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Membrane Creep Caused by Porous Transport Layer
Compression in PEM Water Electrolysis and the Impact on
Hydrogen Permeation

A. Hintzen,”® M. Stihler,® and I. Friedrich

Forschungszentrum Juelich GmbH, Institute of Energy and Climate Research, IET-4: Electrochemical Process Engineering,

52425 Juelich, Germany

Reducing hydrogen crossover is important for safe operation of polymer electrolyte membrane (PEM) water electrolyzers. The
influence of catalyst coated membrane (CCM) properties, operating conditions, and cell assembly on hydrogen crossover have
already been investigated. Recent investigations show strong pressure gradients in test cells used. Additionally, mechanical
analysis shows membrane creeping under comparable pressure conditions. These findings raise the question whether the membrane
creep during cell operation has an impact on hydrogen crossover. The present study addresses this question and presents results that
show correlations between contact pressure, membrane creeping, and hydrogen crossover. CCMs were installed in a commonly
used test cell with different contact pressure conditions. Because membrane creeping depends on its swelling state, some of the
CCMs were installed wet. The influence of the different assembly modes on cell performance, hydrogen permeation, and
membrane creeping were investigated. The study shows a strong dependence of the membrane thickness distribution on the
installation situation of the CCM after several hours of operation. The contact pressures commonly used in PEM water electrolysis
can lead to strong membrane creep during operation of the CCM, independent of electrochemical reactions. The higher the contact
pressure, the stronger the membrane creep and the hydrogen crossover.
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Polymer electrolyte membrane (PEM) water electrolysis (WE) in
combination with renewable energy sources is a promising tech-
nology for producing hydrogen as an energy carrier. The PEM WE
technology is particularly suitable for fluctuating and intermittent
energy supply and produces hydrogen in high current density ranges
with high gas purities, and has a good and fast system response
compared to alkaline electrolysis systems.'™

A reduction of ohmic losses is one method to further increase the
efficiency of PEM water electrolyzers which can be achieved by
lowering the membrane thickness.”” However, a decrease in
membrane thickness results in an increase of permeation.
Hydrogen permeation through the membrane not only leads to a
declining efficiency of PEM WE cells,®® but also poses a safety risk
as the formation of explosive gas mixtures becomes possible (lower
explosion limit of hydrogen in oxygen ~4 vol%).”

A further option to increase the efficiency is to reduce the contact
resistances between the CCMs and the porous transport layers
(PTLs). This is achieved by increasing the contact pressure, which
is adjusted during cell assembly by compressing the PTLs. The
higher the compression, the lower the contact resistance. But, Stihler
et al. were able to show that the higher the compression of the PTL
on the cathode side, the higher the hydrogen permeation rate.'® It is
important to find a good balance in order to achieve a low contact
resistance between the electrode and the PTL without applying too
much compression, which has a detrimental effect on hydrogen
transport.'®"'> Martin et al.'® expanded the study on PTL compres-
sion influencing the hydrogen crossover. They also investigated the
contact pressure distribution in more detail by using pressure-
sensitive films during cell assembly, at the beginning when the
cell starts to be commissioned. This pressure distribution shows a
very inhomogeneous distribution over the active area with very low
contact pressures around the channel structures of around 1 MPa and
up to contact pressures of over 25 MPa at the ribs of the flow field
used. Since the analysis is only performed for dry-mounted CCMs, it
can only be assumed that the contact pressure increases with
operation as the membrane begins to swell when the cell is flushed
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with water and reached target temperature. The significance of these
results is increased by the publication of Al-Baghdadi et al.'” about a
yield strength of the Nafion™ membrane material used, which is
expected to be at about 2.3 MPa under the operating conditions
applied in the study by Martin et al.'®

The combination of the applied contact pressure and the yield
strength information predicts that the membrane material will creep
under the conditions applied in the study of Martin et al., creating
thinner but also thicker regions. The thinner regions can be more
easily damaged than the thicker ones, especially when thin mem-
branes are used. In addition, it is expected that the thinner areas will
lead to higher permeation rates and thus to increased permeation
overall.

Up to now, cross-sectional studies of CCMs to investigate
changes in membrane thickness are rarely carried out, although
only in small sections and with a manageable number of measure-
ment points.'®' However, some studies in cross-sectional surveys
of CCMs show that there are significantly thinner areas within
CCMs that become hotspots for development of pinholes within
CCMs. Garbe et al.** show that CCMs with Nafion™ 117 creep at
elevated cell temperatures during cell operation and even exhibit
membrane thickness distribution measured in SEM cross sections at
5 different points in the CCM. A detailed analysis of how the
mechanical stress caused by cell assembly affects membrane creep
and thus performance and hydrogen permeation has not yet been
performed.

The subject of this work is therefore to investigate the membrane
creep within the CCM caused by different PTL compression
conditions in PEM electrolysis and the impact on hydrogen
permeation. For this, different contact pressure conditions in a
PEM-WE test cell were realized, a fixed electrochemical test
protocol was applied repeatedly to detect the temporal changes
and the impact of the pressure conditions on the membrane thickness
distributions was investigated after the test by cross-sectional
analysis.

The findings clearly show the permanent membrane deformation
induced by creep under typical PEM-WE operating conditions and
the impact on the change in the membrane thickness distribution and
on the hydrogen permeation over time.
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Experimental

Catalyst coated membrane preparation.—By using the decal
method, the CCMs were fabricated, as described in a previous
work.'%?*?* For the anode production, an iridium-containing dis-
persion was coated to a 140 um thick glass fiber reinforced PTFE
substrate using a slot die (TSE Troller AG) with a coating width of
200 mm. (CF206, Saint-Gobain) (anode composition: 70 wt% iri-
dium(IV)oxide (Premion™, Alfa Aesar) and 30 wt% Nafion™
ionomer (D1021, Chemours)). The cathode, which consisted of
85 wt% carbon supported platinum catalyst (60% Pt, EC-300J, PK
catalyst) and 15 wt% Nafion™ ionomer (D1021, Chemours) was
also coated with a TableCoater with a slot die width of 200 mm
(TSE Troller AG). The coated substrates were cut into (4.2 x 4.2)
cm? pieces and hot pressed at 150 °C and 0.025 kN cm™2 onto a
Nafion™ 212 membrane. The resulting catalyst loading was (1.05 +
0.05) mgy, cm ™2 for the anode and (0.30 + 0.05) mgp, cm ™2 for the
cathode. For the wet cell assembling, the CCM was pre-swollen
what lead to an increase of the active area to (4.7 x 4.7) cm> what
resulted in a reduced catalyst loading of about (0.84 + 0.05) mg,
cm ™2 for the anode and (0.24 + 0.05) mgp, cm ™2 for the cathode.

