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Summary
Research in academia and industry strives to develop more efficient and clean energy
technologies to power stationary and mobile applications. Pursuant to this goal,
extensive developments have been made in the field of polymer electrolyte fuel cells
(PEFCs) over the last 20 years. PEFCs are one of the most promising candidates for
automobile applications due to their high efficiency, power density and lack of
pollutants. As a result, the first fuel cell cars are available on the market; however, still at
elevated price. To facilitate the vast market integration of PEFC vehicles, the efficiency
needs to be further improved, especially under high current densities. In other words,
for a given power output cost would be reduced if performance is maximized. In this
context, this dissertation work aims to improve power density of PEFCs through an
advanced water management. While some water is needed to humidify membrane and
ionomer in catalysts layers, excessive amounts of water in the porous layers lead to
increased mass transport resistances for the gases, reducing thereby the performance. By
using the materials developed within this work, water leaves the cell throughout predesigned hydrophilic regions, while gases travel preferentially through the remaining
hydrophobic, dry, low-resistance pathways.
A novel type of gas diffusion layer (GDL), consisting on an arrangement of hydrophilic
and hydrophobic domains, has been developed within this PhD work. This thesis starts
by describing the concept of GDLs with patterned wettability and the synthetic method
which is based on electron radiation grafting of the polymeric coating. This first part
contains an introduction and a collection of experimental methods and techniques. At
the end of this part, a proof-of-concept showing the promising potential of these
materials is provided.
Later, a thorough systematic study focuses on finding experimental conditions to
synthesize hydrophilic surfaces by free radical polymerization reactions. Once successful
conditions were found, they were applied to locally irradiated materials by using
blocking masks. A combination of experiments and numerical simulations is presented
aiming the production of high quality patterns. Then, the modified materials were
characterized based on their capillary pressure characteristic. From this study, it was
learnt that microstructure and coating load are the material parameters affecting water
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segregation the most. Finally, the best candidates were tested operando in fuel cells under
various conditions (temperatures, gas humidities and assemblies). Positively, it was
found that the use of GDLs with patterned wettability improve PEFC performance due
to a reduction in mass transport losses. The simultaneously obtained neutron
radiographs proved that the new water distribution, according to the engineered
hydrophilic patterns, justifies the improvements in power density.
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Zusammenfassung
Bemühungen in der industriellen und akademischen Forschung streben nach
effizienteren und saubereren Technologien, um die aktuellen auf fossilen Brennstoffen
basierenden Energiequellen abzulösen. In den letzten 20 Jahren wurden in diesem
Zusammenhang
signifikante
Entwicklungen
im
Bereich
von
Polymerelektrolytbrenntoffzellen (PEFCs) erzielt. Für Anwendungen in der
Automobilindustrie sind PEFCs eine der vielversprechendsten Hoffnungsträger –
aufgrund
ihrer
hohen
Effizienz,
Leistungsdichte
und
der
geringen
Umweltverschmutzung. Die ersten PEFC-betrieben Automobile sind bereits auf dem
Markt, jedoch zu einem eher erhöhten Preis. Um einen Eintritt dieser Technologie in
mehr Marketsegmente zu erleichtern, muss ihre Effizienz gesteigert werden, vor allem
bei hohen Stromdichten. Anders gesagt ist eine verbesserte Effizient gleichbedeutend
mit einer Kostenreduktion. Vor diesem Hintergrund hat die vorliegende Dissertation
zum Ziel, die Leistungsdichte von PEFCs mit Hilfe eines verbesserten
Wassermanagements zu erhöhen. Während wenig Wasser für das Befeuchten der
Membran und des Ionomers der Katalysatorschichten notwendig ist, führt zu viel
Wasser in den porösen Schichten zu einer Erhöhung von MassenstransportWiderständen, was die Leistung reduziert. Unter Verwendung der in dieser Arbeit
entwickelten Materialien verlässt das Wasser die Zelle durch vordefinierte hydrophile
Regionen. Gase bewegen sich bevorzugt durch die verbleibenden hydrophoben,
trockenen Bereiche mit geringem Massenstransport-Widerstand.
Ein neuartiger Typ von Gasdiffusionsschichten (GDL) bestehend aus hydrophilen und
hydrophoben Regionen wurde in dieser Doktorarbeit entwickelt. Die Dissertation
beginnt mit einer Beschreibung des Konzepts von GDLs mit lokal definierten
Benetzungseigenschaften und der synthetischen Methode, welche auf Strahlen-Pfropfen
basiert. Dieser erste Teil beinhaltet eine Einführung und eine Darstellung von
experimentellen Methoden und Techniken. Anschliessend wird ein Proof of Concept
präsentiert, welcher das Potential dieser Materialien verdeutlicht.
Danach legt eine genaue systematische Untersuchung dar, wie Versuchsbedingungen
gefunden werden, um hydrophile Oberflächen mit freier radikalischer Polymerisation zu
synthetisieren und wie dieses Wissen für die Herstellung poröser Substrate transferiert
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wird. Nach erfolgreicher Definition dieser Bedingungen konnten Proben zielgerichtet
durch lokale Maskierung bestrahlt werden, um klare Muster von hydrophilen und
hydrophoben Bereichen zu erhalten. Dies konnte sowohl durch Experimentelle Daten
als auch durch Modellierung bestätigt werden. Die Charakterisierung der Materialen
erfolgte über Messungen des Kapillardrucks. Daraus resultierend kann gesagt werden,
dass die Mikrostruktur und die Beschichtungsbeladung die Wassersegregation am stärksten
beeinflussen. Schliesslich wurden die vielversprechendsten Kandidaten in
Brennstoffzellen unter verschiedenen Bedingungen (variierende Temperaturen,
Gaskonzentrationen und -zusammensetzungen) getestet. Als Erkenntnis konnte
gewonnen werden, dass die Verwendung von GDLs mit strukturierter Benetzbarkeit die
Leistung von PEFCs aufgrund einer Reduktion von Massentransportverlusten
verbessert. Die simultan aufgenommenen Neutron Radiographie-Daten bewiesen, dass
die Wasserverteilung – entsprechend den strukturierten hydrophilen Mustern – die
Verbesserung der Leistungsdichte erklären kann.
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Introduction

Chapter 1.

Introduction

This first chapter includes a brief introduction to fuel cells, with the focus on
Polymer Electrolyte Fuel Cells (PEFCs). After a description of the typical cell assembly
and its components, the main thermodynamic relationships and performance loss
indicators will be described. Later, further details related to mass transport losses will be
discussed in the light of diffusivity, permeability and capillary transport in porous
materials, specifically gas diffusion layers. Once these fundamental concepts have been
introduced, the gas diffusion layer production costs are evaluated. The chapter closes by
introducing the idea of gas diffusion layers with patterned wettability, both in terms of
the proposed synthetic method and comparing with previously reported technologies.
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Introduction

1.1 Motivation
1.1.1 The need for clean power technologies
The transition to a fossil fuels-free based energy economy is one of the greatest
challenges faced by humankind[1]. There are many scientific evidences linking the
starting of the industrial age and population growth with the increase of atmospheric
CO2 concentration[2] and consequent average temperature and see level rise[3].
According to the International Energy Agency, the total primary energy consumption
worldwide, measured in tonnes of oil equivalent (toe), was 9.43 billion (109) toe in 2014
and is expected to be 12.2 or 10.6 (depending on the scenario) by 2045. Worldwide CO2
emissions accounted for 32.4 Bt/year in 2014 and continue to increase at a similar
rate[4]. On top of that, fossil fuels, which took millennia to accumulate, are rapidly being
depleted. It therefore stands to reason that we need to develop new energy sources
which are affordable, accessible and sustainable.
The concept of “the hydrogen economy” promises to fulfil all these requirements
(Figure 1.1). Hydrogen should be used as energy carrier, storing large amounts of
chemical energy, and can be used whenever needed in both stationary and mobile
applications (transportation)[5-7].

Figure 1.1 - Schematics featuring a hydrogen economy based cycle.

16

Introduction
Nowadays industrial hydrogen production is mainly based on methane steam reforming
and consequently contributes to greenhouse gas emissions[8]. However, alternative
technologies, e.g., water electrolysis, are being developed at the moment[8, 9]. If the
energy input needed to produce the hydrogen comes from renewable sources, then
there are virtually zero emissions in the whole energy conversion cycle. Central to the
concept and the success of hydrogen technologies are fuel cells. Fuel cells are reactors
which transform chemical energy directly into electrical energy via an electrochemical
conversion.

1.1.2 Reducing the cost of fuel cells
The first generation of fuel cell vehicles has been launched to the market (Toyota Mirai,
Hyundai ix35). Regarding automotive applications, Polymer Electrolyte Fuel Cells
(PEFCs) are arguably the most promising system. The United States Department of
Energy (DOE) has set strict cost targets for fuel cell technologies that will permit their
widespread integration into the market[10]. As can be seen in Figure 1.2 the estimates of
PEFC system cost were substantially lowered in the period between 2006 and 2010.
While further cost cut-downs have continued in the following years, they are
comparatively less significant. The estimated system cost in 2015 was ~$53/kW if a
high-volume of manufacturing (500 000 units/year) is considered. The DOE targets a
system cost of $40/kW for 2020 and an ultimate cost target of $30/kW, again at largescale production.

Figure 1.2 - Estimated automotive fuel cell system costs over the past years and future targets,
assuming a production rate of 500 000 units/year. Adapted from Ref[10].
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It is, however, obvious that these values are still far away from the commercial reality of
PEFCs in terms of production volumes and therefore more realistic values must be
provided. According to the DOE, the expected cost of automotive PEFCs based on
current technologies is of ~$280/kW for about 20 000 units produced per year. This
dissertation work aims to develop advanced porous materials to improve power density
of PEFCs. Further improvements in power density will facilitate commercialization. Put
another way, for a given power output, PEFCs will require less total area and therefore
cost will be reduced.

1.2 Fuel cell fundamentals
Generally speaking, a fuel cell is an energy conversion device that uses chemical energy
from a fuel to produce electrical energy. They differentiate themselves from internal
combustion engines in that no mechanical conversion step is required and they are
different from conventional batteries in that they are continuously fed by reactants
allowing them to function unlimitedly – subject to the capacity of the fuel storage. In
some detail, the device is composed by two half-cell compartments which are divided by
a separator. This separator must conduct ions but impede electron transport and
permeation of reactants between the two compartments. Electrochemical reactions
occur in each of the half-cells and electrons produced are transported through an
external circuit generating the useful electrical power. Several types of fuel cells have
been invented and investigated, such as polymer electrolyte fuel cells, direct methanol
fuel cells, phosphoric acid fuel cells, solid oxide fuel cells and molten carbonate fuel
cells, among others. They notably differ from each other according to the working
temperature range, the type of fuel and the ionic transport mechanism. In this work, we
focus on PEFCs, which are the most promising devices for automobile applications due
to their high power density, realization potential and cost.

1.2.1 Polymer Electrolyte Fuel Cells
PEFCs use hydrogen as fuel and oxygen as oxidant. Most practically used PEFCs are
fed with air instead of pure oxygen. While the use of pure oxygen leads to significant
improvements of performance[11, 12], the major drawback lies in the logistics of
production and distribution. PEFCs are composed by a stack of individual units. The
individual cells are composed of an arrangement of layers of different materials (details
in 1.2.2) providing various functionalities (Figure 1.3). Each of these cells produces a
certain voltage and many of them are stacked together in series to generate the desired
power output.
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Figure 1.3 - Illustration showing main PEFC cell components, the flow direction of gases,
charge transport and electrochemical reactions, focusing on the membrane electrode assembly
(MEA). The sketch is not to scale.

1.2.2 Cell configuration and components
Structurally speaking, anode and cathode of state-of-the-art PEFCs are constructed
symmetrically – although the characteristics of the corresponding layers might be
different between anode and cathode. In other words, the different layers are mirrored
with respect to the central component, the membrane. In the following paragraphs,
each individual layer is described:
-

Proton conducting membrane:

The membrane is made of a solid polymer electrolyte and needs to effectively conduct
protons (σ ~ 0.1 S∙cm-1) and block the transport of electrons and gases. Nafion
membranes (DuPont®) are the most widely used materials and are based on
perfluorosulfonic acid (PFSA) ionomer, which consists of a sulfonated
polytetrafluoroehtlyene (PTFE, Teflon) backbone and thicknesses in the order of 15-30
m. The sulfonic acidic groups (SO3- + H3O+) are the anchor point for proton
conduction when the membrane is hydrated. Nafion membranes still contribute a
significant fraction to the fuel cell costs and therefore research is focused on
development of new low-cost types of membranes based on different technologies,
such as radiation grafting[13] and hydrocarbon-based membranes[14].
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-

Catalyst layer (CL):

CLs are porous layers composed of: catalyst particles (typically platinum), a conductive
support (carbon) and ionomer (normally PFSA, as in the membrane). They can be either
coated on the membrane – in which case the membrane is called a catalyst coated
membrane (CCM) – or on the GDL (or MPL) surface. The CLs are typically 5-10 m
thick and coated on both sides of the membrane (or on the inner side of the
microporous layers). Generally the catalyst loading (i.e. mass of precious metal per
geometric surface area) is higher in the cathodic CL than in the anodic one. This is to
increase the available specific surface area to compensate for sluggish oxygen reduction
reaction kinetics. It is worth mentioning the importance of the so-called three-phase
boundary in the CL. In order for the reactions to take place, there needs to be an
interface between solid (particle), liquid (hydronium ions in the hydrated polymer) and
gas (oxygen/hydrogen).
-

Microporous layer (MPL):

The MPLs are one of the latest incorporation to PEFCs. In the last years, they have
been intensively investigated and implemented widely. Nowadays, it is accepted that
MPLs are a key component to reach high power densities, in particular for conditions
with high humidity[15]. MPLs are generally composed of carbon particles (spherical
carbon onions or carbon blacks) mixed with a hydrophobic polymer (typically PTFE).
Compared to GDLs, they have much smaller porosity (~0.25)[16] and a finer average
pore size (~50-200 nm)[17]. Many different MPL production processes have been
reported and resulted in layers with broadly distinct properties, such as different
hydrophobicity, presence or absence of cracks, and different thicknesses. The specific
influences of each material property have not yet been elucidated. However, it seems
clear that three main functionalities are provided by the MPLs: (I) their use significantly
reduces CL flooding by providing an improved water management, specifically when
using fully humidified gases; (II) the electrical contact resistance between CL-MPL is
reduced compared of that of CL-GDL due to a more intimate contact and decrease in
roughness; (III) membrane and CL degradation seem to be drastically decreased since
the MPL has a smoother surface[16, 18].
-

Gas diffusion layer (GDL):

Since the GDLs represent the centerpiece of this dissertation, we will dedicate a
complete section to them (Section 1.5). In short, the GDL thickness is in the range of
100-500 m, has an approximate porosity of 0.7-0.9 and an average pore diameter of
10-40 m. The GDL, stacked between membrane (or MPL if they are used) and flow
field plates, should conduct electrons and heat, provide mechanical support for the
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membrane and CLs and transport the reactant gases while removing the
electrochemically produced liquid water.
-

Flow field plates (FFP):

The flow field plates contain channels which must ensure the distribution of gas over
the whole cell active area. Simultaneously, the channels need to collect and remove the
water and electrons need to be gathered by the plates. Various types of flow field
geometries can be used, such as straight parallel, interdigitated or serpentine flow
channels[19]. The differences in design offer the possibility to facilitate one transport
mode over the other (for example convection over diffusion in the case of interdigitated
flow fields).

