ETH Library

Radiation-Grafted Polymer
Electrolyte Membranes for Water
Electrolysis
Doctoral Thesis
Author(s):
Albert, Albert
Publication date:
2017
Permanent link:
https://doi.org/10.3929/ethz-a-010818557
Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

Radiation-Grafted Polymer Electrolyte Membranes
for Water Electrolysis

Albert Albert
Diss. ETH No. 24058

2017

Cover image adapted from:
www.iwallhd.com/wallpaper/1024x1024/water-in-the-ball-free-ipad-hd-wallpaper.html

DISS. ETH NO. 24058

Radiation-Grafted Polymer Electrolyte Membranes for
Water Electrolysis

A thesis submitted to attain the degree of
DOCTOR OF SCIENCES of ETH ZURICH
(Dr. sc. ETH Zurich)
presented by
Albert Albert
M.Sc., Technische Universität München

born on 15.03.1988
citizen of Indonesia

accepted on the recommendation of
Prof. Dr. Thomas Justus Schmidt, examiner
Prof. Dr. Giuseppe Storti, co-examiner
Dr. Lorenz Gubler, co-examiner
2017

Soli Deo gloria

Acknowledgment
Science is systematic and logical. However, it is undeniable that human relations have a
great impact on the study of science. Therefore, I would like to express my gratitude to all
people I met during my PhD, who influenced me in many different ways.
I am grateful to my supervisors, Dr. Lorenz Gubler and Prof. Dr. Thomas J. Schmidt, for giving
me the opportunity to do my PhD in the Electrochemistry Laboratory at the Paul Scherrer
Institut. I learned a lot of things from them, and am thankful for all the help, input,
corrections, and support. Furthermore, I want to thank Prof. Dr. Giuseppe Storti for the
willingness to act as co-examiner for my thesis.
My thanks go to previous and the current members of Membranes and Electrochemical
Cells Group. To the previous members: Tom Engl, Yves Buchmüller, Kaewta Jetsrisuparb,
Jürg Thut, and Kira Buzdin, for helping me to know about the work, reality, and other things.
I also want to thank the current members in our group: Ugljesa Babic for helping with the insitu measurements, Fabio Oldenburg, Tomasz Rojek, Joanna Conder, Michelle Locher, Lukas
Bonorand, Dario Meier, and Veronique Sproll, for the nice lunch and coffee break time. My
thanks go to Olga Nibel for the fruitful discussions and friendship. Thanks also to all the
interns who spent time in our group during the past few years: Tim Lochner as my student,
Sophia Koch, who worked in the electrolyzer area, and Petra Hehet “Danger” (PHD) for the
nice friendship.
I also want to thank all the people outside the group, to the battery group and Leonie Vogt
for the interesting PhD lunch every Wednesday, Hai-Jung Peng as my nice neighbor and
jogging friend, Noemi Poyatos Salguero as my traveling friend in Switzerland, Stefanie
Eichler, who really likes Indonesia, Esther Tsai as my swimming and boxing friend, and to all
friends from the Church of MRII Bern, with them I had really great time and felt at home.
I would like to thank Cordelia Gloor for organizing all the administrative tasks, and Christian
Marmy for helping me to find things that I was looking for, and solving problems in the lab.

I am thankful to the other project partners, SINTEF, Fraunhofer ISE, AREVA H2Gen, CEA
Grenoble, Johnson Matthey, and Teer Coatings, for the fruitful cooperation in the European
Union project NOVEL, into which my PhD was integrated.
I also want to give my appreciations to many others who are not listed here for all little
helps with different things. A building is constructed of many small bricks, and a work is
finished with the help of many others.
Finally, I would like to express my deep gratitude to my family, Likijah Robinah, Liliana,
Jeffry, and Apri Eka Cillia, as they are always there for me, and keep supporting me in every
aspect of my life.
The research leading to these results has received funding from the European Union’s
Seventh Framework Programme (FP7/2007-2013) for the Fuel Cells and Hydrogen Joint
Technology Initiative under Grant Agreement 303484 (NOVEL project).

Declaration
The thesis “Radiation-Grafted Polymer Electrolyte Membranes for Water Electrolysis”
contains experimental results obtained during my PhD, which have been published or will
be published as journal articles. Therefore, similarities will be found between the thesis and
publications with me as the author.
Chapters Summary, Zusammenfassung, 1. Introduction, 2. Experimental, 7. Conclusions, and
8. Outlook contain combined parts of each publication, which has been or prepared to be
published (cf. List of publications).
Chapter 3. Evaluation of membrane properties is mainly from the first publication A. Albert,
A. O. Barnett, M. S. Thomassen, T. J. Schmidt, and L. Gubler, ACS Appl. Mater. Interfaces
2015, 7 (40), 222203-22212.
Chapter 4. Stability and degradation mechanisms is mainly from the second publication A.
Albert, T. Lochner, T. J. Schmidt, and L. Gubler, ACS Appl. Mater. Interfaces 2016, 8 (24),
15297-15306.
Chapter 5. Improving radiation-grafted membranes and 6. Water electrolyzer tests consist
of results, which are prepared for the publication A. Albert, U. Babic, T. J. Schmidt, and L.
Gubler, Manuscript in preparation.
I hereby declare that the thesis is my own original work carried out as a PhD student at Paul
Scherrer Institut and ETH Zürich. All other sources used for the thesis have been fully and
properly cited. The thesis has not been submitted for a degree to any other University or
Institution.
Date: 28 November 2016
Signature:

Albert Albert

Summary
Radiation-grafted membranes can be considered an alternative to commercial
perfluoroalkylsulfonic acid (PFSA) membranes, such as Nafion, in a polymer electrolyte
water electrolyzer. The advantage of radiation-grafted membrane is that its properties can
be readily modified by varying the composition and architecture of the graft copolymer. This
offers possibilities to adjust and obtain desired properties from the membrane for a certain
application, in this context as polymer electrolyte for water electrolysis.
In the first part of this work, radiation-grafted membranes based on styrene (St),
acrylonitrile (AN), and 1,3-diisopropenylbenzene (DiPB) monomers are cografted into
preirradiated 50 μm thick ethylene tetrafluoroethylene (ETFE) base film from DuPont (DP)
and Saint-Gobain (SG), followed by sulfonation to introduce proton exchange sites to the
obtained grafted films. The key properties of radiation-grafted membranes, such as gas
crossover, area resistance, and mechanical properties, are evaluated and compared to those
of Nafion membranes. The plot of hydrogen crossover versus area resistance of the
membranes results in a property map that indicates the target areas for membrane
development for electrolyzer applications. Tensile tests are performed to assess the
mechanical properties of the membranes. Finally, these three properties are combined to
establish a figure of merit, which indicates that obtained radiation-grafted membranes are
promising candidates with properties superior to those of Nafion membranes.
In the second part of this work, stability of the radiation-grafted membranes is investigated.
Stability is an important factor in view of the expected long lifetime of an electrolyzer
(40 000 h or more). α-methylstyrene (AMS) with protected α-position is introduced in
addition to St, and combined with AN and DiPB monomers to produce radiation-grafted
membranes. The stability and the degradation mechanisms of the membranes with these
different monomer combinations are investigated under an accelerated stress test (AST). To
mimic the conditions in an electrolyzer, in which the membrane is always in contact with
liquid water at elevated temperature, the membranes are immersed in water for 5 days at
90 °C, so-called thermal stress test (TST).

The stability increases along the sequence St/AN, St/AN/DiPB, AMS/AN, and AMS/AN/DiPB
grafted membrane. The use of AMS with the α-protected position and DiPB as the crosslinker improves the stability of the membranes. The degradation at the weak-link, i.e.
peroxide bonds in polymer chains, oxygen-induced degradation, and hydrothermal
degradation are proposed in addition to the “swelling-induced detachment” reported in the
literature. By mitigating the possible paths of degradation, the AMS/AN/DiPB grafted
membrane is shown to be the most stable membrane.
In the third part of this work, another nitrile containing monomer with α-protected position
is investigated to substitute AN, which does not have α-protected position. The monomer
2-methyleneglutaronitrile (MGN) has been found in this study to readily copolymerize with
AMS. The new radiation-grafted membranes containing MGN, namely AMS/MGN and
AMS/MGN/DiPB, are evaluated in similar manner to the first and second part of this work.
The obtained new membranes demonstrate improvement in the stability compared to the
previous membranes. In addition, the two nitrile groups of the MGN improve the gas barrier
properties of the membranes, so that thinner membranes based on the preirradiated 25 μm
ETFE base film can be utilized. For the same polymer, thinner membranes offer a lower
resistance than thicker membranes.
Finally, the radiation-grafted membranes are catalyst coated externally, tested in a water
electrolyzer, and compared to catalyst coated membranes (CCMs) made from Nafion
membranes. The results in the water electrolyzer show that the radiation-grafted
membranes have a better performance, lower resistance and lower hydrogen crossover
compared to the commercial membrane N117. By designing the membrane with αprotected monomer and cross-linker combinations, a radiation-grafted membrane with
properties superior to those Nafion membranes can be obtained. In addition, in terms of
stability optimized radiation-grafted membranes offer promising characteristics for long
term operation in an electrolysis cell.

Zusammenfassung
Strahlengepfropfte

Membranen

können

als

eine

Alternative

zu

kommerziellen

Perfluoralkylsulfonsäure (PFSA)-Membranen, wie z.B. Nafion, in einem Polymerelektrolyt
Wasser Elektrolyseur in Betracht gezogen werden. Der Vorteil von strahlengepfropften
Membranen besteht darin, dass ihre Eigenschaften durch Variieren der Zusammensetzung
und der Architektur des Pfropfcopolymers modifiziert werden können. Dies bietet die
Möglichkeit, die gewünschten Eigenschaften der Membranen für eine bestimmte
Anwendung, in diesem Zusammenhang als Polymerelektrolyt für den Wasserelektrolyseur
anzupassen und zu abzustimmen.
Im ersten Teil dieser Arbeit werden strahlengepfropften Membranen auf Basis von Styrol
(St), Acrylnitril (AN) und 1,3-Diisopropenylbenzol (DiPB) als Monomere auf vorbestrahlte
50 µm dicke Ethylen-Tetrafluorethylen (ETFE) Basisfilme von DuPont (DP) und Saint-Gobain
(SG) co-gepfropft, gefolgt von einer Sulfonierung, um Protonaustauschstellen in die
erhaltenen

gepfropften

strahlengepfropften

Filme

Membranen,

einzuführen.
wie

Die

wichtigsten

Gasdurchtritt,

Eigenschaften

Flächenwiderstand

und

der
die

mechanischen Eigenschaften werden ermittelt und verglichen mit denen von NafionMembranen. Die Darstellung von Wasserstoff-Durchtritt gegen den Flächenwiderstand der
Membranen führt zu einer Eigenschaftskarte, die die Zielbereiche der Membranentwicklung
für Elektrolyseur Anwendungen zeigt. Zugversuche werden durchgeführt, um die
mechanischen Eigenschaften der Membranen zu bestimmen. Schließlich werden diese drei
Eigenschaften kombiniert, um eine Gütezahl zu erhalten, die angibt, dass die erhaltenden
strahlengepfropften Membranen vielversprechende Materialien mit besseren Eigenschaften
als die von Nafion-Membranen sind.
Im zweiten Teil dieser Arbeit wird die Stabilität der strahlengepfropften Membranen
untersucht. Stabilität ist ein wichtiger Faktor im Hinblick auf die zu erwartende lange
Lebensdauer eines Elektrolyseurs (40 000 Std. oder mehr). α-Methylstyrol (AMS) mit
geschützter α-Position wird als weiteres Monomer neben St verwendet und mit AN und
DiPB Monomeren kombiniert, um strahlengepfropfte Membranen mit verbesserter
Stabilität herzustellen. Die Degradationsmechanismen der Membranen mit diesen

unterschiedlichen

Monomerkombinationen

werden

unter

der

Verwendung

eines

beschleunigten Stresstests (accelerated stress test, AST) untersucht. Um die Bedingungen in
einem Elektrolyseur, in welcher die Membran stets in Kontakt mit flüssigem Wasser bei
erhöhter Temperatur ist, nachzuempfinden, werden die Membranen für 5 Tage in Wasser
bei 90 °C eingetaucht. Dies stellt einen Wärmebelastungstest (thermal stress test, TST) dar.
Die Stabilität der Membranen erhöht sich entlang der Reihe St/AN, St/AN/DiPB, AMS/AN
und AMS/AN/DiPB also Pfropfmonomere. AMS mit der α-geschützten Position und DiPB als
Vernetzer verbessern die Stabilität der Membranen. Der Abbau an Schwachstellen in der
Pfropfkette, z.B. Peroxidbindungen, sauerstoffinduzierter Abbau und hydrothermaler Abbau
werden zusätzlich zu der in der Literatur angegebenen "quellinduzierten Ablösung" als
Alterungsmechanismen vorgeschlagen. Durch die Behinderung der möglichen Abbaupfade
erweist sich die AMS/AN/DiPB-gepfropfte Membran als die stabilste von den bis zu dem
Zeitpunkt untersuchten Membranen.
Im dritten Teil dieser Arbeit wird ein weiteres nitrilhaltiges Monomer mit geschützter
α-Position untersucht, um AN zu ersetzen, welches keine α-geschützte Position aufweist.
Das Monomer 2-Methylenglutaronitril (MGN) lässt sich, wie gezeigt werden kann, mit AMS
zu copolymerisieren. Diese neuen strahlengepfropften Membranen, die MGN enthalten,
nämlich AMS/MGN und AMS/MGN/DiPB, werden ähnlich wie in dem ersten und zweiten
Teil dieser Arbeit charakterisiert. Die MGN enthaltenden Membranen zeigen eine
Verbesserung der Stabilität gegenüber den bisherigen Membranen. Zusätzlich verbessern
die beiden Nitrilgruppen des MGN die Gasbarriereneigenschaften der Membranen, so dass
dünnere Membranen auf der Basis von vorbestrahlten 25 um ETFE-Basisfilmen hergestellt
werden können. Für ein als gegeben vorliegendes Polymer bieten dünnere Membranen
einen geringeren Widerstand als dickere Membranen.
Schließlich werden die strahlengepfropften Membranen extern mit Katalysator beschichtet
und in einem Wasser-Elektrolyseur zum Vergleich mit katalysatorbeschichteten Nafion
Membranen

getestet. Die Ergebnisse im Wasserelektrolyseur zeigen, dass die

strahlengepfropften Membranen eine bessere Leistung, geringeren Widerstand und
geringeren Wasserstoff-Durchtritt im Vergleich zu der kommerziellen Membrane N117
aufweisen. Durch das Versehen der Membran mit α-geschützten Monomer- und

Vernetzerkombinationen kann eine strahlengepfropfte Membran erhalten werden, deren
Eigenschaften besser als die von den gängigen Nafion-Membranen sind. Ferner bieten
optimierte strahlengepfropfte Membranen hinsichtlich der Stabilität vielversprechende
Eigenschaften für einen Langzeitbetrieb in einer Elektrolysezelle.
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1. Introduction
1.1. Hydrogen and renewable energy scenarios
Fossil fuels (oil, gas, coal) have been used as primary energy sources since the beginning of
industrialization.1 They are used for heating, electricity generation, transportation, etc. and
make up about 80% of the primary energy consumption at present.2-3 The energy is
obtained by burning fossil fuels. However, combustion of fossil fuels leads to the increase of
carbon dioxide (greenhouse gas) and air pollution, which cause climate change.4-6 In
addition, fossil fuels will be more and more energy and cost-intensive to exploit in the
future. All of these drive the search for alternatives.7-9
Renewable energy is an option for replacing fossil fuels, since it is an environmentally
friendly solution and its sources, such as water, wind, and solar energy, are abundant.10-11
Moreover, drastic decrease of renewable energy prices in the last few years and the
increase of societal concerns over greenhouse gas emissions, pollutants (e.g. NOx and
particulate matter), and climate change push the transition in energy supply from fossil fuels
towards renewable energy.12-13

Figure 1. Simulated electricity supply and demand (load) in Germany for a renewable
electricity scenario14
1
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However, the transition is still associated with a number of grand challenges.11 The
installation of large capacities of energy harvesting devices, such as photovoltaics, wind and
water turbines, is by itself a huge task. Large areas of land need to be devoted to electricity
generation using photovoltaics and wind turbines, although co-use is possible (solar panels
on the rooftop, wind turbines in an agricultural field).15
Another main challenge is to find suitable means for energy storage due to the intermittent
nature of these primary energies (Figure 1).14,

16

If more electricity is produced than is

required, excess energy can be stored. If electricity generation is less than the demand, the
balance of energy needs to be supplied from the storage. Therefore, energy storage systems
to fulfill this dynamic operation condition are required, and they should have at the same
time large capacities to store energy for the medium to long term.17 Table 1 shows a range
of available energy storage technologies.
Hydrogen is a potential energy vector or carrier in this context, since it offers the prospect
of large storage capacities (terawatt hour range) for weeks or months (power-to-gas
concept), which also allows for highly efficient reconversion to electricity in
hydrogen−oxygen fuel cells.18-20 One approach to produce hydrogen from the excess
electricity obtained from renewable energy is the electrochemical splitting of water, i.e.,
electrolysis.21 Figure 2 shows a schematic diagram of hydrogen as energy vector.
Table 1. Energy storage technologies
Type of energy
Electrical

Mechanical
Thermal

Chemical

Storage
Super-capacitor
Superconductive magnetic coil
Flywheels
Compressed air
Pumped hydro power
Thermoelectric storage
Lead-acid battery
Lithium-ion battery
High temperature battery
Flow battery
Hydrogen
Methane

Storage duration
Minutes to hours
Minutes to hours
Minutes to hours
Hours to days
Hours to days
Hours to days
Hours to days
Hours to days
Hours to days
Hours to days
Days to months
Days to months

2
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Figure 2. Schematic diagram of hydrogen as energy vector22

1.2. Water electrolysis
A water electrolyzer is a device to produce hydrogen by splitting water electrochemically
using electrical energy.21,

23-24

There are three common types of water electrolyzers:

alkaline, polymer electrolyte, and solid oxide water electrolyzer.21, 25-26 Table 2 shows the
different types of water electrolyzer. The alkaline electrolyzer is a mature technology, but
the limitation in current density and the gas crossover through the liquid electrolyte are the
main drawback for this type of electrolyzer.24-25 The solid oxide electrolysis cell (SOEC) is still
Table 2. Types of water electrolyzer25
Cell type
Temperature
Alkaline
50-100 °C
PEWE
20-100 °C
SOEC
500-1000 °C

Anode
Catalyst
2 OH- → 0.5 O2 + H2O + 2 eNi-Co-Fe
H2O → 0.5 O2 + 2 H+ + 2 eIr(Ru)O2
O2- → 0.5 O2 + 2 eLa0.9Sr0.1MnO3 (LSM)

Cathode
Catalyst
2 H2O + 2 e- → H2 + 2 OHNi
2 H+ + 2 e- → H2
Pt
H2O + 2 e- → H2 + O2Ni-cermet

Ionic species
Electrolyte
OHBase (aq)
H+
Membrane
O2Oxide ceramic
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in the early stage of research and development.27-28 It requires high temperature materials
and the cell has limited long-term stability.25 In addition, the SOEC is not necessarily the best
devices for intermittent operation due to the lack of thermal and redox cyclability.29 The
polymer electrolyte water electrolyzer (PEWE) is a fairly mature technology yet with room
for improvement in various areas, such as catalyst reduction/substitution, membrane
improvement (to be discussed in section 1.6.), and low-cost and corrosion-resistant current
collectors and separator plates.26, 30 The advantage of the PEWE is that it can operate at
much higher current densities, capable of achieving values above 2 A/cm2, at a higher
differential pressure range for electrochemical compression up to 700 bar, and it has large
dynamic range for intermittent power applications.12, 26, 31
In the development of water electrolyzers, higher temperature and high differential
pressure operating conditions are favored. At higher temperature, less electricity is required
for the water electrolysis reaction, because more of the energy is supplied as heat.32 High
differential pressure is desired, because of the practicability to store the produced hydrogen
in pressurized vessels, and the external mechanical hydrogen compressor can be down-sized
or eliminated.33
This work focuses on the membrane development for PEWE. Figure 3 shows the schematic
diagram of a PEWE.

0.5 O2

H2
Current distributor:
Titanium (a)
Carbon (c)

Cathode (c)

H+

Membrane:
N115
N117

+
Anode (a)
Electrode:
IrRu oxide (a)
Pt black (c)

Bipolar plate:
Titanium (a)
Carbon (c)
H2O

Figure 3. Schematic diagram of a polymer electrolyte water electrolyzer
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1.3. Fundamentals of water electrolysis
The overall reaction of water electrolysis can be expressed as follows:
H2O (l)

→

H2

(g)

+ 0.5 O2 (g)

According to thermodynamics, the total energy needed for water electrolysis, namely the
reaction enthalpy, ΔH, is:
Δ𝐻 = Δ𝐺
⏟ + 𝑇Δ𝑆
⏟
𝑒𝑙𝑒𝑐.

(1)

ℎ𝑒𝑎𝑡

where ΔG is the Gibbs free energy of the reaction (J/mol), T is the temperature at which the
reaction takes place (K), and ΔS is the change in entropy of the system (J/mol K).

1.3.1. Standard condition
For the water splitting reaction under standard conditions (298 K, 1 bar), ΔH is
285.8 kJ/mol, ΔG is 237.2 kJ/mol, and ΔS is 163 J/mol K, therefore TΔS is 48.6 kJ/mol.
Assuming that the entropic heat (TΔS = 48.6 kJ/mol) is supplied to the reaction through an
external heat source, ΔG represents the minimum amount of electrical energy required to
perform the water electrolysis reaction. The cell potential at this minimum electrical energy,
the so called reversible cell potential, can be calculated as follows:
𝜊
𝑈𝑟𝑒𝑣

Δ𝐺 𝜊
= −
= − 1.23 𝑉
𝑧𝐹

(2)

where z is the number of transferred electrons in the reaction, and F is the Faraday
constant, which is the number of coulombs per mole of electrons: F = 96 485 C/mol.
In contrast, if the entropic energy (TΔS = 48.6 kJ/mol) is not supplied by an external heat
source, it must be delivered by the electrical energy in addition to ΔG for the reaction to
take place. More electrical energy will be required, and a higher cell potential is obtained.
This cell potential is called the thermoneutral voltage and can be calculated as follows:

5
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𝜊
𝑈𝑡ℎ

Δ𝐻 𝜊
= −
= − 1.48 𝑉
𝑧𝐹

(3)

1.3.2. Kinetics and efficiency
In reality, the observed cell potential is a combination of the reversible cell potential and
overpotentials or voltage losses:
𝑈𝑐𝑒𝑙𝑙 = 𝑈𝑟𝑒𝑣 + 𝜂𝑎𝑐𝑡 + 𝜂𝑜ℎ𝑚 + 𝜂𝑐𝑜𝑛𝑐

(4)

ηact is the activation overpotential at the anode and cathode, ηohm is the ohmic
overpotential or loss, and ηconc is the concentration overpotential due to mass transport
limitations.
Figure 4 shows the schematic diagram of the overpotentials or the voltage loss breakdown
of a polymer electrolyte water electrolyzer (normally, cell voltage and overpotentials are
plotted as a positive number).
Finally, the total required electrical energy (J/mol or W s/mol) in a practical electrolyzer can
be calculated as follows:
3.0

Cell voltage (V)

2.7
2.4
l

ia
tent

po
Cell

2.1

ic
Ohm

loss

es

1.8
Anode activation losses
1.5
Mass transport losses
1.2
0.9
0.0

Reversible voltage
0.5

1.0

Cathode activation losses
1.5

2.0

2.5

3.0

2

Current density (A/cm )

Figure 4. Schematic diagram of the overpotentials or voltage losses breakdown of a polymer
electrolyte water electrolyzer
6

1. Introduction
𝐸 = − 𝑧 𝐹 𝑈𝑐𝑒𝑙𝑙

(5)

The higher the cell potential, the more electrical energy is required to produce a given
amount of H2 (and O2) per unit time.
The efficiency of the water electrolyzer is the theoretical total energy divided by the
effective required energy.
𝜀=

Δ𝐻 𝜊
𝐸

(6)

1.3.3. Temperature and pressure dependence
According to equation 1 and 5, the higher the temperature, the higher the thermal energy
(heat) required, and the lower is the required theoretical electrical energy.
Δ𝐺
⏟ = Δ𝐻 − 𝑇Δ𝑆
⏟ = −𝑧 𝐹 𝑈𝑟𝑒𝑣
𝑒𝑙𝑒𝑐.

