Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

How microstructures, oxide layers, and charge
transfer reactions influence double layer
capacitances. Part 1. impedance spectroscopy and
cyclic voltammetry to estimate electrochemically
active surface areas (ECSAs)7}

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2024, 26, 14288

 Ansgar Kretzschmar, (2@

@ and Rudiger-A. Eichel™

* Victor Selmert,
¢ Hermann Tempel

Maximilian Schalenbach,
Luc Raijmakers,® Yasin Emre Durmus,

Varying the electrode potential rearranges the charges in the double layer (DL) of an electrochemical
interface by a resistive-capacitive current response. The capacitances of such charge relocations are
frequently used in the research community to estimate electrochemical active surface areas (ECSAs), yet the
reliability of this methodology is insufficiently examined. Here, the relation of capacitances and ECSAs is
critically assessed with electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) data on
polished (Au, Ti, Ru, Pt Ni, glassy carbon, graphite plate) and porous (carbon fleeces) electrodes. By
investigating this variety of electrodes, the frequency-dependencies observed in the measured capacitances
are shown to arise from the inherent resistive-capacitive DL response, charge transfer reactions, and
resistively damped capacitive currents in microstructures (such as pores, pinholes, or cracks). These
frequency-dependencies are typically overlooked when capacitances are related to ECSAs. The capacitance
at the specimen-characteristic relaxation frequency of the resistive-capacitive DL response is proposed as a
standardized capacitance-metric to estimate ECSAs. In 1 M perchloric acid, the polished gold electrode and
the high-surface area carbon fleeces show ratios of capacitance-metric over surface-area of around
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DOI: 10.1039/d3cp04743a 3.7 uF cm~2. Resistively damped currents in microstructures and low-conducting oxide layers are shown to
complicate trustworthy capacitance-based estimations of ECSAs. In the second part of this study, advanced

rsc.li/pccp equivalent circuits models to describe the measured EIS and CV responses are presented.
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Introduction

The electrochemical double layer (DL) describes the local
charge distribution at the interface of an electrode and an
electrolyte.”” In electrostatic equilibrium, the DL shields the
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electrode potential and leads to a potential drop at the electro-
lyte-electrode interface.®> A change of the electrode potential
leads to a dynamic field penetration into the electrolyte that
rearranges ions and that changes the captured charge in the DL.*
The resulting ion movement and charge capture lead to a
resistive-capacitive current response.’ This current response is
commonly ascribed to the DL capacitance, whereas the naming
is a misleading simplification that neglects the resistive con-
tributions of the ion migration in the DL. The DL plays decisive
roles for charge transfer reactions®” and the ion transport at the
reaction interface.>'® Application of the DL-phenomena can be
found for instance in sensors'"'? and supercapacitors.**
Electrochemical impedance spectroscopy (EIS)*>'® and cyclic
voltammetry (CV)"” are standard methods that probe the current
responses of electrodes under sinusoidal and triangular elec-
trode potential variations, respectively. The current response
of an electrode with dominating contributions of DLs
(often referred to as blocking electrode) is in the following
denoted as ‘DL response’. DLs of polished electrodes are
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typically parameterized by constant phase elements (CPEs),"*>°
which describe a constant phase angle in impedance spectra.*!
This constant phase characteristic can be represented by
resistive-capacitive transmission line models,** which describe
semi-infinite ladder networks of resistances and capacitances.
The transmission line model was interpreted as a direct physical
representation of the ion transport in the DL, describing resistive-
capacitive ion displacements under an alternating electrode
potential.>**** DL responses of the time-domain operating CV were
recently modelled based on the frequency-domain based CPEs in
combination with Fourier or LaPlace transformations.”>>” A more
direct approach to model the DL responses of CV measurements
can be obtained by applying the differential calculus in the time
domain on transmission line models.>*** For a polished gold
electrode, the CPE-parameterization of the DL was reported to
be valid for amplitudes up to 0.1 V, whereas higher amplitudes
were shown to increase intrinsic potential-dependencies of the
DL response.26

In the field of aqueous electrochemistry, studies presenting
protocols to characterize electrocatalysts can be found among
the most cited publications.”®*° A central part of these proto-
cols is the estimation of the electrochemically active surface
area (ECSA) by EIS or CV, which was afterwards further
addressed by several research groups.>®>' The ECSA can also
be estimated by methods such as specific adsorption or under-
potential deposition,**> which are, however, only applicable
to specific material-dependent adsorption sites. For instance,
the electrochemical stripping of carbon monoxide from plati-
num group metal catalysts is an established standard to
determine ECSAs.***®*” In contrast, capacitance measure-
ments were considered as promising for ECSA estimations as
they can be done for all types of uniform electrodes,>®>°
whereas distinguishing capacitive contributions of substrate
and active materials (e.g. Pt/C catalysts) is not possible.

In the case of porous carbon structures, several studies
reported linear relations between surface areas determined
with gas adsorption measurements via the Brunauer-
Emmett-Teller (BET) method and electrochemical capaci-
tances. In contrast, Jung et al.*> showed that BET surface areas
of metal oxide powders do not correlate to electrochemical
capacitances, partially showing orders of magnitudes different
ratios of capacitances over surface areas. Even for a model
system, such as a polished gold electrode, reported literature
values for capacitances span between 6-100 pF cm 2.**7°
A recent study’ showed a similar span of capacitances mea-
sured for one polished gold electrode in 1 M perchloric acid, as
the DLC intrinsically depends on the frequency due to its CPE-
character. In CV, different scan rates were also reported to
impact the estimation of the capacitance,’>*" further under-
lining the intrinsic frequency dependence of the capacitance.

Based on the above discussed literature, it remains questionable,
in which framework capacitance measurements are trustworthy
measures for ECSA estimations. Therefore, this study aims to
present a systematic analysis of the physicochemical mechanisms
that affect the capacitances of various plane (Au, Ti, Ru, Pt, Ni, glassy
carbon, graphite plate) and porous electrodes (carbon fleeces).
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These various electrodes reveal the effects of probing frequencies,
electrode morphologies, oxide layers, and charge transfer reactions
on measured DL responses, showing the reliability and pitfalls of
the relation between capacitance and ECSA. In the second part of
this study, equivalent circuit models (ECMs) are presented to
describe the measured DL responses in detail.>*

Theory

Simple equivalent circuit models (ECMs)

In ECMs, the DL of a polished electrode is typically represented
by a constant phase elements (CPE), which portrays a frequency
independent phase angle in the impedance spectrum.®*%2%44-47
In combination with a series resistance (Rs), a simple ECM can
be used to parametrize DL responses. The series resistance
contains the ionic electrolyte resistance, the electric resistance
of the examined electrode, and contact resistances. This ECM is
shown in Fig. 1A and has been used to simulate all impedance
data presented in this study, following the fitting procedure
described in a previous published article.>

Impedance
The impedance of a CPE is defined®**%* as
¢
Zcpe = Zk 1)

where f denotes the frequency, i the imaginary unit (satisfying
i = —1), while ¢ and n represent the parameters of the CPE.
With an exponent of n = 0, the CPE represents a resistor, while
n =1 potrays the impedance of a capacitor with the capacitance
1/¢. In this study, the frequency dependence of the capacitance
plays a central role to evaluate the measured impedance data. In
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Fig. 1 (A) Simple equivalent circuit model used for simulating the impe-
dance response of the double layer, consisting of a series resistance R and
a constant phase element with the impedance Zcpe. (B) Relation of scan
rate, frequency, and amplitude (Up) for the triangular potential variation
during CV calculated with eqn (7).
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physics, a dispersion describes the frequency dependent proper-
ties of a physical quantity. With reference to this definition, the
capacitance dispersion Cgs(f) describes capacitive contributions
to the impedance as a function of the frequency.’ It is defined as

Cris(f) =~ )

2nfZ"(f)
where Z” is the imaginary part of the impedance.” This defini-
tion displays a rearrangement of the standard definition of the
capacitance in the impedance framework. The real and imagin-
ary part of the Zcpg, can be calculated based on the Euler relation
i7" = cos(—0.5nn) + i sin(—0.5nn), so that the capacitance disper-
sion of a CPE (defined as Ccpg(f)) can be calculated with:®

