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A B S T R A C T

Distribution of relaxation times (DRT) is a valuable analytical tool to identify and quantify individual contri
butions in electrochemical impedance spectroscopy (EIS) data. This study introduces the DRT method for 
rotating disk electrode (RDE) measurements using the example of the oxygen reduction reaction (ORR) in 
alkaline media. A comprehensive peak assignment is presented based on the variation of different parameters, 
such as the oxygen saturation level in the electrolyte, the rotation rate, and the current density. Two prominent 
peaks in the low-frequency area are attributed to the oxygen mass transport and the charge transfer of the ORR. 
Additionally, three minor high-frequency peaks are identified. This assignment may serve as a reference for other 
researchers who intend to employ DRT for the RDE, regardless of the investigated reaction. Furthermore, a direct 
correlation between the Koutecký-Levich evaluation and the DRT analysis is demonstrated, indicating that DRT 
can be used similarly to the Koutecký-Levich analysis to extract kinetic information. This enables the possibility 
of performing and evaluating long-term in-situ steady-state measurements where the conventional Koutecký- 
Levich analysis is not applicable.

1. Introduction

Distribution of Relaxation Times (DRT) analysis is a tool for evalu
ating electrochemical impedance spectroscopy (EIS) data. In recent 
years, there has been a notable increase in the number of publications on 
this topic [1]. DRT analysis has been employed in a variety of studies, 
spanning different fields like low-temperature [2,3] and 
high-temperature polymer electrolyte membrane fuel cells (PEMFC) [4,
5], electrochemical hydrogen pumps [6], electrolyzers [7], and diverse 
battery types [1,8–10].

DRT analysis is a complementary method to equivalent circuit 
modeling. The advantage of this approach is that no a priori knowledge 
of the system is required [11,12]. The DRT model consists of a series of 
RC elements and a single ohmic resistance and can be expressed as a 
linear mathematical equation [13]. When applied to EIS data, the 
equation can be solved by software based on the relatively straightfor
ward quadratic optimization problem in a few milliseconds [14]. 
However, a regularization method is required since calculating the DRT 
from experimental data is an ill-posed problem [15]. The regularization 
parameter is a crucial parameter for the DRT and should be chosen as 

small as possible to achieve a high resolution and as high as required to 
avoid false peaks [16]. The result of a DRT transformation is a so-called 
DRT plot, which visualizes single processes as peaks in the corre
sponding time domains. In this plot, each peak corresponds to a specific 
physicochemical process occurring within the investigated system. The 
y-axis g(f) describes the impedance distribution over the respective 
frequency. The position of each peak represents the time scale of the 
process, while the peak area corresponds to the impedance of the pro
cess. The processes associated with each peak are unknown in a system 
where DRT analysis is employed for the first time. A typical approach to 
identify the corresponding processes is to modify individual parameters 
and observe the impact on the peaks in the DRT plot [4].

In this work, we introduce the application of the DRT analysis to the 
rotating disk electrode (RDE). The RDE is a versatile and widely utilized 
method to study a catalyst’s activity and durability [17,18]. One of the 
major fields of investigation is the study of catalysts for the oxygen 
reduction reaction (ORR) [19–21]. However, the RDE is also used for the 
analysis of catalysts for many other reactions, including the hydrogen 
oxidation [22,23] and evolution reaction [24], the oxygen evolution 
reaction [25], and the CO2 reduction reaction [26]. This study 
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introduces EIS in combination with DRT analysis for the RDE by 
examining the ORR in alkaline media. Its objective is to serve as a 
guideline for other researchers who may want to implement DRT in their 
own RDE-based studies.

RDE data, which are mathematically described by the Koutecký- 
Levich equation, can typically be subdivided into three potential re
gions: a kinetic, a mixed, and a mass transport-controlled region [27,
28]. These regions are also observed with the DRT method. Conse
quently, the presented results and the general peak assignment can be 
transferred and used as a basis for other RDE-based studies, even for 
reactions other than the ORR. Moreover, we demonstrate how the DRT 
tool can be employed as an evaluation method for extracting kinetic 
information similar to the typical KL analysis. This makes DRT analysis 
particularly interesting for experiments where the KL requirements do 
not apply.

