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(57) ABSTRACT 
Disclosed are systems for the electrocatalytic reduction of 
oxygen, having redox mediator/redox catalyst pairs and an 
electrolyte solution in contact with an electrode. The redox 
mediator is included in the electrolyte solution, and the redox 
catalyst may be included in the electrolyte solution, or alter 
natively, may be in contact with the electrolyte solution. In 
one form a cobalt redox catalyst is used with a quinone redox 
mediator. In another form a nitrogen oxide redox catalyst is 
used with a nitroxyl type redox mediator. The systems can be 
used in electrochemical cells wherein neither the anode nor 
the cathode comprise an expensive metal Such as platinum. 
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CHARGE TRANSFER MEDATOR BASED 
SYSTEMIS FOR ELECTROCATALYTIC 

OXYGEN REDUCTION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims the benefit of U.S. provi 
sional application 61/953,342 filed Mar. 14, 2014, which is 
incorporated by reference herein in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCHADEVELOPMENT 

0002 This invention was made with government support 
under DE-AC05-76RL01830 awarded by the US Department 
of Energy. The government has certain rights in the invention. 

BACKGROUND OF THE INVENTION 

0003. The present invention relates to the oxygen reduc 
tion reaction that may occur at the cathode of an electro 
chemical cell. Such as a fuel cell or an electrosynthetic cell. 
More particularly, it relates to improving the efficiency of 
Such reactions by using a charge transfer mediator that is 
capable of transferring electrons and protons, in combination 
with a redox catalyst. 
0004 An electrochemical cell is a device comprising two 

half-cells, each of which comprises an electrode and an elec 
trolyte. In operation, chemical species in one half-cell lose 
electrons (oxidation) to the electrode (the anode), while 
chemical species in the other half-cell gain electrons (reduc 
tion) from the electrode (the cathode). Each electrode is 
attached to a structure Suitable for transmitting electricity 
through an external circuit. Furthermore, in order to maintain 
a compensatory flow of charge within the cell, certain ions 
may be allowed to move freely between the two half-cells 
(i.e., the two half-cells are in “ionic communication” with 
each other). 
0005. In one type of electrochemical cell, electrical energy 

is generated by the spontaneous reaction occurring at each 
half-cell (together, a redox reaction). Such cells are some 
times called voltaic or galvanic cells. In fuel cells, which are 
a specific type of galvanic cell, a fuel (e.g. hydrogen, metha 
nol, methane, or another material that can be readily oxi 
dized) is oxidized at the anode, and oxygen or another oxi 
dizing agent is reduced at the cathode, generating a flow of 
electricity that can be used commercially in a variety of 
applications, such as for generating primary or backup elec 
trical power, or to Supply the electricity needed to run an 
electric vehicle, such as a forklift or an automobile. 
0006. In another type of electrochemical cell, known as an 
electrosynthetic cell, a desired chemical product is synthe 
sized at the anode or cathode. Such cells may, like voltaic 
cells, generate electricity as a byproduct of the desired syn 
thesis, or alternatively, they may require that electrical current 
is continuously applied to drive a non-spontaneous redox 
reaction. As an example of an electrosynthetic cell, methanol 
may be oxidized at the anode to produce formaldehyde, and 
oxygen or another oxidizing agent may be reduced at the 
cathode. Note that in operation, the same oxygen reduction 
reaction may occur at the cathode in either a fuel cell or an 
electrosynthetic cell. 
0007 Platinum cathodes are widely used to facilitate oxy 
gen reduction in cathodic half-cells. Although quite efficient, 
Such cathodes are very expensive, due to platinum's relative 
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scarcity. To render Such cells more practical, it is desirable to 
use lower cost cathodes, without materially compromising 
efficiency, useful life, or other desired characteristics. 
0008 To address these concerns, there have been a variety 
of efforts to develop improved cathodic half-cells for oxygen 
reduction. Some have attempted to Surface coat base cathode 
materials, thereby reducing the amount of the most expensive 
metals that need to be used. 

0009. In WO 2012/085542, it was proposed that a poly 
oXometalate redox catalyst could be used in conjunction with 
a vanadyl mediator to facilitate electrocatalytic oxygen 
reduction using a less expensive cathode. While this had some 
benefits, further improvements were still desired. 
0010. There remains a need for improved half-cells for 
more efficient electrocatalytic oxygen reduction, particularly 
with respect to avoiding the need for expensive metals to 
efficiently catalyze the oxygen reduction reaction that may 
occur at the cathode of an electrochemical cell. 

SUMMARY OF THE INVENTION 

0011. In a first aspect, the invention encompasses a system 
that includes an electrode and an electrolyte Solution in con 
tact with the electrode. The electrolyte solution includes a 
redox mediator capable of transferring protons and electrons 
by acid/base and/or oxidation/reduction reactions. The sys 
tem further includes a redox catalyst. The redox catalyst may 
be included in the electrolyte solution, or alternatively, may 
be in contact with the electrolyte solution. 
0012. In some embodiments, the reduced form of the 
redox mediator is an unsubstituted dihydroxybenzene, a Sub 
stituted dihydroxybenzene, or a substituted hydroxylamine. 
Optionally, the substituted or unsubstituted dihydroxyben 
Zene may be a 1,2-dihydroxybenzene (a catechol) or a 1,4- 
dihydroxybenzene (a hydroquinone). In some embodiments, 
the reduced form of the redox mediator is 1,4-dihydroxyben 
Zene (hydroquinone). 
0013. In embodiments where the reduced form of the 
redox mediator is a substituted dihydroxybenzene, one or 
more hydrogenatoms in the dihydroxybenzene is substituted 
with a Substituent group. Exemplary Substituent groups that 
could be independently substituted for each hydrogen atom 
include an alkyl with less than ten carbons, an aryl, fused aryl 
(e.g., naphthoguinone or anthraquinone and derivatives 
thereof), a heterocycle, an alkenyl, an alkynyl, a cycloalkyl, 
an amine, a protonated amine, a quaternary amine, Sulfate, a 
Sulfonate, Sulfonic acid, phosphate, a phosphonate, a phos 
phinate, a ketone, an aldehyde, an oxime, a hydraZone, a 
nitrone, an ether, an ester, a halide, a nitrile, a carboxylate, an 
amide, a thioether, a fluoroalkyl, a perfluoroalkyl, a pen 
tafluorosulfanyl, a Sulfonamide, a Sulfonic ester, an imide, 
carbonate, a carbamate, a urea, a Sulfonylurea, an azide, a 
Sulfone, a Sulfoxide, an amine oxide, phosphine oxide, a 
quaternary phosphonium, a quaternary borate, a siloxane, or 
a nitro. 