1.2.3 Electrochemical reactions
The electrochemical reactions happen at the catalyst layers (CLs) on both anode and
cathode compartments. At the anode, the hydrogen is oxidized to produce protons and
electrons. This reaction is known as hydrogen oxidation reaction (HOR) and can be
written as:
H2  2H+ + 2e-

( 1.1 )

Meanwhile, the oxygen is reduced at the cathode side according to the oxygen reduction
reaction (ORR), written as:
0.5 O2 + 2H+ + 2e-  H2O

( 1.2 )

Therefore the overall reaction equation can be written as:
H2 + 0.5 O2  H2O

( 1.3 )

The protons generated at the anode are transported to the cathode via the membrane.
The electrons travel through an external circuit from anode to cathode, so the
membrane needs to block the electrons from flowing across. Additionally, the polymeric
membrane needs to be impermeable to gases. If a sufficient gas flow permeates through
the membrane, the durability is reduced (by peroxide production) and Faraday’s
efficiency is diminished. While the HOR has facile kinetics and virtually does not
contribute to the voltage losses, the ORR has a very sluggish kinetics contributing
notably to performance losses. A very remarkable fraction of research in
electrochemical engineering is being carried out in the framework of improving ORR[20].
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1.2.4 Thermodynamics
0
The thermo-neutral fuel cell voltage (𝑈𝑡ℎ
) can be calculated based on the standard

reaction enthalpy (∆𝐻𝑟0 ) as:
0
𝑈𝑡ℎ
=−

∆𝐻𝑟0
𝑧𝐹

≅ 1.48 𝑉

( 1.4 )

where z refers to the number of exchanged electrons and F is the Faraday constant
(96 485 A∙s∙mol-1), resulting in the total amount of energy released by the reaction.
25°C, 1 bar and an activity of 1 are the standard conditions in electrochemistry.
However, entropic losses are accounted for in the definition of Gibbs, ∆𝐺𝑟0 , free energy
as:
∆𝐺𝑟0 = ∆𝐻𝑟0 − 𝑇 ∆𝑆𝑟0

( 1.5 )

where T is the temperature and ∆𝑆𝑟0 is the standard reaction entropy. Again, considering
0
standard conditions, we can calculate the reversible cell voltage (𝑈𝑟𝑒𝑣
) as:
0
𝑈𝑟𝑒𝑣
=−

0
∆𝐺𝑟𝑒𝑣

𝑧𝐹

≅ 1.23 𝑉

( 1.6 )

which represents the useful energy produced by the electrochemical reaction.
The thermodynamic fuel cell efficiency, , is the ratio of the amount of useful energy over the
total released energy:
𝜀=

∆𝐺𝑟0
∆𝐻𝑟0

= 0.83

( 1.7 )

Under standard conditions, a thermodynamic efficiency of 83% is obtained. It should be
mentioned that all thermodynamic variables values herein used refer to liquid H2O.
In all previous calculations we have assumed standard conditions. However, in practical
PEFCs operation, different temperatures and activities (i.e. gas partial pressure) can be
used. The reversible fuel cell voltage can be written generally as:
𝑈𝑟𝑒𝑣 = −

∆𝐺𝑟𝑒𝑣 (𝑇)
𝑧𝐹

( 1.8 )

The dependence on temperature for reaction enthalpy and entropy needs to be
considered. In order to calculate a cell voltage which accounts for the prevailing
deviations of reversible voltage the Nernst equation needs to be used. This equation
links the thermodynamically-given cell voltage with the cell voltage under standard
conditions, temperature, activity and reaction quotient:
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𝑈𝑟𝑒𝑣 (𝑇, 𝑃) = 𝑈𝑟𝑒𝑣 (𝑇) −

𝑅𝑇
𝑧𝐹

𝑙𝑛 (

𝑎𝐻 2 𝑂

0.5
𝑎𝐻 2 𝑎𝑂

)

( 1.9 )

2

where R is the universal gas constant (8.314 J∙K-1∙mol-1) and ai is the activity of reactants
and product. For gaseous components, the activity can be linked to the partial pressure
by:
𝑎𝑖 = 𝑓𝑖

𝑝𝑖
𝑝∗

= 𝑓𝑖 𝑦𝑖

𝑝
𝑝∗

( 1.10 )

where fi is the fugacity coefficient and an measure for deviations of ideality, pi is the
partial pressure of the gas i, yi is the molar fraction of gas i in the gaseous mixture and p*
is the standard pressure (1 bar).
For simplicity, if we assume that the gas behaves as
ideal gas (fugacity of 1), for T = 70°C and p = 2 barabs and an air-fed cathode (𝑐𝑂2 =
0.21), a value of Urev = 1.19 V is obtained.
On top of that, the practical operation of PEFC results in additional losses which will be
described in the following section (1.3).

1.3 Voltage loss mechanisms
In the previous section, the most relevant fuel cell voltages were derived under
conditions of thermodynamic equilibrium. When the PEFC is under operation, an
electrical current is produced leading to deviations with respect to this ideal condition.
In order to compare the performance of different PEFCs by means of cell size, the total
cell current (I) is often divided by the cell active area (A), resulting in the current
density, i:
𝑖=

𝐼
𝐴

( 1.11 )

The classical diagnostic used to characterize PEFC performance is the so-called
polarization or Vi curve (Figure 1.4), where the cell voltage is plotted versus the current
density. In galvanic cells, such as PEFCs, the actual voltage obtained is lower than the
voltage under thermodynamic equilibrium. This deviation is captured by the concept of
overpotential, , as follows:
𝜂 = 𝑈𝑟𝑒𝑣 (𝑇, 𝑃, 𝑎𝑖 ) − 𝑈 𝑖≠0 (𝑇, 𝑃, 𝑎𝑖 )

( 1.12 )
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Figure 1.4 – Polarization curve showing relevant voltages and the different overpotentials.

In PEFCs, the overpotentials arising during operation can be classified into three types
(Figure 1.4): activation or charge transfer overpotential (CT), ohmic overpotential ()
and mass transport or concentration overpotential (MT). Each overpotential will be
described in the following subsections. The actual cell voltage (UFC) at any point of time
is therefore given by:
𝑈𝐹𝐶 = 𝑈𝑟𝑒𝑣 − 𝜂𝐶𝑇 − 𝜂Ω − 𝜂𝑀𝑇

( 1.13 )

In practice, Urev is not reached even under open circuit conditions for various reasons,
such as reactant crossover through the membrane and the mixed potential formed on
the cathode involving side reactions such as Pt oxidation. A reduced cell voltage is
obtained in absence of current, usually in the range of 0.9-1.1 V depending on cell
construction and materials. This voltage is referred to as open circuit voltage, UOCV.

1.3.1 Charge transfer overpotential
The charge transfer overpotential, 𝜂𝐶𝑇 , is related to the electrochemical kinetics. In
other words, it is linked to the energy barrier between the oxidized and reduced species.
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The relationship between the current density and charge transfer overpotential is given
by the Butler-Volmer equation, which is one of the most fundamental relationships in
electrochemical kinetics. For the anode (ian), where the HOR reaction takes place, the
equation is:
+
−
𝑖𝑎𝑛 = 𝑖𝑎𝑛
+ 𝑖𝑎𝑛
= 𝑖0,𝐻𝑂𝑅 exp (𝜂𝐶𝑇,𝐻𝑂𝑅

+
𝛼𝐻𝑂𝑅
𝑧𝐹

𝑅𝑇

) + 𝑖0,𝐻𝑂𝑅 𝑒𝑥𝑝 (𝜂𝐶𝑇,𝐻𝑂𝑅

−
𝛼𝐻𝑂𝑅
𝑧𝐹

𝑅𝑇

)

( 1.14 )

while at the cathode (ica), where the ORR occurs:
+
−
𝑖𝑐𝑎 = 𝑖𝑐𝑎
+ 𝑖𝑐𝑎
= 𝑖0,𝑂𝑅𝑅 𝑒𝑥𝑝 (𝜂𝐶𝑇,𝑂𝑅𝑅

+
𝛼𝑂𝑅𝑅
𝑧𝐹

𝑅𝑇

) + 𝑖0,𝑂𝑅𝑅 𝑒𝑥𝑝 (𝜂𝐶𝑇,𝑂𝑅𝑅

−
𝛼𝑂𝑅𝑅
𝑧𝐹

𝑅𝑇

)

( 1.15 )

In this equations 𝑖𝑖+ and 𝑖𝑖− refer to the current density in the anodic and cathodic
direction (oxidation and reduction) for each of the half-cell reactions. This should not
be mistaken with the anode and cathode compartments, since it indicates both
directions of a reversible reaction. 𝛼𝑖+ and 𝛼𝑖− are the so-called charge transfer
coefficients. The parameters 𝑖0,𝑖 represent the exchange current density for each
reaction. The exchange current density depends on the type of reaction, activity of the
catalyst used, active surface available per unit of geometric area, temperature and partial
pressure of the reactants. Large values of i0 for a given reaction minimize the charge
transfer overpotential. If air is used instead of pure oxygen, the i0 would decrease,
leading to an increase in charge transfer overpotential.
Due to the sluggish nature of the ORR, in PEFCs it is mostly considered that 𝜂𝐶𝑇,𝑂𝑅𝑅
dominates. To give some context, the exchange current density of the HOR on a flat Pt
metal surface is i0 ~ 10-1-10-3 A∙cm-2 (at ambient temperature and highly dependt on
pH)[21], while the ORR on the same surface has a value of i0 ~ 2.5∙10-8 A∙cm-2 [22]. Is can
therefore be assumed that the total cell charge transfer overpotential is linked to the cell
current density as according to:
+
+
−
𝑖 = 𝑖𝑐𝑎 = 𝑖𝑐𝑎
+ 𝑖𝑐𝑎
= 𝑖0,𝑂𝑅𝑅 𝑒𝑥𝑝 (𝜂𝐶𝑇,𝑂𝑅𝑅

+
𝛼𝑂𝑅𝑅
𝑧𝐹

𝑅𝑇

−
) + 𝑖0,𝑂𝑅𝑅 𝑒𝑥𝑝 (𝜂𝐶𝑇,𝑂𝑅𝑅

−
𝛼𝑂𝑅𝑅
𝑧𝐹

𝑅𝑇

) ( 1.16 )

−
+
When 𝑖𝑐𝑎
>10𝑖𝑐𝑎
, which should be the case because the reaction happens in the
cathodic direction, then the Butler-Volmer equation can be simplified to:

𝜂𝐶𝑇 =

𝑅𝑇
−
𝛼𝑂𝑅𝑅
𝑧𝐹

𝑙𝑛 (|

𝑖
𝑖0,𝑂𝑅𝑅

|)

( 1.17 )

This equation is normally re-written as the well-known empirical Tafel equation:
𝜂𝐶𝑇 = 𝑎 + 𝑏 log(𝑖)

( 1.18 )
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By performing a linear fit of 𝜂𝐶𝑇 versus log(i), the parameters a and b can be obtained.
These are normally obtained experimentally and serve to compare the activity of
different catalysts for a given electrochemical reaction.

1.3.2 Ohmic overpotential
The ohmic overpotential arises from ionic and electronic resistance of conductors. In
PEFCs, the resistance to conduct ions across the polymer electrolyte membrane and the
ionomer present in CLs are the two contributions of the ionic resistance (rion), while the
electrons need to be transported through the different layers (CL, MPL, GDL, FFP)
which contribute to the electronic resistance (relectron). Logically, the thinner the
conductors, the lower the resistance value would be. That is the reason why research
targets the implementation of thinner membranes. An important contribution to the
ohmic overpotential is due to contact resistances (rcontact), which are resistances occurring
at the interface between two different layers, for example, CL-GDL (or CL-MPL) and
GDL-FFP. Normally, larger cell compressions are used to minimize the contact
resistance.
𝜂Ω = (𝑟𝑖𝑜𝑛 + 𝑟𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 + 𝑟𝑐𝑜𝑛𝑡𝑎𝑐𝑡 )𝑖 = 𝑟 𝑖

( 1.19 )

Equation 1.19 seems to point to a linear increase of 𝜂Ω over current density (Ohm’s
law). However, in practice this in not observed because, for example, the
electrochemically produced water hydrates the membrane and ionomer, hence
decreasing rion.

1.3.3 Mass transport overpotential
As previously mentioned, the use of air instead of pure oxygen results in an increase of
charge transfer losses and a reduction of the Nernst potential. Apart from these
contributions, the concentration of oxygen at the electrode is reduced due to mass
transport limitations and an additional overpotential arises, known as mass transport
overpotential, 𝜂𝑀𝑇 . It can be calculated as:
𝜂𝑀𝑇 = (1 +

𝑆
𝑐𝑂
2 ,𝑟𝑒𝑓
)
− ) 𝑧𝐹 𝑙𝑛 ( 𝑐 𝑆
𝛼𝑂𝑅𝑅
𝑂

1

𝑅𝑇

( 1.20 )

2

Where 𝑐𝑆𝑂2 is the local oxygen concentration at the electrode’s surface and 𝑐𝑆𝑂2,𝑟𝑒𝑓 is the
reference concentration (0.21 for air). It is then obvious that a reduction in 𝑐𝑆𝑂2 leads to
increase in mass transport overpotential. There are various mechanisms at different
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levels influencing the final oxygen concentration at the electrode. These can be listed as
follows:
-

-

-

-

In a technical size cell oxygen gets depleted along the flow field channel
towards the outlet, hence the sections near the outlet suffer from strong mass
transport losses. In this work differential cells have been used with the objective of
eliminating this effect. Differential cells use elevated flow rates and small sizes to
mimic the conditions in one section of a larger technical cell.
The diffusive transport is driven by a concentration gradient[23]. If the pores are
sufficiently large, the probability of gas molecules colliding between themselves is
much greater than the collision between molecules and pore walls. This is known
as “bulk diffusion” and is relevant in GDL pores and interfaces. More details
on bulk diffusion are given in 1.4.5.
If, however, the pores are small enough, the probability of gas molecules
colliding with pore walls becomes dominant and we talk about Knudsen
diffusion. In essence, if the mean pore diameter, dpore, is in the range of the mean
free path of the gas molecules, which is <35 nm for O2 at 2 bar of absolute
pressure[23], then this mechanism becomes relevant. Knudsen diffusion is only
dependent on partial pressure and does not change with the inert gas carrier.
The last mechanism, known as thin film diffusion, is based on the diffusion of
gas molecules throughout a thin film of liquid and ionomer. In PEFCs, this is
related to the diffusive transport within the ionomer covering the electrodes in
the catalyst layers.

In this project we develop novel gas diffusion layers with the goal of minimizing the
mass transport overpotential. In particular, the bulk diffusive transport is expected to be
improved by a better water management in the GDLs. Let us consider a simplified case
in which one-dimensional diffusive transport occurs through the different layers in the
direction perpendicular to the membrane plane. Combining Faraday’s law and the 1st
Fick law (stationary) the current density is calculated as:
𝑖 = 𝑧𝐹𝐷𝑟𝑒𝑙 (

𝑆
𝑐𝑂
−𝑐 𝑆
2 ,𝑟𝑒𝑓 𝑂2
)
𝛿

( 1.21 )

Where Drel is the relative diffusivity and  is the thickness of the diffusion layer. Drel is a
function of the binary diffusion coefficient of the gas, the microstructure of the material
and the water content. This is described in further detail later (1.4.5). A very common
parameter discussed in the literature is the limiting current density, ilim:
𝑖lim

= 𝑧𝑓𝐷𝑟𝑒𝑙

𝑆
𝑐𝑂
2 ,𝑟𝑒𝑓
𝛿

( 1.22 )
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It has been assumed that the oxygen is completely depleted at the electrode’s surface
(𝑐𝑂𝑆2 = 0). This represents the limiting case for mass transport. Experimentally, ilim is
obtained by using artificially diluted oxygen concentrations (typically in the range 0.01 –
0.05)[24] in nitrogen and provides a useful parameter to compare how different GDL
materials influence the mass transport. It should be mentioned that the two-dimensional
calculation taking into account the differences between rib and channel significantly
increases the complexity of the problem.

1.4 Water management in PEFCs
Extensive literature has focused on the topic of water management. The following
subsections provide an explanation of the impact that water has in the different PEFC
components and then discusses the main transport mechanisms.

1.4.1 Impact of the water
The impact of water in the different PEFC components is:
-

-

-

-
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In the membrane: water is needed to hydrate the polymer structure. Higher water
contents increase proton conductivity and therefore reduce ohmic
overpotentials[25]. A good membrane should be able to perform well at low water
contents as well.
In the CLs: the ionomer should be hydrated to conduct protons and favor
oxygen diffusion. Excessive amounts of liquid water can block active surface,
which results in mass transport losses. On top of that, the water vapor partial
pressure reduces the partial pressure of oxygen and therefore increases the
charge transfer overpotential. Additionally, the reversible cell voltage will be
affected by a change in activity and therefore there would be an additional
voltage loss.
In the MPLs: while many reports have focused on the impact that MPLs have on
PEFC performance, the role of the MPL is terms of water management in not
fully understood. Due to the hydrophobicity and small pore size, it appears
unrealistic that they saturate with liquid water and therefore the pores should
remain rather free for gas transport, and the large cracks (or imperfections) seem
to fill preferentially[26].
On the GDLs: the presence of liquid water in the GDLs can only have a
negative influence on performance. It blocks pores and therefore increases the
resistance to diffusive transport. This will be discussed in more detail in section
1.4.5.

Introduction
-

On the channels: liquid water droplets collect on external surfaces of GDLs
towards the flow field channels and need to be removed by the gas stream. If
excessive accumulation occurs due to, for example, large retention forces from
GDL surfaces and roughness, the gas flow distribution (either channel-tochannel or cell-to-cell) can be impaired[27].

1.4.2 Oxygen and water transport in the cathode GDL
Since this PhD work focuses on developing GDLs with improved transport properties
for the cathode, in this subsection the main transport modes will be discussed to set the
basis for the coming subsections:
 Water: the water produced in the CLs needs to be removed. In liquid phase, the
capillary transport in considered the main driving force for water to break
through the GDL and form low pressure pathways for the water to leave the
cell[28]. Once a pathway is formed, then the effective permeability of the created
liquid network will determine the pressure drop. On top of that, due to the
PEFC operating temperature (60-90°C), an important fraction of the water is in
vapor phase. Water vapor can be transported by diffusion driven by a
concentration gradient, which can be present either in unsaturated conditions or
in the presence of a temperature gradient. Since humidified gases are fed through
the gas channels, this interplay is rather complex and predictions cannot be made
without experiments or numerical simulations. In short, the evaporation and
condensation of water in the GDL has an important influence in the water
redistribution.
 Oxygen: the oxygen travels from the flow field channels to the CLs by a
combination of convection and diffusion. Convection is favored if interdigitated
flow fields are used, for example, and under the channel areas where the flow
velocity vector can push the gas towards the GDLs. When air is used diffusion
dominates the transport resistance since oxygen needs to diffuse into the mixture of
nitrogen, water vapor and minor traces of other gases.

