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HYDROQUINONE OXIDATION AND p-BENZOQUINONE 
REDUCTION AT POLYPYRROLE AND POLY-N- 

METHYLPYRROLE ELECTRODES 

R. C. M. JAKOBS, L. J. J. JANSSEN and E. BARENDRECHT 

Laboratory for Electrochemistry, Department of Chemistry, Eindhoven University of Technology, P-0. Box 
513, 5600 MB Eindhoven, The Netherlands 

(Received 29 Jonunry 1985; in revised/arm 12 March 1985) 

Abstract-The oxidation of hydroquinone and the reduction of p-benzoquinone in aqueous solution 
is studied at polypyrrole electrode and at a poly-N-methylpyrrole electrode. It is found that both types 
of’ electrodes exhibit a pronounced electrocatalytical effect. The quinonejhydroquinone redox couple, 
which is irreversible at an uncovered gold electrode, initially is practically reversible when a polypyrrole- 
covered gold electrode is used. However, after some time, an aging elTat occurs, which includes an increasing 
inhibition of the electrode reaction by quinone-like species, immobilized at the polymer surface. Experiments 
with a rotating disk electrode show that the redox reactions of quinone and hydroquinone occur mainly at 
the interface polypyrrole/electrolyte; in this case, the polymer acts as both an electrocatalyst and an electron 
conductor. 

NOMENCLATURE 

area of electrode surface Em’) 
concentration [M, mol m’m3] 
diffusion coefficient [m’ s ‘1 
potential [V] 
peak potential [V J 
peak separation [V] 
half-peak potential V ] 
Faraday’s constant \ C mol- ‘1 
(rotation) frequency [Hz] 
current [A] 
limiting current [A] 
number of electrons, involved in electrode reaction 
potential scan rate [Vs-’ 
kinematic viscosity [m’s_ I ] 

Superscripts 
ad adsorbed 
s bulk 

1. INTRODUCTION 

In previous papers[l, 21, a study of the reduction of 
molecular oxygen at the polypyrrole electrode was 
presented. These papers deal with the reaction of an 
inorganic substance at an organic polymer electrode. 
In order to study also the electrochemical reaction of 
an organic compound at the organic polypyrrole 
electrode, the quinone-hydroquinone system was 
used[3]. 

The oxidation of hydroquinone (or l&dihydroxyb- 
enzene) and the reduction of 1,4-benzoquinone are 
well known redox reactions in organic electro- 
chemistry[4]. 

The mechanism of these reactions in protic media, 
such as the electrolytes used in this study, has been 
established by Vetter in 1952[5]. Many publications 
deal with the quinone/hydroquinone redox system 
and some of these publications concern the polypyr- 
role electrode, although exclusively in aprotic elec- 

trolyte[6,7]. The measurements, carried out in a 
H,SO,-containing electrolyte and presented here, do 
not enable the determination of the mechanism of the 
hydroquinone oxidation and the quinone reduction at 
the polypyrrole electrode. However, the results lead to 
(sometimes speculative) conclusions that could con- 
tribute to the elucidation of this mechanism. 

2. EXPERIMENTAL 

The experimental set-up for the formation of the 
polypyrrole and poly-N-methylpyrrole films was the 
same as described in an earlier work[X$ Unless 
otherwise stated, the formation electrolyte contained 
0.1 M LiC104 (Fluka), 1 ~01% pyrrole or 1 ~01% N- 
methylpyrrole (Aldrich) and 0.5 vol o/0 distilled water in 
acetonitrile (Janssen Chimica). The working electrode 
was a gold disk (A = 5.15 x IO- ’ m-‘), which was 
polished with 0.3 pm alumina before each deposition 
of the polymer film. 

