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We present a platinum wire micro-reference electrode (Pt-WRE) suitable for recording individual electrochemical impedance
spectra of both the anode and the cathode in a proton exchange membrane water electrolyzer (PEM-WE). For this purpose, a thin,
insulated Pt-wire reference electrode (Pt-WRE) was laminated centrally between two 50 ym Nafion® membranes, whereby the
potential of the Pt-WRE is determined by the ratio of the local H, and O, permeation fluxes at the tip of the Pt-WRE. Impedance
analysis with the Pt-WRE allows determination of the proton sheet resistance of the anode, the anode catalyst layer capacitance,
and the high-frequency resistance (HFR) of both electrodes individually, using a simple transmission-line model. This new
diagnostic tool was used to analyze performance degradation during an accelerated stress test (AST), where low and high current
densities were alternated with idle periods without current (i.e., at open circuit voltage (OCV)), mimicking the fluctuating operation
of a PEM-WE with renewable energy. Our analysis revealed that the increasing HFR that was observed over the course of the
OCV-AST, which is the main cause for the observed performance decrease, can unequivocally be assigned to an increasing contact
resistance between the anode electrode and the porous transport layer.
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In light of an increasing energy demand and the goal to
drastically reduce CO, emissions, alternative energy carriers pro-
duced by renewable energies are a necessity to replace fossil fuels.
However, since renewable energies such as wind and solar are
inherently intermittent in their power output, an efficient energy
carrier provided by a system capable of tolerating such a fluctuating
operation is required. Gaseous hydrogen produced by electroche-
mical spitting of water in a proton exchange membrane water
electrolyzer (PEM-WE) is one of the promising technologies that
can meet all these requirements.'> Even though PEM-WE durability
over 50.000-100.000h has been demonstrated for constant
operation,” their durability when operated with renewable energy
sources, where times of operation alternate with idle periods where
no current is supplied,*> is of greater relevance.

In a previous study by our group, an accelerated stress test (AST)
was proposed, with repetitive cycles that consisted of periods of low
and high current densities (0.1 Acmfzgeo and 3 Acmfzgeo),
mimicking times of operation, and of an idle period, where the
cell was left at open circuit voltage (OCV); this OCV-AST was
conducted at 80 °C, with 10 bar pressure on the hydrogen compart-
ment and 1 bar pressure on the oxygen compartment, mimicking the
differential pressure operation that would be used in applications
where high pressure H, is the desired product.® Over the course of
such an OCV-AST, the performance at 3 Acmfzgeo decreased
significantly (=100 mV after 718 cycles), which was attributed to
a substantial increase of the high-frequency resistance (HFR) by
~30 mQcm? over the 718 cycles. In contrast to that, the HFR
remained constant when the cell was polarized at 1.3 V during the
idle periods (requiring the supply of only =1 mAcm’deo, corre-
sponding to <0.1% of the power at 3 Acmfzgcof’), proving that the
performance degradation is related to the OCV period where the
electrolyzer cell voltage drops to near 0 V. By excluding other
possible causes for the observed performance degradation, we
attributed the increasing HFR to the build-up of a contact resistance
at the interface between the anode catalyst layer and the titanium-
based porous transport layer (PTL), due to the gradual passivation of
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the titanium PTL in combination with a decrease of the electronic
conductivity of the anode catalyst layer.® The latter is triggered by
the OCV periods, during which the cell potential drops to ~0 V due
to crossover and accumulation of hydrogen in the anode electrode,
thereby gradually reducing the initially crystalline IrO, phase of the
anode catalyst and forming a hydrous iridium-oxide, which exhibits
a lower electronic conductivity.®” While all the observations made
in our previous study support our hypothesis of a resistance at
the anode||PTL interface being the cause for the observed perfor-
mance decrease, this could not be proven unambiguously. Therefore,
in the present study the processes occurring during the above
described OCV-AST are reexamined using a membrane electrode
assembly (MEA) into which a micro-reference electrode is incorpo-
rated, thereby allowing to record individual electrochemical im-
pedance spectra of anode and cathode with which the origin of
different voltage loss contributions can be identified.
Electrochemical impedance spectroscopy (EIS) is a powerful tool
to characterize and quantify single performance losses, and there are
several examples of reference electrodes being used to study
electrochemical cells in the literature.®>” Depending on the design
of the reference electrode, it can be used to track the half-cell
potentials and/or to measure impedance of the individual half-cells.
One prominent example often used in the literature to measure half-
cell potentials in PEM fuel cells is the dynamic hydrogen electrode
(DHE), where usually two thin Pt-wires are placed in close
proximity to the active electrode area; by applying a small electro-
lysis current between the two wires, the potential of the wire where
H, is being evolved is very close to the reversible hydrogen
electrode potential (RHE) due to the fast kinetics for the hydrogen
evolution reaction (HER) and can thus be used as a DHE reference
electrode (i.e., 0V vs DHE is only a few mV negative of 0V vs
RHE).'"™!'" However, a proper positioning of the DHE reference
electrode wire with respect to its distance from the active area of the
working and counter electrodes is critical to avoid any potential shift
that is caused by the non-linear potential groﬁle in close proximity to
the working and counter electrode areas.'*'> A homogenous potential
profile is established at a distance from the edge of the working/
counter electrode that is larger than roughly three times the thickness
of the ion conducting membrane.'? Hence, the reference electrode
should be placed at the appropriate distance (>3-times the thickness
of the ion conducting membrane) from the active electrodes.
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Moreover, a precise geometrical alignment of the working and counter
electrode with respect to each other is essential, when seeking to
record individual electrode impedance spectra. Adler et al. showed
that even a small misalignment (e.g., if the working electrode is
protruding beyond the adjacent counter electrode, or vice versa) can
lead to erroneous half-cell impedance spectra when acquired with a
reference electrode that is placed outside the working/counter
electrode area; in this case, the magnitude of the individual electrode
impedances are off by a factor of more than two if the counter and
working electrodes are misaligned by more than the thickness of the
membrane.'” In summary, with a precise positioning of the DHE
reference electrode, the DHE is a suitable tool to monitor half-cell
potentials in electrochemical cells like PEM fuel cells or PEM-WEs,
but individual electrode impedance spectra should be treated with
caution, since a misalignment between the working and counter
electrode that is much less than the thickness of the membrane (e.g.,
50 um for a Nafion® 212 membrane) cannot be achieved during
fabrication.

In a recently published study, Sorsa et al. used a carbon
supported platinum catalyst to coat a ring-shaped Pt electrode on
one side of a ~125 um thick membrane while a disk-shaped
electrolyzer electrode was coated on the other side such that the
outer diameter of the disk electrode was smaller than the inner
diameter of the concentrically placed ring electrode.’ Laminating
two such membranes together, with the ring electrodes facing each
other and with a Pt wire place in between, the Pt ring electrode
could be used as pseudo reference electrode.” While also here the
same artefacts due to the misalignment should occur, the authors
used this method to measure the individual impedance contribu-
tions. They showed that the anode impedance spectra comprise
two main processes, namely mass transport and charge transfer
resistances. The interpretation of the cathode spectra, however,
turned out to be more complicated due to the occurrence of an
inductive loop at low frequencies. Ultimately, the authors con-
cluded that the inductive loop is caused by carbon corrosion of the
cathode catalyst layer. This, however, seems highly improbable, as
the carbon support is known to be very stable at the potential of an
electrolyzer cathode (i.e., at ~0V vs RHE), and it should be
considered that the cathode impedance spectra could be flawed to
electrode misalignment effects (based on the above discussion,
misalignment on the order of 250 pm would be expected to lead to
such issues).

The artefacts due to a working/counter electrode misalignment
can be avoided by placing the reference electrode within the active
area of the electrodes. Such an approach was used by Brightman
et al., where an external salt bridge containing a hydrogen reference
electrode was used to record half-cell potentials during the operation
of a PEM water electrolyzer.'* In their approach, a Nafion® tube
enclosed in a PTFE tube was inserted via a hole in the cathode
diffusion media and brought in contact with the cathode catalyst
layer of the MEA. While this allowed them to show that during
electrolyzer operation the main contribution to the overpotential
arises from the anode electrode (as expected due to the sluggish
kinetics of the oxygen evolution reaction (OER) compared to the
HER'°), the ability of their approach to measure individual electrode
impedance spectra was not evaluated.

