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A measurement protocol for the evaluation of catalyst inks for the oxygen evolution reaction via rotating
disc electrode measurements was conceived and applied in a multi-partner project. It was found that
the electrochemical performances determined for a standardized electrode based on nickel-cobalt—
oxide in 1 M KOH show a spread in the range of 50 mV at 10 mA cm™2, when comparing results from
different groups. The variation of results obtained within individual groups, on the other hand, were

Received 20th July 2023, found to be significantly lower. From this finding, we argue that the characterization of catalyst inks via

Accepted 16th September 2023 rotating disk electrode measurements is strongly affected by individual sample preparation and handling,
DOI: 10.1039/d3ya00340j leading to an additional uncertainty that depends on the individual experimenter. Consequently, the use

of this technique for the evaluation and comparison of catalysts for the oxygen evolution reaction needs
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Introduction

The generation of hydrogen by water electrolysis is currently a
key technology in sustainable energy scenarios.'™ There are
two main technologies for water electrolysis based on acidic
and alkaline media.»®® The latter is usually considered the
more mature technique’ though the kinetics in acidic media
are typically faster.'® Known catalysts in acidic conditions with
suitable characteristics are based on expensive noble metals
such as platinum or iridium, which makes this technology a
costly endeavor. Catalysts that are based on earth-abundant
transition metals are usually not stable in acidic media, but are
applied in alkaline water electrolysis. Of the two water splitting
half reactions, i.e. hydrogen evolution on the cathode and
oxygen evolution on the anode, the latter is the kinetically more
sluggish” and consequently, being the limiting factor, the more
intense studied half reaction. For alkaline electrolysis, a large
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to be discussed and potentially revisited.

variety of mostly Ni-based materials with further transition
metals are investigated to improve the anode kinetics.'""?

For the electrochemical characterization of new catalysts
for OER, experiments in rotating disk electrode (RDE) con-
figuration are frequently applied."®'* The RDE is a well-
established electrochemical technique, which is commercially
available and of comparable low experimental complexity.
Commonly, numerical values such as the so-called onset
potential - i.e. the potential to reach a certain current density
- are used to evaluate catalyst activity. The definition of an
onset potential, however, is not uniformly defined, which can
hamper the comparability of results obtained by different
groups on different materials. To overcome this uncertainty
in definition, some attempts at standardization and bench-
marking of OER catalysts do exist."'>'>2° However, there is
no universally accepted protocol to follow and to establish
comparability. Further, RDE experiments are mostly limited
to materials that can be electrodeposited on the support
electrode or to powder samples. In particular for the latter,
the preparation of the catalyst film is crucial and already minor
experimental variations can have a strong influence on the
experimental result of RDE measurements. In consequence, a
meaningful comparison strongly dependents on using the
same protocol and requires great experimental care.

It is the aim of this study to present an approach towards
standardization of RDE experiments, and to discuss its limita-
tions in terms of intra- and inter-lab reproducibility. This study
was conceived within a multi-partner project that enabled the
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critical assessment of inter-lab reproducibility of RDE measure-
ments. In this work, error sources in RDE experiments and
electrode fabrication are identified and it is discussed how RDE
experiments can be part of meaningful catalyst evaluation.
It is advocated that results on catalyst inks obtained via RDE
measurements have to be treated with caution and can only be
the starting point of evaluation.

Results and discussion

The presented results were obtained within the multi-partner
project MANGAN funded by the German Federal Ministry of
Education and Research.?® A total of 25 research groups colla-
borated in the framework of this project, aiming for the
investigation of the technical potential of manganese-based
compounds as catalysts in electrochemical water splitting.
To ensure the best possible comparability of electrocatalytic
characterization, the project partners used identical electro-
chemical setups including the same model of potentiostat,
same built of reference, working, and counter electrodes, and
the same type of electrochemical cells (Fig. S1, ESIt). Several
project partners were equipped with this standardized electro-
chemical equipment, received detailed protocols on electrode
preparation, and measurement procedures. For the study pre-
sented herein, a commercial nickel-cobalt-oxide (Ni-Co-O)
powder-based material of a single batch was distributed among
the project partners as a reference catalyst. The benchmark
electrodes were prepared by depositing 100 pg cm™> Ni-Co-O
on a glassy carbon support with Nafion® as binder (details in
the Electrode Preparation section in the ESIt).

