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“Kein Rauch, kein Russ, kein Dampfkessel, keine Dampfmaschine, ja kein Feuer mehr,
denn Feuer wird man nur noch für die wenigen Prozesse brauchen, die man auf
elektrischem Wege nicht bewältigen kann, und deren werden täglich weniger werden.”
Prof. Dr. Wilhelm Ostwald, 15. Juni 18941
Ostwald is usually credited with being one of the founders of modern physical chemistry
along with Jacobus H. van ‘t Hoff and Svante A. Arrhenius
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Synopsis

Fuel cells are clean and efficient energy converters. Nevertheless, commercialization of
fuel cells is still restricted to niche markets, e.g. fork lifts or backup power. One of the main
factors hindering the market entrance is the high costof the components. One cost driver is
the noble metal catalyst (usually Pt), but at small production volumes the main cost factor
is the proton exchange membrane (PEM). Radiation grafted membranes are a potential
low-cost alternative to state-of-the-art perfluorosulfonic acid (PFSA) membranes for
application in fuel cells. The radiation grafting method is applied to a polymeric base
material (e.g. film), which is activated with ionizing radiation (in our case electron beam)
and used as macroinitiator for radical induced polymerization of a suitable monomer (e.g.
styrene) onto the polymer chains of the base material. The obtained graft copolymer
exhibits properties of the basefilm and grafted polymer (e.g. for proton exchange
membranes made by radiation grafting of styrene, the proton conductivity stems from
sulfonated polystyrene and mechanical integrity from the base film). The Paul Scherrer
Institut (PSI) has investigated radiation grafting for different applications including fuel cell
membranes for more than twenty years. The test facilities allow fuel cell testing and,
therefore, in situ characterization of the membranes, which is of eminent importance for
fuel cell systems and components, since processes therein are difficult to model.
The oxidative environment in the fuel cell leads to radical induced degradation of the
membrane material. For PFSA membranes, radical induced degradation leads to microfissures, cracks and eventually to holes in the membrane. These holes can lead to
catastrophic failure of the fuel cell, since the separation of gasses is not provided anymore.
For radiation grafted membranes, however, even though the radical induced degaradation
of the material leads to loss of grafted components, the base material still provides the
separator function to prevent mixing of the reactant gasses. Nevertheless, the loss of
grafted components is associated with loss of proton exchange sites (ion exchange
capacity (IEC)) and, consequently, loss of proton conductivity. Therefore, this degradation
is to be avoided.
VI

Three strategies to mitigate chemical degradation are basically possible for radiation
grafted membranes: Since the α-hydrogen of polystyrene is prone to radical attack and the
formed carbon centered radical leads to chain scission, one approach is to substitute
styrene with more stable monomers containing a sulfonic acid group (e.g. sulfonated
poly(α-methylstyrene)). This approach led to the development of the PSI Generation 2
membranes. A second mitigation strategy is to reduce reactant gas crossover, since the
more reactants permeate the membrane, the more radicals are produced. For radiation
grafted membranes this is done by cografting a barrier comonomer (e.g. methacrylonitrile)
together with styrene.
A third mitigation strategy consists of implementation of antioxidants (AOs) into the
membrane. This approach was investigated in the present work. Implementation of
different AOs into PEMs is applied within the fuel cell community: For PFSA type
membranes, nowadays, metal ions (e.g. Ce (III) or MnO2) are introduced into the PFSA
material to react with radical species. Since, in the case of cerium, the oxidized species is
reduced by hydrogen peroxide, the AO is self-regenerative. For grafted membranes,
implementation of AOs has not been published to date, therefore this new approach was
developed in the framework of this thesis.
In preliminary studies, phenol type AOs were introduced to the membrane by immersion in
AO containing solution. Performance enhancement of the AO-doped membranes was
observed depending on the applied phenol derivative. For tocopherol and butylated
hydroxytoluene such an enhancement of the performance was observed. This was
explained by a plasticizing effect of the implemented AO leading to enhanced mobility of
the grafted chains and, consequently, to elevated proton conductivity. Additionally,
degradation was slowed down for membranes containing these AOs. For catechol doped
membranes, no stability enhancement was observed and the performance was
significantly lower compared to AO-free membranes. Since non-attached AOs can get
massaged out of the membranes under the influence of varying current densities (varying
electroosmotic drag), the approach in this work was to covalently attach a model AO. No
data on such attached AO functionality is published, therefore a synthetic pathway had to
be developed and in situ demonstration of the feasibility was to be performed.
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The synthetic pathway consisted of cografting a “linker” comonomer together with styrene.
After sulfonation, styrene units yielded proton conductivity of the material and the linker
was functionalized with tyramine, a phenol (“AO”) containing amine. Two linker
mononmers were used: vinylbenzyl chloride (VBC) and glycidyl methacrylate (GMA). For
GMA (cografted), the conversion of the functionalization with tyramine was superior
compared to the films containing cografted VBC (59 ± 1 % vs. 25 ± 1 %). The obtained,
potentially stabilized membranes were characterized ex situ, in terms of water uptake
(important for proton conductivity), IEC and through-plane conductivity. Membranes of
similar IEC showed superior conductivity containing GMA as linker. Additionally,
crossectional SEM-EDX analysis of the obtained membranes indicated a homogeneous
distribution of graft components throughout the bulk, which is of eminent importance when
intending to use these materials in a fuel cell. The difference in proton conductivity was
confirmed when the different types of membranes were tested in situ in a fuel cell of
16 cm2 active area. The stabilized membranes containing GMA as linker performed
significantly better compared to the VBC containing membranes. The performance of
GMA(Tyr) type membranes was even slightly enhanced compared to the reference
system, i.e. membranes containing only sulfonated styrene grafts (of slightly higher IEC).
The next step was demonstration of a stabilizing effect of the membranes containing AOs.
In situ chemical degradation was performed using an open circuit voltage (OCV) protocol.
This leads to an increased production of radical species, compared to lower cell potentials.
The degradation of the membrane materials was analyzed in situ by comparing the
performance before and after OCV and ex situ by analyzing the membranes after the test
by means of FTIR and IEC (determination of the loss of grafts). The reference grafted
system lost approximately two thirds of its grafts, whereas both stabilized membrane types
lost ten percent or less of its grafts. These results were reflected in situ as significant
performance loss for styrene-only grafted membranes, whereas the stabilized membranes
showed only small change in performance after the accelerated stress test. OCV duration
of all tests mentioned above was four hours. However, application relevant OCV hold
times are 100 hours or more. Therefore, the most promising membrane type in terms of
performance and stability (GMA(Tyr)) was subjected to a long term OCV hold test (six
days OCV). The results were very promising on the one hand, since 65% of grafts were
retained after this long term OCV hold test. On the other hand, however, the repeat
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experiment showed a lower stabilizing effect (35% IEC retention), indicating significant
degradation of the AO functionality during storage. For comparison, a radiation grafted
membrane containing barrier comonomer (nitrile) lost approximately two thirds of its grafts
during a similar test.
Since the AO functionality is consumed during use in a fuel cell, an electrochemical
regeneration strategy for these attached AOs was investigated. The approach constisted
of enhancement of the electrochemical interface from 2D to 3D by one-sided
polymerization of a conductive polymer into the proton exchange membrane. Therefore, a
synthetic route for one-sided polymerization of pyrrole was developed. The thickness of
the one-sided mixed layer (polypyrrole / proton exchange membrane) can be controlled by
varying the initiator concentration. Ex situ cyclic voltammetry measurments indicated thin
mixed layers being the most promising for regeneration of used AOs, since a better
electrochemical contact to the electrodes was established for thinner mixed layers. The
synthetic parameters were then adapted for and applied to chemically stabilized
membranes (GMA(Tyr) and VBC(Tyr) type). In situ cyclic voltammetry measurements of
the obtained composite membranes indicated the feasibility of this regeneration concept.
However, since the polypyrrole is located in the aquaeous domains of the membrane,
proton conductivity is reduced upon introduction of the conducting polymer.
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Zusammenfassung

Die Kommerzialisierung von Brennstoffzellen ist leider auf Nichenmärkte beschränkt,
obwohl sie eine emissionsarme Alternative zu Verbrennungsmotoren wären. Einer der
Hauptgründe dafür sind die hohen Kosten von Brennstoffzellen und deren Komponenten.
Ein Kostentreiber ist der Edelmetallkatalysator (Pt). Bei kleineren Produktionsvolumina
macht allerdings die Protonentauschermembran den höchsten Anteil an den Kosten aus.
Die heutzutage angewendeten Membranen sind (teure) perfluorierte Polymere (PFSA).
Strahlenpfropfen könnte eine Route zu weniger teuren Membranmaterialien bieten. Man
geht dabei von einem Basisfilm aus, der mit ionisierender Strahlung (z.B. β) aktiviert und
anschliessend als Makroinitiator zur Polymerisation der Pfropfkomponente verwendet wird.
Das

erhaltene

Pfropfkopolymer

zeigt

Eigenschaften

des

Basisfilms

und

der

Pfropfkomponente (im Falle protonentauschender, gepfropfter Membranen kommt die
Protonenleitfähigkeit durch die sulfonierten (Polystyrol) Pfropfketten und die mechanische
Stabilität vom Basisfilm). Das Paul Scherrer Institut (PSI) hat mehr als zwanzig Jahre
Erfahrung mit Strahlenpfropfen zur Synthese protonenleitender Membranen. Die
Infrastruktur am PSI erlaubt auch das Testen dieser Membranen in Brennstoffzellen, was
eminent wichtig ist, da ex situ und in situ Daten oft nicht übereinstimmen.
Die oxidative Umgebung in Brennstoffzellen führt u.a. zu Radikal induzierter Degradation
der Protonentauschermembran. Für PFSA basierte Materialien führt dieser Abbau der
Polymerketten zu Rissen und schlussendlich zu Löchern in der Membran, was
katastrophale Folgen haben kann, da die Membran eine ihrer Hauptaufgaben, die
Reaktionsgase zu trennen, nicht mehr erfüllen kann. Für gepfropfte Membranen führt
diese Degradation zum Verlust der Pfropfkomponente, wobei der Basisfilm immer noch die
Gase voneinander trennt. Da der Verlust der Pfropfkomponente mit dem Verlust von
Protonentauschereinheiten und folglich Protonenleitfähigkeit einher geht, ist diese
Degradation dennoch zu vermeiden.
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Grandsätzlich gibt es drei Ansätze, die Membran gegen radikalische Degradation zu
wappnen: Ein Ansatz ist, ein intrinsisch stabilieres Monomer zu pfropfen, welches im
Gegensatz zu Styrol kein α-H aufweist (das benzylische Radikal, das bei Polystyrol
gebildet wird, führt zur Pfropfkettenspaltung und Verlust derjenigen). Dieser Ansatz führte
zur PSI Membranen der zweiten Generation. Ein weiterer Ansatz besteht darin, die
Umgebung weniger oxidierend zu gestalten. Dies kann durch Kopfropfen von BarriereMonomeren

(z.B.

Nitril-haltige

Monomere)

erreicht

werden,

da

eine

tiefere

Permeationsrate der Reaktionsgase zu tieferen Radikalbildungsraten führt.
Ein dritter Ansatz beinhaltet die Implementierung von Antioxidantien in die Membran.
Dieser Ansatz wurde für die hier vorgestellte Arbeit gewählt. PFSA Materialien können z.B.
mit Metallionen (Ce(III) oder MnO2) dotiert werden, die dann mit den Radikalen reagieren
und somit die Membran vor Degradation schützen, respektive diese verlangsamen. Für
strahlengepfropfte Membranen ist allerdings wenig zu Antioxidantien (AOs) publiziert,
daher war ein Hauptteil der hier vorgestellten Arbeit die Entwicklung einer Syntheseroute
zur Implementierung von Antioxidantien in diese Art von Membran.
In Vorexperimenten wurden selbst synthetisierte (Styrol-basierte) Membranen mit
verschiedenen, phenolischen AOs dotiert. durch Einlegen der Membran in entsprechende
Lösungen. Abhängig vom verwendeten AO wurde eine Änderung in der Leistung der
Membran beobachtet. Für BHT („butylated hydroxy toluene“) und Tocopherol dotierte
Membranen wurde eine Leistungsverbesserung gefunden, und auch die radikalische
Degradation

war

weniger

ausgeprägt.

Diese

Leistungsverbesserung

wurde

mit

Weichmachereigenschaften der verwendeten AOs erklärt. Dies würde zu einer
verbesserten

Beweglichkeit

der

Pfropfketten

und

folglich

zu

einer

erhöhten

Protonenleitfähigkeit führen. Für Catechol- und Ce-dotierte Membranen hingegen wurden
deutliche Leistungeinbussen und keine eindeutige Degradationsverlangsamung gefunden.
Weil aber nicht gebundene AOs während des Betriebes ausgewaschen werden (können),
war das Ziel dieser Arbeit die AOs kovalent an die Polymermatrix anzubinden. Die
Vielfältigkeit des Strahlenpfropfens erlaubt diesen Ansatz prinzipiell, aber da nichts dazu
publiziert ist, musste eine Syntheseroute entwickelt werden bevor diese Membranen
getestet werden konnten.
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Zur Synthese solcher chemisch stabilisierter Membranen wurde zusammen mit Styrol ein
„Linker“-Komonomer gepfropft. Dieser „Linker“ wurde dann mit Tyramin (phenolisches
Amin) funktionalisiert und die Styroleinheiten sulfoniert. Die Phenolfunktionalität wurde als
potentielles AO eingeführt und die Styrolsulfonsäure führt zur Protonenleitfähigkeit des
Materials. Zwei „Linker“-Monomere wurden mit Styrol kogepfropft: Vinylbenzylchlorid
(VBC) und Glycidymethacrylat (GMA). Der Umsatz der Aminierungsreaktion war für GMA
höher (59 ± 1 % genenüber 25 ± 1 % für VBC). Die synthetisierten Membranen wurden ex
situ charakterisiert, indem die Quellung in Wasser, Ionenaustauschkapazität (IEC) und
Protonenleitfähigkeit bestimmt wurden. Für Membranen mit gleicher IEC wurde gezeigt,
dass die GMA basierten Membranen eine höhere Leitfähigkeit haben. Zusätzlich wurden
Membranquerschnitte bezüglich der Verteilung der Sulfonsäure- und Tyramingruppen
mittels energiedispersiver Röntgenanalyse unersucht. Diese zeigte eine homogene
Verteilung der untersuchten Gruppen, was sehr wichtig für Brennstoffzellenmembranen ist.
Derart potentiell stabilisierte Membranen wurden danach in situ in einer Brennstoffzelle
(16 cm2 aktive Fläche) getestet, wo sich die unterschiedlichen Protonenleitfähigkeiten
bestätigten, da die GMA enthaltenden Membranen deutlich höhere Leistungsdichten
erreichten als die VBC basierten. Membranen, die GMA enthielten, waren diesbezüglich
sogar etwas besser als das Referenzsystem (nur gepfropftes und sulfoniertes Styrol).
Der nächste Schritt war die Demonstration eines allfälligen stabilisierenden Effekts der
Membranen mit enthaltenem AO. Dies erforderte ein angepasstes Testprotokoll, nämlich
gehaltene Leerlaufspannung („open circuit voltage“, OCV hold). Bei Leerlaufspannung
entstehen am meisten Radikale pro Zeit, daher wird dies häufig als Protokoll zur
beschleunigten Alterung für in situ chemische Degradation angewendet. Die Degradation
der

Membran

wurde

in

situ

durch

Vergleich

der

vorher

respektive

nachher

aufgenommenen Polarisationkurven und ex situ durch Titration (IEC) und FTIR Analyse
der Membran nach Ausbau aus der Zelle untersucht. Das Referenzsystem (gepfropftes
Styrol) verlor in dem Test zwei Drittel seiner Pfropfkomponente, wohingegen beide
Tyramin-enthaltenden Membranen nur ungefähr 10% der Pfropfketten verloren. Dies
wurde auch in situ gefunden: Das Referenzsystem zeigte nach dem Degradationstest eine
wesentlich schlechtere Leistungsdichte, während bei den chemisch stabilisierten
Membranen kein wesentlicher Unterschied zwischen den Polarisationskurven gefunden
wurde. In allen oben genannten Tests wurde die Zellspannung während vier Stunden auf
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Leerlaufspannung gehalten, was in keiner Weise anwendungsorientiert ist (100h und
mehr). Daher wurden die vielversprechenden, GMA basierten, stabilisierten Membranen in
gleicher Weise getestet, aber mit längerer Dauer der Leerlaufspannung (6 Tage).
Einerseits war der gefundene Stabilisierungseffekt beeindruckend (lediglich ein Drittel der
Pfropfkomponente ging verloren), aber andererseits wurde auch der Verdacht bestätigt,
dass

die

AO-Funktionalität

während

der

Lagerung

schwindet,

da

im

Widerholungsexperiment zwei Drittel der Pfropfkomponente abgebaut wurde. Zum
Vergleich: Eine erst kürzlich publizierte Studie zeigte auf Styrol-basierten Membranen mit
Barriere-Eigenschaften einen Verlust von zwei Drittel der Pfropfkomponente nach 140 h
Leerlaufspannung, wohingegen reine Styrol gepfropfte Membranen einen kompletten
Verlust der Pfropfkomponente nach 12h Leerlaufspannung erleiden.
Da die AOs mit der Zeit aufgebraucht werden, wurde auch die elektrochemische
Regenerierung der AOs untersucht. Hierfür wurde eine einseitige Polymerisation eines
elektronisch leitenden Polymers (Polypyrrol) durchgeführt, um die elektrochemische
Grenzfläche von 2D auf 3D zu vergrössern. Hierzu wurde eine Syntheseroute zur
einsietigen Polymerisation von Pyrrol in protonenleitende Membranen entwickelt. Die
Dicke der Mischschicht (Polypyrrol / protonenleitende Membran) kann durch Wahl der
Initiatorkonzetration kontrolliert werden. Ex situ zyclovoltammetrische Messungen zeigten,
dass

dünne

Mischschichten

vorteilhaft

sind,

da

bei

diesen

ein

optimierter

elektrochemischer Kontakt zu den Elektroden entsteht. Die Syntheseroute wurde dann für
chemisch stabilisierte Membranen (GMA(Tyr) and VBC(Tyr)) angepasst und auf diese
angewendet. In situ zyclovoltammetrische Messungen zeigten die Machbarkeit des
Konzeptes auf solchen Kompositmembranen. Es muss aber hier erwähnt werden, dass
das Pyrrol in der wässrigen Phase der Membran polymerisiert und dadurch die
Protonenleitfähigkeit der Membran erheblich beeinträchtigt.
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Introduction

1.1 Context
Since the very beginning, mankind used energy conversion to enhance its chances of
survival, e.g. wood combustion to heat the cave in cold nights. The controlled use of fire is
generally believed to be the starting point of mankind, as we understand it. With time, the
conversion methods got more sophisticated, especially in terms of conversion to other
energy forms than heat. In the era of industrialization, chemical energy started to be
converted to kinetic energy (e.g. steam engine in railways), and later into electrical energy.
Since that time, an evergrowing demand for energy indicated a developing mankind.
Most of the useful energy, even nowadays, is gained by combustion of non-renewable
energy carriers, for example coal, oil, natural gas or wood. The energy is used for
transportation, communication, heating and, of course, for production of industrial goods.
Since combustion of energy carriers like coal leads to emission of greenhouse gasses
(e.g. CO2), mankind is facing a climate change2. Moreover, these natural resources are
non-renewable, and, by consequence, they will eventually and inexorably be depleted. For
these reasons, a growing demand for alternative energy led to the development of
renewable energy use. Photovoltaic panels convert sunlight to electrical energy or wind
turbines convert wind to electricity. Hydropower was invented earlier, but is intended to be
enlarged for the same reasons. A problem of nowaday’s economy is that electricity has to
be used when it is produced. It can not be stored in large scale. Of course, there are ways
of storing energy in, for example, pumped hydro, but for a complete change from nonrenewable to renewable energy sources, the storage capacity of pumped hydro only is by
far not enough3, 4. Therefore, storing of energy in electrochemical devices, such as
batteries or supercapacitors, is an important research topic nowadays. Another possibility
1
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is to store the surplus of renewable energy in chemical form, which can then be converted
back into electrical energy when it is needed. Therefore, electrochemical conversion
devices are needed to convert electrical to chemical energy (e.g. by electrolysis), and the
chemically stored energy back into electricity. This and the need for alternative engines in
mobility forced increasing research activities in the field of fuel cells.

1.1.1

Historical perspective

The principle of fuel cell was discovered by Schönbein 1838 and put forward by Grove in
18395, 6. In the 1840s and 1850s the potential direct production of energy from coal
spawned intense research activity, especially to replace steam engines on ocean liners7.
Because of the invention of the dynamo by Werner von Siemens in 1866 and the intense
use of expensive noble metal (Pt) for fuel cells, the interest in fuel cells decreased rapidly
during and after the 1870s.
Only with time8-10, the theoretical calculations to explain and predict observed potentials in
fuel cells were developed. The first person to recognize and communicate the potential of
electrochemical energy conversion was W. Ostwald in 18941. Nevertheless, the use of the
dynamo to produce electricity let the fuel cell research disappear for roughly 100 years.
Only in the 1960s, when the USA and USSR competed for the conquest of space, fuel
cells came back, since the use of a dynamo in a space ship is not a viable option. The big
advantage of fuel cells in that context is simultaneous production of electricity and water.
Therefore, the Gemini program of NASA triggered the development of a first generation of
polymer electrolyte fuel cells (PEFC). The follow-up project Apollo changed from PEFC to
alkaline fuel cells (alkaline electrolyte).
The next important trigger for fuel cell research was the urge for ultra-low emission
vehicles (ULEVs) in California in the early 1990s, which was imposed by the local
department of energy (DOE). The car producers were forced to develop such car types
and sell, or at least provide a certain percentage of ULEVs in their portfolio. This induced
another research boom on different types of fuel cells and led to several pilot projects with
fuel cell buses and cars, as well as stationary systems for backup power11.

2

1.1 Context
Fuel cells convert chemical energy directly to electrical energy. This is based on oxidation
of hydrogen (or another fuel) on the anode side of the electrolyte and reduction of oxygen
on the other side. The electrolyte needs to be electronically insulating and ionically
conducting to force the electrons through an outer circuit, where the energy can be used
as current at a certain voltage. The ionic species permeate through the electrolyte (for
PEFC the proton exchange membrane (PEM)) to then recombine with the counterpart on
the other electrode. The different electrolytes determine the class of fuel cells (cf Table
1.1)

Table 1.1

Description of major fuel cell types (adapted from G. Hoogers12).
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1.1.2

Working principle

Figure 1.1 Working principle of the polymer electrolyte fuel cell (PEFC).
In the PEFC the electrolyte consists of a PEM, thus protons are transported through the
membrane. The working temperature of the PEFC ranges from 60 to 90°C usually. At
these temperatures the hydrogen oxidation reaction (HOR) and especially the oxygen
reduction reacton (ORR) need to be catalyzed by noble metal, usually Pt or Pt-alloys.
In Figure 1.1, the membrane electrode assembly (MEA) of a PEFC is represented
schematically. The rectant gases are fed humidified or dry, depending on the working
conditions, to the respective sides and enter via the channels of the flow field. They are
distributed further in the gas diffusion layers (GDLs) and catalyst layer. There is the socalled three phase boundary, where reactant, catalyst and ionomer meet. This is where
the charge separation occurs: in the case of HOR, the electrons move to the conducting
carbon to the graphitic flow field and the outer circuit, since this is the only electronically
conducting pathway. The protons must move to the ionomer and the PEM, since this is the
only available proton conductive pathway. For the cathode side, the oxygen is fed to the
corresponding catalyst layer, another three phase boundary, where oxygen reduction is
catalyzed. The electrons needed for the oxygen reduction reaction acces the three phase
boundary from the outer circuit, whereas the protons are provided by the PEM and the
4
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ionomer in the catalyst layer. Oxygen is reduced and recombined with protons on the
catalyst, to form the reaction product water.

1.2 Fundametals of the PEFC

1.2.1

Thermodynamics

The electrochemical reactions of hydrogen and oxygen occur spacially separated and
simultaneously on both electrodes. These reactions produce electric energy, heat and
water. The overall reaction is:

H 2+

1
→ H 2 O
O2 
2

(1)

At the anode, hydrogen oxidation takes place, releasing protons and electrons.

H2 
→ 2H + + 2e -

(2)

At the cathode, oxygen reduction reaction (ORR) takes place, where oxygen is
recombined with protons from the PEM and electrons from the electrode.

1
O 2 + 2H + + 2e - 
→ H 2 O
2

(3)

The HOR and ORR are coupled via the charge balance. The number of protons and
electrons must be balanced. At open circuit potential (OCV) no current is drawn, thus no
net flow of protons is generated. Therefore, at OCV, the forward and backward HOR and
ORR are in equilibrium.
The potential to perform electric work is determined by the cell voltage. If all the chemical
energy would be converted into electrochemical work (i.e., neglecting change in entropy),
5

1

Introduction

the theoretical voltage (“thermal voltage”) can be calculated based on the standard
reaction enthalpy (ΔH○). Under standard conditions (1 bar and 298 K), the thermal voltage
corresponds to

U

∆H 
=−
= 1.48V
zF


theo

(4)

where ΔH○ = -286 kJ mol-1, z is the number of transferred electrons and F is the Faraday
constant. This thermal voltage however neglects some important facts, such as entropy
change and changing temperature. Therefore the term has to be corrected for Gibbs free
energy. If this is taken into consideration, the maximum voltage is the so called reversible
voltage, defined as

U


rev

∆G 
=−
= 1.23V
zF

(5)

where ΔG○ = -237 kJ mol-1 is the Gibbs free energy of the reaction. By consequence, the
optimum (thermodynamic) efficiency is given by

η therm

∆G 
= 0.83
=−
∆H 

(6)

In reality, the cell voltage is defined by the potential difference of anode and cathode.

