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After a century of research on electrocatalytic reactions, a
universal theory of electrocatalysis is still not established due to
limited understanding of complex energy conversion processes
at electrified electrode-electrolyte interfaces. Most of the
research efforts directed toward the acceleration of important
electrocatalytic reactions (e.g. hydrogen evolution reaction)
were in the direction of minimizing activation energy by tuning
the adsorption energies of key intermediates. This kind of
approach is well-established and, importantly, in some cases it
was valuable by predicting the design of electrocatalysts with

Introduction

This research article is written on the occasion of the 65%
birthday of Prof. Wolfgang Schuhmann, a veteran of electro-
chemistry and one of the last electrochemists who dealt with
almost every field of electrochemistry (photoelectrochemistry,
bioelectrochemistry, sensors, electroanalysis, corrosion, electro-
catalysis etc.). During his very successful academic career as a
researcher, teacher, organizer and mentor, he contributed in
various ways to the development of science. Certainly, one of
the most important contributions he made is that he did not
hesitate to encourage determined young scientists in their
research endeavors, no matter how unconventional their ideas
may appear to be. Being open minded and supportive towards
young researchers who are pushing existing frontiers of
scientific knowledge and creating their own research identity
and environment; is what we could recognize as one of the
most important contributions of Prof. Schuhmann’s legacy in
electrochemical research.

Approximately ten years ago, Schuhmann’s group published
a paper in ChemSusChem entitled: “Role of Water in the
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advanced properties. However, in some very important research
endeavors, advancement in performance of newly designed
electrocatalysts could not be attributed to altered/minimized
activation energy. Important to note is that modern electro-
catalysis almost completely disregards influence of the preexpo-
nential factor on reaction rate. In this work, we open some
important questions relevant for future of electrocatalysis and
electrochemical energy conversion, with special focus on
preexponential factor as major contributor to electrocatalytic
reaction rate.

Chlorine Evolution Reaction at RuO,-Based Electrodes-Under-
standing Electrocatalysis as a Resonance Phenomenon”.™ That
was one of the pioneering works that implicitly suggested that
structural dynamics formally observed through Arrhenius’
preexponential frequency factor could have a much larger role
in electrocatalysis than anticipated by the conventional view
which suggests predominant importance of activation energy.
Continuing on that track, this work analyzed the impact of the
preexponential frequency factor on the kinetics of the hydrogen
evolution reaction (HER) in alkaline media, as well the
manifestation of interplay between the preexponential fre-
quency factor and activation energy for the case of the HER in
alkaline media.

In alkaline electrolytes, the HER proceeds via the following
elementary steps (Reactions 1 and 2):

H,O0 + e~ = H,, + OH™ Volmer step (R1)

2H,; = H, Tafel step (R2a)

H,s + H,O + e~ = H, + OH™ Heyrovsky step (R2b)

Adsorbed intermediate species (H,y) formation in Volmer's
step (React.1) by cathodic reduction of water molecule is
coupled with the release of a hydroxyl-ion into the electrolyte.
Molecular hydrogen will be formed by recombination of two
H.q from two neighboring active sites in Tafel’s step (React.2a)
or by interaction of H,4 with an electron and a water molecule
followed by release of a hydroxyl-ion in Heyrovsky's step
(React.2b). The specificity of the HER in alkaline media is that
water is a reactant and direct source of the intermediates.
Importantly, interfacial water molecules could have an indirect
role behaving as promotors or inhibitors for HER.?® In the past
only few research groups insisted on very special role of
interfacial water in the HER mechanism, where theoretical works
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of Schmickler etal.” and experimental works of Markovic
et al.”? definitely deserve attention. Up to now despite lack of
experimental studies that should give satisfactory dynamic
picture about interfacial water structure during HER, computa-
tional chemists have made substantial progress in describing of
electrified solid/liquid interfaces including: 1) assessment of
solvent effects on adsorption energies with relatively accurate
determination of onset potential,”’ 2) pH effects on interfacial
water structure and reaction kinetics,®” 3) analysis of competi-
tion between water—metal and water—water interaction as the
structure-determining factors whether water at metal surfaces is
ice-like or not® including changes in the work function of the
metal while interacting with interfacial water dipoles.”’ Taking
into consideration that during HER the electrode surface is
negatively charged, some authors assumed that water mole-
cules will be physisorbed/adsorbed at the electrode surface
through hydrogen atom(s),"®'" however for metal—water inter-
action, it is most probably via one of the two nonbonding
electron pairs of the oxygen atom."? In our understanding,
electrostatic interaction between d-orbitals of a metal and the
nonbonding electron pair of the oxygen atom at cathodic
potentials is not favored and it can only proceed at very
oxophilic metallic surfaces. Oxophilic surfaces could deproto-
nate water easily and supply protons that are subsequently
reduced to form H,;,. However, besides H,; at the surface,
decoupled HO,4 should also be reduced and then desorbed
from the surface. Therefore, the mechanism of H,4 formation
from alkaline media is complex because it is coupled with HO,4
formation that does not participate in hydrogen molecule
generation, nevertheless it has to be removed from the surface
to make active sites accessible for HER. On this basis, it is