The subsequent characterization followed a standardized
protocol. Project visits by the project coordinator ensured that
the protocol was properly followed at all laboratories.

Electrochemical standard protocol

The standardized measurement protocol (Fig. 1) was conceived
in a joint workshop and is based on existing attempts of
standardization.">">*>'7 1t is intended to provide meaningful
evaluation of the performance of electrocatalysts utilizing an
RDE while being kept as simple as possible to allow for an easy
application. The measurement protocol strings together a con-
ditioning of the catalyst, activity measurement and stability
measurements. All potentials are defined versus the reversible
hydrogen electrode (RHE).

The initial step of the protocol is a conditioning procedure.
This should be chosen individually for each catalyst material, to
ensure that the catalyst is in a stable and reproducible state. For
the nickel-cobalt-oxide investigated in this study, the catalyst
was conditioned by performing 50 cycles between 1.00 and
1.45 Vgyyg With a scan rate of 100 mV s * in stagnant electrolyte,
leading to reproducible scans. The activity measurement after
conditioning aims to determine the potential needed to reach a
geometric current density of 10 mA cm ™2, which is used as key
performance indicator. To this end, a cyclic potential sweep is
applied, starting at 1.00 Vgryg and reversing the scan direction
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Fig. 1 Electrochemical standard protocol, comprising a series of electro-
chemical measurements (left) and the determination of key performance
indicators (right) that were used for the evaluation of catalyst performance.

upon reaching the defined current density. In any case, the
scan is reversed at 1.80 Vyryg to avoid damaging the catalyst by
applying excessive potentials. Scans are performed at a rotation
speed of 1600 rpm. To cross-check whether cyclic voltammetry
represents steady-state behavior, CV is followed by a stationary
polarization measurement. For this, the potential of the elec-
trode is held for 60 s at 1.00, 1.25, 1.50, 1.55, 1.60, 1.65, 1.70,
1.75, and 1.80 Vgyg, respectively, while the electrode rotates at
1600 rpm. To prevent additional stress to the catalysts by
sudden potential changes, the potential is swept from each
value to the next with a scan rate of 5 mV s~ . Subsequent to the
initial activity measurement, the protocol allows for two types
of stability tests: chronopotentiometry or chronoamperometry.
For the former, the current is ramped up to 10 mA cm™>
(geometric area), for the latter the potential is ramped up from
open circuit potential to 1.80 Vrgg. The chosen stability test is
carried out for two hours at a rotation rate of 1600 rpm. The cell
is switched off after the stability test and the setup is allowed to
equilibrate over a period of 600 s during which the OCP is
measured. Finally, another cyclic voltammogram as described
above is measured to probe the activity after the stability test.
To be able to compensate for the Ohmic drop, each activity and
stability measurement is preceded by a measurement of
the open circuit potential and electrochemical impedance
spectroscopy at open circuit potential. In general, the protocol
avoids large potential steps to prevent damage or uncontrolled
changes of the catalyst. Instead, potentials are swept slowly
e.g. from OCP to the starting potential for cyclic voltammetry.

To be able to compare different catalysts quantitatively, a
series of key performance indicators (KPI) were defined. The
main parameter for the evaluation of the activity of the catalyst
was chosen to be the potential that is needed to drive a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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geometric current density of 10 mA cm™>. In addition, the
potentials needed to drive geometric current densities of
2 mA cm ™ and 5 mA cm™” are also included as indicators
for the catalytic performance. The full list of KPI is presented in
Fig. 1. To retain a simple protocol application, the normali-
zation of the current is done with respect to the geometric area
of the supporting electrode. It has to be noted that the normal-
ization to the geometric area is not an accurate representation
of the actual electrochemically active surface area (ECSA) if the
surface is not flat on an atomic level. However, it is sufficient to
screen catalysts of similar nature (e.g. metallic or oxidic),
morphology, and loading in a first attempt. There is no
universal approach for the determination of the ECSA,**??
and electrochemical methods to determine the ECSA on metal
oxides have limited accuracy.>**® In order to add another
measure for the electrocatalytic activity, mass activity jimass
(current per mass of catalyst) at 1.60 Vgzyg can be used to
complement the performance evaluation by geometric current
density.

