Open Access Article. Published on 07 September 2021. Downloaded on 4/4/2026 10:45:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

W) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2021, 23, 21097

Received 23rd July 2021,
Accepted 7th September 2021

DOI: 10.1039/d1cp03381f

¥ ROYAL SOCIETY
PP OF CHEMISTRY
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Routinely, cyclic voltammetry (CV) or electrochemical impedance spectroscopy (EIS) are used in
electrochemistry to probe the current response of a specimen. For the interpretation of the response,
constant phase elements (CPEs) are used in the frequency domain based impedance calculus to
parameterize the double layer. In this study, the double layer responses to the two measurement
techniques are compared by probing a model-type polished gold electrode under potential and
amplitude variation. The equivalent circuit that describes the double layer includes a CPE and is
parameterized by impedance data, while a computational impedance-based Fourier transform model
(source code disclosed) is used to describe the CV response. With CV, the measured and modelled
responses show good agreement at amplitudes below 0.2 V and within a certain scan rate window. At
larger amplitudes, the ion arrangement in the double layer is actively changed by the measurement,
leading to potential dependencies and deviations from the CPE behaviour. These varying contributions
to the impedance measurements are not respected in the impedance calculus that relies on a sinusoidal
response. The transition from perturbations of the double layer equilibrium to distortions of the ion
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Introduction

The concept of the electrochemical double layer describes the
ion arrangement at the interface between electrodes and liquid
electrolytes.'™ A direct technical use of the phenomena of
double layer capacitances (DLC) manifests itself in electro-
chemical capacitors.* Capacitive contributions in the double
layer arise from a dielectric polarization of the electrolyte,
charge separation by ion displacement and adsorption of ions
or molecules' and are typically probed with electrochemical
impedance spectroscopy (EIS) or cyclic voltammetry (CV).
Potentiostatic EIS is typically used to probe an equilibrated
electrode at a constant potential by a small amplitude sinusoidal
perturbation. The impedance calculus operates in the frequency
domain, where the response to the perturbation is described by a
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arrangements is analysed with both measurement methods.

sinusoidal answer with a phase and an amplitude.*” Double
layer capacitances are typically parameterized by constant
phase elements (CPEs),® ™" which are defined by frequency inde-
pendent phase angles.">"? The CPE behaviour with its frequency
independent ratio or resistive to capacitive contributions is for
instance found in transmission lines,">"*'* which may be from a
physicochemical perspective responsible for the CPE behaviour of
double layers in EIS.'®

CV is another standard method in electrochemistry, in
which the response of an electrode is probed in the time domain
under a triangular potential variation.'” This method is typically
used to examine electrochemical redox behaviour'®* or to
probe capacitances.”>?" The response in the time domain to
the triangular potential variation is typically non-linear. For
example, when a capacitor is examined with CV the response
is of a rectangular form, which means that the harmonic content
of the perturbation is different from that of the response.>* Thus,
the potential-current profile measured by CV can contain
potential dependencies and non-linear contributions that are
typically not evaluated with the reduced information in the
impedance calculus.

Describing non-sinusoidal waveforms by Fourier transformation
and analysing an equivalent circuit’s response with a following
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inverse Fourier transformation is a standard method in
electrical engineering and was recently reported for the case of
CV with a CPE.* Thus, the frequency domain based impedance
calculus can be used to model the response in the time domain.
A similar approach is presented in the current study (detailed
differences in the ‘model section’) with the focus to analyse
validity and limits of the CPE based description of the double
layer and the underlying potential dependence of its response.
To analyse the double layer response in detail, a polished
gold electrode is probed with EIS and CV under amplitude
variation. On the basis of the modelled and measured results,
the outcomes of both measurement techniques are directly
compared. This study shows that the examined dynamics of
the double layer crucially depends on the applied amplitude.
Small amplitudes can be interpreted as a perturbation of the
double layer equilibrium whereas large amplitudes lead to a
distortion of the equilibrium by a pervasive rearrangement of
the ion arrangement in the double layer. With a combined
experimental and modelled study of the response, the
transition from perturbations to distortions with changing
amplitude is shown. Both measurement methods are discussed
to complement one another, impedance with its easy calculus
to parameterize the response at small amplitudes and CV to
analyse the dynamic potential dependence and double layer
distortion at large amplitudes.