(7)

ℎ𝑒𝑎𝑡

Figure 5 shows the influence of the temperature in the water electrolyzer at 1 bar on the
thermodynamic quantities.

Figure 5. Temperature dependence of the total energy demand (enthalpy of reaction ΔH)
for the electrolysis of water with its electrical (ΔG) and thermal fraction (TΔS)34
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From equation 7, the temperature dependence of the reversible cell potential can be
derived as follows:
𝜕𝑈𝑟𝑒𝑣
∆𝑆
(
)=
>0
𝜕𝑇
𝑧𝐹

(8)

Under the assumption of a constant reaction entropy, the integral of equation 8 yields:
𝑈𝑟𝑒𝑣,2 = 𝑈𝑟𝑒𝑣,1 + (𝑇2 − 𝑇1 )

∆𝑆
𝑧𝐹

(9)

At a higher temperature (T2 > T1), the reversible cell potential decreases (|U rev,2| < |U rev,1|).
[Note: Urev < 0, it is just plotted as a positive number for convenience]. Therefore, higher
operational

temperature

is

desired

in

order

to

supply

the

thermal

energy

(TΔS0 = 48.6 kJ/mol) directly, and use less electrical energy.
The effect of the pressure in the water electrolyzer on the thermodynamic cell potential can
be calculated by the Nernst equation:

𝑈𝑐𝑒𝑙𝑙,2 = 𝑈𝑐𝑒𝑙𝑙,1 −

𝑅 𝑇 𝑎𝐻2 ∙ √𝑎𝑂2
ln
𝑧𝐹
𝑎𝐻2 𝑂

(10)

where aH2O is the activity of water, aH2O(l) = 1, agas is the activity of the gas, which in the case
of an ideal gas is defined as agas = pgas/p, where p is the standard pressure 1 bar.
According to equation 10, additional voltage will be required from a thermodynamic point
of view when the pressure increases. For example, at 80 °C and 100 bar, 105 mV additional
voltage is needed.

𝑈𝑐𝑒𝑙𝑙,2 = 𝑈𝑐𝑒𝑙𝑙,1 −

8.314 𝐽/𝑚𝑜𝑙 𝐾 ∙ 353 𝐾 100 ∙ √100
ln
= 𝑈𝑐𝑒𝑙𝑙,1 − 0.105 𝑉
2 ∙ 96485 𝐶/𝑚𝑜𝑙
1

In reality, this additional voltage is not observed at practical current densities for a balanced
pressure on both the H2 and O2 side. At higher pressure, the exchange current density or the
activity of the catalyst increases, which means that the activation overpotential, ηact,
decreases. Therefore, the additional thermodynamic voltage for high pressure is
compensated by the decrease of activation overpotentials.
8
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Under differential pressure operation, since the limiting reaction is the O2 evolution reaction
(Figure 4, anode overpotential), the additional voltage will be observed for high pressure on
the H2 side. However, this additional voltage will not be observed if the higher pressure is on
the O2 side, because of the same reason mentioned before.
Figure 6 shows the theoretical reversible cell potential as a function of balanced pressure
and temperatures (273–353 K).

Figure 6. Theoretical reversible cell potential as a function of balanced pressure at different
temperatures34

1.4. Proton-conducting membranes
The proton-conducting membrane as the electrolyte in a polymer electrolyte water
electrolyzer (PEWE) plays an important role in the efficiency and durability of the system.
Thick perfluorosulfonic acid (PFSA) membranes, such as Nafion N115 and N117 with a dry
thickness of 125 and 180 μm, respectively, are commonly used in PEWEs.26, 35-38 These thick
membranes are relatively stable, and have acceptable gas barrier and mechanical
properties. However, thick membranes create relatively large ohmic resistances, which
9
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become the dominant loss term at high current densities.39 Cost is also one of the main
disadvantages of these perfluorinated materials.23, 40-41 In addition, these membranes are
not suited for temperatures above 90 °C due to loss of mechanical integrity.42 Therefore,
further research is required to improve the membranes or find alternative materials. Figure
7 shows the chemical structure of long and short side chain PFSA ionomers.

Figure 7. Chemical structure of long and short side chain PFSA ionomers
Proton-conducting membranes have been intensively studied for polymer electrolyte fuel
cell (PEFC) applications.40, 43-48 Despite the similar chemistry of the membranes used today
for fuel cell and electrolyzer, the requirements for the two applications are somewhat
different. Electrolyzers operate under fully hydrated conditions, whereas fuel cells typically
operate under partially humidified conditions.49 The concomitant different hydration states
of the ionomer may affect its properties and performance.26, 50-53
For electrolyzer applications, Nafion membranes have been mixed or doped with SiO2, TiO2,
sulfated ZrO2, and phosphoric acid to allow higher operating temperature.54-57 Skulimowska
et al.58 used short side chain PFSA membranes, such as Aquivion (Figure 7) and its
composites, and tested them at temperatures up to 120 °C. Despite these approaches, the
inherent limitations of PFSA membranes, for example high gas permeability, remain.
Hydrocarbon membranes, such as sulfonated poly(ether ether ketones) (SPEEK), sulfonated
poly(ether sulfones) (SPES), and sulfonated polyphenyl quinoxaline (SPPQ), are considered
as alternatives to Nafion membranes, since they are of potentially lower cost than PFSA
membranes.59-62

In

addition,

hydrocarbon

membranes,

such

as

acid

doped

polybenzimidazoles (PBI) blended with Nafion, have been used for the high temperature
water electrolyzer up to 130 °C.57 Figure 8 shows the chemical structure of mentioned
hydrocarbon membranes.
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Figure 8. Chemical structure of hydrocarbon ionomers

1.5. Radiation-grafted membranes
Ion-conducting membranes prepared by radiation-induced grafting are another promising
option.63 Figure 9 shows the schematic representation of polymer functionalization by
radiation grafting and sulfonation to obtain a radiation-grafted membrane.

Figure 9. Schematic representation of polymer functionalization by radiation grafting and
sulfonation to obtain radiation-grafted membranes63
The radiation grafting reaction is controlled by the diffusion of the monomers into the film
and the polymerization reactions of the monomers. The reaction starts from the surface of
the irradiated film and gradually moves into the bulk of the film.64 This mechanism is
referred to as grafting front mechanism (Figure 10).
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Figure 10. Schematic representation of grafting front mechanism65
Advantages of the radiation-induced grafting method are its versatility and a potentially
low-cost fabrication process.66 The properties of radiation-grafted membranes can be
readily modified by varying the composition and architecture of the graft copolymer.67 An
adequate monomer/comonomer selection or combination can be chosen to obtain a
membrane with desired properties.
To the best of our knowledge, up to now only Masson et al.68 and Scherer et al.37-38 have
reported on radiation-grafted membranes for water electrolyzer applications, whereas
numerous studies can be found for fuel cell applications.69-77 Masson et al. produced the
membrane by radiation-induced grafting of styrene onto a polyethylene (PE) matrix, and
Scherer et al. grafted α,β,β-trifluorostyrene onto ethylene tetrafluoroethylene (ETFE) and
styrene onto poly(tetrafluoroethylene) (PTFE), followed by sulfonation of the aromatic ring.
Figure 11 shows the structure of the mentioned radiation-grafted membranes for water
electrolyzer application.
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Figure 11. Structure of radiation-grafted membranes for water electrolysis reported in the
literature.37-38, 68

1.6. Membrane requirements
Polymer electrolyte membranes in a water electrolyzer fulfill the function of a proton
conductor, gas separator, and electric insulator. In addition to these primary functions, the
membrane is expected to be physically robust, chemically stable, and of low cost. The
membrane in a water electrolyzer has similar functions to those in a fuel cell. However,
unlike a fuel cell, an electrolyzer may operate at high differential pressure of over 100 bar;
hence gas barrier and mechanical properties of the membrane becomes more crucial.39
The proton conductivity of a polymer electrolyte membrane can be measured by its
conductivity or resistivity. A membrane with a high conductivity or low resistivity is desired,
since the ohmic loss caused by the membrane contributes to the increase of the cell
potential and the required electrical energy for water electrolysis reaction, respectively.
The device-relevant property characterizing ohmic resistance is the area resistance, RΩ
(cm2), which is related to the conductivity or resistivity as follows:
𝑅𝛺 =

𝑑
= 𝜌𝑑
𝜎

(11)

where d is the membrane thickness (cm), σ is the conductivity (1/Ω cm or S/cm), and ρ is the
resistivity (Ω cm).
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The ohmic loss (V) of the membrane is proportional to the current density and can be
calculated according to
𝜂𝑜ℎ𝑚 = 𝑖 𝑅𝛺

(12)

where i is the current density (A/cm2), and RΩ the area resistance (Ohm cm2).
As the gas separator, the polymer electrolyte membrane should prevent the gas from
permeating from one compartment to the other. This property influences safety aspects,
the purity of the produced gases, and the efficiency of the stack and system. The gas barrier
property is characterized by the measured gas crossover. Since the permeation rate of
hydrogen is about twice that of oxygen, the hydrogen crossover is often measured as the
indicator of the gas barrier property of a membrane.78 Hydrogen crossover can be
determined electrochemically in a single-cell configuration with fuel cell electrodes by
feeding one side with hydrogen and the other with nitrogen, applying a potential between
the two sides, and measuring the observed hydrogen crossover current density.79
Another method is the direct gas crossover measurement using a gas sensor during the
water electrolysis process, which gives the volumetric percentage of respective crossover
gas in the gas outlet. The flammability limit for mixtures of hydrogen in oxygen is
3.9-95.8 vol% at 1 bar, thus operation below the safety limit (4 vol%) is required to prevent
explosion hazards.80-81
The polymer electrolyte membranes in general fulfill the requirement of an electric insulator
to prevent short-circuits within the cell, since the polymer is typically not electrically
conductive.
In addition to the primary functions, a polymer electrolyte membrane is expected to be
physically robust and chemically stable, since the mechanical and chemical stability will
determine the lifetime of a membrane. A direct approach of investigating the mechanical
properties of a plastic film, e.g. a membrane, is by using tensile tests, and for the chemical
stability by introducing the membrane into a similar chemical environment.
The cost of a membrane is important from an economic point of view. Figure 12 shows the
estimated cost of production of radiation-grafted membranes compared to PFSA
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membranes.66 Based on this estimation, the radiation-grafted membranes are of potentially
lower cost than PFSA membranes, e.g. Nafion.

Figure 12. Estimated cost of production of radiation-grafted membranes compared to PFSA
membranes66

1.7. Stability and degradation of the membrane
The stability of the polymer electrolyte membrane is an important factor for the lifetime of
an electrolyzer. Some accelerated stress tests, such as open circuit voltage hold test, cyclic
variation of operating conditions (relative humidity, temperature, potential, start−stop),
chemical stability test in Fenton reagent, etc., have been developed to investigate
membrane stability for fuel cell applications.75, 82-94 However, to the best of our knowledge,
there is still no widely accepted accelerated stress test protocol for membranes for the
water electrolyzer.
Although the chemistry of membranes for fuel cell and water electrolyzer are similar, the
degradation process is somewhat different in the two devices. In the fuel cell, the
degradation caused by radical attack of reactive oxygen species is one of the key
mechanisms.84,

95

The emission of fluoride as a result of chemical degradation of PFSA

membranes is also reported for electrolyzers.96 However, membranes in water electrolyzers
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generally exhibit less chemical degradation than in fuel cells.97 Since the cell interior of an
electrolyzer is flooded with water, reactive intermediates created in the membrane
electrode assembly are effectively diluted, unlike in a fuel cell operating with subsaturated
reactants.
In the context of the development of alternative, non-perfluorinated membranes and the
operating conditions of an electrolyzer, involving an acidic environment at elevated
temperature, with the presence of hydrogen and oxygen, one has to consider that in certain
classes of polymers specific degradation mechanisms may be prevalent. A study related to
fuel cell application that can be relevant to radiation-grafted membranes in an electrolyzer
was performed by General Electric. Hodgdon et al. investigated the degradation of
poly(styrenesulfonic acid) (PSSA) as ion exchange compounds. The PSSA was degraded
under following conditions: electrolysis above 1.1 V at 80 °F (26.7 °C), under combined
action of H2 and O2 on Pt catalyst, auto-oxidation under O2 with or without the presence of
Pt. The degradation was suggested to be triggered by “weak bonds”, such as a peroxide
bond, whereby oxygen was found to promote the degradation with or without the presence
of Pt.98 Although the PSSA was not incorporated into a membrane, the suggested
mechanisms have to be considered for radiation-grafted membranes.
Another investigation of the degradation signature of a radiation-grafted membrane, which
is intended for fuel cell application, performed by Enomoto et al., can also be relevant for
the electrolyzer application. They showed that PSSA grafted onto cross-linked
poly(tetrafluoroethylene) (cPTFE), poly-(ethylene-co-tetrafluoroethylene) (ETFE), and
poly(ether ether ketone) (PEEK) undergoes swelling-induced detachment of grafts in water
at elevated temperature.99 The degradation mechanism is believed to be based on the
interfacial stress between the hydrophobic backbone polymer and hydrophilic
polyelectrolyte chains. Figure 13 shows an illustration of swelling-induced detachment of
hydrophilic grafts from the hydrophobic polymer substrate.
Although this experiment is intended to simulate the conditions in an operating fuel cell at
high water content, it can be relevant to the water electrolyzer application, since the
membranes are constantly in contact with liquid water at elevated temperature in the
operating electrolyzer. According to their study, one may suspect that radiation-grafted
16
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membranes, which have a hydrophobic backbone and hydrophilic chains, will generally
undergo swelling-induced detachment and may not be suitable for electrolyzer application.

Figure 13. Schematic illustration of swelling-induced detachment of hydrophilic grafts from
hydrophobic polymer substrates99

1.8. Structure of the thesis
In the first part of this work, radiation-grafted membranes based on 50 μm ethylene
tetrafluoroethylene (ETFE) film from DuPont and Saint-Gobain as suppliers were synthesized
and compared.100 ETFE was selected as base film because it demonstrates low mechanical
degradation upon electron beam irradiation, unlike PTFE.72 In addition, ETFE has better
thermal stability than PE. The combination of styrene (St), acrylonitrile (AN), and
1,3-diisopropenylbenzene (DiPB) is chosen as grafting monomers (Figure 14).

Figure 14. Grafting monomers and cross-linker used in the first part of this work
Styrene is used as a precursor for the subsequent introduction of sulfonic acid functional
groups. It is selected instead of α,β,β-trifluorostyrene, since it has better grafting kinetics
and lower cost. The shortcomings associated with polystyrene, i.e., limited oxidative
17
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stability, are sought to be compensated by adequate choice of comonomers. The nitrile
group in acrylonitrile improves gas barrier properties when incorporated into polymer
materials.101-103 Incorporation of a cross-linker, such as 1,3-diisopropenylbenzene, leads to
formation of a polymer network with interconnected chains, which effectively improves the
chemical stability of the membrane.67 Moreover, unlike the more common divinylbenzene
(DVB), 1,3-diisopropenylbenzene has the advantage to yield a more homogeneous crosslinker distribution in the grafted films.104
The incorporation of grafts throughout the thickness is evaluated by scanning electron
microscopy/energy-dispersive X-ray spectroscopy (SEM/EDX) analysis of the membrane
cross-sections. The membranes are analyzed in terms of grafting kinetics, ion-exchange
capacity (IEC), and water uptake. The key properties of radiation-grafted membranes, such
as gas crossover, area resistance, and mechanical properties, are evaluated and compared
to those of Nafion membranes. Tensile tests are performed to assess the mechanical
properties of the membranes.
In the second part of this work, namely for the investigation of membrane stability,
styrene (St), α-methylstyrene (AMS), acrylonitrile (AN), and 1,3-diisopropenylbenzene (DiPB)
monomer combinations are cografted into preirradiated 50 μm thick ETFE base film from
DuPont, followed by sulfonation and hydrolysis to produce the radiation-grafted
membranes (Figure 15).105 The base film from Saint-Gobain is not used in the further study,
since it shows slower grafting kinetics.
St and AMS are chosen to investigate the effect of the substituent at the α-position on the
stability of the membranes. It is known that the α-hydrogen of St is the weak site in the
context of radical attack and oxidative degradation.106 By substituting St for AMS, the
oxidative stability of the membrane under fuel cell operating conditions could be
increased.71 However, such comparison has not been performed in the context of the
electrolyzer. In addition, to improve the gas barrier properties AN is used as comonomer to
promote the polymerization of AMS, since AMS and AN cannot polymerize by themselves to
form long homopolymers. Unfortunately, methacrylonitrile (MAN) is not commercially
available anymore in Europe and could not be shipped to Europe during this study for
regulatory reasons. Therefore, the investigation of the effect of the α-position in the nitrile
18
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Figure 15. Investigated range of monomer combinations in radiation-grafted membrane for
the stability study
monomers to the stability could not be conducted. Incorporation of a cross-linker, such as
1,3-diisopropenylbenzene (DiPB), is known to effectively improve the stability of the
membrane in the fuel cell.67 DiPB is chosen to investigate the effect of a cross-linker on the
stability of membranes for the electrolyzer application.
The stability and degradation mechanisms of radiation-grafted membranes in hot water are
investigated based on different monomer combinations and ETFE as base film. In an
approach similar to that of Enomoto et al.99 the membranes are immersed in water for 5
days at 90 °C, which is referred to as thermal stress test (TST). After 5 days of TST, the water
in which the membrane was immersed is analyzed with UV−Vis spectroscopy and ion
chromatography to identify degradation products of the membrane in water. The
membrane is analyzed using Fourier transform infrared (FTIR) spectroscopy to identify
changes in the functional groups after the test. The ion-exchange capacity (IEC) of the
membrane is measured before and after the test to quantify the amount of sulfonic acid
functional groups. Correlation of swelling degree of the membrane and extent of
degradation is investigated. Energy dispersive X-ray (EDX) spectroscopic analysis of the
membrane cross-sections is performed in the scanning electron microscope (SEM) to detect
possible gradients in degradation across the thickness of the membrane. In addition, the
thermal stress test is performed in argon atmosphere to study the influence of oxygen on
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the degradation behavior. Finally, the area resistance and hydrogen crossover values of the
membranes, key properties for water electrolyzer application, are measured and compared
before and after the test. By understanding the possible degradation mechanisms, the
stability of radiation-grafted membranes can be improved and optimized for application in a
water electrolyzer.
In the third part of this work, another monomer with α-protected position is sought to
substitute AN, which does not have an α-protected position. In search of another monomer
with α-protected position, 2-methyleneglutaronitrile (MGN) has been identified in this study
as a suitable comonomer, as it readily copolymerizes with AMS. Figure 16 shows the
monomers that are known to copolymerize with AMS.

Figure 16. Monomers that are known to copolymerize with AMS
MGN is used as an important synthetic intermediate in pharmaceutical and agricultural
chemistry, such as for the production of antimicrobial agents, herbicides and pesticides,
polymer and materials science, e.g. for the production of polymeric nano-particles, nitrile
rubbers or plastics.107 However, there is no study about the combination of MGN with AMS
and also DiPB in other applications as well as for the application in membrane electrolytes
for electrochemical applications.
The new monomer MGN is combined with AMS and DiPB, and cografted into preirradiated
25 μm thick ETFE base film from DuPont, followed by sulfonation and hydrolysis to produce
the new radiation-grafted membranes, namely AMS/MGN and AMS/MGN/DiPB (Figure 17).
The anticipated advantage of MGN is that the α-position is protected as in MAN, hence a
more stable membrane is expected. Moreover, two nitrile groups in MGN instead of one as
in AN or MAN should improve the gas barrier properties of the membrane, such that the
thinner membranes based on preirradiated 25 μm ETFE base film can be used. For the same
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Figure 17. Radiation-grafted membranes based on the α-protected monomers
polymer, thinner membranes yield a lower resistance than thicker membranes. In addition,
two nitrile groups open a route for further functionalization, e.g. amidoximation, which has
been found to increase the vanadium barrier properties in a redox flow application. 108
The new AMS/MGN and AMS/MGN/DiPB membranes are evaluated in similar manners to
the first and second part of this work to investigate their properties and stability in
comparison to the other radiation-grafted membranes.
In the fourth part of this work, all radiation-grafted membranes obtained within this work
(St/AN, St/AN/DiPB, AMS/AN, AMS/AN/DiPB, AMS/MGN, and AMS/MGN/DiPB) are catalyst
coated externally, and tested in-situ in a water electrolyzer. They are compared with the
catalyst coated membranes (CCMs) made from Nafion N117 membrane, the standard water
electrolyzer membrane. Polarization curves are recorded to compare the cell performance
using different membranes. The resistance of the membranes is measured, and compared
to the resistance obtained using the fuel cell configuration from the previous studies. The
gas crossover is determined by the gas sensor for the in-situ measurements. The gas barrier
properties of the membranes are evaluated by comparing the hydrogen crossover values
with the values from the previous studies, which are obtained via the electrochemical
method.
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2.1. Chemicals
DuPont Nafion NR211, NXL-100, NR212, N1035, N1135, N105, N115, N117, and N120
membranes were used as reference membranes.
DuPont Tefzel ETFE 200 LZ and Saint-Gobain Norton ETFE of 50 μm thickness were used as
base films for preparation of radiation-grafted membranes. For the AMS/MGN and
AMS/MGN/DiPB grafted membranes, Dupont Tefzel ETFE 100 LZ of 25 μm thickness was
used as base film. The chemicals used for the membrane preparation were styrene (≥99%,
Sigma−Aldrich), α-methylstyrene (99%, Sigma-Aldrich), acrylonitrile (≥99%, Aldrich),
2-methyleneglutaronitrile (>98%, TCI), 1,3-diisopropenylbenzene (97%, Aldrich), 2-propanol
(≥99.7%, VWR), acetone (≥99.8%, VWR), dichloromethane (≥98%, VWR), and chlorosulfonic
acid (98%, Fluka).
Poly(4-styrenesulfonic acid) solution (18 wt% in H2O, Aldrich), 4-styrenesulfonic acid sodium
salt hydrate (Aldrich), p-toluenesulfonic acid monohydrate (≥98%, Sigma-Aldrich),
4-hydroxybenzenesulfonic acid solution (65 wt% in H2O, Aldrich), isobutyronitrile (≥98%,
Merck), acetonitrile (>99.5%, VWR), and acrylonitrile (≥99%, Aldrich) were diluted in
deionized water and used as comparative compounds to identify the possible products of
degradation in water after the thermal stress test (TST).
Potassium chloride (≥99%, VWR) and potassium hydroxide solution for 1000 mL,
c(KOH) = 0.1 mol/L (Titrisol, Merck), were used for the measurement of ion exchange
capacity. The potassium hydroxide solution is diluted prior to use to obtain a concentration
of 0.05 mol/L. Deionized water with a resistivity of 18.2 MΩ cm is obtained from a Purelab
Ultra MK2 Scientific Instrument (ELGA Labwater). For the protonation, 0.1 M of sulfuric acid
solution, diluted from a concentrated sulfuric acid (96%, VWR ), was used.
Johnson Matthey ELE-0162 gas diffusion electrodes with a platinum (Pt) loading of 0.4 mg of
Pt/cm2 were used for determination of hydrogen crossover and area resistance in a single
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cell used for fuel cell testing. Hydrogen of 99.995%, oxygen of 99.5%, argon of 99.998%, and
nitrogen of 99.999% purity (Messer, Lenzburg, Switzerland) were used as received.
The membranes were catalyst coated externally by Fuel Cells Etc (College Station, Texas,
USA). Iridium ruthenium oxide (IrRuOx) black and Pt black were used as catalysts to produce
the catalyst coated membranes (CCMs) for electrolysis cell tests. The catalyst loading was
3 mg of IrRuOx/cm2 at the anode and 3 mg of Pt/cm2 at the cathode. 0.5 M of sulfuric acid
solution, diluted from a concentrated sulfuric acid (96%, VWR), was used for CCMs
pretreatment to ensure all the sulfonic acid groups are protonated.

