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57 ABSTRACT

The present electroactivated film includes: a first electrode
that is spaced apart from a second electrode, a water insoluble
electrically conductive medium which is permeable to mois-
ture and oxygen and which contacts both electrodes, an elec-
trocatalyst which can be reversibly oxidized and reduced and
which facilitates the production of a peroxide when an elec-
trical potential is imposed across the electrodes, and a perox-
ide-activating catalyst which converts the peroxide to an acti-
vated peroxide, where the peroxide activating catalyst is
immobilized in a phase that is in contact with the moisture-
permeable and oxygen permeable electrically conductive
medium.
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ELECTROACTIVATED FIILLM WITH
IMMOBILIZED PEROXIDE ACTIVATING
CATALYST

CROSS-REFERENCES TO RELATED PATENTS
AND PATENT APPLICATIONS

[0001] This application is a non-provisional of and claims
priority to U.S. Provisional Patent Application 61/128,953,
filed May 23, 2008, and is related to U.S. patent application
Ser. No. 11/471,877, filed Jun. 21, 2006, which was a non-
provisional of U.S. Provisional Patent Application No.
60/692,529, filed Jun. 21, 2005, each of which is incorporated
by reference herein in its entirety.

GOVERNMENT LICENSE RIGHTS

[0002] This invention was made with Government support
under Contract No. W911 QY-06-C-0065 awarded by U.S.
Army RDECOM Acquisition Center, Natick Contracting
Division, Natick, Mass. The government has certain rights in
the invention.

BACKGROUND OF THE INVENTION

[0003] (1) Field of the Invention

[0004] The present invention relates to decontaminating
coatings, and more particularly to decontaminating coatings
in which the decontaminating effect is triggered by electro-
activating the coating.

[0005] (2) Description of the Related Art

[0006] The need to protect or cleanse surfaces of contami-
nants is important in many different contexts. It is well known
that equipment, floors, walls, counters, and the like, in hos-
pitals and health care facilities must be sanitized regularly.
Food service equipment and facilities must be cleaned and
sanitized. Certain processing equipment in some manufactur-
ing and/or diagnostic facilities demands a high level of clean-
liness and freedom from contaminants.

[0007] In a different context, it is important to be able to
decontaminate or neutralize chemical and biological warfare
agents in order to reduce or avoid grave injury or death of
human beings. In this context, the purposeful deployment of
extremely aggressive and harmful chemical or biological
agents is meant to cause massive contamination of exposed
surfaces, which can remain dangerous to living subjects for as
long as the harmful agent retains its potency and remains on
the surface. Not only are organizations such as the armed
forces interested in dealing with such harmful agents, but
organizations such as post offices, package delivery services,
and the like, are also vigilant to such attacks.

[0008] Many sanitization and cleaning methods and com-
pounds are well known in the art that meet the needs of
common cleaning and sanitizing requirements. More
recently, greater attention has been placed on improved and
different techniques and compounds that can be used for the
decontamination of surfaces and articles contaminated with
chemical and biological warfare agents.

[0009] InU.S. patent application Ser. No. 11/471,877, Kin-
len et al. disclosed a method of producing peroxides in a
coating, which comprised providing a coating comprising a
peroxide source and a peroxide activating catalyst, causing
the peroxide source to produce a peroxide, and contacting the
peroxide with the catalyst to produce activated peroxide. That
application also disclosed a coating for a surface, wherein the
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coating comprised a peroxide source and a peroxide activat-
ing catalyst in a durable matrix.

SUMMARY OF THE INVENTION

[0010] Briefly, the present invention is directed to an elec-
troactivated film that includes: a first electrode that is spaced
apart from a second electrode, a water insoluble electrically
conductive medium which is permeable to moisture and oxy-
gen and which contacts both electrodes, an electrocatalyst
which can be reversibly oxidized and reduced and which
facilitates the production of a peroxide when an electrical
potential is imposed across the electrodes, and a peroxide-
activating catalyst which converts the peroxide to an activated
peroxide, wherein the film has the improvement wherein the
peroxide activating catalyst is immobilized in a phase that is
in contact with the moisture-permeable and oxygen perme-
able electrically conductive medium.

[0011] The present invention is also directed to a novel
electroactivated film comprising a first electrode that is
spaced apart from a second electrode, a water insoluble elec-
trically conductive medium which is permeable to moisture
and oxygen and which contacts both electrodes, an electro-
catalyst which can be reversibly oxidized and reduced and
which facilitates the production of a peroxide when an elec-
trical potential is imposed across the electrodes, and a perox-
ide-activating catalyst which converts the peroxide to an acti-
vated peroxide, wherein the peroxide activating catalyst is
immobilized in a phase that is in contact with the moisture-
permeable and oxygen permeable electrically conductive
medium.

[0012] The present invention is also directed to a method of
producing an electroactivated film that includes: a first elec-
trode that is spaced apart from a second electrode, a water
insoluble electrically conductive medium which is permeable
to moisture and oxygen and which contacts both electrodes,
an electrocatalyst which can be reversibly oxidized and
reduced and which facilitates the production of a peroxide
when an electrical potential is imposed across the electrodes,
and a peroxide-activating catalyst which converts the perox-
ide to an activated peroxide, wherein the method has the
improvement comprising immobilizing the peroxide activat-
ing catalyst in a phase that is in contact with the moisture-
permeable and oxygen permeable electrically conductive
medium.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 shows examples of substituted anthraquino-
nes that are useful as the electrocatalyst in an embodiment of
the present method;

[0014] FIG. 2 illustrates the attachment of anthraquinone to
an electrode and shows its action in transferring hydrogen
ions and electrons in the reaction to produce hydrogen per-
oxide with the reduction of oxygen in an embodiment of the
present method;

[0015] FIG. 3 is a schematic representation of covalent
grafting of a quinone onto a carbon electrode:

[0016] FIG. 4 illustrates possible mechanism of electro-
chemical generation of peroxide from oxygen using quinone-
immobilized carbon electrodes under acidic and basic condi-
tions;

[0017] FIG. 5 shows levels of hydrogen peroxide genera-
tion in one hour using carbon fiber electrodes modified with
covalently-grafted anthraquinone and indicates the prefer-
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ence for H,0, generation with covalently grafted quinone at
basic pH and a quinone-to-hydroquinone reduction potential;
[0018] FIG. 6 illustrates the immobilization of TAML®
onto anion exchange resin by ionic bonding;

[0019] FIG. 7 illustrates the PSS/PDDA-TAML® multi-
layer immobilization scheme for TAML®;

[0020] FIG. 8 is a schematic representation of a stacked
layer configuration for an embodiment of the present film;
[0021] FIG. 9 is a schematic representation of the film
device used for the phenol red bleaching test for activity of
immobilized TAML in a PSS/PDDA-TAML multi-layer
coating located on top of an electrolyte gel layer; and
[0022] FIG. 10 shows graphs of the concentration of H,O,
versus time generated using (a) TBBQ, DHAQ and PAQ
deposited onto carbon fiber electrodes under acidic (pH 1.62)
conditions and (b) TBBQ deposited onto carbon fiber elec-
trodes under basic (pH 11) and acidic (pH 1.62) conditions.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0023] Inaccordance with the present invention, ithas been
discovered that hydrogen peroxide can be produced in a film
from oxygen and water when an electric potential is applied to
the film. A great advantage of the novel film is that the oxygen
and water that are used to form the decontaminating agent can
be replenished by simple contact of the film with water and
oxygen—both of which can be provided by moist ambient air.
This feature permits repeated use of the film for decontami-
nation purposes without further addition of reactants and
without the necessity of storing a source of the active agent or
its precursor within the film. Therefore, the coating can be
thin and light and can be activated, restored by exposure to air
and water, and re-activated again and again. This feature is
very advantageous when the coating is difficult to reach or is
used in areas where it is difficult or dangerous to renew a
surface treatment between contaminating events.

[0024] The present electroactivated film includes a first
electrode that is spaced apart from a second electrode. A
water insoluble electrically conductive medium which is per-
meable to moisture and oxygen contacts both electrodes and
serves as a conductor between the electrodes to complete an
electrical circuit and also can act as a temporary reservoir of
moisture and oxygen. Preferably, the film also includes an
electrocatalyst, which is a chemical that can be reversibly
oxidized and reduced and which facilitates the production of
a peroxide when an electrical potential is imposed across the
electrodes. Optionally, the film includes a peroxide-activating
catalyst, which converts the peroxide to an activated peroxide
in order to increase its activity against chemical contami-
nants.

[0025] The film can also include a lead to each electrode,
which connects the electrode to a positive or negative pole of
a source of an electrical potential such as a battery, generator,
or line voltage. A switch can be placed in the circuit to control
the imposition of an electrical potential to the film.

[0026] The present film can be used as a stand-alone film, or
it can be applied to a surface as a coating. When used as a
coating, the film can be adapted to be used on the surfaces of
almost any type of substrate. Examples of substrates on which
the present coatings can be applied include metal, plastic,
wood, fabric, glass, ceramic, or a mixture of any of these. The
present films and methods are particularly useful when
applied to the surfaces of flexible substrates, such as fabrics
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and plastic films. In these applications, the present protective
coating can be applied to clothing, tents, protective shelters,
and the like.

[0027] Although almost any substrate is suitable for use
with the present coatings and methods, it is preferred that the
substrate is one that has a surface that is subject to contami-
nation, such as a surface that is exposed to the environment.
The substrate can be hard, soft, or of almost any texture, and
can be composed of almost any material, including, without
limitation, metal, plastic, wood, fabric, clay, fibers, paper, or
the like. Substrates on which the present coatings and meth-
ods are commonly useful include tents, protective coverings
and shelters, outer surfaces of vehicles and equipment that
may be exposed to harmful agents, such as nerve gases,
toxins, and biological warfare agents, and surfaces for which
cleanliness and sterility are important, such as on food prepa-
ration and food service equipment and hospital and health
service equipment. Furthermore, the coatings and methods of
the present invention can be applied over almost any pre-coat
that has been applied to a substrate surface, such as a painted
surface.

[0028] When the term “surface”, or “surfaces”, is used
herein in relation to a substrate—a material or article on
which the subject coating is placed—it means any surface of
the material or article that is subject to contamination and for
which a decontamination ability is desired. These surfaces are
commonly outer surfaces, that is, surfaces of the material or
article that are exposed to the surrounding environment.
When the term “surface” is used herein in relation to the
present coating, it refers to the outer surface of the coating,
rather than to the surface of the coating that contacts the
substrate or is nearest the substrate.

[0029] As used herein, the terms “electroactivated film”
mean a film that displays decontaminating properties when an
electrical potential is applied to the film. The application of an
electrical potential to the film in order to generate a decon-
taminating agent is referred to herein as “electroactivation”.
Preferably, the film displays the decontaminating properties
to a greater degree during and/or after electroactivation than
before electroactivation. In one embodiment, the electroacti-
vated film produces a decontaminating agent, such as hydro-
gen peroxide, when an electrical potential is applied to the
coating.