The parameters for evaluating the stability are either the
potentials for chronopotentiometry at 10 mA cm > or the
geometric current densities for chronoamperometry at 1.8 Vryg
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Fig. 2 Representative measurement of the proposed standard electrode (100 pg cm™
(a) Conditioning of the catalyst; 50 cycles were recorded with a scan rate of 100 mV s
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recorded at 0, 1800, and 7200 seconds of the stability test
(0, 0.5, and 2 hours). It has to be noted that both the rather
short stability as well as the moderate current density of
10 mA cm > do not serve to evaluate catalyst at a technical
scale where an electrode has to last for tens of thousands of
hours at current densities in the range of 1000 mA cm >
Nevertheless, the chosen parameters facilitate catalyst screen-
ing and comparison to performance values reported in litera-
ture and can serve as a benchmark to clear for a catalyst that
will justify further studies.

Fig. 2 shows a representative set of measurements of the
conceived benchmark electrode. The conditioning of the cata-
lyst by cycling the potential is shown in Fig. 2a. During cycling,
an increasing oxidation peak at ca. 1.30 Vixyg can be observed,
which is associated with the formation of a NiOOH phase®® and
shows no significant further growth after the 50th cycle. The
first cyclic voltammogram (*“CV 1”) is presented in Fig. 2b,
showing the typical response of an OER catalyst (only forward
scan is shown for clarity, full CVs are shown in Fig. S2, ESIT).
The potential needed to drive a geometric current density of
10 mA cm ™2 (Eyq) is 1.590 Vryg. The open circles in Fig. 2b
represent the last data point taken from the 60s of stationary
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2 of a nickel-cobalt—oxide nanopowder) in 1 M KOH.

~1in stagnant electrolyte. The first cycle is indicated in blue

and the fiftieth cycle is indicated in red. (b) “CV 1" (red) and “CV 2" (black) activity test. The cyclic voltammogram was recorded with a scan rate of
10 mV s~ and a rotation rate of 1600 rpm; only the forward scan is shown. The open circles indicate the current density recorded after 60 s of stationary
polarization. (c) Stability test (chronopotentiometry): the potential needed to maintain a current density of 10 mA cm™2 was recorded for 2 h while the
electrode was rotated at 1600 rpm. (d) Detailed results of stationary polarization.
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polarization at each potential. The values deviate only by
ca. 5 mV from the cyclic voltammetry, indicating that the CV
experiment is a sufficient representation of the steady state.
During the potentiometric stability measurement (Fig. 2c) at a
constant current density of 10 mA cm > the potential drops
from 1.589 Vpyg to 1.580 Vyyg indicating a slight activation of
the catalyst during the 2 hours lasting measurement. However,
the deviation between the cyclic voltammograms before and
after the stability test (“CV 1” and “CV 2” in Fig. 2b) is
negligible. Fig. 2d shows detailed results of the stationary
polarization measurement. As expected, the fluctuations are
increased when recording at higher current density due to
intensified bubble formation, rendering the determination of
the respective values as more prone to error.

Reproducibility evaluation

The aforementioned benchmark electrodes were prepared after
the very same procedure and measured by 11 project partners at
different institutions. The preparation procedure is described
in detail in the Electrode Preparation section in the ESL¥
All presented results did comply with the self-imposed standard
requirements, i.e. using the same chemicals, identical instru-
mentation and follow-up by the project coordination whether
the experimental procedure would comply with the protocols.
No obvious deviation from the standardized procedure was
observed.