Experimental

A three electrode electrochemical setup was used for measurements
in this study. An illustration of the in-house made setup is provided
in the ESIf to this article. In brief, a polished gold (Junker
Edelmetalle GmbH, purity 99.99%) plate was used as the working
electrode. The gold plate was polished with 1 um diamond solution
(Struers). To remove organic or metallic impurities on the surface,
the gold plate was rinsed with acetone and water, immersed in
a solution of 5 M H,SO, and 10% H,O, and thoroughly rinsed
with water again. Sealed with a Viton flat sealing (Reichelt
Chemietechnik GmbH), an electrochemically active surface area
of 0.78 cm® was exposed to a 0.1 M perchloric electrolyte
(Alfa Aesar). An Ag/AgCl reference electrode (Metrohm) was used
in combination with a Luggin capillary, which was approximately
4 mm far away from the working electrode. The compartment of
the counter electrode (a gold wire coil) has been connected with a
capillary of 5 mm diameter to the main compartment with the
sample. Argon was purged with a rate of 50 mL min~" through a
round shaped polytetrafluoroethylene frit (Bola) with a distance of
10 mm to the gold plate. Thus, oxygen impurities are reduced in
order to minimize their electrocatalytic reduction on the gold
sample.

The three electrode cell was operated with a Metrohm
Modular line potentiostat. The electrolyte has a pH value of
1 and in combination with the Ag/AgCl reference (0.197 V vs.
RHE) a combined offset of 0.256 V vs. RHE which was added to
the measurements, so that all the potentials stated in this study
refer to that of the RHE. The first and second cycle of the CV
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measurements often deviate from those that follow, for which
all experimental CV data shown in this study refer to the fourth
of five measured cycles. Scan rates and potential ranges of the
CV measurements were varied, in order to discuss parameter
dependencies and the limits for the applicability of the
developed model.

Theory and computational method

In this study, the response of the double layer of the polished
gold electrode to CV and EIS is parameterized by a constant
phase element (CPE), while the electrolytic ion conduction of
the bulk electrolyte is described by the resistance R;. Redox-
reactions are not included in the model considerations, as
these typically only play a minor role in the case of the
chemically inert gold electrode considered. Several equivalent
circuits for the double layer of gold in perchloric acid were
compared in a recent study,’® in which the used equivalent
circuit shows a good representation of the measured impedance
spectra. The CPE takes into account the potential-driven ion
movement and the related shielding/adsorption of the ions at
the electrode surface, whereas the resistance accounts for the
electrolyte resistance. This equivalent circuit is the most direct
representation of the experimental data presented, whereas any
equivalent circuit that fits to the impedance spectra is feasible to
model the CV response with the here presented method.

The impedance Zgpg of a constant phase element is
characterized by

Zcpg = & (1)

where 7 denotes the complex number, o the angular frequency,
¢ the proportionality factor and n the exponent of the CPE.
The impedance of the equivalent circuit in Fig. 1 equals:

Zgqc = Ry + Zcpe (2)

The derivation of the real Zpoc and imaginary Zyoc part of the
impedance is derived elsewhere in detail.*

Fig. 2 provides a schematic sketch of the method used to
calculate the response of the equivalent circuit in cyclic voltammetry.
This method consists of four steps, which are linked to the
schematic sketch: (A) the triangular potential variation is
approximated by its Fourier series®® (harmonically related
sinusoidal functions with weighted amplitudes). (B) The
response of each term of the Fourier series is calculated by
the impedance calculus in the frequency domain. (C) Based on
phase angle and impedance value, the individual sinusoidal
current responses are calculated in the time domain. By super-
position of the individual current responses, the current is

Rg ZcpE

Fig. 1 Equivalent circuit used in this study, with the electrolyte resistance
Rs and the constant phase element Zcpg.
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Fig. 2 Sketch of the method used to calculate the CV response of CPEs.
Black lines: full potential variation or current response calculated with a
Fourier series of 500 terms. Blue line: base frequency. Green lines: the first
four higher harmonics of the Fourier representation. An explanation of the
individual steps is given in the text.

obtained as a function of time. (D) The typical plot of I(E) that is
used to graph cyclic voltammetry data is derived by substitution
of the time in in response function I(¢) by E(¢).

