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I

Abstract

Water electrolysis is an effective, durable and emission free technique to convert elec-
trical energy by the electrochemical decomposition of water into chemical energy.
During water electrolysis in an acidic electrolyte, water is oxidized to oxygen and
protons at the anode. The protons permeate through the electrolyte to the cathode
where they are reduced to hydrogen. Acidic polymer electrolyte membranes (PEMs)
are typically used to provide the proton conductivity between the electrodes and to
separate the evolved gases. The proton conduction in PEMs takes place in an aque-
ous phase in the form of water channels that are separated from the solid polymeric
phase. This thesis is dedicated to a multiscale description of the permeation of pro-
tons and gases through PEMs during water electrolysis, characterizing the physical
processes within the microscopic structure of PEMs (in the order of 10−9 m) and the
resulting macroscopic efficiency loss.

In the literature, the best characterized PEM is Nafion R©, which serves as an ex-
emplary material for the physical transport processes in PEMs. Using impedance
spectroscopy, the proton conductivity of Nafion R© membranes was measured to be
constant in a frequency range of three orders of magnitude and below amplitudes
of 1 V. By relating the length scale of the proton movement in Nafion R© to the app-
lied frequencies and voltages, the conduction was found to be independent of scat-
tering processes between protons and pore walls of the water channels. Moreover,
the conductivity of an aqueous solution with similar proton concentration as the wa-
ter channels in Nafion R© was found to be 6.0± 0.7 times higher than that of Nafion R©

membranes. The origins for this reduced macroscopic conductivity were ascribed to
microscopic geometric restrictions for the proton permeation through the morpho-
logy of the aqueous phase.

By using the electrochemical monitoring technique, the gas permeability of Nafion R©

membranes was measured to be independent of pressure, which was explained by a
solely diffusive permeation process. The alternating permeation through the aqueous
phase, solid phase and their intermediate phase was modeled with a resistor network
that represents the microscopic structure of Nafion R©. By comparing measured and
modeled hydrogen permeabilities of Nafion R©, water was estimated to act as a plasti-
cizer that increases the permeability of the solid polymeric phase. The conductivities
and permeabilities of six different PEMs were examined and compared.

A model to describe the hydrogen and oxygen cross-permeation through PEMs
during water electrolysis was developed, in which the influence of the proton flux on
the gas diffusion was physically described. This model was evaluated with measured
anodic hydrogen contents of an operating electrolysis cell. Based on this model and
the measured proton conductivity and gas permeability of Nafion R©, the efficiency
loss caused by the proton conduction and gas cross-permeation during water electro-
lysis was modeled and used to computationally optimize the membrane thickness. To
reduce the efficiency loss that is caused by the hydrogen cross-permeation through the
PEM during water electrolysis, a novel technique with an additional electrode in the
electrolyte was introduced, where hydrogen in the PEM is electrochemically oxidized
and sent back to the cathode. In the focus of efficiency, pressurized operation and
atmospheric pressure operation in combination with subsequent compression were
compared.



II

Kurzfassung

Wasserelektrolyse ist eine effektive, langlebige und emissionsfreie Technologie um
elektrische Energie durch die elektrochemische Zersetzung von Wasser in chemische
Energie umzuwandeln. Bei der Wasserelektrolyse in sauren Elektrolyten wird Wasser
an der Anode zu Sauerstoff und Protonen oxidiert. Die Protonen permieren durch den
Elektrolyten zur Kathode und werden dort zu Wasserstoff reduziert. Saure Polymer-
elektrolytmembranen (PEM) werden typischerweise benutzt um die Protonenleitfäh-
igkeit zwischen den Elektroden zu gewährleisten und um die produzierten Gase zu
separieren. Die Protonenleitung in PEMs findet in einer wässrigen Phase in der Form
von Wasserkanälen statt, welche von der polymeren Phase getrennt sind. Diese Ar-
beit ist der Beschreibung der Protonen- und Gaspermeation durch die PEM während
der Wasserelektrolyse gewidmet, wobei physikalische Prozesse auf mikroskopischer
Ebene der PEM (GröSSenordnung von 10−9 m) sowie der makroskopische Effizienz-
verlust charakterisiert werden.

Die in der Literatur am besten charakterisierte PEM ist Nafion R©, an der exem-
plarisch die physikalischen Transportprozesse in PEMs untersucht werden. Mittels
Impedanzspektroskopie wurde innerhalb von drei Frequenzdekaden und unterhalb
von Amplituden von 1 V eine konstante Protonenleitfähigkeit gemessen. Durch Be-
rechnung der Längenskala der Protonenpermeation als Funktion der Frequenz und
Amplitude konnte gezeigt werden, dass die Leitfähigkeit nicht von Streuprozessen
an Porwänden beeinflusst wird. Wässrige Lösungen mit der gleichen Protonenkon-
zentration wie in den Wasserkanälen von Nafion R© zeigten eine 6.0± 0.7 Mal höhere
Leitfähigkeit als jene von Nafion R© selbst. Die Ursachen für die reduzierte makrosko-
pische Leitfähigkeit wurden mit geometrischen Einschränkungen der Protonenper-
meation durch die Morphologie der wässrigen Phase begründet.

Durch Verwendung elektrochemischer Messmethoden wurde gezeigt, dass die Gas-
permeabilität von Nafion R© druckunabhängig ist, was auf einen diffusiven Permea-
tionsprozess zurückzuführen ist. Die wechselnde Permeation durch die wässrige, po-
lymere und dazwischenliegende Phase wurde mit einem Widerstandsnetzwerk wel-
ches die mikroskopische Struktur von Nafion R© wiedergibt simuliert. Der Vergleich
von gemessenen und simulierten Wasserstoffpermeabilitäten ergab, dass Wasser als
Weichmacher agiert und damit die Permeabilität der polymeren Phase erhöht.

Die Wasserstoff- und Sauerstoffpermeation durch die PEM während der Wasser-
elektrolyse wurde durch ein physikalisches Modell beschrieben, das die Wechselwir-
kung zwischen Protonen- und Gaspermeation berücksichtigt. Dieses Modell wurde
mit gemessenen anodischen Wasserstoffgehältern einer Elektrolysezelle evaluiert. Ba-
sierend auf diesem Modell und den gemessenen Leitfähigkeiten sowie Permeabili-
täten wurden Effizienzverluste durch die Protonenleitung und den Gasdurchtritt in
Elektrolysezellen in Abhängigkeit der Membrandicke simuliert. Um den Effizienzver-
lust durch den Wasserstoffdurchtritt zu reduzieren, wurde eine neue Technik mit ei-
ner zusätzlichen Elektrode im Elektrolyten entwickelt, an der Wasserstoff in der PEM
oxidiert und zurück zur Kathode geschickt wird. Auf der Grundlage des aufgestellten
Modells wurde die Effizienz von Druckbetrieb im Vergleich zu Niederdruckbetrieb in
Kombination mit nachfolgender mechanischer Komprimierung diskutiert.
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1 Introduction

By applying a voltage to two electrodes immersed in an aqueous solution, the electro-
chemical decomposition of water was discovered in the early 19th century [1]. During
this process called water electrolysis, hydrogen evolves at the electrode with the ne-
gative pole, the cathode, while oxygen evolves at the electrode with the positive pole,
the anode. Today, about 200 years later, water electrolysis is considered to be a clean
and emission-free technique to convert overcapacities of intermittent electrical energy
supply from renewables into chemical energy in the form of hydrogen [2,3]. The hyd-
rogen produced can be used to generate electricity by employing fuel cells [4], for
the methanation of CO2 [5], for the combustion in heat engines [6] and for the com-
bustion to generate heat, to name just a few. With the aim of storing the produced
hydrogen under pressure, the pressurized evolution of hydrogen during water elec-
trolysis may reduce the energy consumption in comparison to mechanical compres-
sion techniques [7].

Similar to the very first setups in the 19th century [1], the use of liquid electrolytes is
the most simple approach for water electrolysis [8]. The aqueous electrolyte between
the anode and the cathode must provide protons or hydroxide ions as charge carriers
and has to be conductive to those in order to enable the reactions at both electro-
des [9]. The conductivity of the electrolyte typically increases with the concentration
of the charge carriers until (typically at several moles per liter) interactions between
the permeating ions prevent a further increase of the conductivity [10, page 20]. Thus,
typically either strong alkaline or strong acidic aqueous solutions are used as the elec-
trolyte for low-temperature water electrolysis [11, page 41]. Besides liquid acids or
liquid lyes, polymer electrolyte membranes (PEMs) can be used as the electrolyte for
water electrolysis [12, 13]. These materials are either solid acids or solid lyes, where
functional groups in a polymer matrix introduce protons or hydroxide ions [14]. The
hydrophilic properties of the functional groups cause water uptake [15, 16], forming
an aqueous phase that is separated in the form of water channels from the solid po-
lymeric phase [17]. In this aqueous phase the protons or hydroxide ions are dissol-
ved [14].

In PEMs, the charge of the mobile ions is balanced by ions with the opposite charge
that are covalently bonded to the polymer matrix [18, 19]. The amount of mobile
ions which can leave the PEM is negligible since the mobile ions are attracted by
the electrostatic force to the covalently bonded ions with the counter charge [20, 21].
Consequently, the electroneutrality of the PEM is maintained. Thus, an advantage
of using PEMs for water electrolysis is that only the components that are in direct

1



2 1 Introduction

contact with the PEM are exposed to the corrosive protons or hydroxide ions of its
aqueous phase. In contrast, when liquid electrolytes are used, these can also corrode
cell and system components of a water electrolyzer which are not directly involved
in the electrochemical reaction of the water decomposition [22]. Moreover, another
advantage of PEM water electrolysis is the usage of composite electrodes that consist
of catalyst nanoparticles and polymer electrolyte binder [23]. With these nanoparti-
cles, high surface-areas of the catalysts (85 m2/g [24]) can be achieved. Alkaline PEMs
with mobile hydroxide anions suffer from low durabilities (<1,000 hours [25]), whe-
reas the more stable acidic PEMs are expected to supply service lifes of 100,000 hours
in industrial water electrolysis plants [26].

Driven by Brownian motion, the hydrogen and oxygen produced during water
electrolysis diffuse through liquid or polymer electrolytes [27, 28], a phenomenon
commonly referred to as gas crossover [29]. Gas crossover increases with higher ope-
rating pressures and leads to efficiency loss [29, 30]. Explosive mixtures of hydrogen
and oxygen can occur by the mixing of the cathodic and anodic gases and thereby
cause serious safety issues [31, 32]. Compared to liquid electrolytes, a further advan-
tage of the usage of PEMs is that differential pressures between the anodic and catho-
dic compartment can be applied [33]. Therewith, hydrogen pressurization is enabled
while the anode can be operated at atmospheric pressure, which reduces the oxygen
cross-permeation.

In the literature, the best characterized PEM is Nafion R© (DuPontTM), a perfluo-
rinated sulfonic acid [34]. The microscopic structure of Nafion R© has been charac-
terized by methods such as small angle x-ray scattering [35], small angle neutron
scattering [36, 37] and atomic force microscopy [38, 39]. The most precise depiction
of the three dimensional morphology of the aqueous phase in Nafion R© was repor-
ted by cryo electron tomography measurements [40]. Moreover, the proton con-
ductivity of Nafion R© was experimentally examined by electrochemical impedance
spectroscopy [41, 42], while the microscopic proton conduction mechanisms in aque-
ous solutions and PEMs have been studied by molecular dynamic simulations [21,43].
In addition, the electrochemical monitoring technique was used to study the hydro-
gen and oxygen cross-permeation through Nafion R© [27, 44]

Aims of this work

The aim of this thesis is to provide a multiscale description of the transport proces-
ses of proton and gases through the PEM of water electrolyzers. Within this aim,
the state-of-the-art understanding of the physical transport processes of protons and
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gases through the microscopic structure of Nafion R© as a representative for the ma-
terial class of PEMs shall be improved. Impedance spectroscopy with amplitude
and frequency variation shall be used to vary the permeation path lengths of protons
and to examine their interaction with pore walls. By comparing precisely measured
conductivities of Nafion R© membranes and aqueous solutions, the effect of the water
channel morphology and proton mobility on the overall conductivity of Nafion R© will
be estimated. New methods to precisely measure the hydrogen permeability of PEMs
as a function of pressure, relative humidity and temperature shall be developed. On
the basis of these precise measurements, the contribution of the driving forces of dif-
ferential pressure and diffusion on the overall permeability of Nafion R© will be quan-
tified. In order to understand the pathways of the gas permeation through Nafion R©

membranes, the activation energies for the permeation through water, dry Nafion R©

and fully hydrated Nafion R© membranes shall be analyzed. These information will be
used in order to develop a resistor network model that describes the hydrogen perme-
ation through the microscopic structure of Nafion R© membranes. A physical model to
describe the interaction between the proton, hydrogen and oxygen transport through
the membrane shall be developed.

On the macroscopic scale, the proton conductivities and hydrogen permeabilities
of different PEMs shall be examined. A modeled to describe the gas crossover in
PEM water electrolysis cells shall be developed and evaluated with precisely measu-
red anodic hydrogen contents. The influence of gas-crossover and proton resistance
on the efficiency during water electrolysis shall be physically modeled in order to
computationally optimize the membrane thickness as a function of the operation pa-
rameters. Finally, the efficiency of pressurized operation and atmospheric pressure
operation with subsequent mechanical compression will be compared.

To pursue the discussed objectives, this thesis is structured as follows:

• The physical fundamentals that the subsequent chapters refer to will be briefly
reviewed.

• The developed experimental methods to precisely measure the proton conducti-
vity and the hydrogen and oxygen permeabilities will be presented.

• The influence of the water channel geometry on the proton conductivity of Nafion R©

will be experimentally examined.

• Precise measurements of the gas permeation through Nafion R© will be presen-
ted.

• A resistor network model for the gas permeation through Nafion R© will be pre-
sented, which refers to the measured hydrogen and oxygen permeabilities.
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• The conductivities and hydrogen permeabilities of six different PEMs will be
compared.

• The hydrogen and oxygen cross-permeation during PEM water electrolysis will
be characterized by an analytical model and compared with measurements of
the anodic hydrogen content.

• The impact the gas cross-permeation and the proton conduction through the
PEM on the efficiency of water electrolysis is described by a physical model.

• A novel technique to electrochemically mitigate the hydrogen cross-permeation
during PEM water electrolysis will be presented and characterized.

• In a discussion, the results of the different chapters will be related to one another.

• Finally, the most important findings of this work will be highlighted.



2 Fundamentals

In this chapter, the fundamental physics that are used in this thesis will be briefly
reviewed. With regard to the research topic of the permeation of protons and gases
through PEMs and their influence on the efficiency, following aspects of water elec-
trolysis will be discussed:

• A general overview of PEM water electrolysis.

• The physics of proton transport in aqueous solutions and PEMs.

• The physics of gas diffusion through liquids and polymers.

• Characteristics and types of PEMs.

• The thermodynamics of gas compression.

2.1 Water electrolysis

In this section, the general physical properties of water electrolysis including thermo-
dynamics and kinetics of the reactions, the voltage-current characteristic, the setup,
efficiency and gas crossover will be elucidated. Parts of this work were previously
published [45, 46].

2.1.1 Thermodynamics

Water electrolysis in an acidic electrolyte means the oxidation of water at the anode

2H2O→ O2 + 4H+ + 4e− , (2.1.1)

while protons are reduced at the cathode

2H+ + 2e− → H2 . (2.1.2)

The driving force for this reaction is an applied voltage to both electrodes. With a
current I between the electrodes, the produced amount of hydrogen n in the time t
can be determined by Faraday’s law of electrolysis

n =
I t
z F

, (2.1.3)

where F = 96485 C/mol denotes the Faraday constant and z = 2 the amount of elec-
trons which are involved in the electrochemical conversion of water to one hydrogen

5
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molecule (eq. 2.1.2). With reference to the stoichiometric composition of water, half
the amount of oxygen in comparison to hydrogen is produced by the electrochemical
decomposition of water.

The potential energy, which can be adsorbed by the i-th type of substance invol-
ved in a chemical reaction is generally defined as the chemical potential µi. During
the reaction, the amount of substance ni of the i-th reactants and products are alte-
red. The set of all the different ni involved in the reactions during water electrolysis
is in the following represented by

{
ni}. Besides the chemical potentials of the dif-

ferent involved species, the thermodynamic process of water electrolysis is further
characterized by the thermodynamic properties of the system in the form of pressure
p, volume V, temperature T and entropy S̃. Bulk properties of the system (p and T),
which do not depend on the size of the system, are commonly referred to as intensive
properties [47, page 14]. In contrast, extensive properties (µ, S̃, and T) are additive for
independent subsystems [47, page 14].

Thermodynamic processes are typically described by thermodynamic potentials,
which are a function of the overall chemical potentials (∑i µini), one other extensive
property and one intensive property. For instance, Gibbs free energy G̃(T, p,

{
ni})

is the thermodynamic potential which depends on temperature and pressure. In the
differential form this thermodynamic potential is defined as [47, page 158]:

dG̃(T, p,
{

ni}) = −S̃ dT + V dp + ∑
i

µi dni (2.1.4)

The amount of substance of the i-th species is related by

dni = νi dξ (2.1.5)

to its stoichiometric number νi and the extent of the reaction ξ [47, page 340]. The stoi-
chiometric numbers of the products are positive, while those of the reactants are nega-
tive. Using Legendre transformation, the dependence on the extensive property and
the intensive property of Gibbs free energy can be altered. Accordingly, the thermo-
dynamic potentials of the enthalpy H̃(S̃, p,

{
ni}), internal energy Ũ(S̃, V,

{
ni}) and

Helmholtz free energy F̃(T, V,
{

ni}) can be derived [48, 136]. Water electrolysis is ty-
pically conducted at isothermal and isobaric conditions (T, p = const.) [9, 30]. In this
case, the partial derivative of the differential form of Gibbs free energy in the extent of
the reaction equals the change of Gibbs free energy (∆G̃) during the process [47, page
341]:

∆G̃ =

(
∂G̃(

{
ni})

∂ξ

)
p,T

= ∑
i

νiµi (2.1.6)
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Gibbs free energy thus describes the reversible usable work of the chemical reaction
at isothermal and isobaric conditions [47, page 252]. To electrochemically decompose
liquid water, the transformation of the state of matter to the gaseous products is ac-
companied by an increase of the entropy [9]. The thermodynamic energy related to
this transformation of the state of matter is described by the enthalpy of vaporiza-
tion, that equals T∆S̃ at isothermal conditions [9]. Thus, the total thermodynamic
energy required to electrochemically decompose water includes the reversible work
plus the irreversible work in the form the enthalpy of vaporization. With reference to
isothermal and isobaric operation conditions of water electrolysis the enthalpy can be
determined by the Gibbs-Helmholtz relation [47, page 360]:

∆H̃ = ∆G̃ + T∆S̃ (2.1.7)

In fuel cells, water is formed by the electrochemical conversion of hydrogen and
oxygen, enabling the reversed reaction pathway compared to water electrolysis. The
thermodynamic reversible energy of the electrochemical reaction is described by Gibbs
free energy [49], while the related reversible voltage Urev equals [47, page 407]:

Urev =
∆G̃
z F

, (2.1.8)

To drive the reaction of water electrolysis the applied woltage must be higher than
the reversible voltage [9], which equals 1.23 V at ambient pressure and temperature.
Similar to the latter equation, the enthalpy can also be related to a voltage, which is
defined as the enthalpic voltage Uen [50].

When water electrolysis is conducted at voltages U between the reversible voltage
and the enthalpic voltage (Urev ≤ U ≤ Uen), the heat of the cell is consumed in order
to balance the heat of vaporization spent for the reaction. In this case, the reaction
is an endothermic process and additional heat input is necessary to maintain a con-
stant temperature of the electrolysis cell [51]. Applying the enthalpic voltage to an
electrolysis cell would maintain its temperature when the system does not exchange
heat with the environment, which is the case for a perfectly thermally insulated sy-
stem [50, 51]. At these conditions, water electrolysis is simultaneously an isothermal
and adiabatic process. When higher voltages as the enthalpic voltage are applied
(U ≥ Uen), the excess energy is converted in the form of kinetic losses and ohmic los-
ses to heat, which means that the reaction is an exothermic process [51]. In this case,
the heat produced must be removed from the electrolysis cell to prevent overheating.

To characterize the chemical potential of a species as a function of the environment,
its chemical activity ai is typically employed, which is a measure for the effective con-
centration of the considered species. The chemical activity of a substance is defined
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by
µi = µi

0 + R T ln(ai) , (2.1.9)

where R = 8.314 J mol−1 K−1 denotes the gas constant, µi the chemical potential and
µi

0 the chemical potential at standard ambient temperature and pressure [47, page
265]. Using this definition and equation 2.1.6, the change of Gibbs free energy with
different constant temperatures and constant pressures can be expressed as a function
of the activities

∆G̃ = ∆G̃0 + RT ∑
i

νi ln(ai) , (2.1.10)

where ∆G̃0 = ∑i νiµi
0 refers to standard ambient temperature and pressure [47, page

342]. Using the relation between the reversible voltage and Gibbs free energy (eq.
2.1.8), the potential ϕN of the electrochemical reaction (defined as Nernst potential)
can be determined

ϕN = ϕ0 +
kB T

F
ln

(
∏

i
(ai)νi

)
, (2.1.11)

where ϕ0 = ∆G̃0
2F denotes standard potential of this reaction. This standard potential

is typically defined in relation to the potential of the hydrogen-proton redox couple
(eq. 2.1.2) at standard ambient temperature and pressure [10, page 90].

Calculating the Nernst potentials of the half reactions (eq. 2.1.1 and 2.1.2) of acidic
water electrolysis yields a potential of

ϕa = ϕ0 +
RT
2F

ln

(
a2

H+

√aO2

aH2O

)
(2.1.12)

for the anode and a potential of

ϕc = ϕc
0 +

RT
2F

ln

(
a2

H+

aH2

)
(2.1.13)

for the cathode. Hydrogen and oxygen have small solubilities in water (<3× 10−6 mol
cm−3 bar−3) [52], which allows to approximate their activities by their concentrations
cgas normalized to the reference standard concentration c0 at standard ambient pres-
sure p0 :

agas =
cgas

c0

(2.1.14)

The concentrations of a gas dissolved in a medium is typically proportional to its
partial pressure pgas in the gaseous phase as described by Henry’s law

cgas = pgas Sgas , (2.1.15)
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where Sgas denoted the solubility of this gas in this medium. The solubilities Sgas of
hydrogen and oxygen in water are independent of pressure below 100 bar [52]. When
liquid water is present at the electrodes, the water activity can be approximated as
unity [53]. The thermodynamic reversible voltage required for the electrochemical
decomposition of water equals the difference of the potentials of both half reactions
(eq. 2.1.12 and 2.1.12), as described by the Nernst voltage UN of water electrolysis

UN = ϕa − ϕc = Urev +
RT
2F

ln

(
pH2

√pO2

p3/2
0

)
, (2.1.16)

where Urev = ϕa
0 − ϕc

0. The temperature dependence of the reversible voltage for the
electrochemical decomposition of liquid water is given by [54]:

Urev =
1

2F

(
−159.6

J
K mol

T + 2.847× 105 J
mol

)
(2.1.17)

2.1.2 Voltage-current characteristic

When water is electrochemically decomposed, the bonds of the reactants must be cle-
aved to form those of the products. These processes are accompanied by potential
barriers that arise from binding energies of the electrons in the bonds of the reactants
and products [55]. To overcome these potential barriers and to enable the reaction,
an activation energy EA must be spent [47, page 168]. This activation energy can be
supplied by the kinetic energy of the particles involved in the reaction in the form
of random thermal movement. In the thermal equilibrium, the mean kinetic energy
of the molecules with randomly distributed thermal movement is proportional to the
temperature of the system [56, page 209]. The fraction of particles Y which have a
higher kinetic energy than an arbitrary energy E is described by the Boltzmann dis-
tribution [47, page 771]

Y = e−E/(kB T) , (2.1.18)

where kB = 1.38× 10−23 J/K denotes the Boltzmann constant. The reaction rate f of a
reaction is proportional to the fraction of the particles that have a higher energy than
the activation energy EA necessary for this reaction, which leads based on the latter
equation to

f ∝ e−EA/(kB T) , (2.1.19)

as first experimentally observed by Arrhenius in 1889 [47, page 168]. Higher tempe-
ratures proportionally increase the mean kinetic energy of the thermal movement and
consequently reduce the energy difference to the activation energy. Accordingly, the
reaction rate described by the Arrhenius relation increases exponentially with higher
temperatures. In order to reduce the activation energies and to thereby increase the
reaction rate of water electrolysis, catalysts are employed at the electrodes [57]. At the
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catalyst the reactants and products are adsorped so that the energy barriers for the
cleavage and formation of their bonds are reduced [55, 57].

Higher differences of the electrode potentials to the thermodynamic Nernst poten-
tials reduce the activation energies for the electrochemical reactions [10, page 160],
which consequently increase the reaction rate that is described by the Arrhenius rela-
tion (eq. 2.1.19). In the case of water electrolysis, the reaction rate corresponds to the
electrochemical current, which can be measured by the charge transfer between the
electrodes according to Faraday’s law (eq. 2.1.3). The potential differences of the elec-
trode potentials and the thermodynamic Nernst potentials are commonly denoted as
kinetic overvoltages η̃. The decrease of the activation energy for an electrochemical re-
action is typically assumed to correlate linearly with its kinetic overvoltage [10, page
160ff]. Using this approach, the current at a catalyst can be related to the kinetic
overpotential of the reaction, which is commonly referred to as Butler-Volmer rela-
tion [10, page 166]. The procedure to derive the Butler-Volmer relation is discussed in
textbooks [10, page 166] and will not be considered here in detail.

During water electrolysis, the proton production at the anode (eq. 2.1.1) and proton
consumption at the cathode (eq. 2.1.2) lead to the permeation of protons through the
membrane. Simultaneously electrons are forced by a power supply to permeate from
the anodic to the cathodic catalyst. According to Ohms law

UΩ = RI , (2.1.20)

the current I of protons or electrons in a conductor is proportional to a voltage drop
UΩ, while the proportionality constant R is defined as ohmic resistance. The physical
origin of the voltage drop in an electric conductor is scattering of the electrons with
ions and other electrons of the conductor. In case of the ion conduction through an
electrolyte, the permeating ions scatter with other ions and molecules in the electro-
lyte. In both media, the electric conductor and the electrolyte, targeted kinetic energy
of the charge carrier movement is transferred to the scattering partners. Random ther-
mal movement in the form of heat results.

The ohmic resistance of a conductor depends on its geometry. Using the specific
conductivity κ, the conductivity of a material can be described independent of the
geometry of the conductor. In the case of a planar conductor with thickness d and
cross-sectional area A between the contacts, the specific conductivity is related by

κ =
d

A R
(2.1.21)

to the ohmic resistance. In a PEM water electrolyzer, the electrodes are typically of
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a planar geometry and are arranged face to face in a parallel alignment [58]. Hence,
with reference to this geometry, the current is typically normalized to the cell area by
using the current density j. The resistance is also typically normalized to the cell area,
defined as area resistance Rarea:

Rarea =
d
κ

(2.1.22)

Hence, by combining the latter equations, the ohmic drop UΩ at the PEM water elec-
trolysis cell can be described by the product of the area resistance and the current
density:

UΩ = Rarea j (2.1.23)

The cell voltage as a function of the current density is typically used in order to des-
cribe the performance of the electrochemical processes in a water electrolysis cell.
The cell voltage equals the sum of the Nernst voltage, kinetic overvoltages η̃ and the
ohmic voltage drop UΩ [33]:

U(j) = UN + Rarea j + η̃(j) (2.1.24)

In addition, mass transport losses can occur, which however are not considered here
in detail as these contributions do not significantly contribute to the cell voltage at
moderate current densities (see Figure 2.1.1).

Figure 2.1.1 shows a typical voltage-current characteristic of a PEM water electroly-
zer. When the concentrations of the reactants at the catalysts are reduced by the elec-
trochemical reactions [49], mass transport losses can occur. At the anode, these losses
occur when more water is oxidized than transported to the catalyst. In this case, the
activity of water is reduced by a lower amount of water at the anodic catalyst. This
reduction of the water activity consequently increases the anodic Nernst potential (eq.
2.1.12). Typically, this increase of the Nernst voltage at the anodic catalyst is described
by an additional term Umass in the form of

Umass ∝ −ln
(

1− j
jlim

)
(2.1.25)

that is added to equation 2.1.24, where jlim denotes the limiting current density [10,
page 192]. At the limiting current density, the reaction rate is limited by the occurrence
of water at the anodic catalyst. In this case, higher cell voltages do not increase the
current [10, page 192]. In case of j << jlim, this contribution to the voltage-current
characteristic is negligible, which is typically the case for PEM water electrolysis cells
that are operated at moderate current densities [33, 60]. Thus, models presented in
the literature [33, 60] that describe the voltage-current characteristic of PEM water
electrolysis cells neglected the contributions of mass transport losses.
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η

Figure 2.1.1: Voltage-current characteristic of a PEM water electrolyzer cell. Black
points: Measured values of a PEM water electrolyzer cell with the se-
tup described in Section 4.4. Gray line: Reversible voltage. Blue: Nernst
voltage. The increase of the Nernst voltage toward higher current densi-
ties is ascribed to a partial pressure increase of hydrogen and oxygen in
the electrodes (see Section 9.1 for detailed discussion). Green: Contribu-
tions of the Nernst voltage and the ohmic drop. Red line: Fit of equation
equation 2.1.24 to the data. The kinetic overvoltages η̃(j) were approxi-
mated by logarithmic shaped contributions of the Butler Volmer relation
for the limit of large kinetic overvoltages [59].

2.1.3 Setup

In a PEM water electrolyzer, the electrodes are typically laminated onto the PEM [61],
building a construction that is commonly referred to as catalyst coated membrane
(CCM). In this alignment, the electrodes are composed of the catalyst and a poly-
mer electrolyte binder. An electrode of this form is typically referred to as catalyst
layer [62, 63]. During the electrochemical water decomposition, the reactants (water
at the anode and protons at the cathode) must gain access to the catalyst in the ca-
talyst layers. In addition, the produced hydrogen and oxygen must be transported
away from the catalyst layers to the gas outlets of the cell [64], so that the reactants
again gain access to the catalysts. Hence, the catalyst layer must be porous in order to
enable the transport of the involved species in the reaction.

Besides the transport of hydrogen, oxygen, and water to the catalyst, also electrons
and protons are involved in the electrochemical reactions. Accordingly, the catalyst
layer must be conductive to electrons and protons in order to enable the electrochem-
ical reactions at the catalyst particles [65, 66]. In summary, an electron conducting
phase [67], a proton conducting phase [65] and a porous phase for the transport of
water and the produced gases [68] must occur in catalyst layers. The interfacial re-
gion at the catalyst where all these phases meet is commonly referred to as the triple
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phase boundary [69]. In catalyst layers, the metal catalyst and its support typically
provide electron conduction [67], while the polymer binder is proton conducting and
provides mechanical stability [66,70]. The transport of the reactants and the products
proceeds through pores in the catalyst layer [69].

The transitions metals from the 8th to the 10th raw of the periodic table display the
best active components for metal catalysts in water electrolyzers [71–73]. The electro-
chemical activity of these metals has been attributed to their d-band character [55,74].
The iron group (iron, cobalt, and nickel) is stable in the alkaline regime [75], while
only those of the platinum metal group show sufficient activity for reactions and sta-
bility to corrosion in the acidic electrolytes [58]. To reduce the amount of the rare and
costly platinum group metals in the electrodes the size of the catalyst particles can
be decreased. The smaller the particles the higher the surface-to-weight ratio of the
precious metal catalyst [76]. By attaching the catalyst particles to electron conducting
supports [77], a sufficient electrical conductivity of the catalyst layer can be supplied
even at low catalyst loadings such as 0.05 mg platinum per square centimeter of elec-
trode area [78]. These supports must be resistant to corrosion, which is for instance
fulfilled by carbon for the cathode [77] and passivated titanium [79] or tin oxide [80]
for the anode.

The most active pure metal catalyst for the hydrogen evolution reaction at the
cathode is platinum [72]. Thus, typically platinum nanoparticles supported on car-
bon are employed as the state-of-the-art catalysts for the cathode in acidic water elec-
trolyzers [58, 81]. The standard potentials of the platinum metals are below 1.2 V and
thus below the anodic potential for the oxygen evolution reaction [82]. However, the
metals can be protected to corrosion by oxide or hydroxide layers in the anodic en-
vironment [83]. Peuckert et al. [84] examined the surface of platinum in an acidic
electrolyte as a function of the potential using x-ray photoelectron spectrocopy. This
study revealed that several layers of the surface of platinum metal are oxidized to
oxides or hydroxides at the anodic potentials that are typically applied in a water
electrolyzer. Danilovic et al. [85] reported that higher stabilities of the oxide layers of
platinum metals decrease their activity for the oxygen evolution reaction. This be-
havior was ascribed to oxide transitions of the platinum metals during the oxygen
evolution reaction [86]. Iridium oxide is considered to show the best compromise be-
tween the both properties, activity for the oxygen evolution reaction and stability to
corrosion at anodic potentials [58].

In order to electrically contact the electrodes, the CCM is typically mechanically
pressed between two current collectors [58]. These current collectors must be con-
ductive to electrons and permeable to gases and water. Typically sintered titanium
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bodies are used as current collectors for the anode [87], while porous carbon fleeces
or papers are used as cathodic current collectors [58]. In the case of differential pres-
sure electrolysis, where the cathodic pressure is higher than the anodic pressure, the
CCM is pressed onto the anodic current collector [33]. The CCM can mechanically
withstand high differential pressures in the order of 100 bar [33] when the pores of
the sintered titanium bodies are in the order of 5− 20 µm [87].

In a PEM water electrolysis cell, the current is applied to two flow fields which
contact the anodic and cathodic current collectors [58]. The flow fields are typically
structured with channels through which water is pumped during operation. These
channels are in direct contact to the current collectors [88]. The convective water
flow carries the produced gases to the gas outlets of the cell and balances the heat
dissipation in the case of an exothermic reaction. To achieve high power densities,
the cells are typically arranged in a series connection. In this case bipolar metal plates
separate neighboring cells [89]. This alignment is commonly referred to as stack of
electrolysis cells [88]. The entire system of the water electrolyzer consists of water
pumps, power electronics, separators to separate the water from the produced gases,
and further system components [89]. These system components are beyond the scope
of the research in this thesis and thus are not discussed.

2.1.4 Cell efficiency

The most general definition of water electrolysis efficiency η is given by the chemical
energy that contains a produced amount of hydrogen to the energy that is spend
to produce this amount. In steady states, this ratio equals the power Pideal that is
thermodynamically required for a certain hydrogen production rate divided by the
electrical power Preal for it expended:

η =
Pideal

Preal
(2.1.26)

The efficiency aspects discussed in this thesis are focused on the electrochemical effi-
ciency of water electrolysis, which describes the efficiency on the level of the electro-
chemical cell. On this level, the energy consumption of heaters, water pumps, power
electronics and other system components are not included.

On the cell level, the spent power equals the product of the applied voltage U and
the corresponding current I. The ideal power required for the same hydrogen output
rate equals the thermodynamic reference voltage Uref (reversible or enthalpic voltage)
times the current that leads to hydrogen output of the water electrolyzer. The current
loss Iloss is here defined as the amount of the current applied which does not result
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in hydrogen that leaves the cathodic gas outlet. The current, which leads to the hyd-
rogen output thus equals the difference of the total current I applied and the current
loss Iloss. By using these definitions, the latter equation can be written as:

η =
Uref(I − Iloss)

UI
(2.1.27)

This equation can be transposed to

η =

(
Uref

U

)
︸ ︷︷ ︸

ηU

×
(

1− Iloss

I

)
︸ ︷︷ ︸

ηC

, (2.1.28)

where ηU is defined as the voltage efficiency and ηC as the current efficiency (or Fa-
radaic efficiency). By transposing the latter equation, the current efficiency can be
expressed as

ηC =
I − Iloss

I
=

Qideal

Qreal
, (2.1.29)

where Qideal denotes the ideal charge to electrochemically produce a certain amount
of hydrogen and Qreal the charge spent for this amount [9].

The efficiency loss normalized to the reversible voltage (Uref = Urev) is attributable
to the current loss, kinetic overvoltages and the ohmic drop. In addition, the pres-
surized gas evolution during water electrolysis decreases this efficiency as further
discussed in Chapter 10. When the enthalpic voltage is used as reference voltage, the
heat balance of the cell and the current loss can be included in the efficiency calculati-
ons. In this case, only the contributions of the ohmic loss and the kinetic overvoltages
that exceed of the enthalpic voltage reduce the efficiency. This thesis will focus on the
ohmic drop at the membrane and the current efficiency. Both contributions are inclu-
ded by the efficiency normalized to the reversible voltage, which thus will be taken
as the reference voltage. The heat balance of the electrolysis cell is beyond the scope
of this research and thus is not considered in this thesis.

At cathodic potentials hydrogen is adsorped at the typically employed platinum
catalyst [84, 90]. When oxygen permeates from the anode through the PEM to the
cathode, it is adsorped at the cathodic catalyst. This adsorped oxygen can be cataly-
tically or electrochemically reacted with adsorped hydrogen [91, 92] forming water,
hydrogen peroxide, or radicals [91, 92]. Hydrogen that permeated through the PEM
mixes with the anodic oxygen, since it does not react at the anodic iridium oxide ca-
talyst (Section 9.3). This cross-permeated hydrogen is assumed to be not useable for
further technical applications. In summary, the cross-permeation of both gases lead
to a loss of the produced hydrogen and therewith to a decrease of the current effi-
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ciency and mixed potentials at the electrodes. Other sources than the hydrogen and
oxygen cross-permeation (such as leackages [93], parasitic currents1 or side reactions)
that could lead to a reduction of the current efficiency are (at least at the beginning of
life) typically negligible.

2.1.5 Gas crossover and safety issues

As discussed in the last paragraph, hydrogen that permeates through the PEM mixes
with the oxygen produced at the anode. When the hydrogen is evolved under pres-
sure during water electrolysis, the lower explosion limit of 4 mol% H2 in O2 at the
anode may be exceeded [32]. To circumvent explosive anodic gas mixtures, current
collectors plated with platinum can be employed, where hydrogen and oxygen at
least partly catalytically react forming water [31, 94]. Another method to avoid mix-
ing of both gases at the anode is using platinum nanoparticles inside the PEM. Both
gases can catalytically react at the catalyst nanoparticles. As a consequence, the con-
centration of both gases inside the PEM is reduces. Consequently, the permeation of
hydrogen from the cathode through the PEM to the anode is avoided. Furthermore,
external catalytic recombination reactors were explored to reduce the anodic hydro-
gen content [31,94]. All the solutions involving a catalytic recombination of hydrogen
and oxygen can solve safety issues related that are to the exceedance of the thres-
hold of the anodic gas composition. However, these approaches reduce the current
efficiency as described by equation 2.1.28.

2.2 Proton conduction in aqueous solutions and PEMs

When two electrodes with a potential difference are immersed into an electrolyte, the
electrolyte is polarized by the orientation of dipoles and the displacement of its mobile
ions from their equilibrium position. At electrostatic conditions (constant voltage and
no current), potential differences between an electrode and the electrolyte are shielded
by the dipoles and mobile ions of the electrolyte in the form of electrochemical double
layers (at the length scale of a nanometers or less) directly at the electrode [10, page
124ff]. As a result, the electric field inside the electrolyte is negligible under electrosta-
tic conditions (in analogy to that in electrical conductors). However, when a current
between the electrodes occurs, an ohmic potential drop inside the electrolyte results,
as discussed in Section 2.1.2. A direct current (DC) between the electrodes can only

1The polymer electrolyte membrane is an insulator for the electron conduction and hence parasitic
electrical currents through the membrane do typically not occur. The electric resistance of a Nafion R©

membrane can be measured at direct currents below the decomposition voltage of water. With grap-
hite electrodes pressed onto a Nafion R© membrane, the conductivity of Nafion R© is below 1 µS/cm at
0.6 V (limited by noise of the measurement), which means an at least five order of magnitude smaller
resistance to protons than that to electrons.
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be caused by electrochemical reactions at the electrodes. When alternating voltages
are applied to the electrodes, alternating currents (ACs) can be caused by the displa-
cement of ions from their equilibrium position. Morevoer, similar to DCs, ACs also
can lead to electrochemical reactions at the electrodes.

The proton conduction in PEMs occurs within an aqueous phase in the form of wa-
ter channels [21, 95]. Thus, models that describe the proton conduction in PEMs are
based on the same mechanisms as those of aqueous electrolytes [96,97]. In the solid or
the liquid state of water, the water molecules form a hydrogen bond network [98–100]
which is responsible for most of its unusual properties such as its high surface tension
or its high boiling and high melting temperature with regard to its molecular mass.
When ions permeate through water, at least some hydrogen bonds are cleaved and
new formed [101]. The underlying dynamics for the formation and cleavage of these
bonds was examined experimentally by methods such as X-ray adsorption [99] and
infrared vibrational spectroscopy [100]. In addition, computational predictions on the
dynamics of the hydrogen bond network were presented in the literature [102].

In water, the solution of ions is accompanied by the formation of hydration shells,
where the polar water molecules at least partly shield the charge of the ions [103,104].
The structures of solvation shells are typically of dynamic order [105]. Ions also
can form bonds coordination complexes, which are also surrounded by a solvation
shell. For example, excess protons in water, which are introduced by an acid or
which are a result the autoionization of water, form coordination complexes with
water molecules. The coordination complex of one water molecule with a proton
is defined as a hydronium ion H3O+ [106–108]. In the literature, the environment of
hydronium ions in water was examined by path integral simulations [109], infrared
spectrosopy [100,107,110], and x-ray adsorption [99]. As an outcome of these studies,
the hydronium ions were found to form shared proton complexes H5O2

+ (Zundel
cation), where two water molecules share the excess proton by hydrogen bonds, or
solvated hydronium complexes H9O4

+ (Eigen cation), where four water molecules
share the excess proton by hydrogen bonds [111].

Grothuss first postulated in 1806, that protons can be passed between neighboring
water molecules [112]. Later, the higher mobilities of protons and hydroxide ions in
aqueous solution than those of other ions were ascribed to this mechanism that was
named after its explorer [112, 113]. The Grothuss mechanism exclusively works for
the conduction of protons and hydroxide ions through aqueous solutions, since these
are the only species that can be transported by the exchange of protons along the
hydrogen bond network. Based on the molecular dynamic simulations, the passing
of the excess protons along the hydrogen bond network is believed to occur via an
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interaction between Zundel cations (H5O2
+) and Eigen cations (H9O4

+) [112]. More-
over, the coordination complexes of the protons or hydroxide ions can permeate with
their solvation shell through the electrolyte, commonly referred to as classical ion
permeation. In the case of proton or hydroxide ion conduction through an aqueous
electrolyte, the classical permeation and the conduction by the Grothuss mechanism
occur simultaneously, while the detailed physical processes and interactions of these
mechanisms are still debated in the literature [112]. In the following, the physical laws
that characterize the ionic conductivity of an electrolyte are discussed. Moreover, the
ionic conductivities of electrolytes at alternating and direct currents are elucidated.

2.2.1 Physical description of the ionic conductivity

The mean velocity of a moving cation in the direction of an electric field (or an anion
in the opposite direction) is described by the drift velocity ~vD. This movement of the
ions leads to their scattering with molecules or ions in the electrolyte. During the
scattering process, the targeted kinetic energy in the direction of the electric field is
converted into randomly distributed thermal movement in the form of heat. The drift
velocity ~vD of the i-th ionic species in the electrolyte is characterized by

~vi
D = ai t̃ i, (2.2.1)

where t̃ denotes the mean scattering time and a the mean acceleration of these ions
in the electric field ~E inside the conductor. The drift velocity typically has a linear
response to the electric field inside the conductor

~vi
D = Qi µi ~E , (2.2.2)

where the proportionality constant µi is defined as the mechanical mobility of the i-th
species with the charge Qi in units of Coulomb. This mechanical mobility is be related
by

Qi µi = µ̃i (2.2.3)

to the ionic mobility µ̃i. The linear response of the ion movement in the electric field
is characterized by Ohm’s law in the microscopic formulation:

~j i = κi ~E (2.2.4)

In general, the conductivity and mobility are tensors of second degree. However,
owed to the isotropy of aqueous solutions, these tensors of second degree can be
reduced to factors, while the vectors of the drift velocity and the external electric
field can be reduced to their values. Setting equal the latter equation and equation
2.2.2 leads to the relation between the current density, drift velocity, mobility and
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conductivity:
ji

κi =
vi

D
µ̃i (2.2.5)

The current density of the i-th ionic species as a molar flux in terms of Faraday’s law
can be related to the drift velocity

ji = vi
D qi ci F , (2.2.6)

where ci denotes the concentration of these ions and qi their charge normalized to the
elementary charge. By combining the last two equations, the mobility can be related
to the conductivity:

µ̃i =
κi

qi ci F
(2.2.7)

The hydrogen bond network affects the proton conduction by the Grothuss mecha-
nisms, the classical ion permeation and the structure of the solvation shells of the
ions [114, 115]. Theories that described the influence of temperature on the ionic mo-
bility are rather complex and will not be considered here as these are beyond the scope
of the research in this thesis.

2.2.2 Ionic conductivities at ACs and DCs

As discussed in the beginning of this Section, the potential difference of two elec-
trodes in an electrolyte displaces its mobile ions from their equilibrium position. In
the case of a electrostatic conditions (no current), the electric field inside the electro-
lyte is negligible as it is shielded by electrochemical double layers. When the poten-
tials of electrodes in an electrolyte are altered, the displacement of the mobile ions
in the electrochemical double layer is changed. Capacitive currents result [10, page
124ff]. At constant voltages between the electrodes capacitive currents are negligible.
In this case, currents between the electrodes can only be caused by electrochemical
reactions. These electrochemical reactions are accompanied by kinetic losses (Section
2.1.2), which are at a stationary currents typically described by charge transfer resis-
tances Rct [10, page 173].