Fig. 3 shows the results of the determined open circuit
potential (OCP) and uncompensated resistance (R,,) after con-
ditioning of the catalyst. The individual data points, color-
coded by institution/experimenter, are complemented by a
box plot representation of the data distribution with the solid
box marking the range in which the middle 50% of the data
points (the interquartile range, IQR) are found. The solid red
line through the box represents the median, the star represents
the numerical average and the whiskers represent the lowest/
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Fig. 3 Open circuit potentials (left) and uncompensated resistance (right)
of the activated standard electrodes (100 pg cm~2 nickel-cobalt—oxide
nanopowder). Measurements were performed by 11 different laboratories/
experimenters, indicated by different colors. The box plot representation is
explained in the text.
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highest value that can be found outside the IQR but within a
range of 1.5 times the IQR. For the OCP (Fig. 3a), 50% of the
measured potentials can be found within a range of 51 mV with
the median being 1.167 Viyg and the average value being
1.143 Vguge. A clear clustering of data points within a few
10 mV around the median can be observed. However, some
outliers were found. These outliers are not occurring symme-
trically with regard to the data cluster, but mostly showing a
lower open circuit potential. The measurements were per-
formed in air-saturated electrolyte without additional purging
during the experiments. Deviations in OCP are not unusual in
unpurged solutions, as changes in the oxygen content or also
temperature variations can have a significant impact. A similar
observation is made for the uncompensated resistance (Fig. 3b).
For R, 50% of the values can be found within a range of 4.8 Q, with
a median of 7.5 Q and an average of 9.4 Q. Again, most values can
be found close to the median, while few outliers show a notably
higher resistance. This might be due to variations in the electrical
connection inside the custom-made electrode holders. Impor-
tantly, when comparing the activity values, as discussed later, this
did not have a negative influence on the activity. This shows that
the determination of the iR drop and its compensation is impor-
tant for comparable measurements. Notably, the outliers for OCP
and R, are not assigned to the same samples. For both, OCP and
Ry, the average values are clearly influenced by these outliers and
should not be used to define an “expected value”, which is better
represented by the median.

The KPI for the initial activity (“CV 1”) of the reference
catalyst, determined by the 11 laboratories/experimenters, are
represented in Fig. 4. The inset illustrates how the indicators
for the catalytic activity are obtained, namely by determining
the potential needed to drive geometric current densities of 2,
5, and 10 mA cm ™. The KPI for the activity at the three chosen
current densities are presented in the same box plot format as

w§10 I I E
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£5 # i b i
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150_ 155  1.60 I Py . b
w 1.650 E Veve 8 ! e
['4 : ) * | :
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Fig. 4 Key performance indicators for 2, 5, and 10 mA cm~2 deduced
from “"CV 1" (as shown on an exemplary curve in the inset) measured on
the standard catalyst by 11 different laboratories/experimenters. In all
cases, the standard protocol was followed for both, sample preparation
and experiment execution. Different colors indicate different laboratories/
experimenters; the box plot format is explained in detail in the text.
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Table 1 Dataset obtained from the box plot analysis shown in Fig. 4

2 2

Potential (vs. RHE) at 2 mA cm? 5 mA cm™ 10 mA cm™
Minimum 1.558 1.575 1.588
25th percentile 1.567 1.582 1.596
Median 1.581 1.600 1.616
75th percentile 1.604 1.620 1.643
Maximum 1.637 1.669 1.701
Numerical average 1.586 1.606 1.626
IQR (middle 50%) 0.037 0.038 0.047
Full data range 0.079 0.094 0.113

used for the OCP and R,,. For clarity, a horizontal spread of the
data points is applied as well as a background shading to
visually separate the data sets for three current densities. The
median KPI values are 1.581, 1.600, and 1.616 Vgiyg, Whereas
the arithmetic mean gives slightly higher values of 1.586, 1.606,
and 1.626 Vgyg at 2, 5, and 10 mA cm ™2, respectively. Interest-
ingly, the data points do not show an obvious clustering as
observed in the OCP and R, measurement results, i.e. the data
is spread more homogeneously across the full data range. The
range in which the individual values can be found is several
ten mV, which is unexpectedly high. Even when only consider-
ing the IQR, the data range covers nearly 40 mV at 2 and
5 mA cm™?, and nearly 50 mV at 10 mA em™ > The box plot
statistics are shown in Table 1. It is noteworthy that the five
electrodes with lowest OCP (indicated in grey, magenta, and
dark green) show a tendency towards needing higher potentials
to drive the respective current densities. This trend, however, is
not reflected in the other electrodes. Further, no correlation to
the uncompensated resistance can be found, as is most obvious
when focusing on the data points indicated in cyan.