Another way to avoid impedance artefacts due to electrode
misalignment is to place a reference electrode in between the
working and counter electrode rather than adjacent to it. This
principle was used for studies with lithium-ion battery cells by
Solchenbach et al.,* who placed an insulated 50 ym diameter gold
wire in between two =200 pum thick separators that separated the
anode and cathode electrode; after an initial lithiation of the gold
wire, the gold wire reference electrode (Au-WRE) displayed a stable
reference potential. With this configuration, artefact-free anode and
cathode impedance spectra could be obtained,® which were later
used to quantify the different impedance contributions in lithium-ion

. 16,17
batteries. ™

Therefore, in this study we developed a reference electrode,
consisting of an insulated Pt-wire, which is laminated between two
Nafion” 212 membranes and, thus, is centrally placed in the active
area. The potential of the Pt-WRE is found to be controlled by the
ratio of the permeation flux of H, and O, at the tip of the Pt-WRE
that depends on the elecrolyzer current density (similar to the
potential of the Pt ring electrode used by Sorsa et al.®). While it
thus only allows for a semi-quantitative determination of the
electrolyzer anode and cathode potential, the Pt-WRE is sufficiently
stable to serve as pseudo-reference electrode to record artefact-free
anode impedance spectra under so-called blocking conditions, i.e.,
when the anode charge transfer resistance becomes very large.
Under these conditions, the proton conduction resistance and the
capacitance of the anode electrode as well as the contact resistance at
the anode||PTL interface can be quantified. Monitoring these
quantities over the course of the above described OCV-AST shows
that it is indeed a build-up of a contact resistance at the anode||PTL
interface rather than cationic contamination that leads to the
observed performance degradation during this test.

Experimental

Membrane electrode assembly (MEA) preparation and cell
assembly.—Using the decal transfer method, MEAs with an active
area of 5cm® were prepared, where IrO, supported on TiO,
(IrO,/TiO, with 75 wt.-% iridium, Elyst Ir75 0480 from Umicore,
Germany) served as the catalyst for the oxygen evolution reaction
(OER) at the anode electrode and platinum supported on Vulcan
XC72 carbon (45.8 wt.-% Pt/C, TEC10V50E from Tanaka, Japan) as
the catalyst for the hydrogen evolution reaction (HER) at the cathode
electrode. For ink preparation, de-ionized (DI) water (18 M2 cm), 2-
propanol (purity > 99.9% from Sigma Aldrich), and Nafion®
ionomer solution (20 wt.-% ionomer, D2021 from IonPower,
USA) were added to the respective amount of catalyst powder.
Using a roller mill, the catalyst ink was mixed together with ZrO,
grinding balls (5 mm diameter) for 24 h. Via the Mayer rod
technique the ink was coated onto a thin decal transfer substrate
(PTFE, 50 pum thick, from Angst+Pfister, Germany); after drying at
room temperature, 5 cm® decals were punched from the coated
decals. The actual weight of the electrodes was determined by
weighing the decals before and after the electrode transfer step onto
the membrane by hot-pressing. The following anode and cathode
loadings/compositions were used in this study: 0.3 + 0.1 mgp,
cm72geo for the cathode electrode with an ionomer to carbon weight
ratio of 0.6/1 gion/gc, and 2.0 = 0.1 mgy, cm72geo for the anode
electrode with an ionomer content of the electrode of 8 wt.%.

A 50 pum Pt-wire with a 9 um PTFE insulation (Goodfellow,
Great Britain) was used a reference electrode. To ensure good
electrical and ionic contact, ~1 cm of the insulation was removed at
both ends of the wire. One end of the wire was then placed centrally
in between two Nafion" 212 membranes (50 pm thick, from
Quintech, Germany) and hot pressed together with the cathode and
anode decals (see above) at 155 °C for 3min at a pressure of
2.5 MPa. In order to protect the Pt-wire at the interface with the cell
hardware, an additional layer of PP foil (40 um from Profol
Germany,) was hot pressed at this spot.

Sintered titanium (from Mott Corporation, USA) with a porosity
of ~50% and a thickness of 280 + 10 um was used as a porous
transport layer (PTL) on the anode, whereas a carbon fiber paper
(TGP-H 120 from Toray, no MPL) with a thickness of 370 + 10 um
was used on the cathode. The MEA and PTLs were placed between
the flow-fields of the electrolyzer cell and sealed with virgin PTFE
gaskets (from Reichelt, Germany). By choosing the right thickness
of the gaskets, a compression of the carbon PTL by 25% was set,
corresponding to a compressive force of ~1.7 MPa at the MEA (note
that at ~1.7 MPa, the titanium PTL and the MEA are essentially
incompressible). Specific details about the cell hardware are reported
elsewhere.'®
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Figure 1. (a) Sketch of an MEA with a Pt-WRE, illustrating the placement
of the Pt-wire and the prevailing environment at OCV with hydrogen being
purged through the cathode compartment and water through the anode
compartment. (b) Cross-sectional SEM image of an MEA including a 50 pm
Pt-WRE laminated between two 50 ym Nafion® membranes.

Electrochemical characterization.—An automated test station
from Greenlight Innovation with a potentiostat equipped with a
current booster (BioLogic VSP 300) was used to perform all
electrochemical measurements. The anode was supplied with
5 mlyo min~ ! deionized (DI) water that was pre-heated to 80 °C.
During the measurements, the cell temperature was kept constant at
80 °C, and the product gas exiting from the anode side was diluted
with nitrogen (100 nccm) to avoid the formation of an explosive gas
mixture due to hydrogen permeation through the membrane into
the anode compartment. During warm-up, the cathode was flushed
with N, for 300s while supplying 5 mlyo min~' to the anode
compartment. After reaching the desired cell temperature of 80 °C,
dry H, (50 nccm) at ambient pressure was supplied to the cathode in
order to assess the functionality of the reference electrode. Since
no current was applied and, hence, no oxygen is produced under
these conditions, the potential of the Pt-WRE has to be 0V on
the reversible hydrogen electrode (RHE) potential scale, so that the
potential between the H,-purged electrolyzer cathode and the

Pt-WRE must be 0V, indicating proper electrical contact and
isolation of the Pt-WRE. Afterwards, the cell was conditioned at
1A cmfzgeo for 30 min. Subsequently, potential-controlled polariza-
tion curves were taken at ambient pressure (1 bar,) and 80 °C,
stepwise increasing the cell potential from 1.3 to 1.9 V and holding
at each potential for 15min to ensure a stabilization of the
electrolyzer current density. Finally, the last 10 s of both the cell
voltage and current density were averaged for each point.

The OCV-AST was conducted at 80 °C with a cathode pressure
of 10 bar, and ambient pressure at the anode. Each OCV-AST cycle
consisted of 10 min holds at 3 A cmfzgeo, at 0.1 A cmfzgm, and at
OCV. After each OCV-hold, the potential was set to 1.3V to
perform impedance measurements in blocking conditions (see
below). The flow of H,O through the anode compartment and the
cell temperature were kept constant also during the OCV- or the
1.3 V-hold periods.

Impedance measurements (100 kHz to 1 Hz) were performed at
the end of each potential step in the potentiostatic polarization
curves, using 10 mV amplitude of the potential perturbation. In the
case of the OCV-AST, impedance measurements (100 kHz to 1 Hz)
were performed at the end of each current step, using a current
perturbation amplitude that was set 500 mA for 3Acm72gco and
60 mA for 0.1 Acm_zgen. In addition, after each OCV-cycle, a
potentiostatic impedance spectrum (100 kHz to 1 Hz) was acquired
at 1.3V, using 10 mV amplitude of the potential perturbation.
During the impedance measurement at 1.3 V the temperature was
kept at 80 °C and the pressure of the cathode was held at 10 bar,.
The high-frequency resistance (HFR) was determined from the high-
frequency intercept with the real axis in a Nyquist plot or by fitting a
transmission line model to the anode impedance spectra as described
in the section Evaluation of the Impedance Spectra by Fitting a
Transmission Line Model. Using a Matlab based application (“EIS
Breaker,” © J. Landesfeind), which is based on the fminsearch
MATLAB function using a Nelder-Mead simplex algorithm and
modulus weighing, the impedance spectra were fitted. The scaled
difference between the measured data and fit vectors

1 ZOD) 1 =1 Za(h) |
( | Zg () |
the residuals (in %).

At the beginning-of-test (BoT) and at the end-of-test (EoT) of the
OCV-AST, cyclic voltammograms (CVs) of the anode electrode
were recorded. For this, the test procedure was stopped after the 1.3
V-hold period, and the cathode counter electrode was flushed with
dry H, at 50 nccm at ambient pressure to ensure a stable reference
potential (i.e., the cathode served as counter and reference electrode
in this case), while the anode electrode was continuously fed with 5
mlyao min~ ! deionized water. The CVs were recorded in a potential
range of 0.05 V-1.3 V at 50 mV s~ ' at 80 °C; shown are the steady-
state CVs (2nd one recorded).

