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ABSTRACT: The accumulation of electrochemically produced bubbles is inevitable in gas-
evolving reactions and can induce potential losses by theoretically increasing activation,
concentration, and ohmic overpotentials. These effects are often either overstated or completely
neglected in the literature, which complicates the accurate analysis of experimental results for gas
evolution reactions. This study systematically identifies and quantifies the overpotential losses
induced by bubbles by combining experimental results for hydrogen (HER) and oxygen
evolution reactions (OER), obtained using the rotating disk electrode (RDE) technique, with
simulations based on a two-dimensional transmission line model. Our results show that ohmic
overpotential is the primary cause of apparent activity loss due to bubbles in RDE. This effect
leads to catalyst activity misestimates exceeding 2 orders of magnitude, and Tafel slope errors of 100% at higher currents if left
uncorrected. By identifying these effects, this work provides a robust framework for mitigating inaccuracies and improving the
characterization of electrocatalysts for gas evolution reactions.
KEYWORDS: oxygen evolution reaction, hydrogen evolution reaction, bubbles, rotating disk electrode, uncompensated resistance

■ INTRODUCTION
Rotating disk electrode (RDE) has been successfully used in
fundamental studies of different catalytic platforms ranging
from well-defined single-crystal surfaces to thin films of
nanoparticulated materials, used in real systems, e.g. fuel cells
and electrolyzers.1 Moreover, it has been used in the study of a
plethora of electrocatalytic reactions, including gas-producing
reactions such as hydrogen (HER) and oxygen evolution
reactions (OER). The electrochemistry of gas evolution
reactions is inevitably interlinked with the formation of
bubbles at the electrochemical interface. The nucleation from
the supersaturated electrolyte solution and the dynamics of
their growth and detachment are widely investigated processes,
which have been also gaining increasing interest in the
electrocatalytic community.2−7 On one hand, this interest
stems from the desire to mitigate their adverse effects on
various electrochemical systems. On the other hand, however,
it stems from the observed discrepancies between the catalytic
behavior measured in RDE and real systems which were also
attributed to a different accumulation dynamics of the bubbles
produced within the catalyst layer.8 The latter has led even to
several publications questioning the general validity of RDE
electrocatalytic data and its transferability to real systems such
as MEA.9,10

On the other side of the spectra, however, there is still a
limited attention given to the challenges that bubbles create for
the accurate measurement of the electrocatalytic activity of
materials. This can lead to inaccurate conclusions when
comparing the intrinsic catalytic properties of the materials,11

conclusions regarding reaction mechanisms4 as well as

potential misinterpretations of phenomena such as the effect
of an external field on the catalysis of gas-evolving reactions.12

All of these issues fall well within the effects bubbles can exert
on the electrochemical interface.
Based on the extensive research in this area, three

components of the overpotential losses influenced by the
existence of bubbles have been recognized in the literature and
summarized in eq 1.13,14

E Eeq ac conc ohm= + + + (1)

where Eeq is the equilibrium potential for a given reaction. It
has been reported that when bubbles start to grow, they
accumulate on the surface of the catalyst and increase the
activation overpotential ηac of the reaction by blocking the
active surface area. Their dispersion in the electrolyte obstructs
the ion migration and contributes to the increase in its ohmic
resistance ηohm. After nucleation, they start to grow and
essentially keep the solution next to the electrode saturated
and thus affect the concentration overpotential ηconc. While the
effects of bubbles seem to be well understood, at least in
theory, the quantification of their effect is to a large extent still
missing, and therefore this knowledge is inadequately applied
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in practical examinations of catalysts for gas evolution
reactions.
Herein, we employ a systematic approach to quantify the

effects of bubbles through a combination of an innovative two-
dimensional transmission line model and experimental
observations in an RDE setup for two gas evolution reactions
on three different catalyst platforms, namely OER on hydrous
oxide covered-polycrystalline Ir disk, OER on Ir/C thin film
and HER on Ni polycrystalline disk. We experimentally
observe and quantify exclusively the effect of constriction of
the conductive pathways to the interface by bubbles, i.e. the
increase of the effective electrolyte resistance during the
electrochemical measurements. To make a distinction to their
effect on the resistance, we furthermore show the simulated
effect of bubbles on activation and concentration over-
potentials and discuss the observations reported in the
literature. Finally, we propose strategies to mitigate RDE
measurements of gas evolution reactions and show that as long
as we have a quantitative understanding of the effects, we
should neither fear nor disregard the presence of bubbles at the
electrochemical interface in the RDE setup.

