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Abstract

The preparation and electrocatalytic behavior of glassy carbon electrodes modified with three different cobalt
porphyrin complexes were investigated. The electrocatalytic ability of the modified electrodes for the reduction of
dioxygen to hydrogen peroxide and water in air-saturated aqueous solutions was examined by cyclic voltammetry and
chronoamperometry techniques. The porphyrin-adsorbed glassy carbon electrodes possess excellent electrocatalytic
abilities for dioxygen reduction with overpotential about 0.5 V lower than that at a plain glassy carbon electrode. The
experimental parameters were optimized and the mechanism of the catalytic process was discussed. The possible
effects of the electron-donating properties of groups in the meso-position of the porphyrin ring were investigated.
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1. Introduction

Oxygen reduction is an industrially important electrochem-
ical reaction and a biological reaction, which is important in
fuel cells and metal-air batteries [1-3]. The oxygen
reduction reaction proceeds either as a direct four-electron
process or a two-electron process [4, 5]. It is well known that
molecular oxygen can be reduced on the chemically
modified electrodes by a two-electron process to H,O, or
via a direct four-electron reduction mechanism to H,O. The
actual pathway of oxygen reduction depends on the
electrode material and the electrolyte system.

Recently, synthetic metalloporphyrins have attracted
attention in relation to the chemical and biological recog-
nition [6, 7]. As far as the application in electrochemical
approaches is concerned, porphyrins have been used as the
ionophores in potentiometric sensors. Some of them were
employed as electroactive material in the membrane for ion-
selective electrodes, and their potentiometric response to
anions has been interpreted by a dissociation ion-exchange
mechanism or metal-ligand interaction mechanism [8, 9].
Some efforts have also been focused on the current utility of
such compounds as the active material in the development
of amperometric electrodes coated with porphyrin [10].
Duony used porphyrin-coated glassy carbon electrode for
the detection of heavy metalation [11]. The electrocatalytic
activity of carbon materials modified by cobalt or iron
complexes with flat macrocyclic ligands of the phthalocya-
nine or porphyrins type the so-called N, complexes, was
discovered quite a long time ago [12]. The complexes have a
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lengthy m-electron system and are therefore strongly
adsorbed at carbon materials. The main effects that
determine the effect of Ny-complexes on the mechanism
and kinetics of oxygen electroreduction are known [12 - 14].
It is established that the rate of electrochemical process is
extensively influenced by the catalytic activity of the
electrode surface, both the catalyst and the supporting
material are significant factors.

Usually oxygen is reduced in a two-electron process to
hydrogen peroxide and this is often followed at more
negative potentials by a further two electron reduction of
hydrogen peroxide to water. The four electron reduction to
water, which is more desirable from the viewpoint of fuel
cell application has been observed in a number of cases, and
involves iron and cobalt porphyrins [15-17].

In this paper, the electrocatalytic reduction of dioxygen in
air-saturated aqueous solution has been studied by cyclic
voltammetry and chronoamperometry at glassy carbon
electrodes (GCEs) modified with three cobalt porphyrin
complexes. The possible effect of the electron-donating
properties of groups on the catalytic activity of cobalt
porphyrins toward the electroreduction of O, were explored
with these cobalt porphyrins having substituents in the
meso-position of the porphyrin ring. It should be noted that,
in the case of these modified electrodes, the redox couple
responsible for the electrocatalytic process is the
Co(III)—Co(II) couple as in the cases reported in the
literature for other cobalt porphyrins[18, 19].
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2. Experimental
2.1. Apparatus and Reagents

Cyclic voltammograms and chronoamperograms were re-
corded on a computerized potentiostat/galvanostat model
PGSTAT 30 (Eco Chemie B. V. A). The experimental were
controlled with General Purpose Electrochemical System
(GPES) software. A conventional three-electrode cell was
employed incorporating a working glassy carbon electrode
(with or without cobalt porphyrins), an Ag/AgCl electrode
as reference electrode, and a Pt electrode as counter
electrode. All potentials were measured and reported vs.
the Ag/AgCl reference electrode.
meso-Tetraphenylporphyrin (H,TPP), meso-tetrakis(4-
methylphenyl)porphyrin(H,T-MePP), and meso-tetra-
kis(4-methoxyphenyl)porphyrin (H,TMeOPP) was synthe-
sized following a literature method [20]. meso-Tetraphenyl-
porphyrins (0.038 mmol, 1 equiv.) and cobalt acetate
(0.077 mmol, 2 equiv.) were refluxed in chloroform over-
night under nitrogen. When the reaction was complete, the
solvent was removed. The product was then dissolved in
chloroform and washed with water [21]. A similar procedure
was used to synthesized (meso-tetrakis(4-methylphenyl)-
porphyrinato)cobalt (IT) (CoTMePP) and (meso-tetrakis(4-
methoxyphenyl)porphyrinato)cobalt(Il)  (CoTMeOPP)
(Fig. 1). All reagents and solvents were of the highest purity
available from Merck and were used without further
purification. All aqueous solutions were prepared with

oo

R =H, CoTPP (I)
R = CHj, CoTMePP (1)