Cell assembly.—The CCMs were electrochemically character-
ized by using an in-house manufactured test cell. The meander
structured flow field on the anode side is platinum plated titanium
and gold plated titanium on the cathode side. A (340 + 2) pm thick
titanium felt (Bekipor™ Titanium, 2GDL-10-0.35, Bekaert, porosity
68%) iridium sputtered on both sides with dimensions of (4.2 x 4.2)
cm? is installed as PTL on the anode side. The sputtering was carried
out as published by Liu et al.>> The amount was approximately (0.08
+ 0.02) mg/cm®. To ensure even pressure distribution, there is an
additional (1013 = 3) pm thick iridium coated titanium felt (Bekipor®
Titanium, 2GDL-40-1.0, Bekaert, porosity 56%) between the flow
field and the thin titanium PTL.

A carbon nonwoven PTL from Freudenberg (H2312, (217 + 2)
pm) with dimensions (4.2 x 4.2) cm? was used on the cathode side.
To investigate the influence of a non-uniform contact pressure
distribution, only the thin carbon PTL (C-PTL) was installed
between the flow field and the CCM in the “uneven’-case. To
achieve a cell structure with a balanced contact pressure distribution
a (1026 + 2) pm thick platinum coated titanium felt was additionally
installed between the flow field and the C-PTL in the “even”-case.
For the sake of simplicity, we will refer to 1 mm thick PTLs in the
case of even contact pressure distribution. The cell was assembled
with combinations of PTFE and PI flat gaskets. All gasket
thicknesses for the titanium PTLs (Ti-PTL) were chosen to be the
same thickness as the Ti-PTL, the flat gaskets of the C-PTL were this
way selected resulting in compression values of Ko = 22% or kpjgp
= 42%. The increase in membrane thickness due to subsequent
swelling upon contact with water in the test cell was not considered
when adjusting the compression rate.

To reduce the risk of short circuits caused by the sharp edges of
the titanium PTLs, an additional 12 pm thin polyimide (PI)-
subgasket was installed between the CCM and the PTL on both
sides of the cell, resulting in an active area dimension of (40 x 40)
mm?. The details of the cell assembly are shown in Fig. 1.

The CCM was assembled either dry or wet, an overview of the
installation variants with the markings used in this study is
summarized in Table I. For wet installation the CCM was immersed
in Milli-Q® water (Oiitia1 = 0.05 pS cm '), heated to 80 °C for 1 h
and then left in Milli-Q° water at room temperature for 18 h
overnight. The swollen CCM was then assembled underwater using
the same PTLs, gasket thicknesses and bolt tightening torques as for
the dry installed CCMs. The test cell was set up with eight tie rods
that were gradually tightened to a torque of 10 Nm. It is conceivable
that the wet-installed membrane, the dimensions of which are chosen
so that it lies between the seals up to the edge of the cell, dries out
during operation and changes its thickness. This would have an
impact on the cell compression. However, this possibility will not be

discussed in more detail below, since an assumed change in the
thickness of the membrane of 10% would result in a change in
thickness of 5 pm. In view of the mentioned thickness variation of
the C-PTL (+/—2 pm), it can be assumed that 95% of the C-PTL
thickness is in the range between 213 pm and 221 pm (double
standard deviation). In the authors’ estimation, such minimal
changes in thickness are hardly detectable with a technical labora-
tory cell.

The cells were assembled according to the instructions described
in Fig. 1 and Table I. The two different compression values k., and
Kpign of the C-PTL that were realized by the different gasket
thicknesses were either leveled by applying 1 mm thick Ti-PTLs
on both sides of the CCM (even) or not (uneven). Under the test
conditions mentioned, the compressibility of the Ti-PTL is negli-
gible compared to the C-PTL.

Test protocol and test rig.— After the cell was assembled, it was
installed in an in-house test rig and electrochemical measurements
were carried out. The test rig setup was already described in previous
works.'?® The cell was flushed on the anode and cathode side with
water preheated to 80 °C (25 g min™"), brought to a cell temperature
of 80°C, and examined for a short circuit in a preliminary
measurement. Initial cell voltages below the decomposition voltage
of water were applied, a defined protocol was run, and the current
density was measured, similar to Stihler et al.”’ An impedance
spectrum at 1.45V was then recorded, using an electrochemical
workstation (Zennium Pro, Zahner).

At this point, it should be briefly pointed out that the PEM-WE
test cell with an active area of 16 cm? in the setup used has an ohmic
resistance of about 32 mOhm cm?® which corresponds to a measured
resistance value of 2 mOhm. The total measured resistance value is
important to determine the uncertainty to the measured impedance
values according to the manufacturer accuracy contour plot of the
device. According to this plot, phase errors in the range of 3° and
amplitude errors of 2% have to be expected in the range of 500 Hz
and 10 kHz, when using the Zennium Pro device. Above 10 kHz the
error is larger. The high frequency resistance (HFR), which contains
information about the membrane resistance, and which should show
the expected changes in the membrane, is therefore strongly
influenced by device-related measurement errors. These errors are
lower in the Zennium Pro device than in other devices available in
this study that allow larger currents. Because the current of the
Zennium Pro is limited to 3 A, impedance spectra are only recorded
at low current densities (at 1.45 V).

Polarization curves were measured 20 times in succession using
the following steps: 1.45V, 1.50V, ...1.80V, 1.70V, ...1.50V,
1.45 V. Each cell voltage was kept constant for 15 min. Finally, a
short-circuit measurement was carried out again and the impedance
measurement was repeated with the same cell settings. Each
measurement was performed automatically, so the total measure-
ment time was the same for each cell. The measurement time was
75 h. During the measurement, the current density, water conductiv-
ities at the anode/cathode in- and outlets were measured.

The water-oxygen mixture at the anode outlet was fed into a gas
separator and the water in the gas phase was condensed out by a
cooler. The dew point in the oxygen at the cooler outlet was 0 °C for
all oxygen flow rates measured in this study, checked with a dew
point mirror (HX 373, MBW). The hydrogen concentration in the
oxygen was then measured by a thermal conductivity sensor
(FTC300, Messkonzept GmbH, measurement range 0-3 vol%,
carrier gas: oxygen) that was calibrated with hydrogen in oxygen
calibration gas (Linde, relative accuracy +2%) which was passed
through the test rig to the sensor. The dew point of this gas mixture
was 0°C. The accuracy of the FTC-sensor according to the
calibration is: 0.02-(read value) +0.0001. The details of this setup
and the measurement devices used are described in previous
work.!%2%27 The measurement uncertainty (standard deviation)
was determined using the measuring instrument uncertainties in
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Figure 1. Sketch of the test cell setup. (a) The setup with even pressure distribution, viewed from bottom to top, consists of the following components: The end
plate, the platinum-coated titanium anode flow field, a 1 mm thick iridium-coated titanium PTL including a flat gasket of the same thickness, a 340 pm thick
iridium-coated Ti-PTL with the accompanying flat gasket of the same thickness, a 12 pm thin PI (polyimide) sub gaskets as membrane protection from the PTL
edges, the CCM, followed by the carbon PTL that comes on the cathode side, which was compressed by the compression factor kioy 0r kpign by selecting the
appropriate flat gasket thickness t,. To even out the contact pressure, a 1 mm thick titanium PTL, which is coated with platinum, is also installed on the cathode
side. Compression of the Ti material is prevented by choosing the same seal thickness. This is followed by the gold-plated titanium flow field and the end plate.
(b) The structure with uneven pressure distribution consists of the same components, except for the 1 mm thick Ti-PTLs on the anode and cathode flow field and
the associated flat gaskets. (c) Adjustment of the compression factor by choosing an appropriate gasket thickness t, in relation to the CPTL used with thickness
teprr. (d) Top view of the anode and cathode flow field geometry used for the experiments with a schematic of the overlapping structure in assembled condition.

