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ABSTRACT

Edge plane pyrolytic graphite (EPG) electrodes coated with the Co(I1)/Pt(11), analog of 5,15-bis-(4-pyridyl)-10,20-bis-
(3-methoxy-4-hydroxyphenyl)porphyrin undergo an electrochemical-chemical-electrochemical (ECE) reaction when
anodically scanned in 1.0 M sulfuric acid. The new redox couple formed from this anodic conditioning of the coated
electrode is dependent on the pH of the solution. Roughened EPG electrodes coated with the Co(II)/Pt(Il), trimetallic
porphyrin show a catalytic shift of 400 mV for the reduction of O, when compared to the reduction of O, at a bare EPG
electrode. An additional catalytic shift of ca. 150 mV is observed for O, reduction at an EPG electrode coated with the
Co(II)/Pt(IT), porphyrin which has been oxidized in 1.0 M sulfuric acid. In addition to the added electrocatalysis, a sig-
nificant percentage of O, reduced at the oxidized Co(II)/Pt(Il), EPG electrode is converted to H,O as determined by

rotating disk electrode measurements.
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1. Introduction

Fuel cell technology has gained considerable attention
over the past couple of decades in part due to its high
efficiency and low pollutant output. Unfortunately the
mass production of fuel cells is limited by the costly
platinum catalysts which can be as much as 56% of the
total cost of the fuel cell [1,2]. This has resulted in exten-
sive research into finding a catalyst capable of replacing
platinum in fuel cells. Of the many types of catalysts
under investigation, few have received as much attention
as cobalt(Il) porphyrins [3,4]. Cobalt porphyrins have
been shown to reduce oxygen at potentials nearing that of
platinum; however, the majority of monometallic cobalt
porphyrins reduce oxygen by two electrons to hydrogen
peroxide instead of the more desired four electron reduc-
tion of oxygen directly to water [5].

Cobalt(II) porphyrins offer an advantage over other
transition metal porphyrins in their ability to catalyze the
reduction of oxygen; unfortunately, the vast majority of
cobalt(Il) porphyrins are only capable of reducing oxy-
gen by two electrons to form hydrogen peroxide an un-
wanted deleterious product for fuel cells. It has been
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noted that cobalt(Il) porphine, the simplest porphyrin, is
capable of reducing oxygen to water when coated onto
carbon electrodes in acidic media [6,7]. Mass production
of cobalt(Il) porphine is prohibited, however, by its dif-
ficult synthesis and purification. Researchers have found
other ways to convert monometallic cobalt(II) porphyrins
into catalysts capable of reducing oxygen directly to wa-
ter. In a series of studies, it was shown that by coordina-
tion of 3 or 4 substitutionally inert Ru(II)(NH;)s moie-
ties to the meso-pyridyl nitrogens of cobalt(Il) tetra-(4-
pyridyl)porphyrin, adsorbed onto pyrolytic graphite elec-
trodes, the direct four electron reduction of oxygen to
water at catalytic potentials could be achieved [8-14].
Subsequent studies revealed that the multi-electron re-
duction of O, to H,O with these complexes is the result
of increased electron density placed on Co(Il) through
n-backbonding of the pyridyl groups with the Ru(Il)
groups. These complexes were found to be unstable in
acidic solutions, the medium by which many fuel cells
operate.

Stability of the catalyst under the harsh acidic or basic
conditions of fuel cells is of paramount importance. To
this end researchers have found that conductive poly-
meric films on glassy carbon electrodes can be produced
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by continuous anodic cycling in basic solutions of
nickel(I) 5,10,15,20-tetra~(3-methoxy-4-hydroxyphenyl)
porphyrin [15]. These films have been used to detect
trace amounts of nickel. Similar films have also been
used to detect nitric oxide from a single cell [16]. Studies
of copper(ll) 5,10,15,20-tetra-(3-methoxy-4-hydroxyphe-
nyl)porphyrin films as p-type semiconductors have shown
promise in photoelectrochemical cells converting light
into chemical or electrical energy [17]. Reduction of oxy-
gen to water in buffered pH 7.0 solutions has been ac-
complished by platinum electrodes modified with Iron(III)
5,10,15,20-tetra-(3-methoxy-4-hydroxyphenyl)porphyrin
formed by cycling the electrode in basic solutions of the
iron porphyrin [18].