■ RESULTS AND DISCUSSION
To distinguish and quantify the overpotential components
arising from the accumulation of bubbles on the surface of
RDE, as defined in eq 1, and thoroughly understand how their
existence is manifested in the experimental results, we
performed potentiodynamic measurements for OER on an
electrochemically grown hydrous oxide covered- polycrystal-
line Ir RDE in acidic media. The electrochemical protocol
consisted of five consecutive potential scans from the lower
potential limit of 0.4 V to monitor the changes in the
availability of the surface area of Ir to the upper potential limit
1.59 V to measure the OER polarization curve (Figure 1a, b).
Each consecutive cycle resulted in an increasingly higher
coverage of the disk with oxygen bubbles. To assess the
percentage of the surface covered by bubbles after each

excursion into an OER region, a digital microscope was placed
under the working electrode and the changes on the surface of
the electrode were recorded simultaneously with the electro-
chemical experiment (link to the videos can be found in the
Supporting Information). Images taken after each cycle are
shown in Figure 1c. Voltammetry was measured with a 95% iR-
drop compensation as is common practice in the literature.15

After each scan, electrochemical impedance spectra (EIS) were
recorded at 1.52 V, just above the OER onset potential (Figure
1d). To preserve the generated bubbles on the surface of the
disk, we intentionally performed the experiments without
rotating the electrode. A detailed description of the electrode
preparation and experimental protocol can be found in the
Supporting Information. The universality of our approach and
findings was tested also on a thin film of powdered Ir-based
catalyst for OER and polycrystalline Ni disk, used as a model
catalyst for HER in alkaline media (additional discussion
included in Supplementary Note 1).
As shown in Figure 1a, the apparent activity for the OER,

expressed as the current density at a given potential is
significantly decreasing (by a factor of ∼2 at 1.55 V) with the
increasing coverage of the disk with oxygen bubbles (Figure
1a). Nevertheless, the electrochemical surface area remains
practically unaffected by the bubble coverage, as can be seen
from the overlapping voltammograms (Figure 1b) in the
potential range 0.4−1.4 V with the main redox peak at
approximately 0.87 V being attributed to the Ir valence change
due to incorporation/removal of protons, normally used to
calculate the electrochemical surface area (ECSA) of Ir.16,17

This seemingly counterintuitive observation can be explained
by looking at the microscopic images in Figure 1c, where it is
evident that due to their spherical shape, the bubbles are only
minimally touching the electrode surface. To obtain relevant
EIS spectra, the measurements were performed at the
potential, where a notable OER current was recorded on one
hand but was nevertheless not contributing significantly to
further growth of oxygen bubbles. To acquire such impedance

Figure 1. Electrochemical results obtained on electrochemically grown hydrous oxide covered-polycrystalline Ir RDE, measured in 0.1 M HClO4.
a) Consecutive OER polarization curves with increasing bubble surface coverage. Cathodic scans (full lines) are shown as they more accurately
correspond to the determined bubble coverage. First anodic scan is also shown (dashed line), that was measured on the initially bare surface which
was progressively becoming more covered with oxygen bubbles. b) Cyclic voltammograms measured with a 50 mV/s scan rate, indicating no
change in the available surface area of the disk with increasing bubble surface coverage, c) micrographs of the disk with different surface coverages
taken after each CV and d) EIS recorded at 1.52 V after each cyclic voltammogram.
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spectra in a wide frequency range from 100 kHz to 1 Hz under
steady-state conditions, it was necessary to use a potentiostat
that allowed a fast EIS measurement (approximately 20 s). The
resulting Nyquist plots (Figure 1d) show a positive shift of the
semicircles along the real axis with increasing surface coverage
and a negligible change in their shape.
To explain the measured trends, we used a two-dimensional