A recent study of Yun and Hwang reported a similar
approach to compare impedance and cyclic voltammetry
data,”® using an inverse Fourier transformation instead of the
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numerical superposition of the individual currents in the time
domain. From theory both approaches are expected to lead to
the same result. Unfortunately, the source codes of Yun and
Hwang were not reported so it is not possible directly to
compare their approach to the one presented here. In the
following, the physical-mathematical background of the
developed model approach is described in detail.

The triangular potential variation E(¢) during cyclic voltam-
metry can be approximated by its Fourier series in the form of

_ 8A K cos((2k — 1)ayt)

e @y ¥

where A denotes the amplitude, o, the angular frequency of the
periodic potential variation and ¢ the time. From the latter
equation the amplitude A of the individual terms of the sum
can be extracted:

c 84 1

R ey W

The triangular term of the individual contributions in the series
can be related to the potential variation frequency w, by

cos((2k — 1)wot) = sin(wgt — PF), (5)

with w; = (2k — 1)w, and ¢} = —3n/2. Thus, each individual wave
can be described by a sinusoidal core wave with an individual
amplitude, frequency and phase angle. The current response
with the amplitude A} and phase angle ¢} of the CPE is of
the form:

I(t) = Aisin(ogt — ¢F) (6)

The amplitude of the current equals the amplitude of the input
wave divided by the value of the impedance:
AE
ap =7k )

“ 1z
Adding the phase angle of the potential variation from the
Fourier series to that obtained from the impedance calculus,
the phase angle of the current can be determined to:

Z//
¢} = arctan ( Z,EQC) + o (8)

EQC

Based on the latter three equations the individual current
response is calculated by:

Af Ziqc
Ii(f) = —Esin | wyt — arctan ,Q —¢F 9)
Z] ZEqc :

Adding the individual currents in the time domain leads to the
overall current I(t):

1) = > I

The Fourier series is special case of the more general Fourier
transformation, which can be used to translate a function in
the time domain to the frequency domain and vice versa.
A Fourier transformation of I(¢f) is mathematically equal to
the superposition of the Fourier transformed individual terms

(10)
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I, which justifies the presented approach that relies on the
calculation of the individual sinusoidal waves with the
impedance calculus in the frequency domain.

The procedure to calculate the CV response was implemented
in the form of a computational code in the programming
language Python. The source code is supplied in the ESIf{ to
this article. The Fourier series of the potential variation is
represented by 500 terms in this study, which provides a good
resolution of the unsteady parts of the triangular function at its
inversion points. These 500 terms span with reference to eqn (3)
over three decades in the frequency. The offset of experimentally
applied potentials plus half of the potential variation amplitude
was added to the modelled response, in order to resemble the
applied potential during the experiments.

Results and discussion

In the following, the responses of a polished gold electrode in
0.1 M perchloric acid to electrochemical impedance spectro-
scopy (EIS) and cyclic voltammetry (CV) measurements are
analysed. The impedance parameterization of the equivalent
circuit is considered under amplitude and potential amplitude
variation. Based on this parameterization, the CV response
is calculated and compared to the measured results. All
amplitudes stated refer to peak-to-peak values.

Impedance data

The double layer capacitance obeys an intrinsic potential
dependence that is for example used to determine the potential
of zero charge.”*° At small amplitudes, impedance spectro-
scopy probes a perturbation of the double layer equilibrium.
The capacitance dispersion an import measure for capacitive
contributions of the double layer to the impedance spectrum
and it was previously reported'® as:

1

C(f)= 37

(11)

The capacitance dispersion can show small changes in the
response that are often not visible in a standard impedance
plot, for which this is graphed with the impedance data.