) at the same frequency f; were used to calculate

Physical characterization.—Using a JEOL JCM6000PIus NeoScope
scanning electron microscope at an accelerating voltage of 15 kV, cross-
sectional scanning electron microscopy (SEM) micrographs were
obtained to depict the location of the Pt-wire reference electrode. The
SEM samples were prepared by embedding the MEA in a room-
temperature curing epoxy and drying over night at 80 °C. Afterwards,
the sample surface was ground using a SiC paper in two steps (grade
P320 and P1200, from Buehler, Germany) and subsequently polished on
a microcloth using a 9 ym diamond polishing agent.

Results

Implementation and validation of the Pt-wire reference elec-
trode.—By implementing an additional reference electrode—nor-
mally the cathode is serving as counter and reference electrode
at the same time—it is possible to analyze both half-cells
individually.®'""'* However, certain requirements must be met when
the impedance of both half-cells is to be measured: i) the reference
potential should be of a well-defined value for a true reference
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Figure 2. PEM-WE performance data at 80 °C and ambient pressure for an
MEA including a Pt-WRE (100 gm membrane, black squares) and an MEA
with a single 50 m Nafion® membrane (blue circles): (a) cell voltage (E..))
vs current density (i) performance (filled symbols) and HFR-corrected
performance data (hollow symbols); (b) corresponding HFR values (ex-
tracted from the intercept in the Nyquist plot). MEA specifications: 5 cm?
active-area with ~2 mgy, cm’zge(, anode and ~0.3 mgp, cm’zgm cathode
loading.

electrode; ii) however, even if the potential of the reference electrode
is not well-defined (e.g., if it varies with the operating conditions), as
long as its potential is stable over the course of an impedance
measurement, it can be used as pseudo-reference electrode; iii) the
reference electrode should be placed centrally between the two
electrodes in order to avoid the edge effects that were discussed in
the introduction section.®'**° To address the last point, an approach
already well established for lithium-ion battery cells®'®'” was adapted
to the MEA of a PEM-WE. A 50 pm thick Pt-wire was laminated
between two 50 um Nafion” membranes that were coated with the
respective anode or cathode catalyst layer; the tip of the Pt-wire was
located at the center of each catalyst layer. As illustrated by the sketch
in Fig. 1a and by the SEM cross-section of the MEA in Fig. 1b, the Pt-
wire is located centrally between the two half-cell membranes,
without bending towards either side of the MEA. A bending of the
Pt-wire towards one of the electrodes can cause a disturbance of the
impedance measurement due to an inhomogeneous current distribu-
tion or, in the worst case, a shortening of the cell.

The following experiments are aimed to verify that the Pt-WRE
does not affect the overall electrolysis performance of the MEA.
Figure 2a shows the performance curves measured at ambient
pressure for the MEA with the Pt-WRE laminated between two
50 pm Nafion” membranes used in this study (black squares)
compared to an MEA with the same catalyst loadings but only a
single 50 um Nafion” membrane without a Pt-WRE (blue circles).
The cell voltage is higher for the MEA with the Pt-WRE, which can
be attributed to its higher HFR (cf Fig. 2b), as would be expected
due to its overall 2-fold higher membrane thickness. Consequently,
the HFR-corrected cell voltages, compensating for the differences in
membrane resistance are essentially identical for the MEA with the
Pt-WRE (hollow black squares in Fig. 2a) and the MEA with the
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Figure 3. PEM-WE performance data at 80 °C recorded with the Pt-WRE
MEA based on two 50 ym Nafion® membranes (see Fig. 1) at a cathode
pressure of 10 bar, and an anode pressure of 1 bar,: (a) E..j; vs i performance
(filled symbols) and HFR-corrected performance data (hollow symbols); (b)
corresponding HFR values (extracted from the high-frequency intercept with
the real axis in the Nyquist plot). (c) Potential difference between the anode
electrode and the Pt-WRE (|E n0de—refl; s0Olid red triangles, plotted vs the
right y-axis) and absolute potential difference between the cathode electrode
and the Pt-WRE (|E athode_refl; sOlid green circles, plotted vs the left y-axis);
the open circles and triangles represent a correction of these potentials by the
ohmic potential drop through a single 50 yum membrane (i.e., by i X
40 chngeo), The inset shows sketches depicting the prevalent local gas
composition at the Pt-WRE tip at high (>2 Acm™ 2.,2(,, right sketch) and low
current densities (<2 Acm™ g, left sketch). MEA @pecmcatlon 5 cm?

active-area with ~2 mgj, cm zgen anode and ~0.3 mgp, cm™ geo cathode
loading.

single 50 ym membrane without the Pt-WRE (hollow blue circles;
differing by only ~10mV at the highest current density). This
proves that the Pt-wire does not negatively affect the cell perfor-
mance. The HFR-corrected cell voltages in Fig. 2a are in excellent
agreement with previous measurements by Bernt et al.'® for Nafion”
212 based MEAs with the same catalysts and catalyst loadings.

As shown in Fig. 2b, the HFR for the MEA with the two 50 pm
Nafion” membranes and the Pt-WRE is ~90 mQcm? eco- 1N general
the HFR is the sum of the electronic res1stance (=12 mQem? sco
for the cell hardware used in this study'®) and the membrane
resistance, which based on various literature reports ranges between
~41-54 chngeo for a single 50 pm Nafion” membrane at 80°C."'8
Assuming the lower value, the resistance of two 50 um Nafion”



Journal of The Electrochemical Society, 2021 168 114511

membranes should be ~82 chngeO, predicting an overall HFR
of ~94 chm2geQ, which is in good agreement with the measured
HFR, suggesting that the HFR is not affected by the presence of
the Pt-WRE. It should be noted that the HFR of the MEA with the
a single 50 ym Nafion’ membrane of ~62 chngeO (see Fig. 2b)
is somewhat higher than what we had observed greviously for
nominally identical MEAs (~53-57 chm2gCOf’" ), which we
believe is due to slight differences in cell compression that
strongly affect the contact resistance between the PTLs and the
flow fields.

Next we will examine whether the potential of the Pt-WRE is
independent of the current density that is applied to the electrolyzer
cell. Figure 3a shows the performance curve of the Pt-WRE MEA
composed of two 50 ym Nafion” membranes (i.e., with a total
membrane thickness of 100 um; see Fig. 1) measured at 80 °C with
10 bar, cathode and and 1 bar, anode pressure; the corresponding
cell HFR values are shown in Fig. 3b. Again, while the cell voltage
performance (black squares in Fig. 3a) is worse compared to that
obtained with an otherwise identical MEA with a single 50 pym
Nafion” membrane that was reported by Bernt et al.,'® the HFR-
corrected performance (hollow squares in Fig. 3a) of both MEA
types is essentially identical (e.g., at 3 Acmfzgco the cell voltage is
~1.56 V in Fig. 3a vs ~1.55 V in Ref. 18). This proves that the Pt-
wire does not affect the cell performance, even when operated at
differential pressure.

