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Hydrogen and oxygen crossover in polymer electrolyte membrane (PEM) electrolyzers is critical for both operational safety
and product gas purity. In this study, we present a versatile experimental setup designed to quantify gas crossover through
membranes and polymers commonly used in PEM electrolyzers. A key feature of the setup is its ability to perform in situ
measurements on fully assembled PEM cells, containing complete membrane electrode assemblies. The system also enables
characterization of gas permeation through both wet and dry ionomers, as well as various polymers employed in compo-
nents such as gaskets and tubing. These capabilities are demonstrated through a series of representative measurements that
highlight the setup’s flexibility and potential.
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1 Introduction

To address climate change and facilitate the transition to
a sustainable energy economy, the production of green
hydrogen from renewable energy sources has emerged as
a key enabling technology for both research and industrial
applications. Water electrolyzers play a central role in this
context, converting electricity generated from renewable
sources into green hydrogen. However, scaling up elec-
trolyzer systems for commercial deployment requires the
implementation of de-risking strategies to gain insights into
degradation mechanisms by identifying the key factors con-
tributing to performance or efficiency loss [1]. One notable
degradation effect is the increase of gas crossover, an effect
in which hydrogen or oxygen permeates through the mem-
brane that separates the anodic and cathodic compartments.
This phenomenon is closely linked to both operational
conditions and the intrinsic properties of the membrane
materials. The hydrogen and oxygen crossover is mainly
influenced by variables such as operating pressure [2], cur-
rent density [3], cell temperature [4], cell assembly [5, 6],
and (membrane) material [7]. A higher quantity of gas
crossover can significantly reduce gas purity [8], decrease
total system efficiency [8], pose safety issues [9], and
increase the rate of cell degradation [10]. Although crossover
is relevant to all water—electrolyzer technologies, this study
focuses on proton exchange membrane electrolysis cells
(PEMECs). In PEMECs, crossover-driven degradation can
become self-amplifying: Hydrogen or oxygen that perme-

ates the membrane can form hydrogen peroxide (H,O,)
at catalytic sites [11], and H,O, can form reactive radicals
that chemically attack the polymer membrane [12]. This
chemical attack causes thinning, microcracking, or pinhole
formation [7], which in turn increases gas crossover and
further accelerates degradation and the associated losses in
purity, efficiency, and safety.

Considering the materials’ characteristics and the impact
of operational parameters on the performance and service
life, it is essential to choose suitable materials, especially for
the membrane, during the design phase of an electrolyzer.
In this context, gas permeability and proton conductivity
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Figure 1. Layout of the gas crossover setup, with the gas flowing from left to right. On the left most side is the gas supply with mass
flow controllers (MFC), then gas humidification, measurement cell, pressure control, dehumidification, and lastly gas analysis.

are crucial intrinsic properties, and the optimal membrane
material should allow high proton conductivity while mini-
mizing the gas crossover in real-world settings [13]. The gas
crossover can be reduced by increasing the membrane thick-
ness; however, it simultaneously increases the total ohmic
resistance of the cell, demonstrating a significant challenge
[14]. Therefore, to evaluate the performance of a membrane,
it is essential to assess the gas crossover and proton ohmic
resistance prior to electrolysis operation [15]. But as impor-
tant as choosing a fitting membrane before assembly of the
PEMEC is how catalyst coating of the membrane and oper-
ation parameters (including beginning-of-operation) affect
long-term ohmic resistance and gas crossover of the mem-
brane electrode assembly (MEA). Inside a cell assembly
the ohmic resistance of the membrane is usually assessed
using impedance spectroscopy [16]. But, for gas crossover
assessment, the most used technique is H, in O, and O,
in H, measurement during electrolysis via gas analysis
[17-21]; this comes with two important downsides: (i) Oxy-
gen crossover can be falsified due to recombination with
hydrogen [22] and (ii) hydrogen crossover can be influenced
by water drag through the membrane and supersaturation
in the catalyst layer [23]. Other techniques rely on purpose-
built cell designs [4, 24-26], where the effects of electrolyzer
operation cannot be investigated without first disassem-
bling the PEMEC and putting it into the measurement cell.
This process is both time-consuming and may affect the
characteristics of the membrane via handling.
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In addition to bulk transport phenomena, localized
defects such as pinholes in the membrane must be identi-
fied after the assembly of the PEMEC, as they significantly
increase the risk of gas crossover. Moreover, gas perme-
ation through other cell components, such as gaskets and
tubing, can result in minor losses of the produced gases
to the environment. To comprehensively assess these fac-
tors, a holistic approach is required to evaluate the hydrogen
and oxygen permeability of all materials used in a poly-
mer electrolyte membrane (PEM) electrolyzer. This study
presents a non-electrochemical setup capable of detecting
hydrogen and oxygen crossover under both dry and humidi-
fied conditions. The system is versatile and can be applied to
characterize membranes, MEAs, or other cell components.
Importantly, it enables the in situ characterization of MEA
gas permeability in a fully assembled PEMEC in parallel to
long-term operation, requiring only brief interruptions to
the experiment for crossover assessment.