This laboratory has recently shown that by anodically
conditioning edge plane pyrolytic graphite (EPG), elec-
trodes coated with cobalt(Il) 5,10,15,20-tetra-(3-meth-
oxy-4-hydroxyphenyl) porphyrin in acidic media create a
stable electrocatalyst for oxygen reduction [19]. Analy-
sis of rotating disc experiments reveals that approxima-
tely 15% of the oxygen is reduced directly to water. In a
separate study we incorporated a peripheral transition
metal complex to a cobalt(II) porphyrin containing three
(3-methoxy-4-hydroxyphenyl) substituents in the hopes
of combining the m-backbonding effect with a conductive
catalytic film [20]. When EPG electrodes coated with this
complex, cobalt(Il) 5-(4-pyridyl)-10,15,20-tris-(3-meth-
oxy-4-hydroxyphenyl) porphyrin with PtCl, (dmso), co-
ordinated to the peripheral nitrogen of the pyridyl group
was anodically conditioned in acidic media, and a cata-
lytic shift in the reduction of oxygen was observed. Fur-
thermore, rotating disc experiments revealed that this com-
plex reduced almost 65% of the oxygen directly to water.
We determined that the peripheral platinum(II) group was
acting indirectly in the catalytic process by noting that
only the complex containing cobalt(Il) showed catalysis
of oxygen. From this we presume that the platinum group
is acting to strengthen the cobalt(Il)-peroxo bond through
n-backbonding. To further this study we present herein
the synthesis of a new cobalt(Il) porphyrin containing
two peripheral platinum moieties, complex I (Scheme 1),
to determine if further backbonding will facilitate the
complete reduction of oxygen to water.

2. Experimental Section
2.1. Materials

All reagents were analytical grade and used without fur-
ther purification unless stated otherwise. 3-methoxy-4-
hydroxybenzaldehyde, 4-pyridinecarboxaldehyde, propi-
onic acid, methanol, N,N’-dimethylformamide (DMF),
ethylacetate, methylene chloride, perchloric acid, co-
balt(I) acetate, 60 - 200 mesh silica gel (Fisher) were
used as received. The buffer solutions and their pH val-
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Scheme 1. Structure of diplatinum cobalt porphyrin.

ues measured to +0.01 at 25°C using a Denver Instru-
ment UltraBasic pH meter calibrated with standard pH
4.00 and 10.00 buffer solutions (Fisher), were as follows:
0.2 M NaH,PO,, 0.05 M H;PO, (2.61); 0.24 M CH;COOH,
0.05 M CH3;COONa (3.66); 0.2 M CH3COONa, 0.05 M
CH;COOH (4.87); 0.2 M NaH,PO,4, 0.05 M Na,HPO,
(6.12). Elemental analyses were performed by Atlantic
Microlabs, Norcross, GA.

2.2. Preparation of Complexes

5,15-bis-(4-pyridyl)-10,20-bis-(3-methoxy-4-hydr o-

xyphenyl)porphyrin. A modified procedure to the previ-
ous synthetic procedure was used to synthesize this por-
phyrin. To a solution of 4.9 g (0.032 moles) of 3-meth-
oxy-4-hydroxybenzaldehyde and 3.4 g (0.032 moles) of
4-pyridinecarboxaldehyde in 100 mL of propionic acid
was added 4.3 g (0.064 moles) of freshly distilled pyrrole.
The solution was refluxed for 1 hr. after which it was
cooled to room temperature and cautiously added to 200
mL of a 50:50 methanol:ammonium hydroxide solution
cooled in an ice bath. The slurry was refrigerated over-
night, filtered and washed (3 x 100 mL) with methanol.
The resulting black powder was extracted in a soxhlet
with dichloromethane. The volume of the dichlorome-
thane extract was reduced to ca. 50 mL and chroma-
tographed on silica gel using dichloromethane as eluent.
The first band was collected using a 1% methanol/di-
chloromethane mixture, the second band was collected
using a 2% methanol/dichloromethane mixture, and the
product band was collected with 4% methanol/dichlo-
romethane. Anal. Calc. for C44H3,N¢O41.5H,0: C 71.82;
H, 4.79; N, 11.42. Found: C, 71.81; H, 4.85; N, 11.20.

cis-Pt2(DM SO)2-[5,15-bis-(4-pyridyl)-10,20-bis-(3-

methoxy-4-hydr oxyphenyl)porphyrin] Cl,. To a solu-
tion containing 20 mg (0.028 mmoles) of the porphyrin
in 10 mL of CH,Cl, was added 24 mg (0.056 mmoles)
cis-Pt C12 (DMSO), and the solution was stirred for 24
hrs. at ambient temperature. The reaction was chroma-
tographed on silica gel using a 50:50 ethyl acetate:di-
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chloromethane solution as eluent. The first red band from
the column was collected and the solvent removed re-
sulting in 27 mg of a purple powder. Anal. Calc. for
C48H52N60682Pt2'2EtOAC: C, 4275, H, 384, N, 534, S,
4.08. Found: C, 43.27; H, 3.85; N, 5.32; S 4.48.

