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The application of poly(Co(II)-( 1.8-diaminonaphthalene)Xpoly(Co-DANY and poly( 1,8-diaminonaphthalene)
(Poly(1,8-DAN)) to the electrocatalytic reduction of molecular oxygen was investigated, which were
electrochemically grown by the potential cycling method on the glassy carbon electrodes. The reduction of
oxygen at the polymer and its metal complex polymer coated electrodes were irreversible and diffusion
controlled. The Poly(1,8-DAN) and Poly(Co-DAN) tilms revealed the potential shifts for the oxygen reduction
to 30 mV and 110 mV, respectively, in an aqueous solution, compared with that of the bare electrode.
Hydrodynamic voltammetry with a rotating ring-disk electrode showed that Poly(1,8-DAN) and Poly(Co-
DAN) coated electrodes converted respectively 84% and 22% of O to 11:0 via a four electron reduction

pathway.
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Introduction

The catalytic oxygen reduction has been one of the most
important electrochemical reactions in the practical,
economical, and theoretical point of view.'™ One of the
challenging problems in electrocatalysis involves the reduc-
tion and generation of O at low and moderate temperatures
in aqueous media. Despite over a century of effort to find out
effective catalytic materials for this system, further develop-
mental needs are required.

Two important approaches to be adopted for the electro-
catalysis are (a) using metal surfaces which would catalyze
the oxygen reduction through the peroxide elimination
reaction {e.g., at carbon electrodes} and (b) using functional
groups on the surface of the electrode at which oxygen
would undergo specific reactions. In general, macrocyclic
transition metal complexes have been found to possess
catalytic activity for the oxygen reduction reaction. Several
research groups have reported describing the use of transi-
tion-metal macrocyclic compounds for the catalytic reduc-
tion of molecular oxygen, such as iron and cobalt phthalo-
cyanines or porphyrins and hemins®’ adsorbed on the
electrode surface. Jansinski et al.*° first reported O electro-
catalysis with a transition metal macrocycle, the cobalt(IT)
phthalocyanine, adsorbed on carbon and nickel substrates.
There are some reports'™!! for the electrocatalysis with a
complex formed between Cu and phenanthroline derivative
adsorbed strongly and irreversibly on the surface of graphite
electrodes. Besides these, some reports have mentioned the
electrocatalysis of O with various kinds of chemicals,
including amine neurotransmitters'? and ascorbic acid,"”
metal complexes,"*'* polymers,'s!” and others.'®'

The electrical conducting polymers have been receiving
much attention due to their unique electrical properties and
several proposed applications to practical devices.”™** Of
these, the conducting polymers prepared from aromatic

diamine compounds have interesting in applications due to
their multifunctional groups. The compounds having poly-
amine groups can react with metal ions to form a complex
followed by polymerization through the removal of an
electron from nitrogen of amine groups.”* The modification
of electrode surfaces with the conducting polymers contain-
ing transition metal complexes is an interesting area in
electrochemical research. Previously, a diaminonaphthalene-
copper complex appended conducting polymer have been
reported for the electrocatalytic reduction of 0>.>* However,
there is no report for the preparation and application to the
electrocatalytic reaction with the conducting metal complex
polymer prepared from its monomer until now.

In the present study, we investigated the electropolymeri-
zation of Poly(Co-DAN) films, and the application to the
electrocatalytic reactions on the reduction of molecular
oxygen with Poly(1,8-DAN} and Poly(Co-DAN) films,
which were feasible in catalyzing the reduction of molecular
oxygen by N=N- bonds and a metal-oxygen bonding. The
metal complex was synthesized from Co{Il) nitrate hexa-
hydrate and 1,8-diaminonaphthalene. Upon complex for-
mation between the monomer and the metal ion followed by
subsequent polymerizaion on the electrode surface, the
catalytic effect on the reduction of molecular oxygen was
investigated by cyclic voltammetry, rotating disk electrode
(RDE), and rotating ring disk electrode (RRDE) experiments
in various pH media.

Experimental

1,8-Diaminonaphthalene (Aldrich 99%, 1,8-DAN) was
recrystallized twice from ethanol-water mixture under
nitrogen atmosphere and dried under vacuum before use.
Co(II)-1,8-DAN complex was prepared by the following
way: 1L8-DAN in acetonitrile was slowly added to
Co(NO3)2-6H>O in acetonitrile (Co(NO3)»6H:0:1,8-DAN =
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1 : 2 mole ratio) under nitrogen atmosphere at room temper-
ature. While the mixed solution was being stirred continu-
ously, dark brown precipitates of Co(ll)-1,8-DAN were
obtained. After filtering, the precipitates were washed with
acetonitrile for several times and dried at room temperature
for 24 hours under vacuum. The complex composition was
confirmed with elemental analysis. The results of the
elemental analysis and AA for Co{Il)-1,8-DAN complex
were as follows; Cale. C 44.86%, H 4.53%, N 15.70%, Co
11.0%, Found C 45.63%, H 3.96%, N 16.32%, Co 12.86%.