Figure 3c shows the half-cell potentials recorded during the
polarization curve in Fig. 3a, namely the absolute value of the
difference between the cathode and the Pt-WRE potential
(|Ecathode—retl; solid green circles plotted vs the left y-axis) and the
difference between the anode and the Pt-WRE potential (|E.pode-refl;
solid red triangles plotted vs the right y-axis). It is most straightfor-
ward to first discuss the |Ecamode-ref| Values as a function of current
density. As was shown previously, the potential of an electrolyzer
cathode at high Pt loadings of ~0.3 mgp, cm’zgeo is expected to
remain within < 10 mV vs RHE up to 3 Acm72geu due to the fast
HER kinetics'® so that the cathode potential under the conditions in
Fig. 3 can be considered essentially constant. At the same time, the
potential of the Pt-WRE is a mixed potential resulting from the
simultaneous electrochemical oxidation of H, and the reduction of
O,, both of which are dissolved in the membrane phase. As a
consequence, the potential of the Pt-WRE depends on the relative
permeation fluxes of H, (NHz(X)) and O, (Noz(x>) at the location of the
Pt-WRE, and Takaichi et al. showed that the potential of a
membrane-embedded Pt-wire jumps from near 0 Vgyg to =~0.8—
0.9 Vgryug when NHZ(X) <2 X NOZ(x) at the location of the Pt-wire?'
(the same potential transition of a membrane-embedded Pt-wire was
also observed by Liu and Zuckerbrod®?). Since the permeability of
H, through a Nafion’ membrane is ~2 fold higher than the
permeability of O,,°*% the potential of a Pt-wire embedded half-
way through the thickness of a membrane (as is the case for our Pt-
WRE) would be near the potential transition region when the partial
pressures of H, and O, are equal; in this case, the molar flux of H, at
the Pt-WRE would be twice as high as the molar flux of O,, allowing
for the complete conversion of both of the dissolved gases to H,O.
On the other hand, for the differential pressure conditions used in
Fig. 3 (Panode = 1 bar, and pcamode = 10 bar,), the H, partial pressure
of pyo &~ 9.5 bar (Py2 = Peathode—PH20, With pyoo = 0.5 bar at 80 °
C) is nearly 20-fold higher than the O, partial pressure of po, ~
0.5 bar, so that the mixed potential of the Pt-WRE should be very
close to 0 Vgryg (actually slighlty positive of 0 Vgryg due to the
mixed potential that derives from the reduction of O, permeating
from the anode to the Pt-WRE). Thus, based on these arguments,
viz., the fast HER kinetics on Pt, the location of the Pt-WRE (see
Fig. 1), and the well-known H, and O, permeabilities through
Nafion', the absolute value of the difference of the electrolyzer
cathode and the Pt-WRE (i.e., |Ecuhoderer]) sShould be very close to
0 mV. This corresponds to a situation where residual dissolved gas at
the Pt-WRE (i.e., after the stoichiometric reaction of H, and O, to

H,0) would be H,-rich, as depicted in the left-hand sketch in
Fig. 3c. At low current densities |Ecanode-ref] 1S indeed very close to
0V, as is shown in Fig. 3c (green circles).

However, as the current density increases, |Ecahode-refl gradually
increases and then exhibits a sudden potential increase to ~1V
between =2.1 and =~2.6 Acmfzgeo, that previously has been
observed to occur once Ny, becomes < 2 x N, This implies
that Ny, (x) and No,x) must be a function of current density. Based on
previous measurements, the H, permeation flux from cathode to
anode in a PEM-WE operated at cathode/anode pressures of 10/1.0
bar, remains essentially constant between O to 2 Acmfzgm.24 On the
other hand, the O, permeation flux for an electrolyzer operated at
cathode/anode pressures of 1.0/1.0 bar, was reported by Trinke et al.
to increase by ~20-fold when the current density increases from 0 to
2 Acmfzgeo.25 Thus, beyond this current density, where based on
these literature reports Ny, would become < 2 x No, ) (viz., at
~2 Acmfzgmﬂ), the expected residual dissolved gas at the location
of the Pt-WRE would be O,-rich (see right-hand sketch in Fig. 3c)
and the Pt-WRE potential should increase to ~0.8-0.9V wvs
RHE.?""*? This is actually in very good agreement with the observed
rapid increase of |Ecymode_ref| NEar 2 Acm72gao24 shown in Fig. 3c.
Besides the large expected change in the Ny, x)/No,q ratio and its
effect on |Ecamode_refls @ minor effect to consider is that the potential
drop across the membrane segment between the cathode electrode
and the Pt-WRE when drawing an electrolyzer current must also be
considered, as it will add an additional ohmic potential drop,
corresponding to the areal resistance of the 50 um Nafion” mem-
brane (=40 chngeo, as discussed in the context of Fig. 2)
multiplied by the electrolyzer current density. The |Ecmode—refl
values corrected by the ohmic potential drop are shown by the
open green circles in Fig. 3c, amounting to ~0.92-0.98 V at
~2.6-4.6 Acm72geo, consistent with the values reported for mem-
brane-embedded Pt-wires at conditions where Ny, ) < 2 x No, .2

In summary, prior to the transition region of the Pt-WRE
potential, its potential corrected by the ohmic potential drop (open
green circles) ranges between ~10-100 mVgyg and will thus allow
a rough assignment of the cathode potential. It has to be noted,
however, that the potential of the Pt-WRE is influenced by the
oxygen crossover and thus the oxygen reduction, even before
the transition point (~2.1 and ~2.6 Acmfzgeo) occurs. Thus the
observed increase in |Ec,pnode_ref] 18 most likely caused by a mixed
potential of the Pt-WRE, that derives from the reduction of O,
permeating from the anode to the Pt-WRE as well as the oxidation
of the hydrogen permeating from the the cathode to the Pt-WRE,
rather than by the charge transfer kinetics of the HER on the
cathode. Beyond the transition region, its ohmic potential drop
corrected value is at ~0.9-1.0 Vgyg. Owing to the significant
current density dependence of the Pt-WRE potential during
electrolyzer operation, artefact-free individual electrode resolved
impedance spectra cannot be obtained during electrolyzer opera-
tion, as the variation of the H, and O, partial pressures at the
catalyst||membrane interface during the impedance measurements
leads to a simultaneous perturbation of the Pt-WRE, which in turn
results in inductive loops of the individual impedance spectra,®®
similar to those observed by Sorsa et al.” However, at very low
current densities (at/mear the OCV), this effect is negligible and
artefact-free individual electrode impedance spectra can be ob-
tained, as will be shown later.

Figure 3c also shows the anode potentials referenced to the Pt-
WRE (|E.noderef]; solid red triangles plotted vs the right y-axis), and
the same considerations apply: at low current densities, the anode
potential can be determined by the Pt-WRE using the |E.,ode_retl;
values corrected by the ohmic potential drop (open red triangles),
with an error that is increasing with current density and ranges
between ~1.47-1.51 V.

As a side note, it should be mentioned that the current density at
which the potential transition region of the Pt-WRE occurs can
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Figure 4. First cycle of the OCV-AST recorded with the Pt-WRE MEA
based on two 50 pym Nafion” membranes (see Fig. 1), conducted at 80 °C
with cathode/anode pressures of 10/1.0 bar, and with a continuous feed of
5 ml g0 min~! into the anode compartment. (a) Current profiles, with high
and low current density periods followed by an idle period at OCV,
mimicking electrolyzer operation with a fluctuating renewable energy source
as well as a potential hold at 1.3 V to record an impedance spectrum. (b)
Associated profiles of the cell voltage (black line) as well as of the half-cell
potentials, described by the potential difference between the anode electrode
and the Pt-WRE (|E.node_ref]; Ted triangles) and by the absolute potential
difference between the cathode electrode and the Pt-WRE (|E amhode—refl;
green line). MEA specification: 5 cm? active-area with ~2 mgp €M “geo
anode and ~0.3 mgp, cm 2, cathode loading.

g
provide a means to quantify the oxygen permeation rate at this
current density, since at this point Ny,¢) = 2xNo,). Based on the
results of Bernt et al., the hydrogen permeation flux through a 50 um
Nafion 212 membrane at 80 °C and a cathode pressure of 10 bar, is

NO.54"];";:] at a current density of ~2 Acm_zgeo.24 As the potential

transition region occurs at/near this current density, the corre-

mel. By applying
different combinations of anode and cathode pressures and deter-
mining the current density at which the potential transition occurs,
the oxygen permeation flux through the membrane can be deter-
mined if the H, permeation flux is known (the latter is relatively easy
to quantify).>* However, this was beyond the scope of this work and
will not be discussed further.

