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Hydrogen crossover in proton exchange membrane electrolytic cells (PEMEC) can lead to reduced usable hydrogen output,
shortened lifespan, and interruptions in operation due to safety concerns. Extensive studies have explored the crossover mechanism
under various operating conditions using different setups. In this study, we demonstrate a setup that is capable of quantifying
hydrogen and oxygen permeability of dry and wet membranes, as well as catalyst coated membranes; i.e. membrane electrode
assemblies (MEAs). We monitored the hydrogen and oxygen permeabilities of Nafion™ N115, N117 and NR212 membranes,
respectively, and studied the effect of catalyst coating on hydrogen permeability of the membrane. The impact of conditioning on
N115-based MEAs in a fully hydrated state was investigated. To realize this, MEAs were subjected to various conditioning
protocols; break-in (applied current), in situ vs ex situ pre-treatment (water exposure), and elevated vs lowered temperature pre-
treatment, which revealed a significant influence on hydrogen permeability.
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To combat the rising levels of CO, in the world’s atmosphere, the
European Union has set a target: to be the first carbon neutral
continent by the year 2050. Decarbonizing all energy sources is key
for reaching this goal, and a prospective approach might be
harnessing pure hydrogen as an energy source.' Water electrolyzers
offer a way to transform green energy sources to green hydrogen. Of
the available technologies, proton exchange membrane electrolytic
cells (PEMECs) offer high current densities and transient system
operation, making it an ideal match for intermittently available
renewable energy sources.”™ However, the technology of PEMECs
is still ramping up.’ To mitigate the potential challenges associated
with the widespread implementation at industrial scale, aging and
degradation mechanisms of PEMEC components have to be
investigated.®” Most recently, various observations at the catalyst
layer,®~'? porous transport layers (PTLs)'*~'® and at the membrane
level have been reported.'” !

The membrane is considered one of the most critical components
of a PEMEC, as it significantly affects the efficiency and lifespan of
the system.'”'”?*** During the operation, the membrane is sub-
jected to chemical, thermal, and mechanical stresses, which can lead
to membrane thinning.>*~>® This process involves a reduction in the
total thickness of the membrane and the loss of ionomer material.
Consequently, the ohmic resistance across the membranes is
decreased, while the rate of gas crossover increases. Gas crossover
is typically defined as the process of oxygen passing from the anode
to the cathode, or hydrogen passing from the cathode to the anode,
thereby decreasing the purity of the generated gases. This process
reduces the total efficiency of the electrolytic system, not only due to
gas loss but also via the recombination of hydrogen and oxygen to
water when they mix. Another result of gas crossover is the chemical
degradation of the membrane. The most widely accepted pathway
for this degradation is the formation of hydrogen peroxide, which
can further produce radicals in the presence of metal cations. These
radicals, subsequently, attack the polymer of the membrane, leading
to an autocatalytic effect wherein the membrane becomes thinner,
with the crossover rate increasing in return.®>>-%

Detailed investigations have been done to understand the
mechanism of gas crossover, with an emphasis on Nafion™, as it

“E-mail: Ltreutlein@fz-juelich.de

is the most frequently used ionomer in PEM fuel cells and PEM
electrolyzers.>*"**=!  Comparing this literature data shows a
significant variation in the permeability of both oxygen and
hydrogen, up to tenfold, even using the same membrane. The
differences arise from varying operating temperature, measurement
technique or hydration status of the membrane. The water content of
Nafion™ is strongly influenced by its pre-treatment,>>** which in
response affects the gas permeability, since it depends on the
hydration state of the membrane.>* Even, during the operation of
PEMECs and fuel cells, an increase in the hydration level and
changes in the morphology of Nafion™ can occur.’>®
Consequently, an investigation is needed to show the origin of the
disparity in literature data. A specialized experimental setup is
required that allows to measure permeability of membranes and
membrane electrode assemblies under varying temperature and
humidity, as well as in situ measurement after pre-treatment and
electrolysis, to not alter the sample.