U = EC − E A

(7)

The working conditions of a fuel cell differ from the standard conditions. Therefore, the
Gibbs free energy of reaction needs to be adapted, since dG = Vdp-SdT

 ∂∆G 
 ∂T  = -∆S
p

6
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The change of the reversible cell voltage has to be corrected accordingly for temperature

 ∂U rev 
∆S

 =
 ∂T  p zF

(9)

In case of a hydrogen fuel cell, Urev will decrease with increasing temperature due to the
negative entropy change. The Nernst equation is applied to predict the cell voltage as a
function of temperature and activity of the reactants and products:


U rev
= EC − EA +

RT  aox 

ln
zF  ared 

(10)

where EC○ and EA○ are the standard potentials of the cathode and the anode, respectively,
T the temperature and R the ideal gas constant. The activities of the oxidized and reduced
species are represented as aox and ared, respectively.
Additional voltage losses originate from various overpotentials, depending on the current
densities of the cell. The measured cell voltage Ucell depends on Urev and these losses:

U cell = U rev
− ∑ηi

1.2.2

(10)

Voltage loss

Generally, the polarization curve (Figure 1.2) can be divided into three regions: the open
circuit voltage (at zero current density) is usually around 1 V compared to the theoretical
cell voltage for hydrogen and oxygen of 1.23 V. Reaction gas crossover leads to direct
reaction of a fraction of the hydrogen with oxygen on the cathode side and vice-versa. This
leads to an potential loss, resulting in a lower open circuit voltage of the cell13. An
additional loss is due to a mixed potential at the oxygen electrode because of the presence
of hydrogen peroxide14
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When the current density is increased, a non-linear loss in cell voltage is observed. This is
usually attributed to the so called charge transfer loss (region I), which is associated with
the activation energy for reduction of oxygen and oxidation of hydrogen on platinum. The
dominating loss is due to the sluggish reduction of oxygen on platinum. While the current
density is further increased a linear loss of cell voltage is observed. This is characteristic
for ohmic losses. This region (II) of the polarization curve indicates membrane resistance
and interfacial ohmic losses. At high current densities mass transport limitations lead to a
further drop in cell voltage. This can be the case when insufficient reactants attain the
respective electrodes of the fuel cell. For fuel cells fed with air instead of pure oxygen,
mass transport limitations play an important role, as only about 20% (v/v) oxygen is
present in the gas on the cathode side.

Figure 1.2 Schematic representation of a polarization curve. Region one
corresponds to activation losses (I), the linear part (II) to ohmic losses and (III)
stands for mass transport limitations.
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1.3 Proton exchange membrane (PEM)
1.3.1

Historical perspective

Although Ostwald, Nernst and Donnan made important statements to trigger the
development of electrochemical devices in the late 19th and early 20th century8-10, the
implementation of this theoretical knowledge was not straightforward. First, the theory of
cation and anion exchange membranes, respectively, had to be confirmed by different
scientific communities, for example classical electrochemistry as well as biochemistry.
Michaelis and Fujita confirmed the existence of a cation permeable membrane on a
natural material, namely apple peel. The potassium ions could only diffuse from the inner
volume through the peel when the apple was in a cation containing solution, i.e. sodium
chloride solution. In that case, the authors found potassium ions in the surrounding
solution. Anions did not permeate through the membrane / apple peel at all. So far, this
was the first cation exchange membrane characterized in a detailed manner. The same
authors mention a synthetic cation exchange membrane, having similar properties15.
In 1932, Söllner presented the first amphoteric membrane16, in 1940, the first application of
ion exchange membranes was patented by Wassenegger and Jaeger17, namely the
membrane was intended to be used for Ca-ion removal from hard water. Ten years later,
the frist generation of low resistance ion exchange membranes were synthesized by Juda
and McRae18 for electrodialysis. In the same time, F. T. Bacon developed gas diffusion
layers for better distribution of reactant gasses in alkaline fuel cells19.
In 1959, Grubb and Niedrach from General Electric (GE) patented the first polymer
electrolyte fuel cell setup and synthesized the corresponding proton exchange membrane
by condensation of phenolsulfonic acid and formaldehyde20. These first generation
membranes were brittle and hydrolyzed readily in the harsh environment of the fuel cell,
with lifetimes of ~200 h at 60°C21.
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In the early 1960s, Walter Grot from DuPont de Nemours Company discovered the
perfluorosulfonic acid (PFSA) ionomer22-24, which was later commercialized with the brand
name of Nafion®.

Figure 1.3 Milestones in the development of proton exchange membranes.
At the same time, the American Machine and Foundry (AMF) prepared the “D” membrane,
consisting of a copolymer of sulfonated styrene and divinylbenzene (DVB) in an inert
perfluoro matrix (Aclar 22A, a VDF / CTFE copolymer). These membranes were limited to
~500 h lifetime in a fuel cell at 60°C. Since the researchers at GE knew about the weak
α-hydrogen of styrene21, they developed a membrane based on sulfonated poly
trifluorostyrene blended into PVDF, the socalled “S” membrane21. With this material
lifetimes of 5000 h at 80°C under operating conditions could be achieved. Further lifetime
extension to 10’000 h at 80°C was achieved by radiation grafting of α,β,β-trifluorostyrene
TFS into FEP with subsequent sulfonation of the styrene units by d’Agostino and
coworkers at RAI Research Company in 197725-27.
10
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In 1966 and 1968 the NASA made some tests with PEFC including PFSA type
membranes (Nafion®) in the framework of 30-day Biosatellite space mission program21. In
the early 1970s DuPont communicated an extended life test showing a multicell stack
assembled with Nafion® 120 membranes working in stable manner for 60’000 h in the
temperature range of 40-80°C23.
In 1986, I. Raistrick was able to demonstrate enhancement of performance by
implementing ionomer (“liquid Nafion®”) into the catalyst layer of the GDL28. This led to a
3D interface and better performance with one order of magnitude lower Pt loading. They
continued to optimize this procedure to create better GDEs throughout the 1980s and
1990s7.
In parallel, Ballard patented a TFS based ionomer and commercialized it under the brand
Ballard Advanced Membranes 3rd Generation (BAM3G®), showing very promising long
term stability, i.e. more than 100’000 h of accumulated performance in stacks and single
cells29.
Around the turn of the millennium, the first composite membranes started to be
commercially available7. In principle it is an ionomer (e.g. Nafion®), which is imbibed into
the pores of an inert perfluoro polymer. This leads to two advantages: (1), the mechanical
stress induced by swelling and shrinking of the ionomer with different humidification is
lowered, and (2), the mechanical robustness is enhanced by the perfluoro matrix. Another
step was change of film formation step from extrusion to solution casting from DuPont in
the early 2000s30.
Around 2007 Eiji Endoh from Asahi Glass discovered the stabilizing effect of
implementation of cerium and manganese ions into PFSA type membranes31,

32

. This

effect is attributed to the radical scavenger properties of the metallic redox couples33, 34.

11

1

Introduction

1.3.2

Membrane requirements

Prerequisites for PEMs can be divided into technical and economical requirements, since
the commercialization of fuel cells is not only based on technical boundary conditions.

Figure 1.4 Schematic representation of technical and economical requirements of
proton exchange membranes.

Technical prerequisites
The most important technical requirement for PEM is, of course, proton conductivity of the
material. For the proton transport across the PEM, the material needs so called protogenic
groups. These are usually strongly acidic groups, e.g. sulfonic or phosphoric acids. Since
these groups render the material hydrophilic, water is absorbed into the PEM.
The second important technical prerequisite is a gas tight material to prevent direct contact
of the reaction gasses hydrogen and oxygen. Direct chemical reaction of hydrogen and
oxygen is to be avoided for safety reasons. This prerequisite can be fulfilled for pristine
materials, but, during application in the harsh environment of a fuel cell, the materials can
be gradually degraded. This may lead to issues at a later stage of operation for some PEM
materials.
The last important requirement for PEM is to separate the charges. This is enabled by the
combination of proton conductivity and electronical insulation of the PEM material. This
forces the electrons to pass via an outer circuit, which is needed to enable use the
chemical as electrical energy.
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Economical prerequisites
Even if all technical requirements are fulfilled, the commercialization of PEMs, for example
in fuel cell cars, is not given. Market entry of new technologies does not only depend on
technical, but also on economical prerequisites. For example, for fuel cell vehicles, in
which the membrane plays a crucial role for the cost of the system and, by consequence,
in its commercialization, mainly economical factors hinder the market entrance. These
economical requirements can be subdivided into three specific factors: high durability, high
performance and low cost. The logic behind this is simple: for cars performance can be
translated to power and speed, durability to lifetime and cost is self-explaining. As long as
the fuel cell powered car is not competitive in all these points, most probably the
customers prefer to buy a classical combustion engine based car.

1.3.3

Proton transport in membranes

Proton conductivity is, as mentioned above, one of the key properties of a PEM. Proton
transport is strongly linked to water uptake of the material. It is known that the protons are
transported in the aqueos phase of the ionomer. Three main transport mechanisms can be
differentiated (see Figure 1.5).35, 36 The main driving forces are the production of protons at
the anode and their consumption at the cathode and the electric field between the
electrodes. The simplest transport mechanism is the vehicular transport: A protonated
water molecule (hydronium ion) is moving as it is from the anode to the cathode side. The
second transport mechanism, which is often referred to in the literature, is the Grothuss
mechanism. This proton transport is based on flipping chemical bonds, rather than on
actual moving molecules. It is a very efficient way of transporting charge. Vehicular and
Grothuss proton transport mechanisms also occur in acidic water in an electric field.

13
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Figure 1.5 Sketch of proton transport in a PEM. A represents the vehicular
transport, B stands for Grothuss transport, and the surface transport mechanism is
depicted as C (adapted from35, 36).
A third transport mechanism for protons is the surface mechanism, in which the protons
are transferred from one sulfonate anionto an adjacent sulfonate group. This mechanism is
probably more important for materials with low water uptake or at low relative humidities,
since Grothuss and vehicular transport of protons are very efficient at elevated or full
humidification of the membrane materials.

1.3.4

Membrane materials

Different polymeric membrane materials are proposed to be applied in polymer electrolyte
fuel cells (PEFC) nowadays, most prominently perfluorosulfonic acid (PFSA) membranes
(see Figure 1.6). This is due to their promising performance and durability in the fuel cell.
However, the fluorine chemistry involved in the preparation of PFSA materials is a
drawback: hazardous intermediates and processing steps with low yield increase the
production costs of these kinds of materials compared to non-fluorinated polymers37, 38.
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Figure 1.6 Chemical structure of perfluorosulfonic acid (PFSA) type membranes.
The variation in x, y, m and n gives the different materials in the class of PFSA.
The ratio of x to y determines the IEC, whereas for small m and n the membranes
are referred to as short side chain PFSA.
Therefore, increasing research activity in the field of PEM led to promising, potentially low
cost alternatives, for instance hydrocarbon membranes, such as sulfonated poly(ether
ether ketone) (sPEEK)39, 40 or various radiation grafted membranes. Another interesting
class of PEM material is phosphoric acid doped polybenzimidazole (PBI)41, an ionomer
which needs no water to conduct protons, which allows more elevated operation
temperatures of the fuel cell. This leads to higher tolerance of the Pt catalyst against CO,
up to 2%42. This enables the use of less purified hydrogen, decreasing the overall cost of
the system. Since cost is an important driver of commercialization and the membrane
makes up for a significant fraction of the overall cost of fuel cell systems43, low cost
membranes are essential to enable fuel cell technology to enter the market.
Some advantages and shortcomings of the different PEM materials are shown in table 1.2.
It has to be mentioned, however, that for materials with adjustable proprties, such as
sPEEK or radiation grafted membranes, cost of production increases with the complexity
of the synthesis. There is always a trade/off between feasibility of the synthesis and
durability and performance of the product. For example, Nafion, when it was first
developed and tested in fuel cells, its durability was significantly lower compared to more
recent versions as NR212® or Nafion XL®23. Accordingly, the complexicity of the synthesis,
including pre/ and posttreatment of the materials, increased, which caused the production
cost Nafion® to augment, especially when scaling effects are neglected.
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Table 1.2 PFSA and some potential alternative membrane materials, including their
chemical structures, advantages and shortcomings with respect to the membrane
requirements discussed above.

The front mechanism (cf chapter 1.4.1) of radiation grafting can be an issue, since it can
lead to inhomogeinity within the membrane. However, this can be avoided by properly
adjusting the synthetic parameters.
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1.4 Radiation grafted membranes
Irradiation grafting for functionalization of polymers is known since the 1950s. Since it is
rather simple synthetic pathway and it can be of low cost, the interest in this method has
been evergrowing since the very beginning. Application of radiation gafting for the
preparation of ion conducting membranes was developed in the 1950s and 1960s, mainly
by the groups of A. Chapiró44-46 in France, D. S. Ballantine47, 48 and G. Odian49-51 in the
USA initially, but over time, more and more groups got interested in this subject and
started their own research on radiation grafting. Groups in the USSR52-55 and Japan56-58
started radiation grafting of other polymerizable monomers onto the same basefilms in the
mid 1960s. Some of these graft copolymers were intended to be used in separation and
filtration applications54.

Figure 1.7 Schematic representation of pre-irradiation grafting
In the 1970s, the research focused on applying new monomers, known from general
radical polymerization, in the grafting methodology. In the late 1970s, D’Agostino and coworkers were the first to file various patents on grafting of TFS onto FEP for
electrochemical application25-27. In the early 1980s, new base materials were introduced in
radiation grafting, e.g. PVDF59, FEP60 or ETFE and PFA61. These membranes were
intended to be used in various electrochemical applications, including battery separators,
chlor alkali electrolysis or fuel cells.
From the 1980s onwards, the research on grafted materials became more specifically
application oriented. These applications included water purification and / or treatment62,
heavy metal ion removal63, battery separators64, electrolyzers65 and fuel cells. For fuel cell
membranes based on grafting of different basefilms, different reviews were published in
these decades64-68.
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1.4.1

Mechanism

As early as in 1963, Dobó and coworkers presented a mechanism for radiation grafting of
polymeric films55. They mentioned a “grafting front”, where the polymerization occurred
(Figure 1.8). This behavior is due to a reaction-diffusion controlled process: in case the
diffusion of the monomer(s) into the film is faster compared to the polymerization reaction,
grafting occurs quasi simultaneously in the bulk of the base material. In case the diffusion
of the monomers is slower than the polymerization reaction, grafting occurs from the
surface of the base film to the bulk of the film. The latter case is what Dobó and coworkers
referred to as “front mechanism”.

Figure 1.8 Schematic representation of grafting front mechanism55.

1.4.2

Base materials

Many different base materials can be used for irradiation grafting. The most important
prerequisites for base films for grafting are a high yield of alkyl radicals and low yields of
C-C bond scission events when exposed to ionizing radiation. In the early days of grafting,
mainly PTFE, PE, PMMA and PP were used as base materials for grafting44, 46, 47, 49, 55.
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The range of base materials was extended to grafting of natural polymers like starch69-72 or
cellulose73-75 in the 1960s. More recently, in the late 1990s, these base materials were
rediscovered to produce more environmental friendly adsorbents via radiation grafting, e.g.
for heavy metal ions76. The selectivity for specific metals can be tuned by the choice of
grafted monomer and the post-grafting functionalization of the grafted polymer chains, e.g.
removal of Cs+ of seawater76-78.
Nowadays, ETFE or FEP is preferentially used as base material for grafting of styrene and
post-sulfonation to synthesize PEMs. This is due to the promising stability of the
fluorinated materials in oxidizing environment, compared to non-fluorinated polymers, on
the one hand, and to the enhanced radiation resistance of these materials compared to
PTFE, on the other hand79. PTFE, for example, is known to loose mechanical properties
even at low irradiation dose.

Figure 1.9 Chemical formula of different fluorinated base materials used in radiation
grafting.

1.4.3

Monomers

A wide range of monomers can be applied in radiation grafting. Since the knowledge on
the produced graft copolymers is evergrowing, it is not possible to give a complete
overview of every applicable monomer. In principle, every radically polymerizable
monomer can be grafted onto suitable base material46, 80. Monomers for grafting can be
divided into two classes: vinylic and acrylic monomers (cf Figure 1.10)

19

1

Introduction

Figure 1.10 Structures of different commonly used monomers, divided into acrylic
and vinylic monomers.
An important fraction of the grafting nowadays consists of hydrophilization of hydrophobic
surfaces, commonly by surface grafting of acrylic acid to, for example PTFE or other very
hydrophobic materials63, 64, 81.
Grafting for separation and purification applications includes both, hydrophilization of
hydrophobic surfaces and more complex functionalization of grafted components, e.g. for
adsorbents for uranium removal by radiation cografting of AN and AA onto UHMPE and
post functionalization of the AN to obtain the hydroxylaminated compound82,

83

. The

material produced by Wu and coworkers was shown to accumulate ~2mg uranium per g of
absorbent out of a 3 ppb solution of uranium in fresh water in 40 days83.
Synthesis of membranes for fuel cells usually includes grafting of styrene or a styrene
derivate and sometimes a comonomer. The styrene units are precursors for the protogenic
groups, i.e. sulfonic acid, which is attached during sulfonation of the films. A number of
reviews on radiation grafted membranes and the applied monomers and basefilms were
published recently and allow an overview on the different approaches64, 67, 68.
In the last decade other new monomers were grafted to synthesize PEMs, e.g. GMA was
grafted and sulfonated84-86, or at JAEA, more complex sulfonation prcedures were
introduced to yield non-aromatic sulfonic acid containing graft copolymers87.
20
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1.5 Degradation mechanisms of PEM
Membrane degradation in the fuel cell and failure is a factor limiting the lifetime of the
membrane electrode assembly88. It can generally be divided into mechanical and chemical
degradation89. Mechanical degradation is typically caused by induced internal mechanical
stress as a result of changing water content of the ionomer during the varying conditions in
the fuel cell90-92. Chemical degradation occurs when the polymer is decomposed or its
constituent chains are repeatedly cleaved. Chemical degradation of the membrane during
fuel cell operation is caused by reactive intermediates present in the membrane, such as
hydroxyl radicals (HO●)88,

93-95

. They react with the membrane material and alter its

chemical structure, which can lead to decomposition of the chains. It is still under debate
whether the hydrogen peroxide decomposition is the main source of radicals or direct
production of the radical species on the catalyst in presence of hydrogen and oxygen is
the dominating pathway95-99. However, gas crossover is an important factor for the
generation of these reactive intermediates: the higher the crossover the more
decomposition products of the membrane are found in the exhaust water95, 97, 98, 100.
This work is focused on chemical degradation of PEM in the harsh environment of the fuel
cell. For this reason the chemical degradation mechanisms of organic molecules in
general and of PEM materials specifically is presented in more detail.

1.5.1

General oxidation cycle

In Figure 1.11 the general oxidiation cycle for organic molecules is represented. In the
presence of carbon centered radicals (here R·) and oxygen, peroxidation of the molecules
occurs as a chain reaction because the peroxyl radical can abstract the hydrogen of a C-H
bond (cycle I). In the presence of heat, light or transition metals, the peroxides can be
homolytically cleaved to yield two radicals, namely a hydroxyl and alkoxyl radical (cycle II).
These again abstract hydrogen of a C-H bond leading to two new carbon centered radicals
which initiate new peroxidation cycles.
This chain reaction mechanism is responsible for many oxidation reactions in everyday
life, for example, butter gets rancid according to this mechanism and also protective plastic
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foils get brittle and, eventually, decompose accordingly when exposed to sunlight and
weather in general.

Figure 1.1 Schematic representation of oxidation of organic molecules. I depicts the
primary oxidation cycle (peroxidation) and II the secondary oxidation cycle
(decomposition of peroxides)(adapted from 101).

1.5.2

Degradation of PEM

The oxidation chain reaction is very similar for fuel cell membranes (Figure 1.12). Since
there is no light in a fuel cell, UV induced scission of peroxides does not occur in fuel cell
membranes.

Figure 1.2 Schematic representation of oxidation reactions in a fuel cell membrane.
I depicts the primary oxidation cycle (peroxidation) and II the secondary oxidation
cycle (decomposition of peroxides).
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The elevated working temperatures (above 50°C

46

) can lead to oxygen-oxygen bond

splitting in organic peroxides created in cycle I. Similarly, a Fenton like reaction can lead to
additional radicals in case of metal impurities (e.g. Fe(II) from tubings) present in the PEM.

Generation of reactive oxygen species
Numerous studies were performed to find the origin of the reactive oxygen species in fuel
cell membranes. Several machanisms of formation are discussed. In the presence of Pt
catalyst, hydrogen and oxygen molecules, hydroperoxides can be formed on the surface of
platinum either chemically or electrochemically (E○ vs NHE = 0.66 V)102 on the cathode. It
is still under debate whether hydrogen peroxide, which has been detected inside the
membrane103,

104

, is or is not the parent molecule of indirectly measured hydroxyl and

hydrogen radicals

93, 105

. Experiments of Mittal and Fenton indicate the necessity of all

three ingredients (Pt, H2 and O2) at the same location to induce membrane degradation98100, 106, 107

. Most degradation experiments were done with perfluorineted membrane

materials (PFSA), since these materials were regarded as most developed and closest to
commercialization.

PFSA

Figure 1.3 Schematic representation of the “unzipping mechanism”, one oxidative
degradation mechanism of PFSA materials containing a carboxylic acid end group
in the main chain of the polymer108, 109.
An extensive research activity during the last two decades led to different proposed
degradation mechanisms, which may occur in parallel or separately, depending on the
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conditions. The best known degradation mechanism of PFSA is main chain unzipping,
schematicely represented in Figure 1.13.
The unzip mechanism was shown to occur using NMR, ion chromatography or similar
methods on collected effluent water108,

109

from a fuel cell and on the observation of

membrane thinning during in situ as well as ex situ degradation protocols.
More recently, degradation is thought to occur on the ether groups of the side chain or on
the branching CF, where the side chains are attached to the PTFE-like backbone110, 111
(cf Figure 1.14). These degradation mechanisms lead to membrane thinning and loss of
mechanical integrity. During the Grove Fuel Cell Conference in 2014, Steven Holdcroft
presented new data on main and side chain degradation behaviour of PFSA. He
selectively found side chain scission when hydroxyl radicals attacked the membrane
material, whereas main chain attack was found attack of hydrogen radicals. The
corresponding fragments were found using 19F NMR spectroscopy110, 111.

Figure 1.4 Main and side chain attack(adapted from 111).

Radiation grafted membranes
Identification of degradation mechanisms for polystyrenesulfonic acid (PSSA) based
membranes is less advanced compared to PFSA materials, since only a few studies were
conducted within this field. The first important experiment in the field was performed by
Behar112 in 1991, who measured 20% of the hydroxyl radicals directly abstracting the
hydrogen on the α-position, and the remaining 80% attacking the aromatic unit via an
addition reaction.
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Hübner and Roduner113 proposed a degradation mechanism for PSSA type membranes,
on the bases of the work of Behar. They conducted an EPR study on paratoluenesulfonic
acid and proposed two pathways leading to the benzylic radical, either via direct
abstraction of the α-hydrogen, or, alternatively, via addition and acid catalyzed water
elimination (Figure 1.15). This benzylic radical can induce chain scission of the grafted
PSSA by a classical disproportionation reaction. The intermediates were identified using
EPR.

Figure 1.5 Oxidative degradation mechanism for PSSA type membranes proposed
by Hübner and Roduner in 1999. The experiments were carried out with
paratoluenesulfonic acid113.
Since an important number of promising, potentially low cost alternative PEM materials
contain aromatic units (sPEEK and grafted PSSA), this study triggered intense discussion
in the fuel cell community.
For PSSA grafted membranes, a number of EPR experiments were conducted in the
group of Koppenol to deepen the knowledge of degradation of these materials114-116. To
simulate the grafted chains in a more adequate way, oligomers of PSSA (sodium salt)
were analyzed, instead of toluenesulfonic acid.
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Figure 1.6 Schematic representation of the oxidative degradation mechanism
proposed by Dockheer et al.114. The experiments were performed on an oligomer
of PSSA sodium salt with five repeat units (n=5).
These experiments confirmed the proposed mechanism of Hübner and Roduner with slight
differences in the actual numbers (Figure 1.16). In the oligomer, only ~10% of the hydroxyl
radicals create the benzylic radical by abstraction of the α-hydrogen. The remaining 90%
of radicals add to the aromatic ring. A relatively small fraction of the formed intermediate
(~12%) reacts to the benzylic radical via acid catalyzed water elimination, whereas most of
the addition product is oxidized by molecular oxygen and reacts to the hydroxylated and
stable product. The peroxyl radicals formed in the last step can, of course, initiate
degradation as well.
Both research groups identified the benzylic radical as source of chain scission. Direct
abstraction of the hydrogen is not the only pathway leading to the benzylic radical, acid
catalyzed water elimination of the addition product yields about 50% of the benzylic
radicals. Dockheer et al. found that the hydroxylated product of PSSA is stable, indicating
~80% of the hydroxyl radical attack is “non-destructive”.
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Nevertheless, both research groups suggested to lower the radical formation rate or to
eliminate the weak α-hydrogen to render the PSSA based membranes more durable.

1.5.3

Mitigation strategies

Generally, three mitigation strategies to reduce radical induced degradation of membrane
materials are thinkable: i) lower the radical production rate, ii) use of intrinsically more
stable material and iii) use of protecting agents (“antioxidants”).

PFSA
End goup protection
In an attempt to mitigate the end group type degradation, which leads to the unzipping of
the polymer chains, DuPont started to post-fluorinate their final solution cast Nafion®
membrane. This has shown to eliminate the carboxylic acid end group, which is prone to
radical attack30. This treatment has clearly demonstrated the almost complete removal of
vulnerable end groups and a significant reduction of fluoride produced in ex situ (Fenton
type) degradation tests. However, under open circuit voltage in an operating fuel cell (in
situ) no reduction of fluoride emission rates was observed with materials which were postfluorinated30, 117. This is indicating that under in situ (fuel cell) conditions other degradation
mechanisms are likely more dominant than the attack on the end groups.

Addition of metal ions
One effective mitigation strategy against chemical degradation of PFSA membranes
consists of introducing redox active transition metal ions or their corresponding oxide into
the PFSA materials, e.g. Ce(III)94, 105 or MnO2.96, 98 This was proposed by Eiji Endoh in
2008.32,

33, 118

Accelerated fuel cell tests show significantly lower degradation rates for

PFSA membranes containing these redox couples94, 96, 97, 119. This is attributed to the free
radical scavenging activity of the incorporated metal ions. They react with HO●, which
leads to a reduction of the chemical attack on the membrane33, 34. In addition, in the case
of cerium, it has been proposed that the scavenging mechanism is regenerative94. The
regeneration of Ce(III) is explained by reaction of Ce(IV) ions with H2O2 and HO2● radicals,
which reduces the cerium ion back to its “radical scavenging state”. A similar regenerative
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mechanism is conceivable in the case of manganese. This is supported by a recently
published kinetic modeling study102. An inconvenience of implementation of ionic species
into the membrane is reduced proton conductivity, due to ionic interactions of sulfonic
acids with metal cations.
An additional inconvenience of doping with cerium ions is their mobility in the ionomer.
Borup stated that Nafion is a “good cerium conductor”, whereas other studies show that,
during long term use, the cerium ions are leached out of the membrane120.

Radiation grafted membranes
Since grafted membranes are not as far in commercialization for application in fuel cells
compared to PFSA materials, less is known on their degradation and similarly, fewer
mitigation strategies are known and published. However, due to its versatility, the grafting
method offers many opportunities to tune a material for desired properties.
Therefore, here, for styrene based materials, some strategies leading to more durable
membranes are presented and / or proposed.