To determine the conductivity of an electrolyte typically alternating currents used
[116], in order to avoid the contributions of charge transfer resistances to measured
resistance. In the case of sinusoidal ACs, the complex impedance

Z = Z′ + iZ′′ (2.2.8)

is typically used to characterize the relation between voltage, current and the their
phase angle. Figure 2.2.1 shows the equivalent circuit diagram that is typically used
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Figure 2.2.1: Illustration of the standard equivalent circuit diagram that is typically
used to describe the impedance measurements of electrochemical cells
(based on [10, page 14]).

for electrochemical cells with two electrodes immersed in an electrolyte. Electrochem-
ical reactions are described by the charge transfer resistances Rct while Warburg im-
pedance elements ZW [116] describe the influence of diffusion limitations on the re-
actions. Parallel to these contributions, electrochemical double layers contribute to
capacitive currents [116]. With reference to sinosoidal alternating currents, the capa-
citances C contribute to the imaginary part of the impedance in the form of

Z′′ = − 1
ωC

, (2.2.9)

where ω denotes the angular frequency of the alternating current. The ionic con-
duction through the electrolyte is characterized by an ohmic resistance RE. Contact
resistances at the electrodes can occur, for example between the current collectors and
the catalysts layers of an electrolysis cell, which can be added to the equivalent cir-
cuit presented in series. Moreover, inductances arise from the cables that are used for
the connections, which also can be added to the equivalent circuit presented in series.
When the electrodes in the equivalent circuit diagram depicted in Figure 2.2.1 have
equal potential and are of equal geometry and material, their Warburg impedances,
charge transfer resistances, and double layer capacitances are equal. Referring to this
equality of the electrodes, the impedance of the equivalent circuit diagram illustrated
in Figure 2.2.1 is characterized by:

Z = RE +
2

(Rct + ZW)−1 − iωC
(2.2.10)

Towards high frequencies, the capacitive contributions to the impedance decrease (eq.
2.2.9). Accordingly, at high frequencies (ω → ∞), the second term in equation 2.2.10 is
negligible. Hence, the ionic resistance of the electrolyte between the electrodes equals
the high frequency impedance of the cell minus contact resistances.

In an electrochemical cell under alternating currents, the movement of all mobile
ions in the electrolyte contribute to the resistance measured. The ion transport num-
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ber of the i-th ionic species characterizes its relative contribution to the conductivity
of the electrolyte [10, page 26ff]. During PEM water electrolysis, protons are ideally
the only species of mobile ions, as the anions are covalently bonded to the polymer
matrix and thus immobile. Other mobile ions than protons (which can for example
be caused by impurities) can only contribute to the conductivity of the PEM at direct
currents when these are involved in the electrochemical reactions at the electrodes.
For instance, when a proton is replaced by an alkali-metal cation, this cation cannot
be reduced at the cathodic potentials and thus cannot contribute to the conductivity
at direct currents. However, these ions contribute to capacitive currents. Further re-
lations between the conductivities at direct and alternating currents with regard to
aqueous solutions and PEMs will be discussed in Chapter 5.

At direct currents, the permeation of ions through an aqueous electrolyte is accom-
panied by the transport of water molecules in the coordination complexes and solva-
tion shells. The convective water flux caused by the proton permeation through PEMs
is commonly referred to as electro-osmotic water drag [117, 118]. The dimensionless
drag coefficient nd describes the number of water molecules dragged along with each
proton. In the case of fully hydrated Nafion R© at 80 ◦C, the mean of the found values
in the literature [117, 119] equals nd ≈ 4.

2.3 Gas diffusion

In the following, the diffusion of gases through liquids and polymers is physically
described. This section was previously published [120].

2.3.1 Permeability, diffusion and solubility

Diffusion is the result of the Brownian motion of particles or molecules along a con-
centration gradient. A concentration difference ∆c of molecules over a distance d
yields a molar permeation flux density Φ, as described by Fick’s law

Φ = −D
∆c
d

, (2.3.1)

where D denotes the diffusion coefficient of the molecule in the considered medium.
The gas permeability ε caused by the driving force of diffusion is the product of the
diffusion coefficient and the solubility of this gas in this medium [52]:

εgas = Dgas Sgas (2.3.2)

When a membrane divides two compartments with different but time-independent
partial pressures, the permeation flux through the membrane described by Fick’s law
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can be expressed a function of the partial pressure difference ∆pgas in these compart-
ments using equation 2.1.15 and 2.3.2:

Φgas = −εgas
∆pgas

d
(2.3.3)

For the purpose of simplification, the index ’gas’ for the individual diffusion coeffi-
cients, permeabilities and solubilities of different gases is dropped in the following.

2.3.2 Polymers

Theories that describe gas diffusion through polymers include random thermal mo-
vement of gas molecules in the polymer structure as reviewed by Rogers [121]. By
a thermally activated process gas molecules can diffuse across the potential barriers
that are comprised by the van der Waals forces between polymer chains [121]. The
temperature dependence of the diffusion coefficient D is

D(T) ≈ D0(T) e−ED/(kB T), (2.3.4)

where ED denotes the activation energy for the diffusion [121]. The proportionality
factor D0(T) accounts for the distance between the equilibrium positions and the vi-
bration frequency of the molecule in the diffusion coordinate [121]. This exponential
temperature dependence represents the Boltzmann distribution (eq. 2.1.18), which
describes the probability of a thermally activated diffusion process across the poten-
tial barriers [121].

The temperature dependencies of the gas solubilities in polymers are typically also
approximated using the Boltzmann distribution

S(T) ≈ S0(T) e−∆HS/(kB T) , (2.3.5)

where HS denotes the heat of solution and S0(T) a proportional factor [121]. In small
temperature ranges, both prefactors D0(T) and S0(T) can have a negligible tempera-
ture dependence, which allows them to be approximated as constant [121]. By com-
bining the assumption of constant prefactors and the equations 2.3.2, 2.3.4, and 2.3.5,
the permeabilities of gases through polymers are approximated by

ε(T) ≈ D0 S0 e−(ED+∆HS)/(kB T) = ε0 e−Eε/(kB T) , (2.3.6)

where ε0 denotes the proportionality factor of the permeability and Eε its activation
energy.
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2.3.3 Water

Brownian motion due to the random thermal movement of molecules in a solution
leads to a linear influence of the temperature on the diffusion coefficient

D = µ kB T , (2.3.7)

where µ denotes the mobility of the diffusing molecule in the medium and kB the
Boltzmann constant. This relation was first described by Einstein [122]. By Stokes’
drag, the friction of the movement of gas molecules is approximated by

1
µ
= β C ι , (2.3.8)

where ι denotes the viscosity of the considered medium. The geometry of the diffu-
sing molecule is taken into account by the parameter β. The Cunningham correction
factor C describes non-continuum effects, which are not considered here in detail.

The temperature dependence of the viscosity of water is described by

ι(T) = ι0 T eEι/(kB T) , (2.3.9)

where Eι denotes the corresponding activation energy and ι0 an empirical constant
[123]. By combining equation 2.3.7 and 2.3.8, the Stokes-Einstein relation is derived:

D(T) =
kB

β C ι(T)
T (2.3.10)

By inserting equation 2.3.9 into the Stokes-Einstein relation, the total temperature de-
pendence of the diffusion coefficient can be calculated to

D(T) =
kB

β C ι0
e−Eι/(kB T) = D0 e−ED/(kB T) , (2.3.11)

leading analogously to the diffusion in polymers to the character of a Boltzmann dis-
tribution. On the basis of the latter equation, the activation energy for the diffusion
ED can be identified by the activation energy of the viscosity Eι. However, these re-
lations do not describe individual mobilities of different dissolved gases in water.
These differences lead to individual proportionality factors D0 and individual acti-
vation energies for the diffusion of the different gases in water [124]. Accordingly,
although hydrogen and oxygen are both non-polar diatomic gases, the approxima-
tion of ED ≈ Eι does not describe all of the effects in the gas-water system such as the
influence of the size of the molecules. A more detailed discussion of the diffusion of
dissolved gases in water is provided in the literature [125].
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Table 2.3.1: Parameters from the literature [52] that characterize the mole fraction so-
lubility (eq. 2.3.14) of hydrogen and oxygen in water.

Gas S1 S2 (K) S3 (K)
H2 -48.1611 5528.45 16.8893
O2 -66.73538 8747.547 24.45264

To determine the hydrogen and oxygen permeabilities of water, their diffusion coef-
ficients and solubilities are required (eq. 2.3.2). The mole fraction of hydrogen or
oxygen dissolved in water equals

χ =
ngas

nH2O + ngas
=

cgas

cH2O + cgas
, (2.3.12)

where n denotes the amount of substance and c the concentration. When cH2O is far
higher than cgas, the latter equation simplifies to:

χ ≈
cgas

cH2O

(2.3.13)

The temperature dependence of the mole fraction for hydrogen and oxygen in water
at atmospheric partial pressures (p0 ≈ 1 bar) was reported in the literature [52] as:

χ(T) = exp[−S1 +
S2

T
+ S3 ln(T/(100 K))] (2.3.14)

The values for the parameters S1, S2 and S3 are given in Table 2.3.1. By combining
Henry’s law (eq. 2.1.15) and the approximation for the mole fraction (eq. 2.3.13), the
temperature dependence of the solubility is expressed as:

S(T) ≈
χ(T) cH2O(T)

p0
=

χ(T) ρ̂H2O(T)

p0 MH2O

(2.3.15)

The temperature dependence of the mole density of water ρ̂H2O(T) was determined by
a polynomial fit to the thermodynamic data of the NIST database [126]. The influence
of pressures up to 100 bar on the solubilities were shown to be smaller 5 % [52]. By
combing equations 2.3.2, 2.3.11 and 2.3.15, the temperature dependency of the gas
permeability of water is given by:

ε(T) = S(T) D(T) (2.3.16)

In order to estimate the activation energy of the hydrogen and oxygen permeabilities
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in water, the latter equation was approximated by:

ε(T) ≈ ε0(T) e−(Eε)/(kB T) , (2.3.17)

In summary, the Boltzmann distribution in the form of the equations 2.3.6 and 2.3.17
describes the gas permeabilities of polymers and water. These equations will be used
for the interpretation of the measured influence of temperature on the hydrogen and
oxygen permeabilities of the examined PEMs in this thesis.

2.4 Characteristics of polymer electrolyte membranes

Polymer electrolyte membranes (PEMs) consist of ionomer molecules, which are ma-
cromolecules that have a significant proportion of ionizable or ionic groups [127]. In
the case of cation exchange PEMs, the negatively charged parts of the functional ionic
groups are covalently bonded to polymeric repeat units while cations are ionically
bonded to their negative counterpart [19, 128]. When a solvent such as water pene-
trates into the PEM, the cations can be dissolved in this solvent. By ion exchange, the
sort of these dissolved and mobile cations can be changed [129–131]. In the case of
proton exchange PEMs, which are required for acidic water electrolysis, the functi-
onal groups are acidic and provide mobile protons as charge carriers. When such a
proton exchange PEM is in contact with humidified gases or liquid water, its hyd-
rophilic acidic functional groups lead to water uptake [15,132]. As a consequence, the
PEM swells. A phase separation between the aqueous phase and the solid polymeric
phase takes place, comprising aqueous channels of water with the dissolved protons
of the functional groups [17, 34], which are commonly referred to as water channels.
The proton conduction of the PEM takes place in the aqueous phase in the form of
water channels as discussed in Section 2.2.

In general, a proton exchange PEM for acidic water electrolysis should meet the
following requirements:

• The proton conductivity should be as high as possible to minimize ohmic losses.

• To avoid parasitic electron currents between the electrodes through the PEM, it
should be negligibly conductive to electrons.

• The hydrogen and oxygen permeabilities should be as low as possible in order
to minimize the gas cross-permeation and the correlated efficiency loss.

• To avoid differential pressure driven water or gas permeation through the PEM,
its pore diameters should be small as further discussed in Section 6.
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Figure 2.4.1: Structural formula of Nafion R© adapted from [134].

• Chemical resistance to the decomposition by hydrogen peroxide and radicals
that are produced at the cathodic platinum catalyst [133].

• High mechanical stability and high glass transition temperatures to avoid de-
formation and creep.

With regard to the efficiency, the decisive material property of a PEM is the ratio of its
specific proton conductivity to its gas permeability, as further discussed in Chapter
10.2. Moreover, the thickness of the membrane will be shown to be the control para-
meter that is decisive to adjust the relation between current and voltage efficiency.

The most examined proton exchange PEM in the literature is Nafion R© (DuPont),
which is a perfluorinated sulfonic acid (PFSA) [34]. Figure 2.4.1 illustrates its che-
mical structural formula, while further information on the microscopic structure are
described in Section 3.1. Besides perfluorinated sulfonic acid materials, a broad class
of functionalized polymers are usable as PEMs for fuel cells or water electrolyzers
[128, 135]. For example, fuel cells and water electrolyzers can be operated with non-
fluorinated proton exchange PEMs that have an organic chemistry with sulfonated
functional groups [135–137]. The poor chemical stability of these membranes and
associated durability issues limits their application in fuel cells and water electroly-
zers [128]. However, the proton conductivity of these materials was shown to reach si-
milar values as that of Nafion R© [138,139]. Moreover, the permeability of cross-linked
membranes to hydrogen can be smaller than that of Nafion R© [139]. This reduced gas
permeability of membranes with an organic chemistry compared to perfluorinated
sulfonic acids [139–141] makes these membranes promising to increase the efficiency
of PEM water electrolysis.

To attain high proton conductivities, PEMs should moreover provide high proton
concentrations in their aqueous phase [142]. In addition, the acidic strength of the
functional groups is important, because the protons must be dissolved in the aqueous
phase to contribute to the conductivity [142]. The acidic strength of Nafion R© was re-
ported to an acid dissociation constant that ranges between that of methanesulfonic
acid with pKa = −1.0 and that of trifluoromethanesulfonic acid with pKa = −5.1
[143]. Non-fluorinated materials with aromatic bonded sulfonic acid groups were es-
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timated to show significant smaller acidic strengths than that of Nafion R© [143].

In Chapter 6 and 7, the mechanisms of gas permeation through PEMs and ways to
reduce their gas permeabilities will be discussed. Moreover, in Chapter 6, the influ-
ence of the capillary pressure on the gas permeation forced by differential pressures
will be discussed. Eikerling et al. [144] estimated the capillary pressure in Nafion R© to
the order of 100 bar. In general, the capillary pressure pcap is reciprocally proportional
to the radius rcap of the capillary

pcap =
2 σ cos(θ)

rcap
, (2.4.1)

where σ denotes the surface tension of the liquid in the capillary and θ its contact
angle with the capillary pore. In a PEM, this liquid corresponds to the acidic aqueous
solution in the capillaries that are formed by the water channels. Whereas an estima-
tion of the capillary pressure in Nafion R© by Eikerling et al. [144] was more complex,
the last equation shows the general relation of increasing capillary pressures at smal-
ler radii of the water channels and smaller contact angles.

Besides the proton conductivity and gas permeability of PEMs, also their mecha-
nical and chemical stability are decisive properties for the application in water elec-
trolyzers. Stucki et al. [133] showed that the lifetime of water electrolyzer is limited
by the degradation of the PEM. This degradation is caused by hydrogen peroxide and
radicals that are produced at the cathodic platinum catalyst by the catalytic reaction of
hydrogen with cross-permeated oxygen [133]. Moreover, besides the chemical radical
production, hydrogen peroxide can also be produced at the potentials of the cathodic
platinum catalyst by the electrochemical two-electron reduction of oxygen [145].

2.5 Thermodynamics of gas compression

The thermodynamics of gas compression is relevant for the pressurized hydrogen
evolution during water electrolysis and mechanical compression techniques. In the
following, a brief review of fundamental equations that describe the gas compression
are reviewed. The equation of state of an non-interacting gas is given by the ideal gas
law:

pV = nRT (2.5.1)

To describe the non-ideal behavior of gases, the compressibility factor Z̃ takes devia-
tions from the ideal gas law into account [146]:

pV = Z̃nRT (2.5.2)
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Accordingly, an ideal gas is characterized by a compressibility factor of Z̃ = 1. In this
thesis hydrogen pressures of up to 50 bar at temperatures above 30 ◦C will be con-
sidered. Under these conditions, the compressibility factor ranges in between 1 and
1.03, as calculated based on the molar density of hydrogen stated in the NIST data-
base [126] and the latter equation. For the purpose of simplification, this deviation of
3 % from the behavior of an ideal gas will be neglected for the calculations presented
in this thesis.

During water electrolysis, hydrogen is typically produced at a constant temperature
of the electrolysis cell. Thus, the required energy for electrolysis at a cathodic pressure
p′′

H2
compared to a lower hydrogen pressure p′

H2
at equal temperatures can be related

to an isothermal electrochemical compression. The work required for the compression
increases the Nernst voltage (eq 2.1.16). This increase of the Nernst voltage is with
respect to equal oxygen pressures at the anode described by:

∆UN = UN(p′′
H2
)−UN(p′

H2
) =

RT
2F

ln

(
p′′

H2

p′
H2

)
, (2.5.3)

In relation to an isothermal mechanical compression process, this voltage increase can
be understood as work

Wiso = −
∫ pfin

pini

V dp = nRT ln
(

pini

pfin

)
, (2.5.4)

where the subscript ’ini’ denotes the initial pressure of the gas and ’fin’ its final pres-
sure. Towards higher pressures than those considered in this thesis, the compressibi-
lity factor increasingly deviate from unity. In this case, the isothermal work in terms
of the non-ideal behavior can be calculated to

Wiso = nRTZ̃ ln
(

pini

pfin

)
, (2.5.5)

where the compressibility factor can be approximated by the mean of its initial and
final values [146]:

Z̃ =
Z̃ini + Z̃fin

2
(2.5.6)

The thermodynamic work required for the isothermal compression increases with
higher temperatures (eq 2.5.4).

The work during compression has to be applied against the internal pressure of the
gas and is thus counted as negative. Because the internal energy of the gas during
isothermal process is constant (∆Ũ = 0), the negative of the heat exchange to the
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environment balances the spent work by an increase of the gases’ entropy:

−T∆S̃ = Wiso (2.5.7)

When a gas is compressed by a mechanical compressor, the heat exchange with the
environment can be small. In the case of a negligible heat exchange with the envi-
ronment, the compression process is adiabatic, which means that the temperature of
the gas increases during the compression process. During a isentropic compression
process the temperature of the compressed gas increases, while heat exchange with
the environment is allowed. The temperature increase during isentropic compression
means, that a higher final pressure is required to achieve the same molar density as
with an isothermal compression process. Thus, assuming the same initial temperatu-
res and molar densities, compression by an isentropic or adiabatic process to a certain
final mole density of the gas thermodynamically consumes more work than the com-
pression to the same final mole density by an isothermal process.

At the end of an adiabatic or isentropic process, the compressed gas has a tempera-
ture of [47, page 50]

Tfin,ad = Tini,ad

(
pfin,ad

pini,ad

) γ−1
γ

, (2.5.8)

where Tini,ad and pini,ad denote the initial temperature and pressure at the beginning
of the process and Tfin,ad and pfin,ad the final temperature and pressure. The index γ

is in the case of an adiabatic compression defined by the ratio of the heat capacities
at constant pressure and constant volume (γ = 7/5 for an idealized diatomic gas).
Polytropic processes are characterized by values of the index between that of the isot-
hermal and adiabatic idealization (1 < γ < 7/5). The final pressure of an adiabatic or
polytropic compression is related by

pfin,ad = pini,ad

(
Vfin,ad

Vini,ad

)γ

(2.5.9)

to the change of the volume [47, page 50]. Using the relation between temperature,
pressure, and volume described by the latter two equations, the thermodynamic work
of an adiabatic or polytropic compression is given by:

Wad =
∫ pfin,ad

pini,ad

V dp = − 1
1− γ

nRTini,ad

( pfin,ad

pini,ad

) γ−1
γ

− 1

 (2.5.10)



3 Overview of current literature

The aim of this chapter is to give an overview of the literature that is related to the
topics treated in this thesis. With reference to these works, the novelty of the experi-
mental data and models in this thesis is motivated.

3.1 Structure and water content of Nafion R©

Despite the water content of PEMs itself is not examined in this thesis, its is an impor-
tant property for their proton conductivities and gas permeabilities [21, 147]. In the
literature, the structure of Nafion R© is rigorously examined by several methods such as
atomic force microscopy [38, 39, 148], small angle scattering techniques [36, 149, 150]
and computational methods [34]. Moreover, the morphology of the aqueous phase
in Nafion R© was directly observed by means of cryo electron tomography [40]. This
technique yielded the best description of the microscopic structure of Nafion R© and
the results of this study will be used to parameterize the developed resistor network
model in Chapter 7. In the following, the literature that treats the water content of
Nafion R© is discussed in detail. Unfortunately, detailed information on the water con-
tent of the other PEMs that examined in Chapter 8 could not be found.

The water uptake of a PEM is typically characterized by λ, which refers to the
amount of water molecules per sulfonic acid group. Kreuer [151] reported λ ≈ 20 for
fully hydrated Nafion R© (used as a synonym for Nafion R© immersed in water) from
room temperature to 95 ◦C. Within this temperature range, the deviations of λ in the
data of Kreuer was below 3 %, which means that no apparent dependence on tem-
perature was observed. Based on these data, the influence of the temperature on the
water content of fully hydrated Nafion R© is assumed to be negligible. A change of the
water content influences the morphology of the aqueous phase [21, 152]. The water
uptake of λ ≈ 20 of fully hydrated Nafion R© was confirmed by Evans et al. [153] with
gravimetric measurements at room temperature. Zawodzinski [154] reported in 1993
a water content of λ ≈ 22 of fully hydrated Nafion R©, which was also determined by
gravimetric measurements. It is unclear, if these deviations come from a change the
manufacturing procedure by DuPontTM (more than two decades between both mea-
surements) such as the chemical stabilization [155] or a measurement error. Referring
to the more recent results, a water content of λ = 20 will be used for the calculations
in this work.

Based on small angle scattering data, a controversial [134, 156] model of parallel

30
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cylindrical water channels in fully hydrated Nafion R© [35] led to an estimation of the
volumetric water content φ of 28 %. However, this estimation is not considered here as
it deviates from all other data that are reviewed in the following. Another approach to
interpret such small angle scattering data was given by Kreuer [156], who estimated
the volume fraction of water (in the following denoted as volumetric water content)
in fully hydrated Nafion R© (λ = 20) to φ ≈ 41 %. The most reliable measurements of
the volumetric water content are probably those by volumetric methods, since these
directly measure the influence of the water uptake on the volume expansion without
a complex fitting procedure as in the case of small angle scattering data. The ratio of
the swollen volume divided by the dry volume was measured by Evans et al. [153]
to 1.63± 0.04, which corresponds to a volumetric water content of φ ≈ 39 %. Weber
et al. [152, 157] reported an approximately equal volumetric water content for λ = 20
of φ ≈ 40 %. The cryo electron tomography by Allen et al. [40] revealed a volumetric
water content of φ ≈ 42.5 % in Nafion R©. However, this measurement is probably less
precise than the volumetric measurements at room temperature, since the aqueous
phase was frozen in the cryogenic environment during the tomography, so that the
lower density (≈ 90 %) of ice than that of water increased the measured volumetric
water content. In this work, the volumetric water content of Nafion R© used for the
calculations was estimated to φ ≈ 40 %, based on the mean of the volumetric mea-
surements (39 % [153] and 40 % [158]) and approximation derived from small angle
scattering data (41 % [156]). The overall hydrophilic phase of Nafion R© (including side
chains and functional groups) was estimated by the cryo electron tomography repor-
ted by Allen et al. to have a higher volume fraction of approximately 56 % [40].

Zhao et al. [159] estimated the geometric tortuosity τgeo of the water channels of
Nafion R© using pulse-field gradient spin echo nuclear magnetic resonance to decrease
towards larger water contents. At a water content of λ = 6.5 he reported a tortuosity
below a value of two, while he did not report the tortuosity for larger water con-
tents. Towards smaller volumetric water contents the network of the water channels
are less connected so that consequently the tortuosity increases and the conductivity
decreases. Hence, the tortuosity can be expected to further decrease towards the fully
hydrated state of Nafion R©.

3.2 Conductivity of Nafion R©

Ion transport in PEMs occurs in an aqueous phase via water channels [21, 34, 39] that
are separated from the solid polymeric phase [17, 34, 144]. The ionic conductivity of
Nafion R© increases towards higher water uptake [41, 42]. On the basis of computa-
tional simulations, the electrostatic force between the anions and the protons of the
functional groups was reported to cause inhomogeneous distributions of the dissol-
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ved protons in the water channels of Nafion R© [20, 21, 160, 161]. This inhomogeneous
distribution is expected to reduce the proton mobility [20, 21]. In addition, the influ-
ence of the sulfonated groups on the hydration, solvation, diffusion and mobility of
the protons was computationally modeled [43, 162–168]. Most of these studies came
to the conclusion that the proton mobility inside the aqueous phase of Nafion R© is re-
duced compared to that of aqueous solutions. Moreover, these studies predicted that
this effect increases toward lower water contents. The influence of the morphology of
the aqueous phase in Nafion R© was estimated by various authors using resistor net-
work modeling [21, 152, 169].

Studies, in which the conductivity of Nafion R© was compared to those of liquid
acids with a similar proton concentration as that its aqueous phase could not be
found. Moreover, it is an open question whether scattering processes between protons
and the pore walls influence the conductivity. Against this lack of knowledge, the in-
fluence of the interaction of protons with the pore walls of the water channels was ex-
perimentally examined in this thesis using impedance spectroscopy. Within this aim,
the response of the proton conduction of fully hydrated Nafion R© as a function of the
length scale of the proton movement was examined using impedance spectroscopy
with different excitation amplitudes and frequencies. Moreover, the differences be-
tween the proton conductivity of Nafion R© membranes and those aqueous solutions
with similar acidity were examined in this work, in order to relate the influence of the
geometry of the water channels and the proton movement in fully hydrated Nafion R©

on its overall conductivity.

3.3 Gas permeability of Nafion R©

The water channels required for ionic conductivity increase the gas permeabilities of
the membranes [27, 147]. Ito et al. [52] reviewed the hydrogen and oxygen permeabi-
lities of fully hydrated Nafion R© and revealed that the results from different authors
varied by a factor of approximately five. The scattering of the data for dry Nafion R© is
even larger [52]. In addition, it is not experimentally clarified if differential pressure
acts as a driving force for gas permeation through Nafion R©. Accordingly, the origin
of gas permeation through Nafion R© was attributed to diffusion (Fick’s law) and diffe-
rential pressure forced contributions (Darcy’s law) [7,170]. The hydrogen and oxygen
permeabilities of Nafion R© were reported to increase with its water uptake [27, 147],
which was attributed to permeation through the water channels. However, the de-
tailed interplay of the permeabilities and hydration level was thus far not quantitati-
vely described. Accordingly, pathways and mechanisms of gas permeation through
PEMs are not well understood. Moreover, it is an unresolved question whether dif-
ferential pressure driven permeation of gases or dissolved gases though the Nafion R©
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membrane significantly influence the gas permeation.

In order to overcome the described lack of knowledge, the hydrogen and oxygen
permeabilities of Nafion R© are characterized in detail in this thesis. Precise measure-
ment techniques for the gas permeabilities of Nafion R© as a function of relative humi-
dity, pressure and temperature were developed. Within this aim, the electrochemical
monitoring technique to measure a gas flux through Nafion R© membranes [44,52] was
modified, as explained in Section 4.2 in detail. Using the developed setups, the influ-
ence of differential pressures up to 4 bar on the hydrogen permeability of Nafion R©

were found to be negligible, which led to the conclusion that diffusion is the domina-
ting driving force for the permeation process. Furthermore, the interplay between the
hydration level and the gas permeation path through the aqueous and solid phase of
Nafion R© was correlated with its microscopic structure. The temperature dependen-
cies of the hydrogen and oxygen permeabilities of Nafion R© are examined for the case
of the fully hydrated state, where the water content is independent of the tempera-
ture [151]. Using a resistor network model approach, the experimental data is evalu-
ated in order to understand the pathways for the gas permeation through Nafion R©

membranes.

3.4 Gas purities during water electrolysis

In the literature, several models to describe the gas crossover during water electroly-
sis were presented. However, these model and measured data that were supposed to
evaluate these models were imprecise, as discussed in the following in more detail.
Grigoriev et al. [30] presented in 2009 a model for water electrolysis, which was ho-
wever never evaluated with experimental data. Later in same year, these authors [94]
measured the anodic hydrogen of an operating PEM water electrolyzer. In this study,
the authors did not describe how they measured the anodic hydrogen content. On
the basis of the published data and measurements that are discussed in Section 4.4,
it is here assumed, that the authors used a gas analyzer that is based on the combus-
tion of hydrogen and oxygen on catalysts. The disadvantage of these gas analyzers
is that they falsify the gas mixture that is measured. As the consequence, especially
at low molar fluxes through the gas analyzer, the measured hydrogen contents are
not trustworthy. A detailed discussion of the measurement techniques of the anodic
hydrogen content is given in Section 4.4. In 2011, Grigoriev et al. [31] tried to fit a mo-
del for the anodic hydrogen content to experimental data. However, the model and
the experimental data did not agree. Bensmann et al. [7] developed a model for the
energetic evaluation of water electrolysis, however the authors never compared these
modeled data to measured data. In this calculation, the authors did not consider the
membrane thickness as a variable, which is however one of the most decisive para-
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meters that determines the efficiency of water electrolysis.

The models presented by Grigoriev et al. and Bensmann et al. did not consider the
transport processes inside the catalyst layers of the hydrogen and oxygen produced.
However, as analyzed in Section 4.4, these transport processes significantly influence
the gas cross-permeation. Moreover, a further drawback of the models presented in
the literature is that the interaction between proton movement and gas diffusion was
not described. Whether the gas crossover is driven by differential pressures or con-
centration differences was not considered by these models. As a result, the detailed
hydrogen and oxygen cross-permeation during PEM water electrolysis was poorly
understood.

To summarize, the models thus far presented in the literature were imprecise by a
lack of fundamental physical understanding. Moreover, reliable data for the anodic
hydrogen to evaluate these models was not presented. Against this lack of know-
ledge, more precise measurement data and an advanced physical model are presented
in this thesis. This model includes the partial pressure increase that is caused by the
gas evolution in the electrodes and the interaction between gas diffusion and proton
migration. Moreover, the hydrogen and oxygen permeabilities of Nafion R© membra-
nes are measured by an ex-situ technique, so that reliable values for these parameters
can be used for the experimental validation of the model. Using this approach, the
modeled anodic hydrogen content shows excellent agreement with that measured.
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In this chapter, the experimental methods used in this thesis will be presented. Each
of the different setups used is characterized by a different letter from A to F.

4.1 Impedance spectroscopy

In the following, the setups used for the electrochemical impedance spectroscopy
(EIS) of Nafion R© membranes and aqueous solutions are described. The impedance of
the aqueous solutions and the Nafion R© membrane samples were measured using an
impedance analyzer (Zahner, IM6) and two different setups. To measure the Nafion R©

membrane samples, a four-wire sensing configuration based on that proposed by
Sone et al. [41] was used. This setup is in the following denoted as setup A and is illus-
trated in Figure 4.1.1A. In this setup, membrane strips of 15 mm width were woven
around four platinum wires in a parallel alignment, that acted as the electrodes for the
electrochemical impedance spectroscopy. These platinum wires were arranged with
a distance of respectively 10 mm in an in-house made polytetrafluoroethylene (PTFE)
cell. With reference to a standard four-wire sensing impedance measurement, an al-
ternating current (AC) with a defined frequency was applied to the outer electrodes,
while the voltage at the inner electrodes was measured. During the measurements,
the cell with the membrane was immersed into a bath with deionized water (Milli-
pore, Advantage A10, resistivity 18 MΩ cm). A weight of 100 g was used to keep the
membrane sample taut and to press it onto the electrodes. To measure the influence
of temperature on the conductivity, the water bath with the PTFE cell was heated
in a self made oven with rates of 0.1 K/min. During this temperature variation, the
high frequency resistance1 of the cell and the temperature of the water bath were si-
multaneously monitored over time. A Pt100 resistance thermometer (Electrotherm,
K3-E-3LS-200) was immersed in the water bath and used to measure the temperature.
Before measuring, the as-received Nafion R© membranes were boiled for 20 min in dei-
onized water. Additional boiling of the samples in acid (1M H2SO4) and subsequent
rinsing by boiling in deionized water did not markedly change the conductivity.

In order to measure the ionic conductivity of aqueous solutions, these were fil-
led into an in-house made 10 cm long PTFE block with a cylindrical hole of 2.2 cm
diameter. Figure 4.1.1B illustrates this setup. The PTFE block was sandwiched be-
tween two electrodes made of carbon fleece (Freudenberg). These carbon fleeces

1The high frequency resistance of an electrochemical cell (typically in between 1 kHz and 100 kHz)
is dominated by the ohmic resistance of the electrolyte [116].
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Figure 4.1.1: Schematic illustrations of the setups used to measure the impedance of
membrane samples (A) and aqueous solutions (B).

were coated with Hispec9100 (Johnson Matthey) carbon supported platinum cata-
lyst (1 mgPt/cm2) as described in the attachment (Section 14.1), in order to enlarge
the surface areas of the electrodes and the related electrochemical capacitances. Ba-
sed on the data of the HiSpec 9100 catalyst reported by the manufacturer [24] and
the amount of the catalyst used, the surface area of the platinum catalyst was esti-
mated to be approximately 850 times larger than that of the geometric electrode area.
Graphite plates sealed and electrically contacted the porous carbon fleeces electro-
des. Both carbon based materials were chemically resistant to corrosion by the hot
acid solutions measured. Steel end plates were pressed onto the two graphite plates.
These steel end plates were contacted by banana plugs with the impedance analyzer.
Pseudo four-wire sensing was used, where two of the four wires were connected to
one of the steel end plates, respectively. By using this configuration the impedance
of the wires and contacts were eliminated. Besides the electrolyte resistance, also the
resistances of the steel plates, graphite plates, and carbon fleece contributed to the me-
asured impedance. These resistances of the apparatus were determined by reference
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measurements, where the impedance of the cell was measured without the PTFE cy-
linder, so that the carbon fleece electrodes were directly pressed onto one another.
The resistance of this alignment was measured to be negligible, meaning that the in-
fluence of the resistances of the apparatus had a negligible contribution to the total
impedance of the aqueous solutions measured. In order to control the temperature,
the cell was immersed in an in-house made oven, which could be heated with defi-
ned rates of 0.1 K min−1. The impedance of the samples was measured during up and
down sweeps of the temperature and then averaged. To measure the temperature, a
Pt100 thermometer (Unitherm) embedded in a heat shrink plastic tubing was in direct
contact to the examined aqueous solution.

The impedance measurements of the samples/solutions (measured with setup A or
B) were carried out during variation of the temperature with upward and downward
ramps. Thanks to the low rates of the temperature ramps of ±0.1 K min−1, significant
differences between the measured impedance of a sample/solution as a function of
the temperature for the upward and downward ramps could not be observed. The
temperature dependency of the impedance of a sample/solution as a function of tem-
perature was obtained by averaging the data from up and down sweeps. Data that
was obtained by this method is presented in Chapter 5. As an alternative to this
approach, the conductivity measurements that are presented in Chapter 8 were con-
ducted at discrete temperatures, by waiting 15 min after a constant temperature was
reached. Within the measurement precision both approaches led to equal measured
conductivities.

4.2 Electrochemical monitoring technique

To measure hydrogen and oxygen permeabilities of Nafion R© membranes, three diffe-
rent setups based on the electrochemical monitoring technique were employed. With
this experimental technique, a molar flux is electrochemically converted at two elec-
trodes under the diffusion-limiting condition [44, 52, 171]. Thereby, the current of this
electrochemical reaction is monitored over time and correlated with the amount of
substance by Faraday’s law [52]. In the following, the measurement principle and the
modifications of this technique that were employed to measure hydrogen and oxygen
permeation through Nafion R© membranes will be presented.

4.2.1 Measurement principle

The permeation flux of hydrogen through a PEM was measured by supplying hyd-
rogen on one side of the membrane and nitrogen on the other side. When hydrogen
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molecules permeated through the membrane, they reacted electrochemically at an
electrode, which is denoted as the working electrode. Driven by a applied voltage
that was applied to both electrodes, the hydrogen molecules permeating through the
membrane were electrochemically oxidized at the working electrode. The protons
gained by this reaction permeated through the electrolyte to the counter electrode
where they were reduced to hydrogen. Nitrogen was purged along the electrolyte at
the working electrode. Hence, the measured current between the working electrode
and counter electrode was attributable to the electrochemical conversion of hydrogen
permeating through the membrane. This molar hydrogen flux was correlated with
the electrochemical current measured using Faraday’s law, assuming that all hydro-
gen molecules permeating through the membrane were oxidized at the working elec-
trode. This diffusion-limiting condition of the electrochemical reaction is discussed in
the attachment in detail (Section 14.3.4). The procedure to measure oxygen permea-
tion through the membrane was analogous.

To electrochemically oxidize the hydrogen that permeated through the membrane,
the working electrode acted as the anode (+):

H2 → 2H+ + 2e− (4.2.1)

The counter electrode served as the cathode (-), at which the reverse electrochemical
reaction took place. For the purpose of measuring oxygen permeation through the
membrane, the voltage applied at the electrodes was switched. Hence, the oxygen
that permeates through the membrane was electrochemically reduced at the working
electrode, which acted as the cathode (-):

O2 + 4H+ + 4e− → 2H2O (4.2.2)

In this case, water was oxidized by the reverse reaction pathway at the counter elec-
trode (+).

4.2.2 Setups

In the following, the three different setups used to measure hydrogen and oxygen
permeability of membranes will be presented. One setup was based on an electro-
chemical Devanathan and Stachurski half-cell [171]. This setup was originally em-
ployed to measure the permeation of hydrogen through metals [171]. Sethuraman
et al. also applied a similar setup to determine the diffusion coefficients, the solu-
bilities and the permeabilities of oxygen, carbon monoxide and hydrogen sulfide in
Nafion R© [44]. For this purpose, the time-dependent permeation fluxes of these gases
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through Nafion R© membranes were measured by the alternate purging of the reactive
gases and inert nitrogen along the membranes. To enhance the precision of the mea-
surement, in this thesis the permeation flux is measured at stationary conditions wit-
hout consideration of its time-dependence. In turn, this restriction results in a loss of
information about the diffusion coefficient and solubility. However, this compromise
allowed to precisely measure the temperature dependence of the hydrogen and oxy-
gen permeabilities of Nafion R© and PTFE. The cell used is illustrated in Figure 4.2.1C.
An aqueous 1 M sulfuric acid solution served as the electrolyte between the working
electrode and counter electrode for the electrochemical conversion of the hydrogen
and oxygen that permeated through the membrane. The Nafion R© membranes were
in contact with the aqueous sulfuric acid electrolyte and fully humidified gases that
additionally carried water. Hence, the membranes were fully hydrated during the
measurement with this setup.

The typical design of the Devanathan and Stachurski half-cell comprises a refe-
rence electrode that is immersed in the electrolyte between the working electrode and
counter electrode [44]. The reference electrode is used to measure the potential of
the working electrode in the electrolyte [44], while the voltage between the working
electrode and reference electrode is kept constant using a potentiostat. However, the
measured potential by reference electrodes is temperature-dependent and affected by
noise. Capacitive currents caused by voltage variations between the working elec-
trode and counter electrode result, which are inevitable in keeping the voltage be-
tween the working electrode and the reference electrode constant. To enhance the
measurement precision by reduced noise and capacitive currents, constant voltages
between the working electrode and the counter electrode were applied without using
a reference electrode.

The second setup used is illustrated in Figure 4.2.1D and was similar to that first
described by Sakai et al. [147], which was also used by other researchers [141, 172].
By using a similar configuration, the influence of relative humidity and pressure on
the hydrogen permeability of Nafion R© was examined for this study. In this setup, the
Nafion R© membranes examined served as the electrolyte between the working elec-
trode and counter electrode. Therefore, the Nafion R© membranes were coated with
two electrodes, as discussed in the attachment (Section 14.3). Hydrogen was then
purged along the counter electrode, while nitrogen was purged along the working
electrode on the other side of the Nafion R© membrane. When hydrogen permeated
through the membrane, it was electrochemically oxidized and sent back in the form
of protons to the other side of the membrane. Thereby, the proton flux with the oppo-
sing direction of the hydrogen permeation carries approximately four water molecu-
les per proton (Section 2.2.2). The influence of this water and proton flux on the gas
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Figure 4.2.1: Schematic illustrations of the setups used for permeability measure-
ments. WE: Working electrode. CE: Counter electrodes. (C): Electro-
chemical half-cell with aqueous sulfuric acid electrolyte. (D): Electro-
chemical cell, where the examined Nafion R© membranes served as the
electrolyte. (E): Setup used for dry Nafion R© membranes.

permeation through the membrane measured is discussed in the attachment (Section
14.3).

The third setup illustrated in Figure 4.2.1E was used to measure the permeabilities
of dry Nafion R© membranes. In this setup, hydrogen was purged along one side of
the dry Nafion R© membranes, while nitrogen was purged along the other. The hydro-
gen permeating through the dry membrane was carried by the nitrogen flux into an
electrochemical cell, where hydrogen in the gas flux was electrochemically converted.
The resulting current was monitored over time. For this purpose, the hydrogen and
nitrogen mixture was purged through a porous working electrode in an aqueous sul-
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furic acid electrolyte, where the hydrogen in the gas mixture was electrochemically
oxidized. At a counter electrode in this electrolyte, the reverse reaction took place.
To measure the oxygen permeability of the dry Nafion R© membranes, an analogous
measurement procedure with respect to the different reactions at the electrodes and
different applied voltages was used. Further details on the setups and measurements
are stated in the attachment (Section 14.3).

During the permeability measurements the absolute pressure p at the membrane
was kept constant. Using small gas fluxes (as discussed in Section 14.3), the pressure
drop in the flow field that faced the membranes was negligible. This absolute pressure
is the sum of the partial pressures of the supplied gas and water vapor. The water
vapor in the cell was equal to that of saturated vapor pressure pH2O (Section 6.1.2),
which was calculated by Antoine’s equation [173]

pH2O(T) = 105.11564− 1687.537 K
−42.98 K+T bar , (4.2.3)

with the temperature in units of Kelvin and pH2O in units of bar. This approximation
deviates from the thermodynamic data of the NIST database [126] by less than 0.5 %.
In order to determine permeability by Fick’s law (eq. 2.3.3), the partial pressure of the
supplied gas is determined as a function of the absolute pressure p and pH2O(T):

pgas(T) = p− pH2O(T), (4.2.4)

The influence of the absolute pressure p on the saturated vapor pressure pH2O(T) is in
the considered pressure range below 1 % [174] and thus will not be taken into account
in this thesis.

During the measurements with the setups discussed, hydrogen or oxygen at the
working electrode were instantaneously electrochemically converted to protons or
water, respectively. Thus, their partial pressures at the working electrodes were neg-
ligible. As a result, in setup C and in setup D (Fig. 4.2.1C and 4.2.1D) the partial
pressure difference of the gas ∆pgas between both sides of the membrane is:

∆pgas = 0 bar− pgas = −pgas (4.2.5)

In setup E (Fig. 4.2.1E), the gas permeating through the membrane was instantane-
ously carried by the nitrogen flux away from the membrane. Accordingly, equation
4.2.5 is also valid for this setup.

The molar permeation flux density Φ of hydrogen or oxygen through the mem-
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brane was determined by the measured current densities j using Faraday’s law:

Φgas =
j

z F
(4.2.6)

By combining Fick’s law (eq. 2.3.3), Faraday’s law (eq. 4.2.6), and eq. 4.2.5, the per-
meability of the membrane for the considered gas was determined as a function of
the electrochemical current measured:

εgas(T) = j(T)
d

z F pgas(T)
(4.2.7)

This equation is valid for stationary molar permeation flux densities Φgas through
the membranes. In the case of fully hydrated Nafion R©, the noise caused by deviati-
ons from the stationary currents measured was smaller 3 % of the measured absolute
values.

4.3 Resistor network modeling

In Section 7, the hydrogen and oxygen permeabilities of Nafion R© will be simulated
using a resistor network model, which was formulated using the open source package
OpenPNM [175] in the program environment ’Phython’. A three-dimensional net-
work with cubic connectivity composed of 200 resistor segments in all three direction
was used to describe the resistor network, which thus consisted of 8 million resistor
elements in total. In the simulations, the mole flux ṅ through the resistor network was
computed using the algorithm for fickian diffusion in OpenPNM. The detailed deve-
lopment of the algorithm and the modeling of the microscopic structure of Nafion R©

will be discussed in Section 7.1.

4.4 Measurement of the anodic hydrogen content

The aim of this section is to describe the measurements of the anodic gas purities
which are presented in Section 9.3. The measurements of the anodic hydrogen content
(Section 9.3) and the voltage-current characteristic (presented in Figure 2.1.1) were
conducted with an in-house made electrolysis cell. The active geometric area of the
electrodes in this cell was 25 cm2. This cell consisted of titanium flow fields, which
were plated with platinum at the anode. The cathodic flow fields were additionally
gold plated in order to avoid hydrogen embrittlement of the titanium substrate. A sin-
tered titanium body (GKN) with a thickness of 1.3 mm and grain sizes of 100 µm was
used as anodic current collector. Three carbon papers (Toray, TPG-H-120) were em-
ployed as the cathodic current collector. The cell was equipped with a Nafion R© N117
membrane that was coated with a cathodic Pt/C and an anodic IrO2 catalyst layer.
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μ

Figure 4.4.1: Measurements of the anodic hydrogen content as a function of the cur-
rent density. The electrolysis cell was equipped with a Nafion R© N117
membrane as discussed in the text in detail. Crosses: Measurements with
the K1550 gas analyzer. Circles: Measurements with the XNX Transmit-
ter gas analyzer.

