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Reduction of dioxygen in neutral solution at polypyrrole

electrode
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Oxygen electroreduction has been investigated in 0.1 M Na,SO4 aqueous solution on an electrode
covered by a polypyrrole (PPy) layer. The dependence of the reduction rate on the thickness of the
PPy film has been established. The electrocatalytic properties of PPy in the studied electrode process
have been confirmed. It was concluded that the nickel electrode covered with a PPy layer can be

employed for water deoxygenation.

List of symbols

J current density (Am ?)
E electrode potential (V)

Ry represents an electrolyte resistance
R, Ry and R;* resistance related to the polymer
resistance and the red-ox reaction

resistance of PPy /PPy° (Q2cm?)

CPE,, CPE,

and CPE* constant phase elements

01, 05, O1* constants representative for CPE
n parameter between zero and unity,

1. Introduction

Electron conducting polymers (ECP), especially poly-
pyrrole (PPy), are recognized as promising electrode
materials. One of the many possible uses of poly-
pyrrole is its application for the clectroreduction of
oxygen [1-3]. Due to the possibility of using ECP as
an electrode material in hydrogen—oxygen fuel cells
oxygen reduction on PPy was investigated primarily
in 0.5M H,SO,. The oxygen electroreduction process
can also be used for the removal of oxygen from water
to decrease its corrosivity [4, 5]. The authors have
proposed the application of copper as the cathodic
material. However, our efforts to conduct water deox-
idation in the described conditions have shown that
oxygen reduction proceeds at small rates.

In this work the possibility of using PPy as the
cathodic material for electroreduction of oxygen in
solutions of pH close to 7 was checked. Results for
electroreduction of oxygen in 0.1 M Na,SO, on poly-
pyrrole covered electrodes are presented.

2. Experimental details

Investigations of oxygen electroreduction proceeding
on polypyrrole modified electrodes were carried out
in 0.1m solution of Na,SO4 99.99% purity (POCh,
Poland) in triply distilled water. The solution was
kept either in contact with air at a pressure of 1atm
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a measure of a rotation of the
impedance spectrum in the complex
plane given as 90° (1 — )

Descriptions

a anodic

c cathodic

1,2 indicates values for Pt/1 um PPy
electrode

I* indicates values for Pt/3 um PPy
electrode

or deaerated by 2h purging with argon. All experi-
ments were conducted at 20 £ 1 °C.

The process was investigated using cyclic voltam-
metry (CV), chronoamperommetry (CA) and impe-
dance spectroscopy (IS). An electrolysis at constant
potential was also carried out. Pt, Ni (97%), glassy
carbon (GC) and steel (ST-3) were used as working
electrodes. The nominal surface areas of the working
electrodes in the CV, CA and IS experiments was
0.008 cm?®. A platinum sheet of surface area approxi-
mately 100 times larger than the area of the working
electrode was used as the counter electrode. In the
electrolysis electrodes of surface area 2.4cm?® were
used. A Hg/Hg,S0,/0.1M H,S0, electrode was used
as reference, the potential of which was recalculated
in relation to the NHE neglecting the liquid junction
potential. All measured values of potential are given
relative to NHE. Preparation of the platinum surface
included polishing with 0.05 ym Al,O; powder, fol-
lowed by rinsing with distilled water, then immersing
into concentrated H,SO, and finally rinsing with
triply distilled water. The glassy carbon electrodes
were cleaned mechanically by polishing with 0.05 ym
alumina and rinsed with triply distilled water in an
ultrasonic bath. The steel and nickel electrodes were
cleaned mechanically using emery paper (grade
1000), degreased and washed with distilled water.
The polypyrrole films were prepared electrochemi-
cally under anodic polarization (j, = 0.4mA cm™>)
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in oxygen-free solution containing 0.14 M pyrrole and
0.2M NaClQy in methanol [6]. The film thickness was
controlled by the amount of charge passed [3]. A one
compartment cell was used for the CV, CA and IS.
For electrolysis a two compartment cell was used in
order to avoid direct contact between the anolyte
and the catholyte and the electrical contact was pro-
vided by a salt bridge. The experiments were performed
in air saturated solutions. In this case catholytes were
continuously purged with air during the experiment.
The pH change of the catholyte and the amount of
H,0; produced by oxygen reduction were also con-
trolled. A high resistance pH meter equipped with a
simple glass electrode was used for pH measurements.
The concentration of H,0, in the catholyte can be
determined spectrophotometrically in the visible range
using Fe(CN); ™~ in alkaline solution [7]. However, we
found a potentiometric measurement of the red-ox
potential of the Pt/Fe(CN):~/Fe(CN)¢~ electrode
was more reliable in the case of the low concentrations
of Hzoz.