The available literature shows a variety of measuring approaches
to investigate hydrogen and oxygen crossover in PEMECs. One
approach makes use of crossover sensing by electrochemical
detection, requiring a special cell design®*"*® and specific oper-
ating conditions, making a comparison to real operating electrolytic
cells difficult. Another experimental approach entails the monitoring
of hydrogen in oxygen in the exhaust stream during electrolysis
operation.*®*® With this technique, the impact of different operating
conditions on hydrogen permeation, crossover mechanisms, and also
possible mitigation strategies can be investigated. While the oper-
ating conditions are comparable to a real-world scenario using this
technique, it is not optimal for examining catalyst-free membranes,
primarily because electrolysis operation must have catalysts on both
sides of the membrane. The time lag method,*®*' which requisites
for a sophisticated apparatus with vacuum, and the volumetric
method,® which may be affected by water vapors when measuring
wet samples, have also been employed for evaluating gas crossover.
Other studies have shown the potential use of gas analyzers, gas
chromatographs or other detectors at the exit stream of the
measuring cells.*>™

This study quantifies hydrogen and oxygen permeability of dry
and wet Nafion™ membranes, as well as membranes with catalyst
coating known as membrane electrode assemblies (MEAs), em-
ploying a setup reported recently.*® The specialty of this setup is that
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it allows in situ measurement of gas permeability pre- and post-
operation of PEMEC without first disassembling the cell to get to the
MEA. Thereby, this allows to study the effects of pre-treatment
(treating membrane or MEA before cell assembly; ex situ pre-
treatment, or after cell assembly; in situ pre-treatment) or break-in
(activating MEA; the membrane and catalyst by electrolysis) on gas
permeability. The overarching term for both (break-in and pre-
treatment) is defined as conditioning.*” By applying different in situ
and ex situ pre-treatment, and breaking-in procedures on Nafion™
based membranes and MEAs, this study finds a non-negligible effect
on hydrogen permeability. This can partially explain the disparity
found in literature, as pre-treatment and break-in procedures are
inconsistent, unstated, neglected or excluded. The conditioning
procedures explored in this work highlight the impact on hydrogen
permeability of PEMECs.

Experimental

Membrane pre-treatment and MEA conditioning.—Commercially
available Nafion™ membranes in activated H'-form with different
thicknesses N115 (wet: 170 um, dry: 127 pm), N117 (wet: 210 pm, dry:
182 um) and NR212 (wet: 90 pm, dry: 50 pm), and HYDRion™
membrane electrode assemblies (MEAS), all from Ion Power, with an
active area of 25cm” were used in this experimental study. The
H'-form was chosen, as it is suitable for water electrolysis and only
little difference in comparison to the K'-form is to be expected.>> The
MEA consists of Nafion™ N115 as the membrane, platinum with a
loading of 0.3 mg cm ™2 as the cathode catalyst, and iridium oxide with
a loading of 1 mg cm 2 as the anode catalyst. The membranes were
conditioned via a pre-treatment procedure at 80 °C for 24 h in a beaker
containing deionized water (DI-water) before assembling into the
PEMEC (ex situ pre-treatment). N115-based MEAs were subjected to
conditioning by pre-treatment or break-in protocols, as listed in Table 1.
The MEAs were pre-treated either before cell assembly (ex situ pre-
treatment) or after cell assembly (in situ pre-treatment). MEA 1 and
MEA 4 were conditioned via in situ pre-treatment and break-in
procedures, respectively. Moreover, respective cells were not disas-
sembled throughout the conditioning process to avoid any potential
damage to membrane or alterations in applied compression. The ex situ
pre-treatment was applied to MEA 2 and MEA 3. The thickness of the
membranes and the MEAs (including both electrodes) was measured
using a foil thickness gauge (Kéfer FD 1000/30—3) after all tests were
conducted. This thickness is considered to represent the thickness of the
membrane or MEA inside the cell assembly during measurement and
was used to calculate permeability.

Cell preparation.—An in-house built single PEM electrolytic
cell with 4.4cm x 4.4 cm active area was used for this experi-
mental study. The endplates were composed of stainless steel,
while flow field plates were fabricated from grade 2 titanium.
Anode and cathode flow field plates were coated with platinum and
gold, respectively. On the cathode side, titanium gauze (Fisher
Scientific Mesh 40) porous transport layer (PTL) with one carbon
sheet (Toray TGP-H-60) was used. On the anode side, one layer of
expanded metal titanium with platinum coating (MeliCon
MELIDFF) was utilized as the PTL. Gaskets were made from
PTFE, using a thickness chosen to be 100 pm thinner than the
cathode PTL to reach ~50% compression of the carbon paper. The
cell was clamped by 8 M5 bolts, each of which was tightened with
a torque of 5 Nm.

