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ABSTRACT: Hydrogen production from renewable resources and its reconversion
into electricity are two important pillars toward a more sustainable energy use. The
efficiency and viability of these technologies heavily rely on active and stable
electrocatalysts. Basic research to develop superior electrocatalysts is commonly
performed in conventional electrochemical setups such as a rotating disk electrode
(RDE) configuration or H-type electrochemical cells. These experiments are easy to set
up; however, there is a large gap to real electrochemical conversion devices such as fuel
cells or electrolyzers. To close this gap, gas diffusion electrode (GDE) setups were
recently presented as a straightforward technique for testing fuel cell catalysts under
more realistic conditions. Here, we demonstrate for the first time a GDE setup for
measuring the oxygen evolution reaction (OER) of catalysts for proton exchange
membrane water electrolyzers (PEMWEs). Using a commercially available benchmark
IrO2 catalyst deposited on a carbon gas diffusion layer (GDL), it is shown that key
parameters such as the OER mass activity, the activation energy, and even reasonable
estimates of the exchange current density can be extracted in a realistic range of catalyst loadings for PEMWEs. It is furthermore
shown that the carbon-based GDL is not only suitable for activity determination but also short-term stability testing. Alternatively,
the GDL can be replaced by Ti-based porous transport layers (PTLs) typically used in commercial PEMWEs. Here a simple
preparation is shown involving the hot-pressing of a Nafion membrane onto a drop-cast glycerol-based ink on a Ti-PTL.
KEYWORDS: oxygen evolution reaction, gas diffusion electrode setup, water electrolyzer, iridium-based catalysts, Ti porous transport layer,
performance screening

PEMWEs coupled to renewable energy sources such as
wind and solar are a promising technology for energy

conversion and long-term storage because of their higher
current density as compared with alkaline electrolysis cells
(AECs).1�3 For PEMWEs, the preferred anode materials are Ir
and Ir alloys because of the combination of high activity and
stability of IrO2.

4�6 As Ir is one of the rarest precious metals,7
an efficient testing platform requiring only small amounts of Ir
to screen PEMWE catalysts is necessary to optimize the anode
performance. In this work, an in-house developed GDE
setup8�11 previously used for oxygen reduction reaction
(ORR) studies is adapted to enable OER measurements. In
this modified setup, the stainless-steel body is replaced by
polychlorotrifluoroethylene for enhanced chemical stability at
high voltages (see Figure 1 for the scheme of the developed
GDE setup for straightforward OER measurements and
Figures S1�S2).

The GDE consists of a catalyst layer deposited on top of a
carbon GDL by vacuum filtration as introduced by Yarlagadda
et al.12 The vacuum filtration enables a reproducible film
quality with catalyst loadings comparable to PEMWEs.7,13

Element mapping by energy-dispersive X-ray spectroscopy

(EDS) reveals a clearly separated IrO2 layer on top of the
microporous carbon layer (MPL) of the GDL (see Figure 2).

Figure 1. Scheme of the developed GDE setup for straightforward
OER measurements.
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To establish a measurement protocol for the new GDE setup,
the influence of several experimental parameters such as the
gas flow rate, gas atmosphere (Ar, O2), substrate, and
temperature on the measured reaction rate were investigated
(see Table S1 for a summary). In addition, the results were
compared to conventional RDE measurements.14�17

The influence of the reactant gas flow (humidified Ar) on
the observed OER activity is shown in Figure S4. Based on the
measurements, possible mass transport limitations can be
identified. The results demonstrate that the apparent OER
activities and Tafel slopes are relatively constant (41.4 ± 0.9
mV dec�1) over a wide range of the reactant gas flow (40�190
mL min�1). Only for low flow rates (10 mL min�1), the
observed OER rates are inhibited and the Tafel slope shows
nonlinear behavior. These observations indicate mass transport
limitations at too low flow rates because of a lack of water
transported to the catalyst or the difficulty in removing
produced O2 from the surface. Hence, in the following, a flow
rate of 40 mL min�1 was used to ensure sufficient reactant
mass transport.

On the basis of the investigations, we established a
measurement protocol, where a set current (normalized to
the mass of the precious metal catalyst) is applied and the

electrode potential is recorded as a function of time (see Figure
S4). Given the controlled current, the average of the iR-
corrected potential of the last 60 s (when not stated
differently) of every step is defined as the OER.

