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Application of a redox polymer of the poly [Me(R Salen)] type onto a conducting substrate Is accomplished by the method of
electrochemical polymerization. Said polymerization Is accomplished by supplying a voltage between the substrate (that serves as
an anode) and a counter electrode (that serves as a cathode), with both of them being submerged into the electrolyte containing an
organic solvent and the compounds capable of dissolving In said solvent. The process Is accompanied by the production of
electrochemically inactive (at concentrations of no less than 0.01 mol/l) ions within the range of potentials from -3.0 V to +1.5 V,
and metal complex [Me(R Salen)] dissolved at a concentration of no less than 5.10™° mol/l, (where: Me is a transition metal having
at least two different degrees of oxidation, R Is an electron-donating substituent, Salen IS a residue of bis-(salicylaldehyde)-
ethylenediamine in Schiff's base.
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(57) Abstract: Application of a redox polymer of the poly [Me(R Salen)] type onto a conducting substrate is accomplished by
the method of electrochemical polymerization. Said polymerization is accomplished by supplying a voltage between the substrate
(that serves as an anode) and a counter electrode (that serves as a cathode), with both of them being submerged into the electrolyte
containing an organic solvent and the compounds capable of dissolving in said solvent. The process is accompanied by the production
of electrochemically inactive (at concentrations of no less than 0.01 mol/l) ions within the range of potentials from -3.0 V to +1.5

o V, and metal complex [Me(R Salen)] dissolved at a concentration of no less than 5.10 mol/l, (where: Me is a transition metal

=

having at least two different degrees of oxidation, R is an electron-donating substituent, Salen is a residue of bis-(salicylaldehyde)-
ethylenediamine in Schiff’s base.
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METHOD FOR THE MANUFACTURE OF ELECTRODE FOR
ENERGY-STORAGE DEVICES

CROSS-REFERENCE TO RELATED APPLICATION
This application claims the benefit of U.S. Provisional Patent Application
No. 60/413,383, filed September 25, 2002, which is incorporated herein by

reference.

FIELD OF THE INVENTION

The invention relates to the field of electrochemistry. More specifically,

the invention relates to the methods of manufacture of electrodes chemically
modified by a redox polymer intended for use in energy-storage devices (e.g.

capacitors).

BACKGROUND OF THE INVENTION

The known methods of manufacturing of electrodes with a polymer

coating are mainly based on the chemical polymerization method, such as the
ones described in U.S. Pat. No 4,999,263, U.S. Pat No 6,533,918, U.S. Pat.
Appl. No 20020089807A1, which implies the formation of a polymer layer on a
conducting substrate placed into an electrolytic bath with electrolyte- containing
polymer compounds. Different polymer coatings are formed on the conducting
substrate depending on the electrolytes used for this purpose.

Both purely organic systems and polymer metal complexes (or
organometallic compounds) fall into the category of the redox polymers
[H.G.Cassidy and K.A.Kun. Oxidation Reduction Polymer //Redox Polymers.
Wiley - Interscience, New York, 1965]. Polymers that contain a metal usually
offer better conductivity.

Redox polymers produced from the octahedral source complex
compounds are known. Polypyridine complexes of the composition poly-[Me(v-
bpy)x(L)yl, where: Me = Co, Fe, Ru, Os; L = v-bpy (4-vinyl-4’-methyl-2,2’-
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bipyridine), phenanthroline-5,6-dione, 4-methylphenanthroline, 5-
aminophenanthroline, 5-chlorophenanthroline (x+y=3) [Hurrel H.C., Abruna
H.D. Redox Conduction in Electropolymerized Films of Transition Metal
Complexes of Os, Ru, Fe, and Co // Inorganic Chemistry. 1990. V.29. P.736-
741], as well as porphyrin and phthalocianine metal complexes and electrodes
modified by these complexes [U.S. Pat. No 5,729,427, U.S. Pat. No 5,840,443]
may serve as examples of such redox polymers. However, the above-named
polymers are characterized by poor energy-accumulating properties and are
not used for the production of electrodes for energy-storage devices.