[0030] As used herein, the term “contaminant” means any
chemical or biological compound, constituent, species, or
agent that through its chemical or biological action on life
processes can, if left untreated, cause death, temporary inca-
pacitation, or permanent harm to humans or animals. This
includes all such chemicals or biological agents, regardless of
their origin or of their method of production. The present
method and coating is useful for the decontamination of sur-
faces that are contaminated with chemical and/or biological
warfare agents, as well as with common bacteria, viruses,
fungi, or other undesirable chemicals, toxins, or living organ-
isms. Biological warfare agents that can be destroyed by the
present invention include, without limitation, bacteria,
viruses and fungi, including vegetative and spore forms.
These include organisms that produce, or are the causative
organisms for, anthrax, smallpox, plague, botulinum toxin,
and other diseases. Also included are the chemical toxins that
are produced by the organisms.

[0031] As used herein, the term “decontaminate” means to
change a contaminant from a form or an amount that is harm-
ful to a human or an animal to a form or an amount that is less
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harmful to the human or animal by any degree. Preferably,
when a contaminant is decontaminated, it is rendered sub-
stantially harmless to humans or animals that come into con-
tact with it after decontamination is completed. When used
herein in the context of decontamination of a contaminant, the
term “destroy” means the modification of the chemical struc-
ture of the contaminant to a chemical form that is less harmful
to humans or animals than the original structure, and the term
“neutralize” means the combination of the contaminant with
another compound or material that binds or dilutes the con-
taminant, or otherwise renders it less available to harmful
interaction with the biological system of a human or animal
with which it comes in contact.

[0032] Chemical warfare agents that can be destroyed by
the present invention include, but are not limited to, types of
nerve gas G, such as the o-alkyl phosphonofluoridates, sarin
(GB) and soman (GD), and o-alkyl phophoramidocyanidates,
such as tabun (GA); types of nerve gas V, such as o-alkyl,
s-2-dialkyl aminoethyl alkylphosphonothiolates and corre-
sponding alkylated or protonated salts, such as VX; vesicants,
such as the mustard compounds, including 2-chloroethyl-
chloromethylsulfide, bis(2-chloroethyl)sulfide, bis(2-chloro-
ethylthio)methane, 1,2-bis(2-chloroethylthio)ethane, 1,3-bis
(2-chloroethylthio)-n-propane, 1,4-bis(2-chloroethylthio)-n-
butane, 1,5-bis(2-chloroethylthio)-n-pentane, bis(2-
chloroethylthiomethyl)ether, and bis(2-chloroethylthioethyl)
ether; Lewisites, including 2-chlorovinyldichloroarsine, bis
(2-chlorovinyl)chloroarsine, tris(2-chlorovinyl)arsine, bis(2-
chloroethyl)ethylamine, and bis(2-chloroethyl)
methylamine; saxitoxin, ricin, alkyl phosphonyidifiuoride,
alkyl phosphonites, chlorosarin, chlorosoman, amiton, 1,1,3,
3,3,-pentafluoro-2-(trifluoromethyl)-1-propene,  3-quinu-
clidinyl benzilate, methylphosphonyl dichloride, dimethyl
methylphosphonate, dialkyl phosphoramidic dihalides,
dialkyl phosphoramidates, arsenic trichloride, diphenyl
hydroxyacetic acid, quinuclidin-3-ol, dialkyl aminoethyl-2-
chlorides, dialkyl aminoethan-2-ols, dialkyl aminoethane-2-
thiols, thiodiglycols, pinacolyl alcohols, phosgene, cyanogen
chloride, hydrogen cyanide, chloropicrin, phosphorous oxy-
chloride, phosphorous trichloride, phosphorus pentachloride,
alkyl phosphites, sulfur monochloride, sulfur dichloride, and
thionyl chloride.

Electrodes

[0033] The present electroactivated film includes a first
electrode that is spaced apart from a second electrode. When
it is said that a first electrode is “spaced apart” from a second
electrode, it is meant that the electrodes do not touch each
other. In some configurations, the electrodes can be separated
by approximately the same distance at all points in order to
equalize current density and current flow between the elec-
trodes.

[0034] The electrodes of the present invention can be com-
posed of any material that is known in the art for use as an
electrode. By way of example, metals, metal oxides, intrinsi-
cally conductive polymers, carbon, and the like, can be used
as electrodes. In particular, titanium, silver, platinum, polya-
nilines, polypyrroles, polythiophenes, indium tin oxide, car-
bon, carbon paper, carbon cloth, carbon fibers, carbon ink,
glassy carbon, carbon-filled polymers and resins, and the like
are useful as electrodes in the present invention. The elec-
trodes can be in the form of strips, sponges, fibers, woven and
non-woven textiles, films, wires, rods, bars, screens, and the

Nov. 26, 2009

like. The electrodes can be deployed within the film in a
coplanar layer, or they can be arranged in sequential layers
within the film.

[0035] In some applications, carbon electrodes have been
found to be preferred. In particular, it has been found that
carbon fiber electrodes result in the generation of higher
concentrations of hydrogen peroxide, by at least one order of
magnitude, due to higher surface areas than provided by
conventional carbon electrodes such as glassy carbon elec-
trodes or screen-printed carbon electrodes. As will be dis-
cussed below in detail, modified carbon electrodes, and in
particular modified carbon fiber electrodes, that are coated
with electrodeposited, physically adsorbed, or covalently
bound electrocatalyst compounds have been found to gener-
ate twice the amount of peroxide as unmodified carbon fibers
without immobilized electrocatalyst. Furthermore, modified
carbon electrodes to which the immobilized electrocatalyst is
covalently bonded exhibit improved stability with cycling
without desorption of the electrocatalyst from the surface, as
compared with electrodes having physically adsorbed elec-
trocatalysts.

[0036] One or both of the electrodes is optionally coated
with a polymer, such as a fluorinated sulfonic acid copolymer,
an example of which is Nafion®, in order to reduce or prevent
the decomposition of hydrogen peroxide. Preferably, the
anode is optionally coated with a fluorinated sulfonic acid
copolymer, such as Nafion®.

[0037] There can be one or more first electrodes and one or
more second electrodes, and each electrode can be formed
from the same or a different material and can have the same or
a different form as any other electrode. Each “first” electrode
will have the same charge as all other first electrodes. In other
words, all first electrodes can be either positive electrodes
(anodes) or negative electrodes (cathodes). Likewise, each
second electrode will have the same charge as all other second
electrodes, which charge is opposite in sign from the charge
on the first electrodes.

[0038] When the present electroactivated film is used as a
decontaminating coating, the decontaminating agent can be
produced by applying an electrical potential to the film. In
order to supply an electrical potential to the present film, the
first and second electrodes are preferably connected to oppo-
site poles of a source of an electrical potential by electrode
leads. The electrode leads can be of any material that is
commonly used for electrode leads in the art. For example,
the electrode leads can be formed from a metal, such as silver
or copper, or from an electrically conductive metal com-
pound, or from carbon, or from an intrinsically conductive
polymer, or the like. The source of electrical potential can be
any source of electrical potential, such as, for example, a
battery, line voltage, solar panel, electrical generator, or any
other source of electrical potential. However, the use of a
battery or any other source of DC current is preferred. It is
preferred that direct current be applied to the coating at a low
voltage. It is preferable that the voltage is between about —10
volts and +50 volts versus a Ag/AgCl reference electrode,
more preferred that it is between about —5 volts and about +25
volts vs. Ag/AgCl, even more preferred that it is between
about -2 volts and about +5 volts vs. Ag/AgCl, and yet more
preferred that it is between about —1 volts and about +2 volts
vs. Ag/AgCL

Electrocatalyst

[0039] Inembodiments ofthe present coating where hydro-
gen peroxide is the decontaminating agent, it is preferred that
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one or more electrocatalysts are included as components of
the film. As used herein, an electrocatalyst is to be understood
to be a compound or molecule which facilitates the transfer of
electrons and hydrogen ions to oxygen and which promotes
the formation of hydrogen peroxide when an electrical poten-
tial is imposed across the electrodes. Preferably, the electro-
catalyst is a compound that can be reversibly oxidized and
reduced. Examples of useful electrocatalysts for the present
coating and method comprise substituted or unsubstituted
quinones, including naphthoquinones and anthraquinones.
[0040] Specific examples of useful quinone electrocata-
lysts include 2,6-dihydroxyanthraquinone (DHAQ), 2,3-
dichloro-1,4-naphthoquinone (DCNQ), aminoanthraquinone
(AAQ), tetrabromo-p-benzoquinone (TBBQ), 6,13-penta-
cenequinone (PAQ), 2-amino-3-chloro-1,4-naphthoquinone
(ACNQ), phenanthrenequinone (PTQ), anthraquinone (AQ),
and the substituted anthraquinones shown in FIG. 1. Mixtures
of any of these can also be used. TBBQ and DHAQ were
preferred electrocatalysts.

[0041] The electrocatalyst can be attached to an electrode,
or it can be distributed throughout the gel. FIG. 2 illustrates
the attachment of anthraquinone to a cathode, which can be a
carbon electrode, and also illustrates the function of the
anthraquinone in transferring hydrogen ions and electrons
from the cathode to oxygen for the production of hydrogen
peroxide. In one embodiment, a first electrode with bound
anthraquinone could be attached to the substrate and covered
with the gel medium layer. A second electrode having oppo-
site polarity could be separated from the first electrode and
also be in contact with the gel medium. Imposition of an
electrical potential between the electrodes causes the reduc-
tion of anthraquinone to 4,9-dihydroxyanthracene. Oxygen
diffusing through the gel medium would then be reduced by
the 4,9-dihydroxyanthracene to hydrogen peroxide and oxi-
dizes the 4,9-dihydroxyanthracene back to anthraquinone.
The cycle could then be repeated for as long as the electrical
potential remained imposed on the coating and oxygen was
available at the first electrode.

[0042] It has been found that the electrocatalyst can be
immobilized onto an electrode in order to slow or prevent its
diffusion through the gel medium and loss from the film.
Immobilization of the electrocatalyst on an electrode can be
done by any method that affixes the electrocatalyst to the
electrode in such a way that it does not impair the ionic and
electron transfer function of the molecule, but reduces or
prevents leaching of the electrocatalyst from the film during
repeated cycles of use. Preferred methods of immobilizing
the electrocatalyst onto an electrode include electropolymer-
ization, physical adsorption, and covalent bonding.

[0043] When a quinone is used as the electrocatalyst and
the electrode is carbon, the quinone can be physically
adsorbed onto the carbon by treating the carbon surface with
a mineral acid, such as nitric acid, followed by treating with a
base, such as sodium hydroxide or potassium hydroxide, then
washing with water, and contacting the washed carbon sur-
face with a solution of the desired quinone in a suitable
solvent under conditions of time, temperature and pH suffi-
cient for the quinone to adsorb onto the surface of the carbon.
After washing, the quinone-coated electrode is ready for use.
[0044] Ina particular embodiment, a carbon fiber electrode
can be coated with a quinone electrocatalyst by contacting the
fiber with 10% by weight nitric acid at room temperature for
2-4 hours, washing with deionized water, contacting the
fibers with a 0.1% to about 10% by weight solution of the
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quinone in ethanol or acetonitrile for 6-12 hours, and then
washing the fibers with water and/or an acid solution.
[0045] In an alternative aspect, a modified electrode can be
produced by intermixing a quinone with a carbon ink and
applying the mixture to a surface by screen printing or the
like. When the carbon ink is cured, the mixture forms a carbon
electrode that includes an immobilized electrocatalyst.
[0046] In another alternative aspect, a modified electrode
can be produced by forming a dispersion of a quinone and
carbon powder in a liquid, such as hexanes. Mixing can be
accomplished by high intensity mixing, such as sonication.
The dispersion can be spray coated onto a surface to form a
carbon/electrocatalyst electrode.