Table 1. labeling used for the types of cell assemblies investigated in this study.

Marking CCM assembling Additional 1 mm Ti-PTL Compression factor k
kiow €ven-dry dry Ti-PTL(Ir) anode, Ti-PTL(Pt) cathode 22%
kiow €ven-wet wet Ti-PTL(Ir) anode, Ti-PTL(Pt) cathode 22%
Kijow uneven-dry dry no 22%
kjow uneven-wet wet no 22%
Kpigh even-dry dry Ti-PTL(Ir) anode, Ti-PTL(Pt) cathode 42%
Knign €ven-wet wet Ti-PTL(Ir) anode, Ti-PTL(Pt) cathode 42%
Knign uneven-dry dry no 42%
Knign uneven-wet wet no 42%
combination with error propagation according to the following —Calculating H, in O, (related to the O,— cell output)'®
procedure:
Ceen= (V5(02)+L-k)/( V(O2)+Ik/c)
—Measuring H, in O, concentration !0
a. I - electrical current
¢ + dc with de = 0.02-c + 0.0001 b. k = Ts-R/(4-F-ps)
—Measuring oxygen flow rate V4(O,); s-standard conditions i. Ts—standard temperature (273.15 K)

ii. ps—standard pressure (101325 Pa)
V(0,) +dV(0,) with dV(0,) = 0.004-V,(O5) 40.002 1y/min>’ iii. F—Faraday constant



Journal of The Electrochemical Society, 2025 172 044512

iv. R—general gas constant

—Calculation of measurement uncertainty of ccell via error propaga-
tion:

decen = ((9ccen/0Vi(02)) - dVi(0,))?
+ ((Occea/dD) - dI)? + ((dccan/dc) - de)?)

=1/(V,(0,) + I-kic)?
(/e (U-k-dVi(02))* + (dI-k-Vy(02))H)"3
+ (-k-(V + I-k)-dclc®)?

The conductivity of the water in both circuits was kept constant
by using ion exchange resins (Amberlite  IRN-150, Supelco ).

Contact pressure investigation.—Before the measurement, the
contact pressure distribution over the active area of the test cell was
analyzed. The analysis was carried out using pressure-sensitive films
from FUJIFILM of the types LLLW, LLW and LW (Prescale™).

Since the flow of force through the cell is affected by each
additional component installed and the test cell will also deform
when heated to 80 °C, the measurements with the foils, which only
allow an operating temperature of up to 35 °C, can only provide
approximate values for the pressure values. Additionally, Irmscher
has shown that the measurement results differ slightly when the films
are used individually compared to when all foils are used
simultaneously.”® There are several options for positioning the
measuring foils in the test cell, all of which will produce slightly
different results, as each layer of the layer system used can influence
the force flow through the cell. Since the focus of the present study is
on the question of whether the pressures close to the membrane are
large enough to trigger creep processes in the membrane and thereby
influence hydrogen permeation, the foils were positioned as close to
the CCM as possible. In this study, we decided to position the
Prescale™-films between the CCM and the C-PTL. The films were
placed so that the most pressure-sensitive one rested on the CCM
and then placed in descending order toward the C-PTL. A new C-
PTL was used after each assembly and disassembly. By varying the
gasket thicknesses and either installing the thick anode and cathode
PTLs or not, it was possible to visualize the initial pressure
distribution within the cell for even and uneven pressure distribution.
The pressure-sensitive films leave a color imprint on a carrier film
that is colored more intensely red depending on the pressure level.
The three different film types cover a different pressure range. After
evaluating each film with the software FPD-8010Win (FUJIFILM),
the three resulting images were layered on top of each other and the
overall pressure distribution could be displayed. Further processing
of the data was then carried out using MATLAB 2023a (The
MathWorks, Inc.), which allowed the frequency distributions to be
determined.

Cross-sectional analysis.—After the measurement, the cell was
slowly cooled down while the water flow was running. When the cell
reached room temperature, it was removed from the test stand and
dried in the assembled state. Using a vacuum pump, laboratory air at
23°C and 50% humidity was passed through the cell (ambient
conditions) and dried in this way overnight. The cell was then
disassembled. In this way, the CCM could not change its width and
length after removal, which particularly happens with CCMs that
have been removed when wet.

Samples of 12mm to 16 mm length of each CCM were then
embedded in an epoxy resin. Before embedding, the samples were
fixed with metal embedding springs on the left and right and the
clips were in turn fixed on a double-sided adhesive. Finally, the
cured samples were cut and polished. The sample cross section was
chosen to be transverse to the course of the flow field in order to
obtain a rib/channel/rib sequence and to map the influence on the

sample deformation. Images of the cross sections were taken with an
optical microscope (Stemi 2000-C with AxioCam ICc3, Zeiss) along
the entire length of the sample. The individual images were then
stitched together using a graphics program to create a coherent
image. Using MATLAB 2023a in combination with the Image
Processing Toolbox, the contour of the membrane could be detected
and the point between the anode-membrane and membrane-cathode
transition could be analyzed across each column of pixels. The
distances between the points were determined over the entire sample
length and thus the frequency distribution of the membrane thickness
over the entire sample length was shown. The scaling was
approximately 0.5 pm/pixel, resulting in 24,000-32,000 membrane
thickness values per image.

Results and Discussion

Contact pressure investigation.—The visualization of the con-
tact pressure distribution across the active area for the different cell
assemblies is visualized in Fig. 2. The pressure sensitive films are
not suitable for depicting a continuous pressure curve or for
depicting the situation in cell operation under the influence of water
swelling and temperature. They merely represent the initial state, i.e.
the pressure distribution that acts on the dry CCM when the cell is
assembled. This condition is the same for CCMs assembled with the
same PTL and seal combination whether installed dry or wet. It is
expected that the contact pressure between electrode and PTL will
increase more during operation with the dry assembled CCM than
with the pre-swollen CCM, since the membrane begins to swell upon
contact with water and will press harder against the PTL. The
visualization of the even pressure distribution (Figs. 2a—2b) stands
out clearly from that of the uneven pressure distribution (Figs. 2c
—2d). While the structure of the meander flow field (see Fig. 1d) can
only be seen moderately faintly in Figs. 2a, 2b, the structure in
Figs. 2c¢, 2d can be seen very clearly. At low compression values, the
meander structure is more clearly visible than at higher compression
values, since the pressure transfer from the PTL to the CCM acts
further into the channel structure and not just via the ribs when the
compression is increased.