Thus, conducted OER measurements with a commercial
IrO2 benchmark catalyst are presented in Figure 3. In Figure

3a, we compare GDE measurements to conventional RDE
measurements at 30 °C in an O2 atmosphere. It is seen that the
determined mass activities and Tafel slopes are similar in both
setups. At 1.48 VRHE, mass activities of 4.3 and 4.9 mA mgIr

�1

are determined for the galvanostatic GDE and potentiostatic
RDE measurements, respectively, which is comparable to the
values reported by Alia et al.18,19 The determined Tafel slopes
are 45.4 ± 1.0 and 39.2 ± 0.4 mV dec�1, respectively.

In Figure 3b, the results at an increased temperature of 60
°C are shown. In a RDE setup, potentiodynamic measure-
ments reveal performance degradation during continuous
cycling (see Figure S5), and potentiostatic measurements
show a large standard deviation for the measured current
density. By comparison, in the GDE setup, three independent
measurements confirm a good reproducibility of the obtained
OER activities under steady-state conditions (see also Table
S1). The fast performance degradation, as seen in the RDE, is
most likely inhibited in the GDE setup because of the use of a

Figure 2. SEM cross-section of an activated IrO2 catalyst film
deposited on a GDL in combination with EDS mapping of iridium
(Ir, red), oxygen (O, yellow), and carbon (C, blue). A clear separation
of the catalyst film, the carbon containing MPL, and the carbon fibers
of the GDL is apparent.

Figure 3. Tafel plots of OER mass activity j of the IrO2 catalyst.
Comparison of GDE (galvanostatic, 4 M HClO4, 1 mgIr cm�2

geo) and
RDE (potentiostatic in O2 atmosphere, 0.1 M HClO4, 50 � gIr
cm�2

geo) measurements (a) at 30 °C in O2 and (b) 60 °C using a
GDL in O2 and Ar or Ti-PTL in O2 atmosphere in the GDE setup.
The error bars show the standard deviation of three independent
measurements; the data points are connected by dashed lines as guide
for the eye.
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Nafion membrane avoiding direct contact of the catalyst to the
liquid electrolyte leading to a more realistic setup in the GDE
comparable to a PEMWE. Furthermore, it is demonstrated that
the OER activity can be conveniently studied in O2 or Ar gas
atmosphere. The latter leads to apparent activity improve-
ments, which can be understood by the influence of the O2
partial pressure in the Nernst equation. The same effect
influences the Tafel behavior. In O2 atmosphere and 60 °C, a
Tafel slope of 41.1 ± 4.8 mV dec�1 is observed at low current
densities, which at higher current densities increases
significantly. This observation is linked to oxygen bubble
formation, which leads to inhibited OER rates.20,21 As a
consequence, with increasing oxygen formation rates (i.e.,
higher current densities), the apparent OER activity in Ar
atmosphere decreases and approaches that in O2. Interestingly,
nonlinearities in the Tafel slope at low current densities, which
are often observed in potentiodynamic RDE measurements,22

are not apparent in the GDE setup.
Most importantly, no fundamental difference is observed if

these OER activity measurements are performed with a catalyst
film deposited onto a carbon GDL or Ti-PTL, justifying the
substantially less complex GDL approach for catalyst screen-
ing; see more details about the film preparation in the SI. To
further corroborate that carbon corrosion of the GDL does not
pose a problem during the activity measurement, the current
density was increased stepwise from 1 to 10 mA mgIr

�1 and
held at 10 mA mgIr

�1 for 1 h. Figure 4 shows that even with the

carbon-based GDL, it is possible to perform such suggested
stability measurements,23 although the potential increase in
repeat 2 (of three independent samples) can probably be
traced back to bubble formation or carbon degradation. Hence
the GDL is a suitable substrate for determining the activity of
OER catalysts in screening-type studies.

For long-term stability measurements under harsher
conditions, catalyst-coated membranes (CCMs) pressed to
Ti-PTLs might be used.24,25 However, CCM preparation is
time-consuming and needs special equipment; hence, it is not
available in all laboratories for a fast screening test protocol.
Because of the high porosity of the PTL, vacuum filtration or
drop-casting using an ink of water and IPA as for the GDLs
preparation is not possible. A simple alternative to CCM
preparation is to use a glycerol-based catalyst ink. To
completely avoid the ink permeation into the PTL, Teflon
was sprayed on top of the PTL before drop-casting (note that

the MPL on top of the carbon fiber structure of the GDL also
contains Teflon). Furthermore, as compared with the GDL
preparation, the temperature during pressing needs to be
increased; otherwise, a poor electric connection between
Nafion membrane and PTL can lead to high resistances of
several hundred ohms. However, a homemade hot-press was
sufficient to enable the use of a PTL and achieve results
comparable to the GDL approach (see Figure 5b). Therefore,

the use of a PTL is possible in the presented GDE setup even
without specialized equipment. However, because of the
simple hot-pressing, the membrane can peel off with time at
high O2 formation rates. Additionally, because of the high costs
of the PTL, we believe that the GDL approach is more suitable
for a first activity screening.