The cell in which the measurements were carried out 
was a thermostatted three-electrode cell with a satu- 
rated calomel electrode [see) as a reference electrode 
and platinum foil as a counter electrode. The reference 
electrode was provided with a Luggin capillary and the 
counter electrode was separated from the working 
electrode compartment by a porous glass filter. The 
working electrode was connected to the disk circuit of 
a bipotentiostat (Tacussel) and its potential was con- 
trolled by a Wenking Pos 73 scan generator. After the 
deposition of the polymer film at a constant potential 
of l.2OV us see, the electrode was taken out of the 
formation electrolyte and the excess of electrolyte was 
removed by spinning the electrode in ambient air. Then 
the electrode was dried by free standing in ambient air 
for about 30 rnin before it was transferred to the 
measurement cell. The charge, passed during the 
formation of the polymer film, was always 0.6 kC m-‘, 
unless otherwise stated. 

The measurements were carried out in three dif- 
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ferent solutions, viz (1) a solution, prepared by mixing 
equal volumes of 1 M H2S04 in water and 96 y0 
ethanol, denoted here as H$O,/EtOH; (2) a solution, 
prepared by mixing equal volumes of 1 M H2S0, in 
water and acetonitrile, denoted as H2S0,/CH,CN 
and; (3) 0.5 M H,SO, in water, denoted as H,SO,. The 
solutions were prepared at 293 K. The concentration 
of the electroactive compound, i.e. 1,4_dihydroxyben- 
zene (hydroquinone, denoted as H2Q) or l&ben- 
zoquinone (denoted as Q), was 5 x 10e3 M in each 
solution. 

All the measurements were carried out at 298 K and 
100 kPa, unless otherwise mentioned. All potentials 
are given against the see. 

The diffusion coefficient of Q. D(Q), at 298 K in 
H,SO,/EtOH was determined by means of polaro- 
graphy. Using the averaged Ilkovich equation[9], it 
was found that D(Q) = 2.3 x lo-” m2 s-l at 298 K in 
H$jOJEtOH. The kinematic viscosity, v, of the 
H,SO,/EtOH solution was calculated from literature 
data. From the densities at 293 K of 1 M H,SO,[lO] 
and EtOH[lI], the composition-by-weight of the 
electrolyte was calculated to be 43 o/o in EtOH. The 
extrapolated density of a 43 % EtOH/57 %HzO 
mixture at 298K is 921 kgm-‘[12] and its ex- 
trapolated dynamic viscosity at 298K q = 2.39 
x 10-3kgm-’ s-‘[13]. This gives a kinematic vis- 
cosity v = 2.6 x 10e6 m2 s-’ at 298K. 

3. RESULTS 

3.1. HZSO,/ethonol electrolyte 

The effect of covering a gold disk with a poly- 
pyrrole (PP) or a poly-N-methylpyrrole (PMP) film - :- 
oh the cyclic vo&unogram m H,Qcont&ning 
H,SOJEtOH electrolvte is shown in Fin. 1. The 
so&e&at broadened - peaks with AE, & 2OOmV, 
measured for the uncovered gold (Au) electrode, turn 
into narrower peaks when a PP- or PMP-covercd 
electrode is used. For the PP(Au) electrode AE, 
= 50mV. E, - Ep,2 = 35 mV for the anodic peak and 

0.5 L 

I I 
0 

I 
05 0 

E/V 

Fig. 1. Cyclic voltammogram in H,SO,/EtOH + 5.0 mM 
H~Q.u=O.OlOVs-‘,f=OHz.ElectrodeagedlOmin.~ 

Fig. 2. 1, vs ._/jin H,SO,/EtOH + 5.0 mM H2Q. Electrodes 

uncovered Au disk; ~ ~ -- PP(Au) electrode;. . . . PMP(Au) 
aged 10 min. Uncovered Au disk ( x ); PP(Au) electrodes with 
formation charges: 0.30 kC me2 (0). 0.60 kC rnWZ (A) and 

E,---p/z = 40mV for the cathodic peak. For a 
PMP(Au) electrode AE,, = 80 mV, E, - Ep,2 = 45 mV 
for the anodic peak and E, - E,,,* = 50mV for the 
cathodic peak. 

For a PP film on a platinum disk, a similar effect has 
been found as that for the gold disk. However, the 
cyclic voltammogram for a platinum (Pt) electrode is 
obscured by a background current from the oxidation 
of ethanol or contaminants present in the solution, at 
E > 0.6V. To avoid interference with the studied 
redox reaction, from now, only gold substrates were 
used. 