More stable base film and monomers
Mechanical failure of the membrane is an issue for grafted membranes when a base film
with poor mechanical stability was grafted with PSSA. For example, PTFE looses its
mechanical strength upon rather low irradiation doses of above 5 kGy (γ)79. For slow
grafting systems, for example α-substituted styrene derivates, usually doses above 5 kGy
are applied for grafting121-124. The stability of the base film in oxidative environment is
another detrimental aspect to be considered. In that context, perfluorinated base films
show impressive durability, but for the reasons mentioned above, PTFE is not suited as
basefilm for radiation grafted PEMs. FEP, however, is a perfluorinated polymer retaining
its mechanical integrity upon irradiation doses up to above 10 kGy79. ETFE and PVDF, in
contrast to the perfluorinated base materials, show slight decrease of mechanical
properties up to doses of 50 kGy. However, not only retention of mechanical properties is
an important factor, but also grafting kinetics of different films can vary considerably, since
low synthesis times are necessary to ensure a potential for low cost production of such
materials.
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Durability of the produced PEM in oxidative environment depends on both, the stability of
the grafted chains as well as the stability of the base film. Since polystyrene is prone to
radical attack125, another option is to protect the weak alpha-position of the styrene. This
was done by d’Agostino25,

26

and the group of Momose121,

124

by replacing the styrene

monomer with α,β,β-trifluorostyrene (TFS). They grafted TFS into different base materials,
for example, LDPE, ETFE and FEP. The replacement of the α-hydrogen by fluorine leads
to an improved durability in oxidative degradation protocols. Similarly, our group at PSI
made a notable effort to implement α-methylstyrene (AMS) as precursor for a protogenic
group (after sulfonation). Since it was not possible to graft AMS only onto ETFE (due to its
poor grafting kinetics), AMS had to be cografted with other monomers to be able to
synthesize PEM materials122, 123.
The search of other monomers as precursors for protogenic groups is not completed. Nonaromatic compounds could be more stable against radical attack in the fuel cell
environment. The group around G. Schmidt-Naake published a number of alternative PEM
materials based on grafted and sulfonated glycidyl mathacrylate (GMA)84,

85

and other

functionalizable monomers some years ago and the group of JAEA recently published a
study on radiation grafted membranes containing aliphatic sulfonic acids chains87.

1.5.3.1.1

Barrier comonomers

Just recently a study on nitrile containing radiation grafted membranes based on PSSA
was conducted in our laboratory126. The main results of this study were 1) confirmation of
stabilization in the harsh environment of a fuel cell by implementing nitrile groups in the
proton conducting material and 2) the actual lower crossover of these materials compared
to similar grafted membranes just by the presence of nitrile groups in the polymer. The
authors explained this behavior with gas barrier properties of nitrile groups, which
apparently applies for cografted membranes as well as for copolymers126-128. Since the gas
crossover is essential for the production of reactive oxygen species, introduction of barrier
comonomers into the grafted chains is a mitigation strategy against oxidative
decomposition of radiation grafted membranes.
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1.5.3.1.2

Addition of antioxidants

One way of stabilizing PEMs against oxidative attack / degradation is to introduce radical
scavengers into the membrane. Cerium ion doping of the membrane is not as promising
for membranes containing aromatic units, since theoretical calculations show that an
increased concentration would be needed to induce a mitigation effect102 and experiments
by Roduner and coworkers display no stabilizing effect for doping of sPEEK type PEM129.
The explanation for these findings is the high reactivity of aromatic compounds with
radicals. In contrast to ionic, organic radical scavengers are applied in the plastics industry
to increase the lifetime of the products101. An efficient class of these antioxidants is that of
hindered phenols, owing to their high radical scavenging activity101,

102, 130

. Grafted

membranes could be doped with organic radical scavengers to prevent or reduce chemical
attack of the grafted aromatic chains. Unfortunately, during fuel cell operation, water is
dragged through the membrane by electroosmosis, which could wash out non-covalently
attached radical scavenging molecules.

1.6 Aim of this work
1.6.1

Radiation grafted membranes with polymer-bound AOs

Figure 1.7 Synthetic scheme of radiation grafted membranes containing an
antioxidant (AO, ), covalently attached to the membrane material via a chemical
bond with the linker comonomer. The attached AO ( ) is supposed to react with
oxidizing species, here represented by an ·OH radical.
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Concept
It is conceivable to covalently attach radical scavenging molecules to the polymer via the
versatility of the grafting method. Cografting of different monomers is well known64, 68, 76.
Two general approaches to covalently attach antioxidants (AOs) suggest themselves for
grafted PSSA type membranes: either the AO is direclty cografted with styrene, or it is
introduced after the grafting by a polymer-analogous substitution reaction with a suitable
cografted linker. The choice of low-cost polymerizable AOs is very limited. This suggests
the synthetic route via cografting of styrene and linker monomers and postfunctionalization of the linker to introduce the AO (cf Figure 1.17).

Linkers
Possible linkers include vinylbenzyl chloride (VBC), acryloyl chloride and glycidyl
methacrylate (GMA). Grafting of VBC onto different base materials has been known since
the 1980s131-134. Applications include heavy ion separation and chromatography after postphosphonation of the grafted VBC. More recently, VBC was grafted onto ETFE by Slade
and Varcoe to synthesize anion exchange membranes by post-functionalizing the grafts
with amines135-138. Schmidt-Naake and coworkers grafted VBC onto ETFE to produce
proton exchange membranes via phosphonation of the grafted chains84,

139

. Acryloyl

chloride was radiation grafted onto PE and PET as early as 1982140. Later, acryloyl
chloride was usually reacted before grafting to create new monomers for bio
applications141, 142, but was rediscovered in the year 2000 as grafting monomer which can
be post-functionalized143. GMA was recognized as an interesting monomer for grafting
since the mid-1960s54, 57, 81. Among others, a group at the Japan Atomic Energy Agency
(JAEA) grafted GMA onto different porous polymers to produce metal-ion adsorbents144.
The versatility of grafted GMA was demonstrated by various post-functionalizion reactions
of the pendant epoxy groups in the graft copolymer (sulfonation, phosponation, amination,
reaction with H2S)54, 62, 144. The functionalized membranes adsorb different metal ions with
high specificity, depending on the type of introduced functional group62. These membranes
are intended to be applied in waste-water treatment and heavy metal ion removal. The use
of materials grafted with GMA in filtration and separation applications is described in a
recent review on radiation-grafted membranes for purification and separation purposes62.
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Figure 1.8 Potential linker comonomers for cografting into ETFE basefilm. All
potential linkers contain a polymerizable double bond and an electrophilic group,
which can be attacked by nucleophilic groups of the AO.
In principle, copolymerizable monomers can be cografted into a suitable basefilm46, 80. In
the case of VBC, cografting with styrene onto polystyrene based material was published
by Revillon and coworkers as early as 1989145. The group around T. Sugo cografted VBC
and styrene to produce membranes containing both, phosphonic and sulfonic acid
groups146. For GMA, to our best knowledge, only one group published cografting of
styrene with GMA147. Interestingly, they tried to synthesize a proton exchange membrane
for application in fuel cells by sulfonating both, the GMA and the styrene units in the
grafted chains.

Antioxidant (AO)
Phenols and quinones are frequently used in plastics industry as AOs to stabilize against
oxidative degradation101. Additionally, in fine chemicals, phenols and quinones are added
to prevent homopolymerization of the monomers during transport and storage. Mostly,
these additives are rather compex in terms of molecular structure and reaction
mechanism. But basically, the functional groups give the main functionality, which can be
tuned by substitution of hydrogen with other groups, owing to electronic and steric
substituent effects. Since the concept of linking an AO to the ionomer is new for radiation
grafted membranes, and the main functionality is present in the base molecules, it was
decided to keep the AO functionality as simple as possible. This is the case for tyramine
and dopamine, a phenol and a catechol type AO containing an amine group connected to
the aromatic ring via C2-bridge (Figure 1.19).
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Figure 1.9 Two potential model AOs, containing a phenol and a catechol
functionality (“AO”), respectively and an amine, used to link to the linker
comonomer in the cografted films.

1.6.2

Regeneration concepts

Chemical regeneration
One possibility of regeneration of oxidized AOs is chemical reduction. During use, different
reducing species are present in the PEM: Hydrogen molecules permeate through the
membrane and hydrogen peroxide, formed on the cathode, is found in the membrane as
well. In presence of impurities (e.g. Fe(II)) hydrogen peroxide is believed to react in a
Fenton reaction to hydroxyl radicals and water109, 115, 148. Nevertheless, owing to the acidic
environment, it can be argued that hydrogen peroxide could reduce the oxidized AO back
to its active redox state.
Since the experiments to determine the kinetics of very reactive species involve pulse
radiolysis, assessing chemical regeneration concepts was not within the scope of this PhD
thesis.
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Electrochemical regeneration (Composite membranes with PPy)
The concept of electrochemical regeneration of AOs is depicted in Figure 1.20.
Theoretically, a PEM comprising covalently attached AOs should be proton conductive,
electronically insulating and gas tight. The included AOs should deactivate reactive oxygen
species, while being oxidized in the process. If the redox potential of the oxidized AOs is
higher than the anodic potential in a fuel cell (Фanode = 0V vs RHE < ФAO), it should be
reduced back to its active state. For non-treated membranes this is only the case on the
(2D) interface of anode and membrane.

Figure 1.10 Concept of composite membranes containing conductive polymer (e.g.
PPy). The reduced (i.e. active) redox pair Rred, reacts with oxidative species, for
example ·OH, and is oxidized to Rox. Rox will be reduced (reactivated) by the
electrons provided via PPy @ anode potential. The protons for recombination of
formal OH- to water are provided by the proton exchange membrane.
Conceptually, the aim is to enhance the interface with an electrically conducting polymer
(cf. Figure 1.20) to be able to trigger more of the AOs inside the bulk of the PEM. This
change from 2D to 3D interface should then enable the regeneration of consumed AOs in
the surface-near bulk of the membrane, ideally creating a protective layer of quasipermanently reduced (“active”) AOs within the PEM.
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Figure 1.11 Examples of electronically conducting polymers.

1.6.3

Demonstration in situ

The synthesized membranes containing covalently attached AOs have to be tested in a
fuel cell setup under accelerated stress conditions to assess the effectiveness of
stabilization.
In case a synthetic pathway to composite PEM / conducting polymer is found and
reproducible, there must be a validation of the regeneration concept either by incorporating
known redox couples (e.g. hydroquinone/quinone) and electrochemically triggering these
or by direct triggering covalently attached AOs in a PEM
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2.1 Materials
ETFE (Tefzel® 100LZ) films of 25 μm thickness, purchased from DuPont de Nemours
(Circleville, USA), were used as base material. The reagents used were styrene (98%,
Fluka), 2-propanol (PROLABO®, VWR), dichloromethane (PROLABO®, VWR), methanol
(NORMAPUR®, VWR), acetone (PROLABO®, VWR), dimethyl formamide (DMF, 99.5%,
Merck), tetrahydrofuran (THF, PROLABO®, VWR), chlorosulfonic acid (98%, Fluka),
glycidyl methacrylate (GMA, 97%, Merck), vinylbenzyl chloride (VBC, >90%, Fluka)
sodium sulfite (98%, Sigma-Aldrich), sodium bisulfite (Sigma-Aldrich), tyramine (99%,
SAFC), catechol (99%, Alfa Aesar), 2,6-di-tert-butylphenol (98%, Merck), butylated
hydroxy toluene (BHT, 99%, Sigma-Aldrich), hydroquinone (H2Q, 98%, Fluka),
α-tocopherol (>95.5%, Sigma-Aldrich), sodium peroxodisulfate (PROLABO®, VWR) and
pyrrole (>90%, SAFC). The stabilizing agent in GMA (monomethyl ether hydroquinone)
was removed directly prior to use, using an inhibitor remover column (Sigma-Aldrich),
whereas the inhibitor in VBC (4-tertbutyl catechol) was removed by basic extraction in 1 M
NaOH(aq). Pyrrole was destilled prior to use. All other chemicals were used as received.
Hydrogen, oxygen and nitrogen (Messer, Lenzburg, Switzerland) of a purity of at least 4.5
were used as received.
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2.2 Instruments
All FTIR spectra were recorded with a PerkinElmer FTIR System 2000. Interpretation and
curve fitting was done using GRAMS/386 software (version 3.02) from Galactic Industries.
All weighing was done on a balance of type AG204 DeltaRange® from METTLER
TOLEDO (Greifensee, Switzerland).
Acid-base titrations were performed using an SM Titrino 702 from Metrohm (Herisau,
Switzerland). Impedance and cyclovoltammetry measurements were performed using a
Zahner IM6 potentiostat (Zahner Messtechnik, Kronach, Germany). A thickness gauge
(MT12B, Heidenheim, Germany) was used to determine the thickness of the respective
films and membranes.
All scanning electron micrographs were taken with a FE-SEM Ultra 55 (Carl Zeiss,
Oberkochen, Germany). Energy dispersive X-ray analysis was performed using a
compatible accessory (EDAX TSL, AMETEK).
During fuel cell operation, the high frequency resistance of the cell was continuously
measured at 1 kHz with an AC milliohm meter model 3566 from Tsuruga (Osaka, Japan).

2.3 Synthesis
( ∗) This chapter is dedicated to the applied synthetic steps and to the techniques used to
produce different types of advanced radiation grafted membranes.

∗

149

150

parts of this section are based on publications in Fuel Cells
and Journal of Materials Chemistry A .
Reproduced with permission.149. Y. Buchmüller, A. Wokaun and L. Gubler, Fuel Cells, 2013, 13, 11771185, 150.
Y. Buchmüller, A. Wokaun and L. Gubler, Journal of Materials Chemistry A, 2014, 2,
5870-5882.
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2.3.1

Pre-irradiation grafting

A schematic representation of pre-irradiation grafting is shown in Figure 2.1.

Figure 2.1 Schematic representation of irradiation grafting of a base film / polymer
(adapted from L.Gubler).

Irradiation and storage
The ETFE film was cut into pieces of 20 by 20 centimeters. Before irradiation, the samples
were washed in ethanol and dried in vacuum at 60 °C. They were electron beam irradiated
under air with different doses according to the intended grafting reaction (e.g. 1.5 kGy for
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styrene grafting, 15 kGy for GMA and GMA / styrene and 30 kGy for VBC and
VBC / styrene grafting) at Leoni-Studer AG (Däniken, Switzerland), using a MeV range
accelerator151, 152. Subsequently, the films were stored at -80 °C until used.

Figure 2.2 Chemical structure of poly(ethylene-alt-tetrafluoroethylene) (ETFE), the
polymeric base material used for all grafting reactions in this work.

Grafting
All grafting reactions were carried out in glass reactors (3 cm diameter, 18 cm height,
50 ml capacity) under nitrogen atmosphere, using 6 cm * 9 cm pre-irradiated ETFE films
(25 μm). The grafting solution was added and degassed for one hour by purging with
nitrogen. Then the reactors, containing the films and the grafting solution, were placed in a
thermostatic water bath at 60 °C for different times. The grafted films were extracted with
different solvents overnight to remove residual monomer and/or homopolymer, then dried
at 80 °C under vacuum and reweighed. All details for the different grafting reactions are
given in Table 2.1. The monomers used within the presented work are shown in
Figure 2.3.
The graft level (GL) of each film was determined from the weights of the irradiated (W0)
and grafted film (Wg), respectively:

GL =

Wg − W0
W0

⋅100 %
(11)
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Figure 2.3 Monomers used for (co)grafting of ETFE.

Table 2.1

Synthetic parameters for (co)grafting of different (co)monomers into ETFE.

Monomer(s)

Dose /
kGy

Temperature
/°C

Time / h

Monomer(s)
conc in
solvent (v/v)

Monomers
ratio (v/v)

S

1.5

60

1

1/4

-

VBC

30

60

varying

1/1

GMA

15

60

varying

S / VBC

30

60

S / GMA

15

S / GMA

15

2.3.2

Solvent(s)

i

Solvents
ratio (v/v)

PrOH /
water

7/1

-

DMF

-

1/9

-

MeOH

-

20

1/1

1/1

DMF

-

60

varying

1/4

1/1

i

PrOH

-

60

1 and
1.5

1/4

7/3

i

PrOH

-

Functionalization step

The functionalization with tyramine of the different (co)grafted films was performed in glass
reactors under nitrogen atmosphere.Functionalization of the grafted films was performed
using a 0.25 M solution of tyramine in DMF / water mixture (9/1 v/v). The grafted films
were placed in the glass reactors described above (3 cm diameter, 18 cm height, 50 ml
capacity), and, after adding the tyramine solution, purged with nitrogen for 1h. The
reactors were closed and placed in a thermostatic water bath at 80°C for 12 h. After the
reaction, the functionalized films were washed in acetone overnight to remove residual
tyramine and DMF (Scheme 2). After drying the funcionalized films at 80°C under vacuum,
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they were weighed and the conversion of the tyramination reaction was determined using
the following expression:

conversion =

(Wfunctionalized − Wbasefilm ⋅ (1 + GLlinker )) ⋅ M linker
⋅100 %
( M functional ized linker − M linker ) ⋅ GLlinker ⋅ Wbasefilm

(12)

Where W is the weight of the base film and the grafted and functionalized film,
respectively, and M is the molar mass of the linker and the functionalized linker,
respectively. GLlinker stands for the spectroscopically determined graft level of the linker
(VBC or GMA) in cografted films and the graft level for films grafted with the linker only.
The functionalization of ETFE-g-PGMA films was carried out in a saturated solution of
tyramine in THF for 12 h at 80°C (additionally to tyramination using the DMF based
solution).
To provide materials for meaningful comparison, cografted films were functionalized with
diethylamine (0.25 M in DMF at 50°C overnight) in the case of VBC containing materials
and the epoxy group in GMA-containing films was opened via acid catalysis in the
sulfonation and hydrolysis step.

2.3.3

Sulfonation procedures

Styrene (S)
Sulfonation of all styrene containing films was performed in a glass reactor using 2% (v/v)
chlorosulfonic acid in dichloromethane at room temperature. The films were carefully
placed in the solution in batches of six films maximum. After carefully removing possible
air bubbles using a glass rod the reactor was closed and protected with a PVC shielding.
After five hours of reaction the sulfonated films (now membranes) were washed thoroughly
with ultra-pure water. After keeping the membranes immersed the water was exchanged
and the samples were treated at 80°C overnight to hydrolyze the chlorosulfonic to sulfonic
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acid groups. More detailed information for the grafting and sulfonation procedures for
styrene can be found elsewhere67, 152.

Glycidyl methacrylate (GMA)
Sulfonation of the grafted films was performed according to the procedure proposed by W.
Lee et al.86. The sulfonation solution consisted of 10% (w/w) Na2SO3, 3% (w/w) Na2S2O5,
10% (w/w) 2-propanol and 77% (w/w) water. The sulfonation solution and the grafted films
were introduced into the glass reactors, degassed with nitrogen, closed and heated to
80°C for 8 hours. The sulfonated films were protonated in 1 M sulfuric acid overnight.

2.3.4

Doping of ETFE-g-PSSA with AO

ETFE-g-PSSA membranes of a GL of 23% (ion exchange capacity, IEC of 1.5 mmol/g)
were swollen in antioxidant solution (0.25 M in DMF), potassium exchanged and
reprotonated to remove residual DMF (Figure 2.4). This ion exchange and reprotonatiobn
step is extremely important, because of the affinity of DMF with PSSA type membranes.
Drying of the AO-DMF treated membrane under vacuum at 80°C was not sufficient to
eliminate the DMF. Doping of the membrane in potassium exchanged form and
reprotonation were not sufficient to eliminate the DMF.

Figure 2.4 Schematic representation of doping of ETFE-g-PSSA with organic AOs.
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In the case of cerium, the membranes were immersed in a 1 mol% (with respect to sulfuric
acid) solution of cerium(III) carbonate in concentrated sulfuric acid overnight. The treated
membranes were hotpressed (110°C, 2.5 MPa, 180s) together with gas diffusion
electrodes (JM ELE 162, 0.4 mg Pt/cm2), assembled into a fuel cell and tested under
accelerated aging conditions (4 h open circuit potential at 2.5bara backpressure, H2 and O2
gas flows of 600ml / min). After the test, the membranes were backtitrated to determine
IEC loss.

2.3.5

Synthesis of composite membranes with PPy

Figure 2.5 Schematic representation of the two compartment cell used for one-sided
polymerization of PPy into PEM.
The aim of this composite material synthesis was to show whether redox pairs can be
triggered via a 3D interface of PPy. Since one-sided chemically induced polymerization of
pyrrole is known to work in two compartment cells (cf Figures 2.5 and 2.6), it was decided
to proceed via the same synthetic pathway

153-158

. In general, the proton exchange

membrane, independant whether it was PFSA or a grafted membrane, was water swollen
overnight and clamped between the two compartments and tightened against leakage
using Viton® O-rings. Directly after mounting the cell the oxidant solution was poured into
the corresponding compartment. After a short presoaking time (10 min) the pyrrole solution
was added to the second compartment. The reaction was initiated usually within a minute
or two, which was seen as a darkening of the membrane. After some time of reaction, the
44

2.3 Synthesis
reagent solutions were disposed and the synthesized composite membrane was washed
thoroughly with deionized water and ammonia solution to wash the unreacted pyrrole
monomer out of the membrane. If the washing step was not done accurately, the
remaining pyrrole monomer polymerized later (initiated by light), and the composite
membranes assumed a uniform dark color. If the washing step was successful, the
functionalized membranes had a transparent appearance with a circular area of dark
PPy / PEM composite in the center (cf. Figure 2.7).

Figure 2.6 Photograph of the two-compartment
polymerization of PPy into PEM.

cell

used

for

one-sided

Nafion® NR212
To understand the polymerization reaction of pyrrole in a PEM, the reaction parameters
polymerization time, oxidant concentration and pyrrole concentration were varied.
When the concentration of the aqueous oxidant solution was varied from 1 M to 0.005 M,
the concentration of the aqueous pyrrole solution was kept constant at 0.1 M. Both
solutions were poured in and out of the compartment at the same time and the reaction
time was held constant at 2 hours.
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6 cm

Figure 2.7 Photograph of composite membrane after one-sided polymerization of
PPy into PFSA type membrane (NR212). The circular shape of the composite is a
result of the circular opening connecting the compartments of the used
polymerization cell.
When the reaction time was varied the concentration of both solutions (pyrrole 0.1 M and
oxidant 1 M) were kept constant, this experiment was only conducted with the Nafion
membrane.
To analyse the influence of the oxidant soaking time, the oxidant solution was poured into
one compartment with the other one left empty but still separated by the membrane. After
0, 2 and 4 h the monomer solution was added and the reaction was allowed to occur for 30
min.

Radiation grafted membranes
Since grafted membranes were functionalized after the reaction mechanism was
proposed, only 2 concentrations of oxidant solution were considered (i.e. 0.01 M and
0.05 M). Time of polymerization (1 h) and pyrrole concentration (0.5 M) were kept
constant.
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2.4 Ex situ characterization
2.4.1

Compositional analysis (FTIR)

All FTIR spectra were recorded in transmission mode. To minimize the water related
bands, the sulfonated films were potassium exchanged (immersion in 1M KCl (aq)
overnight) and dried in vacuum at 80 °C before measuring.
For cografted films, the respective content of the individual monomer units in the grafted
chains was determined by FTIR analysis. For quantitative compositional anaylsis using
transmission FTIR spectroscopy, in a first step a calibration curve was established: grafted
films of one monomer (e.g. ETFE-g-PS) at different graft levels were analyzed by FTIR
spectroscopy. Integrals of bands assignable to the grafted monomers were normalized to
the bands of ETFE, yielding a linear dependency of these normalized bands to the graft
level. Having calibration curves for both cografted monomers provides a powerful
analytical tool to spectroscopically determine the relative graft level of the respective
grafted monomers, because it decreases the systematic error compared to direct
calculation of the components’ content without normalizing to a base film relevant
vibrational band. A more detailed description of this methodology is given elsewhere159, 160.

2.4.2

Ion exchange capacity (IEC)

Ion exchange capacity (IEC), proton conductivity, water uptake and hydration number
were determined by acid-base titration, impedance spectroscopy and gravimetrically,
respectively, using in-house methods161.
The ion exchange capacity (IEC) is defined as

n( H + )
IEC =
Wdry

(13)

where n(H+) represents the number of protons (obtained by titration) and Wdry the dry
weight of the membrane.
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The degree of sulfonation can be caculated using the following equation

degree of sulfonation =

IEC
⋅ 100%
IECtheo

(14)

where IEC is the titrimetrically determined IEC and IECtheo is the theoretical IEC, assuming
one sulfonic acid group per styrene unit. IECtheo can be calculated using the given
equation:

IECtheo =

GLtot
M styrene + M comonomer / Rm ⋅ (1 + GLtot ) + M SO3H ⋅ GLtot

(15)

where GLtot is the graft level of the cografted film and M is the molar mass. Rm indicates
the molar ratio of styrene and comonomer in the grafts, which is defined as

Rm =

n(styrene)
n(comonomer)

2.4.3

(16)

Water uptake

The water uptake is also known as swelling and is obtained according to

water uptake =

Wwet − Wdry
Wdry

⋅ 100 %
(17)

where Wwet and Wdry represent the weight of the membrane in wet and dry state,
respectively.
The hydration number λ was calculated as follows:

λ=

n(H 2 O) water uptake
=
n(SO 3 H)
IEC ⋅ M H 2O

(18)
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2.4.4

Through-plane conductivity

The through-plane conductivity of the membranes was determined using AC impedance
spectroscopy in a two-point probe setup. The measurement cell was prepared in house.
Two to six fully hydrated membrane disks of a diameter of 2 cm were stacked and
assembled between two platinum disks and mounted in the conductivity cell. The cell was
tightened with a torque wrench to 4 Nm to ensure contact of the membrane disks and the
electrodes. The impedance was measured in a range from 1-50 kHz in galvanostatic mode
at zero dc current with an amplitude of 5 mV. The corresponding Nyquist plots were used
to determine the resistance of the membrane stack by extrapolation of the high frequency
resistance values to the real axis. The average membrane resistance is then obtained by
plotting the different stack resistance values as a function of the number of membranes in
the stack. From the slope of the plotted curve the membrane conductivity can be obtained
according to:

σ=

l
R⋅ A

(19)

Where σ is the membrane conductivity, R is the membrane resistance (Ω), l is the
thickness of the membrane stack (cm) and A is the area of the disks (cm2).