2.2. Instruments
Acid−base titrations were performed on a Metrohm SM Titrino 702. A thickness gauge,
Heidenhain ND287, was used to determine the thickness of films and membranes.
All scanning electron micrographs were taken with a scanning electron microscope (SEM),
Carl Zeiss Ultra 55 with SmartSEM V05.06 software. Energy-dispersive X-ray (EDX) analysis
was performed with a compatible accessory, EDAX TSL, AMETEK with EDAX Genesis Version
6.02 software. A Leica EM SCD500 high vacuum sputter coater with Cr target was used for
SEM/EDX sample preparation.
Hydrogen gas crossover experiments were performed electrochemically in a two-electrode
cell setup operated in the fuel cell mode. The cell had an active area of 29.16 cm2 with
graphite flow fields and stainless steel current collectors. Temperature was controlled with
Jumo dTRON 16.1 compact microprocessor controllers. The gas feeds were regulated by a
Brooks model 5850E mass-flow controller for hydrogen and model 5850S for nitrogen gas.
An Agilent E3633A DC power supply was used to set the cell potential and measure the
current response.
With the same setup but with hydrogen and oxygen feeds, the area resistance of the
membranes was measured on a Tsuruga model 3566 digital AC milliohm meter at 1 kHz
frequency. The cell was operated with a Hewlett-Packard 6050A electronic load in constant
current mode. Cell voltage was measured with a Hewlett-Packard 34970A data acquisition
unit.
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Tensile tests were performed in a Zwick/Roell materials testing machine, BT1-FR005TE.A50
with testXpert V12.0 software.
The thermal stress test (TST) was carried out in two identical closed 250 mL three-neck
round-bottom flasks with reflux condenser. The temperature was controlled with a
magnetic stirrer with heating from IKA RH digital white and an IKA ETS-D5 electronic contact
thermometer. Figure 18 shows the setup for the TST experiments.

Figure 18. Setup for the thermal stress test (TST) experiments
UV−Vis measurement was performed with a Cary UV−Vis Spectrophotometer Varian 4000
with Cary Varian UV Scan Version 3.00 software. The liquid sample was contained in a high
precision cell quartz Suprasil cuvette with a light path of 10 mm from Hellma Analytics. Ion
chromatography was performed with Metrohm 882 Compact IC plus and 863 Compact
Autosampler with MagIC Net Version 2.4 software. As the calibration solution, Dionex
Combined Five Anion Standard from Thermo Fischer Scientific (fluoride, chloride, nitrate,
phosphate, and sulfate) was used.
FTIR spectra were recorded in absorbance mode with a Bruker Vertex 70 V with OPUS
software, version 7.0. Sixty-four scans were recorded at a resolution of 4 cm−1 for each
sample analyzed.
The in-situ eletrolyzer tests were conducted in an in-house built electrolyzer test station
using a single cell with a square active area of 25 cm2. Titanium (Ti) sintered porous
transport layer from GKN (Thickness: 1 mm Porosity: 10 m) was used on both anode and
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cathode side. The cell hardware had parallel flow field channels made of Ti at the anode side
cathode side. Water inlet and cell temperature were controlled by water heating tubes
using the Elotech R2400S controller. Power to the electrolyzer cell was provided by a
Heiden HE-LAB/SMS 315 power supply. The Hitech instruments K1550 gas analyzer and
Mettler-Toledo InPro6860i were used to monitor the gas purity of oxygen and hydrogen,
respectively. The area resistance and cell voltage were measured at 1 kHz using the Hioki
BT3562 Battery Tester.

2.3. Preparation of radiation-grafted membranes
2.3.1. Base film treatment
The 25 or 50 μm ETFE films from DuPont or Saint-Gobain were cut into pieces of
14 cm × 16 cm. First they were washed in ethanol and dried in vacuum at 80 °C. Then they
were electron-beam-irradiated under ambient conditions with a dose of 1.5, 5 or 100 kGy
for AMS/MGN and AMS/MGN/DiPB type membranes. The irradiation was performed at
Leoni-Studer AG (Däniken, Switzerland) with an acceleration voltage of 2.10 MeV.
Subsequently, the films were stored at −80 °C until further use.

2.3.2. Preparation of membranes
The radiation-grafted membranes were prepared by immersing a preirradiated ETFE film
from DuPont (DP) or Saint-Gobain (SG) in a nitrogen-saturated reaction mixture containing
monomers and solvent placed in a glass reactor. Afterwards, the reactor was placed in a
water bath at controlled temperature for a predefined amount of time to reach the desired
graft level (Figure 19, steps 1 and 2). Table 3 shows the compositions and reaction
conditions for the grafting reaction. For the study of the grafting kinetics to investigate the
effect of the base film, ETFE films from DP and SG preirradiated with 1.5 kGy were used with
the same solution composition as listed in Table 3.
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Figure 19. Reaction scheme for preparing the radiation-grafted membranes
Table 3. Compositions and reaction conditions for the grafting reaction

Type

ETFE
Film

Dose
(kGy)

St/AN

50 μm
DP
SG

St/AN/DiPB

50 μm
DP
SG

5

AMS/AN

50 μm
DP

5

AMS/AN/DiPB

50 μm
DP

5

AMS/MGN

25 μm
DP

100

AMS/MGN/DiPB

25 μm
DP

100

5

Solution composition
Volumetric
Molar fraction
(%)
St (8)
AN (12)
XSt (0.28)
2-Pr (70)
XAN (0.72)
H2O (10)
St (7.6)
AN (11.4)
XSt (0.27)
DiPB (1)
XAN (0.71)
2-Pr (70)
XDiPB (0.02)
H2O (10)
AMS (24.8)
AN (5.2)
XAMS (0.71)
2-Pr (55)
XAN (0.29)
H2O (15)
AMS (23.83)
AN (5)
XAMS (0.69)
DiPB (1.17)
XAN (0.29)
2-Pr (55)
XDiPB (0.02)
H2O (15)
AMS (49)
XAMS (0.66)
MGN (21)
XMGN (0.34)
DCM (30)
AMS (48.16)
XAMS (0.65)
MGN (20.64)
XMGN (0.34)
DiPB (1.2)
XDiPB (0.01)
DCM (30)

Temp.
(°C)

Time
(h)

Graft
level
(%)

60

~3.5
(DP)
~4
(SG)

40

60

~5
(DP)
~6
(SG)

40

55

~28.5

40

55

~20

40

50

~28

50

50

~47

50

The grafted film was rinsed with 2-propanol (2-Pr) and then immersed in acetone under
stirring overnight to remove residual monomer and homopolymer. Finally, it was dried at
80 °C under vacuum and reweighed to determine the graft level (GL), defined as
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GL =

Wg - W0
× 100%
W0

(13)

where Wg represents the weight of the grafted film and W0 is the weight of the film before
grafting.
Finally, the grafted film was functionalized with sulfonic acid groups by immersing the film
into 5 vol% chlorosulfonic acid and 95 vol% dichloromethane (DCM) solution at room
temperature for 6 h (Figure 19, step 3). Afterwards, the membrane was placed
consecutively into two water baths at room temperature for 1 h each and finally in a water
bath at 80 °C for 16 h for hydrolysis of sulfonyl chloride to form sulfonic acid (Figure 19,
step 4).109 Sulfonyl chloride as the intermediate in this reaction is not shown in Figure 19.
Then the membrane was dried under ambient conditions and stored until further use.

2.4. Nafion pretreatment
Nafion NR211, NXL-100, NR212, N1035, N1135, N105, N115, N117, and N120 were
pretreated prior to experiment in order to obtain their fully hydrated forms. After removal
of the coversheets from solution-cast NR211, NXL-100, and NR212, the membranes were
immersed in a water bath at 90 °C for 1 h. Nafion membranes prepared by extrusion
(without coversheets) were pretreated with a 32.5 vol% nitric acid (HNO3) solution at 90 °C
for 1 h to remove impurities and reprotonate the sulfonic acid groups. Afterwards, they
were washed twice with 600 mL of deionized water and immersed consecutively in three
water baths at 90 °C for 1 h. The pH of the water bath was 7 at the end. Finally, all
membranes were stored in boxes filled with deionized water.

2.5. Evaluation of membrane properties
2.5.1. Bulk properties
Samples for measurement of ion-exchange capacity (IEC) and water uptake were prepared
by punching six discs with diameter of 2 cm from the fully hydrated membrane sample. For
each type of membrane, three measurements were performed. The membrane was
immersed in a 0.1 M HCl solution overnight and washed three times with deionized water to
ensure that all the sulfonic acid groups were protonated before the measurements.
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For each IEC measurement, two discs were placed in 45 mL of 0.5 M KCl solution and the
solution was stirred overnight. The number of H+ released after the ion exchange with K+
was determined by titration to pH 7 with 0.05 M KOH titrant. IEC is calculated according to
n(H+ )
𝑐(KOH) × 𝑉(KOH)
IEC =
=
Wdry
𝑊K − [𝑀(K + ) − 𝑀(H + )] [𝑐(KOH) × 𝑉(KOH)]

(14)

where n(H+) is the number of moles of protons, Wdry is the weight of dry membrane in H+
form, c(KOH) is the concentration of KOH titrant, V(KOH) is the volume of added KOH
solution during titration, and WK is the weight of dry membrane in K+ form. M(K+) and M(H+)
are the molar masses of K+ and H+, respectively.
The degree of sulfonation is the ratio of measured to theoretical IEC:
Degree of sulfonation =

IEC
× 100%
IECtheor

(15)

IECtheor can be calculated as follows:75
IECtheor =

GL
𝑋
(𝑀St + 𝑋AN 𝑀AN ) (1 + GL) + GL (𝑀StSA − 𝑀St )
St

(16)

where X is the molar fraction of the respective monomer unit in the grafted polymer and M
is the molar mass of styrene (St), styrenesulfonic acid (StSA), or acrylonitrile (AN) monomer
as indicated by the subscript.
The molar fraction in equation 16 is different from the molar fraction in Table 3, because the
molar fraction in the solution is not necessarily the obtained molar fraction in the grafted
film. It depends on the diffusion rate of monomers into the base film and the polymerization
rate of the monomers. For example, the mixture of St and AN with molar fractions of
XSt = 0.28 and XAN = 0.72 in the solution yields molar fractions of XSt ≈ 0.4 and XAN ≈ 0.6 in the
grafted film. The reactivity ratios of St and AN under these conditions are rSt = 0.52 ± 0.06
and rAN = 0.25 ± 0.05.73
Water uptake or swelling is determined as follows:
Water uptake =

Wwet - Wdry
× 100%
Wdry

(17)
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where Wwet is the weight of the fully hydrated membrane. The hydration number λ is
calculated from the IEC and water uptake values:
λ=

n(H2 O)
Water uptake
=
n(SO3 H) IEC × 100% × M(H2 O)

(18)

where n(H2O) and n(SO3H) are the number of moles of water and sulfonic acid groups in the
membrane, respectively, and M(H2O) is the molar mass of water.

2.5.2. Area resistance
Area resistance of the membrane was measured in a single cell configuration with fuel cell
electrodes on a fixed-frequency (1 kHz) AC milliohm meter at a current density of 0.2 A/cm2
with fully humidified hydrogen and oxygen gases, temperature of 80 °C, gas pressure of
2.5 bar absolute, gas stoichiometry of 1.5/1.5, and minimum flow of 200 ml(n)/min. The
area resistance at this low current density was chosen as reference point to minimize the
influence of the electro-osmotic drag of water, especially for the thicker membranes, such
as N117 and N120.

2.5.3. Hydrogen crossover
Hydrogen crossover was determined electrochemically in a single cell configuration with
fuel cell electrodes by feeding one side with hydrogen (negative side) and the other with
nitrogen (positive side), applying a potential between the two sides, and measuring the
observed hydrogen crossover current density. Figure 20 illustrates the hydrogen crossover
current density measurement.
Anode: H2
Cathode: 2 H+ + 2 eTotal reaction: H2

→

2 H+ + 2 e-

→

H2

→

H2
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Figure 20. Illustration of the hydrogen crossover current density measurements
The obtained hydrogen crossover current density value can be converted to another unit,
e.g. ml/min using Faraday's law (Equation 19) and the ideal gas law (Equation 20).
𝑄=𝑧𝐹

𝑚
=𝐼𝑡
𝑀

𝑝𝑉 =𝑛𝑅𝑇=

(19)

𝑚
𝑅𝑇
𝑀

(20)

where Q is the total electric charge passed (C), m is the mass of the gas liberated at an
electrode (g), M is the molar mass of the gas (g/mol), I is the current (A), t is the time (s), p is
the pressure of the gas (bar), V is the volume of the gas (L), n is the amount of the gas (mol),
R is the ideal gas constant (0.08314 L bar/mol K), and T is the temperature (K).
The measurements were performed at 80 °C, 2.5 bar absolute gas pressure on both sides,
200 mL(n)/min gas flow rate, and 100% relative humidity.

2.5.4. Mechanical properties
Mechanical properties of the membranes were assessed by tensile tests performed at room
temperature under ambient and fully hydrated conditions. The ASTM D 882 protocol was
used as measurement standard. Prior to the measurements, the membranes were cut into
10 cm × 1 cm stripes. For measurement under ambient conditions, tensile tests were
conducted with five samples, and in the case of fully hydrated membranes, 10 samples were
tested to ensure reproducibility. The gauge length was 5 cm and the cross-head speed was
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500 mm/min. Membranes were sprayed with water during measurements under fully
hydrated condition. Figure 21 shows the example of a stress strain curve during a tensile
test.

Figure 21. Example of a stress strain curve during a tensile test

2.6. Thermal stress test
The thermal stress test was performed by introducing a 5.4 cm × 5.4 cm sized piece of
membrane in 100 mL deionized water at 90 °C for 5 days under stirring. The test was
conducted at least twice per membrane type. The experiment under argon atmosphere was
performed by immersing the membrane in argon saturated deionized water and applying a
continuous flow of argon gas to prevent oxygen from entering the flask.
The leachant was analyzed using UV−Vis spectroscopy every 24 h and ion chromatography
after 5 days. For the UV−Vis measurement, 3 mL of the solution was removed and returned
afterward to maintain the same volume of water in the flask. Deionized water is used as the
baseline. For ion chromatography, 5 mL of the solution was used.
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Ion-exchange capacity, the degree of swelling and weight loss of the membranes were
measured before and after the test. FTIR and EDX analysis were also performed before and
after the test. The weight loss is calculated from the weight difference of the membrane in
its dry protonated form before and after the test. FTIR spectra of the radiation-grafted
membranes were taken in the K+ form. EDX analysis of the membranes was performed for
sulfur and nitrogen detection. The hydrogen crossover and area resistance values of the
membranes were also measured before and after the test.

2.7. Water electrolyzer tests
The CCM was pretreated before the test by immersing it in a 0.5 M H2SO4 solution for
2 hours to ensure all the sulfonic acid groups are protonated. Afterwards, the CCM was
rinsed with deionized water, and stored in a box filled with deionized water overnight. The
CCM was assembled on the next day into the cell. The cell compression is adjusted by the
bolt torque of 15 Nm. Water was fed to both anode and cathode cell compartments at
300 ml/min flow rate to ensure that the CCM remains hydrated.
The cell was conditioned at 60 °C with the heated circulated water in the absence of current
until the minimum of area resistance is observed. Afterwards, the current was applied to
the cell and cycled between 1 and 2 A/cm2 with 5 minute holding time each for 4 hours, or
until there was no change in the cell potential at a given current density.
A polarization curve was measured galvanostatically after conditioning, with measurement
times of 5 minutes per point until 2 A/cm2. The increment was increased with the increase
of current density. The area resistance of the cell was measured at 1 kHz after the
polarization curve. Gas crossover values were recorded with holding times of 40 minutes
per point, starting from 0.25 A/cm2 to insure proper gas flow for the sensor, and with
0.25 A/cm2 increments until 2 A/cm2. All measurements were performed at 60 °C, 1 bar
absolute pressure, and 300 mL/min water flow rate on both sides.
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This chapter contains excerpts from the publication:
Albert, A.; Barnett, A. O.; Thomassen, M. S.; Schmidt, T. J.; Gubler, L. Radiation-grafted
polymer electrolyte membranes for water electrolysis cells: Evaluation of key membrane
properties. ACS Applied Materials & Interfaces 2015, 7 (40), 22203-22212.

3.1. Membrane bulk properties
The evaluation of membrane properties constitutes the first part in this work. Properties of
radiation-grafted membranes depends on many factors, such as irradiation type, dose rate,
dose and atmosphere, preparation procedures, base film type, supplier and thickness,
monomer, comonomer(s), solvents and additives, and reaction temperature and time,
respectively. Figure 22 shows the dependence of graft level on reaction time, base film type,
monomers and monomer combinations.
The graft level increases with increasing reaction time, as expected. Measurement of
reaction kinetics is necessary to establish the required reaction time to obtain a film with
desired graft level. The experiments were performed at least twice to ensure
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Figure 22. Reaction kinetics for cografting of styrene, acrylonitrile, and
1,3-diisopropenylbenzene into ETFE 50 μm from DuPont (DP) and Saint-Gobain (SG) base
film with irradiation dose of 1.5 kGy
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Reactions with base films from different suppliers demonstrate dissimilar grafting kinetics.
The DuPont (DP) base film tends to yield faster grafting kinetics than the one from
Saint-Gobain (SG). Different monomers and combination of monomers also entail different
kinetics. Styrene alone grafts the fastest. In contrast, acrylonitrile shows the slowest
kinetics. The combination of styrene and acrylonitrile (St/AN) grafts much faster than AN,
which is in agreement with previously reported findings for grafting into 25 μm ETFE base
film.73
Addition of 1,3-diisopropenylbenzene cross-linker to the St/AN combination slows down the
kinetics. The target graft level for St/AN and St/AN/DiPB membranes is 40%, which yields a
slightly higher IEC value than that of the Nafion membranes. In order to get the desired graft
level of 40%, reaction times under the conditions used of 6.4 h for St/AN (DP), 7.1 h for
St/AN (SG), 9.2 h for St/AN/DiPB (DP), and 11.1 h for St/AN/DiPB (SG) are required.
According to the reaction time, which in view of a potential industrial process is indirectly
related to the production time, DuPont ETFE base film is preferred over Saint-Gobain ETFE
for membrane preparation from an economical point of view.
The irradiation dose is increased to improve grafting kinetics, hence a dose of 5 kGy is
chosen instead of 1.5 kGy to prepare radiation-grafted membranes. The graft level of 40% is
reached after a reaction time of around 3.5 h for St/AN (DP), 4 h for St/AN (SG), 5 h for
St/AN/DiPB (DP), and 6 h for St/AN/DiPB (SG). At an irradiation dose of 5 kGy, the DuPont
ETFE base film still exhibits faster grafting kinetics than the one of Saint-Gobain.
Successful preparation of radiation-grafted membranes is proven by EDX analysis of the
membrane cross-section. Figure 23 shows the SEM image and EDX mappings of nitrogen
and sulfur of the (cross-linked) St/AN/DiPB (DP) membrane cross-section. The nitrogen
distribution is relatively homogeneous with a concentration in the center of about 70−80%
of the concentration near the surface. This means that acrylonitrile is largely uniformly
distributed. The presence of sulfur proves the successful grafting of styrene and its
sulfonation. However, there is a pronounced sulfur gradient. The concentration in the
center of the membrane is only about half the concentration near the surface. The
inhomogeneous sulfur distribution may cause a higher membrane area resistance compared
to a membrane with homogeneous sulfur distribution. The calculated degree of sulfonation
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Figure 23. SEM image and EDX mappings of a cross-section of St/AN/DiPB (DP) membrane
with a graft level of 42%
is 89% for St/AN (DP) and 94% for St/AN (SG). The calculation is based on the estimated
ratio of St/AN in the membrane according to Jetsrisuparb et al.73 In case of cross-linked
membranes containing DiPB, the exact composition of the grafts is not known, hence the
degree of sulfonation cannot be estimated. The inhomogeneous sulfur distribution could be
a result of the grafting procedure or of incomplete sulfonation in the center of the
membrane, in view of the sulfonation degree. Membrane preparation can be optimized, for
example, by using another grafting condition (different irradiation dose, temperature, or
solvent or combinations thereof) or sulfonation procedure (e.g., swelling the grafted films in
an appropriate solvent before sulfonation or using higher chlorosulfonic acid
concentration).110
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Table 4 shows relevant ex-situ properties of Nafion and radiation-grafted membranes. IEC
values of radiation-grafted membranes with a graft level of 40% are slightly higher than
those of Nafion membranes. Water uptake and hydration level of cross-linked radiationgrafted membranes are comparable to those of Nafion membranes and higher than those of
un-cross-linked membranes.
Table 4. Ion-exchange capacity, water uptake, and hydration values of membranes
Membrane

Graft level
(%)

Wet thickness
(µm)

IEC
(mmol/g)

Water uptake
(m%)

Hydration
(H2O/SO3H)

St/AN (DP)

41

86.0 ± 1.0

1.25 ± 0.02

67.8 ± 2.4

30.1 ± 0.9

St/AN (SG)

40

95.3 ± 1.1

1.29 ± 0.02

68.6 ± 1.7

29.6 ± 0.3

St/AN/DiPB (DP)

41

79.5 ± 0.7

1.20 ± <0.01

33.1 ± 1.0

15.3 ± 0.5

St/AN/DiPB (SG)