Fig. 3A shows the impedance spectra with the value of the
impedance, the phase angle and the capacitance dispersion
(eqn (11)). The potential was varied stepwise after a spectrum
was recorded, while an amplitude of 20 mV was used. The
measured capacitance dispersions were fitted with a previously
reported procedure'® (least-squares method) to parameterize
the equivalent circuit. The same reference supplies a detailed
discussion of the impedance spectra of gold in perchloric acid.
In brief, the spectra can be interpreted as follows: above 8 kHz
measurement errors dominate the capacitance dispersion.
Below 1 Hz the phase angle increases due to the reduction of
oxygen impurities. In between these frequencies the response
is dominated by the double layer parameterization and its
relaxation. The electrolyte resistance was determined at
50 kHz from the real part of the impedance to Ry = 13.5 Q.
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Fig. 3C shows the CPE parameters determined from individual
impedance spectra that were partly shown in Fig. 3A, displaying
that the parameterization of the double layer by the CPE depends
on the potential. The parameter ¢ reflects an inverse relation to
the capacitive contributions to the impedance, for which a larger
capacitance in Fig. 3A means a lower value of ¢ in Fig. 3C.

Fig. 3B shows the impedance spectra of the polished gold
electrode under amplitude variation. From an amplitude of
0.02 V to 0.2 V the impedance spectra and the capacitance
dispersion do not significantly change. With larger amplitudes
the capacitive contributions to the impedance increases below
100 Hz. In addition, with these amplitudes the spectra show
additional features between 0.5 and 5 kHz and a deviation of
the phase angle from the constant phase behaviour below
10 Hz, which are not described by the fits of the equivalent
circuit. Even if more components are added to the equivalent
circuit in order to fit to the data, the mechanisms of the
potential dependence cannot be described by a potential
independent and static equivalent circuit. Due to the potential
dependence higher harmonics have to be taken into account,
which however cannot be analysed with most modern
impedance analysers.

Fig. 3D shows the constant phase element parameters as a
function of the amplitude variation around a mean potential of
0.6 V that were derived from the impedance spectra in Fig. 3B.
Below an amplitude of 0.2 V, the constant phase elements
parameters just slightly change. As the capacitance dispersion
in Fig. 3B shows a significant increase of the capacitance at
amplitudes above 0.2 V, the parameters start to change. The
value of ¢ decreases, resembling a higher capacitive contribution
to the response.

CV data

In CV the potential variation and the response are both of high
harmonic content and can be described by a series of discrete
frequencies and amplitudes in terms of a Fourier series. The
triangular potential variation is typically characterized by the
scan rate v and the potential range AE. From both parameters
the base frequency fcy (i.e. the first-term frequency of the Fourier
series) of the triangular function for the CV measurement can be
calculated as:

v

Jov = AE (12)

The factor of two in the denominator considers the up- and
down-going branch that resemble a full potential scan. The
amplitude E, in the frequency domain and potential range AE
in the time domain are a Fourier-pair of identical meaning, for
which both terms can be equally used. Fig. 4 displays the relation of
scan rate, amplitude and frequencies for a systematic parameter
variation in an interval between 0.05-1.0 V for the amplitude.
The frequency window between 1 Hz and 100 Hz in which
the responses to amplitudes below 0.2 V are of a constant phase
character (compare to Fig. 3B) are shaded greenish in Fig. 4.
With a scan rate of 0.1 Vs~ " an amplitude smaller as 0.05 V has
to be chosen in order to reach a frequency higher as 1 Hz and to

This journal is © the Owner Societies 2021
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Fig. 3 Electrochemical impedance data of the polished gold electrode in 0.1 perchloric acid. (A) Impedance spectra with a peak-to-peak amplitude of
0.02 V at four different potentials (0.1, 0.4, 07 and 1 V), showing the value of the impedance |Z|, its phase angle the capacitance dispersion. Scatter:
measured impedance. Solid lines: fitted impedance spectra of the equivalent circuit graphed in Fig. 2. (B) Amplitude variation from 0.05 to 0.8 V peak-to-
peak around a mean potential of 0.6 V. (C) Potential dependence of the parameters n and & of the CPE. (D) Effect of amplitude on the parameters of the

CPE.

remain in the greenish area of the plot. With a scan rate of
1V s, amplitudes below 0.5 V lead to frequencies above 1 Hz.
With CV it is not possible to exceed a frequency of 100 Hz, as
scan rates above 1 V s~' or amplitudes below 10 mV are
typically not reasonable choices to obtain decent CV data.
Accordingly, frequencies higher than the frequency window of
constant behaviour are not reachable with CV.