2.4.5

Ex situ cyclic voltammetry

The electrochemical activity of the initially prepared composite membranes was
qualitatively probed by cyclic voltammetry (CV) using a two-point probe setup162. The inhouse made “conductivity cell” was used for these CV measurements. For the
measurement two composite membranes disks (r = 1 cm) were stacked with PPy layer
towards the Pt electrodes. For the correspondinding baseline CV, both composite
membranes were swapped before starting the next measurement (cf Figure 2.8). This
measurement setup allows a qualitative analysis of the synthesis by comparing the
ionomer and the composite sides in terms of electrochemical activity. The applied potential
ranged from 0 to 1 V, starting from 0 V in anodic direction with a scan rate of 100 mV/s.
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Pt-electrode
polypyrrole
layer
membranes
ionomer side

polypyrrole side

Figure 2.8 Orientation of the composite membranes for ex situ cyclic
voltammetry162. The surface near PPy layer cannot be electrochemically contacted
in the left case (“ionomer side”) because the iononomer is electrically insulating.

2.4.6

Elemental distribution over cross-section of membranes
(SEM/EDX)

Figure 2.9 Image of the used sample holders for the SEM/EDX measurements.
These sample holders are designed specifically to image cross-sections of
membranes or similar materials163.
This analytical method was introduced in our group in the framework of my PhD thesis,
therefore different possibilities of cross-sectional sample preparation were evaluated.
Some preliminary work was carried out by Mini Mol Menamparambath, but unfortunately
no direct transfer of knowledge was possible, since she left PSI before I started my PhD
thesis.
Acording to that preliminary work, the best way to obtain flat cross-sections of membranes
and films is to cut the samples in fast manner with a hard (ceramic) knife on a hard
surface, for example glass. However, this technique yielded cross-sections with a nonperfect flat surface due to plastic deformation of the polymer while cutting. By
consequence, depending on the position and angle of the sample, shadow effects were
pronounced.
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A second technique was found to be fracturing of the membranes. Since grafting of GMA
yields very brittle films at high GLs (cf. section 3.2), cross-sections for SEM/EDX analysis
were obtained by chance, just by breaking films unintentionally. This led to the idea of
swelling the membranes in potassium exchanged form in water, immerse them in liquid
nitrogen and fracture the “frozen membranes” mechanically either by an impact or by
twisting it until they break. The membrane samples where then clamped into the sample
holder (Figure 2.9) in a way that the cross-section is parallel to the surface of the sample
holder and dried in vacuo at 80°C to remove the water. This way of mounting the sample
helps to avoid complications arising from moving samples during long-term mappings.
The mounted samples where dried in vacuo at 80°C and inserted in a sputter coater (Leica
EM SCD 500) and coated with a layer of Cr (5 to 8 nm) to render the samples
electronically conductive. This is necessary to avoid charging of the samples during
electron irradiation when analyzed with SEM.
The prepared and sputtered samples were inserted into the SEM as follows: the individual
samples were mounted onto the multiple sample holder (9 lcoations) and inserted into the
measuring chamber via a lock. An accelerating voltage of usually 6 to 10 kV was applied
during the measurements, since the necessary energy to detect Cr Kα is 5.4 keV.
Micrographs were recorded using the secondary electron detector (SE2 or inLens). Longterm EDX mappings were performed at a resolution of 1024 x 800 pixels and 512 frames
were taken.

2.4.7

Elemental analysis

All elemental analysis measurements were performed at ETH Zürich, Switzerland, in the
Laboratory for Organic Chemistry. First, the sample was digested, either by combustion
(for C, H, N, O and S) or by chemical means (Schöniger method for halogens, F, Cl, Br
and I).
Detection of the combustion products of carbon (CO2), hydrogen (H2O), oxygen (CO) and
sulfur (SO2) were analyzed quantitatively using IR spectroscopy, whereas the combustion
product of nitrogen (N2) was quantified using a thermal conductivity detector. Detection of
combustion products was performed with instruments from LECO.
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After application of the Schöniger method, the products are collected in an absorbing liquid
medium. Fluoride ions were detected using ion chromatography whereas chlorides were
quantified titrimetrically164.

2.5 In situ characterization (fuel cell tests)
2.5.1

Preparation of membrane electrode assembly (MEA)

Selected styrene based membranes of a graft level of ~23% were tested as a reference.
They were laminated with JM ELE162 gas diffusion electrodes (GDE, loading: 0.4 mg
Pt/cm2, Johnson Matthey Fuel Cells, Swindon, UK) by hot-pressing (110 °C / 2.5 MPa /
180 s) to form a membrane electrode assembly (MEA, cf. Figure 2.10)165.

Figure 2.10 Schematic representation of membrane electrode assembly (MEA, left)
and the standard cell configuration (adapted from illustrations of L. Gubler).
The same hot-pressing protocol was applied to AO doped styrene based membranes.
Polyethylene naphtalate (PEN) sub-gaskets (25 μm) were used for edge protection of the
MEA and hardware against damage due to potential direct combustion of hydrogen and
oxygen (cf Figure 2.10)
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All other single cells were assembled using air-dried membranes sandwiched between two
JM ELE162 electrodes and PEN sub-gaskets. This is the case for ETFE-g-PGMAs, ETFEg-P(SSA-co-VBC(Tyr)), ETFE-g-P(SSA-co-VBC(NEt2)), ETFE-g-P(SSA-co-GMA(Tyr)) and
ETFE-g-P(SSA-co-GMA(diol)) type membranes. MEAs for cyclovoltammetry (CV) analysis
were assembled in the same way, except that on the polypyrrole side of the membrane a
carbon-only type GDL / MPL (JM ELE0022) was used. This was done to avoid currents
originating from Pt oxidation and reduction, because the resulting currents are
approximately three orders of magnitude higher compared to carbon only CVs.

2.5.2

Fuel cell

All fuel cell tests were carried out using the N1D cell type. The MEA (active area 16 cm2)
with PEN sub-gaskets was assembled with PTFE (100 μm) gaskets into the cell fixture,
consisting of graphite flow field with parallel channels in co-flow configuration, as shown in
Figure 2.10. More detailed information on the used single cell is provided elsewhere166.

2.5.3

Electrochemical characterization

Hydrogen permeation
The setup for the electrochemical determination of hydrogen permeation through the PEM
is shown in Figure 2.11.
In principle, the fuel cell and MEA configuration is the same for in situ measurement of
hydrogen permeation as for normal fuel cell testing. The difference is that for hydrogen
crossover measurement the feed gasses are not hydrogen and oxygen but hydrogen on
the formal anode side and nitrogen on the formal cathode side. Then, after one hour of
equilibration for the system a voltage of about 0.1 V is measured for this setup. This
voltage is a concentration voltage for the permeated hydrogen against pure hydrogen

53

2

Experimental

(difference in partial pressure and, corresponding, activity of hydrogen). For the
measurement a potentiostat is connected as shown in Figure 2.11.

Figure 2.11 Schematic representation of membrane electrode assembly (MEA) for
the electrochemical hydrogen permeation measurement (in situ).
The potential Ф is stepwise increased from 0.2 to 0.8 V (vs RHE) in steps of 0.1 V and
decreased back to 0.2 V in steps. Each potential is held for 60 second to reach
equilibrium. Due to the fast reaction of hydrogen oxidation and the overpotential that is
applied the permeated hydrogen is electrochemically oxidized on the Pt of the GDE and
the corresponding oxidation current is measured. The hydrogen permeation through the
membrane material is proportional to the partial pressure of the hydrogen, to the solubility
and the diffusivity of hydrogen in the ionomer.
In Figure 2.12, a representative hydrogen permeation measurement is shown. In principle
the hydrogen crossover current densities are not dependant on the applied potential. In
some cases, increasing current densities are observed with increasing potential. This
ohmic behavior indicates electric shorting of the MEA167. Additionally, in rare cases Pt
oxidation currents are measured at high potentials (i.e. 0.8 V vs NHE). This can lead to
significantly higher current densities at 0.8 V.
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Figure 2.12 Schematic representation of electrochemically measured hydrogen
permeation through a membrane electrode assembly (MEA). The actual
permeation current density is the intercept of y axe with the linear fit of the points.
To determine the hydrogen crossover current density, a linear regression is performed on
the measured values and the intercept indicates the actual crossover current.

Polarization curve
Polarization curves can be used to compare fuel cell performance of different MEAs. For
direct comparison of membrane performance, all other parameters should be the same.
This is the case for gas flows, pressures, relative humidities, temperature, and of course
the cell design and the test stand should be the same, as these may have different
electronic resistances. In case these requirements are fulfilled, the polarization curves are
relatively comparable. It is crucial to list the test conditions as exactly as possible while
measuring polarization curves to know whether the values are comparable to, for example,
published values in the literature.
While measuring a polarization curve, the potential at increasing current densities is
recorded, starting from zero current at open circuit potential (OCV). In the low current
density regime, more points are recorded, as the charge transfer overpotential leads to a
pronounced drop in the cell voltage below 250 mA/cm2. At higher current densities the
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voltage drop follows largely the ohmic law, showing linear decrease of the cell voltage with
increasing current densities. The measurement is stopped when the potential drops below
a certain value, usually 0.1 to 0.3 V, or when the current density reaches 2 A/cm2.

In situ cyclic voltammetry
A four-point probe measurement technique was applied to measure cyclic voltammograms
of the interface of (composite) membrane materials with the carbon only electrode. The
working electrode was on the formal cathode side, which was supplied with nitrogen only.
Counter and reference electrodes were placed on the formal anode side supplied with 5%
hydrogen in nitrogen (v/v). A schematic illustration of the MEA configuration for in situ
measurements of cyclic voltammograms is given in Figure 2.13. Because of the very small
overpotential and the fast kinetics of the HOR and HER on Pt it was acceptable to
combine reference and counter electrode on the same electrode.

Figure 2.13 Schematic representation of membrane electrode assembly (MEA) for
recording in situ cyclic voltammograms.
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2.5.4

Test protocols

Constant current
The in situ characterization of the MEAs by polarization curves and hydrogen crossover
measurements was performed using in-house methods as described above165. The MEAs
were conditioned for 1 h under nitrogen and hydrogen. The hydrogen permeation was
determined using an electrochemical method165, then the MEAs were directly tested in
constant current mode (0.5 A cm-2) at 80 °C, using pure oxygen and hydrogen (100%
relative humidity). The gases were fed at a flow rate of 600 ml min-1 each and at a
pressure of 2.5 bara. The high frequency resistance was continuosly measured at 1 kHz.
Polarization curves were taken intermittently.
The test was stopped when the hydrogen crossover was larger than 2 ml/min.

4 h OCV hold
Before the actual test was started, the MEAs were preconditioned for 1 h under nitrogen
and hydrogen. After this equilibration, the hydrogen permeation was determined as
described above165. Then, the MEAs were conditioned in constant current mode
(0.5 A/cm2) at 80°C, using pure oxygen and hydrogen (100 % relative humidity). The
gases were fed at a flow rate of 600 ml/min each and at a pressure of 2.5 bara. The high
frequency resistance was continuously measured at 1 kHz.
After conditioning of the MEA the first polarization curve was measured and the cell was
switched to open circuit voltage (OCV) for 4h. Then, after 10 minutes of conditioning at
constant current (0.5 A/cm2), the second polarization curve was measured. The cell was
switched back to OCV and the gases changed to hydrogen and nitrogen for 1 h to
measure the hydrogen permeation after completion of the degradation protocol.

“Long term” OCV hold
The in situ characterization of the GMA(Tyr) type membrane was performed similarly to
the 4 h OCV hold tests. The only difference was the duration of the OCV: instead of 4h the
cell was kept at OCV for 24h and 144h (six days), respectively.
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2.5.5

Post test procedures

After the test, the cells were disassembled and the MEAs were delaminated to retrieve the
tested membranes. The membranes were then immersed in a water-ethanol mixture (1/1,
V/V) and the remaining Pt particles were removed carefully using Q-tips. When the
membrane still contained Pt particles after that procedure the membrane was again
immersed in the water-ethanol mixture and cleaned. When the membranes were free of
Pt, they were cut into three pieces (from here on denominated as end of test (EOT) 1 to 3)
of similar area and backtitrated to determine the post-test IEC. After the titration procedure
(see subsection 2.4.3), the membrane sections were in potassium exchanged form and
could directly be analyzed using FTIR. Some membrane cross-sections were then
prepared for SEM analysis as described in subsection 2.4.5. Elemental distributions within
the crossection of membranes could be visualized using EDX analysis.
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This chapter is dedicated to model systems, so to say the necessary ingredients to enable
the success of the presented work.

3.1 ETFE-g-PSSA
( ∗) Radiation grafted and sulfonated styrene is a appropriate reference system, since
different basefilms151, 168, 169 were grafted with poly(styrenesulfonic acid) as well as tested
in situ in a fuel cell165, 169. The synthetic scheme for styrene-only grafted membranes for
fuel cells is shown in Figure 3.1.

Figure 3.1 Synthetic scheme for grafting of ETFE with styrene and subsequent
sulfonation and hydrolysis procedure yielding proton conducting membranes.
In the frame of a comparative study a kinetic experiment for grafting of styrene into ETFE
was performed. The aim was to clarify whether grafting of styrene occurs via a pronounced
front mechanism. Since it is known from previos works67,

∗

151, 152

that through-plane

A poster containing these results has been presented at 10th Ionizing Radiation and Polymers Symposium,
Cracow, Poland, October 14th - 19th, 2012
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conductivity occurs at relatively low graft levels (20%) only short polymerization times were
chosen. The results of this kinetic experiment are shown in Figure 3.2. Grafting of styrene
into ETFE is a rather fast reaction, as expected.

Figure 3.2 Grafting kinetics of styrene onto 25 μm ETFE film (1.5 kGy) at 60°C out
of a 20% v/v solution of styrene in 2-propanol/water mixture.
Graft levels of films grafted for short times only (5 and 10 min) are less representative
because within these short times the glass reactor is still heating up, thus the grafting
mixture temperature was lower than 60°C for a considerable fraction of the grafting time.
This effect is less important for longer grafting times.

Figure 3.3 Proton conductivity of ETFE-g-PSSA membranes of different GLs vs
swelling (left) and IEC (right), respectively.
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After sulfonation and hydrolysis of the styrene grafted films, the membranes were
characterized in terms of swelling in water, IEC and proton conductivity. The results are
shown in Figure 3.3. In contrast to GMA grafted films (cf chapter 3.2), proton conductivity
is found for membranes with very low graft level (i.e. 6%). This indicates a increased
grafting front velocity during grafting. Apparently the solvent system (2-propanol/water
mixture) enhances the diffusion of styrene into the ETFE basefilm, compared to grafting
out of a 2-propanol solution170 or out of pure styrene171. Both groups found pronounced
sulfur gradients at more elevated raction times. To confirm this hypothesis, elemental
distribution was measured using SEM-EDX (Figure 3.4). Membranes of very low graft level
show sulfur across the entire membrane cross-section, indicating sulfonic acid groups in
the membrane. This confirms ex situ conductivities measured at low graft levels. Thus it
can be stated that grafting of styrene into ETFE (under the given conditions) is a reactiondiffusion controlled process in which the polymerization reaction is fast but the diffusion of
the monomer into the basefilm is still faster. The front speed of the described grafting
system can be estimated to be higher than 75 μm h-1, because of the measurable throughplane conductivity and the sulfonic acid distribution of membranes of a graft level of 2.4%
(grafting time 10 min).

Figure 3.4 SEM image of ETFE-g-PSSA membrane of a graft level of 2.4% (A) with
the corresponding sulphur distribution measured with EDX (B, contrast enhanced).
In C, the micrograph after the EDX measurement is shown (12h).
A remark on the effect of electron irradiation on the membrane material has to be added
here: in Figure 3.4 C a SEM micrograph of the membrane after 12 hours of continuous
irradiation during the EDX measurement is shown. The membrane material suffered from
partial degradation / decomposition. The magnification is slightly lower compared to
Figure 3.4 A (before EDX measurment), therefore the upper and lower sections of the
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membrane are still in “pristine” form. The section in the middle, which was exposed to the
radiation, shows two partial fractures, one of which also appears as shadow in the sulfur
mapping (Figure 3.4 B).
This effect of β exposure was observed for membranes with low graft level and to a lesser
extent for membranes of average graft level (~25%). The applied acceleration voltage was
chosen between 5 and 10 kV because of better quality of the corresponding EDX
mappings, owing to the high energies needed to cause the excitation of the inner electrons
of the heavier atoms of interest (e.g. K in the potassium exchanged samples).

3.2 ETFE-g-PGMAs
( ∗) The radiation grafting of GMA and especially the subsequent sulfonation of the grafts
(cf Figure 3.5) was planned as model system to assess the reactivity of the epoxy group
towards nucleophilic attack. Nevertheless, the obtained PEM were characterized in situ as
well as ex situ, and showed to be a potential alternative radiation grafted membrane for
fuel cell application.

Figure 3.5 Synthetic scheme for grafting of ETFE with GMA and subsequent
sulfonation and protonation procedure yielding proton conductive membranes.

∗

This chapter is based on a publication in Fuel Cells

149

(©Wiley 2013, reprinted with permission).
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3.2.1

Grafting of GMA onto ETFE

The kinetics of pre-irradiation grafting of GMA into ETFE under the given conditions is
represented in Figure 3.6. The grafting behavior is different compared to that reported by
C. Schmidt et al85. They found a logarithmic dependence of the graft level on the grafting
time, whereas our experiments showed a linear one. The group of G. Schmidt-Naake used
thicker base film (50 μm) from a different supplier (Nowofol, Siegsdorf, Germany), a higher
irradiation dose (50 kGy), a different solvent (acetone) and higher monomer concentration.
However, the group of K. Saito found a similar behavior for grafting of GMA into PE at the
same concentration of GMA (10% v/v) in methanol, yet at higher irradiation dose172. This
behavior does not contradict the previous findings. Due to homopolymer formation during
the grafting, the viscosity of the grafting solution increases, which can lower the rate of
recombination of the growing grafted chains. Additionally, one could argue that within the
range of graft levels investigated, the grafting kinetics just appear to be linear, and if the
reaction would be carried on for longer, one could find a trend of decreasing grafting rate.

Figure 3.6 Grafting kinetics of GMA onto 25μm ETFE film (15 kGy) at 60°C out of a
10% v/v solution of GMA in methanol.
All films were characterized using FTIR spectroscopy (Figure 3.7). The bands at 910 cm-1
and 846 cm-1 correspond to the oxirane stretch and deformation vibration84,
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. These

bands become more intense with increasing graft level. The ETFE bands at 668 cm-1 and
509 cm-1 loose intensity with increasing graft level. This is a dilution effect159. When the
base film is grafted, the base polymer is diluted with grafted polymer. As a consequence,
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there is a lower density of base polymer probed by the infrared beam in the graft
copolymer compared to the pure base film.

Figure 3.7 FTIR spectra of the ETFE base film and ETFE-g-PGMA films at different
graft levels between 19% and 304%.

3.2.2

Sulfonation of the grafted chains

Figure 3.8 IEC vs. graft level of the sulfonated ETFE-g-PGMA membranes. The line
represents the theoretically possible IEC (100% sulfonation of the GMA side
chains).
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The sulfonation reaction, according to the method described by W. Lee and M. Böhme84-86,
showed a dependence of the degree of sulfonation on the graft level. The number of
sulfonic acid groups, determined by titration, was used as an indicator for the conversion
of the epoxy groups. The resulting IEC for different films is given in Figure 3.8. The solid
line represents the theoretically possible IEC (based on complete conversion of all epoxide
groups to sulfonic acid). The value converges towards 4.76 mmol g-1, the IEC of
completely sulfonated PGMA. The conversion seems to stabilize at around 90% at a graft
level of 90% and above.

Figure 3.9 FTIR spectra of ETFE, ETFE-g-PGMA (graft level of 92%) and
sulfonated ETFE-g-PGMA (graft level of 92%).
The sulfonation reaction reported by Bondar et al.
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using dimethyl formamide (DMF) as

solvent for the sulfite salt was applied as well. As the conversion is lower (60%) and DMF
is toxic, it was decided to perform the sulfonation reaction according to the procedure
described by M. Böhme.
Representative spectra for ETFE, ETFE-g-PGMA and sulfonated ETFE-g-PGMA are given
in Figure 3.9. The new bands of ETFE-g-PGMA at 1724 cm-1, 910 cm-1 and 846 cm-1 can
be attributed to the carbonyl stretch and oxirane stretch and deformation vibrations,
respectively. The carbonyl stretch vibration can be assigned to the ester of the grafted
methacrylate, whereas the oxirane vibrations confirm the presence of epoxy groups in the
grafted chains. The oxirane vibrations disappear after the sulfonation, suggesting complete
absence of epoxy groups after the sulfonation and protonation. The protonation step in
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1 M sulfuric acid opens the remaining oxirane rings to the diol, which explains the absence
of oxirane bands in the sulfonated ETFE-g-PGMA membrane, even though the conversion
to sulfonic acid is below 100% (see Figure 5). Additionally, a new S-O stretch vibration
band appears for sulfonated ETFE-g-PGMA at 794 cm-1. Thus, the epoxide is
functionalized to a sulfonic acid group.
The sulfonation of GMA requires less reactive chemicals compared to the procedure for
styrene grafts151, 152, 175, yet the degree of sulfonation is slightly lower for ETFE-g-PGMAs.
The use of chlorosulfonic acid for the sulfonation of styrene grafts is one disadvantage of
using styrene, owing to the very exothermic hydrolysis to sulfuric and hydrochloric acid.
Consequently, the sulfonation reaction has to be carried out in water-free (expensive)
dichloromethane, which is also toxic. The solvents used for the sulfonation of PGMA grafts
(water and 2-propanol) are less toxic and easier to handle.
The synthesized membranes of graft levels above 160% have an enormous water uptake
(i.e., more than 150%) and have a gel-like character. Interestingly, they do not dissolve in
water. When dried under vacuum, membranes with a graft level below 140% are flexible.
All membranes were sufficiently flexible for handling and cell assembly when dried at room
temperature in the laboratory (“air-dried”).
Table 3.1 Bulk properties of ETFE-g-PGMAs membranes. Conductivity is measured
at room temperature in water swollen state.
Graft level / %
13.2
19.3
44.4
45.3
56.8
62.2
91.5
91.9
133
210
259
268
278
304
304

Water uptake (m%)
6.7 ± 0.5
13.9 ± 1.3
39.6 ± 2.7
42.0 ± 1.3
129 ± 9
50 ± 4
102 ± 6
95 ± 7
129 ± 9
185 ± 23
190 ± 19
203 ± 35
216 ± 22
178 ± 4
236 ± 16

IEC (mmol/g)
0.31 ± 0.03
0.61 ± 0.04
1.39 ± 0.06
1.60 ± 0.05
1.63 ± 0.07
1.82 ± 0.06
2.60 ± 0.07
2.22 ± 0.18
2.60 ± 0.12
3.29 ± 0.13
3.34 ± 0.26
3.45 ± 0.23
3.41 ± 0.24
3.31 ± 0.11
4.19 ± 0.02

66

Conductivity (mS/cm)
0
0
0
0.1 ± 0.0
0.6 ± 0.9
26 ± 2
90 ± 5
81 ± 7
85 ± 21
244 ± 26
214 ± 30
174 ± 15
170 ± 10
166 ± 12
177 ± 17

3.2 ETFE-g-PGMAs

3.2.3

Bulk properties of ETFE-g-PGMAs

The fuel cell relevant ex situ properties of the obtained proton exchange membranes given
here are: mass based swelling in water, IEC and through-plane conductivity. Water uptake
is needed to provide an aqueous phase for proton conduction (see Table 3.1).

Figure 3.10 Through-plane conductivity vs. IEC (A) and swelling in water (B),
respectively, of ETFE-g-PGMAs membranes at different graft levels in water
swollen state at room temperature. The numbers given in the Figures indicate
some representative graft levels.
The IEC is the concentration of protogenic groups in the ionomer. In Figures 3.10 A and B
the measured through-plane conductivity values of sulfonated ETFE-g-PGMA membranes
of different graft levels are plotted against IEC and swelling, respectively. The GMA based
membranes did not show any through-plane conductivity up to an IEC threshold of
1.8 mmol g-1 and 80% swelling in water, respectively. Membranes of higher IEC showed
relatively high conductivity values (up to 0.25 S cm-1). These findings, combined with the
high conversion of the sulfonation reaction, suggested a pronounced front mechanism for
the grafting reaction. To further investigate this hypothesis, cross-sections of GMA based
membranes of different graft levels were analyzed with SEM-EDX. The images and sulfur
distribution of two membranes (graft levels of 57% and 92%) are given in Figure 3.11. The
secondary electrons image shows three distinctive areas in the membranes: the outer
sections seem to be similar, whereas the center seems to be plastically deformed during
the sample preparation. The EDX analysis indicates the presence of sulfur in the outer
sections, whereas in the center no sulfur could be detected. The potassium distribution is
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similar to that of sulfur (not shown here). This is valuable additional information, knowing
that the membranes were fractured in potassium exchanged and vacuum-dried form. The
center section contains neither sulfur nor potassium and has an increased fluorine content
compared to the outer sections. This suggests grafted and sulfonated outer layers (ETFEg-PGMAs) and a pristine, non-grafted center (“ETFE” only). This supports the notion of a
pronounced front mechanism for gratfing of GMA into ETFE.

Figure 3.11 SEM images (top) and corresponding EDX maps of cross-sections of
sulfonated ETFE-g-PGMA membranes of different graft levels. Left: 57%; right:
92%. The yellow domains indicate the concentration of sulfur.
The speed of the front for the investigated grafting system can be estimated, based on the
reaction kinetics, the threshold IEC above which finite conductivity values are obtained,
and the thickness of the base film (25 μm), to be around 5 μm h-1.

3.2.4

Fuel cell tests (in situ)

Two membranes of a graft level of 112% were assembled with commercial electrodes into
a single cell type fuel cell as described above. For comparison, a reference grafted
membrane (ETFE-g-PSSA, IEC = 1.5 mmol/g, 70 mS/cm) and commercial PFSA type
membrane (Nafion 212, DuPont, IEC = 0.97 mmol/g, 90 mS/cm) were tested under the
same conditions.

