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Executive summary
D 2.1 describes the establishing of a protocol for determining the activity of the developed
OER catalysts within the project. The performance evaluation protocol is developed for
testing on rotating disk electrode (RDE) setups as well as gas diffusion electrode (GDE) flow
cell setups. As part of the protocol, a state-of-the-art benchmark OER catalyst is defined.
The protocol is written for the use of the benchmark catalyst. However, the protocol is
defined in a way that also enables the testing of different types of OER catalysts (CRM as well
as non-CRM catalysts; supported and unsupported catalysts).

Benchmarking protocol for RDE
Catalyst film preparation
Catalyst ink formation
The benchmark IrO2 catalyst (Alfa Aesar; premion quality; 99.9 % metals basis; Ir 84.5 % min)
is dispersed in a mixture of ultrapure water (e.g. Milli-Q water) and isopropanol (IPA, 99.7+
%, Alfa Aesar) in a water/IPA ratio of 3:1. For the RDE film preparation Ir concentrations of
654 µgIr mL-1 is used. As standard 1.17 µL of 1 M KOH per mL is added to achieve better films
on the glassy carbon RDE tip. To obtain a suitable dispersion the mixture is sonicated for 10
min alternating 1 s of sonication with 1 s of resting in an horn sonication (QSONICA sonicator,
500 W, 20 kHz) operated with an amplitude of 20% in a water bath to avoid liquid
evaporation. For the RDE it is preferred not to use Nafion in the ink as no addition is required
to obtain proton conduction. If for better film quality Nafion is used in the ink, a water based
Nafion dispersion is preferred (e.g. D1021, 10 wt. %, EW 1100, Fuel Cell Store). The Nafion
concentration needs to be lower than 5 wt. % with regard to the amount of catalyst powder
in the ink.
Catalyst film formation
For the RDE a Teflon embedded glassy carbon RDE tip is used. Before preparing the catalyst
film, the catalyst ink is sonicated for 5 min using an Ultra Turrax (IKA, T18 digital) at 20’000
rpm. 14.98 µL of the ink of the benchmark IrO2 catalyst is drop casted onto the glassy carbon
disk to achieve a theoretical loading of 50 µgIr cm-2. The electrodes are then dried under
This
project
has
received
funding
from
the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 861960

humidified (H2O/IPA ratio of 3:1) Ar flow. The quality of the films is controlled by taking
pictures with an optical microscope.

Performance evaluation in RDE setup
The RDE experiments are carried out in a three-electrode glass cell set-up. A trapped
hydrogen RHE electrode serves as a reference electrode (RE) and a platinum mesh served as
counter electrode. If a different RE is used, the RE needs to be properly calibrated with
respect to the RHE potential, e.g. by measuring the hydrogen evolution/oxidation reaction
in hydrogen saturated electrolyte on polycrystalline Pt. The reference electrode is separated
from the working compartment via a luggin capillary to reduce the iR drop, whereas the
counter electrode is separated with a zirconia frit to prevent hydrogen crossover. The
potential and current are measured with a computer controlled potentiostat.
As standard the electrolyte is 0.1 M HClO4 prepared with suprapure quality, i.e. 70% HClO4
Merck, Suprapur (or corresponding), and ultrapure water, e.g. from a Millipore unit.
Care needs to be taken to keep the electrochemical cell clean. A suitable procedure is to store
in between the experiments the glassware in acidic 1 g/L KMnO4 solution. Prior to the
experiments this solution is then removed, and the glassware rinsed with a diluted
H2SO4/H2O2 solution to remove the MnO2. Finally, the glassware is boiled three times in
ultrapure water.
During measurement, the cell is degassed by bubbling Ar through the solution for 20 minutes
prior to the start of the experiment. This Ar flow is also maintained throughout the whole
experiment. The WE is inserted into the solution under potentiostatic control at 1.0 V vs.
RHE.
If the potentiostat has an active iR compensation scheme such as positive feedback, the iR
drop in the cell is adjusted first. For this the potential is kept at 1.0 VRHE, and the impedance
resistance at 5 kHz with 5 mV amplitude is measured. This measured resistance is then
reduced to 5 ohms by adjusting the feedback loop of the potentiostat. Afterwards an
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electrochemical impedance spectrum (EIS) is taken between 1 Hz to 50 kHz with an
amplitude of 5 mV to evaluate the solution resistance. If the potentiostat has no active iR
compensation only the latter step (EIS) is taken. The solution resistance from the impedance
spectrum is employed to post-correct the data for the iR drop.
In the following step the electrode is activated by holding it at 1.6 VRHE for 5 minutes at a RDE
rotation of 3600 rpm. This activation is important to completely oxidize the catalyst and
avoid additional oxidation current during OER evaluation that could be misinterpreted as
activity.
The rotation is maintained until all electrochemical experiments are finished. After the
activation a new EIS is measured followed by 5 consecutive CV cycles at 10 mV/s between 1.0
and 1.6 VRHE. When the CVs were finished, a potentiostatic experiment is performed, in which
each potential is hold for 2 minutes.
The potentials are: 1.0, 1.1, 1.2, 1.3, 1.4, 1.45, 1.475, 1.5, 1.525, 1.55, 1.575, 1.6, 1.575, 1.55,
1.525, 1.5, 1.475, 1.45, 1.4, 1.3, 1.2, 1.1, 1.0 VRHE. Following this experiment 3 CV cycles
between 1.0 and 1.6 VRHE are measured at 10 mV/s. Finally, an EIS was measured at 1.0 VRHE.