1.4.3 Capillarity and wettability
Capillarity refers to the ability of a liquid to flow in narrow spaces without the assistance
of external forces. For example, absorbent paper wicks the water and sap ascends in
plants’ roots due to capillary actions, even against gravitational acceleration. If we
assume that liquid is the wetting phase and gas is the non-wetting phase, the capillary
pressure PC can be defined as:
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𝑃𝐶 = 𝑃𝐺 − 𝑃𝐿

( 1.23 )

where PG is the pressure in the gas and PL is the pressure in the liquid. On the other
side, the Young-Laplace equation provides a relationship between the capillary pressure
and the curvature of the interface between liquid and gas interfaces[29]:
1

1

𝑟1

𝑟2

𝑃𝐶 = 2𝛾 ( + )

( 1.24 )

where  is the surface tension of the liquid-gas interface and r1 and r2 are the principal
radii of curvature. In the simplified case of a cylindrical geometry, the capillary pressure
can be calculated as:
𝑃𝐶 = −

2 𝜎 𝑐𝑜𝑠𝜃
𝑟

( 1.25 )

where r is the cylinder radius and  is the contact angle which is a variable describing
how the solid is wetted by the liquid. This is discussed in further detail in the next
paragraphs. It should be noted that the GDL geometry is rather complex and therefore
capillary pressure cannot be successfully modelled as a straight cylindrical tube. In order
to provide a more realistic description of the physical phenomena, a modified model
was developed and will be presented in Chapter 6.
Due to the influence of the contact angle on the capillary pressure, the next lines are
dedicated to describe the fundamentals of wettability on flat and rough surfaces. Let us
imagine a perfectly flat, horizontal and dry solid surface, on which a droplet of a liquid is
placed. As shown in Figure 1.5.a, a contact angle, , is defined between the solid and
liquid interface. Hydrophilic surfaces result in < 90° while hydrophobic surfaces result
in > 90°. It is common to talk about surfaces with intermediate (or neutral) wettability
when ~ 90°. The definition of a certain contact angle is given by the interplay between
the three contacting interfaces. The Young’s equation relates the equilibrium contact
angle as follows:
𝛾𝑆𝐺 − 𝛾𝑆𝐿 − 𝛾𝐿𝐺 cos(𝜃) = 0

( 1.26 )

Where 𝛾𝑆𝐺 , 𝛾𝑆𝐿 and 𝛾𝐿𝐺 are the surface tension of the different interfaces (solid-gas,
solid-liquid and liquid-gas). The surface tension is the elastic tendency of an interface to
acquire the smallest possible surface area. While this theory is valid for ideally flat
substrates, solids with rough surfaces often exhibit unexpected wetting behaviors. An
apparent contact angle (or external contact angle), 𝜃𝑎𝑝𝑝 , is defined on the external
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surface which can be significantly different to the intrinsic (or internal) contact angle,
𝜃𝑖𝑛𝑡 , defined between the internal solid and liquid interfaces (Figure 1.5.6).

Figure 1.5 – Illustration of liquid droplets on solid surfaces for: (a) ideally flat surface; (b)
rough surface. The definition of the contact angle is drawn in red.

Two main theories have been used historically to explain the wettability on rough
substrates. The Wenzel theory[30], also named homogeneous wetting regime, assumes
that the liquid is in intimate contact with the solid interface. The relationship between
the intrinsic and apparent contact angle is defined as:
𝑐𝑜𝑠𝜃𝑎𝑝𝑝 = 𝑟𝑓 𝑐𝑜𝑠𝜃𝑖𝑛𝑡

( 1.27 )

where rf is the roughness factor, defined as the ratio between the actual surface area of
the material and its geometrical area. The Wenzel regime indicates that intrinsically
hydrophilic materials show apparent contact angles of a lower value and that an
intrinsically hydrophobic material holds droplets with larger apparent contact angles.
The other theory, known as Cassie-Baxter theory or heterogeneous wetting regime[31],
assumes that gas (or the gas partially saturated with liquid’s vapor) remains trapped in
the surface asperities. The apparent contact angle can be calculated as:
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𝑐𝑜𝑠𝜃𝑎𝑝𝑝 = 𝑓1 𝑐𝑜𝑠𝜃𝑖𝑛𝑡 − 𝑓2

( 1.28 )

where f1 is the total surface of the solid-liquid interface and f2 is the total surface of the
air-liquid interface. An important point to mention is that is this case – and contrary to
the description by the Wenzel theory – it is possible that an intrinsically hydrophilic
material results in an apparently hydrophobic surface. Further details on the CassieBaxter theory can be found in Chapter 4.
In summary, this subsection illustrated the difficulty on understanding wettability on
porous (rough) materials. An important remark should be made: the capillary pressure
(equation 1.25) depends on the intrinsic contact angle. GDLs are highly porous
materials and so of a heterogeneous nature (composed of carbon fibers, coating and
binders). It is therefore challenging to obtain conclusive values of intrinsic contact
angles for GDLs experimentally. Chapter 2 discusses our attempts to obtain internal
contact angles for GDLs (section 2.3.3).

1.4.4 Permeability
The fluid flow through a porous material can be described by the Darcy law:
𝑣⃗= −

𝐾
𝜇

∇𝑝

( 1.29 )

where 𝑣⃗ is the velocity vector, K is the absolute permeability,  is the viscosity of the
fluid and p is the pressure gradient. The permeability is a material-specific property
measuring the resistance against flow through that material and it normally is a function
of porosity and some particle length. The Carman-Kozeny equation correlates material
properties with absolute permeability[32, 33]:
𝐾=

𝑑𝑐2 𝜀3
16𝑘𝐶𝐾 (1−𝜀)3

( 1.30 )

where  is the porosity, dC is a characteristic particle length and kCK is a constant that
needs to be determined experimentally for a given material. In the case of GDLs, dC is
represented by the fiber diameter. The equation shows that larger pores increase the
permeability and therefore reduce the resistance to flow. If isotropic media are used, K
is a scalar. However, in anisotropic materials, such as most of GDLs K must be
represented as a tensor.
Liquid and gas phase coexist in the GDLs during PEFCs operation. A relative
permeability for a given phase, P, can be defined following the nomenclature of
Gostick[34, 35] as:
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𝐾𝑟𝑒𝑙,𝑃 =

𝐾𝑒𝑓𝑓,𝑃 (𝑆𝑃 )
𝐾

( 1.31 )

Where Krel,P is the relative permeability of phase P, Keff,P is the effective permeability in
presence of another phase of phase P and sP is the saturation of phase P, which varies
between 0 and 1. Empirical correlations for relative permeability of this form have been
extensively published in fuel cell literature:
𝐾𝑟𝑒𝑙,𝑃 = 𝑆𝑃𝑎

( 1.32 )

Where a is a constant, usually taken as ~ 3 in the modelling literature. It should be
mentioned that the experimental measurements of relative permeability in GDLs are
rather difficult and are based on ex situ test configurations. Recently, various modelling
approaches, such as Lattice Boltzmann method (LBM)[36] and Pore Network Modelling
(PNM)[37], are being used to extract relative permeabilities from reconstructed or
artificially created GDL microstructures.

1.4.5 Effective and relative diffusivity
In a porous GDL, the effective diffusivity refers to the diffusion of a species A (oxygen)
through a species B (nitrogen in the air mixture) within the substrate’s pores. It is
different from the diffusivity of A through B in open space and can be written as:
𝐷𝑒𝑓𝑓 = 𝐷𝐴𝐵

𝜀
𝜏

( 1.33 )

where Deff is the effective diffusivity in a dry structure, DAB is the binary diffusion
coefficient,  is the porosity and  is the tortuosity.
As previously discussed, in GDLs during cell operation the presence of water hinders
diffusive transport. This is captured by the relative effective diffusivity, Drel,P, which is
defined as:
𝐷𝑟𝑒𝑙,𝑃 =

𝐷𝑒𝑓𝑓,𝑃
𝐷𝑒𝑓𝑓

( 1.34 )

where Deff,P is the effective diffusivity through phase P, which varies with the saturation
between 0 and 1. As with relative permeability, empirical correlations have been
obtained for different GDL materials of the form:
𝐷𝑟𝑒𝑙,𝑃 = (1 − 𝑠𝐿 )𝑏

( 1.35 )

where sL is the saturation of pores with liquid and b in an exponent found
experimentally for different GDLs. Various studies have targeted the extraction of this
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coefficient both with experiments and simulations[38-40]. For example, Rosen et at.
experimentally obtained b values of 2.15 and 3.05 for the in-plane and through-plane
directions, respectively[41].

1.5 The gas diffusion layer
The GDL is a three-dimensional porous material composed of carbon fibers arranged in
different fashions. To avoid misunderstandings, we refer in this thesis to diffusion layers as
a bi-layer material composed of GDL and MPL. As in this work we will mostly discuss
and investigate GDLs, the reader should keep in mind that we are talking about a
mono-layer substrate of high porosity and large average pore size (10-40 m). As shown
in Figure 1.6, the GDL has attracted enormous attention from research in the last 15
years, with around 3500 publications up to date (~300 publication/year in the last 5
years) and a continuous growth, showing the key role that the material plays in the
success of PEFC technology. The next subsections discuss GDL functionalities,
commercially available GDL types and closes with the industrial production of GDLs.

Figure 1.6 – Cumulative number of publications concerning GDLs and MPLs since 1998.
Information obtained from Scopus, access date: 13.09.2016.

1.5.1 Functionalities
In this subsection the main functions provided by the GDLs will be described, together
with the corresponding required material properties:
-
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GDLs should distribute the reactant gases from the FFP channels towards the
CLs where the electrochemical reactions take place. To do so, a large open
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-

-

-

-

porosity and low tortuosity favor high values of effective diffusivity and effective
gas permeability. As previously described (section 1.4) these parameters are
strongly affected by the water content and its location.
Simultaneously, GDLs need to remove the liquid water produced by the
electrochemical reactions to avoid cell flooding and hinder gas transport. As
already mentioned, the water management is very complex and optimal
gas/liquid transport characteristics most probably cannot be provided by the
common materials. As a general rule, large porosity and hydrophobic internal
surfaces would favor water removal. However the transport of water is
determined by a complex interplay of various phenomena, including
evaporation/condensation, capillary transport and permeation through already
formed pathways.
They should conduct electrons from the CL (or MPL) to the FFP. Generally, this
is not regarded as a major issue since electrical conductivity of carbon fibers is
rather high (σ > 1000 S∙cm-1 [42]). However, the presence of hydrophobic
coatings which are electrical insulators can significantly impact GDL electrical
conductivity[43]. The contact resistance is an important issue to control in order
to efficiently transport the electrons. In this context, intimate contact between
layers (CL-MPL, CL-GDL, MPL-GDL and GDL-FFP) is crucial. The
compression strongly impacts the contact resistance and, logically, greater
compressions reduce the contact resistance[43, 44].
GDLs should also effectively conduct heat. Large amounts of heat are produced
by the electrochemical reactions at the CLs, which needs to be removed to
ensure operation at reasonable temperatures (i.e. 80°C). If a material is a good
electrical conductor, it will generally be a good thermal conductor. Such is the
case for GDLs and similar trends have been reported in the literature[45-47].
It provides mechanical support for the PEM and CL and cushions the different
compression cycles that can appear from cell building or due to expansion and
contraction of the membrane during the hydration cycles[48, 49].

1.5.2 Composition and types
Most of the literature published in the field of GDLs for PEFCs involves the use of
carbonaceous materials (i.e. carbon fibers) as skeleton of the GDL. Few reports have
been published investigating the use of metal meshes, sintered metals or foams and
some silicon based materials[50]. While these approaches are interesting and may inform
other important fields such as polymer electrolyte water electrolysis, it appears difficult
to overcome the advantages of carbon as a substrate, especially regarding stability,
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manufacturability and, most importantly, cost. The carbonaceous skeleton is often
coated with a hydrophobic polymer to increase water repellency and reduce flooding.
Polytetrafluoroethetylene (PTFE) is the most commonly used material (TEFLON®),
followed by fluoroethylenpropylene (FEP). Some manufacturers also include abundant
amounts of binders. Binders usually impart mechanical stability by “gluing” fibers
together, but they are also used to increase the electrical and thermal conductivity.
Figure 1.7 shows various examples of commercially available types of GDLs.

Figure 1.7 – SEM images of the following GDL materials: (a) Toray TGP-H-060 uncoated; (b)
SGL 24BA with ~5% PTFE; (c) Freudenberg H1410 uncoated; (d) Freudenberg H2315 I2C6
with ~10% PTFE; (e) Quintech cloth CC CC060; (f) Higher magnification of CC CC060
showing the carbon fibers orientation.

According to the way in which they are manufactured, commercially available GDLs
can be divided in two main groups: woven and non-woven materials. The former, also
referred to as carbon cloths, are typically prepared by weaving carbon or graphite fibers
(Figure 1.7.e and 1.7.f). Vendors of cloths include AvCarb® and Quintech[50]. The nonwoven substrates can be further divided into carbon papers and carbon felts. While
carbon papers are prepared from slurries, the processing of carbon felts involves the use
of felting machines allowing greater control over three-dimensional orientation of fibers.
Carbon papers are mostly chosen over felts for PEFCs applications, while felts are
extensively used in redox flow batteries. Toray Industries produces GDLs with rather
graphitized carbon fibers, low amounts of binder, high porosity (~80%) and rather
narrow pore size distribution (Figure 1.7.a). SGL Carbon Group sells various types of
carbon papers with a characteristic “flake-like” binder covering a notable fraction of the
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material, also large porosity (75-90%) and rather broad pore size distributions (Figure
1.7.b). Freudenberg commercializes GDLs which seem to be shaped as felts, even
though many reports found in literature categorized them as papers. While different
degrees are available, these GDLs feature flexibility, narrow pore size distribution and
small average pore diameter, as compared to the other substrates (Figure 1.7.c and
1.7.d). In this PhD work, carbon papers/felts purchased from these three suppliers have
been used. Other vendors of non-woven materials include Spectracorp and Avcarb®.

1.5.3 Industrial production
Few public reports have covered the details of industrial production of GDLs for
PEFCs. Very recently, SGL group has published a white paper[51], in which they
illustrate the different processing steps required to manufacture state-of-the-art
diffusion layers. As can be seen in Figure 1.8 the final MPL coating step is also included
in the process. Based on the aforementioned diagram and other information found in
books[52], we could list the main synthetic steps as follows:
(I) The starting point is the preparation of a precursor and the formation of precursor
fibers by extrusion. Generally polyacrylonitrile is the material of choice, but cellulose
fibers have also been used. It is important to mention that in the manufacturing of
cloths (and some felts) the precursor may already be shaped and woven from this very
first step. In most of the cases, the precursor is oxidized and carbonized as independent
filaments and post-processed.
(II) A series or thermal oxidative steps brings the material up to ~1 000°C to convert
them into a lower molecular weight form of the original precursor.
(III) Afterwards, fibers undergo a series of carbonization steps at higher temperatures
which lead to removal of the remaining hydrogen, nitrogen and oxygen atoms.
Carbonized fibers are chopped to the desired length. This step influences the final pore
size distribution.
(IV) When needed, the fibers are impregnated with a resin to bind the network and
improve the mechanical integrity of the substrate. A classical phenolic resin is
Bakelite®, but also polymeric binders are used.
(V) The slurry with carbonized fibers and binders is compacted and compressed to form
the paper. This step permits control of paper thickness, density and porosity.
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Figure 1.8 – Manufacturing process of SIGRACET carbon paper-type GDLs. Reproduced
from[51] with permission.

(VI) The already formed paper undergoes further treatment steps in order to cure the
binder, carbonize and, when desired, graphitize the remaining fibers. The graphitic
crystallinity is mainly determined by the type of precursor and the temperature and
keeps increasing up to 3 000°C. Generally, GDLs for PEFCs are treated at a
temperature range of 1 700-2 000°C.
(VII) The carbon paper is then coated with the hydrophobic polymer. This is done
using a water-based dispersion that contains small particles (~200 nm) of PTFE (or
FEP) and surfactants to ensure good distribution and complete wetting of the substrate.
A subsequent thermal treatment allows removing of the solvents and surfactant and
finally sintering the polymer. The concentration of solids in the dispersion as well as the
thermal treatment influence the final coating load and distribution.
(VIII) Further steps include the application of microporous layers or further treatments
to optimize GDLs properties. Our synthesis method to develop GDLs with patterned
wettability would involve the addition of some additional steps (irradiation, reaction and
cleaning) to be integrated at this point of the flow diagram. This will be discussed in
further detail in section 1.7.4.
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1.5.4 Costs
It stands to reason that GDL cost needs to be minimized to guarantee the success of
PEFCs technology. Some PEFCs components, such as catalysts layers and membranes,
are inherently expensive due to the use of precious metals, the scarcity of these metals
and complexity of the production process. GDLs are one of the PEFC component
made of abundant, cheap and easy to manufacture components, making possible a
lowering in the GDL cost thanks to the economy of scale. This is well represented in
Figure 1.9, where it can be seen that the proportional cost of GDLs represents 20% of
the stack cost if 1 000 units/year are produced, but drastically decreases to only 5% if
500 000 units/year would be produced. The degree of automatization by, for example,
creating continuous roll-to-roll lines would explain this decrease in relative cost.
If we assume an annual production rate of 500 000 units/year, then the likeliest
estimated GDL cost is 4.08 $∙m-2 [10]. This value will serve as basis for calculating the
expected additional cost due to the implementation of our technology (section 1.7.4).