68

3.2 ETFE-g-PGMAs

Figure 3.12 Beginning of test (BOT) polarization curves of sulfonated ETFE-g-PGMA
membranes compared to reference grafted membrane based on styrene and
Nafion 212.
The initial performance of the four membranes is given in Figure 3.12. The GMA based
membranes perform better compared to the styrene based ones and almost as good as
the Nafion benchmark. Correspondingly, the area resistance of the tested GMA
membranes is between the values of the reference materials. Comparing the procedures
to build the fuel cell (hotpressed MEAs in case of PSSA-grafted and PFSA membranes vs.
non-hotpressed MEAs for GMA-grafted membranes), the GMA based membranes perform
surprisingly well for a non-optimized system. However, the improved mobility of the GMA
side chains compared to styrene grafts is not necessarily the reason for the better in situ
performance. The tested GMA membranes swell considerably more in water than the
tested PSSA and PFSA materials. Proton conductivity is thought to be strongly dependent
on water content for both materials67, 87, 176. The improved fuel cell performance could be
due to the higher hydration numbers for the GMA based material compared to the PSSAgrafted one. To compare these grafted materials in a meaningful way, GMA based
membranes with comparable IEC and swelling ought to be synthesized. As the front speed
during the grafting of GMA does not allow through-plane conductivity before the grafting
fronts meet at IEC values of around 1.8 mmol / g, it is not possible to fulfill this
requirement.
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Table 3.2 Hydrogen permeation of GMA and styrene based membranes. BOT =
beginning of test, EOT = end of test.
GMA 1 ml / min
GMA 2 ml / min
Styrene ml / min

BOT
0.16 ± 0.02
0.39 ± 0.09
0.20 ± 0.01

45h
0.13 ± 0.01
0.35 ± 0.12
0.28 ± 0.02

EOT
>2
>2
-

The PSSA based membrane has increased hydrogen permeation after 45 hours of test
compared to the initial value, whereas the GMA based membranes show a slightly lower
crossover rate after the same time (Table 3.2). The lower hydrogen permeation of GMA
based membranes could be explained with the increased thickness compared to PSSA
grafted membranes. However, low hydrogen crossover is positive in two ways: on the one
hand the overpotential due to electrical short-circuit currents13 is reduced, on the other
hand lower hydrogen crossover slows down reactions leading to radical species93,

99

.

These radicals are believed to chemically attack the membrane material, which is to be
avoided.

Figure 3.13 Voltage and high frequency resistance (HFR) evolution during single cell
tests of ETFE-g-PGMAs membranes at 0.5 A / cm2.
The evolution of the cell voltage and the area resistance at 0.5 A / cm2 as a function of
time of the two GMA based membranes is displayed in Figure 3.13. The voltage evolution
during the tests is similar. The “bumps” in the curves are the voltage differences before
and after performance checks due to re-equilibration of the water content in the MEA and
reduction of Pt oxides during operation of the cell under H2 / N2 conditions for the H2
crossover measurement. The steady loss of voltage could be explained by a gradual loss
of grafted side chains, which leads to lower proton conductivity. The initial decrease of the
area resistance is probably related to the optimization of proton transport in the
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membrane-electrode interface, because the humidified GMA based membranes are soft
and the fuel cell was assembled with air-dried membranes. Due to the exposure to the
humidified gases the membrane swells and softens under the applied pressure, which
optimizes the contact between the membrane and electrodes. In parallel to this gain the
membrane material already looses grafted chains leading to an increase in area
resistance. This could partially explain the loss in performance (i.e. voltage) during the
initial 40 hours, while the area resistance is still declining. A step-like increase of the area
resistance during the test is observed after performance checks were carried out. This
could be a result of gradual detachment of fragments of the grafted chains and washing
out with the varying current densities during the performance checks. The polarization
measurement starting from low current densities (with small electrosomotic drag) and
going up to 2 A / cm2 (with considerably increased electroosmotic drag) is possibly
accelerating the removal of sulfonated fragments of the grafted chains.

Figure 3.14 End of test (EOT) polarization curves of sulfonated ETFE-g-PGMA
membranes compared to the reference grafted membrane based on styrene and
Nafion 212 measured at BOT.
The end of test (EOT) performance of the GMA based membranes compared to PSSAgrafted and PFSA materials is given in Figure 3.14. The performance after more than
160 h at a current density of 0.5 A / cm2 is still comparable to the one of a pristine PSSAgrafted membrane. However, the reference styrene grafted membrane has an increased
hydrogen crossover compared to the beginning. It gradually increases and after 50 to 60
hours it is not safe to continue the fuel cell tests with these materials, because of the risk
of direct reaction of hydrogen and oxygen and serious damage to cell hardware and test
infrastructure.
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3.2.5

Post-test analysis of the GMA based membranes

The tested MEAs were delaminated in a ~1:1 v/v mixture of ethanol and water, and the
thus extracted membranes were cut into three pieces of equal size (EOT 1 to 3) and
titrated for the acid content. FTIR spectroscopy was performed to detect structural
changes. The IEC drastically dropped during the test (Table 3.3) and, accordingly, the
intensity of the carbonyl band at 1724 cm-1 decreased (Figure 3.15). It did not shift
compared to the pristine membrane, which is an additional indication of side chain
scission. In case the ester group would hydrolyze, there would be a shift or additional band
at 1710 cm-1 for the methacrylic acid carbonyl stretch vibration177 and the intensitiy of the
carbonyl band would still be visible.

Figure 3.15 FTIR spectra of three sections of the active area after a single cell test of
a ETFE-g-PGMAs membrane at 0.5 A/cm2 compared to ETFE base film and
pristine ETFE-g-PGMAs.
The membrane did not degrade to the same extent at different locations (Figure 3.15).
EOT 1 and 3 were close to the outlet of the gases. As a result, the detached fragments of
the grafted chains could have been washed out more easily compared to the ones in the
center (EOT 2). The decrease in FTIR band intensity in the different sections is similar for
the various analyzed bands (O-H strech, C=O strech and S-O strech), thus the loss of
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grafted chains was more pronounced close to the gas outlets. All EOT spectra appear to
be more similar to the ETFE spectrum, not to the one of the pristine membrane, supporting
the hypothesis of chain detachment as cause of degradation. The intensities of the ETFE
bands at 690 cm-1 and 509 cm-1 decrease for EOT 1 to 3 compared to ETFE. This could
be interpreted as a decrease in density due to the loss of grafted chains, as all IR spectra
were recorded with the same spot size and measurement parameters.
The difference of in situ and ex situ results can be explained with detached fragments of
the grafted component still present in the membrane during the recording of polarization
curve, but being washed out during the post-test work-up procedure.
Table 3.3

IEC before and after fuel cell test for GMA type grafted membranes.
-1

GMA 1
GMA 2

IEC pristine / mmol g
2.52 ± 0.11
2.52 ± 0.11

-1

IEC EOT / mmol g
0.55 ± 0.15
1.16 ± 0.13

In the light of methacrylates being hydrolyzable, a 500 h in situ hydrolysis test was
performed. A GMA based membrane (graft level 145%) was assembled with the above
mentioned electrodes to form an MEA. The MEA was built into a fuel cell and tested by
supplying fully humidified nitrogen gas to both sides at a pressure of 2.5 bara and 80°C cell
temperature. After 500 h the fuel cell was disassembled and the MEA was delaminated.
The IEC loss of the GMA based membrane was 20% (determined by titration), which is in
agreement with the measured FTIR spectra (not shown here). Under the test conditions
(fully humidified nitrogen on both sides), no reactive intermediates can be produced. By
consequence, the loss of IEC is mainly due to hydrolysis of the ester group in the grafted
GMA units. The GMA based membranes tested in constant current mode lost more than
50% IEC in less than 200 hours (Table 3.3). Hence, hydrolysis of the acrylate seemed not
to be the main degradation pathway of GMA based membranes under fuel cell conditions
(constant current and fully humidified hydrogen and oxygen).

3.2.6

Functionalization of ETFE-g-PGMA with tyramine

Functionalization of ETFE-g-PGMA with tyramine (see Figure 3.16) was performed
additionally, because the conversion of grafted GMA with sulfite (to sulfonic acid) is not
necesseraly the same as conversion to the tyraminated GMA(Tyr). The tyramination
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reaction was performed in a DMF-water mixture (9/1, v/v) and THF as solvent,
respectively. The conversion was calculated gravimetrically using formula 12.

Figure 3.16 Synthetic scheme for grafting of ETFE with GMA and subsequent
tyramination procedure.
Compared to the tyramination of ETFE-g-PVBC (cf chapter 3.3) the conversion was
slightly higher for ETFE-g-PGMA for both solvents. The conversions of the tyramination
reaction for two GMA grafted films in these solvents are given in table 3.4. The calculated
conversions are in very good agreement with the elemental analysis measurement given
in chapter 4.
Table 3.4

Conversion of amination reaction of grafted GMA, based on gravimetry

ETFE-g-PGMA (GL = 37.9 m%)
sample 1
sample 2
sample 3
sample 4

tyramine in
THF, saturated
THF, saturated
DMF / H2O (9/1 V/V)
DMF / H2O (9/1 V/V)
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conversion (Mol%)
64.1
66.7
57.2
57.2

3.3 ETFE-g-PVBC

3.3 ETFE-g-PVBC
( ∗) The reaction scheme for grafting of VBC onto ETFE with subsequent functinalization of
the grafts with tyramine is shown in Figure 3.17.

Figure 3.17 Synthetic scheme for grafting of VBC into ETFE with subsequent
functionalization of the grafted PVBC chains with tyramine.
The obtained kinetics for the grafting of VBC onto ETFE is given in Figure 3.18. The
grafting behavior is comparable to that found in the literature84,

137

. A logarithmic

dependence of the graft level on the grafting time is found.

∗
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This chapter is based on a contribution to the Electrochemistry Laboratory - Annual Report 2011 .178.
Y. Buchmüller, G. G. Scherer, A. Wokaun and L. Gubler, Annual Report 2011(DOI: 10.3929/ethz-a007047464), 2011, 7-8..
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Figure 3.18 Grafting kinetics of VBC onto 25 μm ETFE base film.
All grafted films were characterized with FTIR. The vibrational band at 1511 cm-1 was used
for the quantification of the VBC content in the grafted film and intended to be used for a
calibration of the FTIR bands (Figure 3.19).
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Figure 3.19 FTIR spectra of ETFE-g-PVBC films at different GL.
Films of different graft levels were aminated. Unfortunately, it was not possible to quantify
the conversion of the amination reaction using FTIR as a broad amine band obscures the
VBC band at 1511 cm-1. The minimum conversion, which was estimated gravimetrically (cf
Equation 12), is relatively low: 44.5 ± 5.0%. This estimation represents a minimum
conversion, because HCl-elimination from the VBC units, a possible side reaction, is
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neglected here. There was no detectable difference in the conversion to the amine after 24
or 48 h of reaction time.

3.4 ETFE-g-PSSA including AOs
( ∗) In this subsection the physical doping of radiation grafted membranes by immersion in
AO-containing solution is discussed. These preliminary experiments were coducted to
clarify whether incorporation of AOs leads to a stabilizing effect in situ and in case it does
what the differences are for various types of AOs. On the bases of these experiments the
choice of AO was made.

Figure 3.20 Phenol type antioxidants (AOs) used within this study
The PSSA type membranes (IEC: 1.5mmol/g) showed a dependency of the performance
on the introduced organic AO (Figure 3.21). For membranes containing tocopherol and
BHT, the performance was enhanced while the area resistance decreased compared to
the pristine ETFE-g-PSSA membrane. A possible explanation for this effect could be the
plasticizing effect of the small aromatic BHT, which could lead to better mobility of the
grafted chains and, consequently, to better proton transport through the membrane. For
tocopherol a kind of van der Waals force could lead to opening of the structure of ETFE-gPSSA by interpenetration of the lipophilic tail of tocopherol in the lipophilic backbone
polymer of the membrane. This opening of the polymer structure of ETFE-g-PSSA would
lead to increased mobility of the protogenic groups and hence to higher proton
conductivity.

∗
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The introduction of cerium and catechol lowers the proton conductivity of ETFE-g-PSSA.
The lower proton conductivity for cerium containing membranes can be explained by the
blocking of exchange sites by cerium cations, replacing 3 protons per ion, leading to lower
proton concentration in the membrane. For catechol, the loss in proton conductivity cannot
be explained by replacements of protons. Apparently, the aromatic alcohol does not
improve the mobility of the grafted chains.

Figure 3.21 Polarization curves of ETFE-g-PSSA (IEC = 1.5 mmol/g) membranes
containing different AOs. The black line shows the polarization curve of ETFE-gPSSA without AOs.
Representative polarization curves for PSSA type membranes including antioxidants (i.e.
BHT) before and after the accelerated stress test (AST) are shown in Figure 3.22. The
membranes containing BHT outperform Nafion® NR212. After the AST the membranes
perform still better than untreated pristine PSSA type membranes. The HFR does not
change during the AST, indicating a similar conductivity and, consequently, no apparent
degradation of the treated membrane during 4 h OCV hold.
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Figure 3.22 Polarization curves of ETFE-g-PSSA (IEC = 1.5 mmol/g) membranes
containing different BHT before and after 4 h OCV. For comparison, initial
polarization curves of ETFE-g-PSSA (dotted line) without BHT and NR212
(straight line) are shown.
The IEC determination after the test gave no conclusive results. Thus, more work needs to
be done for application of this methodology to fully assess the effectiveness of antioxidants
for use in fuel cells.
Nevertheless, the developed doping protocol can be used for facile incorporation of
different organic AOs into grafted membranes and the fast degradation of unstabilized
PSSA type membranes enables one to assess the effectiveness of AOs in membranes in
situ in comparably short times.
Having these results, tyramine, a phenol type AO, was chosen to be attached to the linker
units and not dopamine, a catechol type molecule.
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3.5 Summary on model systems
The experiments on model systems were helpful to become familiar with the synthetic and
analytic techniques and led to various conclusions. Radiation grafting of the different
linkers into ETFE was shown to be possible, yet co-grafting of GMA and S was not
published at that point, and therefore not sure to be applicable. The grafted monomers
were shown to be functionalizable with tyramine and, in the case of GMA, with sulfonic
acid groups. Therefore, the proposed synthetic pathway to prepare radiation grafted
membranes containing polymer bound AOs seemed in principle feasible.
On the other hand, the fuel cell tests with different non-bound AOs in styrene based
membranes showed a significant importance of the choice of the applied AO, since
different AOs had implications not only on the chemical stability, but also on the
performance of the PEM. When tocopherol was used as AO, the membranes were more
durable and of higher performance, whereas in the case of catechol as AO the
membranes degraded faster and performed less. These experiments showed the
applicability of phenol type AOs and, therefore, the work on model systems led to the
decision to use VBC and GMA as linkers and tyramine as model AO.
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( ∗) This chapter is dedicated to the synthesis and characterization of styrene based
radiation grafted PEMs including covalently attached model AO (phenol functionality). The
synthesis and characterization of model systems showed the principal feasilbility of the
chosen approach, which consisted of functionalization of the graft copolymer with
tyramine. Cografting with styrene is a convenient model system for several reasons: first of
all, cografting of styrene with several comonomers for fuel cell membranes is rather well
understood and was studied extensively at PSI66,

160, 161, 165, 175, 180

. Secondly, the

degradation of the polystyrene based grafts is rather well understood102, 112-114 compared
to, e.g., degradation of PGMA grafts. Another important advantage in the context of high
throughput testing of membranes is the fact that styrene grafts degrade rather fast (i.e. for
styrene-only grafted 12h of OCV for complete loss of grafts)68, 126, therefore measurable
effects of degradation are observed within short testing times.
The cografted fuel cell membranes prepared in this study are to be understood as model
systems to demonstrate the feasibility of the concept (covalently attached AOs in fuel cell
membranes) in two ways: styrene grafting for fuel cell application is not realistic, since the
weak α-H leads to rapid and inevitable loss of graft chains in a fuel cell, and secondly,
usually hindered phenols are used as AOs in polymers101.

∗

This chapter is adapted from reference 150. With permission from The Royal Society of Chemistry.
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Figure 4.1 Reaction schemes for co-grafting and functionalization of styrene and
linker monomers yielding proton exchange membranes. Both synthetic routes lead
to one potentially stabilized (tyramine containing) PEM and the corresponding
non-stabilized PEM. Sulfonic acid groups that could potentially be incorporated
upon sulfonation are shown in grey.
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4.1 Grafting of styrene and linkers into ETFE
The kinetics of pre-irradiation grafting of styrene, VBC and GMA into ETFE, respectively,
have been reported in Chapter 3 and elsewhere149,

178

. The synthetic schemes for all

reactions are shown in Figure 4.1. Cografting kinetics of GMA and S (molar ratio of
0.46 / 0.54) under the given conditions (see Table 2.1) are represented in Figure 4.2. A
logarithmic dependence of the graft level on the grafting time was found. This can be
explained by a decreasing number of radicals available for polymerization of grafted
chains over time181. The grafting reaction is rather fast compared to the cografting of
VBC and S: cografting of GMA and S yields practical graft levels of around 50% within
hours, whereas for cografted VBC and S, the synthesis takes around 20 h. The obtained
grafting kinetics of GMA and S cannot be compared to existing ones because Abdel-Hady
and coworkers did not show kinetic data147.

Figure 4.2 Reaction kinetics for cografting of styrene and GMA (1 / 1)(v / v) into
ETFE.
The content of S and GMA in the grafted chains was determined using the above
mentionend FTIR method159. The calculated values for the combined graft level
(GLtot (FTIR)) of the cografted films are given in Table 4.1. They are close to the
gravimetrically determined values for the analyzed films. As the deviation of the calculated
GLs is rather small, the method can be considered sufficiently accurate. The obtained
values for GLGMA (FTIR) are used below to determine the conversion to the functonalized
(tyraminated) films.
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Table 4.1 Compositional analysis of ETFE cografted with S and GMA. XS is the
molar fraction of styrene in the grafts (thus, 1-XS is the molar fraction of GMA).
ETFE-g-

XS (mol%)
in solution

XS (mol%)
in grafts

GLS (FTIR)

GLGMA
(FTIR)

GLtot (FTIR)

S-co-GMA(Tyr)

54

60 ± 3

18

16

34

33

S-co-GMA(Tyr)

54

60 ± 3

19

17

37

34

S-co-GMA(Tyr)

54

60 ± 3

26

25

51

47

S-co-GMA(Tyr)

54

60 ± 3

24

26

50

49

S-co-GMA(Tyr)

73

73 ± 2

21

10

31

31

S-co-GMA(Tyr)

73

73 ± 2

26

13

39

37

S-co-GMA(Tyr)

73

73 ± 2

36

19

55

54

S-co-GMA(Tyr)

73

73 ± 2

34

20

54

54

GL (m%)

For ETFE cografted with S and VBC the superposition of the IR-bands of S and VBC
makes it difficult to use the bands of VBC for quantification. Both S and VBC have
aromatic skeleton vibrations and aromatic C-H stretch vibrations. As a consequence, the
determination of the molar fraction of S in the cografted films was performed using
baseline separated bands of S (1493 cm-1 and 761 cm-1) grafted onto ETFE (1324 cm-1
and 509 cm-1). The determined molar fraction of S in the grafts is 55.5 ± 0.9%. This value
was used for the determination of the conversion of benzylic chloride to benzylic amine in
ETFE-g-P(S-co-VBC). In addition to the conversion (or failure thereof) to the tyraminated
film, an HCl elimination reaction could theoretically occur and is indicated based on
elemental analysis for cografted films as well as for films after functionalization, in that a
lower content of Cl compared to the theoretical value is found in all cases.
All films were of milky color after grafting. Nevertheless, they were flexible for all analyzed
GLs. Increase in thickness was more pronounced for VBC cografted films, compared to
GMA cografted film, which is mainly due to higher GLs for VBC cografted films (67 ± 1 vs
40 ± 1 for IEC of approximately 1.6 mmol/g).
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4.2 Functionalization of the linkers with tyramine
The conversion to the tyraminated linker was determined gravimetrically using
Equation 12. First, the functionalization was performed with films grafted only with the
linker to clarify whether the synthetic route is possible or not. Tyramination of all films was
performed using a 0.25 M solution of tyramine in DMF. Conversion of the amination
reaction of different films is summarized in Table 4.2.
Table 4.2
ETFE-g-P()

Conversion of amination reaction for different films containing linkers.

Graft level
(m%)

XS (mol%)
in grafts

Xlinker (mol%)
in grafts

GLS (FTIR)
(m%)

GLlinker (FTIR)
(m%)

Conversion
amination
reaction (%)

VBC

44.5

0

1

0

44.5

50 ± 5

GMA

37.9

0

1

0

37.9

57 / 57 ∗

S-co-VBC

67.0 ± 0.8

61 ± 3

39 ± 3

31

36

25 ± 1

S-co-GMA

37 / 55

73 ± 2

27 ± 2

26 / 34

13 / 20

58.8 ± 0.6

The VBC grafted films showed a higher conversion for the tyramination compared to cografted fims of VBC and S (57% vs. 25%). Most of the articles on functionalization of
grafted VBC report bulk amination reactions in aqueuos environment, applying a synthetic
pathway via quaternization of the amine135, 137, 138. The reaction with amine to ammonium
renders the material hydrophilic during the reaction. The amination presented here does
not lead to a quaternized amine, thus water cannot be used as solvent. An amination
reaction with similar conversion for the reaction of PVBC with primary amines with different
rests (54% and 64%) was recently reported182. The shown amination reaction was
performed out of a DMF solution, similar to the reaction reported here. The different
degrees of conversion for VBC grafted and VBC / S cografted films may be due to the
lower swelling capability of DMF for cografted films compared to VBC only grafted films.
VBC is more polar compared to styrene, consequently the polar solvent DMF may swell
cografted films substantially less, leading to a decreased access of tyramine to the sites of
reaction, i.e., the benzylic chloride.

∗

conversion of the amination reaction on the model system ETFE-g-PGMA was performed twice
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No substantial change in the degree of conversion was observed by increasing the time of
reaction from 12 to 24 h. Additionally, the swelling of cografted, functionalized and
sulfonated films is lower for VBC containing membranes compared to GMA containing
ones or pure styrene grafted membranes. This could be explained by a di-functionalization
of the primary amine of tyramine, leading to a crosslinked structure. In case of complete difunctionalization of the amine, the conversion would roughly be halved, which is the case
here. Unfortunately, the FTIR spectra are not conclusive in this respect. Qualitatively,
however, the FTIR spectra suggest the presence of both, secondary and tertiary amines
(see Figure 4.3) according to the bands at 3650 and 3200 cm-1.173

Figure 4.3 FTIR spectra of pristine ETFE, ETFE cografted with styrene and VBC
(1/1)(v/v), functionalized cografted film (ETFE-g-P(S-co-VBC(Tyr))) and VBC(Tyr)
type membrane after sulfonation (ETFE-g-P(SSA-co-VBC(Tyr)).
For GMA grafted and GMA / S cografted films, respectively, there is no substantial
difference in conversion (57% vs. 59%). A possible explanantion could be the polar GMA
molecule compared to the less polar, aromatic VBC, as swelling of the films strongly
depends on the affinity of swelling agent and film material. Additionally, the ester group of
GMA may facilitate the access of tyramine in DMF (being an amide and bearing a carbonyl
group) to the reactive sites (epoxy group of GMA) in the cografted films. No substantial
change in the conversion was observed by increasing the time of reaction from 12 to 24 h.
No di-functionalization of the amine, and thus crosslinking, was observed for GMA
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containing films. This will be considered in the discussion of the fuel cell tests of these
materials.
All films are flexible after functionalization and of yellowish color. For GMA containing
films, the transparency increases after the tyramination step, whereas the VBC containing
ones remain opaque, only changing from whiteish to yellowish color.

4.3 Sulfonation of the different cografted and
functionalized films
The sulfonation was performed using 2% (v/v) chlorosulfonic acid in dichloromethane
(DCM). This concentration was chosen to avoid excessively harsh sulfonation conditions,
which could potentially induce degradation of the linkers (e.g. hydrolysis of the ester in
GMA).
The conversion of the sulfonation reaction of styrene grafted films of comparable GLs
under these conditions is close to 100%183. Elemental analysis (cf. table 4.7) of the
sulfonated and tyraminated membranes based on VBC as linker, VBC(Tyr), suggests a
very high conversion to sulfonated styrene groups in the grafted chains of about 200%,
corresponding to two sulfonic acid groups per styrene unit. This is unlikely for electronic
and steric reasons. An alternative explanation would be sulfonation of other (aromatic)
groups, either of the linker VBC, the tyramine, or both. Clarification of this using FTIR is
unfortunately not possible because of superposition of the aromatic bands of styrene, VBC
and tyramine. At the same time, the obtained values for the ion exchange capacity (IEC) of
around 1.6 mmol/g are lower than expected for cografted films of this type (theoretically
1.9 mmol/g). This suggests a lower degree of sulfonation than expected, in contradiction to
the mentioned elematal analysis results. An explanation for these findings could be a
condensation reaction of sulfonic acid units to form sulfone crosslinks. They contain sulfur
but no acidic proton. This is not likely to happen at the low temperatures used during
synthesis and sulfonation of this material. This discrepancy is currently unresolved.
Representative FTIR spectra of ETFE basefilm, ETFE cografted with styrene and VBC,
functionalized cografted film, and functionalized and sulfonated ETFE-g-P(SSA-co87
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VBC(Tyr)) are given in Figure 4.3. After grafting, bands around 3000 cm-1 (C-H stretch
vibrations) confirm the grafting of VBC and styrene. After the amination with tyramine, new
bands at higher wavenumbers appear, indicating the presence of N-H strech (from amine)
and O-H stretch vibrations from the aromatic alcohol of tyramine. After the sulfonation
step, new bands appear at 1009 cm-1 and 835 cm-1. They can be attributed to SO2
symmetric stretch and S-O stretch vibrations of aromatic sulfonic acid, and thus confirm
sulfonation of the styrene grafts. The vibrational band of SO2 at 1009 cm-1 is also found for
grafted and sulfonated styrene and α-methylstyrene122, 168, 184.
Table 4.3 Ex situ properties for the different radiation grafted, post-functionalized and
sulfonated membranes. Water uptake and conductivity values measured in water
swollen state at room temperature.
ETFE-g-P()

Graft
level

XS
(mol%)

IEC
(mmol/g)

Water uptake
(m%)

Hydration
(H2O / SO3H)

Thickness
(wet) (µm)

Conductivity
(mS/cm)

S

25

100

1.73 ± 0.13

50 ± 4

15.9 ± 0.6

38.2 ± 1.1

58 ± 4

S / VBC(Tyr)

66

62 ± 2

1.63 ± 0.06

20 ± 6

7.2 ± 2.3

42.9 ± 1.2

21 ± 2

S / GMA(Tyr)

35

73 ± 2

1.62 ± 0.05

35 ± 3

12.0 ± 0.9

39.1 ± 1.1

41 ± 10

S / GMA(Tyr)

55

72 ± 3

1.99 ± 0.01

52 ± 3

14.6 ± 0.9

48.1 ± 0.8

100 ± 10

S / GMA(diol)

35

73 ± 2

1.62 ± 0.02

43 ± 2

14.8 ± 0.6

41.1 ± 1.2

66 ± 7

S / GMA(diol)

55

73 ± 3

2.09 ± 0.07

64 ± 11

16.9 ± 2.6

44.2 ± 1.3

91 ± 11

Nafion NR212

-

-

1.08 ± 0.01

42 ± 1

21.6 ± 0.8

64.0 ± 1.2

97 ± 15

For cografted GMA and styrene, the behavior after sulfonation is closer to the
expectations. The theoretical IEC values for the different graft levels of ETFE-g-P(SSA-coGMA(Tyr)) (35% and 55%) are 1.66 mmol/g and 2.08 mmol/g, respectively, when grafted
out of a S to GMA monomer ratio of 0.73 / 0.27 (n/n). This is in very good agreement with
the obtained values of 1.62 and 1.99 mmol/g (see Table 4.3). This corresponds to a
degree of sulfonation of 98% and 96%, respectively. The elemental analysis (cf Table 4.7)
yields a degree sulfonation of 95% (based on the sulfur content) for both graft levels,
which is in very good agreement with the values found by titration. The slight
overestimation with the titration method may be because of “overshooting” of the pH 7.
Comparison to the data of Abdel-Hady and coworkers is difficult147. They find very low
degrees of sulfonation: for a membrane of a GL of 36%, they find an IEC value of 0.77
mmol/g. The theoretical IEC for that membrane should be around 1.6 mmol/g (based on
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complete sulfonation of the styrene units only). As they graft out of a monomer mixture
with the same molar ratio, they should have a molar ratio in the grafts comparable to the
values reported here. The authors claim sulfonation of both, the styrene and the GMA
units in the grafted chains. As a consequence, they should find IEC values even higher
than 1.6 mmol/g. Unfortunately, they provide only FTIR spectra of the cografted films and
no spectra of the sulfonated membranes. The provided SEM images are not conclusive,
since only surfaces of membranes were analyzed and no elemental distribution is given.
Explanation of their findings is even more difficult, as they use a harsher hydrolysis
environment: the epoxy group of GMA is probably openened to yield the diol during either
the basic (0.5M KOH(aq) overnight) or the acidic treatment (boiling in 1M HCl(aq) for
several hours) after sulfonation. After these steps it is very unlikely to still find epoxy
groups to sulfonate. The FTIR spectrum of the cografted and tyraminated films (Figure 4.4)
does not show signature of epoxy groups after the functionalization, which was performed
under mild conditions. The authors give no evidence for intact epoxy groups after the
sulfonation of the styrene units in the co-grafted and partially sulfonated films. This would
be partial explanation of the low IEC values they find. Still, as mentioned above, they find a
degree of sulfonation of the styrene units below 50%.

