor is made on
the basis of a redox polymer of the poly-[Me(R-Salen)] type and the positive electrode
is made by another method, the molecules of the metal complex diffuse into the
surface of the negative electrode during the charging step and get reduced in the liquid
phase during the charging of the negative electrode, thus, serving as an additional
energy-accumulating substance.

In the case when both of the electrodes are made on the basis of a redox polymer of
the poly-[Me(R-Salen)] type, the positive electrode is regenerated in accordance with
the mechanism described above, while the negative electrode accumulates additional
energy due to the reduction of the metal complex molecules in the liquid phase during
the electrode charging.

The above-indicated features of the design when both electrodes of the elec-
trochemical capacitor are made as a conducting substrate with a layer of an energy-
accumulating redox polymer make it possible to use the capacitor in accordance with
the method of the present invention. This method comprises periodically alternating
the polarity of connection of the capacitor electrodes dur)ing the operation of the
capacitor, which leads to the regeneration (restoration) of the electrochemical charac-
teristics of the capacitor electrodes.

The step of periodically alternating the polarity of the connection of the electrodes
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- 1.e. the connection of the negative electrode to the positive pole of a power source
and the connection of the positive electrode to the negative pole of a power source -
may be performed during operation of capacitor in the devices for which it was
designed or when the capacitor is being taken out of the device.

As described above, in an electrode serving as a positive electrode the metal
complex molecules diffuse into the redox polymer layer (see Fig. 2) during the time
intervals between charging-discharging cycles. As the voltage is supplied to the
electrodes during the charging process, said molecules assemble into a redox polymer
structure (see Fig.3). Thus, regeneration (restoration) of the electrochemical charac-
teristics of both the positive and negative electrodes takes place during the operation of
the capacitor in this electrolyte.

In addition, during the charging process the molecules of the metal complex
diffuse into the surface of an electrode functioning as the negative electrode and get
reduced in the liquid phase during the charging step, thus, functioning as an additional
energy-accumulating substance.

To ensure that both the positive and negative electrodes are regenerated, it is
necessary to periodically alternate (for example, after every 100 charging-discharging
cycles) the polarity of connection of capacitor electrodes, thus, implementing the
above-described processes on each electrode.

The polarity of connection of the capacitor electrodes during its service can be
alternated by any known method. For instance, the regeneration of the capacitor may
accomplished by removing it from the circuit and placing it into a special device in
which the negative electrode of the capacitor is periodically connected to the positive
pole of a power source, while the positive electrode is connected to the negative pole
of the power source.

It is also possible to periodically remove the capacitor from the circuit and place it
back into said circuit again in such a manner that the electrode that was previously
connected to the positive pole of a power source would be connected to the negative
pole of the power source (with the opposite electrode being re-connected the other way
around).

The most effective way to regenerate a capacitor is to regenerate it during
operation of a device in which said capacitor is used by appropriate switching of the
electrodes in the electrical circuit of the device.

To experimentally verify the technical result achieved through the use of the
present invention, identical electrodes (some of which were intended for testing and
others - for use as reference electrodes) were manufactured. The electrodes were man-
ufactured by electrochemical polymerization of the [Ni(Salen)] complex on a glass-
carbon conducting substrate (the area of substrate surface being 38 cm?). The
electrolyte used for polymerization contained a solvent (acetonitrile), source complex
[Ni(Salen)] having a concentration och= 10" mol/l, and the tetrafluoroborate of
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tetrabutyl ammonium having a concentration of which was 0.1 mol/l. A polymer layer
was formed on the conducting substrate surface by the electrochemical polymerization
method under the conditions of a constant potential (::,——— 1.0 V (in relation to chlorine-
silver comparison electrode) for a period of t P 20 min.After the said polymer layer
was formed, the electrodes were washed with acetonitrile.

The electrodes manufactured in the above-described manner were studied in elec-
trochemical cells with different electrolytes. When the tested electrode was studied, the
electrolyte contained an additive of a source metal complex. When the reference
electrode was studied, the electrolyte did not contain the indicated metal complex.

The tested electrode and the reference electrode served as positive electrodes in the
electrochemical cells, while the glass-graphite electrode of the same size was used as a
negative electrode. The potentials of the tested electrode and the reference electrode
were measured in relation to the chlorhae-silesr comparison electrode submerged into
an electrolyte between the positive and negative electrodes.

Charging and discharging of the electrodes occurred in different electrolytes.
Charging and discharging of the tested electrode occurred in the acetonitrile solution of
the tetrafluoroborate of tetrabutyl ammonium (the concentration of which was 0.1 mol/
1). Said solution also contained an additive of complex [Ni(Salen)], the concentration
of which was 5*10™mol/l. Charging and discharging of the reference electrode
occurred in the acetonitrile solution of the tetrafluoroborate of tetrabutyl ammonium
(the concentration of which was 0.1 mol/l) that did not contain any additive.

The charging mode was galvano-static with the simultaneous monitoring of the
potential of the electrodes, wherein the current density was equal to 30 mA/cm®. The
charging process was stopped when the value of positive electrode potential reached
1.2 V.

Discharging of the electrode was conducted in the galvano-static mode with the si-
multaneous monitoring of the potential of the electrodes, wherein the current density
was equal to 10 mA/cm?.