(2mf )"

Cepe(f) = - Esin(—0.5mn)’

(3)
Hence, the parameter n of the CPE is responsible for the frequency
dependence of Ccpg(f). Double logarithmic plots of Ccpg(f) as a
function of fresult in a linear correlation with the slope:

dlog(Ccpe(log(f)))
dlog(f)

Another useful definition to characterize the DL response is
the relaxation, which in physics generally describes the transition
of a perturbated system into equilibrium. The resistive-capacitive
relaxation describes the transition from a capacitive-dominated
regime at high frequencies to a resistive-dominated regime at
lower frequencies. In the high-frequency part the perturbation
occurs much faster than the time required to equilibrate the
system, whereas in the low-frequency part the time scale of the
perturbation is much slower than the response-time of the charge
displacement. The resistive and capacitive parts equally contri-
bute to the impedance at a phase angle of —45°. The frequency at
this phase angle is here defined as f 4s-. At this frequency, the
capacitance of the polished gold electrode was reported as almost
independent of the electrolyte concentration.” Based on this work,
f-45- will be used below to estimate the capacitance-metric C_45-,
which corresponds to the value of Cgs(f) at f 45

In proximity of f_ 45, a serial connection of a resistor and
capacitor is reported to provide a good estimation of the
impedance and capacitance dispersion of the DL response,
showing just slight deviations from the ECM displayed in
Fig. 1A.° In the RC-series circuit, the resistive-capacitive time
constant trc describes the exponential decay of the current to
potential changes. The time constant equals the product of
resistance and capacitance. By approximating the CPE with
C_s5-, the time constant can be calculated by®

=1-n (4)

TrC — RSC,45'~‘. (5)

For this approximation, the relaxation frequency f; is conse-
quently estimated to®

1
T 2ntRre

i (6)

In a RC-series circuit f; equals f_45-. The difference of both

frequencies can serve as a measure’ for the RC-series
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approximation for the relaxation properties of the circuit in
Fig. 1A.°> In 1 M perchloric acid, C_45- of a polished gold
electrode is nearly potential-independent.® Generally, at such
high molarities, the intrinsic potential dependence of the
differential capacitance predicted by the classical Gouy-Chap-
man type models is typically not observable, which appears just
for lower molarities and frequencies.>’

Cyclic voltammetry (CV)

In CV, a potential scan in the form of a triangular wave is
applied to the working electrode while the current is simulta-
neously measured. The triangular wave is typically character-
ized by the amplitude U, and scan rate v, while its frequency fcv
can be calculated by*®

14

Jov = 30, 7)

This equation is visualized in Fig. 1B. The capacitance can
then either be determined by integrating the current®® during
the up-going or down-going scan of the CV measurement, or by
taking the difference of the currents I, and Igown of both
branches at the middle position divided by the scan rate.?®2°
With reference to the latter case, the capacitance of the elec-
trode can be extracted from the CV data by:

CCV _ Iup - Idown‘ (8)

2u

Electrochemical active surface area

The capacitance from eqn (2) is used to estimate the EIS based
ECSA (denoted as Afjs "), while the capacitance from eqn (8) is
used to estimate the CV based ECSA (denoted as Agg ) by

CErs
AECSA —
EIS
spec

C
and AEJSA = =V 9)
C
spec
respectively, where Cyp.. denotes the specific capacitance
of the DL that defines a reference value for the capacitance
per electrode area.

Experimental
Electrochemical setup

Schematic sketches of the electrochemical cell used for the EIS
and CV measurements are supplied in the ESL7 In brief, two
different variations of the cell were used to measure plane and
porous electrodes. In both variations, a three-electrode setup
with separated electrode compartments was used. A platinum
mesh served as the counter electrode, while an Ag/AgCl refer-
ence electrode (Metrohm) with 3 M KCl electrolyte was used.
Plane specimens were placed at the bottom of the cell. A
geometric area of 0.78 cm? (1 cm diameter) of the specimen
was exposed to the electrolyte, sealed with a 1 mm thick flat
ethylene propylene diene monomer rubber. To measure porous
electrodes, punched discs of 12 mm diameter were prepared
from sheet material. These discs were pressed onto a gold foil
(0.2 mm) with a hole of 10 mm diameter that served as an

This journal is © the Owner Societies 2024
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electrical contact. The cell was filled by pushing the electrolyte
through a channel below the porous specimens, so that
the upcoming electrolyte penetrated the porous structure. The
electrolyte flow carried air trapped in the pores upstream and
ensured the complete flooding of the porous structure. Detailed
information on the cleaning of the cell and measurement
preparations are given in the ESL.

The following plane electrodes were used for the measure-
ments: (i) a polished polycrystalline cold rolled 2.5 mm thick
gold plate (Junker Edelmetalle GmbH). (ii) The same gold
specimen prepared with a 4000 grid sandpapered surface,
denoted as rough gold electrode. (iii) A type 1 glassy carbon
plate (Alfa Aesar). (iv) A type 2 glassy carbon plate (Alfa Aesar).
(v) A graphite plate (Alfa Aesar). (vi) A titanium plate (HMW
Hauner GmbH). (vii) A ruthenium plate (HMW Hauner). (viii) A
platinum plate (Mateck GmbH). (ix) A nickel plate (HMW
Hauner GmbH). Except for the graphite plate, all plane samples
were thoroughly grinded down with 4000 grid SiC sandpaper
(Struers). Afterwards, all specimens, except for the graphite
plate and the rough gold electrode, were first polished with a
suspension of 1 pm diamond particles (Struers), followed by a
final polishing step performed with a 0.25 um diamond parti-
cles suspension (Struers). For uniform and reproducible sur-
face preparation, an automated machine (Struers, Tegramin)
was used for grinding and polishing. In between all surface
preparation steps the specimen surfaces were thoroughly
rinsed with ultrapure water.

The porous electrodes are all made of carbon fleece. Besides
commercial available carbon fleece (Freudenberg E20 and E35),
a porous carbon fleece was manufactured from polyacryloni-
trile (PAN) fibres, pyrolyzed at 1000 °C as reported in the
literature.”® The carbon fleece specimens were all weighted
with a precision balance and then immersed in 1 M perchloric
acid solution prior to the measurements to remove impurities.
The plane and porous specimens did not receive any additional
surface cleaning procedures, whereas in the literature often
potential cycling or flame annealing approaches are used to clean
the surface.>® These procedures have been avoided intentionally
as they cause roughening due to surface reconstruction.* For
instance, oxidizing and reducing the surface of platinum electro-
des by potential cycling leads to stable CVs.>* However, the
recrystallization, dissolution, and redeposition during the
potential cycling are discussed to increase the surface area.*! In
this study, potential cycling is shown to increase the capacitance
for the case of the platinum electrode (Fig. 7C). To preserve the
surface of the gold and carbon electrodes examined in this study
from such surface-area increasing effects, a maximum potential of
0.6 V vs. RHE was applied to these electrodes. In contrast, this
effect was explicitly examined for titanium, ruthenium, platinum,
and nickel electrodes by applying potentials up to 1.5 V vs. RHE.

A Zahner Zennium XC potentiostat was used for all electro-
chemical measurements. Aqueous solutions of perchloric acid
(Alfa Aesar) or sodium hydroxide (Merck, Suprapure) were
made with ultrapure water and served as electrolytes. All
measurements were performed in a temperature-controlled
lab at 20 °C. Before performing the EIS and CV measurements,
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the amount of dissolved oxygen was reduced by purging
the electrolytes for 15 min with nitrogen at a flow rate of
100 ml min~" through a glass frit with fine pores. During the
EIS and CV measurements, nitrogen was purged through the
cell below the electrolyte level with a flow of 20 ml min™" (see
ESIY) to reduce the diffusion of air into the electrolyte. The gas
inlet was 25 mm above the sample, so that the nitrogen bubbles
could not get in direct contact with the examined electrodes.
Even with nitrogen purging small traces of oxygen remain in
the electrolyte, which can be measured with the very sensitive
electrochemical measurements. In one of the presented mea-
surements, the purging procedure was conducted with oxygen
instead of nitrogen, to intentionally saturate the electrolyte with
oxygen and to see its effect of the measured DL response.