Figure 4.4 FTIR spectra of pristine ETFE, ETFE cografted with styrene and VBC
(1/1)(v/v), functionalized cografted film (ETFE-g-P(S-co-VBC(Tyr))), and VBC(Tyr)
type membrane after sulfonation (ETFE-g-P(SSA-co-VBC(Tyr)).
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In Figure 4.4, representative FTIR spectra of ETFE basefilm, ETFE cografted with styrene
and GMA, functionalized cografted film and functionalized and sulfonated ETFE-g-P(SSAco-GMA(Tyr)) are given. After the grafting step, the combined aromatic vibration at
1600 cm-1 and carbonyl stretch vibration at 1720 cm-1 confirm the presence of both styrene
and GMA in the cografted film. Additionally, the band at 910 cm-1 (oxirane stretch
vibration) indicates the presence of intact epoxide after cografting and workup procedure.
The carbonyl and oxirane bands are found in ETFE grafted with GMA-only at the same
wavenumers149. The FTIR spectrum of the tyraminated film (ETFE-g-P(S-co-GMA(Tyr)))
shows a new broad band at high wavenumber indicating N-H and O-H stretch vibrations
from the amine and the aromatic alcohol of tyramine. Accordingly, the oxirane stretch
vibration almost disappears, as the epoxy group is converted to amine. After sulfonation
and hydrolysis of the membrane, new bands for SO2 symmetric stretch and S-O stretch
vibrations at 1010 cm-1 and 835 cm-1 appear, indicating the presence of sulfonic acid
groups in the membrane.
For the baseline samples (films cografted with styrene and GMA), for which the amination
of GMA was not performed, the epoxy groups of GMA disappeared after sulfonation and
hydrolysis (cf Figure 4.10). The epoxy groups were opened to the diol, GMA(diol), which
was confirmed by elemental analysis (cf. Table 4.7). This was necessary to be able to test
a chemically similar, yet non-stabilized membrane with comparable gas crossover and
water uptake with respect to corresponding tyraminated membranes, GMA(Tyr). This
baseline allows a more meaningful comparison between non-stabilized and tyramine
containing membranes compared to a pure styrene grafted and sulfonated membrane,
ETFE-g-PSSA. Interestingly, the obtained IEC values of these GMA(diol) type membranes
(graft levels of 35% and 55%) were 1.62 mmol/g and 2.09 mmol/g, corresponding to a
degree of sulfonation of the styrene units of 97% and 100%, respectively. This confirms
that the sulfonation procedure is successful for films containing GMA as linker.
Additionally, it can be deduced that for VBC containing films, the VBC is sulfonated and
not the tyramine, because the sulfonation procedure is the same for all films and only
elemental analysis of VBC containing sulfonated films shows a sulfur content that is higher
than expected.
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4.4 Bulk properties of membranes
A range of fuel cell relevant ex situ properties of are given in Table 4: mass based swelling
in water, IEC and through-plane conductivity. Water uptake is needed to provide an
aqueous phase for proton conduction. The proton conductivity of membranes is strongly
correlated to the water uptake of the material67, 176. This could be an explanation for the
low proton conductivity of the analyzed VBC containing membranes. The swelling of VBC
containing membranes with an IEC of 1.6 mmol/g is around 20%, whereas for GMA
containing and pure styrene based membranes of similar IEC the water uptake is 35% and
50%, respectively. Accordingly, the proton conductivity is around 20 mS/cm for VBC
containing, around 40 mS/cm for GMA containing, and 60 mS/cm for PSSA only
membranes.
This confirms the strong dependency of proton conductivity on water uptake of these
materials. Similarly, the findings for GMA containing membranes without tyramine
compared to the ones with tyramine can be explained by the lower water uptake of the
latter ones. This could be a result of acid-base interactions in the tyramined membrane
(-SO3¯..H2N+RR’), yet the effect is not pronounced and almost within the uncertainty of the
conductivity measurement. On the other hand, the higher polarity of diols compared to
tyramine may lead to higher water uptake and proton conductivity, especially for the series
at lower GL. For these films, the influence of the comonomer of styrene is more
pronounced, because at higher GLs the phase separation behavior seems to be
dominated by the PSSA content. In contrast, at a GL of 35%, the influence of the
hydrolyzed GMA units with diol groups, compared to the tyraminated GMA, enhances the
water uptake in a more significant manner, as the concentration of PSSA in the material
seems to be not yet sufficiently high to dominate the water uptake completely.
Another detrimental aspect for the durability of proton exchange membranes in fuel cells is
the distribution of the sulfonic acid groups throughout the membrane material. Different
swelling properties induce mechanical stress upon change of the hydration state of the
polymer. Therefore, it is important to ensure a homogeneous distribution of sulfonic acid
groups throughout the membrane. This was analyzed by means of SEM/EDX for the two
types of linker and tyramine containing membranes.
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Figure 4.5 Distribution of C, S and N in functionalized and sulfonated membranes
(containing linked antioxidants). Sulfur indicates the distribution of sulfonic acid
groups and nitrogen indicates the distribution of attached antioxidant (tyramine)
throughout the membrane.
For the SEM/EDX analysis, cross-sections of these membranes were prepared as
described above and the elemental distribution was visualized using energy dispersive Xray analysis (EDX). The SEM image and the corresponding sulfur mappings confirm a
homogeneous distribution of sulfur in both materials (Figure 4.5).
Sulfur is only present in the sulfonic acid group, thus it can be concluded that the proton
exchange groups are well distributed throughout both membrane materials. In case of a
pronounced front mechanism, the distribution of sulfur is clearly inhomogeneous149. For
the S-co-GMA(Tyr) type membrane a slight gradient can be seen. This is either an artifact
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(shadow effect) due to the location of the EDX detector with respect to the analyzed crosssection or a true sulfur gradient resulting from the front mechanism of grafting and the
short grafting time (1 and 1.5 h for 35% and 55% graft level, respectively) Similarly, for the
mappings of GMA containing membranes, another artifact (surface effect) is visible. Due to
the position of the electron gun (perpendicular to the sample) and the EDX detector, the
membrane surface protruding the sample holder leads to enhanced detection of the
corresponding element.
The nitrogen mappings indicate a homogeneous distribution of functionalized linkers
throughout both types of membrane. This can be concluded because only the tyramine
contains nitrogen. Furthermore, it can be deduced that the amine is still intact after the
sulfonation and hydrolysis procedures, which are carried out after linker functionalization.
These findings confirm the FTIR analysis, which is less conclusive in this respect, because
of superposition of important bands (N-H(σ) and O-H(σ)).
All membranes are sufficiently flexible for handling and assembling into a fuel cell. GMA
containing membranes are transparent and of yellow color. This is also the case for
GMA(diol) type membranes, but with almost no color. The intensity of the yellow color
increases with higher content of tyramine, namely, the membranes of higher GL (55%) are
of more intense yellow color compared to the ones with a GL of 35%.

4.5 Fuel cell tests in situ
The synthesized membranes were assembled in a fuel cell as described above. An
accelerated chemical degradation protocol was applied to probe the chemical stability of
the potentially stabilized (tyramine containing) and the non-stabilized membranes.
Because of the importance of reactant crossover, which is dependant of the thickness of
the material, not only PSSA type membranes but also cografted and non-functionalized
membranes were tested to establish a fair basis for comparison.
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The polarization curves of grafted membranes containing tyramine are shown in
Figure 4.6. For comparison, the polarization curves of ETFE-g-PSSA (IEC: 1.7 mmol/g)
and Nafion NR212 (PFSA type membrane) are given in the same Figure. ETFE-g-PSSA
was used as reference material for a non-crosslinked grafted membrane and NR212 as
state-of-the-art benchmark.

Figure 4.6 Initial polarization curves of different radiation grafted membranes
containing antioxidants compared to reference grafted membane (PSSA) and to
state of the art PFSA membrane. All grafted membranes have similar IEC values
to be comparable.
Figure 4.6 shows the polarization plots of different tested membrane materials after
conditioning and before the accelerated chemical degradation test. Interestingly, the
membrane containing tyraminated GMA shows performance almost as good as the stateof-the-art PFSA material. Additionally, it outperforms the PSSA based membrane of similar
IEC (cf. Table 4). For the VBC containing membrane (ex situ conductivity of 20 mS/cm) a
strong drop in cell voltage with increasing current densities is observed. The HFR is
considerably higher for this type of membrane (200 mΩcm2 vs. around 65 mΩcm2 for the
other membrane materials). This confirms the findings of the ex situ caracterization.
Additionally, the HFR increases with increasing current densities, which can be attributed
to drying out of the anode side of the membrane because of poor water transport in this
type of membrane (low water uptake)185. Another reason for the inferior performance of
this membrane type may be the low mobility of the grafted chains due to π-stacking of the
aromatic groups of the grafts. π-stacking of the aromatic groups occurs probably also in
pure PSSA type membranes, but is partially compensated by the elevated water uptake of
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these materials (40-50% vs. 20% for VBC containing materials). An additional hint
supporting this hypothesis is the lower water uptake at similar IEC for GMA(Tyr) containing
membranes (GL of 35%). They show better performance compared to PSSA only type
membranes (Figure 5). The comonomer GMA contains no aromatic group, consequently
the π-stacking in these materials is less pronounced and leads to higher mobility of the
grafted chains containing sulfonic acid groups. This could lead to an enhanced surface
transport pathway (proton transport from acid to acid, in contrast to Grotthus or vehicular
transport mechanisms of protons)35 and, thus, to higher proton conductivity, which is
confirmed by in situ (smaller slope of the ohmic section in the polarization curve and lower
HFR) and ex situ findings (higher proton conductivity at slightly lower IEC and water
uptake).
It can be concluded from the polarization curves shown in Figure 4.6 that GMA(Tyr) and
PSSA membranes show promising performance compared to commercial benchmark
PFSA materials. Furthermore, HFR and cell voltage indicates better proton transport in
GMA(Tyr) membranes compared to PSSA materials. VBC(Tyr) shows significantly higher
HFR values, indicating poor water management properties and confirming the results of
the ex situ characterization.
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Table 4.4 Cell voltage and high frequency resistance (HFR) at 1 kHz measured at a current density of 1 A/cm2, H2 crossover and
IEC values of different tested membranes before and after in situ chemical degradation (AST = accelerated stress test). The posttest IEC values for the repeat experiments are given.

Cell voltage
ETFE-gP()

Graft
level

H2 crossover

HFR

IEC

IEC (mmol/g)
before
AST (mV)

after AST
(mV)

before
AST
2
(mΩcm )

after AST
2
(mΩcm )

before AST
(ml/min)

after AST (ml/min)

after AST
(mmol/g)

loss (%)

SSA

25.0

1.73 ± 0.13

693

526

62

186

0.19 ± 0.02

0.24 ± 0.03

0.58 ± 0.04

66 ± 2

SSA-coVBC(Tyr)

67.0

1.63 ± 0.06

557

540

246

247

0.07 ± 0.01

0.07 ± 0.01

1.45 ± 0.12 /
1.45 ± 0.06

11 / 11

SSA-coGMA(Tyr)

34.6

1.62 ± 0.05

724

713

68

68

0.15 ± 0.01

0.13 ± 0.01

1.53 ± 0.06 /
1.47 ± 0.06

6/9

SSA-coGMA(Tyr)

56.8

2.06 ± 0.05

714

717

62

62

0.12 ± 0.01

0.10 ± 0.00

1.97 ± 0.05 /
1.98 ± 0.04

4/4

SSA-coGMA(diol)

32.2

1.45 ± 0.02

712

658

74

96

0.15 ± 0.00

0.19 ± 0.00

0.71 ± 0.08 /
0.87 ± 0.11

51 / 46

SSA-coGMA(diol)

56.3

2.09 ± 0.07

711

668

55

58

0.16 ± 0.00

0.23 ± 0.01

0.92 ± 0.03 /
0.91 ± 0.07

56 / 56

4.5 Fuel cell tests in situ

To assess the chemical stability of the various membranes, polarization curves before and
after 4 h at open circuit voltage (OCV) are recorded. As mentioned above, this is an
accelerated aging protocol, leading to radical attack on, and, consequently loss of the
grafted chains. This lowers the proton conductivity and can be qualitatively analyzed by
comparing polarization curves before and after the accelerated stress test (AST). In
addition, the H2 crossover was measured before and after the AST to assess changes in
the porosity and integrity of the membrane. In Table 4.4, these measurements are
summarized. For performance characterization, the cell voltage values were extracted
from polarization curves at a current density of 1 A/cm2. Complete polarization curves are
shown in Figures 4.7 and 4.8. In addition to membranes containing tyramine as antioxidant
attached to GMA linker units (GMA(Tyr)), also membranes without tyraminated GMA were
prepared, which leads to ring opening and yields a diol functional group (GMA(diol)) (cf
Figure 4.1). This membrane provides an adequate basis for comparison because it
exhibits similar behavior in terms of swelling, thickness, proton conductivity, IEC, gas
barrier properties and, in general, chemical composition of the analyzed materials. Both
GMA containing membranes (GMA(diol) and GMA(Tyr)) show slightly better initial
performance compared to the PSSA only type membrane (Figure 4.6). This is another hint
for increased mobility of the grafted chains, owing to the introduction of the non-aromatic
comonomer GMA, as the ex situ characterization shows similar IEC, thickness, and / or
swelling properties. The GMA based membranes (both the diol and tyraminated version)
with higher graft level (55%) and increased proton conductivity show the best performance
out of the shown materials. The performance loss after the AST is most pronounced for
PSSA only material. For this membrane it is not possible anymore to draw high current
densities above 1.6 A/cm2. Accordingly, the HFR is increased by a factor of 3, indicating
strong membrane degradation. The GMA(diol) containing membrane of lower graft level
(35%) suffers from chemical degradation as well, to some extent. Loss of cell voltage and
increase of HFR after degradation is less pronounced compared to the PSSA only type
membrane. The loss of cell voltage and increase of HFR is even less pronounced for
GMA(diol) type membranes of higher graft level (55%). This could be explained with the
lower gas crossover of GMA containing membranes and, by consequence, decreased
degradation during OCV hold, compared to the PSSA only type membrane. The initial gas
crossover of GMA containing membranes is around 20% lower than that of the PSSA only
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membrane. This seems to be independent of the membrane thickness, indicating
enhanced barrier properties of GMA containing membranes.
From the data shown in Table 4.4 and Figure 4.7, it can be concluded that all tyraminefree membranes show a loss in cell voltage and a corresponding increase in HFR after the
AST. It is most pronounced for PSSA only type membranes, whereas the degradation is
less pronounced for both GMA(diol) containing materials. After the AST they clearly
outperform the reference grafted material (PSSA only).

Figure 4.7 Polarization curves of different radiation grafted membranes containing
no antioxidant before and after accelerated stress test (AST) of 4h at OCV.
The degradation is even less pronounced for all tyramine containing membranes. From the
cell performance data in Table 4.4 and Figure 4.8 it can be deduced that for tyramine
containing membranes the voltage loss is below 3% of the initial value, whereas the
GMA(diol) membranes loose about 10% and PSSA only type membranes more than 20%.
The HFR evolution before and after degradation is conclusive as well: for all tyramine
containing membranes is remains constant, whereas it increases by 5 to 25% for
GMA(diol) and triples for PSSA only type membranes. The hydrogen crossover of a
membrane usually increases during an OCV hold test, because of detachment of grafted
chains and increased porosity due to dilution of the base film upon grafting.
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Figure 4.8 Polarization curves of radiation grafted membranes with tyramine as
antioxidant attached to GMA and VBC linker units before and after accelerated
stress test (AST) of 4h at OCV. The curves with empty symbols represent the
corresponding membrane performance and HFR after 4h AST. Polarization curves
and HFR of PFSA and ETFE-g-PSSA type membranes are shown for comparison.
An increase in hydrogen crossover is measured for all tyramine-free membranes, whereas
all chemically stabilized membranes show the opposite trend. For GMA(Tyr) the crossover
after degradation is lower and VBC(Tyr) shows the same gas crossover with respect to the
initially measured values. This could be a result of recombination of phenoxy radicals. For
butylated phenols recombination of the phenoxy radicals is well known and proven130, 186.
Basically, C-C, C-O and O-O coupling are possible. Which one of these reactions occurs is
difficult to prove without NMR or ESR data. Nevertheless, a lower gas crossover after the
chemical degradation protocol is only seen for tyramine containing membranes.
Interestingly, the GMA(diol) type materials, having a chemical composition very similar to
the one of GMA(Tyr), do show increased gas crossover after chemical degradation,
whereas the stabilized ones have decreased crossover. Recent experiments show that a
higher degree of crosslinking in a radiation grafted membrane leads to lower reaction gas
crossover165. The same publication shows an increase of gas crossover for crosslinked
membranes after the AST. This means, that gas crossover reduction upon AST is an
unique feature of radiation grafted PEM containing attached phenolic AOs. This gas
crossover reduction can be explained by coupling of oxidized phenol groups130, 186 leading
to crosslink formation during OCV.
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4.6 Post-test characterization
After the test, the fuel cells were disassembled and the catalyst layer was removed from
the tested membranes, as described above. This was done to determine the loss of IEC by
titration, which indicates the loss of grafted chains, as the protogenic group (-SO3H) is
attached to the grafts. The results of titration (Table 4.4 and Figure 4.9) confirm the in situ
results discussed in the previous sections. Almost no loss of IEC is found for GMA(Tyr)
containing membranes (4 to 9%), whereas the corresponding baseline membrane
(GMA(diol)) looses about 50% of the initial IEC, indicating substantial loss of grafted
chains as a result of chemical degradation. Similarly, the VBC(Tyr) containing membranes
loose 11% of the sulfonic acid groups and the most substantial loss of IEC is seen with
PSSA only type membranes (66%).

Figure 4.9 Loss of IEC (measured ex situ) and loss of cell voltage at 1 A/cm2
(measured in situ) after the accelerated degradation test (80°C, 4 h at OCV,
600 ml/min of H2 and O2 at 100% r.h., 2.5 bara gas pressure) of chemically
stabilized (tyramine containing) and reference grafted membrane materials (five
PSSA only type membranes were tested and analyzed). No in situ voltage loss
was observed for GMA(Tyr) of a graft level of 55%.
The results of the change in performance (in situ) before and after the AST and in the IEC
based on the analyisis of pristine and tested membranes (ex situ) are summarized in
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Figure 4.9. The differences of in situ and ex situ results can be explained by already
detached fragments of grafts, which are still conducting protons when present in the
membranes. Before titration, these membranes are swollen in an ethanol-water mixture to
facilitate the removal of the catalyst layer. During this step, probably most of the detached
fragments are washed out. One possibility to partially wash out fragments of grafts in situ
is to periodically vary the current density (such as, during the recording of polarization
curves) and, consequently, the electroosmotic drag. Still, the difference in subsequently
recorded polarization curves is smaller compared to the change of IEC for pristine and
tested membranes. This indicates that the swelling in the EtOH-water mixture is very
effective in terms of removal of detached grafted chains.
Post test FTIR analysis (cf. Figures 4.10 – 4.12) of the membranes confirmed the results
of titration. The spectra for tyramine containing membranes are almost identical compared
to the pristine membranes, whereas non-stabilized membranes showed substantial loss of
graft components after AST.

Figure 4.10 FTIR spectra of GMA(diol) type membranes before and after accelerated
stress test (AST) of 4h at OCV. In A, spectra of GMA(diol) type membranes of a
GL of 35% (IEC: 1.6 mmol/g) are shown in A, whereas in B spectra of GMA(diol)
of a graft level of 55% (IEC: 2.1 mmol/g) are shown.
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Figure 4.11 FTIR spectra of GMA(Tyr) type membranes before and after accelerated
stress test (AST) of 4h at OCV. In A, spectra of GMA(Tyr) type membranes of a
GL of 35% (IEC: 1.6 mmol/g) are shown in A, whereas in B spectra of GMA(Tyr) of
a graft level of 55% (IEC: 2.1 mmol/g) are shown.

Figure 4.12 FTIR spectra of VBC(Tyr) type membrane (IEC: 1.6 mmol/g) before and
after accelerated stress test (AST) of 4h at OCV.
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4.7 Baseline ETFE-g-P(SSA-co-VBC(NEt2))
It was attempted to synthesize and characterize a chemically similar baseline membrane
to compare the values obtained for VBC(Tyr) type stabilized membranes in a meaningful
way. This was done by functionalizing the cografted film ETFE-g-P(S-co-VBC) with diethyl
amine instead of tyramine (cf Figure 4.1), with subsequent sulfonation of the functionalized
films. The amination reaction was performed using a 0.5 M solution of HNEt2 in THF at a
temperature of 50°C for 12h. The conversion of the amination reaction was 41%. This is a
slightly better conversion compared to functionalization with tyramine. A reason for the
better conversion of the amination reaction may be the decreased size of diethyl amine
compared to tyramine. Unfortunately, in situ testing of this type of membrane was not
straightforward. The MEA was made withoug hotpressing as described in chapter 2.5.1,
but in contrast to all other tested membranes, no acceptable interface formation occured.
The polarization curves indicated a rather poorly performing membrane, but, due to the
increased interfacial resistance, no meaningful assessment of the membrane and their
properties was possible. (cf Figure 4.13).

Figure 4.13 Polarization curves of VBC(NEt2) type membrane (IEC: 1.6 mmol/g)
before (baselines 1 to 3) and after accelerated stress test (AST) of 4h at OCV
(baseline 3).
Since these results were not encouraging and the corresponding VBC(Tyr) type
membranes were not performing well compared to GMA(Tyr) and GMA(diol) type
membranes, it was decided to discontinue the work on this baseline.
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4.8 Storage capability of phenol containing
membranes
4h of OCV hold is far from being representative for an AST that is applied in industry.
Owing to the fast degradation of PSSA in a fuel cell environment 4h of OCV is suitable for
high throughput testing of membranes, since one test can be completed in 20h, thus four
membranes can be tested within one week. After this first series of tests on stabilized
membranes, the most promising material, GMA(Tyr), was selected for evaluation under
more realistic conditions. Therefore, first, a GMA(diol) type membrane was assembled into
a N1D cell as described above and tested for 24 h at OCV to establish a reference using a
grafted and non-stabilized membrane. Secondly, a GMA(Tyr) type membrane was
subjected to the same test. The polarization curves before and after the AST are shown in
Figure 4.14.

Figure 4.14 Polarization curves of GMA(diol) and GMA(Tyr) type membranes of an
IEC of 2.1 mmol/g (except GMA(Tyr) “fresh” (IEC: 1.6 mmol/g)), before and after
accelerated stress test (AST) of 24h at OCV.
The non-stabilized membrane (GMA(diol)) shows a significant performance loss upon 24h
OCV hold. This is also reflected in the increased high frequency resistance after the AST.
Correspondingly, the post-test IEC determination indicated a loss of 91% of the grafted
chains. The tyraminated membrane (GMA(Tyr) “fresh”) shows no significant increase in
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HFR and a slight decrease in voltage. This loss can be attributed to catalyst layer
degradation, since the HFR did not increase, indicating an “unaffected” membrane.
For different reasons, the repeat experiment was not performed directly after the first
experiment but three months later. The chemical stability of the “fresh” GMA(Tyr) type
membrane could not be reproduced by this “stored” membrane. The in situ behavior was
closer to the corresponding baseline (GMA(diol)) than to the stabilized membrane. This
raised the suspicion that the antioxidant functionality could be destroyed during storage.
Interestingly, the degradation of the thicker membranes was significantly more pronounced
compared to the thinner GMA(Tyr) “fresh” membrane. The lower IEC of the latter explains
the lower proton conductivity and, correspondingly, higher HFR.