Setup.—To guantify hydrogen and oxygen crossover, a setup
was employed*® with the intent of measuring dry or wet mem-
branes, as well as MEAs, without disassembling the PEMEC after
conditioning. This approach prevents the membrane or MEA from
getting damaged during disassembly of the cell and avoids any
possible changes in the applied compression force. Moreover, gas
crossover in PEMECs can be directly quantified pre- and post-
operation. Therefore, this setup can be used along with an

Table 1. Conditioning protocols applied on N115-based MEA sam-
ples. For MEA 1 and MEA 4, the cell was not disassembled between
the steps. MEA 2 and 3 were pre-treated before assembling into the
test cells.

Conditioning
Pre-treatment Break-in
Ex-situ
In-situ In-situ
MEA 1 MEA 2 MEA 3 MEA 4
*24hat30°C 10min at 80 °C  24h at80 °C *24hat 1 Acm >
at 60 °C
¢ 10 min at e24hat2Acm
80 °C at 60 °C
+24hat80°C *24hat3Acm?

at 60 °C
Permeability measured after each treatment

electrolysis test station to measure the permeability of MEA
without disassembling the measurement cell. These characteristics
enable a realistic comparison of different conditioning procedures,
applied in this work on different membranes and MEAs. Figure 1
demonstrates the measurement principle of the setup employed in
this study. On side of the electrolysis cell is flushed with either
hydrogen or oxygen (testing gas) and the other is flushed with
argon (carrier gas) with a known flow rate. During measurement
the testing gas is pressurized, and the test cell is heated to a set
temperature. The gas passes through the membrane via diffusion
into the carrier gas stream; carrying it further into the gas analyzer.
After detecting the permeated gas through the membrane or MEA
via thermal conductivity detector, permeability was calculated
using the Eq. 1, where L is the thickness of the sample, ey, is the
molar flow rate of hydrogen or oxygen from one side of the cell to
the other, and py; is the hydrogen partial pressure:

L-e
ey = 2 [1]
Pu>

Figure 2 illustrates P&ID diagram of the presented setup, high-
lighting all of its components required for a gas crossover experi-
ment. The gases flowing into the system were regulated by mass
flow controllers (Argon: Bronkhorst F-201CV, Oxygen and
Hydrogen: Sensirion SFC5500). The cathode side of the cell can

Pressure
regulator

— Ol

Ar + H,

a—" RN

Figure 1. Schematic diagram of the gas crossover through the membrane or
MEA in an in-house built proton exchange membrane electrolytic cell,
depicting only the hydrogen crossover test. Hydrogen is pressurized by the
pressure regulator. Hydrogen then permeates to the other side of the cell,
where it is caried by the argon gas stream to the gas analyzer, allowing for
the detection of the amount of hydrogen.
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Figure 2. Layout of the gas crossover setup, the gas flow is from left to right. The scheme displays the gas supply with mass flow controllers (MFC), gas
humidifiers, measurement cell, pressure control, dehumidifiers, and gas analyzers from left to right.

be flushed by argon or hydrogen, and the anode side by argon or
oxygen. The gas supplied to the cell was humidified by membrane
humidifiers (Permapure MH-110-42), and the dew point of the gases
was regulated by the water temperature flowing through the
humidifier. A dew point above the cell temperature not only stops
the membrane from drying out but also leads to water condensation.
This is because the gas is already fully saturated, ensuring proper
hydration during all measurement steps. To limit the amount of
liquid water inside the cell, the humidifiers were always kept at 5 K
over the temperature of the measurement cell. Back pressure
regulators (Equilibar ZF-Series) were used to set the pressure of
the permeate inside the cell. Before measuring the concentration of
permeate (in this work hydrogen or oxygen) in the carrier gas, gases
were dried by a gas cooler (M&C Techgroup ECP2000) to 2 °C.
This ensures that the gas has always the same humidity when it
enters the gas analyzer. The detection of hydrogen in argon or
oxygen in argon was achieved with thermal conductivity detectors
(Messkonzept FTC320) employed for each side of the PEMEC.
Before each measurement, the whole setup was flushed with argon at
a flow rate of 200 mL min~'. For gas crossover experiments, the
flow rate of argon was set to 70 mL min~" and hydrogen or oxygen
200 mL min~', respectively.

