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ABSTRACT
In the first part of this study, double layer (DL) capacitances of plane and porous electrodes were related to electrochemical
active surface areas based on electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) measurements. Here,
these measured data are described with equivalent circuit models (ECMs), aiming to critically assess the ambiguity, reliability,
and pitfalls of the parametrization of physicochemical mechanisms. For microstructures and porous electrodes, the resistive–
capacitive contributions of DL in combination with resistively damped currents in pores are discussed to require the complexity
of convoluted transmission line ECMs. With these ECMs, the frequency-dependencies of the capacitances of porous electrodes
are elucidated. Detailed EIS or CV data-based reconstructions of complex microstructures are discussed as impossible due to
the blending of individual structural features and the related loss of information. Microstructures in combination with charge
transfer reactions and weakly conducting parts require parameter-rich ECMs for an accurate physicochemical description of
all physicochemical mechanisms contributing to the response. Nevertheless, the data of such a complex electrode in the form
of an oxidized titanium electrode are fitted by an oversimplistic ECM, showing how easily unphysical parameterizations can
be obtained with ECM-based impedance analysis. In summary, trends in how microstructures, charge transfer resistances
and oxide layers can influence EIS and CV data are shown, while awareness for the overinterpretation of ECM-analysis is
raised.

1 Introduction

The first experimental and theoretical examinations on the
double layer (DL) date back to 1879 by Helmholtz [1]. Major
contributions of Gouy [2], Chapman [3] and Stern [4] followed in
the beginning of the 20th century, who developed electrostatics
models for the ion distribution in the DL. In the 1940s, Grahame
[5, 6] was among the first researchers who probed DL responses

under varying potentials, describing the DL as a capacitance.
However, DL responses typically show frequency-independent
phase angles that are higher than the −90◦ of a capacitor (see the
first part of this study [7]). In 1984, Brug et al. [8] introduced a
constant phase element (CPE) to give a more precise description
of electrochemical impedance spectroscopy (EIS) data on DLs.
Afterwards, the DLs of plane electrodes were typically repre-
sented with CPEs in equivalent circuit models (ECMs) [9–15].

Abbreviations: CPE, Constant phase element; CT, Charge transfer; CTL, Convoluted transmission line; CV, Cyclic voltammetry; DL, Double layer; ECM, Equivalent circuit model; EIS,
Electrochemical impedance spectroscopy; TL, Transmission line.
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However, as recently reviewed by Huang et al. [16], for ECMs for
porous electrodes, DLs are often parameterized by capacitances
for the sake of simplification.

In 1964, De Levie [17] reported a transmission line (TL) ECM to
describe the electrochemical impedance of pores without charge
transfer reactions. These TLECMs consist of a ladder network
of resistances and capacitances, which represent the ohmic drop
of the ion conduction in the pore and the DL capacitance,
respectively. Until today, this TL-ECM is commonly used in the
literature [16, 18, 19] to describe porous electrodes. In some works
[20–26], resistances of the electron conduction in the solid phase
of the electrode are added to the TC-ECM. In 2000, Bisquert [27]
first reported a TL-ECM for pores in which the DL is represented
by CPEs instead of capacitances, which agrees better with the
measured CPE-type DL responses of plane electrodes. However,
this approach was used in only a few of the following works
[16, 28–31]. The traditional electrostatic approaches to model the
differential capacitance of the DL were also applied to porous
electrodes [32, 33]. However, such models cannot describe the
electrodynamics of the resistive–capacitive ion transport under
an alternating potential and are not helpful for the design of
ECMs.

Wang [34] reported in 1987 that a CPE can be described by an
infinite TL-ECM. Based on Wang’s pioneer work, the physic-
ochemical causes for the CPE-type appearance of the DL at
plane electrodes were recently explained by its TL counterpart
[35, 36]. In detail, the TL-ECM can describe the infinitesimal
resistive and capacitive contributions of the ion displacement in
the DL. With reference to Wang’s interpretation of the CPE as
a TL [34], Bisquert’s TL with CPEs for the DL thus describes
a convoluted transmission line (CTL), consisting of TLs for the
intrinsic properties of the DL and the porous electrode structure,
respectively. Similarly appearing CTL-based ECMs (CTL-ECMs)
were also used to describe hierarchical type of pores [19, 37–
39], yet with capacitances representing the DL. To calculate TL
responses, mostly analytical approaches were presented in the
literature [40–42], in which the parameterization of the ECMs
is limited to boundary conditions of the analytical calculus.
Scientifically, the response of the DL in porous structures to
alternating potentials (as such applied during EIS or CV) with
the resistive–capacitive coupling of the ion transport is not
well understood. A systematic experimental characterization of
porous electrodes in comparison to simulated data of thoughtfully
chosen ECMs is missing in the literature.

The aim of the second part of this study is to provide a deeper
understanding of the effect of resistive–capacitive ion transport in
porous electrodes on the frequency dependence of the DL capac-
itance. In addition, the influences of morphologies, oxide layers,
and charge transfer reactions on theDL capacitance are simulated
and compared to the measured EIS and CV data presented in
the first part of this study [7]. Based on 50 years of literature on
ECMs describing cracks, pores and porous structures, Bisquert’s
CTL-ECM approach is further developed and extended. A mixed
analytical–numerical procedure to simulate the EIS and CV data
of the developed ECMs is introduced to overcome the limitations
and boundary conditions of the thus far reported purely analytical
solutions of CTLs. With reference to the direct comparison of
the measured responses from the first part of this study and the

simulated responses of ECMs, challenges and pitfalls of the EIS
and CV data-based parameterization are critically discussed. The
source codes of all the presented calculations are supplied in
Supporting Information section, proving a powerful toolbox to
calculate the impedance data on CTL-ECMs.

2 Methods andModel Development

The aim of this section is to present and elucidate ECMs that
describe the influence of microstructures, oxide layers, and
charge transfer reactions on EIS and CV data. Hereto, the ECMs
introduced in Section 1 are reviewed and improvements are
presented. Subsequently, methods to calculate the impdances
of the presented ECMs are discussed. Finally, remarks on the
parameterization of pores are discussed.