2 Experimental Procedures

2.1 Setup

Fig. 1 illustrates the P&ID diagram of the gas-sensing setup
developed to measure gas crossover. The gases flowing into

the system were regulated by mass flow controllers (argon:
Bronkhorst F-201CV, oxygen and hydrogen: Sensirion
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SFC5500). Afterward, the cathode
side of the cell can be either flushed
by argon or hydrogen, and the anode
side can be either flushed with argon
or oxygen. In the following text,
the side where argon is flushed will
be called measurement side, whereas
the oxygen or hydrogen side will be
called permeate side. The gas sup-
plied to the cell was humidified by
membrane humidifiers (Permapure
MH-110-42), and the dew point of the
gases was regulated by the water tem-
perature flowing through the humid-

ifier. In this regard, the cell was kept H

fully humidified by ensuring slight
condensation consistently occurred
inside the cell. This was achieved by
setting up the humidifier’s tempera-
ture 5 K above cell temperature.
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In this way, MEAs were prevented Figure 2. lllustration of the apparatus used to measure hydrogen or oxygen gas crossover. Red
from drying out, and the measure- bubbles illustrate hydrogen molecules in the system. The red arrow indicates the direction of
ments were conducted under fully diffusion through the membrane. The gray gas stream is the argon carrier gas stream.

humidified conditions. For measure-

ments of dry membranes, the humid-

ifier was removed from the system.

Back pressure regulators (Equilibar ZF-Series) were used to

set the pressure of the permeate gas inside the cell. Before

measuring the concentration of permeate (in this work,
hydrogen or oxygen as a permeate) in the carrier gas, gases
were dried by a gas cooler (M&C Techgroup ECP2000) to
achieve consistent humidity levels inside the gas analyzer.
Then, detectors monitored the concentration of hydrogen
or oxygen in argon via change in thermal conductiv-
ity (Messkonzept FTC320). This measurement method is
especially fitting for this task, as these can measure gas con-
centration continuously. A gas chromatograph, for example,
would only take a sample of the gas every few minutes.
The following steps outline the approach that was used to
measure the pressure-dependent gas permeation using the

setup shown in Fig. 1:

1. Anode and cathode were flushed with (humidified) argon
for 2 h until gas analyzers indicated stable readings.

2. The gas flows at anode and cathode were adjusted to
70 nmL min~' (mL at normal conditions), and gas
analyzers were calibrated to zero-point.

3. (Humidified) hydrogen at cathode side (or [humidified]
oxygen at anode side for oxygen crossover) was flushed
for 30 min with flow rate 200 nmL min~!. The cath-
ode pressure (anode pressure for oxygen crossover) was
raised to 5 bara (5 bar of absolute pressure) and again
purged for 30 min.

4. The cell temperature was set to 60 °C, and pressure on the
anode and cathode side was set to ambient. After 15 min
the first permeability measurement at ambient pressure
was taken.

www.cit-journal.com
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5. The pressure of the measurement gas (hydrogen or oxy-
gen) is stepwise increased from 1 to 5 bara in 500 mbar
steps; at each step after 15 min, a measurement is taken.

6. This pressure cycle (1-5 bara) was repeated three times to
ensure sample stability.

Alternatively, temperature-dependent permeability can
also be measured. Here the steps are like the beforehand
outlined approach. Instead of changing pressure, the tem-
perature of the cell with the sample was varied (40-80 °C,
in 5 K steps), and the pressure was kept constant at 4 bara.

2.2 Evaluation

Fig. 2 illustrates the operating principle of the setup devel-
oped in this study for hydrogen crossover measurements. In
the electrolysis cell, one compartment was purged with the
measurement gas (hydrogen 6.0 or oxygen 6.0), whereas the
opposite side was flushed with argon 6.0 as a carrier gas ata
known volumetric flow rate Vj, ..