A plot of the limiting current I, DS ,/f for H,Q 
oxidation (Fig. 2) shows that the slope of the straight 
curve is independent of the polypyrrole layer thickness 
and that I, increases slightly with increasing layer 
thickness. The data in Fig. 2 are not corrected for 
background signals. It is likely that the increase of II 
for thicker polymer films is caused by oxidation of the 
polymer film, for which the current increases with 
increasing amount of polymer. A plot of -I, us ,/‘for 
reduction of Q shows nearly the same effects: practi- 
cally parallel straight curves and increase of-I, with 
increasing polymer layer thickness. For formation 
potentials between 0.9 and 1.2 V, it has been found that 
there is no effect of the formation potential on the 
I,/Jf curve for a PP electrode on which H2Q is 
oxidized or Q is reduced. 

The slope S1 of a -I, us Jfplot for the uncovered 
Au electrode in Q-containing solution is equal to 2.63 
x IO-*A s”‘. Using: 

S 

n = 0.62A Fc~[D(Q)-J~‘~v-‘~~J~~ (1) 

with a disk surface area A = 5.15 x 10-5m2, D(Q) 
= 2.3 x 10-lOm*s-’ , v = 2.6 x i0-6mZ s-l and 
cs = 5.0 molm-‘, this gives n = 2.1. 

Since the diffusion coefficient of H,Q, D(H,Q), 

electrode. 1.20 kC m-’ (a). 
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could not be determined polarographically, D(H,Q) is 
determined from the results of Fig. 2. The slope S1 of 
the I, us Jj plot for the uncovered Au electrode in 
Fig. 2 is 2.90 x 10W4 A s ‘/’ Taking n = 2 for both . 
reduction of Q and oxidation of H,Q and using 
Equation (I), it follows that D(H,Q)/D(Q) 
= (S,/S,)3/2. From D(Q) and the experimental slopes 
S, and S, it follows that D(H,Q) = 2.7 
x 10”‘Om2s~* 

From Fig. 2’ and a plot of -I, us ,,/j for the 
reduction of Q, it is concluded that the oxidation of 
l+dihydroxybenzene and the reduction of 1,4-ben- 
zoquinone in H,SO,/EtOH electrolyte takes place at 
the interface polypyrrole/electrolyte, which means 
that the polypyrrole film conducts the electrons that 
are involved in the redox reactions. 

It is likely that when the reacting solute is 
transported through the polymer film, a decrease in 
limiting current with increasing film thickness should 
be observed, according to a two-phase diffusion 
mndelri41. 
-------L- J- 

Plots of log [I/(I, -I)] us E are given in Fig. 3 for 
H,O oxidation and 0 reduction at a PP(Au) electrode 
anhat an uncovered ALI electrode. The c&rents are not 
corrected for the relatively small currents due to 
background processes. In the figure, the slopes of the 
curves for the PP(Au) electrode are about equal to the 
slopes of the corresponding curves for the uncovered 
Au electrode. 

Additionally, the slopes of the CUN~S are nearly 
independent of the polymer layer thickness. For the 
PPIAuI electrode. the slope in Fia. 3 is 102 mV for the 
H& oxidation and 130 mV foryhe Q reduction. To 
investigate the effect of aging, a PP(Au) electrode in a 
H,SO,/EtOH solution containing H2Q, and rotated 
withf- 10 Hz, is charged with a continuous triangu- 

Fie. 3. I/ff, -II vs E for H,O oxidation (-) and Cl 
reduction’ i- - ‘- -) in H,SO~~EtOH. v = b.OlOV s-‘, i 
= 64 Hz. Electrodes aged 10 min. Uncovered Au disk ( x ); 
PP(Au) electrodes with formation charges: 0.30 kC m-l (01, 

0.60kCm-* (A)land 1.20kCm-a (0). 

