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Kurzfassung

Für die Steigerung der Wettbewerbsfähigkeit der Polymerelektrolytmembran-Wasserelek-
trolyse (PEM-WE) für die nachhaltige Wasserstoffproduktion, müssen diese sicher und
effizient betrieben werden und eine hohe Langlebigkeit aufweisen. Der Crossover der
Produktgase Wasserstoff und Sauerstoff durch die Membran wirkt sich auf jede dieser
Anforderungen aus, weshalb ein ganzheitliches Verständnis dieses Phänomens notwendig
ist, um Lösungs- oder Vermeidungsstrategien zu entwickeln. Im Rahmen dieser Arbeit
werden der Crossover von Sauerstoff und Wasserstoff experimentell untersucht.

Im ersten Teil der Arbeit wird die Untersuchung von Gestaltungs- und Betriebsparame-
tern auf den Wasserstoff-Crossover vertieft, was insbesondere für den sicheren Betrieb und
die Effizienz relevant ist. Dabei stellt sich heraus, dass sich eine starke Zellkomprimierung
zwar positiv auf das elektrische Betriebsverhalten auswirkt, jedoch gleichzeitig der Wasser-
stoffverlust durch Crossover erhöht wird. Dies wird damit erklärt, dass der Übergang
von gelösten Wasserstoff in den gasförmigen Zustand mit zunehmender Komprimierung
gehemmt wird, wodurch die gelöste Wasserstoffkonzentration zunimmt und schließlich
die Triebkraft für den Wasserstoff-Crossover verstärkt wird. Darüber hinaus wird gezeigt,
dass sich der funktionelle Zusammenhang zwischen dem Wasserstoff-Crossover und der
Stromdichte bei hohen Stromdichten anders verhält, als es aus gängigen Modellansätzen
zu erwarten ist.

Im zweiten Teil liegt der Fokus auf der Quantifizierung des Sauerstoff-Crossovers,
da dieser Materialdegradation auslöst und somit die Langlebigkeit des Elektrolyseurs
verringert. Um die Rekombination von Sauerstoff und Wasserstoff zu vermeiden, werden
Platin-freie Katalysatoren an der Kathode eingesetzt. Es wird gezeigt, dass mit rekom-
binationsträgen Katalysatoren mehr Sauerstoff im Kathodenproduktgas nachgewiesen
wird. Allerdings ist dennoch davon auszugehen, dass ein unbekannter Anteil vom
permeierten Sauerstoff rekombiniert, wodurch die Quantifizierung des tatsächlichen
Sauerstoff-Crossovers nach wie vor eine Herausforderung bleibt.

Der dritte Teil dieser Arbeit beschäftigt sich mit der Gestaltung einer Rekombinations-
zwischenschicht aus Platin in der Membran, mit welcher der Wasserstoffanteil im Anoden-
gas gezielt reduziert wird und somit die Bildung von explosiven Gasgemischen vermieden
wird. Es zeigt sich, dass die Positionierung der Zwischenschicht in der Nähe der Anode,
im Vergleich zu Zwischenschichten in der Membranmitte oder nahe der Kathode, die stärk-
ste Reduktion des Wasserstoffgehalts zufolge hat. Dies wird damit begründet, dass die
verfügbare Menge an Sauerstoff an der Zwischenschicht für die Rekombinationsreaktion
von der Anode in Richtung Kathode abnimmt.

Schlagworte: Polymerelektrolytmembran-Wasserelektrolyse, Wasserstoff-Crossover, Sauer-
stoff-Crossover, Sicherheitsproblematik, Effizienz, Langlebigkeit, Mitigationsstrategie
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Abstract

To increase the competitiveness of polymer electrolyte membrane water electrolysis (PEM-
WE) for the sustainable hydrogen production, the electrolyzers must be operated safely,
efficiently, and need a long durability. The gas crossover of the product gases hydro-
gen and oxygen through the membrane affects all three requirements, which is why a
thorough understanding of this phenomenon is necessary to develop solution or mitiga-
tion strategies. In this thesis, the crossover of oxygen and hydrogen is experimentally
investigated.

In the first part of this work, the investigation of design and operating parameters for
the hydrogen crossover is consolidated, which is particularly relevant in terms of the safe
and efficient operation. It is shown that a strong cell compression has a positive effect on
the polarisation behaviour, but at the same time the hydrogen loss through crossover is
increased. This is explained by the fact that the transfer of the dissolved hydrogen into the
gaseous state is limited with increased compression, leading to higher dissolved hydrogen
concentrations and hence to a higher driving force for hydrogen crossover. In addition, it
is shown that the functional relationship between the hydrogen crossover and the current
density behaves differently at high current densities than expected from commonly used
model approaches.

In the second part, the focus is on the quantification of the oxygen crossover, as this
triggers the material degradation and reduces the durability of the PEM electrolyzer. In
order to avoid the recombination of oxygen and hydrogen, platinum-free catalysts are
used at the cathode. It is shown that with less reactive catalysts, more oxygen is detected
in the cathode product gas. However, it still has to be assumed that an unknown portion
of the permeated oxygen recombines with hydrogen, which means that quantifying the
actual oxygen crossover remains challenging.

The third part of this thesis deals with the design of a platinum recombination interlayer
in the membrane, with which the hydrogen content in the anode gas stream is purposefully
reduced to avoid the formation of explosive gas mixtures. It is found that the positioning
of the interlayer near the anode results in a better reduction of the hydrogen content
compared to interlayers in the middle of the membrane or near the cathode. This is
explained with the available amount of oxygen at the interlayer, decreasing from the
anode towards the cathode.

Keywords: polymer electrolyte membrane water electrolysis, hydrogen crossover, oxygen
crossover, safety issue, efficiency, durability, mitigation strategy
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List of Abbreviations and Symbols

The following abbreviations and symbols are used within the written parts of this work.
Other abbreviations and symbols may appear in the reprinted journal articles.

Abbreviations
AEM-WE anion exchange membrane water electrolysis

AWE alkaline water electrolysis

CCM catalyst coated membrane

CCS carbon capture and storage

CL catalyst layer

EIS electrochemical impedance spectroscopy

HER hydrogen evolution reaction

LEL lower explosion limit

MPL microporous layer

OER oxygen evolution reaction

ORR oxygen reduction reaction

PEM-WE proton exchange membrane water electrolysis /
polymer electrolyte membrane water electrolysis

PFSA perfluorosulfonic acid

PGM platinum group metal

PTE porous transport electrode

PTFE polytetrafluoro ethylene

PTL porous transport layer

SEM scanning electron microscopy

SOEL solid oxide electrolysis
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i current density

iref
0 exchange current density

MH2 molar mass of hydrogen, 2 g mol−1

Na
out anode flux at outlet

Nc
out cathode flux at outlet

Ncross
H2

hydrogen crossover flux

Ncross
O2

oxygen crossover flux

Ndiff
H2

diffusive hydrogen crossover flux

Ndrag
H2

dragged hydrogen crossover flux

Nevo
H2

evolved hydrogen flux

Nevo
O2

evolved oxygen flux

Nhyd
H2

hydraulic hydrogen crossover flux

Nrecomb
H2

recombined hydrogen flux

Nrecomb
O2

recombined oxygen flux

n number of transferred electrons

ndrag number of dragged water molecules per proton

PH2 hydrogen permeability of Nafion™

PH2O hydraulic permeability of Nafion™

p pressure

px pressure at the cathode (x = c) or anode (x = a)

px
gas partial pressure of a gas (hydrogen or oxygen)

at the cathode (x = c) or anode (x = a)

psat
H2O saturated vapour pressure of water

R ideal gas constant, 8.3145 J mol−1 K−1
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RHF high frequency resistance

RΩ ohmic resistance

Sgas gas solubility

T temperature

Ucell cell voltage

Urev
cell reversible cell voltage

Urev,°
cell standard reversible cell voltage

wspec
H2

specific energy demand

Greek Symbols

α charge-transfer coefficient

∆RG
◦

standard reaction free enthalpy

δmem membrane thickness

ηfaraday faradaic efficiency

ηkin kinetic overpotential

ηmtx mass transport and other overpotentials

ηΩ ohmic overpotential

µH2O dynamic viscosity of water

vdrag
H2O velocity of dragged water

vhyd
H2O velocity of hydraulic transported water

φa
H2

hydrogen in oxygen content in anode product gas

φc
O2

oxygen in hydrogen content in cathode product gas
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1 Introduction

Hydrogen plays an indispensable role in sustainable future energy scenarios.[1–3] Just like
many fossile energy carriers, hydrogen can be easily stored and transported in gaseous
or liquid form, making it an attractive and climate-friendly alternative for the use in the
energy and mobility sector.[4–6] Besides deploying it as an energy carrier, hydrogen is
also an important raw material for the chemical industry (e. g. production of ammonia
and other basic chemicals, hydrogenation of hydrocarbons [2, 7, 8]) and the defossilisation
of the heavy duty industry (e. g. steel production [2, 7]).

Although hydrogen is one of the most common elements on earth, it occurs almost
exclusively in bound form and barely in molecular state.[3, 4] In order to make hydrogen
usable for energy storage, it has to be converted from the bound into the molecular state.
Depending on the method, the primary energy source, and how potential carbon emissions
are handled, a corresponding colour is assigned to the hydrogen.[9, 10] The resulting
hydrogen rainbow, shown in fig. 1.1, gives a brief overview of the most common and
promising processes for hydrogen production.

Figure 1.1: The hydrogen rainbow. Based on the primary energy source and how carbon emissions
are handled (left side of rainbow), the produced hydrogen is assigned to a specific colour (right
side of rainbow). Hydrogen produced by chemical conversion is either grey, blue, cyan or orange.
The electrochemical conversion of water results in either red, yellow or green hydrogen. Moreover,
there are other, rarely used production processes (such as plasmalysis) which are not considered
here.
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1 Introduction

One option to produce hydrogen is the chemical conversion of hydrocarbons or water
with carbon-based energy carriers. Hydrogen obtained by steam reforming with carbon
emission into the atmosphere is referred to as black or grey hydrogen.[9, 11–13] Although
this method is still widely used, it should be replaced by more sustainable methods in
future. One possible approach is the capture and storage of produced carbon emissions
(carbon capture and storage, CCS). Then, hydrogen obtained by steam reforming is
referred to as blue hydrogen or by pyrolysis as cyan hydrogen.[9–13] Another, more
sustainable possibility is the usage of biomass as a renewable carbon source, leading to
orange hydrogen.[9, 14]

Moreover, hydrogen can be produced by the electrochemical conversion of water with
electrolysis, where the origin of the electrical power is crucial for the classification. When
electrolysis is performed with electricity from nuclear energy or from mixed origin (e. g.
partially from coal power stations), the resulting hydrogen is red[9, 14] or respectively
yellow[10, 12]. With electricity from completely renewable resources, the so-called green
hydrogen is produced.[9, 11–14]

From all these proposed methods, using renewable energy for the electrolysis of water
is the most promising and sustainable way to produce green hydrogen for the energy
sector and other applications.[5, 15] Currently, there are four different technologies for
electrolysis, which essentially differ in the type of electrolyte used. The technologies are
briefly presented here for the sake of completeness, but only one is examined in more
detail in this work.

The alkaline water electrolysis (AWE) is a mature and established technology.[8, 15–18]
Although alkaline water electrolyzers are relatively cheap and free of precious metals,
their operation is limited to low power densities.[8, 15–18] Another promising technology
is the acidic electrolysis of water, in which a proton conductive membrane is used as the
electrolyte. This technology is usually referred to as polymer electrolyte membrane or
proton exchange membrane water electrolysis (PEM-WE). Compared to AWE, PEM-WE
allows the dynamic operation at higher current densities and at differential pressures.[15,
17–19] In the last couple of years, the anion exchange membrane water electrolysis (AEM-
WE) emerged as another promising candidate for the electrolytic hydrogen production,
combining the advantages of the alkaline and acidic technology.[20, 21] However, the
technology and the associated material design are still in an early phase of research and
development.[13, 20, 21] The fourth technology uses a solid oxide as an electrolyte (solid
oxide electrolysis, SOEL) and requires high temperatures of several hundred degrees.[16,
17] The high process temperatures can be provided by waste heat of other industrial
processes, reducing the necessary electrical energy input.[16, 17]

This work is dedicated to an issue that particularly affects the further development
of PEM water electrolyzers. One central issue to focus on, besides many others, is the
so-called gas crossover. In order to reach a high market penetration for PEM-WE, the
technology must be able to be operated safely and at a high level of efficiency, and it must
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be durable.[22] Gas crossover is affecting all of these objectives, which is why a thorough
understanding of this effect is highly important.

The present work is structured as follows. First, the fundamentals on PEM-WE and gas
crossover are set in chapter 2. Then, research questions to be adressed within this work
are derived in chapter 3. Chapters 4 to 6 contain a summary of the experimental results
and discussion, which were also published in scientific journals. Finally, in chapter 7, the
research questions are revisited and answered in relation to the earlier presented findings.
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2 Fundamentals on PEM Water
Electrolysis and Gas Crossover

This chapter gives the background and necessary concepts to follow the subsequently
presented experimental studies, which arose during this work. From an engineering
perspective, systems are typically evaluated based on their electrical, thermal and mass
transport behaviours. To evaluate them, the standards of the PEM-WE technology, includ-
ing the working principle and typical materials, are covered first in section 2.1. Then, the
individual contributions to the overall electrical performance and its characterisation are
discussed. In the second part of this chapter, an overview on the mass transport behaviour
in PEM-WE cells, considering the current state of knowledge on gas crossover, is given in
section 2.2. In the context of this work, the thermal behaviour of the PEM-WE cell is not
relevant, which is why it is not considered further.

2.1 PEM Water Electrolysis: State of the Art

Water electrolysis refers to the splitting of water into molecular hydrogen and oxygen by
using electrical energy. The general chemical equation is

H2O→ H2 +
1
2 O2 .

For PEM-WE, a setup consisting of several compact layers has been established. The
commonly used materials and their role are outlined in the following, including the
chemical and physical characteristics of the cell setup. Subsequently, the characterisation
of the electrical performance with polarisation curves is explained.

2.1.1 Working Principle and Key Components

This section starts with a brief overview on the cell setup of a typical PEM-WE cell. Then,
the basic requirements and properties of the key components are discussed.

The general cell setup, as sketched in fig. 2.1, contains multiple components for fluid
and charge transport. In the center of the cell, a proton conducting membrane serves as
the electrolyte and separates both half cells. Catalyst layers (CL) are situated on both sides
of the membrane. The following half cell reactions for the oxygen and hydrogen evolution
take place inside the catalyst layers:

5



2 Fundamentals on PEM Water Electrolysis and Gas Crossover

anode: H2O→ 1
2 O2 + 2H+ + 2e−

cathode: 2H+ + 2e− → H2

The membrane and CLs are sandwiched between porous transport layers (PTL). Assem-
blies, in which the CLs are coated directly on the membrane, are called catalyst coated
membranes (CCM). Alternatively, the CLs can be coated on the PTLs, which are then called
porous transport electrodes (PTE). As the name suggests, the PTLs transport the reactants
to and from the CL. Moreover, they ensure the electrical connection to the flow fields.
Water and electricity are typically supplied through the flow fields that are embedded in
the endplates of the cell. The product gases are removed through the flow fields as well.

Figure 2.1: Sketch of a typical cell used for PEM-WE. Basic components, mass and charge fluxes
are indicated in addition to the half cell reactions. The figure is adapted from Ref. [23].

Membrane A polymer electrolyte membrane serves various purposes in the cell, there-
fore it requires certain properties. The main tasks of the PEM are to electrically insulate the
two electrodes, to enable proton transport and to spacially separate hydrogen and oxygen
to prevent mixing. In order to fulfill these tasks, the used material should have a high
electrical resistance, a high protonic conductivity and a low gas permeability, respectively.

The named requirements are satisfactorily met by Nafion™, which is the best known
representative of the material group of perfluorosulfonic acids (PFSA). In addition, there
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2.1 PEM Water Electrolysis: State of the Art

are many other material groups (e. g. hydrocarbons), which are described and reviewed
in Ref. [24–26].

The characteristic feature of Nafion™ and other PFSAs is a hydrophobic backbone
based on polytetrafluoro ethylene (PTFE) and a hydrophilic side chain with sulfonic acid
groups.[27] This combination is the reason why PFSAs are often referred to as “ionomer”
(ionic polymer). The strong C-F bonds in the backbone and side chain make the material
chemically and mechanically stable.[16, 28–30] When the material is wetted, the hydropho-
bic and hydrophilic phases are separated and form water containing channels.[31, 32] In
these channels, the proton transport either takes place on the sulfonic acid groups or in
the aqueous phase via the Grotthus mechanism or the vehicle mechanism.[33–35]

Nafion™ membranes are commercially available in different thicknesses (25 µm (NR-
211), 51 µm (NR-212), 127 µm (N115), 183 µm (N117), 254 µm (N1110) [36, 37]). For elec-
trochemical applications, such as PEM-WE, the trend goes towards thinner membranes,
as this reduces the resistance for proton transport. However, thinner membranes are more
prone to electrical shorts and are a minor barrier for gas permeability.[28]

Catalyst Layers In the catalyst layers, the mass transport towards the electrochemically
active catalyst particles takes place. Typically, catalyst layers have a thickness between
10 µm to 30 µm and consist of a porous network made of the ionomer and catalyst
particles.[30] The ionomer, usually Nafion™, is required to ensure a sufficient proton
conductivity towards the catalyst particles. The electrochemical reaction happens at the
triple phase boundary between the ionomer, the catalyst particle and the pore space.[38] In
the following, the state of the art catalyst materials for PEM-WE are covered briefly. Recent
research progresses and challenges in catalyst development are discussed in Ref. [39–44].
An overview of the possible reaction mechanisms for the electrochemical evolution of
hydrogen and oxygen can be found in Ref. [45–47].

In the cathode CL, platinum is used for the hydrogen evolution reaction (HER).[8, 16,
22, 30] Usually, the platinum particles are deposited on activated carbon for increasing the
surface area and to reduce the loading.[15, 30, 39] The current platinum loading of around
1 mg cm−2 to 2 mg cm−2 is expected to decrease in future.[1, 48]

In the anode CL, only few materials are suitable for the oxygen evolution reaction (OER),
as they have to withstand the harsh electrochemical environment caused by the acidity of
the membrane and the high potentials.[15, 16] For now, oxides of ruthenium and iridium
are the best-known electrocatalysts for the OER.[16, 22, 48, 49] Although ruthenium and its
oxides show better reaction kinetics, it is prone to dissolution.[16] Iridium and its oxides
are more stable during the harsh conditions of the OER, which is why it is widely used
in commercial applications.[8, 22, 30] Similar to the cathode catalyst, the typical iridium
loading of about 1 mg cm−2 to 3 mg cm−2 is expected to decrease in future.[2, 15, 48]

Porous Transport Layers The CCM is sandwiched between two porous transport layers,
which provide mechanical support for the the CCM. Moreover, they are designed to
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2 Fundamentals on PEM Water Electrolysis and Gas Crossover

transport reactants towards the catalyst layers and to enable the conduction of heat and
electrical currents.[15, 16, 19, 22, 30, 50] Below, the most commonly used materials are
introduced briefly. The impact of selected PTL properties such as the thickness[51], the
porosity[52, 53] and other aspects[54, 55] are investigated in the named references.

On the cathode side, porous carbon papers with thicknesses between 100 µm to 500 µm
are typically used.[15, 22] Carbon PTLs may be coated with a microporous layer (MPL)
or may be treated hydrophobically. The MPL can lower the interfacial resistances by
increasing the interface between the cathode CL and PTL.[1] The hydrophobic treatment
of the PTL with PTFE is expected to improve fluid transport.[1, 54]

On the anode side, carbon is not a suitable material for the PTL, as it would oxidize
at the high potentials.[15, 22, 50] Therefore, PTLs on the anode side are typically made
of sintered titanium fibers or particles and their thicknesses range between 0.2 mm to
1 mm.[55, 56] Although titanium is a quite corrosion resistant metal, it will oxidize after
long operation, which will increase its electrical resistance. For this reason, titanium
based PTLs are sometimes coated with iridium or platinum, which are less prone to
oxidization.[57, 58]

Flow Fields The main purposes of the flow fields in a PEM-WE cell are the uniform
supply and removal of reactants and the electrical connection to the PTLs.[22, 59] The flow
fields have a certain pattern of lands and channels (e. g. straight and parallel channels or
serpentine-like structures), to meet the requirements for fluid transport.[59–61] Moreover,
they are critical components for the homogeneous distribution of the externally applied
clamping pressure and provide room for gasketing to ensure gas and water tightness.[62]
Therefore, the flow fields are usually made of high strength materials that are also highly
conductive.

In addition to ensure the electrical and fluid supply of the cell, the flow field must
also withstand the chemical environment, which limits the choice of material. Currently,
titanium is commonly used, because it fulfills all the named requirements. However,
titanium flow fields oxidize just as titanium PTLs over time. Again, this can be prevented
by coating the flow fields with noble metals.[16, 30]
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2.1 PEM Water Electrolysis: State of the Art

2.1.2 Electrical Performance and its Characterisation

In the previous section, common materials and components of a PEM-WE cell were
introduced. After assembling the components in the cell, the assessment of the electrical
performance is usually the next step. For this, a powerful method is the measurement
of the current-voltage relationship, resulting in a so-called polarisation curve.[63] The
various overpotentials contributing to the polarisation curve and their characterisation are
discussed below.

A typical polarisation curve, as shown in fig. 2.2, is obtained by measuring the integral
cell voltage response of a PEM-WE cell as the current density is varied or vice versa.
Usually, the cell voltage increases monotonically with the current density, because the
individual overpotentials contributing to the integral cell voltage, increase with current
density as well. Equation 2.1 represents the measured cell voltage Ucell as the sum of the
reversible cell voltage Urev

cell (also known as Nernst potential), the ohmic overpotential ηΩ,
the kinetic overpotential ηkin and remaining overpotentials ηmtx caused by mass transport
and other processes.[30, 60, 64] For an efficient PEM-WE system, a low cell voltage is
desired and can be obtained by minimizing the overpotentials. The indicated cell voltage
contributions are discussed in the following.

Ucell = Urev
cell + ηΩ + ηkin + ηmtx (2.1)

Figure 2.2: A typical polarisation curve with the individual overpotentials according to eq. 2.1.
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2 Fundamentals on PEM Water Electrolysis and Gas Crossover

Reversible Cell Voltage The reversible cell voltage Urev
cell is a basic value at open circuit.

It is calculated from the known operating conditions according to the Nernst equation for
the net water splitting reaction as described by eq. 2.2.[48, 50, 64]

Urev
cell(T, p) = Urev,◦

cell (T) +
R · T
n · F · ln

(
aH2 ·

√aO2

aH2O

)
≈ ∆RG

◦
(T)

2 · F +
R · T
2 · F · ln

(
pc

H2

p◦H2

·
√

pa
O2

p◦O2

) (2.2)

The standard reversible cell voltage is indicated with Urev,◦
cell , the universal gas constant is

R, T equals to the temperature, n is the number of transferred electrons per reaction, F is
the Faraday constant and az is the activity of hydrogen, oxygen or water. However, the
form of the Nernst equation shown in the upper line is quite impractical for calculating
the reversible cell voltage, which is why the version in the bottom line of eq. 2.2 is usually
used. The standard reversible cell voltage is calculated from the standard reversible free
enthalpy ∆RG

◦
. The activity of the gases is approximated by the ratio of the respective

partial pressure px
gas, where x is either c (cathode) or a (anode), and the standard pressure

p◦gas. The activity of pure liquids, like water, is assumed as unity.
At constant pressure, the standard free enthalpy decreases stronger with increasing

temperature than the factor of the pressure portion. Therefore, Urev
cell also decreases with

T.[65] In contrast, Urev
cell increases at constant temperature when the operating pressure

increases.[65]

Ohmic Overpotential The ohmic overpotential ηΩ is calculated from Ohm’s law (eq.
2.3), which is the product of the current density i and the ohmic cell resistance RΩ.

ηΩ = i · RΩ (2.3)

The ohmic resistance RΩ includes the electrical resistances of the electrically conductive
components used in the cell and the interfacial contact resistances between them. Further,
the ionic resistance of the ionomer in the membrane and the catalyst layers is included as
well.[13, 50]

The value of RΩ is commonly measured in situ during the measurement of polarisation
curves. One feasible method is the electrochemical impedance spectroscopy (EIS), in which
the alternating current resistance of an electrochemical system is measured in a defined
frequency interval. An extensive presentation of the method is not given in this work,
but can be found in Ref. [66]. Typically, the high frequency intercept of the impedance
spectrum with the real axis (high frequency resistance, RHF) is assumed to be equal to RΩ.

Due to the high electrical conductivities of the metallic components in a PEM-WE cell
(flow fields, PTLs), their contribution to RHF is small. The major contribution is caused
by the protonic transport resistance of the membrane. Therefore, RHF depends strongly
on the thickness and the ionic conductivity of the used PEM.[64] With a thin Nafion™
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212 membrane, resistances of about 60 mΩ cm2 result at 80 °C, whereas with a thicker
Nafion™ 115 membrane a RHF ≈ 115 mΩ cm2 results at the same temperature.[67, 68]

The contribution of ηΩ to the integral cell voltage increases linearly with current density
(cf. Ohm’s law in eq. 2.3), which makes ηΩ to one of the major overpotentials at high
current densities.[18, 19] Using thinner membranes[22, 64] or membranes with a higher
ionic conductivity[29] are helpful approaches to reduce the ohmic overpotential.

Kinetic Overpotential Another major contribution to the cell voltage is caused by the
reaction kinetics of the half cell reactions. Basically, the kinetic overpotentials ηkin are the
driving force for any electrochemical reaction.[13] Just like the previously described ohmic
overpotential, the kinetic overpotential can be obtained from the experimental data. Here,
a brief insight into the kinetics of electrochemical systems is given. A comprehensive
description can be found in Ref. [69].

The relation between the current density i and the kinetic overpotential ηkin for a general
electrochemical reaction

Ox + n · e− � Red

is usually described with the Butler-Volmer approach, as shown in its most basic form in
eq. 2.4.

i = iref
0 ·

{
exp

[
−αred · F

R · T · ηkin

]
− exp

[
αox · F
R · T · ηkin

]}
(2.4)

Where iref
0 is the exchange current density and αred/ox is the charge-transfer coefficient for

the respective direction of the reaction.
Considering only the reaction direction of interest and neglecting the corresponding

backward reaction, the equation can be rearranged to ηkin as a function of i. The resulting
eq. 2.5, which is also known as the Tafel equation, is commonly used to fit the kineti-
cally dominated part of the polarisation curve at low current densities up to typically
100 mA cm−2 (cf. fig. 2.2).[64] In this way, the impact of mass transport limitations at
higher current densities on the resulting kinetic parameters are limited.

ηkin =
R · T
α · F · ln

(
|i|
iref
0

)
(2.5)

A major drawback of applying this approach on full cell measurements is that the
contributions of the anode and the cathode to ηkin cannot be separated from each another.
In order to achieve this, a reference electrode for the measurement of the half cell potentials
is necessary. However, the integration of such an electrode is difficult for common PEM-
WE cells.