sponding oxygen permeation flux must be ~0.27

Open circuit voltage—accelerated stress test (OCV-AST).—In a
previous study we proposed an accelerated degradation test protocol
to determine whether cycles between load and OCV conditions
would lead to MEA and/or OER catalyst degradation.® Figure 4a
depicts one cycle of the OCV-AST test protocol, where current
densities of 3 Acm_zgeo and 0.1 Acm_zgeo alternate with idle periods
where no current is supplied and the cell is left at OCV, mimicking
the operation of an electrolyzer with fluctuating renewable energy
sources. Figure 4b shows the corresponding cell voltage of the
electrolyzer as well as the half-cell potentials, plotted here for the
very first cycle. The cell voltage (black line) remains essentially
constant during operation and the cell voltages are in good
agreement with the polarization curve at the respective current
density that was shown in Fig. 3a. However, upon current interrup-
tion (i.e., during the OCV phase), the cell voltage gradually
decreases to ~0V within ~10min which we attributed to an
accumulation of hydrogen within the anode compartment via
hydrogen permeation through the membrane from the cathode
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Figure 5. (a) Evolution of the cell voltage and the full-cell HFR-corrected
cell voltage at 0.1 Acm72geo and 3 Acm™ “y, during the OCV-AST with the
Pt-WRE MEA based on two 50 ;zm Nafion® membranes (see Fig. 1). The test
was conducted at 80 °C with peamode = 10 bar, and panoqe = 1 bary,, cycling
the cell with the protocol shown in Fig. 4a while feeding 5 mly,o min~ ' into
the anode compartment (same MEA specifications as in Fig. 4). (b)
Corresponding full-cell HFR values. For better legibility, only every 2nd
point was plotted.

compartment that was kept at a high H, pressure (=10 bar,),
concomitant with a lowering of the anode potential to ~0 V vs RHE
due to the reduction of IrO, and the concomitant formation of
metallic iridium, which is catalytically active towards the hydrogen
oxidation reaction (HOR).®

To verity the above hypothesis, the OCV-AST was repeated with
a Pt-WRE MEA with the same catalysts and catalyst loadings but
with a thicker membrane (two 50 m Nafion” membranes rather than
one) in order to enable a determination of the cathode and anode
half-cell potentials. Particularly at low current densities, the half-cell
potentials can be determined quite accurately, since the Pt-WRE
potential will be within ~10-20 mVgyg for <0.4 Acmfzgeo (see
green circles in Fig. 3c). Thus, at 0.1 and 0 Acm_2geo during the
OCV-AST, the potential difference between the anode electrode and
the Pt-WRE (|E n0qe-refl; See triangles in Fig. 4b) as well as the
absolute potential difference between the cathode electrode and the
Pt-WRE (|Ecathoderet]; see green line) will represent the anode and
cathode potentials vs RHE with an error of less than ~20 mV. Based
on this, Fig. 4b clearly shows that during the OCV period the
cathode potential remains at ~0 Vgyg, while the anode potential
drops to =1.3 Vgyg right at the beginning of the OCV period
(roughly corresponding to the reversible cell voltage under these
conditions) and then gradually decreases to ~0 Vryg at the end of
the OCV period. This gradual decrease in anode potential is
attributed to the enrichment of hydrogen within the anode compart-
ment via H, permeation from the pressurized cathode compartment
through the membrane to the anode compartment. As the cathode
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Figure 6. Electrochemical impedance spectra recorded at an electrolyzer
voltage of 1.3 V and 80 °C (see Experimental section) over the course of the
OCV-AST shown in Fig. 4, namely after the 1st (solid lines) and after the
70th (circles, plotting every 2nd data point for better visibility) OCV-AST
cycle. (a) Full-cell impedance spectra (black line/circles) and anode
impedance spectra taken with respect to the Pt-WRE (red line/circles); the
inset is a magnification of the high-frequency regions of the spectra. (b)
Cathode impedance spectra taken with respect to the Pt-WRE (green line/
circles). The stars mark the real-axis high-frequency intercepts (and the
corresponding frequencies) which are commonly used to determine the HFR
(e.g., the full-cell HFR shown in Fig. 5b).

pressure is not released during the OCV period of our OCV-AST, a
high H, partial pressure of ~9.5 bar in the cathode compartment will
be maintained during the OCV period, resulting in a high H,
permeation rate of ~0.54 mmol m~2s~".** As a result, a hydrogen-
rich gas-phase is developing at the anode side, causing a gradual
reduction of the outermost surface of the IrO, phase of the IrO,/TiO,
OER catalyst to metallic iridium that is catalytically active for the
hydrogen oxidation reaction (HOR).>*"~3° Finally, once a sufficient

HOR activity is established, the anode voltage will drop rapidly
close to the equilibrium potential for the HOR at ~0 Vgryg. This
clearly confirms our previous hypothesis that the potential of the
anode electrode decreases to ~0 Vryg over the course of the OCV
period of our OCV-AST.

On a side note, it should be mentioned that based on Fig. 3 one
would have expected that |E . poge-ref] Should be positive of 1V at
3 Acm_zge(,, instead of the ~0.21 V observed in Fig. 4b. This is due
the fact that the potential of the Pt-WRE is extremely sensitive to
pressure fluctuations at current densities that are close to the
transition region of the Pt-WRE; as a consequence, even under
nominally identical conditions, small variations in cathode/anode
pressure shift the current density range in which the Pt-WRE
potential transition occurs (found to be at ~2.1-2.6 Acm72geo in
Fig. 3 and at >3 Acm °, in Fig. 4).

Figure 5a shows the cell voltage evolution over the first 70 cycles
of the OCV-AST with the Pt- WRE MEA at the two different current
densities of 0.1 Acm72geo (black triangles) and 3 Acmfzgeo (blue
diamonds). Even after only 70 cycles, an increase in cell voltage of
~10mV can be observed, which is similar to that observed in our
previous study,® although the absolute cell voltage (=1.86 V) is
higher in the present study due to the larger membrane thickness
(MEA based on two 50 um Nafion” membranes vs one 50 pum
Nafion” membrane, with identical catalysts and catalyst loadings).
Compared to the performance at 3 Acmfzgco, the cell performance at
0.1 Acm_zgm (black triangles) remained essentially unchanged
during the 70 OCV-AST cycles (1.5 V). Here it must be noted
that the initial increase in performance during the first 10 OCV-AST
cycles that we had observed in our previous study (cf Fig. 2b from
WeiB et al.%) was not observed in the present study, which we
believe is due to the Pt-WRE functionality test at 80 °C prior to the
OCV-AST, where hydrogen was purged through the cathode
compartment while water was purged through the anode compart-
ment without drawing any electrolysis current for some extended
time. This exposure of the MEA to hydrogen in the absence of
oxygen evolution leads to a hydrogen-rich environment in the anode
compartment and a concomitant reduction of the crystalline IrO,
phase of the anode catalyst to a more OER active hydrous iridium-
oxide phase, a process already occurring prior to initiating the
OCV-AST.?"Y As this pre-treatment was not used in our previous
OCV-AST study, the performance improvement associated with the
formation of the more OER active hydrous iridium oxide instead
occurred there over the first few cycles of the OCV-AST.