2.1 ECMs for Microstructures

Figure 1 shows ECMs for simulating the DL response. Figure 1A
shows the ECM typically used for a plane electrode [9–15, 43],
consisting of a resistance for the liquid electrolyte phase 𝑅liq,
a resistance for the electronic conductivity in the solid phase
𝑅sol, and a CPE 𝑍CPE to describe the DL. The resistances 𝑅liq
and 𝑅sol can be combined to form one resistance. This combined
resistancewas defined as serial resistance𝑅s in the first part of this
study. This ECM serves here as a reference, from which the fea-
tures coming from conductivity-limiting electrode morphologies
deviate.

Figure 1B shows De Levie’s [17] TL-based ECM that aims to
represent a straight-wall pore. In this circuit, the DL is param-
eterized by capacitances that are arranged along the pore. The
individual capacitances 𝐶𝑘 are connected by resistances 𝑅𝑘

liq
that

account for the ionic resistance of the electrolyte in the pore. The
superscripts of the resistances and capacitances denote the ladder
step 𝑘, ranging from 0 to the maximum ladder step 𝐿. Figure 1C
shows Bisquert’s [27] ECM, where the capacitances of De Levie’s
TM-ECM are replaced by CPEs with the impedance

𝑍𝑘CPE =
𝜉

(𝑖 2𝜋 𝑓)
𝑛 , (1)

where 𝑓 denotes the frequency, 𝑖 the complex number, 𝜉 the
CPE prefactor, and 𝑛 the CPE exponent. With reference to
the interpretation of a CPE by a TL-ECM (see Section 1), this
ECM is here interpreted as a convoluted tranmission line (CTL).
In addition to Bisquert’s [27] original CTL-ECM, the ECM in
Figure 1C shows resistances �̃�𝑘

sol
for the electron conduction in the

solid phase, whichwere introduced by several authors [20–26] for
De Levie’s TL-ECM.

Figure 1D shows a similar ECM as Figure 1C, however, the
resistances �̃�𝑘

sol
of the solid phase are rearranged to ease the below

presented calculus for the impedance. In this arrangement, the
resistances 𝑅𝑘

sol
of the solid phase are calculated as a function of

the resistances �̃�𝑘
sol
from the ECM in Figure 1C by:

𝑅𝑘
sol

=
𝐿∑
𝑖=𝑘

�̃�𝑖
sol
. (2)
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FIGURE 1 Equivalent circuit models (ECMs) for a plane electrode (A) and a pore (B–F). Blueish shaded areas: electrolytic phase. Greyish shaded
areas: solid phase. (A) ECM for a plane electrode, consisting of a resistance for the electrolyte (𝑅liq), a resistance for the solid phase (𝑅sol), and constant
phase element (𝑍CPE) for the double layer. (B) De Levie’s [17] classical transmission line model for a pore. (C) Bisquert’s [27] transmission line, for
which the infinitesimal double layers are represented by constant phase elements (CPEs). Moreover, resistances for the solid phase are added. (D)
Rearrangement of the resistances of the solid phase for easier calculation. (E) ECM of the pore plus the resistance and double layer of the plane part of
the electrode. (F) Generalized ECM for a pore with arbitrary electrochemical processes (described by the impedance 𝑍𝑘) at the electrolyte-solid interface.

In the circuit of Figure 1E, the properties of the plane electrode
are added to the CTLECM with a resistance 𝑅𝑝

sol
and a CPE

𝑍
𝑝

CPE. This approach is adopted from Bosch et al. [44], who
similarly described a plane electrode with cracks and pores.
Hence, the plane properties basically represent one more ladder

step in the CTL. However, the parameter values of the plane
contributions (𝑅𝑝

sol
and𝑍𝑝CPE) are expected to strongly deviate from

the parameter values of the CTL in the pores (𝑅𝑘
sol

and 𝑍𝑘CPE)
due to different conductivities, surface areas, ionmovements, and
electric field penetrations depths.
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Figure 1F shows a generalized ECM for the TL [41, 45], in which
the impedances at the electrochemical interfaces can be replaced
by arbitrary impedances 𝑍𝑘 . Applying the analytical calculation
procedure described by Wang [34] for De Levie’s TL-ECM to the
CTL-ECM, its impedance 𝑍CTL can be calculated by a continuous
fraction in the form of:

𝑍CTL = 𝑅0
liq

+ 1
1

𝑍0
+ 1

𝑅1
liq
+ 1

𝑍1
+ 1

𝑅2
liq

+ 1

𝑍2
+⋯

. (3)

The total impedance 𝑍1F of the circuit in Figure 1F can then be
calculated by adding one more element to the TL, which leads to:

𝑍1F = 𝑅liq +
1

1

𝑍𝑝
+ 1

𝑍CTL

. (4)

2.2 ECMs for Oxide Layers and Charge Transfer
Reactions

The above-discussed ECMs are directly applicable to describe
the response of electrodes without charge transfer reactions
and without oxide coverage. The differences of the electronic
structure of metals and semi-conducting or insulating oxide
coverage are reported to affect the DL capacitance [46–48]. The
physicochemical effect of electronic interactions on the param-
eterization is beyond the scope of this study, which focuses on
the empirical parameterization and validation of the ECMs. The
circuit of Figure 1F allows to incorporate arbitrary impedances
models for the electrochemical electrolyte–electrode interface.
Figure 2 shows some examples of ECMs for this interface and
the resistance of the solid phase. The electrolyte resistance is
excluded, so that the interfacemodels can be directly inserted into
the ECM of Figure 1F.