Tetraethylammonium perchlorate (TEAP, Fluka Co) and
potassium nitrate (reagent grade) were recrystallized twice
from absolute ethanol and dried under vacuum at 60C.
Aldrich's anhydrous DMF and all other chemicals were used
as received without further purification. Aqueous solutions
were prepared with doubly distilled water (Millipore, Milli-
Q™ Water System). The buffer media used were acetate (pH
3-6) and ammonia (pH 7-10).

A three electrode system with an auxiliary electrode
separated by a fine fritted glass was used for voltammetric
measurements. Electrochemical experiments were carried
out with Kosentech PT-2 potentiostat/galvanostat and Pine
Instrument Mode]l AFRDE 5 bipotentiostat. A glassy carbon
electrode (area: 1.13 cm?, GCE) was used as a working
electrode, while a platinum wire and Ag/AgCl (sat’d KCl)
were used as auxiliary and reference electrodes, respectively.
The GCE was polished to a mirror finish with 0.1-0.3 zan
alumina powder, rinsed with water, and dried before each
experiment. Infrared spectra were taken with a Polaris FT-IR
spectrometer (Mattson Co.). To identify the composition, a
Vario EL analyzer (Heraus Co.) and an Atomic Absorption
spectrometer {Thermo-Jarrel Ash Co.) were used.

Prior to the preparation of the Poly(1,8-DAN) film, the
GCE was kept at 0 V for 3 min in an 0.1 M HCI solution
containing 1.0 mM DAN. The polymer was electrochemi-
cally prepared on the electrode by cycling the potential
between —0.10 and 0.80 V at a scan rate of 50 mV/s. After
the polymer was prepared, the film was kept at 0 V for
another 3 min before it was rinsed with 0.1 M HCI and
water, successively. Similarly, the Poly(Co-DAN) film was
obtained from DMF solution containing 1.0 mM Co(Il)-
DAN monomer and 0.1 M TEAP by cycling the potential
between —1.40 and 0.80 V at a sweep rate of 50 mV/s. After
the polymer was prepared, the film was kept at 0 V for
another 3 min before it was rinsed with DMF and water
successively.

Results and Discussion

Preparation of poly(1,8-DAN) and poly(Co{II)-(1,8-
DAN)) films. Figure [{a) shows the cyclic voltammogram
recorded during the anodic polymerization of 1.0 mM 1,8-
DAN in a 0.1 M HCI solution. An oxidation peak appeared
at about 0.62 V during the first potential scan to the upper
limit of +0.80 V. As the potential scan continues, the
oxidation peak for 1,8-DAN shifted in a more positive
direction. The polymer filln fonned during the early few
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Figure 1. The cyclic voltammograms recorded for (a) the
clectropolymerization of Poly(1,8-DAN}) in a 0.1 M HCI solution
containing 1.0 mM |,8-DAN at the potential range of +0.8 ~ 0.2
V for 15 min with the scan rate of 50 mV/sec and (b) Poly(1.8-
DAN) coated GCE in a 0.1 M HCI blank solution.

potential cycles did not appear to be electroactive, and thus
the film formed during the early stages resulted in the
increase of the overpotential for the monomer oxidation.
This might be because the products formed at the beginning
had small molecular weights, such as oligomers, and the
film was somewhat soluble and poorly conductive. Upon
further scanning, a slow increase in small oxidation/reduc-
tion peak currents was observed at 0.30/0.18 V, which
indicated an accumulation of the electroactive polymer film
on the electrode surface as shown in Figure [{b).

Cyclic voltammograms recorded during electropolymeri-
zation of 1.0 mM Co(ll)}{1,8-DAN) in a DMF solution
containing 1.0 mM TEAP are shown in Figure 2(a). On the
immediate scan to the negative potential from at the early
stage, no characteristic cathodic peak, corresponding to the
reduction of products generated, appeared. Upon further
potential cycling, however, a continuous increase in oxida-
tion/reduction currents was observed at 0.1-0.3 V, which
might be the oxidation/reduction peak of Co(II)/Co(IIl)
couple, and the oxidation/reduction peak of Co(I)/Co(Il)
couple could be seen at 0.8 ~—1.1 V. The cathodic peak
around —0.8 V also increased by continuous potential
cycling, which might be due to the reduction of the free
Co(II) ion captured in polymer matrices. The cathodic peak
corresponding to the reduction of Poly(Co-DAN), however,
decreased when the potential was continuously cycled in a
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Figure 2. The cyclic voltammograms recorded for (a) the
clectropolymerization of Poly(Co(IT}-1,8-DAN) in a DMF solution
containing 0.1 M TEAP and 1.0 mM Co(II)-1,8-DAN at the
potential range of +0.8 ~ —1.4 V for 15 min with the scan rate of 50
mV/sec, and (b} Poly(Co-DAN) coated GCE in a DMF solution
containing 0.1 M TCAP only.

blank DMF solution containing 0.1 M TEAP as shown in
Figure 2(b).