lar potential scan between 0.0 and 0.7 V with u 
= O.OlOVs-‘. After IOmin, 1 h and 2h scanning, 
current/potential curves were measured at various 
rotation rates. Fig. 4 shows l/I at E = 0.7V as a 
function of l/,/f- This so-called “Koutecky-Levich 
plot”[15] shows that during theaging period, the H2Q 
oxidation reaction is increasingly limited by its ki- 
netics, as follows from the increasing intercept of the 
1 /I us 1 /Jf curve at 1 /Jf = 0. For the Q reduction at 
a PP electrode, a - i/1 us 1 /,,/_jplot shows the same 
aging effect. It appears that the magnitude of this aging 
effect is less for the reduction of Q than for the 
oxidation of H,Q. 

For the PMP(Au) electrode, the Koutecky-Levich 
plots for the oxidation of H,Q and the reduction ofQ 
show that the aging effect is larger for this electrode 
than for the PP electrode. For the HZQ oxidation, for 
example, the aging of the electrode, already aged for 
10 min, occurs with such a high rate during the 
measurements, that a bent curve is obtained in the 
1 /I vs 1 /Jfplot {the CUNC was measured with increas- 
ing rotation frequency). For PP electrodes it has been 
found that the rate of the aging process increases with 
increasing temperature. Uncovered Au electrodes 
show no aging effect. The aging of the PP and PMP 
electrodes during H2Q oxidation is also illustrated by 
Figs 5 and 6, in which voltammograms are given at 
f = 0 Hz and f = 16 Hz for each electrode. Figure 5 
and cyclic voltammograms in Q-containing electrolyte 
show that, in all cases, during the aging of the PP 
electrode one wave occurs in the curves at j= 16 Hz. 
Its height decreases with increasing aging time. Figure 
6 shows that for a PMP electrode in a H,Q-containing 
solution two waves are observed in the sweep curve 
at f= 16 Hz [Fig. 6(b) and (c)]. The wave at E 
-C 450 mV for the PMP electrode is practically in- 
dependent of the aging time, while the wave at E 
z 450 mV decreases with increasing aging time. 

The effect of water addition to the formation 
electrolyte on the aging of a PP(Au) electrode is 

Fig. 4. l/I us I/J/for a PP(Au) electrode in H,SO,/EtOH 
+ 5.0 mM H,Q. I is the oxidation current at E = 0.70 V. 

Aging time: 10 min ( x ), 1 h (0) and 2 h (A). 
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(a) (b) (cl 

Fig. 5. Voltanunograms of a PP(Au) electrode in H,SO,/EtOH +S.OmM H,Q. u = 0.010 Vs-‘. 
---_I=OHz;~---~=16Hz.Agingtime:10min(a),1h(b)and2h(c). 

I 
0 

(a) lb) 

Fig. 6. Voltammograms of a PMP(Au) electrode in H#O,/EtOH+ S.OmM HIQ. v = 0.010 Vs-‘. 
-f=OHz;----~=16Hz.Agingtime:lOmin(a),Ih(b)and2h(c). 

studied for both the oxidation of H2Q and the 
reduction of Q_ The electrodes, rotated withf = 10 Hz, 
were aged for 2 h by a continuous potential sweep 
between 0.0 and 0.70 V with u = 0.01 V s-t. 

From these experiments it has been found that 
addition of water to the formation electrolyte retards 
the aging process. For example, the PP(Au) electrode, 
formed after addition of 5 vol y0 water to the formation 
electrolyte, shows a small aging effect for the oxidation 
of H2Q and practically no aging effect for the reduc- 
tion of Q. 

The aging of a PP(Au) electrode is also studied at 

polymer layers of varying thickness. It is found that 
there is no unequivocal effect of the polymer layer 
thickness on the aging of the PP electrode. 

3.2. HzSQ,/acstonirriZe electrolyte 

The deposition of a PP or a PMP layer on an Au 
electrode has a similar effect on the cyclic voltam- 
mogram in H2S04/CH3CN electrolyte as in the 
H,SO,/EtOH electrolyte. 