Figure 2A shows the interface model of the DL for an inert
and oxide-free electrode. The total impedance 𝑍2A of this series
connection equals the sum of 𝑍CPEDL for the CPE that describes
the DL and the resistance 𝑅sol of the solid phase:

𝑍2A = 𝑍CPEDL + 𝑅sol. (5)

The ECM of Figure 2B includes diffusion-limited charge transfer
processes parallel to the DL for an oxide layer-free electrode. The
CPE-based impedance 𝑍CPECT describes diffusion limitations of
the charge transfer [37]. The resistance of the charge transfer
reaction itself is described by 𝑅CT. The total impedance 𝑍2B of this
ECM equals:

𝑍2B = 1
1

𝑍CPEDL

+ 1

𝑍CPECT+ 𝑅CT

+ 𝑅sol. (6)

Figure 2C shows an ECM for an oxide-covered electrode without
charge transfer reactions, resembling an inert oxide coverage.
Again, theDL is described by aCPE. FollowingMedway et al. [49],
the oxide layer is described by a capacitor 𝐶ox , which accounts
for the capacitive properties of a low-conducting or insulating
oxide layer. A parallel resistor 𝑅ox,p is added to this capacitance,

which accounts for leakage currents that arise from the oxide’s
conductivity [50, 51]. Hence, capacitive charge contributions and
electron conduction of the oxide layer are described by the ECM.
In addition, a serial resistor 𝑅ox,s represents a resistance in series
to the leaky capacitor. The total impedance 𝑍2C of this circuit
equals:

𝑍2C = 𝑍CPEDL +
1

𝑖 (2𝜋𝑓𝐶ox) +
1

𝑅CT

+ 𝑅ox,s + 𝑅sol. (7)

The ECM for the electrochemical interface in Figure 2D describes
an oxide-covered electrode at which diffusion-limited charge
transfer reactions appear, combining the circuits of Figure 2B,C.
The total impedance 𝑍2D of the resulting ECM equals the sum of
the impedance 𝑍2B and 𝑍2C (𝑅sol is deducted to not account for
twice for the resistance of the solid phase):

𝑍2D = 𝑍2B + 𝑍2C − 𝑅sol. (8)

2.3 Computational Calculations

A computational framework to calculate the impedance of CTL-
ECMs was programmed in the language Python, for which the
source codes are supplied in the Supporting Information section
to this article. In this framework, the impedances of the ladder
steps of the CTL are calculated analytically. To compute the
total impedance of the CTL-ECM by Equation (3), the complex
impedances of each of these ladder steps are added numerically
in an iterative process that starts at the last step of the ladder
and ends at the first ladder step. CV data are simulated based on
a recently published impedance-based inverse Fourier transform
model [43]. In brief, with this approach, a Fourier series expresses
the harmonic content of the triangular potential variation during
CV, for which the impedances are individually calculated in the
time domain. The currents derived from the impedances of the
individual harmonic contents are summed up in the time domain
to obtain simulated CV data.

2.4 Remarks and Examples on the
Parameterization of Pores

In the Supporting Information, the work of Wang [34] is briefly
reviewed and discussed, showing sets of resistances 𝑅𝑘

liq
and

capacitances 𝐶𝑘 in a TL-ECM (shown in Figure 1B) that resemble
the response of CPEs. Such TLswere discussed as a physicochem-
ical interpretation of the DL response [35, 36] and their CPE-like
appearances [43]. With the CPE-like parameterization of the
TL, the resistances 𝑅𝑘

liq
increase, whereas the capacitances 𝐶𝑘

decrease towards higher ladder steps (graphed in the Supporting
Information). In a TL with such a CPE-like parameterization, the
current eventually declines towards larger ladder steps [35]. In
the case of a short and wide pore, however, the resistive damping
has a little impact on the capacitive currents of the pore so that
the entire surface of the pore contributes to the DL response (see
example in the Supporting Information). Hence, a semi-infinite
TLwithCPE-type parameterization that describes a current decay
over distance is not able to describe a short and wide pore. A
more reasonable parameterization for uniform and homogenous
pores may be given by constant resistances and capacitances of
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FIGURE 2 Equivalent circuit models (ECMs) for the electrochemical interface excluding the electrolyte resistance, so that they can be directly
inserted as 𝑍𝑘 into the generalized transmission line of Figure 1F. Blueish shaded areas: electrolytic phase. Greenish shaded areas: oxide layer. Greyish
shaded area: Bulk of the electrode. (A) ECM for the double layer. (B) ECM for the double layer in combination with a charge transfer reaction. This
circuit plus a series resistance is in this study denoted as ‘modified Randles circuit’. (C) ECM for the double layer of an oxide-covered electrode without
a charge transfer reaction. (D) ECM for the double layer of an oxide-covered electrode in combination with a charge transfer reaction.

the ladder steps of finite TLs (see results on the carbon fleece
electrode). In the Supporting Information, the effect of resistive
damping on capacitive currents is discussed for a straight-wall
pore as a thought experiment.

3 Results and Discussion

First, an overview of the considered electrodes is given, and the
selections of ECMs are motivated. Second, the measured EIS and
CV data from the first part of this study are simulated. Hereto,
physicochemical assumptions to parameterize the ECMs are dis-
cussed. An automized parameter regression such as the typically
used ‘method of least squares’ to fit the parameters of the ECMs to
the measured data is intentionally avoided due to the parameter

ambiguity. The parameterization accuracies and reliabilities are
critically discussed for each of the presented electrodes. Third, the
gained understanding to parameterize the discussed electrodes is
discussed from a more generalized perspective.