[0047] Inanother alternative aspect, a quinone can also be
intermixed with carbon powder in the presence of a binder,
such as 10% by weight Nafion® solution, in a solvent, such as
2-propanol. After mixing the binder with the quinone and
carbon powder, the solvent can be evaporated to produce a
blended powder. The resulting powder can be re-dispersed in
hexanes and can be applied to a surface, such as by spray-
coating, to form an electrode comprising the quinone electro-
catalyst, carbon powder and binder.

[0048] In another embodiment, a quinone can be immobi-
lized onto a carbon electrode by covalent bonding. It has been
found that advantages can be obtained if carbon fibers are
used as the electrode. Covalently attached quinones do not
desorb from the electrode during use, and much higher
quinone loadings can be obtained on carbon fiber, as opposed
to glassy carbon for example, due to the greater surface area
per unit weight of the carbon fibers. Carbon fiber electrodes
having covalently attached quinone electrocatalysts generate
higher concentrations of hydrogen peroxide, by at least an
order of magnitude, than glassy carbon or screen printed
carbon electrodes. Moreover, carbon electrodes having
covalently bound quinone electrocatalysts generate twice the
amount of peroxide as pristine carbon electrodes absent the
attached quinone.

[0049] Covalent attachment of a quinone electrocatalyst to
a carbon electrode can be accomplished by any of the meth-
ods described by Schiffrin et al., J. of electroanalytical chem-
istry, 515:101 (2001), Schiffrin et al., J. of electroanalytical
chemistry, 564:159 (2004), Schiffrin et al., J. of electroana-
Iytical chemistry, 541:23 (2003), Kullapere et al., Electro-
chemistry communications, 9(5): 1196-1201 (2007), Pandu-
rangappa, M. etal., Analyst, 127:1568-1571 (2002), or Vaik et
al., Electrochemical Acta, 50(25-26):5126-5131 (2005).
[0050] One example of a method of covalently bonding a
quinone to a carbon substrate involves grafting diazonium
salts of the quinone monomer (e.g. anthraquinone diazonium
chloride) onto the carbon. This method is illustrated in F1G. 3,
and mechanisms of peroxide generation from oxygen using
quinone-immobililized carbon electrodes under acidic and
basic conditions are illustrated in FIG. 4. In brief, the method
involves placing the electrode into an electrochemical cell
holding a solution of the quinone, diazonium chloride and
tetrabutyl ammonium tetrafluoroborate in acetonitrile. The
quinone is deposited onto the electrode by subjecting the cell
to cyclic voltammetry between 0.65 to 0.45V vs. SCE using
Gamry at 200 mV/s scan rate. Covalent grafting is completed
by applying a constant potential of —0.2 V vs. SCE for 20
minutes to the coated electrodes.

[0051] FIG. 5 shows levels of hydrogen peroxide genera-
tion in one hour using carbon fiber electrodes modified with
covalently-grafted anthraquinone and indicates the prefer-
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ence for H,0, generation with covalently grafted quinone at
basic pH and a quinone-to-hydroquinone reduction potential.

Polymer Gel Electrolyte

[0052] A component of the present coating is a water
insoluble electrically conductive medium which is permeable
to moisture and oxygen and which contacts both electrodes
and serves as a conductor between the electrodes to complete
an electrochemical cell. The medium can also act as a tem-
porary reservoir of moisture and oxygen. This medium can be
one or more layers of polymers, gels, resins, or any other
structural material that forms a solid, rigid, or gel matrix that
is not water soluble after curing, and is durable, as discussed
below. It is preferred that the medium is a gel. When it is said
that the present conductive medium is electrically conductive,
it is meant that the medium is ionically conductive and pref-
erably has an ionic conductivity as measured by AC imped-
ance spectroscopy of at least about 1x107° S/cm, or at least
about 1x107> S/cm, or higher.

[0053] When it is said that the present medium is ionically
conductive, it is meant that electrical charges are able to move
through the coating as ionic species.

[0054] Itis preferred that the present conductive medium is
adherent to the substrate surface and is durable, at least to the
extent that the film, once applied and cured, if curing is
required, is resistant to removal due to normal use of the
article that has been coated. Furthermore, it is preferred that
the conductive medium and the film are not water soluble. As
those terms are used herein, a medium is not water soluble if
not over 2% by weight of the cured medium dissolves upon
submersion in water at 25° C. for 24 hours. It is preferred that
notover 1% of the medium dissolves, and more preferred that
not over 0.5% by weight of the medium dissolves under those
conditions. In a preferred embodiment, the present medium is
used to form a film that is distinguished from a temporary
coating that can be formed on a surface by the application of
a foam, a liquid formulation, or the like to the surface.
[0055] As mentioned above, when the present film is an
electroactivated coating that produces hydrogen peroxide as
the decontaminating agent, it is preferred that the medium is
permeable to water vapor and oxygen. It is preferred that the
present medium is sufficiently permeable to water vapor that
it is capable of absorbing at least about 2% of its weight as
moisture (water), or at least about 4% of its weight as mois-
ture, or at least about 8% of its weight as moisture, or at least
about 10% of its weight as moisture, all from ambient air at
about 50% relative humidity. Alternatively, such moisture
levels can be provided by applying liquid water or water vapor
to the film.

[0056] Furthermore, it is preferred that the medium is suf-
ficiently permeable to hydrogen peroxide to permit the migra-
tion of hydrogen peroxide to the peroxide activating catalyst
and to permit activated hydrogen peroxide to migrate toward
the surface of the film so that the activated hydrogen can
contact a contaminant that is present on the surface.

[0057] Inone embodiment, the water insoluble electrically
conductive medium which is permeable to moisture and oxy-
gen comprises a water insoluble polymer gel and an ionic
liquid. In some embodiments, the gel is a crosslinked polymer
gel. In an embodiment of the invention, the gel can include
poly(vinyl alcohol)-co-amine (PVA-co-amine), poly(vinyl
alcohol)/vinyl formamide (PVA/VF), a polymer selected
from carboxymethyl cellulose (CMC), carboxypropyl cellu-
lose (CPC), carboxyethyl cellulose (CEC), poly(vinyl alco-
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hol) (PVA), poly(ethylene oxide) (PEO), and mixtures
thereof, in combination with an ionic liquid and with an
optional crosslinking agent.

[0058] Examples of polymer gels that are useful in the
present invention include an ionic liquid in combination with
Poly(vinyl alcohol) (PVA)/H,PO, gels, NAFION®/H,SO,
gels, PVA/poly(vinyl alcohol)/amine copolymer (PVA-co-
amine) gels, PVA/Poly(ethylene oxide) (PEO)/PVA-co-
amine gels, and PEO/PVA-co-amine gels. Optionally, the
gels can contain other components such as crosslinking
agents. A preferred gel comprises PVA/PVA-co-amine with
anionic liquid and a crosslinking agent. Another preferred gel
comprises PEO/PVA-co-amine with an ionic liquid and a
crosslinking agent. Although almost any crosslinking agent
can be used that is chemically compatible with the compo-
nents of the gel electrolyte, styrene/maleic anhydride and
polyamide/epichlorohydrin crosslinkers are preferred.
[0059] The poly(vinyl alcohol)/amine copolymer (PVA-
co-amine) can be one having the structure:

H
c & c —C
NH,

where the value of m plus n ranges from about 1,000 to about
100,000, and in particular from about 1,000 to about 10,000,
or from about 1,000 to about 4,000; and where the ratio of m
and n is from about 99 to 1 to about 1 to 99, or from about 99
to 1 to about 2 to 1, or from about 20 to 1 to about 5 to 1.
[0060] Alternatively, the poly(vinyl alcohol) amine copoly-
mer (PVA-co-amine) can be one having the structure:

n

—[—CHZ—TH-]m—[-CHZ—TH-]n—[-CHZ—ClH-]X—[-CHZ—TH-]y—

(l) | NH,
?=O C|=O
CH; H
[0061] where:
[0062] m is 0-15 mole %
[0063] nis 50-99 mole %
[0064] x is 0-30 mole %, preferably 0.5-10 mole %, and
[0065] vy is 0.2-50 mole %, preferably 1-25 mole %.
[0066] Preferably, m is 0-2 mole %, n is 70-95 mole %, x is

0.5-10 mole %, and y is 1-25 mole %. Or, m is 0-2 mole %, n
is 85-95 mole %, x is 0.5-4 mole %, and y is 5-12 mole %.
[0067] Suitable polyvinyl alcohol/amine copolymers can
be purchased commercially and examples of such materials
include materials available from Erkol, S.A., Tarragona,
Spain having designations: ERKOL™ [.12 and M12, as
described in U.S. Pat. No. 7,166,555. PVA-co-amines suit-
able for use in the present invention are also described in U.S.
Pat. Nos. 5,326,809, 4,774,285, and EP 0,339,371 A2.
[0068] Poly(vinyl alcohols) that are useful in the present
medium include almost any poly(vinyl alcohol) of commer-
cial grade and purity. Examples include Celvol ® PVA’s avail-
able from Celanese Corporation, Dallas, Tex., and PVA 98%
hydrolyzed, available from Sigma-Aldrich, St. Louis, Mo.
[0069] Poly(ethylene oxides) (PEO) that are useful in the
present medium include polymers of normal commercial
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purity and grade having molecular weights from about 100,
000 to about 10,000,000. PEO having a molecular weight of
from about 1,000,000 to about 9,000,000 is preferred, from
about 6,000,000 to about 9,000,000 is more preferred, and
about 8,000,000 is yet more preferred. Suitable PEO for use
in this invention is available from Dow Chemical Company,
DuPont, BASF, and Aldrich, among other suppliers.

[0070] Ithasbeen found useful to include an ionic liquid as
acomponent of the present electrolyte gel. Although the ionic
liquid can be present in the gel at almost any concentration
that provides the desired level of conductivity and the desired
gel physical parameters, it is normal that the ionic liquid is
present in a range of from about 0.1% to about 20%, by
volume of the gel, or from about 1% to about 6%, or from
about 2% to about 4%. The presence of the ionic liquid
increases the ionic conductivity of the gel medium and also
appears to add a separate biocidal effect in the decontaminat-
ing action of the film.