Figure 4.15 Voltage and HFR evolution of GMA(diol) and GMA(Tyr) type membranes
of an IEC of 2.1 mmol/g (except GMA(Tyr) “fresh” (IEC: 1.6 mmol/g)), during
accelerated stress test (AST) of 24h at OCV.
The gas crossover trend supports this hypothesis: as mentioned above, tyramine
containing membranes showed decreased hydrogen crossover after 4h OCV hold,
whereas all non-stabilized membranes showed the opposite. For the GMA(Tyr) “fresh”
membrane, the gas crossover decreased, whereas for both the non-stabilized GMA(diol)
and the GMA(Tyr) “stored” type membrane the crossover almost doubled during the test
(cf Table 4.5). The voltage and, especially, the HFR evolution during OCV hold of the
GMA(Tyr) “stored” membrane confirmed the findings. The in situ behaviour of the stored
membrane resembled more the GMA(diol) baseline than the fresh GMA(Tyr) membrane
(Figure 4.15). An additional remark has to be made here: all three tested membranes
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show a decreasing resistance after a sharp initial increase. This can be attributed to an
optimization of the interface of membrane and electrodes during the test, since the MEAs
were assembled without hotpressing. This leads to a decreasing apparent membrane
resistance and is superimposed with the degradation of the membrane leading to higher
resistance values. Probably, the degradation is not very pronounced at the beginning of
the test, therefore the interface optimization is more dominant. With time, degradation
becomes more important and fragments of detached grafts start to get leached out,
leading to lower proton conductivity and, consequently, to higher resistance. When the
degradation starts to be more important than the interface optimization, the HFR starts to
increase. This is the case after 3h OCV for GMA(diol), after ~7h OCV for the “stored”, and
after ~22h OCV for the “fresh” GMA(Tyr) type membranes. This delay may be connected
to the number of active AOs within the material.
Table 4.5 H2 crossover and IEC values of different tested membranes before and
after in situ chemical degradation (AST = accelerated stress test) of 24h OCV hold.
ETFE-g-P()

S / GMA(Tyr)

Graft
level

XS
(mol%)

IEC (mmol/g)

before 24h
OCV hold

after 24h
OCV hold

IEC retention
(%)

H2 crossover
(ml/min)
before 24h
OCV hold

after 24h
OCV hold

34

73 ± 3

1.64 ± 0.05

1.45 ± 0.09

88 ± 6

0.13 ± 0.01

0.12 ± 0.00

57

72 ± 3

2.09 ± 0.05

0.37 ± 0.30

18 ± 14

0.15 ± 0.00

0.28 ± 0.00

59

73 ± 3

2.12 ± 0.06

0.19 ± 0.17

9±8

0.16 ± 0.00

0.31 ± 0.00

”fresh”
S / GMA(Tyr)
”stored”
S / GMA(diol)

4.9 “Long term” OCV hold of GMA(Tyr) type
membranes
A more realistic 144 h OCV hold test was conducted in collaboration with Zhuoxiang
Zhang, since GMA(Tyr) type membranes exhibited very promising durability under OCV.
The storage degradation issue of the AO functionality (cf Chapter 4.8) led to the adoption
of a procedure with the lowest possible storage time. Namely, the fuel cell test was
commenced as soon as possible (3 days) after the tyramination step. The test protocol
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was maintained, yet with an increae in OCV hold time from 4 h to 144 h. Cografted
membranes of a GL of 41% with a molar fraction of styrene (XS) in the grafts of 73% were
prepared for the test. The conversion of the tyramination reaction was of 49% and 47% for
the initially tested membrane (GMA(diol) “fresh”) and the repeat (“stored”), respectively.
The MEA was assembled in the same way as described above.
The initial polarization curves are shown in Figure 4.16 (filled symbols). The two curves
are almost identical, indicating reproducible grafting and functionalization steps during
synthesis of the PEMs. The polarization curves after the AST (144 h OCV hold) differ
significantly (Figure 4.16). The initially tested membrane shows a parallel shift of the
voltage at different current densities, indicating degradation of the catalyst layer (e.g. Pt
coarsening or loss). Similarly, the HFR did not change, hence it can be presumed that
membrane degradation did not occur for the initial test in situ. In the repeat, however,
degradation of the membrane was observed. The polarization curve recorded after 144 h
OCV hold showed increased HFR and decreased voltage at different current densities,
indicating lower membrane conductivity and thus, degradation of the membrane.

Figure 4.16 Polarization curves of GMA(Tyr) type membranes of an IEC of ~1.7
mmol/g, before and after accelerated stress test (AST) of 144h at OCV.
IEC determination of the membranes after the AST confirmed the results of the fuel cell
test (Table 4.6). The stored GMA(tyr) type membrane showed an significantly increased
loss of grafted components. The fresh membrane lost approximately one third of its grafts,
whereas the stored one lost around two thirds over the same time. Interesingly the gas
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crossover evolution of the two membranes was different as well. The fresh membrane
showed a slightly decreased crossover after 144 h (!) OCV hold, whereas an increased
crossover rate was measured after the same AST for the stored membrane. This increase
in crossover is small compared to the increase measured for non-stabilized (GMA(diol))
membranes (cf Tables 4.4 and 4.5). This again indicates two effects: one is the
crosslinking of different phenoxy radicals, leading to decreased crossover, and the other is
a degradation effect, leading to increased crossover rates due to loss of graft components
and, consequently, increased prosity of the material126,

165, 187

. The effect of “AO-

crosslinking” is dominating as long as there is still a sufficient number of phenolic groups
that can act as antioxidant. The degradation rate increases once the AOs are consumed
(i.e. oxidized) and the ROS start to attack the membrane material in unhindered manner.
This was obviously more pronounced in the repeat experiment compared to the initial one.
Table 4.6 H2 crossover and IEC values of different tested membranes before and
after in situ chemical degradation (AST = accelerated stress test) of 144 h OCV hold.
ETFE-g-P()

Graft
level

S / GMA(Tyr)
”fresh”
S / GMA(Tyr)
”stored”

XS
(mol%)

IEC (mmol/g)

before 24h
OCV hold

after 24h
OCV hold

IEC retention
(%)

H2 crossover
(ml/min)
before 24h
OCV hold

after 24h
OCV hold

41

73

1.76 ± 0.02

1.14 ± 0.05

65 ± 3

0.10 ± 0.00

0.09 ± 0.01

41

73

1.69 ± 0.04

0.57 ± 0.11

34 ± 7

0.11 ± 0.00

0.14 ± 0.01

The only difference of the two stabilized membranes shown here is the storage time. The
grafting reaction was carried out on the same irradiated film, which was cut into four pieces
before being tyraminated. The slight difference in conversion (47% vs 49%) lies within the
standard deviation of the tyramination reaction of this batch of films (48.0 ± 2.1%). Since
the same fuel cell test stand was used for both tests, the membrane for the repeat
experiment was stored for one week more. This week of storage was shown to have an
enormous influence on the degradation behavior, but no influence on the initial
performance.
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Figure 4.17 Voltage and HFR evolution of chemically stabilized (GMA(Tyr) type) and
non-stabilized (GMA(diol) and PSSA) radiation grafted membranes of an IEC of
1.7 mmol/g (except GMA(diol): IEC: 2.1 mmol/g)), during accelerated stress test
(AST) of maximum 144h at OCV.
In Figure 4.17, the voltage and HFR evolution of the GMA(Tyr) membranes during the
144 h OCV hold is represented. For comparison, a PSSA grafted membrane is shown.
The corresponding test was stopped after 12 h due to substantial degradation of the graft
component of the membrane126. Post-test analysis (using FTIR) of this PSSA based
membrane revealed a complete loss of grafts after 12 h OCV hold. The above described
tendencies of HFR (interface optimization vs. degradation) are precisely found in the HFR
evolution of the two GMA based membranes tested for longer times. Both stabilized
membranes show a decrease in HFR initially, and at some point the HFR starts to
increase. The minimum in HFR is found after about 30 h OCV for the stored and after 90 h
OCV hold for the fresh GMA(Tyr) type membrane. This, combined with the crossover
evolution, indicates that the phenolic groups to somehow react, already during
comparatively short storage times. Since this suspicioun was not new, it was attempted to
store the membranes in Ar atmosphere in a fridge, but unfortunately, this procedure was
not effective to retain the membrane’s AO functionality.
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Both the fresh and the stored membrane were analyzed by means of SEM/EDX after the
AST. An unexpected degradation distribution throughout the bulk of the membrane was
found (Figure 4.18). The analyzed samples showed the most pronounced loss of grafts in
the center of the bulk of the membrane. This is confirmed by decreased sulfur, potassium
and oxygen concentration and increased fluorine concentration inside the membrane.
These findings are currently unresolved. A comment regarding the N-mapping has to be
made here: it is the only mapping showing enhanced intensity on the surface compared to
the cross-section. This could be a surface effect, but since no such surface effect is
observed for the other analyzed elements, this is rather unlikely to be the cause. Another
explanation could be a processing artifact, due to the low overall intensity of N-signal,
which necessitated brightness enhancement of that mapping.
Nevertheless, the impressive IEC retention for both the stored and the fresh sample
indicates that the incorporation of covalently attached AOs is a successful mitigation
strategy against chemical degradation of membrane materials. The results of titration were
confirmed by FTIR (cf Figure 4.19). For comparison, the recently reported degradation
mitigation by cografting of styrene with barrier monomers126 (AN or MAN) led to an IEC
retention of 34% (after 130 h OCV hold), which is the same for the GMA(Tyr) “stored”
membrane, whereas the GMA(Tyr) “fresh” membrane retained 65% of its grafts.
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Figure 4.18 EDX mappings of GMA(Tyr) “fresh” membrane after 144 h OCV hold
test. The element distribution of carbon (C), fluorine (F), potassium (K), nitrogen
(N, brightness enhanced by 31%) and sulfur (S) are shown.
.
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Figure 4.19 FTIR spectra of GMA(Tyr) “fresh” membranes of an IEC of 1.7 mmol/g
before (pristine) and after accelerated stress test (AST) of 144 h at OCV. The
active area was cut into three pieces for FTIR analysis (EOT 1 to 3).
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Table 4.7

Elemental analysis of films and membranes. Values given in mass-%

ETFE-g-P()

Graft
level (%)

Conversion
amination (%)

GMA

56

0

GMA(Tyr)

32

57

S-co-VBC

68

0

S-co-VBC(Tyr)

60

25

SSA-co-VBC(Tyr)

60

25

S-co-GMA

36

0

S-co-GMA

61

0

S-co-GMA(Tyr)

33

31

SSA-co-GMA(Tyr)

35

28
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Elements

Calculated

Found

C
H
F
C
H
N
F
C
H
Cl
F
C
H
N
Cl
F
C
H
N
S
F
Cl
C
H
F
C
H
F
C
H
N
F
C
H
N
F
S

45.3
4.6
38.1
46.0
4.6
1.2
39.7
53.9
4.5
6.0
35.6
55.6
4.7
0.6
4.3
34.2
49.1
4.2
0.5
3.3
34.1
3.3
49.1
4.3
43.6
54.0
4.8
36.9
49.0
4.3
0.23
43.6
41.1
3.6
0.20
36.0
4.3

43.8
4.3
36.1
42.8
4.7
1.3
38.1
54.5
4.6
4.0
34.8
57.0
4.9
1.0
0.6
34.2
43.1
4.5
0.7
5.8
26.9
0.6
47.6
4.5
46.6
53.2
4.9
38.9
46.6
4.2
0.40
45.1
37.8
4.3
0.18
36.5
4.1
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Table 4.7 continued
ETFE-g-P()

Graft
level (%)

Conversion
amination (%)

SSA-co-GMA(Tyr)

59

32

SSA-co-GMA(diol)

35

0

SSA-co-GMA(diol)

60

0

Elements

Calculated

Found

C
H
N
F
S
C
H
N
F
S
C
H
N
F
S

42.4
3.8
0.30
28.1
5.7
40.5
3.5
0
36.4
4.4
41.5
3.7
0
28.6
5.9

38.7
4.6
0.29
28.9
5.4
38.0
3.9
0
36.5
4.0
37.6
3.9
0
27.9
5.3

4.10 Summary of polymer-bound AOs in PEM
The synthetic route presented in this chapter was shown to be applicable to prepare
membranes containing polymer-bound AOs. The membranes of this type were shown to
degrade substantially less in an OCV hold test setup compared to radiation grafted
reference membranes. This indicates that the immobilized phenol type AOs slow down
chemical degradation. This was found to be independent of the applied linker, whereas the
performance of the obtained membrane was dependant on the linker. One type of
chemically stabilized membrane, i.e. ETFE-g-P(SSA-co-GMA(Tyr)), showed promising
performance and stabilization effect in the short term OCV hold tests, and was therefore
tested more extensively. The long term tests showed a remarkable stabilization potential of
the polymer-bound phenol type AOs, especially when keeping in mind that this is still a
model system, since styrene degrades rapidly and the storage capability of non-hindered
phenols was shown to be an issue. One advantage of the presented synthetic pathway via
co-grafting of linkers is its general applicability for all AOs containing a nucleophilic
functional group.
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The general idea for these composite membranes was to enhance the 2D electrochemical
interface to a 3D interphase. Since the AOs are depleted over time (due to reaction with
radicals), the stabilization effect fades (cf. chapter 4). This 3D interphase was intended to
face the anode side and to elongate its low potential into the membrane to reduce
(regenerate) the oxidized AOs within that interphase to their active state. The
enhancement of the interface was performed by one-sided polymerization of pyrrole. Since
one-sided polymerization of pyrrole and other conductive polymers is known only in
principle, a synthetic route had to be developed first. The potential benefit of this type of
composite membranes would be a layer of AOs in their active state within the material.
The work on composite membranes was started in the framework of the master thesis of
Regina Hafner. The development of the proposed reaction mechanism and most of the
synthetic work on Nafion® was performed by her.
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5.1 Preliminary work
Three options for chemical initiation of pyrrole polymerization are possible: use of an
anionic (e.g. Na2S2O8), neutral (e.g. H2O2) or a cationic (e.g. Fe(III)) oxidant has been
demonstrated for synthesis of composite membranes. Only anions are Donnan excluded
from proton exchange membranes, the other types are mobile within the PEM. This is
seen in the distribution of polypyrrole within the bulk of the membrane after the reaction
and is in line with results for one-sided polymerization of aniline, which has been published
recently188. It was found that only use of anionic oxidants leads to one-sided
polymerization.

Figure 5.1 SEM micrographs of crossections of composite membranes synthesized
with different preswelling times of the PEM. No pronounced influence on the
thickness of the composite layer was found.
Therefore, it was decided to use persulfate as oxidant for synthesis of composite
membranes. Preswelling time of the membrane in the oxidant solution was thought to have
an influence on the penetration depth of the oxidant. Therefore, a series of experiments
was performed in which only preswelling time of the membrane in oxidant solution was
varied. The presoaking time was found to have no influence on the obtained composite
membranes (cf. Figure 5.1), indicating equilibrium penetration of the persulfate dianions
after short times (within the time needed for pouring the pyrrole solution into the second
compartment).
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Figure 5.2 Influence of reaction time. SEM micrographs of cross-sections of
composite membranes synthesized with different polymerization times of the
pyrrole (basefilm: Nafion®). Oxidant concentration and pyrrole concentratration
were 1 M and 0.1 M, respectively. The blue arrows indicate the mixed layer with
PPy and the white bars indicate the cross-section of the membrane.
The influence of polymerization time was analyzed by perfoming the reaction with
solutions of constant concentration of the oxidant (1 M) and pyrrole (0.1 M) and varying
only the reaction time, which was defined as the time starting when the second reactant
solution was poured into its respective compartment. SEM analysis, shown in Figure 5.2,
reveals no difference in the mixed layer of the composite membranes for reaction times
longer than 30 minutes. Thus, it can be concluded that after a reaction time of around 30
minutes, the reaction stops.
A third, important parameter to control the position of polymerization within the membrane
was found to be the concentration of the oxidant. Donnan exclusion is not absolute, but
depending on both the concentration of sulfonic acid in the membrane (“IEC”) and the
concentration of the “excluded” species in the solution to which the membrane is exposed.
Since the IEC of Nafion® is constant, the parameter to vary is the oxidant concentration.
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This was performed for a series Nafion® 212 membranes (Figure 5.3). Polymerization time
for all experiments was 2 h and a pyrrole concentration of 0.1 M was chosen.

Figure 5.3 Influence of oxidant concentration on mixed layer thickness in SEM
micrographs of cross-sections of composite membranes (substrate: Nafion®). The
reaction time was 2 h and pyrrole concentratration was 0.1 M. The blue arrows
indicate the mixed Nafion-PPy layer and the white bars indicate the cross-section
of the membrane.
The SEM analysis confirmed the above stated hypothesis. With increasing concentration
of the oxidant, the PPy /PFSA mixed layer is found deeper within the membrane. This can
only be attributed to the influence of the concentration, since a constant reaction time of
2 h was chosen to exclude time effects, and presoaking time was shown to have no effect.
At elevated oxidant concentrations, the cross-sections appear to be composed of three
layers.
For grafted membranes the same series of experiments was performed. Basically, the
results for Nafion® 212 were also found for ETFE-g-PSSA membranes (IEC: 1.5 mmol/g).
The depth of the mixed layer PPy / PEM increased with increasing oxidant concentration,
which was found by SEM analysis of the membrane cross-sections (cf Figure 5.3).
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Figure 5.4 SEM micrographs of cross-sections of composite membranes
synthesized with various oxidant concentrations (substrate: ETFE-g-PSSA (IEC:
1.5 mmol/g)). The reaction time was 2 h and pyrrole concentratration was 0.1 M.
The blue arrows indicate the mixed PPy / PEM layer and the white bars indicate
the cross-section of the membrane.
The electrochemical activity of the obtained composite membranes was qualitatively
analyzed by cyclic voltammetry (CV) in a 2-point probe setup162, by measuring CV of the
PPy containing surface, and comparing with the CV obtained of the ionomer side (cf
chapter 2.4.5).
The 2-point probe CVs of a series of composite membranes of Nafion®, synthesized with
different oxidant concentrations are shown in Figure 5.5. The difference between the
current response of the respective sides becomes more pronounced with decreasing
oxidant concentration. Pure Nafion® 212 shows a maximum response of ~40 μA/cm2,
whereas for the PPy side increasing currents are measured for membranes synthesized
with decreasing oxidant concentrations. This may be explained by an increasing amount of
PPy in the membranes in contact with the electrodes when only a thin and surface-near
mixed PPy / PEM layer is present, i.e. when low oxidant concentrations were used during
synthesis.
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Figure 5.5 CVs of PPy / Nafion composite membranes, with the PPy side and the
opposite side (“Nafion side”) in contact with the electrodes, made with different
oxidant concentrations (indicated in the bottom right corner).
A similar trend is seen with PSSA (cf Figure 5.6) based radiation grafted membranes: the
higher the oxidant concentration during synthesis, the lower the amount of triggered PPy
on the side of the mixed layer.
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Figure 5.6 CVs of grafted PEM / PPy composite membranes made with different
oxidant concentrations (indicated in the bottom right corner). These composite
membranes are based on ETFE-g-PSSA.
One important drawback of the functionalization of a PEM with PPy has to be mentioned
here: the proton conductivity of the functionalized membranes is significantly decreased
with increasing content of PPy (cf Figure 5.7). The inclusion of polypyrrole somehow
hinders proton mobility within the membrane. This may be due to the hydrophilic nature of
both the pyrrole monomer and especially the sodium persulfate salt, leading to PPy
structures mainly in the hydrophilic phase of the ionomer. These PPy structures can simply
block the passage physically, since acid-base interactions can be assumed to be
unimportant due to the non-basic character of pyrrole and PPy.
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Figure 5.7 Influence of PPy content on the proton conductivity of the PEMs. Left:
conductivity of ETFE-g-PSSA functionalized using different oxidant
concentrations. Center: Nafion® 212 functionalized with PPy applying different
reaction times, leading to increased PPy content with time.

5.2 The polymerization mechanism
Regina Hafner proposed a mechanism explaining the findings of the CV measurements
and SEM analysis, which is presented here in a more elaborated way. Prerequisites are a
Donnan excluded initiator in an ion-exchange membrane, and a diffusion limited monomer.
An additional prerequisite is hindered diffusion of the monomer in its polymer. In case
these prerequisites are fulfilled, the reaction in a membrane in a 2-compartment cell
occurs as depicted in Figure 5.8.
The Donnan excluded oxidant, in our case S2O82−, diffuses, driven by a concentration
gradient, to a certain limiting distance, the maximum penetration depth (MPD). The
equilibrium is reached rather quickly, as mentioned above. The pyrrole however, is
diffusing through the PEM, and starts to react to PPy from the maximum penetration depth
towards the other surface of the membrane153, 156-158. Since the concentration gradient of
pyrrole is the driving force for its diffusion, the monomers that bypass the growing PPy
chains at MPD start to polymerize closer to the surface towards the oxidant solution or
even on the other side of the membrane (this was visible as black PPy “clouds” in the
oxidant solution). Over time, the diffusion of the monomer is increasingly hindered
because of the increasing amount of PPy blocking transport pathways. By consequence, a
PPy gradient is formed from the maximum pentration depth of the oxidant towards the
corresponding membrane surface.
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Figure 5.8 Proposed reaction mechanism for anion initiated polymerization of
conductive polymer in cation exchange membranes (e.g. use of Na2S2O8 to initiate
pyrrole polymerization in ETFE-g-PSSA) in a 2-compartment cell. The maximum
penetration depth (MPD) is dependant of the anionic oxidant concentration.
The maximum penetration depth (MPD) depends on the concentration of the oxidant and
is thereby adjustable. The corresponding PPy gradient should be shifted parallel to the
MPD, if the other reaction parameters are kept constant and the pyrrole diffuses
homogeneously throughout the bulk of the non-functionalized ionomer. According to this
mechanism more PPy should be electrically contacted for membranes synthesized with
lower oxidant concentrations, which is indeed observed for all electrochemically analyzed
composite membranes (cf for example Figures 5.5 and 5.6).
For compartively small PPy / PEM mixed layers, the amount of electrochemically
contacted PPy should be proportional to the thickness of the mixed layer, rather than to
the concentration of the oxidant, since the gradient should be less pronounced closer to
the MPD.
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Figure 5.9 SEM micrographs of cross-sections of composite membranes
synthesized with 2 different oxidant concentrations (substrate: ETFE-g-P(SSA-coGMA(Tyr)) (IEC: 1.7 mmol/g)). The reaction time was 1 h, pyrrole concentratration
was 1 M and Na2S2O8 concentratrations are indicated on top of the corresponding
series.
With the proposed reaction mechanism, it was possible to optimize and adapt the
synthesis to different PEMs, i.e. chemically stabilized membranes of the types VBC(Tyr),
and GMA(Tyr), by adjustment of the oxidant concentration. The aim was to adapt the
synthesis in order to obtain thin yet electrochemically responsive and active PPy layers
within the membranes. In Figure 5.9, two cross-sections of GMA(Tyr) type membranes,
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functionalized using different oxidant concentrations, 0.05 M and 0.01 M sodium
persulfate. The element distribution of fluorine (from ETFE) and nitrogen (from PPy)
confirm the SEM analysis of the cross-sections. The PPy layer increased in size with
increased oxidant concentration. The nitrogen mappings additionally indicate the presence
of the linked tyramine throughout the membrane (bottom row of Figure 5.9), which is
visible as lighter green compared to the more intense signal coming from the PPy. The
apparent absence of any elements in the mappings on the upper side of the lefthand
series is an artifact, due to the position of the EDX detector (shadow effect).

5.3 In situ CVs of composite membranes
After some issues with the optimum working electrode material, it was decided to use
carbon only GDL / MPL electrodes, containing no Pt to avoid Pt type CVs. Pt CVs of
electrodes with a standard Pt loading (i.e. 0.4 mgPt/cm2) result in current densities in the
order of tens of mA/cm2, which would render the current response of the ionomer in the
order of µA/cm2 invisible. For Nafion, the optimum synthetic conditions were chosen to be
0.1 M pyrrole and 0.01 M oxidant solution concentration and 2 h of reaction time. To be
able to make a conclusive statement, four membranes had to be analyzed by in situ cyclic
voltammetry: unmodified Nafion® 212, Nafion® 212 doped with hydroquinone, Nafion® 212
PPy composite membrane, and Nafion® 212 PPy composite membrane doped with
hydroquinone. The measured CVs are shown in Figure 5.10 (scan rate for all
measurements: 0.1 V/s). For Nafion® 212 on the lefthand side, it can be concluded that the
redox pair H2Q189, 190 is electrochemically triggered and the reaction proceeds relatively
reversibly on carbon (hysteresis of oxidation and reduction reaction is comparatively
small). For the composite membranes (Nafion® 212 / PPy), increased currents are
measured, especially for the membrane including H2Q. The oxidation peak is found at the
expected potential (0.6 V vs RHE), whereas the reduction peak is shifted significantly
towards lower potentials. This may be due to hindered electron conductance in PPy and
transfer to the redox couple. Since PPy is an electron hole (p) type conductor, it could be
argued that electron transport in PPy is not very efficient / fast.
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Figure 5.10 In situ CVs of Nafion® with and without hydroquinone (left) and composite
membranes (Nafion / PPy) with and without hydroquinone (right). For comparison,
the CVs for Nafion are included in the righthand scheme. Note the different scales
of current densities.
For Nafion® 212 / PPy (without H2Q) electrical shorting on the order of 1 kΩ cm2 can be
estimated using Ohms law, whereas for the composite membrane including the one doped
with H2Q, a electrical short of the order of 0.25 kΩ cm2 was found. This can be explained
by incomplete removal of pyrrole monomer after the synthesis. The remaining pyrrole can
polymerize initiated by light and create an electrical short across the membrane. The
resistance found for the membranes is in the range of kΩ cm2, indicating a small amount of
PPy leading to electrical shorting of the composite membrane, since pure PPy is a rather
good electrical conductor (up to 15 S/cm)191, depending on the anion PPy is doped with,
conductivities can increase to 100 S/cm (doped with toluensulfonate)192. For composite
membranes of PPy and PE conductivities of > 10 S/cm were demonstrated193. A
composite membrane (PPy / PVC) synthesized by a diffusion method yielded materials
with electrical conductivity above 40 mS/cm. Therefore, the observed electrical shorting of
the composite membranes (PEM / PPy) is acceptable. From the data shown in
Figure 5.10, it can be concluded that the interface was enhanced from 2D to 3D. This
becomes obvious when comparing the CVs of Nafion including H2Q and the composite
membrane including H2Q. The current response of the latter is enhanced by two orders of
magnitude, and since the doping protocol is the same for both membranes, a
concentration effect of H2Q can be excluded.
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Figure 5.11 In situ CVs of ETFE-g-PSSA with and without hydroquinone (left) and
composite membranes (ETFE-g-PSSA / PPy) with and without hydroquinone
(right). For comparison, the CV for ETFE-g-PSSA (with H2Q) is included in the
righthand plot. Note the different scales of current densities.
In the analogue experiment and characterization for radiation grafted membranes (here
ETFE-g-PSSA (IEC: 1.6mmo/g)), the results of Nafion® composite membranes were
confirmed (Figure 5.11). Again, the introduction of H2Q leads to peaks in the
corresponding CV. The oxidation is found at 0.6V vs RHE and the reduction peak at
~0.5 V vs RHE. The shape of the peaks is less pronounced compared to the
corresponding H2Q doped Nafion. This may be due to incorporation of less H2Q because
of the different material properties, since the H2Q solution was freshly prepared and
saturated each doping experiment. Unfortunately, neither gravimetry, UV-VIS nor FTIR
allowed quantification of the H2Q content in the membranes, therefore cyclic voltammetry
remained the method of choice. Nevertheless, H2Q oxidation and reduction currents were
found at the expected potential. In agreement with the results found for Nafion® composite
membranes, also for radiation grafted composites an enhancement of the interface from
2D to 3D is observed upon incorporation of a PPy layer on/in one side of the membrane.
This becomes obvious when comparing the current response of ETFE-g-PSSA including
H2Q with the one of composite ETFE-g-PSSA / PPy with H2Q. The measured currents
increase by more than two orders of magnitude for the latter one. Electrical shorting on the
order of 0.2 kΩ cm2 is found for PSSA based composite membranes, similar to the findings
for Nafion®. The CV of a radiation grafted composite membrane including H2Q shows a
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shoulder at 0.6 V vs. RHE for oxidation of the hydroquinone. The corresponding reduction
peak is at a rather low potential of <0.1 V vs. RHE, thus the reduction reaction is hindered.
For this new system, in terms of synthesis as well as characterization, many questions
remain unanswered. What is the exact content of H2Q? Could the synthesis be performed
in a way to completely avoid electrical shorting of the composite membranes? Why is the
baseline CV for Nafion in rather good agreement with double layer capacitor behavior
whereas for the CV on the grafted membrane obviously some electrochemical processes
occur upon cycling? and so on. But, since the aim of the work was to electrochemically
regenerate AOs covalently attached to the membrane polymer, the data was deemed
sufficiently meaningful as proof of concept, considering the scope of the work, to proceed
with cyclic voltammetry studies on chemically stabilized radiation grafted membranes, for
example ETFE-g-P(SSA-co-GMA(Tyr)).