From ex situ half cell experiments (e. g. with rotating disk electrodes), it is known that
the HER kinetics on platinum is very good, which is why only low kinetic overpotentials
result from this reaction.[19] In contrast, the OER follows a more complex reaction mecha-
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nism, leading to noticeably higher overpotentials in a similar order of magnitude as the
ohmic overpotential at industrial relevant current densities.[19] For this reason, there is a
great interest in reducing the kinetic losses caused by the OER. This might be achieved
by increasing the catalyst utilization or by new catalysts with higher exchange current
densities.[44, 49]

Overpotentials Caused by Mass Transport and Other Effects The exemplary polari-
sation curve shown in fig. 2.2 reveals that the sum of the reversible cell voltage Urev

cell, the
ohmic overpotential ηΩ and the kinetic overpotential ηkin almost equals to the integral cell
voltage. However, the sum of these is usually up to 100 mV smaller than the measured
integral voltage at industrial relevant current densities.[64] The remaining difference
ηmtx is attributed to the limited mass transfer of water to the anode and of the produced
gases away from both electrodes.[13, 61] Further, yet unknown losses can appear as well.
Overpotentials of this type are not well understood yet in PEM water electrolysis.

One approach to minimize ηmtx is the improvement of all components, which are crucial
for the mass transport. One important part is the catalyst layer. There are several studies
showing that the structure of the catalyst layer can be adjusted with the ionomer to catalyst
ratio, which in turn has an impact on the mass transfer characteristics.[68, 70] Further, the
interface between the catalyst layer and the PTL can be optimized by e. g. coating the
PTL with a MPL.[50, 64] Also, the PTL structure and porosity have an impact on the mass
transfer properties and may be further influenced by the flow field design, the operating
pressure and the clamping pressure.[50, 67, 71, 72]
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2.2 Gas Crossover: State of Knowledge

In the preceding section, the most important components in a typical setup of a PEM-WE
cell and the individual overpotentials contributing to the electrical performance were
considered. This serves as a basis for the following section, in which the mass transfer
behaviour with regard to gas crossover in PEM-WE cells is discussed.

The term gas crossover describes the permeation of the product gases through the
membrane to the opposite side of the cell. In the previous section, the setup of a PEM-WE
cell was sketched in fig. 2.1. The sketch is taken up again in fig. 2.3 and is supplemented
with fluxes, indicating the directions for hydrogen and oxygen crossover. The two types of
crossover are influencing the cell efficiency[73–76], the gas purity[73–75] and the system
durability[77, 78]. The following sections give a detailed overview of the current state
of knowledge on gas crossover by using recent literature. First, the basic mechanisms
and influencing variables are discussed. Since the transport mechanisms and influencing
variables are independent of the gas molecule, the examples used throughout this section
are usually given for hydrogen, in order to avoid duplication (analogous equations apply
for oxygen). Then, the characterisation techniques and some mitigation strategies for gas
crossover are presented.

Figure 2.3: Sketch of a PEM-WE cell including the most important fluxes of the reactants. The
fluxes across the membrane indicate the crossover fluxes of hydrogen (red) and oxygen (blue). The
figure is adapted from Ref. [23].
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2.2.1 Gas Crossover Mechanisms

Independently from the transport mechanism, the gas transport happens mainly in dis-
solved state through the aqueous phase of the Nafion™ membrane, whereas the transport
through the polymeric phase is negligible.[29, 30, 76, 79] The gas transport through the
membrane of a PEM-WE cell occurs either via a diffusive or a convective pathway.[80–82]
Thus, the dissolution of gases in water is summarized first, before the transport mecha-
nisms are discussed.

Aqueous Gas Solutions The concentration of a dissolved gas cgas is generally calculated
by Henry’s law (eq. 2.6).

cgas = Sgas · px
gas (2.6)

Where Sgas equals to the solubility of a certain gas in water and px
gas refers to the partial

pressure of the respective gas at either the cathode (x = c) or the anode (x = a). In the
context of PEM-WE, only hydrogen and oxygen have to be considered as gases.

The respective gas partial pressure px
gas is calculated from either the cathode pressure

pc (for hydrogen) or anode pressure pa (for oxygen), and the water vapour pressure. At
electrolysis conditions, it is assumed that the produced gas is fully saturated with water
vapour, so that the saturated water vapour pressure psat

H2O at the respective temperature is
used for the calculation of pgas. For example, the resulting water vapour pressure at 80 °C
is psat

H2O = 0.47 bar.[83] The partial pressure of hydrogen at the cathode pc
H2

is therefore
calculated by eq. 2.7.

pc
H2

= pc − psat
H2O (2.7)

During ideal operation, only oxygen is dissolved on the anode side of the membrane,
while hydrogen is dissolved on the cathode side.

Diffusion of Dissolved Gases Hydrogen and oxygen are produced and dissolved in
the cathode and anode catalyst layer in the immediate vicinity of the membrane, which
leads to a concentration gradient across the membrane towards the respective oppo-
site compartment.[23] This concentration gradient is the driving force for gas crossover.
From a practical point of view, the use of pressures instead of concentrations is more
feasible, which is why the following model equations are finally converted into a pressure-
dependent variant.

Several approaches for the description of diffusion exist. A very profound description
of diffusion in multicomponent systems is given by the Maxwell-Stefan approach.[84, 85]
The simplification of this approach to the diffusion of a single species leads to Fick’s
law of diffusion, which is often used for describing gas diffusion processes in PEM-
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WE.[30, 76, 79, 84, 86] Equation 2.8 shows the concentration dependent version of Fick’s
law applied on hydrogen (analogous applies for oxygen).

Ndiff
H2

= Deff
H2
· ∆cH2

δmem
= Deff

H2
·

cc
H2
− ca

H2

δmem
≈ Deff

H2
·

cc
H2

δmem
(2.8)

The diffusive hydrogen flux is described by Ndiff
H2

, Deff
H2

is the effective hydrogen diffusion
coefficient considering the tortuosity and porosity of the membrane, and δmem is the mem-
brane thickness. The equation is simplified by assuming that the hydrogen concentration
difference ∆cH2 across the membrane is approximately equal to the the cathodic hydrogen
concentration cc

H2
, because the anodic hydrogen concentration ca

H2
is negligibly small.[79]

For transferring Fick’s law from the concentration dependent version into the pressure
dependent form, the three previous equations (eq. 2.6, eq. 2.7 and 2.8) are be combined to
eq. 2.9.

Ndiff
H2

= Deff
H2
· SH2 ·

pc
H2

δmem
= PH2 ·

pc
H2

δmem
(2.9)

The permeability PH2 is commonly reported in literature and equals to the product of
solubility and effective diffusion coefficient.[29, 76] Knowing the permeability and the
membrane thickness, the equation allows a quick estimation of the diffusive hydrogen
flux from the hydrogen partial pressure.

In principle, the diffusive crossover flux of hydrogen is higher than that of oxygen
in most PEM-WE operating scenarios. This is mainly due to the higher solubility and
higher diffusion coefficient of hydrogen in water, resulting in a higher dissolved hydrogen
concentration at the cathode compared to the dissolved oxygen concentration at the
anode.[29, 76] Further, PEM-WE systems are typically operated at enhanced cathode
pressures whereas the anode remains at ambient pressure, which according to eq. 2.9
enhances the diffusive transport as well.[16, 74, 75, 87]

Convective Transport of Dissolved Gases The convective transport of the dissolved
gases is due to a net water transport through the membrane, resulting from a hydraulic
and electro-osmotic mechanism.[80] For instance, the hydraulic water transport through
the membrane is described by Darcy’s law, given in eq. 2.10.[80, 82, 88, 89] The equation
expresses the velocity of the transported water vhyd

H2O as a function of the hydraulic perme-

ability of Nafion™ Phyd
H2O, the dynamic viscosity of water µH2O, the pressure difference ∆p

and the membrane thickness δmem.

vhyd
H2O =

Phyd
H2O

µH2O
· ∆p

δmem
(2.10)

Within this hydraulic water flux, dissolved hydrogen and oxygen are transported. The
hydraulic gas flux Nhyd

H2
, shown for hydrogen in eq. 2.11, is calculated from Darcy’s law

(eq. 2.10) and the dissolved hydrogen concentration cH2 .
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Nhyd
H2

= vhyd
H2O · cH2 (2.11)

However, this effect is assumed to be negligibly small in PEM-WE cells based on Nafion™[76,
79], because the hydraulic permeability Phyd

H2O of Nafion™ is very low[90, 91].
Another type of convective transport of water is by means of the electro-osmotic

drag.[75, 79–81, 92, 93] During electrolysis, the electric field between the electrodes causes
a proton transport through the membrane. As the protons are solved in water, water is
dragged with the protons from anode to cathode. The velocity of the dragged water vdrag

H2O

depends on the number of dragged water molecules per proton ndrag, the current density
i, the Faraday constant F and the concentration of water cH2O (eq. 2.12).

vdrag
H2O =

ndrag · i
F · cH2O

(2.12)

Considering the concentration gradient of the dissolved gases across the membrane, the
gas flux due to the electro-osmotic drag of water not only depends on the velocity of the
dragged water, but also on the present dissolved gas concentration. For hydrogen, the
resulting flux Ndrag

H2
is described by eq. 2.13.

Ndrag
H2

= vdrag
H2O · cH2 (2.13)

Just as the hydraulic transport of water, the gas transport via dragged water is often
neglected in literature. However, its significance should be reconsidered especially at high
current densities.[79, 94] At this point, it is emphasized that the transport of hydrogen
and oxygen due to drag occurs in the same direction for both gases: from the anode to the
cathode. With regard to hydrogen, the transport via drag acts in the opposite direction as
the diffusion process, which should weaken the net hydrogen crossover at high currents
at which vdrag

H2O is high. In contrast, the net oxygen crossover should be amplified by this
transport mode, because it acts in the same direction as oxygen diffusion.[67, 79]

2.2.2 Influencing Variables on Gas Crossover

The mechanisms for gas crossover in PEM-WE were introduced above. The diffusive
transport of dissolved gases was identified to be the governing crossover mechanism.[75,
79, 80, 95] For the discussion regarding the impact of influencing variables on diffusion,
the previously introduced Fick’s law in eq. 2.8 and 2.9 is shown as a function of typical
operating parameters such as temperature, pressure and the current density in eq. 2.14.

Ndiff
H2

(T, pc
H2

, i) = Deff
H2
(T) ·

cc
H2
(i)

δmem
= PH2(T) ·

pc
H2
(i)

δmem
(2.14)
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Operating Conditions

The impact of common operating parameters, such as temperature, pressure and current
density, are summarized first, before the influence of the cell configuration is discussed.

Temperature Generally, the diffusive crossover flux increases with temperature.[96, 97]
This is the result of increasing hydrogen and oxygen diffusion coefficients in water at ele-
vated temperatures.[27, 28] Since the diffusion coefficient is dominating the permeability
(cf. eq. 2.9), it also increases with temperature.[29]

Partial Pressure According to eq. 2.14, an increase in the partial pressure or operating
pressure results in a higher diffusive crossover flux. This leads to higher concentration
gradient across the membrane, which equals to an increased driving force for diffusion.[16,
28, 29, 97]

Current Density In addition to the temperature and pressure dependence of the diffusive
crossover fluxes, it is also reported that a larger applied current density enhances oxygen
crossover[98, 99] and hydrogen crossover[67, 73, 75, 93, 95, 97, 99], as shown in fig. 2.4.
Trinke et al.[23, 97] have discussed several possible reasons and proposed theories for the
current dependence of the crossover fluxes, which are summarized below.

Similar to the influences of pressure and temperature on the coefficients in Fick’s law as
presented above, further temperature and pressure effects might be induced by applying a
current to the PEM-WE cell. The increase in current density leads to higher heat production
during the electrochemical reactions, which in turn results in an increased temperature
within the CCM. As a consequence, the diffusion coefficients for hydrogen and oxygen
in water increase, leading to a higher gas crossover flux according to eq. 2.14. However,
a temperature increase of more than 100 K per A cm−2 would be necessary in order to
explain the current dependence of the crossover flux as reported in Ref. [97]. As this is
highly improbable, the local temperature increase is an implausible explanation for the
strong increase of the hydrogen crossover flux with current density.

Another explanation, also proposed by others[28, 75, 95], is the local pressure enhance-
ment within the catalyst layer. The increasing current density leads to a higher gas
production rate at the electrodes. Assuming a limited removal of the gases, it is therefore
possible that the pressure increases locally within the catalyst layer. According to eq.
2.14, higher pressures result in an increased driving force for diffusion and hence, the
crossover flux increases as well. However, a simulation has revealed that the local pressure
enhancement is too small to explain the increasing crossover flux with current density.[97]

A further theory deals with the supersaturation of water with hydrogen in the cath-
ode catalyst layer, or respectively with oxygen in the anode catalyst layer.[23, 93, 97] As
described previously, evolved hydrogen and oxygen are solved in water surrounding
the catalyst particles in the catalyst layer before they transfer into gaseous state. The
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supersaturation theory suggests that with increasing gas evolution at higher currents, the
dissolved gas saturation increases concurrently to a point where it exceeds the theoret-
ical saturation concentration of the respective gas expected from Henry’s law (eq. 2.6).
Exceeding the saturation concentration has already been observed experimentally for
both gases, hydrogen and oxygen.[100–104] Considering this concentration increase in the
concentration dependent version of Fick’s law in eq. 2.8 and 2.14, the increasing crossover
flux with current density is explained. Trinke et al.[23, 97] show with their model that out
of all discussed theories, the supersaturation theory is the best fit for the observed current
dependence of the gas crossover flux.

The impacts of all three operating parameters on the gas crossover flux are summarized
in fig. 2.4.

(a) Temperature and current dependence of
hydrogen crossover flux at pc = 1 bar.

(b) Pressure and current dependence of hy-
drogen crossover flux at T = 60 °C.

Figure 2.4: Impact of common operating variables on the hydrogen crossover flux of a PEM-WE
cell with a fumea EF-40 membrane. The impact of temperature and current density at pc = 1 bar
are shown in (a). In (b), the influence of the cathode pressure and the current density at T = 60 °C
are shown. The data is taken and adapted from Ref. [97].

Cell Configuration

In addition to the applied operating condition, the cell setup affects the gas crossover
properties in PEM-WE cells as well.

Membrane From eq. 2.14 it becomes clear that with decreasing membrane thickness, the
concentration gradient across the membrane increases and consequently, the gas crossover
flux increases.

Besides the physical dimension of the membrane, the membrane chemistry is crucial
for its permeability properties. For example, PFSA-based membranes can be produced
with different backbone to side chain ratios. Membranes, which contain a larger density
of side chains, also contain more sulfonic acid groups and can bind more water.[28] As
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the diffusion occurs mainly in the aqueous state, this leads to an increased membrane
permeability and hence, to higher crossover fluxes.[28]

Moreover, proton conducting membranes can be obtained by completely different
chemistries, which preferentially have improved permeability characteristics leading
to lower crossover fluxes (e. g. radiation-grafted membranes [105, 106], hydrocarbon
membranes[107, 108]).

Catalyst Layer Another important material property for the gas crossover characteristics,
that is less intuitive than the membrane but no less important, is the structure of the
catalyst layer. In the previous discussion on the current dependence of the gas crossover
flux, it was already briefly mentioned that the supersaturation of water with hydrogen
and oxygen occurs in the respective catalyst layer.

Trinke et al.[23, 97] explain the continuing supersaturation of water with hydrogen with
a limited transfer of the dissolved gas into the gaseous state, which results from high mass
transport resistances in the ionomer of the catalyst layer. These mass transport resistances
can be varied by changing the catalyst layer structure. In order to achieve different catalyst
layer structures, Trinke et al.[68] and Bernt et al.[70] have varied the ionomer content in the
cathode and anode catalyst layer, respectively. Both have observed that with increasing
ionomer content, the mass transport losses ηmtx increase, implying that the transport of
the dissolved gases is increasingly limited at higher ionomer contents. In addition to the
voltage loss analysis, Trinke et al.[68] have investigated the impact of the ionomer content
on the hydrogen crossover as well. It is reported that the hydrogen crossover flux increases
with the ionomer content, which is consistent with the increasing mass transport losses
ηmtx seen in the cell voltage analysis. With increasing ionomer content, the dissolved gas
travels a longer distance through the ionomer in the catalyst layer. This leads to greater
mass transfer resistances, resulting in an increasing supersaturation and thus, to a higher
crossover flux.

Cell Setup and Cell Design As discussed above, it was found that the intrinsic properties
of the key components of a PEM-WE cell, namely the membrane and the catalyst layer,
have a decisive impact of the resulting gas crossover. However, the properties of these
layers are also influenced by other cell components.

On both sides of the CCM, a respective anode and cathode PTL is located. As mentioned
before, the main purposes of the PTLs are to ensure a good electrical connection between
the catalyst layers and the flow fields, and to stabilize the CCM mechanically. If the PTL
structure displays e. g. a low porosity, the water supply towards and the gas removal
away from the catalyst layers can be hindered.

Furthermore, unstable PTL materials can suffer from the external compression, causing
fluid transport issues (e. g. Ref. [109, 110]). Especially with highly compressible and brittle
carbon materials, too high clamping pressures can be transferred to other porous media
inside the cell as well.[67, 71] Thus, not only the PTLs but also the catalyst layers and
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the membrane may be compressed excessively, which in turn can affect their properties.
However, high clamping pressures are necessary in order to maintain low interface
resistances.[67, 71, 109, 110]

The last remaining component to be considered is the flow field of the cell. Its design is
crucial for the transmission of the clamping pressure to the PTLs and CCM. It is expected
that most of the external pressure is transferred via the lands of the flow field. Therefore,
areas with higher and lower compression forces can result. So far, the impacts of the PTL
structure, the cell compression and the flow field design on gas crossover are not fully
understood.

2.2.3 Experimental Characterisation of Gas Crossover

The preceding theoretical assessment of gas crossover is important for modelling pur-
poses and for understanding the impact of the various influencing variables. In order to
validate the models and to reveal gaps, the experimental analysis of gas crossover during
electrolysis operation in full PEM-WE cells is necessary.

Hitherto, several approaches for the determination of hydrogen crossover exist. The
basic diffusive hydrogen flux at zero current, as expected from Fick’s law (eq. 2.8 and 2.9),
can be determined by permeation experiments as shown in Ref. [76] and [80]. Further,
permeated hydrogen can be measured by electrochemical compensation or by linear sweep
voltammetry, as shown by Bensmann et al.[111] and Pei et al.[112], respectively. Recently,
Kang et al.[113] have proposed a tandem cell setup, where the anode product gas stream is
supplied to a second cell, in which the hydrogen is quantified electrochemically. However,
all these methods are not applicable for the determination of oxygen crossover or cannot
be performed under electrolysis conditions. For this reason, the measurement of the gas
composition of the product gas stream is an established method for the experimental
determination of both, hydrogen and oxygen crossover, under operating conditions. This
method is explained in more detail below.

Hydrogen Crossover The hydrogen crossover flux can be determined by measuring
the anodic hydrogen in oxygen content, which can be performed by e. g. gas analysing
sensors[71, 97], a mass spectrometer[80] or a gas chromatograph[67, 68, 79, 99, 114]. Due to
its availability and high accuracy, the latter is used throughout this work. The composition
of the dried anode gas is described by eq. 2.15.

φa
H2

=
Ncross

H2

Na
out

=
Ncross

H2

Ncross
H2

+ Nevo
O2

(2.15)

The anodic hydrogen content φa
H2

is defined as the ratio between the hydrogen crossover
flux Ncross

H2
and the total anode gas flux Na

out, which is the sum of Ncross
H2

and the evolved
oxygen flux Nevo

O2
= i

4·F according to Faraday’s law. The measurement of the hydrogen
content during electrolysis operation is easily implemented by supplying the anode pro-
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duct gas to the desired analytic instrument. Furthermore, this method has the advantage
that the composition of the gas mixture is constantly monitored. In this way, actions can be
taken when a critical gas mixture is formed (lower explosion limit, LEL φa

H2
= 4 vol%[115])

or a safety criterion is reached (typically 50 % LEL). Finally, the hydrogen crossover flux is
calculated from the experimentally determined content according to eq. 2.16.

Ncross
H2

=
φa

H2
· Nevo

O2

1− φa
H2

(2.16)

Oxygen Crossover Theoretically, the oxygen crossover can be determined analogous
to the hydrogen crossover, by measuring the cathode oxygen in hydrogen content φc

O2
as

described by eq. 2.17.

φc
O2

=
Ncross

O2
− Nrecomb

O2

Nc
out

=
Ncross

O2
− Nrecomb

O2

Ncross
O2

+ Nevo
H2
− Nrecomb

O2
− Nrecomb

H2

(2.17)

However, determining the oxygen crossover from the cathodic gas composition is a
greater challenge than with hydrogen, because some of the permeated oxygen Ncross

O2

recombines with hydrogen on the platinum particles used in the cathode catalyst layer.
Therefore, the measurable oxygen content is lower than observed from permeation mea-
surements using only the membrane material without catalyst layers. As the amounts
of recombined oxygen Nrecomb

O2
and hydrogen Nrecomb

H2
are unknown, the determination

of the actual oxygen crossover during electrolysis operation remains to be a challenge.
From a safety point of view, however, this is a useful side effect, because no explosive gas
mixtures are formed.

2.2.4 Consequences of Gas Crossover and Mitigation Strategies

The major drawbacks of gas crossover in PEM-WE are efficiency losses[73–75], safety
issues[73–75] and degradation issues[77, 78]. These consequences are discussed briefly in
the following and then, mitigation strategies for gas crossover are presented.

Efficiency Losses In the context of hydrogen crossover, the faradaic efficiency is the
most meaningful measure, since it describes the ratio of actually usable hydrogen to the
theoretically expected amount of produced hydrogen.[60, 67] The amount of produced
hydrogen is calculated by Faraday’s law, describing the proportional relation between the
applied current density and the amount of charge required per reaction. All parameters
leading to a higher hydrogen crossover flux, such as thin membranes or high hydrogen
pressures, result in a lower faradaic efficiency.

Besides the crossover of hydrogen, another hydrogen loss mechanism can occur within
the cell. Some of the produced hydrogen recombines with permeated oxygen from the
anode, because the platinum particles in the cathode catalyst layer catalyze the recombina-
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tion of the gases to water. The amount of recombined hydrogen is hard to quantify, as the
actual oxygen crossover flux at electrolysis conditions is unknown.

Safety Issues Safety issues induced by gas crossover were adressed briefly in the previ-
ous section.

Especially on the anode side, critical gas mixtures with more than 4 vol% hydrogen in
oxygen (lower explosion limit[115]) can be formed at elevated cathode pressures and dur-
ing operation of the PEM electrolyzer. When hydrogen permeates through the membrane
into the anode compartment, it is diluted with a certain amount of produced oxygen. This
amount increases with the applied current density, as given by Faraday’s law. Hence,
low current densities result in a low dilution of permeated hydrogen. Typically, PEM
electrolyzers are only operated up to 50 % LEL, in order to ensure sufficient safety. Ref.
[73] and [74] address the safety issues of PEM electrolyzers operated at high pressures in
more detail.

On the cathode side, corresponding safety problems induced by oxygen crossover
usually do not arise, since most of the permeated oxygen recombines with hydrogen on
platinum. However, remaining oxygen needs to be removed from the cathode product
gas stream to ensure a high purity of the produced hydrogen.

Degradation Issues The recombination of permeated oxygen with hydrogen in the
cathode of the PEM-WE cell is favourable in terms of the system safety. However, the
recombination reaction is suspected to trigger undesired side reactions, which lead to the
chemical degradation of some components.[77, 78, 116–121] During the recombination
reaction, highly reactive radicals are formed as an intermediate to the actual recombina-
tion product water. These radicals can attack the ionomer in the catalyst layer and the
membrane, eventually leading to cell failure.[118, 121] In Ref. [40] and [120], a review on
membrane degradation mechanisms in PEM-WE cells is given. Although the chemical
degradation occuring in PEM-WE cells is not fully understood yet, oxygen crossover is
considered to be the main cause for the chemical material degradation.[22, 77, 78, 119]

Mitigation Strategies For the reduction of the presented drawbacks arising from gas
crossover, mitigation strategies are required. Trinke et al.[79] evaluated several crossover
mitigation strategies for PEM-WE and AWE. In the following, the most prominent strate-
gies proposed for PEM-WE are summarized and evaluated with regard to efficiency, safety
and degradation issues.

A simple possibility to reduce gas crossover without changing the cell setup or the
materials used, is to choose operation parameters at which the driving forces for the
crossover are minimized. For example, low temperatures, low gas pressures and low
current densities reduce the driving force and hence, the crossover flux. However, this
approach will most likely only lead to a lower degradation rate, because the oxygen
crossover flux remains small. Although the actual hydrogen crossover flux is also reduced
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at these conditions, efficiency losses and safety issues arise at low current densities.
Moreover, these operation conditions are contradictive with the electrical performance
goals of a PEM-WE system. Therefore, this approach can only be considered as a proof
of concept for first generation PEM electrolyzers to work reasonably well. Certainly, this
approach is ineligible for optimized systems.

Another approach suggests to taylor the properties of new membrane materials towards
lower gas permeabilities. First studies show that lower gas permeabilities compared
to those of Nafion™ are achievable.[105–108] This is an important criterion in order
to compete with Nafion™, but the material stability and durability are insufficient yet.
Therefore, efficiency, safety and degradation issues might be reduced with better ionomers,
if their intrinsic durability and stability gets improved.

A third strategy suggests to reduce the supersaturated dissolved gas concentrations,
which have an impact on the driving force for crossover during electrolysis. One approach
is to change the catalyst layer structure by optimizing the ionomer to catalyst ratio, as
shown by Trinke et al.[68] Furthermore, the catalyst loading and the catalyst layer thickness
should be considered as well. However, the effectiveness of an improved catalyst layer
with regard to efficiency, safety and degradation is difficult to predict.

Another strategy deals with the implementation of an interlayer within the membrane.
Here, two approaches are possible. First, so-called blocking interlayers may be included
in the membrane.[79] The blocking interlayer consists of a material, which only allows
proton transport but is impermeable for water. Hence, the electrolysis reaction still works,
but the transport of dissolved gases through the membrane is suppressed. Previously,
graphene[122], graphene oxide[123] and hexagonal boron nitride[124] were successfully
used for crossover mitigation. However, full cell experiments with such membranes
containing blocking interlayers usually show an inferior electrical performance, which
is ascribed to higher membrane resistances.[123] This is either caused by a lower overall
protonic conductivity or an insufficient water content in the membrane.

The second approach for interlayers involves the implementation of recombination
catalysts, such as platinum. With this approach, the safety issue associated with high
hydrogen crossover fluxes is addressed in particular, because the formation of explosive
gas mixtures is prevented. For this, a recombination catalyst is dispensed within the
membrane. Permeated oxygen and hydrogen meet at the catalyst particles in the mem-
brane and recombine to water. The effective reduction of the anodic hydrogen content
was already shown before.[125–130] However, the implementation of a noble metal as a
recombination catalyst increases the effort and the costs for membrane manufacturing.
Therefore, such a recombination interlayer has to be well designed in order to reduce both
side effects to a minimum. Moreover, this approach utilizes the recombination reaction
between hydrogen and oxygen, which was previously identified as a key trigger for the
chemical degradation of the polymer. For this reason, the influence of a recombination
interlayer on the durability of the PEM-WE cell must be investigated in future. In addition,
the recombination reaction consumes hydrogen, which lowers the efficiency. Therefore,
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the advantages and disadvantages of using a recombination interlayer must be considered
carefully.
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3 Research Questions

From the previous considerations it became clear that the gas crossover during electrolysis
conditions depends on many operating parameters and design variables. Although the
research in the last years progressed and revealed new relations, the following research
questions remain unanswered and will be examined in more detail in this work.