The evaluation of the image analysis in MATLAB enables the
representation of the frequency distribution of the different pressure
levels over the entire active area. Figure 2e shows the frequency
distribution for the different cell arrangements. Here it becomes
clear how large the areas are that are only exposed to very low
contact pressures by using thin PTLs in combination with meander
flow fields. Over the channel geometry the contacting of the active
area is only in the range of 0.2 MPa-0.75 MPa.

When comparing the same compression value, but with an even
or uneven cell assembly, it becomes clear that the pressure
prevailing over the entire active cell area in an even assembly is
only present in the area of the flow field ribs in the uneven state.
With “kj, even” approximately 85% of the area is in a pressure
range of 0.75 MPa-1.5 MPa, while this pressure range only acts on
approximately 35% of the total area at “kj,,, uneven.” The situation
is similar with the higher compression rate. The relevant pressure is
in the range of 1.5 MPa—3 MPa, which acts uniformly on about 90%
of the contacted area and only contacts about 40% of the area when
the cell is assembled with thin PTLs only. As follows from the work
of Al-Baghgdadi,"” it is to be expected that the membrane begins to
creep at pressures greater than approximately 2.3 MPa. Therefore,
areas with smaller and thicker membrane thicknesses must be
formed in the CCM which can affect the hydrogen permeation.
How the different contact pressure modes affect the hydrogen
permeation is presented in the next section.

Polarization curves and hydrogen crossover.—It is unknown
how much time the expected membrane creep needs during
operation. Since a slow creep in membrane material was to be
expected during operation, the polarization curves were repeated 20
times to record the progressive development. Each measurement was
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Figure 2. Evaluation of the contact pressure measurement for the 4 different
cell assemblies. (a) and (b):Left: Kiow, right: Kpien with narrower pressure
distribution by using the 1 mm thick Ti-PTLs. (c) and (d): Left side kjo and
on the right side the high compression value k., with uneven pressure
distribution. Here the flow field structure is clearly transferred to the contact
pressure distribution on the CCM. As compression increases, the channel
structure becomes increasingly narrow. (e) The diagram shows the frequency
with which the respective pressure area in the corresponding film was
triggered for the different cell structures (Corresponding to the colored
pressure bar in the legend). Uneven has a broader distribution of the pressure
ranges, since the small pressure ranges are triggered, especially in the
channel structures.

carried out automatically so that the measurement times were
comparable.

After each cell was put into operation and the first impedance
measurements were completed, the polarization curves were run
potentiostatically 20 times in a row. The voltage was gradually
increased and then slowly reduced again in defined steps. Each
voltage was held for 15 min. The results of the first and last
polarization curves and the accompanying hydrogen in oxygen
concentrations are shown in Fig. 3. Each assembling mode, “Kjow
even,” “kpjgn €ven,” “kiow uneven,” and “ky;gn uneven” is presented
separately in Figs. 3a—3d, wet and dry mode together in one chart.
Figures 3a-3d also present the evolution of current density and
H,-in-O, concentration over the 20 cycles at a cell voltage of 1.8 V.

At this point it should be pointed out that it makes a big
difference whether a CCM was installed dry or wet. The dry-

installed CCMs experience the applied contact pressure and the
additional swelling pressure during operation in comparison to the
wet-installed CCM. Furthermore, the membrane thickness distribu-
tions in Figs. 6 and 7 demonstrate that local areas can be formed
with much thinner and much thicker membrane thicknesses in
comparison to the initial membrane thickness. This implies very
different local current densities within the active area of the cell
depending on its assembly state. In the authors’ view, a comparison
of the voltage-current density relations, for example in Fig. 3b, is not
justified, since Figs. 7a2 and 7b2 clearly shows that the thickness
distributions of the membranes are significantly different. This leads
to differences in the local current density, although it is still unclear
how the interaction of these different areas leads to the measured
values. One cannot assume either an equipotential surface or a
uniform current density. In addition to the observed membrane
deformation the precious metal loading, as described at the begin-
ning, is different due to the pre-swelling of the membrane, which
makes a direct comparison of the performance data additionally
difficult.

The polarization plots therefore only allow to say that a larger or
smaller current flows at a selected voltage of U, without being able
to analyse this in more detail electrochemically under the given
circumstances. This of course also applies to the H,-in-O, concen-
tration - current density correlation. However, since the permeation
is measured outside the cell, it can be determined that more or less
hydrogen comes out of the cell while using the same settings for the
test cells.

The analyzes regarding the results presented in Figs. 3a-3d are
therefore intended to show only to what extent uniform or uneven
contact of the active surface with medium or high contact pressure
can influence the polarization and the hydrogen cross-permeation.

All diagrams in Figs. 3a-3d show in the left column the cell
voltage and hydrogen concentration in the anode gas as a function of
current density, while the right column presents the current density
and hydrogen concentration at 1.8 V as a function of cycling rate.
Considering the current density reached at 1.8 V as a function of
cycling rate, a significant increase in performance can be seen for
each cell mode from cycle 1 to cycle 20. For each cell mode, a
plateau is reached over the cycles, which is achieved faster with
higher compression than with lower compression.

Things look a little different with the hydrogen crossover.
Looking at the region at higher current densities, which is more
interesting for hydrogen production, different developments can be
seen over the 20 cycles, depending on whether the cell is assembled
with a high or low compressed C-PTL. At the low compression rate,
the H,-in-O, concentration on the anode shows an almost constant
course of around 0.3 vol% over the 20 cycles. The differences
between dry and wet are within two times of the measurement
uncertainty (the error bars in Fig. 3 represent the single standard
deviation of the measurement). In contrast, at high compression,
hydrogen permeation increases significantly from cycle to cycle. The
course differs here on the one hand by whether the cell was installed
dry or wet and whether the PTL is compressed evenly or unevenly
over the active area. The clearest increase can be seen in the cell with
the “kpign even-wet” assembly, where, in contrast to the polarization
curve, no plateau is reached. Permeation increases from cycle to
cycle and, most likely, will continue to increase beyond that. These
results were confirmed by repeating the measurements. The varia-
tions of the measured hydrogen-in-oxygen concentrations were
within twice the presented error bars in Figs. 3a-3d.

It is already known from previous work that higher PTL
compression leads to an increase in permeation.'®'® However, the
authors of this study have not yet seen any studies showing that a
sustained increase in permeation can be observed while repeating the
measurements. The starting values in cycle 1 are comparable for all
installation modes. Only during the series of measurements does a
change appear to take place that has an influence on permeation.