R = OCHj3, CoTMeOPP (I1I)

Fig. 1. The proposed structure of complexes I-1III.
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doubly distilled water. N, gas with purity of 99.999% was
used to deaerated the solutions during the experiments.

2.2. Preparation of the Electrode

The procedure of GC electrode pretreatment and modifi-
cation were as follows. Prior to use, the working electrode
was polished mechanically with 0.05 um alumina slurry to
obtain a mirror-like surface and then washed with distilled
water and acetone and allowed to dry. To coat electrode
surfaces, aliquots of the stock solutions containing 0.5 mM
porphyrin in organic solvent (CH,Cl,) (20 pL) were trans-
ferred to the electrode surface and the solvent was allowed
to evaporate at room temperature.

2.3. Procedure

Cyclic voltammetric experiments were carried out on a
modified glassy carbon electrode in HC1O,4, 1.0 M which was
deaerated by purging N, gas for 10 min. Consequently; the
same experiments were repeated after purging O, gas for
10 min. All electrochemical studies were performed at
thermostatic temperature of 25+1°C.

3. Results and Discussion

3.1. Voltammetric Behavior of the GCEs Modified with
Co-Complexes

The cyclic voltammograms of GCEs modified with com-
plexes I -1III in the deaerated acidic solutions are shown in
Figure 2. Their electrochemical responses are examined in
an acidic supporting electrolyte that has been found to help
retain the adsorbed porphyrins on the electrode surface [18].
In the potential range of interest for the reduction of O,
there is a small and broad response near 0.45V that
corresponds to the Co(III)/Co(II) couple. It is shown in
the absence of O,, no clear electrochemical response from
the adsorbed porphyrins was evident [18, 22].

3.2. Catalytic Reduction of O, at the Surface of Modified
Electrodes

The cyclic voltammograms of GCEs modified with com-
plexes I-1III in air saturated acidic solutions are shown in
Figure 3. For comparison, the cyclic voltammogram of O,
reduction on an unmodified GCE is also shown. It can be
seen that the peak potential of O, reduction is located at
—380 mV (vs. Ag/AgCl) on the unmodified electrode and
the peak of O, reduction shift to more positive potentials on
the modified electrodes than on the unmodified electrode.
The shifted values are 550 mV for CoTPP, 560 mV for
CoTMePP and 570 mV for CoTMeOPP, respectively.
Therefore, a decrease of about 550—570 mV in overpoten-
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Fig.3. Cyclic voltammogram of O, reduction on a) GCEs
modified with the porphyrins and b) unmodified GCE at a scan
rate of 20mV s™' in air-saturated HCIO, 1 M: A) CoTPP, B)
CoTMePP and C) CoTMeOPP.

tial are achieved with the modified electrode. These results
are clear indications for the occurrence of an electrocata-
lytic process.
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Cyclic voltammograms of GCEs modified with A) CoTPP, B) CoTMePP, and C) CoTMeOPP at a scan rate of 20 mV s™' in
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Fig. 4. Changes of I with the sweep rate for the reduction of O,
on a GCE modified with CoTPP. The sweep rate is: a) 6, b) 8, c)
10, d) 12, €) 15, and f) 20 mV s~

Dioxygen can be reduced at the modified electrodes by a
two-electron process to H,O, or via a direct four-electron
process to H,O. The currents of oxygen reduction on GCE
modified by these complexes increase with the increase of
scan rate. A typical plot of the relationship of the peak
currents and potentials with scan rate for CoTPP is shown in
Figure 4. Reduction peak currents vs. (scan rate)"” had
linearity relationship for dioxygen reduction on GCEs
modified with complexes I-III. This excellent linearity
indicates that the kinetics of the overall process is controlled
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by mass transport of oxygen from the bulk solution to the
electrode surface. For a typical irreversible reaction, the
current and scan rate are given by [23, 24]:

1,=0.496[an, FIRT]*nFACv">D "> (1)

Where I, n,a,n,, A, C,D,and v represent the peak current,
the number of electrons transferred, the transfer coefficient,
the apparent number of electrons transferred in the rate-
determining step, the electrode area, the bulk concentra-
tion, the oxygen diffusion coefficient and scan rate, respec-
tively.