The coating procedure of the electrodes and the electrode composition are discussed
in the attachment in detail (see Section 14.1). All measurements with the electrolysis
cell that are presented in this thesis were conducted at a cell temperature of 80 ◦C.
The electrolysis cell was placed in two different commercially available test stations

which were manufactured by Greenlight Innovation and FuelCon. Individual water
circulation loops were used for the anodic and cathodic compartments in both test sta-
tions. The hydrogen and oxygen produced in the electrolysis cell were carried by the
water circulation through gas separators, in which the gases were dried. The Green-
light test station was equipped with a K1550 gas analyzer (HITECH Instruments) in
order to measure the hydrogen content in the anodic exhaust gas of the cell. In the
case of the FuelCon test station, a XNX Transmitter (Honeywell) was used to analyze
the anodic exhaust gas. The K1550 gas analyzer measures the heat conductivity of
the analyzed gas (hydrogen has a larger heat conductivity than oxygen), while the
XNX Transmitter measures the heat resulting from the catalytic combustion of hydro-
gen and oxygen on a catalyst. The gas analyzers were calibrated using gas mixtures
of 2 % H2 in O2 (Linde) and pure oxygen. The analyzers scaled the measured heat
conductivity or produced heat by the recombination of the gases linearly with the
hydrogen content. To precisely measure the gas composition of the produced gases
these must be dry. After drying in the gas separators, the water content of the me-
asured gas composition was further reduced by purging the gas through humidity
soaking silica gel (Merck-chemicals). The absolute error of the measured percental
hydrogen content with the K1550 gas analyzer was approximately ±0.1 %.

Figure 4.4.1 shows the measured anodic hydrogen contents with the gas analyzers
introduced above. The measurements were conducted individually after one another
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Figure 4.4.2: Time response of the measured anodic hydrogen content of a 25 cm2 PEM
water electrolysis cell at 80 ◦C. Left to the green vertical line: Operation
current density of 1.5 A cm−2. Right to the green vertical line: Operation
current density of 1 A cm−2. Blue line: Balanced pressure operation. Red:
Differential pressure operation.

in order to avoid interferences of both gas analyzers. Above 1.2 A cm−2, the measured
anodic hydrogen contents with both gas analyzers are approximately equal. Howe-
ver, towards lower current densities the hydrogen contents that were measured by
the XNX Transmitter (catalytic reaction of hydrogen and oxygen) leads to significant
lower values than that measured with the K1550 gas analyzer (heat conductivity of
the gas mixture). As the catalytic reaction of both gases to water consumes twice as
much hydrogen as oxygen, the molar composition of the gas mixture is influenced by
the XNX Transmitter. The volumetric flux of the produced anodic gas is proportional
to the current density. With approaching low volumetric fluxes, the influence of the
catalytic recombination by the gas sensor on the composition of the probed gas incre-
ases. Accordingly, the measurements with the heat conducting sensor are considered
to be more trustworthy and thus only these will be considered in the following parts
of this thesis. Figure 4.4.1 also displays the modeled hydrogen content (calculated as
described in Section 9.3). In the entire current density range considered, the modeled
anodic hydrogen content is within the measurement error in agreement with the me-
asured data of the K1550 gas analyzer.

Figure 4.4.2 shows the time response of the measured anodic hydrogen content with
the K1550 gas analyzer. The data in this graph was measured by operating the water
electrolysis cell at 7 bar cathodic pressure and anodic pressures of either 7 bar or 1 bar.
Using atmospheric pressure at the anodic gas outlet, the measured anodic hydrogen
content approaches a constant level after approximately less than 30 min, while in
the case of the pressurized anodic operation a stationary signal was obtained after
approximately 3 h. The molar density of the gas in the anodic compartment increases
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approximately proportionally to its pressure (ideal gas law). Using the same current
densities (leading to the same gas production rate), the time to exchange the molar
composition of the anodic compartment is approximately proportional to the anodic
pressure. Consequently, when the anodic pressure is enlarged by a factor of seven,
the time to exchange the molar composition of the anodic compartment increases by
approximately the same factor.



5 Proton conduction in Nafion R©

In this chapter, the influence of the water channel geometries in Nafion R© and the
proton mobility in its aqueous phase on the overall proton conductivity is discus-
sed. First, impedance spectra of a fully hydrated Nafion R© (used as a synonym for
Nafion R© immersed in water) sample are presented and interpreted in detail. Second,
the proton conductivities of Nafion R© and aqueous solutions are compared and physi-
cal reasons for their deviations are elucidated. This chapter was published previously
in the form of a research article [176].

5.1 Scattering of protons at pore walls

In the following, the response of the proton conduction in Nafion R© to alternating
currents (ACs) is analyzed using impedance spectroscopy. The measured response of
the protons to the applied voltage is correlated to their the permeation length in the
aqueous phase.

5.1.1 Impedance spectra of Nafion R©

Figure 5.1.1 shows impedance spectra of a Nafion R© N117 sample, measured with am-
plitudes of 0.001, 0.01, 0.1, and 1 V between the inner electrodes of setup A (Fig. 4.1.1).
The distance d between the electrodes of the employed setup was 0.01 m. As discus-
sed in Section 2.2.2, the proton conduction through an electrolyte is typically of an
ohmic character, which implements a phase angle θ of the impedance that equals 0◦.
Besides the ohmic resistance of the proton conduction, also capacitances and electro-
chemical processes at the electrodes contribute to the measured impedance (Section
2.2.2). Toward higher frequencies these contributions to the impedance decrease as
they are short circuited by the decreasing impedance of the electrode capacitances.
In the overall frequency range considered inductive contributions to the impedance
are negligible as the measured impedance of the sample shows negligible or negative
phase angles.

At a frequency of 1 kHz the measured phase angle was negligible for all the excita-
tion amplitudes employed. Toward lower frequencies the phase angle decreases, as
the influence of electrochemical electrode processes and double layer capacitances on
the impedance increasingly contribute. The electrochemical processes at the electro-
des depend on the excitation amplitude. At higher frequencies than 1 kHz the phase
angle decreases independent of the excitation amplitude. This reduction of the phase
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Figure 5.1.1: Impedance spectra of a Nafion R© N117 sample at room temperature re-
corded with amplitudes from 0.001 V to 1 V between the inner electrodes
of setup A (Fig. 4.1.1). Top: Real part of the impedance. Bottom: Phase
angle. The gray shaded area between 70 Hz and 70 kHz indicates the
frequencies at which the impedance is dominated by the ohmic proton
conduction. Toward higher frequencies capacitive contributions to the
impedance increasingly contribute, while toward lower frequencies the
influence of electrochemical electrode processes on the impedance incre-
ase.

angle was attributed to the capacitance between the electrodes.

In the frequency range from 70 Hz to 70 kHz, the real part of the impedance was
measured to be nearly constant (deviations below 2 %), while the phase angle was
between −5◦ and 0◦. With reference to these small phase angles and the constant re-
sistance, ohmic resistances dominated the impedance in this frequency range. This
ohmic resistance is attributable to the proton conduction through the measured sam-
ple. Higher or lower frequencies reduced the phase angle and varied the real part of
the impedance. In the frequency range from 70 Hz to 70 kHz, the higher harmonics
from the second to the tenth degree of the impedance were measured by the impe-
dance analyzer to be below 0.05 % of the total impedance. These negligible higher
harmonics mean that the response of the proton conduction to the alternating electric
field was linear within the measurement precision.
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5.1.2 Movement of the protons in the water channels

Within three decades of frequencies and excitation amplitudes linear responses and
a constant ohmic resistance of a fully hydrated Nafion R© membrane were measured.
Based of these observations, the aim of the following deliberations is to discuss if scat-
tering processes between the protons and the pore walls affect the conductivity. For
this purpose, the length scales of the microscopic structure of Nafion R© and that of the
permeation paths are compared. The average permeation length of protons (eq. 5.1.1)
within one sign of the applied ACs is defined as l. To calculate l, only ohmic currents
are considered, as these dominated the impedance.

The average permeation length covered by protons equals

l = vD t , (5.1.1)

where t denotes the time that the current is applied and vD the average drift velocity.
In the case of an alternating current, the direction of the current changes every half of
the inverse frequency f :

t =
1

2 f
(5.1.2)

Within one sign of the periodic sinusoidal excitation used for the impedance spectroscopy,
the mean voltage Ū equals

Ū =
1√
2

U0 , (5.1.3)

where U0 denotes the peak voltage amplitude.

On the basis of Faraday’s law, the drift velocity can be calculated by the ratio of the
current I to the product of the proton density ρH+ and the cross-sectional area of the
conductor:

vD =
I

ρH+ A
(5.1.4)

By also taking into account Ohm’s law and equation 5.1.3, the latter equation can be
written as:

vD =
U0√

2 R ρH+ A
(5.1.5)

The resistance in the latter equation can be expressed by the conductivity

vD =
U0 κ√
2 ρH+ d

, (5.1.6)

where d denotes the distance between the inner electrodes. With equation 5.1.1, 5.1.2
and 5.1.5 or 5.1.6, the average proton permeation length l can be calculated.
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Figure 5.1.2: Calculated permeation lengths l of protons through the aqueous phase of
Nafion R© within one sign of the applied alternating voltage as a function
of the frequency. Vertical dotted line: Mean diameter of the water chan-
nels of 2.5× 10−9 m as measured by Allen et al. [40]. Gray shaded area:
Frequencies, where the ohmic resistance of the membrane dominates the
impedance measured (Fig. 5.1.1).

As derived in the next section, an aqueous solution with the same proton concen-
tration as that in the aqueous phase of Nafion R© shows a proton conductivity of ap-
proximately 0.57 S/cm. With reference to a molar mass of water of 55 g/mol [126], a
mole density of water 18.2 mol/l can be calculated. In Nafion R©, the water uptake is
λ ≈ 20 water molecules per acidic site (section 3.1). Thus, in an acid with same same
proton concentration, the amount of proton equals approximately one-twentieth of
that of water molecules. Accordingly, the proton density of such a solution equals
ρH+ = 8.7× 104 C/l. With an excitation amplitude of 1 V, the drift velocity can be
calculated to 4.6× 10−5 m/s.

In the case of the Nafion R© membrane, a resistance of 330 Ω was measured in the
region of ohmic conductance. Including the sample geometry, equation 5.1.5 and an
excitation amplitude of 1 V, a drift velocity of 7.8× 10−6 m/s can be calculated. Ho-
wever, this value does not take into account the detours that result from the proton
permeation in the water channels of the Nafion R© membrane. Multiplying this value
by a tortuosity of 6, as derived in the next section, the velocity includes the detours.
With this approach the velocity equals the 4.6× 10−5 m/s that were calculated using
the first approach. Using this value for the drift velocity, Figure 5.1.2 displays the
permeation length l.

Allen et al. [40] measured the average diameter of the water channels in a fully hy-
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drated Nafion R© membrane to 2.5× 10−9 m (see Section 3.1). Figure 5.1.2 illustrates
that within the frequency range from 70 Hz to 70 kHz) (where the ohmic proton con-
duction dominates the impedance spectra), the estimated permeation lengths of the
protons in the water channels range from 3.4× 10−8 m to 3.4× 10−14 m. Although the
protons were moved at the minimum by less than four orders of magnitude than the
length scale of the water channels’ diameter and at the maximum by distances that
are approximately 14 times larger, the measured proton conductivity was equal. This
equal conductivity indicates, that independent of the length scale of the proton per-
meation through fully hydrated Nafion R©, the movement of the protons takes place
on the same paths.

Scattering of protons at the pore walls of Nafion R© would lead to non-linear re-
sponses, which could not be experimentally observed (negligible higher harmonics of
the impedance measured). Moreover, if scattering processes occur at the pore walls,
these would lead to an impedance that depends on the permeation length: at the
length scale below the water channel diameter less scattering processes have to be
expected than in the case of the permeation lengths that exceed the diameter of the
water channels. In summary, if scattering processes of protons with pore pore walls
had occurred, these did not lead to measurable contributions to the impedance.

In the attachment (Section 14.2), the capacitances between the water channels are
estimated to be too small to contribute in a measurable amount to the impedance.
Thus, the contributions of dead-end water channels (which do not show a connection
between the electrodes) to the overall proton conduction at ACs are negligible. To
summarize, the proton mobility in fully hydrated Nafion R© was derived to be inde-
pendent of the permeation length, as explained by the same paths of the proton mo-
vement. The response of the proton permeation to the excitation was linear, which
led to the conclusion that scattering events of protons with the pore walls do not sig-
nificantly contribute to the overall conductivity. Hence, the proton conductivities of
fully hydrated Nafion R© membranes at ACs and DCs are expected to be equal.

5.2 Conductivities of Nafion R© membranes and aqueous
solutions

In the following, the proton conductivity of Nafion R© membranes is compared to those
of aqueous solutions with equal proton concentrations as the aqueous phase in fully
hydrated Nafion R© membranes. Moreover, the influence of the water content on the
proton conductivity of Nafion R© membranes is discussed.
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In contrast to Nafion R© membranes, where the anions are covalently bonded to the
polymer matrix and thus do not contribute to the measured AC conductivity, the
anions of aqueous solutions move in the opposite direction to the cations. Thus, in
aqueous solutions cations and anions contribute to the conductivity at ACs. The in-
fluence of different sizes of the anions, their movement, and their hydration shells on
the conductivity is examined here for an aqueous hydrochlorid acid (HCl) solution
and an aqueous trifluoromethanesulfonic acid (TMSA) solution. Like Nafion R©, both
aqueous acids are also superacids with acid strengths of pKa < −5 [143, 177], which
means that more than 99.999 % of their protons are dissociated. In order to determine
the proton conductivity of the HCl solution, the contributions of the chloride ions to
the overall conductivity were subtracted using the procedure described in the in the
attachment (Section 14.2) in detail. In short, by this procedure the transport numbers
of the potassium and chloride ions in the KCl solution were determined from its con-
ductivity measured. With these values, the contributions of the chloride anions to the
overall conductivity of the HCl solution were estimated. The measured conductivities
of HCl and KCl are moreover compared to data reported in the literature (comparison
graphed in Figure 5.2.1).

The proton mobility is due to the contributions of the Grothuss mechanism [112]
(proton exchange along the hydrogen bond network) at least by a factor of 4.5 times
larger than the mobility of other cations or anions (except the hydroxide anion, which
is also conducted via the Grothuss mechanism) [178, page 761]. In addition, the anions
(CF3SO−3 ) of TMSA are approximately eight times heavier and more spacious than the
hydronium H3O+ cations. Thus, the ion transport number of the anions of TMSA can
be expected to be far smaller than that of the protons, which means that the effect of
the anion movement on the overall conductivity of TMSA is expected to be negligi-
ble. However, these large anions may stand in the way for the proton conduction and
thus reduce the proton mobility. Compared to the sulfonic acid functional groups of
Nafion R©, the sulfur in TMSA is also covalently bonded to fluorinated carbon, which
means similar electronic environments.

At standard ambient temperature and pressure, the mole density of water equals
ρ̂H2O = 55.5 mol l−1, while the density variation of water from room temperature
up to 85 ◦C is with less than 3 % negligible [126]. By dividing the mole density of
water through the amount of water molecules per sulfonic acid group λ, the proton
concentration cH+ in the aqueous phase of Nafion R© can be estimated. In the case of
λ = 20, cH+ can be determined to:

cH+ =
ρ̂H2O

λ
≈ 2.8 mol/l (5.2.1)
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Figure 5.2.1: Top: Mean of the measured conductivities (solid lines) of HCl, KCl,
TMSA and Nafion R© as a function of temperature. The proton conducti-
vity of the aqueous HCl solution denoted by H+ was approximated as
discussed in the attachment (Section 14.2). The aqueous solutions were of
a molarity of 2.8 mol l−1, which corresponds to the molarity of the aque-
ous phase in fully hydrated Nafion R© for λ = 20. The fit parameters and
a discussion of the measurement errors are also given in the attachment
(Section 14.2). Squares: Literature data of the conductivity of HCl [179].
Dots: Literature data of the conductivity of KCl [180]. Bottom: Con-
ductivities of the aqueous solutions (denoted as κas) in relation to that of
Nafion R© (denoted as κN) . As discussed in the SI, the error of these ratios
are approximately 12 % for the estimation of the proton conductivity of
HCl and 10 % for HCl and TMSA.

Figure 5.2.1 shows the ionic conductivities of the aqueous HCl, KCl, and TMSA solu-
tions with this molarity and the proton conductivity of Nafion R© immersed in water.
The influence of temperature on these conductivities was fitted by polynomials of
third grade. The values of the fits and the discussion of measurement errors are given
in the attachment (Section 14.2). Using the fits to the conductivities of the aqueous
HCl and KCl solutions, the proton conductivity of the aqueous HCl solution was ex-
tracted as also discussed in the attachment (Section 14.2). In the total temperature
range from 25 ◦C to 85 ◦C considered, the proton conductivity in HCl was estimated
to be approximately 6.0 ± 0.7 times higher (5.8 ± 0.6 times for TMSA) than that of
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Nafion R© (Fig. 5.2.1). As discussed in Section 3.1, the water content of fully hydra-
ted Nafion R© is in the considered temperature range constant. Thus, the influence of
temperature on the morphology of the aqueous phase and the solid phase is expected
to be negligible. The similar temperature dependencies of the proton conductivities
(constant ratios in Fig. 5.2.1) of Nafion R© and the aqueous acids could mean, that the
activation energies and the underlying mechanisms for the proton conduction in both
media are similar.

In the following, the proton conductivity of Nafion R© is analyzed as a function of
the water content. Sone et al. [41] reported the proton conductivity of Nafion R© in a
humidified atmosphere as a function of the relative humidity (denoted as rh) using
a similar setup as in this work. On the basis of experimental data reported in the
literature, Eikerling et al. [144] described the water content of Nafion R© as a function
of the relative humidity at 20 ◦C by:

λ(rh) = 3 rh0.2 + 11 rh4 (5.2.2)

This water content was related to the volume fraction of water φ by [152, 158]:

φ =
18 λ

550 + 18 λ
(5.2.3)

Using the conductivities reported by Sone et al. and the latter two relations, the proton
conductivity of Nafion R© as a function of the volumetric water content was calculated.

Figure 5.2.2 shows the influence of the volumetric water content on the conductivity
of Nafion R© (denoted as κN) normalized to the proton conductivity of the aqueous HCl
solution (denoted as κas). This normalized conductivity was divided by the volume
fraction of water leading to the relation: κN

κas
1
φ . With this expression, values smaller

than unity are ascribable to geometric restrictions other than the volume fraction and
reduced proton mobilities. The proton mobilities in the aqueous phase of Nafion R©

may decrease toward smaller water contents and originate from the inhomogeneous
distribution of the protons in the water channels [20,21,160,161]. Toward lower water
contents the tortuosity (as reported by Zhao et al. [159] using pulsed gradient spin
echo NMR) increases and the connectivity between the water channels decreases. The
morphology change resulting also decreases the conductivity.
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Figure 5.2.2: Normalized conductivities of Nafion R© as a function of the volume
fraction of water φ exemplified for a temperature of 20 ◦C. Black: Nor-
malization of the conductivity of Nafion R© to the proton conductivity of
an aqueous HCl solution. Red: Additional normalization to the water
content. Vertical gray lines: Different relative humidities. Solid black
and red lines: Based on the conductivities reported by Sone et al. [41].
Points: Based on the conductivities measured in this study.

5.3 Physical effects that reduce the proton conductivity
of Nafion R©

Following effects may cause the smaller proton conductivity of Nafion R© in compari-
son to those of the aqueous solutions with equal molarity:

• The morphology of the aqueous phase in Nafion R©.

• The functional groups and the side chains of Nafion R© that penetrate into the
aqueous phase [181]. These spacious anions may stand in the way of the proton
conduction and thus may reduce the proton mobilities compared to aqueous
solutions with smaller anions.

• The ions are homogeneously distributed in the aqueous solution, while the pro-
ton distribution in the water channels of Nafion R© membranes is inhomogene-
ous [21]. This inhomogeneity is caused by the attractive electrostatic force of the
protons to the anions, which are covalently bonded to the polymer matrix at the
pore walls of the water channels [21]. As a result, the mobility of the protons in
the water channels may be smaller than that of aqueous solutions [20, 21].

The aim of the following discussion is to estimate the impact of these effects on the
conductivity of fully hydrated Nafion R© membranes. The geometric restrictions of the
proton conduction caused by the morphology of the aqueous phase in Nafion R© are
related to the volume fraction of the aqueous phase in Nafion R©, the connectivity of
the water channels, the detours of the proton conduction in tortuous water channels,
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and the varying diameter of the water channels. In the attachment, the sum of these
geometric effects on the overall conductivity of Nafion R© is physically described using
the geometric restriction factor ζ. This factor equals the ratio of the conductivity in
the aqueous phase to the total conductivity of the membrane. With this factor, the
proton conductivity of Nafion R© κN is related to that of an aqueous solution κas with
the same proton concentration by

κN

κas
=

µap

µas
ζ , (5.3.1)

where µap represents the proton mobility in the aqueous phase of fully hydrated
Nafion R© and µas that of an aqueous reference solution. Accordingly, the ratio of the
mobilities and the geometric restriction factor are responsible for the different proton
conductivity of Nafion R© membranes in comparison to those of aqueous solutions.
The geometric restrictions factor of fully hydrated Nafion R© is estimated in Chapter 7
using a resistor network model approach. This model is based on a noise algorithm
that was constructed to represent the structure of fully hydrated Nafion R© in the form
of the volume fractions, water channel diameters, and domain spacings that were re-
ported by Allen et al. [40]. However, owed to the nature of the random algorithm used
to model the structure of fully hydrated Nafion R©, the modeled geometric restriction
factor ζ does not entirely represent the real structure of fully hydrated Nafion R©. When
the cryo electron tomography results reported by Allen et al. [40] could be described
by a resistor network, the geometric restriction factor ζ could be determined more
precisely.

In the following, the proton mobility inside the aqueous phase of fully hydra-
ted Nafion R© is estimated based on the discussed estimation of the geometric re-
striction factor ζ and the measured conductivities. In the case of fully hydrated
Nafion R©, the normalized conductivity was determined to κN

κas
≈ 0.17± 0.02 (reciprocal

of κas
κN
≈ 6.0± 0.7). This value and the estimation of the geometric restriction factor are

within the experimental error equal. Accordingly, using equation 5.3.1, equal proton
mobilities inside the aqueous phase of fully hydrated Nafion R© and that of the aque-
ous solution of HCl can be estimated. Thus, the smaller conductivity of fully hydrated
Nafion R© in comparison to aqueous solutions is expected to be mainly attributable to
the morphology of the aqueous phase.

5.4 Synopsis of the chapter

In this chapter, the proton conductivities of Nafion R© and aqueous solutions with an
equal proton concentration as the aqueous phase in fully hydrated Nafion R© were
studied using electrochemical impedance spectroscopy. Based on the measured con-
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ductivity of fully hydrated Nafion R© and the calculated permeation length of the pro-
tons under alternating currents (ACs), the proton mobility was derived to be indepen-
dent of scattering processes of protons at the pore walls of the water channels. The
negligible influence of the permeation path length on the conductivity led to the con-
clusion, that protons move independently of the excitation amplitude and frequency
on the same trajectories, which means equal AC and DC conductivities of fully hy-
drated Nafion R©. The proton conductivity of an aqueous hydrochloric acid solution
with an equal proton concentration as the water channels in fully hydrated Nafion R©

was found to be 6.0± 0.7 times higher than that of Nafion R©. The influence of the geo-
metric restrictions by the proton permeation through the morphology of the aqueous
phase in fully hydrated Nafion R© was modeled in the literature. By comparison of the
experimental data presented in this Chapter and the modeled influence of the mor-
phology of the aqueous phase on the overall conductivity that will be presented in
Chapter 7, the mean proton mobility in the aqueous phase of fully hydrated Nafion R©

was estimated to equal that of the aqueous acidic reference solutions. The decreasing
conductivity of Nafion R© toward smaller water contents was quantified and ascribed
to increasing geometric restrictions of the proton conduction and a decreasing proton
mobility in the aqueous phase.



6 Hydrogen and Oxygen
Permeabilities of Nafion R©

In this chapter, measurements of the gas permeation through Nafion R© membranes as
a function of pressure, relative humidity and temperature are presented. Based on
these data, the pathways of the gas permeation through Nafion R© will be qualitatively
described. These results were published previously [120].

6.1 Influence of ambient conditions

The main parameters that influence the hydrogen permeability of Nafion R© membra-
nes are pressure, relative humidity and temperature.

6.1.1 Pressure

To examine the influence of differential pressure on the hydrogen permeation through
a fully hydrated Nafion R© N117 membrane at 80 ◦C setup D (Fig. 4.2.1D) was used.
Different hydrogen pressures were applied at the cell inlet. Fully humidified hydro-
gen which additionally carried water was purged along the counter electrode. The
partial pressure pH2 of the hydrogen in the cell was determined by deducting the cal-
culated partial pressure of saturated water vapor psv (eq. 4.2.3) from the absolute
pressure p (eq. 4.2.4). On the other side of the membrane fully humidified nitrogen
that additionally carried liquid water was supplied. The absolute pressure on this
side of the membrane is defined as counter pressure. More details on the experimen-
tal realization of this setup are provided in the attachment (Section 14.3).

Figure 6.1.1 shows the hydrogen permeation flux density ΦH2 through a Nafion R©

N117 membrane (determined by measured current density j using Faraday’s law in
the form of equation 4.2.6) as a function of pH2 . The data in this graph were descri-
bed by a linear fit. The deviations of the measurements from this fit scatter randomly
(with an absolute deviation below 3 %). The linear fit to this data passes the origin, so
extrapolating pH2

to 0 bar implies ΦH2
= 0 mol s−1cm−2. Accordingly, Fick’s law (eq.

2.3.3) describes this relationship between pH2 and the resulting ΦH2
. Thus, subtracting

psv from the absolute pressure p (eq. 4.2.4) exactly yielded the partial pressure of hyd-
rogen pH2 . Deviations from the calculated partial pressure of hydrogen in comparison
to its real partial pressure would lead to a constant offset, which would in turn lead
to a deviation of the intercept with the ordinate. The slope of the linear relation is
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Figure 6.1.1: Measured hydrogen permeation flux density through a Nafion R© N117
membrane as a function of the partial hydrogen pressure at the counter
electrode. The absolute counter pressures of 1 bar (red dots) and 5 bar
(black crosses) of humidified nitrogen at the working electrode led to
equal current densities. Thus, differential pressure does not act as a dri-
ving force for gas permeation through Nafion R©. The blue line represents
the fit to the experimental data.

identified with the derivative of Φ with respect to pH2 , which is proportional to the
permeability (eq. 4.2.7). Thus, the constant slope of this relation implies that the per-
meability is independent of the pressure.

If differential pressure acted as a driving force for gas permeation through the mem-
brane, the hydrogen permeability of the membrane at differential pressure would be
larger than that at balanced pressure. However, considering the measurement preci-
sion, different counter pressures of either 1 bar or 5 bar of humidified nitrogen at the
working electrode led to equal hydrogen permeation fluxes though the membrane (Fi-
gure 6.1.1). The permeability determined by fits to the measurements at the different
counter pressures showed a difference of approximately 1 %, which can be attributed
to the measurement error. Hence, the influence of differential pressure as a driving
force for the permeation of gases through Nafion R© was negligible in the pressure
range considered.

At balanced and differential pressure the hydrogen permeation flux density Φ through
the Nafion R© membrane depends on the applied hydrogen pressure and was indepen-
dent of the counter pressure. Accordingly, differential pressure did not push hydro-
gen through the water channels. The applied differential pressures were smaller than
the capillary pressures in the water channels, which were estimated by Eikerling et
al. [144] to the order of 100 bar. When the applied differential pressures are below
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the capillary pressure the water in the water channels cannot be blown out. The low
differential pressure forced hydrogen permeability of Nafion R© may be attributable
to a high friction of water permeation through Nafion R©. As a result, the hydrogen
permeation through Nafion R© under the examined conditions is dominated by the
driving force of diffusion. Accordingly, dissolved gases permeate by Brownian mo-
tion through the membrane. Following ε = D S (eq. 2.3.2), a pressure independent
hydrogen permeability (as graphed in Fig. 6.1.1) means that the product of solubi-
lity and diffusion coefficient are also independent of pressure. The small hydrogen
concentrations of hydrogen < 10−2 mol/l in Nafion R© [52] may cause a diffusion coef-
ficient that is independent of pressure, which consequently means that the solubility
of hydrogen is also independent of pressure.

When two or more species diffuse in a medium, these species can interact, as descri-
bed by the Stefan-Maxwell relation [182–184]. When these influences are negligible,
the Stefan-Maxwell relation can be reduced to Fick’s law. During the measurements,
the total hydrogen and nitrogen permeation fluxes through the membrane were in
opposite directions. The measured independence of the hydrogen permeation from
the nitrogen counter pressure indicates that the impact of the interaction of hydrogen
and nitrogen molecules during the diffusion process was negligible. To summarize,
the pressure independence of the measured hydrogen permeability of Nafion R© re-
vealed the following facts:

• The calculated partial pressure of saturated water vapor (eq. 4.2.3) influenced
the absolute pressures applied during the measurements. Thus, by subtracting
saturated vapor pressure psv(T) from the absolute pressure p measured, the par-
tial pressure of hydrogen pH2 at the counter electrode was precisely determined.

• In the examined pressure range, the counter pressure had within the measure-
ment precision no impact on the hydrogen permeation through Nafion R©. Thus,
in the considered pressure range, the hydrogen permeation through Nafion R© is
dominated by the driving force of diffusion.

6.1.2 Relative humidity

Figure 6.1.2 shows the results of measuring the hydrogen permeability of a Nafion R©

NR212 membrane as a function of relative humidity using setup D (Fig. 4.2.1D). Hu-
midified hydrogen was supplied at the counter electrode, while humidified nitrogen
was supplied at the working electrode. Because Nafion R© must adsorb water in order
to conduct protons, the permeability of the dry membrane cannot be measured using
this setup. Experimental details about this setup and the measurement procedure are
described in the attachment (Section 14.3). To determine the hydrogen permeability of
the membrane (eq. 4.2.7), the partial hydrogen pressure pH2 was again determined by
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Figure 6.1.2: Hydrogen permeability of Nafion R© at 80 ◦C as a function of relative hu-
midity (bottom) and normalized water content (top and vertical gray
lines). See the text for the calculation of the normalized water con-
tent. Black points: Measured hydrogen permeability using setup D (Fig.
4.2.1D) of a Nafion R© NR212 membrane. Blue cross and dotted blue line:
Mean of the measured permeability at rh = 100 %. Blue circle: Mean of
the measured permeability at fully humidified gas fluxes which also car-
ried liquid water. Red cross and dotted red line: Mean of the measured
permeability using setup C. Green star: Mean of the permeability of dry
Nafion R© measured with setup E (Fig. 4.2.1E).

subtracting the partial pressure of water vapor from the absolute pressure (eq. 4.2.4).
The relative humidity was determined by the ratio of the partial pressure of the water
vapor to that of saturated water vapor.

The measurements were conducted at a sample temperature of 80 ◦C and atmos-
pheric absolute pressure of the gases on both sides of the membrane. By purging the
gases with varying relative humidity along the membrane, the hydration level of the
Nafion R© membrane was altered. The water content of Nafion R© is typically characte-
rized by λ, the amount of water per sulfonic acid group. Kreuer [151] reported that
when Nafion R© is immersed in water, the amount of water per sulfonic acid group is
λ ≈ 20 for the overall temperature range considered here. Moreover, he correlated the
water content of Nafion R© at 80 ◦C in the form of λ as a function of relative humidity.
In Figure 6.1.2, the water content in the form of λ as a function of the relative humi-
dity was normalized to the value of λ in the fully hydrated state, where the Nafion R©

membrane is in contact with liquid water.
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Figure 6.1.3: Measured hydrogen permeabilities ([ε] = mol cm−1 s−1 bar−1) of fully
hydrated Nafion R© membranes with various thicknesses as a function of
temperature graphed in an Arrhenius plot. The permeabilities show an
approximately linear relation in this depiction, which allows the estima-
tion of their activation energies using the Boltzmann distribution (eq.
2.3.6).

The level of hydrogen permeability measured increased towards higher relative hu-
midity. Saturated water vapor with dissolved hydrogen at full humidification led to
approximately 3.5 % less permeability as in the case that the gas mixture additionally
carried liquid water (Fig 6.1.2). This behavior may be attributed to different water
contents of Nafion R© at these conditions [151], as graphed in Figure 6.1.2. A qualita-
tive explanation of the data will be given in Section 6.3, while a detailed quantitative
analysis of this data will be given in the next chapter. When a proton flux through
the membrane appears, convection may influence gas permeation through it. Within
the experimental measurement error, equal hydrogen permeabilities of fully hydra-
ted Nafion R© were measured with setup C and setup E, as further discussed in the
attachment (Section 14.3).

6.1.3 Temperature

In the following, the influence of temperature on the hydrogen and oxygen permea-
bilities of fully hydrated (wet) Nafion R© and dry Nafion R© are examined. In the fully
hydrated state, when Nafion R© is in contact with liquid water, its water uptake is in-
dependent of the temperature as characterized by λ ≈ 20 (see Section 3.1). Thus, in
this case the temperature dependencies of the hydrogen and oxygen permeabilities
of fully hydrated Nafion R© are dominated by the physical permeation mechanisms.
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The overall permeability of Nafion R© is expected as a linear combination of those of
the aqueous phase (eq. 2.3.17) and the solid phase (eq. 2.3.6). To measure the per-
meabilities of fully hydrated and dry Nafion R© as a function of temperature, setup C
(Fig. 4.2.1C) and setup E (Fig. 4.2.1E) were used. In the case of measuring the perme-
abilities of fully hydrated Nafion R© membranes, the partial pressures of hydrogen or
oxygen were determined by deducting the temperature dependent partial pressure of
saturated water vapor (eq. 4.2.3) from the constant absolute pressures at the membra-
nes using equation 4.2.4.

Figure 6.1.3 shows the measured hydrogen permeabilities of fully hydrated Nafion R©

membranes with various thicknesses in an Arrhenius plot. In this depiction, the me-
asured temperature dependence of the permeability is approximately linear, as des-
cribed by the Boltzmann distribution (eq. 2.3.6). The slopes of these lines in the plot
correspond to the negative activation energies divided by the Boltzmann constant (eq.
2.3.6). Non-linear contributions to the permeability in this depiction will be discussed
in the next chapter, when the measurements will be compared to the developed mo-
del.

The absolute pressures of fully humidified hydrogen of 2 bar, 3 bar, 4 bar and 5 bar
were applied to fully hydrated Nafion R© membranes with the different thicknesses
stated in Figure 6.1.3. These different pressures and thicknesses as well as intrinsic
variations of the membranes showed a negligible influence on the measured hyd-
rogen permeability. At the mean temperature of 55 ◦C of the considered temperature
range and at the different pressures, the permeabilities measured of the fully hydrated
Nafion R© membranes with the different thicknesses showed a standard deviation of
4.5 %. The standard deviation of the activation energies from these measured permea-
bilities was 2.2 % (Table 6.1.1). Variations in the membrane thicknesses contributed to
the values of the absolute measured permeabilities which, however, did not influence
the slope of the temperature dependence in Figure 6.1.3 and the activation energies
thereby determined (eq. 2.3.6). Accordingly, the determined mean activation energy
was affected by a smaller relative error than that of the mean absolute value of the
permeability.

Figures 6.1.4 and 6.1.5 show the measured temperature dependencies of the hyd-
rogen and oxygen permeabilities of fully hydrated Nafion R©, dry Nafion R© and poly-
tetrafluoroethylene (PTFE). Moreover, these figures show the hydrogen and oxygen
permeabilities of water, which were calculated on the basis of data from the litera-
ture [52, 124] and the equations 2.3.17 and 2.3.15. The activation energies of the hyd-
rogen and oxygen permeabilities of the different media were approximated by linear
fits of ln(ε) vs 1/T, as summarized in Table 6.1.1. The prefactors ε0 of these fits are
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Figure 6.1.4: Modified Arrhenius plot (logarithmic scale of ε instead of ln(ε)) of the
hydrogen permeabilities of water, Nafion R©, and PTFE. Black points:
Fully hydrated Nafion R© (measured). Green Points: Dry Nafion R© (me-
asured). Red points: PTFE (measured). Blue line: Water [52, 124] (calcu-
lated using eq. 2.3.17). Pointed gray line: guide to the eye with the slope
of the permeability measurements of wet Nafion R©.

outlined in the attachment (Section 14.3). In Table 6.1.2, the absolute values of the per-
meabilities are listed for temperatures of 30, 55 and 80 ◦C. Hydrogen and oxygen are
both non-polar diatomic gases and thus the temperature dependencies and absolute
values range in the same order of magnitude. The difference of the permeabilities of
both gases in these media might be attributable to their different size and weight, as
further discussed in Section 6.2.

The activation energies of the hydrogen and oxygen permeabilities of PTFE deter-
mined from the measurements are equal to those reported by Pasternak et al. [185]
(Table 6.1.1). However, the absolute values of the permeabilities differ by a factor
of approximately 2.5 for hydrogen and oxygen (Table 6.1.1). These differences were
possibly caused by different densities of the PTFE samples that were used for the me-
asurements. With the higher density of the PTFE sample, the mean free path of the
gas molecules between the polymer chains decreases. Accordingly, in the case of gas
diffusion over a defined distance, the amount of thermally activated diffusion prosses
across the potential barriers comprised by the van der Waals forces between the po-
lymer chains may increase with higher sample densities. Thereby, an increase of the
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Figure 6.1.5: Modified Arrhenius plot of the oxygen permeabilities of water, Nafion R©,
and PTFE. In this graph the same color code as that in Figure 6.1.4 was
used.

Table 6.1.1: Activation energies (EA) in 1× 10−20 J for the diffusion, solubility and permeabi-
lity of hydrogen and oxygen in water, fully hydrated (wet) Nafion R©, dry Nafion R©

and PTFE. Approximations obtained from linear fits in the Arrhenius plot (ln(ε)
vs 1/T) to the measurements of this study are marked with ’*’, where the errors
were determined by the standard deviations between the measurements. Ap-
proximations obtained by linear fits in the Arrhenius plot to the data from the
literature ( [52, 124], eq. 2.3.17 and 2.3.15) are marked with ’]’. Data from the
literature of different authors that varied heavily [52] and that does not allow
precise conclusions to be drawn is marked with ’\’. Information not available in
the literature is marked with ’-’. Cited data from the literature is marked with
the reference. The prefactors related to these activation energies are given in the
attachment (Section 14.3).

Gas EA (10−20 J) H2O Nafion R© (wet) Nafion R© (dry) PTFE* PTFE [185]

Eε 2.68 ] 3.32 ± 0.07 * 6.2 ± 0.1 * 3.38 ± 0.08 * 3.55 [185]

H2 ED 2.75 ± 0.03 [124] - - -
∆HS -0.07 ] - - -

Eε 1.97 ] 2.81 ± 0.02 * 7.1 ± 0.2 * 3.16 ± 0.05 * 3.16 [185]

O2 ED 3.05 ± 0.02 [124] \ \ 4.37 [185]

∆HS -1.08 ] \ \ -1.20 [185]

prefactor ε0 may result. The activation energy required for the jumps of the gas mole-
cules across the potential barriers comprised by the van der Waals forces between the
polymer chains may be retained for different sample densities, which possibly led to
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Table 6.1.2: Values of the permeabilities in ε = 10−11 mol cm−1 s−1 bar−1 at three different
temperatures. (]): Calculated by the data of Wise et al. [124] and the equations
stated in Section 2.3. (*): Measured in this work.

Gas T H2O] Nafion R© (wet)* Nafion R© (dry)* PTFE* PTFE [185])
30 ◦C 5.36 1.73 ± 0.07 0.14 ± 0.02 0.16 ± 0.02 0.39

H2 55 ◦C 8.31 3.16 ± 0.14 0.44 ± 0.05 0.29 ± 0.03 0.74
80 ◦C 13.2 5.32 ±0.25 1.17 ± 0.09 0.49 ± 0.05 1.28
30 ◦C 3.38 0.97 ± 0.09 0.027 ± 0.003 0.062 ± 0.008 0.15

O2 55 ◦C 4.55 1.62 ± 0.12 0.099 ± 0.007 0.11 ± 0.09 0.27
80 ◦C 6.55 2.52 ± 0.20 0.30 ± 0.03 0.18 ± 0.13 0.45

a reproduction of the activation energies reported by Pasternak [185].

6.2 Influence of the solubilities

Wise et al. measured the influence of temperature on the diffusion coefficients D of
hydrogen and oxygen in water and described this data with fits of the Boltzmann dis-
tribution [124] (eq. 2.3.11). The solubilities S of both gases in water are affected by
polynomial terms (eq. 2.3.14), which cause deviations from the exponential tempera-
ture dependence described by the Boltzmann distribution [52]. Because ε = D S (eq.
2.3.2), the polynomial terms of the solubility also influence the hydrogen and oxygen
permeabilities of water. This influence resulted in deviations from the Boltzmann dis-
tribution, which will be discussed in detail in the next chapter, when the measured
permeabilities are compared with the modeled permeabilities. To approximate the
activation energies of the hydrogen and oxygen permeabilities of water, linear fits to
ln(ε) vs 1/T were conducted (Table 6.1.1).

The activation energy of the hydrogen diffusion through water is approximately
10 % smaller than that of oxygen [124] (Table 6.1.1). This difference is attributable to
the larger mobility of hydrogen, as its weight is less (1/16) and its size is smaller than
that of oxygen (the Van-der-Waals radius of hydrogen is approximately 15 % smaller
than that of oxygen [186], while the bonding length between the hydrogen atoms is
approximately 39 % smaller than that of oxygen atoms [187]). However, the approxi-
mated activation energies of the permeabilities of water to both gases show opposite
trends. The approximated activation energy of the permeability is the sum of the ap-
proximated heat of solution ∆HS and the activation energy of the diffusion coefficient
ED (eq. 2.3.6). With reference to the data in Table 6.1.1, the higher heat of solution of
hydrogen in water causes a 42 % higher activation energy for the hydrogen permea-
bility of water compared to that of oxygen.
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The activation energy of the permeability of PTFE to hydrogen is also approxima-
tely 7 % larger than that to oxygen. Pasternak et al. showed that the solubility of
oxygen in PTFE is precisely describable with the Boltzmann distribution [185] (eq.
2.3.6). Due to a lack of data in the literature on the solubility and diffusion coeffi-
cient of hydrogen in PTFE, the cause of the 7 % higher activation energy for hydrogen
permeability compared to that of oxygen could not be determined. Analogously to
water, the activation energy for hydrogen diffusion through PTFE might be smaller
than that for oxygen, while the influence of the solubility possibly leads to higher
activation energy for the hydrogen permeability of PTFE compared to that of oxygen.
The permeabilities of fully hydrated Nafion R© show the same trend by a 18 % higher
activation energy of the hydrogen permeability than that of oxygen. This trend may
also be attributable to a higher heat of solution of hydrogen in fully hydrated Nafion R©

compared to that of oxygen. As a result, the opposite trends for the activation ener-
gies of the diffusion coefficients may be overshadowed. In contrast, the approximated
activation energy for the hydrogen permeability of dry Nafion R© is smaller than that
of oxygen (Table 6.1.1). Once again, the same trend for the activation energies for the
diffusion of both gases is assumed, which is in this case possibly not overshadowed
by a converse trend of the heat of solutions of both gases.

6.3 Pathways for the gas permeation

The measurements conducted and their correlation to the microscopic structure is
qualitatively interpreted in the following, while a detailed quantitative analysis is
presented in the next chapter. The hydration level of Nafion R© increases with the
relative humidity of the ambient atmosphere [144] and thereby enlarges hydrogen
permeability (Fig. 6.1.2). When Nafion R© is hydrated, the water is accumulated in the
form of water channels [144]. The gas permeation through these water channels can
bypass the pathways through the solid phase, as illustrated in Figure 6.2.1. Because
the gas permeability of water is more than tenfold larger than that of dry Nafion R©

(Fig. 6.1.4 and 6.1.5), a higher water uptake of Nafion R© increases its overall gas per-
meability. The alternating permeation through the aqueous and solid phase of the
membrane are here defined as mixed pathways, where the large permeability of the
aqueous phase is utilized while detours by the permeation through the morphology
of the aqueous phase are avoided by shortcuts through the solid phase. As a result,
the permeabilities of both phases account for the activation energy and absolute value
of the permeability of the hydrated membrane.
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Figure 6.2.1: Descriptive sketch of the pathways (red arrows) for the gas permeation
through a segment of a PEM exemplified for hydrogen molecules. The
solid polymeric phase (agglomerate of ionomers) is depicted as the gray
area, water as the blue area and pores filled with gas as the white area.
Left: Dry PEM. Right: Hydrated PEM. The hydration of the PEM leads
to the formation of water channels, where the permeability is approx-
imately tenfold larger than that of the solid phase. (A): Permeation of
gas molecules through the solid phase. (B): Permeation of gas molecules
through pores or water channels. (C): Mixed pathways as a combination
of alternating permeation through the aqueous and solid phase of the
PEM.

6.4 Synopsis of the chapter

In this chapter, novel modifications of the electrochemical monitoring technique were
employed to precisely measure the influence of pressure, relative humidity and tem-
perature on the hydrogen permeability of Nafion R©. Up to 5 bar, hydrogen permea-
bility was independent of applied pressures on both sides of Nafion R© membranes,
which means that in this pressure range differential pressure has a negligible effect as
a driving force for the gas permeation. Accordingly, gas permeation through Nafion R©

is of a solely diffusive nature. The hydrogen permeability of Nafion R© increased to-
wards higher water contents as a result of the formation of water channels and the
approximately tenfold larger permeability of water than that of dry Nafion R©. Al-
ternating gas permeation through the aqueous and solid phase of Nafion R© results,
which leads to a total permeability that is influences by both phases. In the fully hy-
drated state, the water content of Nafion R© is independent of the temperature (in the
range of 20 ◦C to 95 ◦C), which means that the measured increase of the hydrogen and
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oxygen permeabilities toward higher temperatures was ascribed to the temperature
dependence of thermally activated mechanisms of the permeation. Using the deter-
mined permeabilities, the hydrogen and oxygen permeation fluxes through Nafion R©

membranes in fuel cells and water electrolyzers can be modeled with respect to app-
lied pressures by using Fick’s law of diffusion [45, 188]. Based on the data presented,
a resistor network model accounting for the alternating pathways of gas permeation
through the aqueous and solid phase of fully hydrated Nafion R© is presented in the
next chapter.