Due to the high contact pressures, it is expected that the
membrane will begin to creep during operation and reduce its
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Figure 3. Polarization curves, H,-in-O, concentrations on the anode side of 16 cm> PEM-WE single cells measured at 80 °C and ambient pressure are shown in
the left graphs of each subfigure (a)-(d). On the right side of each partial figure, the relationship between the current density respectively the hydrogen
permeation and the 20 measurement cycles at a cell voltage of 1.8 V is shown. Polarization diagrams: The solid lines with filled triangles pointing upwards
represent the results of the first measurement cycle and the dashed lines with empty triangles pointing downwards show the last 20th measurement cycle.
Magenta colors represent the results of the dry and evenly assembled test cells, light red colors represent dry but unevenly assembled test cells. The blue colors
represent the wet-mounted CCMs. Light blue stands for uneven and dark blue for even contact pressure distribution. (a) shows the results for the low
compression of the carbon PTL with balanced contact of the active area. (b) shows the same for the high compression. (c) and (d) show the results with uneven
compression of the C-PTL over the active area for each compression rate. The cell voltage was increased to 1.8 V in 0.05 V increments, starting at 1.45 V and
then reduced to 1.45 V in 0.1 V increments. The H,-in-O, concentration measured in parallel is also displayed.

thickness, leading to increased local current density and permeation.
To prove this assumption, the cross sections of the CCMs were
analyzed after drying the samples in the cell. But, before removal,
end-of-test (EOT) impedance measurements were taken at 1.45 V.

Impedance measurements.—The measured impedance data at
1.45V are summarized in Fig. 4 for the different compression and
assembly modes. Each mode “kioy even,” “Kpign even,” “Kiow
uneven,” and “Ky;gn uneven” is presented separately in Figs. 4a
—4d, comparing directly the begin-of test (BOT) and end-of-test
(EOT) results of the wet and the dry mode.

Before starting the impedance measurement, the potential was
adjusted and waited for 5 min at constant settings to ensure that the
electrodes and PTLs were saturated with gas. During this waiting
period, the cells that were assembled with the unevenly contacted
CCM repeatedly experienced sudden increases and decreases in
current. These jumps were repeated at intervals of approximately 40
to 60 s. At the beginning of the impedance measurement, the higher
frequencies could be measured quickly without current jumps, but at
lower frequencies, where the measurement time per frequency was
significantly longer, the jumps were also measured. This is the
reason for the larger scattering of the impedance values in Figs. 4c
and 4d. It is assumed by the authors that the low contact pressure
within the channels in case of Figs. 4c and 4d was the reason for the
measured current jumps. If the contact pressure is too low, the gas

bubbles, generated during the electrochemical reaction, most likely
induce pressure drops which can influence the contact between the
electrode and the PTL and therefore the current. It is expected that
this influence will be greater at the beginning of the measurements
because the mass transport of the gaseous and liquid phases through
the PTLs is not yet in equilibrium.

The electrochemical interpretation of the presented spectra in
Fig. 4 is also affected by the circumstances discussed regarding the
polarization plots in Fig. 3. Since it is unclear how the expected
current density distributions affect the shape of the semicircular
structures of the spectra, a discussion of these data points is omitted
here. Additionally, the influence of the described device-related
errors in the high frequency range (left part of the 500 Hz label in
Fig. 4) makes it a challenge to interpret the data measured in the
higher frequency range. But, despite these difficulties, a shift of the
impedance curves to higher real values in the impedance data
correlates with higher contact resistances and higher effective
membrane thicknesses. Therefore, the following discussion is
limited to the differences in the shift of the spectra in the direction
of the real axis.

Except for assembly mode “kpion even” (Fig. 4b), the inserted
figures clearly show for the assemblies a shift of the spectra to lower
real values when comparing the BOT with the EOT data. This shift
is larger in case of the wet assembled CCMs in comparison to the
dry assembled CCMs. An explanation for this observation could be
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Figure 4. Exemplary Impedance spectra, measured at 1.45 V for the 4 cell assemblies, measured before (begin of test - BOT) the 20 polarization cycles and after
(end of test - EOT) with a wet or dry assembled test cell. (a+b) show the measurement results of the even pressure distribution — (a) with low compression rate
and (b) with high compression rate. The magenta-colored lines represent the dry assembled cells and the dark blue the wet assembled ones. Solid lines show the
BOT measurement results, and the dashed lines show the EOT results of the even pressure distribution. (c+d) represent the impedance spectra of the cells
assembled with the thin PTLs only. (c) shows the results for the low compression rate, (d) for the high compression rate. The red-colored lines represent the dry
assembled cells and the light blue lines the wet assembled cells. The solid lines represent the BOT measurements, and the dashed lines represent EOT

measurements.

the different swelling states of the membranes. Hoppe et al.>® could
show that the thickness increase by swelling of a dry Nafion™ 212
membrane, assembled between PTLs at 28 °C, can be larger than
10 um, which is almost 30% of the total compression in the
“Kiow -setup used in this study. In addition, the water uptake
increases when the temperature increases, and the uptake can take
several thousand seconds if the membrane is in direct contact with
the water. Such an uptake process follows a typical course of a
saturation process—fast at the beginning and slow at the end.” It is
therefore very likely that the dry membrane thickness increases
faster when in contact with water by swelling than the pre-swollen
membrane, which takes longer but also increases in thickness in the
end and thus achieves a comparable contact resistance. The
described shift of the impedance curves, which disappeared towards
the end of the measurement, is therefore interpreted as an indication

that the swelling process which generates an additional pressure on
the C-PTL is partly responsible for the formation of a lower contact
resistance. In the case of “ky;gn €ven,” with a higher compression
factor of 42%, the additional swelling pressure has no influence,
since the value is already significantly higher and the reduction in
the resistance of the C-PTL becomes smaller and smaller the greater
the contact pressure becomes.

In addition to the swelling of the membrane, the changing
membrane thickness distribution, induced by the creeping membrane
material, leads to a reduction in the effective membrane thickness
and therefore the effective membrane resistance. Because of the
wider thickness distribution under the ribs (Figs. 6a3 and 6b3 and
7a3 and 7b3), this effect is likely to be more pronounced in the
‘Knign-assemblies than in the “kj,, -assemblies. Both, the increased
contact pressure and the reduced effective membrane resistance are
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most likely the reason that the shift of the impedance values ends at
higher values (over 50 mOhm cm?) for “ki” assembled cells
(inserted ﬁ§ures in Figs. 4a and 4c) and lower values (below or at 50
mOhm cm”) for “Ky;gn” assembled cells (inserted figures in Figs. 4b
and 4d).

Cross-sectional analysis.—As a reference for the following
cross-sectional analysis, a pristine Nafion™ 212 membrane and a
pristine Nafion™ 212-based CCM was first analyzed in its original
state. During CCM assembly, the electrodes are hot-pressed onto the
membrane. Since the electrodes have an irregularly rough surface,
this structure is imprinted into the membrane, which leads to a
broader thickness distribution of the membrane in comparison to its
original state (Fig. 5). The extent of the electrode induced membrane
thickness scattering can be determined by cross-sectional analysis of
the pristine dry CCM and the pristine membrane. Since both
references were also embedded in the resin, which can slightly dry
out the sample upon contact, this interaction is included in the
reference as with all samples, thus avoiding misinterpretations due to
the effect of the resin on the samples. The thickness distribution of
these references was used in the present study as a reference for all
further samples in order to distinguish the changes that occurred in
the test cell from those that were already present before the
experiment.