[0071] Examples of ionic liquid that can be used in the
present film include ethylammonium nitrate, mixtures of 1,3-
dialkylimidazolium or 1-alkylpyridinium halides and trihalo-
genoaluminates, salts of hexafluorophosphate, salts of tet-
rafluoroborate, salts of bistriflimide, 1-ethyl-3-methyl
imidazolium bis(triftuoromethanesulfonyl) amide, 1-butyl-3-
methylimidazolium nitrate, 1-butyl-3-methylimidazolium
tetrafluoroborate, 1-butyl-3-methylimidazolium chloride,
1-butyl-3-methylimidazolium hexafluorophosphate, proto-
nated betaine bis(trifluoromethanesulfonyl)imide, N-butyl-
N-methyl pyrrolidinium bis(trifluoromethanesulfonyl)imide,
ammonium and halide salts of 1-alkyl-3-methylimidazolium,
ammonium and halide salts of 1-alkylpyridinium, ammo-
nium and halide salts of N-methyl-N-alkylpyrrolidinium, for-
mate salts, alkylsulfate salts, alkylphosphate salts, glycolate
salts, 1-alkylimidazole, and mixtures thereof.

[0072] Preferred ionic liquids comprise 1-butyl-3-meth-
ylimidazolium hexafluorophosphate (BMIPF ), and 1-butyl-
3-methylimidazolium tetrafluoroborate (BMIBF,,).

[0073] It has been found that gels that are used in embodi-
ments where they are in contact with a hydrogen peroxide
activating catalyst such as TAML® preferably have a pH that
is from about neutral to basic. Preferred pH ranges are
between about 7 and about 12, or between about 7 and about
11, or about 7 and about 10, or about 7 and about 9, or about
8. The pH of the gel can be adjusted by contacting the cured
gel with a basic solution to raise the pH into the desired range.
For example, a NAFION®/H,SO, gel can be contacted with
a liquid solution of NaOH to bring the pH above 7. The pH of
a gel comprising PVA/PVA-co-amine and BIMPF ; was about
8.

[0074] The polymer electrolyte gel of the present invention
can be produced by any method known in the art for the
production of a gel. A useful method for producing the
present gel medium is to intermix the polymer components of
the gel with a solvent to form a solution and then to remove
the solvent to form a solid or semi-solid gel. If a crosslinking
agent is included in the formulation, it can be made to react by
application of heat, change of pH, application of radiation,
application of a chemical catalyst, removal of solvent, or
some other impetus, to form a crosslinked gel.

[0075] Almost any crosslinking agent can be used to
crosslink the polymers into a gel structure. Examples of suit-
able crosslinking agents include multifunctional carbodiim-
ides, aldehydes, anhydrides, epoxies, imidates, isocyanates,
melamine formaldehyde, epichlorohydrin, polyamide/ep-
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ichlorohydrin, 2,5-dimethoxytetrahydrofuran, and 2-(4-dim-
ethylcarbomoyl-pyridino)ethane-1-sulfonate. Examples of
commercially available polyamide/epichlorohydrin
crosslinking agent are the POLY CUP® series of crosslinkers
supplied by Hercules, Inc., Wilmington, Del. POLYCUP®
172 has been found to be particularly useful as a crosslinker
for the present conductive gels. POLYCUP® 172 can be
included in gel formulation and then activated by heating the
mixture to about 100° C. to form a crosslinked gel.

[0076] An example of the present polymer gel electrolyte
comprises from about 0.2% to about 20%, preferably about
4% to about 5% by weight PVA, from about 0.2% to about
20%, preferably about 4% to about 5% by weight PVA-co-
amine, from about 0.2% to about 40%, preferably about 5% to
about 10% by volume, BMIPF, wherein the polymers are
crosslinked with from about 0.02% to about 2%, preferably
about 1.6% by weight of a polyamide/epichlorohydrin
crosslinking agent, all based on the weight or volume of the
conductive gel.

[0077] Another example of the present crosslinked poly-
mer gel comprises from about 0.2% to about 20%, preferably
about 2% by weight PEO, from about 0.1% to about 10%,
preferably about 1% by weight PVA-co-amine, from about
0.2% to about 40%, preferably about 2% to about 4% by
weight BMIPF,, wherein the polymers are crosslinked with
from about 0.02% to about 2%, preferably about 0.2% by
weight of a polyamide/epichlorohydrin crosslinking agent,
all based on the weight or volume of the conductive gel.
[0078] Another example of the present crosslinked poly-
mer gel comprises from about 0.2% to about 20%, preferably
about 1.6% by weight PEO, from about 0.1% to about 10%,
preferably about 0.8% by weight PVA-co-amine, from about
0.2% to about 40%, preferably about 2% to about 20% by
volume BMIBF,,, wherein the polymers are crosslinked with
from about 0.02% to about 2%, preferably about 0.2% by
weight of a polyamide/epichlorohydrin crosslinking agent,
all based on the weight or volume of the conductive gel.

Peroxide Activating Catalyst

[0079] Decontaminating agents of the present invention
include hydrogen peroxide and one or both of its deproto-
nated forms, and activated hydrogen peroxide is particularly
preferred. Activated hydrogen peroxide is typically hydrogen
peroxide or one of its anionic forms bound to a peroxide
activating catalyst. It is believed that the resulting complex of
the peroxide with the peroxide activating catalyst is better
able to destroy contaminants through one or more of the
following reactions: peroxidation, oxidation, perhydrolysis,
and hydrolysis.

[0080] Inorder to obtain activated peroxide, it is preferable
to include a peroxide activating catalyst in the present film.
Examples of useful peroxide activating catalysts include
complexes of ethylenediaminetetraacetic acid with metals
such as iron (EDTA/Fe complexes), tetraamidomacrocyclic
ligand (TAML®) complexes with metals such as iron
(TAML®/metal complexes are exemplified by the com-
pounds described in U.S. Pat. Nos. 5,847,120, 6,051,704,
6,011,152, 6,100,394 and 6,054,580), manganese gluconate,
sodium hypochlorite, N-[4-(triethylammoniomethyl)ben-
zoyl]-caprolactam chloride, nonanoyloxybenzene sulfonate,
porphyrins, phthalocyanines, ruthenium oxide, indium oxide,
quinones, and the like. Peroxide activating catalysts of the
present invention include TAML®/metal complexes, and
TAML®/Fe complexes.
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[0081] The peroxide activating catalyst can be located any-
where in the present film. For example, it could be distributed
throughout the electrically conductive medium, immobilized
by ionic bonding in a surface layer formed over the top of the
electrically conductive medium, or immobilized on a resin,
such as an ion-exchange resin, that can be located in the film
ata particular location or distributed throughout the medium.
As used herein with respect to the peroxide activating cata-
lyst, the term “immobilized” refers to a catalyst that has been
made more resistant to leaching or other removal from the
film, such as by physical adsorption, ionic bonding or cova-
lent bonding with another film component, compared with the
same non-immobilized catalyst.

[0082] Alternatively, the peroxide activating catalyst can be
linked to, adsorbed onto, or otherwise affixed to the substrate
over which the coating is applied or to either or both of the
electrodes.

[0083] Inoneembodiment, the peroxide activating catalyst
is immobilized by chemically linking it to the gel by a chemi-
cal linkage, or by electrostatic force, or by adsorption into
pores. A chemical linkage between the peroxide activating
catalyst and the gel can be formed by any of several chemical
linkage methods known in the art. An important feature of
such a linkage is the stability or inertness of the linkage, and
the conjugates forming the linkage, to oxidation by hydrogen
peroxide under the conditions found in the activated coating.
Stability is provided by alkane- or amide-based linkers that
join the catalyst to the gel, and amine and carboxylic acid
groups form the basis of many suitable catalyst/gel or cata-
lyst/polymer conjugates, as will alkanes derived from inter-
mediates that comprise substituted olefins.

[0084] Examples of methods that are useful for chemically
linking the catalyst to the gel include: (a) reaction of a ben-
zylchloride (on the gel) with a primary amine (pendant from
ligand or complex of the catalyst) to give a secondary amine,
which may be further reacted to give a hindered tertiary amine
or quaternary amine for enhance stability or inertness; (b)
reaction of a benzoic acid moiety (in a gel) with a carboxylic
acid or a nitrile pendent from the catalyst or a ligand attached
to the catalyst. Other such linking methods are well known in
the art.

[0085] In an alternate approach, when the peroxide activat-
ing catalyst comprises TAML®, which has an anionic (nega-
tively charged) ionization state, it can be ionically bound with
either an anionic ion-exchange resin or with a positively
charged (cationic) polymer to immobilize it in the present
film.

[0086] By way of example, TAML® can be immobilized
on an anionic ion-exchange resin by replacing the anions
present on the resin with TAML®. In one method, TAML®
having a negative charge can be contacted in aqueous media
with Dowex® 1x2-200 mesh strong base resin at room tem-
perature for a time sufficient for the anions originally on the
resin (usually either C1~ or OH™) to be replaced, at least to
some degree, by TAML®. A schematic representation of this
method is shown in FIG. 6.

[0087] In another alternate approach for TAML® immobi-
lization, it has been found that a multi-layer structure com-
prising sequential layers of polystyrene sulfonate (PSS) and a
cationic polymer such as poly(diallyldimethylammonium
chloride) (PDDA) is capable of binding TAML® when it is
applied along with the polymer layers or on top of the multi-
layer structure after its formation. A schematic representation
of the multi-layer structure is shown in FIG. 7.
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[0088] Cationic polymers that are suitable for the present
invention include quaternized cellulose derivatives, poly-
meric dimethyldiallylammonium salts and copolymers
thereof, polysiloxanes with quaternary groups, diquaternary
polydimethylsiloxanes, cationic guar derivatives, polymeric
dimethyldiallylammonium salts and their copolymers with
esters and amides of acrylic acid and methacrylic acid, dim-
ethyldiallylammonium  chloride-acrylamide copolymer,
copolymers of vinylpyrrolidone with quaternized derivatives
of dialkylamino acrylate and methacrylate, diethyl sulfate-
quaternized vinylpyrrolidone-dimethylamino methacrylate
copolymers, vinylpyrrolidone-methoimidazolinium chloride
copolymers, quaternized polyvinyl alcohol, and mixtures
thereof. Poly(diallyldimethylammonium chloride) (PDDA)
is preferred.

[0089] This multi-layer structure that contains immobi-
lized TAML® can be located as a layer on top of the polymer
electrolyte gel as shown, for example, in FIG. 8.

[0090] The multi-layer TAML®-containing coating can be
produced by sequential application of alternating layers of
PSS and PDDA on top of the electrolytic gel. Although any
number of layers can be used, itis preferred that the coating is
formed with at least three repeating layers of PSS/PDDA,
starting from the top of the electrolytic gel. In other words, a
preferred PSS/PDDA-TAML® layer would contain layers of
PSS/PDDA/PSS/PDDA/PSS/PDDA, in sequence upward
from the top of the gel. The topmost layer would be a PDDA
layer.

[0091] TAML® can be added to this coating merely by
dropping a solution of TAML® onto the top ofthe coating and
permitting it to soak into the film. A suitable TAML® solution
in water can have a TAML® concentration of about 0.1 uM.
Typically, a sufficient amount of TAML® is used to catalyze
the formation of activated peroxide from substantially all of
the perioxide that reaches the PSS/PDDA-TAML®layer. In
some instances TAML® is applied to the coating at a rate of
from about 0.001 pg/cm? to about 10 pg/cm?, based on the
surface area of the coating that is treated with TAML®, or
from about 0.01 pg/cm? to about 1 ug/cm?, or from about 0.01
pg/cm? to about 0.1 pug/cm?.