Polymer metal complexes based on the substituted tetra-dentate Schiff's
bases, including poly-[Me(R-Salen)] (where Me — a transition metal having at
least two different degrees of oxidation — e.g. Ni, Pd; Co, Cu, Fe; Salen — a
residue of bis-(salicylaldehyde)-ethylenediamine in Schiff's base, R - electron-
donating substituent - e.g. radicals CH3O-, C2H50-, HO-, -CH3 and others), are .
known [Timonov A.M., Shagisultanova G.A., Popeko |.E. Polymeric Partially-
Oxidized Complexes of Nickel, Palladium and Platinum with Schiff Bases //
Workshop on Platinum Chemistry. Fundamental and Applied Aspects. Italy,
Ferrara, 1991. P. 28]. The above-named polymer complexes were produced
via the electrochemical oxidation of square-planar monomers [Me(R-Salen)],
and the stack structure of a polymer was confirmed through the use of spectral
methods.

Known (from publications) studies of metal complexes poly-[Me(R-
Salen)] and electrodes chemically modified by these metal complexes
conducted by the inventors of the present invention and other researchers were
of theoretical nature. They were directed at the identification of structure and
electrochemical behavior of these polymers. Exclusively analytical chemistry
and optics were considered as a fields of potential application of these
polymers, such as in U.S. Pat. No 6,323,309, U.S. Pat. No 5,543,326, and U.S.
Pat. No 5,840,443.

Moreover, many researchers working in this field believe that

poly-[Me(R-Salen)] are formed due to the covalent bonds between the pheny!
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nuclei of monomers, and not due to the formation of the stack structures-
[P.Audebert, P.Capdevielle, M.Maumy. Redox and Conducting Polymers based
on Salen-Type Metal Units; Electrochemical Study and Some Characteristics //
New J. Chem. 1992. V. 16. P. 697], which, in turn, according to their opinion,
makes it impossible to use poly-[Me(R-Salen)] as an energy-accumulating
substance in energy-storage devices.

However, that negative attitude toward the redox polymers (as an
energy-accumulating layer) is more likely caused by specific features of the
formation of the redox polymer layer on a conducting substrate and, at the end,
by the structure of the formed layer (rather than by electrochemical properties
of the redox polymer itself). Conventional methods of electro-polymerization
(which imply the supply of a constant voltage to a substrate) don't allow to
produce the electrodes offering a high specific energy capacity. As the
inventors believe, this is associated with the fact that, with the stack structure of
the redox polymer layer being formed in the mode of continuous
polymerization, defects (e.g. individual stacks — redox polymer fragments that
for different reasons have stopped growing in the process of redox polymer
layer formation) are produced in the layer being formed. If, for example, the
process of the redox polymer layer formation Is conducted on a porous
substrate (which is associated with the desire to obtain a larger specific surface
of the polymer layer), then continuous polymerization results in the quick
overgrowth of the outer surface of the substrate with a polymer, while its inner
developed surface stays uncovered with a polymer.

The engineering problem addressed by the present invention comprises
the development of a method of manufacture of electrodes chemically modified
by a redox polymer that offer a high specific energy capacity, making it possible
to utilize these electrodes in energy-storage devices.

SUMMARY OF THE INVENTION

A method of manufacture of an electrode is implemented as follows. A

conducting substrate is placed in an electrolyte that contains an organic
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solvent, compounds capable of dissolving in said solvent [which dissolution Is
accompanied by the production of electrochemically inactive (at concentrations

of no less than 0.01 mol/l) ions within the range of potentials from -3.0 V to +1.5

V] and a dissolved monomer - namely, metal complex poly-[Me(R-Salen)] at a

concentration from 5x10™ mole/liter to that restricted by the solubility limit
(where Me — transition metal, R - electron-donating substituent, Salen - residue
of bis-(salicylaldehyde)-ethylenediamine in Schiff's base). The layer of a redox
polymer can be applied onto a substrate surface via electrochemical
polymerization of a metal complex poly-[Me(R-Salen)], resulting from the
application of a voltage between electrode substrate (that serves as an anode)
and counter-electrode (that serves as a cathode) submerged into the
electrolyte.

A material that offers a high value of the specific surface parameter that
is characterized by good electronic conduction and that is electrochemically
inactive within the range of potentials from -3.0 to +1.5 V (the potentials are
given in comparison to a chlorine-silver electrode) can be used as a conducting
substrate of the electrode. For example, it is possible to use the carbon fiber
and other carbon materials offering a high value of a specific surface
parameter, carbon materials with metal coatings, and metal electrodes offering
a high value of a specific surface parameter. Besides, polymers (offering an
electronic conduction property) in the form of films, porous structures, foams
and so forth can be used as a conducting substrate.