The pristine Nafion™ 212 membrane was used as purchased for
the embedding and cross-sectional analysis procedure and not
further pretreated. Only the two protective films were removed right
before embedding, as is also done before hot pressing. The reference
CCM was prepared as described in the experimental section. By
determining the membrane thickness over a sample length of slightly
more than 12 mm, a representative frequency distribution of the
thickness of a Nafion™ 212 membrane before and after hot pressing
process could be created, which is shown in Fig. 5a).

The thickness distribution of the pristine dry membrane before
hot pressing has a narrow distribution of 49 pm-52 pm, which is also
reflected in a smaller scatter of the thickness over the sample length,
see Fig. 5b). The thickness distribution of the pristine dry membrane
after hot pressing, on the other hand, scatters significantly around the
mean value of 50 um, see Fig. 5b), which is also reflected in a wider
frequency distribution width with values of 40 pm-55pum. The
maximum here is at 49 um, which corresponds well with the
maximum of the pristine membrane at 50 pm thickness. The
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distribution width of the hot-pressed membrane is caused by
thickness variations of the electrodes, which penetrate the membrane
unevenly during the hot-pressing process. Additionally, it should be
emphasized that it cannot be ruled out that the resin material used for
the preparation interacts with the ionomer material and may slightly
distort the determination of the thickness distributions. But it can be
assumed that this interaction, if it occurs, occurs equally in all
samples. However, since this possibility of interaction cannot be
excluded and it is also to be expected that the samples will exhibit
additional irregularities over the sample length due to the flow field
used, not only the thickness distributions but also the determined
thicknesses as a function of sample length are presented to be able to
assign the observed effects to the physical causes. Figures 5c and 5d
show the merged cross section image of the reference-CCM and the
reference-membrane, stretched in the direction of membrane thick-
ness, since otherwise nothing would have been visible due to the
ratio of thickness to length of about 1:270. The magenta contours
show the edges detected during image analysis between the
electrodes and the membrane as well as between the membrane
and the resin.

After the EOT impedance- and short-circuit measurement, the
thickness distribution of the membranes was determined for the
different cell assembly modes according to the described method in
the experimental section. Figure 6 summarizes the results for the low
compression. For assembling “k;.,, even-wet,” the stitched images
are presented in the lower part of Fig. 6al. The determined thickness
as a function of sample length is presented in the upper part of
Figs. 6al. Figure 6a2 shows the same data in a histogram plot. As
expected, the center value of the distribution is with 44 um smaller
than the value of the pristine membrane of the dry CCM, see Fig. Sa,
because of the pre-swelling of the CCM.

The corresponding data for assembling “kj,, uneven-wet”’ are
represented in Fig. 6a3 to 6a5. While the scattering of the thickness
values across the sample length in Fig. 6al is the same, the thickness
values in Fig. 6a5 scatter in the rib regions stronger than in the
channel regions, marked with the blue bars. This is because the flow
field ribs press the 20 pm thick titanium fibers of the anode PTL
through the catalyst layer into the membrane, leaving an imprint that
remains even after drying and removal from the test cell. This can
also be seen in the section of the original image in Fig. 6a7 in
comparison to Fig. 6a6. There are semicircular depressions with a
diameter of approximately 20 um, which corresponds very well with
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Figure 5. Comparison of the thickness distribution of a pristine dry Nafion™ 212 membrane and a pristine dry Nafion™ 212-based CCM in its original state. (a)
Narrowband frequency distribution of the thickness of the Nafion™ 212 membrane (shown in green) with a maximum at approximately 50 pm and a slightly
broader frequency distribution of the pristine CCM (shown in red) with a maximum at 49 pm. (b) The membrane thickness of the cross section of the pristine
CCM (red line) and the pristine Nafion™ 212 membrane (green line) over the sample length. (c) shows the associated cross section of the pristine CCM stretched
in the direction of the membrane thickness and (d) shows the associated cross section of the pristine Nafion™ 212 membrane stretched in the direction of

membrane thickness.
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Figure 6. The post-mortem cross-sectional analysis of the measured CCMs: (al) measured with a low compression rate of the C-PTL shows the membrane
thickness of the cross section of the CCM over the sample length for “k;,,, even-wet” at the top, and the associated cross section in the lower section. A sectional
profile can be seen, with the image stretched in the direction of the membrane thickness to clarify the sample cross section. (a2) shows the associated relative
frequency distribution of the determined membrane thickness. (a5) shows the post-mortem cross-sectional analysis of the CCM for the cell configuration “kjoy,
uneven-wet.” The blue bars in (a5) indicate which parts of the sample were positioned in the areas of the channels of the flow field. A clear assignment is not
possible due to the sample preparation proceeding and is not trivial due to the mirror-inverted overlap of the meander geometries in the cell (see Fig. 1d). (a3)
shows the thickness distribution with a distinction between the areas positioned near to the ribs (dark blue bars) and near to the channels (light blue bars). The
overall frequency distribution is presented in (a4). (a6) and (a7) show a part of a cross-sectional profile of the CCM under the channel region and respectively
under the rib-region of the flow field in the original image scale of the uneven-setup. The corresponding representation can be found in (bl) and (b2) for “kjoy
even-dry” and (b5), (b4) and (b3) show the membrane thickness over the sample length, the frequency distribution divided into the areas of ribs (magenta-colored
bars) and channels (yellow-colored bars) and the overall frequency distribution of the membrane thickness of “kj,, uneven-dry.” (b6) and (b7) show the original
scale images of the CCM cross section under the channel region and respectively under the rib-region of the flow field in the uneven-setup. (b7) also shows

sketched titanium fibers that press into the CCM, leaving an imprint.

the fiber diameters of the Ti-PTL used. These imprints cannot be
seen in the areas of the CCM that were in contact with the PTL under
the channels, see Fig. 6a6.

In other words, the membrane material has flowed away under
the wires of the Ti-PTL. Such a creep process is not actually
expected based on the macroscopic pressure values in Fig. 2.
However, the thin wires concentrate the force flow, so the micro-
scopic pressures will be much larger and may unexpectedly cause
the membrane material to flow when the yield strength is exceeded.
The flow of the material reduces the local force flow, which in turn
leads to reduced material flow. Local flow thus reduces the local
pressure. Therefore, the material can only flow in the local area
between the titanium fibers, where sufficient space is available due
to the material’s porosity of 68%.

For this reason, material accumulation does not occur in the
channel region, as no force-flow pressures above the yield strength
can be generated there. These considerations lead to the assumption
that the same membrane volume must always be present along the
channel-rib areas. Unfortunately, the two-dimensional thickness
distribution analyzes presented in this study do not provide direct
information on three-dimensional volume conservation. However, in

the supplementary material (Fig. S1), we derived an indirect
pathway showing that the membrane volume assumes a constant
value in the investigated areas for dry- and wet-installed CCMs,
respectively. This means that it can be assumed that the membrane
material only flows locally into and fills the pores.