The measurement protocol to characterize the gold and
carbon electrodes consisted of the following steps: (i) a CV
between 0.05 and 0.6 V vs. RHE was recorded with a scan rate of
0.2 Vs, (ii) A constant electrode potential of 500 mV vs. RHE
was applied for 2 minutes with simultaneous current monitoring.
The averaged current of the last 20 seconds of this potentiostatic
method is in the following defined as the potentiostatic bypass
current Ipypassps- This potentiostatic bypass current serves as a
measure for side reactions such as the oxygen reduction reaction.
(iii) An impedance spectrum with an amplitude of 10 mV in a
frequency range between 0.01 Hz and 1 MHz with 6 logarithmi-
cally distributed steps per decade was recorded. The ECM in Fig. 1
has been used for fitting the data of the EIS measurements
according to the procedure describe in the literature.”* (iv) CV
measurements with an amplitude of 0.01 V and a scan rate of
0.01 V s~! were conducted. Prior to the CV measurements, the
start potential (500 mV vs. RHE minus half of the employed CV
amplitude) was applied for 30 s to reduce capacitive charge and
discharge currents. (v) Repeating the fourth step for scan rates of
0.02, 0.05, 0.1, 0.2, 0.5 and 1 V s~ . (vi) Repeating the fourth and
fifth step with an amplitude of 50 mV.

The impact of the oxidation on the DL response was
examined with the titanium, ruthenium, platinum, and nickel
electrodes. The corresponding measurement protocol consists
of the following steps: (i) applying a constant electrode
potential of 0.1 V vs. RHE for two minutes. (ii) Recording an
impedance spectrum. (iii) Repeating the first two steps by a
stepwise potential increase of 0.1 V until a potential of 1.5 V vs.
RHE (for titanium, platinum, and nickel) or 1.3 V vs. RHE
(for ruthenium) was reached. The vertex potential of ruthenium
is lower to avoid excessive oxygen evolution, bubble coverage,
and dissolution. (iv) Repeating the first three steps for two
times to examine the irreversibility of the oxide layer formation.

Gas adsorption measurements

BET surface areas were obtained from argon isotherms mea-
sured at 87 K with a 3P micro device (3P Instruments) using
argon as the adsorptive. The temperature was adjusted using a
Cryotune (3P Instruments). The examined carbon specimens
were cut into pieces and inserted into the gas adsorption probe
(glass tube). To accurately determine the weight of the speci-
men, the glass tube was weighed in the empty state and the
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filled state after inserting the sample and degassing at 150 °C
for 6 hours. The surface areas of the specimens were deter-
mined applying the BET method in a relative pressure range
from 0.1 to 0.3. A detailed evaluation of the BET data is
provided in the ESIF to this article.

Results and discussion

The following results and discussion are focused on EIS data, as
the impedance calculus summarizes the response by the easy-
interpretable impedance magnitude and phase angle as a func-
tion of frequency. In contrast, the CV data is typically more
difficult to parameterize due to the versatile shape of the current
response in the time-domain.® After evaluating the physico-
chemical mechanisms of the double layer (DL) responses with
the EIS measurements, the CV data is exemplarily compared to
EIS data. A more detailed analysis of the CV response follows in
the second part of this study,”" while a full collection of the total
CV data of all examined electrodes is given in the ESI,} including
full range CVs of the examined electrodes between 0 and 0.6 V.
The EIS data are displayed in Bode plots. Nyquist plots on the
EIS data of all examined electrodes are supplied in the ESI{ for
more interested readers.

Polished gold electrode

Polished gold electrodes are ideal model systems to study the
DL response due to their nobleness®>>® and the negligible
impact of their morphology on the current distribution at the
surface. Before considering more complex electrodes, first the
polished gold electrode is examined in detail to understand the
basic physicochemical effects of the DL response. Fig. 2A-C
display the measured impedance magnitude, phase angle, and
capacitance dispersion (eqn (2)) of a polished gold electrode,
respectively. The electrode was exposed to three different
electrolytes: (i) nitrogen purged 1 M perchloric acid electrolyte.
(ii) Oxygen purged 1 M perchloric acid electrolyte. (iii) Nitrogen
purged 1 M sodium hydroxide electrolyte.

The impedance spectrum of the polished gold electrode with
the used geometric surface area of 0.78 cm? in nitrogen purged
1 M perchloric acid is discussed in the literature® in detail.
In brief, the phase angle approaches 0° close to the highest
displayed frequencies. In the high-frequency range above
50 kHz, |Z| is almost constant due to the dominance of the
Ohmic resistance. As the phase angle approaches 0°, the impact
of measurement errors on capacitance dispersion in the high-
frequency regime becomes more pronounced.” Due these
measurement errors, the high-frequency impedance data above
—2°is not graphed in this study for all specimens. The resistive-
capacitive relaxation takes place between 1 and 100 kHz, which
characterizes the transition between capacitive dominance
at the low frequencies and Ohmic dominance at the high
frequencies. Between 1 Hz and 1 kHz, the constant phase
characteristic of the DL dominates. At lower frequencies side
reactions (such as the reduction of oxygen impurities of the
electrolyte) lead to significant Ohmic contributions to the

14292 | Phys. Chem. Chem. Phys., 2024, 26, 14288-14304
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Fig. 2 Measured (dots) and simulated (lines) impedance data of a polished
gold electrode in nitrogen purged 1 M perchloric acid, oxygen purged 1 M
perchloric acid, and nitrogen purged 1 M sodium hydroxide. Magnitude,
phase, and capacitance dispersion (egn (2)) of the impedance are shown in
(A), (B), and (C), respectively. The solid lines represent fits of the equivalent
circuit from Fig. 1A to the measurements.

impedance that increase the phase angle. The CPE parameter-
ization of the DL is an empirical-based description of the
measurement data. Deviations from this ECM may indicate
more complex physicochemical interactions than that described
by the physics of the transmission line model (see Introduction).

Table 1 summarizes the following properties of the impe-
dance spectra: (i) the frequency f 45- at which the phase angle
equals —45° during the resistive-capacitive relaxation of the DL
contributions to the impedance. (ii) The capacitance value
C_45° Of Cris(f-4s°). (iil) The capacitance value Cgrs@in, of the
Cris(1 Hz). (iv) The fit parameters Rgg, nge, and &g, that
describe the values of the equivalent circuit of Fig. 1A. (iv)
The relaxation frequency f;, as calculated based on eqn (5) and
(6) with the values of Ryg: and C_ys-. As discussed in the
“Theory section”, f; equals f_45- in a serial RC circuit, which
is a good approximation for the resistive-capacitive relaxation
of the DL response.’ The quality of this approximation can be
assessed by the deviations between f; and f~ 45 as discussed in
the literature.” (v) The specific capacitance Cypec, which is
determined by the ratio of C_,5- over the surface area A (see
eqn (9)). The lowest possible surface area of the polished gold
electrode is to identify with the geometric surface of the
electrode exposed to the electrolyte, which equals 0.78 cm?
(see “Experimental section”). The polishing quality is a decisive
factor for the surface roughness, as even thorough polishing

This journal is © the Owner Societies 2024
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does not lead to plane surface on an atomic level. The surface
roughness is estimated to increase the geometric surface area
of the gold electrode to 1 + 0.2 cm?.

In the case of the oxygen purged 1 M perchloric acid
electrolyte, the contributions of the oxygen reduction reaction
become more prominent and significantly increase the capaci-
tance below 1 Hz (Fig. 2C). The response in the frequency
regime of the resistive-capacitive relaxation between 1 and
100 kHz is almost identical for the nitrogen and oxygen purged
perchloric acid electrolyte. At frequencies below 10 Hz, the
charge transfer resistance of the oxygen reduction reaction
increases the phase angle (Fig. 2B). The reduction of oxygen
is, besides the kinetic barriers, also diffusion limited. Such
diffusion limitations of charge transfer reactions are typically
described by CPEs,*” as further evaluated in the second part
of this study.”"