7 Resistor network modeling of the gas
permeation through Nafion R©

In the previous chapter, the hydrogen and oxygen permeabilities of fully hydrated
Nafion R© were measured as a function of temperature. In the fully hydrated state, the
water content of Nafion R© is nearly independent of the temperature (see Section 3.1).
As a consequence, the morphology of the aqueous phase in fully hydrated Nafion R©

is not altered by the influence of temperature. Accordingly, the temperature depen-
dencies of the hydrogen and oxygen permeabilities of fully hydrated Nafion R© were
solely ascribed to the physical permeation mechanisms. The activation energies of
the resulting permeabilities were approximated and interpreted as a mixture of those
of the aqueous and solid phase, which was attributed to the alternating permeation
through these phases.

In this chapter, a resistor network model is used to simulate the hydrogen and oxy-
gen permeation through the microscopic structure of Nafion R©, including the aqueous
and solid phase, as well as a postulated intermediate phase at the boundary of these
main phases. In the first section of this Chapter, the model will be presented. Second,
the permeabilities of Nafion R© will be simulated and compared to the experimental
results of the first part. Within this aim, the influence of temperature and water con-
tent on the permeability of Nafion R© will be considered and the permeabilities of the
different phases will be estimated. Third, the physical effects that influence the per-
meabilities of the phases and the outcome of the simulations will be discussed. Based
on this discussion, approaches for a rational design of polymer electrolyte membra-
nes (PEMs) with reduced permeabilities will be elucidated. The model presented in
the following was published previously [189].

7.1 Model development

In the following, the resistor network model to simulate the gas permeability of Nafion R©

is presented. In order to create a simulation domain that is physically representa-
tive for the microscopic structure of Nafion R©, the data reviewed in Section 3.1 is em-
ployed. Next, the physical description of the permeabilities of the different phases is
derived, followed by elucidating the simulation procedure.

69
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7.1.1 Resistor network model

Several approaches have been presented in literature to describe the influence of the
morphology of the aqueous phase on the macroscopic conductivity of Nafion R© using
resistor networks [21, 152, 169]. In these works, Nafion R© was modeled as consisting
of two phases, the conducting aqueous phase and the non-conducting solid phase. In
contrast to proton conduction where only the aqueous phase is conducting, gas per-
meation through the solid phase also contributes to the total permeability, although
to a different extent than the aqueous phase. In addition, the intermediate phase
between the solid phase and the aqueous phase influences the gas permeability, as
described later. Accordingly, the model presented here consists of three distinct pha-
ses:

• The aqueous phase.

• The solid phase.

• The intermediate phase at the boundary of the water channels, where the aque-
ous phase meets the solid phase.

For the purpose of simplification, the permeabilities inside the phases are assumed to
be homogeneously distributed, which means that the mean permeabilities of each of
these phases are described by the model.

The resistor network for the calculation of the gas permeabilities of Nafion R© was
formulated using the open source package OpenPNM [175]. A three-dimensional net-
work with cubic connectivity composed of 200 resistor segments in all three direction
was used, which thus consisted of 8 million resistor elements in total. A flow chart of
the algorithm is depicted in Figure 7.1.1. It essentially consists of two blocks of steps:
first, the microscopic structure of Nafion R© is modeled in a three-dimensional cubic
domain based on experimental data reported in the literature (Figure 7.1.1, block I,
steps 1-6). This structure then comprises the three distinct phases distributed across
the calculation domain. The distribution of the phases is adjusted in order to ma-
tch the literature values of the volume fractions of the solid/aqueous phase and the
water channel dimensions in an iterative procedure. In Figure 7.1.2, a two dimen-
sional section of the resulting model domain is shown. Second, the gas permeation
through this calculation domain is then simulated and the total gas permeability of
the modeled fully hydrated state of Nafion R© is computed as a function of temperature
(Figure 7.1.1, block II, steps 7-11). In order to fit the simulated permeability to the me-
asured permeability, the permeabilities of the intermediate phase and the solid phase
are varied using an iterative procedure. The detailed algorithm for the modeling of
the microscopic structure is stated in the attachment (Section 14.4). The individual
steps in block I are discussed in more detail in the following. The realization of block
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Figure 7.1.1: Flow chart of the algorithm to construct a calculation domain that repre-
sents the microscopic structure of Nafion R© (block I, steps 1-6) and the
subsequent algorithm to calculate the gas permeabilities of this calcula-
tion domain (block II, steps 7-10).

II is further discussed in section 7.1.3.

In step 1, random numbers between 0 and 1 were assigned to each element of the
calculation domain using the simplex noise algorithm [190], which is a simpler ver-
sion of the original perlin noise algorithm [191]. A thresholding was applied on this
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Figure 7.1.2: Two dimensional cross-section of the modeled three dimensional cubic
structure of Nafion R© with an edge length of 200 segments. One segment
of the mesh corresponds to a cube with 2.1 Å edge length. Gray area:
Solid phase. Blue area: Aqueous phase. Green area: Intermediate phase.

domain to assign all elements with values smaller than a certain threshold value to
the aqueous phase, while the elements with higher values were assigned to the so-
lid phase. All segments of the aqueous phase that are located at the interface to
the solid phase are then relabeled to the intermediate phase, so that the intermedi-
ate phase is exactly one segment thick. The simplex noise algorithm as implemented
in the python "noise" package was used [192], to which two parameters were passed,
the frequency and the octave. These parameters define how correlated the clusters
of random numbers are and therefore ultimately determine the distribution of the
phases. The resulting phase distribution was fitted to the structure of fully hydra-
ted Nafion R© by adjusting the noise parameters so that the volume fractions and the
so-called chord-length (defined later) distributions of the modeled structure matched
reported literature values (step 5 of Figure 7.1.1). The volume fraction of a phase was
calculated by counting the number of the segments of this phase and normalizing it
to the total number of segments.

Table 7.1.1 shows the volume fractions of the phases in the modeled structure of
fully hydrated Nafion R© and that reported by Allen et al. [40]. Allen et al. determi-
ned the volume of the hydrophilic phase as 56 %, which includes the aqueous phase
together with functional groups and the side chains of the ionomers. The remaining
44 % represent the hydrophobic phase, consisting of the polymeric backbone and the
intermediate phase. The resulting microstructure is illustrated in Figure 7.1.2. A more
quantitative analysis of the model structure is given below, showing that this appro-
ach describes a reasonable qualitative resemblance of the tomography results of Allen
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Figure 7.1.3: Schematic illustration of the microscopic phase distribution at a functi-
onal SO−3 group in hydrated Nafion. Blue area: Aqueous phase. Green
area: Intermediate phase. Gray area: Solid phase. Red-rimmed gray
area: SO−3 group. Black lines: Ionomer chains. Connection between the
functional group and the solid phase by a side chain from an ionomer
main chain. Dotted dark gray line: Separation between the phases as
defined by Allen et al. [40].

Table 7.1.1: Volume fractions of the modeled phases in this study and those measured by Al-
len et al. [40]. As discussed in the text, the volumetric water content was modeled
to approximately 40 %, which is smaller than that reported by Allen et al., since
the influence of the cryogenic environment in his setup expanded the volume of
the aqueous phase.

Phase Model Allen et al.
Aqueous 40 % 42.5 %

Intermediate 15 % -
Solid 44 % -

Hydrophilic - 56 %
Hydrophobic - 44 %

et al. [40]. In the model for the gas permeation presented here, the rigid side chains
and the functional groups were assigned to the solid phase, since these are bonded
to the polymer matrix. Choosing different definitions of the phases was necessary, as
the contrasts Allen et al. obtained from electron tomography do not directly correlate
with the gas permeabilities of the different phases. Figure 7.1.3 illustrates the different
definitions of the phases.

Besides the volumes of the phases, also the arrangement of the water channels is
a decisive property for the modeling of the structure of Nafion R©. In fully hydra-
ted Nafion R©, Allen et al. [40] reported a water channel diameter of approximately
25± 2 Å with a domain spacing of approximately 51± 5 Å between the water chan-
nels. These values were striven to be reproduced in the model domain. The aqueous
and intermediate phase were considered as one phase, referred to here as the high-
phase, with a volume fraction equal to the hydrophilic phase defined by Allen et al.
(Table 7.1.1). In order to evaluate the mean diameter of the water channels and the
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Figure 7.1.4: Chord length distribution of the modeled structure of Nafion R© in the x,
y, and z direction of the cubic network. Solid lines: High-phase (aqueous
phase plus intermediate phase). Dotted lines: Solid phase.

domain spacing, in step 5 of Figure 7.1.1 the chord length in the x, y, and z direction
of the modeled structure were calculated. The chord lengths are defined as the dis-
tances between the boundaries of the phases in one array of the x, y, or z direction.
The chord-length distributions were obtained from an approach that was discussed
by Torquato [193]. Figure 7.1.4 shows the counted chord lengths in the x, y, and z
direction for the high-phase and the solid phase of the model domain. The distributi-
ons in the different directions are approximately equal, meaning that the macroscopic
character of the cubic network is isotropic. The mean chord lengths were determined
to approximately 12 segments for the high-phase and 10 segments for the solid phase
by the weighted average of the distributions graphed in Figure 7.1.4. Assuming a
segment length of 2.1 Å, a mean diameter of the high-phase of 25.2 Å is described by
the model domain, which agrees with the measured water channel diameter values
by Allen et al. [40]. The mean domain spacing equals the sum of the mean chord
lengths of the high-phase and the solid phase, which equals approximately 46 Å for
the model domain, which also agrees to the data reported by Allen et al. [40] within
the experimental measurement error of 5 Å. The model domain reflecting these va-
lues was ultimately constructed using parameters for the simplex noise algorithm of
frequency equal to five and octave equal to four.

The thickness of the intermediate phase was assumed to be in the order of the length
scale of the hydrogen bonds in the aqueous phase (as motivated later in Section 7.3),
which was reported to equal 2 Å by Modig et al. [194]. The weaker character of the
van der Waals bonds between the aqueous and solid phase were assumed to have a
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Figure 7.1.5: Modeled volume fraction of the intermediate phase (ip) as a function of
the volume fraction of the aqueous phase (ap) as computed by varying
their combined volume fraction.

slightly larger average bond length than the hydrogen bonds in the aqueous phase,
as further discussed in Section 7.3. Accordingly, the distance between the aqueous
and solid phase (described by one segment of the mesh) was modeled to be with 2 Å
slightly larger than the hydrogen bond length.

In order to model the structure of Nafion R© as a function of the volumetric wa-
ter content, the volume fraction of the high-phase (aqueous phase plus intermediate
phase) was varied. This variation was obtained by using the same parameters for the
noise algorithm to distribute the random numbers, but choosing different threshol-
ding values to change the volume fractions of the phases. Figure 7.1.5 shows the re-
sulting volume fraction for the intermediate phase as a function of the volume fraction
of the aqueous phase for varying the volume fraction of the high-phase. Reducing the
volumetric water content from 40 % to 10 % leads to a reduction of the intermediate
phase volume fraction from approximately 15.5 % to just 10 %. Thus, at volumetric
water contents above 10 %, the volume fraction of the intermediate phase is less sen-
sitive to changes of water content as that of the aqueous phase.

Using equation 5.2.3, the water content λ in Nafion R© was related to the volume-
tric water content φ inside Nafion R©. The relation between relative humidity and λ at
80 ◦C for Nafion R© was measured by Kreuer [151]. Based on these data, the relative
humidity was correlated with the normalized water content (λ as a function of the
relative humidity normalized to λ ≈ 20 in the fully hydrated state) in Figure 6.1.2.
Using the latter equation, λ was correlated to the volumetric water content φ.
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To summarize, in block I of Figure 7.1.1, the microscopic structure of Nafion R© was
recreated in the model domain based on the latest studies presented in the litera-
ture. The volume fractions of the phases, the mean water channel diameter, and the
mean domain spacing were fitted to the experimentally determined values that were
reported in literature. The model domain presented here was based on a random al-
gorithm and incorporates the mean structural parameters of the microscopic structure
of Nafion R©. A more detailed model domain might be obtained by directly using the
three dimensional data reported by cryo electron tomography by Allen et al. and di-
rectly simulating gas permeation on that domain. However, by using this approach,
the intermediate phase would not be represented.

7.1.2 Permeabilities of the aqueous and solid phase

In Section 2.3, the permeability of water εw was described by a polynomial equation,
while the permeability of dry Nafion R© εdN and that of polymers in general was ap-
proximated by the Boltzmann distribution (Chapter 6). These relations will be used
to assign permeation resistances to each segment of the resistor network model dom-
ain (step 7 in Fig. 7.1.1). In the following, the influence of the functional groups of
Nafion R© and their acidity on the hydrogen and oxygen permeabilities of the aqueous
phase in fully hydrated Nafion R© is approximated. This is relevant because the water
uptake in the fully hydrated state of Nafion R© of λ ≈ 20 leads to a proton concentra-
tion of cH+ =≈ 2.8 M (see Chapter 5) inside the aqueous phase, where ρ̃H2O denotes
the mole density of water. The permeability equals ε = DS (Section 2.3). Accordingly,
the solubilities S and the diffusion coefficients D of gases in the aqueous phase will
be estimated in the following.

Generally, the solubility of gases in electrolytes decreases with higher concentrati-
ons of dissolved salts, acids, or lyes [195–197]. Typically, the solubility S as a function
of the concentration in an aqueous solution is described by [195, 196]

log(S/Sw) = −∑ Ki ci , (7.1.1)

where Sw denotes the solubility of water, Ki (or the K-value) a specific constant for the
i-th type of ionic specie, and ci the concentration of this specie. These values are assu-
med to be equal for the diatomic and non-polar molecules of hydrogen and oxygen, as
data reported in the literature for sulfuric acid solutions showed (in a 2.5 M solution of
sulfuric acid S/Sw equals 0.63 for hydrogen [196] and 0.65 for oxygen [195,197]). Na-
rita et al. [195] reported that within the measurement precision, the temperature did
not influence the ratio of S to Sw for oxygen in sulfuric acid solutions. Moreover, they
reported that the influence of the protons on the solubility is negligible (KH+ ≈ 0),
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which means that in the case of the aqueous phase in Nafion possibly only the anion
of the functional group influences the gas solubility. They moreover reported that
the monovalent anions NO−3 , Cl−, HSO−4 , and HCO−3 have K-values of 0.013, 0.029,
0.069, and 0.083 l mol−1. A trend from these values regarding the size of the anions
could not be identified. A K-value for the sulfonic acid functional group (the anion of
the functional group in Nafion R©) has not been reported in literature thus far. Hence,
based on the data available, the value for S/Sw can only be estimated to range in bet-
ween the reported values for the monovalent anions reviewed.

In Section 2.3, the diffusion coefficient and the viscosity of solutions were physi-
cally described and related to each other. The product of both physical properties
solely depends on the temperature and is thus approximately constant as a function
of the concentration [198]. Due to a lack of literature data on the diffusion coefficients
of gases in acidic solutions, data reported on the viscosity will be used in order to
estimate the diffusion coefficient of the aqueous phase in Nafion R©. Based on the con-
stant product of diffusion coefficient and viscosity, the diffusion coefficient and the
viscosity of the aqueous phase can be related to that of water:

Dap ιap = Dw ιw (7.1.2)

Transposing this equation leads to an approximation of the diffusion coefficient in the
acidic regime of the aqueous phase in fully hydrated Nafion R©:

Dap

Dw
=

ιw
ιap

(7.1.3)

The ratio of the viscosity ι of sulfuric acid with a proton concentration of 2.8 M to
the viscosity of water (ιw) was reported to equal constantly 0.75 in the temperature
range from 25 ◦C to 75 ◦C [199]. This independence of ι/ιw from the temperature
is based on the theory (Section 2.3) also expected for other acids, while data on the
temperature dependence of the viscosity of acids reported in the literature is rather
scarce. The viscosities of the monovalent acids HCl, CH3COOH, and HCOOH found
in the literature [200] are reported as a function of the concentration. In the case of
these acids, the relation of the viscosities to the concentration is approximately linear

ιap ≈ ιw + a c , (7.1.4)

where a denotes the proportionality constant and c the proton concentration, with an
offset of ιw. This proportionality constant in the order of the acids mentioned before
equals 0.056, 0.13, 0.027 kg m2 s−1 mol−1 [200]. A trend between the size of the anions
and the influence on the viscosity cannot be observed. The ratio of D/Dw is assumed
to be equal for hydrogen and oxygen, since both are proportional to the fraction of



78 7 Resistor network modeling of the gas permeation through Nafion R©

Figure 7.1.6: Ratio of the permeability of fully hydrated Nafion R© (εwN) to that of aque-
ous solutions (εas) based on the data presented in the previous chapter.
Black: Ratio for the hydrogen permeabilities. Red: Ratio for the oxygen
permeabilities. Solid lines: Permeability of the aqueous solution equals
that of water. Dashed lines: Permeability of the aqueous phase is 50 %
smaller than that of water (eq. 7.1.5), which could be a result of the aci-
dity of the aqueous phase in Nafion R© (see text for further explanations).

the viscosities (eq. 7.1.4).

Thus far, the functional groups of Nafion R© were discussed to reduce the ratios
S/Sw and D/Dw in the aqueous phase. Considering that ε = DS (Section 2.3), the
acidity of the functional groups in Nafion R© leads to a reduced permeability of the
aqueous phase in Nafion R© (εap) compared to that of pure water (εw):

εap(T) =
D

Dw

S
Sw

εw(T) (7.1.5)

However, precise values of the ratios for the aqueous phase in Nafion R© could not be
given. Based on the published data discussed above, the prefactor D

Dw
× S

Sw
ranges

from 0.8 at the maximum to 0.43 at the minimum. Therefore, this prefactor will be va-
ried in a sensitivity analysis when running simulations on the resistor network model
domain.

The temperature dependence of the ratios of the measured hydrogen and oxygen
permeabilities of fully hydrated Nafion R© (εwN) to those of aqueous solutions (εas) are
depicted in Figure 7.1.6. The permeability of the solid phase increases more strongly
with temperature than that of the aqueous phase (as described by the activation ener-
gies (Chapter 6)). As a result, the ratios εwN/εas increase with temperature. The
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hydrogen permeability of water is up to a factor of two larger than that of oxygen
(Chapter 6). In the case of dry Nafion R©, the permeability of hydrogen is at least four
times larger. Consequently, the ratio εwN to εas is smaller for oxygen than for hydro-
gen.

7.1.3 Simulation of the gas permeability

As shown in the previous chapter, the hydrogen and oxygen permeabilities of Nafion R©

are material constants, which are independent of the geometries of the membranes.
Analogously to the relation of conductivity (here corresponding to the permeability)
and resistance for electric conductors, the total gas permeation resistance R̂t of a mem-
brane is related by

R̂t =
d

A εt
(7.1.6)

to its total gas permeability εt, where its geometry is described by its thickness d and
its cross sectional area A. As the total permeability εt of Nafion R© is a material con-
stant and thus independent of the sample geometry (Chapter 6), the overall mem-
brane geometry in the form of d and A can analogously be chosen arbitrarily in the
case of a resistor network model approach (if the model domain is large enough so
that boundary effects are negligible) when determining the permeability. This total
gas permeation resistance R̂t is composed of the contribution of the three phases, and
therefore depends on the microscopic structure of Nafion R©. Accordingly, each perme-
ation resistance ultimately influences the overall gas permeability, as incorporated by
assigning gas permeation resistances to each element of the resistor network model
domain (Fig. 7.1.2, step 7 in Fig. 7.1.1). This assignment was achieved by adapting
equation 7.1.6 to the individual segments of the resistor network, which leads to the
resistance R̂ of one segment of the aqueous phase of

R̂ap =
1

l εap
, (7.1.7)

where l denotes the edge length of the cubic mesh segment of 2.1 Å. The resistances
of the segments of the solid and intermediate phase are described analogously using
the indexes ’ip’ and ’sp’. In the resistor network, the resistance values between two
neighbor segments equal the series resistor composed of half a segment of each phase.

In the previous section, the permeability was measured by applying a partial pres-
sure gradient of hydrogen or oxygen to both sides of the Nafion R© membranes. These
experimental conditions were simulated in the present model by applying Dirichlet
boundary conditions on the inlet and outlet faces of the calculation domain, corre-
sponding to a partial pressure difference of ∆p. In the simulations, the mole flux ṅ
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Figure 7.1.7: Modeled permeability of the resistor network as a function of the edge
length of the cubic mesh. Black points connected with lines: Results of
the iterative solver. Black crosses: Results of the direct solver. Red points
and right scale: Computing time of the iterative solver.

through the resistor network was computed using the algorithm for Fickian diffusion
in OpenPNM (step 8 in Figure 7.1.1). From the mole flux that was modeled to diffuse
through the domain, the overall permeability was determined by

εt = ṅ
d

A ∆p
, (7.1.8)

where d and A refer to the geometry of the total resistor network domain. The mole
flux ṅ itself depends on A and d. Hence, εt is independent of these geometric pa-
rameters. Analogously to the experimentally determined permeability, the modeled
permeability is independent of the considered partial pressure difference, since the
ratio of ṅ to ∆p is constant.

Figure 7.1.7 shows the simulated permeability for εap = εip = 0.8 εw and the same
permeability of the solid phase as that of dry Nafion R© (εsp = εdN) as a function of
the edge length of the cubic resistor network of the model domain. Boundary effects
and different percolation paths led to a variation of the simulated permeability as a
function of the cube size. With an edge length of 120 or larger, the influence on the
cube size on the modeled permeability is smaller than 1 % and therefore negligible (as
the statistical mean reduces these impacts). The diffusion through the network was
solved using OpenPNM, in which either the direct SuperLU solver or the iterative ge-
neralized minimal residual (GMRES) solver as implemented in the scipy.sparse.linalg
package of SciPy [201] were used. Both solvers yielded almost equal simulated per-
meabilities with deviations below 0.1 %. The direct solver required more random
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Figure 7.1.8: Geometric restriction factor ζ for the permeation through the aqueous
phase of the Nafion R© model domain (ratio of the simulated permeabi-
lity when εsp = εip = 0 to the simulated permeability with the aqueous
phase spanning the whole domain) as a function of the edge length of the
model domain. This geometric restriction factor directly influences the
proton conduction. The gas permeation is less influenced by the perco-
lation paths required for the proton conduction, since the gases can also
permeate through the solid and intermediate phase. Points with lines:
Iterative solver. Crosses: Direct solver.

access memory (RAM) of the computer, which limited the edge length to 70 segments
using 16 giga byte of RAM. For larger domains, the iterative solver was used, as in
this case 8 giga byte of RAM were sufficient independent of the mesh size. The cal-
culations were conducted using a personal computer with four processor cores and a
clock speed of 3.4 GHz.

Using the model domain of fully hydrated Nafion R© described above, where howe-
ver only the aqueous phase contributes to the gas permeation, the permeability was
simulated. By this procedure, the phase distributions were retained, but the permea-
bility of the intermediate and solid phase were set equal to zero (εsp = εip = 0). The
permeability simulated with this configuration means that the whole model domain
consisted only of the aqueous phase. The ratio of the permeability of the model dom-
ain for εsp = εip = 0 to the permeability of the aqueous phase covering the full domain
are graphed in Figure 7.1.8. This ratio characterizes the geometric restriction for the
gas permeation through the aqueous phase of the Nafion R© model domain and will be
described by the factor ζ. As a result, the permeability of the aqueous phase is redu-
ced by a simulated factor of ζ ≈ 0.15 due to the morphology of the aqueous phase in
the Nafion R© model domain. The factor ζ is a measure for the percolation path of the
permeation through the aqueous phase. The maximum deviation between the mo-
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deled permeabilities above an edge length of 120 segments is less than 4 %, which can
be attributed to boundary effects discussed above. The geometric restrictions cau-
sed by the morphology of the aqueous phase also influence the proton conduction
through Nafion R©. Thus, the geometric restriction factor and can be interpreted as the
factor by which the proton conduction of Nafion R© is reduced in comparison to the
mean conductivity inside the water channels (see Chapter 5).

7.2 Application of the model to the experimental data

In the following, the model presented in the previous chapter will be used to simu-
late the hydrogen permeability of fully hydrated Nafion R©. These results are com-
pared with the measured hydrogen permeability presented in the previous chapter.
Thereafter, the influence of the water content on the permeability will be simulated.
The model will be considered for two cases, a permeability of the aqueous phase of
εap = 0.5 εw (defined as case A) and εap = 0.8 εw (defined as case B). These different
values represent the estimated range of the influence of the functional groups on the
permeability of the aqueous phase. The results of case A will be graphed in red, those
of case B in ocher. The procedure to simulate the oxygen permeation through fully
hydrated Nafion R© was similar and is presented in the attachment (Section 14.4).

The temperature was discussed to negligibly influence the water content of fully
hydrated Nafion R© and the morphology of the aqueous phase (see Section 3.1). Thus,
the influence of the temperature on the permeability of fully hydrated Nafion R© is
solely attributable to the variation of the permeabilities of the different phases. The
permeability of the aqueous phase was estimated in the form of equation 7.1.5 and is
considered for the two different cases described above. In order to fit the simulated
permeability to the measured permeability, the permeabilities of the intermediate and
solid phase will be varied separately. The simulated results and their deviations from
the Boltzmann distribution will be compared to the measurements. The physical cau-
ses for the variation of the permeabilities will be discussed in Section 7.3, where also
a parameter analysis will be given.

7.2.1 Variation of the intermediate phase

In the following, the gas permeation through the intermediate phase is assumed to
be dominated by the rearrangement of the hydrogen bond network in the aqueous
phase, as further discussed in Section 7.3.1. To describe the permeability of the inter-
mediate phase (εip), the permeability of the aqueous phase (εap) times the interfacial
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Figure 7.2.1: Hydrogen permeabilities in a modified Arrhenius plot (logarithmic scale
of ε vs. 1/T) for the case of varying the permeability of the intermedi-
ate phase. Black: Mean of the measured permeability of fully hydrated
Nafion R©. Blue: Water (calculated). Dark green: Mean of the measured
permeability of dry Nafion R©. Red: Case A (εap = 0.5 εw). Ocher: Case B
(εap = 0.8 εw). Open circles with dotted lines: Simulated permeabilities
for Λ = 1. Crosses: Simulated permeability for case A with Λ = 10.3.
Dots: Simulated permeability for case B with Λ = 2.2.

permeation factor Λ will be used:

εip = Λ εap (7.2.1)

The physical meaning of the interfacial permeation factor Λ will also be discussed in
Section 7.3.1. The permeability of the solid phase of fully hydrated Nafion R© will be
assumed to equal that of dry Nafion R© (εsp = εdN). In order to fit the simulated per-
meability to the measured permeability, the value of Λ was altered by the principle of
nested intervals. By interpolating between two simulated intervals that surrounded
the measured permeability, the final value of Λ was approximated.

Figure 7.2.1 shows the measured hydrogen permeabilities of fully hydrated Nafion R©

and dry Nafion R©, the hydrogen permeability of water calculated by the data reported
in the literature (Section 2.3), and the simulated permeability of the resistor network.
In the case of Λ = 1, the simulated permeability of fully hydrated Nafion R© for case A
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Table 7.2.1: Prefactors and activation energies for the softened solid phase of humidi-
fied Nafion R© for case A and case B. These increased permeabilities are the
solution for the fit in Figure 7.2.2.

ε0 (10−7 mol cm−1 s−1 bar−1) Eε (10−20 J)
case A 2.53 4.28
case B 6.61 5.16

at 80 ◦C is approximately 37 % smaller than the measured permeability (13 % for case
B). With Λ = 10.3 for case A and Λ = 2.2 for case B, the simulated permeabilities
match the measured permeabilities.

7.2.2 Variation of the solid phase

So far, the simulated permeability was fitted to the measured permeability by enlar-
ging the permeability of the intermediate phase. Alternatively, the permeability of the
solid phase can be increased in order to increase the simulated permeability of the re-
sistor network. In the following considerations, the permeability of the intermediate
phase equals that of the aqueous phase (Λ = 1). In order to fit the simulated perme-
ability to the measured permeability for this boundary condition, the permeability of
the solid phase was varied. The permeability of the solid phase was taken as that of
dry Nafion R© multiplied by different prefactors. With these parameters, the permeabi-
lities were simulated for 30 ◦C and 80 ◦C. In an Arrhenius graph, these permeabilities
for both temperatures were plotted and connected by a line, respectively. Two inter-
sections of two of these simulated lines with the line that represents the measured
permeability were calculated. At these two temperatures, the increased permeabili-
ties of the solid phase had the right values to lead to an agreement of the simulated
permeability and the measured permeability. A line to connect these increased per-
meabilities of the solid phase in the Arrhenius graph was calculated. The Boltzmann
distribution describing this line was defined as the softened solid phase. This pro-
cedure was conducted for both, case A and case B. The parameters that describe the
softened solid phases are stated in Table 7.2.1.

Figure 7.2.2 shows the simulated permeability with the parameters of the softened
solid phase (Table 7.2.1). In the total temperature range, the simulated permeabilities
match the measured permeabilities using this approach. Moreover, Figure 7.2.2 also
shows the permeabilities of the softened solid phase for case A and case B. At 80 ◦C
and for case A, the permeability of the softened solid phase was approximately 3.7
times larger than that of dry Nafion R© (approximately 1.6 times for case B) while the
ratio of the softened permeability to the measured permeability equals approximately
0.73 for case A and 0.31 for case B. In the case of dry Nafion R©, the ratio of εdN to εwN

equals approximately 0.2.
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Figure 7.2.2: Hydrogen permeabilities in a modified Arrhenius plot for the case of an
increases permeability of the solid phase. Dashed red line: Permeability
of the softened solid phase for case A (parameters stated in Table 7.2.1).
Dashed ocher line: Permeability of the softened solid phase for case B.
Red stars: Simulated permeability for case A. Ocher squares: Simulated
permeability for case B. Color code of the other lines equal that in Figure
7.2.1.

7.2.3 Deviations from the Boltzmann distribution

In the following, the deviations of the measured and simulated permeabilities of fully
hydrated Nafion R© from the Boltzmann distribution will be discussed. The tempera-
ture dependence of the hydrogen and oxygen solubilities in water was described by
polynomial and exponential terms, as discussed in the previous chapter. These poly-
nomial terms also influenced the hydrogen and oxygen permeabilities of the aqueous
phase (ε = DS) and thereby caused deviations from the Boltzmann distribution and
its linearity in the Arrhenius plot. Furthermore, the combination of the activation
energies of the solid phase, the intermediate phase, and the aqueous phase also lead
to non-linearity in the Arrhenius plot. These two sources for the deviation from the
Boltzmann distribution contributed to the simulated permeability of fully hydrated
Nafion R©.

In order to compare the relative deviations of the hydrogen permeabilities of water
and fully hydrated Nafion R© from the linearized Boltzmann distribution ln(ε) ∝ 1/T,
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Figure 7.2.3: Deviation of the permeability from ln(ε) ∝ 1/T expressed by the devia-
tion factor α (eq. 7.2.2) as a function of the inverse temperature. Blue line:
Water (calculated). Black points: Fully hydrated Nafion R© (measured).
Black line: Fully hydrated Nafion R© (smoothed over a window of 500
measurement points). Cyan dots: Simulated permeability of Nafion R©

with an increased permeability of the intermediate phase. Red stars: Si-
mulated permeability of Nafion R© with the softened solid phase for case
A. Ocher squares: Simulated permeability of Nafion R© with the softened
solid phase for case B.

the measured and simulated permeabilities of fully hydrated Nafion R© were normali-
zed to that of water. For this purpose, the normalization factor αn was defined, which
was calculated by the ratio of the permeability of the aqueous phase at 55 ◦C to the
permeability of the examined medium at the same temperature. In the case of fully
hydrated Nafion R© this factor equals αn = 2.33. The deviation factor α is defined by
the normalization factor times the difference of the permeability calculated from the
linear fit in the Arrhenius plot (εfit(T)) and the calculated, simulated, or measured
permeability ε(T) of the examined medium:

α(T) = αn [ε(T)− εfit(T)] (7.2.2)

Lines were individually fitted to the permeabilities in the Arrhenius plot.

Figure 7.2.3 shows the deviation factors for the simulated and measured hydro-
gen permeabilities of water and fully hydrated Nafion R© as a function of the inverse
temperature. In order to reduce noise, the deviation factor of the measured perme-
ability of fully hydrated Nafion R© was smoothed over a window of 500 points. The
temperature dependence of the smoothed deviation factor of the different measure-
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ments follows reproducibly the graphed trend in the form of a ’U’ as a function of
the temperature, while the relative deviations of the measured permeability from the
Boltzmann distribution were below 2 % of the absolute value. The deviation factor of
the simulated permeability was determined using either the increased permeability
of the intermediate phase or the increased permeability of the solid phase. In both
cases the contributions of the polynomial terms that described the solubility in the
aqueous phase also led to the ’U’-type form of the deviation factor as a function of
the temperature. With the increased permeability of the intermediate phase (Section
7.2.1), the deviation factor is equal for case A and case B. With the increased perme-
ability of the solid phase, the deviation factor was smaller for case A than for case B,
since the contribution of the aqueous phase to the overall permeability is in case A
smaller than in case B. The deviation factor of the simulated permeabilities was larger
than that for the measured permeabilities, which could mean that the permeability of
the aqueous phase is smaller than assumed.

7.3 Discussion

With Λ = 1 and εsp = εdN, the simulated permeability was shown to be smaller than
the measured permeability of fully hydrated Nafion R©. In order to fit the simulated
permeability to the measured permeability, either the permeability of the intermedi-
ate phase or that of the solid phase were increased. After simulating the temperature
dependence of the hydrogen permeability of fully hydrated Nafion R©, which is mainly
influenced by the physical permeation mechanisms as the water content is constant,
the set of parameters for the different scenarios obtained was applied to simulate the
hydrogen permeability of Nafion R© as a function of the water content. As a result, the
best representation of the measurements were obtained for the case of a small perme-
ability of the aqueous phase (case A with εap = 0.5 εw) and the softened solid phase.
Based on this analysis, the softening of the solid phase could be an essential effect that
determines the permeability of hydrated Nafion R©. Referring to the simulated impact
of the water content on the permeability, a clear evidence for an increased permeabi-
lity of the intermediate phase could not be identified. In the following, the physical
causes for the increase of the permeabilities of the intermediate phase and the solid
phase compared to that of the aqueous phase and that of dry Nafion R© will be discus-
sed. Thereafter, the influence of the permeation through the non-aqueous phases on
the overall permeability of Nafion R© will be estimated. Finally, approaches to reduce
the permeability based on the presented relation between structure and permeability
will be discussed.
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Figure 7.3.1: Schematic illustration of the hydrogen permeation through a water chan-
nel of Nafion R©. In the case of the oxygen permeation the mechanisms
may be similar. Red points: Hydrogen atoms. Blue points: Oxygen
atoms. Dotted black lines: Hydrogen bonds. (A): Permeation in the in-
termediate phase between the aqueous phase and the pore walls. (B):
Permeation through bulk of the aqueous phase. The less distinct hydro-
gen bond network in the intermediate phase possibly leads to a larger
permeability than that through the bulk of the aqueous phase.

7.3.1 Increased permeability of the intermediate phase

At the boundaries of the water channels, water is in contact with the polymeric back-
bone of Nafion R© [181,202,203]. This backbone has a similar structure to the monomers
of PTFE, consisting of a carbon chain with two fluorine atoms at each carbon atom (see
Section 2.4). The contact angle between water and PTFE is comparably large (approx-
imately 100◦ [204]), which indicates weak molecular forces between PTFE and water.
Thus, in this intermediate phase, the van der Waals forces between the aqueous phase
and the solid phase may be weaker than those of the hydrogen bonds in the aqueous
phase and the covalent bonds of the ionomers. As motivated in the following, these
weak molecular forces might lead to larger diffusion coefficients and/or solubilities
of the gases in the intermediate phase than in the aqueous phase.

Dissolved gases can only diffuse through water when the hydrogen bond network
is thermally rearranged, for which hydrogen bonds are broken while others are build
[98–100]. The rate of this rearrangement process limits the gas diffusion rate. As
discussed above, in the intermediate phase the strength of the van der Waals bonds
which have to thermally be broken to enable the diffusion process are weaker com-
pared to the hydrogen bonds of the bulk of the aqueous phase. These weak forces of
the non-hydrogen bonds in the intermediate phase are possibly too small to signifi-
cantly influence the temperature dependence of the diffusion. However, to permeate
through the intermediate phase, some hydrogen bonds of the overlap to the aqueous
phase possibly have to be broken. To break these hydrogen bonds, the same activa-
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tion energy as that in bulk water was assumed (the factor Λ was multiplied to the
permeability of the aqueous phase). In this sense, a larger value of Λ than unity me-
ans that less hydrogen bonds are broken by the diffusion through the intermediate
phase than in the case of the diffusion through the aqueous phase. However, using
this description, the activation energy of the diffusion that is dominated by the clea-
vage and the formation of the hydrogen bonds was assumed to be retained.

The intermediate phase was estimated to be slightly thicker than the hydrogen
bond length of 2 Å. Based on the bonding lengths (in the order of 1− 2 Å [187]) and the
van der Waals radii (in the order of 1.5 Å [186]) of the hydrogen and oxygen atoms,
their molecules can fit into and diffuse through the intermediate phase of the assu-
med dimensions. Hence, the gas molecules may at least partly permeate through the
intermediate phase by weak interactions with the hydrogen bond network. Figure
7.3.1 illustrates the diffusion through a water channel and its two phases. Besides the
diffusion coefficients, also the hydrogen and oxygen solubilities in the intermediate
phase may be larger than those in the aqueous phase. Again, the weak van der Waals
forces may enable larger concentrations of dissolved gas molecules in the intermedi-
ate phase than in the aqueous phase, since the dissolution of the gases may be weakly
influenced by the strong hydrogen bond network. To summarize, by weak van der
Waals forces in the intermediate phase and a possibly less distinct hydrogen bond
network compared to that of the aqueous phase, large gas diffusion coefficients and
solubilities were postulated.

7.3.2 Softening of the solid phase

As an alternative to the increased permeability of the intermediate phase, an incre-
ased permeability of the solid phase was assumed in order to fit the simulated per-
meability to the measured permeability of fully hydrated Nafion R©. Nafion R© swells
by water uptake [153] which consequently leads to an increase of the mean distance
r between the polymer chains. These increased distances may cause reduced van der
Waals forces (∝ 1

r6 according to the Lennard-Jones potential) between the polymer
chains in the solid phase. In addition, possibly more significant, the inflation of wa-
ter into the plasticized frame of the polymer network [203] may weaken the van der
Waals forces between the polymer chains within the solid phase. Hence, liquid water
and/or water vapor may act as a plasticizer that penetrates into the polymeric struc-
ture. Kreuer [151] reported a softening of the visco-elastic properties of Nafion R© with
larger water contents, which may be a result of these effects. To permeate through
the polymer matrix, the potential barriers comprised by the van der Waals forces bet-
ween the polymer chains have to be overcome (Section 2.3). Thus, gas molecules may
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more easily diffuse between the polymer chains of the solid phase when the van der
Waals forces between them are reduced. Accordingly, the assumed increase of the gas
permeability of the solid phase and the reduced activation energy for the permeation
in this phase towards larger water uptake may be caused by the described effect of
water as a plasticizer. In addition, increased distances between the polymer chains
may also cause increased hydrogen and oxygen solubilities in the solid phase.

7.3.3 Influence of the water content on the modeled permeability

In the case of fully hydrated Nafion R©, the influence of the softening of the solid phase
on the permeability was estimated for the case A and B. When the water content of
Nafion R© is reduced, the concentration of the functional groups inside the water chan-
nels increases. Thereby, the diffusion coefficient and the solubility of the gases in the
aqueous phase are affected (Section 7.1.2). These parameters are characterized by dif-
ferent power laws as a function of the acidity (exponential and linear, as described by
eq. 7.1.1 and eq. 7.1.4), while the corresponding parameters Ki and a are not precisely
known. Accordingly, the reduction of the water content decreases the permeability of
the aqueous phase by an unknown extent. During the swelling of Nafion R©, Haubold
et al. [181] reported a shrinking of the regions where the bulk aqueous phase occurs
and a swelling of the region where a mixture between the side chains of the ionomers
and the aqueous phase prevails. This phase mixing and the detailed influence of the
structure of the intermediate phase as a function of the relative humidity could not
be parameterized. Moreover, the influence of the density of the functional groups
on the permeability of the intermediate phase is also unknown, while the detailed ex-
tend of the softening of the solid phase on the permeability also remains questionable.

Thus far, the detailed influence of the decreasing water content on the permeabili-
ties of the aqueous, intermediate, and solid phase was discussed to be unquantifiable.
However, a reduction of the permeabilities of the aqueous and solid phase are ex-
pected for a decreasing water content (increasing molarity and hardening of the solid
phase). To summarize, too many parameters are necessary to characterize the diffe-
rent phase permeabilities as a function of the water content in detail.

7.3.4 Impact of the different phases

When the permeabilities of the solid and intermediate phase are assumed to be negli-
gible, the simulated permeability solely through the aqueous phase of fully hydrated
Nafion R© (defined as the geometric permeability of the aqueous phase ε

geo
ap ) was es-

timated to be reduced by the impact of the morphology of the aqueous phase by a
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factor of ζ ≈ 0.15 (Fig 7.1.8). This relation is expressed by:

ε
geo
ap = ζ εap (7.3.1)

The same influence of the morphology has to be expected for the proton permeation
through Nafion R©, which solely takes place in the aqueous phase. However, the alter-
nating gas permeation through all the phases reduces the impact of ζ on the overall
gas permeability, as detours through the aqueous phase or dead-end water channels
can be bypassed by the permeation through the intermediate phase and the solid
phase. The aim of the following consideration is to estimate the influence of the per-
meation through the intermediate phase and the solid phase on the overall gas per-
meability of Nafion R©. This impact will be quantified by the ratio of the permeability
of the geometric permeability of the aqueous phase ε

geo
ap to the permeability of fully

hydrated Nafion R© εwN.

The permeability of the aqueous phase can be expressed as εaq =
(

εaq
εw

)
εw, which

leads with equation 7.3.1 to:
ε

geo
ap

εwN
= ζ

εw

εwN

εap

εw
(7.3.2)

Inserting the values of εwN and εw (stated in the previous chapter) for a temperature
of 80 ◦C yields:

ε
geo
ap

εwN
≈ 0.37

εap

εw
(7.3.3)

In the case A (εap = 0.5 εw), the ratio of ε
geo
ap to εwN can be estimated to a factor of

0.185 (for a temperature of 80 ◦C). Subtracting this value from unity means that ap-
proximately 81.5 % of the hydrogen permeability through fully hydrated Nafion R© is
attributable to the permeation through the intermediate phase and the solid phase.
In other words, the permeation through all the phases at 80 ◦C is larger by a factor
of εwN/ε

geo
ap ≈ 5.4 than the permeation solely through the aqueous phase. Following

the same procedure, in the case B (εap = 0.8 εw) approximately 70 % of the overall
hydrogen permeability of Nafion R© can attributed to its solid phase. This means that
εwN/ε

geo
ap ≈ 3.3 for case B. Towards lower water contents, the ratio of εwN to ε

geo
ap de-

creases and the influence of the intermediate phase and the solid phase on the overall
permeability of Nafion R© increases.

7.3.5 Improvement of PEMs

In hydrated Nafion R©, the gaps between the water channels comprised by the solid
phase can be crossed by gas permeation, while protons cannot permeate through the
solid phase. Accordingly, the detours for the permeation of protons through Nafion R©

are larger than that for the gas permeation, since the gas molecules can take short-
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cuts through solid phase. The influence of this alternating permeation on the overall
permeability of fully hydrated Nafion R© was discussed in the latter paragraph, where
the permeation through all the phases were estimated to increase the overall perme-
ability by a factor of approximately 5.4 compared to the permeation solely through
the aqueous phase. Based on the results thus far presented, five approaches to reduce
the permeability of polymer electrolyte membranes (PEMs) and to simultaneously
maintain the proton conductivity are suggested:

• A higher concentration of functional groups inside the water channels in order
to decrease the solubilities and the diffusion coefficients of gases in the aqueous
phase.

• Increased intermolecular forces between the aqueous phase and the solid phase
in order to decrease the permeation through the intermediate phase.

• A reduced permeability of the solid phase.

• Cross-linking of the ionomers [139] to avoid a softening of the solid phase with
water uptake.

• The avoidance of dead-end water channels.

In the following, these approaches will be discussed in more detail.

The gas solubility in electrolytic solutions was reported to decrease with a higher
concentration of the ions [195–197]. Moreover, the viscosity of acids typically increa-
ses with a higher proton concentration [200], which consequently reduces the diffu-
sion coefficient. Applied to PEMs, increasing the density of functional groups thus
may lead to a decreased permeability of the aqueous phase. By the increase of the in-
termolecular forces between the water channels and the polymer backbone, the per-
meability of the intermediate region might be reduced. For this purpose, polymer
backbones that show smaller contact angles with water (such as Polyethylene with
approximately 89◦ [205]) than PTFE with approximately 100◦ [204] might decrease
the permeability of the intermediate phase. Furthermore, by the choice of the poly-
mer backbone, the permeability of the solid phase may be reduced. This decrease of
the permeability of the solid phase can be achieved by larger van der Waals forces
between the backbone of the PEM. For instance, the activation energy of the oxygen
permeability of Polyethylene is by a factor of approximately 1.4 higher than that of
PTFE [185] (which equals the polymer backbone of Nafion R©). Thus, by variation of
the polymer backbone of the ionomer, the permeation through the solid phase of a
PEM may be reduced while other properties such as water uptake and proton con-
ductivity may be retained. Moreover, the polymer chains can be connected by cros-
slinking, which also increases the activation energy for the gas permeability [206,207].
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In addition, the cross-linking of the polymer chain increases the rigidity of the poly-
mer matrix which may reduce the softening of the solid phase with water uptake.

