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Theses of the dissertation.

Introduction

When studying the mechanisms of electrochemical processes, one of the most
convenient and widely used methods of determining the reaction pathway is
an electrochemical assay of the reaction products using a rotating ring–disk
electrode (rrde). As a typical example of the so-called generator-collector
assemblies, an rrde tip consists of two electron conducting parts: a generator,
the centrally located disk, and the collector, the ring around it. The disk and the
ring are separated by a gap that is usually made of the same insulating material
as the outer cladding. The development of the rotating disk electrode with a
concentric ring provides a means of accurately defining and controlling the rate
of diffusion of a soluble electroactive species and detecting in a quantitative
manner the nature and amount of an electroactive species which is formed as
an intermediate or product.

The fact that the potentials of the two electrodes can be controlled inde-
pendently makes the rrde a very powerful device of detecting and exploring
the behavior of electroactive intermediates or products of electrode reactions,
and when properly operated with the aid of a bi-potentiostat, it can effectively
be used even for the detection of short-lived intermediates. So far, when the
rrde was used to detect intermediates of electrode reactions, mainly one of
the following techniques were used:

i.) A current-potential curve was recorded at the disk while the ring potential
was held at a constant value where the intermediates or products are
reduced or oxidized.

ii.) The disk was held at a potential where intermediates or electroactive
products were formed and the ring was maintained at a potential at which
they have undergone electron transfer.

iii.) The disk was held at a potential where the reaction of interest took place,
and a current-potential curve was then recorded at the ring.

iv.) The subject of observation was the transient shielding of the ring current
for the electrolysis of a species upon stepping the disk potential to a value
where this species was adsorbed.

The common feature of all the above-mentioned techniques is that the potential
of at least one of the two electrodes is held constant during the experiment.
However, as it was pointed out in some of our recent publications (1–5), inde-
pendent and dynamic potential programs can also be applied (simultaneously)
to the disk and the ring electrodes, e.g. while one electrode conducts linear
sweep voltammetry the potential of the other can also be swept in a controlled
manner. In this case one may expect that by applying appropriate potential
programs, the selectivity and sensitivity of the rrde system can be increased.

In the present thesis, the advantages of dual potentiodynamic control was
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demonstrated by using the Au | 0.5 mol/dm3 H2SO4 electrode as an illustrative
model system. The efficiency of our newly developed measuring techniques is
proven by the fact that they can yield various new information, even when ap-
plied to investigate such a simple and broadly studied electrochemical system,
like the gold | sulphuric acid electrode. Since from a measurement automation
standpoint the application of the presented methods is not always straightfor-
ward, instrumental developments were also addressed in the text.

The novel rrde techniques can have numerous useful applications: e.g., the
3D representation of the data can be effectively used to reveal the formation
of electroactive species at the disk. Unfortunately, the transients caused by
the “dual dynamic” perturbation of the electrodes often results in electrical
crosstalk effects between the two working electrodes. With the help of numerical
simulations, it could be shown that this crosstalk is caused by the common
resistance shared by the current paths of the disk and the ring electrodes.
It has also been shown that the comparison of ring currents measured at a
rotating and a stagnant electrode offers the possibility for the elimination of
the undesirable effects from the experimental results. Successful attempts have
also been made to include the description of uncompensated ohmic potential
drop into the digital simulation of rrde systems.

Theses of the Dissertation

1. Means of extending the applicability, reproducibility and sensitivity of
rrde systems based on the simultaneous application of time-varying
controlling waveforms to both the disk and ring electrodes have been
addressed (1–5). Since from a measurement automation standpoint, the
application of these techniques is not straightforward, a complex hard-
ware/software architecture has been developed. The operation of the
measuring system, as well as its design concepts are presented in the dis-
sertation. The unique features of the new rrde techniques are demon-
strated by using the Au | 0.5 mol/dm3 H2SO4 electrode as a simple model
system.

2. The oxygen reduction process on the Au | 0.5 mol/dm3 H2SO4 interface has
been studied by the simultaneous application of a low-rate ramp signal
and a high-rate triangular waveform to the disk and ring electrodes, re-
spectively (2, 5). The technique makes it possible to detect the H2O2
side-product of the disk electrode reaction in a more reproducible way
than conventional rrde methods would do. In the case of conventional
rrde measurements the ring is held at a constant potential, thus its
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surface gets contaminated and the sensitivity of the detection decreases
with time. The application of our novel technique is based on the quick
scanning of the ring electrode potential, which keeps the collector surface
“electrochemically polished”, and thus avoids the undesirable decrease of
the collection efficiency.