Research Question 1: How does cell compression affect hydrogen crossover?

The consideration of the cell compression is important for several reasons. Firstly,
although the investigated materials are usually named clearly in the various crossover
studies from different laboratories, the compression force or clamping pressure is often
unknown. On account of this, the comparison of results from different laboratories is
difficult. Secondly, it was previously mentioned that the structure of the catalyst layer has
a significant impact on the supersaturation behaviour of water, and thus on the resulting
crossover. As the catalyst layer is a highly porous structure and the carbon PTL used at
the cathode is compressible, it is expected that both structures change with compression.
In this work, it is examined how different cell compression levels affect the hydrogen
crossover.

Research Question 2: How do high current densities above 5 A cm−2 affect hydrogen
crossover?

Due to the research progress in PEM-WE, many material parameters can be controlled in
order to achieve specific properties. This is accompanied by an increase in efficiency, often
resulting in higher applicable current densities without exceeding voltage limits. Although
the hydrogen production rate increases with the applied current density, commercial PEM
electrolyzers are nowadays rarely operated above 2 A cm−2. In research applications, the
operating window is extended frequently up to 4 A cm−2 and some studies even exceed
this current density. Therefore, it is important to verify whether the previous findings
on hydrogen crossover are still valid in the extended operation window or whether yet
unknown effects become dominating at such high current densities above 5 A cm−2 .

Research Question 3: What is the impact of increased cathode pressures on hydrogen
crossover, in addition to the cell compression and high current densities?

When working on new research questions, it makes sense to define one variable and
to vary it under otherwise identical conditions, in order to describe the effects on the
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system in the first instance. However, the variation of typical thermodynamic parameters,
such as pressure and temperature, can be useful in uncovering physical relationships.
With regard to the first two research questions, it is therefore interesting to evaluate
how a variation in cathode pressure affects hydrogen crossover in addition to the main
investigated variable. The impact of increased cathode pressures on the performance and
on the crossover characteristics is especially from the industrial point of view relevant.
On account of this, the investigations on the compression influence and the impact of
high current densities on hydrogen crossover is extended by crossover measurements at
elevated cathode pressures.

Research Question 4: How can the oxygen crossover be meausured precisely by chang-
ing the cathode catalyst?

With the variety of studies focussing on hydrogen crossover, it is striking that there are
very few studies dealing with oxygen crossover in PEM-WE. Since the oxygen crossover
plays a crucial role for the chemical degradation of the ionomer, more attention to the
determination of the oxygen crossover should be paid. The main reason for the challenging
quantification of permeated oxygen during electrolysis is that it recombines at the typically
used platinum catalyst within the cathode catalyst layer with evolved hydrogen to water,
before it can be quantified properly. One possible approach for the measurement of the
oxygen crossover is to use a recombination-inactive catalyst on the cathode. In this work,
several cathode catalysts are evaluated with regard to their recombination activity and
their eligibility to quantify the oxygen crossover at electrolysis conditions.

Research Question 5: What is important for the design of a recombination interlayer
within the polymer electrolyte membrane?

The integration of a membrane interlayer with a recombination catalyst, such as plat-
inum, is a known and well-working strategy for the reduction of the anodic hydrogen
content. Since such a platinum interlayer increases the costs and the manufacturing
effort, it must be well designed to minimize both impacts. One aspect, for example, is
the positioning of such an interlayer within the membrane. In the context of this work,
three different interlayer positions are examined with respect to their recombination
effectiveness and compared to a reference CCM without an interlayer.
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4 Refining the Role of Influencing
Variables on Hydrogen Crossover

The previous dicussion of recent literature revealed research gaps in the further inves-
tigation of the influence of design and operating variables on hydrogen crossover. The
resulting first three research questions introduced in chapter 3 are examined in two
different studies in this chapter.

Research Question 1: How does cell compression affect hydrogen crossover?

Research Question 2: How do high current densities above 5 A cm−2 affect hydrogen
crossover?

Research Question 3: What is the impact of increased cathode pressures on hydrogen
crossover, in addition to the cell compression and high current densities?

Research question 1 was elaborated in an experimental study dealing with the impact of
compression of a PEM-WE cell on the electrical performance and on hydrogen crossover.
The results were published in a peer-reviewed journal. The article is introduced with a
summary of the methods and results in section 4.1.

For the investigation of research question 2, the hydrogen crossover of a PEM-WE
cell was examined at current densities up to 10 A cm−2. The findings of the study are
summarized in section 4.2.

In addition to the investigation of the two variables on hydrogen crossover, the varia-
tion of the cathode pressure can help to consolidate physical relationships between the
variables. To adress research question 3, the influence of enhanced cathode pressures on
hydrogen crossover was considered in both experimental studies as well as in sections 4.1
and 4.2.
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4.1 Impact of Cell Compression on Hydrogen
Crossover

The influence of compression and elevated cathode pressures on hydrogen crossover (re-
search questions 1 and 3) are adressed in a peer-reviewed article named “The Effect of Cell
Compression and Cathode Pressure on Hydrogen Crossover in PEM Water Electrolysis”
(J. Electrochem. Soc. 169(1):014502, 2022). The referenced supplemental information can be
found in Appendix A. The original article follows behind these summarizing paragraphs
on the concept and key findings.

Four different cathode compression levels are introduced in a PEM-WE cell setup by
adjusting the height of an insulating component in 25 µm steps. This allows a defined
maximum compression of the cathode by the same increment. The resulting differences in
the contact pressure across the geometric cell area is confirmed with pressure measuring
films. Precisely, it is shown that the contact pressure with the highest compression level is
locally the fivefold value than measured with the lowest compression level. Moreover,
each compression level is examined in a full PEM-WE cell with regard to its polarisation
behaviour and hydrogen crossover characteristics during electrolysis operation.

The analysis of the anodic gas composition at ambient pressure reveals that the anodic
hydrogen content is independent of the compression level up to 1 A cm−2 and then rises
with increasing compression. This finding implies that the mass transport resistance for
transferring dissolved hydrogen into the gaseous state increases with compression at
current densities above 1 A cm−2. Finally, the hydrogen crossover flux is enhanced as a
result of a growing hydrogen concentration in the cathode catalyst layer. The limited
mass transport of hydrogen is supported in the cell voltage analysis. Although higher
compression levels result in reduced interfacial contact resistances and hence, to lower
cell voltages, the mass transport overpotentials increase.

Moreover, the anodic hydrogen content is measured at elevated cathode pressures up
to 15 bar. The results show that the increase of the initial driving force for hydrogen
crossover by elevating the cathode pressure leads to higher hydrogen crossover fluxes,
but also that the impact of the compression is amplified. The combination of elevated
cathode pressures and high compression levels at higher current densities results in
massive hydrogen crossover fluxes, leading to explosive gas mixtures. Hence, the stronger
compressed cells showing a superior electrical performance, cannot be operated below
the technical safety limit of 50 % LEL at cathode pressures above 5 bar.

In summary, a high cell compression has a negative impact on hydrogen crossover. This
is in contrast to the improved electrical performance at high compression. Furthermore,
the compression effect on hydrogen crossover is amplified by increased cathode pressures.
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For the development of next generation polymer electrolyte
membrane (PEM) water electrolysers, the generation of a compre-
hensive understanding of gas crossover phenomena is necessary.1–5

Furthermore, the voltage loss mechanisms in the electrochemical
polarisation behaviour of PEM water electrolysers are not fully
resolved yet and offer possibilities for improvement. For instance,
thin membranes are required for the reduction of undesired ohmic
voltage losses.6–8 However, thin membranes also lead to higher
concentration gradients of the produced gases across the membrane,
which results in enhanced gas crossover.4,5,9 Hence, the loss of
hydrogen leads to reduced faradaic efficiencies and triggers safety
issues, which have to be solved for future system designs.1,4,5,10–12

There are various existing studies dealing with the influence of
external operation conditions on hydrogen crossover. In summary,
these studies found that increases in cell temperature, in cathode
pressure, and in current density result in increased hydrogen
crossover.3–5,9,10,13–15 Further investigations on structural effects
were carried out by Trinke et al.16 and Bernt et al.9 These show that
an increase of the ionomer content within the cathode catalyst layer
leads to higher anodic hydrogen volume fractions. It is now
understood that the limited transport of evolved hydrogen from the
catalyst into the pores translates into increased dissolved hydrogen
concentrations, which eventually results in higher hydrogen cross-
over and higher mass transport losses.14–16

Recently, Stähler et al.,17 co-authors in this study, have inves-
tigated the impact of porous transport layer compression on
hydrogen crossover at ambient pressure. They found that the
hydrogen in oxygen content increases at higher current densities,
the more the porous transport layer on the cathode (PTL-c) was
compressed. Based on this and further data,4,5,10,14,15 Omrani et al.18

have developed a model for hydrogen crossover in PEM water
electrolysers. They concluded that the super-saturation of water with
evolved hydrogen is a decisive explanation for hydrogen crossover.

However, it was emphasized that the interaction of high compression
with other parameters (e. g. high current densities) needs to be
further explored.

In this context, we understand that the interface between PTL and
catalyst layer needs to be considered as well. Usually, high clamping
pressures are chosen in order to allow good electric conductivity
across the interfaces, which results in lower ohmic losses.6,19 However,
high clamping pressures have other negative consequences.20

Especially on the cathode side, where the carbon PTL-c is more
compressible than the titanium PTL-a, mass transport limitations are
typically found due to reduced permeability of the PTL-c and the
catalyst layer.6,18,19,21,22 This trade-off was already evidenced by
Stähler et al.17

These works highlight that further investigations on the cathodic
structural properties are necessary in order to develop a compre-
hensive understanding of hydrogen crossover in PEM water electro-
lysers. In order to meet this objective, this study aims to answer the
questions whether the experimental findings on the compression
effect of Stähler et al.17 can be validated in a different cell setup and
how an increase in cathode pressure in combination with the
variation of the cell compression affects hydrogen crossover and
voltage losses caused by mass transport. For this, four different
compression levels were introduced into the cell setup and the
anodic hydrogen in oxygen content was measured at four cathode
pressures at each compression level. Moreover, the polarisation
behaviour of each compression level and each cathode pressure was
measured in order to perform a thorough cell voltage analysis.

Experimental

Material and setup.—Catalyst coated membranes.—The catalyst
coated membranes (CCMs) were fabricated with the decal method
that has been described in detail previously.23,24 First, the anodes
were produced by coating an iridium dispersion on a glass fibre
reinforced PTFE substrate (140 μm, Saint Gobain) by means of a
200 mm slot die (TSE Troller AG) (anode composition: 70 wt%
iridium(IV)oxide (Premion, Alfa Aesar) and 30 wt% Nafion ionomerzE-mail: boris.bensmann@ifes.uni-hannover.de
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(Chemours)). Subsequently, the cathodes were produced in the same
manner by using a platinum dispersion (cathode composition:
85 wt% platinum supported on high surface area Ketjenblack (60%
Pt; EC-300J, PK catalyst) and 15 wt% Nafion ionomer (Chemours)).
After drying at 80 °C, the electrodes were cut into pieces of 2 ×
2 cm2 and hot pressed on a Nafion 212 membrane at 130 °C and
0.5 kN cm−2. The catalyst loading was 0.20 ± 0.02 mgPt cm

−2 for
the cathode and 1.05 ± 0.05 mgIr cm

−2 for the anode.

Porous transport layers.—For the anode side, the same titanium
PTL-a (sintered fibers, 350 μm, Bekaert) sputtered with iridium
(0.05 mg cm−2) to prevent corrosion,25,26 was used for all measure-
ments. In order to achieve the most uniform and reproducible
compression level possible, a carbon PTL-c sheet (H23I2,
Freudenberg) of approximately 30 × 40 cm2 was cut into 2 ×
2 cm2 pieces. The thickness of all individual samples was deter-
mined with a thickness measuring device (160 kPa contact pressure)
and only samples with a thickness of 200 ± 4 μm were used.

Cell setup.—The 4 cm2 cell used was designed by Fraunhofer
ISE.27 The current collectors and flow fields are made of gold-coated
titanium. The contact force is applied with an adjusting screw
perpendicular to the cell’s base area and is monitored with a load cell
between the screw and the cell (K-14 with GM77, Lorenz
Messtechnik GmbH). The applied force after thermal conditioning
was 3 kN for every compression level. Figure 1a illustrates the cell
unit in an uncompressed state.

For means of isolation and proper positioning of both PTLs, each
electrode block is equipped with a frame made of PEEK. The different
compression levels were introduced by different thicknesses of the
cathode frames. In Fig. 1b, the cell setup is visualized for an
uncompressed state. Since an identical anode frame was used in all
measurements and the carbon PTL-c is highly compressible, it is
assumed that most of the compression acts on the cathodic cell
compartment. Further, the cell is sealed with a flat gasket (60 FC-
FKM 200, 0.8 mm, Freudenberg) on the frames around the flow fields
at both electrodes. The same gaskets were used for all measurements.

In this work, the compression levels are referred in increasing order
as c1, c2, c3 and c4. Within the figure, it can be seen that compression
level c1 has the thickest frame, resulting in a low excess length of the
PTL-c above the frame (Δ 10 μm). Thus, the resulting compression is
the lowest. In contrast, c4 has the thinnest frame and the largest PTL-c
excess length (Δ 85 μm) which results in the highest compression.

The contact pressure distribution across the active area and the
gasket area was determined with measuring films (types LLW, LW
and MW, Prescale by Fujifilm). For this, the CCMs were replaced
with the measuring films while the PTLs and the gaskets remained in
the cell. Then, the contact force of 3 kN was applied at one stroke.
The films were evaluated with software provided by Fujifilm.

Testing periphery.—The measurements were performed in a
E100 test station by Greenlight Innovation. As a current source, a
BCS 815 potentiostat (BioLogic) was used. For the analysis of the
dried anodic product gas, the anode gas outlet was connected to a gas
chromatograph (GC, 490 μGC System, Agilent). Helium was used as
the carrier gas. The gas chromatograph is equipped with 5 Å mole
sieve columns of 10 m length and a thermal conductivity detector.
Prior to the measurement, the system was calibrated with known H2

in O2 mixtures.
As high hydrogen contents were expected at low current densities

and high cathode pressures, the anode product gas was diluted with
an additional flow of oxygen. The constant mass flow of
0.06 g min−1 (NO

dilute
2

= 3.125 · 10−5 mol s−1) was supplied with a
mass flow controller (EL-flow Prestige, Bronkhorst).

The measured hydrogen content at the GC ϕH
GC

2
is described with
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Measurement protocol.—After assembly, the cell was mounted
into the test station. Figure 2 shows a schematic summary of the

Figure 1. Schematic illustration of the 4 cm2 cell in (a) and the functionality
of different compression levels in b). Gaskets between the frame and the flow
field are not shown for clarity in b). The compression is increasing from c1 to
c4. The shown thicknesses and heights are not true to scale and refer to the
uncompressed state. This scheme is published with the permission of
Fraunhofer ISE.
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applied measurement protocol for each compression level. Prior to
starting the measurements, the cell was thermally conditioned
without polarisation for 1 h at 80 °C and 80 ml min−1. Then, the
hydrogen crossover and the polarisation behaviour were measured at
four different absolute cathode pressures (1 bar, 5 bar, 10 bar and
15 bar), whereas the anode pressure remained at 1 bar. The protocols
are described in more detail in the following sections.

Hydrogen crossover.—The hydrogen crossover was evaluated by
measuring the anodic hydrogen content with the GC. For this, a
galvanostatic step profile was used. One measurement cycle con-
sisted of ten current density steps (4 h at 0.1 A cm−2, 3.5 h at
0.25 A cm−2, 3 h at 0.5 A cm−2, 2.5 h at 0.75 A cm−2, 2 h at
1 A cm−2, 2 h at 1.5 A cm−2, 1.5 h at 2 A cm−2, 1.5 h at
2.5 A cm−2, 1 h at 3 A cm−2 and 1 h at 3.5 A cm−2). The time
intervals were chosen by using information from previous studies,
until a constant hydrogen in oxygen signal was measured.15,16,28 Due
to low gas production rates, the holding time at low current densities
is longer than at higher current densities.

Two cycles were performed at each cathode pressure. At pc =
1 bar, an extra cycle was passed in order to purge the test station. At
pc = 15 bar the cycle started at 0.5 A cm−2 for maintaining the safety
limits despite oxygen flushing.

Polarisation curves.—After the crossover measurements, polar-
isation curves were recorded from 0.01 A cm−2 to 3.6 A cm−2 in
logarithmic current density steps until 2 A cm−2 and steps of
0.2 A cm−2 for higher current densities. The holding time was 10 s
at each step. Each current step was followed by an electrochemical
impedance measurement in order to determine the high frequency
resistance RHF. The frequency range was set from 10 kHz to 100 Hz
and a respective current amplitude of 10% was applied. RHF was
obtained by interpolating the Nyquist plots at the intercept with the
real axis.

This procedure was repeated twice. The average of the three
cycles was used for further evaluation of the data. The measurement
error was calculated by standard deviation.

Results and Discussion

Influence of compression level.—As already introduced above,
the cell compression has consequences on the polarisation behaviour
of PEM water electrolysis cells and on the material properties. For
PEM fuel cells, it is already well known that the compression of the
porous materials has negative consequences for the cell perfor-
mance. The reduced porosity and increased tortuosity of the
materials result in a limited mass transport towards the electrodes,
which becomes visible in a mass transport dominated region of the
fuel cells polarisation curve.18,19,21,22,29,30

Besides the impact of the external clamping pressure, it is known
that mass transport limitations are also affected by the contact
pressure distribution on the active area, which are in turn influenced
by the flow field design.31,32 Hence, the contact pressure distribution
on the active cell area is evaluated first. The findings are then used to
analyse the compression effect on the polarisation behaviour and on
hydrogen crossover of the investigated PEM water electrolysis cells.

Contact pressure distribution.—As illustrated in Fig. 1, the
compression levels c1, c2, c3 and c4 are achieved by different
thicknesses of the cathodic isolation frame. We assume that the
compression occurs mainly on the cathode side, since the frames
were adjusted there and the carbon PTLs-c are highly compressible,
especially compared to the titanium PTL-a used at the anode.

Figure 3 shows the resulting contact pressure distribution of the
four compression levels. In general, most of the applied force is
transferred over the active area for all compression levels. As
expected, the thickest isolation frame c1 shows the lowest overall
contact pressure and the thinnest isolation frame c4 has the highest
contact pressure, and consequently the highest compression level.
Additionally, most of the contact pressure acts on the lands of the
flow fields for all compression levels, which results in low pressures
in the channel areas (⩽1 MPa). The resulting pressure differences
between the lands and channel areas are increasing significantly with
higher compression. For the highest compression level c4, more than
25 MPa are measured at the maximum.

In this regard, it must be emphasized that the contact pressure
distributions might be different during electrolysis, as the contact
pressure measuring films were integrated into the dry cell, instead of
CCMs, at ambient conditions. However, the results indicate that the
cell materials are compressed more under the lands than at the
channel areas. This means that the resulting strain within the Nafion
membrane can be locally very high, leading to membrane deforma-
tion. For fully humidified Nafion 212 membranes at temperatures
around 80 °C, a Young’s modulus between 50 and 100 MPa is
reported.33 Assuming that a wet Nafion membrane is exposed to the
same contact pressure distribution as indicated with the pressure
measuring films, the resulting strain might be severe. At compres-
sion level c4, the maximum stress of 25 MPa would translate to a
maximum strain of 25 to 50% and a high local deformation. In
contrast, the maximum stress of c1 (∼ 5 MPa) leads to a local strain
of only 5 to 10%, which is essentially no deformation. A deeper
analysis requires a more detailed investigation of the contact
pressure distribution during electrolysis conditions and of the
mechanical properties of wet Nafion membranes, which is beyond
the scope of this work.

Moreover, it is expected that the porosity of the cathode catalyst
layer is affected by the compression levels.34 As explained earlier,
the structural properties of the materials have an impact on the mass
transport,16,35 which is why a compression effect should be notice-
able in the polarisation behaviour as well as in the hydrogen
crossover. This is examined in the following sections.

Figure 2. Summary of the used measurement protocol for each compression
level, where n is the number of cycles.
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Polarisation behaviour.—The influence of the compression level
on the cell polarisation behaviour and key cell parameters is shown
in Fig. 4. In Fig. 4a, the integral cell polarisation is displayed. The
cell voltages decrease slightly with increasing compression level.
The maximum cell voltage of all compression levels falls below
1.8 V and the deviation at 3.6 A cm−2 is only 30 mV.

Figure 4b shows the obtained RHF values. It is assumed that RHF

describes the ohmic cell resistance and is mainly caused by the
proton transport resistance of the membrane. It can be observed that
an increase in current density leads to a small reduction of RHF. This
effect was already reported by others and can be explained by the
reduction in resistance due to temperature increases with higher
applied current densities.36,37

With growing compression, RHF is decreasing. This can be
explained by a better electric contact between the PTL-c and catalyst
layer with increasing contact pressure. This was already reported by
others19,20,22,38 and by Stähler et al.17 Although they have used a
different setup, a resistance RHF = 58 mΩ cm2 is reported for their

highest compression level, which agrees well with the values of c4 in
this work.

In Fig. 5a, RHF is shown for 1 A cm−2 and 3 A cm−2 as a function
of compression. The reduction of RHF with increasing current
density can be seen here as well. The compression increase from
c1 to c4 leads to a reduction of ∼ 11 mΩ cm2 at both current
densities.

In the next step of the voltage loss analysis, the measured cell
voltage is corrected by the ohmic potential drop according to Eq. 4.
Figure 4c shows the resulting iRHF-corrected curves.

= − · [ ]−U U i R 4iR free cell HFHF

The effect of the compression level on −UiR freeHF is more pronounced
at higher current densities (zoom in Fig. 4c). The higher the
compression level is, the higher the iRHF-free voltage is as well.
Thus, the compression level has an opposing effect on the iRHF-free
cell voltage than on the integral cell voltage. As the used material

Figure 3. Pressure distribution across the active area and gasket for the four investigated compression levels c1, c2, c3 and c4 in increasing order.
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was the same in every cell, the differences in the iRHF-corrected
curves are not caused by ohmic losses of the membrane electrode
assembly.

In order to explain the opposing trends between the integral and
iRHF-free cell voltage, a Tafel analysis can be performed. For this,

the open circuit voltage =U p
cell,0

1 barc
at 80 °C is calculated according to

Nernst’s equation (Eq. 5) and then subtracted from −UiR freeHF (Eq. 6).

Assuming a reference pressure of
∘

pi = 1 bar and that the evolved
gases are saturated with water vapour (pH O

sat
2

= 0.47 bar39), a value of
=U p

cell,0
1 barc

= 1.169 V is determined. The remaining overpotential η is
assumed to be the sum of the activation overpotential ηact and other
overpotentials such as mass transport losses ηmtx. The latter can be
interpreted as a measure of quality for the removal of the two
product gases and depends on the structural design of the electrodes.
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According to the Tafel analysis, the activation overpotential ηact can
be obtained by fitting η against log(i) in its linear regime between
0.01 and 0.1 A cm−2. The obtained Tafel slopes for the four
investigated compression levels are quite close to one another,
with values of 47.7 ± 0.9 mV dec−1 (Tafel plots are located in
supplemental information—Fig. S1 available online at stacks.iop.
org/JES/169/014502/mmedia). This implies that the kinetics are
identical for all compression levels and consequently fail to explain
the visible differences in −U .iR freeHF

As a last step of the voltage loss analysis, ηmtx is shown in
Fig. 4d. Here, clear indications for the divergences in iRHF-free
polarisation can be seen. With increasing current density, ηmtx rises.
This was reported previously by others35,37,38 and was also predicted
by modelling.40

Figure 4. Deconvolution of the measured cell voltage at pc = 1 bar for all
four compression levels. The integral cell voltage is shown in (a), (b) shows
the respective RHF, (c) shows the resulting iRHF-corrected cell voltages and
(d) shows ηmtx.

Figure 5. Dependence RHF in a) and ηmtx in b) at 1 A cm−2 (light grey) and
3 A cm−2 (black) on the compression level at pc = 1 bar.
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Moreover, ηmtx increases with increasing compression level. The
effect of compression on ηmtx is more pronounced at higher current
densities. In Fig. 5b, ηmtx at 1 A cm−2 and 3 A cm−2 is shown as a
function of the compression level. At 1 A cm−2, the effect of
increased compression can barely be seen whereas at 3 A cm−2 the
increase of ∼ 10 mV from c1 to c4 is significant.

The effect of the compression level on the mass transport losses
could be a result of changed structural properties of the cathode. The
previously described structural changes of the PTL-c due to
compression should also be true for the catalyst layer, in which
the pores are even smaller. Perhaps, the diffusive pathways under the
lands are completely different from the pathways in between the
lands. As the pore volume is reduced, the transition of evolved,
dissolved H2 from the catalyst through the ionomer into the gas
phase, is hindered.16,34 Thus, the reduced permeability of both the
PTL-c and catalyst layer, and the reduction of the surface between
the pore space and the ionomer within the catalyst layer, could result
in higher mass transport limitations within the more compressed
cells than in less compressed cells. This eventually becomes visible
in the mass transport losses (cf. Fig. 4d).18,19,22

This contrary effect on the cell parameters must be kept in mind
when a PEM water electrolyser system is designed. Although high
compressions lead to reduced ohmic losses, the mass transport losses
increase. Thus, more than one cell parameter, such as low cell
voltages or RHF, should be considered for system design, and the
trade-off between RHF and ηmtx should be found.

Hydrogen crossover.—The anodic hydrogen content and the
resulting hydrogen crossover fluxes at pc = 1 bar as a function of
the applied current density are shown in Fig. 6. Regarding the H2 in
O2 content (Fig. 6a), it is observed that a safe operation begins at
0.25 A cm−2 (H2 in O2 content < 2% or 50% LEL41) and that the
contents show a re-ascent with increasing current density. The latter
finding was already seen by others.9,17,28 In the re-ascending content
region above 1 A cm−2, the influence of the compression level
becomes visible: the higher the compression level is, the higher is
the resulting hydrogen content and the slope of the ascent.

Figure 6b shows the resulting hydrogen crossover fluxes calcu-
lated according to Eq. 2. Up to 1 A cm−2, the fluxes of all
compression levels are nearly identical and show a linear depen-
dence on current density. In a previous study, Trinke et al.14 have
reported on this linear relationship with current density up to
1 A cm−2. The dependence on current density can be explained
with the super-saturation of water with evolved hydrogen.14,18,42,43

Further, the slope is no longer linear and depends on the compres-
sion level at higher current densities. The combination of high
compression and high currents leads to significant increases in N .H

cross
2

At the maximum current density of 3.5 A cm−2, NH
cross

2
of c4 is more

than the double of the lowest compression c1 (1 mmol s−1 m−2 vs
0.4 mmol s−1 m−2).

As mentioned previously, not only the porosity of the PTL-c and
the catalyst layer is reduced with increasing compression, but also
the surface between the ionomer and pore volume is reduced.
Especially under the lands, the H2 removal from the active sites
into the free pore space is hindered and occurs mainly in plane.34

This results in a higher dissolved gas concentration and accordingly,
in a higher hydrogen crossover flux.34 This effect might be
comparable to an ionomer variation within the catalyst layer.
Trinke et al.16 and Bernt et al.9 varied the ionomer content with
the cathode catalyst layer which translated into a reduction in pore
space and a thickening of the ionomer film surrounding the catalyst
particles with increasing ionomer content. This eventually results in
higher mass transport limitations leading to higher dissolved
hydrogen concentrations, enhanced hydrogen crossover fluxes and
increased ηmtx.