3. Results and discussion
3.1. Impedance spectroscopy measurements

The IS measurements were conducted to characterize
polypyrrole covered electrodes at open circuit poten-
tial. We were interested in the total impedance of
the electrode covered with PPy. Figure 1 represents
complex plane impedance plots obtained on the Pt/
1 ygm PPy in a deaerated (DAR) and a nondeaerated
(NAR) 0.1M Na,SO, solution at an open circuit
potential of 0.445V vs NHE. An a.c. signal of 10 mV
amplitude in the frequency range from 60kHz to
1 Hz was applied in all cases.

Non-linear least-squares analysis (NLLS) was per-
formed to fit the impedance of the equivalent circuit
(EQQC) to the data. Figure 2 represents the equivalent
circuits for the Pt/1 um PPy (a) and the Pt/3 um PPy
(b). The EQC for Pt/1 ym PPy consisted of Ry, Ry,
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Fig. 1. Complex plane impedance plots obtained for the Pt/3 yum
PPy in the 0.1M Na,SO, nondeaerated solution (A) and for the
Pt/1 ym PPy in the 0.1 M Na,SO, deaerated (O) and nondeaerated
() solution.
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Fig. 2. Equivalent circuits for the impedance of the electrode/
electrolyte interface: (a) obtained for the Pt/1 yum PPy and (b) for
the Pt/3 um PPy electrodes, both in the 0.1 M Na,SO, solution.

CPE,, R, and CPE, and the EQC for Pt/3 yum PPy
included Ry, R;* and CPE,* connected as shown in
Fig. 2.

The impedance of the constant phase element is
given by the equations:

Zcpe = (jw)™"'Q

and

1/@=(1/Ry)!"™C

where Q is a constant representative of CPE, w is
angular frequency and # is a dimensionless parameter
between zero and unity which is a measure of the rota-
tion of the impedance spectrum in the complex plane
given by 90°(1 — n) and C is capacitance. The calcu-
lated total resistance of the Pt/1 um PPy electrode,
as the sum of two separate resistances R, and R,, is
equal to 188 ) cm?.

The total resistance of the Pt/3 ym PPy electrode is
equal to 584 Q cm? (calculated as R;*). Thus, the total
measured resistance of the Pt/3 um PPy electrode is
almost three times higher than the total resistance of
the Pt/1um PPy electrode. The specific parameters
are given in Table 1. It can be seen that the presence
of oxygen has negligible influence on the impedance
at open-circuit potential.

3.2, Cyclic voltammetry

Figure 3 represents typical voltammograms with
curve (a) obtained in 0.1 M Na,SO, (NAR) solution
and curve (b) obtained in DAR solution, in both cases
on the platinum electrode covered with 1 um polypyr-
role film. The CV curves represented in Fig. 4 were
obtained on Pt covered with 3 um polypyrrole; curves
(a) and (b) were obtained in the same way as described
above. The cathodic and anodic maxima were
observed in NAR and DAR solutions, but as a rule,
the maxima in DAR solution were lower. Therefore,
it can be concluded that oxygen electroreduction takes
place in the same potential range (0.0 to —0.5V vs
NHE) as reduction and oxidation of polypyrrole.
The CV curve obtained on platinum in NAR solution
is presented for comparison in Fig. 5. Figure 6 shows
voltammograms obtained in the same solutions,
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Table 1. Impedance spectroscopy characteristics of the Pt{PPy electrodes

S = 0.008 cm®

Electrode R, /2 cm? R /Q cm? Ry*/Qem? Qi o* I R, /0 cm? Qs 1y
Pt/1um PPy  2.18 142 - 1.53x 1073 - 075 46 487x107% 076
Pt/3um PPy 242 - 584 - 225% 107 074 - -~ -