Calibration of the thermal conductivity detector was per-
formed after commissioning the setup by directly mixing
hydrogen into the argon stream. The resulting calibration
curve, shown in Fig. 3a, demonstrates good linearity up to
5 vol %. Beyond this concentration, deviations appear, as
expected, because the sensor is factory-calibrated only in the
0-5 vol % range. To ensure accuracy, all measurements were
conducted below 5 vol % hydrogen by adjusting the argon
flow rate for each sample accordingly.

The measurement gas diffuses through the membrane
into the carrier gas stream. Thereafter, the concentration of

Chem. Ing. Tech. 2026, 98, No. 1-2, 18-26
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Figure 3. (a) Calibration curve of the TCD for argon in hydrogen. The device is calibrated for a range of
0-5 vol %. (b) Concentration of hydrogen in argon for an unconditioned N117-based MEA. Color scheme:
red line: hydrogen concentration, blue line: cell pressure. Black arrows indicate the values used to calculate
the permeation. The spikes in the permeate value originate from periodic water dispersal of the gas dryer.
hydrogen in argon (Xp,,ar) was measured. Fig. 3b shows this the sample and the partial pressure of hydrogen py,:
concentration value for a measurement, where the pressure
is varied as an example. At each instance marked with a P L-en, (5)
. H, =
black arrow, a 60 s interval of the measurement was taken pH,

and the mean value used for the evaluation. Based on the
measured value of Ry, /ar, the flow rate of hydrogen through
the membrane can be calculated:

VHZ — XHZ/Ar . VAr,ac (l)
1 — X, /Ar

Flow rate of argon as a carrier gas was measured at normal
conditions (273.15 K and 1.01325 bara), which was corrected
to flow rate Vi, ,c at actual conditions inside the gas ana-
lyzer. Here, the temperature of the sensor T, (336.15 K) and
the internal pressure P,. were used. This was achieved using

the combined gas law:

Tac P n

e 2
T}’l Pac ()

VArA,ac = VAr,n .

This volumetric flow was transferred into a molar flow
to perform a comparison at different temperatures. So, the
ideal gas law with the gas constant R was used:

_ Pac 'VH2

1H, = 3
ny, R-T.. (3)

The molar flow rate shown in Eq. (3) represents the
crossover rate of the gas through the membrane, which
allows a comparison independent of sample size and thick-
ness. For comparison of different sample sizes, the per-
meation ey, in the following equation is used, where the
crossover rate is normalized to the cell area A:
iy

n (4)

eHZ =

Eq. (5) represents the intrinsic property of permeability
en,. Here, the value is normalized with the thickness L of
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For a fully humidified cell, the total pressure of the mea-
surement gas side is equal to the combined value of the
partial pressure of supplied gas and the partial pressure of
water [4]. Hence, the hydrogen partial pressure needs to be
adjusted by subtracting the water vapor pressure py,o at the
cell temperature T.. The water vapor pressure is calculated
using the Antoine equation [27]:

108.071317(1730‘36 K/(233.426 K+Tca)

- 6
Pr.0 747.769 ©

PHy.ac = PH, — PH,0 (7)

2.3 Sample Preparation

The samples investigated in this work are divided into three
groups, depending on which they were prepared accord-
ingly. The PEM membranes and MEAs (Nafion N117, N115)
were placed in deionized water at 80 °C for 24 h to assure
full hydration of the membrane for humidified gas measure-
ments. The Fumasep FAAM-PK-75 membrane was put in
7 M KOH solution for 24 h, according to the manufacturer
instructions, and then rinsed with deionized water before
assembly. The two remaining polymer films (polyethylene
[PE] 40 um from Reichelt Chemietechnik and polytetraflu-
oroethylene [PTFE] 100 pm from Bola) were cleaned with
isopropanol and water and then dried before assembly. For
all the measurements under dry conditions, the samples
were not hydrated/activated before assembly and were dried
inside the cell assembly at 80 °C with an argon flow of
100 nmL min~" for 24 h.
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Figure 4. Comparison of hydrogen permeation obtained using (a) the electrochemical setup and (b) the setup

presented in this work.