Since the macroscopic pressure distribution in Fig. 2 for the “kjow
even-wet” setup does not show the channel structure, the scatter of
thickness values in Fig. 6al does not show the rib/channel structure
and the magnitude of the scatter is closer to that of the ribs than to
that of the channels in Fig. 6a5. However, this difference is more
visible when comparing the “thickness as a function of sample
length” plots. In the overall histogram plots, the difference is not so
clear—the center of the thickness distribution and the widths of the
distributions are comparable, see Figs. 6a2 and 6a4. The “uneven”
configuration shows a greater proportion of thicker membrane
regions and the “even” assembly mode shows a greater shift towards
smaller membrane thicknesses. If the frequency distribution of the
“uneven” configuration is decomposed into the channel and rib
regions, it can be seen that the width of the thickness distribution
under the ribs is equal to the distribution width of the “even”
assembly mode, see Fig. 6a3.
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Figure 7. The post-mortem cross-sectional analysis of the measured CCMs with high compression rate: (al) shows the membrane thickness of the cross section
of the CCM over the sample length for “ky;en even-wet” at the top, and the associated cross section in the lower section. A sectional profile can be seen, with the
image stretched in the direction of the membrane thickness to clarify the sample cross section. A small original section is included below to visualize the real
thickness to length ratio. (a2) shows the associated relative frequency distribution of the determined membrane thickness. (a5) shows the same for the cell

configuration “kp;gn uneven-wet.”

The blue bars indicate which parts of the sample were positioned in the areas of the channels of the flow field. A clear

assignment is not possible due to the sample preparation and is not trivial due to the mirror-inverted overlap of the meander geometries (see Fig. 1d). (a3) shows
the thickness distribution with a distinction between the areas positioned near to the ribs (dark blue colored) and near the channels (light blue colored). The
overall frequency distribution is shown in (a4). (a6) and (a7) show a part of a cross-sectional profile of the CCM under the channel region and respectively under
the rib-region of the flow field in the original scale of the uneven-setup. The corresponding representation can be found in (b1) and (b2) for “ky;en even-dry” and
(b5) shows the membrane thickness over the sample length, (b4) summarizes the frequency distribution divided into the membrane thicknesses in the areas of the
ribs (magenta-colored bars) and the channels (yellow-colored bars) and overall the frequency distribution of the membrane thickness of “kpig, uneven-dry” is
shown in (b4). (b6) and (b7) show a part of a cross-sectional profile of the CCM under the channel region and respectively under the rib-region of the flow field in

the original scale of the “kyjgn uneven-dry” configuration.

The “kjow even/uneven-dry” assemblies, represented in the
bottom row of Fig. 6, show a similar situation, but the centers of
the thickness distributions are higher than in the wet assemblies. The
reason for this is that the wet samples were able to expand in all
directions before cell assembly. However, when drying in the cell,
the tangential movement is disturbed by the fixation so that the
material can only flow in the direction of the membrane surface
normal. Material that previously moved sideways can no longer
move back during drying and is missing - the resulting reduced
thickness was retained during disassembly. The dry sample, on the
other hand, was fixed in the cell and swelled when in contact with
water, expanded (this creates the higher contact pressure compared
to the wet sample) and contracted again when the CCM is dried in
the test cell.

The center of the thickness frequency distribution for the “kioy,
even-dry” arrangement is slightly higher than the center of the “ky,,,
uneven-dry” assembling. The reason for this is currently unknown to
the authors. More important for this study is the larger width of the
thickness distribution, which indicates a stronger membrane creep
due to the additional contact pressure from the swelling process in
the test cell. As already shown for “kj,,, wet,” the splitting of the

frequency distribution of the membrane thickness in the uneven
assembling into rib and channel regions shows a clear difference in
the distribution width and here too, a clear agreement between the
distribution width of the rib-region in the “uneven” mode with the
distribution width of the “even” assembly mode can clearly be seen
(compare Figs. 6b3 and 6b2). The difference in membrane thickness
between the CCM areas located near to the ribs or close to the
channels of the flow fields can be more clearly distinguished in the
dry installation mode than in the wet installation method, where the
membrane creep is less due to pre-swelling.

The “kpign €ven/uneven-wet” arrangement exerts an even higher
pressure on the membrane. The resulting thickness distributions are
shown in Figs. 7a2 and 7a4. It is clearly visible that the higher
contact pressure increases the scatter in the thickness distribution
under the ribs of the “ky,n uneven-wet” arrangement, which is
reflected in a wider distribution of thickness values in Fig. 7a4. The
comparison of the scatter of the thickness values over the sample
length again shows a clear improvement in the distinguishability of
the thicknesses, influenced by the position near to the rib/channel
areas, marked with the blue bars in Fig. 7a5. The marking does not
explicitly mean that the sample was definitely located at this point in
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Figure 8. The relative frequency distribution of the measured membrane
thickness across the sample length of four different sample cross sections of
one CCM. The sample position is shown in the inserted contact pressure
distribution figure. The direction of the sample cross section is identical for
all four samples to demonstrate the representativeness of the thickness
distributions.

the flow field geometry. Due to the sample preparation, where the
CCM is cut into pieces after disassembling the cell and the sample is
then embedded, cured, sectioned and polished, it can only be
indicated—however, the areas were subject to the influence of the
higher contact pressures caused by the ribs, which resulted in a
stronger flow of the membrane material. This should be emphasized
at this point. The division of the frequency distribution here also
shows a correspondence in the broader distribution of the rib-region,
comparable to the ,,even‘ assembled CCM, see Fig. 7a3. Whether a
cross section with the corresponding orientation perpendicular to the
ribs and channels is representative of a sample or not was
investigated by analyzing one CCM at four different locations.
The resulting frequency distributions of the thicknesses are shown in
Fig. 8, including the marking of the corresponding sampling
position. These data show that the frequency distributions are
comparable within a range of +4 pm—one thickness distribution is
therefore representative for the others.

It is noticeable that the thickness distribution is more asymmetric
in the “kpjon even-wet” arrangement compared to the overall “Kyign
uneven-wet” arrangement. Additionally, the smallest values are
below 30 pm while the largest values are up to 60 pum. Compared
to the thickness of membrane in a pristine CCM, see Fig. 5a, the
thickness range is doubled to a range of 30 pm—60 pm due to the
higher compression and the wet state of the CCM.

This is comparable to the arrangement “ky;gn even-dry,” see
Fig. 7b2, where the membrane thickness is in the range of
35 pm-70 pm. For the “kpign uneven-dry” arrangement, based on
the pressure distribution in Fig. 2, it is to be expected that the larger
thickness distribution is limited to the rib areas of the flow field. The
measurement data in Fig. 7b3-7b5 show exactly this scattering
pattern. Since the creep effects are limited to the rib areas, the
thickness distribution is still symmetrical, but also greatly broa-
dened, even more than the “ky;gn €ven-dry” configuration. Divided
into the distribution widths of rib/channel influenced areas (yellow
bars in Fig. 7b5) indicating the channel regions), one can also see the
clear influence of the higher contact pressures on the membrane flow
under the flow field ribs (see Fig. 7b3).