[0092] In certain applications, it may be useful to apply a
further layer of the polymer electrolyte gel over the top of the
PSS/PDDA-TAML® layer in order to enhance the effective-
ness of the film against microbes and spores.

Stacked Layer Structure of the Present Film:

[0093] Although the present film can have any one of a
number of different configurations of the electrodes, the con-
ductive medium and the PSS/PDDA-TAML® layer, if one is
applied, it has be found to be useful to arrange the compo-
nents of the film in a stacked layer structure. A schematic of
this arrangement is shown in FIG. 8. It has been found that this
arrangement provides advantages of improved manufactur-
ability, decreased device resistance and enhanced H,O, gen-
eration capacity compared with a film having electrodes
arranged side-by-side in a coplanar pattern.

[0094] Onemethod of fabrication ofthe stacked layer struc-
ture involves depositing a quinone electrocatalyst onto cured
carbon ink, carbon paper or carbon cloth electrodes and
immobilizing the quinone onto the electrode by either physi-
cal adsorption or by covalent bonding as discussed above to
form an electrocatalyst-modified electrode. Alternatively, the
quinone electrocatalyst can be mixed with a carbon ink fol-
lowed by screen printing, or mixing with carbon powder and
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forming an electrocatalyst-modified electrode by spray coat-
ing, or the like, as described earlier.

[0095] The novel film can be fabricated by applying a first
electrode to a substrate, if one is employed, applying a poly-
mer electrolyte gel layer over the first electrode, applying a
second electrode over the polymer electrolyte gel layer,
applying a second polymer electrolyte gel layer over the
second electrode, and finally applying a PSS/PDDA-TAML®
layer over the second gel layer. In one aspect of the film, the
electrocatalyst-modified electrode can serve as the cathode
and can be the second electrode.

[0096] Several embodiments of the stacked layer arrange-
ment included examples having the following components:

ANODE GEL CATHODE
Carbon cloth PEO/PVA-co-  Carbon cloth
amine/BMIPF 5/
Polycup ® 172 gel

Carbon ink on fabric Same Carbon cloth

Ni/Cu polyester cloth Same Carbon cloth

Carbon cloth Same TBBQ-modified carbon
paper

Carbon ink on fabric Same TBBQ-modified carbon
paper

Ni/Cu polyester cloth Same TBBQ-modified carbon
paper

Carbon ink on fabric Same TBBQ/carbon ink
printed on gel

Ag/AgCl ink on fabric Same Carbon fibers

Ag/AgCl ink on fabric Same TBBQ-modified carbon
ink printed on gel

Carbon cloth Same TBBQ-modified carbon
cloth

[0097] After deposition of the first electrode, the anode in

this example, the polymer electrolyte gel was flowed onto the
surface of the anode and crosslinked by heating it to 100°-
120° C. for about 30 to about 60 minutes to form a film.
Usually, three layers of the gel were deposited on the surface
of'the anode. The cathode material was then placed on top of
the gel layers and an additional three layers of gel solution
were deposited on top of the cathode and crosslinked as for
the first layers.

[0098] Optionally, additional layers could be added to this
arrangement. For example, separator layers (glass fiber filter,
micropore filter, Gore® sheet separator, Teslin® sheet sepa-
rator, and Nafion® film) could be added between the elec-
trode layers in order to reduce or prevent shorting. Examples
of these devices included the following:

ANODE SPACER GEL CATHODE
Carbon ink Glass fiber PEO/PVA-co-  TBBQ-modified
printed on filter amine/BMIPFy/  carbon paper
fabric Polycup ® 172 gel

Carbon ink Micropore Same TBBQ-carbon
printed on filter ink printed on
fabric gel

Carbon ink Micropore Same TBBQ-modified
printed on filter carbon paper
fabric

Carbon ink Nafion ® Same TBBQ-modified
printed on film carbon paper
fabric
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-continued
ANODE SPACER GEL CATHODE
Carbon cloth Teslin ® Same TBBQ-modified
separator carbon cloth
Carbon cloth Gore ® Same TBBQ-modified
separator carbon cloth
Carbon cloth Gore ® PEO/PVA-co-  TBBQ-modified
laminated onto separator amine/BMIBF,/  carbon cloth
fabric Polycup ® 172 gel laminated onto
fabric
Carbon cloth Teslin ® Same TBBQ-modified
separator carbon cloth
Carbon cloth Gore ® Same TBBQ-modified
spray coated separator carbon cloth
with carbon spray-coated
powder with
TBBQ/carbon
powder

Making and Using the Present Film:

[0099] The present electroactive films can be produced by
any technique that is suitable for the formation of the struc-
tures that are described herein. In one embodiment, an elec-
troactivated film is produced by providing a first electrode,
which can be a stand-alone material or a material that is
deposited onto a substrate, where the first electrode is spaced
apart from a second electrode. Applying a water insoluble
electrically conductive medium which is permeable to mois-
ture and oxygen in a location where it contacts both electrodes
and preferably covers the surfaces of both electrodes. Adding
to the film an electrocatalyst which can be reversibly oxidized
and reduced and which facilitates the production of a perox-
ide when an electrical potential is imposed across the elec-
trodes. And covering the topmost layer of the film with a
peroxide-activating catalyst which converts the peroxide to
an activated peroxide.

[0100] In particular aspects of the invention, the water
insoluble electrically conductive medium which is permeable
to moisture and oxygen can be formed by crosslinking a
polyvinyl alcohol/amine copolymer with a polymer selected
from carboxymethyl cellulose, polyvinyl alcohol, polyethyl-
ene oxide, or a mixture thereof in the presence of an ionic
liquid to form a gel.

[0101] In another aspect, the electrocatalyst which can be
reversibly oxidized and reduced and which facilitates the
production of a peroxide when an electrical potential is
imposed across the electrodes is immobilized by physical
adsorption onto an electrode or by covalent bonding to an
electrode.

[0102] In another aspect, the elements of the film are
arranged in a stacked layer design comprising a first elec-
trode, a gel layer, a second electrode, a gel layer, and a
PSS/PDDA-TAML® multi-layer. Optionally, a final gel layer
of PEO/PVA-co-amine/BMIPF /Polycup® 172 can be
added.

[0103] Inanother aspect, the peroxide activating catalyst is
immobilized by either ionic adsorption onto an anion
exchange resin which can be distributed within the electro-
Iytic gel, or placed anywhere else in the film, or by ionic
bonding to a PSS/PDDA multi-layer coating.

[0104] The thickness of the present film depends upon the
arrangement of and types of elements that are used for its
construction and normally ranges between about 20 um and
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about 1,500 um, or between about 30 um and about 1000 pm,
or between about 50 pm and about 800 pm. By way of
example, in a film having a Ag/AgCl anode, an electrolytic
gel of PEO/PVA-co-amine/BMIPF /Polycup® 172, and a
cathode of TBBQ-modified carbon fibers, the thickness of the
entire film was ~300 um. Most of the film thickness com-
prised the electrolyte gel and the cathode since the Ag/AgCl
layer has a thickness of only ~1-10 pm.

[0105] In another film having a carbon cloth anode, an
electrolyte gel of PEO/PVA-co-amine/BMIPF ;/Polycup®
172, and a cathode of TBBQ-modified carbon cloth, the thick-
ness of the film was ~800 to 1000 pwm, while the thickness of
the carbon cloth alone was ~400 to 500 pm.

[0106] The thickness of screen printed layers of the film
range between 1 and 20 um, and preferably between about 1
to about 10 pm.

[0107] Afterthe present film is fabricated, the electrolye gel
medium is permitted to accumulate oxygen and water, and
electrode leads are connected between the electrodes and
appropriate terminals of a source of an electrical potential,
such as a battery. When a sufficient amount of oxygen and
water have accumulated in the coating, it is ready for activa-
tion.

[0108] The present invention also includes a method of
producing activated peroxides in an electroactive film. The
novel method comprises providing an electroactive film com-
prising a first electrode that is spaced apart from a second
electrode, a water insoluble electrically conductive medium
which is permeable to moisture and oxygen and which con-
tacts both electrodes, an electrocatalyst which can be revers-
ibly oxidized and reduced and which facilitates the produc-
tion of a peroxide when an electrical potential is imposed
across the electrodes, and a peroxide-activating catalyst
which converts the peroxide to an activated peroxide; and
applying an electrical potential across the electrodes.

[0109] The present invention also includes a method of
decontaminating a surface of a substrate that is susceptible to
contamination with a contaminant. The method involves
applying to the surface a film comprising a first electrode that
is spaced apart from a second electrode, a water insoluble
electrically conductive medium which is permeable to mois-
ture and oxygen and which contacts both electrodes, an elec-
trocatalyst which can be reversibly oxidized and reduced and
which facilitates the production of a peroxide when an elec-
trical potential is imposed across the electrodes, and a perox-
ide-activating catalyst which converts the peroxide to an acti-
vated peroxide; connecting the electroactive film to a source
of an electrical potential; and when the surface is contami-
nated, applying an electrical potential to the electroactive
film, thereby producing the decontaminating agent and
destroying the contaminant.

[0110] The present method can further include the step of
ceasing the application of an electrical potential to the elec-
troactive film, thereby ceasing the production of the decon-
taminating agent. After the electrical potential is removed, the
film can be exposed to air and oxygen is permitted to enter the
coating from the air. Also, water vapor can be permitted to
enter the coating. After oxygen and water are restored to the
film the step of applying an electrical potential to the electro-
active coating, thereby producing the decontaminating agent
and destroying the contaminant can be repeated.

[0111] Articles that have been coated with a film of the
present invention are also included within the scope of the
invention.
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[0112] The following examples describe preferred embodi-
ments of the invention. Other embodiments within the scope
of the claims herein will be apparent to one skilled in the art
from consideration of the specification or practice of the
invention as disclosed herein. It is intended that the specifi-
cation, together with the examples, be considered exemplary
only, with the scope and spirit of the invention being indicated
by the claims which follow the examples. In the examples all
percentages are given on a weight basis unless otherwise
indicated.

General Procedures

Measurement of H,O, in Polymer Electrolyte Gels:

[0113] A quantitative analytical approach using the Apollo
4000 Free Radical analyzer (World Precision Instruments)
was developed to verify the presence of H,O, generated in
polymer gel electrolyte systems. Crosslinked and
uncrosslinked PVA/PVA-co-Am/BMIPF, polymer gel elec-
trolytes deposited onto carbon fiber electrodes were used in
these studies. Since uncrosslinked electrolytes are soluble in
water and are not stable under normal field conditions, the
films were crosslinked using Polycup 172 crosslinker. The
resulting crosslinked electrolytes were also studied and their
H,O, generation capability was also measured. Another
important factor to consider in these electrolytes was their
oxygen diffusion properties. Oxygen diffusion through
uncrosslinked PVA/PVA-co-Am/BMIPF, polymer gel elec-
trolytes was also determined.