To summarize the section of the compression impact at ambient
pressure conditions, the results of the polarisation curves and of the
crossover measurements agree well with each other and with the

work of Stähler et al.17 The results indicate that the enhanced
compression affects the mass transport at the cathode side. This
leads to limitations in hydrogen removal, which becomes visible in
higher mass transport voltage losses and in higher hydrogen cross-
over. Although the compression has a positive effect on the overall
cell voltage, these contrary effects need to be considered in the
system design.

Influence of cathode pressure.—In the first part of this study, the
findings of Stähler et al.17 were validated successfully in a different
cell setup. Therefore, the discussed compression effects are qualita-
tively valid with different cell designs. However, the quantitative
course is affected by the different cell designs.

In the next part of this study, the impact of enhanced cathode
pressure on top of the compression levels was investigated. The
evaluation of the cross-relationships between compression and gas
pressure is necessary for gaining an extensive knowledge on the
electrochemical and gas transport properties in PEM water electro-
lysers.

Polarisation behaviour.—For the evaluation of the cathode
pressure dependence of the cell voltage, the cell voltage will be
analysed for different pressures (pc = 1 bar; 5 bar; 10 bar; 15 bar).
Since the pressure dependencies are similar for each compression
level, the cell voltage analysis shown in Fig. 7 is performed
exemplarily for c4. The corresponding figures for c1, c2 and c3 are
shown in the Supplemental Information (Figs. S2, S3 and S4).

Figure 7a shows the measured cell voltage for the named
pressures using c4. It can be observed that the cell voltage is higher
with increasing cathode pressures. This agrees well to the reversible
cell potential according to Nernst’s equation. In Fig. 7b, the
respective RHF are shown. As in the previous section, RHF decreases
with increasing i at each pressure. Further, RHF is the lowest at

Figure 6. Current dependence of H2 in O2 content for the four investigated
compression levels at pc = 1 bar is shown in (a). In (b), the resulting anodic
hydrogen flux NH

cross
2 and the permeation current density equivalent

= ·i F N2H H
cross

2 2 is displayed.
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pc = 5 bar and the highest for pc = 15 bar, which is also true for the
other compression levels (cf. Figs. S2, S3 and S4). This finding will
be discussed in more detail at a later point of this section.

From the integral cell voltage and RHF, −UiR freeHF is calculated and
shown in Fig. 7c. Here, the pressure dependence of the voltage

according to Nernst can be seen as well. For the further separation of
the overpotentials according to the procedure described previously,
the open circuit voltage at the respective cathode pressure levels
were calculated according to Eq. 5 and subtracted from −U .iR freeHF

The purpose of this correction is to avoid an incorrect mapping of
the increased reversible cell potentials at elevated cathode pressures
to the mass transport losses (cf. Nernst’s Eq. 5).

A further analysis of η according to Tafel reveals that the Tafel
slopes of all measurements coincide with values of 47.9 ± 0.5 mV
dec−1. The respective Tafel plots of all compression levels and
pressures are shown in Fig. S1. Hence, neither a dependence of the
compression level nor of the cathode pressure on the cell kinetics
can be identified.

As a last step of the voltage loss analysis, ηmtx was calculated and
displayed in Fig. 7d. As in the previous section, ηmtx rises when the
current density increases. Further, ηmtx decreases with enhanced
cathode pressure. This positive effect of enhanced pressure on ηmtx

was already reported by others.36,40

In order to compare and discuss the pressure influence on key cell
parameters (RHF and ηmtx) together with the impact of compression,
RHF and ηmtx at 3 A cm−2 are shown as a function of cathode
pressure in Fig. 8. In Fig. 8a, the aforementioned positive effect of
enhanced compression on RHF is visible again. This is due to lower
interfacial contact resistances with increasing compression6,19 and
applies for all pressures.

As mentioned previously, RHF shows a nonlinear relation with pc.
For all compression levels, RHF is the lowest at pc = 5 bar. To the
best of our knowledge, this was not observed and reported before.

We assume that the contact pressure distribution on the lands and
at the channel areas plays an essential role for the nonlinearity of
RHF. As shown in a previous section, the contact pressure on the
lands is far higher than in between (cf. Fig. 3). Following from this,
we propose the following hypotheses for the nonlinearity of RHF

with increasing cathode pressure.
First, the structural properties of the cathode might be a function

of both, the contact pressure and the cathode pressure. In a previous
work of Schuler et al.37 the influence of the PTL structure on the
electrochemical performance of PEM electrolysis cells was investi-
gated. Qualitatively, they found that RHF using highly porous PTLs
is higher than with low porosities, since the contact resistances of the
catalyst layer-PTL interface rise with increasing porosity. When the
porosity of a highly compressed carbon PTL-c is considered to be
lower than of a less compressed PTL-c, the same trend is observed in
this work. Moreover, we assume that the PTL-c porosity between the
lands is higher than at the lands, because the compression force acts
mainly on the lands of the flow field. Since the applied cathode
pressure is far lower than the contact pressure resulting on the lands,
we believe that only the PTL-c areas at the channel areas can be
affected by the cathode pressure. Therefore, a slight increase in the
cathode pressure might lead to reduced interfacial resistances which
would result in lower RHF. In contrast, too high cathode pressures
might enlarge the pore space again, leading to a contrary effect.

The second proposed hypothesis addresses the pressure impact
on the entire membrane electrode assembly. It is logical that an
increase in cathode pressure acts through the membrane to the anode
catalyst layer,44 which could change the contact resistances on the
anode side. In order to examine this hypothesis, we conducted a
further experiment in which RHF was measured at various symmetric
and asymmetric pressure conditions. The experiment has shown that
an increase in anode pressure without an increase in cathode pressure
(pa = 5 bar ∣ pc = 1 bar) leads to higher RHF than at ambient pressure
(pa = pc = 1 bar). However, the measurement of RHF at pa = pc =
5 bar revealed similar values than at pa = 1 bar ∣ pc = 5 bar. From
this, we conclude that the anodic pressure dependence of RHF

appears to be different than on the cathode side. Perhaps, the
membrane and the cathode catalyst layer are deforming more into
the channel areas of the cathode flow field, leading to a reduced
contact area when the anode pressure is increased. This might result

Figure 7. Deconvolution of the measured cell voltage pc = 1 bar, 5 bar, 10
bar and 15 bar for compression level c4. The integral cell voltage is shown in
(a), (b) shows the respective RHF, (c) shows the resulting iRHF-corrected cell
voltages and d) shows ηmtx.
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in higher RHF. Possibly, the more rigid titanium PTL-a on the anode
prevents the membrane deformation into the channels on this side
and thus, the contact resistances between the PTL and the catalyst
layer decrease only, when the pressure comes from the cathode side.

As a third hypothesis we propose that the membrane itself might
suffer from compression. It was shown previously that the compres-
sion of Nafion membranes leads to changes in its nanostructure,
reduces the membrane thickness and lowers its proton
conductivity.45–47 In combination with the inhomogeneous thickness
distribution within the active area, the resulting RHF might be
affected.

Moreover, deviations in temperature can also lead to changes in
e. g. proton conductivity and of course, other explanations may
apply. Probably, a mixture of multiple hypotheses will explain the
nonlinearity of RHF. The fact that this effect was not reported yet can
be a result of several aspects, such as the covered pressure range, the
used membrane thickness or the cell setup. Further studies are
necessary to elucidate this effect.

Besides RHF, Fig. 8 also includes ηmtx of all compression levels at
3 A cm−2 as a function of cathode pressure. Using compression level
c4 at ambient pressure results in the highest ηmtx (∼ 35 mV) whereas
c1 at p

c = 15 bar results in the lowest value (∼ 16 mV).
Further, there are two observable trends for ηmtx. First, ηmtx rises

with enhanced compression level at each investigated pressure.
Second, ηmtx decreases with increasing cathode pressure. The former
was already seen in the previous section in which the compression
dependency of ηmtx was discussed. The latter is a result of the
logarithmic course of the cathodic half-cell potential ΔU ,c

H2
which

can be seen from Nernst’s equation for the cathodic half-cell reaction
(Eq. 7).
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The dissolved hydrogen concentration cH2 increases with the applied
current density, whereas the hydrogen saturation concentration cH

sat
2
is

a function of the hydrogen pressure and rises with the hydrogen
pressure. Since the half-cell potential increases logarithmically with
the hydrogen concentration c ,H2 the mass transport losses decrease at
elevated hydrogen pressures.

In summary, the increases in compression and cathode pressure
show contrary effects on ηmtx. An increased cell compression leads
to higher mass transport losses, whereas higher cathode pressure
reduces them.

Hydrogen crossover.—In a previous section we have seen that an
enhanced compression of PEM water electrolysis cells leads to
increased H2 in O2 contents at high current densities. This may be
explained by either one or by both of the following effects: First, the
pores within the PTL-c and catalyst layer are diminishing with
enhanced compression, which results in lower gas permeability and
hence, worse gas transport properties. Second, the transition of
the dissolved hydrogen gas into the gas phase is hindered, because
the surface area between the ionomer and the pores is reduced when
the compression is increased.

The first effect depends on the pressure. According to Darcy’s
law, the gas transport within the porous media is improved at higher
gas pressures. Hence, an increase in cathode pressure should
counteract the worse gas transport coming from high compressions.
If the enhancement of gas pressure due to gas transport within the
porous media is dominating, increased cathode pressures should
improve the gas transport. Consequently, the increase in crossover at
high current densities should be reduced at elevated cathode
pressures. However, the opposite effect is reported in literature.14,15

In contrast, the second explanation describes that the structural
change of the porous media with increasing compression leads to
higher transfer resistances of the produced gas from the dissolved

into the gaseous state. This is explained by the fact that less surface
area between the ionomer and pore space is available for the gas
transition, when the compression is higher. Thereby, the diffusion
path of the dissolved gases through the ionomer becomes longer. As
a result, the transfer resistances increase with compression. Thus, if
this effect is dominating, it is assumed that the crossover increase
with current density will not be reduced at high compression levels
in combination with enhanced cathode pressures.14

On account of this, we investigated the effect of elevated cathode
pressures on top of the compression levels in a next step. In Fig. 9,
the H2 in O2 contents of all compression levels at elevated cathode
pressures and the resulting hydrogen crossover fluxes are shown.
Please refer to Fig. 6 for ambient conditions.

Regarding the hydrogen contents, an increase in compression
level results in enhanced H2 in O2 contents at every pressure level.
At pc = 5 bar (Fig. 9a), the previously observed increase of the
hydrogen concentration at higher current densities (cf. Fig. 6a) is
only present for the two higher compression levels c3 and c4. The
other two compression levels approach a more hyperbolic trend.
Since the H2 in O2 contents stagger around 2 %, safety precautions
must be taken. A further increase in cathode pressure leads to even
higher H2 in O2 contents. For p

c = 10 bar and pc = 15 bar, the re-
ascent in concentrations at higher current densities is not present
anymore. The resulting high anodic hydrogen concentrations are not
only relevant in terms of safety, but also in terms of faradaic
efficiency losses.

The data presented in this work was measured in a specific
experimental setup. In a previous study by Trinke et al.,14 the
importance of the experimental setup on the quantitative results was
already highlighted. Slight changes within the setup can therefore
lead to other quantitative results. For example, Bernt et al.9

measured the H2 in O2 content at 80 °C and asymmetric pressure
conditions in a similar system as used in this work (Nafion 212,
PTL-a made of titanium, PTL-c made of carbon). However, their H2

Figure 8. Dependence of ηmtx and RHF at 3 A cm−2 on the cathodic pressure pc.
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in O2 contents are much lower than those measured in this work.
These differences highlight that the chosen experimental setup has
severe consequences on the quantity of results, although the
qualitative trends are comparable. Hence, a careful and thorough
report of all experimental conditions is inevitable for a meaningful
comparison of data in order to develop a comprehensive under-
standing of hydrogen crossover.

The resulting hydrogen crossover fluxes from the H2 in O2

contents are calculated according to Eq. 2. The respective fluxes at
elevated cathode pressures are shown as a function of current density
in Figs. 9d–9f. Clearly, the relation between the hydrogen flux and
the current is nonlinear for every compression and pressure level. At
low current densities, the curves are approaching one another. The
extrapolation of the converging curves to i = 0 A cm−2 equals to the
expected pure diffusive hydrogen crossover at the corresponding
cathode pressure. This basic value rises with the applied pressure
because the hydrogen concentration gradient through the membrane
increases and results in a higher driving force.16

At higher current densities, the impact of the compression level
becomes visible again. According to the discussed hydrogen con-
tents, the increase of the compression level is followed by higher
hydrogen crossover fluxes. At pc = 5 bar, for example, NH

cross
2

of c4 is
more than the double than of c1 (2.25 mmol s−1 m−2 and
1.10 mmol s−1 m−2, respectively).

Moreover, the absolute crossover gain with the applied current
density increases with rising cathode pressures. For example, the
crossover gain between 0.5 A cm−2 and 3.5 A cm−2 for the highest
compression level c4 at atmospheric conditions is 0.89 mmol s−1

m−2 and increases with pressure: 1.86 mmol s−1 m−2 (at 5 bar),
2.24 mmol s−1 m−2 (at 10 bar) and 2.37 mmol s−1 m−2 (at 15 bar).
In contrast, the respective crossover gains at the lowest compression
level c1 with cathode pressure are much lower (0.29 mmol s−1 m−2

(at 1 bar), 0.74 mmol s−1 m−2 (at 5 bar), 0.90 mmol s−1 m−2

(at 10 bar) and 0.96 mmol s−1 m−2 (at 15 bar)), but still rise with
the cathode pressure.

In summary, the effect of the compression level on hydrogen
crossover is amplified by elevated cathode pressures. This observa-
tion contradicts a transport limitation in the gas phase, because the

gas transport is improved at higher pressures. However, a reduction
in hydrogen crossover is not observed but it rather becomes more
pronounced. This implies that the steady increase in the dissolved
hydrogen concentration explains the progressing increase of hy-
drogen crossover with greater compression and cathode pressure to a
better extent. Furthermore, the resulting anodic hydrogen contents
indicate that the operating pressure has a greater impact on the
faradaic efficiency than the compression level. A more detailed
comparison with regards to the specific energy demand of the usable
hydrogen amount at each compression and pressure level is given in
the Supplemental Information.

Conclusions

In this study, the cell compression and cathode pressure were
varied in order to examine their influence on the cell polarisation
behaviour and on hydrogen crossover on pristine materials in a PEM
water electrolysis cell.

It was shown that an enhanced cell compression reduces the
obtained cell voltages due to lowered interfacial contact resistances.
However, a detailed cell voltage analysis revealed that the mass
transport losses increase with higher compressions. These mass
transport restrictions also become visible in increased H2 in O2

contents, which are increasing at higher current densities at ambient
pressure. This is explained with a reduced pore volume in the carbon
PTL-c and cathode catalyst layer at higher compressions. In terms of
the catalyst layer, the reduction of the surface area between the
ionomer and the pore space leads to a restricted removal of dissolved
hydrogen and higher dissolved hydrogen concentrations.
Consequently, the hydrogen concentration gradient across the
membrane increases and results in a higher hydrogen crossover.

Furthermore, the impact of enhanced cathode pressures in
addition to the compression was evaluated. In terms of the
polarisation behaviour, the results show a contrary effect of the
two parameters on cell voltage parameters. As a consequence of
Nernst’s equation, the cell voltage rises with increased pressures,
whereas higher compressions are reducing the cell voltage.
However, the pressure increase is also lowering the mass transport
losses. Moreover, this study shows a first report on the pressure

Figure 9. Current dependence of H2 in O2 content at (a) p
c = 5 bar, (b) pc = 10 bar, (c) pc = 15 bar and the hydrogen crossover flux NH

cross
2 at (d) pc = 5 bar,

(e) pc = 10 bar, f) pc = 15 bar. The current density equivalent iH2 to NH
cross
2

can be read from the right ordinate in (f).
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dependence of RHF with an optimal value at medium cathode
pressures of pc = 5 bar. Several hypotheses are proposed to explain
this observation. Certainly, further investigations on the pressure
dependence of RHF are needed to understand this phenomenon.

With regards to hydrogen crossover, it was shown that the
pressure increase amplifies the compression influence. Especially at
high current densities, the combination of high cathode pressures
and high compressions leads to explosive gas mixtures due to high
hydrogen crossover fluxes. As mentioned previously, the restricted
removal of hydrogen caused by the reduced porosity in the catalyst
layer leads to higher dissolved hydrogen concentrations. This
increases the driving force for hydrogen crossover.

The presented findings highlight the importance of the structural
design of the PTL-c and catalyst layer. Regarding the electroche-
mical parameters, both layers should be designed in such a way that
the interfacial resistances are small, while the mass transport losses
are also kept to a minimum. These improvements would lead to
reduced cell voltages and lower hydrogen crossover. Besides the
structural changes of cell materials, the cell design itself might also
be optimized. Other flow field designs, for example, might help to
achieve the improvements.

The findings presented here offer a systematic analysis of
hydrogen crossover in PEM water electrolysis cells. Since the
resulting anodic hydrogen contents measured in our setup lead to a
reduced hydrogen output and exceed technical safety limits, im-
provements are necessary. The structural optimization of the cell
materials (e. g. catalyst layer structure) might improve both aspects.
However, other strategies such as the integration of a recombination
catalyst in the cell could also be a possibility to meet the demands.
Both suggestions should be investigated in future in order to
generate a comprehensive understanding of hydrogen crossover
and to propose an optimal design for PEM water electrolysers.
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4.2 Hydrogen Crossover at High Current Densities

For the investigation of the effect of high current densities on hydrogen crossover (research
question 2) and the additional increase of the cathode pressure (research question 3), a
respective study was designed. The results are published in a peer-reviewed article entitled
“Hydrogen Crossover in PEM Water Electrolysis at Current Densities up to 10 A cm−2” (J.
Electrochem. Soc. 169(9):094507, 2022). The article follows these introductory paragraphs
on the concept and key findings of the study.

The experimental study is performed with a standard PEM-WE cell without modifi-
cations. In order to enable the high current densities up to 10 A cm−2 without reaching
critical cell voltages, a CCM based on a thin Nafion™ 212 membrane is used. The cell is in-
vestigated with regard to its electrical performance and hydrogen crossover characteristics
during electrolysis at ambient and enhanced cathode pressures.

The findings at ambient pressure provide first experimental indications of a currently
unknown functional relation between the hydrogen crossover flux and the high applied
current density. Generally, it is observed that the hydrogen crossover flux increases over
the entire current density range. However, the slope of the flux passes through multiple
regions, starting at a rather linear growth at low currents, to a stronger than linear growing
region, which flattens at high current densities above 5 A cm−2. This pass through the
various slopes is observed at increased cathode pressures as well.

The analysis of the data reveals that commonly used model approaches, which are
based almost exclusively on diffusion, are insufficient to explain the transition between
the slopes of the hydrogen crossover flux with increasing current density. Therefore, it
is suggested that the diffusion of dissolved hydrogen from the cathode to the anode is
no longer the dominating transport mechanism in the high current density regime above
5 A cm−2. Hence, it is proposed that other transport mechanisms become increasingly
relevant at such operating conditions. For example, the electro-osmotic drag of water is
one convective transport mechanism, carrying dissolved hydrogen back to the cathode
(cf. section 2.2.1). This transport mode is often neglected in model approaches. However,
other yet unknown effects may apply as well.

With regard to the initially presented research questions, it is summarized that the
supersaturation of water with hydrogen continues at exceptionally high current densities.
Again, an increase in cathode pressure enhances this effect. As the relation between
the hydrogen crossover flux and current density passes through several regions with
different slopes, commonly used model approaches should be revised in order to maintain
a physically meaningful description of the mass transport characteristics in PEM-WE cells
at the applied operating conditions.
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Hydrogen crossover poses a critical issue in terms of the safe and efficient operation in polymer electrolyte membrane water
electrolysis (PEMWE). The impact of key operating parameters such as temperature and pressure on crossover was investigated in
the past. However, many recent studies suggest that the relation between the hydrogen crossover flux and the current density is not
fully resolved. This study investigates the hydrogen crossover of PEMWE cells using a thin Nafion 212 membrane at current
densities up to 10 A cm−2 and cathode pressures up to 10 bar, by analysing the anode product gas with gas chromatography. The
results show that the hydrogen crossover flux generally increases over the entire current density range. However, the fluxes pass
through regions with varying slopes and flatten in the high current regime. Only considering hydrogen diffusion as the single
transport mechanism is insufficient to explain these data. Under the prevailing conditions, it is concluded that the electro-osmotic
drag of water containing dissolved hydrogen should be considered additionally as a hydrogen transport mechanism. The drag of
water acts opposite to hydrogen diffusion and has an attenuating effect on the hydrogen crossover in PEMWE cells with increasing
current densities.
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This study covers the hydrogen crossover characteristics in
polymer electrolyte membrane water electrolysis (PEMWE) at
high current densities up 10 A cm−2.
The assessment of hydrogen loss mechanisms is important for

establishing PEM water electrolyzers as an efficient tool for the
production of green hydrogen.1,2 Due to various loss mechanisms,
such as leakages and the recombination of hydrogen and oxygen at
the cathode, the faradaic efficiency in PEMWE is less than unity.3–5

The probably most important loss of hydrogen is caused by the
diffusion of the evolved hydrogen dissolved in water through the
membrane into the anode compartment.6–9 This effect is known as
hydrogen crossover. Especially at part load, the so-formed hydrogen
in oxygen mixtures can reach hydrogen contents above 4 vol%,
which pose a critical safety issue due to the risk of explosion.6,8,10,11

For the investigation of fundamental pressure and temperature
relations, hydrogen crossover was first evaluated by permeation
experiments at zero current.7,12,13 In the recent years, hydrogen
crossover was investigated at electrolysis conditions by analyzing
the hydrogen content in the anode product gas, whereby an increase
in hydrogen crossover with increasing current densities was ob-
served. Trinke et al.7,14–16 explain this effect with an increase in the
dissolved hydrogen concentration, which results from mass transport
limitations within the cathode catalyst layer. This theory was
supported by varying the ionomer content in the cathode catalyst
layer.14 It was shown that higher ionomer contents lead to increased
mass transport resistances, which in turn result in an increasing
supersaturation of water with hydrogen and thus, in higher crossover
fluxes.14 Moreover, Martin et al.

17 showed that an increased
compression of the cathode leads to similar observable effects.
Generally, hydrogen crossover studies at electrolysis conditions

with moderate current densities up to 2 A cm−2 and thick perfluor-
osulfonic acid membranes (fumea EF-40 ∼ 240 μm, Nafion 117 ∼
178 μm, Nafion 115 ∼ 127 μm) revealed a linear relation between
the hydrogen crossover flux and current density.3,4,6,11,14–16

More recent studies have used thinner Nafion 212 membranes
(51 μm) at higher current densities up to 5 A cm−2.13,17–19 Compared
to the earlier mentioned studies, the usage of thinner membranes
generally results in higher anodic hydrogen contents. Further, the
relation between the crossover flux and the current density follows a
stronger than linear growing function. This functional relation can
only partially be explained by known, theoretical approaches, such

as the growing supersaturation with hydrogen at increasing current
densities, and the resulting increased driving force for diffusion.
However, the former approaches fail to explain other parts of the data,
such as the flattening of the hydrogen crossover flux with the further
increase of current density or at enhanced cathode pressures.13,17,20

Thus, it has to be assumed that under these conditions, yet unknown
effects happen. This will be considered in more detail within this
contribution.
For this purpose, the hydrogen crossover characteristics of a

catalyst coated membrane (CCM) based on Nafion 212 is investi-
gated at current densities up to 10 A cm−2 and at cathode pressures
up to 10 bar. The investigation at these pressure levels is particularly
interesting in an industrial context, whereas the high current
densities are less important in this context and primarily serve to
explore the effects on hydrogen crossover.
After presenting the experimental details for this study, an insight

into the polarisation behaviour of the examined PEMWE cell is
given. Then, a detailed analysis of the impact of the high applied
current densities on hydrogen crossover at ambient and at elevated
cathode pressures is performed.

Experimental

Material and cell setup.—A 4 cm2 cell by Fraunhofer ISE21 was
equipped with a 5.95 mm insulation frame for the anode and a
5.14 mm frame for the cathode. A commercially available CCM based
on Nafion 212 (1 mg cm−2 Pt/C, 2 mg cm−2 Ir black, Hiat gGmbh)
was assembled in the cell. For the anode side, a porous transport layer
(PTL) made of sintered titanium fibers (1 mm, 2GDL40–1.00,
Bekaert) was ultra-sonicated for 10 min in de-ionised water before
usage. A carbon paper with hydrophobic treatment (H23I2, now
available as E20H, Freudenberg SE) was used as the cathode PTL.
The cell was assembled in dry state. The cell was thermally

conditioned by recirculating water through the anode at 80 °C. Then,
the compression force of 3 kN was applied. A minimum contact
pressure on the active area of 3.3 MPa is estimated, when a
homogeneous distribution of the force on the active cell area and
the surrounding gaskets is assumed. Please refer to Ref. 17 for more
details on the cell setup and the distribution of contact pressure.

Testing periphery.—After cell assembly, the cell was mounted
into an electrolysis test station (E100, Greenlight Innovation).
Thermal sensors were placed at the electrode endplates. Only the
anode side of the cell was supplied with de-ionised waterzE-mail: boris.bensmann@ifes.uni-hannover.de
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(80 ml min−1 at 80 °C). The resistivity of the water in the test station
was ⩾ 2 MΩ cm. Here, we would like to highlight the importance of
naming the resistivity or conductivity of the de-ionised water used
for PEMWE measurements for future works, since it has a
significant impact on the cell’s performance.22–24 Manufacturer
of electrolyzer systems (e.g. ProtonOnSite,25,26 Proton Energy
Systems27) demand a minimum water resistivity of 1 MΩ cm, but
recommend a resistivity of greater than 10 MΩ cm. Our own
experience shows that PEMWE cells degrade noticeably below the
1 MΩ cm limit. Therefore, we encourage our readers to monitor the
minimum resistance continuously.
A SP150 potentiostat equipped with a 100 A booster (current

accuracy: 0.5% full scale range, BioLogic) was used as the current
source. For the investigation of the hydrogen crossover during
electrolysis, the dried product gas was supplied to a gas chromato-
graph (GC, 490 μGC, Agilent). Helium was used as a carrier gas. In
order to ensure safe gas mixtures at low current densities and high
cathode pressures, an additional constant oxygen mass flow of

0.06 g min−1 (NO
dil

2
= 3.125 · 10–5mol s−1) was added with a mass

flow controller (EL-Flow Prestige, Bronkhorst) to dilute the anode
product stream directly behind the cell outlet.
From the diluted, then measured hydrogen content at the

GC ϕ ,H
GC

2
the hydrogen crossover flux NH

cross
2

is obtained with

Eq. 1. Then, Eq. 2 is used to calculate the actual hydrogen content

ϕH2
(see Ref. 17 for details), where =

·
N

i
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Measurement protocol.—Before beginning the actual measure-
ments, the cell was thermally conditioned by recirculating the anode
feed water at the operating temperature (80 °C), followed by a
polarized conditioning phase at 3 A cm−2 for six hours. The con-
ditioning was followed by one measurement block for characterizing
the hydrogen crossover and one measurement block for measuring the
polarisation behaviour. These two blocks were repeated at each
investigated cathode pressure level (1 bar, 4 bar, 7 bar, 10 bar). The
anode pressure remained at 1 bar for the entire investigation. The used
measurement protocol was based on Ref. 17.
The hydrogen crossover was determined during electrolysis

operation by analysing the dried anode product gas via GC. A
galvanostatic profile with steps between 0.25 … 10 A cm−2 was
applied. This cycle was repeated twice. The time intervals for each
step were based on previous studies,14,15,17,28 until a constant
hydrogen in oxygen value was reached (3 h for the lowest current
density of 0.25 A cm−2 down to 1 h starting at a current density of
2 A cm−2).
The polarization behaviour of the cell was measured three times

with a galvanostatic step profile with current steps between 0.01 …

10 A cm−2 and a holding time of 10 s per step. Each current step was
followed by an electrochemical impedance measurement for deter-
mining the high frequency resistance RHF. Here, the frequency range
was set from 100 kHz to 100 Hz and the amplitude was set to 10% of
the DC current. RHF was then identified by the interpolation of the
Nyquist plots with the intercept of the real axis.