Figure 1.9 – Breakdown of the estimated stack (80 kW) cost (year 2015) for two different
production rates: (a) 1 000 units/year; (b) 500 000 units/year. Adapted from Ref[10].

1.6 Optimized gas diffusion layers: a literature review
Over the last 15 years, many groups all over the world have studied the impact of
different GDLs on fuel cell performance and applied diverse treatments to improve the
water management. The main approaches will be described in the following paragraphs,
divided in whether they are based on modifications over the complete substrate or in
localized modifications.
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1.6.1 Improvements based on overall treatments
The presence of an optimal coating load (PTFE and FEP) has been reported for
different GDL materials[53-55]. The through-plane coating distribution as a function of
treatment conditions and its effect on performance have been investigated and it was
found that vacuum dried coating distributed more homogenously leading to a reduced
gas permeability[56-60]. The main disadvantage related to the “dipping” method to apply
the polymeric coating is the little control over formation of agglomerates. Ideally, a welldistributed thin hydrophobic coating should cover most of carbon fiber surfaces. In this
context, two recently developed approaches have been published. Thomas et al. used
electrochemical reduction of diazonium salts in liquid phase to produce thin layers of
hydrophobic molecules covalently bonded onto the carbon fiber surfaces. Using SGLs
materials, they demonstrated significant improvements of performance under high gas
relative humidity conditions[61]. Another approach has been published by Van Nguyen
et al. and is based on direct fluorination. In this method, fluorine gas at elevated
temperatures is flown throughout the GDLs and reacts with carbon surfaces to create a
diversity of molecules creating thereby hydrophobic surfaces[62, 63]. While the use of
these modified GDLs leads to performance improvements with respect to baseline
materials, they still do not provide optimized gas/liquid transport characteristics since
the water transport relies on stochastic microstructural features and coating
distributions. In order to engineer pre-designed preferential locations for the water and
gases to flow through, methods based on local modifications need to be used. A review
on the main published approaches is presented in the following subsection.

1.6.2 Improvements based on localized modifications
To the best of the author’s knowledge, the first published approach to channel water
within the GDL was made by Gerteisen et al. and followed by other groups[64-66]. The
authors perforated GDLs (using laser or mechanical methods) with different holes
diameter under the flow field channel areas. Logically, the creation of large “pores”
forces the water to flow preferentially through them. On top of that, it was
demonstrated that a higher oxygen content existed in the adjacent regions of the
perforations when a laser was used. Reduced mass transfer resistance was found under
some operating conditions; however, the method suffers from design limitations. While
the perforation approach is based on physically modifying the GDL microstructure,
other approaches are based on customizing the wettability at a local scale.
Utaka et al. presented a hybrid porous material composed of an arrangement of two
different porous media with different wettability[67-70]. Using an ex situ diffusivity rig, it
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was found that oxygen diffusivity was increased by using hybrid materials. Years later,
the same group proposed the use of locally coated (PTFE) GDLs. Again, oxygen
diffusivity was improved and the water was imaged using X-ray radiography showing a
not so clear segregation of the water between the two domains. While the potential of
these hybrid materials to improve gas transport was clearly demonstrated, the
production method offers limited design flexibility and presents difficulties to scalability.
Finally, a few additional technologies can be found in protected literature. Mekala et al.
patented a method to modify the external GDL surfaces using plasma to thereby create
oxygen-rich molecules[71]. Since plasma is a surface sensitive technique, it is expected
that these materials would have hydrophilic external surfaces but the inner surfaces
remain untreated. Another recent patent from SGL Carbon Group involves the addition
of solid oxide nanoparticles to the GDL to generate hydrophilic domains[72]. The main
concern is related to the lack of covalent bonds, which may impact long-term durability.

1.7 Our technology: electron radiation grafting of porous materials
While the synthetic method is explained in detail in Chapter 3, this section should serve
as an introduction to the technology invented within this project[73, 74]. The general
concept and main synthesis steps will be presented, followed by the advantages that this
approach offers with respect to previously reported methods and closing by some
comments on scalability potential and estimated costs.

1.7.1 The concept
As previously described (section 1.6.2) other approaches targeted the production of
GDLs having preferential pathways within the GDL for the liquid water to be
transported to the flow channels. The same fundamental idea is targeted with our
approach, as shown in Figure 1.10. If water is channeled through dedicated pathways
from CLs to FFP channels, then a greater fraction of GDL pores will be free of water
and gas transport will be favored. In conventional materials, the transport of water is
determined by an interconnected network of pores providing the lowest capillary
pressure (larger and less hydrophobic pores) which generally leads to tortuous and deadended pathways, consequently forcing the gases to travel longer distances. In other
words, the effective diffusivity and permeability of the gas are reduced and therefore
mass transport losses increase. The interplay between gas and liquid transport in stateof-the-art conventional materials is therefore un-optimized.
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Figure 1.10 - Illustration of the relation between the pathways for liquid water and for reactant
gases in porous GDLs. Left: in standard hydrophobic materials. Right: in the new proposed
material.

The originality of our approach relies on creating pathways for the water by locally
modifying the wettability of the material. This is done by copolymerizing a hydrophilic
monomer onto the hydrophobic GDL coating only in the desired regions. Since the
average pore diameter of GDLs used in this work is the range of 20-40 m, we defined
100 m as the minimum reasonable pattern width target.
A simple estimation illustrates the potential in terms of diffusivity increase by having
water confined to selected domains. Let us assume that 1/3 of the area is hydrophilic
and that the hydrophilic domains are fully saturated with water. The remaining
hydrophobic area (2/3) is empty. Using the following empirical relation for effective
diffusivity[41]:
𝐷𝑟𝑒𝑙 = (1 − 𝑠)2.15

( 1.36 )

and assuming that the water is homogenously distributed in a baseline material (s=0.33),
the improvement in diffusivity is:
(𝐷𝑟𝑒𝑙,𝑝𝑎𝑡𝑡𝑒𝑟𝑛𝑒𝑑 −𝐷𝑟𝑒𝑙,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 )
𝐷𝑟𝑒𝑙,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

100 = 60%

( 1.37 )

It should be borne in mind that this calculation contains a notable number of
assumptions, such as treatment of the problem as mono-dimensional and the complete
segregation of water on the hybrid GDL.

1.7.2 Synthetic steps
The main steps of the synthetic method are illustrated in Figure 1.11 and will be
enumerated here:
a) A hydrophobic coated GDL is used as starting point. This substrate could be
a current state-of-the-art commercially available substrate or a plain
carbonaceous substrate coated in-house when deemed necessary.
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b) The substrate is then irradiated with electrons using blocking masks. An
activated material is obtained which can be immediately subjected to the
further treatment step or stored at low temperatures (i.e. -80°C) to preserve
the radicals.
c) The activated material is brought into a solution containing a hydrophilic
monomer and heated to moderate temperature (e.g. 60°C) to initiate the
radical polymerization.
d) A final material is obtained with segregated hydrophilic and hydrophobic
domains.
A final cleaning step is often required to remove the unreacted monomer and
homopolymer formed during the reactions. Incomplete cleaning may lead to low quality
materials due to contaminated hydrophobic regions.

Figure 1.11 - Proposed synthesis method for the porous material with patterned wettability. (a):
Base porous material (hydrophobized). (b): Irradiation using a mask. (c): Locally irradiated base
material. (d): Impregnation with grafting solution. (e) Resulting material with patterned
wettability.

1.7.3 Advantages over previous approaches
The main advantages of GDLs with patterned wettability produced by the radiation
grafting method can be summarized as:
 There is full flexibility in the pattern design. By changing the blocking mask
openings, virtually any pattern can be created.
 The penetration depth of the electrons can be regulated by tuning the energy of
the electrons. For example, if only one of the layers of a bi-layer material, such as
GDL-MPL, needs to be modified, this could be done by selecting the
appropriate energy (Chapter 5).
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 The wettability can be tuned by selecting a suitable monomer system and
reactions conditions (concentration, solvents, temperature, reaction time, etc.).
 The mechanical, thermal and electrical properties should not be significantly
influenced since the carbonaceous skeleton remains unmodified.
 The synthetic method can be realistically scaled-up and integrated into a roll-toroll processing line, as discussed in the following section.

1.7.4 Scalability potential and additional cost
One of the main advantages of the proposed method is the scaling-up potential due to
the possibility of integrating the additional steps in a roll-to-roll process. Let us consider
the manufacturing process shown in Figure 1.8 leading to a state-of-the-art GDL. Since
the hydrophobic coating and, when required, MPLs have been already included at that
point, only three additional steps need to be incorporated in order to manufacture
GDLs with patterned wettability (Figure 1.12). An electron beam in the energy range of
100-400 keV needs to be integrated, together with a blocking mask (made of steel). A
liquid phase reactor containing a monomer solution in water or other solvent and
heated up to 50-70°C is also needed and some final cleaning steps. All these steps can
be implemented in a roll-to-roll process without significant modification of the current
cycle.

Figure 1.12 – Proposed manufacturing process. It can be considered a continuation of the
current state-of-the-art process shown in Figure 1.8.

An important point that should be considered is the additional GDL production cost
brought by the inclusion of these new processing steps. Let us assume that the
estimated GDL cost (4.08 $∙m-2) is exclusively due to material production costs. The
following assumptions are made in order to calculate the incremental cost:
 An electron beam needs to be purchased. They are rather common in industry
nowadays and could be acquired from COMET at an approximate cost of
350 000 $/unit. We assume that a 30 cm width GDL roll will be processed which
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matches the actual electron beam size. Electricity cost and maintenance are
neglected.
 The purchasing of the chemical reactor is another notable contribution to the
capital cost. It is important to mention here that the production rate will impact
the reactor design. For example, at the current estimated production rate, an
approximate of 1 m/min of GDL would be produced if operating 24/7.
Consequently, the reaction time and reactor design need to match such a
production rate. We will demonstrate in Chapter 4 that rather hydrophilic
materials can be obtained after only 10 minutes reaction time, which is the
reaction time assumed for this calculation. If the GDL substrate would be
conveyed throughout the reaction in a straight line, then a 10 meter long reactor
would be needed. Let us assume that a system of rolls can reduce the actual
reactor lengths by a factor of 4, leading to a reactor of 2.5 meter length. For the
reactor with the corresponding tubes for monomer recirculation, feeding and
nitrogen flow, we hypothesize a cost of 300 000 CHF, built in stainless steel.
This initial investment (capital costs of reactor and electron beam) will be
gradually amortized in 10 years.
 A fuel cell system production rate of 500 000 units/year is considered. If 80 kW
systems are built with a total active area of 8 m2, then a minimum production
rate of 4 000 000 m2/year is required. Let us assume that our production site
undertakes 5% of global GDL production, which lead to 200 000 m2/year.
 The most expensive part of the process regarding operational costs comes from
the monomers that need to be purchased and will be consumed during the
process and the nitrogen that needs to be flushed during reactions. If we assume
that the complete open volume (non-solid, = 0.7) needs to be filled with
monomer solution and a reuse coefficient capturing the fraction of monomer
that can be reutilized, then we can calculate the amount of monomer needed per
m2 of GDL. For the monomers used in this thesis, we have assumed a cost of
1.76 $/kg and 3.00 $/kg for acrylic acid (AA) and N-vinylformamide (NVF)[75,
76], respectively, and reuse coefficients of 0.6 and 0.9 due to larger homopolymer
formation in the case of acrylic acid. AA is used diluted in water down to 15%wt.
and NVF is used pure.
 The need of carrying out the grafting reaction under low oxygen concentrations
required the use of nitrogen flushing. It is difficult to predict the requires
nitrogen flow, since it depends on reactor volume, monomer recycling rate and
sealing capacity. To give some rough estimate, we assume that 10 Nm3/h are
needed with a cost of 0.5 $/Nm3 (based on data provided by COMET).
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 The heat needed to maintain the reactor temperature in the range of 50-70°C can
be obtained residually from any other step of the process, such as the
carbonization or graphitization ovens.
 The cleaning steps do not lead to a significant cost increase due to the low cost
of these solvents (commodities) and the possibility to reuse them.
The amortization of the capital costs (electron beam and reactor) would increase to 0.31
$/m2 during the first 10 years. The estimated operational costs are: monomer is 0.015
$/m2 for AA and 0.043 $/m2 for NVF and 0.21 $/m2 for nitrogen. In sum, the
additional cost to produce GDLs with patterned wettability during the first 10 years will
be 0.53 $/m2 if AA is used and monomer and 0.56 $/m2 if NVF is used, which
translates into an incremental increase of the GDL cost of ~13% and ~14%,
respectively. If the modification is used on the cathode side only, and assuming a power
density of 1 W/cm2 of active area, the incremental cost is in the order of 0.06 $/kW,
which is ~0.2% of the ultimate PEFC target cost during the amortization years.
A slight GDL cost increase would be justified if power density is significantly improved.
In some detail, if the PEFCs operates more efficiently thanks to an improved water
management, the price per kilowatt would decrease since the stack would require less
active area for a given output power. On top of that, some applications requiring high
power densities can benefit from the use of materials permitting operation at higher
current densities without flooding.

1.8 Scope of the work
The goal of the present work is to improve the complex liquid/gas transport in PEFCs.
To do so, novel porous materials with patterned wettability have been developed. This
development included the introduction of a new synthetic method based on radiation
grafting, the extensive characterization of the modified porous materials and the final
implementation of the optimized materials in fuel cell devices.
The radiation grafting method has been widely employed at the PSI Electrochemistry
Laboratory for the preparation of low cost proton conducting membranes for PEFCs[13,
The production of PEM is based on modification of thin flat (10-50 m) polymeric
films. In terms of chemical reactions, this work has focused on the translation of the
77].

radiation grafting method to thick porous (~200 m) materials. Concerning the
production of mask-assisted localized modifications, this work brings significant
learnings on the use of electrons to modify porous substrates and discusses the
influence of electron beam energy on the resolution through experiments and numerical
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simulations. After successfully producing the GDLs with patterned wettability they have
been tested using two main types of experiments: ex situ measurements to characterize
the capillary pressure characteristic and in situ performance evaluation with simultaneous
imaging to quantify the water distribution in operating cells.
The present thesis is built up as a combination of published (or submitted) peerreviewed articles and some newly written chapters. The following lines will summarize
the contents and structure of this PhD thesis. The first two chapters and Chapter 8 have
been newly written. Chapter 1 introduced and motivated the research on optimized gas
diffusion layers and provided the reader with the fundamental concepts that appear in
the following chapters. Chapter 2 contains a collection of the experimental techniques,
methods and details of numerical simulations used throughout this work. Chapter 3
describes the synthetic method in more detail and contains the initial proof-of-principle
demonstrating the potential of these novel materials to improve fuel cell performance.
Extensive synthetic details to translate from electron radiation grafting in flat systems to
porous media are given in Chapter 4. It also includes ex situ characterization of the
chemical properties and how they correlate with material wettability. The chapter closes
with a preliminary study on thermal degradation. Once a detailed understanding about
grafting in porous media and wettability is provided, Chapter 5 focuses on the
production of patterns using blocking masks. This chapter, of a more fundamental
nature, presents a combination of experiments and Monte Carlo simulations on electron
transport in solids and sheds light on the influence of electron energy in the pattern
resolution. Later, Chapter 6 presents a thorough experimental study based on capillary
pressure characterization of various modified materials. In this parametric study, the
influence of different material properties (substrate, coating load, pattern design and
chemistry) is elucidated by measuring water distribution with neutron radiography and
X-ray tomographic microscopy. After the understanding of liquid water transport in
modified GDLs, Chapter 7 focuses on in situ characterization of PEFCs containing
GDLs with patterned wettability. The impact of using microporous layers, and of
different operating temperatures and relative humidities are studied, while water
distribution is simultaneously imaged using neutron radiography. Finally, Chapter 8
contains conclusion and suggestions for future work.
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Chapter 2. Methods and experimental techniques
This chapter presents the collection of experimental techniques and methods used
in this PhD thesis. It starts by describing the substrate materials evaluated and the
experimental procedures used to synthetize the modified samples. Further, the ex situ
characterization techniques used to quantify chemical composition and wettability are
presented, with a particular emphasis on imbibition dynamics. Later, the capillary
pressure setup developed during this work and the operando testing station and
diagnostics are described. Most of these experiments were performed with simultaneous
neutron imaging of the cells. The image processing part is discussed in a follow-up
subsection and the chapter closes by briefly presenting the numerical simulation work
done in the frame of this dissertation.
Most of the information presented in this chapter can also found in the
experimental sections of the respective following chapters. However, the objective of
this chapter is to provide a compact collection of methodological descriptions that
allows the reader to find the desired information efficiently.
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2.1 Material synthesis
This section comprehensively describes the production of modified materials, mainly
polymer films and GDLs, from the precursor plain substrates to the final cleaning
procedure.

