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Final report on the project “Frequency dependent double

layer capacitances etc” (K112034)

Introduction

Two issues were the subjects of this three-year project (extended by one year): First to
perform electrochemical experiments in ionic liquids; second, to elaborate a double layer
impedance theory for extremely high surface area electrodes. Both subjects were closely
related to that the interfacial capacitance (“double layer capacitance”) often appears as if were
frequency dependent. In some cases, it is indeed, inherently dependent. For analyses of these
effects/situations, see the overview papers [1,2] written recently (in the framework of the

present project).

Ionic-liquid electrochemistry studies

a. Motivation

Before 2015, since 2008, | have done many electrochemical measurements with single
crystalline noble metal electrodes (mostly Au(111) and Au(100)) in a characteristic ionic
liquid; 1-butyl-3-methyl-imidazolium hexafluorophosphate (BMIPFg). These measurements
were done in the framework of cooperation with the University of Ulm, because these
measurements require very clean conditions in glove boxes — such clean conditions we did not
and still do not have. The typical measurements were as follows: cyclic voltammetry (CV) for
general characterization of the system; electrochemical impedance spectroscopy (EIS) for the
determination of the double layer capacitance; immersion measurements for the determination
of the potential of zero total charge (pztc); finally in-situ STM imaging, for exploring and
characterizing ordered structures. By 2015 we focused attention to the following open
questions: How to interpret the impedance spectra (capacitance spectra) of the metal/ionic
liquid interface? What is the connection of the capacitance spectra and the immersion
transients? What other types kind of processes proceed in the interphase and what are the

characteristics of their kinetics?
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b. Measurements with HOPG

Prior to 2015 our main statement on the frequency dependence of the double layer
capacitance was that the capacitive (charging) current in ionic liquids comprises an "infinitely
fast”, a fast, and a slow components; the individual components needed interpretation. In
other words, the double layer capacitance spectra, on the complex plane, comprise a high and
a low frequency arc, whose physical meaning was unclear at that time. In 2016 we made a big
step ahead by finishing a set of experiments, using HOPG (highly oriented pyrolytic graphite,
a synthetic graphite) electrodes, rather than gold. This was a series of cyclic voltammetry,
impedance spectroscopy and in-situ STM measurements; the individual measurements were
just the same as the previous ones but the Au(100) electrodes were replaced by HOPG ones.
With HOPG electrodes we found that the low frequency arc (i.e. the slow component of
charging) was missing from the capacitance spectra. As it was well seen on the in-situ STM
images, the HOPG surface appeared to be fairly stable under the ionic liquid. In contrast,
under same conditions the Au(100) surface showed changes within the half-an-hour time
frame of the STM imaging: step edges moved, monoatomic height islands and etch pits
appeared even in minutes. The slow component of charging could thus be associated with the
slow rearrangement of the Au surface; the fast components - on the basis of exclusion - could
be associated with the double layer charging. In other words, the double layer is rearranged
following a potential change slowly rather than instantaneously (with a time constant in the
order of magnitude of ms). For the details, see [3].

c. Immersion measurements

A Dbasic property of the electrochemical double layer is its "neutral point”, the potential of
zero total charge, pztc. This quantity can be determined through measuring immersion current
transients. That is, while keeping electrode potential continuously controlled and constant, we
immerse the electrode in the electrolyte and measure the current. The integral of the current
transient is zero if the potential has been held just at the pztc. We have performed many such
immersion measurements together with our cooperating partner in Ulm since 2011. Since the
measurement is difficult from technical point of view, many modifications, improvements, re-
measurements were needed in the first four years. Finally, in 2015 we succeeded to perform a
good series of measurements with the Au(100)/BMIPF¢ system; pztc value of this system has
been determined. The key point of this measurement was to find the way how to distinguish
between the initial part and the long tail of the transient; that is, how to separate the effects of

the fast and slow processes. For the details, see [4].
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d. The closing-up stage of the ionic-liquid electrochemistry project