39

79.5 ± 0.5

1.15 ± 0.02

34.4 ± 1.9

16.6 ± 1.1

NR211

-

30.5 ± <0.1

1.22 ± 0.01

28.1 ± 13.6

12.7 ± 6.1

NXL-100

-

37.3 ± 0.3

1.01 ± 0.04

29.3 ± 4.7

16.1 ± 2.1

NR212

-

61.7 ± 1.3

1.16 ± 0.01

38.6 ± 6.8

18.6 ± 3.3

N1035

-

114.2 ± 3.8

1.15 ± <0.01

46.1 ± 3.8

22.3 ± 1.9

N1135

-

103.8 ± 1.5

1.05 ± 0.02

39.3 ± 2.4

20.8 ± 1.0

N105

-

152.3 ± 1.5

1.10 ± <0.01

47.9 ± 0.3

24.1 ± 0.1

N115

-

153.0 ± 1.0

1.04 ± 0.02

39.9 ± 2.9

21.2 ± 1.2

N117

-

202.7 ± 1.0

1.04 ± <0.01

39.9 ± 0.1

21.4 ± <0.1

N120

-

293.0 ± 8.2

0.83 ± <0.01

27.2 ± 0.3

18.3 ± 0.2

3.2. Hydrogen crossover vs area resistance (property map)
The results of gas crossover and area resistance measurements are represented in a
property map (Figure 24). It appears that all the Nafion membranes, regardless of whether
they are extruded, solvent-cast or mechanically reinforced (NXL-100), follow a general
trend, indicated by the dotted line. Their position in the diagram is governed by the
respective membrane thickness.
Thick membranes, such as N115 and N117, have low hydrogen crossover but high area
resistance. Because of their gas barrier properties, they are preferred for electrolyzer
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Figure 24. Property map showing hydrogen crossover vs area resistance values of various
membranes
application over thin membranes, such as NXL-100 and NR212, which are typically used for
fuel cell applications. It is understandable to favor the membranes with lower gas crossover,
since in the electrolyzer the purity of the produced gases is an important quality feature,
and an explosive mixture of H2 and O2 needs to be avoided under any circumstance.
Moreover, high differential pressure, such as 165 and 700 bar, is used in some electrolyzer
system designs, because of the practicability to store the produced hydrogen in pressurized
vessels, and the external mechanical hydrogen compressor can be down-sized or
eliminated.31, 33, 39
The property map can be utilized as a benchmark for evaluating alternative membranes,
such as radiation-grafted membranes. The development target is a membrane with lower
hydrogen crossover and lower area resistance than Nafion membranes. St/AN and
St/AN/DiPB radiation-grafted membranes have lower area resistance and hydrogen
crossover than N115 and N117, which makes them promising as alternative electrolyzer
membranes.
Here the effect of using different base film suppliers on the properties of the resulting
radiation-grafted membranes can be observed. In addition to faster grafting kinetics,
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radiation-grafted membranes from the DuPont base film have lower resistance but higher
hydrogen crossover than membranes from the Saint-Gobain base film. This could be caused
by different processing parameters used by DuPont and Saint-Gobain, which influence the
microstructure of ETFE and eventually the grafting reaction.111 The cross-linker in the
St/AN/DiPB membrane results in a membrane with lower gas crossover but higher area
resistance than the uncross-linked membrane, St/AN, since the water uptake of cross-linked
membranes is also reduced.
Radiation-grafted membranes, in particular the cross-linked versions, compare favorably
with N115 and N117, membranes typically used in water electrolyzers, in that they offer
similar or lower area resistance with considerably improved gas barrier properties. There is
room for improvement to reduce the area resistance of radiation-grafted membranes by
optimizing membrane preparation, increasing the graft level, or improving the homogeneity
of sulfonic acid group distribution through the membrane. Moreover, the membrane
resistance can be lowered by minimizing the loss of surface or near-surface radicals at
different stages of film processing (irradiation, storage, and grafting), as the amount of
grafted polymer on the surface depends on the concentration of surface radicals and it
influences the proton conductivity of the membrane.66

3.3. Mechanical properties
Tensile tests were performed at room temperature for Nafion and radiation-grafted
membranes under ambient and fully hydrated conditions, in the machining and transverse
directions (MD and TD). Ambient refers to the humidity during cell assembly, and fully
hydrated refers to the hydration state of the membrane during operation of the
electrolyzer. Figure 25 shows the results of tensile tests. The trend in MD and TD turned out
to be rather similar.
All Nafion membranes, except NXL-100, have similar yield stress under ambient humidity
conditions. NXL-100 is the only membrane with expanded PTFE reinforcement, which
explains the high yield stress and low elongation at break. Thicker Nafion membranes, such
as N115 and N117, have higher elongation at break values than the thinner membranes.

38

3. Evaluation of membrane properties

Figure 25. Results of tensile tests of membranes in the machining and transverse directions
under ambient and fully hydrated conditions
The elongation at break of all Nafion membranes is much lower and their yield stress
becomes indistinct under fully hydrated conditions, especially for thin Nafion membranes
such as NR211, NXL-100, and NR212. In addition to high gas crossover values, this is another
reason why NXL-100 and NR212, as typical representatives of fuel cell membranes, are
unsuitable for electrolyzer applications. Although they have a low area resistance, the low
elongation at break of these membranes is unfavorable for electrolyzer operation under
fully hydrated and differential pressure conditions.
Under ambient humidity conditions, radiation-grafted membranes have a characteristic
upper and lower yield point, which is higher than the yield stress of N115 and N117. St/AN
membranes have an elongation at break value similar to that of the N115 and N117
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membranes. St/AN/DiPB membranes, which contain cross-linker, have a lower elongation at
break than the uncross-linked membranes.
Under fully hydrated conditions, radiation-grafted membranes still have higher yield stress
than N115 and N117. Interestingly, the elongation at break of St/AN membranes increases
under fully hydrated conditions, whereas for St/AN/DiPB membranes the value is about the
same as that under dry conditions. The results show that the mechanical properties of
radiation-grafted membranes are superior to those of Nafion membranes, especially under
wet conditions. Mechanical properties of the final obtained membranes seem to be
independent of the ETFE supplier.
Toughness or tensile energy to break (MJ/m3), UT, which indicates the required energy to
break the membrane, can be obtained from the area under the stress−strain curve.112 N120,
the thickest Nafion membrane used here with an equivalent weight of 1200 g/mol, exhibits
the highest toughness compared to other Nafion membranes (Table 5).
Table 5. Toughness or tensile energy to break for membranes under ambient and fully
hydrated conditions
3

Ambient (MJ/m )

3

Fully hydrated (MJ/m )

Membrane
MD

TD

MD

TD

St/AN (DP)

55 ± 5

61 ± 6

46 ± 4

40 ± 5

St/AN (SG)

62 ± 6

60 ± 4

33 ± 8

36 ± 13

St/AN/DiPB (DP)

40 ± 3

39 ± 1

22 ± 3

17 ± 5

St/AN/DiPB (SG)

35 ± 1

33 ± 3

19 ± 5

17 ± 4

NR211

31 ± 1

31 ± 2

6±2

7±3

NXL-100

46 ± 6

41 ± 3

14 ± 8

18 ± 5

NR212

37 ± 2

40 ± 4

8±7

7±5

N1035

27 ± 2

36 ± 2

10 ± 3

12 ± 3

N1135

33 ± 4

43 ± 3

13 ± 2

14 ± 3

N105

35 ± 3

41 ± 2

17 ± 2

16 ± 2

N115

43 ± 1

45 ± 3

16 ± 2

14 ± 4

N117

41 ± 4

45 ± 3

13 ± 4

14 ± 5

N120

57 ± 2

57 ± 4

21 ± 5

24 ± 1
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The (uncross-linked) St/AN membranes show higher toughness than any of the Nafion
membranes under ambient as well as fully hydrated conditions. St/AN/DiPB membranes
show values similar to those of Nafion membranes under ambient conditions and slightly
higher values under fully hydrated conditions.

3.4. Figure of merit
By combination of the hydrogen crossover, area resistance, and toughness values, a figure
of merit of the membranes for electrolyzer application is established. Average toughness
values (machine and transverse directions) under fully hydrated conditions are taken for the
figure of merit calculation. Normally, a thicker membrane has lower gas crossover and
better mechanical properties but higher area resistance, while the opposite is observed for
a thinner membrane. With the figure of merit, the most favorable combination of these
three properties in a membrane can be determined. The figure of merit (FOM) is defined as
FOM =

UT
RΩ × ix

(21)

where UT is the tensile energy to break/toughness (MJ/m3 or MPa), RΩ is the area resistance
of the membrane (Ω cm2) and ix is the hydrogen crossover current density (A/cm2). The
figure of merit therefore has the unit MPa/V. The obtained data are presented in Figure 26.
Radiation-grafted membranes, which have lower gas crossover, lower resistance, and better
mechanical properties than N115 and N117, consequently have a markedly higher figure of
merit. Radiation-grafted membranes based on ETFE from Saint-Gobain have a higher figure
of merit and therefore are preferred from that point of view over membranes based on
ETFE from DuPont. However, if the reaction time is considered (Figure 22), radiation-grafted
membranes based on DuPont’s ETFE are preferred, since the difference in figure of merit
between membranes based on different base films is small.
St/AN grafted membranes show a higher figure of merit than St/AN/DiPB grafted
membranes, since they have lower resistance and higher tensile energy to break. The DiPB
content and level of cross-linking is expected to have an influence on the stability and
lifetime of the membrane in the electrolyzer. Radiation-grafted membranes are therefore
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promising alternatives to Nafion membranes for electrolyzer applications. Ultimately,
optimization of the membrane composition and architecture will be based on performance
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Figure 26. Figure of merit for various membranes, calculated from mechanical toughness
(UT), ohmic resistance (RΩ), and hydrogen crossover (ix)
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This chapter contains excerpts from the publication:
Albert, A.; Lochner, T.; Schmidt, T. J.; Gubler, L. Stability and degradation mechanisms of
radiation-grafted polymer electrolyte membranes for water electrolysis. ACS Applied
Materials & Interfaces 2016, 8 (24), 15297-15306.
In the second part of this work, the stability and degradation mechanisms of radiationgrafted membranes in hot water are investigated based on different monomer
combinations and ETFE from DuPont as base film (Figure 15). Since the DuPont (DP) base
film exhibits faster grafting kinetics than the one from Saint-Gobain (SG), only DP base films
are used for the preparation or radiation-grafted membranes in the further study. The
membranes are immersed in water for 5 days at 90 °C, which is referred to as thermal stress
test (TST).

4.1. Analysis of soaking water
4.1.1. UV-Vis spectroscopy
The water used in the thermal stress test (TST) was analyzed using UV−Vis spectroscopy.
UV−Vis spectroscopy provides information about the type of degraded species of the
radiation-grafted membranes and their qualitative content in the soaking water.
Figure 27 shows the UV−Vis spectra over 5 days of TST. The signals gradually increase from
day to day, which indicates that degradation occurs steadily with time. Absorbance peaks
after the TST are generally observed for all membranes at 193−194 and 225−226 nm. These
peaks are compared to the spectra of model compounds in aqueous solution to identify the
possible degradation products (Figure 28).
The spectra of the degradation products of the radiation-grafted membranes are most
similar to that of poly(4-styrenesulfonic acid) solution, which indicates that the observed
degraded species are in form of polymer chain fragments, and not monomer units, which is
in agreement with the results of Enomoto et al.99 The nitrile signals around 190 nm are most
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probably overlapping with the signals of aromatic compounds and therefore could not be
distinguished.
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Figure 27. UV−Vis spectra of the soaking water during 5 days of thermal stress test
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Figure 28. UV-Vis spectra of model compounds in aqueous solution to identify the possible
degradation products
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The observed UV−Vis signal of grafted chain fragments can however result from washed-out
occluded polymer chains, since entangled polymer chains can be relatively immobile inside
the polymer networks and may remain in the membrane after preparation.113 The thermal
stress test experiment under air atmosphere was therefore extended to 7 days to test this
hypothesis. The absorbance signature of the decomposition products in the water
continued to increase in apparent linear manner. This indicates that the signals originate
mainly from degradation products and only to a small extent from occluded polymer.
The radiation-grafted membranes that contain cross-linker, St/AN/DiPB and AMS/AN/DiPB
grafted membranes, show a lower amount of degraded grafted polymer chains than the
membranes without cross-linker, St/AN and AMS/AN grafted membranes. It seems that the
cross-linker reduces the degradation effect.
Furthermore, the AMS-based membranes show lower degradation than the St-based
membranes. The methyl group at the α-position instead of hydrogen seems to increase the
stability of the membranes in water. This proves that the α-position is not only relevant for
the stability of radiation-grafted membranes during radical attack occurring in a fuel cell,
but also for the stability of the membrane in water for electrolyzer application.
The AMS/AN/DiPB membrane with both DiPB cross-linker and AMS incorporated into the
membrane exhibits the lowest degradation rate, showing additive influence of the two
features. The stabilizing effect of a cross-linker and α-methyl position was not subject of the
study of Enomoto et al., since St was used as the only grafting monomer.99
In a second set of experiments, the thermal stress test is performed under argon
atmosphere to investigate the effect of the absence of oxygen. Figure 29 shows UV-Vis
spectra of the solution after 5 days of TST under air (colored curves) and argon atmosphere
(black curves), respectively. This test was not performed in case of the AMS/AN/DiPB
grafted membrane, since it has already a low UV-Vis signature under air atmosphere. In the
absence of oxygen, the UV-Vis signals are lower. This indicates that oxygen is an important
factor in the degradation process.
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For comparison, the commercial Nafion membranes N115 and N117 are also subjected to
the TST. Since Nafion membranes do not have any chemical constituents that absorb UV−Vis
light, there is no signal observed in the soaking water.
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Figure 29. UV−Vis spectra of the thermal stress test solution after 5 days under air (in color)
and argon atmosphere (in black), respectively

4.1.2. Ion chromatography
Ion chromatography provides information about possibly generated and released ions from
the membrane during the TST. Table 6 shows the result of the ion chromatography
measurements after 5 days thermal stress test under air and argon atmosphere,
respectively. The amount of sulfate in the soaking water in case of the radiation-grafted
membranes is higher than in case of the Nafion membranes. However, a concentration of
0−4 ppm only corresponds to a loss of up to 3% of the membranes’ IEC. This indicates that
desulfonation takes place to a very low extent in radiation-grafted membranes and that the
sulfate ion is not the main degradation product during the exposure to hot water over 5
days. This is similar to the finding in the exhaust water of a fuel cell with PSSA grafted
membrane after an accelerated stress test.114 In argon atmosphere, desulfonation is almost
unnoticeable. The amount of fluoride released from the membranes is also low, indicating
that the ETFE base polymer does not undergo degradation.
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Table 6. Results of ion chromatography of soaking water after 5 days thermal stress test, in
ppm (Equivalent to mg/L)
Sample
Blank test
St/AN
(Argon)
St/AN/DiPB
(Argon)
AMS/AN
(Argon)
AMS/AN/DiPB
N115
N117

SO420.02
1.02
0.27
(0.17)
3.64
2.02
(0.64)
0.64
0.71
(0.16)
1.20
1.62
0.11
0.14

F0.06
0.03
(0.03)
0.14
0.05
(0.05)
0.09
0.07
(0.04)
0.02
0.05
0.03
0.04

4.2. Analysis of membranes
4.2.1. Ion-exchange capacity
The ion-exchange capacity (IEC) and swelling degree (water uptake) of the radiation-grafted
membranes before and after the test are shown in Table 7. The IEC quantifies the number of
sulfonic acid functional groups available in the membrane.
After the TST, the St-based membranes, St/AN and St/AN/DiPB, lose 35−45% of their IEC,
which indicates that these membranes are less stable than the AMS-based membranes,
which only lose 10% and 4% IEC in case of the AMS/AN and AMS/AN/DiPB cografted
membrane, respectively. This is in agreement with the UV−Vis result in that the AMS-based
membranes are more stable than the St-based membranes.
Interestingly, the presence of the cross-linker does not lead to a decrease of the IEC loss in
case of the St/AN/DiPB grafted membrane, although its UV−Vis response is lower than that
of the un-cross-linked St/AN grafted membrane. This suggests that there is a degradation
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Table 7. Ion-exchange capacity, swelling degree, and weight loss of the membranes before
and after 5 days thermal stress test

Membranes
St/AN
(Argon)
St/AN/DiPB
(Argon)
AMS/AN
(Argon)
AMS/AN/DiPB

Ion-Exchange Capacity
(mmol/g)
Before
After
% loss
1.24 ± 0.01
0.82 ± 0.06
34.1 ± 4.7
(1.25 ± 0.02) (0.82 ± 0.01) (34.4 ± 1.7)
1.20 ± 0.00
0.67 ± 0.01
44.2 ± 0.8
(1.11 ± 0.02) (0.57 ± 0.06) (49.1 ± 5.9)
1.65 ± 0.03
1.48 ± 0.00
10.3 ± 0.0
(1.65 ± 0.01) (1.59 ± 0.03) (3.19 ± 2.0)
1.58 ± 0.00
1.52 ± 0.01
4.2 ± 0.5

Swelling Degree
(wt.%)
Before
After
66.6 ± 0.9
54.4 ± 3.0
(67.8 ± 2.4)
(63.2 ± 1.6)
35.1 ± 3.2
40.9 ± 3.5
(34.9 ± 1.5)
(31.7 ± 6.3)
56.5 ± 0.5
60.0 ± 0.5
(53.0 ± 1.3)
(58.5 ± 1.3)
31.7 ± 0.6
-

Weight loss
(wt.%)
% loss
3.3 ± 1.6
(0.4 ± 0.3)
4.4 ± 2.7
(0.9 ± 0.1)
1.9 ± 2.2
(~ 0)
~0

mechanism that causes the loss of sulfonic acid functional groups from the polymer chains
without any chain scission occurring.
The change of the experimental condition to the argon atmosphere does not affect the IEC
loss of St-based radiation-grafted membranes, St/AN and St/AN/DiPB. This is another result
in disaccord with the result of UV-Vis measurements, which shows that less polymer chain
fragments are formed under argon atmosphere. This observation indicates the existence of
another degradation mechanism in the absence of oxygen, which is active only in case of the
St-based membranes.
The swelling degree shows interesting results, since according to Enomoto et al., the higher
the swelling, the higher the extent of degradation caused by swelling-induced detachment
should be. However, the results presented in Table 7 show that the degree of swelling does
not correlate directly with the extent of degradation.
The St/AN grafted membrane shows a lower IEC loss than the St/AN/DiPB grafted
membrane, although the St/AN grafted membrane has a higher swelling degree. In addition,
the IEC loss of AMS/AN and AMS/AN/DiPB cografted membranes is less pronounced,
although they exhibit a swelling degree similar to that of St/AN and St/AN/DiPB cografted
membranes. This suggests that the chemical structure influences the stability of radiationgrafted membrane more than the interfacial stress between the hydrophobic (base film)
and hydrophilic (grafted polymer) constituents of the membrane as described by the
swelling-induced detachment mechanism.
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The weight loss shows a similar trend to the IEC and UV-Vis results, which indicate that the
St-based membranes are less stable than the AMS-based membranes. For the St-based
membranes, the expected weight loss is however less than the corresponding IEC loss. 40%
of IEC loss should result in 6−8% weight loss for St-based membranes, but only 3−4% weight
loss is observed. This finding supports the notion of a degradation mechanism that causes
the loss of sulfonic acid functional groups from the polymer chains without any chain
scission occurring in the St-based membranes. This is not the case for the AMS-based
membranes, since the 10% of IEC loss contributes to 2−3% weight loss for the AMS-based
membranes, and the measured weight loss is in agreement with the IEC loss within the
uncertainty of the measurement.

4.2.2. Fourier transform infrared (FTIR) spectra
Figure 30 shows the FTIR spectra of the membranes before and after the test. Before the
test, intensity related to the C=O stretch vibration of carbonyl is already observed, which is a
result of partial hydrolysis of nitrile groups during membrane synthesis.73 The nitrile peak is
smaller after the thermal stress test and the carbonyl peak is higher for all the membranes.
This indicates that the nitrile group is further hydrolyzed during the TST. Interestingly, the
position of the carbonyl peak in case of the St- based membranes is different than in case of
the AMS-based membranes. The peak observed at 1716 cm−1 in the St-based membranes
could be associated with the carbonyl peak of ketone or carboxylic acid. The peak at
1672 cm−1 in the St and AMS-based membranes could be assigned to an amide (amide-I
peak). Also, the rather broad peak of the H−O−H bending vibration of water is found in the
region around 1640 cm−1. In both cases, AN is possibly hydrolyzed only to amide. The
additional ketone or carboxylic acid peak in case of St-based membranes could be indicative
of an additional functional group formed upon degradation in water.
The FTIR peaks associated with aromatic sulfonic acid in the range 1000−1050 cm−1 are not
shown due to excessive ETFE backbone related absorption in this region, rendering
quantification impossible. The FTIR spectra of the membranes treated under argon
atmosphere are similar to the ones shown in Figure 30, hence they are not shown.
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Figure 30. FTIR spectra of membranes before (in black) and after (in red) 5 days of the
thermal stress test under air

4.2.3. EDX elemental mapping
The EDX analysis of membrane cross-sections shows that the distribution of sulfur and
nitrogen atoms in the AMS-based grafted membranes is more homogeneous than in case of
the St-based grafted membranes (Figure 31). This is a result of the lower grafting kinetics of
AMS-based membranes, which prevents the formation of pronounced grafting fronts.115 The
EDX elemental maps before and after the test indicates that there is no localized
degradation of the membranes in hot water.
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Figure 31. Elemental mappings via EDX spectroscopy on cross-sections of radiation-grafted
membranes before and after 5 days thermal stress test

4.3. Degradation mechanisms
On the basis of the water (UV-Vis, IC) and membrane analysis (IEC, FTIR, EDX) of the thermal
stress test under air and argon atmosphere, and the effect of varying the monomer
combinations and adding cross-linker, three degradation mechanisms of radiation-grafted
membranes in hot water are proposed (Figure 32) in addition to the “swelling induced
detachment” described in the literature:99 degradation at the weak-link, oxygen-induced
degradation, and hydrothermal degradation.

4.3.1. Degradation at the weak-link
Degradation at the weak-link is the degradation caused by the scission of a weak chemical
bond that leads to the scission of grafted polymer chains. This mechanism is supported by
the fact that some degradation products are in the form of polymer chains as indicated by
the UV-Vis spectra and the weight loss of the membranes.
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Figure 32. Proposed degradation mechanisms of radiation-grafted membranes in hot water
According to the work of Hodgdon et al. on the oxidative degradation of PSSA, this polymer
contains “weak-links”, possibly peroxide bonds, O−O, which originate from oxygen that is
incorporated into the growing polymer chain during the radical polymerization process.98, 116
It is conceivable that such peroxide bonds may also exist in the grafted polymer chains at
the focus of this study, since the small residual amount of oxygen in the grafting monomer
solution can be involved during the propagation of the polymer chain reaction and
incorporated into the grafting polymers. Moreover, peroxide is usually also formed in the
film during the irradiation in air even in the presence of small amounts of oxygen.117 In
addition, oxygen may react with chain-end radicals to form peroxyl radicals or peroxides at
the end of the grafting reaction when the film is removed from the reaction solution and
exposed to air (step I).
This peroxide bond is susceptible to heat induced cleavage, which results in the formation of
radical species (step II). This degradation sequence can be avoided if the membrane is
prepared in the complete absence of oxygen, which is practically difficult. However, the fact
that the membranes with cross-linker are more stable than the membranes without crosslinker means that the presence of a cross-linker can reduce the effect caused by this
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degradation mechanism. It is most likely a consequence of the multiple connectivity of
grafted polymer chains in a cross-linked network structure. This degradation mechanism is
present in all radiation-grafted membranes which are prepared in the presence of trace
amounts of oxygen.