E=—23RTlan, Flog I )

From the slop of E vs. log I and use of Equation 2 the
calculated values of an, for CoTPP, CoTMePP and CoT-
MeOPP are 0.37, 0.38, and 0.37, respectively. With the two
equations above, where C=0.25 mM [25], A =0.0314 cm?,
D=1.13x10" cm?s™! for CoTPP, D=1.12x 1075 cm? 5!
for CoTMePP and CoTMeOPP (calculated from chro-
noamperometric data) the number of exchanged electrons n
for the reduction can be calculated as 2 for CoTPP, 2.5 for
CoTMePP and 3.3 for CoTMeOPP. A catalytic mechanism
believed to be responsible for the catalysis of the electro-
reduction of O, by adsorbed complexes in acidic solution is
given in Reactions (1-4) [22].

(1)  O,Co(porphyrin) — Co"(porphyrin) 4 O,
(2) [0,Co(porphyrin)]” — O,Co(porphyrin) + e~
(3) [O,Co(porphyrin)]*~ — [O,Co(porphyrin)] +e~

(4A) H,0, + Co"(porphyrin) — [O,Co(porphyrin)]*~
+2H"

(4B) 2H,O + Co" (porphyrin) — [O,Co(porphyrin)]*~
+4H" 4 2¢”

Reaction (1) is required because Co"(porphyrin) is too
weak a reductant to reduce O, to O, in an outer-sphere
reaction. The coordinated O, formed in Reaction (1) is more
readily reduced by electrons from the electrode than the
uncoordinated O, from which it was formed. Whether the
final product of the reduction is H,O, or H,O depends upon
the relative rates of Reactions (4A) and (4B). Once the
partially reduced O, dissociates from the cobalt center, it is
rapidly converted to H,O, toward which Co"(porphyrin)
exhibits very little catalytic activity. To obtain the four-
electron reduction to H,O, the O, must remain coordinated
to the cobalt center long enough for Reaction (4B) to
proceed. The mixture of two- and four-electron reductions is
believed to result when Reactions (4A) and (4B) proceed in
parallel at comparable rates. Under the catalysis of CoTPP,
Reaction (4A) may proceed readily and O, reaching the
electrode by diffusion is reduced through a two electron
mechanism of H,0,. When CoTMePP is the catalyst, it is
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exposed Reactions (4A) and (4B) proceed in parallel but the
rate of Reaction (4B) is much lower. Under the catalysis of
CoTMeOPP, Reactions (4A) and (4B) proceed in parallel
but rate of Reaction (4A) is much lower. As a result, some of
the partially reduced O, could remain coordinated to the
cobalt center long enough to accept additional electrons.

3.3. Chronoamperometry

The chronoamperometry as well as the other electrochem-
ical methods was employed for the investigation of elec-
trode processes at chemically modified electrodes. The
catalytic reduction of dioxygen by the GCEs modified with
complexes I-III was studied by chronoamperometry
(Fig. 5). The current —time profiles obtained by setting the
working electrode potential at — 150 mV (vs. Ag/AgCl). The
chronoamperometry measurements carried out in the
absence and presence of O,. If the experimental conditions
are arranged so that species oxygen are transported by linear
diffusion (flat electrode, unstirred solution), the current that
flows at any time after application of the potential will obey
the Cottrell equation. According to the integrated Cottrell
equation, the charge was calculated as [26]:

Q =2nFAD"C1"?/x'? ?3)

Where C=0.25mM, A =0.0314 cm?, n =2 for CoTPP, n=
2.5 for CoTMePP and n=3.3 for CoTMeOPP. From the
slope of the linear plot of Q vs. t'? (the inset of Fig. 5), the
values of D were then calculated as 1.13 x 10 >cm? s™! for
CoTPP, 1.12 x 1073 cm? s™! for CoTMePP and CoTMeOPP.
These values are comparable with those reported previously
for the electrocatalytic reduction of dioxygen at the electro-
des modified with other mediators [27-29]. The rate
constant for the chemical reaction between dioxygen and
layer of porphyrin can be calculated by chronoamperometry
according to the method described in the literature [29]:

L/ = y"[nPerf (y'?) + exp(—y)/y'"] 4)