intuitive to assume that cathodic water discharge should be
more energetically demanding than the reduction of proton
from acidic electrolytes. A schematic illustration of hydrogen
adsorption in alkaline electrolytes is given in Figure 1.

Evidently, the kinetics of HER in alkaline media depends on
the adsorption energy of H,, formation, as well as on the
desorption energy for OH,q removal. This kind of mechanism
was discussed by Markovic et al."*'¥ however, they did not
explicitly postulate that cathodic water discharge (React.1a) is
actually the sum of one anodic reaction (electrochemical water
deprotonation, Figure 1b) and two cathodic reactions (proton
reduction and HO,, reduction, Figure 1b and Figure 1d).

The conventional view on electrocatalysis, based on the
Sabatier principle, suggests that exchange current density is
predominantly influenced by the adsorption energies of the key
intermediates."*"® In other words, an electrocatalyst will have a
high exchange current if intermediates are neither too strongly
nor too weakly bonded on the electrode surface. However,
there are also other parameters influencing exchange current
density.*?*?* In more quantitative terms, the exchange current
(jo) is illustrated with Eq. 1

—BFE
Jjo = nFP(OH™ ) (H,)(1 — G)ketexp( [i?T ’e"> exp
—VAGqy
RT
Where: n — number of exchanged electrons, F - Faraday’s
constant, ¢(OH") - concentration of hydroxyl ions, c(H,) -

concentration of dissolved hydrogen, p - partial order with
respect to hydroxyl ion concentration, q - partial order with

Figure 1. Formation of H,4 intermediate from water molecule in alkaline electrolyte under cathodic polarization. The scheme illustrates the processes in the
first elementary step of the HER (React.1) where: a) single water molecule at electrode surface at potential (E;) more negative than potential of zero charge
(Ep,o), bonded on the surface through oxygen (blue) atom and having at least one of the hydrogen atoms (red) in close proximity to the surface; b) with
further polarization (E, < E,) hydrogen atom that was closer to the negatively charged surface is getting attracted by the electrode, simultaneously weakening
the bond with oxygen, causing water deprotonation c) formation of H,4 and HO,; d) “cleaning” of the surface by HO,4 reduction.
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respect to dissolved hydrogen concentration, 6 - total coverage
including intermediate (H,q) and HO,q, k. — electron transfer
rate constant, p - symmetry factor, E., — reversible potential, R
- universal gas constant, T — temperature, AG,, — adsorption
energy of intermediate formation, Y — Bronsted-Evans-Polanyi
coefficient. It is important to notice that water deprotonation is
prerequisite for proton reduction (Figure 1b), so the adsorption
energy for intermediate formation is the sum of the adsorption
energies for H,4 as well as HO,4 formation. Consequently, from
Eg. 1 it can be concluded that exchange current is controlled
via adsorption energies by a delicate balance between
activation energy (through AG,y) and preexponential factor
(through (1-0)), resulting in a “volcano”-type dependence
between logj,-AG,4. However, other parameters that determine
activation energy (symmetry factor and Bronsted-Evans-Polanyi
coefficient) as well as parameters that influence the preexpo-
nential factor (partial order with respect to hydroxyl ion
concentration, partial order with respect to dissolved hydrogen
concentration and electron transfer rate constant) also depend
on the nature of electrode material and they can distort the
balance between activation energy and preexponential factor
that is expected from Sabatier principle.