2. Experimental

The RDE measurements were conducted with a polycrystalline Pt 
disk electrode in 0.1 M KOH at 20 ◦C. The electrolyte was prepared by 
dissolving KOH pellets (Emplura®, Merck) in ultrapure water (0.055 μS) 
from the water dispenser PURELAB®flex (Elga). For the RDE measure
ments, the Pine E3-series Pt disk electrode (0.196 cm2) was used in 
combination with the Research MSR Rotator (Pine Research Instru
mentation). The reversible hydrogen electrode (RHE) HydroFlex (Gas
katel) was employed as the reference electrode (RE), while a platinized 
platinum plate served as the counter electrode. The electrochemical cell 
used in this work is made of polypropylene with an inner volume of 250 
ml. It is closed at the top by a screw cap, which contains customized 
openings for the respective electrodes and the gas tube, to minimize the 
influence of the surrounding gas atmosphere. Nitrogen or oxygen was 
purged into the electrolyte using a PTFE gas frit (pore size: 5 μm, Boh
lender) 30 min before starting the measurement to guarantee a complete 
gas saturation of the respective gas. All electrochemical measurements 
were conducted on a Zennium potentiostat (Zahner Elektrik).

Before each experiment, the Pt disk electrode was polished with 
alumina slurry (0.05 mm, Buehler) on various Buehler polishing pads to 
achieve a mirror-smooth surface. It was then thoroughly washed and 
placed in an ultrasonic bath for 5 min.

Prior to the measurements in the oxygen-saturated electrolyte, a 
typical Pt pre-treatment was performed in the oxygen-free electrolyte. 
To achieve steady-state voltammograms, 30 cyclic voltammetry (CV) 
scans were recorded between 0.05–1.10 V at 50 mV s-1. Subsequently, 
the electrolyte was purged with oxygen. Electrochemical impedance 
spectroscopy (EIS) measurements were performed in a specific sequence 
beginning with 3 CV scans between 0.0–1.0 V at 50 mV s-1 to ensure 
identical starting conditions. This was followed by 5 min of chro
nopotentiometry, during which the same current density was applied as 
in the subsequent galvanostatic EIS measurement. The goal of this step 
was to reach a state of equilibrium. Finally, the actual EIS measurement 
was performed over the frequency range of 20 kHz to 1 Hz, with an 
amplitude of 10 μA, except for the measurement at 0.1 mA cm-2, which 
was conducted with an amplitude of 5 μA. For each measurement 
sequence, a single parameter was varied. The parameters investigated in 
this study were the oxygen saturation level in the electrolyte, the rota
tion rate, and the current density. Additionally, a measurement over 
time was carried out at a constant current density of 1.0 mA cm-2. The 
selected standard values were a rotation rate of 1600 rpm and a fully 
oxygen-saturated 0.1 M KOH electrolyte. All potentials in this work are 
given versus the RHE.

Measurements at different oxygen saturation levels were performed 
by using a gas flow controller (Brooks Instrument). The respective ox
ygen saturation value %O2 was determined by the Levich Eq. (1), which 
consists of the following variables: the limiting current IL, the number of 
transferred electrons n, the Faraday constant F, the electrode area A, the 
diffusion coefficient D, the angular rotation rate ω, the kinematic 

viscosity ν, and the concentration of the redox-active species c in the 
electrolyte. 

IL = 0.62 n F A D
2
3 ω

1
2 ν−

1
6 c (1) 

Except for the oxygen concentration c in the electrolyte, all param
eters remained constant throughout the measurement. Consequently, 
the oxygen saturation level was calculated by dividing the respective 
limiting current IL by the limiting current in a fully saturated electrolyte 
IL,sat, as illustrated in Eq. (2). 

%O2 =
c

csat
⋅100% =

IL

IL,sat
⋅100% (2) 

The kinetic current was calculated using the Koutecký-Levich Eq. (3). 
The limiting current is equivalent to the mass transport current in an 
RDE setup. 

jK =
j⋅jL

jL − j
(3) 

Before processing the impedance data, quality validation was per
formed using the Kramers-Kronig test via the LIN-KK software [29]. 
Selected results of the Kramers-Kronig test at boundary measurement 
conditions are shown in Fig. S1. In particular, impedance data measured 
at high current density and reduced current hold times demonstrate 
increased instability at lower frequencies. However, no evidence of 
systematic error or drift was observed. This confirms the system’s sta
bility during the EIS measurement. In addition, the weighted harmonics 
autocorrelation algorithm of the Zahner software was employed to 
determine the linearity of the impedance data. The significance was 
always greater than 0.990, with the majority of data points exceeding 
0.999. However, a few data points from the measurements at 0.1 and 0.2 
mA cm-2 exhibited a significance below 0.990 at low frequencies, with 
0.981 being the lowest.

The DRT transformation was conducted via the software RelaxIS 
(version 3.0.22, rhd instruments) based on the Gaussian function for the 
discretization. Additionally, the peak area and the peak position were 
determined with this program. A regularization parameter λ of 0.0001 
was chosen. To ascertain it, the sum of square residuals (SSR) between 
the measured impedance data and impedance spectra reconstructed 
from DRT was plotted against λ (see Fig. 1). A lower regularization 
parameter provides a better fit to the measured impedance data. How
ever, a value that is too small may result in the generation of artificial 
peaks in the DRT due to measurement uncertainty [2,6]. Therefore, the 
value at which the SSR does not decrease further was employed as the 
value for the regularization parameter λ.