Acetonitrile, dimethyl ketone, or propylene carbonate can be used as
said organic solvent that enters into the composition of the electrolyte.

Salts of tetrabutyl ammonium, tetraethyl ammonium, and tetramethyl
ammonium - perchlorates, tetrafluotoborates, hexafluoro phosphates - can be
used as said compounds that enter into the composition of the electrolyte.

A metal from the group Ni, Pd, Co, Cu, Fe is used as a transition metal
Me in the said metal complex.

CH30-, CyHs0-, HO-, -CH; are used as said electron-donating

substituents R that enter into the composition of the metal complex.
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A layer of a redox polymer is applied when the potential on said
substrate is within the range from 0.85V to 1.3 V (as comparised to a chlorine-
silver electrode placed in the electrolyte). At that, a specific value of the
potential shouldn’t be higher than the potential of nonreversible oxidation of the
redox polymer used — for example, 0.85 V for complex [Pd(CH3O-Salen)] or
1.3 V for complex [Ni(Cl-Salen)].

Application of a layer of a redox polymer may be carried out by the
simultaneous circulation of the electrolyte, which would allow to improve the
quality of an electrode being produced.

The distinctive feature of the electrode-manufacturing method
encompasses the pulse mode of supplying the voltage between the substrate
and counter-electrode. The duration of a voltage pulse may be from 1 s to 30
min with the pulse ratio being up to 3600. The pulse ratio means the
relationship of the period of pulse repetition and the pulse duration. This
relationship allows to optimize the mode of formation of the redox polymer layer
and produce the electrodes offering an increased specific energy capacity.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is illustrated by the following graphic materials and

drawings.

Fig. 1 is a schematic diagram of an apparatus for electrode-
manufacturing.

Fig. 2 is a time diagram that illustrates the pulse mode of the voltage
supplied to the substrate to form a polymer layer on said substrate.

Fig. 3-a illustrates the diffusion of the metal complex molecules into the
depth of a formed redox polymer layer during the pause between the voltage
pulses.

Fig. 3-b illustrates the growth of a redox polymer layer during the
application of a voltage pulse to the substrate.

FIg. 4 is a discharge curve for an electrode manufactured in accordance
with described example 1.
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Fig. 51s a gra‘ph of the chrono-volt-ampere-grams of the charge —
discharge processes (i.e. oxidation — reduction processes) of a polymer
poly-[Ni(CHsO-SalEn)] layer for the electrodes manufactured in accordance
with described example 2.

DETAILED DESCRIPTION OF THE INVENTION

A block diagram of an apparatus used for applying a redox polymer layer
onto a substrate of an electrode in accordance with the method of the present
invention is shown in Fig. 1. The apparatus comprises a reservoir 1, which is
filled with an electrolyte 2 into which a conducting substrate 3, a comparison
electrode 4 (e.g. chlorine-silver electrode), and a counter electrode S are
submerged. Substrate 3 is electrically connected to the positive pole of a
voltage source 6, while counter electrode 5 is connected to its negative pole.
The instrumentation for measuring and monitoring the voltage between
substrate 3 and counter electrode 5 (a voltmeter 7), the voltage between
substrate 3 and comparison electrode 4 (a voltmeter 8) and the intensity of the
current flowing in the circuit of substrate 3 (an amperemeter 9) are connected
according to the scheme shown in Fig. 1.

Electrolyte 2 can be prepared from organic solvents such as the
acetonitrile, dimethyl ketone, or propylene carbonate type. To prepare
electrolyte 2, one should add certain substances to the above-referenced
solvents. Such substances should be capable of dissolving in said solvents with
the resulting concentration of no less than 0.01 mol/l and dissociating with the
formation of electrochemically inactive (within the range of potentials from -3.0
V to +1.5 V) ions. Among such substances are, for example, salts of tetrabutyl
ammonium, tetraethyl ammonium, tetramethyl ammonium - perchlorates,
tetrafluotoborates, hexafluoro phosphates and other substances meeting the
above-indicated requirements. Besides a solvent and electrochemically inactive
ions, the electrolyte contains dissolved metal complex [Me(R-Salen)], which is
later used to form a redox polymer layer on electrode substrate 3. The

concentration of the dissolved metal complex can be from 5x10™ mole/liter and
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higher — up to a value restricted by the solubility limit of a metal complex in a
solvent used on the process.