Results and Discussion

For the sake of completeness, a brief insight into the polarisation
behaviour of the investigated PEMWE cell is given before analyzing

the hydrogen crossover characteristics, which is the focus topic of
this contribution.

Polarisation behaviour.—Figure 1 shows the polarisation curves
measured with the investigated PEMWE cell at four different
cathode pressures. At the maximum current density of 10 A cm−2,
the cell voltage remains below 2.25 V. Considering an industrial
relevant maximum cell voltage of 2 V, current densities of slightly
more than 6 A cm−2 can be reached with this setup.
In the low current density region of the polarisation curves (zoom

in Fig. 1), the impact of the cathode pressure on the cell voltage
according to Nernst’s equation is clearly visible. However, the focus
of this contribution lays on hydrogen crossover, which is why no
further analysis of the cell voltage is given at this point. A more
detailed cell voltage breakdown, including the high frequency
resistance RHF and iRHF-corrected cell voltage, is given in the
Appendix.

Hydrogen crossover at ambient pressure.—The hydrogen cross-
over measurements at ambient pressure conditions are shown in
Fig. 2. The data is divided in three regions, so that the discussion is
easier to follow.

Figure 2a) shows the anodic hydrogen in oxygen content ϕ .H2
It is

observed that the hydrogen content decreases rapidly at low current
densities (region I). This is explained by the linear increase in the
amount of evolved oxygen with increasing current density according
to Faraday’s law, leading to a continuous dilution of the permeated
hydrogen (c.f. Eq. 2). At medium current densities (region II), the
hydrogen content increases. This trend was already observed in
earlier works.13,17,18,29 Entering region III at high current densities
results in a slight decrease of the hydrogen content. To our
knowledge, this contribution is a first report on such a course of data.
For the evaluation of the measured data, the hydrogen permeation

rate NH
cross

2
shown in Fig. 2b) (calculated according to Eq. 1), is

resolved in the following. Generally, the concentration difference of
dissolved hydrogen across the membrane is the driving force for the
diffusive hydrogen transport, which is frequently described by
Fick’s law:6,7,12,14–16

Figure 1. Polarisation behaviour of a 4 cm2 PEMWE cell, with a Nafion 212
membrane at 80 °C and cathode pressures up to 10 bar. In the zoom of the
low current density region (logarithmic), the impact of increasing cathode
pressure on the cell voltage becomes clear.
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Where DH
eff

2
describes the effective diffusion coefficient of dissolved

hydrogen through a wet Nafion membrane and δmem is the membrane
thickness (63 μm for a wet Nafion 212 membrane12). Assuming that

the hydrogen concentration at the anode c aH2
is negligible, NH

diff
2

depends mostly on the dissolved, supersaturated hydrogen concen-

tration at the cathode *c .H
 ,c
2
This supersaturation is a result of mass

transport limitations, which depends on the applied current density i

and the mass transfer coefficient kl.
15,16 At zero current, *cH

 ,c
2
equals

to the hydrogen saturation concentration, which is mainly a function

of hydrogen partial pressure p .H
c

2
Consequently, the resulting

hydrogen crossover flux at zero current is mainly a function of the
hydrogen partial pressure and respectively, of the cathode pressure.
This value is the minimum, base amount of permeating hydrogen. In

the following, this base diffusion flux will be referred as N .H
diff,0

2

There are different methods to determine this value (e.g.
permeation experiments at zero current,12,13,30 by electrochemical

compensation of permeated hydrogen,7,8 by linear sweep
voltammetry31 or by extrapolation of the existing data obtained at
electrolysis conditions to zero current13). Usually, the experimen-
tally obtained values differ slightly from one another.

Trinke et al.16 investigated the linear relation between NH
cross

2
and i

observed in region I in detail. They concluded that mass transfer
resistances in the cathode catalyst layer result in a limited mass
transfer of dissolved hydrogen into the gas phase. Since the amount
of evolved hydrogen increases linearly with the applied current
density (Faraday’s law), the dissolved hydrogen concentration
increases linearly as well. As a consequence of Fick’s law (Eq. 3),
the hydrogen crossover flux shows the same linear relationship with
current density in this region.

In region II, NH
cross

2
enters a regime in which a stronger than linear

relationship with current density is observed. This effect was already
reported in literature13,18,29 and was recently investigated in a
previous work of our group.17 This functional relationship only
agrees with the diffusion approach, if an disproportionate increase of
*cH

,c
2
with i is assumed. This relation can grow stronger than linear, if

the reaction front of the hydrogen evolution reaction in the catalyst
layer moves towards the membrane14,32 or other parameters such as
the mass transport coefficient kl or the the diffusion properties in the
catalyst layer change. All of these factors result in a continuing

growth of *cH
,c
2
at the interface between the catalyst layer and the

membrane, leading to a higher driving force for the cross permeation
and eventually to a higher hydrogen crossover flux.
However, the mentioned effects should lead to a further, more

than linear growing supersaturation, which would result in a more
than linear increase of the hydrogen crossover as well (considering

≈N NH
cross

H
diff

2 2
). Certainly, this is not observed in region III, but

instead a flattening of NH
cross

2
results in the high current regime.

Hence, the earlier introduced, pure diffusive approach with the
previous described parameter functionalities, fails to explain the data
in at higher current densities.
With such high current densities, increases in temperature and

pressure and their impact on hydrogen crossover should be con-
sidered. In an earlier study by Trinke et al.,16 these two and further
effects were examined and discussed thoroughly. As the current
density increases, more heat is produced, causing the local tempera-
ture in the membrane to rise. This causes the diffusion coefficient of
hydrogen through Nafion to increase as well and hence, a higher
hydrogen crossover flux is expected. However, the current depen-
dence of the crossover flux is found to be stronger than the
temperature dependence. The results shown in this work support
this finding, since the increase of the hydrogen crossover flux in the
high current region III is lower than at medium current densities, as
seen in region II. Moreover, Trinke et al.16 discussed a potential
increase of the local hydrogen partial pressure within the cathode
with increasing current density. They came to the conclusion that a
pressure gradient across the cathode PTL of several 100 bar per cm
would be necessary, to explain the observed current dependence of
hydrogen crossover. Since such high pressure increases cannot be
explained, this approach is insufficient to explain the flattening of the
crossover flux observed at high current densities. For this reason, it
is assumed that the local increases in temperature and pressure only
have a subordinate impact on the current dependence of the
hydrogen crossover and therefore do not explain the results either
qualitatively or quantitatively.

Another potential explanation for the observed flattening of NH
cross

2

at high current densities might be another transport mechanism
acting in the opposite direction of diffusion. Therefore, the electro-
osmotic drag of water comes in mind. During the electrolysis
reaction, protons are formed in the anodic half-cell reaction. Due
to the electric field between the electrodes, the protons move towards
the cathode and drag water molecules with them. Thus, it is obvious
that dissolved hydrogen might be carried within the dragged
water.3,15

Figure 2. Hydrogen crossover at ambient pressure and 80 °C.
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This convective hydrogen transport by the electro-osmotic drag
of water was already mentioned in literature, but did not receive
much attention. Grigoriev et al.33 were the first to implement this
hydrogen transport mechanisms in a mathematical model for PEM
water electrolyzers. Schalenbach et al.3 have simulated hydrogen
crossover in PEMWE under various pressure conditions and with
different membrane thicknesses and considered the drag of water as
well. They came to the conclusion that with the prevailing condi-
tions, diffusion is the dominating transport mechanism and that the
impact of the drag on hydrogen crossover is negligible. Trinke
et al.7,15 also emphasized the growing impact of hydrogen and
oxygen transport via water drag at increasing current densities. Since
diffusion and water drag act in opposite directions in PEMWE, the
drag should eventually reduce hydrogen crossover at high current
densities.
Generally, the hydrogen transport due to the electro-osmotic drag

of water ( )N xH
drag

2
can be described with Eq. 4, where x = 0 marks

the interface between membrane and cathode catalyst layer and x
reflects the distance to the cathode catalyst layer across the

membrane. The net hydrogen crossover flux NH
cross

2
is then described

by Eq. 5.

( ) = ( ) · ( ) [ ]N x v i c x 4H
drag

H O
drag

H2 2 2

= − [ ]N N N 5H
cross

H
diff

H
drag

2 2 2

The velocity of the dragged water is described by vH O
drag

2
and

depends directly on the number of protons transported through the
membrane and is therefore a function of the applied current density.
Thus, the hydrogen transport via this mechanism is low and slow at
small current densities and gains in relevance with increasing current
densities. At this point, it is emphasized that the transport via drag
does not replace the diffusive transport at high current densities, but
that both counteracting mechanisms are coexisting (c.f. Eq. 5).
The dissolved hydrogen concentration at the position x in the

membrane is described by ( )c x .H2
Due to the concentration gradient

across the membrane, the hydrogen concentration near the cathode is
greater than in the vicinity of the anode. It is therefore expected that
the effect of the drag is stronger at the cathode as well. Moreover,
the dissolved hydrogen concentration increases with the applied
current, which in itself leads to a higher amount of transported
hydrogen by the dragged water. A simple calculation in the appendix
shows that at higher current densities, hydrogen transport by drag is
of the same order of magnitude as the crossover measurement
results, which supports this hypothesis.
Following from these assumptions, it is concluded that the

amount of dragged hydrogen depends on (i) the amount of dragged
water and hence, the current density and (ii) the concentration of
dissolved hydrogen within the membrane. According to Eq. 3, the
latter can be varied by increasing the hydrogen pressure. For higher
cathode pressures it follows that the initial dissolved hydrogen
concentration is higher and that the amount of dragged hydrogen
already should become noticeable at lower current densities. This
hypothesis is evaluated in the next section.

Hydrogen crossover at elevated cathode pressures.—Figure 3a)
contains the measured anodic hydrogen content at all investigated
cathode pressures. Especially at low current densities, the hydrogen
content depends strongly on the cathode pressure, which results in an
exceeding of the technical safety criterion of 2 vol% H2 in O2 (50%
LEL10). This is a consequence of the increased base hydrogen

permeation flux NH
diff,0

2
and the low oxygen production rate at the

small currents, as described by Eq. 2. In contrast, the increasing
oxygen production rate with current density results in a strong
dilution of the permeated hydrogen. On account of this, the four
curves approach one another at 1 vol%. In the transition area at

medium current densities, the course of the curve depends on the
cathode pressure. At lower pressures, an increase in the hydrogen
content is clearly visible and becomes less and less pronounced with
increasing pressure. At 15 bar, the hydrogen content has the typical
hyperbolic dependence on current density.
A more detailed look into the hydrogen crossover fluxes (Fig. 3b)

helps to explain the presented observations. The course of the data at
ambient pressure was already discussed in the previous section. This
curve is used as a benchmark for comparison in the following
discussion.
Generally, the hydrogen crossover fluxes show the same quali-

tative relation with current density as the benchmark curve. In the
beginning, there is a region with a more than linear slope and then
the curves flatten at higher current densities. There, the curves seem
to be parallel to one another. From a quantitative point of view, the
fluxes obtained at higher pressures are shifted (i) upwards to higher

permeation fluxes, because of the increasing NH
diff,0

2
with increasing

pressure (c.f. Eq. 3) and (ii) to the left to lower current densities,

which results in an earlier flattening of N .H
cross

2

Figure 3. Hydrogen crossover at all cathode pressures and 80 °C. In a) the
hydrogen in oxygen content and in b) the hydrogen crossover flux are shown
as a function of the current density.
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For the evaluation of the shift towards lower current densities, the

first derivative of NH
cross

2
is used to assess to slopes (Fig. 4). With

respect to the benchmark curve at ambient pressure, the exact same
regions as identified in the previous section are visible. The first
region up to ∼1 A cm−2 has a constant slope and corresponds to the
linear region I, which was observed previously in Fig. 2b). Then,
another region with an increasing slope follows. This region clearly
represents the stronger than linear crossover increase (c.f. region II
in Fig. 2b). The slope of the ambient pressure curve shows a
maximum at ∼4.5 A cm−2 and decreases afterwards to a value of
∼1.2 · 10–5mmol A−1 s−1. This reflects the flattening of

( )N 1 barH
cross

2
labeled with region III in Fig. 2b).

The other derivatives of NH
cross

2
at elevated pressures generally

show the same trends as the benchmark curve and also pass maxima.
From Fig. 4 it becomes clear that the maxima (5 bar: ∼2.5 A cm−2,
10 bar: ∼1.5 A cm−2, 15 bar: ∼1 A cm−2) shift to lower current
densities, when the cathode pressure is increased. This mirrors the
earlier flattening of the curves (c.f. Fig. 3b). All slopes eventually
reach a value of 1.2 · 10–5mmol A−1 s−1, which matches to the

parallel course of all NH
cross

2
at high current densities, as seen in

Fig. 3b).
These findings fit well to the previous hypothesis, in which it was

assumed that the flattening of NH
cross

2
at high current densities is a

result of the electro-osmotic drag of water. This convectively
transported water carries an increasing amount of dissolved hy-
drogen back to the cathode. If this hypothesis is expanded to
elevated cathode pressures, it is assumed that the impact of the
drag must begin at lower current densities, because the overall
amount of dissolved hydrogen is higher and leads to a higher back

transport (c.f. Eq. 4). Therefore, NH
drag

2
should also increase with

pressure in exactly this point. In relation to the presented data, it is

assumed that the earlier flattening of NH
cross

2
and the resulting shift of

the inflection point to lower current densities (c.f. Fig. 4) supports
this hypothesis.

Besides the curve flattening, the parallel course of NH
cross

2
in the

high current density region is another remarkable characteristic.
Apparently, the drag counteracts the disproportionate increase of the

hydrogen crossover flux at higher current densities, so that the fluxes
eventually increase linearly again. Moreover, it is questionable how

long the increase in NH
cross

2
will proceed. Since the infinite growth of

*cH
 ,c
2
in the cathode catalyst layer is questionable, there might be a

kind of natural limit at some point, which perhaps leads to a

saturation of N .H
cross

2
Further, it might be possible that the drag

increases so much at even higher cathode pressures, that the
hydrogen crossover flux starts to decrease at high current densities.

Summary & Conclusion

In this study, the polarisation behaviours and the hydrogen
crossover in PEMWE cells with a thin Nafion 212 membrane at
current densities up to 10 A cm−2 and cathode pressures up to 10 bar
were investigated. At the maximum current density, the resulting cell
voltage was only ∼2.25 V. Further, no hints for significant mass
transport limitations were observed.
The analysis of the hydrogen crossover characteristics was

divided in two section (ambient pressure and elevated pressures).
The evaluation at ambient pressure revealed that the hydrogen
crossover flux generally increases with current density. Further, it
was observed that the hydrogen crossover flux passes through a
linear and a more than linear region, before flattening out at high
current densities. It is assumed that the transition of the slopes at
high currents is a first experimental indicator that the hydrogen
transport due to the electro-osmotic drag of water competes with the
diffusive hydrogen transport. Eventually, these two competing
transport modes lead to a lower total increase in the hydrogen
crossover flux over the investigated current density range, than
expected from a pure diffusive approach.
The crossover analysis at increased cathode pressures revealed

that the hydrogen crossover flux not only increases with cathode
pressure, but also that the curve flattening begins at lower current
densities. It was assumed that this is as well a result of the hydrogen
transport via dragged water, because the hydrogen concentration
within the membrane increases with pressure.
The presented results indicate that a pure diffusive approach is

insufficient to explain experimentally determined hydrogen cross-
over data, especially at high current densities, and that presumably
negligible effects, such as the effect of the electro-osmotic drag on
hydrogen crossover, should be considered in future. Further, the
results emphasize that the consideration of this transport mode
becomes essential, when diffusion is not the dominating gas
transport mechanism anymore. This occurs especially when thick
membranes are used or as in this study, when high current densities
are applied and the hydrogen concentrations are high.
Another aspect to be considered is the impact of the electro-

osmotic drag on oxygen crossover. In this study, it was assumed that
the drag attenuates the net hydrogen crossover, since it opposes to
the hydrogen diffusion direction. Consequently, the drag should
enhance oxygen crossover, because it acts in the same direction as
the oxygen diffusion. In order to investigate this in more detail,
methods for the precise measurement of oxygen crossover during
electrolysis have to be established. Further, a model description of
the dissolved gas concentration profiles across the catalyst layers and
the membrane could help to elucidate the impact of the electro-
osmotic drag on both gas crossovers.

Acknowledgments

LUH gratefully acknowledges funding by the Federal Ministry of
Education and Research of Germany within the project
HyThroughGen, Bundesministerium für Bildung und Forschung
(BMBF/03HY108C).

Estimation of Electro-osmotically Dragged Hydrogen
As the hydrogen concentration depends on the position in the

membrane, a one dimensional model is necessary for a more precise
calculation of the diffusive and convective hydrogen fluxes through

Figure 4. First derivative of the hydrogen crossover fluxes shown in
Fig. 3b). With increasing cathode pressure, the maxima shift to lower
current densities (1 bar: 4.5 A cm−2, 5 bar: 2.5 A cm−2, 10 bar: 1.5 A
cm−2, 15 bar: 1 A cm−2).
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the membrane. The formulation of such a model is quite extensive,
which is why only a very simple estimation (neglecting the
dependence on the position) of the dragged hydrogen flux is given
here to support our hypothesis, that that the electro-osmotic drag of
water at elevated current densities carries a significant amount of
hydrogen back to the cathode.
As shown previously, the convective hydrogen transport is

calculated as follows (c.f. Eq. 4):



=
·

·
· [ · ]∗N

n i

F c
c A 1

v

H
drag drag

H O
H2

2

H2O

2

First, the dissolved hydrogen concentration ∗cH2
at an average

hydrogen crossover flux of NH
cross

2
= 0.5 mmol s−1 m−2 is calculated

from Fick’s first law of diffusion (c.f. Eq. 3). With a wet membrane
thickness δmem = 63 μm12 and an effective diffusion coefficient

=DH
eff

2
2.9 · 10–9 m2 s−1,14 it follows:

δ
= · = [ · ]∗c N

D
10862

mmol

m
A 2H H

cross mem

H
eff 32 2

2

In the next step, the concentration of water cH O2
=

0.054 mol cm−3 is calculated from the ratio of the density at 80 °C
ρ = 0.972 g cm−3 and the molar mass MH O2

= 18 g mol−1.

Lastly, at a current density of 5 A cm−2 and a mean drag

coefficient40,41 ndrag = 2.5, a dragged hydrogen flux of NH
drag

2
≈

0.26 mmol s−1 m−2 is calculated according to Eq. A·1.
As this value has the same order of magnitude as the crossover

measurement results shown in Fig. 2b), it supports the hypothesis,
that the convective hydrogen transport via drag can counteract the
diffusive transport.

Appendix

Cell voltage analysis.—A detailed cell voltage analysis was
omitted in the main part of this contribution, because the focus lays
on hydrogen crossover at high current densities in PEMWE. However,
the polarisation behaviour and major voltage loss sources at such high
current densities should be considered for a complete evaluation of a
PEMWE cell. Therefore, the analysis is made up for at this point.
Figure A·1a) shows the measured cell voltage as a function of the

applied current density. The dependence on the pressure is clearly
visible at low current densities. There, the voltage increases with
increasing cathode pressure. Above 6 A cm−2, no clear relation between
the cell voltage and the pressure is visible anymore. At the maximum
current density of 10 A cm−2, the cell voltage is around 2.25 V.
Möckl et al.34 investigated the thermal limitations of PEMWE

cells operated at high current densities as well. In the study, Nafion
membranes of different thicknesses (117, 212 and XL) were
compared. The cell with Nafion 212 achieved an almost identical
cell voltage (∼2.25 V) at 10 A cm−2 compared to the present work.
It is also striking that the current-voltage relation appears to remain
linear at such high currents. This indicates that PEMWE cells are not
limited by water transport to the reaction zone or a product
accumulation at either electrode. In Möckl’s work,34 significant
mass transport limitations start at around 12 A cm−2. The excellent
cell performance reported in this work is mainly a result of the low
protonic resistance of the thin membrane. For a thicker Nafion 117
membrane at 80 °C, cell voltages of 2.2 V are already reached below
5 A cm−2.13,34,35

In this work, the ohmic cell resistance was measured with
electrochemical impedance spectroscopy, by determining the high
frequency resistance RHF. The respective results are shown in Fig. A
·1b). The values reported here (61… 68 mΩ cm2) are slightly higher
than those reported in a previous study,17 although the measurement
and the setup are almost identical. One potential explanation may be

found in differences of the setup. The main setup difference to the
previous work is the used anode PTL (1 mm Ti-fiber vs. 350 μm Ir-
coated Ti-fibers). In accordance to the works of Liu et al.,36,37 the

Figure A·1. Cell voltage analysis of a PEM water electrolysis cell with
Nafion 212 at 80 °C. The measured cell voltage is shown in a), b) shows the
high frequency resistance RHF and c) presents the iRHF-free cell voltage.
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electrochemical performance of cells with an iridium coated PTL is
better than with an uncoated one. Iridium prevents the corrosion
titanium, leading to a lower PTL resistance and thus, a lower
contribution of the PTL to RHF.
Further, it is assumed that the main part of the ohmic cell

resistance can be attributed to the ohmic losses due to proton
transport through the membrane. Generally, RHF is decreasing with
increasing current density. This trend was observed previously and
was explained with the reduction of ohmic resistances due to
temperature increases at increasing current densities.17,38,39 This
was evidenced with the test station. Temperature probes were placed
at the electrode endplates directly below the flow field. Compared to
low current densities, a temperature increase of 2 K to 3 K was
measured at 10 A cm−2 at the anode endplate.
Although the differences between the curves are small (⩽4 mΩ

cm2), a dependence on pressure is observed. RHF is the lowest at
4 bar. This trend was already observed and discussed previously.17

In the referred study, the minimum of RHF was measured at a similar
cathode pressure level (5 bar).
As a next step of the voltage loss analysis, the ohmic voltage

losses are subtracted from the measured cell voltage. The resulting
iRHF-corrected cell voltage is shown in Fig. A·1c). Here, it is
observed that the iRHF-corrected voltages increase and the distances
between the curves decrease with cathode pressure. Both trends can
be explained with the logarithmic dependence of the voltage on the
hydrogen pressure according to Nernst’s equation.
In principle, further voltage losses, such as mass transport losses,

are expected at high current densities. In order to calculate these, a
Tafel analysis, in which the iR-corrected data is linearly fitted with a
logarithmic current axis, has to be performed. For this purpose, the
measured data must be reliable, especially at low current densities
(between 10 … 100 mA cm−2). Hence, high accuracies are needed.
Since a very powerful current booster (designed for 100 A) was used
for this study, the required accuracy cannot be achieved at the low
current densities. For this reason, the Tafel analysis is not performed
and the voltage loss break down ends here. At this point, we would
like to appeal to our readers, who carry out similar measurements
and analyses, to always pay attention to the measuring accuracy of
their used devices. This is the only way to check whether the
measured data is reliable, suitable for a detailed analysis and worth
for sharing with the scientific community.
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5 Approaching the Measurement of
Oxygen Crossover

As mentioned in section 2.2.4, the quantification of oxygen crossover is crucial to determine
the resulting chemical degradation of the ionomer in a PEM-WE cell. However, the
quantification of oxygen in the cathode product gas remains challenging, as most of the
oxygen recombines in the cathode and is no longer detectable. In a previous study of
Trinke et al.[98], a platinum-free cathode catalyst was used to prevent the recombination
of hydrogen and oxygen. The findings confirmed qualitatively that the oxygen crossover
flux increases with current density, as already known for hydrogen crossover. The use of
less active cathode catalysts was taken up for the quantification of oxygen crossover. The
resulting research question 4 was examined in an experimental study, which is the focus
of this chapter.

Research Question 4: How can the oxygen crossover be measured precisely by changing
the cathode catalyst?

The findings of the study are condensed in a peer-reviewed article named “On the
Correlation between the Oxygen in Hydrogen Content and the Catalytic Activity of
Cathode Catalysts in PEM Water Electrolysis” (J. Electrochem. Soc., 168(11):114513, 2021).
The referenced supplemental information on this article is provided in Appendix B. The
original article follows behind these introductory and summarizing paragraphs on the
concept and key findings of the article.

As mentioned before, the high recombination activity of platinum is identified to be the
main reason for the difficult measurement of the actual oxygen crossover. To suppress the
recombination reaction, other presumably less active cathode catalysts than platinum are
introduced into the cell setup.

Besides platinum as the benchmark cathode catalyst for HER, iridium is used as another
representative of the platinum group metals (PGM). Further, three PGM-free catalysts
(N-doped carbon nanotubes, N-doped carbon nanotubes decorated with [Mo3S13]2−,
titanium suboxide in Magnéli phase) are evaluated. The electrochemical performance
of each catalyst is assessed in both, half cell and full cell setups. Moreover, the oxygen
crossover characteristics are investigated by measuring the oxygen content of the dried
cathode product gas during electrolysis operation.

The full cell polarisation behaviour measured with the PGM-free catalysts is worse than
with PGM catalysts. This is expected, since platinum is the best known catalyst for the
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HER at the moment, whereby the kinetic overpotentials for the HER are accordingly low.
The half cell measurements exploring the HER activity of each catalyst confirm the trend
seen in the full cell experiments. Moreover, the gas analysis reveals that with PGM-free
catalysts, the measurable oxygen content is higher than with PGM catalysts. The highest
measurable oxygen content is measured with the Magnéli phase catalyst, consisting of a
titanium suboxide.

The results of the gas analysis suggest that the recombination activity of the cathode
catalysts decreases, the higher the measured oxygen content is. The investigation of the
activity for the oxygen reduction reaction (ORR), which represent the electrochemical
recombination reaction of hydrogen and oxygen, results in the same activity trend as
indicated by the gas analysis. Thus, catalysts exposing a low ORR activity lead to higher
measurable oxygen contents.