4.3.2. Oxygen-induced degradation
The oxygen-induced degradation is supported by the fact that the degradation is less
pronounced under argon atmosphere according to the UV-Vis spectra. The weak site is
possibly the α-position of a monomer unit, since the IEC loss data indicate that St-based
membranes are less stable than AMS-based membranes.
This reaction is initiated by the abstraction of hydrogen at the α-position of a monomer unit
by the radical formed after the scission of a weak-link (step III). This mechanism applies only
to St-based membranes, that is, St/AN and St/AN/DiPB grafted membranes, since the
hydrogen at the α-position of St is prone to abstraction.118
The hydrogen at the α-position of the AN may undergo a similar reaction, since the bond
dissociation energy of α-H of AN is only slightly higher than that of St. The bond energy of α
C−H of cumene (2-phenylpropane) is 350−365 kJ/mol and that of isobutyronitrile
(2-methylpropanenitrile) is 360−385 kJ/mol.119 Cumene and isobutyronitrile represent St
and AN monomer units, respectively, in the grafted chain.
The radical formed at the α-position can then easily add oxygen dissolved in water and form
a peroxyl radical, which can again abstract hydrogen from a nearby α-position to form a
hydrogen peroxide group (step IV).120 The hydrogen peroxide group at the α-position can
lead to the scission of the polymer chain (step V), or to the splitting off of the St unit and
formation of a ketone functional group as suggested by FTIR (step VI).98,

118, 121-122

The

splitting of the St unit in step VI is supported by the observation that the weight loss of the
membranes is less than the corresponding IEC loss. The splitting of only St units without
polymer chain scissions does not contribute to the weight loss significantly, only to IEC loss.
This degradation mechanism can be mitigated by changing the susceptible hydrogen at the
α-position into, for example, a methyl group. Therefore, AMS-based membranes are more
stable than the St-based membranes. Since the mechanism also leads to the scission of
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polymer chains, the presence of cross-links minimizes the effect of the degradation as in the
first mechanism described above.

4.3.3. Hydrothermal degradation
Hydrothermal degradation leads to the removal of molecules containing sulfonic acid, which
is possibly also caused by the weak site at the α-position of St. This mechanism is supported
by the observation that under argon atmosphere, although the UV-Vis signal and the weight
loss indicate a lower extent of degradation than in the presence of oxygen, the IEC loss of
the St-based membranes, that is, St/AN and St/AN/DiPB cografted membranes, does not
change.
The IEC loss is caused by the removal of a molecule with a moiety containing sulfonic acid,
and not of sulfate ions (desulfonation), since ion chromatography only showed a small
amount of released sulfate ions. The species in question is not in the form of polymer
fragments, since the UV-Vis signal and weight loss related to St-based membranes are lower
in the absence of oxygen. However, the exact mechanism and the products of the
degradation reaction are still unknown. Likewise, this degradation mechanism can be
mitigated by changing the hydrogen at the α-position into, for example, a methyl group,
since AMS-based membranes show both a lower UV-signature and less IEC loss under argon
atmosphere.

4.3.4. Influence of composition of grafts
The St/AN grafted membrane undergoes all three degradation mechanisms and therefore is
the least stable membrane in this study. The St/AN/DiPB grafted membrane also undergoes
all three degradation mechanisms, yet the cross-linker effectively reduces the loss of chain
fragments.
The AMS/AN grafted membrane undergoes “degradation at the weak-link” and probably
“oxygen-induced degradation at the α-position of AN”, which leads to polymer chain
scission. “Oxygen-induced degradation at the α-position of AMS” and “hydrothermal
degradation” are absent. Therefore, the AMS/AN grafted membrane is more stable than the
St/AN/DiPB grafted membrane. Similar to the AMS/AN grafted membrane, the
AMS/AN/DiPB grafted membrane undergoes degradation at the weak-link and probably
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oxygen-induced degradation at the α-position of AN. However, owing to the presence of
cross-links, the AMS/AN/DiPB grafted membrane is the most stable membrane in the series,
since all degradation paths in hot water are mitigated.

4.4. Hydrogen crossover vs area resistance (property map)
The property map provides information about the hydrogen crossover and area resistance
values of Nafion and radiation-grafted membranes.100 In addition to the first part of this
work, the property map includes two additional membranes, namely AMS/AN and
AMS/AN/DiPB grafted membranes. The hydrogen crossover and area resistance values of all
radiation-grafted membranes before and after the thermal stress test are shown in
Figure 33.
Before the thermal stress test, the AMS/AN and AMS/AN/DiPB grafted membranes show
similar hydrogen crossover and area resistance to those of the St/AN and St/AN/DiPB
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Figure 33. Property map of radiation-grafted membranes before (filled symbols) and after
(empty symbols) 5 days thermal stress test, compared to the Nafion series of membranes
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grafted membranes, which are better than the state-of-the-art membranes for water
electrolysis, N115 and N117. After the thermal stress test, it can be observed that the
membrane with a higher extent of degradation shows a more pronounced increase of
hydrogen crossover and area resistance.
According to the changes of the hydrogen crossover and area resistance values, the stability
of radiation-grafted membranes increases in the series St/AN (least stable) < St/AN/DiPB <
AMS/AN < AMS/AN/DiPB (most stable). The results are in agreement with the soaking water
and membrane analysis in the thermal stress test, which shows the same stability trend of
the radiation-grafted membranes. The AMS/AN/DiPB grafted membrane is considered as
the most suitable candidate for use in a water electrolyzer among all radiation-grafted
membranes tested in this study, since it shows the highest stability in the series and has a
more favorable combination of hydrogen crossover and area resistance than the Nafion
membranes series.
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5.1. Introducing a new monomer
Radiation-grafted membranes have been investigated as an alternative to perfluorosulfonic
acid (PFSA) membranes, such as Nafion, in water electrolyzers. Degradation of the radiationgrafted membranes has been an issue.99,

105

The composition of the graft copolymer

influences the properties and stability of the membranes. In the second part of this work, it
is shown that the radiation grafted-membranes which contain a monomer with α-protected
position, such as α-methylstyrene (AMS), are more stable during the thermal stress test
than those that contain a monomer without α-protected position, such as styrene (St). The
cross-linker 1,3-diisopropenylbenzene (DiPB) has been found to increase the stability even
more. Therefore, the AMS/AN/DiPB membrane is considered as the most suitable candidate
for use in a water electrolyzer among all radiation-grafted membranes investigated in the
second part, since it shows the highest stability in the series and has a more favorable
combination of hydrogen crossover and area resistance than the Nafion membranes series.
However, the co-monomer used in the second part of this work, acrylonitrile (AN), does not
have an α-protected position.
In the third part of this work, focused on improving the stability of radiation-grafted
membranes, another co-monomer with α-protected position is identified to substitute AN.
St is not used anymore in the third study, because of the lack of stability of the membranes.
However, there are not so many choices of monomers that can copolymerize with AMS. In
search of new co-monomers for AMS, a range of commercially readily available comonomers are tested under the same grafting conditions as those used for AMS-based
membranes (Table 3). Table 8 shows the chemical structure of the selected co-monomers
and their readiness to copolymerize with AMS under the given condition. A list of
abbreviations can be found in the Appendix.
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Table 8. Chemical structure of selected co-monomers and their readiness to copolymerize
with AMS
AN

MAN

MGN

MBN

MAA

iPAc

CMP

PA

yes

yes

yes

no

no

no

no

no

AMS

It has been found in this study that 2-methyleneglutaronitrile (MGN) readily copolymerizes
with AMS. The anticipated advantage of MGN is that the α-position is protected as in
methacrylonitrile (MAN), hence a more stable membrane is expected. Moreover, two nitrile
groups in MGN instead of one as in AN or MAN should improve the gas barrier properties of
the membrane, such that thinner membranes based on preirradiated 25 μm ETFE base film
can be used. For the same polymer, thinner membranes are expected to yield a lower
resistance than thicker membranes. In order to obtain the desired graft level, adjustments
in irradiation dose, solvent and reaction temperature had to be made (Table 3). The
obtained membranes with MGN monomer, i.e., AMS/MGN and AMS/MGN/DiPB, are
compared with the membranes containing AN monomer, i.e., AMS/AN and AMS/AN/DiPB.
Figure 34 shows the type of investigated radiation-grafted membranes with protected
α-position.
The desired graft level of 50% is reached after a reaction time of around 28 h for AMS/MGN
and 47 h for AMS/MGN/DiPB membranes. The graft level of 50% is chosen instead of 40% to
balance the IEC values of MGN based membranes with the previous radiation-grafted
membranes, because MGN (106.13 g/mol) has a higher molecular weight than AN
(53.06 g/mol).
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Figure 34. Investigated radiation-grafted membranes with protected α-position
The successful preparation of the radiation-grafted membranes is proven by EDX analysis of
the membrane cross-section. Figure 35 shows the SEM image and EDX mappings of nitrogen
and sulfur of the AMS/MGN and AMS/MGN/DiPB membrane cross-section. The nitrogen
distribution is relatively homogeneous and shows that MGN is largely uniformly distributed.
The presence of sulfur proves the successful grafting of AMS and its sulfonation.
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Figure 35. SEM image and EDX mappings of a cross-section of AMS/MGN (left) and
AMS/MGN/DiPB (right) membrane with a graft level of 50%
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5.2. Hydrogen crossover vs area resistance (property map)
Figure 36 shows the hydrogen crossover value and area resistance of radiation-grafted and
Nafion membranes. The property map from the earlier previous investigation is used as a
benchmark for evaluating the new radiation-grafted membranes, AMS/MGN and
AMS/MGN/DiPB membranes.
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Figure 36. Property map showing hydrogen crossover vs area resistance values of
AMS-based radiation-grafted membranes from ETFE 25 µm (filled symbols) and ETFE 50 µm
(empty symbols), and Nafion membranes.
The new radiation-grafted membranes with a dry thickness of around 40 µm show lower
hydrogen crossover values than Nafion N115 and N117 membranes with a thickness of
125 and 180 µm, respectively. The gas barrier properties are improved by the nitrile group
in the MGN monomer. The nitrile group has been known to improve gas barrier properties
when incorporated into polymer materials.101-103 The improved gas barrier properties are
also observed when acrylonitrile monomer is used for preparing radiation-grafted
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membranes.100,

105

The area resistance of the new radiation-grafted membranes is also

lower than that of N115 and N117, as expected due to the thickness difference.
When the un-cross-linked radiation-grafted membranes, AMS/AN and AMS/MGN, are
compared, they show a similar hydrogen crossover value. However, it needs to be pointed
out that the new membranes based on AMS/MGN are made from the ETFE base film with a
thickness of 25 µm instead of 50 µm, which is used for preparing AMS/AN radiation-grafted
membranes from the previous investigation (Chapter 3). It results in a dry thickness of
AMS/MGN membranes of around 40 µm, whereas the previous AMS/AN membrane is
around 65 µm thick. Although the AMS/MGN membrane is thinner than the AMS/AN
membrane, the similar hydrogen crossover indicates that the two nitrile groups in the MGN
monomer improve the gas barrier properties compared to the one nitrile group in the AN
monomer.
The AMS/MGN membrane has a lower area resistance than the AMS/AN membrane, which
is expected due to the thickness difference of around 25 µm. However, the decrease of area
resistance is lower than expected considering the thickness difference. This might be caused
by interface problems between membranes and electrodes, since the ionomer used in gas
diffusion electrodes is Nafion and has a different chemical structure than the polymer of the
radiation-grafted membrane, which leads to chemical mismatch and, consequently,
additional interfacial resistance.67
The new radiation-grafted membranes with cross-linker, AMS/MGN/DiPB, has the lowest
hydrogen crossover value of all the membranes investigated in this work. The combination
of monomers with two nitrile groups and cross-linker seems to help to improve the gas
barrier properties even more. The AMS/MGN/DiPB membrane with a thickness around 3540 µm has a lower hydrogen crossover value than the AMS/AN/DiPB membrane with a dry
thickness of 60-65 µm. To confirm the effect of two nitrile groups, the AMS/MGN/DiPB
membrane is also compared to the AMS/MAN/DiPB membrane. Both membranes have
similar thickness, chemical structure, and monomers with α-protected position. The only
difference is that the MGN contains two nitrile groups and MAN only one. They have similar
area resistance, since they have similar thickness, but the AMS/MGN/DiPB membrane with
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two nitrile groups has a lower hydrogen crossover than the AMS/MAN/DiPB membrane with
one nitrile group.
The area resistance of the AMS/MGN/DiPB membrane is lower than the one of the
AMS/AN/DiPB membrane, which is expected because of the thickness difference. The
difference in area resistance is more pronounced than in the comparison between un-crosslinked membranes, AMS/MGN and AMS/AN. By using a thinner base film, the new
AMS/MGN/DiPB membrane has around 40% lower resistance than the previous cross-linked
membranes, AMS/AN/DiPB. The area resistance of the cross-linked AMS/MGN/DiPB
membrane is only slightly higher than that of the un-cross-linked type, AMS/MGN.

5.3. Mechanical properties
Tensile tests were performed at room temperature for Nafion and radiation-grafted
membranes under fully hydrated condition in the machining direction (MD). Fully hydrated
condition was chosen since it mimics the hydration state of the membrane during operation
of the electrolyzer. The tests in transverse direction (TD) were not performed, since the
trend in MD and TD is likely to be rather similar, as it is shown in the second part of this
work.100 Therefore, only the results for MD are shown in Figure 37.
Thick Nafion membranes, such as N115 and N117, are the standard membranes for water
electrolyzer application, and have adequate mechanical properties as shown before in the
first part of this work.36,

100

The radiation-grafted membranes in general show similar or

higher yield stress, elongation at break, and toughness than Nafion membranes. The
encouraging mechanical properties of radiation-grafted membranes make them promising
for electrolyzer application.
The AMS/MGN and AMS/MGN/DiPB membranes, which are based on ETFE 25 µm base
films, have a higher yield stress than the AMS/AN and AMS/AN/DiPB membranes, which are
based on ETFE 50 µm base films. The elongation at break of AMS/MGN and AMS/MGN/DiPB
membranes is lower than that of AMS/AN membranes. Interestingly, the DiPB cross-linker
does not reduce the elongation at break or increase the yield stress of the AMS/MGN/DiPB
membrane as in the AMS/AN/DiPB membrane. The AMS/MGN/DiPB membrane uses ETFE
25 µm base film, which experiences different processing conditions during manufacture
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Tensile test in machining direction (Fully hydrated condition)
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Figure 37. Stress strain curves and tensile energy to break of membranes tested in the
machining direction under fully hydrated conditions.
than the ETFE 50 µm base film. It is possible that the mechanical properties of the base film
are more dominant than the cross-linker effect on mechanical properties of the
AMS/MGN/DiPB membrane based on the thinner ETFE film. In addition, the amount of
cross-linker in the AMS/MGN/DiPB membrane seems to be lower than that in the
AMS/AN/DiPB membrane, since the decrease of swelling/water uptake from the un-crosslinked to cross-linked membranes is only around 20% for AMS/MGN/DiPB and 40% for the
AMS/AN/DiPB membrane.
Toughness or tensile energy to break, which indicates the required energy to break the
membrane, can be obtained from the area under the stress−strain curve (Figure 37).112 The
new AMS/MGN and AMS/MGN/DiPB membranes have higher tensile energy to break values
than AMS/AN/DiPB and Nafion membranes. The highest value is attained by the AMS/AN
membrane.

5.4. Figure of merit
Similar to the second part of this work (Chapter 3.4.), by combining the hydrogen crossover,
area resistance, and toughness values, a figure of merit of the membranes for electrolyzer
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application can established. Average toughness values in machining direction under fully
hydrated condition are taken for the calculation of the figure of merit. With the figure of
merit, the most favorable combination of these three properties in a membrane can be
determined. The obtained data are presented in Figure 38.
The figure of merit shows that the radiation-grafted membranes exhibit a more favorable
combination of gas crossover, area resistance and mechanical properties than the
commercial Nafion membranes, N115 and N117. For the un-cross-linked membranes, the
new AMS/MGN membrane has a lower figure of merit than the AMS/AN membrane, since
the toughness value is also lower. For the cross-linked membranes, the new
AMS/MGN/DiPB membrane has a higher figure of merit than the AMS/AN/DiPB membrane
due to its low gas crossover value. The AMS/MGN/DiPB membrane has the highest figure of
merit in this work and is a promising alternative for Nafion membranes for water

12
10
8
6
4

AMS/AN/DiPB

AMS/AN

AMS/MGN/DiPB

AMS/MGN

0

N117

2

N115

5

Figure of merit UT / ( R *ix ) [ 10 MPa / V ]

electrolyzer applications.

Figure 38. Figures of merit for Nafion and radiation-grafted membranes, calculated from
mechanical toughness (UT), ohmic resistance (RΩ), and hydrogen crossover (ix)
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5.5. Thermal stress test
The new membranes, AMS/MGN and AMS/MGN/DiPB, are subjected to a thermal stress
test (TST) in analogy to the other membranes (cf. Chapter 4), and compared to AMS/AN and
AMS/AN/DiPB membranes to investigate their stability. The soaking water is analyzed by
UV-Vis spectroscopy and ion chromatography, and the membranes are analyzed in terms of
ion-exchange capacity, and the changes in functional groups in the membranes by FTIR. The
result of the thermal stress test of Nafion N115 and N117 membranes is shown in Chapter 4.

5.5.1. Analysis of soaking water
Figure 39 shows the UV-Vis spectra of the soaking water over 5 days of TST for the new
radiation-grafted membranes. The un-cross-linked membrane, AMS/MGN, shows lower
intensity of UV-Vis signals than those of the previously investigated AMS/AN membrane.
This indicates that the α-protected position of the MGN monomer increases the stability.
But, the observed signals indicate that degradation nevertheless still occurs. Based on the
second part of this work, the degradation at the weak links is the most probable
degradation mechanism in this case. However, the AMS/MGN membrane unlike the
AMS/AN membrane does not undergo oxygen induced degradation, since the α-position is
5
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Figure 39. UV−Vis spectra of the soaking water for new membranes during 5 days of thermal
stress test.
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protected. Therefore, less chain scissions and consequently less intensity in the UV-Vis
spectra are observed for AMS/MGN membranes.
The new cross-linked membrane, AMS/MGN/DiPB, shows only UV-Vis signals of low
intensity, which is similar to the findings in connection with the AMS/AN/DiPB membrane.
This indicates that both of these membranes are relatively stable. The AMS/AN/DiPB
membrane is suspected to undergo to a small extent oxygen-induced degradation, because
of the unprotected α-position in the AN monomer.
The AMS/MGN/DiPB membrane with protected α-position in the MGN monomer should not
undergo the oxygen-induced degradation. However, it is difficult to quantify the extent of
membrane degradation based on the UV-Vis spectra only, since they indicate only polymer
constituents removed from the membrane as a result of chain scissions. The degradation in
the membrane at the molecular level, such as loss of sulfonic acid functional group, is
quantified by ion chromatography and measurement of the ion-exchange capacity. In
addition, the signals observed in case of the AMS/MGN/DiPB and AMS/AN/DiPB membranes
may also result from washed-out occluded polymer chains, since entangled polymer chains
can be relatively immobile inside the polymer networks and may remain in the membrane
after preparation.113 Especially, the absorbance signature of the decomposition products of
AMS/MGN/DiPB in the water does not continue to increase in apparent linear manner like
in case of AMS/AN/DiPB. This indicates that the signals of AMS/MGN/DiPB might originate
from occluded polymer.
Ion chromatography gives information about possibly generated and released ions from the
membrane during the TST. Table 9 shows the result of the ion chromatography
measurements after 5 days TST. The amount of sulfate in the soaking water in case of the
AMS/MGN and AMS/MGN/DiPB radiation-grafted membranes is lower than in case of the
AMS/AN and AMS/AN/DiPB membranes. However, a concentration of 0−1 ppm only
corresponds to a loss of up to 1% of the membranes’ IEC. This indicates that desulfonation
takes place to a very low extent in the investigated radiation-grafted membranes and that
the sulfate ion is not the main degradation product during the exposure to hot water over
5 days. The amount of fluoride released from the membranes is also low, indicating that the
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ETFE base polymer does not undergo degradation. This is in agreement with the results
presented in Chapter 4.
Table 9. Results of ion chromatography of soaking water for new membranes after 5 days
thermal stress test, in ppm (Equivalent to mg/L)
Sample
AMS/MGN
AMS/MGN/DiPB
AMS/AN
AMS/AN/DiPB

SO420.16
0.17
0.29
0.31
0.64
0.71
1.20
1.62

F0.06
0.06
0.06
0.08
0.09
0.07
0.02
0.05

5.5.2. Analysis of membranes
The ion exchange capacity (IEC) values of the radiation-grafted membranes before and after
the TST are shown in Table 10. The IEC quantifies the number of sulfonic acid functional
groups available in the membrane. The IEC value of the AMS/MGN and AMS/MGN/DiPB
membranes with a graft level of 50% is lower than that of AMS/AN and AMS/AN/DiPB
membranes with a graft level of 40%. This is expected, because MGN (106.13 g/mol) has a
higher molecular weight than AN (53.06 g/mol) monomer. The higher graft level is required
to obtain a higher IEC of the membranes using MGN monomer. However, the higher graft
level can cause the membranes to become mechanically unstable. In addition, the IEC values
of AMS/MGN and AMS/MGN/DiPB membranes are similar to those of Nafion N115 and
Table 10. Ion-exchange capacity of the radiation-grafted membranes before and after
5 days thermal stress test
Membrane
AMS/MGN
AMS/MGN/DiPB
AMS/AN
AMS/AN/DiPB