The original scaled images in Figs. 7a6 and 7a7 of the “Kyign
uneven-wet” cell assembly mode and in Figs. 7b6 and 7b7 of the
“Knigh uneven-dry” arrangement show once again the large differ-
ence in deformation due to the different contact pressures.

The membrane creep is so large in the different cell arrangements
“Knigh €ven/uneven-wet/dry” that the question arises as to where the
current flows through these inhomogeneous membrane thicknesses.
A homogeneous current density distribution is unlikely with such
broad membrane thickness distribution. The regions with lower

membrane thickness (for example in Fig. 6b7) — 67 pm thickness vs
46 pm thickness) are accompanied with lower ohmic resistances
which results in higher local current densities when a constant
voltage is applied. Based on the example in Fig. 6b7 the local current
will be significantly higher at the thinner spots (67 pm/46 pm = 1.46
— up to 46%). Especially in technical cells, where the cost factor for
the selected PTLs is an important selection criterion, and where the
use of thin membranes is becoming increasingly important to meet
the efficiency requirements, special attention to the PTL/catalyst
layer contact is very important. Recent studies also show that
increasing current density can also increase aging effects such as
iridium dissolution.™

Together with the fact that hydrogen permeation trou%h the
membrane increases with increasing current density,'®'®*'=>* this
observation provides a first hint of an explanation for the increase of
hydrogen in oxygen concentration in Fig. 3b. Of all the cell
arrangements investigated, “kp;on €ven-wet/dry” generates the stron-
gest creep of membrane material, resulting in increasingly thinner
membrane regions from cycle to cycle. These thinner membrane
regions can lead to a change in the local current density, which in
turn leads to higher local hydrogen permeations. In case of the wet
assembling, the membrane is thinner than in the case of the dry
assembling. Together with a higher compression of the C-PTL, this
generates membrane areas with thicknesses of less than 30 pm
(Fig. 7a2). This is the lowest thickness observed for all assemblies,
which could explain the highest value for the measured hydrogen
permeation for the “kp;gn even-wet” assembly mode, see Fig. 3b. The
situation is similar to “Ky;gn even-dry,” but here the membrane is
thicker overall. For the cell arrangement of “ky;g, uneven-wet/dry”
Fig. 2d shows that large areas are free of high contact pressures.
Therefore, the membrane creep occurs only under the ribs which
reduces the impact on the hydrogen permeation (Fig. 3d) and can be
seen in the representation of the membrane thickness as a function of
sample length in Fig. 7b5.

In case of “kj,, uneven-wet/dry,” no increase in hydrogen
permeation can be measured within the measurement uncertainty.
Only for assembling “kjo even-wet” a small increase of hydrogen
permeation is visible from cycle to cycle. This could be related to the
lower membrane thickness due to the pre-swelling, but the differ-
ence of the measurement values of “dry” and “wet” assembling is
too small compared to the measurement uncertainty, see Fig. 3a, to
make a clear statement here.

The measured data on hydrogen permeation and change in
membrane thickness distribution suggests that there is a relationship,
but it is very likely that the cause-effect relationship is due to a
change in the current density distribution during operation caused by
membrane creep. This most likely affects the change in the measured
hydrogen permeation.

The important question arises whether the creep of the membrane
material is caused by the local pressure under operating conditions or
by the temperature increase in the membrane caused by the
electrochemical reaction. To answer this question, additional
CCMs were installed with the cell configuration “kpien uneven-
wet” and “Ky;gn uneven-dry.” The cells were then operated in the
same way as the previously examined CCMs, but without any
electrochemical reaction. The results of the membrane thickness
distribution after drying and cell disassembly are compared in
Figs. 9al und 9b1 with the results shown in Figs. 7a4 and 7b4.

With a slight difference in the center of the thickness distribu-
tions for the wet installation, but with impressive agreement with the
dry installation, the thickness data results show that the observed
membrane creep appears to be independent of the electrochemical
reaction. This is also summarized in Figs. 9a2, 9a3, 9b2 and 9b3,
where it clearly can be seen that it has an influence on whether the
membrane is exposed to the high contact pressure under the ribs.
Therefore, it is very likely that membrane creep is only induced by
the chosen contact pressure in combination with the PTL, which
transfers the applied contact pressure, depending on its structure, to
higher local pressure values.
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Figure 9. The post-mortem cross-sectional analysis of the measured CCMs compared to the reference samples stayed in the cell over the same period of time at
cell temperature and flow rate. The cell mode was chosen with non-uniform contact pressure distribution at high compression. (al) Thickness distribution for the
dry-mounted CCMs, (a2) represents the thickness as a function of sample length and (a3) shows the accompanying cross-sectional profile stretched in the
direction of membrane thickness. (b1)—(b3) shows it accordingly for the wet-mounted reference sample.

Conclusions

Published results on hydrogen permeation in PEM water electro-
lysis combined with publications on the creep behavior of Nafion™
membranes suggest that membrane material can also creep during
PEM electrolysis operation due to the contact pressures used, which
can result in increased hydrogen permeation.

In this study, the influence of different compression values, even
or uneven contact pressure distribution of a dry or wet assembled
PEM water electrolysis CCM was investigated through electroche-
mical polarization and hydrogen crossover measurements as well as
cross-sectional analyzes. The contact pressure distribution was
examined in advance with pressure sensitive foils and post-mortem
analyzes of the CCMs were carried out in cross-sectional analyzes to
examine the membrane thickness distribution after the same
operating time of 75 h.

By repeating the polarization measurements 20 times, the
investigations reveal that the measured values in current density
follow a saturation behaviour. The values approach limit values, so
that the CCMs only deliver reproducible measured values after a few
cycles. Depending on the test cell assembling, some values, such as
hydrogen permeation, do not converge at all. Post-mortem cross-
sectional analyzes of the CCMs after drying and removal from the
cell showed clearly a visible creep in the membrane material,
especially under the ribs of the flow fields used. The spread of the
thickness distribution is larger at high compression values of the
PTL and larger with dry-installed CCMs. A membrane that was
originally 49 pm thick can be locally reduced to values below 30 pm
and locally increased to up to 70 pm. The creep of membrane
material generally depends on the contact pressure and operation
conditions used. However, in the present study it was shown that the
electrochemical reaction has no influence on the observed membrane
creep. Furthermore, the different cell arrangements show that the
observed hydrogen permeation can be correlated with the different

membrane thickness distributions, which were significantly broa-
dened by the creeping membrane material.

However, according to the authors, it is unlikely that the increasing
hydrogen permeation is directly induced by the thickness change. It is
more likely that the change in the membrane thickness causes a change
in the local current density and that the regions with higher current
densities are responsible for the higher hydrogen permeation. However,
the local current density is a function of local contact resistance, local
membrane thickness, electrochemistry and other aspects. In the future,
further studies are needed to clarify the dependencies between the change
in membrane thickness due to membrane creep, the change in the local
current density, and in hydrogen permeation.
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