2.1.1 Substrate materials
While the final goal of this work is to produce GDLs with patterned wettability, other
materials, such as polymer films and porous PTFE have been used as model substrates
to evaluate the wettability changes on systems which are easier to understand. They are
described in the following paragraphs.
2.1.1.1 Polymer films
Due to the complex nature of GDLs – heterogeneity and three-dimensional structure –
the assessment of wettability and chemical composition is not straightforward. For that
reason, flat polymer films were used as model systems representing the polymeric
coating of GDLs. The flat nature of the system and its homogeneity makes the analysis
much easier and fast characterization techniques can be applied to quantify the
wettability and grafting yield. The following two polymers were tested:
-

Polytetrafluoroethylene (PTFE) rolled foils (25 m thick) were purchased from
Ulraplast GmbH (Türkheim, Germany).

-

Fluoroethylene propylene (FEP) rolled foils (25 m thick) were purchased from
DuPont® (TEFLON® FEP 100).

Samples of 16 cm x 14 cm were punched, rinsed with abundant ethanol to remove
contaminants, dried under vacuum and packaged into zip-lock bags before irradiation.
Some preliminary tests showed that the grafting kinetics (at a given monomer
concentration, temperature and dose) were significantly faster using the FEP system.
Moreover, the resistance to ionizing radiation of FEP is superior to that of PTFE [78],
which becomes brittle at doses as low as 7.0 kGy (elongation at break drastically
decreases). A better resistance is offered by FEP, with elongations at break around
200% after 12.0 kGy irradiation in air atmosphere.
Additionally to the aforementioned advantages, FEP is slightly more hydrophobic than
PTFE and the sintering temperature is lower (~267°C for FEP and ~340°C for PTFE).
For all these reasons, we have chosen FEP as the polymer for coating the GDLs and for
performing parametric studies on flat films (Chapter 4).
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2.1.1.2 Gas diffusion layers
Different types of GDLs have been used in this project. As a pivotal base material, we
used Toray carbon paper due to its fairly narrow pore size distribution and the low
fraction of carbon fiber coverage with binder. The initial idea was to have a rather
uncovered substrate material in which the FEP coating could effectively cover fiber
surfaces and be subsequently grafted – the presence of binder, like in SGL materials,
complicates the analysis. Table 2.1 summarizes the GDL materials used in this thesis,
alongside with their main properties:

Table 2.1 – Collection of GDL and MPL materials used in this work.

Supplier

Grade

Type

Porosity [%]

Thickness [m]

Toray

TGP-H-060

GDL

78

190

SGL

24 AA

GDL

88

190

Freudenberg

H2315

GDL

75

210

Gore

MP30Z

MPL

-

50

The studies reported in Chapter 4 and 5 were done using exclusively Toray TGP-H-060
coated in-house with FEP. The studies presented in Chapter 6 include a comparison of
different types of GDLs (SGL, Toray and Freudenberg) and Chapter 7 is based on
Toray materials with self-standing MPLs.

Figure 2.1 – Scanning electron micrographs of different GDL cross-sections: SGL, Toray and
Freudenberg. The resin method was used for the preparation of the cross-sections.

The water transport in GDLs depends on the surface properties (i.e. wettability) and
microstructure of the substrate. That is the reason why different types of GDLs have
been used. Freudenberg materials have the narrowest pore size distribution and smaller
average pore diameter, followed by Toray. SGL substrates present a bimodal pore size
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distribution (due to the presence of abundant binder) with a rather broad behavior. The
cross-sections prepared with epoxy resin shown in Figure 2.1 illustrate this well.
2.1.1.3 Porous PTFE
In Section 2.3.4, the characterization of intrinsic (or internal) wettability will be
discussed in the light of the Washburn theory. This method is based on measuring
imbibition dynamics, i.e. the speed of liquid ascent inside a porous medium. In order to
evaluate the adequacy of the method, we decided to use homogeneous porous materials
with different pore sizes. Porous PTFE was obtained from POREX (Aachen,
Germany). The different grades of “POREX® Microporous PTFE” and their main
properties are listed in Table 2.2.
Table 2.2 – Collection of porous PTFE materials used in this work and main properties. All
samples are 1 mm thick.

Grade

Pore size

Porosity
[%]

Water intrusion
pressure [mbar]

40-45

410-690

PM0510

[m]
4-7

PM1010

7-14

45-50

210-590

PM2010

15-25

50-60

140-350

PM5010

40-75

55-60

7-140

2.1.2 Coating procedure
2.1.2.1 Dispersions used
As already mentioned, FEP was the polymer of choice for coating the GDL. However,
PTFE was also tested in our preliminary experiments. In both cases, water-based
dispersions of polymer particles were used. These dispersions are composed of: solid
polymer particles, a non-ionic stabilizer and solvent (composed of water, ethanol and
some additives to adjust the pH, such as ammonium hydroxide). The following two
dispersions were used in this project:
-

-

TeflonTM PTFE DISP 30, purchased from DuPont®, has a solid content of
60%wt., a surfactant content of 6%wt. and an average particle diameter of 0.22
m.
TeflonTM FEPD 121, purchased from DuPont®, has a solid content of 55%wt.,
a surfactant content of 5.5%wt. and an average particle diameter of 0.18 m.
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2.1.2.2 Application of the coating
As shortly mentioned in Chapter 1, the coating was applied following the “dipping”
method. The main steps of the method are:
1. The porous substrate was immersed into the dispersion, which can be used as
received or diluted with water to the desired concentration. A certain time should
be allowed for the complete impregnation of the dispersion. In this work, the
samples were impregnated for 1 minute.
2. The impregnated substrate was brought to three different temperatures in order
to: first, evaporate the solvent; second; evaporate the surfactant; and third, sinter
the polymer. The programmed temperature profile and the actual measured
temperature are shown in Figure 2.2. The first step could be done under
atmospheric pressure or vacuum. Some groups reported that a more
homogeneous distribution of the coating (through-plane) was obtained by using
vacuum[79-81]. However, we did not find a significant effect and therefore worked
under atmospheric pressure.

Figure 2.2 – Comparison between programmed temperature profile and measured values in
two locations of the oven (Toven,1 and Toven,2).

2.1.3 Blocking masks
Blocking masks are needed to selectively stop the radiation and “guide” the electrons to
activate the desired regions. The masks used in this work were manufactured by cutting
the desired shapes out of stainless steel (316L) plates (Figure 2.3). Depending on the
opening width requirements, two technologies were used for the mask manufacturing:
-

Conventional waterjet cutting was performed at Waterjet AG (Aarwangen,
Swizerland) and allowed for the preparation of rectangular slits of down to
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-

250 m width in 2 mm thick stainless steel. It is a cold cutting process in which
pressurized water (up to 6 000 bar) is accelerated to a velocity of around
1 000 m∙s-1 to cut a variety of materials[82].
Laser micro-jet cutting was performed at Synova S.A. (Ecublens, Swizerland).
This technique is based on a combination of water jet and a laser, where the
water jet guides the laser by internal reflections[83]. Using this technology, 100
m wide slits were cut into 2 mm thick stainless steel, which was not possible
with the previous technology. The manufacturing of 100 m slits spaced by less
than 1 mm was not possible in 2 mm thick steel due to thermal effects leading to
material bending. When the mask thickness was reduced to 0.5 mm, this problem
disappeared and narrower separation was possible.

Figure 2.3 – Optical micrographs of two masks prepared with different procedures: (a) using a
pressurized water jet; (b) using a combination of laser and water jet.

Several masks were manufactured in the frame of this project and were used for
preparing materials with different pattern designs. The specific mask design and
opening-spacing parameters will be described in the corresponding chapters.

2.1.4 Electron beam sources
Two different electron beams were used in this project. Apart from geometrical and
structural details, they notably differ in the energy range. While extensive details can be
found in Chapter 5, a brief description is provided here:
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-

-

Medium-energy range: an EBLab 200 sealed laboratory emitter system from
Comet AG (Flamatt, Switzerland) was used at the Fachhochschule
Nordwestschweiz (FHNW, Windisch, Switzerland) for these experiments. An
acceleration voltage in the range of 80-200 keV (Chapter 5) was used. Samples
and masks were placed on frame-like holders sealed by using a combination of
polyethylenteraphtalate (PET) foil and an O-ring. This was done in order to
minimize contamination from potential decomposition products. Samples were
beamed under nitrogen (<200 ppm oxygen) with a conveyor speed of 12 m∙min -1
and a nominal air gap of 10 mm.
High-energy range: a linear accelerator was used at LEONI Studer (Däniken,
Swizerland) with a variable electron energy range of 1.05-2.35 MeV. The samples
and masks were placed on top of metallic trays which convey the samples
through the concrete shielded irradiation chamber.

Preliminary studies were performed in order to find the optimal dose. The experiments
described in this thesis, if not otherwise stated, were carried out using a dose of 50 kGy.
In both cases, polyethylene (PE) was placed between the samples and the holders to
minimize backscattering (see Chapter 5 for more details).

2.1.5 Grafting reaction
The present subsection discusses the grafting polymerization reaction steps, the reactors
used and also includes a collection of the chemicals employed for such a purpose.
2.1.5.1 Preparation steps
The main steps can be summarized as:
1. Sample and monomer solution were placed in the reactor.
2. Nitrogen was bubbled through the solution during 60 minutes to remove the
oxygen (8 NL∙min-1).
3. The reactor was sealed.
4. The reactor was placed in a temperature regulated bath (50-70°C) and the
reaction started.
5. When reaction time was completed, the reactors were taken out from the baths
and quickly cooled down and opened.
6. Samples were cleaned according to specific procedures (explained in 2.1.6).
This is the standard sequence we used when grafting on films and on GDLs with the
NVF monomer. In case of grafting GDLs with AA, a special reactor providing vacuum
was used to ensure that the monomer solution penetrates into the internal porosity.
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2.1.5.2 Reactors
For a successful grafting reaction to take place, the chemical reactors need to provide
the following functionalities:
-

Having lines and distributors allowing for preliminary nitrogen bubbling in order
to remove the oxygen.
Being sealed and tight to avoid oxygen contamination during reaction.
Provide efficient heat transport between reactor body material and monomer
solution to equilibrate the temperature rapidly.
Accommodate the given materials without risk of breaking.

Figure 2.4 – Photographs of the reactors used in this work: (a) basic glass reactor; (b)
reinforced glass reactor; (c) cylindrical reactor under vacuum; (d) large steel reactor.

In this context and depending on the sample type and size, various reactors were used
(Figure 2.4):
-

-

-
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The standard reactor is typically used for the production of proton conducting
membranes (shown in Figure 2.4.a). This reactor, made in glass and PTFE, has
an approximate volume of 60 mL and was used for small foil samples (8 cm x 6
cm) and for small GDLs (5 cm x 1.5 cm) when vacuum is not needed.
For the case of larger samples, when there was a need of being able to see the
inside (for example, to check for the absence of bubbles), a larger glass reactor
was used (Figure 2.4.b). This reactor was purchased from Büchi AG (Uster,
Swizerland) and permits carrying out reactions in an absolute pressure range of
0-8 bar.
When vacuum was required, as for the grafting of GDLs with an aqueous
solution of acrylic acid, a dedicated reactor system was built using steel and glass
parts (Figure 2.4.c). Extensive detail about the reaction design and operation are
given in Chapter 4 (Section 4.3.7). The reactor has a volume of around 40 mL
and GDL samples of 5 cm x 1.5 cm can be effectively grafted.
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-

When much larger samples were needed, a rectangular, narrow steel reactor was
used (Figure 2.4.d). It has a volume of around 600 mL and a sample size of 16
cm x 20 cm can be accommodated. Reinforcements were made in order to be
able to operate the reactor under vacuum.
2.1.5.3 Monomers

Two monomers were extensively used for the present studies: acrylic acid (AA) and Nvinylformamide (NVF). AA (Sigma Aldrich) had a purity of 99% and contains 180200 ppm of 4-Methoxyphenol (MEHQ) as inhibitor. The monomer was used as
received and diluted in ultrapure water down to the desired concentration. NVF (Sigma
Aldrich) had a purity of 98% and contained 22-55 ppm 4-hydroxy-TEMPO as stabilizer.
NVF was used as received and diluted in ultrapure water when required. In preliminary
experiments, NVF purchased from Tokio Chemical Industries and was tested as
received and after distillation under vacuum to remove the stabilizer. While the
purification process resulted in significantly improved grafting kinetics, the overall
reaction rate was too low compared to that of the NVF acquired from Sigma Aldrich.
For this reason, only NVF purchased at Sigma Aldrich was used. Chapter 4 contains a
parametric study of grafting kinetics and effect of monomer concentrations for both
AA and NVF monomers.

2.1.6 Cleaning procedure
The cleaning was found to be a key step for the production of high quality GDLs with
patterned wettability. As shown in Figure 2.5, a vacuumed filter station was used to
force the solvent to flow through the GDLs. This was done in order to promote a
convective flow that could more effectively remove contaminants. When the sample
was merely immersed in the solvents for several hours, the samples remained uncleaned,
especially in the case of acrylic acid. In other words, the supposedly hydrophobic
regions appear partially hydrophilic due to homopolymer (or unreacted monomer) still
trapped in the material.

Figure 2.5 – Illustration of the cleaning procedure using vacuum.
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A sequence of three solvents was used: ethanol, isopropanol and finally water.
Approximately 300 mL of each solvent were used per sample. The solvents were reused several times before disposal.

2.2 Ex situ characterization of physicochemical properties
This section describes the collection of analytical techniques used for the
characterization of chemical composition and physical properties of the modified
materials.

2.2.1 Gravimetric method
In the case where the mass increase due to the grafting polymerization reaction is
sufficiently large, the gravimetric method can be used. It is simply based on measuring
the difference in weight between the original polymer (m0) and the final copolymer (mF),
according to the following formula:
𝐷𝐺 (%) =

𝑚𝐹 −𝑚0
𝑚0

100

( 2.1 )

This method was successfully applied to polymer films, but not to GDLs. The change in
weight on modified GDLs was too low to provide DG values with a sufficient accuracy.

2.2.2 Infrared spectroscopy
In order to obtain information about the chemical bonds present in the modified
samples and to compare the composition through the bulk and at the surface of the
material, Fourier transform infrared spectroscopy (FTIR) was performed in both transmission
and attenuated total reflection (ATR) modes (Figure 2.6). The FTIR measurements were
exclusively performed on polymer films.
A Vertex 70v FTIR spectrophotometer (Bruker) was used. Spectra were acquired under
vacuum at 4 cm-1 resolution between 400 and 4000 cm-1. A horizontal ATR accessory ZnSe crystal at 45° angle of incidence- was used for the complementary measurements.
The OPUS software was used for baseline subtraction. Extensive details of the peak
identification, integration, normalization procedure and final quantification can be
found in Chapter 4.
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Figure 2.6 – Illustration showing the difference between infrared spectroscopy performed in
transmission (a) and ATR (b) modes.

2.2.3 X-ray photoelectron spectroscopy (XPS)
Since FTIR could not be performed on modified GDLs due to the excessive absorption
of the substrates, another method was chosen for measuring the bond vibration signals
on the GDL coating. XPS was performed on baseline and modified GDLs with both
AA and NVF systems, and allowed successfully identifying the expected bonds due to
grafting onto the coating.
XPS measurements were carried out with a VG ESCALAB 200iXL spectrometer
(Thermo Fischer Scientific) using monochromatic AlK X-ray radiation (1486.6 eV)
with a beam size of ~500 m2, which we assume is large enough to provide reliable
average information. The spectrometer was calibrated using the Ag 3d 5/2 peak at the
binding energy (BE) 368.3 eV. The pressure in the analysis chamber was about 2x10 -9
mbarabs. The spectra were recorded in constant analyzer energy mode at a pass energy of
30 eV. The BE normalization was done based on the C-C (GDL) peak at 284.5 eV.

2.2.4 Energy dispersive X-ray spectroscopy (EDX)
EDX was used to quantify the elemental composition of baseline materials and
modified GDLs. A compatible accessory (EDX TSL, AMETEK) was implemented into
a scanning electron FE-SEM Ultra 55 microscope (Carl Zeiss, Oberkochen, Germany).
If otherwise not stated, a voltage of 8 keV, an aperture of 60 m and a gun-to-sample
distance of ~9 mm were used. EDX was used mainly in two modalities: to obtain
average elemental composition of a given sample spot (Chapter 4) or to obtain
elemental mappings (Chapters 3, 5 and 6). With regard to the latter, it was applied to the
study of two different distributions benefiting from the acquisition of local chemical
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information: the hydrophilic patterns onto GDL surfaces and the FEP coating
distribution over the through-plane direction.
2.2.4.1 Elemental mappings: hydrophilic patterns
Extensive work has been performed in the frame of this PhD thesis to obtain
quantitative information out of elemental EDX mappings for the characterization of the
hydrophilic patterns. We systematically tested various parameters for map acquisition,
such as electron energy, resolution and number of frames. While more information on
image processing and extraction of quantitative data is provided in the following
chapters (in particular in Chapter 5), we concluded that the selection of 512 x 400 px
and 64 frames for obtaining the mappings was a good trade-off between acquisition
time (~51 min) and image quality.
2.2.4.2 Elemental mappings: coating distribution
The basic idea of this measurement is to identify coating locations by mapping the
fluorine signal (which is only present in the hydrophobic coating). We did so in order to
find a valid coating procedure (thermal treatments) that provides well-distributed
coating and notably-covered carbon fibers. An example of these mappings can be found
in Chapter 3 (Section 3.3). Due to the mechanical properties of the GDL and the
presence of numerous fibers oriented in different directions, the preparation of clean
cross-sections was a challenging task.