* The NLLS fit has been obtained using Equivalent circuit program [8]; the chi-squared values were kept below 2 x 107>,
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Fig. 3. Voltammograms obtained for the Pt/1 gm PPy electrode in
0.1m Na,SO,4 nondeaerated (a) and deaerated (b) solutions; sweep
rate 100mVs~".
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Fig. 4. Voltammograms obtained for Pt/3 yum PPy electrode in 0.1m
Na,S0, nondeaerated (a) and deaerated (b); sweep rate 100mV s,

namely NAR (a) and DAR (b), on Ni covered with
1 um of polypyrrole. In all cases the differences
between the anodic and cathodic maximum potentials
are in the range 0.10—0.20'V, which is characteristic of
quasi-reversible electrodic process. According to Osaka
et al. [9] a flat shape of the CV curve indicates that the
PPy film is dense. It was assumed, that the difference
between the currents at the maximum measured in
DAR and NAR solutions is due to electrochemical
reduction of oxygen. Comparison of all the curves
(Figs 3, 4 and 6) leads to the conclusion that the rate
of oxygen electroreduction is higher on platinum cov-
ered with polypyrrole than on nickel with a polypyr-
role layer of the same thickness. Electroreduction of
oxygen on Pt takes places at more positive potentials
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Fig. 5. Voltammogram obtained for the Pt electrode in 0.1m
Na, SO, solution; sweep rate 200mV s,
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Fig. 6. Voltammograms obtained for the Ni/1 um PPy electrode in
0.1M Na,80, nondeaerated (a) and deaerated (b) solutions; sweep
rate 100mVs~!.

(E.) than in the case of electrodes with PPy film. This
is attributable to the well known catalytic properties
of Pt for oxygen electroreduction [10].

Figures 7 and 8 show polarization curves obtained
on Pt/1 pm PPy and on the GC electrodes in 0.1Mm
Na,SO4 (NAR) solution and in the same solution
with addition of a small amount of H,O,. As can be
seen electroreduction of H,0, on Pt/1 ym PPy elec-
trode begins at +0.2'V, whereas electroreduction on
GC occurs at more cathodic potentials than 0.0 V vs
NHE.

Comparing potential (E,) at which oxygen electro-
reduction can begin on each electrode it can be stated
that the reaction rate changes, depending on the
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1000 Table 2. Cathodic current densities ( j,) measured at different times (1,
; and ty) of chronoamperommetric polarization
i E, =-0.05V vs NHE
500 - /!
2 Electrode 0.1 solution  j.(ty = 1min)  j,(t; = 10min)
N Nap, SOy JuA cm™2 /uA cm™2
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Fig. 7. Polarization curves for the Pt/ um PPy electrode in 0.1M

Na, S0, (solid line% and in 0.1M Na,SO, + H,0, (dot dash line);
sweep rate 3mVs .
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Fig. 8. Polarization curves for the GC electrode in 0.1M Na,SO,

(solid line) and in 0.1 M Na,SO4 + H,0, (dots dash line); sweep
rate 3mVs L.
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Fig. 9. Chronoamperommetric curve obtained for the Pt/1 ym PPy
electrode in 0.1 M Na,SO, nondeaerated (solid line) and deaerated
(dot dash line); £, = —0.05V vs NHE.

electrode material, in the order: Pt > Pt/1 yum PPy >
Ni/l um PPy > GC. A comparison of the cathodic
current densities (j.) may be misleading, since the
real and geometric surface areas of the Pt, GC and
Pt/1 um PPy electrodes differ significantly.

3.3. Chronoamperommetry

Figure 9 shows typical CA curves obtained at —0.05V,
(the complete description is given below the figure). It
can be seen, at the beginning of polarization, that j,
decreases rapidly before reaching a stable value at
the plateau. Table 2 shows the measured values of j,
after 1 and 10min of cathodic polarization. It was
found that j, for oxygen electroreduction in the case
of Pt/3 yum PPy declined to values 10 times smaller
than in the case of Pt/1 um PPy. The cathodic current
densities measured at the plateau also depend on the
base material on which polypyrrole was deposited.
This suggests that the electrode reaction takes place
not only on the polymer/electrolyte interface but
also on the metal—polymer boundary, (or metal/solu-
tion in the pores of the PPy film). This is in agreement
with observations of other authors investigating oxy-
gen electroreduction in acidic solutions [1].

3.4. Electrolysis

The oxygen electroreduction process is very compli-
cated [10]. However it can be presented in a simple

Table 3. Changes of catholyte pH during the cathodic polarization,
(E, = —0.05V vs NHE, t, = 10min) on Pt electrode (S, = 2.4 cm?)
covered with polypyrrole layer of various thickness

Thickness of 0o, pH, pH, ApH Q(OH™)
PPy layer/ym  /mC pH, —pH; /mC

0.3 3125  6.09 9.74 3.65 132.7
1.0 3963  6.08 10.16 4.08 349.0
2.0 229.6 642 9.06 2.64 27.7
3.0 129.0  6.13 734 1.21 0.5
5.0 1305 672 672 0.00 0.0

Q,: total charge passed during cathodic polarization.