Insertion of the cobalt(Il) metal center was performed
using a standard procedure using cobalt(Il) acetate in
slight excess in refluxing chloroform [21]. This gave the
desired product I in 38% yield.

2.3. Procedures and I nstrumentation

Adsorption of the metalloporphyrin I onto edge plane
pyrolytic graphite EPG electrode (Pine Instrument Co.)
which had been roughened using 600 grit sandpaper was
accomplished by placing 5 - 15 pL aliquots of 1.0 mM
acetone solutions of the metalloporphyrin onto the elec-
trode surface and allowing the solvent to evaporate at
20°C. The electrode was then washed with distilled water
and tapped dry with a Kimwipe. Cyclic voltammetry and
rotating disc electrode (RDE) experiments of the modi-
fied electrodes were performed using a Pine AFCBP1
bipotentiostat and an AFMSRX rotator (Pine Instrument
Co.) in 1.0 M sulfuric acid solutions purged with air.

3. Results and Discussion

3.1. Electrode Adsor ption Studies

Complex I was adsorbed onto EPG electrodes by taking
5 - 15 pL aliquots of 1.0 mM solutions of I in acetone
and dropping them onto the surface of the electrode. The
solvent was allowed to evaporate and the modified
electrode was rinsed with distilled water and gently
tapped dry. Placing the electrode into a 1.0 M sulfuric
acid solution with a platinum auxiliary electrode and an
SCE reference electrode cyclic voltammetry experiments
were performed.

Upon anodic cycling of the modified electrode in 1.0
M sulfuric acid an irreversible oxidation is observed at
0.84 V versus SCE (I, Figure 1). This oxidation is be-
lieved to be due to the oxidation of the peripheral 3-
methoxy-4-hydroxyphenyl substituents. Reversing the
scan reveals a reduction wave at 0.59 V versus SCE (Ila,
Figure 1). After oxidation of the peripheral vanillin
groups a chemical step, hydrolysis, occurs giving the
quinine which is reduced to the hydroquinone electro-
chemically. On the third cycle a new oxidation wave
appears at 0.64 V versus SCE (IIb, Figure 1) coupled to
the reduction wave and attributed to the oxidation of the
hydroquinone.

The newly formed redox couple (Ila/IIb) is believed to
be the quinone/hydroquinone couple illustrated below
(Scheme 2). As indicated this chemical reaction depends
on the proton concentration.

To give further evidence of the proposed electrochemi-
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Figure 1. Cyclic voltammograms of complexes | adsorbed
on roughened EPG electrodesin 1.0 M H,SO,, scan rate =
50 mV/s, referenced to the saturated calomel electrode
(SCE).

0 + melis on
Scheme 2. Redox process for quinone/hydroquinone.

cal process observed in Figure 1 cyclic voltammetry ex-
periments of the anodically conditioned electrode (con-
taining the new redox couple) were run in solutions of
varying pH. A plot of the E,, values of the redox cou-
ples versus pH should give a negative slope of 59 mV/pH
unit for an electron/proton coupled process as shown in
Equation (1).

E,, =—0.059 VxpH-0.059 V/nlog([H,Q]/Q) (1)

A linear relation of E,, to pH with a slope of —0.059
V £ 0.005 V/pH unit indicates a 1 e/1 H' process in
agreement with a quinone like surface structure [22].
Figure 2 illustrates the results of a pH study performed
on an EPG electrode coated with complex I after it had
been oxidized in 1.0 M sulfuric acid. As the [H'] de-
creases the redox couple shifts to lower potentials. A plot
of E,, valuesvs. pH, FigureZ2, is linear with a slope of
—0.056 V/pH unit consistent with a 2 e /2 H' process.
Further studies of the electrode surface are needed to
allow us to propose an accurate structure of the surface
of the electrochemically modified electrodes.