After the measurements of the gold electrode were com-
pleted in perchloric acid, the same electrode is subsequently
examined with EIS and CV in nitrogen purged 1 M sodium
hydroxide electrolyte without any polishing in between. With
reference to Table 1, the value of the serial resistance Ry g is
approximately 2-times larger while that of C_,5- is 1.6-times
larger in the alkaline electrolyte than that in the acidic electro-
lyte. The sodium hydroxide solution is less ionically conducting
than the perchloric acid solution, leading to a higher value of
R, sir. Hydroxide ions are dipoles, and their polarizability is
expected to significantly contribute to the dielectric contribu-
tions of the DL response. In contrast, the perchlorate anion
(Clo,7) is spherical without dipole moments. Hence, the hydro-
xide ions are expected to enlarge the capacitive contributions of
the DL to the response in comparison to those in the perchloric
acid electrolyte. A study that examined the effect of the electro-
Iyte polarizability on the DL response in detail could not be
found in the literature. Besides the different polarizability,
hydroxide ions are reported to adsorb pseudo-capacitively on
the gold electrode,®® which may display another cause for the
increased capacitance caused by the change of the electrolyte.

With the nitrogen purged alkaline electrolyte, the gold
electrode shows similar contributions of the oxygen reduction
to the impedance as that with the oxygen purged acidic electro-
Iyte. The kinetic barriers for the oxygen reduction on gold are
lower in the alkaline electrolyte than that of the acidic electrolyte
due to different reaction pathways and intermediates.®"®® The
dynamics of the gas solubility in acidic and alkaline regimes are
also different, as nitrogen purging seem to replace dissolved
oxygen in acidic solutions faster than in alkaline solutions. A
detailed study on this physicochemical effect could not be found
in the literature and is planned by the authors of this article.

Table 1 also summarizes the bypass currents Iy pass,ps that
were determined with a potentiostatic protocol at a constant
potential of 500 mV vs. RHE (see Experimental section). The
bypass currents of the gold electrode in oxygen purged per-
chloric acid and in nitrogen purged sodium hydroxide both
show reductive bypass currents more negative than —500 nA,
which are responsible for the observed decrease of the phase
angle towards low frequencies in Fig. 2. In contrast, the bypass
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current of the polished gold electrode in the nitrogen purged
perchloric acid solution was 2 nA. Hence, the bypass current
serves as a measure for contributions of the oxygen reduction
reaction to the measured DL response. The experiments pre-
sented in the following are conducted with acidic electrolytes to
minimize the effect of the oxygen reduction reaction, owed to:
(i) a more effective exchange of dissolved oxygen by nitrogen
purging in acidic electrolytes than in alkaline electrolytes. (ii)
Most electrodes are better oxygen reduction catalysts in alkaline
than in acidic regime. Thus, the same amounts of dissolved
oxygen impurities are expected to lead to larger bypass currents
with alkaline than with acidic electrolytes.

Plane electrodes: roughness, cracks, and holes

The aim of the following evaluation is to show how surface
roughness, cracks, and holes affect the DL response of plane
specimens. Fig. 3 shows the impedance spectra of four of the
electrodes introduced in the Experimental section: (i) the rough
gold electrode. (ii) The type 2 glassy carbon electrode displays
an inert surface in the potential range considered. With the
same polishing procedure, the hardness of the glassy carbon

A) Au reference
5 Au rough 1M HCIOa
10 e Type2 GC 1M HCIOs
Typel GC 1M HCIOa
a Graphite plate 1M HCIO4
—10°
N
10!
q
0 ;
B) {
.
—201
ee®%
—_ o
L f ®o
-40 .
b .
2 Pe .°.
Q —60

1072 101 10° 10' 10?2 10° 10* 10°
f (Hz)
Fig. 3 Measured impedance spectra and capacitance dispersions

(scatters) of a rough gold electrode, a type 1 glassy carbon plate, a type
2 glassy carbon electrode, and a graphite plate. All measurements were
performed in nitrogen purged 1 M perchloric acid electrolyte. The golden
line with the label “Au reference” shows the fit to the polished gold in
1 M perchloric acid electrode from Fig. 2. Fits of the equivalent circuit
from Fig. 1A are displayed as solid lines. (A) Impedance magnitude.
(B) Impedance phase angle. (C) Capacitance dispersion.
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electrode leads to rougher surfaces than that of gold. The
polished surface of the glassy carbon plate has cracks, pits,
and craters, as shown with scanning electron microscopy
images in the ESLft (iii) The type 1 glassy carbon electrode
shows more cracks, pits, and craters than the glassy carbon type
2 electrode. (iv) The graphite plate consists of a pressed
structure of graphite particles. The cracks and holes in this
structure lead to significant electrolyte uptake that increases
the specimen’s weight by approximately 5% (derived from the
dry and wetted weight).

The value of C_,5- of the rough gold surface is approximately
2.1-times larger than that of the polished gold electrode
(Table 1), which can be attributed to its larger surface area. In
Table 1, the polished gold electrode shows an CPE-exponent 7,
of 0.92, while it is 0.8 for the rough gold electrode. The higher
the value of the exponent, the more capacitive is the DL
response and the flatter (eqn (3) and (4)) is the slope in the
capacitance dispersion Cgs(f). The detailed physical origin of
the significant different values of the exponents of the rough
and polished gold electrode is beyond the scope of this article
but may be attributable to stray fields at the rough interface
that increase the Ohmic proportion of the DL response.

The glassy carbon type 1 electrode shows larger capacitance
values than that of the glassy carbon type 2 electrode in Fig. 3C,
which is attributed to more holes and cracks at the surface.
These morphology features are in the following denoted as
microstructures. Towards low frequencies, the phase angles of
the glassy carbon electrodes increase in a larger extent than the
expectation from the fit (described by eqn (3) and (4)). Unlike
the gold electrode, this low-frequency increase of the phase
angle cannot be related to the oxygen reduction reaction as
their impedance spectra are equal in nitrogen and oxygen
purged perchloric acid electrolyte (graphed in the ESIT). Accord-
ingly, in acidic media the oxygen reduction reaction is not
significantly catalysed on glassy carbon at 0.5 V vs. RHE.

The capacitive currents are resistively damped in the micro-
structures. In the second part of this study,”" this phenomena
is explained with equivalent circuit models. Qualitatively, the
frequency dependence of the resistively damped currents can
be explained as follows: towards lower frequencies the impe-
dance magnitude increases for which the magnitude of the
current decreases (Ohm’s law). This current decrease causes
smaller Ohmic voltage drops, so that the resistive damping of
capacitive currents in microstructures is reduced towards lower
frequencies. As a result, cracks and pores increasingly contrib-
uted to the capacitance dispersion towards lower frequencies.
For instance, the capacitance of the type 1 glassy carbon
electrode is at the relaxation frequency 1.1-times times larger
than that of the type 2 glassy carbon electrode. At 1 Hz, this
ratio increases to a factor of 1.7, as more of the microstructures
contribute to the measured capacitance.

The more the capacitive currents are resistively damped in
microstructures, the lower becomes the value of ng. The
response of glassy carbon type 1 electrode is with nge = 0.84
significantly more resistive than that of the glassy carbon type 2
electrode with ng. = 0.9. Weakly conducting structures such as
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the electrolyte in pores and cracks are often described by CPEs
that account for the transmission line character of electrolyte
channels.”””*®" Towards increasing hole-depth and longer
transmission lines the response becomes more resistive, as
examined in detail in the second part of this article.”*

The graphite plate shows an approximately 190 times larger
value for C_,5- than that of the polished gold electrode, show-
ing that the electrolyte uptake of the graphite plate significantly
increases the ECSA. Like the type 1 glassy carbon specimen, the
graphite plate shows a prominent increase of the capacitance
below 1 Hz, which is attributed to capacitances of resistively
damped microstructures. The surface area of the graphite plate
(length & width 2.5 cm, thickness 1.25 cm) is determined
by with reference to the gas adsorption measurements to
42300 cm?, whereas the polished gold electrode has an esti-
mated surface area of 1 cm®. Hence, the 190 times larger value
for C_45- does not correlate linearly with the difference in the
surface areas. Most of the capacitive contributions of the
microstructure in the graphite plate are resistively damped
and thus do not significantly contribute to the capacitance
dispersion. The CPE exponent of ng, = 0.8 in combination with
the increasing capacitance towards low frequencies underline
the resistive contribution of the microstructure to the DL
response. The bypass current of lyypassps = 12.5 LA of the
graphite plate indicates a significant amount of side reactions
insides it structures with an unknown physicochemical origin.
However, in relation to its surface area of 42300 cm?, the
bypass currents are even smaller than that of the gold electrode
in nitrogen purged 1 M perchloric acid.