The lowest frequency of the Fourier series is the base
frequency, while the highest frequency is with the 500 terms
used in the Fourier series three decades higher than the base
frequency. The equivalent circuit reasonably described the
impedance data above 1 Hz, for which the CV model is expected

This journal is © the Owner Societies 2021

to also describe the data for base frequencies of 1 Hz or higher.
However, at lower frequencies, the charge transfer of oxygen
impurities is not included, for which deviations have to be
expected. The double layer resembles a CPE in just a certain
frequency window. The higher harmonic perturbations (as
described by the Fourier series) by cyclic voltammetry however
span with the used 500 terms of the frequency over three
decades in frequency. Accordingly, the CV-response at one
frequency contains with its non-linearities the information of
an impedance spectrum from the base frequency upwards.
Fig. 5A shows cyclic voltammograms for scan rate variation and

a fixed amplitude of 0.05 V and scan rates from 0.01 to 1 V s,

Phys. Chem. Chem. Phys., 2021, 23, 21097-21105 | 21101
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Fig. 4 Relation of scan rate to frequency as a function of the amplitude in
CV on the basis of egn (12). The greenish shaded region corresponds to the
frequency region of constant phase behaviour of the data graphed in
Fig. 3A.

The current increases towards higher scan rates and the orders
of magnitude different currents make the shape of the Cvs
difficult to compare. In this depiction, the responses for
scan rates between 0.1 and 1 V s™" can be clearly seen and show
good agreement of modelled and measured data. The currents
at slower scan rates are too small to be compared in this
depiction.

To simplify a comparison of the CV data of different scan
rates, the currents can be normalized to the scan rates, which
results in the dimension of a capacitance (units Farad). Fig. 5B
shows the data from Fig. 5A with such a normalization in which
the current can be interpreted as capacitive charge/discharge.
As a result, the magnitudes of the responses become

10
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=10

P
P |
e

asasssensapor
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Fig. 5 Scan rate variation of modelled (dotted black lines) and experi-
mental (solid coloured lines) CV responses on the polished gold sample
with an amplitude of 0.05 V. From the slow to fast scan rates, the
corresponding frequencies are 0.1, 0.2, 0.5, 1, 2, 5 and 10 Hz. (A) Current
as a function of the potential. (B) Capacitance (current divided by scan rate)
as a function of the potential.
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comparable. Above 0.1 V s~ measurement and model data
agree. Below 0.02 V s~ and the applied amplitude of 0.05 V, the
frequency gets lower than 1 Hz (see Fig. 4). In this frequency
range the parameterization by the equivalent circuit is no
longer valid (with respect to the impedance data in Fig. 3A),
for which increasing deviations between modelled and
measured data appear.

Fig. 6 shows the measured and modelled CV response under
amplitude variation from 0.05 to 0.8 V and a fixed scan rate of
0.1 Vs~'. The CVs were modelled for two cases: (A) with one set
of CPE parameters that was obtained from the impedance
spectra at 0.05 V and an equilibrium potential of 0.6 V.
(B) with individual sets of CPE parameters that were obtained
from the impedance measurement with the same amplitude,
respectively. At an amplitude of 0.05 V and 0.1 V, the measured
and modelled CV show very good agreement. With an
amplitude of 0.2 V small deviations start to appear between the
measured and the modelled response, whereas at an amplitude of
0.4 V significant differences arise. Towards larger amplitudes, the
CVs modelled with the CPE parameters of the 0.05 V amplitude
tend to smaller enclosed areas as the modelled data. In contrast,
the CPE parameters obtained from the same CV and impedance
amplitudes lead to higher enclosed areas.

Perturbations and distortions of the double layer

The data in Fig. 3A showed the potential dependence of the
CPE parameters that was obtained with a stepwise variation of
the electrode potential. At amplitude above 0.2 V, these

A)

I (WA)

B)

I (LA)

0.2 0.4 0.6 0.8 1.0
E (V vs RHE)

Fig. 6 Measured (coloured solid lines) and modelled (dashed black lines)
CV responses under amplitude variation from 0.05 to 0.8 V. (A) Equivalent
circuit parameterized with the impedance spectrum at an amplitude of
0.05 V. (B) Equivalent circuits parameters for the CV data are taken from
the impedance fit with the same amplitude.
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protons and perchlorate ions.

v

potential dependencies of the double layer also appear in the
CV data. The electrode potential affects the static arrangement
of the ions in the double layer, including shielding effects and
the electronic interaction of the electrode’s electronic structure
and the double layer.** The potential dependent changing
parameterization of the double layer is not included in the
equivalent circuit that is used for the CV response model.