Benchmarking protocol for GDE setup
Catalyst film preparation
Catalyst ink formation
The benchmark IrO2 catalyst (Alfa Aesar; premion quality; 99.9 % metals basis; Ir 84.5 % min)
is dispersed in a mixture of ultrapure water (e.g. Milli-Q water) and isopropanol (IPA, 99.7+
%, Alfa Aesar) in a water/IPA ratio of 3:1. For the GDE film preparation Ir concentrations of
14 mgIr mL-1 is used. To obtain a suitable dispersion the mixture is sonicated for 10 min in a
sonication bath. Nafion (Nafion dispersion; D1021, 10 wt. %, EW 1100, Fuel Cell Store) is
added to reach 10 wt. % with regard to the catalyst powder. The dispersion is again sonicated
for 10 min in a sonication bath or a horn sonicator.
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GDE preparation, vacuum filtration and pressing
The GDE is prepared using a Nafion membrane (Nafion 117, 183 µm thick, Fuel Cell Store),
two gas diffusion layers (GDL) (Freudenberg H23, 0.210 mm thick, Fuel Cell Store and:
Freudenberg H23C8, 0.230 µm thick, with a microporous layer (MPL), Fuel Cell Store). The
used Nafion membrane needs to be pretreated. For this circular membranes (diameter of 2
cm) are treated in 5 wt% H2O2 (Hänseler, 30 min, 80 °C), rinsed with Milli-Q water, treated in
Milli-Q water (30 min, 80 °C), again rinsed with Milli-Q water, treated in 8 wt% H2SO4 (30
min, 80 °C) and finally rinsed with Milli-Q water. Afterwards the membranes were stored in
a with Milli-Q water filled glass vial.
For the preparation of the GDE film the GDL Freudenberg H23C8 is used. The GDL is placed
between a glass funnel and a sand core filter in a vacuum filtration setup. This was placed on
a collecting bottle as described by Yarlagadda et al.1. 0.506 (0.253, or 0.126) mL of the ink of
the benchmark IrO2 catalyst is diluted with 3.155 (1.580, or 0.789) mL of ultrapure water and
10.476 (5.238, or 2.620) mL of IPA (water-IPA ratio of 1:3, Ir concentration of 0.5 mgIr mL-1).
The mixture is sonicated for 1 min. The diluted ink is filled in a funnel. A water pump is used
to deposit the catalyst on top of the GDL. The obtained GDE is dried at least overnight on air.
By this procedure theoretical Ir loading of 1 (0.5, or 0.25) mgIr cm-2geo is obtained.
The Nafion membrane is pressed on top of the GDE: A Teflon sheet is placed on top of a
Teflon block and afterwards a GDL with MPL (Ø 2 cm with hole of Ø 3 mm) and the catalyst
deposited on the GDL by vacuum filtration (Ø 3 mm) into the hole. A Nafion membrane is
rinsed with ultrapure water, dried and followed by a second Teflon sheet and a second Teflon
block placed on top. Everything is placed between two metal blocks and the pressing was
performed at 2 tons for 10 min.
Afterwards the pressed GDE is placed on top of the Freudenberg H23 GDL without MPL (Ø 2
cm) in the cell body.
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Performance evaluation in GDE setup
The electrochemical measurements are performed with a computer controlled potentiostat.
The GDE is flushed with a humidified Ar gas connected to the cell body. The humidification
is obtained by passing the gas through a bubbler filled with ultrapure water. As electrolyte 4
M HClO4 aqueous solution (HClO4, 99.999 % trace metals basis, Sigma Aldrich) is used in the
upper Teflon compartment of the GDE. A temperature of 30 °C should be used as reference.
To check if the assembling of the cell a cyclic voltammogram (CV) is performed in Argon (Ar,
with a scan rate of 10 mV s-1, 1.2-1.6 VRHE). The cell resistance is determined in an
impedance measurement and should be in the order of 10 – 20 Ohm. Afterwards the cell is
flushed with Ar for 10 min. For guaranteeing the complete oxidation of Ir the potential is hold
for 5 min. at 1.6 VRHE for 5 min. Next, 1 mA/mgIr is applied for 10 min. The performance
evaluation consists of potential steps with 5 min holding with the following current densities
1, 5, 10, 20, 30, 20, 10, 5, 1 mA/mgIr. If possible, the cell resistance is determined online during
the measurement online applying an AC signal (5 kHz, 5 mV)2. Alternatively, the cell
resistance is determined before and after the performance evaluation at a fixed potential of
1.2 VRHE using an impedance measurement.
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