Results

The permeabilities of Nafion™-based membranes and MEAs
were investigated by measuring the gas permeation using argon as a
carrier gas. Figure 3 shows the quantity of hydrogen permeating
through a N115 membrane at different temperatures under fully
humidified conditions. The permeation measurements were initiated
after the flushing cycle, which required 125 minutes. Since tempera-
ture and hydrogen passing through the membrane required some
time to stabilize, each data point was acquired after an equilibration
time of 20 minutes. Black arrows in Fig. 3 denote the data points
used to calculate the permeation and subsequently permeability. As
gas diffusion is a thermally activated process, the membrane shows
an increase in permeation with increasing temperatures ranging from
40 °C to 80 °C (1607 ppm to 3056 ppm).

Hydrogen and oxygen permeability measurements were per-
formed on N115, N117 and NR212 Nafion™ in both wet and dry
conditions. Pristine membranes were submerged in 80 °C water for
24 h before cell assembly (ex situ pre-treatment). Similarly, for the
dry measurements, pristine membranes were dried at 80 °C with a
continuous flow of argon. For all the membranes both in wet and dry
state, Fig. 4a shows the hydrogen permeabilities, whereas Fig. 4b

g 5000 100
g

£ 4000 180

<

£ P
T 3000 160 S
S ©
S 2000 {a0 &
g 5
e —
& 1000 120

c

o

e 0

150 200 250 300
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Figure 3. Concentration of hydrogen in argon for a N115 membrane. Color
scheme: red line: hydrogen concentration, blue line: cell temperature. Black
arrows indicate the values used to calculate the permeability. The periodic
spikes in the permeate data at each set point originated from flushing the
condensed water out of the gas dryer to prevent overflow into the gas
analyzer.

displays the oxygen permeabilities. All tested membranes exhibit
comparable permeability at a similar hydration state (wet or dry) for
hydrogen as well as oxygen, which is consistent with literature.**
Since permeability is an intrinsic material property, it is expected
that membranes which only differ in thickness exhibit the same
permeability values. Compared to the dry state, membranes have a
higher permeability in the wet state. This can be attributed to an
increased hydration level of the Nafion™ membrane, leading to an
enhanced molecular mobility due to the plasticizing effect.*® The
increase of permeability by hydration is in the same order of
magnitude for both hydrogen and oxygen permeabilities. In wet
and dry states, permeability of hydrogen is higher than oxygen
which can be attributed to hydrogen molecules being significantly
smaller and lighter compared to oxygen molecules.>* Due to higher
hydrogen permeability, further experiments were only performed to
explore hydrogen permeability through MEAs, as changes will be
more pronounced. Figure 4 compares the (c) hydrogen and (d)
oxygen permeability of water from literature*”° with that of
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Figure 4. Hydrogen (a) and oxygen (b) permeability of different Nafion™ membranes in wet and dry state. The hydrated membrane N115 is compared to pure

water for (c) hydrogen and (d) oxygen permeability. Water permeability was calculated by Ito et a

Nafion™ N115 acquired with the setup presented. As expected, pure
water shows a higher permeability, as the diffusion through the
membrane takes place in spatially limited water channels, that can be
blocked by polymer chains inside the material.** Increasing the
hydration of the membrane and widening the channels it is expected
to also increase the gas permeability of the membrane, getting closer
to that of pure water.

Looking at the impact of hydration on a dry membrane in Figs. 4a
and 4b, an increase of permeability can be seen in Table II as a
percentage. Here a significant difference can also be seen between
both gases. Oxygen permeability has a more significant increase,

Table II. Comparison of hydrogen and oxygen permeability of
Nafion™ N115, increase from a dry membrane to a hydrated
membrane at a temperature range of 40 °C to 80 °C. Percentages
indicate the relative increase of permeability from dry to hydrated.