3. Results and discussion

This study aims to introduce the DRT analysis as an analytical tool to 
separate and quantify impedance-related processes for RDE-based ex
periments. Accordingly, this section begins with a general assignment of 
the peaks in the DRT spectra. This should provide an overview of how a 
typical Nyquist plot and the corresponding DRT spectrum appear. In the 
following subsections, single parameters are varied to investigate their 
influence on the Nyquist plot and the DRT spectrum. Furthermore, the 
peak assignment is discussed in detail based on the varied parameters. 
Finally, the DRT analysis of RDE data is compared with the classical 
Koutecký-Levich analysis.

3.1. General peak assignment of the DRT spectra

Fig. 2a illustrates a typical Nyquist plot based on EIS data acquired 
with the RDE setup. The colored semicircles are reconstructed using the 
time-constant information provided by the DRT analysis to visualize the 
single impedance contributions.

The corresponding DRT plot (Fig. 2b) reveals five peaks attributed to 
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physicochemical processes occurring within the system. The assignment 
was made based on the variation of single experimental parameters. The 
peak observed at low frequencies at around 3 Hz is assigned to the mass 
transport (MT) impedance of oxygen to the electrode. The peak next to 
it, at 20 Hz, is identified as the charge transfer (CT) impedance of the 
ORR. Furthermore, three minor peaks are visible at frequencies above 50 

Hz, which remain unassigned to a specific process. These peaks are 
probably associated with one of the following processes: a fast reaction 
step of the ORR, hydroxide adsorption, or double-layer charging. 
Henceforth, these three peaks will be summarized and labeled as high- 
frequency peaks.

This study primarily focuses on the two prominent peaks, which can 

Fig. 1. a) The sum of square residuals (SSR) between the measured EIS data and the reconstruction from the DRT at different regularization parameters for all 
measurements in this work; b) enlarged visualization. Chosen regularization parameter of 10–4 is highlighted by a dashed line. Curves have the identical color used 
also later for the corresponding measurement.

Fig. 2. a) Exemplary Nyquist plot with assigned processes taken from b) the DRT analysis. EIS measurement was conducted at 1.0 mA cm-2 at 1600 rpm in a fully 
oxygen-saturated 0.1 M KOH electrolyte.

Fig. 3. a) Nyquist plot of Pt-RDE based EIS measurements performed at 0.5 mA cm-2 at 1600 rpm at different oxygen saturation levels in 0.1 M KOH; b) corre
sponding DRT plot; c) impedance contributions, and d) frequencies determined from the DRT analysis.
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be unambiguously attributed and account for over 95% of the total 
impedance observed in all experiments. The color code illustrated in 
Fig. 2 will be employed throughout this work.

The general assignment of the DRT peaks applies not only to ORR- 
based reactions but also to all other studies conducted with RDE. The 
design of the RDE system dictates that the primary impedance contri
butions are the mass transport impedance of the redox-active species 
and the charge transfer impedance associated with the occurring reac
tion. Consequently, the assignment depicted in Fig. 2b is maintained in a 
general sense, without reference to a specific reaction.

3.2. Influence of the oxygen saturation level

The first parameter being investigated is the oxygen saturation level 
in the electrolyte. The Nyquist plot in Fig. 3a indicates a significant 
impedance decrease with increasing oxygen saturation in the electro
lyte. The real part impedance at the high-frequency intercept with the x- 
axis corresponds to the ohmic resistance of the electrolyte between the 
working electrode (WE) and the RE and is not displayed in the DRT. In 
principle, it also consists of the ohmic resistances of the cables and the 
WE, but these contributions can be neglected [30]. The electrodes are 
fixed in our setup, and the temperature is kept constant. Thus, all ex
periments’ electrolyte resistance is identical and measures 8.72 ± 0.05 
Ω cm2.

As illustrated in Fig. 3b, the corresponding DRT plots exhibit two 
prominent peaks. The peak at about 3 Hz decreases sharply with 
increasing oxygen content. Therefore, it most likely correlates with ox
ygen’s mass transport (MT) to the electrode. Furthermore, in other DRT 
studies, the frequency range of 1–10 Hz has been correlated with mass 
transport processes in many different systems, including low- 
temperature and high-temperature polymer electrolyte membrane fuel 
cells (PEMFCs) [2,4], electrochemical hydrogen pumps (EHPs) [6], and 
even vanadium redox flow batteries (VRFBs) [8]. The impedance and 
the characteristic frequency obtained from the DRT peak are shown in 
Fig. 3c and d. As the DRT plot shows, the MT impedance decreases 
significantly until an oxygen saturation level of 74% is reached. Between 
74% and 100% oxygen saturation, the MT impedance declines only by 
14%. The minor reduction may be attributed to the moderate applied 
current density of 0.5 mA cm-2, which does not consume significant 
oxygen, thereby preventing an oxygen deficiency near the electrode. It 
can be assumed that the oxygen supply is already sufficient to maintain a 
constant oxygen saturation at the electrode. Notably, the characteristic 
frequency of the MT of oxygen remains almost unaffected, exhibiting 
only a slight increase from 2.35 Hz to 3.34 Hz across the entire oxygen 
saturation range. The frequency reflects the velocity or rate of the ox
ygen MT to the electrode. As all measurements at varying saturation 
levels are conducted at an identical rotation rate of 1600 rpm, the ve
locity of the oxygen MT is only minimally influenced.