0014. In embodiments where the reduced form of the 
redox mediator is a Substituted hydroxylamine, one or more 
nitrogen-bound hydrogen atoms in hydroxylamine is Substi 
tuted with a Substituent group. Exemplary Substituent groups 
that could be independently substituted for each hydrogen 
include an alkyl with less than ten carbons, an aryl, a 
cycloalkyl, and a bicycloalkyl. In some embodiments, the 
same substituent group may substitute for two different 
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hydrogen atoms, thus forming a heterocycle. In some 
embodiments, at least one form of the redox mediator may be 
a stable radical. 
0.015. In some embodiments where the reduced form of 
the redox mediator is a Substituted hydroxylamine, one or 
more of the Substituent groups may further include an alkyl 
with less than ten carbons, an aryl, a heterocycle, an alkenyl, 
an alkynyl, a cycloalkyl, an amine, a protonated amine, a 
quaternary amine, Sulfate, a Sulfonate, Sulfonic acid, phos 
phate, a phosphonate, a phosphinate, a ketone, an aldehyde, 
an oxime, a hydraZone, a nitrone, an ether, an ester, a halide, 
a nitrile, carboxylate, an amide, a thioether, a fluoroalkyl, a 
perfluoroalkyl, a pentafluorosulfanyl, a Sulfonamide, a Sul 
fonic ester, an imide, carbonate, a carbamate, a urea, a Sulfo 
nylurea, an azide, a Sulfone, a Sulfoxide, an amine oxide, a 
phosphine oxide, a quaternary phosphonium, a quaternary 
borate, a siloxane, a nitro, and combinations of two or more 
thereof on the same or on different positions on the substitu 
ent. 