2.4 Cell Preparation

The gas crossover measurements were conducted in an in-
house built electrolysis cell, with an active area of 4.4 cm
by 4.4 cm (19.36 cm?). The flow field of the anode side is
made of Grade 5 titanium with platinum coating, whereas
the flow field of the cathode side is coated with gold. The
porous transport layer (PTL) on the anode side consists of
two platinum-coated titanium fiber mats (Bekaert Currento
PTL Ti-56/250 PT200) to improve mechanical support for
differential pressure, whereas the PTL on the cathode side
comprises of a carbon fiber mat (Toray TGP-H-60) along
with a titanium gauze (Fisher Scientific Ti-Mesh 40) for
mechanical support. All gaskets are made of PTFE, and the
thickness was chosen to compress the carbon PTL by 50 % as
per manufacturer recommendation. The cell was assembled
with 8 M5 bolts that were torqued to 5 N m each crosswise.

3 Results

3.1 Comparison of Presented Setup with
Electrochemical Detection Method

The primary objective of the setup presented in this study is
to measure hydrogen and oxygen crossover in electrolyzer
cells without necessitating disassembly, thereby preserving
the integrity of the sample. Therefore, it is essential that
the setup can evaluate both uncoated membranes and
membranes coated with electrodes, commonly referred
to as MEAs. An often utilized technique for assessing gas
crossover in proton-conducting membranes is electrochem-
ical detection [4, 25, 28]. In this method, an electrode with a
defined surface area is placed in contact with the membrane,
and a voltage is applied between this electrode and a counter
electrode. Depending on the polarity of the applied voltage,
the permeating gas is either oxidized or reduced. The resul-
tant current is then used to calculate the molar quantity

of gas diffusing through the membrane, utilizing Faraday’s
law.

First, a comparative analysis between the electrochemi-
cal setup described in the literature and the one introduced
in this work is discussed. Fig. 4 illustrates the gas perme-
ation results obtained using both setups ((a) hollow symbols
for the electrochemical setup and (b) solid symbols for
the setup introduced in this study). Both a pristine N117
membrane and an N117-based MEA were analyzed. Electro-
chemical measurements revealed a significant difference in
gas permeation between the uncoated membrane and the
MEA. This discrepancy may be attributed to the catalyst
coating process, which includes hot pressing the electrode
onto the membrane, potentially altering its properties. Addi-
tionally, the electrode layers introduce several microns of
added thickness, which the gas must permeate. However,
when applying the measurement method presented in this
study, the gas permeation values of the membrane and the
MEA were nearly identical, though a slight difference per-
sisted. This residual variation may result from changes in
the membrane’s characteristics induced during the manufac-
turing process. These findings suggest that the discrepancy
observed with the electrochemical setup may arise from
interactions between the catalyst layer on the MEA and
the catalyst-coated measurement electrode. Consequently,
the presented measurement method offers a more reliable
and consistent approach for evaluating and comparing gas
permeation in both pristine and catalyst-coated membranes.

3.2 In Situ Measurements

To demonstrate the effectiveness of in situ measurements,
an electrolysis cell featuring a Nafion N117-based MEA was
assembled. The cell was initially operated for 24 h at a con-
stant current of 1 A cm ™2 to activate both the membrane and
catalyst layer [29]. Following this activation period, the cell
was directly connected to the experimental setup to assess
pressure-dependent hydrogen permeation with minimal
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Figure 5. Pressure-dependent hydrogen permeation of an N117-
based MEA before and after 7 days of operation.

modification. The electrolysis test was then resumed for
an additional 7 days, after which gas permeation was
re-evaluated. Fig. 5 presents the pressure-dependent perme-
ation measurements before and after the 7-day operation,
with the MEA remaining assembled in the cell throughout
to avoid potential measurement artifacts caused by disas-
sembly. In this case, due to the relatively high thickness of
the N117 membrane and the short test duration, no signif-
icant increase in permeation caused by processes such as
membrane thinning was observed.

3.3 Dry Versus Wet Membranes and Defect
Detection

The setup also facilitates the characterization of materials
in two distinct humidification states: dry and fully humid-
ified. For instance, panel (a) of Fig. 6 illustrates a Nafion
N117 membrane under both conditions. A pressure curve

x1074

reflecting the permeation characteristics of both dry and wet
membranes was recorded. Those data are crucial for under-
standing the behavior of MEAs during electrolysis at certain
operating points, particularly in scenarios where effects such
as excessive bubble formation can result in partial dehy-
dration. Consequently, it offers valuable insights into the
development of detailed models that describe the internal
mechanisms of PEMECs and aids in analyzing the effects
that occur during operation [30].