[0114] A quantitative method to determine the concentra-
tion of H,O, generated in the polymer gel electrolyte was
developed using an Apollo 4000 Free Radical Analyzer from
World Precision Instruments (WPI). The polymer gel elec-
trolyte used in this experiment consisted of uncrosslinked and
crosslinked polyvinyl alcohol (PVA)/Polyvinyl alcohol-co-
amine (PVA-co-Am, medium molecular weight (M12) or low
molecular  weight  (L12)/1-butyl-3-methylimidazolium
hexafluorophosphate (BMIPF). The gel solution was depos-
ited onto carbon fibers fixed on glass or polycarbonate sub-
strates. For uncrosslinked films, the deposited gel solution
was dried in air. To crosslink the PVA and PVA-co-Am bind-
ers, a crosslinker (Polycup 172) was added into the gel solu-
tion and thermally crosslinked at 100-120 © C. for about 60 to
120 minutes. Another approach to form crosslinked films
used 87-89% hydrolyzed PVA mixed with PVA-co-Am and
BMIPF . The formed films were then thermally crosslinked
by heating in vacuum at 70° C. for 30 min, followed by
heating at 150° C. for another 30 min. The electrochemical
properties of the crosslinked films containing various
amounts of BMIPF ionic liquid were studied using cyclic
voltammetry. Good electrochemical properties were
observed as evidenced by the measured currents comparable
to that of the uncrosslinked films. BMIBF, could be substi-
tuted for BMIPF; in the above procedures.

[0115] To determine the concentration of H,O, generated
using the electrolytes above, constant potential (-0.7V) was
applied across the electrodes for certain periods of time. After
generation, the device was soaked in water to extract the
H,O, generated in the polymer gel electrolyte. The
uncrosslinked films dissolved in water together with the H,O,
while the crosslinked films, which were insoluble in water,
underwent minimal swelling and maintained their form. The
devices were removed from the water solution and the water
containing H,0, extracted from the films was taken for analy-
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sis. Aliquots were injected in phosphate buffer solution (PBS)
containing the Apollo analyzer probe. In this analysis, the
presence of H,O, was detected by a step change in current,
which was proportional to the H,O, concentration in solu-
tion. Results obtained from uncrosslinked samples showed
step changes in current when aliquots of the water extract
were added in the buffer solution. A similar device was made
and used as a control. This control device was treated simi-
larly as the sample except that it was not used to generate
H,0,. Aliquots from the water extract obtained from the
control were also injected to the phosphate buffer for H,O,
concentration analysis. Results obtained from the control
sample did not show step changes in current signifying the
absence of H,O,. The concentration of H,O, obtained from
the uncrosslinked films was 2.4 uM (8.2x107%%) based on the
calibration curve generated using H,O, standard solutions.
The same procedure was followed using crosslinked polymer
gel electrolyte films. After electrochemical generation of
H,0,, the device was soaked in water to extract the H,O,
generated in the film. Aliquots taken from the water extract
indicated the presence of H,O, at 3.1 uM (1.1x107°%) con-
centration. The control device did not show presence of H,O,.
Crosslinking the films improved their mechanical properties,
water resistance, and they showed good adhesion when
coated on glass. The crosslinking process also allowed
repeated use of the films for H,O, generation. Repeated elec-
trochemical generation of H,O, was performed using the
same crosslinked electrolytes mentioned above. The concen-
trations obtained for the three runs were comparable and in
the range of 3x107%.

EXAMPLE 1

[0116] This example illustrates the formation of a carbon
electrode on a substrate.

Screen Printing

[0117] Carbon layers that can serve as an electrode for the
present films can be applied by screen printing of conductive
carbon ink. Examples of suitable inks include XM-740 flex-
ible carbon ink available from Conductive Compounds, Lon-
donderry, N.H., or Electrodag®PF407C carbon ink from
Acheson Colloids Company, Port Huron, Mich.

[0118] The ink is screen printed either directly onto the
surface of a substrate, or onto a pre-coating that has been
applied to the substrate, or onto the surface of a cured gel
layer. The ink is screen printed through a 196-mesh screen
and then dried in a 100° C. oven for 10-30 minutes.

[0119] An electrode lead can then be attached to the carbon
layer for connection to a source of electrical potential.

Carbon Cloth and Carbon Paper:

[0120] Carbon cloth “A” and “D” available from E-Tek
Division, BASF Fuel Cell, Inc., Somerset, N.J., and carbon
paper TGP-H-060 available from Toray Industries, Inc.,
Decatur, Ala. were also used as carbon electrodes. The cloth
or paper was applied as a layer over a layer of electrically
conductive gel and could then optionally be covered with
another layer of the same gel. An electrode lead could be
attached to the cloth or paper for connection to a source of
electrical potential.

Carbon Powder:

[0121] Raven carbon black, available from Columbian
Chemicals Company, Marietta, Ga., was dispersed in n-hex-
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ane and spray coated using an aerosol spray canister onto a
surface to create a carbon layer electrode. An electrode lead
could be applied to the layer for connection to a source of
electrical potential.

EXAMPLE 2

[0122] This example illustrates the deposition of a quinone
coating onto a carbon electrode to form a (non-covalently
bound) coated electrode.

Ethanol Solution Method:

[0123] Carbon electrode material was contacted at room
temperature with 10% Nitric acid for 2 to 4 hours, then
washed with water, dried and contacted at room temperature
with 1M NaOH for another 2 to 4 hours, then washed with
water and dried.

[0124] A solution was prepared that contained the desired
quinone in ethanol. By way of example, although different
concentrations of the quinone could be used, solutions of
about 0.01M-1M, or about 0.01-0.05M quinone in ethanol, or
from about 0.1% to about 10% by weight ofthe quinone, were
found to be useful.

[0125] The treated carbon materials were placed in the
quinone solution for about 6 to 12 hours, taken out, dried in air
and then washed three times with DI water, and immersed in
DI water for 12 hours, then taken out and dried. The carbon
materials coated with quinone were then ready for use.

Acetonitrile Solution Method:

[0126] Carbon fibers were treated with acid as described
above. A solution of tetrabromobenzoquinone (TBBQ)
(0.05M) in acetonitrile was drop casted onto the treated fibers
and dried. The fibers were then washed with 0.1M sulfuric
acid and then with deionized water.

Electrodeposition:

[0127] Carbon fiber electrodes were used as substrates
(Working Flectrode—WE) in a 3-electrode configuration
with RE: SCE and CE: C Fiber electrodes. The electrolytic
solution consisted of 0.01M (10 mM) Anthraquinone Diazo-
nium chloride (Fastred AL salt) and 0.1M Tetrabutyl Ammo-
nium Tetrafluoroborate in Acetonitrile medium. Quinone was
deposited on the carbon fiber by subjecting them to cyclic
voltammetry (CV) between 0.65 to -0.45V vs. SCE using
Gamry at 200 mV/s scan rate.

EXAMPLE 3

[0128] This example illustrates the electrochemical modi-
fication of carbon fiber electrodes by covalently-grafted
anthraquinone

[0129] Carbon fiber electrodes were used as substrates
(working electrodes) in the 3-electrode configuration (Refer-
ence Electrode RE: SCE; Counter Electrode CE: Carbon
Fiber Electrode). These electrodes are made as a bunch of 5
strands taped together at one end using Aluminum tape and
immersed in solution to 3 cm depth at the other end (single
strands are pulled out of a twill weave fabric obtained from
Aerospace Composites, ACP Composites, Livermore,
Calif.).

[0130] Theelectrolytic solution consists 0of 0.01M (10 mM)
Anthraquinone Diazonium chloride (Fast red AL salt) and
0.1M Tetrabutyl Ammonium Tetrafluoroborate in Acetoni-
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trile medium. Carbon Fiber electrodes were used as substrates
(Working Flectrode—WE) in a 3-electrode configuration
with RE: SCE and CE: C Fiber electrodes. A schematic rep-
resentation of the procedure is shown in FIG. 3.

[0131] Quinone was deposited on the carbon fiber by sub-
jecting them to cyclic voltammetry (CV) between 0.65 to
-0.45V vs SCE using Gamry at 200 mV/s scan rate. The
covalent grafting process was then completed by applying
constant potential (-0.2 V vs SCE for 20 min.) to the coated
electrodes.

[0132] Cyclic voltammetry was performed between 0 to
-1.25V vs SCE in 0.1M KOH (pH 13), under N, bubbled
condition for 3 cycles at different scan rates (10 mV/s, 20, 50,
100, 200 mV7s).

[0133] Stability of the covalently grafted quinone on car-
bon fiber electrode surface was studied by conducting a cyclic
voltammetry experiment between 0 to —1.25V vs SCE at 200
mV/s scanrate in 0.1M KOH solution for a total of 300 cycles.
This was conducted to verity the stability of the covalently
bound quinone on carbon fiber surface. Results showed the
initial removal of physically adsorbed quinone followed by
covalently bound quinone remaining on the electrode even
after the 100” through the 300 cycle. A parallel test with a
carbon electrode having only physically adsorbed quinone
showed that almost all of the quinone had been removed from
the electrode by the 1007 cycle.

[0134] The covalent quinone modified carbon fiber elec-
trodes are ready for use in generating H,O, in a film of the
invention. Typically, the cell set-up consists of covalent-
quinone modified carbon fiber working electrode(s) sepa-
rated from carbon fiber counter electrode(s) by a polymer gel
electrolyte.

EXAMPLE 4

[0135] This example illustrates the formation of film of the
present invention having a PVA/PVA-co-amine/BMIPF
electrically conductive gel.

[0136] Solid state films for generation of hydrogen perox-
ide were fabricated using carbon-based electrodes. Two-elec-
trode devices comprising a H,O,-generating electrode
(working electrode) and a counter electrode were fabricated.
The electrodes were prepared either by screen printing com-
mercially available carbon inks or by fixing commercially
available carbon fibers onto a variety of flexible or rigid
substrates including polycarbonate, glass, textiles, and fabric
materials.

[0137] PVA and PVA-co-amine were separately dissolved
in deionized water and combined to make 5% by wt. each of
PVA and PVA-co-amine. Aliquots were taken from this solu-
tion and BIMPF; was added to make 1:1 ratio of BMIPF ; with
PVA-co-amine and PVA. The amount of BMIPF, could be
varied to increase the ionic conductivity of the gel without
compromising the film-forming properties. The liquid mix-
ture was thoroughly mixed and deposited onto the two-elec-
trode device and dried at room temperature to form a solid-
state gel electrolyte. Once dried, the electrochemical
properties of the device were determined by cyclic voltam-
metry and chronoamperometry.

[0138] Other polymeric systems, such as carboxymethyl
cellulose (CMC) and polyethylene oxide (PEO) could be
used in place of, or in addition to, the PVA to serve as binders
for the BMIPF, in the electrolyte gel. Similarly, other ionic
liquids could be used in place of the BMIPF,.
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[0139] Optionally, a crosslinking agent, such as Polycup
172, could be added to the gel-forming liquid and crosslinked
by heat in order to strengthen the gel and make it more durable
and less water soluble.

EXAMPLE 5

[0140] This example illustrates the formation of a film of
the present invention comprising carbon electrodes and PEO/
PVA-co-amine/BMIPF ;/Polycup 172 film as the conductive
gel.