0016 Exemplary redox mediators where the reduced form 
is a Substituted hydroxylamine include, without limitation, 
(2.2.6,6-tetramethylpiperidin-1-yl)oxy (TEMPO), 4-aceta 
midoTEMPO, or 9-azabicyclo[3.3.1 nonane N-oxyl 
(ABNO). 
0017. In some embodiments, the redox catalyst includes 
one or more metals. In some such embodiments, the one or 
more metals may include tungsten (W), iron (Fe), cobalt (Co). 
manganese (Mn), molybdenum (Mo), Vanadium (V), ruthe 
nium (Ru), copper (Cu) or silver (Ag). In some such embodi 
ments, the redox catalyst is an organometallic complex. Such 
as a metal macrocycle or chelate complex. A non-limiting 
example of a metal complex that could be used is 
M(Salophen). Such as Co(Salophen). 
0018. In some embodiments, the catalyst is in the form of 
an insoluble material that is in contact with the electrolyte 
solution. This catalyst need not be on the electrode. 
0019. In some embodiments, the redox catalyst is a nitro 
gen oxide (NO). Non-limiting examples include NO (re 
duced form), NO (oxidized form), and mixtures thereof. 
0020. In some embodiments, the electrolyte solution fur 
ther comprises a pH buffer that is capable of accepting pro 
tons from and/or giving protons to the redox mediator. Non 
limiting examples include an acetic acid/acetate buffer 
system. 
0021. In some embodiments, the electrolyte solution fur 
ther comprises oxygen, which is the final electron acceptor of 
the oxygen reduction reaction that is facilitated by the system. 
0022. In a second aspect, the invention encompasses an 
electrochemical cell that includes the system as described 
above, where the system is in ionic communication with an 
anodic half cell. In some embodiments, the electrochemical 
cell is a fuel cell or an electrosynthetic cell. In some embodi 
ments, the electrochemical cell is a flow battery, wherein the 
electrolyte solution is stored outside of the cell, and can be fed 
into the cell in order to generate electricity. In some embodi 
ments, the electrochemical cell combines aspects of a fuel cell 
or an electrosynthetic cell and a flow battery, wherein the 
electrolyte Solution is circulated through a reactor to regen 
erate spent mediator, and is eventually returned to the elec 
trochemical cell. 
0023. In a third aspect, the invention encompasses a 
method of producing electricity. The method includes the 
steps of contacting the anodic half cell of the electrochemical 
cell as described above with a fuel, and contacting the system 
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as described above with oxygen, whereby the fuel is oxidized, 
oxygen is reduced, and electricity is produced. 
0024. In a fourth aspect, the invention encompasses a 
method of producing a desired chemical product. The method 
includes the steps of contacting the anodic half cell of the 
electrochemical cell as described above with a precursor of 
the desired chemical product, and contacting the system as 
described above with oxygen, whereby the precursor is oxi 
dized to the desired product, and the oxygen is reduced. 
0025. In an exemplary electrochemical cell, there is an 
anode, a cathode, a region Suitable to receive a fuel (in a fuel 
cell) or precursor chemical (in a electrosynthetic cell), a 
region adjacent the cathode Suitable for receiving an oxidant 
(such as oxygen), a structure Suitable for transmitting elec 
tricity, and a catholyte solution in fluid communication with 
the cathode. Seegenerally WO 2012/085542. 
0026. As an example, the anode may be platinum or pal 
ladium based materials, the cathode may be a graphite mate 
rial Such as porous reticulated vitreous carbon, the fuel may 
be hydrogen gas or methanol, the precursor chemical may be 
methanol (to produce, for example, formaldehyde) or ethyl 
ene (to produce, for example, vinyl acetate), oxygen may be 
Sourced from oxygen gas or the oxygen component of air, the 
cathode and anode may be linked by wires or other means to 
transmit the generated electricity to power a battery or for 
other applications, and there may be a cation selective poly 
mer electrolyte membrane separating the anode and cathode 
areas (e.g., one made from Nafion). 
0027. As an example, the cathode area in the cell described 
above can be filled with a solution that is in contact with the 
cathode and a cation selective membrane. This solution may 
contain 0.1 to 1 M of an electrolyte such as LiPF, 0.01 to 0.1 
Mofa mediator such as TEMPO, 0.01 to 0.1 M of an oxidiz 
ing catalyst such as NaNO, dissolved in a 9:1 mixture of 
acetonitrile and acetic acid. An oxidant such as oxygen is 
mixed into the catholyte solution whilst hydrogen or some 
other fuel or precursor chemical is introduced to the anode 
area of the cell to effect its operation. 
0028. As another example, the cathode area in the cell 
described above is filled with a solution that is in contact with 
the cathode and cation selective membrane. This solution 
may contain from 0.1 to 1.0 M of an electrolyte such as 
NBuPF, 0.01 to 0.1 M of a redox mediator such as hydro 
quinone, 0.001 to 0.1 M of a redox catalyst such as Co(s- 
alophen), dissolved in DMF with 0.1 to 1.0 Macetic acid. An 
oxidant Such as oxygen is mixed into the catholyte solution 
while hydrogen or other fuel is introduced into the anode area 
of the cell to effect its operation. 
0029. In accordance with the present invention, the 
catholyte Solution may include a redox mediator Suitable to 
be at least partially reduced at the cathode during operation of 
the cell, and at least partially re-oxidized during Such opera 
tion, directly or indirectly, by reaction with a fuel cell oxidant 
after such reduction at the cathode. This redox mediator is 
most preferably a compound capable of transporting protons 
and electrons through the solution by acid/base and/or oxida 
tion/reduction reactions. 
0030. One preferred class of such redox mediators are 
quinones, used with a redox catalyst (e.g. cobalt or iron 
containing catalysts). For example, a reduced form of the 
redox mediator could be a hydroquinone, and an oxidized 
form could be benzoquinone. See FIG. 1. 
0031 Optionally, the quinone can be substituted at various 
locations around the quinone ring. For example, Substituent 
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groups may be selected from the group consisting of alkyl 
with less than ten carbons, aryl, fused aryl (e.g., naphtho 
quinone or anthraquinone and derivatives thereof), alkenyl, 
alkynyl, cycloalkyl, amine, protonated amine, quaternary 
amine, Sulfate, Sulfonate, Sulfonic acid, phosphate, phospho 
nate, a phosphinate, a ketone, an aldehyde, an oxime, a hydra 
Zone, a nitrone, ether, ester, halide, nitrile, carboxylate, 
amide, thioether, fluoroalkyl, perfluoroalkyl, pentafluorosul 
fanyl, Sulfonamide, Sulfonic ester, imide, carbonate, carbam 
ate, urea, Sulfonylurea, azide, Sulfone, Sulfoxide, amine 
oxide, phosphine oxide, quaternary phosphonium, quater 
nary borate, siloxane, nitro, and combinations of two or more 
thereof on the same or on different positions on the ring. One 
example would be a heterocycle. 
0032. Another class of preferred redox mediators are com 
pounds capable of generating nitroxyl type structures. For 
example, a reduced form of the mediator may be a hydroxy 
lamine that includes one or more substituent functional 
groups thereon at the nitrogen besides the oxygen. See, e.g., 
FIG. 3. These could be coupled with a redox catalyst, such as 
a catalyst based on nitrogen oxide (NO), such as such mate 
rial supplied by HNO and NaNO. 
0033. Apart from the oxygen, the nitrogen may be linked 
to various groups selected from the group consisting of alkyl 
with less than ten carbons, aryl, heterocyclic, cycloalkyl, 
bicycloalkyl and combinations thereof, or one or more Sub 
stituent group may comprise alkyl with less than ten carbons, 
aryl, alkenyl, alkynyl, cycloalkyl, amine, protonated amine, 
quaternary amine, Sulfate, Sulfonate, Sulfonic acid, phos 
phate, phosphonate, phosphinate, ketone, aldehyde, oxime, 
hydrazone, nitrone, ether, ester, halide, nitrile, carboxylate, 
amide, thioether, fluoroalkyl, perfluoroalkyl, pentafluorosul 
fanyl, Sulfonamide, Sulfonic ester, imide, carbonate, carbam 
ate, urea, Sulfonylurea, azide, Sulfone, Sulfoxide, amine 
oxide, phosphine oxide, quaternary phosphonium, quater 
nary borate, siloxane, nitro, and combinations of two or more 
thereof on the same or on different positions on the substitu 
ent 