For the uncovered Au electrode in H,SO,/CH,CN 
+ H2Q, the anodic and cathodic peaks are separated 
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with AE, N 430mV, which is 230 mV more than in 
H,SO,/EtOH + H2Q; E, - Er,2 = 45 mV for the 
anodic peak and E, -E,,, = 90 mV for the cathodic 
peak. Deposition of a polypyrrole film reduces the 
peak separation to AE, 2 70 mV for a 10 min-aged 
electrode and E, -E,,, becomes 40 mV for the anodic 
peak and 45 mV for the cathodic peak. For a 
poly-l\r-methylpyrrole film, the peak separation is 
BE, = 210mV, with E, -E,,, = 70mV for the 
anodic peak and E, - E,,, = 95 mV for the cathodic 
peak. 

Generally, the behaviour of the PP and PMP 
electrodes in H$O,/CH,CN is analogous to the 
behaviour in H,SO,/EtOH electrolyte: the H,Q oxi- 
dation and Q reduction occurs at the 
polymer/electrolyte interface; there is only a small 

effect of the polymer layer thickness on the I us Jf plot 
and the electrodes show also an aging effect. The aging 
of the PP electrode, however, occurs at a higher rate 
than in ethanolic electrolyte, whereas the aging rate for 
the PMP electrode is about equal in both electrolytes. 

Fig. 7 shows a plot of l/1 us I/Jf for the H2Q 
oxidation at an uncovered Au, PP(Au) and PMP(Au) 
electrode after 2 h of aging. During the aging of the PP 
and PMP electrodes, the cyclic voltammograms of the 
electrodes tend increasingly to that of the uncovered 
Au electrode. 

The magnitude of the aging effect at a PP(Au) 
electrode is less for the reduction of Q than for the 
oxidation of H,Q. For a PMP(Au) electrode the 
opposite of this is found. 

3.3. H2S04 electrolyte 

The cyclic voltammogram at an uncovered Au, a 
PP(Au) and a PMP(Au) electrode in HzQ- 
containing 0.5 M H2S04 is given in Fig. 8. For the 
uncovered Au electrode it appears that AE, 
2 280 mV, whereas for both the PP(Au) and 

-I [ I I 
0 05 I 5 

E/V 

Fig. 8. Cyclic voltammogram in HzSO, + 5.0 mM H2Q. 
u = 0.010 Vs-I,/= 0 Hz. Electrode aged 10 min. - un- 
covered Au disk; ~ ~ ~ PP(Au) electrode; PMP(Au) 

electrode. 

PMP(Au) electrode it is found that AE, ‘c 40 mV and 
that for the anodic peak, Ep - Epll = 35 mV for the PP 
electrode and Ep - E,,, = 40 mV for the PMP elec- 
trode. For the cathodic peak, I?,,--_~,~ = 40mV for 
both the PP and PMP electrode. The aging effect for 
the various electrodes in H2SOc+ H2Q electrolyte 
follows from Fig. 9. As for the other electrolytes, the 
magnitude of the aging effect is larger for the PMP 
electrode than for the PP electrode. 

The aging effect for the uncovered Au and PP(Au) 
electrode in H2S04 + Q electrolyte is comparable to 
the aging effect, shown in Fig. 9. However, for a 
PMP(Au) electrode, the aging effect during Q reduc- 
tion is considerably larger than during H,Q oxidation. 
The voltammograms recorded during the aging of a 

Fig. 7. 1 /I us l/&I-or various electrodes in HLS04/CH,CN 
+ 5.0 mM H2Q. I IS the oxidation current at E = 0.70 V. 
Electrodes aged 2 h. Uncovered Au disk ( x ); PP(Au) elec- 

trode (0); PMP(Au) electrode (A). 

Fig. 9. i/I os I/J? for various electrodes in H2S04 
+ 5.0 mM HZQ_ I is the oxidation current at E = 0.70 V. 
Electrodes aged 2 h. Uncovered Au disk ( x ); PP(Au) elec- 

trode (0); PMP(Au) electrode (A). 
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PP(Au) electrode in HzS04 + H,Q, are similar to the 
voltammograms in Fig. 5. The voltammograms show 
one wave in the curve atf = 16 Hz; the height of this 
wave decreases with increasing aging time. 