The similar CPE-parameterization of conductivity limiting
microstructures and diffusion limited charge transfer reactions
both shift the DL response to a more resistive regime towards
lower frequencies. Hence, the effect of both contributions to
impedance spectra are difficult to distinguish. As a result, the
drastic capacitance increase of the graphite plate towards low
frequencies cannot be unambiguously assigned to conductivity
limiting structures or side reactions.

Porous carbon fleece electrodes

Like the graphite plate with electrolyte-flooded cracks and
pores, flooded porous electrodes have a three-dimensional
structure of electrolyte channels and the electron conducting
carbon phase. However, unlike the narrow channels with weak
ion conduction in the cracks and pinholes of the above dis-
cussed electrodes, the porous carbon fleece structures exam-
ined in the following have wide electrolyte channels that supply
low resistivity for the ion conduction. PTFE coatings are applied
in many commercially available porous carbon structures for
gas diffusion electrodes, which hinder the wetting of the
electrode. Moreover, polymer coatings affect the electrodes
capacitance in a similar fashion as oxide layers by an additional
serial capacitance.>® To avoid the contribution of such surface
layers in between the electron conduction phase and the
electrolyte, the uncoated and commercially available Freuden-
berg E35 carbon felt is examined as a model system for porous
carbon electrodes.
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Fig. 4 Measured impedance spectra and capacitance dispersions
(scatters) of four stacked Freudenberg E35 carbon fleeces (denoted as
"4xE35") in nitrogen purged perchloric acid with concentrations of 10 mM,
100 mM, and 1 M. The solid lines represent fits of the equivalent circuit
from Fig. 1A to the measurements. (A) Impedance magnitude. (B) Impe-
dance phase angle. (C) Capacitance dispersion.

Fig. 4 shows the impedance data and capacitance dispersion
of four stacked Freudenberg E35 carbon felts (denoted as
“4xE35”) in 10 mM, 100 mM, and 1 M perchloric acid.
Table 1 shows that the values of C_,5- are comparable despite
the different electrolyte concentration, while the value of f ;5
changes approximately linearly with the electrolyte concen-
tration. A detailed analysis of a variation of the electrolyte
concentration at the polished gold electrode is reported in
literature® and showed similar trends. Unlike the glassy carbon
and graphite plate electrodes, the capacitance dispersions of
the stacked Freudenberg E35 carbon felts do not show distinct
deviations from the fits of the equivalent circuit in Fig. 1A
below the individual values of f_,5-, respectively. Hence, in this
low-frequency regime, these electrodes neither show effects of
charge transfer reactions nor resistive damping of capacitive
currents.

At higher frequencies than the individual f_ 45, the distribu-
tions of the resistances in the porous structures undergo a
relaxation process, which results to significant deviations from
the plotted fits (see second part for details). The resistances
R, sic obtained from the fits (95, 15, and 2.2 Q) do not exactly
match the values for the high-frequency resistance of
the impedance spectra (66, 10, and 1.9 Q) in the 10 mM,
100 mM, and 1 M perchloric acid. The resistance of the fit
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partly accounts for the relaxation in the porous structure,
representing a mean electrolyte resistance between the porous
electrode and the reference electrode (see second part for a
detailed model and discussion).>® In contrast, the high-
frequency resistance is associated to the closest distance
between the porous layer and the reference electrode, to which
the pores do not significantly contribute.

Comparing capacitance values: specific capacitances

The aim of the following evaluation is to relate capacitance
values to surface areas. The surface areas of the carbon fleeces
and the graphite plate were measured by gas adsorption,
whereas the surface area of the gold electrode was estimated
based on the expected surface roughness of the polishing
procedure (see above) with an accordingly high error. Fig. 5A
shows the ratios of capacitances over surface areas, with
capacitance values determined at f 45, 0.01 Hz, 1 Hz, and

A) i
o 8 e 3.7 yF/cm
-
== 0.01 Hz
101 == 1Hz
. = 100 Hz
€ 8
o
Py
26
<
<
[®)
4
2
Specimen Au 4xE35  4xE35 PAN Graphite plate
Electrolyte M 1M 10 mM 1M 1M
foase 21.6 kHz 343 Hz 1.0Hz 6.1Hz 71.7 Hz
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80001 , Ex0gE35 1M HCIO.
e 4xE35 electrolyte variation
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w
&
4000
(@]
20001 Z
0
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Fig. 5 (A) Ratio of capacitances over surface areas for the polished gold
electrode, the four stacked Freudenberg E35 carbon fleeces, the PAN
fleece, and the graphite plate in nitrogen purged perchloric acid electro-
lyte. The capacitances for the ratios were determined at f_4s-, 0.01 Hz,
1 Hz, and 100 Hz. The errors describe the measurement error of the
surface area. The horizontal dotted line represents a guide to the eye with
a reference value of 3.7 uF cm~2. The value of the C/A for the gold
electrode at 0.01 Hz is with 18.8 uF cm™2 outside of the y-axis limit of this
plot. (B) Capacitance C_45- from impedance data as a function of the
surface area for the polished gold plate, different amount of Freudenberg
E20 and E35 fleeces in 1 M perchloric acid, the data from Fig. 4 with the
electrolyte variation, and the PAN fleece.
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100 Hz for five different specimens: (i) the polished gold
specimen in 1 M perchloric acid. (ii) The Freudenberg carbon
fleece in 10 mM perchloric acid. (iii) The Freudenberg
carbon fleece in 1 M perchloric acid. (iv) The pyrolyzed PAN
carbon fleece in 1 M perchloric acid. (v) The graphite plate in
1 M perchloric acid. The frequencies f 45- (at a phase angle of
—45°) serve as a measure for the relaxation frequencies f;, with
respect to the in Table 1 presented similarities of both values
and the discussion in the “Theory section”.

In the following, the discussion focusses on the data of gold
electrode and the carbon fleeces, the measurements of the
graphite plate are discussed afterwards. Fig. 3C and 5A show
that the values of the capacitance dispersion Cgis for the
stacked carbon fleeces lead between 0.01 and 1 Hz to similar
values of the capacitance. Hence, in a certain set of parameters,
the frequency dispersion of the capacitance can lead to an
almost negligible effect on the ratios of capacitances over
surface areas. Similar observations are also reported in the
literature,*®**! which showed linear relations for the capaci-
tance of porous carbon electrodes as a function their BET
surface areas by using the same probing frequency. However,
also a capacitance limit for porous electrodes was reported,*®
which contradict the previous references and our findings.
Maybe this reported observation is attributable to a resistively
saturated capacitive current at a probing frequency that is
higher than the relaxation frequency. Fig. 5A also shows, that
none of the graphed static frequencies (0.01, 1, and 100 Hz)
leads to an simultaneous agreement of the ratios of capacitance
over surface area for the gold electrode and the carbon fleeces.
However, for these specimens the ratios agree within the error
bars when f_45- is used as a variable probing frequency. The
surface area estimation by gas adsorption is most reliable for
the PAN specimen (see ESIt), as this has the highest surface
area per weight. For this specimen, the ratio of C_,5- over the
surface area equals 3.7 uF cm ™2, which is in the following used
as a reference for the specific capacitance C‘spec.