A closer look at the corresponding full-cell HFR (Fig. 5b)
measured during the OCV-AST test reveals an increase of the full-
cell HFR at both the high (blue diamonds; AHFR ~ 5 chngeo)
and the low (black triangles; AHFR ~ 5 chngm) current density.
Once the cell voltage is corrected by the full-cell HFR (hollow
symbols in Fig. 6a), an even slightly improving performance HFR-
corrected cell performance at 3 Acmfzg‘m can be observed over 70
cycles (=10 mV; hollow blue diamonds). This clearly shows that the
decrease in cell voltage over the 70 OCV-AST cycles is caused by
an increasing full-cell HFR, as was observed previously.®

Evaluation of the individual electrode impedance spectra.—
While artefact-free impedance spectra of individual electrodes
cannot be obtained with the Pt-WRE during electrolyzer
operation,”® they can be acquired when the electrolyzer current is
essentially zero. Therefore, we acquired impedance data at an
electrolyzer cell voltage of 1.3 V, where the electrolyzer current is
close to zero (=1 mAcm’zgco, largely caused by the oxidation of
part of the hydrogen permeation flux through the membrane). Based
on the known OER kinetics of IrO,/TiO, that were shown to follow
simple Tafel kinetics with a Tafel slope (TS) of ~50 mV dec™','>'®
the OER current density (iogr) at an electrolyzer cell voltage of
1.3 V is projected to be on the order of 0.1 mAcm2geo (see Fig. 6 in
Ref. 6). Using these values, the OER charge transfer resistance (R.)
can be estimated from Eq. 1, resulting in a value of ~220 Qcngeo at
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Figure 7. (a) Simplified transmission line model (TLM) to fit the anode
impedance response under blocking conditions (i.e., at an electrolyzer cell
voltage of 1.3 V) with the following circuit elements: i) an inductor (L) to
account for the inductive behavior of the system at high frequencies; ii) a
resistor (Rq) to represent the proton conduction resistance of the membrane
between the anode electrode and the Pt-WRE; iii) a constant phase element
(Q) to represent the capacitance of the anode electrode; iv) a resistor (Ry+) to
represent the proton conduction resistance across the anode electrode; and, v)
a resistor (Rqon) to represent the contact resistance between the anode
electrode and the titanium PTL. (b) Electrochemical impedance data of the
anode (red circles; same data as shown in Fig. 6a (Ist cycle, red line))
recorded at an electrolyzer voltage of 1.3 V (at 80 °C, and cathode/anode
pressures of 10/1.0 bar,) and the fit of the impedance data (black line)
obtained with the TLM shown in panel a. c) Residuals between the
impedance data and the TLM fit as a function of frequency (see
Experimental section).

an electrolyzer voltage of 1.3 V.
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This very large estimated anodic R-value implies that the anode
impedance spectrum recorded at an electrolyzer voltage of 1.3V
should essentially resemble a spectrum recorded under blocking
conditions. In this case, the full-cell impedance spectrum would also
show the same features, if the overall cathode impedance is

sufficiently small,'”'® as would be expected based on the fast

HOR kinetics of the Pt/C based cathode electrode.

Figure 6a shows the full-cell impedance spectra after the 1st
(black line) and after the 70th (black circles) OCV-AST cycle,
indeed resembling an impedance spectrum that is governed by a
blocking electrode response. A magnification of the high-frequency
region of the spectra is shown in the inset of Fig. 6a, with the high-
frequency intercepts with the real axis that correspond to the full-cell
HFR-values shown in Fig. 5b being marked by the purple stars.
Figure 6a and the inset also show the anode impedance spectra at
1.3 V recorded with the Pt-WRE after the 1st (red line) and after the
70th (red circles) OCV-AST cycle, exhibiting the expected blocking
electrode response. The corresponding cathode impedance spectra
are shown in Fig. 6b after the 1st (green line) and after the 70th
(green circles) OCV-AST cycle, whereby the overall magnitude of
the cathode impedance is very small compared to the anode and full-
cell impedance. No apparent artefacts like inductive loops are
observed for the anode and cathode impedance spectra acquired at
1.3 V by means of the Pt-WRE.

After the 1st OCV-AST cycle, the HFR of the anode
(~45 chngeo; see solid red star in the inset of Fig. 6a) and of
the cathode (=47 chm2gcg; see solid green star in Fig. 6b) sum up
to ~92 chngeO, which, within the error of measurement, agrees
well with the full-cell HFR (x93 chngeo; see solid purple star in
the inset of Fig. 6a). Furthermore, the anode and cathode HFR-
values are essentially identical, as would be expected for an
equidistant placement of the Pt-WRE between the electrodes that
was shown in Fig. 2.

In the following, we will first examine more closely the anode
impedance spectra acquired with the Pt-WRE at an electrolyzer
voltage of 1.3 V over the course of the OCV-AST. Owing to the high
anode electrode charge transfer resistance at 1.3 V (see above), its
impedance response resembles that of an electrode under blocking
conditions, so that it can be fitted using a simple transmission line
model (TLM). This allows for a determination of the proton
conduction resistance of the anode electrode (Ry+) and its capaci-
tance (C), as was shown for PEM fuel cell cathodes®' and for PME-
WE anodes’ using the hydrogen electrode as working and counter
electrode as well as for lithium-ion battery electrodes using a micro-
reference electrode.'®!” Furthermore, the inductive response that is
generally observed for electrochemical systems at high frequency
can be modeled using an inductor element (L), which then allows for
a more precise estimation of the anode-HFR. Thus, for fitting the
anode impedance spectra, the simplified transmission line model
shown in Fig. 7a was used, consisting of an inductor (L), the
membrane resistance between the Pt-WRE and the anode electrode
(Rg), a constant-phase element (Q, with its impedance defined as
Zg = 1/[Q-(j-w)*]1), a resistor (Ry+) representing the proton
conduction resistance of the anode electrode, and a resistor (Rcont,)
representing the contact resistance between the anode PTL and the
anode electrode.

Figure 7b shows the anode impedance spectrum recorded at a cell
voltage of 1.3V after the first OCV-AST cycle (red circles; same
data as that shown in Fig. 6a) together with the TLM fit (black line).
As shown in Fig. 7c, the agreement between the impedance data and
the fit is quite good, with residuals of <2% over the entire frequency
range. The largest deviation between the data and the fit is observed
in the 45 °—line region of the Nyquist plot that is governed by the
through-plane proton conduction resistance of the electrode (Ry+). A
deviation between the TLM fit and the impedance data in the 45 °—
line region (see Fig. 7b) was recently observed for lithium-ion
battery electrodes in the presence of a non-uniform binder gradient
within the electrode that leads to an inhomogeneous ionic resistance
distribution across the thickness of the electrode.®® The deviation
observed here would correspond to the case where the ionic
resistance increases towards the interface of the anode electrode
and the anode PTL interface (see Figs. 3 and 4a in Ref. 33). The
same was also observed by Reshetenko and Kulikovsky for PEM
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fuel cell electrodes with an inhomogeneous ionomer distribution
across the electrode.* While in such a case the apparent proton
conduction resistance of the electrode would be lower than the true
proton conduction resistance of the electrode, the rather small
deviation observed in Figs. 7b and 7c is still negligible within the
error of these measurements.

As mentioned before, extracting the high-frequency resistance
from the high-frequency intercept of the impedance spectra with the
real-axis in a Nyquist plot often results in an overestimation of the
high-frequency resistance due to the inductive behavior at high
frequencies. The differences in the high-frequency resistance values
of the anode impedance spectra over the course of the OCV-AST,
determined from either the high-frequency intercept with the real-
axis (Rqginterecpr)) OF from the TLM (Rgq, see Fig. 7a), are given in
Table 1.

This comparison shows that by using the high-frequency inter-
cept of the impedance spectra with the real-axis in a Nyquist plot, the
high-frequency resistance of the anode impedance spectra is over-
estimated by =2 chngeo compared to a simplified transmission
line model, where the inductive branch at high frequencies is
considered. The overall error, however, is <5% (see Table I), so
that the intercept can indeed be used as a good approximation of the
high-frequency resistance.

Regarding the cathode impedance spectra shown in Fig. 6b, we
already commented that the magnitude of the impedance is rather
small compared to the full-cell and the anode impedance, except that
the inductive response at high frequencies is similar in magnitude.
Based on the well-known HOR kinetics of a Pt/C based electrode, a
char%e transfer resistance for a cathode loading of ~0.3 mgp,
€M™ g0, ON the order of only =1 chngeo would be expected
(see appendix in Ref. 15). However, as shown by Kuhn et al,, a
detailed analysis of the cathode impedance response at the very
small overall current density at 1.3 V would require considering the
Tafel and the Volmer reaction steps of the hydrogen evolution/
oxidation reactions in the impedance model,® in addition to the
proton conduction resistance in the cathode electrode. Extracting
meaningful proton conduction resistance values from such a model
is not really possible, which is the reason why we did not pursue this
approach. Instead, we only extracted the high-frequency resistance
between the cathode electrode and the Pt-WRE from the intercept of
the cathode impedance spectra at high frequencies with the real-axis
of the Nyquist plot; based on the above analysis for the anode
(summarized in Table I), we expect that the error induced by the
inductive behavior at high frequencies will also be on the order of
5% or less for the cathode electrode.