Increase of permeability from dry to wet

Temperature Hydrogen Oxygen
°C

40 804% 43155%
45 634% 5504%
50 554% 2693%
55 517% 2339%
60 494% 1358%
65 445% 1343%
70 414% 796%
75 386% 656%
80 374% 567%

1.* with data from Wise et al.”°

after the membrane has been hydrated. This is due to oxygen being a
diatomic molecule with about twice the size of that of hg/drogen,
thereby limiting its diffusive mobility inside the polymer.”' When
the membrane is hydrated, oxygen diffusion benefits more from the
available water pathways. Distinct differences in slopes can be
noticed in Figs. 4a and 4b when comparing the temperature effect on
the permeability of a dry and wet membrane. This occurs because
dry membranes facilitate diffusion only via the polymer phase,
whereas wet membranes enable a mixed pathway of water and
polymer. The pure polymer pathway is less temperature dependent,
requiring more energy, while the pathway through water is activated
with less energy.”

A comparison with literature values and data obtained in this
work is presented in Fig. 5. It is divided into (a) hydrogen
permeability of a hydrated N115 membrane, (b) hydrogen perme-
ability of a dry N115 membrane, (c) oxygen permeability of a
hydrated N115 membrane and finally (d) oxygen permeability of a
dry N115 membrane. The literature values were recorded using
Nafion™ of different thicknesses, but since permeability is normal-
ized to thickness, it can be read as an intrinsic material characteristic.
Literature values show a strong dispersion, even though clear trends
are visible. This could be from the usage of different measurement
techniques, even though as an intrinsic material property the
measurements should in theory be absolute values. One thing that
could influence the difference between all measurements is how the
membranes were conditioned before they were measured. This was
not the same for all and was not always mentioned. Therefore, the
impact of conditioning of N115 based membranes on its hydrogen
permeability is crucial and will be discussed in detail in the
following. The focus here is only on hydrogen, since the sensors
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Figure 5. Literature overview of hydrogen and oxygen permeability of Nafion™ at different temperatures. Hydrogen permeability for hydrated®*™>* (a) and
dry®® (b) states of Nafion™, whereas oxygen permeability for hydrated (c) and dry (d) states of Nafion™. Red full circles indicate data from this work of a

hydrated N115 membrane and red hollow circles indicate dry membrane.

are more sensitive to small changes. However, oxygen permeability
should not be neglected, as it reduces gas production efficiency by
recombination with hydrogen on the cathode. If oxygen is present on
the cathode side, formation of H,O, is possible, which could lead to
radical formation that can degrade the polymer in the membrane.>
Also, for processes in chemical industries that use the produced
gases, gas purity can be an important factor.

Comparing the results of wet and dry measurements each for
hydrogen and oxygen with that of Sakai et al.,*>~ it can be noticed
that the slope of the results seems nearly similar for both hydrated
measurements. On the other hand, the permeabilities in the dry
conditions demonstrate a clear difference and can be observed with a
different slope. At lower temperatures the slope falls off with the
setup of this work, which is more pronounced for dry oxygen. A
likely cause for this is the sensitivity of the gas analyzers at low
concentrations below 500 ppm, which is the case at lower end
temperatures (< 60°C) with dry membranes. Especially for oxygen
measurements, where the absolute amount of gas passing through
the membrane is lower than that of hydrogen and due to the smaller
thermal conductivity difference to argon, on which the detector
relies. As fully dried out membranes are not used in PEMECs, this
topic is not further investigated in the context of this study.

Since the literature values for permeability are typically recorded
using pristine membranes and physio-chemical changes can already
occur during the MEA production steps, the impact of catalyst
coating on the permeability needs to be assessed in order to correctly
assign possible changes to the applied conditioning procedures. To
determine the influence of the MEA fabrication process on the
hydrogen permeability of the membrane, a comparison of N115
membrane with N115-based MEA (both pre-treated ex situ in 80 °C
water for 24 h) is presented in Fig. 6. A slight difference can be seen,

mainly a marginal decrease in the slope of the MEA sample,
indicating a slight decrease in diffusion process at higher tempera-
tures. This could be due to two possible reasons: The electrodes
coated onto the membrane are comprised of ionomer, catalyst and
support material, thereby obviously changing the material properties
and thickness of the sample. Furthermore, in a hot pressing or direct
coating process of the membrane during MEA fabrication, the
sample can undergo physical changes due to the applied temperature
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Figure 6. Comparison of hydrogen permeability of N115 membrane (red)

and N115-based MEA (blue), pre-treated ex situ. Only a small change is
visible, mainly to the slope.
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Figure 7. Hydrogen permeability of MEA 1 with uncorrected and corrected
values. The difference arises from the in situ water pre-treatment, where the
PTL pores can be blocked by water.