At this point, one might argue that in some cases sample
preparation was not ideal and that some potentials determined
for this material are “obviously too high”, so one should
concentrate only on the samples with better performance when
determining the KPI for catalytic activity. This conclusion,
however, can only be drawn when having the full picture based
on results across a variety of experimental groups, which is
usually not the case in conventional studies, since the char-
acterization of a new catalyst is mostly conducted in a single lab
and by a single experimenter. In fact, when focusing solely onto
results obtained by a single experimenter the data spread
occurs to be significantly lower (Fig. 5). For the data obtained
by a single experimenter, in all except one case, the spread is
below 15 mV at 10 mA cm 2, which is ca. 8 times lower
compared of the total spread of the overall data set. Impor-
tantly, this means, although the experiments conducted in a
single lab shows a reasonable reproducibility, the obtained KPI
might differ from values obtained by other experimenters by
several 10 mV.

Fig. 6 shows the potential to reach 10 mA cm ™2 obtained in
the initial activity measurement (CV 1) compared to the second
activity measurement conducted directly after the 2 h stability
test (CV 2). It has to be noted that not all of the evaluated
electrodes endured the stability test or were measured for CV 2.
For clarity, the data of those electrodes is also omitted in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Average KPI obtained by the individual experimenters (open sym-
bols, same color code used as in Fig. 3 and 4). The error bars indicate the
full range of the potentials to reach the respective current densities across
all measurements performed by an individual experimenter. In case of the
half filled symbols only a single data point was provided.
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Fig. 6 Comparison of KPI of the standard electrode at 10 mA cm~2 before
(CV 1) and after (CV 2) the stability measurement. The color code
corresponds to the color code used in the previous figures. For CV 1 only
the data points of electrodes are shown that endured the stability
measurement.

presentation of CV1 in Fig. 6. Due to this reduced dataset, the
statistics of the box plot representation for CV 1 slightly differs
from the box plot shown in Fig. 4, however, the general data
distribution is not significantly affected. It can be observed that
the spread of data points determined by CV 2 is increased with
respect to CV 1, showing a difference between the determined
maximum and minimum potential to reach 10 mA cm™ > of
ca. 150 mV and an IQR of ca. 80 mV. This increase can be
explained by differences in electrode stability. While some
electrodes maintained or even increased their activity, other
showed a strong performance decrease.

This leads to another interesting observation: The data of CV
2 can be divided into two groups. One group clusters around
a value of ca. 1.595 Vgug With a relatively narrow spread of
ca. 20 mV. The other group of data points can be found at
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significantly higher potentials (>1.65 Vryg) spreading over a
potential range of ca. 80 mV. A reasonable assumption repre-
senting the KPI for a stable electrode would be therefore
1.595 + 0.010 Vyyg to reach a geometric current density of
10 mA cm 2. It has to be mentioned here, that the chosen mode
for the stability test was chronopotentiometry in all cases
except for the sample group depicted in cyan, which was
measured in chronoamperometry at 1.8 Vrgg. This harsher
condition most likely lead to a faster sample degradation/
deactivation. However, neither the mode of stability test nor
the initial performance of the samples in CV 1 can be unam-
biguously correlated to a deactivation or activation behavior of
the electrodes.

Discussion on the limits of RDE

In the following, we discuss some possible sources for the
observed data spread and the ensuing consequences for the
applicability of the RDE technique. The most obvious source
of deviation in the described procedure stems from the drop
casting process used in electrode fabrication. Although, the
preparation follows a protocol, the reproducibility of hand-cast
drop coated layers is limited, e.g. with respect to flawless
coverage of the electrode substrate. Small volume deviations
when pipetting small amounts of ink (2.5 pL in the measure-
ments presented above) will be another source of error and the
accuracy will depend strongly on the experimenter. The film
formation on the electrode might also depend on small varia-
tions in humidity and temperature. Further, the dispersion of
the catalyst might look homogeneous on the macroscopic scale
but can in fact be inhomogeneous on a microscopic scale. In
the end, it is a subjective choice, if the fabricated catalyst film
looks “homogeneous enough” and is considered suitable for
subsequent characterization. However, the influence of these
factors has not been studied systematically, yet, and it is worth
considering optimizing the ink composition and coating pro-
cess in terms of smooth film formation prior to the electro-
chemical characterization of a new material (¢f Electrode
Preparation section in the ESI{ and Fig. S3, ESIt). Another
source of error can originate from the electrolyte. Although the
KOH used in the experiments had identical specifications and
was purchased from a single supplier, batch-to-batch variations
in impurity concentrations might also have an effect on the
characterization, in particular when considering the effect of Fe
impurities e.g. on Ni and Co based catalysts for OER.>”*®
Further, slight potential shifts of the individually used refer-
ence electrodes in the range of +£5 mV can contribute to the
observed variations, however, will not explain the observed
strong deviations in the results with a total spread >100 mV.