3.1 Overview of Electrodes and ECM Selection

The first part of this study showed EIS and CV data of a variety of
different electrodes, from which five will be considered in more
detail in the following, each representing a different morphology
or electrochemical interface in terms of oxide coverage or charge
transfer reactions. This section provides an overview of these
electrodes and the ECMs used for the simulation of their CV and
EIS responses.
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The EIS response of the polished gold electrode in nitrogen-
purged perchloric acid electrolyte was precisely described by a
serial connection of an electrolyte resistance and a CPE (see
Figure 1A) in the first part of this study. However, this circuit (in
the following denoted as CPE-ECM) was not able to represent
the response of the electrode in oxygen-purged perchloric acid
electrolyte, especially at frequencies below 1 kHz, as it does
not include the charge transfer of the electrochemical oxygen
reduction reaction. This electrode is here simulated with the
electrochemical interface of Figure 2B in combination with the
electrolyte resistance. This ECM is denoted as ‘modified Randles
circuit’, displaying a modification of the original Randles circuit
[52, 53] (parallel combination of capacitance for the DL and
resistance for the charge transfer united a series resistance for the
electrolyte) by accounting for the CPE-type characteristics of the
DL and diffusion-limited charge transfer process, respectively.

The glassy carbon electrode did not show significant oxygen
reduction activity at 0.5 V versus RHE in perchloric acid elec-
trolyte. Hence, it represents an inert electrode that is described
by the electrochemical interface shown in Figure 2A. The EIS and
CV responses of the carbon electrodes showed features that were
associated with conductivity-limited microstructures. The Type
1 glassy carbon electrode (denoted as ‘Type 1 GC’) consists of a
polished surface, which is interrupted by cracks and pores (see
Supporting Information of the first part). The ECM in Figure 1E
represents this case, with a distinct parameterization for the plane
contributions of the surface and a CTL for the cracks and pores.
Moreover, glassy carbon is known to have a porous structure [54],
which might lead to electrolyte uptake and contributions to the
CTL. The response of the graphite plate of the first part represents
a similar system as the Type 1 GC specimen, and its capacitance
dispersion is shown in the graphical abstract to this article. As its
evaluation procedure is like that of the GC plate, the results are
shown in the Supporting Information.

The four stacked Freudenberg E35 carbon fleeces in 100 mM
perchloric acid (in the following, defined as ‘carbon fleeces’)
represent another electrode without significant contributions of
charge transfer reactions. Unlike the Type 1 GC electrode, the
pores are wide and homogenous, while the contributions of its
plane part to the DL response are expected to not distinctly
vary from that inside the pores. Hence, without distinguishing
between the plane contribution and that of the pores, the ECM
of Figure 1D is used to simulate the response.

In the first part, EIS data on a titanium, ruthenium, platinum
and nickel electrode were presented under a stepwise potential
increase ramp, showing that the formation of oxide layers drasti-
cally impacts the DL response. The ruthenium electrode shows
metal-like electronic conductivity of its oxide [55]. Ruthenium
also displays a catalyst for the oxygen reduction reaction, for
which the modified Randles circuit is used to account for the
reduction of oxygen impurities in the electrolyte. The electro-
chemically formed hydrous oxide on ruthenium shows a complex
microstructure with an unknown phase composition of metallic
ruthenium, oxidized ruthenium, and water intercalation [56, 57].
The water intercalation can be understood as a kind of nano-
porosity with ionic conductivity. This eventual nano-porosity and
associated conductivity restrictions are not included in the ECM
and display a source of error.

The titanium electrode represents a model system for a
microstructured oxide layer for the following reasons: (i) Once
titanium-oxide is formed, it cannot be reduced to metallic tita-
nium in the considered potential range between 0.1 and 1.5 V
versus RHE. (ii) The oxide layer is porous and penetrable by the
electrolyte [58]. (iii) The oxidized titanium surface is expected
as semi-conducting [59, 60], which leads to conductivity-limiting
structures. (iv) The porosity enables a continuous electrochemical
growth of the oxide layer [61] (see bypass currents in the
Supporting Information of the first part). These different effects
are included in the electrochemical interface of Figure 2D in
combination with the generalized TL of Figure 1F that accounts
for the porous oxide layer. However, based on the experimetnal
data such complex ECMs are just ambiguously parameterizable.
Alternatively, the electrochemical interface of Figure 2C in
combination of an electrolyte resistance will be used to model
the measured responses of the titanium electrode, neglecting the
contributions coming from the porous microstructure.

In the case of the platinum electrode, pseudocapacitances [36]
and surface redox reactions complicate the interpretation of the
EIS data. In the case of nickel electrode, the phase changes
between nickel hydroxide and oxyhydroxide in combination with
hydrous structures further increase the difficulties in interpreting
the EIS and CV data from the first part [62, 63]. The measured
responses of the platinum and nickel electrode are not analyzed
with ECMs here, as their parameterizations are in the opinion of
the authors’ speculation due to the number of different physic-
ochemical effects contributing and the resulting overwhelming
complexity.

3.2 The Polished Gold Electrode

Figure 3 shows themeasured and simulated EIS and CV response
of the gold electrode in oxygen-purged perchloric acid electrolyte.
The simple ECM of the electrolyte resistance in combination
with a CPE (defined as CPE-ECM) shown in Figure 1A serves
as a reference and is compared to the above-discussed modified
Randles circuit (ECM of Figure 2B in combination with a
resistor for the electrolyte). For both ECMs, the electrolyte
resistance and the CPE for the DL are parameterized with the fit
discussed in the first part of this study (𝑅liq = 1.6 Ω, 𝑛DL = 0.92,

𝜉DL = 107,448 Ω Hz𝑛). The CPE and a resistor for the
diffusion-limited oxygen reduction are parameterized with
𝑅CT = 50,000 Ω, 𝜉CT = 24,000 Ω Hz𝑛, and 𝑛CT = 0.3.