The formation of a redox polymer layer on electrode substrate 3 takes
place under the following conditions: voltage is applied from source 6 1o In-
between substrate 3 and counter electrode 5. In this process, the molecuies of
metal complex [Me(R-Salen)] located in electrolyte 2 are oxidized on the
surface of conducting substrate 3, thus forming a redox polymer layer. This
process is continued uhtil the formation of a redox polymer layer of a required
thickness is completed.

The electrode manufactured in accordance with the above-described
manner (after several auxiliary technological steps - e.g. washing and drying)
can then be used in the design of an energy-storage device (e.g. a capacitor).

A conducting substrate and said electrolyte with metal complex [Me(R-
Salen)] represent the source materials for the electrode manufacture. These
materials can be provided by any known appropriate method.

An electrode having a higher specific energy capacity is produced In the
case when in the course of a redox polymer layer formation voltage U Is
supplied between substrate 3 and counter electrode 5 in a pulse mode during a
certain period of time At with a periodicity T (see Fig. 2).

Figs. 3(a)-(b) illustrate the formation of a redox polymer layer under the
conditions of a pulse mode of voltage supply. Figs. 3(a)-(b) show electrode 11
(which is being manufactured) comprising substrate 12 with redox polymer
layer 13 being formed on said substrate (this layer is shown as fragments 14 of
the redox polymer with anions 15 (joined to these fragments) of the salt of
electrolyte 16, into which substrate 12 is placed). Besides, anions 17 and
cations 18 of the salt of electrolyte, as well as metal complex molecules 19
(that constitute said electrolyte), are also shown in Figs. 3(a)-(b).

Diffusion of metal complex molecules 19 into the depth of redox polymer
layer 13 being formed takes place during the breaks between the voltage
pulses (see Fig. 3(a)). In addition to further growth of the thickness of layer 13,

the voltage applied after such breaks provides for the correction of defects
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inside the volume of already formed layer 13 (see Fig. 3(b)). Such defects are,
for example, individual stacks — i.e. fragments of a redox polymer, which
stopped growing during the formation of the redox polymer layer for various
reasons. The defects are corrected because metal complex molecules 19 have
enough time to diffuse to a location where a defect is located during the breaks
between the voltage pulses, and once they reach such a location, they get
oxidized there.

Besides, when using porous or fibrous materials as conducting substrate
12 of an electrode, the metal complex molecules diffuse into the depth of the
substrate material during the breaks between the voltage pulses.

Though the use of the pulse mode of voltage application increases the
total time needed to form a redox polymer layer, it makes it possible to make
the electrodes with a redox polymer layer that offer an increased specific
energy capacity. Selection of the optimal mode for the formation of the redox
polymer layer depends upon a number of factors. Therefore, depending on a
conducting substrate material used, the structure of a conducting substrate of
an electrode, a metal complex, a composition and concentration of electrolyte,
temperature, the electrolyte circulation parameters and required thickness of
redox polymer layer to be formed, the value of voltage supplied, a pulse shape,
a pulse duration and a time interval between pulses (voltage pulse ratio) can be
different.

Selection of pulse ratio for the pulses of voltage supplied to a substrate
(i.e. the ratio of the pulse repetition period to pulse duration) depends on the
following factors:

- the required thickness of a redox polymer layer being formed on the
substrate (the pulse ratio should be increased in order to produce a thicker
redox polymer layer);

- the porosity of a conducting layer (the pulse ratio is increased as the
diameter of pores decreases);

- the concentration of a monomer in the electrolyte — the pulse ratio is

increased as the concentration decreases;
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- the potential of the substrate at which the formation of polymer layer
is carried out — the pulse ratio is increased as the potential increases;

- use of electrolyte circulation in the process of polymer layer formation
- pulse ratio is increased as the efficiency of electrolyte circulation decreases;

- the electrolyte temperature - pulse ratio is increased as the
temperature decreases.