Towards the design of the morphology of the aqueous phase in PEMs, dead end
water channels should be avoided since these do not contribute to the overall proton
conductivity of the PEM while they enable the high gas permeability of the mixed
pathway. Furthermore, the gas permeability potentially depends on the diameter of
the water channels, because their size is decisive for the volume of the intermediate
phase. As shown in Figure 7.1.5, above volumetric water contents of 10 %, the vo-
lumetric water content increases more strongly with the water content than that of
the intermediate phase. Hence, by increasing the diameter of the water channels the
relative contribution of the intermediate region to the permeation compared to per-
meation through bulk water might be reduced. However, by increasing the diameter
of the water channels the capillary forces are reduced, which might reduce the ability
to withstand differential pressure as a driving force for gas permeation. Moreover,
increasing the diameter of the water channels could lead to a more inhomogeneous
proton distribution which could reduce proton mobility [20, 21, 160, 161]. To summa-
rize, the aqueous phase necessary for the proton conduction leads to the formation of
the intermediate phase, while the permeation through these both phases might be a
physical restriction for the reduction of the gas permeability of PEMs while retaining
the proton conductivity.

7.4 Synopsis of the chapter

In this chapter, the hydrogen and oxygen permeation through the aqueous, solid and
intermediate phase of Nafion R© was simulated using a resistor network. The structure
of Nafion R© was modeled morphologically representative based on recently reported
tomography data. In order to fit the overall permeability determined with this model
to the permeability measured in the previous chapter, the permeabilities of the inter-
mediate phase and/or the solid phase had to be enlarged in comparison to those of
the aqueous phase and dry Nafion R©, respectively. The higher gas permeability of the
intermediate phase was ascribed to a less distinct hydrogen bond network than that
in the aqueous phase and weak van der Waals forces in this regime. An increase of
the permeability of the solid phase in Nafion R© may be attributable to a softening of
the polymeric matrix by water uptake, as water may act as a plasticizer for the po-
lymeric matrix. When the permeation through the intermediate phase and the solid
phase are neglected, the morphology of the aqueous phase caused a simulated per-
meability of approximately 0.15 times that of the aqueous phase itself. The mixed
pathways by the alternating gas permeation though all three phases was estimated to
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increase the overall permeability of Nafion R© by a factor of 4.5± 1.2 compared to the
simulated permeability of solely the aqueous phase. Hence, based on this estimation,
approximately 75± 7 % of the hydrogen permeability of fully hydrated Nafion R© was
ascribed to the influence of the permeation through the intermediate and solid phase.
Based on the characterized gas permeation through Nafion R©, approaches to reduce
the permeability of novel PEMs were identified and discussed.



8 Characterization of different
polymer electrolyte membranes

The aim of this chapter is to compare the conductivities and hydrogen permeabilities
of different polymer electrolyte membranes (PEMs) which were commercially pur-
chased or supplied by project partners. The thicknesses of the PEMs were measured
using a micrometer directly after the membranes have been taken out of a beaker
that was filled with deionized water. Thus, the stated thicknesses refer to the fully
hydrated state of the PEMs. The thickness measurement was affected by an error of
approximately ±6 %. The PEMs examined in this chapter are listed in the following
enumeration:

• Nafion R© (manufactured by DuPont) is the best studied PEM in the literature,
as this material has been commercially available since several decades. It is a
perfluorinated sulfonic acid (PFSA), while the detailed chemical structure was
stated in Section 2.4. In the previous chapters, the conductivity and hydrogen
permeability of this PEM were examined in detail. In the data sheet of the ma-
nufacturer [208] the equivalent weight of this membrane type is reported to
EW = 1020 ± 40 mg/eq. Nafion R© membranes are available with thicknesses
in the range from approximately 60 µm to 210 µm.

• F9120 (Fumatech) is like Nafion R© a PFSA that consists of a similar fluorinated
chemistry with sulfonic acid functional groups. The detailed chemical structure
of this membrane type is however neither reported in the literature nor stated
by the manufacturer. The equivalent weight is reported by the manufacturer to
EW = 900 mg/eq. The thickness of the wet membrane was measured to 154 µm.

• F1820 (Fumatech) is also a PFSA but with a higher equivalent weight of EW =

1800 mg/eq. Its detailed chemical structure is also unknown. The thickness of
the wet membrane was measured to 145 µm.

• Aquivion R© E98-09S (manufactured by Solvay) is also a PFSA. In comparison
to Nafion R©, the manufacturer reported a shorter side chain. The equivalent
weight of this membrane is reported by the manufacturer to EW = 980 mg/eq.
The thickness of the wet membrane was measured to 113 µm.

• C201 (manufactured by Tokuyama company) consists of a non-fluorinated che-
mistry. Further information on this membrane type was neither reported by the
manufacturer nor reported in the literature. The thickness of this membrane
was measured to 32 µm.

95
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κ

Figure 8.1.1: Measured conductivities with setup A (Section 4.1) of the different PEMs
as a function of temperature. See explanation in the beginning of this
chapter for further information on the different examined PEMs.

• C220 (manufactured by Tokuyama company) is also of a non-fluorinated chemi-
stry. Again, further information about this membrane-type was not available.
The thickness of the wet membrane was measured to 36 μm.

Literature that characterizes the volume fraction of water or the morphology of the
aqueous phase is only reported for Nafion R© (as discussed in Section 3.1). To characte-
rize these properties costly methods such as small angle scattering techniques or cryo
electron tomography are necessary, which are beyond the scope of this research. With
reference to this lack of knowledge concerning the microscopic phase distributions in
the other PEMs as Nafion R©, the differences between the membranes are compared in
terms of their macroscopic properties in the form of proton conductivity and hydro-
gen permeability. In Chapter 10, the conductivities and hydrogen permeabilities of
PEMs and their ratio are derived to be decisive properties in terms of the overall effi-
ciency of water electrolyzers. This chapter therefore aims at a benchmarking of these
properties rather than a fundamental and deep understanding of the different ma-
terial properties. To characterize conductivities and hydrogen permeabilities of the
PEMs the methods discussed in Chapter 4 are used.

8.1 Conductiviities

Figure 8.1.1 shows measured conductivities of the different PEMs as a function of
temperature. All measurements were conducted with setup A under discrete tempe-
rature variation, as discussed in Section 4.1 in detail. The resistance of the membranes
were red out from the recorded impedance spectra of the membranes at 1 kHz, where
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ε

Figure 8.2.1: Measured hydrogen permeabilties of different PEMs as a function of the
temperature.

the phase angle of the impedance was negligible and the Ohmic contribution to the
impedance dominated. The measurement error of the conductivity is ±10 %, with
reference to the propagation of errors of the measured sample geometries and the re-
sistance determination. The highest conductivity of all membranes is supplied by the
PFSA-type membranes Nafion R©, F9120 and Aquivion R©. The deviation of the mea-
sured conductivities of these membranes were below 10 % and thus within the me-
asurement error. The PFSA material F18120 showed approximately one third of the
conductivity of the other examined PFSA materials. This lower conductivity might be
attributable to a smaller volumetric water content and a lower concentration of pro-
tons in the aqueous phase which is caused by the lower amount of functional groups.
The membranes C201 and C220 showed approximately one half and one third of the
conductivity of the Nafion R© membrane, respectively.

8.2 Permeabilities

Figure 8.2.1 shows measured hydrogen permeabilities of the different PEMs as a
function of the temperature. The measurements presented in this graph were con-
ducted using setup C (Section 4.2). The measurement error is again mainly affected
by the geometry of the sample and was estimated to ±10 % on the basis of the propa-
gation of errors. Within this measurement precision, Nafion R© and F9120 showed the
same hydrogen permeabilities. The Aquivion R© membrane showed an approxima-
tely 14 % lower hydrogen permeability as those of the Nafion R© and F9120 membrane.
The hydrogen permeability of the F18120 membrane is less than half of those of the
F9120 and Nafion R© membrane. Despite the polymeric phase was discussed in Chap-
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Figure 8.3.1: Ratio of the proton conductivities to the hydrogen permeabilities of the
examined PEMs, calculated by the data graphed in Figure 8.1.1 and 8.2.1.

ter 7 to significantly influence the hydrogen permeability of Nafion R©, it is still smaller
than that of the aqueous phase. Accordingly, the lower hydrogen permeability of the
F18120 membrane might be attributable to a lower volumetric water fraction of the
aqueous phase. In Chapter 7, the permeability of the solid phase was discussed to
depend on the water uptake. The smaller water uptake of the F18120 membrane thus
might lead to a reduced softening of the polymeric phase compared to the other PFSA
membranes. As a result, the polymeric phase in the fully hydrated F18120 membrane
might be less permeable to hydrogen than that in the other fully hydrated PFSA mem-
branes. The membranes with a hydrocarbon chemistry showed an at least six times
smaller hydrogen permeability than that of the three PFSA membranes with a low
equivalent weight (F9120, Nafion R© and Aquivion R©).

8.3 Ratios of conductivities to permeabilities

The ratio of the proton conductivity to the hydrogen permeability is an important pa-
rameter for overall efficiency of a water electrolysis cell, as later discussed in Section
12 in detail. The higher this ratio, the more efficient the cell can be. Figure 8.3.1 shows
the ratio of the measured conductivities to the measured permeabilities of the diffe-
rent membranes, respectively. This ratio was calculated by dividing the measured
values of the conductivity by linear fits to measured hydrogen permeabilities in Ar-
rhenius plots, respectively. With reference to the propagation of errors, the ratios are
affected by an error of approximately ±14 %.

Within the error of the calculated ratio of the proton conductivity to the hydrogen
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permeability, the PFSA membranes Nafion R©, F9120 and Aquivion R© show the same
values. The F18120 membrane shows approximately the same ratio of κ to ε as that
of the other PFSA membranes. In the case of the membranes with a non-fluorinated
chemistry, the ratio of the proton conductivity to the hydrogen permeability is signifi-
cantly higher than those of the PFSA membranes. The reason for this difference might
be a less permeable polymeric phase, as further discussed in Section 12.

8.4 Synopsis of the chapter

In this Chapter, the proton conductivities and hydrogen permeabilities of six different
PEMs were examined. Four of these PEMs were perfluorinated sulfonic acids (PF-
SAs). Three of these four PFSA membranes had equivalent weights between 900 mg/eq
and 1050 mg/eq, while the other showed an equivalent weight that is with 1800 mg/eq
approximately twice as large as those of the others. The other two PEMs were pur-
chased from the Tokuyama company and consisted of a non-fluorinated chemistry.
The three PFSA membranes with the almost equal equivalent weights showed almost
equal conductivities and hydrogen permeabilities. The PFSA membrane with the lo-
wer equivalent weight showed smaller proton conductivity and hydrogen permeabi-
lity than those of the other PFSA membranes. The membranes with a hydrocarbon
backbone chemistry showed less than half of the conductivities but less than one sixth
of the hydrogen permeabilities of those of the PFSA membranes with low equivalent
weight. As a result of these differences, the ratio of the proton conductivities to the
hydrogen permeabilities of the hydrocarbon membranes were approximately two ti-
mes higher than those of the PFSA membranes.



9 Gas permeation through the
membrane during water electrolysis

In the previous chapters, the hydrogen and oxygen permeation through Nafion cau-
sed by diffusion were characterized and correlated with the microscopic geometries
of the water channels. As discussed in the fundamentals chapter (Section 2.1), elec-
trochemical water splitting at the electrodes leads to the permeation of protons from
the anode through the PEM to the cathode. The proton flux through the membrane
is accompanied by electro-osmotic water drag (Section 2.2.2). This proton and wa-
ter transport through the PEM may result in a convective oxygen transport from the
anode to the cathode, while the hydrogen permeation from the cathode to the anode
may be simultaneously reduced. The aim of this chapter is to describe the hydrogen
and oxygen cross-permeation through the PEM during water electrolysis. Moreover,
the influence of the proton flux on the gas crossover shall be physically described. Fi-
gure 9.0.1 illustrates the physical transport processes of protons, water, hydrogen and
oxygen through the PEM during water electrolysis. Differential pressure as a driving
force for the gas permeation will be neglected since it did not lead to perceivable con-
tributions to the measured gas permeability of Nafion (Chapter 6).

In the following, first the partial pressure increase in the catalyst layers during PEM
water electrolysis that is caused by the oxygen and hydrogen evolution is physically
described. Second, the hydrogen and oxygen cross-permeation through the PEM du-
ring water electrolysis is elucidated. Within this aim, the interaction of gas diffusion
and proton permeation is physically described. Third, the anodic hydrogen content
during water electrolysis will be calculated and compared to in-operando measure-
ments of a water electrolysis cell. Based on these measurements, the pressure increase
in the electrodes that is caused by the gas evolution is estimated. Moreover, on the
basis of these measurements the extent of the interaction between the proton perme-
ation and the gas diffusion is evaluated. The anodic hydrogen content is exemplarily
modeled for a cathodic pressure of 30 bar, which is the minimum hydrogen pressure
that is considered to be suitable for methanation processes and the direct integration
of hydrogen into the natural gas grid [29]. The calculations in this chapter refer to
the proton conductivity and gas permeability of Nafion at 80 ◦C, which is a tempera-
ture that typically constitutes a compromise between a reasonable lifetime and a good
performance of PEM water electrolysis cells [209]. All considerations in this chapter
refer to galvanostatic conditions (constant current densities). This chapter is based on
several previously published studies [45, 210, 211].
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Figure 9.0.1: Schematic illustration showing the mechanisms that lead to the hydro-
gen and oxygen cross-permeation during PEM water electrolysis [45].
(A): Proton flux through the PEM. (B): Convective transport of dissolved
oxygen and hydrogen in the aqueous phase caused by the proton flux
through the PEM. The gases dissolved in the hydration shell of the pro-
tons may diffuse into the surrounding water as illustrated by tiny arrows.
(C): Diffusion of oxygen and hydrogen through the PEM. (D): Permea-
tion forced by differential pressure, which will be neglected based on the
results in Chapter 6. (E): Catalytic reaction of hydrogen and oxygen on
the cathodic platinum catalyst.

9.1 Partial pressure increase in the catalyst layer

As discussed in Section 2.1.3, a triple phase boundary must occur in the catalyst lay-
ers, where electrons, protons and water gain access to the catalyst. In addition, the
produced hydrogen and oxygen must be transported from the catalysts in the elec-
trodes to the gas outlets of the cell. The gas evolution enlarges the pressures in the
electrodes, which is a consequence of mass transport and supersaturation [212, 213]
by their electrolytic production.
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9.1.1 Influence of concentration and differential pressure
differences

The aim of the following deliberations is to estimate, whether diffusion or differen-
tial pressure driven permeation dominate the transport of produced gases from the
catalyst at the inside of an electrode to its outside. Faraday’s law relates the current
density to the amount of produced hydrogen in the form of ΓH2

that denotes the molar
production rate density of hydrogen at the cathode:

ΓH2
=

j
2F

(9.1.1)

The produced hydrogen in the electrode must permeate to the cathodic gas outlet or
to the anode. Moreover, it can be recombined with oxygen coming from the anode.
When the gas crossover is small, the permeation flux density Φel

H2
of hydrogen produ-

ced in the cathode to the cathodic gas outlet can be approximated as:

Φel
H2
≈ ΓH2

(9.1.2)

If differential pressure driven permeation does not contribute to the gas transport
from the inside of the electrode to its outside, all the produced gases must be transpor-
ted by diffusion. In the following, this case is assumed, in order to estimate how large
the partial pressure difference ∆pel

H2
of hydrogen between the inside of the cathode

and its outside would be when diffusion is the only driving force for the gas trans-
port. The thickness of the electrodes for the acidic water electrolyzer were measu-
red to approximately 10 µm, while hydrogen diffusivity in water was estimated to
εFick

H2
≈ 1× 10−10 mol cm−1 s−1 bar−1 at 80 ◦C (see Chapter 6). By calculating Φel

H2
for

j = 2 A cm−2 and by using Fick’s law for an electrode thickness of del = 10 µm and
the εFick

H2
of water, ∆pel

H2
can be calculated to 500 bar. This value can be considered as

a lower approximation as the utilized value for the hydrogen permeability in water
is higher than that of the polymer electrolyte in the electrodes. Moreover, the mor-
phology of the impermeable electron conducting phase (catalyst and support) further
reduces the permeability in comparison to that of pure water.

Based on the measurements of the anodic hydrogen content (that are presented in
Section 9.3) and equation 9.1.3, the mean partial hydrogen pressure inside the cathode
at 2 A cm−2 can be approximated to be at maximum 16 bar higher than that at the gas
outlet. Hence, if diffusion is the only driving force for the gas transport in the electro-
des, ∆pel

H2
would be more than one order of magnitude higher than that derived from

the measurements. Accordingly, diffusion cannot be the dominating driving force for
the permeation of the produced gases from the electrode to the gas outlet. In the case
of microporous structures such as the electrodes in the electrolyzers, the gas perme-
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ation fluxes driven by differential pressures can be orders of magnitudes larger than
those driven the diffusion [214]. Thus, the differential pressure driven permeation is
considered to be the dominating driving force for the permeation of gases from the
inside to the outside of the electrodes.

In the dense form of a membrane, Nafion R© polymer electrolyte shows negligible
permeability to differential pressures [120]. The mean diameter of water channels
of Nafion R© membranes was reported to approximately 2.5 nm (Section 3.1), while
the mean pore diameters in the catalyst layers are typically at least one magnitude
larger [215, 216]. The pressure drop can be characterized by different power law de-
pendencies of its radius depending on the form of the flow (laminar or turbulent)
and parameters such as the pore roughness. However, all approaches which are typi-
cally used to describe the differential pressure driven permeation through pores got
in common that the pressure drop decreases with the pipe diameter. In the case of
the micro- or nanoporous structure of catalyst layers the exact influence of the pore
diameter on the permeability is unknown as the fluid dynamics in the considered me-
dium are unknown. However, it can be expected that the permeability significantly
increases toward larger pore diameters in analogy to macroscopic systems. Thus, the
different pore sizes in the electrodes and in the polymer electrolyte membrane are
expected to lead to profoundly different permeabilities to differential pressures.

9.1.2 Quantitative description

Mass transport phenomena in electrodes crucially depends on their structure in the
form of porosity, thickness and composition. Accordingly, generalized values that
characterize the partial pressure increase in the electrodes as a function of the current
density cannot be given here. The permeation flux driven by diffusion is proportional
to the partial pressure differences (Fick’s law), while that originating from absolute
pressures differences is also characterized by a linear response (Darcy’s law). Besides
hydrogen at the cathode and oxygen at the anode, saturated water vapor psv occurs
in the gaseous phase at the electrodes (Section 6.1.1). Hence, the differences between
the partial pressures at the catalyst and the corresponding gas outlets are equal to
the differences of the absolute pressures. Consequently, the pressure differences that
drive both transport mechanisms (diffusion and differential pressure) are equal.

The hydrogen and oxygen produced during water electrolysis are typically satura-
ted with water vapor [217]. The gas permeation flux from the inside of the electrode to
its outside was shown to be proportional to the gas production rate and thus propor-
tional to the current density (eq. 9.1.1). As described by Fick’s law and Darcy’s law,
the partial or absolute pressure drop for the permeation through a medium is propor-
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tional to the permeation flux. Hence, the pressure difference between the inside of the
catalyst layer and the gas outlet scales linearly with the amount of produced gas. By
combining these linear relations, the partial pressure pc

H2
of hydrogen in the cathode

scales linearly with the current density

pc
H2

= pc + ΥH2 j − psv , (9.1.3)

where pc denotes the absolute cathodic pressure. The proportionality factor ΥH2 is
denoted as the cathodic partial pressure increase factor. This linear relation is only
valid for laminar flows, where the pressure drop is proportional to the flux. In case
of turbulent flows at high permeation rates, this linear relation does not hold valid.
Thus, high current densities can possibly affect the partial pressure increase by a non-
linear trend.

At the anode, the oxygen evolution also leads to an increase of the partial oxygen
pressure in the catalyst layer, which is described in analogy to that of hydrogen

pa
O2

= pa + ΥO2
j− pH2O , (9.1.4)

where pa denotes the total pressure at the anodic gas outlet and ΥO2
the partial pres-

sure increase factor for oxygen. In Section 9.3, the partial pressure increase factor for
hydrogen will be estimated by fits to the measured anodic hydrogen contents of an
operating electrolysis cell. In contrast, the anodic partial pressure increase cannot be
determined by a measurement of the cathodic oxygen content, since both gases are
catalytically recombined at the cathode (Section 2.1.5). Hence, a rough estimation will
be used to calculate the partial pressure increase in the anodic catalyst layer. Assu-
ming that the catalyst layers are of same thickness and similar structure, the partial
pressure increase factor for oxygen is estimated by

ΥO2
≈ (εH2

/εO2
)

1
2

ΥH2
, (9.1.5)

while the factor 1/2 takes into account that the oxygen production rate is half that
of hydrogen. The ratio of the permeabilities describe the smaller permeability of the
Nafion binder to oxygen than to hydrogen. In order to calculate the value for ΥO2

, the
permeabilities determined in Chapter 6 were used.

Thicker pore diameters of the current collectors than that of the electrodes result
in lower capillary pressures. These thicker pores also reduce the friction for the gas
permeation, which results in higher the permeabilities of the current collectors than
that of the electrodes. Thus, the main contribution of the partial pressure increase
at the catalyst is attributable to the permeation from the inside to the outside of the
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electrodes. The physics in terms of Fick’s law and Darcy’s law that describes the per-
meation fluxes through electrodes and current collectors are equal. Thus, even if the
permeation through the current collectors significantly impacts the pressure drop, its
contributions are physically described by the equations presented above. In the flow
fields, the evolved gases in the form of bubbles are convective carried along with the
flux of liquid water. Thus, the contributions of the permeation inside the flow fields
to the partial pressure increase factor are expected to be negligible.

When gases are evolved in water, more gas molecules can be dissolved than in
equilibrium (gaseous phase over a saturated solution), which is commonly referred
to as supersaturation [212,213,218,219]. This effect may also lead to a partial pressure
increase of the produced gases in the catalyst layers. The contributions of supersatu-
ration and the transport through all media (electrodes and current collectors) were all
expressed by one partial pressure increase factor for each electrode, respectively.

9.2 Gas permeation fluxes

Based on mass conservation, the overall cross-permeation flux of a gas through a
membrane is constant in the direction of the concentration gradient. Moreover, the
permeation fluxes of a gas through a PEM by different mechanisms are additive.
Thus, the total hydrogen permeation flux density ΦH2

through the PEM equals the
sum of the flux density caused by diffusion Φdiff

H2
and that caused by the proton per-

meation Φdrag
H2

:
ΦH2

= Φdiff
H2
−Φdrag

H2
(9.2.1)

The negative sign of Φdrag
H2

takes the opposing direction of the proton movement to
that of the hydrogen diffusion into account (Fig. 9.0.1). The same relation is used for
oxygen

ΦO2
= Φdiff

O2
+ Φdrag

O2
, (9.2.2)

where both mechanisms lead to the oxygen transport in the direction from the anode
to the cathode (Fig. 9.0.1). Thus, the signs of the oxygen permeation flux densities
caused by both mechanisms are both positive.

9.2.1 Separate description of the permeation fluxes

In the following, the hydrogen and oxygen cross-permeation flux densities caused
by diffusion and the proton permeation are first considered separately. In the next
section, a model to estimate the interactions of both mechanisms will be presented.
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9.2.1.1 Diffusion

In Chapter 6, the measured hydrogen permeation flux density through Nafion was
described by Fick’s law (eq. 2.3.3) and attributed to the driving force of diffusion. Ap-
plied on the PEM during water electrolysis, the partial hydrogen pressure difference
between the anodic catalyst layer pa

H2
and the cathodic catalyst layer pc

H2
leads to a

permeation flux density of:

Φdiff
H2

= εH2

pc
H2
− pa

H2

d
(9.2.3)

In Section 9.3, it will be shown, that hydrogen at the anodic iridium oxide catalyst
is neither electrochemically oxidized nor catalytically reacted with anodic oxygen.
Thus, the percental anodic hydrogen content can be calculated as the ratio of the hyd-
rogen cross-permeation flux density ΦH2

to the total anodic gas release rate density,
which is the sum of the production rate density of oxygen ΓO2

and the hydrogen cross-
permeation flux density ΦH2

:

H2 in O2 =
ΦH2

ΓO2
+ ΦH2

× 100 % (9.2.4)

Based on this relation, the anodic partial pressure of hydrogen pa
H2

equals the absolute
anodic pressure pa multiplied by the anodic hydrogen content:

pa
H2

= pa
Φdiff

H2

ΓO2
+ Φdiff

H2

(9.2.5)

Inserting this expression for the anodic hydrogen pressure into Fick’s law (eq. 9.2.3)
yields:

Φdiff
H2

=
εH2

d

(
pc

H2
− pa

ΦH2

ΓO2
+ ΦH2

)
(9.2.6)

When diffusion is the only driving force for the gas permeation through the mem-
brane (assuming a negligible impact of the proton permeation on the gas crossover),
the total hydrogen permeation flux in the latter equation can be replaced by that cau-
sed by diffusion. The quadratic equation resulting

Φdiff
H2

= −b
2
±
√
(

b2

4
) + ΓO2

pc
H2

εH2

d
(9.2.7)

with
b = ΓO2

+
εH2

d
(pa − pc

H2
) (9.2.8)

has two solutions of which only the positive solution is of a physical nature. This
exact solution can be simplified when pc

H2
>> pa

H2
. In this case, the approximation
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∆pH2
≈ −pc

H2
can be inserted into equation 9.2.3:

Φdiff
H2
≈ εH2

pc
H2

d
(9.2.9)

By using this simplified description, the back permeation from hydrogen at the anode
to the cathode is neglected.

In contrast to the mixing of hydrogen and oxygen at the anode, the simultaneous
appearance of both gases at the cathodic platinum catalyst results in their catalytic re-
combination (Section 2.1.5). Accordingly, the partial pressure of oxygen in the catho-
dic catalyst layer is assumed to be negligible, which means that pc

O2
= 0 bar. Thus,

using Fick’s law, the permeation flux density of oxygen through the PEM that is cau-
sed by diffusion is described by:

Φdiff
O2

= εO2

pa
O2

d
(9.2.10)

Accordingly, the oxygen cross-permeation through the membrane cannot be evalua-
ted by measuring the cathodic oxygen content.

9.2.1.2 Proton permeation

In the following, the hydrogen and oxygen cross-permeation flux densities that are
caused by the proton permeation are estimated. A measurement technique to di-
rectly measure these contributions could not be developed. The experimental chal-
lenge in measuring the influence of the proton permeation on the gas transport is
that for its occurrence protons must permeate through the PEM. The protons perme-
ating through the PEM must be reduced at the cathode, which typically results in
hydrogen evolution. Thus, the gas crossover that is caused by the proton permeation
as described in Section 4.2 could not be directly measured as the evolved hydrogen
would influence such a measurement. Alternatively, the gas permeation fluxes can
be indirectly analyzed for instance by measuring the anodic hydrogen content during
water electrolysis, as presented in Section 9.3. The hydrogen evolution at the cathode
lead to the partial pressure increase in the electrodes, which itself influences the cross-
permeation as later discussed in Section 9.1 in detail.

As the influence of proton permeation on the hydrogen and oxygen cross-permeation
fluxes could not be examined by an direct experimental approach, an estimation for
this mechanism is presented in the following. Therefore, the following assumptions
are used:

• The factor h represents the ratio of the hydrogen concentration in the hydration
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shell of the hydronium ions to the hydrogen concentration in the surrounding
electrolyte. This factor is in the following defined as the ’hydration shell factor’.

• The entire aqueous phase inside the PEM is assumed to contribute to the proton
conductivity. Accordingly, only the first and second water channel topologies
that were introduced in Chapter 5 are assumed to occur.

As discussed in Section 7.1.2, the solubilities of hydrogen and oxygen in the acidic
aqueous phase of Nafion are smaller than those in water, respectively. In Chapter
7, the hydrogen permeability of Nafion as a function of the temperature and water
content was described using εap ≈ 0.5 εw. With reference to the equations stated in
Section 7.1.2, the diffusion coefficient of hydrogen in the aqueous phase in Nafion was
related to that of water by Dap ≈ 0.85 Dw. Moreover, in Section 7.1.2 the solubilities
were estimated to Sap ≈ 0.59 Sw. The smaller solubility of the gases in the aqueous
phase could mean, that in the vicinity of the functional groups and the excess protons
less gas molecules are dissolved than between the water molecules itself. Such an
inhomogeneous distribution of the dissolved gases can be described by an hydration
shell factor that is smaller than unity. In Section 9.3.2, the value of the hydration shell
factor is estimated by using in-operando measurements of the anodic hydrogen con-
tent during PEM water electrolysis. In order to characterize the contributions of the
proton permeation to the hydrogen and oxygen cross-permeation, only the aqueous
phase of the PEM is considered (intermediate and solid phase is neglected), as this is
the only phase that is permeable to protons. Consequently, the interaction between
both transport processes can only occur in the aqueous phase.

In Section 5, the water uptake of Nafion was characterized by the amount of water
molecules per proton λ. The amount of water transported by the electro-osmotic
drag mechanism was characterized by the drag-coefficient nd in Section 2.2. The ratio
of both numbers represents the amount of water that is transported by the electro-
osmotic drag mechanism normalized to the total amount of water in the aqueous
phase of Nafion:

nd

λ
≈ 0.3 (9.2.11)

When the dissolved gases are homogeneously distributed in the aqueous phase (h =

1), the total amount of electrochemically dragged water contributes to Φdrag
H2

and

Φdrag
O2

. The velocity distribution of the water molecules in the aqueous phase and
the possibly smaller solubility of the gases in the vicinity of the hydronium ions are
described by smaller value of h than unity.

In order to distinguish between the permeation through Nafion, pure water, and
the aqueous phase of Nafion, the notations introduced in Table 9.2.1 are used in the
following. As discussed in Chapter 5, the drift velocity of protons in an aqueous
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Table 9.2.1: Remarks on the notation used in this section exemplified for an arbitrary
physical property P.

P Property of Nafion
P̂ Property of the aqueous phase in Nafion
Pas Property of an aqueous solution
Px Property in the x-direction, which is orthogonal to the electrodes.

solution can be related by

vas
H+ =

j
cw

H+ F
(9.2.12)

to the current density. Applied to Nafion, the concentration of protons in the water
channels was approximated as cH+ = 2.8 mol/l (see Chapter 5). The current in a
water electrolyzer is typically normalized to the cell area (Section 2.1.2), while only
the cross-sectional area Aaq of the aqueous phase of Nafion can contribute to the entire
proton conductivity. Thus, the current density normalized to the cross-sectional area
of the water channels is higher than that normalized to the cell area. Moreover, the
tortuosity of the water channels leads to detours of the proton permeation. As a result,
at a defined current density, the protons in the water channels move faster than they
would in the case of a direct connection between the electrodes. The faster velocity
of the protons thus compensates the detours that are caused by the tortuous water
channels. Based on these deliberations, the mean drift velocity of protons in the water
channels of a PEM is increased by the tortuosity and the normalization to the cross-
sectional area of the aqueous phase:

v̂H+ =
j

ĉH+ F
A

Aap
τeff (9.2.13)

With regard to the overall permeation flux of hydrogen through the PEM, the mo-
vement in the direction of the overall hydrogen concentration gradient (which corre-
sponds to the shortest connection between the electrodes) is decisive. This direction
equals the mean direction of the proton permeation through the PEM and is in the
following defined as x-direction. Referring to a constant current density again, the
velocity of the protons in this direction is not influenced by the tortuosity, since de-
tours mean that velocities in other directions as the x-directions result. Thus, the drift
velocity of protons in the x-direction is smaller than that in the direction of the re-
spective water channels:

v̂x
H+ =

j
ĉH+ F

A
Aap

(9.2.14)

The amount of hydrogen atoms carried by the protons equals the concentration of
hydrogen in the hydration shell (h× ĉH2

) times the relative amount of water molecules
that carried through the PEM (calculated by the drag coefficient nd divided by the
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amount of water molecules per sulfonic acid group λ). Thus, the molar permeation
flux density of hydrogen can be described by:

Φ̂drag
H2

= v̂x
H+

nd

λ
h ĉH2

(9.2.15)

In Section 9.3, the influence of different values for h on the simulated anodic hydrogen
content in comparison with experimental data will be discussed. The molar permea-
tion flux density of oxygen caused by the proton permeation can estimated using the
same approach.

The concentrations of hydrogen and oxygen in the water channels of the PEM are
a function of the position in the x-direction. The concentration profile in the mem-
brane is influenced by diffusion and proton permeation as further discussed in Section
9.2.2.2. Thus, without knowing the precise concentration profile of the dissolved gases
in the PEM, the gas transport by the proton permeation through the PEM cannot be
exactly determined using the latter equation. However, based on the continuity equa-
tion and the correlated mass conservation, the hydrogen permeation flux through the
membrane must be a constant over the distance and is thus independent of the posi-
tion in the membrane. Hence, the mean concentration of hydrogen c̄H2

in the aqueous

phase can be taken as an approximation in order to calculate Φ̂drag
H2

:

Φ̂drag
H2

= v̂x
H+

nd

λ
h c̄H2

(9.2.16)

In the case of oxygen, the equation can be derived in analogy.

9.2.1.3 Ratio of the permeation fluxes

The aim of the following deliberations is to relate the contributions of the cross-
permeation fluxes through the PEM caused by the proton movement to those cau-
sed by diffusion. Only the aqueous phase of the membrane is considered, which was
discussed to contribute to both, proton conduction and gas cross-permeation. In this
section the interaction of the hydrogen and oxygen permeation caused by diffusion
and proton permeation is neglected. To compare the hydrogen and oxygen perme-
ation fluxes caused by diffusion and proton permeation, the movement of the gas
molecules in the x-direction is decisive. Analogously to the proton permeation, tor-
tuous water channels means detours of the diffusing gas molecules in the aqueous
phase. Thus, the diffusion coefficient of hydrogen in the x-direction decreases with
higher values of the tortuosity τ:

D̂x
H2

=
1
τ

D̂H2 , (9.2.17)
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Figure9.2.1:Modeledrelationsofthehydrogenpermeationthatiscausedbythepro-
tonpermeationanddiffusionasafunctionofthecurrentdensity.Mem-
branethicknessesof100µm,200µmand300µmwereusedforthecal-
culationsasindicatedbythecolorcodeinthefigure.Thecalculations
refertoatemperatureof80◦Candthepermeationthroughtheaqueous
phaseofNafionforaneffectivetortuosityofτeff=1.5.Bymultiplying
thegraphedvaluesbyD̂H2/D̂O2=2.2,thedisplayedratioscanbeap-
proximatedfortheoxygenpermeation.Top:Estimatedratioofthedrift
velocityofprotonsinthex-directiontothemeanvelocityofdiffusion
drivenhydrogenmoleculesascalculatedbyequation9.2.22.Bottom:Es-
timatedratioofthehydrogenpermeationfluxescausedbytheproton
permeationtothatcausedbydiffusionforahydrationshellfactorof
h=1ascalculatedbyequation9.2.19.

ThetortuosityτoffullyhydratedNafionisapproximatedbasedonthemeasurements

reportedbyZhaoetal.[159]toτeff≈1.5(Section3.1). Whenamembraneseparatesa

compartmentwithadefinedpartialhydrogenpressurefromananothercompartment

withanegligiblepartialhydrogenpressure,Fick’slawdescribesalinearconcentra-

tionprofileinthex-directionofthemembrane.Thus,themeanhydrogenconcentra-

tion̄cH2intheaqueousphaseofthemembraneishalfofthatofthetotalconcentration

difference∆̂cH2overthemembranethicknessd.Therewith,thehydrogenpermeation

fluxdescribedbyFick’slawequals:

Φ̂diffH2=D̂
x
H2

2̄cH2
d

(9.2.18)
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Using this relation, the ratio of the hydrogen permeation flux caused by the proton
permeation (eq. 9.2.16) to that caused by diffusion (eq. 9.2.18) is calculated to:

Φ̂drag
H2

Φ̂diff
H2

= v̂H+
nd

λ
h

d
2D̂x

H2

τeff (9.2.19)

This ratio is independent of the hydrogen concentration, which thus means indepen-
dent of the position in the aqueous phase of the membrane (based on the constant per-
meation flux) and the applied pressures. Figure 9.2.1 graphically displays the latter
equation. The diffusion coefficient was calculated based on the diffusion coefficients
of hydrogen and oxygen in water that were reported by Wise et al. [124]. The velocity
of the movement of hydrogen molecules through the aqueous phase of Nafion equals
the permeation flux density of hydrogen through aqueous phase divided by the mean
concentration of dissolved hydrogen:

v̂diff
H2

=
Φ̂H2

ĉH2

(9.2.20)

Inserting Fick’s law of diffusion (eq. 2.3.1) into the latter equation yields:

v̂diff
H2

=
D̂x

H2

d
∆ĉH2

c̄H2

(9.2.21)

Using the relation c̄H2 = 0.5∆ĉH2 again and equation 9.2.14, the ratio of these velocities
can be determined to:

v̂H+

v̂diff
H2

=
λ

nd

Φ̂drag
H2

Φ̂diff
H2

1
h

(9.2.22)

Figure 9.2.1 also shows the estimated ratio of the proton drift velocity to the mean
hydrogen molecule velocity that is driven by diffusion. In the case of the oxygen
permeation, the same procedure for the estimations can be conducted. The only para-
meter that changes is the diffusion coefficient, which is different for both gases. Based
on the data of Wise et al. [124] (which was reviewed in Table 6.1.1), the ratio of the
diffusion coefficient of hydrogen to that of oxygen in water is D̂H2/D̂O2 = 2.2. By
multiplying this factor to the estimated ratios of the permeation fluxes and the velo-
cities determined for hydrogen those for oxygen can be calculated.

In Chapter 7, the hydrogen permeability solely through the aqueous phase of Na-
fion (impermeable intermediate and solid phase) was estimated to 25 ± 7 % of the
permeability through all the phases at 80 ◦C. This estimation of the percental con-
tribution of the aqueous phase to the overall permeability is also used to weigh the
contributions of the proton permeation (which only takes place in the aqueous phase)
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Figure9.2.2:Simulatedhydrogen(top)andoxygen(bottom)permeationfluxes
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totheoverallgaspermeationthroughNafion:

Φ
drag
H2
≈0.25Φ̂

drag
H2

(9.2.23)

Byusingtheratioofthepermeationfluxesdeterminedabove,thetotalhydrogenand

oxygenpermeationfluxesthroughNafionduringwaterelectrolysiscanbedetermi-

ned.Thepermeationfluxcausedbydiffusion(eq.9.2.7)wasdetermined,whilethe

approximationoftheratioofthepermeationfluxes(eq.ratio-permeation-fluxes)was

usedtodescribeforthecontributionsoftheprotonpermeation(eq.9.2.1):

ΦH2=Φ
diff
H2
−




Φ
drag
H2

ΦdiffH2



 ΦdiffH2 (9.2.24)

Inthecaseofoxygen,theprocedurewasconductedanalogously(eq.9.2.2):

ΦO2=Φ
diff
O2
+




Φ
drag
O2

ΦdiffO2



 ΦdiffO2 (9.2.25)
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Table 9.2.2: Diffusion coefficients and solubilities of hydrogen and oxygen in water at 80 ◦C
extracted from literature data [52, 124].

S (mol cm−3 bar−1) D (cm2 s−1)
H2 7.5× 10−7 1.8× 10−4

O2 8.1× 10−7 8.1× 10−5

Figure 9.2.2 shows the modeled total hydrogen and oxygen permeation flux densities
in comparison to those solely caused by diffusion (eq. 9.2.29 and 9.2.38), exemplified
for a PEM water electrolyzer that operates at a cathodic pressure of 30 bar and an ano-
dic pressure of 1 bar. The increase of the permeation fluxes with the current density
is caused by the partial pressure increase factor, while the proton permeation further
influences the gas transport. The influence of the current on the cross-permeation
fluxes of both mechanisms will be discussed in detail in Section 9.3.2. The absolute
contribution of the proton permeation to the entire hydrogen permeation flux is inde-
pendent of the membrane thickness. However, the thicker the membrane, the smaller
is the permeation flux forced by diffusion. Thus, the relative contributions of the pro-
ton permeation to the hydrogen and oxygen cross-permeation increase with thicker
membranes. This relation physically originates from the larger ratio of the proton
velocity to the velocity of the gas diffusion with thicker membranes (as shown in Fi-
gure 9.2.1).

9.2.2 Interacting description of the permeation fluxes

Thus far, the cross-permeation fluxes caused by diffusion and that caused by proton
permeation were related to one another without considering their interaction. In the
following, this interaction is described by a differential equation using the assump-
tions introduced in Section 9.2.1.2 and 9.2.1.3. Only the gas transport through the
aqueous phase is considered in this section again. Thus, under the assumption of
an impermeable intermediate and solid phase, solely the interaction in the aqueous
phase is considered here. The nomenclature introduced in Table 9.2.1 is not further
employed, as all physical properties considered in the following refer to those of the
aqueous phase in Nafion. Table 9.2.2 shows the diffusion coefficients and solubilities
of hydrogen and oxygen in water that are used for the calculations presented in this
section.

9.2.2.1 Mathematical description of the interaction

As discussed in the last section, the diffusion leads to linear concentration profiles
of hydrogen and oxygen in the aqueous phase of the PEM, while the influence of
proton permeation leads to non-linear contributions. These alterations of the concen-
tration profiles are modeled in the following. The variable x will be used to describe



9.2 Gas permeation fluxes 115

the position in the x-direction of the membrane, which ranges from zero to the total
membrane thickness d. The position at the cathode is defined as x = 0, while that at
the anode it is defined as x = d. As discussed in Section 9.2.1.3, mass conservation
implements a constant permeation flux through the membrane that is independent of
the position x in the aqueous phase of the membrane which means ΦH2(x) = ΦH2 . A
non-linear concentration profile in the membrane means that the relation

∆c
∆x

=
dc(x)

dx
(9.2.26)

thus far used to describe the permeation flux through the membrane in terms of Fick’s
law is no longer valid. Hence, the differential form of Fick’s law must be used in the
following

Φ = −D c′(x) , (9.2.27)

where the deviation of c in x is abbreviated as c′(x). Using this description, the sum of
the hydrogen cross-permeation flux densities (eq. 9.2.1) driven by the diffusion and
the proton permeation equals

ΦH2 = Φdiff
H2
−Φdrag

H2
= −D̂x ĉ′(x)− a ĉ(x) , (9.2.28)

where a = h v̂x
H+(j) nd

λ with reference to equation 9.2.15.

In the following, the hydrogen movement in the x-direction is considered. The
solution of this first-order linear ordinary differential equation equals

c(x) = k e
−ax

D − ΦH2

a
, (9.2.29)

where k denotes a constant which has to be determined from the boundary conditi-
ons of the hydrogen concentration at the anode and the cathode. The concentration of
hydrogen cc at the cathode can determined by Henry’s law with respect to the catho-
dic pressure, which was described in Section 9.1 by equation 9.1.3. The concentration
of hydrogen ca at the anode can be determined by calculating the anodic hydrogen
content with equation 9.2.4. These boundary conditions are condensed in the follo-
wing system of equation:

cc = c(0) = k−
ΦH2

ξ j
(9.2.30)

ca = c(d) = k e−ξ jd/ε −
ΦH2

ξ j
(9.2.31)

ca =
p a

SH2

ΦH2

ΦH2
+ ΓO2

(9.2.32)
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The latter equation is derived from equation 9.2.5, while the relation between the hyd-
rogen concentration and pressure was calculated by Henry’s law using the hydrogen
solubility SH2 . Solving this system of equation yields

k =
ΦH2

e−ξ jd/ε

(
p a

ΦH2
+ ΓO2

+
1
ξ j

)
(9.2.33)

ΦH2
= −ϑ

2
±

√
ϑ2

4
+

ΓO2
cc ξ j

e−ξ jd/ε − 1
(9.2.34)

ca = pa
ΦH2

ΦH2
+ ΓO2

(9.2.35)

with
ϑ = ΓO2

+
ξ j

e−ξ jd/ε − 1
(p a − cc) . (9.2.36)

In the case of oxygen, the cross-permeation fluxes caused by diffusion and proton
permeation both occur in the same direction from the anode to the cathode:

ΦO2 = Φdiff
O2

+ Φdrag
O2

= −D c′(x) + a c(x) (9.2.37)

The solution of this first-order linear ordinary differential equation equals

c(x) = k̃ e
ax
D +

ΦO2

a
, (9.2.38)

where k̃ denotes a constant that again has to be determined from the boundary condi-
tions of the oxygen concentration at the anode and the cathode. The cathodic oxygen
concentration is negligible, since oxygen at the cathode is catalytically reacted with
hydrogen at the platinum catalyst (Section 2.1.5). Thus, the boundary conditions are
described by:

cc = 0 = c(0) = k̃ +
ΦO2

a
(9.2.39)

ca = c(d) = k̃ e
ad
D +

ΦO2

a
(9.2.40)

The solution of this set of equations is:

k̃ = −ΦO2

a
(9.2.41)

ΦO2 =
acc

1− e
ad
D

(9.2.42)
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9.2.2.2 Concentration profiles of the gases in the aqueous phase

Thus far, the interaction of the gas permeation fluxes through the PEM during water
electrolysis that is caused by diffusion and proton permeation was mathematically
described. As a result, the solutions of the differential equations that describe the to-
tal permeation fluxes through the membrane were determined. Figure 9.2.3 shows
the simulated concentration profile of hydrogen based on equation 9.2.29 in the aque-
ous phase of Nafion, exemplified for a membrane thickness of 150 µm with a cathodic
pressure of 30 bar. In these calculations, the intermediate and solid phase were as-
sumed to be impermeable, while the effective tortuosity τeff was assumed to equal
1.5 and the hydration shell factor h was assumed to equal unity. The partial pressure
increase factor was assumed to ΥH2 = 8 cm2 bar A−1, based on fits of the model to
the measured anodic hydrogen content that will be presented in Section 9.3. The con-
centration of hydrogen at the cathode increases with higher current densities due to
the partial pressure increase which is caused by the hydrogen evolution in the catho-
dic catalyst layer. In contrast, higher current densities decrease the concentration of
hydrogen at the anode (eq. 9.2.4). The hydrogen permeation flux caused by the pro-
ton permeation leads to a slight deviation from the linear concentration profile that is
caused by the hydrogen diffusion.