Above 50 Hz, the CPE-ECM and the modified Randles circuit
show equal simulated EIS data as the contribution of the oxygen
reduction reaction negligibly affects the response. Below 50 Hz,
the measured phase angle and the values in the capacitance dis-
persion increase because of the oxygen reduction. In Figure 3D,
the simulated CV data (ranging from 0.1 to 1 Hz) with the
CPE-ECM also show deviations from the measured data. With
modified Randles (Figure 3E), the magnitudes and slopes of
the measured CV data are adequately represented, although
the measurements are affected by a significant offset due to
the oxygen reduction current which is absent in the simulated
response. The bypass current discussed in the first part of this
study is responsible for this offset, which is not directly measured
with EIS. Consequently, this information is missed when the CV
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FIGURE 3 Measured (dots) and simulated (lines) data on the polished gold electrode with a constant phase element (CPE)-based model and
the modified Randles circuit (electrochemical interface of Figure 2B in combination with an electrolyte resistance). (A) Impedance magnitude. (B)
Impedance phase angle. (C) Capacitance dispersion extracted from the impedance data. (D) Legend for the CV data with scan rate and frequency. (E)
CV data at an amplitude of 50 mV. Simulations using the CPE-ECM. (F) CV data at an amplitude of 50 mV. Simulations with the modified Randles
circuit.

data are simulated based on the EIS data. Subsequent subtraction
of the bypass current to the CV data could correct this offset,
which is here not conducted to explicitly show its effect on the
response.

The modified Randles circuit consists of seven parameters in
total: three resistances (𝑅liq, 𝑅sol and 𝑅CT) and two CPEs (𝑍CPEDL
and 𝑍CPECT ) that are characterized by four parameters (𝑛DL, 𝜉DL,
𝑛CT, 𝜉CT). With the nitrogen-purged electrolyte, the CPE for the
DL and the serial resistance (𝑅s, 𝑛DL and 𝜉DL) can be reliably
determined to the above-mentioned values as discussed in the
first part of this study. In addition, the resistance of the solid phase
𝑅sol can be assumed as negligible due to the good conductivity of
the gold specimen, so that the electrolyte resistance equals the
serial resistance: 𝑅liq = 𝑅s. Hence, three parameters of the charge
transfer reaction (𝑅CT, 𝑛CT and 𝜉CT) remain. However, these three
parameters are ambiguous, as several combinations can lead to
good matching fits to the EIS data.

3.3 The Glassy Carbon Electrode

In the first part, the surface cracks and holes of the glassy carbon
electrodes were discussed to lead to resistive damping of capac-
itive currents. The simulated responses shall be independent of
the lengths of ladder networks (see Supporting Information for

detailed results on the variation of the ladder lengths); otherwise,
the ladder length itself acts as an additional parameter with
arbitrary values. In the first part of this study, the CPE-ECM
was shown to precisely describe themeasured impedance spectra
above 50 Hz for the Type 1 GC electrode. At these frequencies,
the pores negligibly contribute to the response due to the resistive
damping of capacitive currents. The fit parameters of the CPE-
ECM from the first part are identified with the elements that
describe the plane part of the electrode (𝑅liq + 𝑅

𝑝

sol
, 𝑍𝑝CPE). The

electric resistance in the solid phase is assumed as negligible due
to the good conductivity of the electrode. Thus, the resistances
𝑅
𝑝

sol
and 𝑅𝑘

sol
are identified with zero.

The cracks and holes of the Type 1 GC electrode are characterized
by using the following assumptions: (i) The pores and cracks
are tapered. This effect is estimated to linearly increase of the
resistances 𝑅𝑘

liq
along the ladder as the cross section decreases

by the narrowing towards the apex (end of the pore). (ii) In
the tapered pores, the pore perimeter decreases towards the
apex. Consequently, the surface area in the segments of the
ladder network decreases towards the apex. Based on a linear
relation of surface area and capacitance, the CPE-prefactors 𝜉𝑘
are reciprocally proportional to the surface area. As a rough
estimation, the values of 𝜉𝑘 are assumed to correlate linearly
with the ladder step. (iii) The exponent of 𝑍𝑘CPE is assumed as
independent of the pore intrusion and the ladder step 𝑘; however,
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FIGURE 4 Measured (dots) and simulated (lines) data on the Type 1GC electrodewith a constant phase element (CPE)-based ECMand convoluted
transmission line (CTL) ECM. (A) Impedance magnitude. (B) Impedance phase angle. (C) Capacitance dispersion extracted from the impedance data.
(D) Legend for the CV data with scan rate and frequency. (E) CV data at an amplitude of 50 mV. Simulations with the CPE-ECM. (F) CV data at an
amplitude of 50 mV. Simulations with the CTL-ECM.

the detailed physicochemical effects of the pore size on the
values of the exponent are unknown.With these assumptions, the
resistances and CPE-prefactors of the CTL were calculated as

𝑅𝑘
liq

= 1000 ⋅ (1 + 𝑘) Ω (9)

and

𝜉𝑘 = 4 ⋅ 10
5 + 400 ⋅ (1 + 𝑘) Ω Hz𝑛. (10)

The absolute values for offsets (𝑅0
liq

= 1000 Ω and
𝜉0 = 40, 400Ω Hz𝑛) and slopes of the linear interpolation (1000Ω
for the resistances and 400 Ω Hz𝑛 for the CPE-prefactors) were
manually adjusted so that the simulated impedance data fit to
the measured response.

Figure 4 shows the simulated and measured responses of the GC
Type 1 electrode,where theCPE-ECMserves as a reference. Below
100 Hz, the CPE-ECM simulation shows significant deviations
from the measured impedance, which have been attributed to
the influence of cracks and holes in the first part of this study.
With the CTL-ECM, a good agreement between measured and
simulated data is achieved. Like the impedance data, the CV data
simulated with the CPE-ECM show distinct deviations from the
measured data (see Figure 4D). However, with the CTL-ECM
approach, the simulated and measured CV match reasonably

well. The capacitive contributions of the pores increasingly
contribute towards low frequencies as more parts of the tapered
pores turn from a resistively dominated regime into a capacitively
dominated regime (with respect to the individual relaxation
frequencies of the CTL steps) where they significantly contribute
to the response.

Every crack or hole of the Type 1 GC is different, whereas the
ECM was parameterized with the assumption of equally linear
tapered pores. This assumption may represent an average of the
response, in which the superposition of all cracks and holes
smooths individual features. However, this approach is not a
physicochemically correct parameterization of the microstruc-
ture. Every combination of CPEs and resistances with similar
resistive to capacitive ratios will be able to lead to similar sim-
ulated responses, so that the parameterization is ambiguous. As
a result, the interpretation of pore widths or depths based on the
EIS andCVdata is speculative.With awell-known topology of the
surface, an impedance networkmodel may be able to generate an
adequate ECM to simulate the EIS and CV data. However, based
on these EIS or CV data, the topology cannot be reconstructed.