CV of molecular oxygen reduction with the polymer
electrodes. Figure 3 shows (a) a CV recorded for a bare
GCE in a 0.1 M KNQO; solution saturated with molecular
oxygen, (b) CV of molecular oxygen recorded for the
Poly(1,8-DAN) film coated electrode in a 0.1 M HCI
solution, and (¢} the CV of molecular oxygen was recorded
for the PolyW{Co-DAN) film in a DMF solution containing
0.1 M TEAP. The reduction potential of molecular oxygen
on the Poly(1,8-DAN) film coated electrode was —0.39 V,
which has shifted in the positive direction by about 30 mV.
On the other hand, the reduction potential of molecular
oxygen on the Poly(Co-DAN) film coated electrode was
—0.28 V, which has shifted to the positive potential by about
110 mV. The results indicate that Poly(Co-DAN) acts as an
effective catalyst on the molecular oxygen reduction reac-
tion, however, the catalytic effect on the oxygen reduction
with Poly(1,8-DAN) was minimal.

To investigate the pH effect on the catalytic process, the
reduction potentials of molecular oxygen on PolyW{Co-DAN)
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Figure 3. The cyclic voltammograms recorded during the
reduction of molecular oxygen at (a) the bare GCE, (b) Poly(1.8-
DAN) coated GCE, and (¢) Poly(Co(11)-1,8-DAN} coated GCE in
0.1 M KNO; solution saturated with Oa.
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Figure 4. The pH dependence of the reduction peak potential of
molecular oxygen on (a) the bare GCE, (b) Poly(Co-DAN) coated
GCE in various pH media saturated with Os.

and bare electrodes were plotted as a function of pH in
aqueous media as shown in Figure 4. The potential at a bare
electrodes shifted to the positive direction as the pH
increased, while a little change at a Poly(Co-DAN). In
neutral and basic media, however, the peak potential was
similar to each other. The largest potential difference was
shown in pH 3.1. This might be that these polymer films did
not work as an effective catalyst for O, reduction by the two
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Figure 5. The plot of loganthimic plot of currents for the reduction
of molecular oxygen according to the peak potential with (a) the
bare GCE, (b} Poly(1.8-DAN} coated GCE, and (¢) Poly(Co(II)-
1,8-DAN) coated GCL in 0.1 M KNO; solution saturated with Oz,

or four electron pathway in an acidic medium.

Determination of kinetic parameters for the electro-
catalytic process. We plotted the oxygen reduction current,
i, obtained for a bare and polymer coated electrodes accord-
ing to v (not shown). The peak current for the polymer
electrodes showed linearity to the square root of the scan
rate, indicating that the molecular oxygen reduction reaction
on the electrodes was controlled by diffusion. A higher
current detained for the polymer electrode than that for a
bare GCE indicates that the electrocatalytic molecular
oxygen reduction reaction took place more likely on the
polymer coated GCE surface. To attain the kinetic data for
the molecular oxygen reduction reaction, the plot of E, vs. i,
was made from the following equation (1)* and represented
in Figure 3.

iy = 0.22TnFAC* KPexp[~ an FIRTKE, — E°)] (D

Kinetic parameter, an, and & values were obtained from
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the slope and intercept shown in Figure 6, respectively.
ang | values were 0.745 for the Poly(1,8-DAN) electrode,
0.617 for the Poly{Co-DAN) electrode, and 0.563 for a bare
GCE. Standard rate constant, £° values were determined to
be [.107 x 107" (cr/sec) for Poly(1,8-DAN), 3.531 x [07'°
(cmy/sec) for Poly(Co-DAN), and 5.619 x 107" {crw/sec) for
the bare electrode using 1.70 x 107 (cm?/sec) of Do >* and Cy
of 1.38 x 107° (mole/cm®).” This shows that the exchange
rate constart was higher on the Poly(Co-DAN) coated
electrode than on a bare electrode. On the other hands, the
exchange rate constant obtained for the Poly(1,8-DAN)
coated GCE was similar to that on a bare GCE.