The voltammograms for the PP(Au) electrode 
during Q reduction are given in Fig. 10. The curves in 
this figure exhibit an extra anodic and cathodic peak 
around a potential of OV. These extra peaks are not 
caused by the presence of either H2Q or Q, but 
probably arise from redox reactions of the polymer 
film. 

The aging of a PMP(Au) electrode in H2S04 + H2Q 
is illustrated by Fig. 11. Comparing Fig. 11 (a) with Figs 
11 (b) and (c) suggests that the not-well-shaped wave in 

1 0 25 mA 

Fig 1 l(a) actually consists of two waves, which have 
been split in Figs 11 (b) and (c). 

During the aging of the electrode, the half-wave 
potential E1,2 of the second wave in the curve at 
f= 16 Hz (i.e. the wave at the most anodic potential) 
increases with increasing aging time, whereas the E, ,s 
of the remaining first wave remains constant. The 
height of the second wave increases with increasing 
rotation frequency, while the first wave becomes 
increasingly independent of the rotation frequency 
with increasing aging time. The second wave appears as 
a small anodic peak in the voltammogram at f = 0 Hz 
[Figs 1 l(b) and 1 l(c)]; this small anodic peak has a 
small and broad cathodic counterpart [Fig. 1 l(c)]. 

Fig. IO. Voltammograms of a PP(Au) electrode in H1S04 + 5.0 mM Q. u = 0.010 Vs-‘. -f= 0 Hz; 
----/= 16 Hz. Aging time: 10 min (a), 1 h (b) and 2 h (c). 

(a I 

Fig. 11. Voltammograms of 
-/= 0 Hz; - 

(bl (c) 

a PMP(Au) electrode in H2S04+5.0mM H,Q. o = O.OlOVs~’ 
~ ~ ~ / = 16 Hz. Aging time: 10 min (a), 1 h (b) and 2 h (c). 
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Fig. 12. Voltammograms of a PMP(Au) electrode in HISO, + 5.0 mM Q. v = 0.010 Vs-‘, /= 64 Hz. 
Aging time: 30 min (a), I h (b) and 2 h (c). - - - - in (a): electrode aged 10 min, f = 0 Hz. 

When Q is reduced at a PMP electrode in 0.5 M 
H2S04, a rapid change of the voltammogram occurs at 
the beginning of the experiment. The cyclic voltam- 
mogram for a PMP(Au) electrode in H,S04 +Q, 
initially shows the well-known redox peaks with A$, 
= 45 mV [Fig. 12(a), dashed curve]. After 30 mm 
aging, however, the potential sweep curve is practically 
independent of the rotation frequency and the peak 
separation is reduced to AE, 2 30 mV [Fig. 12(a), 
solid curve]. After an aging period of 1 h or more, the 
potential sweep curve is completely independent of the 
rotation frequency with AE, u 25 mV and E, -E,,, 
= 30 mV for the anodic peak [Figs 12(b) and (c)J An 
extra pair of redox peaks develops at E N OV, which is 
similar to the results found for the PP electrode in 
H2SO+ + Q. The extra peaks at E = OV are also 
found in OS M H2SOo containing no Q, so they 
probably arise from redox reactions of the PMP film. 

4. DISCUSSION 

4.1. Location of the electrochemical reaction 

Santhanam and O’Brien[7] studied the H,Q oxida- 
tion at a polypyrrole electrode in anhydrous ac- 
etonitrile. It can be shown that their results are 
significantly affected by H2Q, present in the polymer 
film at the start of the electrolysis. Consequently, their 
conclusion about the reaction site cannot be used for 
the stationary electrolysis at the limiting current. 

For the polypyrrole electrode in H2S04/EtOH 
electrolyte, the It vs ,/f curves in Fig. 2 and measure- 
ment in Q-containing solution show that the limiting 
currents are nearly independent of the polymer layer 
thickness and equal those at the uncovered metal. This 
indicates that the oxidation of H2Q and the reduction 
of Q occur at the polymer/electrolyte interface. 