3.4 The Carbon Fleece Electrodes

Figure 5 shows the simulated impedance and CV responses of
the carbon fleeces in comparison to the measured data. The
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FIGURE 5 Measured (scatter) and simulated (lines) data on the four stacked E35 carbon fleeces in 100 mM perchloric acid with a CPE-ECM and
a CTL-ECM. (A) Impedance magnitude. (B) Impedance phase angle. (C) Capacitance dispersion extracted from the impedance data. (D) Legend for the
CV data with scan rate and frequency. (E) CV data at an amplitude of 50 mV. Simulations with the CPE-ECM. (F) CV data at an amplitude of 50 mV.
Simulations with the CTL-ECM.

parameters of theCTL-ECM(Figure 1D) that represent the carbon
fleeces were determined based on the following observations of
themeasured EIS data: (i) The electrical resistance of the sheets is
negligible, for which 𝑅𝑘

sol
= 0. (ii) The lowest measured resistance

of 10Ω of the electrode (see Figure 5A) is identifiedwith the serial
resistance at 𝑘 = 0 of the ECM,which equals𝑅liq + 𝑅0liq. (iii) Based
on this measured response, the resistances of the ladder steps are
parameterized by

𝑅𝑘
liq

= 15

L
Ω, (11)

which is found to adequately represent the measured frequency
dependency of the impedance above 200 Hz. (iv) The capacitive
contributions to the impedance are assumed as equal along
the ladder network due to a homogenous pore size distribu-
tion. Hence, the values of 𝑛𝑘 and 𝜉𝑘 of 𝑍𝑘CPE are assumed as
independent of the ladder step 𝑘. In the case of negligible
resistive damping of the current in the pore, the equal capacitive
contributions of all ladder steps shall be added. This additive
behaviour of the parallel capacitances along the pore is achieved
when the total CPE-prefactor 𝜉total equals the inverse sum of the
ladder steps 𝜉𝑘:

𝜉total =

(
𝐿∑
𝑘=0

1

𝜉𝑘

)−1

. (12)

With the assumption of equally distributed capacitances, the
prefactors of the individual ladder steps are calculated by 𝜉𝑘 =
𝜉total × 𝐿.

In the first part, the relaxation frequency of the electrode was
estimated to 6.5 Hz. At this frequency, all ladder steps contribute
to the measured capacitance, as the CPE-ECM and the CTL-
ECM show equal responses. The prefactor of the CTL-ECM was
in Part 1 fitted to 𝜉f it = 541 Ω Hz𝑛 (which is not significantly
impacted by the high-frequency resistive damping above a phase
angle of−20◦), which can be identifiedwith 𝜉total of Equation (12).
Towards higher frequencies than the relaxation frequency, a
decay of themeasured capacitance due to resistive damping of the
current in the pores can be seen in Figure 5C. This decay is not
represented by the CPE-ECM, whereas the CTL-ECM precisely
describes the measured behaviour. Again, the resistive damping
of the capacitive currents in the pores is frequency dependent.
Deep-lying parts of the pores (high ladder steps in the CTL-ECM)
are affected by larger resistances than those close to the surface
(low ladder steps) that face the reference electrode.

The simulated CV responses with the CPE-ECM (Figure 5D) and
the CTL-ECM (Figure 5E) do not show significant differences.
The maximum CV frequency is 10 Hz, at which the CPE-ECM
and CTL-ECM showed similar responses in the impedance data
(Figure 5A–C), as the relaxation in the pores becomes only
significant at higher frequencies. The higher harmonics in the
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Fourier transform algorithm are in the range of the resistive
damping; however, these have a small impact on the simulated
CV. As a result, the CPE-ECM and CTL-ECM both adequately
represent the measured CV data.

Unlike the Type 1 GC specimen, the parameterization of the
carbon fleeces is considered solid by the authors. The resistances
in the pores of the carbon fleeces were parameterized based on
the impedance data. Knowing that the pores are homogenous,
every step in the CTL must have the same resistance in the
liquid phase, for which the parameters 𝑅𝑘

liq
can be precisely

determined. The CPE-prefactors determined by the fit presented
in the first part of this study can be identified with the inverse
sum of the CPE-prefactors of the ladder steps (Equation 12). The
homogenous properties of the pores are used to equally distribute
the DL contributions along the ladder steps of the CTL. The
ladder length variation in the Supporting Information shows
that with 𝐿 ≥ 30, the ladder length has a negligible influence
on the simulated response. A ladder length variation can lead
to an infinite number of parameter sets that will be able to
reproduce the simulated responses; however, the parameteriza-
tion follows a clear portrayal of the physicochemical structure
that is based on easily derivable assumptions. Nevertheless, it
is not possible to supply a reconstruction of the pore geom-
etry as an infinite number of structures can lead to similar
responses.

3.5 The Ruthenium Electrode

Figure 6 shows the EIS data of the ruthenium electrode for
potentials of 0.1, 0.7 and 1.3 V versusRHEduring the first stepwise
potential increase ramp (see definition in the first part). The
parameters for the modified Randles circuit used to simulate
the measured responses are listed in Table 1. At 0.1 V, the
polished ruthenium electrode shows significant contributions of
the reduction of oxygen impurities from the electrolyte. Like the
gold electrode, the phase angle and capacitance are increased
towards lower frequencies due to the oxygen reduction reaction.
At 0.7 V, the EIS data do not show significant charge transfer
contributions, for which the data can be precisely described by
the CPE-ECM (equal to an infite charge transfer resistance). At
1.3 V, the phase angle increases below 1 Hz.