IEC before TST (mmol/g)
1.08 ± 0.03
1.10 ± 0.02
1.45 ± 0.02
1.40 ± 0.01

IEC after TST (mmol/g)
1.01 ± 0.03
1.08 ± 0.01
1.27 ± 0.01
1.33 ± <0.01

% loss
6.9 ± 3.8
2.3 ± 1.9
12.0 ± 1.5
4.5 ± 0.6
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N117 membranes, which is 1 mmol/g, and their area resistance lower than that of AMS/AN,
AMS/AN/DiPB, and Nafion membranes.
The fractional loss of IEC of the membranes with respect to the value of the pristine
membrane indicates the stability of the membranes after the thermal stress test. The
stability of radiation-grafted membranes increases in the series AMS/AN (least stable) <
AMS/MGN < AMS/AN/DiPB < AMS/MGN/DiPB (most stable), which is in agreement with the
UV-Vis spectra of the soaking water. The MGN monomer with protected α-position seems
to increase the stability of the membranes even further. The AMS/MGN/DiPB membrane
with a combination of monomers, i.e., AMS and MGN, which have a protected α-position,
and the cross-linker, DiPB, is stable in the thermal stress test over the duration of the
experiment (5 days), since it loses only 2% of its IEC. It needs to be pointed out that 2% of
IEC loss is within the margin of error in the TST. The Nafion N115 and N117 membranes
when subjected to the TST lose 1-2% of their IEC, and therefore are also categorized as
stable under the test condition.
Figure 40 shows the FTIR spectra of ETFE base film, unsulfonated, and sulfonated radiationgrafted membranes before and after the thermal stress test. The peaks associated with the
25 µm ETFE base film are at 2976, 1453, and all peaks lower than 1400 cm-1. After the
grafting reaction the nitrile group C≡N is observed at 2234 cm-1, and the C=C vibration of the
aromatic group of AMS at 1600, 1572, 1498, and 1403 cm-1, which indicates the successful
grafting reaction.
After the sulfonation reaction, the H-O-H stretching of water is observed at 3472 cm-1 and
bending at 1643 cm-1. The presence of water is caused by the hydrophilic nature of the
sulfonic acid groups that bind the water molecules inside the radiation-grafted membranes.
Before the thermal stress test, the peak related to the C=O stretch vibration of carbonyl is
already observed at 1699 cm-1, which is a result of partial hydrolysis of nitrile groups during
membrane synthesis.73, 105 The carbonyl peak is higher after the thermal stress test, which
indicates that the nitrile group is further hydrolyzed during the TST. It is still unclear which
nitrile group in the MGN unit undergoes hydrolysis, the one in the main polymer chain or
the other in the side chain. The hydrolyzed nitrile groups might affect the stability of the
membranes. However, this was not seen in the 5 days thermal stress test, hence the testing
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time ought to be increased to study this effect. Interestingly, the FTIR spectra of AMS/MGN
and AMS/MGN/DiPB membranes are similar. This might be caused by low concentration of
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the DiPB cross-linker in the membranes and its similar structure to the one of AMS.
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Figure 40. FTIR spectra of ETFE base film, unsulfonated, and sulfonated radiation-grafted
membranes before and after thermal stress test
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5.6. Concluding remarks
The MGN monomer with protected α-position has been found to readily copolymerize with
AMS. The new radiation-grafted membranes based on 25 m thick ETFE grafted with
AMS/MGN and AMS/MGN/DiPB have better gas barrier properties and lower area
resistance than the Nafion N115 and N117 membranes and the other radiation-grafted
membranes based on 50 m thick ETFE grafted with AMS/AN and AMS/AN/DiPB. The
mechanical properties of the new membranes are encouraging, and better than those of
Nafion membranes. The new membranes with a more favorable combination of gas
crossover, area resistance, and tensile energy to break values yield the highest figure of
merit among the membranes investigated in this work. The stability of the radiation-grafted
membranes is increased when the MGN monomer incorporated into the membranes. The
AMS/MGN/DiPB membrane, which shows the most favorable combination of low hydrogen
crossover, low area resistance, and encouraging stability in hot water, is a promising
alternative membrane for the water electrolyzer application.
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Water electrolyzer tests were performed at 60 °C in the fourth part of this work, using
catalyst coated membranes (CCMs) based on St/AN, St/AN/DiPB, AMS/AN, AMS/AN/DiPB,
AMS/MGN, AMS/MGN/DiPB radiation-grafted membranes, and Nafion N117 membrane as
the standard. The obtained polarization curves are shown in Figure 41.
The polarization curve taken with the radiation-grafted membrane-based CCMs show a
better performance compared to the standard Nafion N117-based CCM, except the
performance of St/AN/DiPB, which is lower than that of N117 at a current density below
1.5 A/cm2.
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Figure 41. Polarization curve of CCMs based on radiation-grafted and Nafion N117
membranes at 60 °C and 1 bar absolute pressure
The slope of the polarization curve of N117 and AMS/AN/DiPB membranes increases at
current densities above 1.25 A/cm2. A more detailed analysis using iR-free polarization
curves is currently not possible, because the measured ohmic resistance values yield
questionable results. Further analysis is required also to establish whether mass transport
limitations are present. Mass transport is influenced by many factors, such as membrane
thickness, amount of catalyst and ionomer, structure of the porous current collector, etc.
Further investigation, such as electrochemical impedance spectroscopy, variation of
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influencing factors, and a detailed breakdown of loss terms is required to gain more
insight.123-127
The performance of radiation-grafted membranes is better than that of the standard Nafion
N117 membrane. However, there is still room for improvement of the performance of
radiation-grafted membranes. For the CCM preparation of the radiation-grafted membranes
Nafion ionomer was used for the ink formulation, which is not perfectly compatible with the
radiation-grafted membranes. This incompatibility caused by the different chemical nature
between membrane and ionomer may result in additional interfacial losses between
membrane and ionomer in the catalyst layer, which leads to higher ohmic losses.67 A study
to investigate the proper ionomer for radiation-grafted membranes is therefore
recommended.
The performance of radiation-grafted membranes at 2 A/cm2 increases along the series
St/AN/DiPB, AMS/AN/DiPB, AMS/MGN/DiPB, AMS/AN, St/AN and AMS/MGN grafted
membranes. The un-cross-linked membranes, St/AN, AMS/AN and AMS/MGN, have a better
performance than the cross-linked membranes, St/AN/DiPB, AMS/AN/DiPB and
AMS/MGN/DiPB. This is due to the higher structural density of cross-linked membranes,
which reduces the water uptake of the polymer and, consequently, the proton mobility.
However, the un-cross-linked membranes are less stable than the cross-linked membranes,
see the results shown in chapter 4.
The AMS/MGN membrane shows the best performance, but is the less stable membrane
compared to AMS/AN/DiPB and AMS/MGN/DiPB membranes. The AMS/MGN/DiPB
membrane as the most stable one compared to the other radiation-grafted membranes has
a better performance than the Nafion N117 membrane and other cross-linked membranes.
The gas crossover during the water electrolyzer test is measured at different current
densities using a gas sensor. The hydrogen crossover is characterized by the hydrogen
content on the oxygen side (anode), and oxygen crossover by the oxygen content in the
hydrogen side (cathode). However, only the hydrogen crossover is shown in this work, since
the permeability of hydrogen is higher than that of oxygen in solid polymer electrolyte
membranes.78, 128 Although the solubility of hydrogen in water is lower than that of oxygen,
the diffusion coefficient of hydrogen is higher than that of oxygen. 129 This is due to the
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larger mobility of hydrogen, as its molar mass is lower and its size is smaller than that of
oxygen.130
Figure 42 shows the hydrogen content in the oxygen as a function of current density for
radiation-grafted and Nafion membranes. The hydrogen content in the anode decreases
with the increase of current density. This is caused by the increasing oxygen production rate
that leads to a dilution of the hydrogen in the anode compartment.131
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Figure 42. Hydrogen content in oxygen side (anode) for radiation-grafted and Nafion
membranes (safety limit: 4 vol% H2 in O280-81)
All radiation-grafted membranes have lower hydrogen crossover than the standard Nafion
N117 membrane. The cross-linked membranes, St/AN/DiPB, AMS/AN/DiPB, and
AMS/MGN/DiPB have lower hydrogen crossover than their un-cross-linked counterparts,
St/AN, AMS/AN, and AMS/MGN/DiPB. This is due to the interconnected structure of crosslinked membranes that reduces the swelling of the polymer and, consequently, the content
of dissolved hydrogen in the water absorbed in the membrane.
A property map showing hydrogen crossover vs area resistance values of the various
membranes can be obtained during the water electrolyzer test. The hydrogen crossover
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value is measured at 0.25 A/cm2 so that the dilution of the hydrogen is minimized. The unit
of hydrogen crossover is converted from vol% to mA/cm2 using Faraday's law (Equation 19)
and the ideal gas law (Equation 20). The area resistance is measured directly after the
polarization curve. Figure 43 shows the property map based on the water electrolyzer test
compared to the property map from the second part of this work, which was obtained in a
fuel cell setup (inset).
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Figure 43. Property map showing hydrogen crossover vs area resistance values of various
membranes during the water electrolyzer and fuel cell measurements (inset, cf. Chapter 3).
The dotted line and the empty symbol represent the trend line for Nafion and N117
membrane measured in the fuel cell (inset).
All radiation-grafted membranes have lower hydrogen crossover than the standard Nafion
N117 membrane in the water electrolyzer tests. This result is in agreement with the
previous results obtained in this work (inset). The hydrogen crossover increases along the
series AMS/MGN/DiPB, AMS/MGN, St/AN/DiPB, AMS/AN/DiPB, St/AN, AMS/AN, and N117
membrane.
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The order of the cross-linked radiation-grafted membranes regarding hydrogen crossover in
the water electrolyzer test is similar to the order obtained from the hydrogen crossover
value measured electrochemically (inset). For the un-cross-linked membranes, the order
regarding hydrogen crossover value is somewhat different in the two tests. In the water
electrolyzer tests, the crossover value increases along the series AMS/MGN, St/AN, and
AMS/AN. Meanwhile, in the electrochemical measurements, the value increases along the
series AMS/AN, AMS/MGN, and St/AN. However, taking into consideration the error bars,
the differences are not significant.
The order of radiation-grafted membranes regarding area resistance is different in the water
electrolyzer test. The area resistance increases along the series St/AN, AMS/AN, St/AN/DiPB,
AMS/AN/DiPB, AMS/MGN, N117 and AMS/MGN/DiPB membrane in the water electrolyzer
tests, and AMS/MGN, AMS/MGN/DiPB, AMS/AN, St/AN, AMS/AN/DiPB, St/AN/DiPB, and
N117 membrane in the fuel cell configuration (inset). Although the order regarding area
resistance is changed in electrolyzer tests, most of radiation-grafted membranes still have a
lower resistance than the N117 membrane. The exception is the area resistance of
AMS/MGN and AMS/MGN/DiPB membranes, which is lower than that of N117 in the fuel
cell tests but similar in the electrolyzer tests. This is in contrast with the membranes’
performance in the water electrolyzer. The additional area resistance might come from the
additional contact resistance of the extra porous carbon layer, which is added on the
cathode side to compensate for the thickness difference between the different membranes.
In general, the hydrogen crossover is higher by 0.7-0.8 mA/cm2 for N117 and by
0-0.3 mA/cm2 for radiation-grafted membranes-based CCMs in the in-situ measurements,
which is probably a result of the different hydration state of the membranes in the
electrolyzer (liquid water) and fuel cell (water vapor, 100% relative humidity). The area
resistance of CCMs is higher in the electrolysis cell by 50 mOhm∙cm2 for N117 membrane,
50-60 mOhm∙cm2 for the St/AN and St/AN/DiPB membranes, 60-90 mOhm∙cm2 for the
AMS/AN and AMS/AN/DiPB membranes, and 140-150 mOhm∙cm2 for the AMS/MGN and
AMS/MGN/DiPB membranes compared to that measured in the fuel cell, which is possibly
caused by the different cell material, membrane thickness, contact resistances and
temperature between the electrolyzer and fuel cell.
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Figure 44. Figures of merit for various membranes, calculated from mechanical
toughness (UT), ohmic resistance (RΩ), and hydrogen crossover (ix) of electrolyzer and fuel
cell tests (inset)
Figure 44 shows the figure of merit obtained from the water electrolyzer tests compared
with the one obtained from the fuel cell tests (inset). The values of figure of merit obtained
from the eletrolyzer tests are smaller than those from fuel cell test, since the area resistance
and the hydrogen crossover are higher. However, both figures of merit have similar values
and a similar trend when normalized to the value of Nafion N117. In both cell types, the uncross-linked membranes, St/AN and AMS/AN, have a higher figure of merit than the crosslinked membranes, St/AN/DiPB and AMS/AN/DiPB, due to the higher toughness value of uncross-linked membranes. In contrast, the AMS/MGN membrane has lower figure of merit
than the AMS/MGN/DiPB membrane, since they have similar toughness value, but
AMS/MGN/DiPB membrane has a lower hydrogen crossover. St/AN, AMS/AN, and
AMS/MGN/DiPB membranes have the highest figure of merit in this work, and when the
membrane stability is taken into consideration, AMS/MGN/DiPB membrane is the most
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promising alternative to Nafion membranes compared to the other radiation-grafted
membranes.
The radiation-grafted membranes are tested in the water electrolyzer and perform better
than the standard Nafion N117 membrane. In addition, the hydrogen crossover value of
radiation-grafted membranes is lower than that of the Nafion membrane, which indicates
superior gas barrier properties. The area resistance of the radiation-grafted membranes is
similar or lower than that of the Nafion membrane, which yields a similar or lower ohmic
loss. The figure of merit also shows that the radiation-grafted membranes exhibit a more
favorable combination of gas crossover, area resistance and mechanical properties than the
commercial Nafion N117. The characterization of the radiation-grafted membranes in the
water electrolyzer proves that the radiation-grafted membranes are suitable for water
electrolyzer application, and a promising option as an alternative membrane.
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The development of radiation-grafted membranes for water electrolyzer applications in this
work is shown in Figure 45.

Figure 45. Development of radiation-grafted membranes for water electrolyzer applications
In the first part of this work, radiation-grafted membranes based on cografted styrene (St)
and acrylonitrile (AN) were successfully synthesized from electron-beam-preirradiated
50 μm ethylene tetrafluoroethylene (ETFE) base films. Cross-linked membranes were
prepared by addition of a cross-linking agent, 1,3-diisopropenylbenzene (DiPB). ETFE from
DuPont yielded faster grafting kinetics than ETFE from Saint-Gobain.
Evaluation of the membranes for electrolyzer applications is focused on three key
properties: gas crossover, area resistance, and mechanical properties. A property map,
comprising hydrogen crossover and area resistance values, indicates that Nafion
membranes follow a general trend. The diagram can be used as a benchmark for evaluating
alternative membranes, such as radiation-grafted membranes. St/AN and St/AN/DiPB
radiation-grafted membranes show lower gas crossover and lower area resistance
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compared to Nafion N115 and N117. Cross-linked membranes have lower crossover but
higher area resistance than un-cross-linked membranes. Tensile tests showed that all
radiation-grafted membranes have better mechanical properties than Nafion membranes
under ambient and especially fully hydrated conditions.
The three key membrane properties can be combined into a figure of merit. Radiationgrafted membranes showed a higher figure of merit compared to all Nafion membranes. In
addition, radiation-grafted membranes are of potentially lower cost and therefore a
promising alternative to N115 and N117 for electrolyzer applications. The figure of merit of
radiation-grafted membranes based on Saint-Gobain base film is higher than that based on
DuPont base film. However, if grafting kinetics is considered, the membranes based on
DuPont base film are preferred.
In the second part of this work, the stability of radiation-grafted membranes for water
electrolyzer application is investigated by immersing the membranes in water at 90 °C for
5 days under air and argon atmosphere (thermal stress test, TST). UV-Vis spectra indicate
that some degradation products are in the form of polymer fragments. Ion chromatography
indicates that desulfonation occurs only to a minor extent. The measurement of ion
exchange capacity before and after the test reveals that the styrene (St) based membranes
loose more sulfonic acid functional groups than the α-methylstyrene (AMS) based
membranes. In contrast to the swelling-induced detachment mechanism proposed in the
literature, the swelling degree of a given membrane does not correlate with its extent of
degradation. The weight loss measurements indicate that some degradation occurs without
polymer chain scission taking place in the St-based membranes. The FTIR spectra show that
the AN group is partially hydrolyzed to amide, and a ketone functional group is formed
during the degradation of St-based membranes. The experiment under argon atmosphere
indicates that oxygen promotes the degradation.
In addition to the swelling-induced detachment, three additional degradation mechanisms
of radiation-grafted membranes in hot water are proposed: degradation at the weak-link,
oxygen-induced degradation, and hydrothermal degradation. A stable membrane can be
obtained by removing oxygen completely during the membrane preparation to avoid the
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formation of weak-links, or using monomers with a protected α-position and cross-linker to
mitigate degradation.
The radiation-grafted membranes have lower hydrogen crossover and area resistance than
the commercial Nafion membranes, N115 and N117, before the TST. After the TST, the
increase of hydrogen crossover and area resistance of radiation-grafted membranes reflects
the degree of membrane degradation. The stability increases along the series St/AN,
St/AN/DiPB, AMS/AN, and AMS/AN/DiPB grafted membrane and is in agreement with the
water and membrane analysis during the TST.
In the third part of this work, focused on improving the properties and stability of radiationgrafted membranes, an alternative co-monomer with α-protected position is identified to
substitute AN. The 2-methyleneglutaronitrile (MGN) monomer with protected α-position
has been found to readily copolymerize with AMS. Radiation-grafted membranes based on
cografted AMS, MGN, and DiPB were successfully synthesized from preirradiated 25 μm
ETFE base films. SEM/EDX elemental mappings proved the successful incorporation of new
monomer.
The new radiation-grafted membranes, AMS/MGN and AMS/MGN/DiPB, have better gas
barrier properties and lower area resistance than the standard Nafion N115 and N117
membranes and the other radiation-grafted membranes based on 50 µm thick ETFE grafted
with AMS/AN and AMS/AN/DiPB. The mechanical properties of the new membranes are
encouraging and better than those of Nafion membranes. The new membranes with a more
favorable combination of gas crossover, area resistance, and tensile energy to break values
yield a higher figure of merit than the other membranes investigated in this work.
The stability of the radiation-grafted membranes is increased when the MGN monomer
incorporated into the membranes. The analysis of soaking water and membranes after TST
indicates that the AMS/MGN is more stable than the AMS/AN membrane, and the
AMS/MGN/DiPB more stable than the AMS/AN/DiPB membrane. The AMS/MGN/DiPB
membrane, which shows the most favorable combination of low hydrogen crossover, low
area resistance, good mechanical properties, and encouraging stability in hot water, is the
most promising alternative membrane in this work for the water electrolyzer application.
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In the fourth part of this work, electrolysis cell tests of catalyst coated membranes (CCMs)
based on St/AN, St/AN/DiPB, AMS/AN, AMS/AN/DiPB, AMS/MGN and AMS/MGN/DiPB
membranes, and a benchmark CCM based on Nafion N117 membrane showed that the
radiation-grafted membranes have a better performance than the standard Nafion
membrane. In addition, the hydrogen crossover and area resistance value of most radiationgrafted membranes is lower than that of the Nafion membrane. The result of hydrogen
crossover and area resistance from the water electrolyzer tests is compared to the property
map, and is in agreement within the error of the measurement for most membranes. The insitu measurements of the radiation-grafted membranes in the water electrolyzer prove that
the radiation-grafted membranes are suitable for water electrolyzer applications, and a
promising option as an alternative membrane by showing a better performance, lower
hydrogen crossover and area resistance than the Nafion membrane.
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Further work ought to be aimed at improving the cell performance of radiation-grafted
membranes. This can be achieved by optimizing membrane and CCM preparation.
Furthermore, studies on durability of the membranes, ex-situ and in-situ, are essential to
ultimately assess the potential of radiation-grafted membranes for application in the water
electrolyzer.
Membrane

preparation

can

be

optimized

in

terms

of

irradiation

dose,

monomer/comonomer ratio in solution and membrane, solvent, temperature for the
polymerization reaction, and base film.
The irradiation dose influences the number of activated sites in the film, the grafting time to
obtain a certain graft level, and the length of the grafted components. A higher irradiation
dose will result in a higher number of activated sites, and therefore shorter reaction time to
obtain a certain graft level, but also shorter polymer chain length than obtained with a
lower irradiation dose.110 This will influence the structure of the membrane and, eventually,
its performance at the device level. An adequate irradiation dose will yield sufficiently fast
grafting kinetics to obtain the target graft level without excessively sacrificing the
homogeneity of graft component distribution across the film thickness and damaging the
base film. In addition, irradiation under inert atmosphere is preferable to prevent the
formation of peroxide bonds, which constitute a weak-link (cf. Chapter 4).105
The investigation of the monomer/comonomer ratio in the polymerization solution and the
obtained ratio in the grafted film can open a possibility to obtain a membrane with a better
cell performance than the grafted membranes presented in this work, where the
monomer/comonomer ratio was fixed (Table 3).73 It is conceivable that variations in the
monomer ratio in the membrane will show that the maximum figure of merit in terms of
area resistance and hydrogen crossover (cf. Chapter 3) will be at a different monomer to
comonomer ratio than the one used in this study.
A good solvent for the grafting reaction should be able to swell the base film to some
extent.132 This will improve the diffusion of the monomers into the film, which supports a
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homogeneous distribution of grafted components in the film. A homogeneous membrane
will have a better cell performance than an inhomogeneous membrane. It is also
conceivable to move to an emulsion system to reduce the monomer concentration in the
grafting solution.
The reaction temperature influences the rate of polymerization and the length of the
grafted polymer chains. For example, polymerization of α-methylstyrene (AMS) only result
in short chains of poly(α-methylstyrene), since it has a low ceiling temperature (66°C).133
The ceiling temperature is a measure of the tendency of polymers to revert to their
monomers. In a system with more than one monomer, it is necessary to have a copolymer
with a high ceiling temperature, which can be indicated by a high graft level. The ideal
reaction temperature is the temperature where the rate of polymerization is fast enough to
obtain a graft polymer with a certain chain length, but slow enough to let the monomers
diffuse into the film to obtain a membrane with a homogeneous distribution of grafted
components. The chain length will influence the proton transport and consequently the
conductivity of the membrane due to the characteristics of phase separation into
hydrophilic and hydrophobic constituents,134 and its stability due to the stress at the
interface between hydrophilic and hydrophobic domains (swelling-induced detachment).99
By evaluating different reaction temperatures and adjusting the polymer chain length, a
membrane with a better performance in the cell can possibly be obtained.
The selection of the base film type, supplier and thickness will affect the properties of the
radiation-grafted membrane, since the base film is the backbone for grafted polymers. In
this work, only ETFE base film was tested. Although the ETFE base film is suitable and results
in a membrane with superior properties as shown in this work, other base films are
available and may be equally or better suited for radiation grafting, such as ethylene
chlorotrifluoroethylene (ECTFE), polyvinylidene fluoride (PVDF), and copolymers thereof.
Similar to ETFE, ECTFE and PVDF have good mechanical properties, high thermal stability
and excellent resistance to chemicals, but better gas barrier properties.135-136 However, the
ECTFE shows a slower grafting kinetics, and PVDF has a higher crystallinity. The same base
film from different suppliers can exhibit a different microstructure (crystallinity, crystal size
distribution, orientation, and degree of anisotropy), which will influence the properties of
the membranes as it is shown in the first part of this study. Furthermore, it is conceivable to
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use copolymers of TFE, VDF, CTFE, etc. that are available as film on the market, or
synthesize customized polymers based on these monomers to fine-tune the relevant
properties of the base film for the radiation grafting process. The selection of the thickness
of the base film is a tradeoff between the mechanical properties, hydrogen crossover, and
the area resistance of the membrane. A suitable base film should be mechanical robust, not
undergo substantial damage by radiation, exhibit reasonable grafting kinetics, and yield a
membrane with low area resistance but high gas barrier properties.
Other than optimization of membrane preparation, the optimization of CCM preparation is
required to translate promising properties of the membrane, such as low resistance, into
device performance. This can be achieved by adapting the coating method to radiationgrafted membranes and using a compatible ionomer for the membranes. The most common
coating methods are the decal transfer and direct spray coating of the ink (formulation of
catalyst, ionomer and solvents) onto the membrane. A suitable coating method for
radiation-grafted membranes yields a catalyst layer with a high surface active area, a
homogeneously distributed catalyst layer, and a good adhesion between catalyst, ionomer
and the membrane.
The ionomer acts as an electrolyte in the triple phase boundary (electrolyte, electrode, and
water/gas phase), and simultaneously as a binder between the catalyst layer and the
membrane. The most common ionomer used is PFSA ionomer. This ionomer is, however,
not perfectly compatible with radiation-grafted membranes due to the different chemical
nature of the polymers.67 Future work should aim at the preparation of a compatible
ionomer for radiation-grafted membranes.
Figure 46 shows a possibility to prepare an ionomer for the AMS/MGN/DiPB radiationgrafted membrane. After step 2, the grafted film is usually taken out of the polymerization
solution to undergo further steps, step 3 and 4, to obtain the radiation-grafted membrane,
and the polymerization solution is discarded. However, the polymerization solution contains
AMS/MGN/DiPB homopolymer that is not grafted to the ETFE base film, which could be
utilized to prepare a suitable ionomer (step 3’ and 4’). The advantages are that the type and
the chain length of the polymers in the solution are similar to those in the grafted film, since
they are from the same reactor and experienced the same reaction condition.
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Figure 46. Ionomer preparation for AMS/MGN/DiPB radiation-grafted membrane
Another method for preparing an ionomer for radiation-grafted membranes is by
synthesizing it separately. In this case, an initiator for polymerization, such as
azoisobutylnitrile (AIBN), dicumyl peroxide, or persulfate, is required. The advantage is that
a smaller scale of experiments can be performed, and many variations, such as solvent,
temperature, and monomer composition, can be investigated. A good ionomer should have
similar chemistry to that of the membrane, high proton conductivity, stable, good adhesion
to the catalyst and membrane, and high gas permeability. The latter property contrasts to
the requirement for the membrane. By using an ionomer with the same chemical nature as
the one used in the radiation-grafted membrane, the interfacial mismatch between
membrane, ionomer, and catalyst can be minimized, and a CCM based on a radiationgrafted membrane with maximum performance can be obtained.
Studies on the durability of the membranes should also be the aim of future work. In this
work only ex-situ accelerated stress test (AST), i.e., thermal stress test, was performed. Exsitu and in-situ accelerated stress tests need to be developed in order to be able to predict
the lifetime of the membrane in a water electrolyzer accurately.
The ex-situ AST can be extended by adding other parameters to the thermal stress test, e.g.
hydrogen and oxygen atmosphere, presence of the catalyst, or with a suitable setup
differential pressure variation and mechanical stress. In-situ ASTs can be performed by
variation of parameters in an operating water electrolyzer, such as current density,
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potential, pressure, temperature, feed flow, etc. A good ex-situ and in-situ AST should be
able to estimate the lifetime and stability of a membrane in a water electrolyzer.