The peak next to the MT peak does not display such a clear trend in 
the DRT (Fig. 3b). The process is more rapid than the MT. In other 
studies, peaks in this frequency range of 10–100 Hz have been shown to 
correlate with the charge transfer (CT) of the ORR [2,4,5,31]. Therefore, 
it is presumably connected to the CT of the ORR. Another reason is that 
the ORR is the primary process occurring in this setup. The peak height 
diminishes with elevated oxygen concentration; however, a precise 
impedance quantification of that process can only be achieved by inte
grating the peak area, summarized in Fig. 3c. Indeed, the CT impedance 
remains relatively constant when the oxygen saturation is altered. The 
decline is not uniform across the entire range, with a total reduction of 
only 23%. Although the onset potential shifts slightly to higher poten
tials with an increase in oxygen concentration (see Fig. S2), which is also 
predicted by the Nernst equation, the reaction barrier remains relatively 
constant since the measurements were taken in galvanostatic rather than 
potentiostastic conditions. However, the corresponding CT frequency in 
Fig. 3d increases significantly from 8.7 Hz to 17.2 Hz. The observed 
increase in the CT rate can only be attributed to the elevated oxygen 

content in the electrolyte, which accelerates the CT process of the ORR.
At last, three minor high-frequency peaks can be seen in the DRT plot 

(Fig. 3b). The peak adjacent to the CT peak shifts linearly from 155 Hz to 
241 Hz with a reduction in impedance from 2.79 Ω cm2 to 2.15 Ω cm2. 
This peak, therefore, exhibits a similar behavior to that of the CT peak 
and can be attributed to the ORR process. It may represent a rapid step of 
the ORR, such as the oxygen adsorption on platinum or a proton transfer 
step to form the final product. Two ORR-related peaks have also been 
identified in the DRT plots of HT-PEMFC [4]. At around 800 Hz a further 
peak is observable, exhibiting the smallest peak. It disappears at 100% 
oxygen saturation, presumably due to the convolution with the pre
ceding peak. It is not clear which specific process it may be attributed to. 
One potential assignment is hydroxide adsorption, which takes place on 
Pt in alkaline conditions [32,33]. The final peak is consistently observed 
at 3177 Hz and can be attributed to the double-layer charging. This 
process is known to occur rapidly and has already been reported to take 
place in the time domain at frequencies between 103 Hz and 104 Hz 
[34]. However, time domains can differ significantly when processes are 
examined at the macroscopic level, as is the case here, or at the 
considerably faster atomic level [35].

The combined impedance contribution of the three high-frequency 
peaks to the total impedance is <4%. Consequently, they can be 
considered a minor role in optimizing the ORR efficiency.

3.3. Influence of the rotation rate

The following parameter studied is the rotation rate. As the rotation 
rate increases, the Nyquist plot displays an increasing semicircle 
(Fig. 4a). The corresponding DRT plot in Fig. 4b provides insights into 
the impedance contributions. Four distinct peaks are identified in all 
experiments. The characteristic MT peak at low frequencies shifts to 
higher frequencies with increasing rotation rate, from 1.72 Hz to 3.94 
Hz (see Fig. 4d). An increase in rotation rate results in faster oxygen 
transport towards the electrode. The impact of the rotation rate on the 
MT frequency is significantly greater than the impact of the oxygen 
saturation levels observed in the experiments in Fig. 3. Furthermore, a 
reduction of the MT impedance with increasing rotation rate is visible in 
Fig. 4c. This observation can be attributed to the elevated local oxygen 
concentration in the vicinity of the electrode at higher rotation rates. 
Nevertheless, the decrease is relatively minor compared to the experi
ments at varied oxygen saturation levels since the electrolyte in the 
present case is already fully oxygen-saturated. Therefore, it can be 
concluded that the rotation rate affects only the local oxygen concen
tration at the electrode.