With respect to the research question, it is summarized that cathode catalysts with
sluggish recombination activities are indeed applicable for the measurement of higher
cathodic oxygen contents. The oxygen crossover flux measured in this way is probably
closer to the true crossover behaviour than with recombination-active catalysts, such
as platinum. However, the calculated oxygen flux at low permeation rates at small
current densities is still lower than the smallest expected flux resulting from permeation
experiments at zero current and without catalyst layers. Therefore, it must be assumed
that the actual oxygen crossover is even higher than the experimental results imply.
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Hydrogen has a central role in future energy storage scenarios.
Polymer electrolyte membrane water electrolysers (PEMWE) are
expected to account for a significant share of the hydrogen production
facilities in order to fulfil the raising demand.1,2 However, if significant
upscaling of the technology is demanded, two important aspects related
to the cathode catalyst material have to be investigated in more detail.
Firstly, only the usage of precious platinum group metals (PGM) as
electrocatalysts allow a good electrochemical polarisation behaviour
and therefore minimal operating costs.3,4 Secondly, hydrogen purity
and the cell’s lifetime strongly correlate with oxygen permeation across
the cell.5 As the state of the art materials platinum and iridium may get
more expensive due to their scarcity, alternative catalyst designs and
materials are required, if the demand raises.1,2,6 A key challenge within
the research field is to find more abundant catalyst materials which
withstand the harsh electrochemical environment caused by the low pH
of the acidic membrane and the prevailing electric potentials at the
electrodes.1,7–10

In order to compete with platinum as a hydrogen evolving
catalyst, the reaction kinetics has to be as fast as possible so that the
cathodic kinetic losses on the cell voltage are kept at a minimum.
Another aspect for further investigations are possible side reactions
caused by gas crossover.

Also, from PEM fuel cells it is known that the permeation of
hydrogen gas from the anode to the cathode leads to the formation of
reactive oxygen species, such as hydroxyl radicals, on the platinum
particles.11–13 In PEM water electrolysis, similar problems occur.

The crossover of evolved hydrogen to the anode reduces the
efficiency and may form an explosive gas mixture.14 The same
applies to the crossover of evolved oxygen to the cathode. In this
case, however, the recombination of both gases to water consumes
even more hydrogen and the mentioned radicals are formed by either
a chemical or electrochemical pathway.15 The reactivity of these
intermediates is high enough to attack the polymeric backbone of the
membrane leading to performance losses due to material degradation
and eventually to cell failure and a shortened lifetime.10–13,16–18

Thus, a deeper understanding on oxygen permeation is crucial.
Extensive experimental and theoretical studies on hydrogen cross-
over were performed in our research group5,19,20 and by others.21,22

As the formation of the intermediate radicals is catalysed by
platinum and other impurities such as Fe-ions,12,15,16 the research on
finding new cathode catalysts may also lead to an enhancement of
the lifetime, as radical formation might be suppressed. However, less
recombination of oxygen and hydrogen at the cathode catalyst
reduces the purity of the produced hydrogen. The subsequent
purification of the gas is necessary for the most potential hydrogen
applications such as fuel cells, which leads to further costs. Besides
this extra effort, the system safety is not guaranteed if the oxygen in
hydrogen volume exceeds the lower explosion limit (approximately
5% O2 in H2

14). Recently, Trinke et al.23 evidenced the increase in
oxygen crossover with increasing current density in PEM electro-
lysis using platinum and a platinum-free (Pt-free) cathode catalyst.
The investigations showed an increased oxygen in hydrogen fraction
when using the Pt-free catalyst, which is ascribed to the lower
recombination activity compared to platinum. Hence, the evaluation
of cathode catalysts is possible by measuring their polarisation
behaviour regarding the hydrogen evolution reaction (HER) and
their recombination properties, by means of their activity towardszE-mail: boris.bensmann@ifes.uni-hannover.de
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the oxygen reduction reaction (ORR) and the measurable oxygen in
hydrogen content.

In this study, we investigated the polarisation behaviour of PEM
electrolysis cells using five different cathode catalysts. Pt/C is used
as a benchmark catalyst within this study, as it is the state of the art
cathode catalyst for the HER. As another PGM catalyst, IrO2 is used.
IrO2 is reported to be a very good hydrogen evolving
electrocatalyst.24–26 Moreover, three different PGM-free catalysts
were investigated. The first one is based on a commercially available
PGM-free cathode catalyst for PEM electrolysis. The catalyst
(named “Magnéli phase” in this work) is a modified version of
Ebonex® which consists of titanium suboxides in Magnéli phase.27

The other two catalysts are completely PGM-free and are based on
nitrogen doped carbon nanotubes (N-doped CNT). Recently, Zeng et
al.28 reported that N-doped CNTs are promising electrocatalysts for
the HER and the ORR. Hinnemann et al.8 identified molybdenum
sulfides as a possible candidate for the HER via computational
simulations. Other research groups confirmed the materials catalytic
activity experimentally.6,7,9,29–31 However, they also identified that
the catalyst design is very important as only the particle edges are
active for HER. As the bulk material is a rather bad electronic
conductor, it needs a suitable substrate such as the aforementioned
N-doped CNT. In a recent work, Holzapfel et al.32 introduced
[Mo3S13]

2−@N-doped CNT as a cathode catalyst in full PEM
electrolysis cells and report current densities of almost 4 A cm−2

at a cell voltage of 2.3 V when using a Nafion 212 membrane. We
extended the ordinary electrochemical characterisation (polarisation
curves, electrochemical impedance spectroscopy and linear sweep
voltammetry) by measuring the permeated oxygen in the cathodic
product gas to draw conclusions on the recombination characteristics
of the used catalysts.

Experimental

Setup and materials.—In this study, commercial Nafion 115
membranes with only an anodic catalyst layer consisting of iridium
(2.0 mg cm−2 Ir-black, Hiat gGmbH) and an active area of 25 cm2

were used. The anodic porous transport layer (PTL) was a titanium
fibre (1 mm, titanium grade 1, 2GDL40–1.00, Bekaert).

For the cathode side, porous transport electrodes (PTE), based on
carbon PTLs with a microporous layer (MPL) (H24C5, Freudenberg
SE) were used as a substrate for the following catalysts: Pt/C
(0.5 mg cm−2, HiSPEC 9100, Alfa Aesar), IrO2 (1.5 mg cm−2,
Premion, Alfa Aesar), Magnéli phase catalyst (1.5 mg cm−2,

Pt-free, Hiat gGmbH), N-doped CNT (1.5 mg cm−2, ACS
Material) and [Mo3S13]

2−@N-doped CNT (1.5 mg cm−2, self-
synthesized according to Holzapfel et al.32).

The catalyst layers were deposited onto the substrates by spray
coating (Exacta Coat, Sono-Tek). The height of the ultrasonic nozzle
was set to 37 mm, the shaping air pressure was 0.6 kPa, speed
170 mm s−1, flow rate 0.5 ml min−1 and the ultrasonication energy
was set to 5 W at 48 kHz. The PTLs were fixed on a hot plate set to
110 °C. The coating inks consisted of 1 wt% solids (catalyst powder
and Nafion D520, FuelCellStore) in a mixture of deionised water and
2-propanol as solvents. The ratio of water and 2-propanol was 1:1
for [Mo3S13]

2−@N-CNT mixed with 10 wt% carbon black (Vulcan
XC-72R, FuelCellsEtc). For Pt/C and the Magnéli phase catalyst a
ratio of 1:3 was chosen for better ink stability. The ionomer content
was 20 wt% of the solid part. The ink mixing was performed as
described elsewhere33 with the difference of stirring for two days in
between the sonication steps.

Before cell assembly, the Ti-PTL was sonicated for 15 min in
deionised water to remove contaminants and the half-coated
membrane was immersed into deionised water for about an hour.
Then, the Ti-PTL, the wet half-coated membrane and the PTE were
assembled. The membrane electrode assemblies (MEAs) were
analysed in a quickCONNECTfixture qCf FC25/100 (LC) frame
and a 5 × 5 cm2 electrolyser cell (baltic FuelCells GmbH). The
pressure on the active area is controlled by a pneumatic actuator in
the cell and was set to 4.5 bar(g), which corresponds to an
approximate clamping pressure of 1.4 MPa.34 The cell has parallel
flow fields with 1.87 mm wide lands and 2.5 mm wide channels on
both electrodes. For maintaining a constant cell temperature of
80 °C, the cell was tempered with a circulation thermostat (ministat
230, Huber AG). The cell temperature was monitored by thermal
sensors placed closely to the flow fields.

The crossover measurements and electrochemical characterisa-
tion were performed at ambient pressure in a teststation (E100,
Greenlight Innovation) at 80 °C with deionised water supply of
50 ml min−1 on the anode side only.

Data acquisition.—For the structural analysis, small parts of the
PTEs were fixed on an aluminium SEM specimen stub with
conductive carbon pads. The samples were coated with gold (108
Manual Sputter Coater, Cressington) to increase the electric con-
ductivity of the samples. Imaging was done with a focused ion beam
scanning electron microscope (FIB-SEM, Crossbeam 540, Zeiss)
with a Gemini II column. Surface images were obtained by applying
an acceleration voltage of 3 kV and a beam current of 750 pA.
Additionally, cross-sectional images of all five samples were taken.
For this, a protective platinum layer was deposited on all samples
(except the N-doped CNT) via ion beam deposition using a gas
injection system (Orsay Physics, MonoGIS). The trenches were cut
with a 30 kV and 7 nA ion beam. The cross-sections were polished
in two steps (first with 1.30 kV and 700 pA and then with 2.30 kV
and 100 pA). Finally, the cross-sectional SEM images were obtained
by applying an acceleration voltage of 3 kV and a beam current of
750 pA.

The order of the electrochemical measurements is illustrated in
Fig. 1. Prior to the electrochemical testing, the cells were tempered
at 80 °C with deionised water with a supply of 50 ml min−1 on the
anode side only. The measurement protocol started with three
subsequent measurements of the gas crossover from 0.1 A cm−2

up to 2 A cm−2. Each current density step was held until a steady
state in the gas mixtures was reached. Only the third data set was
used for further analysis, as they were the most stable.

After the crossover measurements, three subsequent polarisation
curves were recorded. Only the third data set was used for further
analysis as no divergences between the curves were observed. Then,
electrochemical impedance spectra were recorded. The catalysts
were scraped off the analysed PTEs in order to measure their
catalytic activities ex situ with linear sweep voltammetry (LSV).

Figure 1. Illustration of the used electrochemical measurement sequence.
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Crossover measurements.—For the gas crossover measurement,
the cells were operated galvanostatically with a DC current supply
(XG 6–220, Sorensen) from 0.1 A cm−2 to 2 A cm−2. The holding
time at the investigated current densities was adjusted to the different
production rates until a steady state in the measured gas composition
was reached. As the gas production rates are low at low current
densities, the holding times were longer. For the investigated current
densities (0.1, 0.2, 0.4, 0.6, 1, 1.5 and 2 A cm−2), the holding times
were set to 7, 5, 3, 2.5, 2, 1.5 and 1 h, respectively. The cathodic
product gas was analysed with a gas chromatograph (490 Micro GC
System, Agilent). Helium was used as a carrier gas. The gas samples
were separated in 5 Å mole sieve columns of 10 m length and were
analysed with an integrated thermal conductivity detector. Prior to
analysis of the dried cathode product gas, the chromatograph was
calibrated with O2 in H2 mixtures in known concentrations.

Polarisation curves.—The polarisation curves were recorded
from 0.01 A cm−2 to 2 A cm−2 with a Solartron ModuLab XM
PSTAT with a power booster (6 V/100 A) in logarithmic decimal
current density steps. The holding time was approximately 25 s and
included the measurement of the high frequency resistance RHF from
10 kHz to 100 Hz with a 10% root mean square (RMS).

Electrochemical impedance spectroscopy.—Full electrochemical
impedance spectra at 0.1, 0.5, 1.0, 1.5 and 2.0 A cm−2 were recorded
in a frequency range of 100 kHz to 100 mHz with 7 points per
decade and a 10% RMS using the same hardware as for recording
the polarisation curves.

Data evaluation.—Polarisation curves.—For an analysis of the
cell kinetics, the measured polarisation curves were corrected by the
ohmic potential drop (Eq. 1).

= − · [ ]−U U i R 1iR free cell HFHF

It is assumed that the ohmic cell resistance is equal to the measured
high frequency impedance RHF where the imaginary part of the
impedance equals zero. These high frequency resistances were
obtained by interpolating the respective Nyquist plots at the intercept
with the real axis linearly.

For a further analysis of the ‐iR freeHF cell voltage, the standard
cell potential at 80 °C ( ° =Ucell 1.18 V) was subtracted to obtain the
remaining overpotentials η (Eq. 2).

°η = − [ ]‐U U 2iR free cellHF

Quantification of oxygen permeation and oxygen content.—The
oxygen volume fraction in cathode product gas φO
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can be
expressed by Eq. 3.
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The permeation of oxygen from the anode through the membrane
into the cathodic compartment is assumed to be a result of diffusive
and convective transport mechanisms.23,35 However, the minimum,
theoretical flux of oxygen caused purely by diffusion across a Nafion
membrane NO

diff
2

can be calculated according to Eq. 5.22,36

δ
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p
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O
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PO2 is the permeability coefficient of oxygen through a wet Nafion
membrane (≈2.52 ·10– 9 mo m−1 s−1 bar−1 at 80 °C22) and δmem is
the wet membrane thickness (≈152 μm22). The oxygen partial
pressure difference is described by Δp .O2 The partial pressure of
oxygen at the cathode is assumed to be negligible, whereas the

Figure 2. SEM surface images of a) [Mo3S13]
2−@N-CNT, b) N-doped CNT, c) IrO2, d) Magnéli phase and e) Pt/C.
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anodic oxygen partial pressure is equal to the total anodic pressure of
1 bar subtracted by the vapour pressure of water at 80 °C (≈0.4737
bar37). For these conditions, an oxygen partial pressure difference of
Δ =pO2 0.5263 bar follows. The diffusional oxygen permeation rate
is assumed to be constant over the investigated range of current
density, as the pressure and temperature can be assumed as almost
constant of the applied current density. This yields a diffusive
oxygen permeation of =NO

diff
2

0.0087 mmol m−2 s−1.
As explained by Trinke et al.,23 the main reason for the

convective oxygen transport could be a result of the electro-osmotic
drag of water, which increases with the applied current density.35

Thus, it can be assumed that the permeation rate of oxygen also
shows a current dependency. However, the ratio between the
diffusive and convective transport processes cannot be distinguished
as it is impossible to measure the convective transport without the
diffusive transport as well as an unknown amount of permeated
oxygen recombines with hydrogen. Accordingly, we assume that
NO

diff
2

is the minimum oxygen flux within the cathodic compartment,
when no convective transport (i.e. at 0 A cm−2) and no recombina-
tion takes place.

Results and Discussion

Structural characterisation of the porous transport elec-
trodes.—The surfaces of the PTEs were assessed by scanning
electron microscopy (SEM), see Fig. 2. The surfaces imply that

the catalyst layer structures are different from one another. The
surfaces of the N-CNTs (Fig. 2b) and IrO2 (Fig. 2c) appear more
inhomogeneous than the others. Due to the random positioning of
the CNTs, the resulting pore network is inhomogeneous as well. This
is also visible in the cross-sectional SEM image of the PTE in
Fig. S4 (available online at stacks.iop.org/JES/168/114513/mmedia)
within the supplemental information. The CNTs form an inhomo-
geneous pore network, which is also present when using
[Mo3S13]

2−@N-CNT. Although its surface appeals a homogeneous
structure (Fig. 2a), the cross-section reveals large pore areas and
large particle clusters (Fig. S3).

The surface of the PTE with the commercial Magnéli phase
catalyst (Fig. 2d) shows a fine particle network, which is also visible
in the cross-sectional image (Fig. S1). However, there are also big
particles (1–3 μm) present. An energy-dispersive X-ray spectro-
scopic scan (EDXS) revealed that these clusters consist of titanium
and oxygen, which fits to the catalyst description of the manufac-
turer. To our surprise, the EDXS also revealed the existence of
iridium within the catalyst layer. As the iridium containing particle
clusters are sparsely distributed and also contain titanium and
oxygen, we believe that they are made of a binary transition metal
Magnéli phase with Ti and Ir. Despite the existence of iridium, we
classify this catalyst as PGM-free, since the electrochemical activity
of this material is based on its distinct crystallographic structure (cf.
low ORR activity Fig. 9).

The structure of the PTE with Pt/C (Figs. 2e) and S5) prove a
homogeneous distribution of the catalyst and a homogeneous pore
network. Like the Pt/C and Magnéli phase catalysts, IrO2 was also
obtained commercially. The resulting particle-pore network using
IrO2 is similar to Pt/C (Fig. S2). However, the surface already
implies a rougher surface structure of the catalyst layer. Although
the thickness of the other catalyst layers was not determined, the
cross-sectional image of the IrO2 PTE shows by far the thinnest
catalyst layer (Fig. S2). In this particular cross-section, the thickness
is only 2–5 μm.

Polarisation behaviour and kinetics.—The polarisation beha-
viours of the five investigated cell configurations are shown in
Fig. 3a). The five curves can be divided into two groups. The three
polarisation curves with the lower cell voltage show a good
polarisation behaviour whereas the other two curves with higher
cell voltages perform rather poor.

In the group of the well performing cells, the configuration with
the state of the art cathode catalyst Pt/C shows the lowest cell
voltage over the whole current density range. At low current
densities, the polarisation behaviours using IrO2 and the Magnéli
phase at the cathode are very close to Pt/C. With increasing current
densities, the cell voltages using these two catalyst are approxi-
mately 100 mV higher than with Pt/C. When the current density at
2 V is related to the total catalyst mass, the differences become more
apparent. When IrO2 and the Magnéli phase are used, mass specific
currents of 0.46 A mg−1 and 0.48 A mg−1, respectively, are ob-
tained. With Pt/C, the highest current (0.87 A mg−1) is achieved at
this voltage.

The cells with the two carbon-based cathode catalysts (N-doped
CNT and [Mo3S13]

2−@N-CNT) have higher cell voltages over the
entire current density range than the well performing configurations.
Up to approximately 0.8 A cm−2, the cell with [Mo3S13]

2−@N-CNT
shows lower cell voltages than with N-doped CNT. Above this value
and intensifying with increasing current density, the cell with N-
doped CNT performs better. This divergence in the polarisation
behaviour of the cells can be partly dedicated to increases in R ,HF as
shown in Fig. 3b). In their work, Holzapfel et al.32 used the same
[Mo3S13]

2−@N-CNT cathode catalyst in a full PEM cell setup. A
similar cell polarisation behaviour was achieved using a Nafion 115
membrane (ca. 2.1 V at 1 A cm−2 vs 2.25 V in this work).

The high frequency resistances show a strong current dependency
(Fig. 3b). The curves can be grouped similarly to the polarisation
curves in Fig. 3a). At current densities close to zero, the high

Figure 3. Measured polarisation curves in a), high frequency resistances
RHF in b) and iRHF-corrected cell voltages in c) of the five cell configurations,
each with another cathode electrocatalyst at 80 °C and ambient pressure.
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frequency resistances of the good performing catalysts are close to
one another. For these three catalysts, RHF increases with increasing
current density. However, the absolute increase for Pt/C is very
small compared to the other configurations. The increase when using
IrO2 is noticeably steeper and ends at higher RHF values than the N-
doped CNT.

The cells using the carbon-based catalysts show significantly
higher RHF values compared to the well performing cells. However,
the resistances are decreasing with increasing current density. This
observation can be explained by the poor polarisation behaviour of
these catalysts, which is mainly caused by high overpotentials for the
HER. The insufficient cathode kinetics result in more heat produc-
tion with increasing current density, as shown in Fig. 4. For the two
carbon-based catalysts, a temperature increase of approximately 5 K
was measured at the cathode endplates, whereas the endplate
temperatures of the better performing catalysts remained almost
constant over the investigated current range. As the increase in
temperature has a positive effect on the ionic conductivity of the
membrane, a decrease in RHF can be observed.38

Theoretically, the ohmic resistance contains the protonic trans-
port resistance within the membrane, the electric resistance of the
PTLs as well as of the metallic bulk material, and interfaces within
the cell, and, depending on the location of the reaction zone within
the catalyst layer, also protonic and electric losses in the catalyst

layer. Normally, the main part of the measured high frequency
resistance is related to the protonic losses of the membrane. As the
used membrane is identical in all cases, the high frequency
resistances should be similar in all cell configurations. For Nafion
115, RHF values between approximately 115 mΩ cm−2 20 and
140 mΩ cm−239 were reported. As the measured values in this work
(Fig. 3b) lay above the reported values, it can be assumed that more
than just the protonic resistances resulting from the membrane were
measured. As shown in the previous section, both the surface
structure and the catalyst layer structures differ from one another.
The catalyst layers with Pt/C, IrO2 and the Magnéli phase catalyst
have a more homogeneous character than the two carbon based
catalysts. These differences in structure and the different electronic
properties of the catalyst materials also contribute to the measured
RHF as stated above. The observed trend in the catalyst layer
structures gives hints for possible reasons. As mentioned above,
the three well performing catalysts show similar RHF values at low
current densities and then increase. The increase for IrO2 is the
highest. The SEM images (cf. surface images in Fig. 2 and cross-
sections in Figs. S1 to S5) revealed that this catalyst layer was very
thin compared to the others. The different surface structures might
have an impact on the resulting contact resistances. The significance
of smooth interfaces between the catalyst layer and the membrane
for low RHF values was reported previously.40,41

A correction of the polarisation curves by iRHF leads to the graphs
shown in Fig. 3c). The grouping of the cells remains the same as
before. The well performing cathode catalysts are overlapping in the
activation regime up to 0.5 A cm−2. From there, the cells containing
IrO2 and the Magnéli phase show additional voltage losses compared
to Pt/C. The two curves showing the carbon-based catalysts are
barely overlapping in the activation regime and cross each other at
1.2 A cm−2. Since the loading of the state of the art catalyst, Pt/C, is
three times lower than that of the other catalysts, the mass specific
current was also considered (cf. Fig. S6 in supplemental informa-
tion). There, the well performing catalysts show the same activation
behaviour at small currents. Thus, it can be assumed that the cell
kinetics using IrO2 and the Magnéli phase are still comparable to that
of platinum.

The Tafel plot can be obtained from these data when °Ucell is
subtracted according to Eq. 2 and depicting the abscissa logarith-
mically. The resulting Fig. 5 contains further indicators for the
divergences in the polarisation behaviour, besides increases in R .HF
It can be assumed that in the low current density region the
overpotentials are dominated by activation processes and that mass
transport limitations do not exist until at least a current density of
0.1 A cm−2. One can obtain the Tafel slope by fitting η against the
logarithmic current density between 0.01 A cm−2 and 0.1 A cm−2.
For the N-doped CNTs a fitting interval between 0.01 A cm−2 and
0.03 A cm−2 was chosen for retaining linearity. From the increasing
differences between the extrapolated fits to higher current densities
(dashed lines in Fig. 5) and the data sets, other losses such as mass
transport resistances and ohmic losses within the catalyst layer can
be read.20,42 In the state of the art cell setup with IrO2 as anodic
catalyst and Pt/C as cathodic catalyst, it is assumed that ηact is
dominated by the slow oxygen evolution kinetics, whereas the
cathodic voltage losses are assumed to be negligible. In this case, the
slope in the Tafel representation at low current densities is solely
associated to the anode kinetics.

In the present study, this assumption needs to be reassessed. As
displayed in Fig. 5, the slopes of the well performing catalysts (Pt/C,
IrO2 and the Magnéli phase) are very close to one another (about 50
to 60 mV dec−1). Assuming that the voltage losses due to the anodic
oxygen evolution reaction is the same in all cases and overlap with
the hydrogen evolving kinetics, the similar slope indicates similarly
fast hydrogen evolution kinetics.

The slopes of the carbon based catalysts are significantly higher
compared to the other three catalysts (about 130 mV dec−1 for
[Mo3S13]

2−@N-CNT and 180 mV dec−1 for N-doped CNT).

Figure 4. Temperature recorded at the cathodic endplate as a function of the
applied current density.

Figure 5. Semi-logarithmic plot of the remaining overpotentials as a
function of the current density. The fitted Tafel slopes are extrapolated
with dashed lines.
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Evidently, the hydrogen evolution kinetics are far slower using these
catalysts. In this case, the assumption that the fitted slopes can be
assigned completely to the oxygen evolution reaction is not valid
anymore. A proper separation of the slope into an anodic and cathodic
contribution is not possible as no half-cell potentials were measured.

Further explanations for the different polarisation behaviours of
the catalysts can be taken from the electrochemical impedance
spectra shown in Fig. 6. The shown impedance spectra were
measured at low current densities and represent a kinetically
dominated at 100 mA cm−2 (Figs. 6a) and 6b) and a resistively
dominated region of the cell behaviour at 500 mA cm−2 (Figs. 6c)
and 6d). The amplitude responses were corrected by RHF in order to
allow a more detailed comparison of the catalysts.

The amplitude responses at low frequencies describes the charge
transfer resistance R .CT With increasing current density, RCT decreases
due to higher reaction rates at the electrodes.43–45 At both current
densities, the amplitude responses of Pt/C, IrO2 and the Magnéli phase
catalyst are almost identical. In comparison, the low frequency
amplitude of the carbon-based catalysts ([Mo3S13]

2−@N-CNT and N-
doped CNT) are higher. At 100 mA cm−2, the amplitude of N-doped
CNT is about 1 Ω cm2 higher than the value for Pt/C whereas the value
of [Mo3S13]

2−@N-CNT lays in between. At 500 mA cm−2, the low
frequency amplitudes of both carbon-based catalysts approach one
another. However, the amplitude of the nanotubes at 0.1 Hz is lower
than of [Mo3S13]

2−@N-CNT.
Similar to the preceding analysis of the Tafel plots (Fig. 5), the

integral cell impedance cannot be resolved into an anodic and
cathodic contribution. Generally, it is assumed that the sluggish
oxygen evolution reaction also dominates the cell impedance.46–48

As the anodes and the respective anodic interfaces are identical in
every cell, changes in the impedance spectra can be attributed to the
different cathode catalysts, other interface and mass transport
characteristics. Thus, it is reasonable to attribute the divergences
in the amplitude responses at low current densities to varying charge

transfer and interface resistances at the cathode. These resistances
seem to be similar for the PGM catalysts and the Magnéli phase
catalyst, whereas the resulting values for the carbon-based catalysts
are higher. The lower the charge transfer resistance is, the faster is
the kinetics of the respective reaction. In this case, the HER kinetics
of the Pt/C, IrO2 and the Magnéli phase catalyst are the fastest,
followed by [Mo3S13]

2−@N-CNT. The HER kinetics on N-doped
CNT are the slowest.

Figures 6b and 6d show the phase response of the impedance
spectra at 100 mA cm−2 and 500 mA cm−2, respectively. Usually,
positive phase values are neglected during analysis of the impedance
data because they are assumed to be caused by inductive effects of
the measurement setup (e.g. cables). Therefore, the phase plots only
show negative values. Herein, deviations between the catalysts and
between the current densities can be observed. At 100 mA cm−2

(Fig. 6b), the phase response of all cell configurations, except when
using N-doped CNT, are similar. For the PGM catalysts and the
Magnéli phase catalyst, only one distinct minimum in the phase shift
at approximately 20 Hz can be observed. For [Mo3S13]

2−@N-CNT
the minimum at higher frequencies is more pronounced as for the
other catalysts. In the phase response of N-doped CNT, there are
also two overlapping minima which are shifted to higher frequencies
and higher absolute phases compared to the other cell configurations.
This is a result of the higher cathodic charge transfer resistance as
seen in Fig. 6a and a lower capacitance compared to the other
catalysts. A lower capacitance also explains the frequency shift of
the intersection with the abscissa to higher frequency values.45

The phase responses at 500 mA cm−2 (Fig. 6d) generally show
lower phase values than at the lower current density. This is a result
of lower charge transfer resistances of the electrodes with increasing
current density. The cell configurations with Pt/C, IrO2 and the
Magnéli phase catalyst again show a qualitatively similar phase
response. In contrast to 100 mA cm−2, another phase minimum at
frequencies below 1 Hz is present. This might be attributed to

Figure 6. Presentation of the electrochemical impedance data in Bode plots. The RHF-corrected amplitudes ∣Z∣ at 100 mA cm−2 and 500 mA cm−2 are shown in
a) and c), respectively. The corresponding phase responses at 100 mA cm−2 are displayed in b) and at 500 mA cm−2 in d).
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changes of the mass transport, possibly caused by different electrode
structures. As seen in the SEM images (Fig. 2), the surfaces of these
three catalysts were noticeably smoother than of the carbon-based
catalysts. The carbon-based catalysts show only one distinct phase
minimum at higher frequencies with a higher absolute value. As seen
in Fig. 6c), RCT of [Mo3S13]

2−@N-CNT is higher than of N-doped
CNT. Due to the deposition of the CNTs with [Mo3S13]

2−, the
surface area of [Mo3S13]

2−@N-CNT is assumed to be higher than
the surface area of the bare CNTs. As the capacitance correlates with
the surface area, a higher capacitance follows for
[Mo3S13]

2−@N-CNT. This results in a lower frequency for the
phase minimum.