Thus, the pulse mode of voltage application turns out to be useful for the
manufacture of the electrodes offering a high specific energy capacity for the
case of: production of a thick layer of a redox polymer, low porosity of the
substrate, low concentration of a monomer In the electrolyte, high value of
potential on the substrate, absence of circulation and low temperature of the
electrolyte.

Duration of the pulses may vary within the range from 1 s to 30 min. The
duration of tfime intervals between the pulses may vary within the range from 10
s to 60 min.

Moreover, all of the above-indicated parameters of the pulsed voltage
can vary according to any trend for the optimization of the process of redox
polymer layer application. For instance, time intervals between the voltage
pulses in the beginning of the process of the redox polymer layer formation
may be shorter than those at the end of this process, while the duration of the
voltage pulses will be shorter at the end of the process and longer in the
beginning of the process. The supplied voltage can vary in such a way that the
potential on the substrate changes according {o a certain program — for
example, according to the linear trend within the range from 0 to 1.3 V for
complex [Ni(Cl-Salen)]; at that, the rate of the variation of a potential can vary
within the range from 0.005 to 1 V/s. In general, selection of the parameters

- depends upon the required energy-accumulating characteristics of the redox

polymer fayer on the substrate.
An electrode manufactured according to the described method can be
used Iin energy-storage devices (for example, in an electrochemicai capacitor).

Usually, an electrochemical capacitor comprises a hermetically sealed
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casing filled with an electrolyte, with positive and negative electrodes located
inside said casing. Depending on the specific design features of the capacitor,
the electrodes may be separated by a porous separator - for example, by a
microporous polypropylene film.

An electrolyte for the capacitor can be prepared based on organic
solvents of the acetonitrile, dimethyl ketone, or propylene carbonate type. To
prepare an electrolyte for the capacitor, 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
dissociating with the formation of electrochemically inactive (within the range of
potentials from -3.0 V to +1.5 V) ions, the diameter of which is no greater than
0.6 nm. Among such substances are, for example, the salts of tetraethyl
ammonium, tetramethyl ammonium - perchlorates, tetrafluotoborates,
hexafluoro phosphates and other substances satisfying the above-indicated
requirements.

lllustrative examples of the implementation of the method of
manufacturing an electrode are the following:

Example 1. A disk with a surface area of 38.5 cm® (manufactured from
the commercially available crucible graphite giass) was used as a conducting
substrate for an electrode.

Complex [Ni(Salen)] was used as a metal complex that forms a redox
polymer. This complex was synthesized in the following manner. The synthesis
of a nickel complex consisted in graduél pouring of the saturated ethanol
solution of ligand SalEnH, (product of Aldrich Co.) to the saturated (at a
temperature of 50°C) agueous solution of salt of metal (Ni(ClO4)2*6H,0
(product of Aldrich Co.)). The resulting mixture was continuously stirred during
this process at a room temperature until the crystals precipitated from the
resulting solution. Then the formed precipitates were filtered under the vacuum.

A redox polymer layer on the substrate surface was produced by the
method of electrochemical polymerization under the conditions of

potentiostatic polarization (application of a constant potential) with a potential

~10-
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oh the substrate being 1.0 V (with respect to a chlorine-silver comparison

electrode) for a period of 21 min in an acetonitrile solution that contained 107
mol/l of complex [Ni(Salen)] and 0.1 mol/l of tetrafluoroborate of tetrabutyl

ammonium. The voltage was supplied in the pulse mode: a three-minute period
of applied voltage (polarization) followed by three-minute break. The thickness

of a polymer layer was equal to 0.2 um.

Tests were conducted after the electrode was manufactured. The

charging and discharging of the electrode was conducted in an acetonitrile

solution that contained the base electrolyte (0.1 mol/l of tetrafluoroborate of
tetrabutyl ammonium). The charging mode was as follows: the galvano-static,

current density was equal to 30 pA/ecm?; with the potential of electrode being
monitored concurrently. The charging process was stopped when the value of
the electrode potential reached 1.2 V.

Discharging of the electrode was conducted in the galvano-static mode,
with the current density being equal to 10 uA/em?; with potential E of the
electrode being monitored concurrently. The discharge curve for the electrode
is shown in Fig. 4.

The value of the specific energy stored (calculated from the data in Fig.
4) is equal to 290 J/g of the poiymer.