transmission line model that takes into account the effects of
bubbles on both ion conduction in the electrolyte and the
reaction resistance at the catalyst surface (Figure 2a, detailed

description in Supplementary Note 2). Based on the known
bubble geometry and their spatial distribution obtained from
the microscopic data (Figure 1c), we simulated the variation of
the impedance spectra at different percentages of bubble
coverage (Figure 2b). As mentioned above, the accumulation
of bubbles notably shifts the high-frequency intercept of the x-
axis of the Nyquist plot to higher values. This indicates that the
bubbles mainly affect the uncompensated resistance, Ru.
Comparison of the measured Ru values with the values,
extracted from the simulated spectra shows that the model is

Figure 2. a) Transmission line model, used for the simulations of the EIS spectra, which includes both the electrolyte and reaction resistance with
varying amounts of generated bubbles on the electrochemical interface, b) Nyquist plots, simulated based on the transmission line model for
electrodes with varying coverages of the surface with bubbles, c) comparison of the model-predicted high frequency intercept along the x-axis with
the experimentally obtained EIS results. The uncompensated resistance of electrolyte, i.e. at 0% coverage, used as an input parameter for the
simulation of the EIS spectra was measured at a potential below the onset of OER, at 1.3 V.

Figure 3. a-c: Simulation of the effect of the activation overpotential on the a) voltammetry, b) polarization curves and c) EIS spectra, for OER on
polycrystalline Ir RDE in 0.1 M HClO4; d-f: Simulation of the effect of concentration overpotential on the d) voltammetry of polycrystalline Ni
RDE in 0.1 M KOH, used as a model system for irreversible HER, e) polarization curves of reversible and irreversible HER and f) EIS spectra.
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able to accurately predict the change in the spectra with the
accumulation of bubbles on the surface of the catalyst (Figure
2c). As explained in the Supplementary Note 2, no curve fitting
was used to create the model curve in Figure 2b.
With ohmic overpotential identified as an exclusive

mechanism through which the bubbles cause the deactivation
of the interface in all provided examples, we have to conclude
that at least in the RDE setup the reported effect of the bubbles
on activation and concentration overpotentials does not play
any significant role.
Although not possible to measure experimentally in the RDE

setup, in Figure 3 we provide a simulation of the
voltammetries, polarization curves and impedance spectra
one would obtain, if the bubbles would affect the concentration
or activation overpotential. This gives us a tool for identifying
individual contributions to potential losses across the electro-
chemical interface due to bubbles.
First, we note that in the recent literature, the effect of

bubbles on the activation overpotential is occasionally
incorrectly identified as the change in active surface area A
(oftentimes referred to as ECSA in electrocatalysis) in the
Butler−Volmer equation describing the current, i (eq 2)

i j A e eF RT F RT
0

/ /a c= [ ] (2)

where j0 is the exchange current density, αi are the transfer
coefficients, F, R and T are the Faraday constant, the gas
constant and temperature, respectively, and η is the over-
potential. However, a true effect on the activation overpotential
would mean the change in free energy of adsorbed
intermediates, essentially changing the exchange current
density j0 rather than A. While changing the active surface
area A or j0 has exactly the same quantitative effect on the
polarization curves and impedance spectra, the effects on
voltammetry are quite different. Since bubbles can really only
affect the active surface area A, the simulation in Figure 3a-c
was performed for different coverages of the electrode with
bubbles, where the bubbles progressively reduce the available
active surface area. In this case, a decrease in A or ECSA, which
is proportional to the area of the voltammetric peak at 0.87 V,
should be clearly noticeable at higher bubble coverage, as can
be seen in Figure 3a. Moreover, for any decrease in ECSA, a
proportional decrease in i is expected, marked by an apparent
shift of the polarization curves to higher overpotentials (Figure