The most prominent peak, which is correlated to the CT of the ORR, 
shows an inverse trend compared to the MT (Fig. 4b). A constant in
crease in impedance is observed, accompanied by a linear decrease in 
the corresponding characteristic frequency with increasing rotation 
rates (see Fig. 4c and d). One explanation for this phenomenon is that the 
oxygen transport to the electrode is accelerated at higher rotation rates. 
However, concurrently, oxygen is also more rapidly removed from the 
electrode. This reduces the probability of oxygen adsorption on the 
electrode and the subsequent reaction to the hydroxide. In addition, 
oxygen may partially react to peroxide first, followed by a reduction to 
hydroxide. At higher rotation rates, the detachment of the formed 
peroxide is more pronounced due to the elevated shear forces [36]. The 
increase in the incomplete reaction to peroxide at higher rotation rates 
can also be responsible for the increasing charge transfer impedance and 
its decreasing frequency.

An opposite behavior was observed by Singh et al. [37], who 
analyzed a thin-film catalyst layer of Pt/C on an RDE in conjunction with 
EIS in the potentiostatic mode at varying rotation rates in 0.1 M HClO4. 
The authors observed that the Nyquist plot exhibits smaller semicircles 
with increasing rotation rates. However, the impedances are generally 
higher than those reported here, and the authors attributed the majority 
of the impedance to the external mass transport of oxygen. Additional 
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transport processes occurring within the catalyst layer can presumably 
account for their significantly higher MT impedance. To determine the 
impedance contributions, they assumed a constant CT impedance. 
However, the DRT approach in our work demonstrates that the CT 
impedance is not entirely rotation rate independent.

Two additional peaks in the high-frequency region of the DRT plot 
can be seen for all rotation rates (Fig. 4b). The peak at approximately 
300 Hz follows the same trend with regard to the impedance and fre
quency shift as the CT peak. This supports the former assignment as an 
ORR-related process. The other peak, which was previously attributed to 
the double layer charging, remains at 3177 Hz and is entirely unaffected 
by changes in rotation rate. The third peak, previously observed in the 
middle of both, has disappeared. The slight asynchrony shape of the 300 

Hz peak suggests the convolution of the peaks.

3.4. Influence of the time

In contrast to the previous experiments, which focused on the vari
ation of a single parameter, this subsection examines the evolution of the 
impedance over time at an applied current density of 1.0 mA cm-2. 
Fig. 5a displays a series of Nyquist plots over two hours. The size of the 
semicircle continuously increases over time. A significant increase in 
impedance can be especially noticed from the first measurement to the 
subsequent one. A clear outlier can be identified for the Nyquist plot 
measured after 50 min at low frequencies. This outlier was removed 
before proceeding with the DRT transformation. The DRT plot (Fig. 5b) 

Fig. 4. a) Nyquist plot of Pt-RDE based EIS measurements performed at 1.0 mA cm-2 at different rotation rates in a fully oxygen-saturated 0.1 M KOH electrolyte; b) 
corresponding DRT plot; c) impedance contributions, and d) frequencies determined from the DRT analysis.

Fig. 5. a) Nyquist plot of Pt-RDE based EIS measurements performed over time at 1 mA cm-2 and 1600 rpm in a fully oxygen-saturated 0.1 M KOH electrolyte; b) 
corresponding DRT plot; c) impedance contributions, and d) frequencies determined from the DRT analysis.

A. Rampf et al.                                                                                                                                                                                                                                  



Electrochimica Acta 514 (2025) 145583

6

reveals four peaks for each measurement.
The MT frequency declines from the first to the second measurement, 

decreasing from 3.94 Hz to 2.58 Hz (Fig. 5d). After that, it remains 
relatively stable at 2.6 Hz. We expect a constant frequency from the 
previous experiments since the rotation rate was kept constant, and a 
fully oxygen-saturated electrolyte was used. The initial decrease in fre
quency can only be attributed to changes at the electrode surface, which 
impede the oxygen MT. The potential always exceeded 0.7 V during this 
experiment. It is known that hydroxide adsorption usually takes place at 
a potential greater than 0.7 V in alkaline media [33]. Therefore, ad
sorbates at the electrode surface may be responsible for reducing the MT 
velocity to the electrode surface. This behavior could not have been 
observed in the experiments before since the adsorption of oxygenated 
species or even Pt oxidation was prevented by scanning down to low 
potentials before each experiment. This ensures equal and reproducible 
starting conditions. The corresponding MT impedance exhibits a 
2.2-fold increase in the two hours of the experiment (Fig. 5c). Never
theless, the MT impedance value of 16.6 Ω cm-2 after two hours of 
constant current is still relatively low compared to values in Fig. 3c at 
varied oxygen saturation levels. This suggests that the local oxygen 
concentration at the electrode is diminished as a consequence of the 
ORR. Yet, substantial oxygen quantities could be maintained due to the 
moderate applied current density and the constant transport of oxygen 
to the electrode.