RDE and RRDE experiments for the molecular oxygen
reduction reaction. To estimate the kinetic parameters and
overall mechanism of the catalytic reaction, the hydro-
dynamic experiments employing the rotating ring-disk elec-
trode (RRDE) and the rotating ring electrode (RDE) were
performed. Two possible pathways were distinguished by
examining the slop of from the Koutecky-Levich plot
obtained from these experiments, which was inversely
proportional to n. Figure 6(a) shows a series of RDE
voltammograms recorded at several rotation rates, @ for the
reduction of Oz in a 0.1 M KNO; solution with the disk
electrode modified with the Poly(1,8-DAN) film. The
Levich plot in Figure 6(b) was non-linear for a catalyzed
reaction, because a current-limiting chemical step precedes
the electron transfer. The corresponding Koutecky-Levich
plot derived from the limiting current density at —0.7 V was
shown in Figure 7(c). The equation describing the Koutecky-
Levich plot®® is shown as follows (3):

Vign= Vi + 100.620FEAC DP® vVe ) (3)

Where, the first term on the right-hand side is the inverse
of the kinetic current density discussed below. The second
term is the inverse of the Levich current density, which is
limited by the mass transport of O to the electrode surface.
n is the number of electrons participated in the overall
electrode reaction. D and € are the diffusion coefficients
and the solution concentration of Os, and v is the kinematic
viscosity of the electrolyte solution. The Koutecky-Levich
plot in Figure 6(c) was nearly parallel to the calculated line
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Figure 6. Clectroeduction of molecualr oxygen catalyzed by Poly(1,8-DAN) in a4 0.1 M KNO; solution. (a) Rotating disk volammograms at
various electrde rotation rates, scan rate: 10 mVi/sec. (b} the Levich plot of plateau currents vs. (rotation rate}'” for the curves in (a). (c)
Koutecky-Levich plots of (platueau current)™ 1s. (rotation rate)™"** for the data in (b).
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Figure 7. The current-potential curves recorded during the
reduction of Oz at a rotating GC ring-disk clectrode ina 0.1 M
KNO; solution saturated with O, The GC disk electrode was
modified with (a} Poly( 1,8-DAN} and (b) Poly(Co-DAN). The
potentials of the GC ring electrodes were held at +1.0 V vs. Ag/
AgClL

for the reduction of O by four electrons, indicating that the
adsorbed catalyst almost accomplishes the reduction
pathway of O; to H:O.

A rotating GC ring-disk electrode was employed to
determine the relative proportions of two- and four-electron
reductions of O which occurred at the Poly(1,8-DAN) film
coated disk electrode. As shown in Figure 7(a), hydrogen
peroxide generated during molecular oxygen reduction on a
rotating GC disk electrode coated with Poly(1,8-DAN) was
detected on the ring electrode, when the potential of the GC
ring electrode was held at 1.0 V vs. Ag/AgClL At —0.35 V,
the current on the rotating disk and ring electrodes increased
simultaneously. In the case of the two electron reduction
reaction of Qs to HyO», the N! value and I»//z should be the
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same, theoretically. From the experimental result, we
obtained N™' = 2.54 and /p/Ir = 16.15. By quantitative calcu-
lation, the efficiency of O, to H2O2 through the two-¢lectron
reduction process is only 16%. Thus, the presence of the
Poly(1,8-DAN) filin catalyzed the reduction of O2 by about
four fifths through a four-electron reduction pathway, the
remainder may take place through the two-electron reduc-
tion to H>O: or HoO» degradation reaction. Similarly, a
rotating GC ring-disk electrode was employed for Poly(Co-
DAN) film. The result is shown in Figure 7(B). From the
experimental result, we obtained N~ '=2.54 and In/lr =3.67.
The efficiency of Q2 to H20; catalytic conversion through
the two-¢lectron reduction process was 78%. Thus, the
reduction mechanisin of molecular oxygen might be follow-
ed by two different pathways:

1# step: Polymer + O — [Polymer -O3] a4
2" Step: [Polymer -O2] oss + 2¢ + 2H" = Polymer + HxO»
[Polymer -Ox] 45 + 4¢ + 4H" — Polymer + 2H>O

Where, Polymer includes PolyCo-DAN and PolyDAN.

Conclusively, electropolymerization of Co{lI}{1,8-DAN}
in a DMF solution containing 1.0 mM TBAP was success-
fully performed with the metal complex monomer followed
by the reaction between Coll} ion and 1,8-diamino-
naphthalene. The polymer films of 1,8-DAN and Co(Il)}-
(1,8-DAN) grown on the electrode were tested for the
catalytic characteristic to the reduction process of molecular
oxygen. The relative proportions of two- to four-electron
reductions of O: were determined to be 16% at the Poly(1,8-
DAN} film and 78% at the poly{Co-DAN) film. The Poly-
(1,8-DAN) electrode revealed smaller effects on the electro-
catalytic reduction of molecular oxygen than poly(Co-
DAN}).
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