0034. In sum, we have discovered that it is desirable for a 
half-cell used for electrocatalytic oxygen reduction to include 
a redox mediator/redox catalyst pair (along with a cathode 
and electrolyte). This permits much more expensive cathodes 
to be avoided, without significant undesired performance 
problems being introduced. A catholyte Solution may com 
prise a pH buffer that accepts and gives protons from and to 
the redox mediator. Quinones paired with cobalt or iron 
containing redox catalysts are one class of particularly pre 
ferred materials, as are nitroxyl-type materials paired with 
nitric oxide type redox catalysts. 
0035. The above and still other advantages of the present 
invention will be apparent from the description that follows. 
For example, altering Substituents on the mediator can tailor 
the mediator performance for particular needs. 
0036. It should be appreciated that the following descrip 
tion is merely of preferred embodiments of our invention. The 
claims should therefore be looked to in order to understand 
the full claimed scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0037 FIG. 1 depicts the electrocatalytic reduction of oxy 
gen facilitated by a system of the present invention, where 
there is a cobalt redox catalyst and a hydroquinone/benzo 
quinone redox mediator; 
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0038 FIG. 2 depicts the structure of a preferred cobalt 
redox catalyst useful with the FIG. 1 system; 
0039 FIG.3 depicts the electrocatalytic reduction of oxy 
gen facilitated by a system of the present invention, where 
there is a nitrogen oxide redox catalyst and a nitroxyl-type 
redox mediator; 
0040 FIG. 4 depicts the electrocatalytic reduction of oxy 
gen facilitated by a system of the present invention, where 
there is a catalyst that is not dissolved in the electrolyte 
Solution containing the hydroquinone/benzoquinone redox 
mediator, 
0041 FIG.5 depicts the cyclic voltammogram obtained at 
10 mV/s of 10 mM hydroquinone in aqueous 1 MHSO; 
0042 FIG. 6 depicts the cyclic voltammogram obtained at 
10 mV/s of 5 mM 2',5'-dihydroxyacetophenone in a 1:1 mix 
ture of acetic acid and aqueous 1 MHSO; 
0043 FIG. 7 depicts the current versus time observed at 
608 mV vs. NHE of 100 mM hydroquinone in aqueous 1 M 
HSO that is circulated over an aerated catalyst; 
0044 FIG. 8 depicts cyclic voltammograms obtained at 10 
mV/s of 10 mM TEMPO in 9:1 CHCN:CFCOH: 
0045 FIG.9 depicts the cyclic voltammogram obtained at 
10 mV/s of 10 mM of the potassium salt of hydroquinone 
Sulfonic acid in aqueous 1 MHSO; and 
0046 FIG. 10 depicts the current versus time observed at 
658mV vs. NHE of 100 mM of the potassium salt of hydro 
quinonesulfonic acid in aqueous 1 MHSO that is circulated 
over an aerated catalyst. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

I. In General 

0047. This invention is not limited to the particular meth 
odology, protocols, materials, and reagents described, as 
these may vary. Furthermore, the terminology used herein is 
for the purpose of describing particular embodiments only, 
and is not intended to limit the scope of the present invention 
which will be limited only by the pending claims. 
0048. As used herein and in the appended claims, the 
singular forms “a”, “an', and “the include plural reference 
unless the context clearly dictates otherwise. As well, the 
terms “a” (or “an”), “one or more' and “at least one' can be 
used interchangeably herein. The terms "comprising. 
“including, and “having can be used interchangeably. 
0049. Unless defined otherwise, all technical and scien 

tific terms used herein have the same meanings as commonly 
understood by one of ordinary skill in the art. Although any 
methods and materials similar or equivalent to those 
described herein can be used in the practice or testing of the 
present invention, the methods and materials of several 
embodiments now described. All publications and patents 
specifically mentioned herein are incorporated by reference 
in their entirety for all purposes. 

II. The Invention 

0050. This disclosure is based on the inventors’ discovery 
that a redox catalyst can be paired with a redox mediator to 
facilitate the electrocatalytic reduction of oxygen in a 
cathodic half-cell. Accordingly, the invention encompasses 
systems comprising an electrode and an electrolyte in contact 
with the electrode, wherein the electrolyte includes both a 
redox catalyst and a redox mediator, or a redox mediator with 
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a catalyst that is in contact with the electrolyte. Both the redox 
catalyst and the redox mediator, which have been described 
previously, can occur in oxidized, reduced, or intermediate 
forms (i.e., various “redox forms). Accordingly, when a 
redox catalyst or redox mediator is identified in a particular 
form herein, such identification also includes the correspond 
ing alternative redox forms, each of which would be readily 
apparent to one skilled in the art. 
0051. Because in the disclosed systems, the electrode 
itself does not necessarily act as a catalyst, the type of elec 
trode used is not limited, and may comprise any electrode 
material that is typically used in the art. 
0052. The following examples are offered for illustrative 
purposes only, and are not intended to limit the scope of the 
present invention in any way. Indeed, various modifications 
of the disclosed method in addition to those shown and 
described herein will become apparent to those skilled in the 
art from the foregoing description and the following 
examples and fall within the scope of the appended claims. 