The CT impedance gradually increased from 51.8 Ω cm-2 to 118.5 Ω 
cm-2 over the two hours. At the same time, the potential decreases from 
0.79 V to 0.73 V. The reduction in catalytic activity and the increased CT 
impedance indicate a decrease in active sites. Like the MT frequency, 
this can be attributed to hydroxide adsorption and Pt oxidation over 
time. In the literature, it is widely accepted that the coverage of oxide 
species on Pt suppresses the ORR and that this coverage is described as a 
function of potential and time [38]. Therefore, the initial decrease in MT 
frequency and the increase in CT impedance can be explained by the 
formation of a hydroxide or an oxide layer, which is a relatively fast 
process. This is also indicated by the decrease in the MT frequency in 
<10 min. However, another mechanism, the so-called “place-exchange 
conversion” to PtO2, which occurs after the first coverage of the Pt 
surface with oxide species (OHads or Oads), is a relatively slow process 
[39]. This process can already take place in the presence of oxygen at 

potentials beginning from 0.6 V [40]. Thus, this mechanism, which can 
lead to a reduction in the number of catalytically active sites, is 
responsible for the observed increase in CT impedance and decrease in 
potential over time. In contrast to the CT impedance, the MT frequency, 
which correlates with the velocity of the oxygen transport, is not 
affected since this is an internal conversion of the electrode surface. The 
corresponding CT frequency decreases during the two hours from 24.0 
Hz to 17.5 Hz (Fig. 5d). As previously mentioned, the reduction in CT 
kinetics can be attributed to the decrease in local oxygen concentration. 
In addition, the coverage with adsorbates on the electrode surface also 
hampers the ORR kinetics.

As illustrated in Fig. 5b, the peak to the right of the CT peak in the 
DRT, which was correlated with a rapid sub-step of the ORR, displays a 
similar behavior as the CT peak. Therefore, the previous assignment can 
be confirmed. The highest frequency peak previously correlated with the 
double-layer charging remains constant at 3177 Hz and shows a slight 
increase over time.

3.5. Influence of the current

The next parameter under variation is the current density. The 
Nyquist plot in Fig. 6a displays a less clear trend. As the current density 
increases, the semicircle gradually diminishes in size until a current 
density of 1.0 mA cm-2 is reached. Subsequently, the curves show an 
increase, exhibiting a two-semicircular shape. Similar trends have been 
observed in several studies that have employed the RDE in conjunction 
with EIS [37,41–43]. The respective studies were conducted in the 
potentiostatic mode and predominantly in acidic electrolytes, investi
gating a thin-film platinum-based catalyst layer. The observed decline in 
impedance with decreasing potential typically continued until around 
0.8 V vs. RHE, after which it increased again. The impedance values 
differ significantly in the aforementioned publications, which may be 
attributed to loading effects and the preparation of the thin film. Un
fortunately, not all publications provide platinum loading information 
to verify this. However, the corresponding potential in our experiment at 
a current density of 1.0 mA cm-2 is 0.8 V, which confirms that both 
potentiostatic and galvanostatic modes provide similar results and can, 
therefore, be used equally. However, the galvanostatic mode used in this 
study facilitates a more precise comparison of the impedance 

Fig. 6. a) Nyquist plot of Pt-RDE based EIS measurements performed at different current densities at 1600 rpm in a fully oxygen-saturated 0.1 M KOH electrolyte; b) 
corresponding DRT plot; c) impedance contributions, and d) frequencies determined from the DRT analysis.

A. Rampf et al.                                                                                                                                                                                                                                  



Electrochimica Acta 514 (2025) 145583

7

contributions between different catalysts with varying onset potentials.
In Fig. 6b, the DRT plot shows pronounced shifts in frequencies and 

peak height for the prominent peaks within the MT and CT region be
tween 1–100 Hz. The analysis starts with low current densities and then 
progresses to higher ones to facilitate the description. At 0.1 mA cm-2 

with a corresponding potential of 0.86 V, a prominent peak is visible at 
around 3 Hz. Although the frequency range has been previously assigned 
to MT processes, the peak here is clearly connected with the CT 
impedance of the ORR. The reaction is mainly kinetically limited at such 
low current densities, and the mass transport has a minor influence. In 
the next curve at a current of 0.2 mA cm-2, a clear shift in peak frequency 
can be seen towards higher frequencies. The shape of the peak is asyn
chronous, with contributions at lower frequencies. These contributions 
may be attributed to the MT, which is likely too small to be resolved as a 
separate peak. Two significant peaks emerge from the DRT curve 
measured at 0.5 mA cm-2, corresponding to the MT and the CT. As the 
current density increases, the size of the MT peak increases significantly. 
In contrast, the CT peak does not decrease uniformly and alters its peak 
shape in response to the applied current.