Additionally, the setup allows for the detection of
mechanical defects in MEAs of PEMECs, such as pinholes.
Panel (b) of Fig. 6 demonstrates the effect of a pinhole
in an NI15-based MEA on the total hydrogen crossover
through the membrane. Under ambient or equal cathode
pressure conditions, no significant difference in crossover
was observed between the pristine and damaged MEAs.
However, as the cathode pressure is increased, a pronounced
rise in crossover is noted for the damaged sample, whereas
the pristine MEA exhibits only a modest increase. Fig. 7
presents an image of the 400 pm pinhole in the damaged
MEA, captured using a laser scanning microscope. This
setup enables the safe testing of PEMECs for pinholes prior
to operation, as it allows for the detection of hydrogen or
oxygen gas crossover utilizing an inert carrier gas.

3.4 Non-PEM Membranes

The presented setup not only enables the characterization
of PEMEC ionomer materials but also facilitates the eval-
uation of intrinsic material properties, such as hydrogen
and oxygen permeability. Panel (a) of Fig. 8 presents the
hydrogen permeability characteristics, whereas panel (b)
shows the oxygen permeability for various polymers, includ-
ing PE and PTFE, in comparison to a dry Nafion N117
membrane. These measurements are crucial for assessing
the gas-tightness of materials used in gaskets and tubing
within PEMECs, as well as in the associated balance-of-plant
components.
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Figure 6. (a) Comparison of pressure-dependent hydrogen permeation on a wet (black) and dry (red) Nafion
N117 membrane; (b) detection of a pinhole using the presented setup, via increased gas crossover.

Chem. Ing. Tech. 2026, 98, No. 1-2, 18-26 © 2025 The Author(s). Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

85U8017 SUOWWOD SA1ERID 8 cedt|dde aup Ag pausenob afe saohe YO ‘8SN J0 S8|nJ 10} Ae1q1T8UlUO A8]IM UO (SUOTHPUOD-PUE-SLLIBYWOD A8 | Im ARe.q Ul |Uo//Sd1y) SUONIPUOD pue swie 1 8y} 88S *[9202/20/62] Uo ArIqTaul|uo A8 |IMm “BIued UyoKeessy HAW yoline wnnuezsbunyosio4 Aq TE00Z ©119/200T OT/I0pW00" A8 ARq 1 pul|uo//:sdny woiy papeojumoq ‘2-T ‘9202 ‘0vazeeST


http://www.cit-journal.com

24

Chemie
Ingenieur

Research Article T

Figure 7. The image of the 400 pm pinhole, captured using a
laser scanning microscope, shows distinct features. The green
area represents the electrode surface, whereas the blue area
highlights the edges of the crack in the membrane. The black
regions indicate areas where no material was detected.

Furthermore, the setup is capable of characterizing
ionomer membranes utilized in anion exchange membrane
electrolysis cells (AEMECs). Panel (c) of Fig. 8 illustrates
pressure-dependent permeation measurements of hydrogen,

and panel (d) shows the corresponding oxygen permeation
for Fumasep FAAM-PK-75 anion exchange membranes.
The membrane exhibits behavior similar to that of Nafion,
where increased hydration enhances gas permeation. Com-
pared to N117, the permeation rates are higher in both dry
and wet states, primarily due to the membrane’s overall
thinner structure.

4 Summary

A specialized setup was developed for use with PEMECs
and AEMECs, enabling the measurement of hydrogen and
oxygen permeation and permeability in both dry and fully
humidified states. This setup allows for the direct use of elec-
trolyzer cells, facilitating in situ membrane measurements
without the need for disassembly, thereby minimizing the
risk of sample alteration during testing. Additionally, it pro-
vides a pre-experiment safety check to detect pinholes in
PEMECs or AEMECs prior to operation. Different types of
samples and various kinds of measurements have demon-
strated the broad capabilities of this setup, highlighting its
versatility and wide range of potential applications.
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I Symbols used

[em™2] cell area

[mol s~lcm™2] hydrogen permeation

[em] membrane thickness

[mol s7] hydrogen crossover flow

[bara] gas pressure at actual
conditions

[bara] gas pressure at normal
conditions

[bara] partial pressure of
hydrogen

[bara] partial pressure of water
vapor

[J mol~'K™] gas constant

Xu,/ar  [ppm] amount of hydrogen in

argon

[K] gas temperature at actual
conditions

[K] temperature of the
measurement cell

[K] gas temperature at
normal conditions

[Ls™] volume flow of argon at
actual conditions

[Ls™] volume flow of hydrogen

at actual conditions

I Greek Letter

SHZ

[mol s”'em™'bara™']  hydrogen permeability
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