The points listed above might trigger the argument that the
spread we observed in our data originates from the experimen-
ters and lack of control in the micro-environment. Thus,
additional training and more control of the environment can
potentially narrow the spread in the data. Indeed this might be
the case, however, we argue that the spread we observe is a
realistic measure of the reproducibility achievable with the
rotating disk electrode when different experimenters follow
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this kind of protocol. We thus identify the electrode prepara-
tion and individual sample handling as critical parameter for
reproducibility. The small sample amount used in a typical
RDE experiment will inevitably cause some variations in the
electrochemical response as a real-world sample based on an
ink will not be completely homogeneous. When relatively large
film thicknesses introduce a level of porosity, mass transport
phenomena will start playing a role as well as local depletion of
reactants and blocking of pores and channels by gas bubbles.?®
In summary, slight differences in loading, film homogeneity,
and structure or variations in electrolyte purity will introduce a
level of unpredictability leading to variations in the observed
electrochemical response. A detailed study about the influence
of further parameters, such as variation in loading, gas satura-
tion, or the impact of impurities can be found elsewhere.*°

Conclusions

In this study two levels of reproducibly were observed. The
measurements conducted by a single experimenter resulted in
a reasonable reproducibility of KPI in the range of several mV.
This rather good reproducibility within each laboratory shows
that the individual measurements were conducted adequately.
On the other hand, it was shown that the electrodes that were
prepared and measured by different personnel in different
laboratories do not yield the same electrochemical response
and performance indicators. Here the differences in KPI were
found to be up to several 10 mV.

Therefore, this study shows that the reproducibility by a
single experimenter is superior to the inter-lab reproducibility.
The latter, however, is the actual meaning of reproducibility
within a scientific community. The much larger spread of KPI in
between individual laboratories and experimenters show that RDE
is prone on the influence of small (protocol-independent) varia-
tions in sample preparation and experiment execution. This
renders the use of RDE as a tool for precise sample characteriza-
tion critical. At this point, it should be emphasized again that the
measurement protocol (using identical chemicals, equipment, and
the very same batch of the benchmark catalyst) was introduced to
and strictly followed by all project partners. Thus representing a
level of experimental repetition in this study that actually exceeds
approaches when reproducing an experiment from literature,
where even more factors such as different equipment and
batches/purities of chemicals may play a role.

The discrepancy of the intra-lab- vs. inter-lab-reproducibility
underlines the need of a robust standardized procedure when
determining the KPI of a powder catalyst by RDE, ideally
accompanied by the use of a benchmark material to which
new materials can be compared to. Moreover, this study shows
the advantage of round robin tests to provide a full picture
about the applicability of a measurement protocol and to
determine possible weak-points. It has to be mentioned that
this discrepancy in inter- vs. intra-lab reproducibility, is not
restricted to the characterization of OER catalysts by RDE, but
also occurs with other electrochemical techniques.®!

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In summary, the RDE technique is not per se insufficient for
material characterization. The key point in our argumentation
is that there is an experimenter-dependent uncertainty in
rotating disk electrode measurements on powder OER catalysts,
which needs to be known and taken into account when comparing
results of different groups. The rotating disk electrode is still a
useful technique to start the analysis of novel electrocatalysts for
OER, e.g. picking promising candidates from a library of com-
pounds. It is, however, not the proper tool to determine the “best
catalyst” by comparing RDE data from different laboratories alone.
The RDE technique should always be complemented with other
analytical techniques such as microscopy or spectroscopy to obtain
a comprehensive picture of the material under study. Further, a
comparison to a standard catalyst as it is e.g. done in studies of the
oxygen reduction reaction (ORR) will be another way to improve the
comparability of data. In any case, a robust protocol leaving as little
as possible space for experimental deviations and a standardized
definition of key performance indicators is highly recommended.
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