The extraction of the specific impedance contributions and corre
sponding frequencies, as summarized in Fig. 6c and d, provides greater 
clarity. The CT impedance represents the major impedance contribution 
at low currents, exhibiting a 76% reduction from 0.1 mA cm-2 to 0.5 mA 
cm-2, which corresponds to a potential decrease of 0.86 V to 0.82 V. This 
significant decline can be attributed to the increased overpotential and 
therefore reduced reaction/energy barriers. Upon further increasing the 
current, the CT impedance remains relatively constant, except in the last 
step, from 3.0 mA cm-2 to 4.0 mA cm-2, which displays a significant 
decrease of 44% to the lowest CT impedance value of 34.4 Ω cm2. It 
appears that the CT impedance, which correlates with reaction and 
energy barriers, does not exhibit a linear decay behavior with increasing 
current but rather a logarithmic one. This finding is in agreement with 
the description of the Tafel equation, derived from the Butler-Volmer 
expression, which indicates a logarithmic relationship between the 
current and the overpotential.

The corresponding CT frequency demonstrates a substantial increase 
from 3.1 Hz to 20.7 Hz at low currents (Fig. 6d), expected due to the 
increased overpotential and consequently accelerated reaction rate, as 
described in the Arrhenius equation. However, the trend reverses as the 
current increases above 1.0 mA cm-2. This observation can be attributed 
to the enhanced product formation at elevated currents, which depletes 
the local oxygen concentration at the electrode surface, thereby 
reducing the CT rate.

The MT impedance cannot be quantified below 0.5 mA cm-2 since no 
single MT peak can be resolved in the DRT plot. Nevertheless, the con
tributions are likely smaller than those observed for the higher currents. 
From 0.5 mA cm-2 to 4.0 mA cm-2, the MT impedance exhibits a >30- 
fold increase, while the corresponding MT frequency decreases from 
3.28 Hz to 1.63 Hz (Fig. 6c and d). These results can be explained by the 
progressive depletion of dissolved oxygen in the direct vicinity of the 
electrode with increasing currents. Furthermore, the reduction in fre
quency may be attributed to the increased formation of products, which 
impede oxygen transport to the electrode, thereby reducing the oxygen 
MT rate.

The previously mentioned studies on RDE in conjunction with EIS 
have evaluated the EIS data based on either an equivalent circuit model 
or a thin-film/flooded agglomerate model [37,41–43]. Only one publi
cation determines and displays the numbers of the respective impedance 
contributions. For a Pt/C catalyst, the authors determine a CT imped
ance of 5160.2 Ω cm2 at 0.7 V vs. NHE in 0.5 M H2SO4 [41]. This value is 
significantly higher than those observed in the present work. For com
parison, our study determined a CT impedance of 63 Ω cm2 at 2 mA cm-2 

and 0.74 V. It should be noted that the publication presented the highest 
impedances for Pt/C catalysts compared to the other studies.

In the high-frequency region, three peaks can be seen (Fig. 6b). The 
high-frequency peak correlated to the ORR shifts to higher frequencies 

until a current density of 3.0 mA cm-2, at which it shifts back. The fre
quency maximum of this ORR step is shifted to higher current densities 
compared to the CT of the ORR. However, no trend is evident in the 
corresponding impedance data. The impedance of the second high- 
frequency process exhibits a decrease with increasing current and an 
increase in frequency. The final peak assigned to the double-layer 
charging remains at 3177 Hz.

3.6. Koutecký-Levich vs. DRT analysis

Fig. 7 depicts the specific impedance contributions, as previously 
illustrated in Fig. 6c, as a share of the total impedance. The CT imped
ance at low current densities dominates the total cell impedance. As the 
current density increases, the share of the MT impedance rises gradually 
until it becomes the dominant impedance contribution. This observation 
follows the expected trend of RDE data such as linear sweep voltam
mograms (LSVs), which can be typically subdivided into three distinct 
regions: kinetic, mixed, and mass transport or diffusion-controlled re
gion [27,28]. These regions are directly connected to the mathematical 
description of the Koutecký-Levich (KL) equation. Consequently, a 
common methodology for the determination of a catalyst’s activity is the 
extraction of kinetic current information by applying the KL equation at 
a given potential [44]. The following section compares the theoretical 
description of the KL equation with the impedance shares obtained from 
the DRT analysis of the experimentally measured EIS data.