Results and Discussion
HER Activity Trends in Alkaline Media

In Figure 2 are activity trends for HER on 15 metals in 0.1 M
KOH recorded at temperatures of 20°C and 50°C, expressed as
overpotential at a current density of 10 mAcm ™2 Most of the
metals are from the d-block with the exception of two sp-
metals that are analyzed in addition, to get insight into the
difference between HER in the d-block metals and the sp-
metals.

The most active HER catalysts in alkaline media are noble
metals, as suggested in the literature, with Ir being the most
active, as also reported by Markovic et al.”® The activity trend at
temperature of 20°C for the analyzed metals was in the order:
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Bi> Pb, where after Ir the most active were Rh, Ru, Re, Pt and Ni
with very similar performance, followed by almost identical
activity of Fe and Co, followed by very similar performance by
Mo and Pd. All these metals are in the span of overpotential
between 0.25V up to 0.47 V. The coinage metals (Ag, Cu and
Au) had substantially larger overpotentials spanning from
064V up to 0.86V and finally sp metals (Bi and Pb) that
exhibited the highest overpotentials spanning in the range
from 1.18 V up to 1.45 V. At 50°C, the HER activity trend looks a
bit different in comparison to that at 20°C: Ir>Pt>Rh>Ru>
Pd >Re > Ni>Fe > Mo > Co > Cu > Ag > Au > Bi > Pb. The gener-
al pattern that could be recognized at both temperatures is
that after the noble metals, that are the most active HER
electrocatalysts, the second most active group are the triad of
iron, then the coinage metals and at the end the sp-metals,
with unusual, almost inverse, temperature dependence of Co,
Ag and Au. This could be due to anomalous temperature
dependence of the Tafel slope (drop of Tafel's slope with
temperature)?’=% or due to phenomena of negative activation
energy®" also known as anti-Arrhenius behavior.®? Both
phenomena are beyond the scope of this particular analysis,
but they will be analyzed in future works.

“Dissection” of the Rate Law

The activity trends given above are in the form of overpotential,
that is a complex kinetic quantity given by Eq. 2:

—blogl

Where n - overpotential at a defined current density, j -
current density, j, - exchange current and b - Tafel's slope.
From Eq.2, it is straightforward that overpotential at fixed
current density will be reduced if the exchange current is higher
and/or Tafel’s slope is lower. Whereas exchange current (Eq. 1.)
corresponds to reaction rate at equilibrium potential, Tafel's

1,6
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Figure 2. a) Example of temperature dependent HER polarization curves recorded in 0.1 M KOH on polycrystalline Ir electrode using linear sweep voltammetry

1

(LSV) with sweep rate of 5 mVs~

density of 10 mAcm ™2
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. b) HER activity trend for 15 metals in 0.1 M KOH at temperatures of 20°C and 50°C given as overpotential at a current