86

9. References
(1) Hubbert, M. K. Energy from fossil fuels. Science 1949, 109 (2823), 103-109.
(2) Chu, S.; Majumdar, A. Opportunities and challenges for a sustainable energy future.
Nature 2012, 488 (7411), 294-303.
(3) Abas, N.; Kalair, A.; Khan, N. Review of fossil fuels and future energy technologies.
Futures 2015, 69, 31-49.
(4) Hoel, M.; Kverndokk, S. Depletion of fossil fuels and the impacts of global warming.
Resource and Energy Economics 1996, 18 (2), 115-136.
(5) Hook, M.; Tang, X. Depletion of fossil fuels and anthropogenic climate change-A review.
Energy Policy 2013, 52, 797-809.
(6) Quadrelli, R.; Peterson, S. The energy-climate challenge: Recent trends in CO2 emissions
from fuel combustion. Energy Policy 2007, 35 (11), 5938-5952.
(7) Dresselhaus, M. S.; Thomas, I. L. Alternative energy technologies. Nature 2001, 414
(6861), 332-337.
(8) Andres, R. J.; Fielding, D. J.; Marland, G.; Boden, T. A.; Kumar, N.; Kearney, A. T. Carbon
dioxide emissions from fossil-fuel use, 1751-1950. Tellus Series B-Chemical and Physical
Meteorology 1999, 51 (4), 759-765.
(9) Weisz, P. B. Basic choices and constraints on long-term energy supplies. Physics Today
2004, 57 (7), 47-52.
(10) Bull, S. R. Renewable energy today and tomorrow. Proceedings of the IEEE 2001, 89 (8),
1216-1226.
(11) Lund, H. Renewable energy strategies for sustainable development. Energy 2007, 32
(6), 912-919.

87

9. References
(12) Pivovar, B.; Carmo, M.; Ayers, K.; Zhang, X.; O'Brien, J. Preface—JES focus issue on
electrolysis for increased renewable energy penetration. Journal of the Electrochemical
Society 2016, 163 (11), Y19-Y19.
(13) Ellabban, O.; Abu-Rub, H.; Blaabjerg, F. Renewable energy resources: Current status,
future prospects and their enabling technology. Renewable & Sustainable Energy Reviews
2014, 39, 748-764.
(14) Sterner, M.; Gerhardt, N.; Sait-Drenan, Y.; von Oehsen, A.; Hochloff, P.; Kocmajewski,
M.; Jentsch, M.; Lichtner, P.; Pape, C.; Bofinger, S.; Rohrig, K. Energiewirtschaftliche
Bewertung

von

Pumpspeicherwerken

und

anderen

Speichern

im

zukünftigen

Stromversorgungssystem Fraunhofer IWES: Kassel, 2010.
(15) Toledo, O. M.; Oliveira, D.; Diniz, A. S. A. C. Distributed photovoltaic generation and
energy storage systems: A review. Renewable & Sustainable Energy Reviews 2010, 14 (1),
506-511.
(16) Ibrahim, H.; Ilinca, A.; Perron, J. Energy storage systems - Characteristics and
comparisons. Renewable & Sustainable Energy Reviews 2008, 12 (5), 1221-1250.
(17) Yang, Z.; Zhang, J.; Kintner-Meyer, M. C.; Lu, X.; Choi, D.; Lemmon, J. P.; Liu, J.
Electrochemical energy storage for green grid. Chemical Reviews 2011, 111 (5), 3577-3613.
(18) Crabtree, G. W.; Dresselhaus, M. S.; Buchanan, M. V. The hydrogen economy. Physics
Today 2004, 57 (12), 39-44.
(19) Momirlan, M.; Veziroglu, T. N. The properties of hydrogen as fuel tomorrow in
sustainable energy system for a cleaner planet. International Journal of Hydrogen Energy
2005, 30 (7), 795-802.
(20) Büchi, F. N.; Hofer, M.; Peter, C.; Cabalzar, U. D.; Bernard, J.; Hannesen, U.; Schmidt, T.
J.; Closset, A.; Dietrich, P. Towards re-electrification of hydrogen obtained from the powerto-gas process by highly efficient H2/O2 polymer electrolyte fuel cells. RSC Advances 2014, 4
(99), 56139-56146.

88

9. References
(21) Kreuter, W. Electrolysis: The important energy transformer in a world of sustainable
energy. International Journal of Hydrogen Energy 1998, 23 (8), 661-666.
(22)

https://newenergytreasure.files.wordpress.com/2014/06/hydrogen-economy.jpg

(accessed 20 October 2016).
(23) Lu, P. W. T.; Srinivasan, S. Advances in water electrolysis technology with emphasis on
use of the solid polymer electrolyte. Journal of Applied Electrochemistry 1979, 9 (3), 269283.
(24) Leroy, R. L. Industrial water electrolysis - Present and future. International Journal of
Hydrogen Energy 1983, 8 (6), 401-417.
(25) Ursua, A.; Gandia, L. M.; Sanchis, P. Hydrogen production from water electrolysis:
Current status and future trends. Proceedings of the IEEE 2012, 100 (2), 410-426.
(26) Carmo, M.; Fritz, D. L.; Mergel, J.; Stolten, D. A comprehensive review on PEM water
electrolysis. International Journal of Hydrogen Energy 2013, 38 (12), 4901-4934.
(27) Laguna-Bercero, M. A. Recent advances in high temperature electrolysis using solid
oxide fuel cells: A review. Journal of Power Sources 2012, 203, 4-16.
(28) Chen, K.; Jiang, S. P. Review—Materials degradation of solid oxide electrolysis cells.
Journal of the Electrochemical Society 2016, 163 (11), F3070-F3083.
(29) Zhu, W. Z.; Deevi, S. C. A review on the status of anode materials for solid oxide fuel
cells. Materials Science and Engineering A-Structural Materials Properties Microstructure
and Processing 2003, 362 (1-2), 228-239.
(30) Fabbri, E.; Habereder, A.; Waltar, K.; Kotz, R.; Schmidt, T. J. Developments and
perspectives of oxide-based catalysts for the oxygen evolution reaction. Catalysis Science &
Technology 2014, 4 (11), 3800-3821.
(31) Ishikawa, H.; Kawasaki, N.; Haryu, E.; Daimon, H. Development of 70 MPa differentialpressure water electrolysis stack. Honda R&D Technical Review 2016, 28 (1).

89

9. References
(32) Doenitz, W.; Schmidberger, R.; Steinheil, E.; Streicher, R. Hydrogen-production by hightemperature electrolysis of water-vapor. International Journal of Hydrogen Energy 1980, 5
(1), 55-63.
(33) Grigoriev, S. A.; Millet, P.; Korobtsev, S. V.; Porembskiy, V. I.; Pepic, M.; Etievant, C.;
Puyenchet, C.; Fateev, V. N. Hydrogen safety aspects related to high-pressure polymer
electrolyte membrane water electrolysis. International Journal of Hydrogen Energy 2009, 34
(14), 5986-5991.
(34) Smolinka, T.; Ojong, E. T.; Lickert, T. Fundamentals of PEM water electrolysis In PEM
Electrolysis for Hydrogen Production: Principles and Applications; Bessarabov, D.; Wang, H.;
Li, H.; Zhao, N., Eds. CRC Press: 2015; Chapter 2, pp 11-33.
(35) Millet, P.; Andolfatto, F.; Durand, R. Design and performance of a solid polymer
electrolyte water electrolyzer. International Journal of Hydrogen Energy 1996, 21 (2), 87-93.
(36) Aricò, A. S.; Siracusano, S.; Briguglio, N.; Baglio, V.; Di Blasi, A.; Antonucci, V. Polymer
electrolyte membrane water electrolysis: status of technologies and potential applications
in combination with renewable power sources. Journal of Applied Electrochemistry 2012, 43
(2), 107-118.
(37) Scherer, G. G.; Killer, E.; Grman, D. Radiation grafted membranes - Some structural
investigations in relation to their behavior in ion-exchange-membrane water electrolysis
cells. International Journal of Hydrogen Energy 1992, 17 (2), 115-123.
(38) Scherer, G. G.; Momose, T.; Tomiie, K. Membrel-water electrolysis cells with a
fluorinated cation-exchange membrane. Journal of the Electrochemical Society 1988, 135
(12), 3071-3073.
(39) Ayers, K. E.; Anderson, E. B.; Capuano, C. B.; Carter, B. D.; Dalton, L. T.; Hanlon, G.;
Manco, J.; Niedzwiecki, M. Research advances towards low cost, high efficiency PEM
electrolysis. ECS Transactions 2010, 33 (1), 3-15.
(40) Smitha, B.; Sridhar, S.; Khan, A. A. Solid polymer electrolyte membranes for fuel cell
applications - A review. Journal of Membrane Science 2005, 259 (1-2), 10-26.
90

9. References
(41) Grigoriev, S. A.; Porembsky, V. I.; Fateev, V. N. Pure hydrogen production by PEM
electrolysis for hydrogen energy. International Journal of Hydrogen Energy 2006, 31 (2),
171-175.
(42) Kawano, Y.; Wang, Y.; Palmer, R. A.; Aubuchon, S. R. Stress-strain curves of Nafion
membranes in acid and salt forms. Polímeros: Ciência e Tecnologia 2002, 12 (2), 96-101.
(43) Peighambardoust, S. J.; Rowshanzamir, S.; Amjadi, M. Review of the proton exchange
membranes for fuel cell applications. International Journal of Hydrogen Energy 2010, 35
(17), 9349-9384.
(44) Kreuer, K. D. On the development of proton conducting polymer membranes for
hydrogen and methanol fuel cells. Journal of Membrane Science 2001, 185 (1), 29-39.
(45) Yang, C.; Srinivasan, S.; Bocarsly, A. B.; Tulyani, S.; Benziger, J. B. A comparison of
physical properties and fuel cell performance of Nafion and zirconium phosphate/Nafion
composite membranes. Journal of Membrane Science 2004, 237 (1-2), 145-161.
(46) Bebin, P.; Caravanier, M.; Galiano, H. Nafion (R)/clay-SO3H membrane for proton
exchange membrane fuel cell application. Journal of Membrane Science 2006, 278 (1-2), 3542.
(47) Kerres, J. A. Development of ionomer membranes for fuel cells. Journal of Membrane
Science 2001, 185 (1), 3-27.
(48) Sen, U.; Celik, S. U.; Ata, A.; Bozkurt, A. Anhydrous proton conducting membranes for
PEM fuel cells based on Nafion/Azole composites. International Journal of Hydrogen Energy
2008, 33 (11), 2808-2815.
(49) Ito, H.; Maeda, T.; Nakano, A.; Takenaka, H. Properties of Nafion membranes under
PEM water electrolysis conditions. International Journal of Hydrogen Energy 2011, 36 (17),
10527-10540.
(50) Vallieres, C.; Winkelmann, D.; Roizard, D.; Favre, E.; Scharfer, P.; Kind, M. On
Schroeder's paradox. Journal of Membrane Science 2006, 278 (1-2), 357-364.

91

9. References
(51) Onishi, L. M.; Prausnitz, J. M.; Newman, J. Water-Nafion equilibria. absence of
Schroeder's paradox. Journal of Physical Chemistry B 2007, 111 (34), 10166-10173.
(52) Bass, M.; Freger, V. Hydration of Nafion and Dowex in liquid and vapor environment:
Schroeder's paradox and microstructure. Polymer 2008, 49 (2), 497-506.
(53) Spurgeon, J. M.; Lewis, N. S. Proton exchange membrane electrolysis sustained by
water vapor. Energy & Environmental Science 2011, 4 (8), 2993-2998.
(54) Antonucci, V.; Di Blasi, A.; Baglio, V.; Ornelas, R.; Matteucci, F.; Ledesma-Garcia, J.;
Arriaga, L. G.; Arico, A. S. High temperature operation of a composite membrane-based solid
polymer electrolyte water electrolyser. Electrochimica Acta 2008, 53 (24), 7350-7356.
(55) Baglio, V.; Ornelas, R.; Matteucci, F.; Martina, F.; Ciccarella, G.; Zama, I.; Arriaga, L. G.;
Antonucci, V.; Aricò, A. S. Solid polymer electrolyte water electrolyser based on Nafion-TiO2
composite membrane for high temperature operation. Fuel Cells 2009, 9 (3), 247-252.
(56) Siracusano, S.; Baglio, V.; Navarra, M. A.; Panero, S.; Antonucci, V.; Arico, A. S.
Investigation of composite Nafion/Sulfated Zirconia membrane for solid polymer electrolyte
electrolyzer applications. International Journal of Electrochemical Science 2012, 7 (2), 15321542.
(57) Aili, D.; Hansen, M. K.; Pan, C.; Li, Q.; Christensen, E.; Jensen, J. O.; Bjerrum, N. J.
Phosphoric acid doped membranes based on Nafion®, PBI and their blends – Membrane
preparation, characterization and steam electrolysis testing. International Journal of
Hydrogen Energy 2011, 36 (12), 6985-6993.
(58) Skulimowska, A.; Dupont, M.; Zaton, M.; Sunde, S.; Merlo, L.; Jones, D. J.; Rozière, J.
Proton exchange membrane water electrolysis with short-side-chain Aquivion® membrane
and IrO2 anode catalyst. International Journal of Hydrogen Energy 2014, 39 (12), 6307-6316.
(59) Wei, G. Q.; Xu, L.; Huang, C. D.; Wang, Y. X. SPE water electrolysis with SPEEK/PES blend
membrane. International Journal of Hydrogen Energy 2010, 35 (15), 7778-7783.

92

9. References
(60) Nolte, R.; Ledjeff, K.; Bauer, M.; Mulhaupt, R. Partially sulfonated poly(arylene ether
sulfone) - A versatile proton conducting membrane material for modern energy-conversion
technologies. Journal of Membrane Science 1993, 83 (2), 211-220.
(61) Jang, I.-Y.; Kweon, O.-H.; Kim, K.-E.; Hwang, G.-J.; Moon, S.-B.; Kang, A.-S. Application of
polysulfone (PSf)– and polyether ether ketone (PEEK)–tungstophosphoric acid (TPA)
composite membranes for water electrolysis. Journal of Membrane Science 2008, 322 (1),
154-161.
(62) Linkous, C. A.; Anderson, H. R.; Kopitzke, R. W.; Nelson, G. L. Development of new
proton exchange membrane electrolytes for water electrolysis at higher temperatures.
International Journal of Hydrogen Energy 1998, 23 (7), 525-529.
(63) Gubler, L. Polymer design strategies for radiation-grafted fuel cell membranes.
Advanced Energy Materials 2014, 4 (3), 1300827.
(64) Dobo, J.; Somogyi, A.; Czvikovszky, T. Grafting of styrene onto teflon and polyethylene
by preirradiation. Journal of Polymer Science Part C: Polymer Symposia 1963, 4 (2), 11731193.
(65) Buchmüller, Y. Antioxidants in Radiation grafted membranes for fuel cells Doctoral and
Habilitation Theses, ETH-Zürich, Zürich, 2014.
(66) Gubler, L.; Bonorand, L. Radiation grafted membranes for fuel cells: Strategies to
compete with PFSA membranes. ECS Transactions 2013, 58 (1), 149-162.
(67) Gubler, L.; Scherer, G. G. Radiation-grafted proton conducting membranes In Handbook
of Fuel Cells – Fundamentals, Technology and Applications, JohnWiley & Sons, Ltd.: 2009;
Vol. 5.
(68) Masson, J. P.; Molina, R.; Roth, E.; Gaussens, G.; Lemaire, F. Obtention and evaluation
of polyethylene-based solid polymer electrolyte membranes for hydrogen-production.
International Journal of Hydrogen Energy 1982, 7 (2), 167-171.

93

9. References
(69) Chen, J. H.; Asano, M.; Maekawa, Y.; Yoshida, M. Suitability of some fluoropolymers
used as base films for preparation of polymer electrolyte fuel cell membranes. Journal of
Membrane Science 2006, 277 (1-2), 249-257.
(70) Chen, J. H.; Asano, M.; Maekawa, Y.; Yoshida, M. Polymer electrolyte hybrid
membranes prepared by radiation grafting of p-styryltrimethoxysilane into poly(ethyleneco-tetrafluoroethylene) films. Journal of Membrane Science 2007, 296 (1-2), 77-82.
(71) Gubler, L.; Slaski, M.; Wallasch, F.; Wokaun, A.; Scherer, G. G. Radiation grafted fuel cell
membranes based on co-grafting of alpha-methylstyrene and methacrylonitrile into a
fluoropolymer base film. Journal of Membrane Science 2009, 339 (1-2), 68-77.
(72) Ben youcef, H.; Alkan Gürsel, S.; Buisson, A.; Gubler, L.; Wokaun, A.; Scherer, G. G.
Influence of radiation-induced grafting process on mechanical properties of ETFE-based
membranes for fuel cells. Fuel Cells 2010, 10 (3), 401-410.
(73) Jetsrisuparb, K.; Ben youcef, H.; Wokaun, A.; Gubler, L. Radiation grafted membranes
for fuel cells containing styrene sulfonic acid and nitrile comonomers. Journal of Membrane
Science 2014, 450, 28-37.
(74) Jetsrisuparb, K.; Balog, S.; Bas, C.; Perrin, L.; Wokaun, A.; Gubler, L. Proton conducting
membranes prepared by radiation grafting of styrene and various comonomers. European
Polymer Journal 2014, 53, 75-89.
(75) Buchmuller, Y.; Wokaun, A.; Gubler, L. Polymer-bound antioxidants in grafted
membranes for fuel cells. Journal of Materials Chemistry A 2014, 2 (16), 5870-5882.
(76) Nasef, M. M. Radiation-grafted membranes for polymer electrolyte fuel cells: current
trends and future directions. Chemical Reviews 2014, 114 (24), 12278-12329.
(77) Sproll, V.; Nagy, G.; Gasser, U.; Embs, J. P.; Obiols-Rabasa, M.; Schmidt, T. J.; Gubler, L.;
Balog, S. Radiation grafted ion-conducting membranes: The influence of variations in base
film nanostructure. Macromolecules 2016, 49 (11), 4253-4264.

94

9. References
(78) Sakai, T.; Takenaka, H.; Wakabayashi, N.; Kawami, Y.; Torikai, E. Gas permeation
properties of solid polymer electrolyte (SPE) membranes. Journal of the Electrochemical
Society 1985, 132 (6), 1328-1332.
(79) Kocha, S. S.; Yang, J. D. L.; Yi, J. S. Characterization of gas crossover and its implications
in PEM fuel cells. American Institute of Chemical Engineers Journal 2006, 52 (5), 1916-1925.
(80) Grigoriev, S. A.; Porembskiy, V. I.; Korobtsev, S. V.; Fateev, V. N.; Aupretre, F.; Millet, P.
High-pressure PEM water electrolysis and corresponding safety issues. International Journal
of Hydrogen Energy 2011, 36 (3), 2721-2728.
(81) Millet, P.; Ngameni, R.; Grigoriev, S. A.; Fateev, V. N. Scientific and engineering issues
related to PEM technology: Water electrolysers, fuel cells and unitized regenerative
systems. International Journal of Hydrogen Energy 2011, 36 (6), 4156-4163.
(82) Gode, P.; Ihonen, J.; Strandroth, A.; Ericson, H.; Lindbergh, G.; Paronen, M.; Sundholm,
F.; Sundholm, G.; Walsby, N. Membrane durability in a PEM fuel cell studied using PVDF
based radiation grafted membranes. Fuel Cells 2003, 3 (1-2), 21-27.
(83) Xu, H.; Boroup, R.; Brosha, E.; Gazon, F.; Pivovar, B. S. Effect of relative humidity on
membrane degradation rate and mechanism in PEM fuel cells. ECS Transactions 2007, 6
(13), 51-62.
(84) Borup, R.; Meyers, J.; Pivovar, B.; Kim, Y. S.; Mukundan, R.; Garland, N.; Myers, D.;
Wilson, M.; Garzon, F.; Wood, D.; Zelenay, P.; More, K.; Stroh, K.; Zawodzinski, T.; Boncella,
J.; McGrath, J. E.; Inaba, M.; Miyatake, K.; Hori, M.; Ota, K.; Ogumi, Z.; Miyata, S.; Nishikata,
A.; Siroma, Z.; Uchimoto, Y.; Yasuda, K.; Kimijima, K.; Iwashita, N. Scientific aspects of
polymer electrolyte fuel cell durability and degradation. Chemical Reviews 2007, 107 (10),
3904-3951.
(85) Zhang, S. S.; Yuan, X. Z.; Hiesgen, R.; Friedrich, K. A.; Wang, H. J.; Schulze, M.; Haug, A.;
Li, H. Effect of open circuit voltage on degradation of a short proton exchange membrane
fuel cell stack with bilayer membrane configurations. Journal of Power Sources 2012, 205,
290-300.