Where I, is the catalytic current of the GCEs modified with
complexes I —III in the presence of oxygen, I; is the limiting
current in the absence of oxygen and y =kCt (C is the
concentration of oxygen) is the argument of the error
function. In the cases where y exceeds 2, the error function is
almost equal to 1 and the above equation can be reduced to:

Icat/IL:y”zn]/z:n”Z(kCt)”z (5)

Where k, C and ¢ are the catalytic rate constant (M~ s™),
oxygen concentration (M) and time elapsed (s). From the
slope of the plot of I,/I; vs. t'?, the values of k were
calculated as 1.35 x 10* for CoTPP, 2.95 x 10* for CoTMePP
and 5.49 x 10* M~' s™' for CoTMeOPP. Results are given in
Table 1. Table 1 lists the reduction potential (E,), number of
electrons for reduction of oxygen, diffusion coefficient of
oxygen, standard heterogeneous rate constant, modified

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


www.electroanalysis.wiley-vch.de

2262

M. M. Ardakani et al.

< -2 y =-5.7375x+ 4412
2 Q -7 R =0.9991
= 5 3 B
4] -11 ; : ;
A 1.6 1.9 22 2.5
12 , 172
-5 : t /S‘
0 10 20 30 40
t/s
O ]
-
-1
< -2 -8.7 1 y =-7.1602x +9.6392
= b =4 R*=0.9967
= _3 | 5-127 7
4 -16.7 \ \ T
g 25 285 32 355
{2 /g2
'5 T T T
0 10 20 30 40
t/s
0 h
g4 @
y =-9.4221x+ 18.404
g 27 Q R’ = 0.9996
= 4] S -26
-30 \
7 C 42 4.6 5
2
-5 \ T
0 10 20 30 40
t/s
Fig.5. Chronoamperograms of GCEs modified with A) CoTPP,

B) CoTMePP, and C) CoTMeOPP, a) in the absence of oxygen
and b) in the presence of oxygen at —150 mV (vs. Ag/AgCl),
Inset: Plot of Q vs. 2

Table 1. Voltammetric data for reduction of oxygen by porphyrin
modified electrodes.

k(Ms™h D (cm®s™") n E.(mV) Modifier
1.35 x 10* 1.13x107° 2 170 CoTPP

2.95 x 10* 1.12x 1073 2.5 180 CoTMePP
5.49 x 10* 1.12x107° 33 190 CoTMeOPP
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glassy carbon electrodes for comparative purposes. As can
be seen from the table, £, CoTMeOPP modified glassy
carbon electrode improved with respect to CoTMePP, and
E. CoTMePP modified glassy carbon electrode with respect
to CoTPP modified glassy carbon electrode. Also, from
CoTPP to CoTMeOPP, n changes from 2 to 3.3, and k
increased from 1.35 x 10* to 5.49 x 10* M~! s71. However,
from data, it seems that coordination of methyl and methoxy
groups to the complex of CoTPP converted these porphyr-
ins from two into four electrocatalysts for the reduction of
0,.

3.4. Effect of Electron-Donating of Groups

Table 1 shows the effects of the electron-donating proper-
ties of methyl and methoxy groups on the catalytic activity of
cobalt porphyrins toward the electroreduction of O,. The
introduction of the electron-donating methyl and methoxy
substituents on the porphyrin ring altered catalytic activity
of the cobalt porphyrin. These groups are caused some of the
partially reduced O, remain coordinated to the cobalt center
long enough to accept additional electrons and produce
H,O. Also they are increased the rate of electroreduction of
O, at the surface of electrode.

4. Conclusion

This work demonstrates the construction of the modified
glassy carbon electrodes by incorporation of cobalt porphy-
rin and some of its derivatives as modifying species in glassy
carbon electrode. The prepared electrodes were examined
for electrocatalysis of dioxygen reduction to H,0O, and H,O.
It has been shown by cyclic voltammetry and chronoamper-
ometry that the electrocatalytic reduction of O, at the
surface of CoTPP, CoTMePP and CoTMeOPP occurs at
potentials about 550-570 mV less negative than unmodi-
fied glassy carbon electrode. Therefore, from results ob-
tained, the kinetic parameters of the electrocatalytic process
were determined.

5. Acknowledgements

The authors are thankful to the Yazd University Research
Council, IUT Research Council and Excellence in Sensors
for financial support of this research.

6. References

[1] J. C. Huang, R. K. Sen, E. Yeager, J. Electrochem. Soc. 1979,
126, 786.