Example 1 

Benzoquinone/Hydroquinone as a Redox Mediator 
with a Soluble Catalyst 

0053 FIG. 1 depicts use of a quinone in connection with 
our invention. We paired this with a cobalt based redox cata 
lyst, the compound Co(salophen) depicted in FIG. 2. 
0054. In one example, we focused on the solvent combi 
nation of N,N-dimethylformamide (DMF) with 0.15-0.2 M 
AcOH. Cyclic voltammetry was used to probe the feasibility 
of electrocatalytic O. reduction using this system. Initial con 
trol tests with benzoquinone under N2 and O or catalyst 
under N and O were also conducted to determine the behav 
ior of each component on its own. 
0055. The behavior of benzoquinone under O and N was 
nearly identical with the reduction of benzoquinone to hyd 
roquinone observed at -0.80 V (all potentials vs. Fc/Fc") and 
the oxidation of hydroquinone to benzoquinone observed at 
-0.19 V. The onset of the wave due to direct reduction of O. 
by cobalt and acid was not observed until approximately 
-0.90 V. 460 mV more reducing than the Co'/Co' potential 
at -0.44 V. Examining the fully constituted system under an 
atmosphere of N versus O. indicated an increase in current at 
potentials corresponding to the benzoquinone reduction 
peak. In any event, our results indicated that effective cataly 
sis was occurring when using the cobalt redox catalyst and the 
benzoquinone mediator. 
0056 To gain further insight into the electrocatalytic O, 
reduction facilitated by the combination of hydroquinone and 
Co(salophen), bulk electrolysis studies were conducted at 
-0.81 V vs. Fc/Fc". If the formation of hydroquinone 
increased the activity of the system for oxygen reduction, we 
would expect to see a higher steady-state current for the case 
with the cobalt catalyst plus hydroquinone under O. than for 
the case solely with Co under O (and we did). 
0057 Bulk electrolysis studies were performed in the 
presence of 0.2 M AcOH. With only Co(salophen) (1 mM) 
and O. approximately 62.1 C of charge were passed over 4 h. 
When the system was fully constituted (1 mM Co(salophen) 
and 20 mM 1,4-hydroquinone) under O. 162.7 C of charge 
were passed, which corresponds to approximately 13 turn 
overs of the Co(salophen) for the desired pathway. 
0058. In a second example, we focused on methanol as the 
solvent with 0.2 M acetic acid. Initial cyclic voltammetry 
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studies suggested that methanol with no added acid is a prom 
ising solvent due to an increase in current when Co(Salophen) 
and benzoquinone are present together under O than under 
N. 
0059 Again, bulk electrolysis studies were conducted to 
investigate the feasibility of Co(salophen) paired with hydro 
quinone as catalysts. With 1 mM Co(salophen) and O in the 
AcOH/methanol solution, 118.8 C of charge was passed over 
4 h. When the system was fully constituted (1 mM Co(s- 
alophen), 20 mM 14-hydroquinone) under O. 158.0 C of 
charge were passed, corresponding to approximately 5.1 
turnovers of the Co(salophen) catalyst for the desired path 
way. 
0060 We interpret these results as a proof-of-concept 
example that quinone mediators paired with cobalt or iron 
oxidizers can be utilized to more effectively achieve 
increased currents for the electrocatalytic oxidation/reduc 
tion reactions over systems lacking a mediator. Higher Sus 
tained currents indicating catalytic turnover were observed in 
bulk electrolysis experiments. 

Example 2 

Benzoquinone/Hydroquinone as a Redox Mediator 
with a Heterogeneous Catalyst 

0061 We next tested a system where heterogeneous plati 
num Supported on aluminum oxide pellets was the oxidizer 
and hydroquinone was Subject to oxidation and reduction (see 
FIG. 4). Cyclic voltammetry (CV) measurements were per 
formed at a glassy carbon electrode that was polished with 
alumina before each experiment. An Ag/AgCl reference elec 
trode and Pt wire counter-electrode were also used. All poten 
tials are reported relative to NHE. 
0062. In one example we used a glassy carbon electrode in 
10 mM hydroquinone in water, with 1 MHSO supporting 
electrolyte. Oxidation and reduction peaks corresponding to 
formation and consumption of benzoquinone were observed 
with an E of 682 mV (see FIG. 5). 
0063. In another example, we tried 10 mM 2',5'-dihy 
droxyacetophenone in water, with 1 M H2SO Supporting 
electrolyte. It was poorly soluble, but oxidation and reduction 
peaks were observed with an E of 777 mV. This mediator 
was more soluble in a 1:1 mixture of 1 M aqueous HSO: 
acetic acid. In that medium, oxidation and reduction peaks 
were observed with an E of 712 mV (see FIG. 6). 
0064. In another example, we tried 10 mM of the potas 
sium salt of hydroquinonesulfonic acid in water, with 1 M 
HSO supporting electrolyte. Oxidation and reduction peaks 
corresponding to formation and consumption of the corre 
sponding quinone were observed with an E of 733 mV (see 
FIG.9). 
0065. As a further proof of principle electrolysis experi 
ments were performed in a glass cell with a frit dividing the 
working and counter electrode compartments. A pump circu 
lated the contents of the working electrode compartment 
through a reactor containing Pt catalyst dispersed on alumina 
pellets. Air was made to flow through the pellets in counter 
current to the flowing electrolyte solution. After reacting over 
the catalyst, the electrolyte solution was returned to the work 
ing electrode compartment. The working electrode consisted 
of a block of reticulated vitreous carbon (RVC), with carbon 
rods as the counter electrode and an Ag/AgCl reference elec 
trode. The electrolyte solution consisted of 1 MHSO in 
Water. 
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0066 Constant-potential electrolysis of 0.1 M hydro 
quinone in 1 Maqueous HSO was tried in this system at a 
potential of 608 mV. Because the system is initially loaded 
with hydroquinone, no reduction current is observed. After 
two minutes of electrolysis, the pump is turned on and hyd 
roquinone is oxidized to benzoquinone by the catalyst. The 
current increases as the concentration of benzoquinone in the 
Solution rises. After reaching steady state, the electrolysis was 
continued for a total time of four hours during which the 
system continued to display current indicating O. reduction 
(see FIG. 7). 
0067 Constant-potential electrolysis of 0.1 M of the 
potassium salt of hydroquinonesulfonic acid in 1 Maqueous 
HSO was also tried in this system at a potential of 658 mV. 
Because the system is initially loaded with the hydroquinone 
form of the mediator, no reduction current is observed. After 
two minutes of electrolysis, the pump is turned on and the 
hydroquinone is oxidized to the corresponding benzoquinone 
by the catalyst. The current increases as the concentration of 
the benzoquinone form of the mediator in the solution rises. 
After reaching steady state, the electrolysis was continued for 
a total time of four hours during which the system continued 
to display current indicating O, reduction (see FIG. 10). 
0068 Platinum is well known as a catalyst for O, reduc 
tion in fuel cells, wherein it is typically applied to the elec 
trode itself. This example shows an alternative configuration 
that may prove to be advantageous due to enhanced mass 
transport of oxygen to the catalyst, which is not constrained to 
be in a planar configuration on the electrode. The operating 
potential of the cell is determined by the reduction potential of 
the mediator, with different mediators having different E, 
values. This example also demonstrates that a redox mediator 
can enable the utilization of catalysts that are dispersed on 
Supports that do not conduct electricity (e.g., Al2O). This is 
advantageous, since the performance of many catalysts is 
affected by the nature of their support material and selection 
of an optimal combination of catalyst, Support, and mediator 
will minimize the need for precious metals. 