All examined electrodes show the same trend: higher fre-
quencies than f 45- lead to smaller capacitance values than
C_,45+, while lower frequencies than f- ;5 lead to higher capaci-
tance values than C_,5-. These relations are attributable to the
intrinsic capacitance dispersion (eqn (3)). In addition, the
resistive damping of capacitive currents in the pores (see model
in the second part of this study) amplifies this effect.>® Per
definition, the contributions of resistive and capacitive to the
DL response are equal at f45-. As a result, the capacitances at
the individual f 45 are affected by similar conditions for the
ion displacement in the DL. As a result, the ratios of capaci-
tance over surface area become comparable even for electrodes
with orders of magnitude different surface areas (~1 cm” for
the polished gold electrode and ~2000 cm?® for the PAN carbon
fleece electrode). In Fig. 2C, the capacitance dispersion of the
gold electrode in oxygen purged 1 M perchloric acid electrolyte
reached values in the milli-Farad regime towards low frequen-
cies, whereas the value of C_,5- (see Table 1 for comparison) is
equal to that in the nitrogen purged 1 M perchloric acid
electrolyte. Hence, as parasitic reactions mainly influence the
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low-frequency regime, they do not necessarily need to falsify the
ECSA estimation by C_,5- in the high-frequency regime. Hence,
f-45> seems a reasonable choice as the probing frequency to
determine a capacitance-metric to estimate ECSAs. With this
capacitance-metric, the specific capacitance is determined to
C’spec =3.7 uF cm > for the gold electrode and all carbon fleeces.

In Fig. 5A, the ratios of capacitances over surface area of the
graphite plate are significantly lower than 3.7 pF cm 2. Unlike
the other specimen in Fig. 5, the response of the graphite plate
is affected by resistively damped capacitive currents caused by
its microstructure. Table 1 shows that the ratio of the capaci-
tance over surface area (determined with the value of C_,5-) of
the graphite plate is 0.2 pF cm 2. At the lowest measured
frequency of 0.01 Hz, the ratio of capacitance to surface area
of the graphite plate is 1.6 pF cm ™%, which comes closer to the
above introduced reference value of 3.7 uF cm 2. Towards
higher frequencies the resistive damping of the capacitive
currents increases (see discussion above), for which f 45 in
the high-frequency regime does not represent a reasonable
choice to determine a capacitance value. Hence, the proposed
capacitance-metric in terms of C_,5- is not a reasonable choice
for an ECSA-estimation of an electrode with resistively damped
capacitive currents. However, at lower frequencies, the capaci-
tance dispersion may be affected by the high amount of bypass
currents. Hence, the ECSA of the graphite plate cannot be
reliably determined from capacitance measurements.

Fig. 5B shows measured values for C_,5- as a function of
surface areas, including the data of the gold plate from Fig. 54,
the carbon fleeces from Fig. 5A, and a variation of the amount
of stacked Freudenberg E35 and E20 carbon fleeces in 1 M
perchloric acid. In this depiction, the specific capacitance Cypec
equals the slope. The mean slopes of these specimens are
approximately equal to the previously stated reference value
of C’Spec =3.7 uF cm ™2, confirming a linear relation of C_,5- and
surface area. In the literature, the electronic structure of the
electrode is reported to affect the DL capacitance.®>®” Such
dependencies are expected mainly at low electrolyte molarities
and with the used 1 M perchloric acid electrolyte a significant
impact of the different electronic structures of the gold and
carbon electrode on the current response could not be observed.

To summarize, a linear relation of the capacitance-metric
C_,5- and surface areas was established for the polished gold
electrode and the porous carbon fleeces. From this relation, a
specific capacitance of C’Spec = 3.7 uF cm ™2 was derived. It was
not possible to establish a linear relation of capacitance and
surface for the electrodes that show resistively damped capaci-
tive currents in microstructures, i.e. the glassy carbon and
graphite plate electrodes.

CV and impedance

Thus far, the physicochemical mechanisms of the DL on plane
and porous electrodes have been discussed with EIS data. EIS
and CV both are probing the current response to a potential
variation. The aim of the following discussion is to show
similarities and differences of the capacitances extracted from
both measurement methods. With CV, the current responses
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are measured in the time domain, whereas EIS measures the
response in the frequency domain. The CPE-based ECM for the
DL can be transformed from the frequency domain into the
time domain or vice versa,>>">7°®7! as discussed in the second
part of this study in more detail.>* The maximum frequency
that is obtainable during CV is limited by the smallest possible
amplitude and the highest possible scan rate of the used
potentiostat, as visualized in Fig. 1B. For the used potentiostat,
CVs with amplitudes lower than 10 mV and scan rates higher as
1V s ! were of poor quality, for which these values determine
the highest possible CV-frequency of 50 Hz.

In Fig. 6A, the capacitance values extracted from the EIS and
CV data for the polished gold electrode in contact with the
oxygen enriched electrolyte are compared as a function of
frequency. In this system, the oxygen reduction contributes
to the current response and the determined capacitances.
Moreover, the capacitances of the stack of Freudenberg carbon
fleeces in 100 mM perchloric acid electrolyte are shown.
The maximum frequency accessible via CV (50 Hz) is about
500-times lower than the relaxation frequency (f_45-) of the
polished gold specimen of approximately 22 kHz. For the gold
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10734
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O 104
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Fig. 6 (A) Capacitance dispersion of the polished gold electrode in

oxygen purged 1 M perchloric acid and the four stacked Freudenberg
E35 carbon fleeces in 100 mM nitrogen purged perchloric acid. Impedance
data (solid lines) and CV data with amplitudes of 10 mV (“x"-symbols) and
50 mV (“+"-symbols) obtained with scan rates from 0.01 to 1 V s~ The
dots represent the capacitances C_4s- at f_4s5-. (B) CV data on the four
stacked Freudenberg E35 carbon fleeces in 100 mM nitrogen purged
perchloric acid at an amplitude of 50 mV under scan rate variation. The
CV current is divided by the scan rate to obtain comparable currents in the
dimension of a capacitance.
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electrode, EIS and CV show similar capacitances in their over-
lapping frequency range. The frequencies below 50 Hz showed
in Fig. 5A an overestimation of the capacitances of polished
gold electrode with EIS, which consequently also applies to the
CV data.

In the impedance data, the contribution of charge transfer
by oxygen reduction leads to a decrease of the phase angle in
Fig. 2. Differences between the CPE-type contributions of con-
ductivity limited capacitance and diffusion limited oxygen
reduction were above discussed to lead to similar contributions
to the impedance spectra. An analysis of potentiostatic bypass
current Ipyp.s ps (S€€ above) helps to estimate the contributions
of the oxygen reduction to the capacitance dispersion. During
CV, the bypass current I,ypass,cv can be directly measured by the
mean current during a scan. Besides the bypass current, the
oxygen reduction also affects the amplitude of the current
response during CV and eventually the extracted capacitance
in the same manner as during EIS, leading to the comparable
capacitances in Fig. 6. The oxygen reduction reaction is
potential dependent, for which the voltage perturbation also
changes the charge transfer, which is in CV often misinter-
preted as capacitive current.

In Fig. 6A, the capacitances determined from CV and EIS
data of the four stacked carbon fleeces in 100 mM perchloric
acid reasonably agree below the relaxation frequency of
approximately 6 Hz. However, above the relaxation frequency,
the capacitances derived from the CV data decay drastically
faster than that of the EIS data towards higher frequencies.
To understand this difference, the related CV data is graphed in
Fig. 6B. The current of the CV data is normalized to the scan
rate, resulting in the dimension of a capacitance, which allows
to compare the multiple orders of magnitude different currents
that result from a scan rate variation.>® Moreover, this depic-
tion of the CV data allows to read out the capacitance values
directly from the graph. The relaxation frequency in the EIS
data for this specimen is 6 Hz, which corresponds to a scan rate
of 0.62 V s~" at an amplitude of 50 mV. The graphed CV data
with scan rates of 0.2 V s~' shows already resistive damping,
whereas at 0.5 V s ' the resistive contributions reduce
the capacitance extracted from the CV by 22.5% compared to
0.1 V s, Resistive contributions and the intrinsic frequency
dispersion of the DL are difficult to distinguish in the CV data.
In contrast, the phase angle in EIS allows to separately analyze
resistive and capacitive contributions. Moreover, another
advantage of EIS is that the relaxation frequency can be easily
estimated by f_45-, which is not straightforward for the mea-
sured CV data.