95

9. References
(86) Takamuku, S.; Jannasch, P. Properties and degradation of hydrocarbon fuel cell
membranes: A comparative study of sulfonated poly(arylene ether sulfone)s with different
positions of the acid groups. Polymer Chemistry 2012, 3 (5), 1202-1214.
(87) Takasaki, M.; Nakagawa, Y.; Sakiyama, Y.; Tanabe, K.; Ookubo, K.; Sato, N.; Minamide,
T.; Nakayama, H.; Hori, M. Degradation study of perfluorosulfonic acid polymer electrolytes:
Approach from decomposition product analysis. Journal of the Electrochemical Society 2013,
160 (4), F413-F416.
(88) Buchmuller, Y.; Zhang, Z.; Wokaun, A.; Gubler, L. Antioxidants in non-perfluorinated fuel
cell membranes: Prospects and limitations. RSC Advances 2014, 4 (94), 51911-51915.
(89) Zhang, Z. X.; Chattot, R.; Bonorand, L.; Jetsrisuparb, K.; Buchmuller, Y.; Wokaun, A.;
Gubler, L. Mass spectrometry to quantify and compare the gas barrier properties of
radiation grafted membranes and Nafion (R). Journal of Membrane Science 2014, 472, 5566.
(90) Wong, K. H.; Kjeang, E. Mitigation of chemical membrane degradation in fuel cells:
understanding the effect of cell voltage and iron ion redox cycle. ChemSusChem 2015, 8 (6),
1072-1082.
(91) Zhang, S. S.; Yuan, X. Z.; Wang, H. J.; Merida, W.; Zhu, H.; Shen, J.; Wu, S. H.; Zhang, J. J.
A review of accelerated stress tests of MEA durability in PEM fuel cells. International Journal
of Hydrogen Energy 2009, 34 (1), 388-404.
(92) Rodgers, M. P.; Bonville, L. J.; Kunz, H. R.; Slattery, D. K.; Fenton, J. M. Fuel cell
perfluorinated sulfonic acid membrane degradation correlating accelerated stress testing
and lifetime. Chemical Reviews 2012, 112 (11), 6075-6103.
(93) Lim, C.; Ghassemzadeh, L.; Van Hove, F.; Lauritzen, M.; Kolodziej, J.; Wang, G. G.;
Holdcroft, S.; Kjeang, E. Membrane degradation during combined chemical and mechanical
accelerated stress testing of polymer electrolyte fuel cells. Journal of Power Sources 2014,
257, 102-110.

96

9. References
(94) Yuan, X. Z.; Li, H.; Zhang, S. S.; Martin, J.; Wang, H. J. A review of polymer electrolyte
membrane fuel cell durability test protocols. Journal of Power Sources 2011, 196 (22), 91079116.
(95) Wu, J. F.; Yuan, X. Z.; Martin, J. J.; Wang, H. J.; Zhang, J. J.; Shen, J.; Wu, S. H.; Merida,
W. A review of PEM fuel cell durability: Degradation mechanisms and mitigation strategies.
Journal of Power Sources 2008, 184 (1), 104-119.
(96) Chandesris, M.; Medeau, V.; Guillet, N.; Chelghoum, S.; Thoby, D.; Fouda-Onana, F.
Membrane degradation in PEM water electrolyzer: Numerical modeling and experimental
evidence of the influence of temperature and current density. International Journal of
Hydrogen Energy 2015, 40 (3), 1353-1366.
(97) Han Liu, F. D. C., Jingxin Zhang, Hubert A. Gasteiger, and Anthony B. LaConti. Chemical
degradation: Correlations between electrolyzer and fuel cell findings; Polymer electrolyte
fuel cell durability. Springer Science + Business Media, LLC, Giner Electrochemical Systems,
LLC, Newton, USA 2009.
(98) Hodgdon, R. B.; Boyack, J. R.; LaConti, A. B. The degradation of polystyrene sulfonic
acid. General Electric Company, Lynn, MA 1966, TIS Report 65DE5.
(99) Enomoto, K.; Takahashi, S.; Iwase, T.; Yamashita, T.; Maekawa, Y. Degradation manner
of polymer grafts chemically attached on thermally stable polymer films: swelling-induced
detachment of hydrophilic grafts from hydrophobic polymer substrates in aqueous media.
Journal of Materials Chemistry 2011, 21 (25), 9343-9349.
(100) Albert, A.; Barnett, A. O.; Thomassen, M. S.; Schmidt, T. J.; Gubler, L. Radiation-grafted
polymer electrolyte membranes for water electrolysis cells: Evaluation of key membrane
properties. ACS Applied Materials & Interfaces 2015, 7 (40), 22203-22212.
(101) Salame, M. Transport properties of nitrile polymers. Journal Polymer Science 1973,
Symposium No. 41, 1-15.

97

9. References
(102) Barnabeo, A. E.; Creasy, W. S.; Robeson, L. M. Gas permeability characteristics of
nitrile-containing block and random copolymers. Journal of Polymer Science Part A-Polymer
Chemistry 1975, 13 (9), 1979-1986.
(103) Allen, S. M.; Fujii, M.; Stannett, V.; Hopfenberg, H. B.; Williams, J. L. The barrier
properties of polyacrylonitrile. Journal of Membrane Science 1977, 2, 153-164.
(104) Ben youcef, H.; Gubler, L.; Foelske-Schmitz, A.; Scherer, G. G. Improvement of
homogeneity and interfacial properties of radiation grafted membranes for fuel cells using
diisopropenylbenzene crosslinker. Journal of Membrane Science 2011, 381 (1-2), 102-109.
(105) Albert, A.; Lochner, T.; Schmidt, T. J.; Gubler, L. Stability and degradation mechanisms
of radiation-grafted polymer electrolyte membranes for water electrolysis. ACS Applied
Materials & Interfaces 2016, 8 (24), 15297-15306.
(106) Assink, R. A.; Arnold, C.; Hollandsworth, R. P. Preparation of oxidatively stable cationexchange membranes by the elimination of tertiary hydrogens. Journal of Membrane
Science 1991, 56 (2), 143-151.
(107) Yu, L.; Wang, J.; Zhang, X.; Cao, H. G.; Wang, G. L.; Ding, K. H.; Xu, Q.; Lautens, M.
Practical and scalable preparation of 2-methyleneglutaronitrile via an efficient and highly
selective

head-to-tail

dimerization

of

acrylonitrile

catalysed

by

low-loading

of

tricyclohexylphosphine. RSC Advances 2014, 4 (37), 19122-19126.
(108) Nibel, O.; Schmidt, T. J.; Gubler, L. Bifunctional ion-conducting polymer electrolyte for
the vanadium redox flow battery with high selectivity. Journal of the Electrochemical Society
2016, 163 (13), A2563-A2570.
(109) Chen, J. H.; Asano, M.; Yamaki, T.; Yoshida, M. Preparation and characterization of
chemically

stable

polymer

electrolyte

membranes

by

radiation-induced

graft

copolymerization of four monomers into ETFE films. Journal of Membrane Science 2006, 269
(1-2), 194-204.
(110) Sproll, V.; Schmidt, T. J.; Gubler, L. Grafting design: a strategy to increase the
performance of radiation-grafted membranes. Polymer International 2016, 65 (2), 174-180.
98

9. References
(111) De Focatiis, D. S. A.; Gubler, L. Uniaxial deformation and orientation of ethylene–
tetrafluoroethylene films. Polymer Testing 2013, 32 (8), 1423-1435.
(112) Balkan, O.; Demirer, H. Mechanical properties of glass bead- and wollastonite-filled
isotactic-polypropylene composites modified with thermoplastic elastomers. Polymer
Composites 2010, 31 (7), 1285-1308.
(113) Dargaville, T. R.; Hill, D. J. T.; Perera, S. Grafted fluoropolymers as supports for solidphase organic chemistry: Preparation and characterization Australian Journal of Chemistry
2002, 55 (7), 439-441.
(114) Zhang, Z.; Buchmüller, Y.; Wokaun, A.; Gubler, L. A degradation study of radiation
grafted membranes in PEFCs by exhaust water analysis In Annual Report 2013
Electrochemistry Laboratory; Paul Scherrer Institute: Villigen PSI, Switzerland, 2013, pp 2728.
(115) Wallasch, F.; Abele, M.; Gubler, L.; Wokaun, A.; Muller, K.; Scherer, G. G.
Characterization of radiation-grafted polymer films using CP/MAS NMR spectroscopy and
confocal Raman microscopy. Journal of Applied Polymer Science 2012, 125 (5), 3500-3508.
(116) Miller, A. A.; Mayo, F. R. Oxidation of unsaturated compounds. I. The oxidation of
styrene. Journal of American Chemical Society 1956, 78 (5), 1017-1023.
(117) Larsen, M. J.; Ma, Y.; Qian, H.; Toftlund, H.; Lund, P. B.; Skou, E. M. Stability of radicals
in electron-irradiated fluoropolymer film for the preparation of graft copolymer fuel cell
electrolyte membranes. Solid State Ionics 2010, 181 (3-4), 201-205.
(118) Dockheer, S. M.; Gubler, L.; Bounds, P. L.; Domazou, A. S.; Scherer, G. G.; Wokaun, A.;
Koppenol, W. H. Damage to fuel cell membranes. Reaction of HO* with an oligomer of
poly(sodium styrene sulfonate) and subsequent reaction with O2. Physical Chemistry
Chemical Physics 2010, 12 (37), 11609-11616.
(119) Luo, Y. R. Comprehensive handbook of chemical bond energies CRC Press: Boca Raton,
Florida, 2007.

99

9. References
(120) Middleton, B. S.; Ingold, K. U. Hydrogen atom abstraction by peroxy radicals. Canadian
Journal of Chemistry 1967, 45 (2), 191-194.
(121) Neta, P.; Dizdaroglu, M.; Simic, M. G. Radiolytic studies of the cumyloxyl radical in
aqueous solutions. Israel Journal of Chemistry 1984, 24, 25-28.
(122) Beckert, R.; Fanghänel, E.; Habikecher, W. D.; Metz, P.; Pavel, D.; Schwetlick, K.
Organikum. Willey-VCH Verlag GmbH: Weinheim, 2004.
(123) Ma, L. R.; Sui, S.; Zhai, Y. C. Investigations on high performance proton exchange
membrane water electrolyzer. International Journal of Hydrogen Energy 2009, 34 (2), 678684.
(124) Millet, P.; Mbemba, N.; Grigoriev, S. A.; Fateev, V. N.; Aukauloo, A.; Etievant, C.
Electrochemical performances of PEM water electrolysis cells and perspectives.
International Journal of Hydrogen Energy 2011, 36 (6), 4134-4142.
(125) Grigoriev, S. A.; Millet, P.; Volobuev, S. A.; Fateev, V. N. Optimization of porous current
collectors for PEM water electrolysers. International Journal of Hydrogen Energy 2009, 34
(11), 4968-4973.
(126) Bernt, M.; Gasteiger, H. A. Influence of ionomer content in IrO2/TiO2 electrodes on
PEM water electrolyzer performance. Journal of the Electrochemical Society 2016, 163 (11),
F3179-F3189.
(127) Suermann, M.; Schmidt, T. J.; Buchi, F. N. Investigation of mass transport losses in
polymer electrolyte electrolysis cells. ECS Transactions 2015, 69 (17), 1141-1148.
(128) Broka, K.; Ekdunge, P. Oxygen and hydrogen permeation properties and water uptake
of Nafion(R) 117 membrane and recast film for PEM fuel cell. Journal of Applied
Electrochemistry 1997, 27 (2), 117-123.
(129) Wise, D. L.; Houghton, G. The diffusion coefficients of ten slightly soluble gases in
water at 10–60°C. Chemical Engineering Science 1966, 21 (11), 999-1010.

100

9. References
(130) Schalenbach, M.; Hoefner, T.; Paciok, P.; Carmo, M.; Lueke, W.; Stolten, D. Gas
permeation through Nafion. Part 1: Measurements. Journal of Physical Chemistry C 2015,
119 (45), 25145-25155.
(131) Schalenbach, M.; Carmo, M.; Fritz, D. L.; Mergel, J.; Stolten, D. Pressurized PEM water
electrolysis: Efficiency and gas crossover. International Journal of Hydrogen Energy 2013, 38
(35), 14921-14933.
(132)

Rager,

T.

Pre-irradiation

grafting

of

styrene/divinylbenzene

onto

poly(tetrafluoroethylene-co-hexafluoropropylene) from non-solvents. Helvetica Chimica
Acta 2003, 86 (6), 1966-1981.
(133) Stevens, M. P. Polymer Chemistry an Introduction. 3rd ed.; Oxford University Press:
New York, 1999.
(134) Yang, Y.; Holdcroft, S. Synthetic strategies for controlling the morphology of proton
conducting polymer membranes. Fuel Cells 2005, 5 (2), 171-186.
(135) McKeen, L. W. Chapter 10 - Fluoropolymers In Permeability properties of plastics and
elastomers (Third Edition); William Andrew Publishing: Oxford, 2012, pp 195-231.
(136) Halar ECTFE design and processing guide. Solvay Specialty Polymers 2016, 2.7.

101

10. Appendix
10.1. List of figures
Figure 1. Simulated electricity supply and demand (load) in Germany for a renewable
electricity scenario14 .................................................................................................................. 1
Figure 2. Schematic diagram of hydrogen as energy vector22 .................................................. 3
Figure 3. Schematic diagram of a polymer electrolyte water electrolyzer ............................... 4
Figure 4. Schematic diagram of the overpotentials or voltage losses breakdown of a polymer
electrolyte water electrolyzer.................................................................................................... 6
Figure 5. Temperature dependence of the total energy demand (enthalpy of reaction ΔH)
for the electrolysis of water with its electrical (ΔG) and thermal fraction (TΔS)34 .................... 7
Figure 6. Theoretical reversible cell potential as a function of balanced pressure at different
temperatures34 .......................................................................................................................... 9
Figure 7. Chemical structure of long and short side chain PFSA ionomers ............................. 10
Figure 8. Chemical structure of hydrocarbon ionomers ......................................................... 11
Figure 9. Schematic representation of polymer functionalization by radiation grafting and
sulfonation to obtain radiation-grafted membranes63............................................................ 11
Figure 10. Schematic representation of grafting front mechanism65 ..................................... 12
Figure 11. Structure of radiation-grafted membranes for water electrolysis reported in the
literature.37-38, 68 ....................................................................................................................... 13
Figure 12. Estimated cost of production of radiation-grafted membranes compared to PFSA
membranes66 ........................................................................................................................... 15

102

10. Appendix
Figure 13. Schematic illustration of swelling-induced detachment of hydrophilic grafts from
hydrophobic polymer substrates99 .......................................................................................... 17
Figure 14. Grafting monomers and cross-linker used in the first part of this work ................ 17
Figure 15. Investigated range of monomer combinations in radiation-grafted membrane for
the stability study..................................................................................................................... 19
Figure 16. Monomers that are known to copolymerize with AMS ......................................... 20
Figure 17. Radiation-grafted membranes based on the α-protected monomers .................. 21
Figure 18. Setup for the thermal stress test (TST) experiments ............................................. 24
Figure 19. Reaction scheme for preparing the radiation-grafted membranes ....................... 26
Figure 20. Illustration of the hydrogen crossover current density measurements ................ 30
Figure 21. Example of a stress strain curve during a tensile test ............................................ 31
Figure

22.

Reaction

kinetics

for

cografting

of

styrene,

acrylonitrile,

and

1,3-diisopropenylbenzene into ETFE 50 μm from DuPont (DP) and Saint-Gobain (SG) base
film with irradiation dose of 1.5 kGy ....................................................................................... 33
Figure 23. SEM image and EDX mappings of a cross-section of St/AN/DiPB (DP) membrane
with a graft level of 42% .......................................................................................................... 35
Figure 24. Property map showing hydrogen crossover vs area resistance values of various
membranes .............................................................................................................................. 37
Figure 25. Results of tensile tests of membranes in the machining and transverse directions
under ambient and fully hydrated conditions ......................................................................... 39
Figure 26. Figure of merit for various membranes, calculated from mechanical toughness
(UT), ohmic resistance (RΩ), and hydrogen crossover (ix) ........................................................ 42
Figure 27. UV−Vis spectra of the soaking water during 5 days of thermal stress test............ 44

103

10. Appendix
Figure 28. UV-Vis spectra of model compounds in aqueous solution to identify the possible
degradation products .............................................................................................................. 44
Figure 29. UV−Vis spectra of the thermal stress test solution after 5 days under air (in color)
and argon atmosphere (in black), respectively ....................................................................... 46
Figure 30. FTIR spectra of membranes before (in black) and after (in red) 5 days of the
thermal stress test under air ................................................................................................... 50
Figure 31. Elemental mappings via EDX spectroscopy on cross-sections of radiation-grafted
membranes before and after 5 days thermal stress test ........................................................ 51
Figure 32. Proposed degradation mechanisms of radiation-grafted membranes in hot water
.................................................................................................................................................. 52
Figure 33. Property map of radiation-grafted membranes before (filled symbols) and after
(empty symbols) 5 days thermal stress test, compared to the Nafion series of membranes 55
Figure 34. Investigated radiation-grafted membranes with protected α-position ................. 59
Figure 35. SEM image and EDX mappings of a cross-section of AMS/MGN (left) and
AMS/MGN/DiPB (right) membrane with a graft level of 50% ................................................. 59
Figure 36. Property map showing hydrogen crossover vs area resistance values of
AMS-based radiation-grafted membranes from ETFE 25 µm (filled symbols) and ETFE 50 µm
(empty symbols), and Nafion membranes. ............................................................................. 60
Figure 37. Stress strain curves and tensile energy to break of membranes tested in the
machining direction under fully hydrated conditions. ............................................................ 63
Figure 38. Figures of merit for Nafion and radiation-grafted membranes, calculated from
mechanical toughness (UT), ohmic resistance (RΩ), and hydrogen crossover (ix) ................... 64
Figure 39. UV−Vis spectra of the soaking water for new membranes during 5 days of thermal
stress test. ................................................................................................................................ 65

104

10. Appendix
Figure 40. FTIR spectra of ETFE base film, unsulfonated, and sulfonated radiation-grafted
membranes before and after thermal stress test ................................................................... 69
Figure 41. Polarization curve of CCMs based on radiation-grafted and Nafion N117
membranes at 60 °C and 1 bar absolute pressure .................................................................. 71
Figure 42. Hydrogen content in oxygen side (anode) for radiation-grafted and Nafion
membranes (safety limit: 4 vol% H2 in O280-81) ........................................................................ 73
Figure 43. Property map showing hydrogen crossover vs area resistance values of various
membranes during the water electrolyzer and fuel cell measurements (inset, cf. Chapter 3).
The dotted line and the empty symbol represent the trend line for Nafion and N117
membrane measured in the fuel cell (inset). .......................................................................... 74
Figure 44. Figures of merit for various membranes, calculated from mechanical toughness
(UT), ohmic resistance (RΩ), and hydrogen crossover (ix) of electrolyzer and fuel cell tests
(inset) ....................................................................................................................................... 76
Figure 45. Development of radiation-grafted membranes for water electrolyzer applications
.................................................................................................................................................. 78
Figure 46. Ionomer preparation for AMS/MGN/DiPB radiation-grafted membrane ............. 85

105

10. Appendix

10.2. List of tables
Table 1. Energy storage technologies ........................................................................................ 2
Table 2. Types of water electrolyzer25 ....................................................................................... 3
Table 3. Compositions and reaction conditions for the grafting reaction .............................. 26
Table 4. Ion-exchange capacity, water uptake, and hydration values of membranes ........... 36
Table 5. Toughness or tensile energy to break for membranes under ambient and fully
hydrated conditions ................................................................................................................. 40
Table 6. Results of ion chromatography of soaking water after 5 days thermal stress test, in
ppm (Equivalent to mg/L) ........................................................................................................ 47
Table 7. Ion-exchange capacity, swelling degree, and weight loss of the membranes before
and after 5 days thermal stress test ........................................................................................ 48
Table 8. Chemical structure of selected co-monomers and their readiness to copolymerize
with AMS .................................................................................................................................. 58
Table 9. Results of ion chromatography of soaking water for new membranes after 5 days
thermal stress test, in ppm (Equivalent to mg/L) .................................................................... 67
Table 10. Ion-exchange capacity of the radiation-grafted membranes before and after 5
days thermal stress test ........................................................................................................... 67

106

10. Appendix

10.3. List of abbreviations and symbols
Abbreviations:
AMS

α-methylstyrene

AN

acrylonitrile

AST

accelerated stress test

CCM

catalyst coated membrane

CMP

3-chloro-2-methyl-1-propene

cPTFE

cross-linked poly(tetrafluoroethylene)

CTFE

chlorotrifluoroethylene

DCM

dichloromethane

DiPB

1,3-diisopropenylbenzene

DOE

department of energy

DP

DuPont

DTI

department of trade and industry

DVB

divinylbenzene

ECTFE

ethylene chlorotrifluoroethylene

EDX

energy-dispersive X-ray spectroscopy

ETFE

ethylene tetrafluoroethylene

EV

electric vehicle

FCV

fuel cell vehicle

FOM

figure of merit
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FTIR

Fourier transform infrared

GL

graft level (%)

HV

hybrid vehicle

IC

ion chromatography

IEC

ion-exchange capacity (mmol/g)

iPAc

isopropenyl acetate

kGy

kilogray

MAA

methacrylamide

MAN

methacrylonitrile

MBN

2-methyl-2-butenenitrile

MD

machining direction

MEA

membrane electrode assembly

MGN

2-methyleneglutaronitrile

PA

propargyl alcohol

PBI

polybenzimidazoles

PE

polyethylene

PEFC

polymer electrolyte fuel cell

PEWE

polymer electrolyte water electrolyzer

PFSA

perfluorosulfonic acid

PHV

plug-in hybrid vehicle

PSSA

poly(styrenesulfonic acid)
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PTFE

poly(tetrafluoroethylene)

PVDF

polyvinylidene fluoride

SEM

scanning electron microscopy

SG

Saint-Gobain

SPEEK

sulfonated poly(ether ether ketones)

SOEC

solid oxide electrolysis cell

SPES

sulfonated poly(ether sulfones)

SPPQ

sulfonated polyphenyl quinoxaline

St

styrene

StSA

styrenesulfonic acid

TD

transverse direction

TFE

tetrafluoroethylene

TST

thermal stress test

UV-Vis

ultraviolet−visible

VDF

vinylidene fluoride
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Symbols:
ε

Efficiency (%)

ηact

activation overpotential (V)

ηohm

ohmic overpotential (V)

ηconc

concentration overpotential (V)

λ

hydration number (-)

ρ

resistivity (Ωcm)

σ

conductivity (1/Ωcm or S/cm)

ΔG

Gibbs free energy of the reaction (J/mol)

ΔH

reaction enthalpy (J/mol)

ΔS

change in entropy of the system (J/mol K)

a

activity of a substance (-)

c

concentration (mol/L)

d

membrane thickness (cm)

E

total required electrical energy (J/mol or W s/mol)

F

Faraday constant (96 485 C/mol)

I

current (A)

i

current density (A/cm2)

ix

hydrogen crossover current density (A/cm2)

M

molar mass (g/mol)
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m

mass of substance (g)

n

number of moles or amount of substance (mol)

p

pressure (bar or Pa)

Q

electric charge (C)

R

ideal gas constant (0.08314 L bar/mol K)

RΩ

area resistance (cm2)

r

reactivity ration (-)

T

temperature (°C or K)

t

time (s)

UT

toughness or tensile energy to break (MJ/m3)

Uth

thermoneutral voltage (V)

Urev

reversible cell potential (V)

V

volume (L)

W

weight (g)

X

molar fraction (-)

z

number of transferred electrons in the reaction (-)
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