[0141] A solution of 2% PEO (M. W. 8,000,000, available
from Sigma-Aldrich, St. Louis, Mo.)/1% PVA-co-amine
(PVA-co-amine) w/w was prepared in water by mixing at
room temperature. The solution was heated to about 75° C.
and constantly stirred until no polymer clumps were present
(typically several days). Once fully dissolved, 10 ml of this
solution was added with mixing to 300 ul of BMIPF (98+%,
available from Alfa-Aesar) along with 20 pl of Polycup® 172,
available from Hercules, Inc., Wilmington, Del. The solution
was then stirred vigorously to mix all the components. 200-
300 pl of the liquid was then pipetted over the top of the
carbon substrate (anode) and dried under ambient conditions.
Another layer of the same volume was then added over the
first one and dried. The cathode material, which could be
carbon cloth, carbon fibers, carbon paper, or another layer of
carbon ink, was then placed over the gel and more gel (200-
300 ul) was deposited over the cathode material. The device
was allowed to dry under ambient conditions and then was
crosslinked in a 100° C. oven for 60 minutes.

[0142] The gel was typically used as the polymer electro-
lyte gel in films of the present invention and served to separate
the electrodes and to provide electrical conductivity. Thus the
gel layer had to be sufficiently thick to prevent shorting anode
to cathode. The thickness of the gel layer between electrodes
was typically about 50-400 um, and usually about 300 um.

EXAMPLE 6

[0143] This example illustrates methods for the immobili-
zation of TAML® peroxide activating catalyst in the present
film.

[0144] The solubility of TAML® catalyst in water posed a
problem in its use under normal field conditions since the
presence of water can easily leach it from the polymer elec-
trolyte gel. It was preferred, therefore, that TAML® be immo-
bilized onto a suitable matrix to allow formation of a stable
polymer-TAML® catalyst on top of the polymer gel electro-
lyte. Using this configuration, the H,O, generated in the poly-
mer gel electrolyte can diffuse to the surface and react with
the TAML® immobilized on its surface to create activated
peroxide.

[0145] Two different routes of TAML® immobilization
were investigated. In one route, a TAML® catalyst was
immobilized on Dowex resin resulting in enhanced reaction
rates when reacted with H,O, in solution compared to reac-
tions ran in the absence of the catalyst. The immobilization
process produced a catalyst that was insoluble in water and
other common aqueous and organic solvents and which pre-
vented leaching under normal field conditions. In another
approach, the same ion-exchange chemistry using poly(dial-
lyldimethylammonium chloride) (PDDA) was used, where
the negatively charged iron center exchanged with the chlo-
ride ion of PDDA. Enhanced bleaching rates were also
observed when this immobilized TAML® was reacted with
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H,0, both in solution and on the surface of the polymer gel
electrolyte compared to when H,O, was used by itself.

Ton-Exchange Resin Method:

[0146] A TAML® catalyst was immobilized in an ion
exchange resin (Dowex® resin 1x2-200). The existing chlo-
ride ions in Dowex® were replaced with substituents anion
groups of TAML®, resulting in immobilized-TAML® that
was insoluble in common aqueous and organic solvents.
[0147] Dowex®, 1x2-200 (15 mg, available from Dow
Chemical Co.) was placed in a beaker with 2 ml of deionized
water. A solution of TAML® (10 mg) in 3 ml deionized water
was added to the resin in the beaker. This was about twice the
amount of TAML® theoretically required for total chloride
replacement on the resin. The contents of the beaker were
swirled (without mechanical agitation) for 5 minutes and
allowed to sit at room temperature for 20 minutes to equili-
brate. The swirling and sitting was repeated 4 times. The
solution was decanted from the resin and the resin was
washed with deionized water until the decantate was not
colored.

[0148] The amount of TAML® anion immobilized in the
resin (~20 mol %) was determined by titrating the supernatant
obtained from the ion-exchange reaction with silver nitrate.
The effectiveness of the immobilization process and the oxi-
dizing ability of immobilized-TAML® when reacted with
H,O, were determined using phenol red dye as a sample
substrate. The same concentration of H,O, was added into
solutions containing phenol red dye with and without
TAML®. The solution containing insoluble immobilized-
TAML® catalyst changed color (bleached) instantly upon
addition of H,O, while no color change was observed for the
phenol red dye solution without TAML® catalyst. Tests
showed ~42% decrease in absorbance of phenol red dye with
immobilized-TAML® catalyst and ~6% decrease in absor-
bance without TAML® catalyst. Photographs also showed a
distinct color change as soon as H,O, was added into the
mixture with TAML® while no color change was observed in
the absence of TAML® catalyst.

[0149] A preliminary kinetic study was conducted on the
bleaching of phenol red dye using H,O, with and without
immobilized-TAML®. The reaction was considered a pseudo
first order approximation under the assumption that the much
higher concentration of H,0O, used compared to the concen-
tration of phenol red, would remain constant throughout the
measurement period. Based on the equation: In [A]==k,t+In
[A], where “A” is absorbance, the natural logarithms of the
absorbances at 432 nm were plotted versus time “t” to obtain
the rate constantk, (slope). The half-life was calculated using
the equation t,,,=0.693/k,. Results indicated that the pres-
ence of immobilized-TAML® resulted in a rate increase of
11-fold compared to H,O, alone.

Layer-by-Layer Method:

[0150] The same ionic bonding chemistry discussed above
was utilized in the TAML® immobilization process using
poly(diallyldimethylammonium chloride) (PDDA). The
chloride anion in PDDA was replaced by TAML® anion and
the resulting solution was deposited on the surface of the gel
electrolyte. The preferred process involved the formation of
multi-layers (at least three sets were found to be preferred) on
the surface of the polymer gel electrolyte consisting of a first
layer of negatively charged poly(styrene sulfonate-sodium
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salt) (PSS-Na*), followed by a layer of positively charged
PDDA, and with this sequence repeated at least twice more to
form three sets of double layers (See illustration in FIG. 7).
TAML® was then immobilized on the topmost PDDA layer
by dropping a solution of TAML® in deionized water (0.1
uM, pH around 7, room temperature) onto the topmost PDDA
layer and permitting it to soak into the film for about 2-4
hours. The multi-layer approach provided ionic interactions
between the negatively charged PSS layer and the positively
charged PDDA layers resulting in stable layer formation. The
range of the amount of TAML® applied per unit surface area
of the film was about 0.01 to about 0.1 pg/cm?.

[0151] The stability and effectiveness of the ion exchange
process and PDDA-TAML® deposition on the surface were
tested by placing a mixture of phenol red dye and low con-
centration of H,O, on the surface. After a minute, the phenol
red dye bleached, indicating the presence of TAML® on the
top layer of the coating system. This test was reproduced
several times over a period of more than two weeks, which
indicated effectiveness and stability of the PSS/PDDA-
TAML® layer deposited on the surface. FIG. 9 shows a
schematic diagram of the bleaching test on the surface of the
coating system containing a layer of PSS/PDDA-TAML®.
[0152] The rate of bleaching for the film having the top
layer of immobilized TAML® was much faster (up to 280
times faster) compared to the same test with phenol red dye
solution was placed on the surface of the coating system
without the PSS/PDDA-TAML layers. After bleaching the
dye solution on the surface, the coating can be washed with
water, dried in air or can be blotted/wiped with a Kimwipe
prior to the next run. Performing this process repeatedly
showed the stability and reusability of the integrated polymer
coating. In fact, the activity of the immobilized TAML® was
stable over 20-30 cycles.

EXAMPLE 7

[0153] This illustrates the generation of hydrogen peroxide
in a film of'the present invention to decontaminate the surface
of the film.

[0154] H,O, is generated from oxygen in air in an electro-
chemical process utilizing oxygen present in air and a
quinone derivative as an electrocatalyst. The quinone deriva-
tive is electrochemically reduced to hydroquinone derivative
by applying constant potential to a specially modified elec-
trode containing the quinone. In the presence of oxygen in air
or in solution, the hydroquinone derivative spontaneously
oxidizes to form the original quinone and at the same time the
oxygen reduces to form H,O,. The H,O, generating electrode
(working electrode) used in this system consists of carbon
fibers coated with tetrabromo-p-benzoquinone monomer
(TBBQ). The counter electrode used consists of unmodified
carbon fibers. Up to 0.6% (176 mM) H,O, can be electro-
chemically generated in solution and concentrations in the
micromolar range (WM) was generated using crosslinked
polymer gel electrolytes.

[0155] To generate H,O, in the coating system, a polymer
gel electrolyte consisting of polyethylene oxide (PEO),
medium molecular weight polyvinyl alcohol-co-amine
(PVA-co-Am, M12), 1-butyl-3-methylimidazolium
hexafluorophosphate ionic liquid (BMIPF), and Polycup
172 crosslinker was formed as discussed above in Example 6.
The gel was observed to be stable in water and has been stable
enough to be used repeatedly for surface detoxification pur-
poses.
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[0156] Since the peroxide activating catalyst (TAML®)
used in this example has a high solubility in water, which
posed a problem under field conditions, two different routes
of immobilizing this catalyst in a polymer matrix that render
it insoluble in water were developed as discussed in Example
6. The immobilization procedure used in this example was the
layer-by-layer technique comprising alternating layers of
poly(diallyldimethylammonium chloride) (PDDA) and poly
(styrene sulfonate, Na) (PSS-Na+). Since TAML® occurs as
an anion containing an iron center (Fe—), an ion exchange
technique was used to immobilize TAML® anion by
exchanging it with the chloride ion in PDDA. The PDDA/
PSS/PDDA-TAML® multi-layer was found to be stable in
water and the effectiveness of TAML® immobilization and
layer formation were tested by bleaching phenol red dye
placed on its surface.