By 2017, we had a fairly self-consistent picture on the behavior of the noble metal-ionic
liquid interface, and decided to summarize what we had learnt in the years 2008-2016 on
these systems. To a final, closing publication, we needed a couple of other measurements on
different metals (on Ag(100) and Pt(100) single crystals) and in different ionic liquids.
Having done these, we could finish the ionic-liquid electrochemistry project carried out
together with the UIlm colleagues by writing a final publication [5]. One of its last paragraphs
of its Conclusion expresses the most important scientific achievements of our cooperation, of
this OTKA project (and also of my career) as well.

,» (1) The frequency dependence of the double layer capacitance implies that the double layer
rearrangement processes following potential changes are not instantaneous, but are much
slower than those of the ‘‘classical’’ aqueous double layers. As we found little if any potential
dependence of the capacitive quantities, our results do not provide support for the related
contemporary theories of equilibrium capacitance. “

(The other point of the conclusions is worth to be mentioned: “(2) With in situ STM we found
in certain cases ordered anion and cation structures. The Au(100) surface can act as a template
to form an organized overlayer.*)

Maybe this cooperative work will be resumed in the near future if a copy of my DEIS
(dynamic EIS) setup can be implemented in Ulm. The reason for it is that the electrochemical
measurements (CV and EIS) with ionic liquids always require very clean conditions — or fast
measurements (or both), because with fast measurements the danger of surface
contaminations is diminished. These days we are working on a developing a DEIS setup,
which is a combination of CV with EIS; on the basis of a previous, similar device, developed
for the characterization of high surface area carbon materials [6]. The new setup is now being
validation with well-known aqueous electrochemical systems — with measuring diffusion-
controlled currents. For the analysis of these currents, for the decoupling of the charge
transfer and the diffusion a new theory has recently been developed [7,8].

Frequency dependence associated with the high surface
electrode area of the electrodes

The second research topic was to contribute to the theories on porous, extremely high surface
area electrodes. | did not do so. The reason for this is such a comprehensive theory on the

electrochemical impedance of porous electrodes (similar to what | planned to elaborate) has
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recently appeared (J. Huang, J. Zhang, Theory of Impedance Response of Porous Electrodes:
Simplifications, Inhomogeneities, Non-Stationarities and Applications. J Electrochem Soc
163 (2016), A1983) and hence our plan has been rendered redundant. Nevertheless, | wrote a
chapter exactly on the subject of frequency dependence associated with the high surface
electrode area of the electrodes in an Elsevier encyclopedia [9]. This article represents my

present level of understanding of this area (which was in the focus of my attention thirty years
ago).

Miscellaneous results:

There is a number of other of published papers in which we acknowledge the support of the
OTKA. These do not belong to the core of the project; however, they are based on the
methodologies related, or developed during the project. First, we have to mention a study, in
which and the bipotentiostat and its the data acquisition system (originally developed for the
impedance measurements by Gabor Mészaros) got an important role [10-14]. The publication
of [15] deals with electrode kinetics issues; studied also by impedance spectroscopy. As such,
it has common methodology roots with the project. Similarly to the measurements of Istvan
Bakos, who made a number of electrochemical characterization measurements for colleagues
in our Institute [16-23].

Summary

There are four recent items in my publication list (see footnotes 1,2,5, and 9) which
summarize my recent or long-term activities related to electrochemical interfaces. The major
part of these papers deal with frequency-dependent double layer capacitances (on various
systems, ionic liquids and also in aqueous solutions) and support the conclusion as follows:

It could be demonstrated that on many and diverse, apparently ideal, ideally polarizable
electrochemical interfaces that charging / discharging following potential changes are not
instantaneous hence the double layer is not (solely) of electrostatic nature — as assumed in
,.classical” double layer theories. Such a statement urges theoreticians to taking into account
the physico-chemical interactions (i.e. other than electrostatic ones) to account for the slow

double layer rearrangement processes.
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