5.4 In situ CVs of composite membranes based
on stabilized membranes
The preliminary experiments confirmed the feasibility of the aim of the presented work:
enhancement of the electrochemically active interface from 2D to 3D by one sided
polymerization of pyrrole and triggering of the hydroquinone redox couple via the formed
3D interface (i.e. PPy / PEM mixed layer) was demonstrated on PFSA as well as radiation
grafted membranes (ETFE-g-PSSA). As a next step, chemically stabilized membranes
were functionalized with PPy to probe the electrochemical triggering of the attached
phenol groups. The baseline CV of a GMA(Tyr) type membrane is shown in Figure 5.12 in
blue. When comparing to the baseline CV of a PSSA (grey) type membrane the signature
of a classical redox couple are observed as shoulder in the GMA(Tyr) CV. Both CVs are
representative, since a series of CVs of PSSA type radiation grafted membranes showed
the same features.
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Figure 5.12 In situ CVs of ETFE-g-P(SSA-co-GMA(Tyr)) (blue) and ETFE-g-PSSA
(grey) membranes (scan rate: 0.1V/s).
The baseline CV of tyramine containing composite membranes shows an oxidation peak
at 0.85 V vs. RHE, which is in agreement with literature values for phenol194, 195. For cyclic
voltammetry on phenols, however, it has to be mentioned that there is still a debate in the
community whether it is feasible to use this method for characterization of phenol
containing materials and solutions. The most precise method to determine the redox
potentials is pulsed radiolysis196, 197.
Nevertheless, the baseline CV of GMA(Tyr) type membranes contained features of a
redox couple which was not found in PSSA type CVs and the oxidation potential correlated
fairly well to literature values. Therefore, composite membranes including a mixed layer
PEM / PPy made with GMA(Tyr) type membranes were analyzed by in situ 4-point probe
cyclic voltammetry. Several composite membranes were measured in this setup, and
neither oxidation nor reduction peaks / shoulders were visible in the CVs. A representative
CV of such a membrane is shown in Figure 13 (left). Only the measurement of a CV for a
VBC(Tyr) type composite membrane shed some light on the problem. The mentioned CV
is shown in Figure 13 (right). In the first anodic scan a clear oxidation peak appears at
0.9 V vs. RHE, which does not appear in the further anodic scans.
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Figure 5.13 In situ CVs of ETFE-g-P(SSA-co-GMA(Tyr)) / PPy (left) and ETFE-gP(SSA-co-VBC(Tyr)) / PPy composite membranes. The CV of GMA(Tyr) / PPy
type membrane is representative for the initial series of measurements. The CV of
VBC(Tyr) / PPy composite membrane (left) suggested a change in the
measurement protocol. Scan rate: 0.1V/s.
The second and third CV include a (small shoulder) at ~0.6 V vs. RHE. With increasing
cycle number, this shoulder disappears as well. Therefore, the suspicion was raised that
the phenol of tyramine initially reacts to another electrochemically active compound
(similar to quinone), which is then reacting in a second step to an electrochemically
inactive compound. Therefore, the scan rates were lowered and it was decided to only
perform anodic scans and immediately switch to a low potential (i.e. 0.125 V vs. RHE) until
the current density dropped below 10 μA/cm2. The scan rate was lowered to minimize
effects due to possible slow electron transfer through the PPy. The low hold potential was
chosen to reduce a maximum fraction of the phenoxyl radicals, which did not already react
to the intermediate, since this reaction was shown to be rather fast. Even at the elevated
scan rate of 0.1 V/s (cf Figure 5.13, right), the time at oxidizing potential is enough to react
all phenolic groups of tyramine to the intermediate or to the electrochemically inactive
compound. Therefore, the immediate switch to low hold potential could be described as
giving less time for reaction of the phenol.
Anodic scans of two GMA(Tyr) type composite membranes, recorded in the above
described way (only anodic scan (5 mV/s) – hold potential at 0.125V vs. RHE), are shown
in Figure 5.14. For comparison, a PSSA type composite membrane CV (scan rate:
10 mV/s) and the CV of the GMA(Tyr) type membrane are shown. For both phenol
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containing composite membranes, a distinct oxidation peak at 0.85 V vs. RHE is found in
the first anodic scan. This is in fairly good agreement with literature data as well as with
the observed oxidation peak in the first cycle of the VBC(Tyr) / PPy composite membrane
(cf Figure 5.13, right). The shift to lower potential may be caused by the reduced scan rate
(0.05 V/s vs 0.1 V/s). Interstingly, this oxidation peak is more pronounced for the
membrane shown in dark blue, being the membrane with the thinner mixed layer
PEM / PPy. By consequence, the efficiency of redox couple triggering is stronger
connected with the “surface density” of PPy in the mixed compared to the actual number of
available redox couples within the mixed layer of PPy and the PEM. This contact of the
PPy is, as mentioned above, tunable via the synthetic parameters, especially the oxidant
concentration in its respective compartment.

Figure 5.14 In situ CVs of ETFE-g-P(SSA-co-GMA(Tyr)) / PPy composite
membranes (scan rate: 5 mV/s). The CV of a PSSA / PPy type composite
membrane (scan rate: 10 mV/s) and the baseline CV of GMA(Tyr) type membrane
are shown for comparison.
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Still, no reduction peak was observed in the following cathodic scans (cf Figure 5.14).
Therefore, directly after the anodic scan, the potential was set to 0.05 V vs. RHE until the
current dropped below 10 μA/cm2. A second anodic scan was then performed (cf
Figure 5.15). This second scan shed some more light on the problem.

Figure 5.15 In situ CVs of ETFE-g-P(SSA-co-GMA(Tyr)) / PPy composite
membranes (scan rate: 5 mV/s). The CV of a PSSA / PPy type composite
membrane including hydroquinone (orange, scan rate: 10 mV/s) and the baseline
CV of PSSA / PPy type composite membrane (black, scan rate: 10 mV/s) are
shown for comparison.
One the one hand, the peak for phenol oxidation is considerably smaller compared to the
first cycle, and on the other hand, a new peak appears at 0.5 V vs. RHE. This can be
interpreted as oxidation of hydroquinone, which appears at the same potential for
PSSA / PPy composite membranes containing hydroquinone (orange CV). This means
that the simultaneous oxidation of all phenolic groups leads to a high probability of followup reactions. One of these follow-up reactions seems to be an addition of OH (probably
form water). But this cannot be the only reaction occurring, since considerably less total
oxidative current is measured in the second anodic scan compared to the first one.
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Therefore, an important fraction of the follow-up reactions must lead to an
electrochemically inactive compound. This is in agreement with CV measurements of
phenols (in solution), where no reduction peak of the phenoxyl radical was found198. The
explanation for this absence of a reduction peak was simply that the phenoxyl radicals
react to some other (electrochemically inactive) compounds.
In the third anodic scan, almost no oxidation peak of phenol is found and the intensity of
the oxidation peak of hydroquinone is slightly lowered compared to the 2nd scan.
Therefore, it can be concluded that both the phenol and the quinone like groups are
converted to an electrochemically inactive group.
The sum of the results confirms the 2D → 3D enlargement of the electrochemical interface
by one-sided polymerization of pyrrole into the PEM to be successful for chemically
stabilized membranes as well as for non-stabilized ones. Furthermore, a fraction of phenol
is indeed reduced at low potential, since a (less intense) peak of phenole oxidation is
found in the second anodic scan.
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5.5 Summary on electrochemical triggering of
AOs
The enhancement of the electrochemical interface to an interphase (2D → 3D) by onesided polymerization of pyrrole into different proton exchange membrane types was
presented in this chapter. The main synthetic parameter to control the location of the
mixed layer within the PEM was found to be the oxidant concentration. The enhancement
of the interface to an interphase (2D → 3D) was shown by cyclic voltammetry ex situ and
in a fuel cell setup (in situ). The mixed layer could only be contacted electrochemically
when it was close to the surface.
The general applicability of this approach to trigger non-bound as well as polymer-bound
AOs was shown by electrochemical probing of the interphase in situ. The presented
results indicate oxidation and (hindered) reduction of quinone type redox couples through
PPy in the mixed layer. Similarly, an oxidation of polymer-bound phenol type AO via PPy
was shown. Nevertheless, there are shortcomings of this approach. The proton
conductivity of the composite membranes is reduced with increasing PPy content and the
reduction via PPy seems to be slow.
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With respect to the aim of the work, which was to assess the effect of antioxidant
strategies on membrane stability in operating fuel cells (in situ), it was necessary to
establish a baseline, or reference system. This was poly (ethylene-alt-tetrafluoroethylene)
grafted with poly styrenesulfaonic acid (ETFE-g-PSSA). The pre-synthetic procedure,
starting from cutting the ETFE films to β-irradiate them, the following transport of the
activated films and storage at PSI, was helpful to familiarize with the pre-irradiation
technique. The sulfonation of the polystyrene grafts was shown to be close to 100%, even
at lower concentration of chlorosulfonic acid (2%, V/V vs 5% V/V) and low graft levels
(<10%). Synthesis of this ionomer was an important phase at the start of the project, to get
familiar with synthesis and characterization methods within the Electrochemistry
laboratory.
Similarly, synthesis and characterization of the other model systems ETFE-g-PVBC and
ETFE-g-PGMA where important steps towards the aim. The conversion of the amination
reaction was feasible for the cografted films, since the reaction was shown to be practical
at reasonable conversions of 45% and 57% for ETFE-g-PVBC and ETFE-g-PGMA,
respectively. The latter, GMA based model system turned out to be particularly interesting
when sulfonation of the grafts was performed to further assess the reactivity of the
pendant epoxy groups. Very elevated GLs of up to 300% yielded proton exchange
membranes (PEM) with ion exchange capacity (IEC) values of about 3 times the IEC of
Nafion® (3 mmol/g vs. 1 mmol/g). This yielded membranes of elevated proton
conductivites (up to 0.25 S/cm) with a gel-like character, which is not suited for use in a
fuel cell. This was instructive, since this kind of trade-off situation is encountered
commonly in (membrane) research. The elemental analysis by EDX mapping of
membrane cross-sections, first, confirmed a pronounced front mechanism for grafting of
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GMA into ETFE and, secondly, was very helpful for exploring the possibilities of SEM EDX
analysis of membranes. Another drawback of GMA based membranes besides the front
mechanism is their decreasing mechanical integrity with increasing proton conductivity
(and GL), similarly to PSSA based membranes. Nevertheless, the versatility of grafting
allowed to tailor GMA based membranes of elevated conductivity (0.1 S/cm, GL = 110%)
and reasonable mechanical stability for the test in situ. This test revealed a lifetime of
approximately 180 h at constant current density, which is 3 times more compared to PSSA
based membranes. The initial performance of the GMA based membranes was
comparable to that of Nafion® NR 212 and was superior compared to the styrene based
reference grafted membrane (ETFE-g-PSSA) during the entire test. In the context of
mitigation strategies against oxidative degradation of radiation grafted proton exchange
membranes, a new, promising candidate for replacement of the styrene (“weak link”) was
found during the study on this model system to asses the functionalization of linker. A last
comment must be made here: Another trade-off exists in terms of replacement of styrene
by GMA: in a single cell in situ hydrolysis test over 500 h, a loss of 20% of the sulfonic acid
was found. Thereby, the mechanism of in situ degradation of the proton exchange
membrane may be shifted from radical induced degradation to hydrolysis.
There is an advantage in the rather rapid radical induced degradation of PSSA based
membranes (radical attack leading to chain scission and loss of grafts). It allows rapid in
situ and ex situ assessment of the applied antioxidant strategy. Loss of grafts leads to
lower ion exchange capacity and proton conductivity. Therefore, an in situ loss of
performance and an ex situ loss of IEC is measurable upon degradation of a PEM.
Since the work on model systems provided all the necessary synthetical and analytical
tools, the main work of the project started: combining the linker and the “correct”
antioxidant with styrene to create a durable, well-performing and potentially low cost
radiation grafted proton exchange membrane. Therefore, the pre-irradiation grafting
technique was applied to synthesize two kinds of cografted films, containing styrene and a
linker monomer. The difference of the films was the cografted linker, vinylbenzyl chloride
(VBC) and glycidyl methacrylate (GMA). The chosen antioxidant model molecule to be
attached was tyramine, a rather simple amine containing phenol (AO functionality). The
tyramination reaction was found to be feasible for both cografted films including linkers.
The conversion was rather low for VBC based (25 ± 1%) and acceptable (59 ± 1%) for
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GMA based membranes. The influence of the tyraminated linker comonomer on
conversion of the sulfonation reaction of styrene grafts was shown to be negligible, since
elemental analysis and IEC measurements revealed degrees of sulfonation above 95% for
all films. Exploitable ex situ conductivities of 20 to 40 mS/cm were found for chemically
stabilized membranes of an IEC of approximately 1.6 mmol/g. The synthetic conditions
were adapted to create membranes of comparable IEC, water uptake and thickness, to
enable a fair in situ comparison of these materials with reference grafted membranes.
Additionally, for GMA cografted membranes a special reference membrane was
synthesized by hydrolysis the epoxy group of the GMA instead of tyrmamination. This was
done to enable exclusion of chemical stabilization by the linker.
The radiation grafted membranes containing antioxidant functionalities were subjected to
an accelerated stress test in the fuel cell to assess the effect of the attached tyramine.
These chemically stabilized membranes were compared to reference grafted membranes
of similar IEC and proton conductivity. All antioxidant containing membranes degraded
substantially less compared to non-stabilized materials, which was shown by in situ
(voltage loss) and post test analysis (IEC loss). The linker was shown to have important
influence on the performance of the synthesized membranes, whereas the phenol type
antioxidant was demonstrated to effectively reduce damage due to oxidative attack (loss of
grafted chains). The GMA type membranes showed promising performance comparable to
PFSA state-of-the-art membrane (Nafion® NR212).
The most promising stabilized radiation grafted membranes, (GMA(Tyr)) were subjected to
a 144 h accelerated degradation test to determine the potential of stabilization by the
phenol type antioxidant. The stabilization effect can be impressive, the first tested
membane showed no loss of membrane conductivity in situ and a loss of grafted
components of 35%, compared to 100% loss of a non-stabilized ETFE-g-PSSA membrane
after 12 h. The corresponding GMA(diol) type baseline membrane lost 90% of its grafted
components after 24 h. However, for the repeat experiment, in situ and ex situ
characterization indicated a more strongly degraded membrane. The membrane
resistance increased by a factor of 2.5 and a loss of 65% of the grafts was measured. This
lack of reproducability was shown to be caused by deactivation of the AO functionality
during storage of the stabilized membrane. Nevertheless, the stabilization capacity of
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polymer-bound phenol type AOs was shown to increase the lifetime by at least one order
of magnitude using an in situ chemical degradation protocol.
Therefore, it can be concluded that attachment of AO functionality is a promising approach
for membrane degradation mitigation. Additionally, since the AOs are attached to the
membrane polymer, leaching of the functional group is not possible, which is a key
advantage over metal-ion based stabilization strategies. But since radicals are produced
continuosly under fuel cell conditions, the antioxidants are sacrificial and depleted over
time. Therefore, a regeneration concept for polymer bound antioxidants was to be
developed. The reducing anode potential was intended to regenerate the reacted AOs.
Thus it was necessary to develop a synthetic strategy for enhancement of the
electrochemical interface from 2D to 3D, since regeneration of a thin surface-near layer of
AOs was not sufficient to achieve meaningful regeneration capability.
The electrically conducting polypyrrole (PPy) was chosen as candidate for interface
enhancement, since one-sided polymerization of it into ionomers like Nafion® and ETFE-gPSSA was reported in the literature. The proposed pyrrole polymerization reaction
mechanism by Regina Hafner was adapted and applied to synthetic conditions to create
an optimal contact of the electrodes and PPy as well as a maximum volume fraction of
mixed layer. In this context, another trade-off situation was encountered: due to the
polymerization mechanism, the amount of electrochemically contacted PPy decreasas with
increasing thickness of the mixed layer. The main parameter to tune the maximum
penetration depth of the mixed layer PPy / PEM was found to be the concentration of the
oxidant which initiates the polymerization of PPy. An optimum concentration for the oxidant
was 0.01 M for most analyzed ionomers. The formed thin mixed layer was found to
enhance the electrochemical interface from 2D to 3D, since the current response of cyclic
voltammetry measurements was icreased by 2 to 3 orders of magnitude compared to
reference membranes (containing no PPy). Cross-sectional SEM-EDX analysis of
composite membranes confirmed a thin, yet penetrating mixed layer of PPy / PEM under
these synthetic conditions (cf. cover page).
Last, but not least, the demonstration of electrochemical triggering of embedded redox
active molecules / functional groups via the mixed layer PPy was tackled. Therefore,
hydroquinone was incorporated into composite membranes based on Nafion® and ETFE138

g-PSSA, and cyclic voltammetry measurements were performed to analyze the
electrochemical interface. The hydroquinone was shown to be triggered via the PPy mixed
layer regardless of the base ionomer (Nafion® or ETFE-g-PSSA). As a final step the
pyrrole was polymerized into chemically stabilized membranes to assess feasibility of
regeneration of covalently attached phenol functionalities via PPy. The oxidation of
phenolic groups via a 3D interphase (“PPy / PEM mixed layer”) was demonstrated.
However, no reversible phenolic redox couple was found. The tentative explanation of this
behavior was a fast chemical reaction of the phenoxyl radicals to other electrochemically
inactive compounds.
With respect to the scientific vision of the project, which was the development of a
chemically stabilized radiation grafted membranes and an according regeneration
possibility for reacted antioxidants, the project led to adapted synthetic procedures for
production of advanced chemically stabilized membranes as well as a general reaction
mechanism for one-sided functionalization thereof with an electrically conducting polymer
(PPy). The work helped the author to understand and tackle trade-off situations commonly
encountered in development of materials for a certain target application. A last trade-off is
the implementation of a PPy mixed layer into the PEM. Since the polypyrrole is found in
the aqueous phase of the ionomer, proton conductivity is impaired. The more PPy is
implemented, the more pronounced is the loss in proton conductivity. Fortunately, thick
PPy / PEM mixed layers are not beneficial, since the contact with the electrodes
decreases with increasing maximum penetration depth of the mixed layer.

139

Conclusio

140

7

Outlook

Three general mitigation strategies against radical induced degradation were discussed in
the introduction of this work: (1) replacement of styrene with more stable protogenic group
precursors, (2) reduction of the gas crossover by implementation of barrier comonomers,
and (3) implementation of AOs into the membrane. With respect to (1), the results found
for the model system ETFE-g-PGMAs (cf. chapter 3.2) indicated a potential alternative to
styrene based membranes. But some more work would be necessary to assess the
feasibility of GMA grafting for replacement if styrene: first of all, the pronounced front
mechanism is a problem, since very high graft levels are needed to provide through-plane
conductivity. Since the front velocity is dependant on the grafting solution, a series of
grafting experiments using different solvents could provide a more favorable grafting
solvent leading to accelerated front velocities and, consequently, to membranes showing
through-plane conductivity at lower GLs. This could be beneficial for mechanical integrity
of the obtained membranes, since PGMA is brittle. Additionally, it could be very interesting
to probe GMA based membranes at low relative humidity conditions in situ, since water
managment of acrylate containing membranes should be different compared to the
aromatic styrene based membranes.
As a third potential route, use of the GMA grafts in ETFE-g-PGMA as precursor for both,
antioxidant linker and protogenic group would yield a potentially interesting material. Since
the tyramination of the GMA grafts is not quantitative, the remaining epoxide groups after
functionalization could be converted to sulfonic acid groups afterwards. The obtained
chemically stabilized proton exchange membrane should then be completely characterized
ex situ and in situ.
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A range of studies suggest themselves to further assess the potential of GMA(Tyr) type
membranes in fuel cells under different operating conditions. First of all, the GMA(Tyr) type
membranes should be tested in situ under low relative humidity conditions. The aim of this
procedure would be to clarify whether the incorporation of an acrylic comonomer leads to
better proton conductivity at low rh due to disruption of π-stacking of the styrene grafts as
suggested in Chapter 4. In case of less / no π-stacking the surface transport of protons (cf.
Figure 1.5) could be enhanced compared to styrene-only based membranes. Another
important in situ test would be the characterization of the behavior of GMA(Tyr) type
membranes under dynamic conditions, e.g. load cycling or relative humidity cycling. Since
both test protocols lead to swelling and shrinking of these materials, the mechanical
integrity retention of GMA(Tyr) type membranes could be assessed thereby. If these
membranes would be used in automotive applications OCV stability is only one of the
prerequisites, since varying operating conditions (rh and power density) are to be expected
in real life (automotive) application in nowaday’s traffic.
With respect to the storage capability of tyramine containing stabilized membranes (cf.
Chapters 4.8 and 4.9), it would be very interesting to covalently attach hindered phenols
(applying the same synthetic route) and test these membranes in an AST after different
storage times. In a further step, suitable non-phenolic AOs (containing a nucleophilic
group) could be implemented as well. It would be important to test all these newly
synthesized materials in situ to have comparable results with respect to the results of this
work.
Furthermore, water uptake control by cografting linker, styrene and crosslinker is an
essential step to develop a suitable membrane for application in fuel cells. Since the
incorporation of crosslinker leads to lower water uptake and, consequently, lower proton
conductivity an optimum concentration of the crosslinker comonomer is to be found
experimentally. This optimum would hopefully lead to a chemically stabilized membrane
with optimized proton conductivity and mechanical integrity. Another aspect to analyze is
the implementation of a barrier comonomer (e.g. (meth)acrylonitrile) into the chemically
stabilized membrane to verify whether the already low gas crossover of GMA(Tyr) (cf
Table 4.4) can be further decreased by applying this methodology.
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The ultimate goal of the presented work would, of course, be the implementation of
covalently attached AOs into the already optimized membranes of the type PSI
Generation 2. This combination of mitigation strategies for radiation grafted membranes (cf
Chapter 1.5.3.2) would lead to proton exchange membranes containing an intrinsically
more stable monomer (α-methylstyrene, AMS), barrier comonomers ((meth)acrylonitrile,
(M)AN), crosslinker comonomer and antioxidants attached covalently via a linker
comonomer (GMA). These monomers would be grafted into a mechanically and
chemically stable, yet “graftable” basefilm, e.g poly(ethylene-alt-tetrafluoroethylene)
(ETFE) (cf. Figure 7.1).

Figure 7.1 Schematic representation of the proposed ingredients for a radiation
grafted membrane combining all mitigation strategies against radical induced
degradation (cf. Chapter 1.5.3.2).
After functionalization with AOs and sulfonic acid groups this PEM would be: (1) displaying
low gas crossover rates (due to implemented barrier comonomers) and by consequence
low radical formation rates, (2) containing phenol type AOs which could convert the
radicals to non-destructive species, (3) composed of styrene derivates devoid of weak α-
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hydrogen (i.e. AMS) leading to enhanced chemical stability, (4) mechanically robust, owing
to the stable basefilm and the crosslinked structure of the grafts. A simplified sketch of this
hypothetical PEM is shown in Figure 7.1.
For the regeneration of the sacrificial AOs (per one radical one phenolic group is
deactivated), some more work would be necessary. A composite membrane of the type
GMA(Tyr) / PPy should be tested in situ under OCV or constant current to assess the real
regeneration capacity of this approach (using the anode potential to regenerate (reduce)
the phenoxyl radicals). This could provide more detailed information on the actual effect of
this composite layer including regenerative AOs. In the best case, the tested membrane
would not degrade at all, confirming the working hypothesis of the presented work. In the
worst case, however, only the composite layer would not be enough to stabilize the entire
membrane against radical attack, and only that composite layer containing regenerative
AOs would stay intact after a certain time of accelerated stress test. The only advantage
then would be to keep a mechanically intact layer of the membrane which can avoid direct
reaction of the gasses hydrogen and oxygen. This advantage, however, would be in vain
since a fully degraded radiation grafted membrane looses only its grafts. Therefore, the
remaining basefilm (of increased porosity compared to the original one) could still fulfill its
requirement of separating the reactant gasses (even without containing a layer of
regenerative AOs). Nevertheless, such a test (e.g. OCV hold or constant current) seems
necessary to answer the open questions connected to this kind of composite membrane.
With respect to the loss in proton conductivity upon implementation of the mixed layer
PEM / PPy, alternative regeneration concepts should be investigated. For example,
chemical regeneration of the phenoxyl radicals by H2O2 is theoretically possible, since the
electrochemical potential of hydrogen peroxide at a pH of 0 is lower compared to phenol
potential (Ф ≈ 0.75 vs SHE). Prof. Koppenol at ETHZ is performing kinetic studies on the
reaction of hydrogen peroxide and phenoxyl radicals to analyze the feasibility of this
approach. In case the experiments indicate chemical regeneration using hydrogen
peroxide to be realistic, this approach should be validated by in situ experiments. Maybe
OCV hold is not the protocol to be applied, because degradation of the stabilized
membranes was observed (cf. Chapters 4.8 and 4.9). This would be another argument for
in situ tests of GMA(Tyr) type membranes under constant current or, at least, under nonconstant OCV conditions, e.g. load cycling.
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