Fig. 8a displays the CT impedance share as determined from DRT in 
blue, while the theoretical curve of the current density divided by the 
kinetic current density is presented in black. In both cases, this should 
provide insight into the kinetic contribution at a given current density. 
The DRT values exhibit a linear relationship, with a coefficient of 
determination for the linear regression of over 98%. Nevertheless, a 
discrepancy between the two lines is evident, particularly at higher 
current densities. The DRT analysis is based on EIS data obtained at 
constant current. At these near-steady state conditions, the adsorption of 
hydroxide and/or the oxidation of the Pt surface occur over time [32,33,
45]. This observation can also be made in the experiment over time, as 
illustrated in Fig. 5. The rapid coverage of adsorbates (OHads and Oads) 
impedes the mass transport of oxygen to the electrode, particularly at 
higher current densities where the oxygen consumption is increased. 
This explains the decreased CT impedance share in that region compared 
to the ideal KL values. This interpretation is also confirmed by 
comparing the MT impedance share with the current density share of the 
limiting current density, as illustrated in Fig. 8b. The DRT data indicate 
an increased MT impedance share compared to the expected values 
based on the limiting current.

However, the data most commonly utilized in KL analysis are LSVs or 
CVs. In contrast to the EIS data, the data are acquired by scanning a 
potential, thereby rapidly altering the local environment at the electrode 
surface. Pt oxidation and hydroxide adsorption can be largely eliminated 

Fig. 7. Relative share of the impedance contribution relative to the total 
impedance based on the same data as in Fig. 6c.
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by scanning to low potentials [46,47]. Accordingly, the data obtained 
from scanning are more closely aligned with the ideal KL relationship.

Although the KL evaluation is very suitable and widely used, it has 
some limitations. To ensure accurate results, the KL equation should be 
applied in a specific potential and current region, and a too-thick cata
lyst loading should be avoided [27,48,49]. Furthermore, a correct 
determination of the limiting current is essential when conducting KL 
[50]. However, in certain circumstances, it is not possible to establish a 
flat current plateau, making an identification of the limiting current 
challenging. The alternative evaluation approach, by linearizing one by 
the square root of the rotation rate against one by the measured current, 
is not always feasible. This is particularly the case when adsorbate ef
fects in the kinetic region distort the order of dependence of the polar
ization curve on the rotation rate.

Moreover, KL cannot evaluate steady-state measurements at a con
stant current or constant potential over time. Consequently, long-term 
durability measurements for RDE are mainly performed as an acceler
ated stress test by cycling the electrode between a specified potential 
range [18,51]. However, other factors that may influence the durability 
of the catalyst, such as the adsorption of oxygenated species or Pt 
oxidation over time, can only be examined to a limited extent. This is 
because, as previously mentioned, the local environment changes during 
cycling. In this context, EIS measurements enable the possibility of 
performing in-situ steady-state measurements over time. When com
bined with DRT evaluation, they permit the extraction of specific con
tributions, including changes in the kinetic contribution.

4. Conclusion

This study performed EIS measurements on a Pt-RDE. The impedance 
spectra that were obtained were evaluated with DRT analysis. Individual 
parameters, such as the oxygen saturation level in the electrolyte, the 
rotation rate, and the current density, were varied, and their influence 
on the impedance contributions was examined. In the frequency range of 
10–2–104 Hz, four to five peaks were identified in the DRT plot. The two 
most prominent peaks are attributed to oxygen’s mass transport (MT) 
impedance to the electrode and the ORR’s charge transfer (CT) imped
ance. In addition, two to three minor high-frequency peaks were visible, 
which make up <5% of the total impedance in each experiment. These 
peaks were tentatively assigned to a side-step of the ORR, the adsorption 
of oxygenated species on the electrode, and the double-layer charging.

An increase in oxygen saturation level in the electrolyte results in a 
significant reduction in the MT impedance, whereas an increased rota
tion rate leads to an increase in the characteristic frequency of the MT 
and a slight rise in CT impedance. The measurement over time leads to a 
continuous increase in CT impedance caused by the adsorption of 
oxygenated species and by the place-exchange mechanism at the Pt 
surface. As the current density increases, a clear shift of the dominant 
impedance contribution from CT to MT impedance occurs. This finding 

follows the Koutecký-Levich equation, which mathematically describes 
the hydrodynamic of the RDE. Due to the unique characteristics of the 
RDE, the presented peak assignment can serve as a guideline for other 
researchers employing DRT on RDE, even if they study a different re
action than the ORR. Furthermore, these findings can be used to develop 
and adapt equivalent circuit models for the RDE.

Finally, a direct correlation was observed between the CT impedance 
contribution extracted from the DRT and the theoretically expected ki
netic current share based on Koutecký-Levich (KL). Therefore, EIS 
measurements in combination with DRT can be used as an alternative or 
complementary analysis tool for the typical KL evaluation, particularly 
for studies where the KL criteria are not fulfilled. This enables in-situ 
long-term steady-state measurements, with the possibility of moni
toring changes in impedance contributions and their corresponding 
frequencies over time.
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