These findings could be proven by ex situ LSV in a RDE-setup
(Fig. 7) in which the activity of the HER was measured. The
observed trend in electrocatalytic activity for the HER is similar to
the previously described data obtained from the Tafel plots in Fig. 5.
Figure 7 clearly shows that Pt/C has the highest activity, followed by
IrO2 and the Magnéli phase. Although these three catalysts show
different half-cell polarisations, they result in very similar polarisa-
tion behaviours in full cells (cf. Fig. 3 and Fig. 5). Apparently, the
OER is still the limiting reaction when using these cathode catalysts.
In contrast, the carbon-based electrocatalysts need high overpoten-
tials to let the hydrogen evolution reaction occur (Fig. 7). In terms of
the full cell polarisation behaviour (cf. Fig. 3), this results in a shift

towards higher voltages. In contrast to the work of Holzapfel et al.,32

the activity of [Mo3S13]
2−@N-CNT in this work is far lower. They

assume that the catalyst passes a structural transformation at current
densities higher than 2 A cm−2, which leads to an enhanced
electrochemical activity. Therefore, it can be possible that the
catalyst in this work was not fully activated which would explain
the low activity towards the HER. However, these findings can only
give a theoretical indication, since the real performance is only
visible in full cell experiments.

Oxygen crossover.—The measured oxygen content in the hy-
drogen product gas, which was determined by gas chromatography,
is shown in Fig. 8. Generally, the cells with PGM cathode catalysts
show lower oxygen in hydrogen contents than the PGM-free
configurations. For the well performing cell configurations (Pt/C,
IrO2 and Magnéli phase) the oxygen in hydrogen content is
increasing with increasing current density. The measured oxygen
contents for the two carbon-based catalysts remains almost constant
over the investigated current range.

The cells using the PGM catalysts (Pt/C and IrO2) show the
lowest oxygen content. Additionally, the lowest cell voltages were
obtained with these catalysts (cf. Fig. 3). It was expected that the
oxygen volume fraction using Pt/C is low, because platinum is a
good catalyst for the recombination of hydrogen and oxygen to
water. Consequently, the major part of permeated oxygen recom-
bines with evolving hydrogen. Below 1 A cm−2, the measured
oxygen fraction using IrO2 is lower than with Pt/C. An explanation
could be the catalyst loading of IrO2, which is three times higher
than the loading of Pt/C. It can be assumed that the surface area and
thus, the number of active recombination sites, is higher. This
eventually leads to a lower oxygen in hydrogen fraction at low
current densities.

The measured oxygen content using N-doped CNT is higher than
with the PGM catalysts. They approach similar contents at
2 A cm−2. Compared to the bare nanotubes, the values using
[Mo3S13]

2−@N-CNT are shifted to slightly higher oxygen in
hydrogen volume fractions. Up to approximately 0.6 A cm−2, the
cells with the Magnéli phase catalyst and [Mo3S13]

2−@N-CNT
show similar oxygen contents. A further increase of the current
density results in a significant increase of the oxygen content when
using the Magnéli phase catalyst. At 2 A cm−2, the measured oxygen
content in hydrogen with this catalyst is more than the fivefold value
of Pt/C. From these results the recombination properties of the
catalysts can be estimated qualitatively. The Magnéli phase catalyst
appears to have the lowest activity, whereas the PGM catalysts (Pt/C

Figure 7. Catalyst-specific hydrogen evolution activity measured with linear
sweep voltammetry in N2-saturated sulfuric acid solution (0.5 M), a rotation
speed of 1000 rpm and a sweep rate of 15 mV s−1. The catalysts were
collected from the PTEs after full cell experiments.

Figure 8. Measured oxygen in hydrogen volume fractions through Nafion
115 at 80 °C and ambient pressure.

Figure 9. Catalyst-specific oxygen reduction activity measured by linear
sweep voltammetry in O2-saturated perchloric acid solution (0.1 M), a
rotation speed of 1600 rpm and a sweep rate of 5 mV s−1. The catalysts
were collected from the PTEs after full cell experiments.
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and IrO2) have a high recombination activity. The recombination
activities of the two carbon-based catalysts should be somewhere in
between.

This trend in recombination activity is supported by ex situ
measurements, in which the ORR activity was determined by LSV
(Fig. 9). The recombination of hydrogen and oxygen can occur via
an electrochemical or a chemical pathway. In the used full cell setup,
probably both pathways occur simultaneously. On electrically
isolated particles, only the chemical pathway proceeds. We have
tried to measure the chemical recombination rate by flushing the
cathode side of the unpolarised cell with an O2 in H2 mixture of
known concentration. Unfortunately, our setup was either not
sensitive enough to measure changes in the gas composition or
this approach was unable to mimic the experimental conditions in
the cell during electrolysis.

As seen, the measurement of the pure chemical recombination
rate is quite difficult and needs special experimental setups.
Therefore, the activity for the oxygen reduction reaction of each
catalyst will be used as a measure for their recombination activities.

According to Sabatier’s principle, the interaction between a
catalyst and the reactants should be neither too strong nor too
weak. Platinum fulfils this requirement for hydrogen and oxygen.
Consequently, it is the state of the art catalyst for hydrogen
evolution, hydrogen oxidation and oxygen reduction.4,49,50

Therefore, we assume that catalysts which show a high activity for
the ORR also show high activities for the chemical recombination of
hydrogen and oxygen.

The kinetics for the oxygen reduction reaction were determined
similarly to the determination of the hydrogen evolution activity in
the previous section (cf. Fig. 7). The results of the LSV measure-
ments are displayed in Fig. 9. In general, the measured currents are
significantly lower compared to the hydrogen evolution. This is
caused by the complex, sluggish oxygen reduction kinetics which
are accompanied by higher overpotentials. The state of the art
cathode catalyst (Pt/C) shows the highest onset potential for the
oxygen reduction reaction. IrO2, N-doped CNT and
[Mo3S13]

2−@N-CNT have a poorer activity for the ORR compared
to platinum. The Magnéli phase catalyst shows almost no activity for
the reaction, although a small amount of the mixed Ti-Ir phase exists
alongside the pure Ti Magnéli phase. Thus, the electrocatalytic
activity for the ORR according to the LSV measurements decreases
in this order: Pt/C > IrO2 > N-doped CNT > [Mo3S13]

2−@N-CNT
>Magnéli phase. This qualitative trend in ORR activities fits well to
the results in Fig. 8.

As already mentioned, the measured oxygen in hydrogen fraction
using IrO2 is lower than using Pt/C, although the ORR activity of Pt/
C is higher. However, it has been reported elsewhere4,51 that the
activity of metallic Ir and IrO2 regarding the oxygen reduction
cannot compete with platinum. This explains the differences of the
two PGM catalysts in Fig. 9 and at current densities above 1 A cm−2

in Fig. 8. Nonetheless, IrO2 is a quite good HER catalyst as shown in
the previous section. This is explained by a high affinity of the oxide
surface to hydrogen, which is even higher compared to
platinum.24–26

In contrast to the HER activity, the bare CNT catalyse the ORR
better than the [Mo3S13]

2−@N-CNT. The role of doped carbon
catalysts as a noble metal free alternative for the oxygen reduction
reaction is of high interest in the field of PEM fuel cell research. In
theirs review of using such catalysts in PEM fuel cells, Klingele et
al.52 and Liu et al.53 explain the enhanced ORR activity of doped
carbon materials with the polarisation of bonds. Introducing het-
eroatoms such as nitrogen into the graphitic structure results in a
polarisation of the bonds neighbouring the dopant atom. It is
assumed that the adsorption at such polarised carbon atoms facil-
itates oxygen adsorption, which leads to an enhanced ORR activity.
As the application of the [Mo3S13]

2−
–clusters onto the CNTs may

block some of the active sites for oxygen adsorption, the decreased
ORR activity in comparison to the bare CNTs can be explained. The
catalytic activity of graphitic carbons for the recombination of
hydrogen and oxygen is known in literature.54,55

Figure 10 shows the measured cathodic oxygen flux NO
c,out

2

calculated from the data displayed in Fig. 8 according to Eq. 4.
The measured oxygen fluxes increase with increasing current
density. This phenomenon was measured and explained in previous
works by Trinke et al. for both hydrogen and oxygen
crossover.5,19,23 The higher the aforementioned recombination
activity of the used cathode catalyst is, the lower is the value of
N .O

c,out
2

In a previous work, Trinke et al.23 demonstrated the current
dependency of oxygen crossover using Pt and a Pt-free cathode
catalyst. The results show the same qualitative trend as in this work:
The measured oxygen crossover flux with Pt-free catalysts is higher
than with Pt.

Further, the diffusional oxygen flux NO
diff

2
from anode and

cathode, as defined in Eq. 5, is shown in Fig. 10(dashed line). As
mentioned previously, the permeation of oxygen not only proceeds
by diffusive transport but also by convection. However, the ratio of
both transport mechanisms during water electrolysis operation
cannot be distinguished, since both occur simultaneously and
additionally, the amount of recombined oxygen in unknown.
Therefore, NO

diff
2

should be measured at minimum when no perme-
ated oxygen recombines with hydrogen. However, this is not the
case no matter which catalyst was used. Consequently, the difference
between NO

diff
2

and the actually measured oxygen flux corresponds to
the minimum amount of recombined oxygen. The more active a
cathode catalyst was determined for the recombination reaction, the
longer the curve falls below this theoretical minimum value. For Pt/
C and IrO2, 1 A cm−2 needs to be exceeded in order to measure
higher values than N .O

diff
2

Using the Magnéli phase as a catalyst,
0.4 A cm−2 suffices to cross the theoretical value. Although the
Magnéli phase catalyst barely showed an activity for the oxygen
reduction reaction (cf. Fig. 9), the remaining catalytic activity seems
to be high enough to let the permeated oxygen recombine almost
completely at low current densities.

Further reasons for the current dependency of measured oxygen
crossover can be found in the rate law for the chemical recombina-
tion reaction. If a rate law according to Eq. 6 is assumed for the
recombination, then the recombination rate rrec can be influenced by
the concentration of hydrogen cH2 or by the concentration of oxygen

Figure 10. Cathodic oxygen flux through Nafion 115 at the cathode cell
outlet using the different cathode electrocatalysts at 80 °C and ambient
pressure.
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c .O2 Both concentrations are influenced by the current density. As the
concentration of hydrogen at the cathode can be assumed as
overstoichiometrically high, the reaction rate solely depends on c .O2

= · · [ ]r k c c 6x y
rec rec H O2 2

The high hydrogen flux at high current densities leads to a shorter
residence time of permeated oxygen in the cathodic compartment.
Hence, the time for recombination is higher at lower current
densities. Further, the increasing reaction rate for the hydrogen
evolution with higher current densities leads to an occupation of
more catalytically active sites. The recombination reaction is
suppressed by the ongoing adsorption of hydrogen. From the
electrochemical point of view, it can be possible that the cathodic
potentials may differ when comparing the different catalysts, as the
hydrogen evolutions kinetics differ as well. There might be a
dependency of the recombination and the cathodic potential.

Up to this point, it can be concluded that both N-doped CNT and
[Mo3S13]

2−@N-CNTs show far slower hydrogen evolution kinetics,
but the recombination activities remain high enough to let permeated
oxygen recombine with hydrogen. The Magnéli phase catalyst is the
only PGM-free catalyst showing similar HER kinetics as Pt, while
its recombination activity is the lowest of all investigated catalysts.
In order to evaluate the amount of permeated oxygen from the anode
to the cathode during electrolysis, a cathode catalyst with a low or no
recombination activity has to be used. Up to this point, only the
Magnéli phase catalyst seems to be a proper catalyst for measuring
the oxygen crossover during electrolysis while maintaining a good
cell polarisation. However, the real amount of permeated oxygen is
probably far higher than the results indicate.

Recombination properties of carbon-based porous transport
layers.—As seen in the previous section, the two carbon-based catalysts
showed quite good recombination properties, as their onset potentials for
the ORR (Fig. 9) was only slightly lower than of IrO2 and Pt/C and the
measurable oxygen crossover was lower than the minimum diffusional
crossover through a Nafion membrane (Fig. 10). As CNTs consist of
graphitic carbon and as the state of the art PTLs for the cathode usually
are made out of conductive, graphitic carbon, we wondered if the PTL
material itself also shows a measurable catalytic activity for the
recombination of oxygen and hydrogen to water.

For this study, the Magnéli phase catalyst was applied on the
uncoated side of the half-coated CCM to obtain a “normal” catalyst
coated membrane. The catalyst was chosen as it showed the lowest
activity for the recombination reaction. For the characterisation of

the recombination properties of the PTL, the PTL material was
varied: a carbon PTL with MPL (high surface area), the same PTL
without MPL and a PTL made out of Ti-fibres. We assume that the
titanium substrate will not catalyse the recombination reaction as the
adsorption energy of hydrogen on titanium is too high.4

The measurement of oxygen in hydrogen content followed the
same procedure as with the PTEs. The resulting oxygen fluxes at the
cathode cell outlet are displayed in Fig. 11. In comparison to the
measured oxygen flux with the Magnéli phase PTE in Fig. 10, the
qualitative trend using the CCMs is rather linear with current
density. The discrepancies between the PTE and CCM data is
probably caused by different structures of the catalyst layer due to
the manufacturing process.

As expected, the carbon-based PTLs show lower oxygen fluxes
than the Ti-PTL and thus, we can assume that carbon-based PTLs
have a noticeable catalytic activity for the recombination reaction.
Moreover, it can be assumed that the higher the surface area of the
PTL is, the more recombination sites exist. As the surface area of the
PTL with MPL is higher than without the MPL, the lower oxygen
flux when using the PTL with MPL can be explained. However, the
diffusional oxygen flux at low current densities is again not reached.
This is another indicator that the recombination properties of the
used Magnéli phase catalyst are high enough to let the permeated
oxygen recombine with hydrogen at low current densities.

Conclusions

In this work, two PGM and three PGM-free cathode catalysts for
PEMWE were characterised regarding their electrochemical polar-
isation behaviour and their catalytic properties towards the hy-
drogen-oxygen recombination reaction. The investigated PGM
catalysts (Pt/C and IrO2) have shown the lowest cell voltages over
the investigated current density range, whereas the usage of the two
carbon-based PGM-free electrocatalysts (N-doped CNT and
[Mo3S13]

2−@N-CNT) resulted in the highest cell voltages.
Interestingly, the cell polarisation of the third PGM-free catalyst,
namely Magnéli phase, was comparable to the PGM catalysts. The
analysis of the cell voltage implied that the HER kinetics on the
carbon-based catalyst have to be slower compared to the PGM
catalysts. Further, the integral cell impedance spectra and ex situ
LSV measurements for determining the HER activity prove the
assumption of different HER kinetics.

The recombination properties of the five cathode catalysts were
investigated by measuring the amount of permeated oxygen from the
anode to the cathode by gas chromatography and by ex situ LSV
measurements for determining the ORR activity. It was shown that
catalysts with high ORR activities are better recombination catalysts
as the measured oxygen in hydrogen content was lower than with
using poor recombination catalysts. Using the Magnéli phase
catalyst showed the highest oxygen in hydrogen fraction and
concurrently the lowest ORR activity.

The relatively low measured oxygen contents when using the
carbon-based catalysts raised the question if the commonly used
carbon-based PTLs at the cathode also are catalytically active for the
recombination of hydrogen and oxygen. For this additional study,
CCMs with the Magnéli phase as cathodic catalyst were fabricated.
The measured oxygen flux in the cathodic product gas showed lower
fluxes with carbon PTLs than with a Ti-PTL. Further, it was shown
that C-PTLs with larger surfaces (e.g. with MPL coating) exhibit
more recombination sites than without a MPL.

However, the theoretical minimum oxygen flux caused by
diffusion could not be reached in any configuration at current
densities close to zero. This implies that even poor recombination
catalysts, such as the Magnéli phase, are active enough to let an
unknown amount of permeated oxygen recombine with hydrogen.
The real amount of permeated oxygen is probably far higher than the
results indicate. For a deeper understanding of the real oxygen
crossover in PEM water electrolysis, an even more inactive catalyst

Figure 11. Cathodic oxygen flux through Nafion 115 using the Magnéli
phase catalyst and different gas transport layers at the cathode at 80 °C and
ambient pressure.
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and an inactive PTL need to be used. Finding proper materials for
this kind of study will be challenging.

In summary, it can be concluded that PGM-free cathode catalysts
that can compete with the polarisation behaviour and HER kinetics
of platinum, already exist. The recombination of permeated oxygen
with evolving hydrogen will be reduced, which will lead to unpure
hydrogen and inevitable processing of the product. However, the
produced hydrogen gas is purified in the most cases anyway. Further,
the long term stability of PGM-free catalysts needs to be assessed in
future studies. An investigation of the mechanism of the recombina-
tion reaction on these catalysts is also of interest, as radical
intermediates might be formed. The formation of reactive inter-
mediates is undesirable, as they lead to a chemical degradation of the
ionomer. Consequently, the possible advantage of the reduced
radical formation needs to be investigated further in order to find
alternative and cheap PGM-free cathode catalysts (e.g. Magnéli
phase) to eventually replace platinum.
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6 Optimized Recombination
Interlayer for Lower Anodic
Hydrogen Contents

In section 2.2.4, several mitigation strategies for reduced gas crossover were presented.
One known and well-working strategy is the implementation of a recombination catalyst,
such as platinum, as an interlayer in the membrane. In a previous work of Klose et al.[125],
the authors gave a theoretical examination of the impact of the interlayer position in the
membrane on the resulting hydrogen in oxygen content. The assessment predicted that
depending on the desired operating conditions (e. g. symmetric or asymmetric pressure),
the position of the interlayer must be well chosen in order to achieve the greatest reduction
of the hydrogen content. This conclusion raised the last research question, dealing with
the optimized design of a recombination interlayer.

Research Question 5: What is important for the design of a recombination interlayer
within the polymer electrolyte membrane?

The research question is investigated in a peer-reviewed short communication entitled
“Proving the Importance of Pt-Interlayer Position in PEM-WE Membranes for the Effective
Reduction of the Anodic Hydrogen Content” (J. Electrochem. Soc. 168(9):094509, 2021). The
original article follows behind these introductory and summarizing paragraphs on the
concept and key findings of the article.

Based on the theoretical examination of Klose et al.[125], the impact of the platinum
interlayer position on the resulting anodic hydrogen content is investigated experimentally
in this contribution. For this, three CCMs with interlayers at different positions (close to
the cathode, in the middle, close to the anode) and a reference CCM without interlayer are
fabricated. Then, the CCMs are analysed with regard to their electrical performance and
their hydrogen crossover characteristics at various asymmetric pressure conditions.

The analysis of the obtained polarisation curves reveals that the implementation of a
platinum interlayer results in a comparable performance, without a noticeable impact
on the membrane resistance. Even at the maximum current density of 3.6 A cm−2, a cell
voltage of 2 V is not exceeded. This is an important property to be competitive with
membranes without an interlayer. Moreover, the measurement of the anodic gas composi-
tion at ambient pressure conditions reveals that any CCM with an interlayer reduces the
anodic hydrogen content compared to the CCM without interlayer. At increased cathode
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pressures, the impact of the interlayer position is pronounced clearly. The CCM with an
interlayer close to the cathode barely achieves a significant reduction of the hydrogen
content, whereas the content is cut in half with the interlayer in the middle. The greatest
reduction to almost zero percent hydrogen in oxygen is achieved with the interlayer
positioned closely to the anode. This is explained with the gradient in the oxygen con-
centration in the membrane, decreasing from anode to cathode. Therefore, less oxygen is
present for the recombination reaction at the interlayer close to the cathode.

Moreover, it is shown that the available oxygen concentration for the recombination
cannot only be controlled by the interlayer position, but also by increasing the anode
pressure. Higher anode pressures result in a higher overall oxygen concentration within
the membrane, which makes the recombination reaction more effective at every interlayer
position. Hence, the anodic hydrogen content is reduced even further, especially at low
current densities.

With regard to the research question, it is summarized that the position of a recombina-
tion catalyst interlayer in the membrane has a significant impact on the effectiveness of the
recombination reaction. An interlayer positioned closely to the anode achieves the greatest
reduction of the anodic hydrogen content at asymmetric pressure conditions (cathode
pressure is higher than anode pressure), which is valuable for keeping safe gas mixtures.
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Gas crossover through the membrane poses a significant challenge to proton exchange membrane water electrolysers. This work
investigates the influence of the position of platinum-based recombination interlayers integrated in the membrane on the anodic
hydrogen in oxygen content. The results show that all interlayer positions reduce the anodic hydrogen content without performance
losses compared to the reference without interlayer. However, an interlayer positioned closer to the anode is more effective than
closer to the cathode. Further, the effect of the interlayer is more pronounced with increasing anode pressure.
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Proton exchange membrane water electrolysis (PEMWE) is an
emerging technology for the production of green hydrogen. Major
technology goals are improved system reliability especially in
dynamic operation, the operation at elevated cathode pressure, and
the reduction of membrane thickness.1–3 However, with increasing
operating pressure as well as with decreasing membrane thickness,
hydrogen crossover from cathode to anode through the membrane
increases4–6 and results in the formation of explosive gas mixtures
for H2 in O2 contents above 4 vol.%.7 Therefore, PEM electrolysers
are typically operated up to a safety limit around 2 vol.% H2 in
O2.

1,3,7,8 Research activities have focused on different strategies to
limit the H2 in O2 content in PEM electrolysers,6 e.g. by integrating
recombination catalysts i) in the gas separator,8 ii) directly on the
anode9 or iii) inside the membrane.10 The latter work has shown that
a platinum interlayer reduced the anodic H2 in O2 content sig-
nificantly. It also provided a theoretical assessment of the ideal
position of a recombination layer for the reduction of both, hydrogen
and oxygen gas fluxes across the membrane.

The present work studies the influence of the Pt-interlayer
position on the H2 in O2 content experimentally. Catalyst coated
membranes (CCMs) with recombination interlayers (IL) close to the
anode (IL_an), in the middle (IL_mid), close to the cathode (IL_cat)
and a reference without interlayer (no_IL) were fabricated and
examined regarding their polarisation behaviour and hydrogen
crossover properties at different pressure conditions.

Materials and Methods

Catalyst Coated Membranes.— Spray-Coating of Membranes.—A
spray coater (Sono-Tek) was used to fabricate Nafion membranes onto
a PTFE substrate. A dispersion of Nafion D2021 (FuelCellStore) and
isopropanol in a weight ratio of 3.34/10 was mixed. For the Pt-
interlayers, a mixture of Pt-nanoparticles (Sigma-Aldrich, particle size
< 50 nm), Nafion D2020 (FuelCellStore) and isopropanol in a weight
ratio of 0.0043/1.43/10 was stirred for 48 h. Nafion layers were
sprayed with a flow rate of 0.9 ml min−1 and a nozzle speed of
100 mm s−1 at 65 °C to ensure complete solvent evaporation. For
no_IL, 36 consecutive spray runs were conducted. For IL_an and

IL_cat, 30 spray runs were performed, while 17 runs were required for
IL_mid. Subsequently, the Pt-interlayer was deposited in 22 runs with
a flow rate of 0.3 ml min−1 and a nozzle speed of 140 mm s−1. A
second Nafion layer was then deposited on top of the membranes
(IL_an and IL_cat in 4 runs; IL_mid in 17 runs). The Pt-loading was
determined based on the weight gain as 0.01 mgPt cm

−2. The final
membrane thickness in the dry state yielded 110 ± 5 μm.

Electrode Fabrication.—Decal electrodes with loadings of 0.16 ±
0.05 mgPt cm

−2 (with I/C = 0.65) for the cathode and 2 ± 0.3 mgIr
cm−2 (with I/C = 0.13) for the anode were fabricated using Nafion
D2021 (FuelCellStore) as binder, TEC10V40E (Tanaka) as cathode
catalyst and Elyst Ir75 (Umicore) as anode catalyst. CCMs were
fabricated by hot pressing 4 cm2 electrodes onto the membranes at
160 °C at a pressure of 2 MPa for 5 min.

Test Setup.—Cell Assembly.—The used 4 cm2 cell, designed by
Fraunhofer ISE,11 is comprised of gold-coated titanium blocks and is
equipped with PEEK isolation frames and flat sealings (60FC-
FKM200, 0.8 mm, Freudenberg). The contact force was monitored
with a load cell (K-14, GM77, Lorenz Messtechnik GmbH).

On the cathode, a carbon porous transport layer (PTL, H23I2,
210 μm, Freudenberg) and on the anode a titanium PTL (1 mm,
grade 1, 2GDL40–1.00, Bekaert) were used. The CCMs were
assembled in dry state in the cell.

Testing Periphery.—The measurements were performed with an
E100 test station (Greenlight Innovation). A BCS815 potentiostat
(BioLogic) was used as current source. The analysis of the dried
anodic product gas with a gas chromatograph (GC, 490 μGC
System, Agilent) is described in Refs. 6, 10 and 12.

As high hydrogen contents were expected at low current densities and
high cathode pressures, the anode product gas was diluted with an
additional flow of oxygen (0.04 g min−1 or NO

dil
2
= 2.167 ∙ 10−5 mol s−1)

applied with a mass flow controller (EL-FLOW Prestige, Bronkhorst)
directly behind the anode outlet.

Measurement Protocol.—After cell assembly, the cell was
mounted into the test station and was conditioned thermally for
1 h at the measurement temperature of 80 °C. Then, the compression
force of 4 kN was applied.zE-mail: boris.bensmann@ifes.uni-hannover.de
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Hydrogen Crossover.—A galvanostatic step profile of eight
current density steps from 0.1 A cm−2 to 3.5 A cm−2 was used for
monitoring the H2 in O2 content via GC. Each current density was
held until a constant GC-signal was reached.

This procedure was repeated for three absolute pressure combi-
nations (pc = 1 bar and pa = 1 bar, pc = 10 bar and pa = 1 bar, pc =
10 bar and pa = 5 bar). At ambient pressure, two cycles were
performed in order to purge the test station.

Polarisation Behaviour.—After the crossover measurements,
polarisation curves were recorded from 0.01 A cm−2 to 3.6 A cm−2

in logarithmic steps until 2 A cm−2 and then with steps of
0.2 A cm−2. The holding time was 10 s per step. For the determina-
tion of the high frequency resistance RHF, each current step was
followed by an electrochemical impedance measurement between
10 kHz and 100 Hz and a current amplitude of 10%. RHF was
obtained by interpolating the Nyquist plots at the intercept with the
real axis. The measurement was repeated three times and the third
cycle was used for evaluation.