[0157] A film of the present invention was fabricated onto a
general purpose fabric by fabricating a quinone-coated car-
bon electrode onto the fabric spaced apart from another car-
bon electrode, followed by a layer of the polymer gel electro-
lyte (PGE), and finally by the PDDA/PSS/PDDA-TAML®
multi-layer. Electrode leads were attached to each electrode.
This device was used to electrochemically generate H,O,,
which was activated in the presence of TAML® catalyst and
caused surface detoxification of chemical and biological sur-
rogate agents. The surface detoxification properties of the
coating systems with and without TAML® catalysts and with
and without H,O, generation were conducted on chemical
and biological surrogates. Results showed that the polymer
gel electrolyte itself destroys E. coli, S. aureus, and A. niger
completely and destroys B. atrophaeus to a certain extent
(5.5-log kill). The effectiveness of the PGE in destroying B.
atrophaeus increases to a 6-log kill when H,O, was gener-
ated. In the presence of PSS/PDDA-TAML® (immobilized)
on the surface, 4.5-log kill was obtained after 24-hour H,O,
generation compared to a 7-log kill when PSS/PDDA-
TAML® was not present on the surface. It is believed that the
absence of the PSS/PDDA-TAML® on the surface allows B.
atrophaeus to be in direct contact with PVA-co-Amine com-
ponent of the polymer gel electrolyte, which was found to
destroy the spore’s cell membrane resulting in more effective
destruction when H,O, is generated electrochemically. It is
believed that the presence of PSS/PDDA-TAML® layer on
the surface of the polymer gel electrolyte prevents B. atro-

Nov. 26, 2009

13

phaeus from directly contacting the polymer gel electrolyte
containing PVA-co-amine, thereby lengthening the time
needed to destroy and penetrate the spore’s cell membrane.
Although significant log kill (4.5-log kill, target is 4 to 5-log
kill) was achieved within 24 hours, it is believed that this can
be improved by depositing a thin layer of PVA-co-amine on
the surface of PSS/PDDA-TAML®, which should destroy the
cell membrane and allow the electrochemically generated
H,0, to further destroy spores in shorter time periods.
[0158] Surface detoxification of demeton-s-methyl (DSM)
using the integrated coating system showed oxidation to form
its sulfoxide derivative (DSMSO) (favored product) after 4
hours of H,O, generation in the presence of TAML® catalyst
on the surface (PSS/PDDA-TAML®) without forming the
sulfone derivative (DSMSO,) (unfavored oxidation product).
[0159] The polymer coating system used in these experi-
ments consisted of PEO, PVA-co-Am-M12, BMIPF6, and
Polycup 172 with PSS/PDDA-TAML® immobilized on its
surface. It was observed from the control experiments that
DSM starting material (95%) contained DSMSO and in some
cases, DSMSO, in small amounts, which can also be due to
DSM oxidation when exposed to oxygen in air. On the control
device (no H,O, generation), the relative amount of DSMSO
was found to be 5% with respect to the total DSM+DSMSO
amount. After 4 hours of H,O, generation on the sample
device, the relative amount of DSMSO with respect to the
total DSM+DSMSO amount increased to ~40%. The increase
in the relative amount of DSMSO indicates oxidation of DSM
on the surface of the polymer coating system due to the
activated peroxide formed during H,O, generation (reaction
of generated H,0, with TAML® immobilized on the sur-
face).

[0160] When PSS/PDDA-TAML® was not present on the
surface of the polymer gel electrolyte, oxidation was not
observed within 4 hours of H,O, generation. This could have
been due to the lower currents (nA range) observed during
H,O, generation compared to the surface detoxification
experiments previously performed with PSS/PDDA-
TAML® present (LA range). Also, the oxidation process in
the absence of PSS/PDDA-TAML® could be slower com-
pared to when TAML® is present on the surface. Table 1
summarizes surface detoxification results of chemical and
biological surrogates.

TABLE 1

Summary of surface detoxification results on self-

detoxifying polymer coating systems.

PGE-3
PGE-3 with
with PSS/PDDA-
PSS/PDDA- TAML ® on
PGE-3 TAML ® surface
PGE-3 (in-situ on surface (in-situ gen.
Surrogate (no H,0,) gen. H,0,) (no H,0,) H,0,)
Demeton-s-methyl (DSM) No reaction  No-reaction No reaction Sulfoxide
(4 hrs) (DSMSO) (4 hr),
no sulfone
B. atrophaeus 5.5-log kill  6.0-log kill (4 hr) No difference No difference
(4 hr) 7.0-logkill (24 hr) with LB with LB Control
control (4 hr)
(4 hr) 4.5-log kill (24 hr)
2-log kill (24 hr)
E. coli Complete Complete kill To be TBD
kill determined

(TBD)
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TABLE 1-continued
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Summary of surface detoxification results on self-

detoxifying polymer coating systems.

PGE-3
PGE-3 with
with PSS/PDDA-
PSS/PDDA- TAML ® on
PGE-3 TAML ® surface
PGE-3 (in-situ on surface (in-situ gen.
Surrogate (no H,0,) gen. H,0,) (no H,0,) H,0,)
S. aureus Complete Complete kill TBD TBD
kill
A. niger Complete Complete kill TBD TBD
kill
*Diisopropylfluorophosphate  TBD TBD TBD TBD
(DFP)
*Half-mustard (HD) TBD TBD TBD TBD

*Note:

Detoxification and identification of degradation/oxidation products for DFP and HD were conducted in solution.
Complete hydrolysis of DFP was observed in the presence of low concentrations of H,O, with small catalytic
effect (TAML ®). Exclusive formation of the HD-sulfoxide derivative was obtained when HD is reacted with

H,0,-TAML ®, incomplete conversion was found when H,0, was used alone at the same time period.
PGE-3 is composed of PEO/PVA-co-amine M12/BMIPF/Polycup ® 172 crosslinker, cured in an oven at 100°-

120° C. for 2 hours.

[0161] Films were fabricated as described above, but with
carbon fiber electrodes onto which different quinones had
been physically adsorbed. FIG. 10 shows the concentration of
hydrogen peroxide generated as a function of time by devices
having electrodes modified with TBBQ, DHAQ and PAQ. In
FIG. 10(a) the pH was 1.62 and in FIG. 10(b), the pH was
either 1.62 or 11, as indicated.

[0162] All references cited in this specification, including
without limitation all papers, publications, patents, patent
applications, presentations, texts, reports, manuscripts, bro-
chures, books, internet postings, journal articles, periodicals,
and the like, are hereby incorporated by reference into this
specification in their entireties. The discussion of the refer-
ences herein is intended merely to summarize the assertions
made by their authors and no admission is made that any
reference constitutes prior art. Applicants reserve the right to
challenge the accuracy and pertinency of the cited references.
[0163] Inview of the above, it will be seen that the several
advantages of the invention are achieved and other advanta-
geous results obtained. As various changes could be made in
the above methods and compositions by those of ordinary
skill in the art without departing from the scope of the inven-
tion, it is intended that all matter contained in the above
description and shown in the accompanying drawings shall be
interpreted as illustrative and not in a limiting sense. In addi-
tion it should be understood that aspects of the various
embodiments may be interchanged both in whole or in part.

What is claimed is:

1. In an electroactivated film that includes: a first electrode
that is spaced apart from a second electrode, a water insoluble
electrically conductive medium which is permeable to mois-
ture and oxygen and which contacts both electrodes, an elec-
trocatalyst which can be reversibly oxidized and reduced and
which facilitates the production of a peroxide when an elec-
trical potential is imposed across the electrodes, and a perox-
ide-activating catalyst which converts the peroxide to an acti-
vated peroxide, the improvement wherein:

the peroxide activating catalyst is immobilized in a phase
that is in contact with the moisture-permeable and oxy-
gen permeable electrically conductive medium.

2. The improvement according to claim 1, wherein the
peroxide activating catalyst comprises a tetraamidomacrocy-
clic ligand complex (TAML®).

3. The improvement according to claim 1, wherein the
phase that is in contact with the moisture-permeable and
oxygen permeable electrically conductive medium comprises
an ion exchange resin.

4. The improvement according to claim 3, wherein the ion
exchange resin is an anion exchange resin.

5. The improvement according to claim 1, wherein the
phase that is in contact with the moisture-permeable and
oxygen permeable electrically conductive medium comprises
an anion exchange resin having a tetraamidomacrocyclic
ligand complex (TAML®) adsorbed thereon.

6. The improvement according to claim 1, wherein the
phase that is in contact with the moisture-permeable and
oxygen permeable electrically conductive medium comprises
a polymer layer in contact with the medium.

7. The improvement according to claim 6, wherein the
polymer layer comprises a cationic polymer.

8. The improvement according to claim 6, wherein the
polymer layer comprises a cationic polymer that is selected
from the group consisting of quaternized cellulose deriva-
tives, polymeric dimethyldiallylammonium salts and copoly-
mers thereof, polysiloxanes with quaternary groups, diqua-
ternary polydimethylsiloxanes, cationic guar derivatives,
polymeric dimethyldiallylammonium salts and their
copolymers with esters and amides of acrylic acid and meth-
acrylic acid, dimethyldiallylammonium chloride-acrylamide
copolymer, copolymers of vinylpyrrolidone with quaternized
derivatives of dialkylamino acrylate and methacrylate,
diethyl sulfate-quaternized vinylpyrrolidone-dimethylamino
methacrylate copolymers, vinylpyrrolidone-methoimidazo-
linium chloride copolymers, quaternized polyvinyl alcohol,
and mixtures thereof.
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9. The improvement according to claim 6, wherein the
polymer layer comprises polydiallyl dimethyl ammonium
chloride (PDDA).

10. The improvement according to claim 9, wherein the
polymer layer further comprises poly(styrene sulfonate)
(PSS).

11. The improvement according to claim 1, wherein the
phase that is in contact with the moisture-permeable and
oxygen permeable electrically conductive medium comprises
sequential layers of PSS and PDDA containing TAML®
which are located on the top surface of the conductive
medium.

12. The improvement according to claim 11, wherein the
sequential layers of PSS and PDDA comprise layers of PSS,
PDDA, PSS, PDDA, PSS, and PDDA.

13. The improvement according to claim 11, wherein the
amount of TAML® is about 0.01 pg/cm? to about 0.1 pg/cm?
of coating surface.

14. An electroactivated film comprising a first electrode
that is spaced apart from a second electrode, a water insoluble
electrically conductive medium which is permeable to mois-
ture and oxygen and which contacts both electrodes, an elec-
trocatalyst which can be reversibly oxidized and reduced and
which facilitates the production of a peroxide when an elec-
trical potential is imposed across the electrodes, and a perox-
ide-activating catalyst which converts the peroxide to an acti-
vated peroxide, wherein the peroxide activating catalyst is
immobilized in a phase that is in contact with the moisture-
permeable and oxygen permeable electrically conductive
medium.

15. In a method of producing an electroactivated film that
includes: a first electrode that is spaced apart from a second
electrode, a water insoluble electrically conductive medium
which is permeable to moisture and oxygen and which con-
tacts both electrodes, an electrocatalyst which can be revers-
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ibly oxidized and reduced and which facilitates the produc-
tion of a peroxide when an electrical potential is imposed
across the electrodes, and a peroxide-activating catalyst
which converts the peroxide to an activated peroxide, the
improvement comprising:

immobilizing the peroxide activating catalyst in a phase

that is in contact with the moisture-permeable and oxy-
gen permeable electrically conductive medium.

16. The improvement according to claim 15, wherein the
immobilizing step comprises contacting the peroxide activat-
ing catalyst with an anionic exchange resin in an aqueous
solution.

17. The improvement according to claim 15, wherein the
immobilizing step comprises:

forming a layer of PSS over the water insoluble electrically

conductive medium which is permeable to moisture and
oxygen;

forming a layer of PDDA over the layer of PSS;

repeating the previous two steps at least twice; and

applying a solution of TAML® to the top of the final PDDA
layer.

18. The improvement according to claim 17, wherein the
sequential layers of PSS and PDDA comprise layers of PSS,
PDDA, PSS, PDDA, PSS, and PDDA and wherein the
amount of TAML® is about 0.01 pg/cm? to about 0.1 pg/cm?
of coating surface.

19. The improvement according to claim 17, further com-
prising applying a layer of the water insoluble electrically
conductive medium which is permeable to moisture and oxy-
gen over the final PDDA layer.

20. The improvement according to claim 19, wherein the
water insoluble electrically conductive medium which is per-
meable to moisture and oxygen comprises PVA-co-amine
and/or an ionic liquid.
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