Figure 2.7 – SEM micrographs of GDLs cross-sections prepared using different techniques:
(a) manual cutting using knife; (b) ion beam gun; (c) cryo-microtome; (d) epoxy resin
impregnation and mechanical polishing.
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We tested different techniques, as shown in Figure 2.7, and concluded that the resin
impregnation method followed by polishing with small size grain led to the best results
in terms of accurate identification of coating locations; however longer preparation
times were required. This is also the case for cross sections prepared using cryomicrotome. The use of ion beams provided smooth surfaces but seems to be an invasive
technique. In other words, the atoms removed by the beam may relocate to different
positions leading to a totally different structure. For qualitative results and fast
comparison, manual cutting with a knife of previously frozen GDLs (with liquid
nitrogen) can be used, but quantitative results are challenging to obtain and depend
notably on the quality of the cut.

2.3 Characterization of wetting properties
During this PhD work, a particular focus was put on understanding and quantifying
wettability. For that reason, we dedicate a complete section to the various
characterization techniques that have been used and adapted for this purpose.

2.3.1 Static contact angle
When a liquid droplet is placed on top of a substrate – the so called sessile drop
measurement –, there are two possibilities: (1) the droplet quickly finds a static shape and
stays on the surface or (2) in the case of a porous substrate, the droplet can be wicked
(totally or partially) by the solid. It is assumed that, in the time frame of these events,
evaporation is negligible, which is a realistic approximation if the droplet is not too
small and volatile liquids such as hexane are avoided.

Figure 2.8 – Examples of static contact angle measurements (hydrophilic and hydrophobic) on
flat films and porous GDLs.
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As described in the previous chapter (Figure 1.4.3), if a non-porous, flat surface is used,
the interpretation of wettability and contact angle is straightforward. In this work, static
contact angles were measured for flat films and for GDLs. In the case of GDLs, the
observed contact angle is a characteristic affected by both the surface properties
(intrinsic contact angle) and the material microstructure, and the result of the sessile
drop measurement is referred to as “apparent contact angle” (Chapter 4).
An in-house built contact angle goniometer was used for these measurements (Figure
2.8). It essentially consists of a flat movable surface to hold the sample, controllable
light, volumetric equipment to accurately place the droplets and a camera (Conrad
Digitale Mikroskopkamera USB 9 Mio. Pixel). The droplet volume was 2 L is every
case and, at least, 5 droplets were measured per sample. The extraction of the contact
angles (on both sides) was performed using the ImageJ software.

2.3.2 Sorption dynamics
When GDLs were treated under certain conditions rendering them highly hydrophilic,
the solid spontaneously wicks the liquid and the final state does not allow distinguishing
the characteristics of different samples. In this case, the sorption dynamics (see Figure
2.9) were used as an additional characterization method.
For this purpose we used a commercial goniometer (OCA 25 Dataphysics) equipped
with a CCD camera with higher framerate (34.5 fps). Again, a droplet volume of 2 L
was used in every case and different GDLs were compared under the same conditions.
At least 4 repetitions per sample were taken. The image processing was done with a
commercial software (SCA 20, Dataphysics) using ellipsoidal fitting to extract valuable
droplet parameters (contact angle, volume, height, etc).

Figure 2.9 – Illustration of a droplet being wicked by a porous substrate

In this particular work, we used the droplet volume, V(t), as a parameter to calculate the
absorbed volume over time. More details are given in Chapter 4.
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2.3.3 Internal contact angle: the Washburn method
2.3.3.1 Fundamentals
As discussed in the previous chapter, the internal contact angle is the variable impacting
capillary pressure and consequently water transport. For that reason it is important to
obtain information about the wettability of internal pore walls. One possible method is
based on measuring the liquid imbibition dynamics, which depend on both pore size
and internal contact angle, with the so called Washburn method. The parameters are
obtained by fitting model variables to the experimental data. Two approaches are
possible: either a measurement of the mass gain[84-86] (experimentally more complex) or
the height over time[87]. The internal wettability in GDLs can be seen as a complex
phenomenon due to the presence of several media (carbon fibers, coating and binder);
however, the use of a statistical average internal contact angle has been proposed[84].
A complete energy balance[87] was considered and terms related to inertia and frictions
were found to be negligible. Therefore, the capillary pressure term equals the sum of the
viscous forces and the gravitational effects:
𝑑ℎ
𝑑𝑡

=

2
𝑅𝑃

8𝜇ℎ

2𝛾𝑙𝑣 𝑐𝑜𝑠 𝜃𝑖𝑛𝑡

(

𝑅𝑝

− 𝜌𝑔ℎ)

( 2.2 )

where h(t) is the height of the liquid filled region,  is the density,  is the dynamic
viscosity, 𝛾𝑙𝑣 is the surface tension of the liquid-vapor interface, and RP is a parameter
describing an average pore size. The method is easily applicable to hydrophilic samples
where the water rises, yet it presents practical limitations when hydrophobic materials
(like usual GDLs) are tested. To solve this issue, the Owens-Wendt method can be
implemented. This method is based use of different solvents with lower surface tension
that spontaneously imbibe the substrate to the extrapolate the value of internal contact
angle for water[88].
2.3.3.2 Experimental setup and image processing
A schematic of the setup built for the characterization of imbibition dynamics is shown
in Figure 2.10. Five samples were sandwiched between two Plexiglas plates covered with
magnetic tape. A parallel arrangement of the samples was assured by using a positioning
tool. After that, the samples holder was introduced into the glass container which was
closed with an aluminum lid and sealed with a paraffin film. A thermocouple and the
needle of the syringe for liquid injection were passing through drilled holes into the
chamber. Approximately 15 mL of the solvent were initially delivered to the system to
allow for saturation of the vapor phase with the solvent (evaporation from the GDL can
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be an important issue). A time of 20 min was found to be enough to saturate the
chamber. The solvent was pumped in with a syringe pump (BS-300, Braintree Scientific
Inc.) at a rate of 6.0 mL/min and a video was recorded at 15 frames/s (DigiMicro Profi
200.5) and 512 x 468 px. The camera was elevated with respect to the interface plane
between sample and solvent (defining a certain angle) in order to avoid the disturbance
brought about by the meniscus established between glass container and solvent. After
the identification of the inhibition point (clearly visible by the formation of a meniscus
GDL-solvent) the pump was stopped.
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Figure 2.10 - Schematic of the Washburn setup and its components: (1) Programmable syringe
pump; (2) Samples container; (3) Samples holder; (4) Digital Microscope Camera; (5) White
light; (6) Computer for data acquisition.

The image processing (Figure 2.11) was performed as follows: first, each image was
converted to grayscale and divided by an average “dry background” image
corresponding to the average of 20 images before the start of imbibition, in order to
improve the contrast between dry and saturated GDL. Then the solvent height in pixels
was extracted automatically for each image and each sample using an in-house software
written as an ImageJ plugin. Finally, the pixel size was converted to a height in cm
taking into account the effect of the camera angle.
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Figure 2.11 – Original images “as recorded” before imbibition starts (a) and after 5.67 seconds
(b). Normalized images before imbibition starts (c) and after 5.67 seconds (d).

2.3.3.3 Selection of results
A detailed presentation of results and learnings obtained with the Washburn method is
not meant to be given here. However, a summary of the most representative results is
provided. Initially, we compared imbibition dynamics of four different grades of porous
PTFE. In this case, the internal contact angle can be assumed to be the same for every
case since the material is purely composed of PTFE. That being said, the microstructure
is the only parameter that varies between samples, in particular the average pore
diameter. The observed trends (Figure 2.12.a) are as expected: smaller pores lead to
slower liquid rising rate.

Figure 2.12 – Washburn curves for porous PTFE substrates with increasing average pore
diameter. (a) Plain materials; (b) grafted PTFE substrates. Hexane was the liquid used.
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The very same materials measured in Figure 2.12.a were then grafted with acrylic acid
(PTFE-g-pAA) and significantly faster imbibition dynamics were obtained, as logically
expected (Figure 2.12.b). In this case, the contact angle has been decreased thanks to the
formation of a hydrophilic copolymer. If the microstructure would remain exactly the
same (i.e. very thin grafting only leading to modifications in the nm range), then the
changes in the curves would only be due to the variation in internal wettability. This is
however very unlikely since we could visually identify notable structural variations in the
modified porous PTFE.
The case of a real GDL material is much more complicated due to the presence of
different surfaces (carbon, coating and, for some samples, binder). We present here the
case of a Toray TGP-H-060 coated with 70%wt. FEP and subsequently grafted with
NVF, analyzed using hexane and water. Hexane was used for characterization purposes
since it can be assumed that the solvent fully wets (contact angle of 0°) the surfaces of
the GDL due to its low surface tension. The value of contact angle being known, the
other parameter (pore size) can be extracted. Afterwards, imbibition dynamics were
measured using water as liquid (Figure 2.13) and, using the RP extracted from the
previous experiment, the intrinsic contact angle was calculated. In this case a value of
76° was obtained. It is worth mentioning that this obtained value is probably
underestimated. One of the method’s flaws is to assume that the effective RP is the same
for both liquids. In the case of water, there is probably a fraction of the pore walls
which remains uncovered, resulting in a lower dynamics and thus a higher contact angle.

Figure 2.13 - Washburn curves of Toray 70% FEP grafted with N-vynilformamide, measured
with hexane and water (dots) and the corresponding fitted theoretical Washburn curves (lines).
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2.3.3.4 Conclusions
In conclusion, the Washburn method presents several limitations to obtain quantitative
results for hydrophobic GDLs which restricted its utilization. Although a more detailed
explanation can be found in our previous work[89], the main limitations were identified
when the fitting of model parameters to experimental data led to no solution (cosint>1)
for some materials (uncoated GDLs when hexane was chosen as reference), using
ethanol and acetone as a liquid. This is contradictory with previous literature[84, 87, 90]
which reported cosint<1 in every case when measuring with these liquids. Different
reasons could contribute to these differences:
- The experimental error implicit in the measurements could explain that, since
there is a high sensibility of the parameter RP.
- Both parameters RP and cosintcompensate each other, therefore the iterative
calculation has not a unique solution. Some groups fitted the equation by
iterating both parameters, however nothing was said about the values of RP;
others[90] estimated the RP (or Washburn constant) and then only resolve for the
contact angle (this work’s approach).
- The assumption that the complex pore structure of the GDL is equivalent to a
parallel capillary tube and that the liquid pore volume is saturated may be not
accurate enough. The parameter RP is not assumed to be consistent with the real
pore radius, but rather the hydraulic radius[91]. Depending on the liquid’s surface
tension, viscosity and density, a liquid could rise up in pores that are not
accessible for other liquids.
- The concept of “statistical average contact angle” should be handled with care.
Possibly the liquid wets only (or preferentially) the GDL component with the
higher surface tension which better interacts chemically with the solvent.
That being said, the Washburn method provides a fast and valuable semi-quantitative
characterization technique for hydrophilic samples, which spontaneously imbibe liquid
water.
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2.4 Characterization based on saturation vs. capillary pressure
A section of Chapter 3 and the complete Chapter 6 will focus on ex situ characterization
of modified GDLs based on their saturation versus capillary pressure characteristic. A setup
was specifically built for this purpose, which will be extensively described in Chapter 6.
A few remarks are provided in the following paragraphs.

2.4.1 Fundamentals
As described in the previous chapter, the gradient in capillary pressure is one of the
main driving forces for liquid water transport in PEFCs. It is therefore relevant to
measure the capillary pressure characteristic of different materials using an ex situ
experiment for two reasons: (1) to find candidates among modified materials to be
tested in operando cells; and (2) to fundamentally understand the influence that various
material parameters have on the liquid water capillary transport. The method we have
chosen to characterize the GDLs is based in the Method of Standard Porosimetry (MSP)[92]
which was initially adapted to GDLs by Gostick et al.[93].

Figure 2.14 – Simplified sketches showing the main components of a capillary pressure
characterization test rig. (a) The traditional test rig; (b) setup developed in this PhD thesis.

The general idea is depicted in Figure 2.14. In the traditional test rig, the water is
injected uniformly from the bottom interface through a hydrophilic membrane placed
underneath the porous material of interest (GDL in this case). When the pressure of the
liquid, PL, is increased the open space of the porous material increasingly fills with
water. When an interconnected network of pores spanning the thickness of the material
is filled with water, it is said that breakthrough occurs. The capillary pressure, PC, at
which this occurs, is referred to as breakthrough capillary pressure in the GDL literature. In
an operando cell, once this point is reached, water should preferentially flow through
this “low-resistance” pathways. In the MSP, however, a hydrophobic membrane (with
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small pores) is placed on top of the porous material thereby setting a very high capillary
pressure barrier for the water to go through. In consequence, the liquid is forced to
completely saturate the sample before actually being able to penetrate the pores of the
hydrophobic membrane. This guarantees complete saturation.
The pressure of the gas, PG, is monitored at any time and the capillary pressure is
calculated as:
𝑃𝐶 = 𝑃𝐺 − 𝑃𝐿

( 2.3 )

At a given PC the saturation needs to be assessed. Many approaches reported in the
literature rely on the measurement of weight change to calculate saturation as the
difference between dry and wet sample. In our case, we did simultaneous imaging
(neutron radiography or synchrotron X-ray tomographic microscopy) to quantify the
saturation locally. Since we are especially interested in how the water redistributes on the
porous material, imaging methods are required in this case. The liquid saturation, sL, can
be calculated as:
𝑠𝐿 =

𝑉𝐿
𝑉𝑣𝑜𝑖𝑑

=

𝑡𝐿
𝑡𝑣𝑜𝑖𝑑

( 2.4 )

where VL is the volume of liquid in the pores, Vvoid is the volume of void generally filled
with air or a mixture of air and vapor, tL is the thickness of liquid and tvoid is the
thickness of void, calculated as:
𝑡𝑣𝑜𝑖𝑑 =

𝑉𝑡𝑜𝑡
𝐴

𝜀

( 2.5 )

where Vtot is the total GDL volume for a given area, A, of material and  is the porosity
defined as:
𝜀=

𝑉𝑣𝑜𝑖𝑑
𝑉𝑡𝑜𝑡

( 2.6 )

The representation of saturation versus capillary pressure results in the so-called
capillary pressure or sL-vs-PC curves. While traditional measurements reported
characteristics of homogeneously treated materials and therefore extracted average
information over the complete sample area, we systematically differentiated the
hydrophilic and hydrophobic regions in our analysis as two separate domains inside the
same material. An example of this approach is presented in Figure 2.15.
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Figure 2.15 – Capillary pressure curves differentiating between hydrophilic and hydrophobic
domains.

2.4.2 The setups
Two different setups have been used to obtain sL-vs-PC curves. The main part of the
setup is schematically shown in Figure 2.14. The two setups differ as follows:
-
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The homogeneous injection setup was developed by Lamibrac et al.[26] and
includes the use of a hydrophilic membrane and liquid distributors to ensure that
water is homogeneously injected through the complete bottom interface. The
circular sample size is around 6 mm in diameter. In this case, X-ray tomographic
microscopy was performed at the TOMCAT beam line[94] of the Paul Scherrer
Institut during the experiment for selected capillary pressure points. In this case,
since 3D information is obtained, the quantification of water saturation was
performed by measuring the volume of liquid with respect to the void volume,
based on segmentation. An illustration of the setup is given in Figure 2.16 and
more details can be found in Chapter 6 and the following references[26, 95-97].
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Figure 2.16 - Experimental setup used for the imbibition/drainage imaging at the Tomcat
beamline of the Swiss Light Source.

-

The mono-channel injection setup has been specifically developed for this
project (Figure 2.14.b). The hydrophilic membrane is not used in this
configuration and water is injected through a central channel (1 mm width). The
sample area is 10 mm x 10 mm. The reason to use a narrow channel in the center
is two-fold: on the one hand side, important information about lateral transport
(i.e. in-plane) is obtained and, on the other hand, a superimposed water layer
coming from injection points and and the hydrophilic membrane is eliminated,
allowing the use of 2D transmission imaging. Further details about the setup can
be found in Chapter 6. The setup was built in aluminum and neutron imaging
was performed at the ICON beamline[98] of the Paul Scherrer Institut during the
complete duration of the experiment to quantify the local saturation. Since
radiographs were obtained, 2D water thickness is the information at hand. Using
equation 2.4 the liquid saturation was obtained.