Example 3 

Nitroxyl as a Redox Mediator 

0069. We next tested a nitroxyl system where nitrogen 
oxide was the oxidizer and a nitroxyl was Subject to oxidation 
and reduction (see FIG. 3). Cyclic voltammetry (CV) mea 
Surements were performed at a glassy carbon electrode that 
was polished with alumina before each experiment. An 
Ag/Ag" reference electrode and Pt wire counter-electrode 
were also used. At the end of each experiment, ferrocene was 
added to the solution and a CV scan was taken to determine 
the ferrocene/ferricinium potential relative to the reference 
electrode. All potentials were reported relative to ferrocene. 
0070 We then tested the nitroxyl compound (CH) 
(CMe...)NO, a/k/a “TEMPO (see FIG. 3), as the mediator. 
(0071 CV measurements of TEMPO in CHCN showed a 
reversible nitroxyl/oxoammonium process (E-235 mV). 
The variation in peak currents with scan rate Support the 
conclusion that oxidation and reduction take place on species 
in Solution. Addition of acetic acid leads to disproportion 
ation, which is evidenced by a reduction in the anodic current 
and a change in the open-circuit potential. The disproportion 
ation process is slow enough for reduction of the oxoammo 
nium to the nitroxyl to be observable on the CV timescale, 
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with more rapid scan rates being less affected by dispropor 
tionation during the experiment. 
0072. In one example we used a glassy carbon electrode in 
10 mMTEMPO ina) CHCN, and b) 9:1 CHCN:CHCOH, 
each with 0.1 M LiPF supporting electrolyte. 
(0073. In related examples, the electrolyte was 0.1 or 0.5M 
KPF dissolved in a) CHCN, b) 9:1 CHCN:CFCOH, or c) 
9:1 CHCN:CHCl,CO.H. An electrolyte of 0.1 M LiN 
(SOCF) was also briefly investigated and gave results simi 
lar to LiPF. The combination of KPF with 9:1 CHCN: 
CFCOH gave results similar to or superior to those 
described below and is also preferred on the basis of the lower 
cost of KPF relative to lithium salts. A combination of KPF 
and 9:1 CHCN:CHCO, Has the electrolyte and solvent was 
also tried and unexpectedly did not produce effective cataly 
sis from the TEMPO/NaNO mediator/catalyst system. 
0074. In another example, we used CV scans at 10 mV/s at 
a glassy carbon electrode in 10 mM TEMPO in 9:1 CHCN: 
CHCOH with 0.1 MLIPF supporting electrolyte plus 10 
mM NaNO under a) N2, or b) O. 
0075) When NaNO, is added to a solution of acetic acidor 
halogenated acetic acids, HNO and/or NO, is formed. Under 
these conditions, neither of these species can be reduced 
effectively at the electrode. An anodic feature at E-750 mV 
may be due to the oxidation of dissolved NO. 
0076) However, whatever masked form of NO, is present 
in solution is capable of oxidizing TEMPO. This oxidation 
produces a further anodic shift in the open-circuit potential 
corresponding to complete oxidation of the TEMPO to its 
oxoammonium. Despite the addition of an excess of NaNO, 
the TEMPO redox feature remains symmetric and similar to 
CV of TEMPO in CHCN, suggesting that reoxidation of 
TEMPO by dissolved NO, is slow relative to the CV time 
scale. In experiments with trifluoroacetic acid in the place of 
acetic acid, the TEMPO redox feature becomes asymmetric 
on the addition of the acid, indicating that the acid induces 
disproportionation of TEMPO into its hydroxylamine and 
oxoammonium forms. Addition of excess NaNO, relative to 
TEMPO to this system induces complete oxidation of the 
TEMPO to its oxoammonium. Further, the TEMPO redox 
feature becomes asymmetric, indicating that TEMPO rapidly 
catalyzes the reduction of whatever form of NO, is produced 
in the presence of this acid (FIG. 8). 
(0077. In another example we used CV scans at 100 mV/s 
at a glassy carbon electrode of a) 9:1 CHCN:CHCO2H, b) 
the same solvent with 20 mM NaNO added, and c) with 10 
mM TEMPO and 20 mM NaNO, each with 0.1 M LiPF 
supporting electrolyte. Again, the use of KPF in 9:1 CHCN: 
CFCOH gave improved results. 
(0078. Substitution of TEMPO derivatives results ingen 
erally similar redox processes, albeit at shifted potentials. For 
example, installation of an acetamido group at the 4-position 
of TEMPO leads to a shift in E, of 105 mV. Because of its 
higher reduction potential, less disproportionation is 
observed on the addition of acetic acid. Otherwise, 4-aceta 
midoTEMPO displays voltammetric properties similar to 
TEMPO. 
0079. As a further proof of principle electrolysis experi 
ments were performed in a glass cell with a frit dividing the 
working and counter electrode compartments. The working 
electrode consisted of a block of reticulated vitreous carbon 
(RVC), with carbon rods as the counter electrode and an 
Ag/Ag" reference electrode. After each experiment, the ref 
erence electrode was calibrated by CV of ferrocene (vide 
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supra). The electrolyte solution consisted of 0.5 M LiPF in 