Next we will examine the evolution of the impedance spectra
acquired at a cell voltage of 1.3 V over the course of the OCV-AST
shown in Fig. 5, where the full-cell HFR recorded at 0.1 and
3.0 Acmfzgeo was observed to increase by =5 chnge0 over
70 OCV-AST cycles. The full-cell impedance spectra recorded at a
cell voltage of 1.3V (see black lines/circles in the inset of Fig. 6a)
show a similar, only slightly higher increase in the high-frequency
intercept of ~6 chngeo over the 70 cycles (this minor difference
might be due to a slightly lower through-plane membrane hydration
due to reduced osmotic drag at low current densities and thus a
slightly lower cell compression). An identical increase of the high-
frequency intercept is observed for the anode impedance spectra
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Figure 8. Evolution of the high-frequency resistances of the full-cell
(HFRy;, black squares), the anode (HFR 04, red triangles), and the cathode
(HFR athode» green circles) plotted vs the left y-axis, as well as of the proton
conduction resistance of the anode (Ry+, red diamonds, plotted vs the right y-
axis), all determined at a cell voltage of 1.3 V, over the course of the OCV-
AST shown in Fig. 4 (at 80 °C, with cathode/anode pressures of 10/1.0 bar,).
The half-cell impedances were obtained using the Pt-WRE (sandwiched
between two 50 pym Nafion” membranes (see Fig. 1); same MEA specifica-
tions as in Fig. 2). HFR;; and HFR ,ode Were determined by the intercept
of the spectra at high frequencies with the real-axis in the Nyquist plot, while
HFR,,0qe Was extracted by fitting the impedance spectra with the TLM
shown in Fig. 7a (in this case, HFR,,oq. corresponds to Rg in Fig. 7a). For
better legibility, the data of only every 10th cycle are plotted here; the
equations given in the figure are linear regression fits of the change of the
HFR with the number of cycles.

acquired at a cell voltage of 1.3 V (see red lines/circles in the inset of
Fig. 6a), while the high-frequency intercept of the cathode impe-
dance spectra (see Fig. 6b) remains constant over the 70 OCV-AST
cycles.

Figure 8 shows the evolution of the high-frequency resistances of
the full-cell (HFR..y, black squares), the anode (HFR,,oqe, red
triangles), and the cathode (HFR_ odes green circles) acquired at a
cell voltage of 1.3 V over the course of the OCV-AST (plotted vs the
left-hand y-axis). The increase of the full-cell HFR per cycle
amounts to AHFR.; = 87 ,uQcngeo cyclef1 and is identical with
that of the anode electrode (AHFR o4 = 87 uQcnge(, cycle™ ),
while the cathode HFR is essentially zero (AHFR.yhode =
0 ,uQcngeo cycle™). This clearly proves that the increase in the
full-cell HFR during the OCV-AST can be ascribed solely to the
anode side of the MEA.

Figure 8 also shows the proton conduction resistance of the anode
electrode (Ry+, red diamonds, plotted vs the right-hand y-axis)
determined at a cell voltage of 1.3V from the fit of the anode
impedance spectra using the TLM shown in Fig. 7a. Clearly, the

Table I. Comparison of the high-frequency resistance values determined from the anode impedance spectra over the course of the OCV-AST shown
in Fig. 4, either from the high-frequency intercept of the impedance spectra with the real-axis in the Nyquist plot (Ronterecpry) Or from a fit to the

TLM shown in Fig. 7a (Rq).

Ist cycle 10th cycle 20th cycle 40th cycle 60th cycle
Rqinterecpt) [chngen] 455 46.5 475 48.5 50.0
Rq from the TLM [chngm] 43.6 44.6 45.4 47.4 48.9
(Raintereepyy — Ra) /Ra [%] +4.4% +4.3% +4.6% +2.3% +2.2%
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Figure 9. (a) Cyclic voltammograms recorded at beginning-of-test (BoT,
i.e., prior to the OCV-AST) and at end-of-test (EOT, i.e., after the 70 OCV-
AST cycles shown in Fig. 5), recorded at 50 mV s7!, 80 °C, and ambient
pressure, with 5 mlgso min~! supplied to the anode and 50 nccm H, to the
cathode. (b) Anode capacitance values extracted from the anode impedance
spectra at 1.3 V. over the course of the OCV-AST test, using the TLM
shown in Fig. 7a.

proton conduction resistance of the anode remains almost constant
over the course of the 70 OCV-AST cycles, decreasing slightly from
initially ~48 mQcm’g, to ~45 mQem’y, after 70 OCV-AST
cycles. The absolute value of the anode Ry+ may be compared to
the values estimated by Bernt et al.'® for electrodes with the identical
IrO,/TiO, anode catalyst and loadings as a function of ionomer
content: interpolating their data to an ionomer content of 8 wt.%, the
authors estimated the anode Ry+ to range between 23—49 chngeo,
which is consistent with the values shown in Fig. 8. Thus, by
utilizing a Pt-WRE to determine the anode impedance spectra it was
possible to extract the proton conduction resistance of the anode
electrode in the cell. In previous works, the proton conduction
resistance of the anode in a PEM-WE cell was determined from

full-cell impedance spectra measured under blocking conditions that
were established by purging the cathode with H, and the anode with
N,, assuming that the cathode does not contribute significantly to the
full-cell impedance spectra.’*® That the latter assumption is correct
under blocking conditions is shown by the comparably small
magnitude of the cathode impedance compared to the anode
impedance (see Figs. 7a and 7b). The use of the Pt-WRE, however,
allows to deconvolute the ohmic resistance contributions from the
anode and the cathode side of the MEA, clearly showing that the
HFR only increases on the anode side. Possible unintended cationic
contaminations of the ionomer phase in the membrane and the
electrodes over the course of the OCV-AST can be excluded, as this
would also have to lead to an increase of the cathode HFR, which
clearly is not the case.

Besides the anode HFR and the anode proton conduction
resistance, the use of the Pt-WRE also allows for an approximate
quantification of the capacitance (C) of the anode electrode by fitting
the TLM shown in Fig. 7a. While we use a constant phase element
for the impedance fit, the a-value in all fits was always >0.9 so that
the Q value of the constant phase element (in units of F-s ) can be
approximated with an actual capacitance (in units of F)). Figure 9b
shows the development of the anode capacitance extracted from
the anode impedance spectra acquired at a cell voltage of 1.3V
over the course of the OCV-AST. The anode capacitance of
~318 chmfzgco prior to the OCV-AST initially increases rather
rapidly with the number of OCV-AST cycles, and then gradually
levels off to a value of ~505 chmfzgeo after 70 OCV-AST cycles.
This increase of the anode capacitance clearly points towards a change
of surface chemistry of the anode catalyst, consistent with the
differences in the cyclic voltammetric features of the anode electrode
(see Fig. 9a) when taken at the beginning-of-test (BoT, i.e., prior to
the OCV-AST) and at the end-of-test (EoT, i.e., after 70 OCV-AST
cycles). This shows that over the course of the OCV-AST, the
originally crystalline IrO, phase of the IrO,/TiO, anode catalyst with
the typical CV observed at BoT (dark red CV in Fig. 9a) gradually
converts into a hydrous iridium-oxide (light red CV in Fig. 10a) due to
the exposure of the catalyst to hydrogen during the OCV periods.?*°
The hydrous irdium-oxide exhibits the characteristic Ir(III)/Ir(IV)
redox-features at ~0.75 V,>”*® and also has a significantly higher
capacitance, e.g., ~510 chmfzgco at 1.0V compared to =250
chm_zge(, for crystalline IrO, (see Fig. 9a). These findings are
consistent with the irreversible transition of crystalline IrO, to a
hydrous iridium-oxide observed in our previous OCV-AST study.’
The capacitance values determined from the anode impedance spectra
at 1.3V (Fig. 9b) are in reasonably good agreement with those
obtained by the CVs at 1.0 V (Fig. 9a). This confirms that the use of
the Pt-WRE electrode indeed enables the determination of the anode
capacitance from the anode impedance data.