At 1.3 V, the bypass current of the ruthenium electrode is
approximately 3 µA (see Supporting Information section of the
first part). This charge transfer process can be associated with
a combination of a growing oxide layer, the oxygen evolution
reaction or the dissolution of the ruthenium electrode [64]. The
increase of the phase angle below 1Hzmay be attributable to such
charge transfer processes or conductivity-limiting microstruc-
tures of the electrochemically formed oxide. Ohmic drops of
the ion conduction in the nano-porosity of the hydrous oxide
or the electrical conductivity of the hydrous oxide itself may
significantly affect the response. Hence, the chosen ECM and
its parameterization are with the state of the information not
reliable for the EIS data at 1.3 V versus RHE. At this potential,
the authors cannot unambiguously attribute the increase of the
capacitance and phase angle towards lower frequencies to charge
transfer processes or resistively damped capacitive currents in the
microstructure.

FIGURE 6 Measured (dots) and simulated (lines) EIS data
(impedance magnitude, phase angle, and capacitance dispersion) of
the titanium electrode at a potential of 0.1, 0.7 and 1.3 V of the first
potential increase ramp (see first part). The modified Randles circuit
(electrochemical interface of Figure 2B in combinationwith an electrolyte
resistance) was used to simulate the EIS data.

3.6 The Titanium Electrode

Figure 7 shows the simulated and measured impedance data of
the titanium electrode at potentials of 0.1, 0.7 and 1.4 V. The
shown data were recorded during the first potential increase
ramp (see first part). The simulation of the EIS data was
conducted using the ECM of Figure 2C in combination with
an additional electrolyte resistance 𝑅liq. Table 2 summarizes the
parameters used for this ECM. Following assumptions were used
for this parameterization: (i) The electrolyte resistance 𝑅liq is
independent of the oxidation state. (ii) The resistance of the
metallic titanium substrate is negligible. (iii) The serial resistance
of the oxide 𝑅ox,s was assumed as negligible. (iv) The parallel
resistance of the oxide 𝑅ox,p was assumed to increase with a
growing oxidation layer. (v) The CPE-prefactor 𝜉 was assumed to
decrease with a growing oxidation layer, representing an increase
of the capacitance by an increase of the wetted surface area
in the porous oxide layer. (vi) The CPE-exponent 𝑛 is assumed
as independent of the oxidation state. (vi) A growing oxide
layer decreases the capacitance of 𝐶ox , like the capacitance of a
plate capacitor that increases with larger distances between the
plates.
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FIGURE 7 Measured (dots) and simulated (lines) EIS data
(impedance magnitude, phase angle, and capacitance dispersion) of the
titanium electrode at a potential of 0.1, 0.7 and 1.4 V of the first potential
increase ramp (see first part). The electrochemical interface of Figure 2C
in combination with an electrolyte resistance was used to simulate the
EIS data.

Using this ECM, the following physicochemical effects were
neglected: (i) the porosity of the formed oxide layer and any
gradients of such, (ii) changes in the conductivity and wetted
surface areas within this oxide, (iii) any charge transfer reactions
that are associated with the continuous growth of the oxide layer
on the titanium electrode, (iv) any gradients in the composition of
titanium and titanium dioxide and (v) electronic band structure
intrusion among the titanium-metal phase, the titanium-oxide
phase, and the electrolyte. Maybe even more effects may con-
tribute to the measured response that the authors are not aware
of. However, even with the employed simplified circuit, the
experimental data can be reasonably represented. Hence, the
ambiguity of the parameters is, in the opinion of the authors, too
large to draw any conclusions about the detailed microstructure
or physicochemical processes at the titanium electrode based on
the presented EIS data.

3.7 Discussion on the Parameterization
Ambiguity

Above sets of parameters that describe the DL responses of
five different electrodes were presented, each representing a
different electrochemical interface or microstructure. The aim
of the following discussion is to derive generalized conclu-
sions from the discussed case studies. The more elements
an ECM contains, the more ambiguous its parameterization
becomes. Hence, simple ECMs are favourable for unambiguous
parameterizations. However, the elements of an ECM should
represent all the physicochemical mechanisms that contribute
to the electrochemical response of an electrode. Resistively
damped capacitive currents in microstructures require the com-
plexity of CTLs to portray the resistive–capacitive interplay
in the pores, which comes at the price of many param-
eters. With a well-known microstructure (such as in the
case of the carbon fleece), physicochemical assumptions may
be made that allow reasonable parameterizations. However,
other sets of parameters will always allow to simulate similar
responses. This ambiguous parameterization means that pore

TABLE 1 Parameters for the modified Randles circuit (Figure 2B plus Rliq to parameterize the ionic resistance) used in Figure 6 to model the
electrochemical impedance spectroscopy data for the different potentials E on the ruthenium electrode.

𝑬 (𝐕) 𝑹𝐥𝐢𝐪 (𝛀) 𝑹𝐬𝐨𝐥 (𝛀) 𝝃𝐃𝐋 𝒏𝐃𝐋 𝑹𝐂𝐓 (𝛀) 𝝃𝐂𝐓 𝒏𝐂𝐓

0.1 1.6 0 30,705 0.88 30 25,000 0.3
0.7 1.6 0 12,308 0.9 1010 1 1
1.3 1.6 0 6326 0.94 10,000 10,000 0.5

Note: In the case of the equivalent circuit model for the 0.7 V data, a charge transfer resistance of 1010 Ω displays a chemically inert electrode. This high resistance
values makesd the values of 𝜉CT and 𝑛CT meaningless.

TABLE 2 Parameters for the equivalent circuit model (Figure 2C plus Rliq to parameterize the ionic resistance) used in Figure 7 to model the
electrochemical impedance spectroscopy data for the different potentials E.