9:1 CHCN:CHCOH or 0.5 M KPF in 9:1 CHCN: 
CFCO.H. Prior to electrolysis, the solution was purged with 
either nitrogen or oxygen. Experiments utilizing NO, were 
performed by adding NaNO to the electrolysis cell and 
allowing the mixture to stir until dissolution was complete. 
NaNO was also successfully used as a NO, source and dis 
played an induction period before catalysis began. 
0080 Constant-potential electrolysis of TEMPO in acid/ 
acetonitrile mixed solvent can be performed under nitrogen at 
a potential where the oxoammonium produced by dispropor 
tionation is reduced. Addition of NaNO at the end of the 
electrolysis regenerates the oxoammonium. In a Subsequent 
electrolysis, an amount of charge is passed that is indicative of 
TEMPO-mediated reduction of NO. In contrast, NaNO, 
alone shows much less reduction current at a similar poten 
tial. 
0081. We also tried controlled-potential electrolyses in 9:1 
CHCN:CHCOH with 0.5 M LiPF under N of a) 10 mM 
NaNO, at 172 mV vs. ferrocene, b) 10 mM TEMPO, or c) 20 
mM NaNO+10 mM TEMPO at 144 mV vs. ferrocene. 
0082 We also tried controlled-potential electrolyses in 9:1 
CHCN:CHCOH with 0.5 M LiPF6 under O, of 10 mM 
NaNO with different nitroxyls, each at 10 mM. 
0083 Under oxygen-saturated conditions, neither NO, 
nor TEMPO alone show signs of catalytic oxygen reduction. 
Importantly, when added in combination, TEMPO and NO, 
produce Sustained catalytic current in the presence of oxygen. 
I0084. We also tried controlled-potential electrolyses in 9:1 
CHCN:CHCOH with 0.5 M LiPF under O. of a) 10 mM 
NaNO, at 172 mV vs. ferrocene, b) 10 mM TEMPO at 155 
mV vs. ferrocene, c) 20 mM NaNO+10 mM TEMPO at 144 
mV vs. ferrocene, or d) no added catalyst or mediator at 158 
mV vs. ferrocene. 
0085. We also tried a controlled-potential electrolysis of 
10 mM TEMPO in 1 Maqueous HSO at 618 mV vs. NHE 
using the heterogeneous Pt/Al2O catalyst described in 
Example 2. This system showed performance similar to the 
other mediators described in Example 2 once it reached 
steady state. 
I0086 Changing from TEMPO to 4-acetamidoTEMPO 
allows the electrocatalytic O. reduction to proceed at ca. 100 
mV higher potential. Substitution of ABNO for TEMPO 
allows a modest increase in potential despite ABNO’s lower 
E, albeit at the cost of some current. In the 9:1 CHCN: 
CFCOH solvent system, ABNO displays currents that are 
enhanced relative to those of TEMPO. 
0087. In sum, cyclic voltammetry of nitroxyls in solution 
showed that they undergo a reversible oxidation to the 
oXoammonium. Addition of acid leads to disproportionation 
of the nitroxyl to the oxoammonium and hydroxylamine or 
hydroxylammonium ion. Addition of nitrite caused complete 
oxidation to the oxoammonium. When the nitroxyl is oxi 
dized, nitrite must be reduced, presumably to NO in a one 
electron process. As demonstrated by bulk electrolysis 
experiments, the reduced NO species is capable of aerobic 
oxidation to a Substance capable of regenerating the oXoam 
monium. 
0088. By using a higher-potential nitroxyl, it is possible to 
raise the operating potential of the electrocatalytic process. 
The E value for oxidation of 4-acetamidoTEMPO is 105 
mV higher than that of TEMPO, and similar steady-state 
catalytic currents are observed when the potential is increased 
by that amount provided that the higher-potential nitroxyl is 
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used. Presumably, this trend should hold so long as the oxi 
dation potential ofNO is high compared to that of the nitroxyl 
so that oxidation of the nitroxyl is not rate-limiting. 
I0089. Bicyclic nitroxyls, such as ABNO (9-azabicyclo[3. 
3.1 nonane-N-oxyl), are less sterically congested than 
TEMPO or its analogues. As a result, ABNO should have 
more rapid reoxidation kinetics than TEMPO. If reoxidation 
involves conproportionation of an oxoammonium and a 
hydroxylammonium followed by oxidation of the product 
nitroxyls, this steric benefit should be even greater. 

SUMMARY 

0090. In sum, regardless of whether the mediator is a 
quinone, or a nitroxyl, type compound, or other compound 
with similar attributes such as noted above, the invention will 
permit high efficiency without the need for high cost metallic 
cathodes. 
(0091. While a number of embodiments of the present 
invention have been described above, the present invention is 
not limited to just these disclosed examples. There are other 
modifications that are meant to be within the scope of the 
invention and claims. Thus, the claims should be looked to in 
order to judge the full scope of the invention. 
We claim: 
1. A system comprising: 
an electrode; 
an electrolyte solution in contact with the electrode, 

wherein the electrolyte solution comprises a redox 
mediator capable of transferring protons and electrons 
by acid/base and/or oxidation/reduction reactions; and 

a redox catalyst that is included in or in contact with the 
electrolyte solution. 