© 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH

European Chemical
Societies Publishing



Chemistry

Articles Europe

doi.org/10.1002/celc.202101278

European Chemical
Societies Publishing

ChemElectroChem

slope is a kinetic parameter that depends on the symmetry
factor that is a parameter linked to the shape of the activation
barrier and depicts how flexibly one can alter the activation
barrier with electrode potential. It remains unclear for decades
how exactly to tune the symmetry factor and what material
and/or interfacial property controls value of the symmetry
factor. Nevertheless, present widely held assumption that the
symmetry factor always has a value of 0.5 has no real
foundation, which nowadays can be supported by computa-
tional models.”** Therefore, the intrinsic link between ex-
change current and Tafel’s slope is unknown. Therefore, if one
intends to establish any relevant structure-activity relations, all
parameters that are comprised in the exchange current (Eq. 1.)
as well as all parameters in the Tafel slope expression®® have to
be analyzed as a function of relevant material or interfacial
descriptors (e.g. number of outer electrons).*’?® A schematic
illustration of the rate law dissection is given in Figure 3. Most
of the properties are defined in Eq. 1. except: E,, — activation
energy; A - preexponential factor;?**” E,, , - intermediate bond
strength energy, that is linked with intermediate adsorption
energy; Ey .0 — energy consumed for metal—-water interaction
or water bilayer reconstruction during HER*" A, — hypo-
thetical contribution of individual and collective lattice vibra-
tions to effective collisions; A,,, — hypothetical contribution of
proton tunneling to product formation. In order to summarize
briefly the scheme given in Figure 3, we could note the
following: 1) overpotential at defined current density is
determined by exchange current (close to equilibrium kinetic
parameter) and Tafel's slope (far from equilibrium kinetic
parameter). 2) exchange current can be further split into
activation energy that depends on the magnitude of the
activation barrier of the rate determining step and the
preexponential factor that defines overall number of effective
collisions of reactant with electrode surface which result in
product formation 3) activation energy depends on the
intermediate adsorption energy, energy required to reconstruct

the water bilayer at the electrode surface during HER and from
the shape of the activation barrier that can be altered by
adsorption and/or electrode potential®? 4) preexponential
factor depends on partial orders with respect to reactants which
define how concentration of the reactants/products contribute
to effective collisions, on the available/accessible fraction of
active sites,""? further (hypothetically) on individual and collec-
tive lattice vibrations that potentially influence the frequency of
effective collisions™ as well as on proton tunneling."*=*

Phenomenological Relation between Exchange Current and
Tafel Slope

The first step in dissection of the rate law would be to observe
the exchange current vs. Tafel's slope relation. The possible
phenomenological relation between exchange current and
Tafel's slope for HER in alkaline media, to the best of our
knowledge, was never reported. This relation could highlight
whether close-to-equilibrium HER activity trends overlap with
far from equilibrium activity trends, particularly, far-from-
equilibrium trends that correspond to current densities of tens
of mAcm™. From Figure4, we could analyze the actual
interrelationship between the exchange current and Tafel's
slope for HER in alkaline media.

From Figure 4, one can notice that for series of the d-metals,
values of the exchange currents span over six orders of
magnitude. Tafel's slopes have values from approximately
100 mV/dec up to approximately 300 mV/dec. In the literature
were discussed some controversies considering exact values of
kinetic parameters obtained on different experimental
setups,“**”’ however, as shown previously, accurate values of
kinetic parameters are challenging to obtain at gas evolving
electrodes even on well-defined systems like rotating disc
electrodes (RDE)."® This is due to gas-bubble adherence on
electrode surfaces that results in unknown coverage of active

2. Atyi; Arun ... ?

Figure 3. Schematic representation of the rate law “dissection” with indication of the relevant parameters that could be potentially linked with material

properties or interfacial properties of the electrode/electrolyte boundary.
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Figure 4. a) Example of Tafel plots for HER on Ir at various temperatures used for extraction of Tafel slope and exchange current density in 0.1 M KOH. b)
Interrelation between exchange current and Tafel slope for HER on 12 d-metals in 0.1 M KOH.

sites,*” which in turn makes the effective surface area unknown

and somewhere between geometric area and the total area at
open circuit conditions.***¥ Also, one should not undermine
the influence of impurities on measurements.”'~¥ Therefore, it
is more relevant to analyze trends. The general tendency is that
increase in exchange current is linked with increase in Tafel’s
slope. This interrelation reveals that electrode kinetics for HER
in alkaline media suffer from intrinsic limitations manifested
through a delicate balance between reaction rate at equilibrium
and the shape of the activation barrier far from equilibrium. In
other words, metals that have high reaction rate close to
equilibrium, exhibit, a shape of the activation barrier that is
difficult to overcome with electrode potential far from equili-
brium. In Figure 4 one can notice that metals are distributed in
three groups: 1) coinage metals that exhibit the lowest
exchange currents 2) iron triad and early transition metals that
have intermediate values of exchange currents and 3) noble
metals that exhibit the highest values of exchange currents.
Surprising from the overall pattern, are the positions of Ni and
Pt. Ni should in principle follow the pattern of the iron triad,
while Pt should follow the pattern of the noble metals.
However, it seems that activity trends comprise a complexity
that is still beyond comprehension. While the exchange
currents noticeably have values comparable to the values
shown in the literature for acidic media,"” Tafel's slopes are
much higher than in acidic media. One of the reasons for
generally high Tafel’s slopes can be the energetically demand-
ing cathodic water discharge, as discussed above. If we recall
scheme shown in Figure 1, water discharge comprises of three
processes: 1) water deprotonation and electron transfer towards
the Fermi level of the metal 2) proton reduction and 3) HO,4
reduction and desorption. Each of these processes, besides
adsorption/desorption, is coupled with electron transfer. To
have these three processes simultaneously at the same
electrode potential is not probable, so at least one of the three
processes will be energetically very demanding, which could be
reason for high value of Tafel's slope. Interfacial water
molecules/layers have a special role during electrocatalysis but