To complete the IrO2 catalyst characterization, the temper-
ature dependency was investigated between 30 and 60 °C. In
Figure 5a, it is shown that, as expected, the OER rate increases
with temperature.26 Furthermore, comparable Tafel slopes
(38.5�45.4 mV dec�1) are observed, indicating that the OER
reaction mechanism is the same in the investigated temper-
ature range. Hence, the electrochemical activation energy EA
can be estimated assuming Arrhenius behavior. For a rough
estimation, the formal EA determined with respect to the
reference potential of the used reversible hydrogen reference
electrode (RHE) can be used (see SI). For a more precise
determination, the temperature-dependent shift of the

Figure 4. Stability measurements of IrO2/GDL applying 10 mA
mgIr

�1 for 1 h.

Figure 5. (a) Temperature-dependent OER mass activity j plotted as
Tafel plots obtained in a GDE setup applying current steps versus
VRHE. (b) The corresponding Arrhenius plot at an overpotential � OER
of 0.25 V.
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reversible oxygen potential versus RHE needs to be
considered. This correction is also required when determining
the exchange current density j0. The precise Tafel slope allows
for an extrapolation of the linear fits to the reversible potential
to determine j0 for the OER. In conventional, potentiodynamic
RDE measurements, determining j0 for the OER is daring and
usually not pursued because an extrapolation of the measured
current densities over several orders of magnitude is required.
Error margins in the Tafel slope therefore can lead to
substantial uncertainties of several orders of magnitude. For
the determination of the temperature-dependent reversible
potential Erev,T different equations can be found (e.g., from
Parthasarathy et al.27 or from Bratsch).28 The latter contains an
approximation of the exact dependence. Determining Erev,T
using the equation of Parthasarathy et al.27 j0 of 10.6 ± 6.0, 3.5
± 1.8, 2.1 ± 1.2, and 7.2 ± 3.8 × 10�9 A mgIr

�1 are obtained
for 30, 40, 50, and 60 °C, respectively. It should be noted that
three independent samples were measured while consecutively
applying the four temperatures. Determining Erev,T following
Bratsch28 leads to comparable but slightly higher values of j0
(see Tables S2�S3). The obtained j0 are comparable to 7.3 ×
10�9 A mgIr

�2 calculated from the data reported by Lu et al.22

The limitation of the extrapolation, however, is apparent from
the increase in j0 going from 50 to 60 °C. For the
determination of EA at constant overpotential, Erev,T has been
calculated according to Parthasarathy et al.27 (see Figure S6 for
a Arrhenius plot according to the correction by Bratsch28).
The linear fit of the Arrhenius plot at an overpotential � OER of
0.25 V (Figure 5b) leads to EA of 28.5 ± 6.6 kJ mol�1 being a
bit lower than 47 kJ mol�1 reported by Suermann et al.29 in a
PEMWE, which is mainly related to the point at 30 °C. Using
kinetic data of four temperatures certainly only allows a rough
estimation. Nevertheless, this example shows the potential of
the presented GDE approach to provide high quality data.

To sum up, we demonstrate a new strategy to test OER
catalysts in a GDE setup. The GDE setup is a more
straightforward technique than RDE10,11 and the GDE cell
can be built in any research workshop (see technical drawings
in SI). Depositing the catalyst onto a carbon GDL is suitable
for OER steady-state activity screening and allows the
determination of key kinetic data. In contrast to conventional
potentiodynamic RDE measurements, the catalyst layers
contain Nafion and exhibit realistic loadings comparable to
PEMWEs. Accurate Tafel slopes can be obtained and
extrapolated to determine the exchange current density. Even
short-term stability tests are feasible with carbon GDL, which
are cost-efficient substrates for catalyst screening. Furthermore,
the GDE setup can be used for more elaborate stability
screenings using Ti-PTLs as substrate and performing a simple
hot-pressing procedure.
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