4.2. Aging of the polymer electrodes 

The PP and PMP electrodes show an aging effect in 
all the three electrolytes. The rate of the aging process 
is considerably less for the PP electrode than for the 
PMP electrode. 

The voltammogram of the PP electrode exhibits a 
well-shaped wave for the H,Q oxidation at a 10 min- 
aged electrode in H,SO,/EtOH (Fig. 5), 
H2SO&H,CN and H,SO,. A well-shaped wave is 

also found for the Q reduction at a 10 min-aged PP 
electrode in H2SOJEtOH and in H2S04 (Fig. 10). 

For longer aging periods, the single voltammetric 
wave either decreases in height (Fig. 5), or splits into 
two waves, of which the sum of the heights is less than 
the height of the original single wave for the IO min- 
aged electrode (Fig. 10). The voltanunogram of a 
PMP electrode exhibits a well-shaped wave for the 
oxidation of H,Q at a 10 min-aged electrode in H2S04 
(Fig. 11) and for the reduction of Q at a 10 min-aged 
electrode in H,SO,/EtOH. 

Taking into account the difference in rate of aging 
between PP and PMP electrodes, it can be concluded 
that for both types of electrodes similar results have 
been obtained. The degree of aging determines mainly 
the occurrence or not-occurrence of two waves. 

For the Q reduction at a PMP electrode in 0.5 M 
HzSO.,, the aging effect is enormous and the elec- 
tmchemical response becomes that of an electrode of 
which the redox couple is immobilized by attachment 
to the electrode surface: the peaks become independent 
of the electrode’s rotation frequency (Fig. 12). 

The immobilized species will be of a quinone-like 
structure, since no other organic species are involved. 

That some redox compound becomes immobilized 
during the aging of the PMP electrode in OSM H2S04 
is also supported by the fact that AEp decreases during 
the aging process from AE,, z 45 mV after 10 min to 
AE, z 25 mV after 1 h aging (Fig. 12). After 2 h of 
aging, AE, is still 25 mV, indicating that the aging 
process is complete and that the surface redox process 
is probably not completely reversible (for an ideal 
reversible surface redox reaction, AE, = 0[16] )- 

The immobilization of a redox compound during 
potential sweep experiments has also been observed 
for the H2Q oxidation at a PP(Pt) electrode in 
anhydrous acetonitrile[6]. The immobilized oxidation 
product is identified as HQ+ by cyclic voltammetry 
and is assumed to be electrostatically bound to the 
polymer[6]. 

Since HO+ is abundant in a solution of 0 in OSM 
H,SOh and no inhibition effect is observed without 
electrochemical treatment of the electrode, the im- 
mobilized compound discussed here is not HQ+, but 
presumably HQ’d, which is formed by reduction of 
HQ* according to HQ+ +e- + HQ”. The supcr- 
script “ad” indicates that HQ is chemically or physi- 
cally adsorbed. 
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Tbe peaks in the cyclic voltammogram for the 
surface-attached species, Fig. 12, appear at about the 
same potentials as where the peaks were measured that 
corresponded to the oxidation of H2Q and the reduc- 
tion of Q when these reactions were not yet inhibited. 
So it is likely that the immobilized redox couple is 
closely relateb to the HzQ/Q redox couple. 

From the voltammoaram in Fia. 12. it follows that 
an electrochemical &&ion is tie r&e-determining 
step. 

The same aging process as for the PMP electrode in 
0.5 M H,SO, occurs probably for the other electrodes 
and electrolytes that were investigated, however, with a 
decreased rate. 

During the aging process, the polymer electrode will 
become increasingly blocked by immobilized HQU 
and HIQ” species and there is a decreasing number of 
sites at the polymer/electrolyte interface, at which 
further H2Q oxidation or Q reduction occurs. Since a 
decreasing part of the electrode surface is oxidizing or 
reducing dissolved species, a diffusion-limited anodic 
or cathodic current will be observed, which decreases 
with increasing aging time. Such an effect has indeed 
been found for the PP and PMP electrodes in various 
electrolytes: Fig. 6 clearly shows the decreasing 
limitingxurrent plateau, together with the redox peaks 
coming from the immobilized H2Q and HQ species. 