ChemElectroChem 2022, 9, 202101278 (5 of 8)

their exact function is still largely unknown.” Analysis of Trasatti
suggests that metals that are strongly binding hydrogen from
the gas-phase will weakly bind hydrogen in an electrochemical
environment.®¥ Besides influencing bond strength, interfacial
water dipoles have a special role in the complex interface
dynamics.®*” Koper et al. proposed that in alkaline media the
interfacial water network, at the potential of HER, interacts
strongly with the strong interfacial electric field and is therefore
more rigid and more difficult to reorganize during the charge
transfer through the electrical double layer.”! Strength of
electric field is determined by the distance of the Epzc from the
reversible potential for HER or from working electrode potential.
However, as shown previously by Trasatti, metals that have the
largest difference between Epzc and reversible potential are
actually the most active for HER in acidic media.'*'” This is due
to the fact that metals with very positive Epzc (e.g. Pt) are
strongly negatively charged at reversible potential for HER,
which causes the double layer to be filled with protons whose
solvation spheres are destabilized.*"*** So the behavior of
metals during HER in acidic media is clearly in disagreement
with conclusions of Koper etal® Although Koper's notion
cannot explain the well-established experimental correlation of
Trasatti between the E,. and the exchange current density in
acidic media, it is not necessarily wrong. It might be possible
that an optimal surface charge at the electrocatalytic electrode,
which establishes a delicate balance between the activation
entropy and the activation enthalpy, is responsible for overall
activity, as hinted by Schmickler et al.* Therefore of utmost
importance is to analyze interrelation between activation
energy and preexponential factor to comprehend from where
exactly enhancement in electrocatalytic activity originates form.

Activation Energy vs. Preexponential Frequency Factor
From temperature dependence of exchange current (example

given for Ir in Figure 5a) one can obtain activation energy for
HER as well as preexponential frequency factor for HER on the

© 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 5. a) Example of Arrhenius plot for electrocatalytic HER on Ir in 0.1 M KOH.

for HER in 0.1 M KOH.

analyzed metals in 0.1 M KOH. Due to the fact that Fe, Co, Re
and Pb exhibit the so called negative activation energy®" (in
electrocatalysis manifested as a drop in exchange current with
temperature increase), they are excluded from further discus-
sion. In Figure 5b is given a correlation between activation
energy and preexponential frequency factor for HER in 0.1 M
KOH. The correlation is linear and suggests that if the activation
energy is reduced by 5.6 kimol ™, the preexponential frequency
factor will decrease by an order of magnitude. The underlying
reasons for this kind of balance have not yet been fully
elucidated in electrocatalysis. Similar phenomena, called com-
pensation effect, is well known in thermal catalysis.”**” In the
modern era of thermal catalysis, it is accepted that the intrinsic
reason for the compensation effect is interplay between
adsorption energy in the exponential factor and the (1-0) term
in the preexponential factor, which is formally perceived as
interplay between activation enthalpy and activation entropy.®®
This explanation cannot apply in electrocatalysis.