A further difference between the two setups is related to the way that the liquid pressure
is controlled. While in the former it was controlled by injecting with a syringe pump, in
the latter a water tank was lifted using a motorized platform and thus the height of the
liquid column defines the pressure.
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2.5 In situ characterization
The ultimate goal of developing gas a diffusion layer with patterned wettability is,
obviously, improving fuel cell performance. In particular, we would expect that bulk
mass transport losses are reduced by a more efficient water management. Many
modified GDLs were tested in operando cells using the “multicell” setup developed in
the frame of the PhD thesis of P. Oberholzer[15, 99], as described in the following
subsections.

2.5.1 Cell construction
Differential cells were used for all in situ measurements reported in this thesis (Figure
2.17). These are small cells operated under high gas flow to mimic local conditions of a
larger technical cell. The use of differential cells allows removing of the inhomogeneity
related to the change of conditions (gas composition, humidity) along the channel, and
permits performing a more fundamental material comparison. In this particular work,
we kept all other materials and assembly procedures the very same and only the cathodic
GDL was varied to accurately study the effect of patterned wettability on fuel cell
performance.
The cells were machined in aluminum and coated with a protective layer (25 m Ni, 10
m Au). They have 1 cm2 of active area and the flow field is composed of five parallel
channels (1 mm width, 0.55 mm depth) separated by 1 mm lands. Commercial catalyst
coated membranes (CCMs) were purchased from WL Gore & Associates Inc. (Primea
5710), having catalyst layers with platinum loadings of 0.1 mgPt∙cm-2 and 0.4 mgPt∙cm-2
on the anode and cathode, respectively. The GDLs used in the anode were Toray TGPH-060 coated with 30%wt. FEP. When referring to cathodic baselines, the same
material was used. In every other case, these GDLs were replaced by a modified
baseline including patterned wettability, or another substrate. PTFE gaskets of variable
thickness were used in combination with steel spacers to accurately control the MEA
compression and ensure the gas tightness. When explicitly stated (Chapter 7), selfstanding MPLs were added to both anode and cathode.
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Figure 2.17 – Illustration of an individual differential cell showing the different components
and the complete multicell setup. Reproduced from Ref.[15] with permission.

2.5.2 Multicell setup and test bench
The individual cells were assembled separately and used in the multicell setup, which
permits simultaneous operation of six cells. Further details can be found in the original
work in which this setup was developed[15, 99]. The main advantages and particularities of
this setup and test bench are as follows:
 The same humidified gas stream is fed to all cells, which improves
reproducibility. With recent developments in cell assembly and components
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developed in the frame of the PhD thesis of J. Biesdorf, a cell-to-cell
reproducibility of ~20 mV was reported[100].
 The flow rate for each individual cell is controlled by gas flow controllers placed
downstream. This ensures a proper flow distribution between the cells.
 An advanced thermal control system based on actuators at three levels ensures
that cell temperature of anode and cathode are accurately controlled for each cell.
 Material comparison is highly reliable and can be performed rapidly with this
setup. For example, the effect of 3 different cathodic GDLs or 3 different
membranes can be evaluated by building 3 pairs of cells.
 As beam time for performing neutron radiography measurements is limited, the
simultaneous imaging of 6 cells represents a notable advantage. Additionally, the
setup is specially designed to easily rotate the setup by 90° to switch between
through-plane and in-plane modes, or vice versa. On top of that, the housing
containing 6 cells can be easily and quickly replaced by a new housing without
any modification in piping or test bench, thereby maximizing data generation
productivity during neutron imaging campaigns.
In this particular work, the anodic flow rate was set to 0.4 NL∙min-1 and the cathodic to
1.0 NL∙min-1, corresponding to stoichiometries of >60 at 1 A∙cm-2 (differential
condition operation). Pure hydrogen and air were used as reactants. Cells were operated
at 50°C or 70°C, depending on the experiment. Generally, relative humidity (RH) of the
anode gas was set to 100% and cathode RH was varied as described in the
corresponding chapters. The test bench also offers the possibility of performing
advanced diagnostics by switching between different gases. This is described in the
following subsection.
Each individual cell contains printed circuit boards enabling a compact interface to
assess measurements of voltage, current and temperature. The multicell setup can be
operated in galvanostatic mode (cells connected in series and current is controlled) or in
potentiostatic mode (cells connected in parallel and voltage is controlled). In all
experiments herein reported, galvanostatic mode was selected. The membrane resistance
was obtained by superimposing an AC current (5 kHz) to the constant cell current and
measuring the voltage response. Afterwards, the high frequency area resistance (HFR) is
calculated based on a Fourier transform of the voltage response at the corresponding
frequency.
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2.5.3 Pulsed gas analysis (PGA) method
In order to access different indicators of mass transport losses, the PGA method was
used. The particularities of the method have been described in detail by Boillat et al.[101]
and will not be given here. In short, the fuel cells are operated under air and short pulses
(1 s) of different gases are fed to the cathode side of the cell. These gases are helox (a
mixture of helium and oxygen at the same ratio as nitrogen and oxygen in air) and pure
oxygen. At a given time, the voltage obtained under helox, Uhelox, and the voltage
obtained under oxygen, UO2, are recorded and the following information can be
extracted:
(1) By calculating the difference between the voltage under air and helox, an indicator of
the bulk mass transport losses, 𝜂𝑏𝑢𝑙𝑘 , is obtained, as:
𝜂𝑏𝑢𝑙𝑘 = 𝑈ℎ𝑒𝑙𝑜𝑥 − 𝑈𝑐𝑒𝑙𝑙

( 2.7 )

where Ucell is the cell voltage operated under air. This is so because the binary diffusion
coefficient of oxygen in helium is a factor of ~3 larger than in nitrogen, due to a reduced
molecular size.

Figure 2.18 – Polarization curve measured under air, helox and pure oxygen highlighting the
different contribution to the mass transport losses: bulk losses and non-bulk losses (Knudsen
diffusion and thin film diffusion).

(2) By calculating the difference between the voltage under oxygen and helox and
considering the charge transfer decreased overpotential due to a change in 𝑐𝑂2 ,𝑟𝑒𝑓 , an
indicator for the non-bulk mass transport losses is obtained:
𝜂𝑛𝑜𝑛−𝑏𝑢𝑙𝑘 ≅ 𝑈𝑂2 − 𝑈ℎ𝑒𝑙𝑜𝑥 − 0.045 V

( 2.8 )

where the 45 mV account for the increased thermodynamics and kinetics due to using
pure oxygen. Both the Knudsen diffusion and thin film diffusion contribute to the non75
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bulk losses. In this particular work, we target a reduction in the bulk losses and expect
no significant effects on the non-bulk losses. However, since use of novel GDLs with
patterned wettability leads to a notably different water distribution in the operating cells,
all contributors to the mass transport resistance will be carefully evaluated (Chapter 7).

2.6 Imaging
The capillary pressure characterization and part of the in situ measurements were carried
out while simultaneous neutron radiographs were taken. A selected experiment was
imaged using synchrotron X-ray tomographic microscopy. It should be mentioned that
the work carried out in the frame of this thesis did not aim an improvement in the
imaging techniques, but rather the use of the state-of-the-art techniques readily available
at the Paul Scherrer Institute. They are briefly described in this section.

2.6.1 Neutron radiography
Neutron imaging has been extensively used for imaging liquid water in PEFCs. The
results presented in this thesis have been obtained from measurements performed at the
ICON beam line of the SINQ spallation source at the Paul Scherrer Institut[98].
2.6.1.1 Through-plane
Through plane imaging corresponds to the configuration where the neutron beam is
perpendicular to the membrane plane. Two different setups, one for the capillary
pressure experiment (individual cell) and one for the in situ measurements (6
simultaneous cells) were used in this configuration. Some details are provided here to
show the main differences between the two setups:
-

For the capillary pressure measurements, a 20 m thick Gd2O2S scintillator
screen mounted on the micro-setup detector including a CCD camera (Andor
DV436, 2048 x 2048 pixels) was used. The detector pixel pitch was 13.5 m and

-

the effective resolution 55 m. The exposure time was set to 30 s and the
readout time was 4 s. Chapter 6 contains further details.
For the in situ imaging, a conventional neutron imaging setup was built with a
neutron sensitive scintillator screen (6LiF/ZnS, 50 m thick) perpendicular to
the beam axis. A cooled CCD camera (andor iKon-L, 2048 x 2048 pixels)
combined with optical lenses (Zeiss Makro-Planar, 100 mm focal length) was
used. The resulting pixel size was 62.5 m and the effective resolution 115 m.
Chapter 7 contains further details.
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2.6.1.2 In-Plane
In-plane radiographs were only recorded for operando cells. In this case, anisotropic
neutron imaging was performed. This is needed in order to obtain high resolution
imaging in the direction of the different layers. The tilted setup was first reported by
Boillat et al. and further details can be found in the original work[102]. In this particular
work, a Gd2O2S scintillator (10 m thick) was positioned behind the cell at an angle of
5.8° with respect to the beam axis, resulting in a magnification factor of ~10 in the
horizontal direction. The pixel size was 6.2 m and 61 m in the horizontal and vertical
directions, respectively. Effective resolutions of 12 m and 140 m were obtained using
a horizontal L/D ratio of 1000 and a vertical L/D ratio of 100. The factor L/D = 1000
means that the beam divergence angle is 1/1000 rad. Chapter 7 contains further details.
2.6.1.3 Image processing
The image processing steps carried out in this project are very similar as in previous
works of our group[24, 99, 103]. For that reason, only a brief description is provided here.
The quantification of water content is based on the acquisition of images of cells under
operation (and therefore with water) and dry cells (Figure 2.17). The image processing
consisted of a correction of the detector background, filtering, a flat field correction, a
correction of the background due to neutrons scattered by the setup and a correction of
beam intensity fluctuations and cell displacements. Extensive details about these
processing steps can be found in the PhD thesis of P. Boillat[103].

Figure 2.19 – Schematics showing the general image processing protocol.

In the final step, the images were divided pixel-wise to the radiograms in the dry state.
The thickness of water, δ, was then calculated using the Lambert-Beer law:
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𝐼
𝐼0

= 𝑒 −Σ𝛿

( 2.9 )

Where I is the intensity of the image with water, I0 is the intensity of the dry image, and
𝛴 is the macroscopic cross-section of water which varies with the setup used[104].

2.6.2 X-ray tomographic microscopy (XTM)
XTM was performed in combination with the capillary pressure setup shown in Figure
2.16. Similar to neutron imaging, no methodological change was done in the frame of
this thesis and we used the previously developed high resolution XTM setup and image
processing, as reported by Eller and Lamibrac[26, 95-97]. The XTM was performed at the
TOMCAT beamline of the Swiss Light Source (SLS) at the Paul Scherrer Institut. The
beam energy was 13.5 keV and tomographic scans with 2001 exposures of 10 ms each
were performed, resulting in a complete scanning time of 20 s. A PCO edge camera and
2-4 x zoom microscope were used to acquire the images, resulting in a pixel/voxel size
of 2.2 m. More details about image processing, segmentation and data quantification
can be found in the original publication of Lamibrac et al.[26]. While XTM radiographs
at different GDL slices are shown in Chapter 6, surface renderings are shown in Figure
2.20 comparing the imbibition behavior of a commercial GDL with that of a modified
sample, clearly showing the preferential accumulation of water in the hydrophilic
domains at lower capillary pressure.

Figure 2.20 – XTM surface renderings of water imbibition into Toray TGP-H 060 gas
diffusion layers; left: standard material (capillary pressure 30 mbar); right: modified material
(capillary pressure 5 mbar).
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2.7 Simulations
2.7.1 Electron transport in solids
Chapter 5 focuses on the formation of patterns with electron radiation grafting in
porous GDLs. In particular, the influence of electron energy on the lateral resolution
and dose distribution is studied by a combination of experiments and numerical
simulations. The latter were carried out using an already existing code system,
PENELOPE.
PENELOPE stands for “PENetration and Energy LOss of Positrons and Electrons”
and it is a general purpose Monte Carlo code system for the simulation of coupled
electron-photon transport in different materials. The code is distributed by the OECD
Nuclear Energy Agency and uses state-of-the-art physics models[105-107]. The trajectories
of electron showers impacting different materials can be simulated, as shown in a
simplified example of Figure 2.21.

Figure 2.21 – Example of electron trajectories simulated using PENELOPE on 60 m thick
amorphous carbon for different electron energies.

Using the physics from PENELOPE, coded as a set of FORTRAN subroutines, we
prepared a two scripts to: (1) define certain geometries to reproduce our experimental
configurations; (2) a main script where the electron source geometry and parameters are
introduced, the material bodies are set, the meshing is defined and the desired output
parameters (dose or energy distribution) are specified.
In this particular work, the solid bodies were defined as prisms which are infinite in two
directions (x and y, following the nomenclature of Chapter 5) and finite in direction z.
The electron source was defined as a prism which emits electrons of a given energy E
mono-directionally (i.e. 180° with respect to the source). In most cases, 107 electrons
were used for the simulations, providing a good trade-off between computational time
and quality of results.
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Chapter 3. Engineered water highways – a proof of
concept
In this chapter the synthesis method based on electron radiation grafting is
illustrated and compared with previously reported technologies to improve water
management in gas diffusion layers. The presence of N-vinylformamide molecules in
the hydrophilic regions is demonstrated with elemental mapping and correlated with the
water distribution using a capillary pressure ex situ experiment imaged with neutrons.
Finally, in situ characterization was performed and clearly showed that, by using the
modified GDLs with patterned wettability, the fuel cell performance is improved at high
current densities. This chapter should be taken as a proof of concept and shows the
potential that these materials have to improve water management in PEFCs.

The present chapter consists of a reproduction of the following publication:
A. Forner-Cuenca, J. Biesdorf, L. Gubler, P. M. Kristiansen, T. J. Schmidt, and P.
Boillat (2015), Engineered Water Highways in Fuel Cells: Radiation Grafting of
Gas Diffusion Layers, Advanced Materials, 27: 6317–6322.
Reproduced under agreement with John Wiley and Sons and Copyright Clearance Center (license number
3919311385386).
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3.1 Introduction and results
Polymer electrolyte fuel cells (PEFCs) have become a promising candidate for replacing
fossil fuel fed engines in both stationary and mobile power sources, owing to their zeroemission characteristics, high efficiency and power density. Years of intensive research
(from around 800 publications in 2000 to about 3000 in 2014, patents from 500 in 2000
to nearly 3000 in 2012)[108] brought the technology to a status where commercialization
appears realistic, with first systems recently appearing on the market for both stationary
and mobile applications [109], specifically the latter at elevated price (47 $/KWsystem in
2012, 30 $/KWsystem being the target for 2017)[110].
Nevertheless, some technical issues remain, which require special attention, such as cost
and durability, in which an important role is played by water management. The water
management is not a trivial issue in PEFCs and needs to be carefully controlled. On the
one hand, the membrane needs to be sufficiently hydrated to ensure practical proton
conductivity (~0.1 S/cm). On the other hand, excessive amounts of water in the gas
diffusion layer and flow field channels can hamper the access of reactant gases to the
catalyst layer, leading to increased mass transport losses[111]. Consequently, power
density is reduced if the delicate balance between these two requirements is not fulfilled,
resulting in an increased stack size – and cost – for a specified output power.
Furthermore, some degradation mechanisms (e.g. starvation) are thought to be related
to water flooding [112].
State of the art PEFCs include a gas diffusion layer (GDL), a porous layer made of
carbon fibers responsible not only for the fine distribution of reactant gases, but also for
the transport of product water, heat and electrical current. These functions imply a triple
set of contradictory requirements: high diffusivity of the gas phase, high permeability of
the water phase and high thermal and electrical conductivity of the solid phase. On the
cathode, liquid water flows from the catalyst layer towards the gas flow channels
through the GDL, in opposite direction to oxygen diffusion. Capillary pressure is the
driving force for water transport[28], which depends both on the pore size and the
internal contact angle between water and the porous medium, showing the importance
of the microstructure and the surface energy of the material at the local level[113]. In
order to prevent excessive water accumulation in the GDL, a hydrophobic coating,
usually polytetrafluoroethylene (PTFE), is applied. The portion of the GDL filled with
water is determined by the lowest resistance pathways in terms of capillary pressure,
which are tortuous and sometimes dead-ended, resulting in a non-optimal relationship
between the water and gas transport characteristics (Figure 1). In a recent study of our
group, we have shown that even though a high PTFE loading results in lower water
content, the impact of this water is much higher than for materials with a moderate
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PTFE loading and higher water accumulation[54]. This emphasized the fact that not only
the amount of water in the porous structure is important, but that its distribution is
crucial and has to be controlled. The fundamental interest of GDLs with patterned
wettability was highlighted by Utaka et al. using a stacked arrangement of alternating
hydrophobic and hydrophilic gas diffusion layers and measuring the oxygen diffusivity
through this arrangement[68]. The impact of water saturation on diffusivity was shown
to be clearly lower for this hybrid arrangement compared to experiments made with
either purely hydrophobic or purely hydrophilic layers.
While the benefit of GDLs with defined water removal pathways is clearly established,
none of the previous studies found in the literature proposed a method to produce such
materials in a way compatible with mass production. In the broad sense, previous
approaches can be categorized into three groups: first, the “perforation approach” was
initially published by Gerteisen et al. and continued by other groups[64, 65, 114]. This
method consists of locally increasing the pore size within the GDL by either laser or
mechanical perforation, which resulted in reduced mass transport losses when
cylindrical holes were introduced into the GDL underneath the flow channels. A major
drawback of this approach is the very limited design flexibility, in particular the
impossibility of generating patterns for the improvement of in-plane transport
properties. Second, the approach of “local coating” is based on the application of a
hydrophobic coating to defined regions, leaving the remaining (carbon fibers) uncoated.
Although this method was shown to be successful on small samples in terms of oxygen
diffusivity improvement, it appears to have a rather limited scale-up potential[69, 115].
Third, the “surface and physical interaction” approach has only been reported in
patented literature and is based on plasma induced surface modification of the GDL
using patterns and deposition of solid hydrophilic particles (metal oxides)[72]. Surface
modifications in the range of 1 m can preferentially relocate the water on the surface
but the bulk properties remain unmodified[71]. Deposition of solid oxide nanoparticles
into the inner porosity appears difficult to implement and the lack of covalent bond
chemistry may affect the durability.
We propose a material design consisting of defined patterned hydrophobic regions
providing a dry, non-mass transport limited pathway (decreased tortuosity) for reactant
gases to reach the catalyst layer. Intermittent hydrophilic regions of the proposed
material provide a separate pathway for product water to leave the cell (Figure 3.1). A
minimum feature size of 100 m seems to be the reasonable target since for most
carbon fiber papers this dimension corresponds to the size of 2-3 pores.
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Figure 3.1 - Illustration of the relation between the pathways for liquid water (blue) and for
reactant gases (green) in porous materials. Left: in standard hydrophobic materials. Right: in the
new proposed material.