2. The system of claim 1, wherein the reduced form of the 
redox mediator is selected from the group consisting of an 
unsubstituted dihydroxybenzene, a substituted dihydroxy 
benzene, and a Substituted hydroxylamine. 

3. The system of claim 1, wherein the substituted or unsub 
stituted dihydroxybenzene is a 1,2-dihydroxybenzene (a cat 
echol) or a 1,4-dihydroxybenzene (a hydroquinone). 

4. The system of claim 2, wherein one or more hydrogen 
atoms in the substituted dihydroxybenzene is substituted with 
a Substituent group that is independently selected from the 
group consisting of an alkyl with less than ten carbons, an 
aryl, a fused aryl, napthoduinone and derivatives thereof, 
anthraquinone and derivatives thereof, a heterocycle, an alk 
enyl, an alkynyl, a cycloalkyl, an amine, a protonated amine, 
a quaternary amine, Sulfate, a Sulfonate, Sulfonic acid, phos 
phate, a phosphonate, a phosphinate, a ketone, an aldehyde, a 
hydraZone, an oxime, a nitrone, an ether, an ester, a halide, a 
nitrile, a carboxylate, an amide, a thioether, a fluoroalkyl, a 
perfluoroalkyl, a pentafluorosulfanyl, a Sulfonamide, a Sul 
fonic ester, an imide, a carbonate, a carbamate, an urea, a 
Sulfonylurea, an azide, a Sulfone, a Sulfoxide, an amine oxide, 
phosphine oxide, a quaternary phosphonium, a quaternary 
borate, a siloxane, and a nitro. 

5. The system of claim 2, wherein one or more hydrogen 
atoms in the substituted hydroxylamine is substituted with a 
Substituent group that is independently selected from the 
group consisting of an alkyl with less than ten carbons, an 
aryl, a heterocycle, a cycloalkyl, and a bicycloalkyl. 

6. The system of claim 5, wherein one or more of the 
Substituent groups further comprises an alkyl with less than 
ten carbons, an aryl, a heterocycle, an alkenyl, an alkynyl, a 
cycloalkyl, an amine, a protonated amine, a quaternary 
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amine, Sulfate, a Sulfonate, Sulfonic acid, phosphate, a phos 
phonate, a phosphinate, a ketone, an aldehyde, an oxime, a 
hydrazone, a nitrone, an ether, an ester, a halide, a nitrile, 
carboxylate, an amide, a thioether, a fluoroalkyl, a perfluoro 
alkyl, a pentafluorosulfanyl, a Sulfonamide, a Sulfonic ester, 
an imide, carbonate, a carbamate, urea, a Sulfonylurea, an 
azide, a Sulfone, a Sulfoxide, an amine oxide, a phosphine 
oxide, a quaternary phosphonium, a quaternary borate, a 
siloxane, a nitro, and combinations of two or more thereof on 
the same or on different positions on the substituent. 

7. The system of claim 1, wherein the reduced form of the 
redox mediator is 1,4-dihydroxybenzene (hydroquinone). 

8. The system of claim 7, wherein the redox catalyst com 
prises one or more metals selected from the group consisting 
of Pt, Pd, Bi, Te, W. Fe, Co, Mn, Mo, V. Ru, Cu and Ag. 

9. The system of claim 8, wherein the redox catalyst is a 
cobalt organometallic complex. 

10. The system of claim 1, wherein a form of the redox 
mediator is (2.2.6,6-tetramethylpiperidin-1-yl)oxy 
(TEMPO), 4-acetamidoTEMPO, or 9-azabicyclo[3.3.1 
nonane N-oxyl (ABNO). 

11. The system of claim 10, wherein the redox catalyst is a 
nitrogen oxide (NO). 

12. The system of claim 1, wherein the redox catalyst 
comprises one or more metals selected from the group con 
sisting of Pt, Pd, Bi, Te, W. Fe, Co, Mn, Mo, V. Ru, Cu and Ag. 

13. The system of claim 12, wherein the redox catalyst 
comprises an organometallic complex. 
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14. The system of claim 13, wherein the organometallic 
complex is a metal macrocycle or metal chelate complex. 

15. The system of claim 14, wherein the metal complex is 
M(salophen). 

16. The system of claim 1, wherein the redox catalyst is a 
nitrogen oxide (NO). 

17. The system of claim 1, wherein the electrolyte solution 
further comprises a pH buffer that is capable of accepting 
protons from and giving protons to the redox mediator. 

18. The system of claim 1, wherein the electrolyte solution 
further comprises oxygen. 

19. A cell comprising the system of claim 1 in ionic com 
munication with an anodic half cell. 

20. The cell of claim 19, wherein the cell is a fuel cell oran 
electrosynthetic cell. 

21. A method of producing electricity, comprising contact 
ing the anodic half cell of the cell of claim 19 with a fuel, and 
contacting the system of the cell of claim 19 with oxygen, 
whereby the fuel is oxidized, oxygen is reduced, and electric 
ity is produced. 

22. A method of producing a desired chemical product, 
comprising contacting the anodic half cell of the cell of claim 
19 with a precursor of the desired chemical product, and 
contacting the system of the cell of claim 19 with oxygen, 
whereby the precursor is oxidized to the desired product, and 
the oxygen is reduced. 
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