To summarize, EIS shows in comparison to CV the following
advantages: (i) EIS comes with a broader frequency range.
Especially polished electrodes with low surface areas require
the high-frequency range of EIS to characterize the relaxation
behaviour at several kHz. (ii) EIS provides the phase angle as an
indicator for the resistive contributions to the response, which
allows to estimate the relaxation frequency. (iii) The impedance
calculus provided an easy fitting procedure to the data, whereas
CV modelling and data fitting is more advanced.*® However, CV
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is a method of choice to examine whether potential dependen-
cies affect the DL response.>**® Moreover, in CV the current
offset allows to directly estimate bypass currents such as
that of the oxygen reduction in relation to the capacitive cur-
rents. Hence, both methods are complementary. Depending on
the examined specimen, both measurement methods should be
considered to ensure the precision of the estimated capacitance.

Oxides and pseudocapacitances

Thus far, the capacitance of carbon and gold electrodes have
been examined, providing oxide free and chemically inert
surfaces in the considered potential range up to 0.6 V vs.
RHE. However, most metallic electrodes in aqueous electrolytes
form distinct oxide layers or even porous oxide structures.
Metal oxides are typically semiconducting or insulating, IrO,
and RuO, both display extraordinary exceptions with metallic
conductivities.”> Non-conducting surface oxides can be
described by a capacitance which is connected in series to that
of the DL.”® Such serial connection of an oxide layer with a
capacitance Coyiqe and capacitance Cpy, for the DL lead to a total
capacitance Ciotq Of:

1 1
Ctolal Coxide CDL

(10)

Hence, the total capacitance of two serial capacitances is always
lower than that of the individual ones. However, this ECM is an
oversimplification, as the DL shows a CPE characteristic and
oxide layers leakage current, which is considered in the second
part of this study in more detail.”* Hence, the serial resistance of
two capacitances described by eqn (10) shall here rather qualita-
tively describe that non-conducting oxide layers are expected to
decrease the measured capacitances at the electrodes.

In the following, the capacitance will be discussed under the
potential-driven formation of surface oxides. Polished tita-
nium, ruthenium, and platinum electrodes were examined in
nitrogen purged 1 M perchloric acid. In addition, a polished
nickel electrode was examined in nitrogen purged 1 M sodium
hydroxide electrolyte. All these metals are harder than gold, for
which the same polishing procedure is expected to result in
higher surface roughness. Fig. 7 shows the capacitance values
of C_,5- obtained via EIS as a function of the electrode potential
with the procedure discussed in the ‘“Experimental section”.
In brief, the freshly polished species were mounted into the
electrochemical cell, exposed to the electrolyte, and a potential
of 0.1 V was applied. A potential variation with three cycles in
sequence has been performed, starting at 0.1 V vs. RHE with an
incremental potential increase of 0.1 V until a potential of 1.3 V
for ruthenium or 1.5 V for titanium, platinum, and the nickel
electrode was reached. The maximum voltage at the ruthenium
specimen is smaller to avoid excessive oxygen evolution. The
procedure of the stepwise potential increase in combination
with EIS measurements is in the following defined as
“potential-increase-ramp”. The impedance spectra of these
measurement are presented and discussed in the ESIf and
further evaluated in the second part of this study.>" Moreover,
potentiostatic bypass currents for the presented data are also
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Fig. 7 Capacitances C_45- of the polished titanium (A), ruthenium (B),
platinum (C), and nickel electrode (D) obtained with the “potential-
increase-ramps” (ramp starting at 0.1 V vs. RHE with stepwise potential
increase by 0.1 V. For each step one impedance spectrum was recorded).
Three of these potential-increase-ramps were conducted in series on the
same electrode without intermediate polishing.

discussed in the ESL.{ For the polished gold electrode in 1 M
perchloric acid, a similar potential increase ramp is reported,’
which showed negligible influence of the potential on the value
of C_,5e.

Fig. 7A shows the capacitances of the polished titanium
specimen for three repetitions of the potential-increase-ramp.
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The capacitance increases during first potential step from
16.2 uF cm ™2 at 0.1 V to 18.5 uF cm™ > at 0.2 V. Towards higher
potential it decreases, ending at a capacitance of 5.9 uF cm ™2 at
an applied potential of 1.5 V. Despite the porous oxide layers on
titanium are expected to significantly increase the ECSA with
the ongoing oxidation towards higher electrode potentials, the
determined capacitance drops. This contradictionary relation
can be attributed to the effect of surface oxides on the capaci-
tance in terms of eqn (10). In the beginning of the second
potential-increase-ramp, the capacitance increases back to
12.8 uF at 0.1 V, which is however 21% lower than that of the
previous potential-increase-ramp. Once oxidized, titanium
dioxide is formed on the surface,”*”> which cannot be electro-
chemically reduced by the applied potentials, for which the
oxide layers on titanium can only grow and not decline. Hence,
the capacitances of the second potential-increase-ramp remain
smaller than those during the first potential increase ramp. The
third potential-increase-ramp leads to similar capacitances as
those of the second potential-increase-ramp.

The titanium dioxide oxide layer is semiconducting.
interacts with the electronic structure of the metal substrate
and the electrolyte. These interactions between the semicon-
ductor and electrolyte’”””® may also influence the charge dis-
tribution in the solid and electrolytic phase. Thus, the
capacitance-ECSA relation of the well conducting metal and
carbon surfaces cannot be directly transferred to electrodes
covered with weakly conducting oxides.

Fig. 7B shows the capacitances of the ruthenium specimen
examined with the potential-increase-ramps. During the first
potential-increase-ramp the capacitances steadily increase from
approximately 9.7 pF at 0.1 V to 94 pF at 1.3 V. Ruthenium is
expected to grow an electrochemically formed porous oxide
layer with increasing electrode potential.”>*® As ruthenium
oxide is characterized by a metallic conductivity,”* the above
gained understanding of the physicochemical mechanisms of
the DL dynamics from gold and carbon electrodes are applic-
able. The entire surface area of this conductive hydrous and
porous oxide layer is expected to contribute to the measured
capacitance, whereas conductivity limiting contributions to the
DL (such as that of the graphite plate) due to the nano-porosity
in the formed electrochemical oxide cannot be observed in the
impedance spectra (see ESIT).

In the beginning of the second potential-increase-ramp on
the ruthenium electrode, the capacitance drops back to approxi-
mately 38 uF. The surface oxide of the noble metal may be partly
reduced, by which some of the material is expected to dissolve,
other may rearrange in a more packed form than that in the
porous oxide layer.®' As a result, the ECSA and capacitance
decrease by going from 1.3 V back to 0.1 V. During the second
ramp, the capacitance increases from 0.2 to 0.8 V, where it forms
a plateau until 1 V is reached. Towards higher potentials the
capacitance further increases. The detailed physicochemical
mechanisms of this potential dependence of the capacitance
are beyond the scope of this study and may be an interesting
topic for future works. The third potential-increase-ramp leads to
similar results as that of the second potential-increase-ramp but

75,76 1t
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with higher capacitances, which is attributed to the further
growth of the porous oxide layer.

Fig. 7C shows the results on the platinum electrode, for
which the measured capacitances are graphed in a semi-
logarithmic plot (to make the distinct potential dependent
changes better visible). The hydrogen adsorption on platinum
displays a pseudo-capacitance, which is in the literature attrib-
uted to the interaction of the DL and an instantons charge
transfer.>* Hydrogen adsorption is discussed to occur up to a
potential of 0.4 V.** Above 0.6 V, oxygen adsorption on Pt is
reported,”® however, the more sluggish kinetics than that of the
hydrogen adsorption on platinum are discussed in the
literature®® to just partially contribute to the pseudo-
capacitance. As a result, the hydrogen adsorption manifests
more distinct in the measured capacitances in Fig. 3C than that
at of the oxygen adsorption.