3b). Note, however, that no change in the slope is observed, in
contrast with the effect of uncompensated resistance. Finally,
the impedance spectra demonstrate a broadening of the
semicircle associated with charge-transfer resistance Rct, while
the value of the high-frequency intercept of the x-axis,
attributed to uncompensated resistance does not change.
Although all three simulations of the potential impact of
reduced active surface area due to bubble formation are in
contrast to our experimental results, they do offer a simple tool
to identify their potential impact on the “activation over-
potential” or more precisely on the ECSA.
Similarly, the simulated responses in the case of concen-

tration overpotential are demonstrated in Figures 3d-f
(Supplementary Note 3). We stress that any measurable effect
of the concentration overpotential on the polarization curve
due to gaseous products at the interface can only be observed
for Nernstian systems close to equilibrium potential where the
contribution of the backward reaction is significant (blue curve
in Figure 3e). The expected effect would be a decrease in
reaction rate (current i) as well as in the Tafel slope. However,
no effect exists at higher overpotentials or for any irreversible
systems, which includes OER on Ir and HER on Ni (red curve
in Figure 3e), used in our study. Moreover, no measurable
effect is expected on the adsorption properties of the electrode
indicated by no change in the pseudocapacive currents of the
voltammogram (Figure 3d). Finally, as shown in Figure 3f, a
significant contribution of the concentration overpotential to
the impedance of the system should lead to the appearance of
the so-called Warburg impedance, which manifests itself as a
45-degree line at low frequencies in the complex plane plot.
The greater the concentration overpotential, the longer this
line is in the given frequency range. In the present
measurements (Figure 1d), however, no such 45-degree line
was detected, which means that the concentration over-
potential in this system is insignificant. The simulations shown
in Figure 3 are explained in more detail in Supplementary Note
3.
Having established experimentally that the predominant, if

not sole, effect of bubbles on the evolution reactions in RDE
setup comes from the increase in the uncompensated
resistance, we now focus on identifying and quantifying the
consequences these bubbles have on the analysis of electro-
chemical gas evolving reactions. We note that any

Figure 4. a) Measured (full lines, 95% iR-drop compensation) and simulated (dashed lines) polarization curves obtained by applying Ru values
obtained from impedance simulation. Black dashed line represents the accurate polarization curve, i.e. by applying full iRu compensation. b) Ratio
between current at 0% and 51% bubble coverage, showing more than 2 orders of magnitude misevaluation of the catalyst’s activity if the effect of
bubbles on the Ru is neglected in the analysis, and c) error in determined Tafel slope with increasing uncorrected current (51% surface coverage).
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uncompensated resistance will inevitably lead to errors in
activity and Tafel slope determination for any electrochemical
reaction. Due to technical limitations of applying an automatic
100% correction of ohmic drop by modern potentiostats using
a positive feedback loop,18 a lesser compensation (e.g., 85−
95%) is usually recommended. Unfortunately, misuse of this
recommendation is too often observed in the literature,
resulting in random degrees of in situ compensation without
any consideration of the additional corrections to 100% after
the measurement that must be applied.19 As shown above,
bubbles create an additional hurdle in applying the 100%
resistance compensation because: a) they are formed during
the measurement and their effect cannot yet be taken into
account, and b) because the impedance is normally measured
before the measurement and thus the added resistance is not
observed. To show the profound effect of this uncompensated
resistance, we again plot the experimentally measured
polarization curves (shown in Figure 1a, measured with 95%
iR-drop compensation and without rotation) for different
bubble coverages and also overlay the simulated curves,
extending the potential window to 1.65 V (Figure 4a). The
errors in the measured activity and Tafel slope with respect to
the uncorrected current are given in Figures 4b and c. As can
be seen, even a small uncompensated resistance can have a
huge impact on the analysis of the electrocatalytic properties.
In our OER experiments on the Ir disk, the 51% bubble
coverage caused an additional uncompensated resistance of 6
Ω. At 10 mA (51% surface coverage), this caused a deviation of
almost 2 orders of magnitude between the measured and the
correct activity of the catalyst. At 40 mA, a much smaller
uncompensated resistance would have a similar effect. If we
erroneously attribute these effects to activation overpotential,
we quickly obtain values of 20 mV or more, which are
considered significant for activity determination in electro-
catalysis, as well as Tafel slopes that are 10 or more mV higher
than the actual values. Such results are commonly observed in
the electrochemical literature, which lead to false conclusions
about the activity, stability or selectivity trends of the
electrocatalysts for gas-evolving reactions as well as negatively
affect the understanding of the mechanisms of electrocatalytic
reactions based on Tafel analysis. Perhaps even a greater
concern is that underestimating the effect and magnitude of Ru
on the measured current could lead researchers to incorrectly
attribute the measured trends to new phenomena e.g. external
field effects on the OER catalysis, a recent hot topic in
electrocatalysis. These effects on the overpotential and the
behavior of the polarization curves, fall well within the realm of
small uncompensated resistance, with small overpotential
changes observed predominantly at high currents and a change
in slope rather than an apparent shift of the polarization curve.
Despite the complexity of challenges that bubbles create for