Figure 9.2.3 also shows the modeled concentration profile of oxygen in the aque-
ous phase based on equation 9.2.38, exemplified for a membrane thickness of 150 µm
at an anodic pressure of 1 bar. In Section 10.2, the operation at higher cathode than
anodic pressures will be motivated based on an efficiency analysis. The partial pres-
sure increase due to the oxygen evolution at the anode is relatively larger than that
of hydrogen, since the pressure at the anode was chosen to be lower than that at the
cathode. The influence of the proton permeation leads a slight deviation from the
linear concentration profile that is caused by the oxygen diffusion.

9.2.3 Comparison of the separated and interacting description

The aim of the following deliberations is to estimate the impact of the interaction of
the gas permeation flux that are caused by diffusion and the proton permeation on
the total permeation fluxes. The intermediate and solid phase are again assumed to
be impermeable in order to compare the separated and interacting description of the
total permeation fluxes. Figure 9.2.4 graphically illustrates the relative deviations in
percent between both approaches as a function of the current density for different
membrane thicknesses.

From a physical point of view, the velocity of the proton movement in relation to the
velocity of diffusion driven gas movement is the decisive property for the interaction
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ofbothgastransportmechanisms.Inthecaseofafarslowerprotonmovementthan

diffusiondrivengasmovement,theinfluenceoftheprotonpermeationonthecon-

centrationprofileisnegligible.However,whenthevelocityoftheprotonmovement

andthatofthediffusiondrivengasmovementareofasimilarscale,theprotonmo-

vementcansignificantlycontributetotheoverallpermeationfluxes. Hence,thein-

teractionbetweengasdiffusionandprotonpermeationincreaseswithahigherratio

ofthevelocityoftheprotonmovementtothatofthediffusiondrivengasmovement

(compareFigure9.2.1).Thus,thedeviationsincreasetowardthickermembranesand

highercurrentdensities.Theratioofthevelocitieswasestimatedtobehigherforoxy-

gencomparedtohydrogen,whichmeansthattheimpactoftheprotonpermeation

ontheentireoxygenpermeationfluxishigherthanthatinthecaseofhydrogen.Ac-

cordingly,theinteractionbetweengasdiffusionandprotonpermeationisestimated

tobelargerfortheoxygencross-permeationthanthatforhydrogencross-permeation.

Thusfar,thehydrogenandoxygenpermeablitiesoftheintermediateandsolid

phasewereneglected.InChapter7,thehydrogenpermeationthroughtheaque-

ousphasewasassumedtoberesponsiblefor25±7%oftheoverallpermeabilityof

Nafion.Accordingly,theimpactoftheinteractionthusfardescribedontheoverall

permeabilityhastobemultipliedbythesamefactor. Asaresult,theinteractionof
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Figure9.2.4:Modeledpercentaldeviationsoftheseparatedandinteractingdescrip-
tionofthegastransportintheaqueousphaseofNafionduringwater
electrolysisat80◦C.Atortuosityof1.5andahydrationshellfactorof
unitywereassumedforthesecalculations.Top:Deviationsofthehydro-
gencross-permeationfluxes.Bottom:Deviationsoftheoxygenpermea-
tionfluxes.

bothtransportmechanismsofatmaximum15%intheaqueousphase(displayedin

Figure9.2.4)reducestoapproximately4%whenthediffusionthroughallthephases

ofNafionistakenintoaccount.

9.3Anodichydrogencontent

Thusfar,thehydrogenandoxygenpermeationfluxesthroughthePEMandthepar-

tialpressureincreaseintheelectrodesthatiscausedbythegasevolutionweredescri-

bedbyaphysicalmodel.Theanodichydrogencontentwascharacterizedbyequation

9.2.4,assumingthathydrogenisneitherelectrochemicallyoxidizednorcatalytically

reactedattheanodiciridiumoxidecatalyst.Thisassumptionisexperimentallyexa-

minedinthefollowing.Thereafter,measurementsoftheanodichydrogencontentof

awaterelectrolyzerarepresented.Byfitsofequation9.2.4tothisexperimentaldata,

thepartialpressureincreasefactorofhydrogenandthehydrationshellfactorarees-

timated.Inthecaseoftheinteractingdescription,thepermeationfluxthroughthe

solidphaseofNafionwasneglected.Comparedtotheinteractingdescriptionofthe

gascross-permeation,theseparatedapproachhastheadvantagethatthemeasured

macroscopicpermeability(thatwasstatedinChapter6)canbeusedforthecalcula-
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Figure9.3.1:Currentdensitiesofanelectrochemicalhydrogenpumpasafunctionof
time[45].Furtherexplanationsoftheexperimentalsetuparegiveninthe
text.Eitheraplatinumcatalyst(blueline)oraniridiumoxidecatalyst
(redandgreenline)wasemployedattheanode.Theanodewaspurged
eitherwithhumidifiednitrogenorhumidifiedhydrogen.Thetimewith
hydrogensupplyattheanodeisshadedgrayish. Atavoltageof1.5V,
themeasuredcurrentofapproximately10mA/cm2correspondedtothe
electrolysisofwater.

tionofthediffusiondrivencross-permeation. Hence,thesolutionoftheseparated

approachtocalculatethegaspermeationfluxes(eq.9.2.24and9.2.25)isusedinthis

section.Tocalculatethecontributionsoftheprotonpermeationtothegascrossover,

theassumptionsusedinSection9.2.1wereused.

9.3.1 Hydrogenoxidationattheanodiccatalyst

Inordertoexamineifhydrogenisoxidizedattheanodiciridiumoxide(IrO2)catalyst,

aPEMwaterelectrolysiscellwithanIrO2catalystononesideandacarbonsuppor-

tedplatinumcatalyst(Pt/C)ontheothersideofthemembranewasemployed.This

cellwasoperatedasanelectrochemicalhydrogenpump[220],wherehydrogenisox-

idizedattheanode. Atthecathodes,hydrogenisevolved.Voltagesof0.05,0.6or

1.5Vwereappliedtotheelectrodes.Theanode(thepositivepole)waspurgedeither

withhumidifiedhydrogenorwithhumidifiednitrogen,whilethecathode(thenega-

tivepole)waspurgedwithhumidifiedhydrogen.Acurrentbetweentheelectrodes

canresultwhenhydrogencanbeoxidizedattheanodiccatalyst.Thecurrentthatre-

sultedfromtheelectrochemicalreactionsattheelectrodeswasmeasured.Adetailed

descriptionofthesetupispresentedintheattachment(Section4.4).

Figure9.3.1showsthemeasuredcurrentdensitiesofthreedifferentvariationsof

thesetup,whichareexplainedinthefollowing.(a):ThePt/Ccatalystlayeractedas
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anode with an applied DC voltage of 0.05 V. By purging with nitrogen, a DC-current
below 0.5 mA/cm2 was measured, while purging with hydrogen yielded a current
density of about 18 mA/cm2. This current can be attributed to the electrochemical ox-
idation of hydrogen at the anode and the reduction of protons at the cathode. (b): The
voltage and gas supply was switched, so that the IrO2 side acted as anode. A voltage
of 0.6 V was applied. Again, the anode was purged with either hydrogen or nitro-
gen, while the measured current stayed constant below 0.5 mA/cm2. (c): A voltage of
1.5 V was applied to the same setup in order to simulate electrolysis potentials. Due
to electrolysis, a current of approximately 10 mA/cm2 was measured, independent
whether the anode was purged with hydrogen or nitrogen. With reference to these
measurements, significant hydrogen oxidation at the anodic IrO2 catalyst could not
be observed.

To explain why hydrogen is oxidized at the platinum catalyst but not at the iridium
oxide catalyst, the mechanism of the hydrogen oxidation reaction is in the following
considered in more detail. When hydrogen is oxidized at a catalyst, first hydrogen
molecules must be adsorped at the catalyst [55]. Second, the hydrogen molecules are
decomposed to hydrogen atoms, which are still adsorped on the surface of the ca-
talyst [55]. Third, these hydrogen atoms leave their electrons at the catalyst and are
dissolved as protons in the electrolyte [55]. Boodts et al. [221] reported that iridium
oxide is a catalyst for the hydrogen evolution reaction, where the oxide can be at its
surface electrochemically reduced to a metallic side. However, he also reported, that
this reduction does not take place by hydrogen dissociation. Thus, hydrogen cannot
be electrochemically oxidized at the iridium oxide catalyst. Using cyclic voltamme-
try, Mclntyre et al. [222] observed that during potential alteration of an iridium oxide
film from 0.25 V to 1.25 V (vs the reversible hydrogen electrode) the oxidation state of
iridium oxide is changed between 3+ and 4+. Thus, in this potential region iridium
oxide catalysts are always covered by oxide layers. At the higher anodic potentials
during water electrolysis the catalyst is also oxidized, so that a metallic side for the
adsorption of hydrogen on its surface is consequently also not available. As a result,
hydrogen cannot be oxidized at the iridium oxide catalyst during water electroly-
sis. The catalytic reaction of hydrogen and oxygen also requires the simultaneous
adsorption of both molecules or atoms on the surface of the catalyst. Consequently,
the conclusions drawn based on the electrochemical measurements also mean that
the chemical catalytic reactions of hydrogen and oxygen on the iridium oxide catalyst
also does not occur.
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Figure9.3.2:Anodichydrogencontentofanelectrolysiscelloperatedat80◦Cand
equippedwithaNafionN117membrane.Cathodicpressuresatthegas
outletofeither7bar(black)of10bar(red)wereapplied.Points: Me-
asurementsatdifferentialpressureoperationwithatmosphericanodic
pressure.Crosses: Measurementsatbalancedpressureoperation.Solid
lines:SimulatedanodichydrogencontentforΥ

H2
=8cm2barA−1.Dot-

tedlines:SimulatedanodichydrogencontentforΥ
H2
=0cm2barA−1.

Ahydrationshellfactorofh=0wasassumedforallthecalculations
graphedinthisfigure.

9.3.2Experimentalevaluationofthemodel

Inthefollowing, measuredanodichydrogencontentsofanoperatingPEMwater

electrolysiscellarepresentedandcomparedtothecalculatedanodichydrogencon-

tentsusingequation9.2.4.ThecellwasoperatedwithaNafionN117membrane.The

measurementswereconductedbyapplyingabsolutepressuresof7baror10barat

thecathodicgasoutlet. Attheanodicgasoutlet,balancedoratmosphericpressure

wasused.TodeterminetheanodichydrogencontenttheK1550gasanalyzerwhich

measuredtheheatconductivityintheanodicexhaustgaswasused,whilefurtherin-

formationontheexperimentalsetuparegiveninSection4.4and4.4.Thecalculations

werefirstconductedwithanegligiblehydrationshellfactor(h=0),whileinSection

9.3.2.2theinfluenceofthehydrationshellfactorontheanodichydrogencontentis

discussedindetail.(seeSection4.4forfurtherexperimentalinformation).

9.3.2.1Influenceofthecathodicpartialpressureincreasefactor

Figure9.3.2showsthemeasuredandcalculatedanodichydrogencontentasafunction

ofthecurrentdensityforahydrationshellfactorofh=0. Withinthemeasurement

precision,balancedpressureanddifferentialpressureledtoequalanodichydrogen

contents,confirmingtheresultsofChapter6,wheredifferentialpressurewasshown
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Table 9.3.1: Numeric values of the parameters that were used to calculate the anodic
hydrogen content. (a): Obtained by the fits in Figure 9.3.2. (b): Estimated
based on equation 9.1.5. (c): Data from Chapter 6.

Gas Υ ( bar cm2

A ) ε (10−11 mol
cm s bar )

H2 8a 5.31c

O2 9.6b 2.26c

to negligibly influence the gas permeation through Nafion. The only parameter of the
model that was fitted to the measurements is the partial pressure increase factor ΥH2

(Section 9.1), while the thickness of the membrane d and the hydrogen permeability
εH2 were determined experimentally (Chapter 6). Table 9.3.1 displays all the parame-
ters used for the calculation of the anodic hydrogen content.

As discussed in Section 9.1, the partial pressure inside the cathodic catalyst layer
increases proportionally to the current density. In Figure 9.3.2, the influence of the
partial pressure increase factor on the anodic hydrogen content is illustrated. When
the partial pressure increase in the electrodes is neglected, the measured and mo-
deled data deviate by a factor of approximately two at 2 A cm−2. With a value of
ΥH2 = bar cm2 A−1, the modeled and measured values of the anodic hydrogen con-
tent agreed within the measurement precision. At 2 A/cm2, the estimated cathodic
partial pressure increase by 16 bar leads to a significant higher cathodic pressure than
at the cathodic gas outlet. Hence, the partial pressure increase factor strongly influen-
ces the hydrogen diffusion through the PEM during water electrolysis.

9.3.2.2 Influence of the proton permeation

Thus far, the influence of the proton permeation and the accompanied electro-osmotic
water drag on the modeled anodic hydrogen content was neglected by assuming a hy-
dration shell factor of h = 0. In the following, this effect and its contributions to the
anodic hydrogen content are examined. In Section 9.2.1, the hydrogen and oxygen
permeation fluxes caused by the proton permeation were physically described wit-
hout considering their interaction. The deviations of the hydrogen cross-permeation
fluxes by the separated and interacting description were estimated to approximately
2 % for a membrane thickness of 200 µm and current densities up to 2 A/cm2 (Section
9.2.3 and with reference to the additional influence of the intermediate and solid phase
on the overall permeability). With respect to these low differences, the interaction be-
tween hydrogen diffusion and proton permeation is neglected in this section by using
the separated approach to describe the permeation fluxes. Figure 9.3.3 shows fits of
the anodic hydrogen content for various values of the hydration shell factor. The de-
viations of the fit from the experimental data increase toward higher values of the
hydration shell factor h (Figure 9.3.3).
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Figure9.3.3:Points,crosses,andcolorcode:SamenotationasinFigure9.3.2.The
differentdesignofthelinescorrespondtohydrationshellfactorshof0,
0.5,or1.

Inthecaseofdiffusionandsmallanodichydrogencontents,thehydrogencross-

permeationfluxdensityasafunctionofpc
H2
canbedescribedbythelinearapproxi-

mationintheformofequation9.2.9.AsdiscussedinSection9.1,thepartialpressure

increasebythehydrogenevolutionisproportionaltothecurrentdensity.Tosum-

marize,thepressureincreasebythehydrogenevolutioninthecathodeaffectsthe

diffusiondrivenhydrogencross-permeationproportionallytothecurrentdensity:

Φdiff
H2
∝ΥH2j (9.3.1)

Thehydrogencross-permeationfluxdensitycausedbytheprotonpermeationwas

calculatedinSection9.2.1.2to

Φdrag
H2
∝c̄

H2
j, (9.3.2)

whilethemeanconcentrationc̄
H2
insidethePEMwasapproximatedbytheconcentra-

tiondifferenceatbothsidesofthePEM.Assumingagainanegligibleanodichydro-

gencontent,thecathodichydrogenconcentrationisbasedonHenry’slaw(eq.2.1.15)

proportionaltothepartialhydrogenpressureinsidethecathodiccatalystlayer(eq.

9.1.3).Asaresult,thehydrogencross-permeationfluxdensitycausedbytheproton

permeationshowsalinearandaquadraticterm:

Φdrag
H2
∝pcj+ΥH2j

2∗k, (9.3.3)

wherekdenotesaproportionalityconstant. Figure9.3.4illustratesthehydrogen

cross-permeationfluxdensitiesasafunctionofthecurrentdensityfordifferentva-

luesofthehydrationshellfactor,showingtheinfluenceofthelinearandquadratic
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Figure9.3.4:Modeledhydrogencross-permeationfluxesforthefitstothecathodic
pressureof7barinFigure9.3.3.ThesamenotationasinFigure9.3.3is
used.

term.Towardshighcurrentdensitiestheinfluenceofthequadratictermincreases.As

aresult,theinfluenceoftheprotonpermeationonthehydrogendiffusionincreases

sothattowards.Tosummarize,thecontributionsofthequadratictermthatdescribes

theinfluenceoftheprotonpermeationonthehydrogencross-permeationfluxesare

responsibleforthedecreasingprecisionofthefitstowardshighervaluesofhandhig-

hercurrentdensities.Themeasuredandcalculatedanodichydrogencontentagreed

bestatnegligiblevaluesofthehydrationshellfactorh. However,withinthemea-

surementprecision,theoccurrenceofcontributionsoftheprotonpermeationtothe

hydrogenpermeationthroughthePEMduringwaterelectrolysiscannotexcluded.

Smallvaluesofthehydrationshellfactormeanthattheamountofhydrogendissol-

vedwithinthehydrationshellofprotonsisnegligible.

9.3.3 High-pressureelectrolysis

Inthefollowing,themodelforthegas-crossoverpresentedaboveisexemplifiedfor

acathodicpressureof30barduringwaterelectrolysis,asmotivatedinthebeginning

ofthischapter.Inthesecalculations,thepermeabilityofNafionandthepartialpres-

sureincreasefactorsstatedinTable9.3.1andahydrationshellfactorofzeroareused.

Figure9.3.5showsthemodeledanodichydrogencontentsatabsolutecathodicpres-

suresof1barand30barfordifferentmembranethicknesses. Whenthickermembra-

nesareemployed,thehydrogencross-permeationcausedbythediffusiondecreases

(Fick’slaw),leadingtosmalleranodichydrogencontents.Athighercurrentdensities,

theincreasedoxygenproductionrateleadstoadecreasinganodichydrogencontent

(eq9.2.4).AsdiscussedinSection9.3.2,theanodichydrogencontentisindependent
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Figure9.3.5:Modeledanodichydrogencontent(eq9.2.4)formembranethicknesses
from50µmto250µmandacathodicpartialpressureincreasefactorof
Υ
H2
=8cm2barA−1.Top:Cathodicpressureof1bar.Bottom:Cathodic

pressureof30bar.

oftheanodicpressure.Atpartialloadoperationbelow0.5A/cm2,thesafetylimitof

2%hydrogeninoxygenwasestimatedtobesignificantlyexceededforPFSAmem-

branesofupto250µm. Afurtherdecreaseoftheanodichydrogencontentcanbe

achievedbythickermembranes. However,inthenextchapterthickermembranes

willbeshowntoreducetheefficiency.Byusingcatalyticrecombinationofhydrogen

andoxygeninrecombinationreactorsasdiscussedinSection2.1.5,thesafetythres-

holdofhydrogenintheanodiccompartmentcouldbefulfilledevenathighcathodic

pressures.

9.4Synopsisofthechapter

Inthischapter,thehydrogenandoxygencross-permeationfluxesduringPEMwa-

terelectrolysisweremodeled,includingthedrivingforcesofdiffusionandproton

permeation.Bothgastransportmechanismswerephysicallydescribedbyasimple

separatedapproachandamorecomplexmodelthatincludestheirinteraction.Dif-

fusionleadstoalinearconcentrationprofileofthegasesinthemembrane,whilethe

influenceofprotonpermeationwasmodeledtoleadtonon-linearityoftheseconcen-

trationprofiles.Theinteractionsbetweenbothgastransportmechanismsandtheir
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influence on the concentration profile were described by differential equations. The
deviations between the separated and interacting model description for the gas cros-
sover were calculated to be smaller than 4 %. The influence of the proton permeation
on the anodic hydrogen content during water electrolysis was evaluated by fits to in-
operando measurements. The calculated contributions of the proton permeation onto
the anodic hydrogen content decreased the fit precision and were thus estimated to be
negligible. This behavior was ascribed to a negligible amount of dissolved hydrogen
in the hydration shell of the protons. The gas permeation through the intermediate
and solid phase are independent of the interaction of gas diffusion and proton perme-
ation in the aqueous phase. Their high impact on the overall permeability of Nafion
was also identified as a reason for the small effect of the proton permeation in the
aqueous phase on the overall gas crossover.

Besides the interaction of the transport mechanisms, the anodic hydrogen content
was used to evaluate the cathodic partial pressure increase that is caused by the hyd-
rogen evolution. The cathodic partial pressure increase was derived to affect the ano-
dic hydrogen content as a function of the current density by a different power law
dependency than the interaction between the proton permeation and the hydrogen
diffusion. Accordingly, the cathodic partial pressure increase could be quantified by
fits to the measured anodic hydrogen content and was shown to have a significant
impact. Finally, the calculation of the anodic hydrogen content during PEM water
electrolysis with Nafion membranes was exemplified for a cathodic pressure of 30 bar
and for membrane thicknesses up to 250 µm. In this case, the safety threshold of 2 %
hydrogen in the anodic exhaust gas was estimated to be exceeded at current densities
below 1 A/cm2.



10 Efficiency of pressurized water
electrolysis

The aim of this chapter is to physically describe the efficiency loss 1− η that is cau-
sed by gas crossover, ohmic resistances and pressurized gas evolution during PEM
water electrolysis. A physical model is presented which is used to optimize the mem-
brane thickness with regard to the cell efficiency. In analogy to the previous chapter,
the physical properties of Nafion R© at 80 ◦C are considered in this chapter, while the
modeled efficiency losses are exemplified for cathodic pressures of 1 bar and 30 bar.
The calculations in this chapter are conducted using the separated description of gas
diffusion and proton permeation which was introduced in the previous chapter. Sa-
fety issues related to high anodic hydrogen contents (Section 9.3.5) are assumed to be
eliminated by external catalytic recombination reactors (see Section 2.1.5 for details).
The efficiency of pressurized water electrolysis electrolysis and that of atmospheric
pressure operation in combination with subsequent mechanical compression are com-
pared. This chapter is based on previously published studies [45, 210, 211].

10.1 General remarks and reaction kinetics

In Section 2.1.2, the influence of kinetic overvoltages on the cell voltage during water
electrolysis was discussed. Thanks to the additive behavior of the different over-
voltages that influence the cell voltage (eq. 2.1.24) their contributions to the voltage
efficiency can be considered separately. Kinetic overvoltages depend on the catalysts,
their surfaces and the structures of the catalyst layers. These properties are not within
the scope of this research and thus kinetic overvoltages are neglected in the follo-
wing. The reaction kinetics neither influence the gas crossover nor the ohmic drop in
the membrane. Thus, by excluding kinetic overvoltages the parameters to describe
the influence of the transport properties of the PEM on the cell efficiency are reduced
to a minimum. As a result, the electrode design and the choice of catalyst do not affect
the modeled efficiency loss that is presented in this chapter. If desired, kinetic over-
voltages can be easily added to the model as discussed later. The Ohmic drop of the
electron and proton conduction in the electrodes is also neglected for the model pre-
sented in the following, as these parameters only negligibly contribute to the overall
cell efficiency. With reference to the dynamic load operation of water electrolysis that
is required for the operation in combination with intermittent renewable energies, the
current density is considered as the most important operation parameter. Hence, the

128
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current density is taken as the abscissa for all graphical illustrations of the modeled ef-
ficiency loss. Other properties as the current density are taken as constant parameters
with exemplified variations.

Hence, the choice of the membrane thickness is a decisive parameter for the cell
efficiency as it affects both, voltage and current efficiency.

10.2 Cell efficiency and membrane thickness
optimization

In an acidic PEM water electrolyzer, the current efficiency is dominated by the cross-
permeation of hydrogen and oxygen through the membrane (Section 2.1.4). More-
over, the proton conduction through the PEM also leads to an ohmic drop which
reduces the voltage efficiency. The hydrogen and oxygen cross-permeation fluxes are
proportional to the inverse membrane thickness (Fick’s law), while the ohmic drop
due to the proton conduction is proportional to the membrane thickness (Ohm’s law).
Hence, to optimize the cell efficiency a compromise between the current loss (domina-
ted by the hydrogen and oxygen cross-permeation fluxes) and ohmic loss (dominated
by the ohmic resistance of the membrane) must be found by a variation of the mem-
brane thickness. This membrane thickness optimization is further a function of the
parameters that will be discussed in Section 10.2.3.

10.2.1 Model

In Section 2.1.4, the current efficiency was described as a function of the cell current
I and the current loss Iloss. By normalizing these currents to the cell area, the current
efficiency can be expressed as:

ηC = 1− jloss

jE
(10.2.1)

The current loss was mainly ascribed to the hydrogen and oxygen permeation through
the PEM (Section 2.1.4). Oxygen that permeates through the membrane was assu-
med to be electrochemically reduced or catalytically reacted with hydrogen forming
mainly water (Section 2.1.4). Thus, oxygen that permeated to the cathode consumes
twice the amount of hydrogen. By using Faraday’s law (eq. 4.2.6), the current densi-
ties of the latter equation can be expressed as function of the hydrogen and oxygen
permeation flux densities (ΦH2

and ΦO2
) and the hydrogen production rate density

(ΓH2
). Accordingly, the latter equation can be rewritten as:

ηC = 1−
ΦH2

+ 2ΦO2

ΓH2

(10.2.2)
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The factor of two in the latter term takes the water formation at the cathodic catalyst
into account, where two hydrogen molecules are consumed by each oxygen molecule
that permeates through the membrane.

The voltage efficiency was discussed in Section 2.1.4. By neglecting kinetic over-
voltages, the voltage efficiency is a function of the Nernst voltage UN and the ohmic
drop UΩ:

ηU =
Uref

UN + UΩ
(10.2.3)

The reversible voltage under standard ambient pressure and temperature serves as re-
ference voltage Uref. Within this definition, the thermodynamic work of the pressuri-
zed hydrogen evolution under pressure (Section 2.5) describes an efficiency loss. This
definition of the efficiency normalized to the standard temperature and pressure ena-
bles the comparison of different compression techniques that operate at different tem-
peratures. The partial pressure increase in the electrodes (Section 9.1) consequently
increase the local pressures at the catalysts and thus also the Nernst voltage. Moreo-
ver, the ohmic drop increases linearly toward higher current densities. As a result, the
voltage efficiency decreases toward higher current densities. In contrast, the current
efficiency increases toward higher current densities. The efficiency loss 1− η of the
cell (without kinetic overvoltages) is finally calculated by:

1− η = 1− ηU ηC (10.2.4)

10.2.2 Balanced and differential pressure operation

PEM water electrolysis can be conducted at balanced anodic and cathodic pressures
or at differential pressures, where a higher cathodic than anodic pressure is applied.
The aim of this section is to compare the efficiency of both operation conditions. Fi-
gure 10.2.1 shows the modeled cell efficiency loss at a cathodic pressure of pc = 30 bar
with balanced pressure operation (pa = 30 bar) and with differential pressure opera-
tion (pa = 1 bar). At balanced pressure, the higher anodic partial pressure of oxy-
gen than at differential pressure leads to a higher oxygen cross-permeation rate (eq.
9.2.10). As a result, the efficiency at balanced pressure operation was modeled to be
smaller than that at differential pressure operation. Moreover, the pressurized oxy-
gen evolution at balanced pressure operation leads to a higher Nernst voltage (eq.
2.1.16) compared to the oxygen evolution at differential pressures. Oxygen evolution
at 30 bar thermodynamically requires approximately 30 mV more than at 1 bar (eq.
2.1.16), which is in relation to the other efficiency losses negligible. Hence, mainly
the larger oxygen cross-permeation is responsible for the higher efficiency loss of ba-
lanced pressure operation compared to that at differential pressures. An advantage
of higher anodic pressures is the lower percental water content of the anodic exhaust



10.2Cellefficiencyandmembranethicknessoptimization 131

0

5

10

15

20

0.0 0.5 1.0 1.5 2.0 2.5
0

5

10

15

20

 

1-
η
 (
%)

Υ

Υ

 j

 

1-
η
 (
%)

µ

Figure10.2.1:Modeledefficiencylossfor30barbalanced(red)anddifferential(black)
pressureoperationandamembranethicknessof100µm.Top:ΥH2=
2cm2barA−1.Bottom:ΥH2=8cm

2barA−1

gas(asdescribedbyequation9.1.4),whichisespeciallyrelevantfortheheatbalance

ofthecell[217].Inthefollowing,operationatdifferentialpressuresisconsidered,as

thisistypicallymoreefficientthanoperationatbalancedpressures.

10.2.3Influenceofparameters

TheaimofthisSectionistoexemplarilyconsidertheefficiencyloss(1−η)thatis

causedbythepressurizedgasevolution,ohmicdropandgascross-permeationofa

PEMwaterelectrolysiscellundervariationoftheoperationparameters.Figure10.2.2

showsthemodeledefficiencylossforthefollowingsetofparameters:

•Currentdensitiesfrom0to2Acm−1.

•Atmosphericanodicpressure.

•Eitheratmosphericor30barcathodicpressure.

•Variousmembranethicknessesfrom50µmto250µm.

•Twodifferentvaluesofthepartialpressureincreasefactor(ΥH2=2cm
2barA−1

andΥH2=8cm
2barA−1)

Theseparametersaffecttheefficiencylossasfollows:

Effectofcurrentdensity-Theefficiencylossduetogascrossoverdominatesatsmall
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(A)       Atmospheric pressure operation 

(B)    30 bar differential pressure operation 

Figure 10.2.2: Modeled efficiency loss that is caused by gas crossover, pressurized
gas evolution and the ohmic drop of the PEM. Top: Atmospheric pres-
sure operation Bottom: 30 bar differential pressure operation. The ef-
ficiency loss was modeled for two different partial pressure increase
factors (ΥH2 = 2 cm2 bar A−1 and ΥH2 = 8 cm2 bar A−1), as indicated in
the plots, respectively. The efficiency loss was calculated for membrane
thicknesses from 50 µm to 250 µm as indicated by the color code in the
legend.
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current densities. Negative slopes of tangentials to the efficiency loss as a function
of the current density are a result of the gas crossover. The ohmic drop is dominant
towards higher current densities where it leads to positive slopes of tangentials to the
curves.
Effect of pressures - Higher pressures increase the gas crossover and the Nernst
voltage, as later discussed in Section 10.3.3 in detail. At a cathodic pressure of 30 bar,
the efficiency loss that is caused by the hydrogen cross-permeation is especially at low
current densities significantly higher than at atmospheric pressure operation.
Effect of membrane thickness - Thicker membranes reduce the hydrogen and oxygen
cross-permeation but lead to increased cell resistances. In the case of the pressurized
operation with a cathodic pressure of 30 bar a membrane thickness of approximately
100 µm was modeled to show on the average the highest efficiency with respect to the
overall dynamic load range. In the case of atmospheric pressure operation, a mem-
brane thickness of 50 µm or less was modeled to yield the highest efficiency.
Effect of partial pressure increase factor - Higher values of the partial pressure in-
crease factors increase the Nernst voltage and the gas crossover. Consequently, this
parameter influences both, current and voltage efficiency.

Besides the operation parameters and the partial pressure increase of the electro-
des, the conductivity and permeability of the membrane are decisive for the conside-
red efficiency loss. A higher proton conductivity of the membrane reduces the ohmic
drop while lower hydrogen and oxygen permeabilities reduce the gas crossover. The
membrane thickness is thus the control variable that adjust the ratio of ohmic losses
to the losses that are caused by the gas crossover. The higher the ratios of the proton
conductivity κ to the hydrogen and oxygen permeabilities, the more efficient the cell
can be operated. Hydrocarbon membranes as those presented in Section 8 showed
approximately two times higher ratios of proton conductivity to hydrogen permeabi-
lity and thus could significantly increase the efficiency in comparison to the operation
with Nafion R© membranes.

10.3 Pressurized electrolysis vs. subsequent
compression

In Figure 10.2.2, the gas-crossover at a cathodic pressure of 30 bar significantly incre-
ased the calculated efficiency loss. In general, higher cathodic pressures mean that
thicker membranes are useful to reduce the hydrogen cross-permeation and its im-
pact on the current efficiency. These thicker membranes are accompanied by higher
area resistances (Section 2.1.2) that consequently reduce the voltage efficiency. Thus,
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toward higher operating pressures the optimal membrane thickness increases. As a
result, voltage efficiency and current efficiency decrease. The aim of the following de-
liberations is to compare the efficiency of pressurized water electrolysis to that of at-
mospheric pressure operation in combination with subsequent mechanical compres-
sion.

10.3.1 Details of the comparison

As discussed in Section 2.5, mechanical compression is typically of an isentropic cha-
racter. The relation of the energy consumption of isentropic processes in compari-
son to that of isothermal processes is discussed in the attachment in detail (Section
14.5). Mechanical compressors with ionic liquid pistons are commercially available
and achieve nearly isothermal compression [223]. Using such a commercially avai-
lable devise, an energy consumption of 2.7 kWh to compress one kilogram of hydro-
gen from 5 bar to 900 bar was reported [223]. The temperature of the gas during the
compression by the ionic liquid piston compressor was not reported and is assumed
as 30 ◦C for the following deliberations. Based on equation 2.5.5, isothermal com-
pression over the same pressure range as considered above but at 80 ◦C (conditions
during PEM water electrolysis) requires thermodynamically approximately the same
energy 1. Accordingly, isothermal compression at 80 ◦C (that represents the tempe-
rature during water electrolysis) requires approximately the same amount of energy
as the real energy consumption of the mechanical compression.Thermodynamically,
the work required for isothermal compression is proportional to the temperature (eq.
2.5.4). With reference to the same pressure difference, isothermal compression at 30 ◦C
requires 86 % of the thermodynamic work that is required to isothermally compress
an ideal gas at 80 ◦C (eq. 2.5.4). Normalized to the isothermal process at 30 ◦C assu-
med for the subsequent isothermal compression, the energy consumption of the ionic
liquid compressor discussed above means a compressor efficiency of 86 %.

When an ideal gas with a pressure of 30 bar at 80 ◦C is cooled to 30 ◦C, its pres-
sure reduces to 25.75 bar (with reference to the ideal gas law in the form of equation
2.5.1). Hydrogen and oxygen produced by PEM water electrolysis are saturated with
water vapor (Section 9.1). By cooling of the humidified hydrogen produced by wa-
ter electrolysis, the decrease of the saturated vapor pressure (eq. 4.2.3) leads to the
condensation of water which consequently also reduces the total pressure (eq. 4.2.4).
In order to avoid the pressure decrease of the produced hydrogen by cooling, the
vessel where the hydrogen gas is cooled can be connected to the cathodic gas outlet
of the electrolysis cell. Thereby, the produced hydrogen can instantaneously balance

1The energy consumption of the isothermal compression process was calculated by equation 2.5.5.
The compressibility factor (eq. 2.5.6) was calculated based on the mole density of hydrogen reported
in the NIST database [126] and equation 2.5.2.
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the pressure decrease that is caused by the cooling process. By using this setup, the
pressure of the produced hydrogen may be maintained during the cooling procedure.
In order to compare the efficiency of pressurized water electrolysis with subsequent
compression two different cases are considered in the following:

1. Water electrolysis at a cathodic pressure of 30 bar without any further compres-
sion.

2. A cathodic pressure of 1 bar and subsequent isothermal compression at 30 ◦C to
30 bar with a compression efficiency of either 100 %, 90 %, 80 %, or 70 %.

In both cases the final temperature of the produced hydrogen gas is assumed as 30 ◦C,
while a pressure decrease of the cooling procedure is avoided as discussed above. The
operating temperature of the water electrolysis cell is assumed as 80 ◦C. Atmospheric
anodic pressures and the conductivities and permeabilities of Nafion R© membranes
are used for the following calculations. Cathodic partial pressure increase factors of
either two (assuming an the increase of the electrodes’ porosities) or eight (as measu-
red in Section 9.3) are considered.

The influence of the absolute pressure onto the saturated vapor pressure is negligi-
ble (below 1 %) for the pressures considered here [174]. At a temperature of 80 ◦C, the
saturated vapor pressure equals approximately 0.5 bar (eq. 4.2.3). Thus, at a pressure
of 30 bar at the cathodic gas outlet of the electrolysis cell, the partial pressure of water
vapor equals 1/60 of the total pressure. In the case of atmospheric pressure at the
gas outlet this ratio equals one half. Accordingly, the relative amount of water which
must be removed from the produced decreases towards higher cathodic pressures.
The energy consumption related to this drying procedure is consequently lower for
high pressure operation than for low pressure operation. Based on the model which
is presented in the following, a detailed system analysis of water electrolysis inclu-
ding the energy consumption for the hydrogen drying can be conducted, which is
however beyond the scope of the research in this thesis. Accordingly, the water con-
tent of the produced hydrogen by water electrolysis, its influence on the heat balance
of the cell and the energy consumption for its drying are neglected for the following
deliberations.

10.3.2 Energy consumption of a compressor

In order to include the energy consumption Ecomp of a subsequent isothermal com-
pressor into the calculations of the efficiency presented in the Section 10.2, the consu-
med energy during subsequent compression is expressed by a voltage Ucomp:

Ucomp =
1

2F
Ecomp (10.3.1)
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This voltage is counted to the voltage efficiency

ηU =
Urev

UN + UΩ + Ucomp
, (10.3.2)

while kinetic overvoltages are neglected again. The energy consumption of the com-
pressor is related by

Ecomp = ηcomp Wcomp (10.3.3)

to the compressor efficiency ηcomp and the spend thermodynamic work Wcomp during
the compression process.

10.3.3 Comparison of the efficiencies

The aim of this section is to quantitatively compare the energy consumption water
electrolysis at pressurized operation and atmospheric pressure operation in combina-
tion with subsequent mechanical compression. To start with, the thermodynamics of
the compression processes is considered, while the contributions that are caused by
ohmic drop and gas cross-permeation are neglected. Thus, this analysis is indepen-
dent of the conductivity and permeability membrane and its thickness. With reference
to equation 10.3.1, the thermodynamic energy consumption is expressed as a voltage,
which is the sum of the Nernst voltage UN and the voltage equivalent Ucomp of the
compressor (eq. 10.3.1). Figure 10.3.1 shows UN + Ucomp calculated for the cases dis-
cussed. At current density close to 0 A/cm2, the partial pressure increase in the elec-
trodes is small and thus only slightly impacts the voltages. In this case, pressurized
electrolysis is characterized by approximately the same voltages as that of atmosphe-
ric pressure operation in combination with subsequent mechanical compression. The
agreement results from a similar energy consumption of the mechanical compression
and that of isothermal compression during pressurized water electrolysis (see Section
10.3.1).

The partial pressure increase of the gases in the electrodes increases proportionally
to the current density. As a consequence, the Nernst voltage increases logarithmically
as a function of the current density. This increase of the voltage reduces toward smal-
ler values of partial pressure increase factors (Fig. 10.3.1). Higher pressures at the
gas outlets lead to a reduced percental impact of the current density on the overall
pressure at the catalyst. The relative increase of the Nernst voltage that is caused by
the gas evolution decreases toward higher operating pressures (Fig. 10.3.1), which
can be attributed to the logarithmic dependence of the thermodynamic energy con-
sumption of compression as a function of pressure (see Section 2.3). Thus, as further
shown in Figure 10.3.1, the thermodynamical voltage of pressurized water electroly-
sis is at current densities above 0.1 A/cm2 for ΥH2 = 8 cm2 bar A−1 (0.5 A/cm2 for
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Figure10.3.1:Sumofthemodeledvoltagesthatarecausedbythepressurizedgas
evolutionduringwaterelectrolysisandisothermalsubsequentcom-
pression(UN+Ucomp).Dottedblackline: ModeledNernstvoltageof
thedirecthydrogenpressurizationduringwaterelectrolysisat30bar
cathodicpressureandatmosphericanodicpressure(Ucomp=0).So-
lidblackline: ModeledNernstvoltageatatmosphericpressurewater
electrolysis(Ucomp=0).Coloredlines:ModeledUN+Ucompofatmos-
phericpressurewaterelectrolysiswithsubsequentisothermalcompres-
sionat30◦C.Thecompressorefficienciesaregivenbycolorcodeinthe
legend.Top:ΥH2=2cm

2barA−1.Bottom:ΥH2=8cm
2barA−1.

ΥH2=2cm
2barA−1)higherthanthatoftheatmosphericpressurewaterelectrolysis

withsubsequentcompression.Thus,thepartialpressureincreasethatiscausedby

thegasevolutionleadstolowervaluesofUNofpressurizedwaterelectrolysiscom-

paredtothatforUN+Ucompofatmosphericpressureelectrolysiswithηcomp=100%

overalmosttheentiredynamicloadrange.Insummary,byneglectingthegascross-

permeationandtheohmicdrop,theefficiencyofpressurizedPEMwaterelectrolysis

ishigherthanthatofatmosphericpressureelectrolysiswithlow-temperatureisother-

malsubsequentcompression.

Theaimofthefollowingcalculationsistoincludetheeffectofgascrossoverwhich

wasthusfarneglected.InSection10.2,themembranethicknesswasoptimizedwith

regardtotheefficiency. At30barcathodicpressureandwithrespecttotheoverall

dynamicloadrangeconsidered,theoptimummembranethicknesswasestimatedto

100µm,whereasforatmosphericpressurewaterelectrolysisamembranethicknes-

sesof50µmwasmodeledtooptimizetheefficiency.Inthefollowing,thesemem-
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Figure10.3.2:Comparisonofthemodeledefficiencylossofpressurizedwaterelectro-
lysis(dottedblackline,membranethicknessof100µm)toatmospheric
pressureelectrolysis(solidblackline,membranethicknessof50µm)in
combinationwithsubsequentmechanicalcompression(coloredlines)
ofdifferentcompressionefficiencies.Afinalpressureof30barat30◦C
isconsideredforbothcases.

branethicknessesareassumedforbothoperationconditions,inordertocompare

bothoperationconditionswiththeiroptimumefficiencies,respectively.Figure10.3.2

showstheefficiencylossofpressurizedwaterelectrolysistothatofatmosphericpres-

surewaterelectrolysisincombinationwithsubsequentmechanicalcompression.The

ohmicdropandgascross-permeationisinthecaseofatmosphericpressureopera-

tionsmallerthanthatinthecaseofthepressurizedoperation. Asaresult,with

ΥH2 = 8cm
2barA−1theefficiencyofatmosphericpressureelectrolysiswithsub-

sequentcompressionisatacompressorefficiencyofatleast80%(60%forΥH2=

2cm2barA−1)higherthanthatofpressurizedwaterelectrolysisoverthetotaldyna-

micloadrange.Besidesefficiency,thesafetyissuesrelatedtohighanodichydrogen

contentscanbeavoidedbytheatmosphericelectrolysisincombinationwithsubse-

quentmechanicalcompression(Fig.9.3.5).

Insummary,theefficiencylossofpressurizedelectrolysisat30barand80◦Cwith

NafionRmembranescanbeundercutoverthetotaldynamicloadrangebyatmosphe-

ricpressureelectrolysisincombinationwithstate-of-the-artcompressiontechniques.

Fromathermodynamicalpointofview,theisothermalcompressionbywaterelectro-

lysisat80◦Cwasdiscussedtoleadtothesameenergyconsumptionthanthatbya
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state-of-the-art compressor. However, the influence of the partial pressure increase in
the electrodes on the Nernst voltage decreases towards higher operating pressures.
As a result, without the contributions of the gas crossover, pressurized water electro-
lysis was shown to be more efficient than atmospheric pressure electrolysis with sub-
sequent compression. However, the impact of the hydrogen and oxygen crossover on
the efficiency is larger than the advantages of the pressurized operation. As a result,
the efficiency of pressurized operation is smaller than that of atmospheric pressure
operation in combination with subsequent compression (for ΥH2 = 2 cm2 bar A−1).
The modeled comparison of pressurized water electrolysis and atmospheric pressure
water electrolysis with subsequent compression was sensitive to alterations of the
partial pressure increase factor ΥH2 . Thus, this parameter significantly influences the
comparative efficiency analysis of different operating pressures. The hydrogen cros-
sover increases approximately proportional to the cathodic pressure (eq. 9.2.3). Con-
sequently, the higher the desired hydrogen pressure, the more efficient is low-pressure
electrolysis in combination with subsequent mechanical compression in comparison
to the direct pressurized operation in the cell.

10.4 Synopsis of the chapter

In this chapter, the efficiency loss that is caused by pressurized gas evolution, proton
conduction and gas crossover during PEM water electrolysis was discussed. Within
this aim, an analytical model was developed, which describes the cell efficiency as
a function of the current density, operating pressures, partial pressure increase fac-
tors, membrane thickness and the membrane properties in the form of the hydrogen
permeability, oxygen permeability and proton conductivity. By using this model, a
membrane thickness optimization as a function of the current density was exempli-
fied for atmospheric pressure electrolysis and pressurized electrolysis with a cathodic
pressure of 30 bar. The efficiency loss of balanced pressure operation was calculated to
be higher than that of differential pressure operation. This difference was ascribed to
the larger oxygen cross-permeation during balanced pressure operation than that du-
ring differential pressure operation. Moreover, the efficiencies of pressurized electro-
lysis and atmospheric pressure electrolysis with subsequent mechanical compression
were compared. With respect to state-of-the art efficiencies of hydrogen compressors,
atmospheric pressure PEM water electrolysis with subsequent compression was mo-
deled to be more efficient than the direct pressurization of hydrogen during water
electrolysis. However, the heat balance of the cell and the energy consumption of the
drying procedure of the produced hydrogen was not considered in these calculations.
These effects influence the comparison of the operation conditions for the benefit of
the pressurized operation. The partial pressure increase factors of the electrodes were
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found to have a decisive factor impact on the efficiency of PEM water electrolysis and
the optimum operating pressures.