3. Based on the resampling technique of Lánczos, a method has been devel-
oped for the interpretation of the measured data in the form of a three-
dimensional surface. The presented data analysis technique allows for
a direct comparison of collection and shading effects, and thus it makes
possible to quantitatively detect the formation of products, even if the
collection efficiency of the rrde is not accurately known or is lower than
its theoretical value. (Based on a digital simulation approach it has later
been shown that the collection efficiency should be independent of the
scan-rate applied to the ring electrode potential, thus any possible de-
crease of its practical value is indeed a result of the collector’s contami-
nation.)

4. The technique of phase-shifted dual cyclic voltammetry has been de-
scribed and applied to study the surface oxide formation/removal phe-
nomena of the gold | sulphuric acid electrode (1, 5). It has been shown
that these processes are accompanied by the formation of an oxidized
intermediate. Based on the txrf and icp–ms analysis of the solution,
it has been found (in agrrement with the results of Cadle and Brucken-
stein∗, as well as of Rand and Woods†) that the mentioned intermediate
is oxidized gold.

5. It has been proven that the formation of oxidized gold accompanies both
the formation and the reduction of the surface oxide layer, and the amount
of the formed intermediate increases if the upper limit of the potential
cycling is extended to more and more positive potential values (𝐸max).
The increase was found to be approximately linear with 𝐸max up to the
so-called Burshtein minimum. Our results support the findings of Cadle
and Bruckenstein as opposed to the interpretation of Rand and Woods,
who first assumed that the formation of oxidized gold accompanies only
the oxidation, but not the oxide removal process.

6. With the use of the “conventional” technique (i.e., by recording cyclic
voltammograms of the disk while holding the ring potential at a con-
stant value) we have found that the amount of oxidized gold leaving the

∗Anal.Chem. 46 (1974) 16–20
†J.Electroanal.Chem. 35 (1972) 209–218
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disk surface is ∼ 3 ng/cm2·cycle. This value is in fair agreement with ear-
lier results of generator/collector experiments∗. However, if we applied
dual dynamic control, the amount (in the same system) was found to be
∼ 8 ng/cm2·cycle. This value is much closer to other results obtained by the
use of non-electrochemical detection†. We believe that our findings can
explain the contradiction between the results of non-electrochemical and
electrochemical detection methods, and point out that the sensitivity of
conventional rrde techniques should (and can) be increased.

7. Based on the measurements described above, the effects of uncompensated
ohmic drop in the rrde system have also been analysed‡. It was found
that the overlapping potential fields of the two working electrodes can
cause an undesirable crosstalk to appear in the current/potential charac-
teristics of the two electrodes. We have pointed out that this undesirable
effect can be eliminated by calculating the differences of current signals
measured at a rotating and at a stagnant electrode, respectively. The
problem was modelled by carrying out numerical calculations on equiv-
alent circuits describing the rrde system. According to our findings it
can be stated that i.) the crosstalk arises from the common resistance
shared by the current paths of the two electrodes; ii.) that it primarily
affects the electrode having a higher impedance; iii.) that its intensity
grows with the value of the shared resistance in the current routes; and
iv.) that it becomes more pronounced in cases when high sweep rates or
frequencies are applied.

8. Additional efforts have been made in order to describe the problem of
ohmic potential drop in an rrde model system, where processes like
charge transfer, convection and diffusion can also occur. A digital sim-
ulation approach has been developed, and the results of our “numerical
experiments” showed excellent agreement with the basic theoretical ex-
pectations of analytic calculations. The digital simulation approach can
also be of possible use when modelling other generator/collector systems
(not only the rrde).6–17(18)(19)

∗J.Electroanal.Chem. 65 (2012) 33–37.
†Electrochem.Comm. 28 (2013) 44–46
‡J.Electrochem.Soc. 121 (1974) 1439–1444;
J.Electrochem.Soc. 122 (1975) 1305–1311;
J.Electroanal.Chem. 107 (1980) 257–270
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