Activation energies are in the range from approximately
25 kJmol™ for Pt up to approximately 100 kJmol™" for Rh.
Preexponential frequency factors ranged from approximately
logAx~—2 for Ag up to approximately logA=14 for Rh,
spanning almost 16 orders of magnitude for the different
metals. Interestingly, activation energies for Pt and Rh are
drastically different despite the fact that they exhibit similar
overpotential. This example reveals that reduction of activation
energy by tuning adsorption energies of intermediates is not a
universal way to enhance electrocatalytic activity. The large
differences observed in the preexponential frequency factor
amongst different metals cannot be exclusively ascribed to the
(1-0) term, which suggests that comprehensive treatment of
electrocatalysis has to advance beyond the paradigm of
adsorption energies. We need a more comprehensive view on
the dynamic aspects of the activation process for a deeper
understanding of the key contributors to the preexponential
frequency factor.
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b) Relation between activation energy and preexponential frequency factor

Conclusions

On the example of HER in alkaline media, it was shown that
future research endeavors in the field of electrocatalysis will
require in-depth analysis of the preexponential frequency
factor, its relation to activation energy and its impact on
electrocatalytic reaction rate. The observations made from
dissection of the rate law lead us to propose that all variables
that contribute to reaction rate (minimum 8 of them) should be
separately analyzed as a function of relevant material properties
or interfacial properties to underpin the origins of activity for a
particular electrocatalyst. Only this kind of approach will allow
in-depth comprehension of the origins of electrocatalytic
activity, discovery of new relevant descriptors as well as further
design and fine-tuning of new advanced electrocatalysts. From
this phenomenological approach, we can conclude at this point,
that exchange current and Tafel’ slope are directly proportional,
meaning that for electrocatalysts that exhibit high reaction
rates close to equilibrium, it is difficult to alter the activation
barrier far-from-equilibrium with electrode potential. At the
same time, activation energy and preexponential frequency
factor are also directly proportional with a linear dependence
that suggests that if one reduces the activation energy by
5.6 kJmol™, the preexponential factor will drop by an order of
magnitude. This suggests that reduction of activation energy is
not necessarily successful way to enhance electrocatalytic
activity. A future priority is to conduct very careful studies on
the interrelation between preexponential factor and activation
energy to decipher the intrinsic link between these two
parameters.

Experimental Section

Electrochemical measurements were conducted in a home-made
temperature controlled electrochemical cell constructed out of
PEEK (Polyether ether ketone). Working electrodes were 16
polycrystalline metals (MaTeck, Juelich, Germany) with a thickness
of 3 mm and diameter of 5 mm, polished using SiC papers (400,
800, 1200 and 2400 grit) and alumina paste (1.0-0.05 um), washed
with 1 M KOH, followed by de-ionized water and immediately dried
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under a stream of argon and finally inserted into a Teflon holder as
RDE (rotating disc electrode) tip controlled by a rotator (Autolab,
Methrom, Switzerland) at 1600 rotations per minute. The potential
of the working electrode was controlled using a potentiostat/
galvanostat (Biologic, VSP with EIS, France). Counter electrode was
graphite rod and reference electrode was commercial Hg/HgO with
saturated 0.1 M KOH (CH Instruments, Texas, USA....). Temperature
was controlled with a thermostat (Huber CC-K6, Germany) in the
range 293-323 K. Temperature drift of reference electrode vs. RHE
1.125 mV/°C. Electrolyte was 0.1 M KOH made by dilution out of
1M KOH (Fluka™ KOH concentrate solution for 1L, 1M KOH
volumetric solution, Honeywell Chemicals, Germany) and ultrapure
deionized water (ELGA, PURELAB flex system with a resistivity of
18.2 MQ cm, Celle, Germany). Polarization curves were recorded in
the potential range from 0.1V vs. RHE up to a potential where a
current density of 25 mAcm™ was reached with a scan rate of
5 mV/s. Ohmic drop correction was conducted using electrolyte
resistance, respectively, extracted by impedance spectroscopy at
open circuit conditions and under applied overpotentials. Addition-
ally, impedance data were collected using the Mott-Schottky
operational mode where capacitance is measured as a function of
the applied potential. The employed AC (alternate current)
perturbation was 10mV using frequencies between 1 and
100000 Hz. The electrical equivalent circuit (EEC) for the potential
region of interest is constructed from an analytical model. Details
were given previously.®"
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