or chemical changes during the application of the catalyst ink. This
can cause changes in the crystallinity or chemical structure of the
membrane/ionomer.>®

Owing to the distinct difference in hydrogen permeability of
N115 membrane in wet and dry state and only marginal difference
from N115-based MEA compared to pristine N115 membranes,
MEAs were conditioned by pre-treating with DI-water at different
temperatures for certain periods (see Table I). MEA 1 was
assembled into the PEMEC in dry state and then flushed with 30 °
C water for 24 h (in situ pre-treatment), after that the permeability
was recorded. Here, it can be noticed that the measured permeability
(Fig. 7) was greatly reduced for the in situ flushed samples compared
with the ex situ wetted sample (Fig. 6).

The most likely reason for this measured stark decrease might be
flooding of the PTL, where water is stuck inside the voids of the
layer. The total diffusive flux ® is dependent on the diffusion
coefficient D, the concentration difference Ac between the two sides
of the cell, and the distance d dividing the cell sides. Using Fick’s
law of diffusion, the effect of PTL flooding on permeability can be
explained:

Ac
d=-D— 2
” [2]

By filling the volume of the PTL with water during in situ pre-
treatment, the gas diffusion process slows down considerably
compared to ambient air filling the volume for the ex situ wetted
samples. To correct this impact of PTL flooding, a correction value
is implemented. To determine this value, a N115 membrane was
conditioned in a beaker for an hour at 80 °C. Subsequently, the
assembled cell’s permeability was quantified in a temperature range
of 40 °C to 80 °C. Afterwards, water was circulated through the
same cell for a period of 5 min, and permeability experiments were
repeated. The data from these tests, as presented in Table III, reveal a
significant reduction in permeability after flushing it with water,
showing that the water fills the voids within the PTLs, thereby
hindering the hydrogen diffusion. Since the PTLs within the cells
remained consistent across all tests, it can be assumed that the effect
of the water filling the voids and increasing diffusion distance is
comparable for all experiments. Consequently, the difference
between the permeabilities before and after water pumping serves
as a temperature-dependent correction value, which is applied to all
MEAs subjected to conditioning via in situ pre-treatment or break-
in. Equation 3 defines the corrected hydrogen permeability e, .,
obtained by adding the correction value Aeg, (T') to the permeability
value e, calculated from experimentally data.

Table III. Impact of in situ water exposure on hydrogen perme-
ability of N115 membrane.

Permeability
Temperature Without water with water Difference
°C mol-s ! em ™2 mol-s ! em ™2 mol-s ' em ™2
bar ™ bar ™ bar™!
40 1.82E-11 4.45E-12 1.45E-11
45 2.17E-11 4.73E-12 1.69E-11
50 241E-11 6.20E-12 1.79E-11
55 2.70E-11 6.04E-12 2.10E-11
60 3.111E-11 7.30E-12 2.38E-11
65 3.37E-11 8.37E-12 2.53E-11
70 3.72E-11 8.84E-12 2.83E-11
75 4.09E-11 1.018E-11 3.07E-11
80 4.74E-11 1.501E-11 3.24E-11
< 50
—
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Figure 8. Effect of water temperature on hydrogen permeability as an in situ
pre-treatment method (for 24 h) for MEA 1.

8H2,mrr = £H2 + AEHZ(T) [3]

To investigate the influence of pre-treatment temperature on the
hydrogen permeability, MEA 1 was first pre-treated by flushing 30 °©
C water through the cell for 24 h and then recorded the hydrogen
permeability. Subsequently, the procedure was replicated with 80 °C
water. Figure 8 shows how the temperature increases during the
in situ pre-treatment affects the hydrogen permeability of MEA 1.
Here, the increase in pre-treatment temperature led to an overall
increase in permeability. This is because the hydration level of
Nafion™ is increased due to elevation in water content per sulfonic
acid group at higher temperatures for the pre-treatment, which is in
accordance with literature.”’