Besides the potential dependence of the double layer, Fig. 3B
also showed an amplitude dependence of the response. This
amplitude dependence represents the transition from pertur-
bations of the double layer equilibrium to a distortion, in which
the applied potential variation actively changes the state of the
double layer. Fig. 7 aims to illustrate the differences between a
perturbation of the double layer ion arrangement at small
amplitudes and a distortion at large amplitudes. In the case
of the perturbation, the ions are slightly displaced around their
equilibrium positions. At large amplitudes, the ion arrangement
is drastically changed, so that the amount of the ions in the
inner and outer Helmholtz plane®' significantly change. As the
boundary condition of the electrode-electrolyte interface is a
barrier for the ion migration, the changes in the double layer
become more and more asymmetrical, which displays a source
for the non-sinusoidal impedance response that may also lead to
hysteresis effects.*?

Accordingly, small amplitude perturbations of the equilibrium
states probe different physicochemical mechanisms than large
amplitude distortions of the equilibrium and the related changes
of the probe itself. Thus, the influence of the mean potential and
amplitude both influence the responses of double layers in CV
and EIS.

The impedance data evaluation is meaningful in small
potential windows where the one set of parameters describes
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the response. When the measured and modelled CV data
agree in the same potential window, the impedance derived
equivalent circuit adequately represents the electrode. However,
when the CV data shows additional potential dependent
features, the impedance response with the same amplitude
will contain non-sinusoidal contributions. In this case the
parameterization of the equivalent circuit does not include all
appearing potential dependent physicochemical effects of the
response. In this case, higher harmonics contribute to the
impedance spectra, which however cannot be analysed with
most impedance analysers.

To summarize, EIS allows to precisely and easily characterize
perturbations of the equilibrium state of the double layer at
small amplitudes with the impedance calculus. However, at
larger amplitudes the potential dependent contributions are
difficult to analyse. In contrast, in CV the response of double
layers requires more complex impedance based models, for
which it is challenging to parameterize the electrode with the
CV data. Yet, the CV data contains all the potential dependent
information of the double layer. Accordingly, the choice of the
measurement method affects the information content of the
probed specimen.’* The combination of both measurement
methods displays a powerful electrochemical toolset to
understand the dynamics of the double layer and the transition
from perturbations of equilibrium states to distortions of the
probed system.

Conclusion

In summary, the response of the double layer of a polished gold
electrode has been probed with electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV). A constant
phase element (CPE) was used to parameterize the response
of the double layer. By a Fourier transformation, the impedance
calculus in the frequency domain was used to describe the CV
response in the time domain. Up to an amplitude of 0.2 V, the
experimentally measured impedance is adequately represented
by a CPE based parameterization. The CV response modelled
with these parameters agrees with the measured data. In this
regime, a perturbation of the double layer equilibrium is
probed, where the applied potential only slightly impacts the
ion arrangement in the double layer. Higher amplitudes lead to
significant deviations of the modelled from the measured CV
response, while new features appear in the impedance spectra.
The static CPE parameterization does not include the potential
dependence of the double layer and the related non-sinusoidal
contributions to the impedance response, which display a
loss of information in the amplitude and phase angle based
impedance calculus. These higher amplitudes are associated
with a drastic distortion of the ion arrangement double layer,
which increase the capacitance and asymmetric ion movements.
Impedance is found to be suitable for probing perturbations of
equilibrium states at small amplitudes and to parameterize the
equivalent circuit, whereas CV enables a detailed analysis of
dynamic distortions of the double layer at larger amplitudes
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where the limits of the validity of the CPE parameterization are
exceeded. The presented impedance-based response modelling
of double layers in CV and the provided source codes enable to
precisely understand the transition from the perturbation
to a distortion of a double layer equilibrium as a function of
excitation amplitude.
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