Example 2. To compare the parameters of an electrode produced in the
constant voltage mode with those of an electrode produced in the pulse voltage
mode, two electrodes were manufactured on a platinum substrate with an area
of 0.3 cm?. At that, the formation of the redox polymer layer on both substrates
was conducted in similar electrolytes that included an acetoniirile solution of the
source complex [Ni(CHsO-Salen)] and 0.1 mol/l of tetrafluoroborate of tetrabutyl
ammonium for one and the same effective period of time (10 minutes), but in
the first case — in the constant voltage mode at a potential of 1.0 V, and in the
second case — in the pulse voltage mode with the parameters being as follows:
(5 polarization intervals - each of them lasted for 2 minutes - and breaks that
lasted for 5 minutes). Then the electrodes were placed into a supporting

solution (0.1 mol/l of tetrafluoroborate of tetrabutyl ammonium) and the chrono-
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volt-ampere-grams were recorded to determine the amount of electricity
corresponding to the polymer oxidation and reduction processes. The chrono-

volt-ampere-grams of the charging — discharging processes (oxidation —
reduction) of polymer complex poly-[Ni(CH30O-SalEn)] in the above-indicated
solution (0.1 mol/l of perchlorate of tetrabutyl ammonium in acetonitrile), with
the rate of scanning of potentials being equal to 50 mV/s, are shown in Fig. 5,
where | — is the charging — discharging current, £ — the potential of the
electrode. The above-indicated characteristics of the electrode produced in the
continuous polarization mode (curve 1) and electrode produced in the pulsed
polarization mode (curve 2) are shown in Fig. 5.

The observed increaase In the chrono-volt-ampere-gram maximums in
the case of the electrodes produced in the pulsed polarization mode points to
the fact of 50% increase in the amount of electricity corresponding-to the

polymer oxidation and reduction processes.
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CLAIMS

1. A method of manufacturing an electrode for energy-storage devices

comprising:

applying a voltage in a pulse mode between a conducting substrate
serving as a anode and a counter electrode service as a cathode, both
electrodes being submerged into the electrolyte containing an organic solvent,
compounds capable of dissolving in said solvent, which dissolution is
accompanied by a production of electrochemically inactive ions at
concentrations of no less than 0.01 mol/l within a range of potentials from -3.0
V to +1.5 V, and of a metal complex [Me(R-Salen)] at a concentration of no less

than 5-10™ mol/l, wherein:

Me is a transition metal having at least two different degrees of

oxidation,
R is an electron-donating substituent,

Salen is a residue of bis-(salicylaldehyde)-ethylenediamine in
Schiff's base: and

growing a redox polymer of the poly-[Me(R-Salen)] type on the
conducting substrate by electrochemical polymerization at the voltage applied

between the anode and the cathode.

2. The method of claim 1, wherein a duration a pulse of the voltage in
the pulse mode is from 1 s to 30 min with a pulse ratio being up to 3600.

3. The method of claim 1, wherein the conducting substrate is a

conductive material electrochemically inactive within the range of potentials

from-3.0Vio+1.5 V.

4. The method of claim 3, wherein the conducting substrate is a

carbon material.

5. The method of claim 3, wherein the conducting substrate is a

13-
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carbon material with a metal coating.

6. The method of claim 3, wherein the conducting substrate is a metal

having a high value of specific surface parameter.

7. The method of claim 3, wherein the conducting substrate is an
electrically conductive polymer in the form of a film, a porous structure, or a

solid foam.

8. The method of claim 1, wherein the organic solvent comprises

acetonitrile, dimethyl ketone, or propylene carbonate.

9. The method of claim 1, wherein the compounds comprise salts of
tetrabutyl ammonium, tetraethyl ammonium, and tetramethyl ammonium -

perchlorates, tetrafluotoborates, hexafluoro phosphates.

10. The method of claim 1, wherein the transition metal Me is selected

from the group consisting of Ni, Pd, Co, Cu, Fe and combinations thereof .

11. The method of claim 1, wherein the electron-donating substituent R
comprises CH30-, CzH50-, HO-, -CHs.

12. The method of claim 1, wherein growing the redox polymer on the
substrate is occurring at a substrate potential no higher than the potential of

nonreversible oxidation of the the redox polymer.

13. The method of claim 1, further comprising circulating the electrolyte
while growing the redox polymer.

14
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