Q(OH™): calculated charge used for OH™ formation.

pH;: pH of the solution before polarization.
pH,: pH of the catholyte after polarization.
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Table 4. Changes of catholyte pH and the quantity of HyO, produced during cathodic polarization, (E, = —0.05V vs NHE, 1, = 10min), as a

function of the electrode material

Electrode 0,*/mCem™ pH, pH, ApH/jem™ Q*(0H") c(H,0,) 0*(H,0,)
/mCcm2 /gdm3 /mCcm~2

Pt 125.5 6.39 9.87 1.45 74.6 0.33x107° 9.7

Pt/1 ym PPy 149.9 6.43 10.13 1.58 135.7 044 x 1073 13.0

GC 36.3 6.43 6.49 0.03 0.03 0.88 x 1073 31.8

GC/1 ym PPy 115.1 6.47 9.18 1.38 18.6 077 x 1073 279

Steel/1 um PPy 91.6 6.08 9.28 1.07 15.3 0.66 x 107 15.6

Ni/l pm PPy 84.6 6.27 9.76 0.87 34.7 0.44 x 1073 7.8

*The geometric surface area has been taken in to account to calculate all electrode charge densities and pH.

Q,: total charge density passed during cathodic polarization.
Q(OH™): calculated charge density used for OH™ formation.
Q(H,0,): calculated charge density used for H,O, formation.

¢(H,0,): the concentration of H,0, in the solution after cathodic polarization.

pH;: pH of the solution before polarization.
pIl,: pH of the catholyte after polarization.

schematic form:

+4e(V3)
| B !
Electrode O, +2‘E1(]Vl) H,0, eV OH"™
I I
Solution Oy H,0)

As can be seen the final product (OH) can be
obtained as the result of the parallel paths (1 and 2
or 3). If the process proceeds in accordance with reac-
tions 1 and 2 then H,0, is an intermediate product
and its further reduction may determine the rate of
the whole electrode process. Thus, the pH and the
concentration of H,O, in the catholyte after electroly-
sis may be taken as a measure of the rate and cathodic
efficiency of the oxygen reduction on the cathode.
Table 3 represents the changes in catholyte pH
given as a result of the electroreduction of oxygen
on platinum and on platinum covered with polypyr-
role film of various thicknesses. Assuming that the
pH change after a given polarization time is a measure
of the rate of oxygen electroreduction, the reaction
rate significantly decreases when the film thickness
exceeds 1 um. The highest efficiency, calculated as a
ratio Q(OH™)/Q; (see Tables 3 and 4) was obtained
for Pt/1 ym PPy. In Table 4 catholyte pH changes
and H,0, contents are given as a result of polari-
zation of electrodes covered with a 1 pm thick PPy
film at E, = —0.05V. The efficiency and rate of
the electroreduction process apparently depends on
the nature of the base electrode (Pt, Ni, GC and steel).
As mentioned above, the rate of cathodic reaction
decreases in the following order: Pt/1 um PPy, GC/
1 um PPy, Ni/l1 ym PPy and steel/1 um PPy. The low
concentrations of H,O, after electrolysis on platinum
and nickel covered by the PPy film electrodes indicates
that the reduction of oxygen on these electrodes
mainly follows path 3 (involving four electrons).
This is very useful, because the PPy film is not stable
in the presence of H,O,. However, if steel and GC

electrodes covered by PPy film were used, participa-
tion of the 2 and 4 electron reactions are comparable.
Thus, it can be concluded that the Ni/l um PPy
electrode appears to be the most effective electrode
material for dioxygen removal from neutral solutions.

4. Conclusions

The following points can now be made:

(1) Oxygen electroreduction on a polypyrrole elec-
trode proceeds at a significantly higher rate
than on a glassy carbon electrode.

The results obtained indicate that a nickel elec-
trode covered with a polypyrrole film may be
employed for the removal of oxygen from water
to decrease its corrosivity.

Investigations of the effect of the thickness of
PPy film on the oxygen electroreduction rate in
0.1M Na,SO, solution have shown that 1um
film is the optimum thickness.

(i)
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