𝑬 (𝐕) 𝑹𝐥𝐢𝐪 (𝛀) 𝑹𝐬𝐨𝐥 (𝛀) 𝑹𝐨𝐱,𝐬 (𝛀) 𝑹𝐨𝐱,𝐩 (𝛀) 𝝃 𝒏 𝑪𝐨𝐱 (𝐅)

0.1 2 0 0 0.01 1.6 × 104 0.86 10−2

0.7 2 0 0 105 2 × 103 0.86 2 × 10−5

1.4 2 0 0 105 1 × 103 0.86 10−5
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structures cannot be reconstructed based on measured EIS and
CV responses.

Even with inert electrodes such as the Type 1 GC electrode, it is
not possible to reasonably estimate the microstructure based on
EIS or CV data, as various pore geometries can lead to similar
resistively damped capacitive currents. The EIS and CV data
display superpositions of spatially distributed contributions of the
different elements in the ECMs. This superposition leads to an
information loss about the location of the elements. As a result,
an unlimited number of parameter combinations will lead to
reasonable fits to the experimental data. Hence, with respect to
the varying pore geometries of the Type 1 GC electrode, it is not
possible to make reasonable assumptions for the parametrization
with the one-dimensional ECMs presented in Figure 1. Three-
dimensional ECM describing the entire specimen topology may
be able to simulate the EIS data correctly, yet, these have to be
supplied by topography data.

For most oxide-covered electrodes with porous microstructures
such as the titanium electrode, a superposition of many physic-
ochemical effects contributes to the measured response. The
individual contributions of these different effects are often not
distinguishable,which is, for example, discussed for the similarity
of the contributions of charge transfer processes and resistively
damped capacitive currents in microstructures to the EIS data.
The complexity of oxide-covered electrodes requires ECMs with
overwhelming numbers of parameters. For such systems, reason-
able quantitative information on the electrochemical interface
or the microstructure based on measured EIS or CV approaches
seem impossible. Hence, the authors point out that EIS and
CV data of most oxide electrodes are prone to misinterpretation
due to the pitfall of ambiguous parameterization possibilities.
Ruthenium and iridium may display an outstanding example
due to the metallic conductivities of their oxides [55]. However,
even in this case, the authors of this study are unsure about the
reliability of the employed ECM and its parameterization.

4 Conclusions

In this study, ECMs to describe microstructures, oxide layers
and charge transfer reactions were developed and parameterized.
These ECMs were used to simulate the measured EIS and CV
data of five selected electrodes from the first part of this study.
The TL model for pores was further developed by combining
previously reported approaches into a CTL-ECM. The complexity
described by theCTL-ECMwas discussed as necessary to describe
the DL response of microstructures with resistively damped
capacitive currents. The impedances of such CTL-ECMs were
calculated in a newly developed mixed analytical–numerical
computational framework (source codes provided in the Sup-
porting Information). With these CTL-ECMs, the simulated EIS
and CV data can resemble the measured data of the porous
carbon electrodes; however, the parameterization is, in most
cases, ambiguous.Microstructures cannot be reconstructed based
on the measured data as an infinite number of structures can
lead to similar responses. Local contributions are blended in
the response that finally leads to a loss of information in the
EIS or CV data. Moreover, ECMs to describe oxidized electrodes
with semi-conducting and micro-porous oxide coverage as well

as charge transfer reactions were discussed and compared to
the experimental results. For such electrodes, the overwhelming
complexity of ECMs to describe all occurring physicochemical
effects leads to many parameters that cannot be unambiguously
fitted. To summarize, with the presented case studies limitations
and pitfalls of the physicochemical interpretation of EIS and CV
data with ECMs are elucidated.

Nomenclature

𝐶𝑘 capacitance of the 𝑘th step of the transmission line

𝐶ox capacitance value of 𝐶EIS at a phase angle of 45◦ during
the resistive-capacitive relaxation

𝐸 electrode potential

𝑓 frequency

𝑖 complex number

𝑘 ladder step of the transmission line

𝑛𝑘 exponent of the CPE of the 𝑘th step of the transmission
line

𝑛CT exponent of the CPE of a charge transfer reaction

𝑛DL exponent of the CPE of the double layer capacitance

𝑛f it exponent of the CPE determined by a fit to an
impedance spectrum

phase phase angle of the impedance

𝑅CT charge transfer reaction

𝑅liq electrolyte resistance between the reference electrode
and the surface of the working electrode

𝑅𝑘
liq

electrolyte resistance of the 𝑘th step of the transmission
line

𝑅ox,p parallel electric resistance of a leaky oxide capacitor

𝑅ox,s serial electric resistance of an oxide layer

𝑅s serial resistance of the equivalent circuit

𝑅s,f it serial resistance determined by a fit to an impedance
spectrum

𝑅sol resistance of the solid phase of the electrode

𝑅𝑘
sol

electric resistance in the solid phase of the 𝑘th step of
the transmission line with reference to the alignment
in Figure 2D

�̃�𝑘
sol

electric resistance in the solid phase of the 𝑘th step of
the transmission line with reference to the alignment
in Figure 2D

𝑅
𝑝

sol
electric resistance in the solid phase attributable to the
contributions of the plane component

|𝑍| impedance magnitude

𝑍1F impedance of Figure 1F

𝑍2A impedance of Figure 2A

𝑍2B impedance of Figure 2B

𝑍2C impedance of Figure 2C

𝑍2D impedance of Figure 2D

𝑍𝑘 impedance of the part of the impedance

𝑍𝑝 impedance attributable to the contributions of the
plane component
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𝑍CPE impedance of a CPE

𝑍𝑘CPE impedance of the CPE of the 𝑘th step of the transmis-
sion line

𝑍
𝑝
CPE impedance of the CPE attributable to the contributions

of the plane component

𝑍CPECT impedance of the CPE related to the charge transfer

𝑍CPEDL impedance of the CPE related to the DL

𝜋 pi

𝜉𝑘 prefactor CPE of the 𝑘th step of the transmission line

𝜉CT prefactor CPE for the diffusion limitation of a charge
transfer reaction

𝜉DL prefactor CPE of the double layer

𝜉f it prefactor CPE determined by a fit to an impedance
spectrum
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