the analysis of gas-evolving catalytic materials, their mitigation
for the RDE setup is quite straightforward. The first approach
is to try to avoid the accumulation of bubbles altogether. In our
experience, this can be achieved with rotation rates above 3600
rpm. The second approach is to correct for the uncompensated
resistance for each point after recording the polarization using
the bubble coverage obtained during the measurement and the
model described above. As shown in Figure 4a, both
approaches yield the correct values and slope of the
polarization curve, identical to a bubble-free surface. An
additional mitigation strategy is also the use of dynamic
compensation mode, provided that the chosen potentiostat

supports this option. While this approach will significantly
reduce the error, it will nevertheless not completely eliminate
it.

■ CONCLUSION
In summary, while much has been written about the effects of
Ru on electrochemical systems,15,20 unfortunately, the electro-
catalytic community still does not seem to have completely
embraced the extent of its impact on the experimental results.
With the help of carefully controlled experiments and
simulations, discussed above, we identified and evaluated
several possible contributions to the overall measured
overpotential that may arise due to the presence of bubbles
on the surface of the investigated gas-evolving reaction
catalysts. We showed that the observed trends in the activity
of our model systems are mainly a result of the increased
electrolyte resistance, which is generally assumed to be of
constant value. The measured EIS spectra and the use of an
innovative two-dimensional transmission line model allowed us
to quantitatively estimate the effect of the accumulated bubbles
on both the electrolyte and reaction resistance, with the
uncompensated electrolyte resistance being the primary reason
for the observed trends in the measured polarization curves.
We demonstrated that the effect of bubbles on gas-evolving
reactions can be effectively controlled through correct iR-drop
compensation. However, its dynamic nature must be taken into
account, which can be done by correcting the measured
current point by point with the calculated Ru values for known
bubble surface coverages. Furthermore, the effect of bubbles
on Ru can be greatly minimized by the employment of the
efficient rotation of the electrode, which not only dismisses the
hesitations toward the use of RDE for fundamental studies of
such reactions but even encourages it. We hope that our
contribution will inspire researchers to monitor the changes of
Ru when studying gas evolution reactions more thoughtfully
and apply this knowledge to the results before making any
conclusions on the mechanisms or various effects on
electrocatalysis. We believe that only such an approach can
lead to correct conclusions and the advancement of our
fundamental understanding of these very important reactions.
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Dusǎn Strmcňik − National Institute of Chemistry,
Department of Materials Chemistry, 1000 Ljubljana,
Slovenia; orcid.org/0000-0002-3021-2771;
Email: dusan.strmcnik@ki.si

ACS Catalysis pubs.acs.org/acscatalysis Letter

https://doi.org/10.1021/acscatal.5c00144
ACS Catal. 2025, 15, 6380−6385

6384

https://pubs.acs.org/doi/10.1021/acscatal.5c00144?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c00144/suppl_file/cs5c00144_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dus%CC%8Can+Strmc%CC%8Cnik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3021-2771
mailto:dusan.strmcnik@ki.si
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.5c00144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Authors
Anja Logar − National Institute of Chemistry, Department of

Materials Chemistry, 1000 Ljubljana, Slovenia; University of
Nova Gorica, Graduate School, 5000 Nova Gorica,
Slovenia; orcid.org/0000-0003-0002-5489
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