11 Electrochemical mitigation of
hydrogen crossover

In the following, a method to electrochemically mitigate the hydrogen cross-permeation
during PEM water electrolysis will be presented and experimentally examined. This
chapter was published previously in the form of a research article [46]. To prevent any
possibility of confusion concerning the notation, the current density of water electro-
lysis is in the following denoted as j = jE, while the applied voltage to the anode
and cathode of the PEM water electrolysis cell will be denoted as U = UE. Moreover,
the terms anode and cathode will always refer to those electrodes where the oxygen
evolution reaction and the hydrogen evolution reaction take place, respectively. To
experimentally characterize this technique, an absolute cathodic pressure of 50 bar
and atmospheric pressure at the anode were applied to the examined water electro-
lysis cell. Further details on the setup are discussed in the attachment (Section 14.6).
All experiments were conducted with a cell of an active area of 25 cm2.

11.1 Introduction

Based on the results of Chapter 9, a far higher cathodic than anodic pressure in a PEM
water electrolysis cell leads to a far larger hydrogen than oxygen crossover. With refe-
rence to the 49 bar differential pressure operation of the examined cell in this chapter,
the oxygen crossover is neglected. In order to reduce the current efficiency loss and
to improve the safety aspects of pressurized water electrolysis, an electrochemical
technique to mitigate the hydrogen cross-permeation during water electrolysis is pre-
sented in this chapter. This novel method involves an additional electrode in between
the anode and cathode, where the hydrogen is electrochemically oxidized before it
cross-permeates through the PEM. An applied voltage between the additional elec-
trode and the cathode electrochemically sends hydrogen at the additional electrode
in the form of protons back to the cathode, where it comes from. Hence, by using
this technique, the current efficiency loss caused by the hydrogen cross-permeation
can be reduced. Alternatively, the additional electrode can also be connected by a
resistor to the anode. In this case, the hydrogen at the additional electrode electro-
chemically reacts with the anodic oxygen to form water. Using this setup, the anodic
potential is reduced by opposite overvoltages of the oxygen evolution and reduction
reactions. Figure 11.1.1 illustrates this technique and the electrochemical reactions at
the electrodes.

141
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Figure 11.1.1: Schematic illustration of the electrochemical mitigation of the hydrogen
cross-permeation during water electrolysis [46]. Left: Setups for the
electrochemical mitigation of hydrogen cross-permeation through the
membrane during differential pressure PEM water electrolysis. The red
and blue shadings qualitatively represent the concentrations of hydro-
gen and oxygen in the PEM. Hydrogen is permeating from the cathode
to the anode (from left to right), while oxygen is permeating in the op-
posite direction. Right: Electrochemical reactions at the electrodes of the
different setups. (A): Acid water electrolysis. The reactions at the anode
and the cathode also occur in the other setups. (B): Connection of the
additional electrode to the cathode by a power supply. The hydrogen
that permeates from the cathode to the additional electrode is electro-
chemically sent back to the cathode. (C) Connection of the additional
electrode to the anode by a resistance. The hydrogen at the additio-
nal electrode electrochemically reacts with anodic oxygen, reducing the
anodic overpotential.
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11.2 Electrochemical characterization

The additional electrode in the setup shown in Figure 11.1.1 was implemented in
the form of a platinum based catalyst layer that was contacted by a titanium mesh.
This electrode was embedded between two Nafion R© NR1135 membranes, as further
discussed in the attachment (Section 14.6). In the following, the characterization of
the electrochemical processes at the electrodes is presented.

11.2.1 Potential and current density of the additional electrode

The aim of this section is to characterize the potential-current relation at the additio-
nal electrode. To measure the influence of the potential ϕ3 of the additional (or third)
electrode on the current j3 of the electrochemical mitigation of the hydrogen crosso-
ver, the current density jE between the anode and cathode (defined as cell current
density) was kept constant. To drive the electrochemical reaction for the mitigation
of the hydrogen crossover at the additional electrode, its potential must be increased
to supply the overvoltages for the electrochemical oxidation of hydrogen to protons.
The additional electrode can be connected either by a power supply to the cathode
(hydrogen pump, Fig. 11.1.1B) or by an electric load to the anode (local fuel cell, Fig.
11.1.1C). While hydrogen is electrochemically oxidized at the additional electrode,
a corresponding electrochemical reduction reaction at either the cathode (hydrogen
pump) or the anode (local fuel cell) must take place. These reactions are stated in
Figure 11.1.1. The resulting voltage-current characteristics for the electrochemical mi-
tigation of the hydrogen crossover are plotted in Figure 11.2.1. Positive currents of
j3 mean connecting the additional electrode to the cathode, negative currents mean
connecting it to the anode. To measure ϕ3, the potential ϕC of the cathode served as
reference. Accordingly, by measuring the voltage between the cathode and the addi-
tional electrode (ϕ3 − ϕC), the relative change of its potential was determined.

The current density at which all hydrogen at the additional electrode is electroche-
mically converted is in the following defined as saturation current density jsat. The
shapes of the voltage-current characteristics in Figure 11.2.1 are dominated by the
diffusion limitation of the current, which leads to a diverging potential difference be-
tween the additional electrode and the cathode (ϕ3− ϕC) towards jsat. The saturation
current density decreases with higher current densities, which is probably attributable
to the influence of the electro-osmotic water drag onto the hydrogen cross-permeation
as discussed in Chapter 9.

The ohmic drop due to the proton conduction from the anode to the cathode incre-
ases proportionally with the cell current density according to Ohm’s law. This ohmic
drop consequently increases the potential difference between the additional electrode
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Figure11.2.1:Measuredpotentialdifferencebetweentheadditionalelectrodeandthe
cathode(ϕ3−ϕC)asafunctionofthecurrentdensityj3.Thiscurrent
densityisattributabletotheelectrochemicalmitigationofthehydro-
gencrossover.ThepotentialϕCofthecathodeservesasareferencefor
thepotentialϕ3oftheadditionalelectrode.Themeasurementswere
conductedatvariousfixedelectrolysiscurrentdensitiesjEbetweenthe
anodeandcathode.Becausethemeasurementswereperformedunder
galvanostaticconditions,thefixedcurrentswereaffectedbyanegligi-
bleerror.Themeasurementerrorofthevoltage(ϕ3−ϕC)attributable
tounsteadypermeationfluxeswasbelow10%.Positivecurrentsand
solidlines:setupusingtheelectrochemicalhydrogenpumpaccording
toFigure11.1.1B.Negativecurrentsanddashedlines:setupusingthe
localfuelcellaccordingtoFigure11.1.1C.

andthecathode(ϕ3−ϕC).ThiseffectisshownbythemeasurementsinFigure11.2.1,

wherethepotentialdifferenceϕ3−ϕCincreaseswithjEforadefinedvalueofj3.

Furthermore,thepotentialoftheadditionalelectrodeisinfluencedbytheconcentra-

tionofhydrogenandoxygenattheadditionalelectrode.Thecatalyticreactionofboth

gasesattheadditionalelectrodeleadstothemixingoftheirstandardpotentialsatthe

catalyst.Anincreasedoxygenconcentrationattheadditionalelectrodeforhighercell

currents(asdiscussedbefore)thusmayalsoleadtoanincreaseofϕ3. Moreover,the

electricfieldbetweentheanodeandcathodeinfluencesthepotentialoftheadditional

electrode.

11.2.2Influenceoftheadditionalelectrodeonthecellvoltage

Inordertomeasuretheinfluenceofthepotentialϕ3onthecellvoltage,constantcell

currentsjEwereused.Forthispurpose,thevoltagebetweentheanodeandcathode

UE(definedascellvoltage)wasmeasuredasafunctionofj3.Inaddition,thevoltage

betweentheadditionalelectrodeandthecathode(ϕ3−ϕc)wasmeasuredanditsin-
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Figure11.2.2:MeasuredvoltageUEoftheelectrolysiscellatconstantcellcurrentden-
sitiesjEasafunctionofthevoltagebetweentheadditionalelectrode
andthecathode(ϕ3−ϕC).Theinfluenceofthepotentialoftheaddi-
tionalelectrodeonthecurrentdensityj3isdiscussedinFigure11.2.1.
Thecellvoltageatconstantcellcurrentsincreasedwiththepotentialof
theadditionalelectrode,causedbythealteredpotentialdistributionin
theelectrolyte.Solidlines:setupwithhydrogenpumpaccordingtoFi-
gure11.1.1B.Dashedlines:setupwithlocalfuelcellaccordingtoFigure
11.1.1C.

fluenceonthecellvoltagewasplottedinFigure11.2.2.

Ahigherpotentialϕ3ledtoanincreaseofthecellvoltage(Fig11.2.2).Theim-

pactofthiseffectincreasedtowardhighercellcurrents.Thisbehavioriscausedby

theincreasedpotentialoftheadditionalelectrodewithhighercellcurrent,whichre-

sultsinareducedpotentialdifferencebetweentheanodeandtheadditionalelectrode.

Becausethepotentialdifferenceisthedrivingforceforwaterelectrolysis,theanodic

half-reactionisconsequentlysloweddown.Furthermore,theincreaseinthepotential

oftheadditionalelectrodeinfluencesthepotentialdistributioninsidethemembrane,

whichmayalsoinfluencetheohmicdrop.Theinfluenceofanincreasedpotentialϕ3

onthecellvoltagewasstrongerbyitsconnectiontothecathodethanthatbyitscon-

nectiontotheanode.Inthelattercase,theanodicoverpotentialslightlydecreased

duetothereactionofoxygenwiththeprotonscomingfromtheadditionalelectrode.

Therewith,theentireamountofwateroxidizedtooxygenandprotonsattheanodic

catalystisreducedbythereversedreactionstatedinFigure11.1.1.Toemploytheelec-

trochemicalmitigationofthehydrogencrossover,thepotentialϕ3mustbeincreased.

Thisincreaseofthepotentialϕ3meansthathighercellvoltageshavetobeappliedin

ordertomaintainthesamecellcurrentofwaterelectrolysis.
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11.3 Efficiency and anodic gas purity

In the following, the impact of the electrochemical mitigation of the hydrogen crosso-
ver on the cell efficiency and the anodic gas purity will be discussed. The usage of the
additional electrode with the local fuel cell setup (Fig 11.1.1C) led to an increase of the
cell voltage, as shown in Figure 11.2.2. Consequently, by using this setup, the voltage
efficiency of the electrolysis cell is reduced by the electrochemical mitigation of the
hydrogen crossover. In this configuration, the hydrogen at the additional electrode
is reacted with anodic oxygen. Thereby, the current efficiency of this setup cannot
be increased, since the produced hydrogen that permeates to the additional electrode
is electrochemically converted with anodic oxygen to water. Accordingly, reduced
voltage efficiency leads to a reduced cell efficiency. To summarize, the benefit of a
slightly decreasing anodic potential due to the reverse reaction of the local fuel cell
was overshadowed by an increase of the cell voltage. By connecting the additional
electrode to the cathode (Fig 11.1.1B), the electrochemical mitigation of the hydrogen
crossover also led to an increase of the cell voltage (Fig 11.2.2). However, an increase
of the current efficiency can be expected, since the hydrogen cross-permeation from
the cathode to the anode is reduced. Thus, the following deliberations focus on this
configuration. Based on the measurements conducted, it will be shown, that with
this configuration the relative increase of the current efficiency was higher than the
reduction of the voltage efficiency. Hence, at partial loads (here defined as current
densities below 0.5 A/cm2) an increase of the cell efficiency resulted, thanks to the
electrochemical mitigation of the hydrogen crossover.

By Faraday’s law (eq. 4.2.6), the mass flux density of the hydrogen lost due to cros-
sover can be expressed as current density jloss (Section 2.1.4). The hydrogen loss due
to crossover was attributed to two causes: (i) Hydrogen is catalytically recombined
with oxygen at the surface of the platinum catalyst at the cathode and the additio-
nal electrode (Section 2.1.4). The current density of this hydrogen loss is denoted as
jcr. (ii) Hydrogen permeates from the cathode to the anode. As examined in Section
9, hydrogen at the anode is not electrochemically oxidized at iridium oxide catalyst
employed. Using these results it was assumed, that both gases do not catalytically
react at the anodic catalyst [45], since the oxide layer probably avoids hydrogen ad-
sorption. Thus, the hydrogen that permeates through the membrane mixes with the
oxygen evolved at the anode. This hydrogen permeation flux from the cathode to the
anode is in terms of Faraday’s law expressed as an electrochemical current density,
which is denoted as jcross. Thus, the overall current loss jloss due to the permeation of
hydrogen through the membrane equals:

jloss = jcr + jcross. (11.3.1)
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The anodic hydrogen content can be calculated as the ratio of hydrogen permeating
through the PEM normalized to the anodic gas release rate (Section 9). Including the
two- and four-electron processes for the electrochemical currents of hydrogen and
oxygen production (Fig 11.1.1A), the anodic hydrogen content can be expressed by
Faraday’s law and equation 9.2.4 as:

H2 in O2 =
1
2 jcross

1
4 jE + 1

2 jcross
. (11.3.2)

Consequently, the anodic hydrogen content is a measure for the hydrogen permeation
through the membrane (Section 9).

As further discussed in the attachment (Section 14.6), the additional electrode was
positioned in the center of the membrane. When the additional electrode is not em-
ployed (j3 = 0), hydrogen permeates from the cathode to the anode. The partial
pressure of hydrogen at the cathode was approximately 50 bar, while the absolute
pressure at the anode was 1 bar. Accordingly, the concentration of hydrogen at the
anode is negligible compared to that at the cathode (Section 9). When the current of
the electrochemical mitigation of the hydrogen crossover is driven into the satura-
tion current density jsat as shown in Figure 11.2.1, the concentration of hydrogen at
the additional electrode is negligible. Hence, when the additional electrode is opera-
ted with j3 = jsat, the concentration difference of hydrogen between the cathode and
the additional electrode is approximately equal to that between the cathode and the
anode when j3 = 0. However, the distance for the hydrogen permeation from the
cathode to the additional electrode is half that from the cathode to the anode. Accor-
ding to Fick’s law of diffusion, the permeation flux driven by the same concentration
difference is reciprocally proportional to the distance (Section 9). For this reason, at
j3 = jsat the permeation flux of hydrogen from the cathode to the additional electrode
can be assumed to be twice as large as that from the cathode to the anode at j3 = 0.
This approximation is used in order to estimate jloss:

jloss ≈
1
2

jsat. (11.3.3)

The highest saturation current density in Figure 11.2.1 was jsat = 52 mA/cm2 at a
cell current densitiy of 0.25 A/cm2. Based on Fick’s law of diffusion (eq. 2.3.3), the
hydrogen permeation flux density from the cathode to the additional electrode can be
estimated. By using Faraday’s law (eq. 4.2.6), this permeation flux can be calculated to
a current density of 51 mA/cm2. Thus, the measured and estimated values for satura-
tion current density are approximately equal. The current efficiency is approximated
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η
C
≈1−

1

2

jsat
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1

2

j3
jE
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Thelasttermaccountsforthemitigationofcurrentlossattributabletotheelectro-

chemicaltransportofhydrogenattheadditionalelectrodebacktothecathode.Ac-

cordingly,atj3=jsatthecurrentefficiencyis100%.

InSection2.1.4,thegeneraldefinitionoftheefficiencywasgivenbytheratioofthe

idealpowerandthespendpowerforwaterelectrolysis(eq.2.1.26).Tomitigatethe

hydrogencross-permeationthroughthePEM,anadditionalvoltagewasappliedbet-

weentheadditionalelectrodeandthecathode.Theenergyconsumedbythecurrent

resultinghastobealsoconsideredinordertocalculatethecellefficiency.Thepower

investedfortheelectrochemicalhydrogenoxidationattheadditionalelectrodeequals

(ϕ3−ϕC)j3.Thiscontributionwasaddedtothespendpowerfortheelectrochemical

waterdecomposition:

η=
Pideal
Preal

=
1.23VjE

UEjE+(ϕ3−ϕC)j3
ηc (11.3.5)

InFigure11.3.1,themeasuredanodichydrogencontentofthecellisplottedasa

functionofthecellcurrentdensity.Byusingtheadditionalelectrodeatopencircuit

potential(j3=0),thelowerexplosionlimitoftheanodicgascomposition(4%H2in
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O2) was estimated to be exceeded in the partial load range. Based on equation 11.3.5,
the estimated cell efficiency is plotted in Figure 11.3.1. The error of the estimated cell
efficiency was calculated by the propagation of uncertainty using the following er-
rors of the measured parameters: UE = ±5 mV, jsat = ±10 %, (ϕ3 − ϕC) = ±10 %.
The currents adjusted for the measurements (j3, jE) were affected by a negligible error.

At 1 A/cm2, the estimated cell efficiency with applied electrochemical mitigation of
the hydrogen crossover is equal to that with the additional electrode at open circuit
voltage (Fig 11.3.1). As discussed before (Fig 11.2.2), the influence of the potential al-
teration of the additional electrode on the cell voltage increased with the cell current
density. However, towards higher cell current densities, the influence of the hydro-
gen permeation flux on the current efficiency is reduced (eq 10.2.1). Accordingly, by
using the electrochemical mitigation of the hydrogen crossover above 1 A/cm2, the
decrease of the voltage efficiency overshadowed the slightly increased current effi-
ciency. Hence, a reduced cell efficiency resulted in this current density range (Fig
11.3.1). At current densities below 0.5 A/cm2, the estimated cell efficiency increased
by employing the electrochemical mitigation of the hydrogen crossover. In this case,
the current efficiency is more affected by the hydrogen cross-permeation (eq 10.2.1).
Furthermore, the influence of the increased potential of the additional electrode du-
ring the electrochemical mitigation of the hydrogen crossover on the cell voltage de-
creased towards smaller cell current densities (Fig 11.2.2). Thus, the reduction of the
voltage efficiency due to the electrochemical mitigation of the hydrogen crossover
is overshadowed by the increase of the current efficiency. Accordingly, in the partial
load range the cell efficiency increased thanks to the usage of the electrochemical hyd-
rogen pump setup according to Figure 11.1.1B.

11.4 Challenges for application

Thus far it was shown, that by using an additional electrode in between the cathode
and the anode the hydrogen permeation through the membrane can be efficiently
reduced. Thanks to the usage of an electrochemical hydrogen pump according to Fi-
gure 11.1.1B, an increase of the current efficiency resulted. Hydrogen at the additional
electrode was sent back to the cathode where it was produced. The potential of the
additional electrode was increased by an applied voltage, which increased the cell
voltage and consequently reduced the voltage efficiency. However, in the partial load
range (below j = 0.5 A/cm2), the increase of the current efficiency overshadowed the
decrease of the voltage efficiency. An increase of the cell efficiency resulted.

Besides the influence of the potential of the additional electrode on the cell voltage,
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the implementation of the additional electrode into the electrolyte is accompanied by
the following restrictions: (i) The electric contact of the catalyst layer by the additio-
nal electrode (here a titanium mesh) will increase the proton resistance between the
anode and cathode. (ii) The in-plane conductivity of this electric contact limits the
scalability of the technique, since the current for the electrochemical mitigation of the
hydrogen crossover is applied at the margins of the electrolysis cell to the additional
electrode.

The proton resistance of the membrane is typically measured by the high-frequency
cell resistance using impedance spectroscopy as discussed in Section 2.2.2. However,
in the case of an additional electrode embedded into the electrolyte, the pure proton
resistance of the cell cannot be measured by this high-frequency cell resistance. The
electric and ionic conductivities in the catalysts layers are connected by capacitive
elements in the form of electrochemical double layers as described by the transmis-
sion line model in the literature [65]. Thus, by alternating currents, the proton current
through a catalyst layer can be altered into an electric current and vice versa. Applied
to the setup discussed, both, the electric and the ionic conductivities of the additional
electrode can contribute to the high frequency resistance. In this sense, by measuring
the high frequency cell resistance it is not possible to determine the influence of the
additional electrode on the proton resistance of the electrolysis cell.

To estimate the proton cell resistance of the employed electrolysis cell with the ad-
ditional electrode, we considered the voltage drop of this cell compared to that of a
reference cell without the additional electrode. A cell with a Nafion R© N117 mem-
brane (similar thickness as two N1135 membranes) without an additional electrode
served as reference. The Nafion N117 membrane was coated with equally produced
anodes and cathodes as the cell with the additional electrode. This reference cell had
a high-frequency resistance of approximately 0.16 Ω. At a cell current of 2 A/cm2, the
cell voltage of this reference cell was 1.925 V, while that of the cell with the additional
electrode was 2.055 mV for j3 = 0 mA/cm2 (Fig. 11.2.2). Based on Ohm’s law, this
voltage difference of 0.13 V equals an approximated increase of the cell resistance of
0.065 Ω cm2 which corresponds to a relative increase of 41 %.

In order to commercialize the electrochemical mitigation of the hydrogen crosso-
ver, this increase of the cell resistance must be reduced by the choice of materials
and the reduction of contact resistances for protons between the membranes. Because
hydrogen crossover and the correlated current efficiency loss is mitigated using the
developed technique, thinner membranes with smaller proton cell resistance can be
used for pressurized water electrolysis. Thereby, the voltage efficiency and current
efficiency can be enhanced by employing the electrochemical mitigation of product
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gas crossover. The material for the electric contact of the additional electrode must
be corrosion resistant at the applied potentials in the acidic regime of the proton ex-
change membrane. Furthermore, this material must be a good electron conductor,
mechanically stable and resistant to corrosion. Besides titanium, further promising
materials that fulfill these requirements are tungsten, silver, and graphene.

11.5 Synopsis of the chapter

In this chapter, an additional electrode between the anode and cathode was integra-
ted into the PEM of a water electrolyzer. The electrolyzer was operated at a cathodic
pressure that was fifty times larger than the anodic pressure. The additional electrode
was connected by a power supply to the cathode so that the hydrogen permeating
through the membrane was electrochemically sent back to the cathode. This techni-
que significantly increased the cell efficiency below 0.5 A/cm2. Furthermore, safety
issues related to anodic hydrogen were avoided. Alternatively, when the additional
electrode was connected by an electric load to the anode, the hydrogen at the additio-
nal electrode electrochemically reacted with oxygen at the anode. Due to the oxygen
consumed by the current between both electrodes, the anodic overpotential caused
by the oxygen production was reduced. In summary, the concept of electrochemi-
cally mitigating gas crossover was shown to be an effective technique to increase the
cell efficiency during high-pressure water electrolysis at partials loads. However, li-
mited scalability and an increased cell resistance display a major drawback of this
technique.
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In this chapter, the findings of the previous chapters and their relations to one anot-
her are discussed. First, the influence of microscopic structures of PEMs on their
macroscopic proton conductivities and gas permeabilities are elucidated. Within this
aim, prospects for the development of PEMs are given. Second, the efficiency of PEM
water electrolysis is considered as a function of the physical membrane properties,
temperature and operating pressures. Finally, the electrochemical mitigation of hyd-
rogen crossover that was presented in the previous chapter is critically assessed.

12.1 Microscopic geometry and macroscopic properties
of PEMs

In order to physically characterize proton conduction and gas permeation through
the microscopic structure of Nafion R©, the phase separation between the aqueous and
solid polymeric phase reported in the literature (Section 2.4) was presupposed. An
additional phase between the aqueous and solid phase was proposed which is a mix-
ture of a polymeric and aqueous character. This phase was defined as the intermediate
phase. Only water channels that connect the electrodes contribute to the overall pro-
ton conductivity of a PEM (Section 5). In contrast, gases can also permeate through the
solid and intermediate phase (Chapter 6), which means that all different topologies
of the water channels discussed in Chapter 5 can contribute to the gas permeability.
Accordingly, the alternating permeation of gas molecules through the different pha-
ses of PEMs is not limited by percolation paths through the aqueous phase, which is
however the case for the proton conduction.

The proton conductivity of fully hydrated Nafion R© was measured to 17± 2 percent
of that of an aqueous hydrochloric acid solution with an equal proton concentration as
that in the aqueous phase (Section 5.2). Geometric restrictions related to the morpho-
logy of the aqueous phase were estimated by the developed network resistor model.
As a result, the overall conductivity of fully hydrated Nafion R© was estimated to 15 %
of the conductivity of its aqueous phase (Section 7.1.3). The measured ratio of the
proton conductivity of fully hydrated Nafion R© to that of the aqueous solution and
the simulated influence of the microscopic structure on the proton conductivity led
within the measurement precision to equal values. On the basis of this agreement,
the proton mobility in the water channels of fully hydrated Nafion R© was estimated
to equal that of aqueous solutions with an equal proton concentration (Section 5.2).
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Figure 12.1.1: Ratios of the proton conductivity to the hydrogen permeability of
Nafion R© (black line) and an aqueous solution with a proton concentra-
tion of 2.8 M (blue line). This concentration equals the proton concen-
tration in the aqueous phase of Nafion R© membranes (Chapter 5). The
proton conductivity of the aqueous solution and Nafion R© was measu-
red as discussed in Chapter 5. The measured hydrogen permeability
of Nafion R© was presented in Chapter 6. The hydrogen permeability of
the aqueous solution was estimated by half the conductivity of water
for the reasons that are discussed in Section 7.1.2.

A higher ratio of the proton conductivity to the hydrogen permeability of a PEM
was discussed in Chapter 2.1.4 to increase the overall efficiency of a water electro-
lysis cell. Figure 12.1.1 shows this ratio for fully hydrated Nafion R© and an aqueous
solution of hydrochloric acid with a proton concentration of 2.8 M. This concentra-
tion equals that of protons in the aqueous phase of fully hydrated Nafion R©. The
data in this figure are based on the estimated gas permeability of the aqueous phase1

and the experimental data on the proton conductivity and hydrogen permeability
which were presented in Chapter 5 and 6. The smaller ratio of κ/ε for fully hydrated
Nafion R© compared to that for the aqueous solution can attributed to two different
causes: (i) A smaller mobility of the protons in the aqueous phase of Nafion R© than
that in aqueous solutions. (ii) Different permeation paths of gas molecules and ions.
When in a PEM protons and gases permeate on the same paths and protons in the
aqueous phase show equal mobility as those in an aqueous solution, the ratio of κ to ε

would equal that of the aqueous reference solution (that has a similar ionic composi-
tion as the aqueous phase of the membrane). Reduced proton mobilities in the aque-
ous phase and the alternating permeation through all the phases reduce the value of
κ/ε of the PEM. As discussed above, the mobilities in the aqueous phase of Nafion R©

1In Chapter 7, the influence of the acidity of the aqueous phase in Nafion R© was estimated to reduce
the hydrogen permeability by a factor of approximately 0.5 in comparison to that of water. The same
factor is assumed to reduce the permeabilities of the aqueous hydrochloric acid solution.
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and aqueous solutions were estimated to be equal. Thus, the alternating permeation
of hydrogen molecules through the aqueous, intermediate and solid phase causes a
lower value of κ/ε for Nafion R© than that of the aqueous reference solution.

The values of κ/ε of aqueous solutions, Nafion R© and other PEMs (Chapter 8) de-
crease toward higher temperatures. This decrease is stronger for PEMs than those
of aqueous solutions, as the activation energy for the gas permeation through the
solid phase of PEMs is higher than that of water (Chapter 6). Accordingly, the gas
permeability of the solid phase increases more rapidly with temperature than that of
the aqueous phase. With reference to effect of temperature on the ratio κ/ε of the
aqueous and solid phase of PEMs, the decreasing trend toward higher temperatures
is caused by the physical properties of the proton and gas permeation through the
different phases. Hence, this trend can be expected to be valid for all types of PEMs.
On the basis of the previous discussion, following physical drawbacks of PEMs can
be faced: (i) The proton conductivity in the aqueous phase can only be as high as that
in an aqueous solution with an equal proton concentration. (ii) The morphology of
the aqueous phase directly influences the overall proton conductivity of a PEM. (iii)
Diffusion of gases in the aqueous phase lead to high gas permeabilities of a PEM. (iv)
A further increase of the gas permeability can result from the alternating permeation
through the aqueous, intermediate and solid phase of the PEM. As the result of all
these restrictions, κ/ε of an aqueous solution with the same ionic composition as that
of the aqueous phase in the PEM displays the maximum value of this ratio that the
PEM itself can reach.

In order to increase the ratio of proton conduction to hydrogen permeability of
the aqueous phase in PEMs, higher proton concentrations in the aqueous phase than
that in Nafion R© membranes can be used. The proton concentration in the aqueous
phase of Nafion R© was estimated to 2.8 M. The highest conductivity of aqueous HCl
solutions at 65 ◦C is at a concentration of approximately 5.5 M [179]. At this concen-
tration the conductivity is approximately 1.25 times higher than that at 2.8 M [179].
Hence, higher proton conductivities of Nafion R©-type PEMs may be achievable by
higher proton concentrations in the aqueous phase. Moreover, an increase of the ion
concentration in the aqueous phase could also reduce the gas permeability, as dis-
cussed in Section 7.1.2. However, by lowering the equivalent weight to achieve such
higher proton concentrations excessive water uptake and the loss of the structural in-
tegrity of the PEM could result.

In Section 8, hydrocarbon membranes that show approximately two times higher
values of κ/ε than that of Nafion R© membranes were presented. Gubler et al. [139] also
developed novel types of membranes with an organic chemistry and cross-linked io-
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nomers, where the ratio of the proton conductivity to the hydrogen permeability was
1.5 times larger than that of Nafion R©. In the latter paragraph, it was discussed that the
proton conductivity in the aqueous phase of Nafion R© could be increased by at max-
imum by 1.25 times with higher proton concentrations. Thus, the measured higher
values of κ/ε of the hydrocarbon membranes are expected to be mainly attributable
to a reduced hydrogen permeability. The different backbone chemistry might lead a
lower hydrogen permeability of the polymeric phase.

To conclude, novel membrane types such as the hydrocarbon membranes exami-
ned in Section 8 can achieve higher values of κ/ε than that of typically used Nafion R©

membrane. Thus, with these novel membrane types the efficiency of PEM water elec-
trolysis cells can be increased, while the durability of hydrocarbon membranes might
display an issue. With reference to the physics of gas and ion permeation in the aque-
ous phase of PEMs, the effect of gas cross-permeation cannot be avoided. Hence, in-
dependent of the choice of the PEM, gas-crossover can be expected to seriously affect
the efficiency of pressurized PEM water electrolyzers, as discussed in the following
section in detail.

12.2 Efficiency and operation parameters

The ratio of the proton conductivity to the hydrogen permeability of a PEM displays
among kinetic contributions the most decisive impact on the cell efficiency (Chapter
10.2). The kinetic overvoltages during water electrolysis are dominated by the anodic
half-reaction as the hydrogen evolution reaction on platinum is in terms of the current
exchange density approximately nine orders of magnitudes smaller than that of the
oxygen evolution reaction on iridium oxide2. To minimize kinetic overvoltages one
typically aims at high operation temperatures of PEM water electrolyzers [225]. Mo-
reover, the conductivity of the PEM increases towards higher temperatures, as shown
in Chapter 5. However, the ratio of proton conductivity to hydrogen permeability of
PEMs decrease toward higher temperatures (as shown in Figure 12.1.1). In addition,
higher cell temperatures increase the thermodynamical work required for the in-situ
pressurization of hydrogen (equation 2.5.4). Kinetic overvoltages can be added to the
denominator of the voltage efficiency (eq. 10.2.3) and thereby included into the pre-
sented model. Using this approach, the presented model can also be used to optimize
the operating temperature of water electrolyzers.

Mechanical compression via ionic liquid piston compressors was discussed to achieve
lower temperatures during the compression process than the typically used tempera-

2The current exchange density is a measure for the activity of a catalyst. This kinetic parameter for
both reactions can be obtained from literature data, such as [220] and [224]
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ture of 80 ◦C for water electrolysis cells (Section 10.3). Consequently, the thermody-
namic work required for the hydrogen compression during mechanical compression
can be lower than that during the water electrolysis at 80 ◦C. However, the energy
consumption of mechanical compression is affected by the compressor efficiency. In
total, the lower operating temperature of a ionic liquid piston compressor in combina-
tion with its high mechanical efficiency lead to approximately the same compression
efficiency as the direct isothermal compression during PEM water electrolysis at 80 ◦C
(Section 10.3). However, higher pressures during water electrolysis increase the gas
crossover and correlated efficiency losses. To balance the increasing crossover toward
higher pressure thicker membranes are required. These thicker membranes reduce
the voltage efficiency. As a result of these relations and on the basis of the developed
model, water electrolysis operating at atmospheric pressure in combination with sub-
sequent mechanical compression was calculated to show better efficiency than that of
direct pressurization in the electrolysis cell.

Toward higher current densities the influence of the hydrogen and oxygen cross-
permeation on the current efficiency decrease. Thus, thin membranes and dynamic
pressure operation with low pressures at low loads and high pressures at high lo-
ads might be an approach to combine the advantages both, low-pressure and high-
pressure PEM water electrolysis. Electrolytic gas evolution during PEM water elec-
trolysis was shown to increase the pressures in the electrodes. These higher pressures
inside the electrodes than that at the gas outlets were estimated to be a decisive factor
for the efficiency of PEM water electrolysis. When catalyst layers with smaller partial
pressure increase factors can be manufactured (as for example by higher porosities),
the efficiency of PEM water electrolysis could be significantly enlarged (Section 10.3).

To mitigate hydrogen crossover during pressurized PEM water electrolysis, a new
technique was introduced and examined, where hydrogen in the PEM is electroche-
mically oxidized at an additional electrode (see Chapter 11). Experimentally, this
technique was shown to increase the efficiency of a PEM water electrolysis cell that
operated at a cathodic pressure of 50 bar. Using this technique, the safety threshold of
anodic hydrogen could be kept even at small loads. However, this technique requires
a new cell design with a limited scalability and an increased cell resistance. It is que-
stionable, if these drawbacks can be technically overcome in order to achieve higher
efficiencies as low-pressure PEM water electrolysis in combination with mechanical
compression. To summarize, the most efficient operation of PEM water electroly-
sis under dynamic loads may be achieved by dynamic pressure operation with thin
membranes.
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The aim of this thesis was to characterize the influence of the microscopic structure
of polymer electrolyte membanes (PEMs) at length scales of approximately 10−9 m on
the macroscopic proton conductivity and gas permeability. Moreover, the impact of
these transport processes on the macroscopic cell efficiency of PEM water electrolysis
was quantified. As a result, a multiscale description of the physical transport pro-
cesses of gases and protons through the PEM during water electrolysis was develo-
ped. First, physics that characterize the process of water electrolysis and its efficiency
was reviewed from the literature. Proton conduction and gas permeation in PEMs
and aqueous solutions was briefly elucidated. After discussing these fundamentals,
experimental methods were introduced, focusing on novel modifications of the elec-
trochemical impedance spectroscopy to measure proton conductivities and the elec-
trochemical monitoring technique to measure gas permeablities of PEMs. Besides the
experimental configurations of these setups, the physics to determine the proton con-
ductivity and gas permeabilities from the measurements were discussed. Moreover,
the developed experimental setup to precisely measure the anodic hydrogen content
during PEM water electrolysis was presented.

The proton conductivities and hydrogen permeabilities of six different PEMs in-
cluding Nafion R© were measured. Nafion R© is the best characterized PEM in the li-
terature and was in focus of the experimental studies in this thesis, as reported data
on the microscopic structure of other PEMs are scarce. Using electrochemical impe-
dance spectroscopy with amplitude and frequency variation, the proton conductivity
of Nafion R© was measured and derived to be independent of the length scales of the
proton permeation. On the basis of these results, the proton conduction of Nafion R©

was derived to be independent of scattering events between mobile protons and pore
walls of water channels. An aqueous hydrochloric acid solution with an equal proton
concentration as the water channels in Nafion R© was found to be 6.0± 0.7 times more
conductive to protons than Nafion R© membranes.

On the basis of reported data in the literature, a resistor network representative
for the microscopic structure of Nafion R© was developed. With this model, the influ-
ence of the morphology of the aqueous phase was estimated to increase the overall
resistance of Nafion R© by a factor of 6.7 compared to the mean proton conductivity
inside the water channels. The measured difference between the proton conductivity
of Nafion R© and that of an aqueous solution was within the measurement error equal
to the estimated influence of the water channel morphology by the resistor network
model. With reference to this agreement, the proton mobility in the aqueous phase
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of Nafion R© was estimated to be similar to that in aqueous solutions of equal proton
concentrations.

The hydrogen permeability of Nafion R© membranes was found to be independent
of applied pressures, which led to the conclusion that the impact of differential pres-
sure as a driving force on the gas permeation is negligible. Accordingly, diffusion was
identified as the dominating driving force for the gas permeation through Nafion R©.
Higher water contents of Nafion R© membranes increased the hydrogen permeability,
which is caused by the at least tenfold higher permeability of water than that of dry
Nafion R© membranes. The developed resistor network model was used to describe
the gas permeation through the microscopic structure of Nafion R© membranes. By
comparing the measured and modeled permeabilities of hydrated Nafion R©, the per-
meability of the solid phase of Nafion R© was estimated to increase by water uptake.
The origin of this increased permeability of the solid phase with water uptake was
ascribed to weakened van der Waals forces between the polymer chains, as water pe-
netrating into the polymer chains acts as plasticizer. The resulting softening of the
solid phase by weakened van der Waals forces between the polymer chains was also
reported by visco-elastic measurements in the literature. The ratio of the measured
proton conductivity to the hydrogen permeability of Nafion R© was estimated to be
approximately four times smaller than that of an aqueous solution of similar proton
concentration. The reason for this difference was attributed to the gas permeation
through the intermediate and solid phase of Nafion R©.

A physical model to calculate the gas crossover in operating PEM water electrolysis
cells was developed and evaluated with measured anodic hydrogen contents. The ex-
situ measured proton conductivity, hydrogen permeability and oxygen permeability
of Nafion R© served as input parameters for the model. The influence of the proton
permeation through the PEM during water electrolysis on the hydrogen and oxygen
crossover was physically described. By comparison of the power law dependencies of
the physically modeled anodic hydrogen content and in-operando measurements as a
function of the current density, a significant impact of proton permeation on the hyd-
rogen crossover could not be ascertained. Based on these observations, the amount of
hydrogen dissolved in the hydration shell of the protons was estimated to be negli-
gible. The mass transport in the catalyst layers of the PEM electrolysis cell was taken
into account by the increase of the partial pressures of the evolved hydrogen and
oxygen. The cathodic partial pressure increase during PEM water electrolysis was
quantified by fits to measured anodic hydrogen contents.

On the basis of the physical description of the gas crossover in PEM water electro-
lysis cells, a model to calculate cell efficiencies as a function of operation parameters
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and membrane properties was developed. The partial pressure increase in the electro-
des caused by the gas evolution was estimated to significantly reduce the efficiency
of PEM water electrolysis. The larger oxygen crossover at balanced pressure ope-
ration than that of differential pressure operation leads to smaller efficiencies. The
membrane thickness of PEM water electrolysis cells was computationally optimized
for various exemplarily operation conditions. Besides the membrane thickness, the
ratio of proton conductivity to hydrogen permeability was identified as the decisive
parameter of a PEM that influences the cell efficiency. From the six different PEMs
examined in this thesis, those of a non-fluorinated chemistry showed the highest ra-
tio of proton conductivity to hydrogen permeability, which was attributed to a lower
permeability of their solid phase than those of the fluorinated materials like Nafion R©.
The efficiency of pressurized water electrolysis was compared to operation at atmos-
pheric pressure in combination with subsequent mechanical compression. Atmos-
pheric pressure operation in combination with state-of-the-art mechanical compres-
sors was estimated to be more efficient than pressurized operation at 30 bar.

To reduce the efficiency losses that is caused by the hydrogen cross-permeation
during pressurized water electrolysis, a novel technique was developed, where hyd-
rogen is electrochemically oxidized at an additional electrode between the anode and
the cathode. This additional electrode was integrated into the PEM of a water elec-
trolyzer and connected by a power supply to the cathode, in order to send hydrogen
at the additional electrode in the form of protons back to the cathode. This technique
considerably increased the cell efficiency at a cathodic pressure of 50 bar and below
0.5 A/cm2. Moreover, using this technique at 50 bar operation pressure, anodic hyd-
rogen contents below the lower explosion limit were achieved. Although a significant
decrease of the hydrogen cross-permeation was achieved using this technique, the
increased cell resistance by the additional electrode and its limited scalability were
discussed to be a major drawback of this novel technique.



14 Attachment

In the following, details about the measurement techniques, experimental setups, fit
data, and detailed information about the calculation procedure of the resistor network
modeling will be given. Moreover, the relation between isentropic and isothermal
compression will be discussed in detail.

14.1 Electrode preparation

In the following, the production of the catalyst layers used for the experiments will be
described. Platinum supported on carbon (Johnson Matthey, Hispec9100) was used as
the catalyst in the electrodes used for the electrochemical monitoring technique and
the cathode for the electrolysis cells. Iridium oxide (Alfa Aesar) was used as the ano-
dic catalyst for the water electrolysis cells. To produce the catalysts layers, solutions of
1.5 g Nafion R© binder (Liquion LQ-1115, Ion Power Inc, consisting of 15 wt% Nafion R©

ionomer), 230 mg of the catalyst, 630 µl water, 575 µl 1-Propanol, 1725 µl Isopropyl
alcohol, and 100 µl Ethylene glycol were first sonicated and then applied as films
(270 µm) on the PTFE foil substrates using a squeegee. After drying, the thickness
of the catalyst layers was approximately 20 µm. In order to fabricate catalyst coated
membranes, the decal transfer method was used, where the catalyst layers were hot-
pressed on the Nafion R© membranes. This hot-pressing procedure was conducted at
130 ◦C and 5 MPa/cm2 for 180 s. The iridium oxide catalyst layers were produced
with a loading of 2.2 mg/cm2, while that of the Pt/C catalyst layer had a platinum
loading of 0.5 mg/cm2.

14.2 Additional information to the conductivity
measurements

In this section, first the capacitances between the water channels of Nafion R© mem-
branes will be estimated. Second, the procedure to extract the proton conductivity of
the aqueous HCl solution from the measured conductivities will be discussed. Third,
the fitting procedure used to describe the temperature dependencies of the measured
conductivities and the calculation of the statistic measurement errors will be elucida-
ted. Fourth, the influence of the morphology on the proton conductivity of Nafion R©

will be physically characterized. Finally, the influence of the water content of fully
hydrated Nafion R© (that was taken from the literature) on the calculations presented
will be discussed.

160
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Figure 14.2.1: (A): Schematic illustration of two water channels that are separated by
the solid polymeric phase. (B): Equivalent circuit for this alignment,
while the polymeric phase is described by a plate capacitor geometry
with the capacitance Cgap. The resistances R1 and R2 correspond to the
resistances of the proton conduction through the water channels.

14.2.1 Capacitances between the water channels

Figure 14.2.1 illustrates an assumed alignment of two by the polymeric phase sepa-
rated water channels and the corresponding equivalent circuit. The impedance of
these in series connected ohmic conductors in the form of the water channels and the
capacitor in the form of the solid phase equals

Z = R1 +
1

iωCgap
+ R2 , (14.2.1)

where R1 and R2 denote the ohmic resistances of the water channels and Cgap the
capacitance of solid polymeric phase. The capacitance is approximated by a plate
capacitor geometry

C = ε0εr
A

dgap
, (14.2.2)

where ε0 = 8.85× 10−12 A s V−1 m−1 denotes the vacuum permittivity, εr the per-
mittivity of the polymeric phase, A the cross-sectional area of the water channels,
and dgap the distance between the water channels. In models, which describe the
microscopic structure of Nafion R©, the functional groups are orientated to the water
channels [21, 144, 160]. Based on these descriptions, the solid polymeric phase of hy-
drated Nafion R© is mainly comprised by the polymeric backbone, which equals the
structure of polytetrafluoroethylene (PTFE) [226]. Accordingly, the permittivity of the
polymeric phase in Nafion R© is assumed to be similar to that of PTFE, which equals
εr = 2 as reported by Baker-Jarvis et al. [227].

The impedance of the aqueous phase in the alignment illustrated in Figure 14.2.1B
equals

|Zap| = R1 + R2 =
d1 + d2

A κch
, (14.2.3)
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where R1 and R2 denote the resistances of the water channels, d1 and d2 their lengths,
and κch their conductivity. The impedance of the polymeric capacitor between the
water channels is:

|Zsp| =
1
|iωC| =

1
ωC

=
dgap

AωC
(14.2.4)

In this model, the ratio of the impedance of the solid polymeric phase to that of the
aqueous phase equals:

|Zsp|
|Zap|

=
κch

ε0 εr ω

dgap

(d1 + d2)
(14.2.5)

To calculate this ratio, the parameters were chosen to maximize the contributions of
the capacitive conduction between the water channels:

• d1 + d2 = 50 µm, which is a typical length scale for a polymer electrolyte mem-
brane in fuel cells or water electrolyzers.

• dgap = 2.5× 10−9 m, based on the domain spacing reported by Allen et al. [40].

• ω = 100 kHz, which is the maximum frequency typically used for characteri-
zation of the proton conduction through PEMs by electrochemical impedance
measurements.

• The proton conductivity of the water channels κch was assumed to equal that of
an aqueous solution with an equal molarity as the water channels in Nafion R©

(κch ≈ 0.6 S cm−1 at 25 ◦C), based on the data stated in Table 14.2.1.

Using these values, Zsp was estimated to be at least 2600 times larger than Zap. The
impedances of more than one polymeric capacitors between the water channels are
additive. Consequently, the impedances between the water channels are too small
in order to contribute in a significant amount to the overall conductivity of Nafion R©

membranes.