As a result of said studies, it was established that the value of specific energy
(calculated relative to the polymer mass) stored by the electrode, charging and
discharging of which occurred in the solution containing an additive of complex
[Ni(Salen)], is 40-50% higher than the value &f specific energy stored by the reference
electrode, charging and discharging of which occurred in the solution without the
additives. At the same time, the difference between the mass (weight) of the polymer
on the electrode being tested and the mass (weight) of the polymer on the reference
electrode after the completion of the tests was no greater than 10%.
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Claims

Claim 1. An electrochemical capacitor comprising:

at least one electrode comprising a conducting substrate and a layer of a redox polymer
of the poly-[Me(R-Salen)] type deposited onto the conducting substrate, wherein Me is a
transition metal, R is an electron-donating substituent, and Salen is a residue of bis-
(salicylaldehyde-ethylenediamine in Schiff's base; and

an electrolyte comprising an organic solvent, compounds capable of dissolving in the
organic solvent at a resulting concentration of no less than 0.01 mol/l and dissociating
with the formation of ions that are electrochemically inactive within a range of
potentials from about -3.0 V to about +1.5 V, and a dissolved metal complex
[Me(R-Salen)] at a concentration from no less than 5x10”° mol/l up to the concentration
limited by a solubility limit of the metal complex.

Claim 2. The capacitor of claim 1, wherein the transition metal is selected from the
group consisting of Ni, Pd, Co, Cu, Fe and combinations thereof.

Claim 3. The capacitor of claim 1, wherein R is selected from the group consisting of -
CHJO-, CszO" HO-, -CH3 and combinations thereof.

Claim 4. The capacitor of claim 1, wherein the organic solvent is acetonytrile, dymethyl
kethone, or propylene carbonate.

Claim 5. The capacitor of claim 1, wherein the compounds are salts of tetramethyl
ammonium, tetraethyl ammonium, tetrapropyl ammonium, tetrabutyl ammonium - per-
chlorates, tetrafluotoborates, hexafluoro phosphates.

Claim 6. The capacitor of claim 1, wherein the conducting substrate of the electrode is
made of carbon and has a developed surface made of carbon fiber.

Claim 7. The capacitor of claim 1, wherein the conducting substrate of the electrode is
made of carbon and has a metal coating.

Claim 8. The capacitor of claim 1, wherein the conducting substrate of the electrode is
made of metal and has a developed surface.

Claim 9. The capacitor of claim 1, wherein the conducting substrate of the electrode is
made of a polymer characterized by electronic conduction and formed as a film, porous
structure or solid foam.

Claim 10. The capacitor of claim 1, further comprising a second electrode constructed
similarly to the at least one electrode.

Claim 11. The capacitor of claim 10, wherein the transition metal is selected from the
group consisting of Ni, Pd, Co, Cu, Fe and combinations thereof.

Claim 12. The capacitor of claim 10, wherein R is selected from the group consisting of
CH3O-, CszO" HO-, -CH3 and combinations thereof.

Claim 13. The capacitor of claim 10, wherein the organic solvent is acetonytrile,
dymethyl kethone, or propylene carbonate.

Claim 14. The capacitor of claim 10, wherein the compounds are salts of tetramethyl
ammonium, tetraethyl ammonium, tetrapropyl ammonium, tetrabutyl ammonium - per-
chlorates, tetrafluotoborates, hexafluoro phosphates.

Claim 15. The capacitor of claim 10, wherein the conducting substrate of the electrode is
made of carbon and has a developed surface made of carbon fiber.
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Claim 16. The capacitor of claim 10, wherein the conducting substrate of the electrode is
made of carbon and has a metal coating.

Claim 17. The capacitor of claim 10, wherein the conducting substrate of the electrode is
made of metal and has a developed surface.

Claim 18. The capacitor of claim 10, wherein the conducting substrate of the electrode is
made of a polymer characterized by electronic conduction and formed as a film, porous
structure or solid foam.

Claim 19. A method using an electrochemical capacitor comprising:

obtaining the electrochemical capacitor comprising:

at least one electrode comprising a conducting substrate and a layer of a redox polymer
of the poly-[Me(R-Salen)] type deposited onto the conducting substrate, wherein Me is a
transition metal, R is an electron-donating substituent, and Salen is a residue of bis-
(salicylaldehyde-ethylenediamine in Schiff's base; and

an electrolyte comprising an organic solvent, compounds capable of dissolving in the
organic solvent at a resulting concentration of no less than 0.01 mol/l and dissociating
with the formation of ions that are electrochemically inactive within a range of
potentials from about -3.0 V to about +1.5 V, and a dissolved metal complex
[Me(R-Salen)] at a concentration from no less than 5x 10”° mol/l up to the concentration
limited by a solubility limit of the metal complex; and

periodically alternating a connection polarity of at least one electrode during operation
of the capacitor.

Claim 20. The method of claim 19, wherein periodically alternating the connection
polarity of at least one electrode occurs without removing the capacitor from a device in
which it operates.

Claim 21. The method of claim 19, further comprising a second electrode constructed
similarly to at least one electrode.

Claim 22. The method of claim 20, further comprising a second electrode constructed
similarly to at least one electrode.
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