SEM Cross-Sections.—Cross-sections of post mortem CCMs
were prepared by embedding the samples in epoxy resin, followed
by grinding and polishing of the embedded samples. The cross-
sections were imaged by SEM (Zeiss Crossbeam 540, BSD detector)
after Au-sputtering.

Results and Discussion

SEM Cross-Sections.—Figure 1 shows cross-sections of the
tested CCMs after disassembly of the cells. The overall membrane
thicknesses range from 110 to 120 μm. The Pt-interlayers show
thicknesses of approximately 7 to 12 μm close to the anode
(Fig. 1b), in the middle (Fig. 1c), and close to the cathode (Fig. 1d).

Figure 1. Cross-sections of (a) no_IL, (b) IL_an, (c) IL_mid, and (d) IL_cat
after electrochemical characterisation. Additional insets with higher magni-
fication for a representation of the Pt-interlayers are provided.

Figure 2. Polarisation behaviour of all investigated CCMs in (a) and their
RHF in (b).
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Polarisation Behaviour.—The measured cell polarisation beha-
viour at 80 °C and ambient pressure is shown in Fig. 2. All CCMs
show similar and good electrochemical performance with voltages
below 2 V even at high current densities (Fig. 2a). The maximum
voltage deviation at 3.6 A cm−2 is 33 mV.

The ohmic resistance of the interlayer membranes are approxi-
mated with the measured high frequency resistance RHF. As
displayed in Fig. 2b), RHF decreases slightly with current density.
This temperature effect was already explained previously.13,14

IL_mid shows the highest RHF (110 mΩ cm2 at 1 A cm−2), whereas
IL_cat shows the lowest value (99 mΩ cm2 at 1 A cm−2). The
differences between the RHF values might be attributed to slight
deviations in membrane thicknesses or tolerances due to cell
assembly. Nonetheless, all measured RHF values comply with
literature values for slightly thicker commercial Nafion membranes
(∼110 mΩ cm2 for N115).12,15 Hence, the incorporation of the
Pt-interlayer into the membrane has no apparent effect on RHF. This
is in contrast to the previous work of Klose et al.10 and may result
from the reduced loading or an improved manufacturing process.

In summary, these results show that the integration and the
position of a Pt-interlayer into the membrane does not significantly
affect the electrochemical polarisation behaviour. The minor devia-
tions provide a good base for evaluation of the CCMs with regards to
their crossover properties.

Hydrogen crossover.—The Pt-interlayers in the membranes are
intended to function as a recombination layer for permeating product
gases. For the evaluation of their recombination abilities, the anodic
hydrogen content is used as a measure. Since the anodic product gas
was diluted with an additional oxygen flux N ,O

dil
2

the measured

hydrogen content at the GC ϕH
GC

2
is described by Eq. 1, where the

evolved oxygen flux equals =
·

N i
O
evo

4 F2
and NH

cross
2

is the hydrogen

crossover flux.

ϕ =
+ +

[ ]
N

N N N
1H

GC H
cross

O
evo

O
dil

H
cross2

2

2 2 2

The real hydrogen content ϕH
real

2
can be determined by converting
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2
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Figure 3 shows the resulting H2 in O2 content for ambient pressure
operation. The hydrogen content follows the expected qualitative
course for all four experiments. As expected, the highest hydrogen
contents are obtained with no_IL. Using IL_cat leads to contents in a
similar range. With the other two samples (IL_an and IL_mid),
noticeably lower hydrogen contents are obtained. The lowest values
are obtained with IL_an. At 3 A cm−2, a reduction of 43% (from
0.14% to 0.08%) was achieved with this CCM. Since hydrogen is
still detected on the anode, the loading of the recombination
catalysts, and thus the available catalyst surface area, might be too
small or the oxygen crossover is not high enough for a complete
recombination of hydrogen at the Pt-interlayer.

The impact of the interlayer positioning on the anodic hydrogen
content is more pronounced at an elevated cathode pressure of 10 bar
combined with atmospheric anode pressure, as seen in Fig. 4. Here,
the content remains the highest when no interlayer is used.

The differences in hydrogen content between the CCMs with and
without interlayer result from the fact that the amount of available
oxygen and hydrogen at the interlayer depends on the interlayer
position. Generally, the total amount of oxygen available by
permeation through the membrane is less than that of hydrogen.
First, the produced amount of oxygen is only half of that of
hydrogen. Second, considering that most of the gas permeates in
the aqueous phase of the membrane, less oxygen than hydrogen
permeates, since the diffusivity of oxygen in water is lower than of
hydrogen.4,16,17 Therefore, it can be assumed that more hydrogen
recombines in the vicinity of the anode due to the higher oxygen
concentration.

Up to this point, it can be summarized that for electrolysis
operation under ambient anode conditions, an interlayer near the
anode achieves the greatest impact regarding the reduction of the
anodic H2 in O2 content. Consequently, the available oxygen amount
at the recombination interlayer is identified as a crucial factor for the
recombination reaction.

In a further experiment, it was therefore investigated how an
increase of the oxygen concentration affects the recombination
efficiency of the different interlayer positions. This was achieved
by elevating the anode pressure from ambient to 5 bar, whereas the
cathode was kept at 10 bar. The resulting hydrogen contents at the
anode are shown in Fig. 4.

The general trend remains: the closer the interlayer is positioned
to the anode, the lower is the resulting H2 in O2 content. Regarding
the reference case without interlayer, the elevation of anode pressure
has only a minor effect, leading to nearly identical hydrogen
contents.

The incorporation of any interlayer leads to a noticeable
reduction of the hydrogen content, especially at low current densities
up to 0.5 A cm−2. Regarding IL_cat, the enhancement of oxygen

Figure 3. H2 in O2 contents of the investigated CCMs at ambient pressure.

Figure 4. H2 in O2 contents at elevated cathode pressure pc = 10 bar and
different anode pressures: pa = 1 bar (filled symbols) and pa = 5 bar (hollow
symbols).
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pressure reduces the hydrogen content by 34% at 0.5 A cm−2

compared to the atmospheric anode operation (from 2.73% to
1.81%). For IL_mid, the enhanced anode pressure even leads to a
reduction of 41% (from 1.63% to 0.96%). It can be assumed that a
further increase in anode pressure will lead to a further reduction of
the anodic hydrogen content if the interlayer is positioned in the
center or closer towards the cathode.

For IL_an, a further reduction of the H2 in O2 content cannot be
observed for higher current densities. Therefore, it can be assumed
that the oxygen concentration at ambient anode pressure is already
sufficiently high for the recombination at high current densities for
this interlayer position. Consequently, at an anode pressure of 5 bar,
there should be sufficient oxygen for a full hydrogen recombination.
This finding emphasizes that the employed Pt-loading in this work is
not high enough for a complete recombination of the permeating
hydrogen flux in comparison to the previous work of Klose et al.10

who used twice the Pt-loading.

Summary

This contribution provides experimental proof for the importance
and the effect of the position of recombination catalyst layers within
PEMWEmembranes for the reduction of the anodic hydrogen content.
It was shown that the polarisation behaviour is not significantly
affected by the Pt-interlayers and their positions. Furthermore, each
CCM with interlayer reduced the measurable anodic hydrogen content
in comparison to the reference CCM without interlayer. As expected
from the theoretical assessment of Klose et al.10 the strongest
reduction was observed with the interlayer close to the anode. This
can be explained by the available amount of dissolved oxygen in the
membrane, which decreases towards the cathode and leads to a higher
recombination rate of hydrogen and oxygen closer to the anode. The
aforementioned theoretical assessment and the experimental results in
this work suggest that a recombination interlayer close to the anode is
recommended, if the hydrogen crossover should be minimized for
maintaining a safe anodic gas composition.

As the available amount of oxygen at the interlayer seems to be the
limiting factor for the recombination reaction, two optimisation
strategies are possible for a PEM electrolyser with recombination
catalysts within the membrane: i) positioning the interlayer close to the
anode, or ii) elevating the anode pressure, to maximize the available
concentration of oxygen at the interlayer. In order to improve the
recombination effect at minimal costs, the position of the interlayer,
the catalyst loading and the operating conditions need to be optimized.

In summary, the results of this study confirm that Pt-interlayers
are a suitable strategy to reduce the H2 in O2 content in PEMWE,

especially for thin membranes and elevated cathode pressures. This
improvement can help to reduce safety issues and consolidate
PEMWE as a key technology for hydrogen generation.
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7 Summary, Conclusion and Outlook

In this chapter, the collected findings are arranged in the context of this work. The purpose
of this thesis is to contribute knowledge on hydrogen and oxygen crossover in PEM water
electrolysis, being a promising technology for the production of green hydrogen. The
consideration of gas crossover is important because it is identified to be a crucial mass
transport phenomenon affecting several development goals for the technology, such as
the material durability, the efficiency and the safe operation of the electrolyzer.

The scientific contribution of this work is structured in five research questions. First,
experimental investigations dealing with the impact of operating variables and design
variables on hydrogen crossover are presented (research questions 1 to 3). Then, ap-
proaches towards the precise measurement of the oxygen crossover during electrolysis
operation are provided (research question 4). Lastly, a study on the optimized design of
recombination interlayers for mitigated gas crossover in PEM water electrolysis is shown
(research question 5). Below, each research question is answered explicitely, by briefly
summarizing and concluding the main results with respect to gas crossover, followed by
an outlook.

Research Question 1: How does cell compression affect hydrogen crossover?

Summary: This question was examined in section 4.1, using a typical material combination
for PEM-WE cells (carbon PTL at cathode, CCM based on Nafion™ 212 and titanium PTL
at anode) at different compressed states.

The results for this particular system at ambient pressure show that the hydrogen
crossover flux is not affected by the cathode compression at low current densities up
to 1 A cm−2. At this operating point, a hydrogen crossover flux of 0.1 mmol s−1 m−2 is
observed for all compression levels. Above this current density, the hydrogen crossover
flux increases with compression. More precisely, it is observed that an increase of the
cathode compression by 75 µm results in a more than doubled hydrogen crossover flux
(from 0.25 mmol s−1 m−2 to 0.6 mmol s−1 m−2) at 3 A cm−2.
Conclusion: The findings are explained with a decreasing porosity of the cathode catalyst
layer with increasing compression. Especially at the lands of the flow field, where the
contact pressure is the highest throughout the geometric cell area, a significant reduction
of the pore space and the interface between the pore space and ionomer, is expected. This
restricted transfer of dissolved hydrogen into the gaseous state is increasingly hindered at
higher compression levels. Consequently, the dissolved hydrogen concentration increases
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7 Summary, Conclusion and Outlook

with the current density and the compression, resulting in higher hydrogen crossover
fluxes.
Outlook: The same qualitative relationship between compression and hydrogen crossover
is expected for other material configurations. For thicker membranes, which are still
commonly used at industrial and laboratory scale, it is expected that the compression
effect on hydrogen crossover should become noticeable at a higher current density than
reported here (1 A cm−2), because the initial driving force for crossover is lower. Moreover,
it is expected that carbon PTLs of higher strength should lead to a different compression
profile of the cathode catalyst layer, which may reduce hydrogen crossover.

Research Question 2: How do high current densities above 5 A cm−2 affect hydrogen
crossover?

Summary: For the investigation of this question, a typical PEM-WE cell setup based on
commercially available materials (carbon PTL at cathode, commercial CCM based on
Nafion™ 212 and titanium PTL at anode) is used in section 4.2.

The analysis reveals a general increase of hydrogen crossover over current density at
ambient pressure. However, a transition between various slopes is observed. The expected
linear to stronger than linear increase of the hydrogen crossover flux is observed in the
low to moderate current density region. Here, the hydrogen crossover flux increases by
1 mmol s−1 m−2 between 0.25 A cm−2 and 5 A cm−2, which is comparable to the hydrogen
crossover flux of a rather highly compressed cell as examined in section 4.1.

In the high current density region above 5 A cm−2, a flattening of the flux is observed,
which so far has been unknown. Doubling the current density from 5 A cm−2 to 10 A cm−2

only leads to an increase of the crossover flux of 0.8 mmol s−1 m−2.
Conclusion: One potential explanation for the impact of high current densities on hydro-
gen crossover is that the conventional diffusive model approach for explaining the current
dependency of hydrogen crossover is insufficient at the applied operating parameters.
Hence, it is reasonable that other transport mechanisms, perhaps of convective nature,
become dominating in the high current regime. At least, an estimating calculation reveals
that the electro-osmotically dragged amount of dissolved hydrogen is in the same order
of magnitude as the experimental results.
Outlook: To validate the impact of convectively transported dissolved gas, a one-dimen-
sional model should be set up to simulate the hydrogen crossover flux with and without
the electro-osmotic drag at high current densities for various material properties. More-
over, the further investigation of the oxygen crossover at high current densities could
be instructive as well. If the impact of the electro-osmotic drag on the gas transport
from anode to cathode really increases with current density, it should amplify the oxygen
crossover. Thus, different functional relationships between the crossover flux and the
applied current density should result for oxygen and hydrogen.
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Research Question 3: What is the impact of increased cathode pressures on hydrogen
crossover, in addition to the cell compression and high current densities?

Summary: This question was adressed in chapter 4, additionally to the effect of cell
compression and high current densities on hydrogen crossover.

Generally, it is found that higher cathode pressures result in higher hydrogen crossover
fluxes. In terms of the cell compression, the findings show that the observed compression
effect on hydrogen crossover is amplified with increasing cathode pressures. For the
material system discussed in the context of research question 1, this means that the
difference in the hydrogen crossover flux between the lowest and highest compression
level at 3 A cm−2 increases from 0.3 mmol s−1 m−2 at 1 bar to 1.6 mmol s−1 m−2 at 15 bar.

The main finding of studying hydrogen crossover at high current densities is the
flattening of the hydrogen crossover flux from a stronger than linear increasing slope to
an again linear increasing slope. Besides the generally higher crossover fluxes at elevated
cathode pressures, the total hydrogen crossover increase over the investigated current
density range from 0.25 A cm−2 to 10 A cm−2 increased from 1.78 mmol s−1 m−2 at 1 bar
to 1.91 mmol s−1 m−2 at 10 bar.
Conclusion: The observations from both studies can be explained by the pressure depen-
dence of gas crossover. Generally, elevated cathode pressures lead to a higher dissolved
hydrogen concentration at the cathode and thus, to a higher initial driving force for hy-
drogen crossover. The impact of the cell compression and high applied current density
observed at ambient pressure then adds up onto the increased basic hydrogen crossover
flux at higher cathode pressures.
Outlook: These findings are in line with other literature, also reporting on the cathode
pressure dependence of the hydrogen crossover flux. For this reason, there is no further
need for the examination of the effect of increase cathode pressures on hydrogen crossover,
but the consideration remains interesting for industrial applications and should be revised
regularly.

Research Question 4: How can the oxygen crossover be measured precisely by changing
the cathode catalyst?

Summary: This question was the focus of chapter 5. It was investigated by analysing
the oxygen in hydrogen content with five different cathode catalyst materials, while the
membrane (Nafion™ 115) and the anode remained the same throughout the investigation.

The various material combinations reveal that with a platinum group metal free catalyst,
more oxygen was detected in the cathode product stream than with a precious metal,
such as platinum or iridium. The oxygen crossover flux with platinum, which is the most
active recombination catalyst under investigation, is 0.03 mmol s−1 m−2 at 2 A cm−2. In
contrast, with the least active material (Magnéli phase based on a titanium suboxide) an
oxygen flux of 0.17 mmol s−1 m−2 was identified. However, the oxygen crossover flux at
low current densities close to zero was lower than the expected minimum value. With
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platinum, the measured oxygen crossover flux equals to the minimum expected flux at
1 A cm−2, whereas with the Magnéli phase the value is already reached at 0.4 A cm−2.
Conclusion: With regard to the investigated cathode catalysts, the findings indicate
that even those catalysts exposing a low recombination activity, are still active for the
recombination reaction of hydrogen and oxygen to water. Further measurements indicate
that besides the catalyst, at least the carbon PTLs used on the cathode, participate in
the recombination reaction as well. Both findings are consistent with the fact that the
minimum expected oxygen crossover flux cannot be measured with the selected material
combinations.
Outlook: With the chosen materials in this contribution, the impact of the cathode’s recom-
bination activity on the oxygen in hydrogen content is elucidated. However, the actual
oxygen crossover entering the cathode compartment is most probably underestimated.
For this reason, it is suggested to increase the research on recombination inactive materials,
which also work for the hydrogen evolution reaction. Another approach might be to use
some type of oxygen sensor or oxygen consuming material between the cathode catalyst
layer and the membrane, with which the oxygen crossover flux entering the cathode
compartment during electrolysis conditions can be re-calculated.

Research Question 5: What is important for the design of a recombination interlayer
within the polymer electrolyte membrane?

Summary: This research question was adressed in chapter 6, by comparing the anodic
hydrogen content resulting from self-sprayed CCMs with platinum interlayers at various
positions in the membrane to a reference CCM without interlayer.

The analysis of the anodic gas composition reveals that the position of the recombination
interlayer affects the resulting hydrogen in oxygen content, especially at enhanced cathode
pressure. The closer the interlayer is positioned towards the anode, the higher is the
recombination rate and hence, the lower is the hydrogen content. More precisely, it is
shown that compared to the reference CCM without interlayer, the hydrogen content is
cut in half with an interlayer positioned in the middle at 10 bar and 1 A cm−2. In contrast,
with the interlayer close to the cathode, the hydrogen content is only reduced by a tenth at
the same operating point. The most effective reduction to a tenth of the reference value
was achieved with the interlayer close to the anode.
Conclusion: The recombination effectiveness of the interlayer close to the anode at
the used operating conditions is explained with the available amount of oxygen at the
interlayer. Since the oxygen concentration in the membrane decreases from anode to
cathode, the recombination reaction becomes more effective, the further the interlayer is
positioned towards the anode. Moreover, the recombination effectiveness is increased by
elevated anode pressures, increasing the the oxygen amount in the membrane.
Outlook: More generally speaking, the findings once again prove that the integration
of a recombination catalyst in the polymer electrolyte membrane helps to reduce the
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anodic hydrogen content and to circumvent the formation of explosive gas mixtures.
As the proper positioning of the interlayer in the membrane affects the recombination
effectiveness, the particle density or the catalyst loading is expected to have an impact
as well. Considering the same particle size and the same interlayer thickness, a higher
loading leads to a higher platinum density and hence, to a higher surface area. In this
way, more meeting points for the permeated hydrogen and oxygen are generated, which
presumably should increase the recombination rate and reduce the hydrogen content even
further.

Another aspect to be considered is the impact of the recombination interlayer on the
material durability. Since radicals are formed during the recombination of hydrogen
and oxygen, it must be investigated if recombination interlayers induce a faster material
degradation.

Finally, it can be concluded that all research questions provided in this work have
been studied extensively. With respect to the hydrogen crossover, further studies can be
designed with the help of the revealed dependencies on important design and operating
variables. The quantitative measurement of oxygen crossover remains to be challenging
and needs to be revised in order to give reasonable predictions regarding the durability.
Moreover, it is proven that the proper design of a platinum interlayer in the membrane
makes the recombination of permeated gases quite efficient, allowing a safe operation of
PEM electrolyzers equipped with thin membranes at enhanced cathode pressures. These
findings and the subsequent studies contribute to characterize and to understand gas
crossover, in order to further advance the PEM water electrolysis technology for hydrogen
production.
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Appendix A

The following sections serve as supplemental information referenced in the publication
used in section 4.1 (Martin et al., J. Electrochem. Soc. 169(1):014502, 2022). The additional
figures contain the Tafel plots (fig. S1) and the cell voltage analysis for compression levels
c1 (fig. S2), c2 (fig. S3) and c3 (fig. S4). Moreover, the effect of compression and pressure on
the energy demand for hydrogen production is evaluated.

Additional Figures

Figure S1: Tafel plots of the investigated compression levels (c1 in a), c2 in b), c3 in c) and c4 in d))
at different cathode pressures.
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Figure S2: Deconvolution of the measured cell voltage at pc = 1 bar, 5 bar, 10 bar and 15 bar for
compression level c1 . The integral cell voltage is shown in a), b) shows the respective RHF, c)
shows the resulting iRHF-corrected cell voltages and d) shows ηmtx.
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Figure S3: Deconvolution of the measured cell voltage at pc = 1 bar, 5 bar, 10 bar and 15 bar for
compression level c2 . The integral cell voltage is shown in a), b) shows the respective RHF, c)
shows the resulting iRHF-corrected cell voltages and d) shows ηmtx.
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Figure S4: Deconvolution of the measured cell voltage at pc = 1 bar, 5 bar, 10 bar and 15 bar for
compression level c3 . The integral cell voltage is shown in a), b) shows the respective RHF, c)
shows the resulting iRHF-corrected cell voltages and d) shows ηmtx.
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Energy Demand for Hydrogen Production

The presented study has shown the influence of cathode compression and cathode pressure
on the cell voltage and on hydrogen crossover in PEM water electrolysis cells. The results
reveal that high compressions lead to low cell voltages but also to increased hydrogen
crossover, and that elevated pressures are increasing both, cell voltage and hydrogen
crossover. This raises the question whether an optimal combination of cell compression
and operating pressure exists. In order to answer this question, the overall specific energy
demand for hydrogen production wel

H2
is viewed at.

For the determination of the specific energy demand wel
H2

, the polarisation behaviour
of an electrolysis cell and its faradaic efficiency ηfaraday need to be combined according to
equation S1.

wel
H2

=
2 · F ·Ucell

ηfaraday
· 1

3600
· 1

MH2

/kWh kg−1 (S1)

Where MH2 = 2 g mol−1 is the molar mass of hydrogen. The faradaic efficiency ηfaraday

is calculated by equation S2, where the remaining product gas is set in relation to the
quantity evolved

(
Nevo

H2
= i

2·F

)
.

ηfaraday =
Nevo

H2
− Ncross

H2

Nevo
H2

(S2)

Particularly for the commercial usage of PEM water electrolyzerss for the generation of
hydrogen, the specific energy demand is a vital parameter for a profitable system design.
For the realization of high hydrogen outputs, a low voltage with the highest possible
operating current is desired. In this context, the usage of thin membranes results in low
ohmic voltage losses caused by the proton transport resistance through the membrane,
which is a major advantage compared to thicker membranes.[1, 2, 3] The low membrane
thickness is, however, also a capital disadvantage as shown in the results of this work: the
hydrogen crossover increases and results in a lower faradaic efficiency especially at low
current densities.[4]

For evaluation, wel
H2

should be shown against the specific hydrogen production rate GH2

instead of simply using the current density. GH2 is calculated by equation S3 and describes
the real hydrogen output, since it takes into account that some of the produced hydrogen
is lost due to crossover to the anode.

GH2 = Nevo
H2
· 3.6 · 104 ·MH2 · ηfaraday/kg h−1m−2 (S3)
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Figure S5: Specific energy input for hydrogen generation wel
H2

for compression level c4 at all cathode
pressures in a), for all compression levels at pc = 5 bar in b). In c), wel

H2
for a specific hydrogen

production rate of GH2= 1 kg h−1 m−2 is shown. Specific energy input for hydrogen generation
wel

H2
for compression level c4 at all cathode pressures in a), for all compression levels at pc = 5 bar in

b). In c), wel
H2

for a specific hydrogen production rate of GH2= 1 kg h−1 m−2 is shown.

In fig. S5a), the specific energy demand wel
H2

is shown exemplarily for compression
level c4 for all investigated cathode pressures. The shape and order of the curves for
the other compression levels are nearly identical, which is why the figure only includes
one compression level. The respective figures for the other three compression levels are
shown in fig. S6 for the sake of completeness. The operation at elevated cathode pressures
generally yields a higher energy demand, and a minimum becomes visible. For very low
amounts of hydrogen output, the specific energy demand is quite high, since a relatively
large amount of produced hydrogen is lost due to crossover. With increasing cathode
pressure, the minimum shifts to higher GH2 . Then, the energy demand rises with the
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hydrogen production rate. These trends are a result of lower ηfaraday and higher Ucell when
the cathode pressure is increased, and can be confirmed by literature.[5]

As already mentioned, the curve shape of wel
H2

using the investigated compression
levels at each pressure are very close to one another. In order to evaluate the influence of
compression, wel

H2
of all compression levels are displayed at pc = 5 bar as an example in fig.

S5b). The overlapping curves indicate that the impact of compression on wel
H2

is of minor
priority for the system design. At higher hydrogen outputs, the curves diverge to some
extent. The zoom within fig. S5b) shows that wel

H2
is the lowest with c3 and the highest

with c2. The deviation in wel
H2

at GH2= 1 kg h−1 m−2 between these two compression levels
is only 0.34 kW h kg−1.

Lastly, the influence of compression and cathode pressure on the specific energy demand
is compared. For this, wel

H2
at GH2 = 1 kg h−1 m−2 is shown as a function of the compression

level in fig. S5c). The figure summarizes the previous observation that wel
H2

rises with
the applied cathode pressure at every compression level. Further, it can be seen that the
deviations between the compression levels at one pressure are quite small. However,
using c3 results in the lowest wel

H2
at every investigated pressure. This is a consequence

of the compression impact on the two measured variables. A higher compression leads
to lower Ucell, which is favourable for the operation. But it also results in lower ηfaraday

which leads, however, to an increase of wel
H2

. Since wel
H2

is a function of both values, c3

appears to have the best trade-off between cell voltage and hydrogen crossover.
It can be summarized that the operating cathode pressure has a stronger impact on the

specific energy demand of a PEM water electrolysis cell than the compression. However,
the compression should not be neglected. The analysed pressure range and hydrogen
output range in this work are small compared to the targeted values. When applying
too high compression forces, lower faradaic efficiencies will be achieved as a result of
enhanced hydrogen crossover, which must be compensated by a higher energy input.
If a PEM water electrolyzers system is designed for only one particular pressure, the
compression leaves room for the optimization of the specific energy demand.

To conclude, the influence of only the compression at different cathode pressures was
investigated in this study. The main result is that an increase in compression leads to
reduced ohmic losses but also to increased transport losses. If the latter can be reduced by
e. g. better PTL design, the effect of high compression on the specific energy demand can
be significantly higher.
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Figure S6: Specific energy demand for hydrogen generation of compression levels c1 (a)), c2 (b))
and c3 (c)).
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The following SEM cross-sections of the catalyst-layers (figures S1 to S5) investigated in
the publication reprinted in chapter 5 (Martin et al., J. Electrochem. Soc. 168(11):114513,
2021) serve as supplemental information, in order to give insight into the structure of
the catalyst layers of the fabricated PTEs. The imaging procedure is described in the
experimental section of the manuscript.

Figure S1: SEM cross-section of Magnéli phase PTE. For obtaining the cross-sectional image, a
protective Pt-layer was deposited on top of the PTE-surface. In the homogeneous region of the
PTE, fine Magnéli phase particles are distributed with Nafion™. Larger particles are made of Ti
suboxides. The brighter spots also contain Ir.
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Figure S2: SEM cross-section of IrO2 PTE. For obtaining the cross-sectional image, a protective
Pt-layer was deposited on top of the PTE-surface.

Figure S3: SEM cross-section of [Mo3S13]2-@N-CNT PTE. Areas with low porosity consist mainly
of [Mo3S13]2- covered CNTs. The particle clusters are made of molybdenum sulfide.
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Figure S4: SEM cross-section of N-doped CNTs. The density of CNTs is quite low in some areas,
which results in higher local pore volumes. The darker spots are clustered CNTs.

Figure S5: SEM cross-section of Pt/C PTE. The catalyst layer has a homogeneous structure.
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