In summary, the application of a Pt-WRE allows for the
determination of the individual HFR as well as the anode proton
conduction resistance of the anode and its capacitance under OCV
conditions. During operation, however, the water distribution and
content within the cell can change with current densities, as will the
proton conduction resistance and the high frequency resistances of
both anode and cathode. Moreover, the surface chemistry of the
iridium might change at higher currents, which would lead to a
concomitant change in capacitance. Hence, the values obtained at
1.3 V can be taken as indication for any changes observed over the
course of the OCV-AST, but cannot be used to quantitatively capture
individual performance loss contributions during operation.

Origin of the increasing HFR over the course of an OCV-
AST.—The main cause for a decreasing performance during an
OCV-AST was found to be an increasing HFR, which in principle
can result either from a higher proton transport resistance of the
membrane due to cationic contaminants and/or an additional
electronic resistance. In this section, we will review and discuss
the different reasons for an increasing HFR, which are illustrated in
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Figure 10. Scheme of an MEA with a Pt-WRE, illustrating possible reasons
for the observed HFR increase during the OCV-AST: 1) cationic contam-
ination of the membrane; 2) formation of an electronically insulating oxide
film on the Ti-PTL surface; 3) additional resistance due to the low electronic
conductivity of hydrous iridium-oxide; 4) additional interfacial resistance at
the interface of the anode electrode and the titanium PTL due to passivation
of Ti-PTL in combination with the lower electronic conductivity of the anode
catalyst.

Fig. 10. One common failure mechanism for PEM water electro-
lyzers is a decreasing performance due to ion-exchanging the
protons of the sulfuric acid groups of the ionomer membrane by
cationic contaminants (® in Fig. 10), often introduced by insuffi-
ciently cleaned feed water.>>™? Since the deionized (DI) feed water
quality was recorded and monitored continuously over the course of
the OCV-AST and since the resistivity of the feed water was always
maintained at >15 MQcm, an introduction of cationic contaminants
via the feed water was considered highly unlikely; alternatively,
cationic contaminants could also result from the corrosion of cell
hardware components, but post-mortem analysis of the membrane
seemed to exclude also that possibility.® The observation in the
present study that the cathode HFR (HFR_ 4,04, se€ Fig. 8) remains
constant over the 70 OCV-AST cycles while the anode HFR
(HFRh04e) and the full-cell HFR (HFR) increase by the same
rate now allows to unequivocally exclude any cationic contaminant
effects: in case of cationic contamination, both sides of the
membrane would be affected and, therefore, the HFR 040 Would
have to increase as well, especially since cations would be driven to
the cathode side of the cell. The constant proton conduction
resistance of the anode (red diamonds in Fig. 8) further proves
that cationic contaminants are not the cause of the increasing full-
cell HFR.

An increasing HFR due to the passivation of the Ti-PTL during
operation and the accompanied increasing contact resistance at the
anode (@ in Fig. 10)* was already investigated in our previous
OCV-AST study by contact resistance (R.on) measurements be-
tween the PTL and the flow field performed ex situ.®'® It was shown,
that an increasing contact resistance indeed contributes to the
increasing HFR, but this can only partially explain the overall
increase. Moreover it is known that a hydrous iridium-oxide exhibits
a lower electronic conductivity compared to crystalline IrO,’ and
that if the electronic resistance of the catalyst layer is not
significantly smaller than the ionic resistance (1/100) this would
be reflected in the HFR.** Therefore, a decreasing electronic
through-plane resistance of the catalyst layer might be responsible
for the observed increase in HFR during cycling (® in Fig. 10). The
formation of a hydrous iridium-oxide was proven by both an
increasing anode capacitance during cycling as well as by the
formation of the typical Ir(IIl)/Ir(IV) redox features (Fig. 9).
Additionally, in-plane resistance measurements showed that the
electronic in-plane resistance of the IrO, is indeed lower at BoT
(=~0.04 chngeo) compared to the in-plane resistance determined
at EoT wupon the formation of a hydrous iridium-oxide
(=~0.08 chngeo).(’ Since this electronic resistance is still small
compared to the ionic resistance, it would not lead to an increase of
the full-cell or anode HFR. Hence, the only feasible explanation, as
already concluded in the previous study,’ is an interfacial resistance

at the interface of the anode electrode and the Ti-PTL (@ in Fig. 10),
due to a decreased electronic conductivity of the hydrous iridium-
oxide catalyst layer in combination with the increased contact
resistance due to the passivation of the Ti-PTL. Due to the coarse
structure of the Ti-PTL (10-50 xm pores)'> and the resulting small
contact area between the Ti-PTL and anode electrode, even a small
change in conductivity might lead to a significant increase in contact
resistance.

Conclusions

In this study a Pt wire micro-reference electrode (Pt-WRE) was
applied in between the electrodes of a membrane electrode assembly
(MEA) for a PEM water electrolyzer (PEM-WE) by laminating an
insulated 50 ym Pt-wire between two 50 ym Nafion” membranes,
with the aim to measure the individual electrode potentials and
impedances. By comparing the performance of an MEA with the Pt-
WRE to previous data recorded for an MEA without a Pt-WRE, it
could be shown that the Pt-WRE does not affect MEA performance.
Since the potential at the Pt-WRE depends on the ratio of the local
permeation rates of O, and H, through the membrane, it changes
with different operating pressures and current densities. However,
for the applied anode and cathode pressures of 1.0 and 10 bar,, the
potential of the Pt-WRE is close to the reversible hydrogen potential
(i.e., at 0 Vryg) and can be used to determine the individual half-
cell potentials of anode and cathode separately at low current
densities (e.g., during OCV and potential holds at an electrolyzer
voltage of 1.3 V). Even though it is not possible to obtain artefact-
free anode or cathode impedance spectra while drawing significant
electrolyzer currents due to the changing Pt-WRE potential, artefact-
free electrode impedances can be obtained at OCV or at a 1.3V
potential hold

The Pt-WRE was used to study the degradation observed in our
previously proposed OCV-AST, where periods of high and low
current densities (3 Acnfzgeo and 0.1 Acmfzgeo) alternate with idle
periods (OCV), mimicking electrolyzer operation with a fluctuating
power supply. This allowed to prove that the anode potential drops
close to the reversible hydrogen potential during the OCV-period,
whereas the cathode potential remains at ~0 Vgyg. Over the course
of 70 OCV-AST cycles, the electrolyzer performance decreased by
~10mV at 3 Acm_zgm, which can be mostly ascribed to an increase
in full-cell HFR (AHFR ¢y ~ 5 mQem®geo).

The Pt-WRE was used to measure anode impedance spectra at an
electrolyzer voltage of 1.3 V, where the charge transfer resistance of the
OER is very large and the anode impedance can be described by a
simplified transmission line model (TLM). During the OCV-AST, the
cathode HFR (measured between the Pt-WRE and the cathode flow
field) remained constant (=47 chmdeo), whereas the full-cell HFR
and the anode HFR (measured between the Pt-WRE and the anode flow
field) both increased by =6 chngeo over the course of 70 OCV-
cycles. Thus the increasing full-cell HFR and the accompanied decrease
in electrolyzer performance is related to an increasing HFR at the anode
side. Since the cathode HFR and the anode proton conduction resistance
remained constant over the course of the OCV-AST, an increase of the
HFR due to cationic contaminants can be ruled out. Ultimately, the
decreasing performance can be ascribed to an increasing contact
resistance between the Ti-PTL in combination with a lower conductivity
of the IrO,-based anode catalyst due to the formation of a hydrous
iridium-oxide during the OCV-periods. The formation of a hydrous
iridium-oxide could be proven by both the increasing anode capacitance
extracted from the anode impedance spectra via a transmission line
model fit and by the development of the characteristic Ir(II)/Ir(IV)
redox-features observed in the recorded CVs at the end-of-test.

In summary, the implementation of a Pt-WRE allows for a
detailed electrode resolved impedance analysis of both anode and
cathode, and thus enables the extraction of meaningful physical-
chemical parameters such as anode and cathode HFR, the anode
proton conduction resistance, and the anode capacitance.
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