4.3. Electrocatalytical behaviour of the polymer 
electrode 

The results show that the behaviour of the H2Q/Q 
redox couple in aqueous acid medium is strongly 
affected by the deposition of a polypyrrole or a poly- 
N-methylpyrrole layer on a gold substrate. Among the 
three electrolytes, viz H,SO,/EtOH, H2S0,/CH3CN 
and H,SO,, there are no large differences in the 
behavi&r bf the H2Q/Q cocple, except for the 
PMP(Aul electrode in H,SO, electrolvte. For the last- 
namei el&trode, it app&ed that, alter some aging 
time, the voltammogram became independent of the 
electrode’s rotation frequency (Fig. 12). 

The mechanism of the hydroquinone oxidation and 
the quinone reduction in acid electrolyte was es- 
tablished by Vetter in 1952153. Additionally, it was 
found by Peters and Lingane, that platinum and gold 
exhibit the same chronopotentiogram in H,Q- or Q- 
containing 1 M HzS0,[17]. 

For the reduction of Q to H,Q at a platinum 
electrode in aqueous electrolyte with pH < 5, the 
mechanism is found to be[5]: 

Q+H+ -HQ+ (1) 

HQ++e--tHQ (2) 

HQ+H+ -H,Q+ (3) 

H3Q+ + e- -+ H2Q. (4) 

For the oxidation of H2Q at pH < 5, the reactions 
(l)-(4) occur in the reverse direction[5]. 

From cyclic voltammograms, measured at the un- 
covered Au electrode (Figs 1, 8 and experiments in 
H2SOJCH3CN electrolyte), it is likely that the 
reduction of Q at an uncovered Au electrode occurs 
also according to the CECE mechanism, described 

above; the first E-step (2) will be the rate-determining 
step. 

When a PP or a PMP film is deposited, AE, in the 
cyclic voltammogram considerably decreases for all 
the electrolytes used (Figs 1 and 8). The value of AE, 
mostly becomes about 60 mV, which corresponds 
to the AE, for a reversible one-electron reaction or 
for a two-electron reaction with activation 
polarization[l S]. 

It is likely that n = 2 for both the Q reduction and 
the H2Q oxidation at PP and PMP electrodes, since a 
plot of II DS df shows a slope which is practically equal 
to the slope, found for the uncovered Au electrode 
(Fig. 2), for which n = 2 is obtained for the Q reduction 
in HISOJEtOH. This means that the cyclic voltam- 
mogram at PP and PMP electrodes correspond to a 
two-electron reaction with some activation 
polarization. 

The fact that the plot of log[J/(1, - 1)] us E for the 
PP and PMP electrodes shows a slope, almost equal to 
that observed at an uncovered Au electrode (Fig. 3), 
indicates that the rate-determining steps are probably 
the same for the three types of electrodes. Although 
definite conclusions about the mechanism of the Q 
reduction and the H2Q oxidation cannot be drawn 
from the results presented here, it is likely that the 
mechanism of the reduction of Q to H,Q and the 
oxidation of H,Q to Q is the same at Pt, PP and PMP 
electrodes[reactions (l)-(4)]. 

The major effect of the polymer film appears to be an 
increase of the heterogeneous rate constant of the rate- 
determining reaction, viz reactio,l(2) for reduction and 
the reverse of (4) for oxidation. That the rate constants 
of Q reduction and H2Q oxidation on the polymer film 
are higher than on gold, becomes acceptable when it is 
considered that, for a PP or PMP electrode, the 
organic molecules react on an organic electrode inter- 
phase, which is likely to occur more rapidly than on a 
metallic electrode interphase. 

Irrespective of the exact nature of the effect, intro- 
duced by the polymer film, the influence of the film on 
the behaviour of the electrode is a good example of 
electrocatalysis. 
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