During the first potential-increase-ramp at the platinum
electrode, the capacitance drops from to 210 pF at 0.1 V to
15.3 puF at 0.5 V. The second potential-increase-ramp starts with
a capacitance of approx. 540 pF at 0.1 V, which is 2.6-times
higher than that of the previous potential-increase-ramp. The
oxide formation on platinum and the subsequent reduction at
0.1 V increased its surface area in agreement to literature
data.**** This increase of the capacitance of the second
potential-increase-ramp remains up 0.9 V. Above 1 V, the
capacitances of the first and second potential-increase-ramp
are equal. In the beginning of the third potential-increase-ramp
the measured capacitance shows 750 pF at 0.1 V vs. RHE, which
is attribute to a further ECSA increase. Above 1 V, the capaci-
tances of the third potential-increase-ramp are smaller than
that of the second and first potential-increase-ramp, although a
higher surface area is expected. Like the titanium specimen, the
formation of weakly conducting platinum oxide may affect the
DL response and reduce the measured capacitance.

Fig. 7D shows the capacitances of a freshly polished nickel
electrode in 1 M sodium hydroxide. Like the titanium electrode,
a porous oxide might be formed prior to the measurement. Of
the four oxide systems discussed, nickel displays the most
complex system, as the capacitances are affected by the differ-
ently conducting oxides (hydroxide and oxyhydroxide) and their
transition.®>®® In the first potential-increase-ramp of the nickel
electrode, the capacitance drops from 25 pF at 0.1 V to 10.5 pF
at 0.8 V, which might be attributable to a growth of a hydroxide
layer. This semiconducting®® hydroxide coverage is expected
to increase the ECSA. However, like the titanium electrode, this
oxide-coverage reduces the capacitance. This drop of the capa-
citance was also previously reported in the literature”® and
correlated with an XRD characterization of the surface film.
Towards higher potentials the capacitance increases. At 1.4V a
significant increase of the capacitance due to the formation of
oxyhydroxides is observable,®* which show higher conductivity
as that of the hydroxides.®*** In addition, the oxide transition
itself is expected to contribute with its potential dependence to
the capacitance, boosting it values up to 412 pF for the plane
specimen. During the second and third potential-increase-
ramp, the capacitances are almost equal and show significant
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lower values at potentials between 0.1 V and 0.8 V in compar-
ison to the first potential-increase-ramp. A thicker hydroxide
coverage may decrease the electrode’s capactiance. Above 0.9 V,
the second and third potential-increase-ramp led to higher
capacitances than that of the first potential-increase-ramp,
which may be attributable to larger ECSAs resulting from the
oxide transitions and the higher conductivity of oxyhydroxide
than that of hydroxide.

The oxide layers grown on the four different metals dis-
cussed above complicate the ESCA estimation via capacitance
measurements. Ruthenium displays an exception due to the
metallic conductivity of its oxide that may make the reference
value (CspeC = 3.7 uF cm ™ ?) applicable to estimate the ECSA via
eqn (9). However, whether the observed increase of the capaci-
tance fully resolves the ECSA increase by the formed porous
oxide remains a question for further research. In the case of the
other metal electrodes examined, the oxidation led to a
decrease of the capacitance, which is contrary to the expected
increase of the ECSA by the formation of porous oxide layers.
This decrease of the capacitance can be qualitatively explained
by a serial connection of capacitors that represent the oxide
layer and the double layer (see eqn (10)), respectively. Jung
et al.*’ reported that RuO, and IrO, nanoparticles show an
approximately linear relation of BET surface areas and mea-
sured capacitances, which may underline the theory that their
conductance allows a reliable capacitance-based ECSA determi-
nation. In contrast, the data of Jung et al.*> reported a severe
underestimation of the capacitance-estimated ECSAs of other
metal oxide nanoparticles, which is here attributed to the above
discussed effect of weakly-conducting oxides on the measured
capacitance. In addition, pseudocapacitances at platinum and
nickel electrode further contribute to the measured capacitance
that further complicate the ECSA estimation.

Many readers will expect a guideline for the ECSA estima-
tions via capacitance measurements at the end of this article.
The presented measurements above showed that for some
electrodes C_,5- is a reliable choice to estimate ECSAs based
on measured capacitances. However, in each individual case it
must be thoroughly validated whether the DL response is
affected by resistively damped capacitive currents in micro-
structures, parasitic reactions, and/or the contributions of
oxides layers. In these cases, the ECSA estimations based on
capacitance measurements can be by orders of magnitudes
misleading. Supplying a simple guideline is prone to misuse
and will be a further component that exacerbate the current
reproducibility crisis in science.®® To use ECSA determination a
detailed understanding of the above discussed pitfalls and
methods is necessary, which we aimed to provide by this
detailed scientific study.

Conclusions

In this study, capacitances extracted from electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV)
measurements on a variety of plane and porous electrodes were
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related to their surface areas, respectively. Capacitance disper-
sions (capacitive contributions to the impedance as a function of
frequency) were calculated directly from EIS data. At the relaxation
frequency of the EIS data, specific capacitances of approximately
3.7 uF cm™ > were measured for the polished gold electrode and
porous carbon fleeces in perchloric acid, respectively. In direct
comparison to CV, EIS showed the advantages of a broader
frequency range, an easier fitting procedure of equivalent circuits,
and the phase angle as a measure to determine the relaxation
frequency. In pores, resistive damping of capacitive currents was
discussed to introduce additional frequency dependencies to the
capacitance dispersion. Moreover, charge transfer reactions and
semi-conducting or insulating oxides were discussed to compli-
cate the ECSA determination. With respect to these pitfalls and
limitations, reliable capacitance-based ECSA estimations were
only possible for few of the examined electrodes. In the second
part of this study, the contributions of microstructures and oxide
layers to DL responses are modelled, aiming to understand the
presented EIS and CV data in more detail.”

List of abbreviations and symbols

BET Brunauer-Emmett-Teller method

CPE Constant phase element

Ccv Cyclic voltammetry

DL Double layer

ECM Equivalent circuit model

ECSA Electrochemically active surface area

EIS Electrochemical impedance spectroscopy

A (em?) Surface area

A (cm?) ECSA estimated with CV

Afe™® (em®) ECSA estimated with EIS

C (F) Capacitance

C_45 (F) Capacitance value of Cgg at a phase angle of —45°
during the resistive-capacitive relaxation

Ccpe(f) (F) Capacitance dispersion of a CPE in impedance
spectroscopy

Cev (F) Capacitance determined by CV measurements

Capacitance determined by CV measurements at
fov=1Hz

Cgis(f) (F)  Capacitance dispersion in impedance spectroscopy
Cris@nz (F) Value of Cgs(f) at f=1 Hz

Cypec (F cm™2)

Specific capacitance (capacitance normalized to
surface area)

Cevainz (F)

f(Hz) Frequency

foase (Hz)  Frequency value at a phase angle of —45° during
the resistive-capacitive relaxation

fov (Hz) Frequency of CV as determined by eqn (8)

fr (Hz) Relaxation frequency calculated by eqn (6)

i Complex number

Tiown (A) Current at the mean potential of the down scans
of CV data

Ly (A) Current at the mean potential of the up scans of
CV data
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Ipypass,ov (A) Bypass current determined from CV data
Ipypass,ps (A) Bypass current determined from potentiostatic

measurements

n Exponent of the CPE

Tic Exponent of the CPE determined by a fit to an
impedance spectrum

Phase (°) Phase angle of the impedance

R (Q) Serial resistance of the equivalent circuit from
Fig. 1A

R e () Serial resistance determined by a fit to an impe-
dance spectrum

Uy (V) Peak-to-peak amplitude of EIS or CV measurements

|Z] (@) Impedance magnitude

Z' (Q) Imaginary part of the impedance

Zcpe (Q) Impedance of a CPE

v(vs™ Scan rate in CV

T Pi

£ (QHz")  Prefactor CPE

e (Q HZ")  Prefactor CPE determined by a fit to an impe-
dance spectrum

Tre (8) Time constant describing the charge decay in an

RC-circuit that is proportional to exp(—t/trc)
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