3.2. Oxygen Electrocatalysis Studies

The electrocatalytic reduction of O, in 1.0 M sulfuric
acid was studied at an EPG electrode coated with com-
plex I using rotating disk electrode (RDE) voltammetry.
Reduction of O, at a bare EPG electrode in air saturated
1.0 M sulfuric acid occurs with an E,, =-0.35V  ver-
sus SCE. An EPG electrode coated with complex I in air
saturated 1.0 M sulfuric acid at 400 rpm reduces O, with
an E;, =0.05V versus SCE, blue line Figure 3, a
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Figure 2. Cyclic voltammograms of complex | adsorbed
onto an EPG €eectrode after anodic conditioning in 1.0 M
H,S0,, (black line) pH 0.30, (red) pH 2.61, (green) pH 3.66,
(blue) pH 4.87, (violet) pH 6.12.

catalytic shift of 400 mV compared to the bare EPG elec-
trode. A catalytic shift of nearly 550 mV when compared
to the bare EPG electrode is observed for O, reduction at
an EPG electrode coated with I after oxidation of the
surface confined complex, red line Figure 3.

Figure 4 illustrates the results of the RDE experiment
performed on an EPG electrode coated with I in air satu-
rated 1.0 M sulfuric acid prior to oxidation of the ad-
sorbed complex. A plot of the inverse of the limiting
current density versus the inverse of the square root of
the rotation rate, the Koutecky-Levich plot, relates the
plateau current density to the rotation rate using Equation

Q).
/1, =1/1,+1/Bw"? )

B=0.2nFCy"/*D%?

where |, is the current density (A cm ™), n is the number
of electrons for the reaction, F is the Faraday constant
(96,500 C mol_l), D is the diffusion coefficient of O, in
the solution (2.0 x 107 cm®s '), v is the kinematic
viscosity of the solution (0.01 cm*s "), C is the concen-
tration of O, in air saturated solution (0.25 mM), and w
is the rotation rate (rpm). ly is the kinetic current density
for O, reduction and can be calculated from the intercept
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Figure 3. O, reduction at an EPG electrode coated with
complex | in air saturated 1.0 M H,SO, prior to oxidation
of the surface adsorbed complex (blue) and after anodic
conditioning (red), rotation rate 400 rpm, scan rate = 5
mV/s, referenced to the saturated calomel electrode (SCE).
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Figure 4. Reduction of O, at a rotating disk electrode coated
with complex | prior to oxidation. Current-potential curves
in air saturated 1.0 M H,SO,, scan rate = 10 mV/s, Kou-
tecky-Levich plot of the inverse of the plateau current vs.
the inverse of the square root of the rotation rate for the
current-potential curves. The theoretical two electron and
four electron linesare marked n =2 and n = 4, respectively.

of the Koutecky-Levich plot.
The slope for the Koutecky-Levich plot for the expe-
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rimental data is very near the slope for the theoretical n =
2 line giving a value of n=2.2, Figure 4, indicating that
the majority of O, is electrocatalytically reduced to H,O,,
2 e process, at the EPG electrode coated with I prior to
oxidation of the adsorbed complex.

Figure 5 illustrates the results of O, reduction at an
EPG electrode coated with I, after surface oxidation, in
an air saturated 1.0 M sulfuric acid solution. The Kou-
tecky-Levich plot of this data, Figure 5, gives an n value
of 3.6 suggesting that a significant amount (ca. 80%) of
O, is reduced directly to HyO at this electrochemically
modified surface. In addition, the current-potential curves
in Figure 5 show enhanced kinetic behavior with steeper
increases in current compared to the current-potential
curves prior to anodic conditioning of the modified EPG
electrode surface.

4. Conclusion

This report describes a new multi-metallic porphyrin com-

plex with catalytic ability toward the reduction of oxygen.

RDE data suggest that the majority of the oxygen is
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Figure 5. Reduction of O, at a rotating disk electrode coated
with complex | after anodic conditioning. Current-potential
curvesin air saturated 1.0 M H,SO,, scan rate = 10 mV/s;
Koutecky-Levich plot of the inverse of the plateau current
vs. the inver se of the squareroot of therotation rate for the
current-potential curves. The theoretical two electron and
four electron linesaremarked n = 2 and n = 4, respectively.
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reduced to water, however, only after anodic condition-
ing of the modified electrode surface. In comparison with
the previously studied mono-platinated cobalt(II) por-
phyrin, this complex (di-platinated cobalt(I) porphyrin)
shows less catalytic ability by approximately 50 mV;
however, with the di-platinated complex, a greater per-
centage of oxygen is reduced to water. It is apparent that
the addition of more platinum complexes to the periphery
of the cobalt(Il) porphyrin has both a positive and nega-
tive effect on the catalytic reduction of oxygen. On one
hand, it appears that the kinetics between the Co(Il)
metal center and O, is enhanced with more platinum
groups but a small amount of catalytic potential is lost in
the process. Further studies are needed to determine if
this loss in catalytic potential is truly the result of added
platinum(Il) or simply an artifact of the modified elec-
trode.
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