[2] .M. Zen, R. Manoharan, J.B. Goodenough, J. Appl.
Electrochem. 1992, 22, 140.

[3] C.C. Wang, K.S. Goto, S. A. Akbar, J. Electrochem. Soc.
1991, 138, 3673.

[4] E. Yeager, Electroanalysis on Non-metallic Surface, NBS
Special Publication. 1976, 455, 203

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


www.electroanalysis.wiley-vch.de

Electrocatalytic Reduction of Dioxygen

2263

[S] M. Tarasevich, A. Sadkowaski, E. Yeager, Comprehensive
Treatise of Electrochemistry, Vol. 17, Plenum Press, New
York 1983.

[6] N. A. Chaniotakis, A.M. Chasser, M. E. Meyerhoff, J. T.
Groves, Anal. Chem. 1998, 60, 185.

[7] J. Yoon, J. H. Shin, I. R. Paeng, H. Nam, G.S. Cha, K.J.
Paeny, Anal. Chim. Acta 1998, 367, 175.

[8] N. A. Chaniotakis, S. B. Park, M. E. Meyerhoff, Anal. Chem.
1989, 61, 566.

[9] V. K. Guota, A. K. Jain, L. P. Singh, U. Khurana, Anal. Chim.
Acta 1997, 355, 33.

[10] H. H. Frey, C. J. McNeil, R. W. Keay, J. V. Bannister, Electro-
analysis 1998, 10, 480.

[11] B. Duony, R. Archabaleta, N. J. Tao, J. Electroanal. Chem.
1998, 447, 63.

[12] M. R. Tarasevich, K. A. Radyushkina, Katalizii elektrokataliz
metalloporfirinami (Catalysis and Electrocatalysis with Met-
al Porphyrins), Nauka, Moscow 1982.

[13] M. R. Tarasevich, K. A. Radyushkina, V. A. Boodanovskaya,
Elektrokhimiya porfirinov (The Electrochemistry of Por-
phyrins), Nauka, Moscow 1991, pp. 177.

[14] J. H. Zagal, V. Gulppi, M. Isaacs, Electrochim. Acta 1998, 44,
1349.

[15] P. A. Forshey, T. Kuwana, Inorg. Chem. 1983, 22, 699.

[16] C. Shi, F. C. Anson, Inorg. Chem. 1990, 29, 4298.

[17] E. Song, C. Shi, F. C. Anson, Langmuir 1998, 14, 4315.

[18] M. Yuasa, B. Steiger, F. C. Anson, J. Porphyrin Phthalocya-
nines 1997, 1, 181.

[19] G. V. Zhutaeva, G. V. Biokova, K. A. Radyushkina, M. R.
Tarasevich, Russ. J. Electrochem. 2002, 38, 1110.

[20] A.M. d’A. Racha Gonsalves, J. M. T. B. Varejoa, M. M.
Pereira, J. Hydrocycle. Chem. 1991, 28, 635.

[21] B. B. Wayland, L. Basickes, S. Mukerjee, M. Wei, Macro-
molecular 1997, 30, 8109.

[22] T.D. Chung, F. C. Anson, J. Electroanal. Chem. 2001, 508,
115.

[23] A.J. Bard, L.R. Faulkner, Electrochemical Methods -
Fundamentals and Application, Wiley, New York 1980.

[24] D. Degrand, J. Electroanal. Chem. 1984, 169, 259.

[25] B. Wang, X. Cao, J. Electroanal. Chem. 1991, 309, 147.

[26] S. M. Golabi, J. B. Raoof, J. Electroanal. Chem. 1996, 416, 75.

[27] L. Bhugun, F. C. Anson, J. Electroanal. Chem. 1997, 430, 155.

[28] A. Salimi, H. Eshghi, H. Sharghi, S. M. Golabi, M. Shamsi-
pur, Electroanalysis 1999, 11, 114.

[29] M. H. Pournaghi-Azar, H.J. Razmi-nerbin, Electroanalysis
2001, 73, 465.

Life‘s Simple Pleasures!

13280407_gu

To receive regular news per e-mail tailored precisely to your needs and
interests, just fill in the registration form at www.wiley-vch.de/home/pas/

Electroanalysis 19, 2007, No.21, 2258 -2263 www.electroanalysis.wiley-vch.de

No need to waste
precious time looking
for the right information
- Register now for the
free Wiley-VCH Alerting
Service.

It‘s simple -
and it‘s fast.

&F)WILEY-VCH

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


www.electroanalysis.wiley-vch.de