14.2.2 Procedure to determine the proton conductivity of HCl

In order to separate the contributions of the Cl- anions and the protons to the mea-
sured conductivity of the aqueous HCl solution, a KCl solution of similar molarity
was used as a reference. Potassium cations (K+) and chloride ions (Cl-) show similar
mobilities in aqueous solution, as characterized by their ion transport numbers (devi-
ation below 1 % [10]), since they are of approximately equal weight and size. Hence,
approximately half of the measured ionic conductivity of KCl is attributable to the
movement of chloride, while the other half is attributable to the movement of the
potassium cations. In a solution of HCl, the contributions of the chlorine ions to the
conductivity are assumed to equal that in a solution of KCl with the same molarity.
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Table 14.2.1: Parameters of the polymeric fits κ(T) = a + b T + c T2 + d T3 that describe the
mean of the measured conductivities of Nafion R©, TMSA, HCl, and KCl as a
function of temperature. The units S cm−1 vs. ◦C were employed for the fit.
Using these mean fits to the aqueous solutions, the parameters for the conducti-
vity of H+ in the aqueous solutions were determined by equation 14.2.6.

unit Nafion R© HCl KCl H+ TMSA
a 10−1 S cm−1 0.493 3.855 2.371 2.669 2.585
b 10−2 S cm−1 ◦C−1 0.138 1.181 -0.038 1.200 0.828
c 10−6 S cm−1 ◦C−2 3.873 -9.428 113.5 -66.17 -8.465
d 10−8 S cm−1 ◦C−3 -3.395 -9.596 -81.70 31.25 1.190

relative error / % 8 6 6 8 6

Accordingly, by subtracting the contributions of the chlorine ions to the conductivity
of HCl, the proton conductivity κH+ of the aqueous HCl solution was estimated to:

κH+ ≈ κHCl −
1
2

κKCl (14.2.6)

14.2.3 Fitting procedure and error calculation

Table 14.2.1 displays the values of the polynomial fits to the measured conductivities
as a function of the temperature. The fitting procedure and the estimation of the
statistical measurement error was conducted as follows:

1. The high frequency impedance of an electrolyte was measured more than five
times as a function of the temperature.

2. Using the software ’Origin’, the measured curves were averaged and the stan-
dard deviation was calculated.

3. A polynomial fit of third grade to the averaged curve was conducted. The para-
meters of these fits are stated in Table 14.2.1.

The high frequency impedances of four Nafion R© NR212 (62 µm) and four Nafion R©

N117 (200 µm) membranes were examined, while the mean thicknesses stated in the
brackets refer to the fully hydrated state (samples immersed in water at room tem-
perature). The variations of the sample thicknesses were measured to approximately
5 %. Figure 14.2.2 shows the measured conductivities of these samples. The mean
conductivities of the N117 and NR212 samples showed a standard deviation below
8 %. Within this deviation, which may be attributable to measurement errors, the
conductivity of Nafion R© is independent from the sample thickness. By using the pro-
pagation of errors and the values stated in Table 14.2.1, the error of κas

κN
for the ionic

conductivities of HCl and TMSA was estimated to 10 %. In the case of the ratio of the
proton conductivity of HCL to the conductivity of Nafion R© the error was estimated
to 12 %.
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Figure 14.2.2: Conductivity of five Nafion R© N117 (black) and five NR212 (blue) sam-
ples as a function of temperature. Red line: Mean of all the measure-
ments.

14.2.4 Derivation of the geometric restrictions factor

In this section, the geometric restriction factor ζ is derived and its physical origins
are discussed. Within this aim, the influence of the volume fraction of the aqueous
phase, the connectivity of the water channels, the tortuosity of the water channels, and
the varying diameter of the water channels on the proton conductivity are physically
described.

Mean cross-sectional area of the aqueous phase
The volume of a rectangular cuboid equals the product of the cross-sectional area
A and the thickness d. May this volume be filled with a fully hydrated PEM. By
dividing the rectangular cuboid into k slices with equal thicknesses di = d/k, the
volume equals:

V =
k

∑
i=1

di Ai (14.2.7)

With an infinitesimal discretization, the volume of the aqueous phase can be determi-
ned by

Vap =
k

∑
i=1

di Ai
ap , (14.2.8)

where Ai
ap denotes the area of the aqueous phase of the i-th slice. Using the relation

di = d/k, the latter equation can be rewritten to:

Vap =
d
k

k

∑
i=1

Ai
ap (14.2.9)

With 1
k ∑k

i=1 Ai
ap = Āap, the volume of the aqueous phase is a function of the mean

cross-sectional area Āap of the aqueous phase:

Vap = d Āap (14.2.10)
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By dividing the latter equation through V = d A, the volumetric water content φ =
Vap
V can be related to the mean cross-sectional area of the aqueous phase:

φ =
Āap

A
(14.2.11)

Thus, the mean cross-sectional area of the aqueous phase normalized to the overall
cross-sectional area equals the volumetric water content.

Effect of connectivity
Water channels, which do not connect the electrodes cannot contribute to the proton
conductivity. Such dead end water channels cannot contribute to the proton conducti-
vity. Consequently, the effective volumetric water content of the aqueous phase Veff

ap

that is available for the proton conduction is smaller than the total volume of water
Vap. The connectivity ψ is here defined as the ratio of both volumes and will be used to
quantify the impact of the different topologies on the proton conductivity of Nafion R©:

ψ =
Veff

ap

Vap
(14.2.12)

In other words, this ratio equals the water volume of the first and second topology
normalized to the total volumetric water content. Thus, when ψ = 1, dead end water
channels do not appear.

Effect of tortuosity
When a proton permeates through the microscopic structure of Nafion R©, the geome-
tric tortuosity τgeo of the water channel causes a larger permeation length lap than the
distance l between the start and end point of this movement:

lap = l τgeo (14.2.13)

The effective tortuosity τeff is here defined as the mean tortuosity of all percolation
paths for the long range proton permeation between the electrodes. In this case, the
mean permeation length leff required for the proton conduction from one electrode to
the other is connected to the effective tortuosity by:

leff = l τeff (14.2.14)

When all water channels have an equal geometric tortuosity and mean cross-sectional
area, the connectivity can be represented by

ψ =
lgeo

leff
(14.2.15)
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based on the definitions stated above. Thereby, the geometric and the effective tortu-
osity are related to one another using the connectivity ψ:

τgeo = ψ τeff (14.2.16)

The tortuosities are always equal or larger unity (τ ≥ 1).

Effect of pore diameter variation
The mean cross-sectional area of the water channels equals the volume fraction of wa-
ter in Nafion R© (as derived above). In the case of more narrow segments of the water
channels than the mean cross-section area, these local bottlenecks for the proton con-
duction decrease the proton conductivity through the water channels, as calculated
in the following. In order to simplify the calculations, the resistance for the permea-
tion of protons through a single water channel is considered. This specific trajectory
through the considered water channel is denoted by the index j. The trajectory is se-
parated into infinitesimal equal lengths li, that have an individual cross-sectional area
Ai of the water channel. Each segment of this trajectory is expressed by a resistance.
The total resistance of this trajectory is the series connection of the resistances of the
segments

Rj =
kj

∑
i=1

Ri , (14.2.17)

where k denotes the amount of the segments. By including the geometry of the resis-
tance segments the following equation results

Rj =
1

κap

kj

∑
i=1

li

Ai , (14.2.18)

where κap denotes the mean conductivity of the aqueous phase. The mean diameter
Ā of the water channels is:

Ā =
1
kj

kj

∑
i=1

Ai (14.2.19)

Variations from this mean cross-sectional area increase the reciprocal sum of the areas
∑kj

i=1
1
Ai in equation 14.2.18. In order to take these variations of the cross-sectional into

account, the factor δ will be used in the following:

kj

∑
i=1

1
Ai = kj δj 1

Ā
(14.2.20)

The factor δ is at least unity: δ ≥ 1.
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The total permeation length l j
eff equals sum of the infinitesimal lengths:

kj

∑
i=1

li = l j
eff = l τ

j
e f f (14.2.21)

As a result, using the latter equations, the resistance of a trajectory is given by:

Rj =
1

κap

l τ
j
eff δj

Āj (14.2.22)

Combination of all the restrictions
By considering the mean of the above discussed parameters, the mean resistance of
all the water channels can be calculated on the basis of equation 14.2.22, which was
used to describe the resistance of one trajectory:

R̄ =
d

κap

τgeo δ

ψ Āap
, (14.2.23)

The conductivity κap describes the mean conductivity of the aqueous phase. Using
the relation between the conductivity and the resistance (κ = d

A R ), the conductivity
of Nafion R© is described by

κN = κap
Āap

A
ψ

τgeo δ
= κap ζ (14.2.24)

where the influence of the geometric restrictions on the conductivity are here defined
as the geometric restriction factor

ζ =
Āap

A
ψ

δ τgeo
(14.2.25)

which is per definition equal or smaller unity. Accordingly, all the factors that account

for the geometric restrictions of the proton conduction ( Āap
A , ψ, δ, and τgeo) increase the

resistance for the proton conduction through Nafion R© (eq. 14.2.22). By using resistor
network modeling, the geometric restriction factor can be estimated as all the effects
discussed above influence the modeled resistance.

Besides the geometric restrictions of the proton conduction, the decrease of the pro-
ton mobility due to the distribution and form of the anions in Nafion R© in comparison
to that of aqueous solutions was discussed in the Section 5. These differences of the
mobilities is in the following described by the ratio of the proton mobility in aqueous
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phase of Nafion R© µ
ap
H+ to that of aqueous solutions µas

H+ . Using these definitions, the
mobilities and conductivities of the protons in the aqueous phase of Nafion R© and in
the aqueous solutions can be related to one another:

κap =
µ

ap
H+

µas
H+

κas (14.2.26)

Combining equation 14.2.24 and 14.2.26, the proton conductivity of Nafion R© can be
related to that of the aqueous solution with similar molarity:

κN = κas
µ

ap
H+

µas
H+

ζ, (14.2.27)

By transposing this equation, the factor that the Nafion R© conducts protons less good
than its aqueous phase can be expressed as:

κN

κas
=

µ
ap
H+

µas
H+

ζ (14.2.28)

14.2.5 Influence of the water content on the estimated values

In the Section 5, λ ≈ 20 was assumed fully hydrated Nafion R© based on data reviewed
in the literature. Lufrano et al. [228] reported higher values of up to λ ≈ 26. In the
following, the calculations presented in Section 5 are exemplified for λ ≈ 26 in order
to show, how the calculated values change with this parameter. A water content of
λ = 26 means a proton concentration of cH+ ≈ 2.1 mol l−1 that would reduce the
conductivity of the aqueous phase. In the case of HCl, the conductivity is with a
concentration of 2.1 mol l−1 approximately 82 % smaller than that with 2.8 mol l−1.
Accordingly, in the case of 2.1 mol l−1, the ratio of the conductivities is κas

κN
≈ 4.9± 0.7.

The inverse of this ratio equals approximately 0.2± 0.03.

14.3 Additional information to the permeability
measurements

This chapter is based on a previously published study [Schalenbach2015]. In the fol-
lowing, the experimental settings used for the permeability measurements will be
discussed in detail. Furthermore, the prefactors related to the activation energies in
Table 6.1.1 are given in Table 14.3.1.
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Table 14.3.1: Prefactors related to the activation energies stated in Table 6.1.1, using
the same notation. Units: [ε0] = 10−8 mol cm−1 s−1 bar−1, [D0] = 10−2

cm2 s−1, [S0] = 1 mol cm−3 bar−1

Gas Prefactor H2O Nafion R© (wet) Nafion R© (dry) PTFE* PTFE [185]

ε0 3.17 ] 4.8 ± 0.9 * 378 ± 18 * 0.45 ± 0.09 * 1.82 [185]

H2 D0 4.9 ± 0.3 [124] - - -
S0 0.65 ] - - -
ε0 0.36 ] 0.72 ± 0.1 * 506 ± 227 * 0.10 ± 0.02 * 0.31 [185]

O2 D0 4.2 ± 0.2 [124] \ \ 0.64 [185]

S0 0.14 ] \ \ 2.8 × 10−4 [185]

14.3.1 Electrochemical half-cell with sulfuric acid electrolyte

To measure the influence of temperature on the hydrogen and oxygen permeation
through Nafion R© (DuPont) and PTFE (Bola, 55µm), setup C (Fig. 4.2.1C) was used.
In this electrochemical cell, the sample and the electrodes were in contact with an
aqueous solution of 1 M sulfuric acid. The gas, of which permeation through the sam-
ple was to be examined, was supplied through a titanium flow field. Carbon paper
(Toray, TPG-H-120) between the membrane and the flow field acted as a gas diffusion
layer to equally distribute the supplied gas along the sample. The gas was purged at
a flow rate of 3 ml/min through the titanium flow field using a mass flow controller
(Brooks, model 5850E). To avoid the dehydration of the Nafion R© samples, the sup-
plied gas was first humidified at 95 ◦C and then cooled to room-temperature before
entering the flow field. Thus, the gas was saturated with water vapor and additio-
nally carried liquid water. Accordingly, the Nafion R© samples in this configuration
were fully hydrated by the supply of liquid water from both sides of the samples. For
the purpose of humidification, an in house-build membrane humidifier was used,
where the gas was purged along a fully hydrated Nafion R© NR212 (DuPont) mem-
brane. Absolute pressures between 1 bar and 5 bar were applied to the gases (hyd-
rogen/oxygen) at the titanium flow field, regulated by a pressure controller (Brooks,
model 5866).

The working electrode (in the form of the catalyst coated carbon fleece) was laid
directly onto the sample with the catalyst layer facing the sample. A platinum mesh
contacted by a platinum wire was sandwiched between the working electrode and
carbon paper. This carbon paper mechanically supported the weaker carbon fleece
substrate of the working electrode (Fig. 4.2.1C). During the measurements, the elec-
trolyte chamber was at atmospheric pressure. Applying pressure to the supplied gas
in the flow field thus resulted in a differential pressure. In order to withstand this
pressure, additional mechanical support of the working electrode was given by a per-
forated polycarbonate plate between the working electrode assembly and the elec-
trolyte chamber, where a platinum mesh served as the counter electrode. Holes of
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4 mm in the perforated polycarbonate contacted the electrolyte between the working
electrode and the counter electrode. The electrolyte chamber itself was also made of
polycarbonate.

In order to mitigate the diffusion from the evolved gases at the counter electrode
to the working electrode, the concentration of these gases in the electrolyte chamber
were reduced by purging with nitrogen. To measure the influence of temperature on
the permeability, the temperature of the cell was linearly swept at a rate of 0.2 K/min.
The heater was integrated into the steel end plates of the cell. At increasing or decre-
asing temperature of the sweep the permeabilities measured revealed equal tempera-
ture dependencies and values. Hence, using the discussed sweep rates, the changes
in temperature did not lead to a delay of the permeability measured.

14.3.2 Electrochemical cell with Nafion R© electrolyte

Setup D (Fig. 4.2.1D) was used to measure the hydrogen permeation through Nafion R©

as a function of differential pressure and relative humidity. In this setup, the wor-
king electrode and counter electrode consisted of catalyst-coated gas diffusion layers
(Section 14.1). These electrodes were hot-pressed onto the Nafion R© samples. These
sample acted as the electrolyte for the electrochemical conversion of hydrogen cross-
permeation. The gas diffusion layers of the electrodes were electrically contacted
using in-house made platinum plated titanium flow fields. Hydrogen was purged
along the flow field at the counter electrode, while nitrogen was purged along the
flow field at the working electrode.

To measure the influence of pressure on the permeability (Fig.6.1.1), the gases were
humidified at 95 ◦C and cooled to room temperature before they reached the cell.
Using this configuration, the Nafion R© sample was fully hydrated during the mea-
surement, because it was in contact with liquid water and saturated water vapor
pressure. A flow-rate of 3 ml/min for the hydrogen and nitrogen fluxes was app-
lied during these measurements. Two pressure controllers (Model 5866, Brooks) were
used to control the pressures of the supplied gases. No considerable difference of the
measured hydrogen permeability of the fully hydrated Nafion R© samples with setup
C (Section 14.3.1 and Fig. 4.2.1) and this setup could be observed, as illustrated in Fi-
gure 6.1.2. Thus, at full hydration of the samples, the determined permeabilities with
both electrochemical cells are equal with respect to the measurement precision.

The permeability measurements as a function of relative humidity were performed
at atmospheric pressure of the supplied gases, which were purged with flow rates
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of 50 ml/min through the flow fields of the cell. The temperature of the humidifiers
was swept upwards with a rate of 0.1 K/min, while the temperature of the cell with
the sample was constantly 80 ◦C. The relative humidity of the supplied humidified
gases was determined by their dew point. After passing the cell, these gases were
conducted through a small tube into an in house-made measurement system for the
dew point. In this system, the gases were first heated in a stainless steel tube with
the shape of a spiral. This spiral was immersed into a water bath with a temperature
of 85 ◦C. Afterwards, the heated gases were conducted through a glas bottle, which
was immersed into the same water bath as the steel spiral. In this glas bottle a tempe-
rature and humidity probe (HMP-77,Vaisala) was implemented, which measured the
dew point of the gases. Within the measurement precision (≈ ±1 ◦C), the dew point
equaled the temperature of the membrane humidifiers. Using Antoine’s equation (eq.
4.2.3), the temperatures of the membrane humidifiers was correlated with the partial
pressure of the saturated water vapor. The ratio of this partial pressure of water va-
por to that of saturated water vapor at the cell temperature was taken as the relative
humidity.

In this setup, the electrochemical conversion of hydrogen cross-permeation through
the membrane caused a proton flux in the opposing direction. This proton flux led to
an electro-osmotic water drag [117, 118]. Thereby, diluted hydrogen in the aqueous
phase of the membrane was possibly also transported through the membrane sam-
ple. Thus, the permeation of water and protons possibly influenced the hydrogen
cross-permeation through the membrane by convection. By measuring the fully hy-
drated Nafion R© samples, this effect could not be observed, since setup C and setup D
yielded equal permeabilities with respect to the measurement precision (Figure 6.1.2).
However, the influence of the electro-osmotic water drag in setup C might influence
the hydrogen diffusion at lower hydration levels and thus possibly enlarge the mea-
surement error.

14.3.3 Cell for the measurement of the dry PEMs

To measure the permeability of the dry membrane samples, setup E was used (Fi-
gure 4.2.1E), where two cells were connected in series. In the first cell, hydrogen was
purged with a flow rate of 3 ml/min along one side of the membrane. At the other
side nitrogen was purged with a flow rate of 3 ml/min. The hydrogen permeating
through the membrane was carried with the nitrogen flux to the second cell, where
it was electrochemically converted. In this second cell, the nitrogen and hydrogen
mixture was purged through the porous working electrode, which was fabricated
as discussed above (Section 14.1). This working electrode was immersed into a 1 M
H2SO4 electrolyte, where the counter electrode was a platinum mesh. The hydrogen
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Figure14.3.1:Voltage-currentcharacteristicofsetupC(Fig.4.2.1C)withaNafionR

N177sampleat55◦C.Pressuresofeither2barhydrogenor2baroxy-
genwereappliedatthegasinletofthecell. Whenthehydrogenper-
meationthroughthesamplewasmeasured,theworkingelectrodewas
employedastheanode(+).Inthiscase,thevoltageandcurrentwere
definedaspositive.Voltageandcurrentweredefinedasnegativefor
thecathodicoperationoftheworkingelectrode(-),whichwasusedto
reducetheoxygencomingthroughthesample.Thevoltagesatwhich
thesaturationcurrentdensitieswerereachedareshadedgrayish.

attheworkingelectrodewaselectrochemicallyconvertedandevolvedatthecounter

electrode.Inthecell,thecounterelectrodeisarrangedabovetheworkingelectrode,

sothatthehydrogenbubblesevolvedatthecounterelectroderiseupwardsinthe

electrolyteanddonotcomeincontactwiththeworkingelectrode.Additionally,the

electrolyteofthecellwaspurgedwithnitrogentoreducetheconcentrationofhydro-

genintheelectrolyte,tomitigateitsdiffusionfromthecounterelectrodetoworking

electrode.Inthecaseofoxygen,themeasurementwereconductedusingtheequal

procedure.

14.3.4Saturationcurrentdensity

Byinitiallyapplyingaconstantvoltagetobothelectrodesintheemployedsetups

atime-dependentcurrentresulted.Thistime-dependencewascausedtocapacitive

doublelayersattheelectrodesanddissolvedgasesintheelectrolyte.Afterlessthan

10min,thesecapacitivecurrentswerenegligibleastheelectrochemicalcapacitorthat

consistsoftheworkingelectrodeandcounterelectrodewascharged.Therewith,a

currentplateauwasreached.Thiscurrentcorrespondedtotheelectrochemicalcon-

versionofthegaswhichinstantaneouslypermeatedthroughthemembrane.Dueto

kineticandohmiclosses,overvoltagesmustbespentinordertodrivetheelectro-

chemicalreactionsattheelectrodes.

Toevaluatewhetherallofthehydrogenoroxygenthatpermeatedthroughthesam-
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ple was electrochemically converted, the voltage-current characteristics between the
working electrode and counter electrode were considered. The current increased with
the applied voltage until all of the hydrogen or oxygen at the working electrode was
electrochemically converted. In this case, the diffusion limitation led to the saturation
of the electrochemical current, as shown in Figure 14.3.1. In the acid regime, smaller
overpotentials are required for the electrochemical oxidation of hydrogen than that
for the reduction of oxygen [229]. Thus, the saturation current density for hydrogen
was reached at a smaller voltage of 0.4 V between the working electrode and counter
electrode than that for oxygen at -1.25 V.

To avoid corrosion of the carbon support at the working electrode during its ano-
dic operation for the oxidation of hydrogen, the applied voltage was limited to 0.8 V.
To measure oxygen permeation, the platinum mesh was used as the anode so that
the applied voltage was only limited by the decomposition voltage of the employed
electrolyte. In order to examine whether all of the oxygen permeating through the
membrane was reduced at the working electrode without parasitic contributions cau-
sed by the electrochemical decomposition of water, the measurements of the oxygen
cross-permeation for applied voltages of -1.3 V, -1.35 V, and -1.4 V were compared. In
the case of equal measured currents over the entire temperature range for all these
different voltages, all of the oxygen at the working electrode was reduced and the sa-
turation current density was reached. When the saturation current density is not rea-
ched, the temperature dependence of the overvoltages of the electrochemical reaction
would lead to different currents as a function of temperature and voltage. When wa-
ter is electrolyzed during the measurements in measurable amount, higher currents
at -1.4 V than at -1.3 V had result. Thus, the equality of the measurements also ensures
a negligible influence of the electrochemical decomposition of the electrolyte on the
current measured.

14.4 Resistor network modeling

The supporting information to Chapter 7.1 provided in the following includes the si-
mulated oxygen permeabilities for fully hydrated Nafion R©, the computer code to ge-
nerate the calculation domain which reproduces the microscopic structure of Nafion R©

and which runs the diffusion simulations on this domain.

14.4.1 Simulated oxygen permeability of fully hydrated Nafion R©

In order to simulate the oxygen permeability of fully hydrated Nafion R©, the same
procedure as discussed for the hydrogen permeability was used. As a result of the
simulation of the hydrogen permeability, the set of parameters that described the per-
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meability as a function of the temperature and water content in the best way was
obtained for the case A (εap = 0.5 εw) and a softened solid phase. Based on these
findings, the simulations of oxygen were conducted only for the case A. Figure 14.4.1
shows the simulated permeability for a increased intermediate phase, so that the si-
mulated oxygen permeability was fitted to the measured oxygen permeability (fitting
procedure same as for hydrogen). In order to get an agreement of the simulated per-
meability and the measured permeability at 80 ◦C, an interfacial permeation factor of
Λ = 9.6 was used. In the case of Λ = 1, the simulated permeability of fully hydrated
Nafion R© at 80 ◦C is approximately by a factor of 0.60 smaller than the measured per-
meability.

Figure 14.4.2 shows the simulated oxygen permeability with the parameters of the
softened solid phase (Table 14.4.1). In the total temperature range, the simulated oxy-
gen permeabilities match the measured oxygen permeabilities using this approach.
Moreover, Figure 14.4.2 also shows the oxygen permeabilities of the softened solid
phase for case A. At 80 ◦C and for case A, the permeability of the softened solid phase
was approximately 2.4 times larger than that of dry Nafion R©. The ratio of the softe-
ned permeability to the measured permeability equals approximately 0.55 in case A.
In the case of dry Nafion R©, the ratio of εdN to εwN equals approximately 0.13.

In the case of the hydrogen permeability of Nafion R©, the deviation from the Boltz-
mann distribution were elucidated. In the case of the measured oxygen permeability
of fully hydrated Nafion R©, the trends of the deviation factors were not reproducible,
since the measurement precision for oxygen compared to that of hydrogen is smal-
ler (caused by the larger overpotentials for its electrochemical conversion [1st-part]).
Hence, the precise measurement resolution of hydrogen below 2 % could not be achie-
ved for the measured oxygen permeability. In addition, the deviations from linearity
of the measurements of polytetrafluoroethylene (PTFE) and dry Nafion R© [1st-part]
were also not reproducible, since the hydrogen and oxygen permeabilities of these
materials were at least fivefold smaller than that of fully hydrated Nafion R©. Thus,
the current measured was smaller, which made the measurement more sensitive to
measurement errors and noise and led to a larger deviation than the 2 %.
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Figure 14.4.1: Oxygen permeabilities in a modified Arrhenius plot (logarithmic scale
of ε vs. 1/T) for the case of an increased permeability of the interme-
diate phase. Black: Mean of the measured permeability of fully hydra-
ted Nafion R©. Dark green: Mean of the measured permeability of dry
Nafion R©. Red: Case A (εap = 0.5 εw). Open circles with dotted lines:
Simulated permeabilities for Λ = 1. Crosses: Simulated permeability
for case A with Λ = 9.6.

Figure 14.4.2: Oxygen permeabilities in a modified Arrhenius plot for the case of an
increased permeability of the solid phase. Dotted red line: Permeability
of the softened solid phase for case A (parameters stated in Table 14.4.1).
Red stars: Simulated permeability for case A. Color code of the other
lines equal that in Figure 14.4.1.

14.4.2 Codes

In the following the computer code used to simulate the permeability are presented.
The code to model the microscopic structure of Nafion R© and to simulate the per-
meability looked as followed, as exemplified for case B (εap = 0.8 εw). Besides an
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Table 14.4.1: Prefactors and activation energies of the oxygen permeability that des-
cribe the softened solid phase of humidified Nafion R© for case A. This
enlarged permeability is the solution for the fit in Figure 14.4.2.

ε0 (10−7 mol cm−1 s−1 bar−1) Eε (10−20 J)
case A 7.57 4.25

installation of Python, the only required external packages are OpenPNM, SciPy and
noise, as described in Section 7.1.

import sc ipy as sp
import OpenPNM as op

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
’ ’ ’ Define Functions f o r Assigning Permeation R e s i s t a n c e s ’ ’ ’
# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

def boltzman ( physics , Ao, Ea , temperature= ’ pore . temperature ’ , ∗∗kwargs ) :
T = physics [ temperature ]
p = Ao∗sp . exp(−Ea/( sp . c ons ta nt s . k∗T ) )
re turn p

def power ( physics , A, B , C, D, E , F , temperature= ’ pore . temperature ’ , ∗∗
kwargs ) :
T = physics [ temperature ]
p = F∗ (A + B∗1000/T + C∗sp . power(1000/T , 2 ) + D∗sp . power(1000/T , 3 ) + E∗

sp . power(1000/T , 4 ) )
re turn p

def p e r l i n _ n o i s e ( geometry , f r e q =1 , octaves =4 , mode= ’ c l a s s i c ’ , ∗∗kwargs ) :
from noise import pnoise3 , snoise3
import sc ipy . s t a t s as s p s t

net = geometry . _net
i f mode == ’ c l a s s i c ’ :

model = pnoise3
e l i f mode == ’ simplex ’ :

model = snoise3
f r e q = f r e q ∗ octaves
x = net . _shape [ 0 ]
y = net . _shape [ 1 ]
z = net . _shape [ 2 ]
temp = sp . ndarray ( ( x , y , z ) )
f o r k in range ( z ) :

f o r j in range ( y ) :
f o r i in range ( x ) :

temp [ i , j , k ] = model ( i /freq , j /freq , k/freq , octaves ) +
0 . 5
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# Assuming t h a t the noise i s normally d i s t r i b u t e d , f ind seeds of t h a t
d i s t
temp = sp . reshape ( temp , ( temp . s ize , ) )
x_mean = sp . mean ( temp )
x_sigma = sp . s q r t ( 1 / ( temp . s ize −1)∗sp . sum ( ( temp − x_mean ) ∗∗ 2) )
fn1 = s ps t . norm ( l o c =x_mean , s c a l e =x_sigma )
values = fn1 . cdf ( temp )
values = values [ geometry . map_pores ( t a r g e t =net , pores=geometry . Ps ) ]
re turn values . f l a t t e n ( )

def continuum_conductance ( network , phase , physics , conduct iv i ty , ∗∗kwargs )
:
Psigma = phase [ ’ pore . ’+conduct iv i ty . s p l i t ( ’ . ’ ) [−1]]
P12 = network [ ’ t h r o a t . conns ’ ]
Plen = network [ ’ pore . diameter ’ ] [ P12 ]/2
Parea = network [ ’ pore . area ’ ] [ P12 ]
gP12 = Psigma [ P12 ] ∗Parea/Plen
g_conduit = (1/ gP12 [ : , 0 ] + 1/gP12 [ : , 1 ] ) ∗∗ (−1)
values = g_conduit [ phase . t h r o a t s ( physics . name) ]
re turn values

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
’ ’ ’ Se t Up C a l c u l a t i o n Domain ’ ’ ’
# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Lc = 2 . 1 # s e t the l a t t i c e constant of the network in Angstroem
h i _ f r a c = 0 . 5 6 # s e t the proport ion of the high phase

# s e t the dimensions of the network in voxels
x=200
y=200
z=200

# c o n s t r u c t the network
pn = op . Network . Cubic ( shape =[y , x , z ] , spacing=Lc )
geom = op . Geometry . GenericGeometry ( network=pn )
geom . s e t _ l o c a t i o n s ( pores=pn . Ps , t h r o a t s =pn . Ts )

# ass ign random number to the network using the simplex noise algorithm
geom . models . add ( propname= ’ pore . seed ’ ,

model=per l i n_no ise ,
mode= ’ simplex ’ ,
f r e q =5 ,
octaves =4)

# use thresholding to ass ign the phases to the c a l c u l a t i o n domain
geom[ ’ pore . hydrophobic ’ ] = geom[ ’ pore . seed ’ ] > h i _ f r a c
geom[ ’ pore . i n t e r f a c e ’ ] = F a l s e
Ps = pn . f ind_neighbor_pores ( pores=pn . pores ( ’ hydrophobic ’ ) ,
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mode= ’ union ’ ,
e x c l _ s e l f =True )

geom[ ’ pore . i n t e r f a c e ’ ] [ Ps ] = True
geom[ ’ pore . hydrophi l i c ’ ] = F a l s e
Ps = pn . pores ( [ ’ hydrophobic ’ , ’ i n t e r f a c e ’ ] , mode= ’ not ’ )
geom[ ’ pore . hydrophi l i c ’ ] [ Ps ] = True

# s e t the dimensions of the indiv idua l voxels to cubic depending on Lc
geom[ ’ pore . area ’ ] = Lc∗∗2
geom[ ’ pore . diameter ’ ] = Lc
geom[ ’ pore . length ’ ] = Lc
geom[ ’ t h r o a t . area ’ ] = Lc∗∗2
geom[ ’ t h r o a t . diameter ’ ] = Lc

ionomer = op . Phases . GenericPhase ( network=pn , name= ’ naf ion ’ )

# ass ign permation r e s i s t a n c e s to the s o l i d phase
phys_ho = op . Physics . GenericPhysics ( network=pn , phase=ionomer )
Ps_ho = geom . pores ( ’ hydrophobic ’ )
phys_ho . s e t _ l o c a t i o n s ( pores=Ps_ho )
phys_ho . models . add ( propname= ’ pore . perm ’ ,

model=boltzman ,
Ea = 6 .2 3 7 e−20,
Ao = 3 . 7 8 1 e−6)

# ass ign permation r e s i s t a n c e s to the aqueous phase
phys_hi = op . Physics . GenericPhysics ( network=pn , phase=ionomer )
Ps_hi = geom . pores ( ’ hydrophi l i c ’ )
phys_hi . s e t _ l o c a t i o n s ( pores=Ps_hi )
phys_hi . models . add ( propname= ’ pore . perm ’ ,

model=power ,
A = 2 . 61 5E−8,
B = −2.95649E−8,
C = 1 .26657E−8,
D = −2.42863E−9,
E = 1 .75525E−10,
F = 0 . 8 )

# ass ign permation r e s i s t a n c e s to the intermedia te phase
phys_int = op . Physics . GenericPhysics ( network=pn , phase=ionomer )
Ps_ i n t = geom . pores ( ’ i n t e r f a c e ’ )
phys_int . s e t _ l o c a t i o n s ( pores=Ps _ i n t )
phys_int . models . add ( propname= ’ pore . perm ’ ,

model=power ,
A = 2 . 61 5E−8,
B = −2.95649E−8,
C = 1 .26657E−8,
D = −2.42863E−9,
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E = 1.75525E−10,
F = 0 . 8 )

phys_al l = op . Physics . GenericPhysics ( network=pn , phase=ionomer )
phys_al l . s e t _ l o c a t i o n s ( t h r o a t s =pn . Ts )
phys_al l . models . add ( propname= ’ t h r o a t . d i f fus ive_conductance ’ ,

model=continuum_conductance ,
con duct iv i t y= ’ pore . perm ’ )

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
’ ’ ’ Begin Simulat ions ’ ’ ’
# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
# i n i t i a l i z e the algorithm o b j e c t
DiffAlg = op . Algorithms . F i c k i a n D i f f u s i o n ( network=pn , phase=ionomer )
moleflux = [ ]

ionomer [ ’ pore . temperature ’ ] = 353
f o r phys in [ phys_hi , phys_ho , phys_int ] :

phys . regenera te ( )
phys_al l . regenera te ( )

# apply D i r i c h l e t boundary condi t ions to the i n l e t (5 bar ) and o u t l e t ( 0 . 1
bar ) s ide

DiffAlg . set_boundary_condit ions ( pores=pn . pores ( ’ l e f t ’ ) ,
bcvalue = [ 5 ] ,
bctype= ’ D i r i c h l e t ’ ,
mode= ’ overwrite ’ )

DiffAlg . set_boundary_condit ions ( pores=pn . pores ( ’ r i g h t ’ ) ,
bcvalue = [ 0 . 1 ] ,
bctype= ’ D i r i c h l e t ’ ,
mode= ’ merge ’ )

DiffAlg . run ( )
moleflux . append ( DiffAlg . r a t e ( pn . pores ( ’ r i g h t ’ ) ) )

# c a l c u l a t e the permeabi l i ty through the c a l c u l a t i o n domain
eps = sp . array ( moleflux ) ∗x /((5−0.1) ∗ ( Lc∗y∗z ) )

14.5 Relation of adiabatic compression to isothermal
compression

This part is based on a previously published study [45]. In the following, the thermodynamical adia-
batic or isentropic work and efficiency of mechanical compression techniques will be related to those
of isothermal compression processes. The calculations are exemplified for an adiabatic process, while
all the equations are also valid for isentropic processes. The pressure and temperature of an isothermal
process which leads to the same mole density as that of an adiabatic process are denoted as pfin,iso

and Tiso. The final state of the adiabatic process is described by pf,ad and Tf,ad, while the initial state is
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described by pini,ad and Tini,ad. Based on the ideal gas law (eq. 2.5.1), these pressures and temperatures
can be correlated to one another for a gas with the same mole density at different temperatures:

pfin,iso

pfin,ad
=

Tiso

Tfin,ad
(14.5.1)

By inserting the latter equation into the equation that characterizes the temperature increase during
an adiabatic process (eq. 2.5.8), the final pressure of the adiabatic compression can be expressed as a
function of the initial temperature Ti,ad of the adiabatic process and a pressure pf,iso and temperature
Tiso of an isothermal process, which leads to the same molar density:

pf,ad =

(
Tini,ad

Tiso
pfin,iso (pini,ad)

1−γ
γ

)γ

(14.5.2)

Thus, the required pressure of an adiabatic process to achieve a defined mole density can be depicted
as a function of the temperature and pressure of an isothermal process. By combing equation 14.5.2 and
equation 2.5.10, the work of the adiabatic compression is expressed as a function of the final isothermal
pressure:

Wad(pf,iso) = −
5
2

nRTini,ad

(Tγ
ini,ad pγ

fin,iso p−γ
ini,ad

Tγ
iso

) γ−1
γ

− 1

 (14.5.3)

To reduce the temperature increase during an adiabatic compression, various stages for compression
can be applied. In between these stages the compressed gas can be cooled. The total work required for
those stages is additive

Wad,t = ∑
j

Wad
j

ηad
j

, (14.5.4)

where Wad
j denotes the thermodynamic adiabatic work (eq 14.5.3) and ηad

j the mechanical efficiency of
the j-th adiabatic compression stage. The ratio of the work for isothermal compression (eq. 2.5.4) that
of the adiabatic compression (eq. 14.5.4) relates the efficiency of an idealized adiabatic process to an
idealized isothermal compression, which is defined as ηiso

comp:

ηiso
comp =

Wiso(Tiso)

Wad,t(Tini,ad)
(14.5.5)

In the following, the isothermal compressor efficiency ηiso
comp will be determined for an idealized four

stage adiabatic compression with cooling to 30 ◦C at 3, 10 and 30 bar absolute pressures in between the
stages. This example represents a mechanical compressor, which does not allow heat exchange during
the compression. During real mechanical compression, the temperature increase of the gas is due to
the heat exchange with the environment smaller. The approximation of an idealized gas holds valid for
the temperatures during the process (eq 2.5.8 and 14.5.2), while the deviations in the adiabatic index of
γ = 1.4 due to pressure and temperature enhancement are negligible [126]. Figure 14.5.1 illustrates the
work and isothermal efficiency as a function of pressure. The assumed four stage mechanical compres-
sion has thermodynamically approximately 80 % (92 %) of the isothermal efficiency at 30 ◦C (80 ◦C) in
the considered pressure range. Figure 10.3.2 showed, that with respect to a final hydrogen pressure
of 30 bar at 80 ◦C, pressurized electrolysis is less efficient compared to electrolysis under atmospheric
pressure with subsequent compression, when an isothermal compressor efficiency of 40 % at 30 ◦C can
be achieved. This isothermal compressor efficiency corresponds to adiabatic compressor efficiencies of
50 % for each of the assumed stage (ηiso

comp = 50 %× 80 % = 40 %). Because mechanical compression
processes are isentropic (γ < 1.4), the adiabatic index was assumed to be higher than in real systems.
Thus, the subsequent compression is from a thermodynamical point of view typically more efficiency
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Figure14.5.1:Leftscale:Requiredthermodynamicworkforanidealizedisothermal
compression(at30◦Cand80◦C)andandadiabaticoneandfourstage
compression(initialtemperatureateachstage:30◦C).Rightscale:Ther-
modynamicefficiency(eq14.5.5)ofidealized4stageadiabaticcompres-
sioncomparedtoidealizedisothermalcompressionat30◦Cand80◦C
referringtoequation14.5.5.

thanassumedhere.

14.6Setuptomitigatehydrogencrossover

Allmeasurementswereconductedundercontrolledcurrent(galvanostatic)atacelltemperatureof

85◦C.ForthehydrogenpumpconfigurationinFigure11.1.1B,aBiologicHCP-1005potentiostatwas

usedtoconnecttheadditionalelectrodewiththecathode.Inordertoconnecttheadditionalelectrode

totheanodeforthelocalfuelcellconfiguration(Fig11.1.1C),acurrentcontrolledelectricload(Höckerl

andHacklGmbH,ZSElectronicLoad)wasused.Theanodichydrogencontentwasmeasuredasdes-

cribedinSection4.4.APTFEgasketsealedtheanodeandasiliconegasketwasusedforthecathode

sealing.Individualwatercirculationloopsfedtheanodeandthecathodewithwater,respectively.

Themembraneelectrodeassemblywiththeadditionalelectrodewaspreparedasdescribedinthe

following.OneNafionN1135membranewascoatedwithtwoplatinum-basedcatalystlayersoneach

side.AnotherNafionN1135membranewascoatedwithaplatinumcatalystlayerononesideandan

iridiumoxidecatalystlayerontheother.ThetwoN1135membraneswerelayeredontopofeachother,

sothattheiridiumoxidecatalystlayerfaceupwards.Betweenthemembranesanexpandedtitanium

meshof50µmthickness(Dexmet)wasimmersed,whichservedasanelectricalcontactforthecatalyst

layersbetweenthemembranes.Byhot-pressingat145◦C,bothmembranesandthetitaniummesh

weremeltedtogether.Thetitaniummeshwaslargerthanthemembraneelectrodeassembly.Theun-

coveredpartofthismeshwaselectricallycontactedbycrocodileclips.
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Nomenclature

Roman Letters
a Activity, dimensionless
A Area, cm2

C Cunningham correction factor, dimensionless
c Concentration, mol l−1

C Capacity, F
D Diffusion coefficient, cm2 s−1

D0 Prefactor diffusion coefficient, cm2 s−1

d Membrane thickness, µm
d∗ Mean diameter of water channels, Å
E Energy, J
EA Activation energy (general), J
ED Activation energy of the diffusion, J
Eε Activation energy of the permeability, J
Eι Activation energy of the viscosity , J
~E Electric field, V m−−1
f Reaction rate, mol s−1

~F Force, kg m s−2

F Faraday constant, 96485.3 C mol−1

F̃ Free energy,
G̃ Gibbs free energy, kJ mol−1

h Hydration shell factor, which representes the hydrogen concentration in the hydration shell of
the protons normalized to that in water, dimensionless

H̃ Enthalpy, kJ mol−1

∆HS Heat of solution, J
K K-value, which correlates the solubility of gases in electrolytic solutions to that of water, l mol−1

kB Boltzmann constant, 1.3806× 10−23 J K−1

I Current, A
j Current density, A cm−2

l Lenght, m
n Amount of substance, mol
nd Drag coefficient, dimensionless
p Pressure, bar
pgas Partial pressure of a gas, bar
P Power, W
Q Charge, C
q Charge normalized to elementary charge, dimensionless
r Radius, m
rh Relative humidity, percent
R Gas constant, 8.314 J mol−1 K−1

R Resistance, Ω
Rarea Area Resistance, Ω cm−2

R̂ Permeation resistance, s bar mol−1

S Solubility coefficient, mol bar−1 cm−3

S0 Prefactor solubility coefficient, mol bar−1 cm−3

192
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S1 Parameter for mole solubility, dimensionless
S2 Parameter for mole solubility, K
S3 Parameter for mole solubility, dimensionless
S̃ Entropy, kJ mol−1 K−1

t Time, s
t̃ Scattering time, s
T Temperature, K
U Voltage, V
U0 Amplitude, V
UΩ Ohmic drop at the membrane, V
UN Nernst Voltage, V
Ũ Internal energy, J mol−1
v Velocity, m s−1

V Volume, m3

W Work, J mol−1

Y Fraction of particles, dimensionless
z Amount of electrons, number
Z Impedance, Ω
Z′ Real part of the impedance, Ω
Z′′ Imaginary part of the impedance, Ω
ZW Warburg impedance element, Ω
Z̃ Compressibility factor, dimensionless

Greek Symbols
α Deviation factor, mol s−1 cm−1 bar−1

αn Normalization factor, mol s−1 cm−1 bar−1

β Geometry factor of diffusing molecules, m
γ Adiabatic index, dimensionless
Γ Production rate density, mol s−1 cm−2

ε Permeability, mol s−1 cm−1 bar−1

ε0 Prefactor permeability, mol s−1 cm−1 bar−1

εr Permittivity, dimensionless
ε̃0 Vacuum permittivity, A2 s4 kg−1 m−3

ζ Geometric restrictions factor, dimensionless
η Efficiency, dimensionless
ηU Voltage efficiency, dimensionless
ηC Current efficiency, dimensionless
η̃ Kinetic overpotential, V
θ contact angle, degrees
ι Viscosity, kg s−1 ms−1

ι0 Prefactor viscosity, kg s−1 m s−1

κ Conductivity, S cm−1

λ Water uptake per functional group, dimensionless
Λ Interfacial increase factor, dimensionless
µ Chemical potential, J
µ Mobility, s kg−1

µ̃ Electrical mobility, m2 V−1 s−1

ν Stoichiometric number, dimensionless
ξ Extent of reaction, dimensionless
ρ Mass density, kg l−1

ρ̂ Mole density, mol m−3
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σ Surface tension, N m−1

τ Tortuosity, dimensionless
ΥH2

Cathodic partial pressure increase factor, bar cm2 A−1

ΥO2
Anodic pressure increase factor, bar cm2 A−1

ϕ Potential, V
φ Volumetric water content, dimensionless
Φ Permeation flux density, mol s−1 cm−2

χ Mole fraction of the solubility, mol l−1

ω Angular frequency, Hz

Superscripts
a Anode
c Cathode
diff Diffusion
drag Delectro-osmotic water drag
i Property of the i-th specie
w Water
x In the x-direction

Subscripts
0 Standard ambient Temperature and pressure
3 Referring to the addional (third) electrode
4st Four stage adiabatic compression process
ad adiabatic
an Anode
ap Aqueous phase
cat Cathode
cell Cell
comp Compressor
cr Catalytic recombination
cross Cross-permeation
ct Charge transfer
dif Diffusion
dl Double Layer
dN Dry Nafion R©

dp Differential pressure
drag Electro-osmotic drag
D Drift
eff Effective
fin Final
fit Fitted function
gap Gap
geo Geometric
H2 Hydrogen
H+ Proton
HCl Hydrochloric acid
ini Initial
ideal Ideal
iso Isothermal
j Sum index
KCl Aqueous potassium chloride solution
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loss Loss
N Nafion R©

O2 Oxygen
pro Production
real Real
ref Reference
rev Reversible
sat Saturation
sp Solid phase
t Total
U Voltage
wN Fully hydrated (wet) Nafion R©

Abbreviations
AC Alternating current
CE Counter electrode
DC Direct current
HCl Hydrochloric acid
IrO2 Iridium oxide
KCl Aqueous potassium chloride solution
Pt/C Carbon supported platinum
PEM Polymer electrolyte membrane
PTFE Polytetrafluoroethylene
RE Reference electrode
WE Working electrode
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