Figure 9 shows a striking difference in hydrogen permeability of
MEAs subjected to in situ pre-treatment (MEA 1) and ex situ pre-
treatment (MEA 2 and 3). Even though all samples were treated with
the water at the same temperature, a clear difference in permeability
can be observed. This discrepancy can be attributed to the swelling
behavior of Nafion™. When the membrane is confined within the
PEMEC (along x- and y-axis), it mainly increases its thickness
(z-axis) upon swelling. On the other hand, pre-treatment of MEAs in
water without any constraints can result in membrane swelling in all
possible dimensions.’® This ultimately leads to differences when
calculating permeability since the overall thickness of the
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Figure 9. Hydrogen permeability of MEAs treated at 80 °C for either
10 min or 24 h. Hollow symbols represent in situ pre-treatment of MEA 1,
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Figure 10. Hydrogen permeability acquired after break-in at different
current densities for MEA 4. No significant change in hydrogen permeability
is visible by increasing the current density.

membranes can differ depending on ex situ or in situ pre-treatment,
that does not translate over to thickness measurements after cell
disassembly. Also, the constrained swelling inside the cell assembly
could put strain on the material and thereby changing the material
properties. Additionally, by extending pre-treatment duration, hy-
drogen permeability increased, but relatively a little. This is because
at elevated temperatures, the water activity increases, which speeds
up the hydration time of the membrane.*” For this reason, only a
minor difference in hydration exists.

Another important consideration is the impact of the break-in
process to activate MEAs by performing electrolysis as part of a
conditioning procedure. To test the influence of the break-in process,
the pristine MEA 4 was conditioned by applying 1A cm 2,
2 Acm 2 and 3 A cm™ 2 for 24 h each and the hydrogen permeability
after each applied current density was measured. Figure 10 shows
that increasing the current density influences the permeability only in
a miniscule amount, specifically higher current density leads to
slightly increased permeability.

Summary and Perspective

In this study, the gas permeability of membranes and membrane
electrode assemblies (MEAs) used for proton exchange membrane
electrolytic cells (PEMECs), pre- and post-operation was investi-
gated. To corroborate the performance of the setup outlined in our
recent work, the hydrogen and oxygen permeability of Nafion™-
based membranes (N115, N117 and NR212) in dry and wet state
were recorded. All membranes exhibited comparable permeabilities,
demonstrating elevated values for oxygen and hydrogen perme-
ability in the wet state, with hydrogen generally showing higher
measured permeabilities. These findings were shown to be in good
agreement with the available literature data. Only a slight difference
in hydrogen permeability was observed between N115-based mem-
branes and MEAs, indicating that the application of electrodes to the
membrane might marginally affect the membrane properties.

Further investigations on MEA conditioning were conducted by
pre-treating the MEA before (ex situ) and after (in situ) cell
assembly, via in situ pre-treating MEA at elevated temperature 80°
C and lowered temperature 30 °C, and by using several break-in
procedures at varying current densities. The results indicate that ex
situ pre-treatment of the MEA led to a clearly higher hydrogen
permeability compared to in situ pre-treatment, due to the restricted
swelling dimensions during in situ pre-treatment leading to possibly
deviations in thickness and also might cause changes in the
membrane material when swelling while confined inside of a
PEMEC. Besides this effect, also elevated temperatures during
conditioning lead to a higher hydrogen permeability, as well as
break-in procedures applying current density and performing elec-
trolysis, which resulted in a marginal increase in hydrogen perme-
ability at higher current densities. Based on the impact of con-
ditioning methods investigated in this study on the hydrogen
crossover, the in situ pre-treatment of MEA at lower temperature
and break-in at lower current density stand out most effective
protocol. However, insights into its effect on the electrochemical
performance of PEMEC and durability of cell components will pave
the way to further optimize the performance of PEMEC. Since we
only investigated N115-based MEA, an all-encompassing statement
on the most effective conditioning procedure is challenging. The
selection of the conditioning protocol strongly depends not only
upon the employed MEA materials but also on the cell configura-
tions; thus, the optimal protocol needs to be determined for each
system separately.

These findings highlight the necessity of an experimental setup
that enables in situ permeability measurements, as the distinct
swelling behavior of Nafion™ outside of a constrained cell can
introduce significant, non-negligible measurement errors. It also
underlines the need for further gas permeability investigations in
PEM electrolyzers, where the effect of conditioning and operation
induced changes on the gas crossover need to be investigated in
detail. This work demonstrates in-depth studies of gas permeability
as a material parameter which will be further expanded upon in
future works.
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