Here, we report a new fabrication method (Figure 3.2) based on radiation grafting for
preparing novel GDL materials with patterned wettability properties. First, commercial
GDLs are coated with a hydrophobic fluoropolymer. Then, they are locally exposed to
an electron beam (using masks for pattern creation) in order to create radicals in the
polymeric coating. Finally, they are immersed into solutions of hydrophilic monomers
and graft co-polymerization occurs only in the regions previously exposed to the
electron beam. One of the main advantages of the method lies in the realistic scale-up
possibilities. Furthermore, modifications throughout the bulk of the GDL and tunable
wettability offer significant advantages compared to previous approaches[73].
Fluorinated ethylene propylene (FEP) was chosen as hydrophobizing agent. Contrary to
the commonly used PTFE, FEP offers higher resistance to radiation[78] as well as
stronger hydrophobicity and better reaction kinetics towards graft co-polymerization.
We used N-vinylformamide (NVF) as a hydrophilic monomer leading to the graftcopolymer system FEP-g-NVF. Kinetic studies performed on flat FEP foils (25 m)
allowed finding synthetic conditions to lower the contact angle (CA) to values of 20±3°
from initially 105±3°.Additionally, experiments were carried out with FEP foils in order
to validate the pattern sizes and their spatial resolution. A high accuracy of pattern
reproduction on the modified substrate was obtained (Appendix A, Figure 3.6).
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Figure 3.2 - I. Synthesis method for the porous material with patterned wettability. (a): base
porous material (hydrophobized). (b): irradiation using a mask. (c): locally irradiated base
material. (d): imbibition with grafting solution. (e): resulting material with patterned wettability.
II. Illustrations of the pore “detail” to show the modification occurring on the coating of the
carbon fibers. III. Illustration of the reaction “detail”.

These conditions were then applied to the grafting reaction of NVF into the porous
medium.
A GDL modified using the procedure described above is shown in Figure 3.3.a, after
imbibing the material with water. The hydrophilic slits are clearly visible as water tends
to accumulate in these regions. Elemental mapping with energy dispersive x-ray (EDX)
spectroscopy was performed from the top (Figure 3.3.b) and bottom surfaces of the
modified GDL. In spite of the irregular nature of the intensity signal due to the material
roughness, it was found that the modified area (visualized by the presence of chlorine
after forming the quaternary ammonium salt, see experimental section) is a sharp band
on both surfaces (Figure 3.3.c), confirming that the electrons effectively activate the
material throughout its thickness, and that their scattering does not result in an
important loss of resolution.
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Figure 3.3 - (a) Image of a modified Toray GDL with a pattern of 100 m (hydrophilic) – 500
m (hydrophobic) after imbibition in water; (b) EDX elemental mapping of a modified region
of 500 m showing three elements: carbon (representative of carbon fibers and coating),
fluorine (representative of coating) and chlorine (representative of the grafted modification and
ion exchange); (c) EDX intensity profile for chlorine measured from top (black curve) and
bottom (red curve) over one hydrophilic line.

As of now, EDX has been employed to indicate the presence of chemical modifications
leading to hydrophilic regions; however the penetration depth of the technique is
limited to several micrometers (on top and bottom surfaces). Similarly, optical
visualization confirmed the preferential location of water on the surface of the material,
but did not give information about the distribution in the inner pores of the material.
For that reason, a setup was designed in order to precisely control the capillary pressure
while measuring the local saturation of the porous material. Broadly speaking, water is
pushed against the GDL and the response in terms of water redistribution is quantified
using neutron radiography. This technique represents one of the most complete ex-situ
characterization methods available because it contains information about the inner
properties (pore size distribution and internal wettability)[34].
In the absence of capillary pressure (Figure 3.4.a, 0 mbar radiograph) no liquid water is
present in the porous medium, except in the region adjacent to the injection channel. At
10 mbar (Figure 3.4.b) the hydrophilic lines appear partially filled. Larger pores in the
low contact angle region are preferentially filled at lower pressures. At slightly increased
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pressure, 20 mbar (Figure 3.4.c), the lines seem totally filled with saturation values of
around 80% in the hydrophilic region and 20% in the hydrophobic domain. Lateral
spreading is detected at 40 mbar (Figure 3.4.d), reaching saturation of around 100%,
while the line broadens to around 400 m width. Complete saturation of the material
and therefore loss of structuring happens at around 50 mbar (Figure 3.4.e). The
observed behavior already suggests a potential improved water removal within an
operating fuel cell: liquid water will flow through the predefined hydrophilic regions
towards the flow channels (and subsequently leave the cell) when low capillary pressures
form, leaving dry hydrophobic regions for high gas diffusivity. This experiment,
performed with water injection from a single channel in the middle of the GDL, is well
representative of the in-plane transport necessary for the removal of water from under
the ribs of an operating fuel cell.

Figure 3.4 - Capillary pressure experiment of a modified GDL (Toray 30%FEP 500-930 m
with NVF) measured with neutron radiography. The radiographs on top show water locations
within the GDL with increasing capillary pressure: (a) 0 mbar, (b) 10 mbar, (c) 20 mbar, (d) 40
mbar and (e) 50 mbar. The graph below shows the quantified water thickness and saturation in
a selected region for the different capillary pressures applied.

In order to investigate the performance achieved during operation using the modified
materials, in-situ testing was carried out. The fuel cell setup used permits the
simultaneous operation of 6 cells. The same gas mixtures including water vapor are fed
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to all anodes and to all cathodes, but the gas flow is regulated individually for each cell
using mass flow controllers placed downstream. Thanks to these features, materials
comparison (cathodic GDLs) can be done in a highly reliable way. Polarization curves
of three different materials are shown in Figure 3.5. As can be seen, in-house coated and
commercially available PTFE treated GDLs exhibited quite similar performance. This
was done in order to validate our coating procedure and to provide a baseline with a
commercial product. The slightly improved performance obtained when comparing
FEP and PTFE coated GDLs can be explained with: first, the increased hydrophobicity
of the FEP coated GDL due to the intrinsically larger hydrophobicity of FEP
(CAFEP=104±1°, while CAPTFE=99±1°) and higher coating load which leads to larger
fraction of covered carbon fibers; and second, the differences in the coating procedure
which imply different coating distribution throughout the thickness of the GDL.
Interestingly, a substantial performance increase was observed for the GDLs with
patterned wettability. Samples with 500 µm wide hydrophilic lines and 950 µm
separation were used, with the direction of the hydrophilic lines perpendicular to that of
the flow channels. A clear improvement in the region of the curve limited by mass
transport (at current densities, i > 0.6 A∙cm-2) was observed for the modified samples.
This result highlights the potential of the new proposed material to significantly
improve the performance and reduce the flooding without the addition of a
microporous layer (MPL).

Figure 3.5 - Polarization curves at 50°C, 100/30%RH anode/cathode of the following three
materials: Toray TPG-H-060T commercial (Toray commercial) -1 cell-, Toray TPG-H-060
coated in-house with 30%wt. FEP (Toray 30% FEP) -2 cells- and Toray TPG-H-060 coated inhouse with 30%wt. FEP and pattern-grafted (500 m hydrophilic slits with 950 m separation)
with NVF (Toray 30% FEP –patterned-) –3 cells-.
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In summary, we presented here a novel method for producing GDLs with patterned
wettability that improve fuel cell performance. Synthetic details were reported together
with ex-situ chemical characterization technique (EDX) and capillary pressure studies
combined with neutron radiography. The synthetic process confers the material with a
tunable gradient of hydrophilic and hydrophobic properties depending on the polymer
chemistry used (monomer and synthetic conditions). Additionally, full design flexibility
is permitted while the modification takes place throughout the bulk (or any pre-selected
depth by adjusting the electron energy) of the porous structure without affecting the
mechanical properties of the material. One of the main advantages of this approach is
that it could be realistically scaled up into a roll-to-roll production process[116].
Porous structures such as GDLs, microporous layers (MPLs) and catalyst layers are of
high relevance to the fuel cell community and can benefit from the presented approach.
Beside of fuel cell application, other fields such as microfluidics, ink jet printing and
water-oil separation face similar problems and could benefit from the presented
technology in the future[117-120].

3.2 Experimental Section
3.2.1 Coating procedure
Commercially available carbon fiber papers (Toray TGP-H-060, 190 m thickness) were
coated with FEP. A dispersion of FEP (FEPD121 DuPont 55% solids) was diluted (1
part per 5 parts of water) and samples were slowly dipped into the coating solution for
60 seconds. Afterwards, they were placed horizontally on a needle-point holder to avoid
gravitational effects and wicking coming from interfaces[59]. Holders were placed in a
vacuum oven and kept at room temperature for 60 min, afterwards the temperature was
increased to 100°C and maintained for 60 min. This first thermal process allows for
evaporation of water and traces of other solvents present. The heater was then switched
off to allow for gentle cooling down of the sample. Samples were taken out and placed
in a muffle oven at atmospheric pressure and two new temperature ramps were set: the
first up to 260°C allows for evaporation of the surfactant (50 min ramp, 10 min plateau)
and the second one up to 280°C allows for sintering of the polymer (20 min ramp, 20
min plateau). Coating loads of around 30% by weight were obtained and this process
was proved to provide a homogenous distribution of the coating throughout the bulk of
the GDL (Appendix A, Figure 3.7).
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3.2.2 Irradiation
Low-energy electron beam treatment was carried out in an EBLab 200 sealed laboratory
emitter system from Comet AG (Flamatt, Switzerland). Samples were subjected to a
dose of 50 kGy under nitrogen (<200ppm oxygen), employing an acceleration voltage
of 200 kV at a conveyor speed of 12 m/min and an air gap of 10 mm.
For the patterned materials, 2 mm thick stainless steel masks were prepared with water
jet (Waterjet AG, Aarwangen) with a pattern of 500 m spaced 950 m. The thinner
lines were machined into 0.5 mm thick stainless steel sheets using a combination of laser
and water jet (Synova, Lausanne) with a pattern of 100 m spaced 500 m. After
electron beam treatment, samples were rapidly stored at -80°C to minimize radical
recombination prior to grafting.

3.2.3 Grafting reaction
N-vinylformamide (NVF) was used as grafting monomer. Pure monomer (Sigma
Aldrich 98%) was used as received. Cylindrical glass reactors (60 mL) were used at
atmospheric pressure. The reactor chamber was deoxygenated by flushing with nitrogen
(8mL/min) for 60 min. Afterwards, reactors were placed into a water bath at 70°C to
start the radical polymerization. The materials were then rinsed under vacuum by
flowing 300 mL of ethanol, isopropanol and water in three consecutive cycles.
Hydrolysis and ion exchange with Cl-: This step is not part of the normal synthesis and
was applied, for visualization purposes, only to the samples measured by energy
dispersive X-ray. Samples were placed in a solution of 2M NaOH at 70°C during 5
hours for the hydrolysis of NVF to N-vinylamine (NVA). Afterwards, samples were
placed in a solution of 0.1M HCl at room temperature overnight for forming the
ammonium salt.

3.2.4 Microscopy
The scanning electron micrographs were recorded using a FE-SEM Ultra 55 (Carl Zeiss,
Oberkochen, Germany). Energy dispersive X-ray analysis was performed using a
compatible accessory (EDAX TSL, AMETEK). The elemental mappings presented
here were taken with an acceleration voltage of 10 keV, an aperture of 60 m and a gunto-sample distance of 8 mm.
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3.2.5 Capillary pressure experiment
The cell design is the same as the ones used for the in-situ characterization, except that
only one central channel is used for water injection (1 mm width). The modified GDL
was located with the hydrophilic lines perpendicular to the channel. A porous
hydrophobic membrane (HVHP04700, Durapore) of 125 m thickness was used as a
separator. This allows having the gas equilibrated at atmospheric pressure; meanwhile it
is impermeable for liquid water. Water pressure was controlled by regulating the height
of a 30 L water vessel with a precision motor. A time of 10 minutes for each pressure
point was allowed for equilibration. Neutron radiographs in through-plane
configuration were taken during the complete duration of the imbibition. Experiments
were carried out at 25°C.

3.2.6 Neutron imaging
Images were recorded at the ICON beamline of the SINQ spallation source at the Paul
Scherrer Institute[98]. Measurements were performed with a 20 m Gd2O2S scintillator.
The pixel pitch was 13.5 m and the effective resolution (10% amplitude of the
modulation transfer function), taking into account the blurring induced by the beam
divergence combined to the sample-detector distance of 30 mm, was 9.1 line pairs per
mm corresponding to a spatial resolution of 55 m. A CCD camera (Andor DV436,
2048x2048 pixels) was used, with an exposure time of 30 s and a readout time of 8 s. All
radiograms underwent noise filtering (3x3 median filter), correction of the beam and
detector inhomogeneities, correction of the background contributions (detector
background, neutrons scattered by the setup) and correction of beam intensity
fluctuations[121]. According to the Lambert-Beer law, the water thickness can be
calculated using a known attenuation coefficient of 4.5 cm-1 for the setup used. More
details about the image processing can be found in the reference[103].

3.2.7 In-situ testing
The multicell setup described elsewhere[15] was used. Cells were machine into aluminum
and nickel-gold coated. Flow fields have 5 parallel channels (0.55 mm depth and 1 mm
width). The temperature was set to 50°C and the relative humidity (RH) of anode and
cathode were set to 100% and 30% respectively. Fixed gas flow rates of 0.4 NL∙min-1
and 1.0 NL∙min-1 were used for the anode and cathode, respectively, translating to very
high stoichiometries (> 60 at a current density of 1 A∙cm-2) corresponding to the
“differential cell” concept[54]. The cells were operated with increasing current densities.
The hold time for each data point was fixed to 15 minutes.
91

Engineered water highways – a proof of concept
A catalyst coated membrane (CCM) (Primera 5710, W.L. Gore & Associates, Inc., USA)
was used with Pt-loadings of 0.1 mgPt∙cm-2 and 0.4 mgPt∙cm-2 on anode and cathode,
respectively. Three cells were built with Toray 30%FEP pattern-grafted (cathode) and
Toray 30% plain (anode); two cells contained Toray 30% plain (cathode) and Toray
30% plain (anode); and one cell contained Toray TPG-H-060T commercial (anode and
cathode). The GDL compression rate was set to 20%. The Toray 30% FEP plain and
Toray 30% FEP grafted are both obtained from the same batch of in-house coated
materials.
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3.3 Appendix A – Supplementary Information
3.3.1 Comments on resolution achievements
As described in the main document, patterned steel masks were used to selectively stop
the electrons and to define activated stripes. The electrically conductive carbon fibers
composing the GDL are expected to cause scattering (as sketched in Figure 3.6).
Consequently, an acceptable resolution needs to be verified. For this purpose, we built
two setups that allow comparing the resolution of the activation when a GDL is present
(Figure 3.6). The difference between both configurations shows the diffractive effect of
GDL. The results prove that there is not significant “resolution loss” effects (at energies
of 1.5 MeV).

Figure 3.6 - Top: illustration of the setup used in the resolution experiment (combination of
mask-FEP film to study the activation when no GDL is present-left- and combination of maskGDL-FEP film to study the activation behind the GDL-right-). Bottom: Results of the
resolution check-out.

3.3.2 Comments on coating distribution throughout the GDL
One of the main advantages of the presented approach is that a modification through
the plane can be produced, helping this to channel the water from catalyst layer to flow
fields. However, in order to achieve that, the polymeric coating needs to be accordingly
distributed throughout the bulk of the material (covering the whole thickness).
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Some studies found in literature pointed at this issue and evidenced the effect of drying
time and application of vacuum in the coating distribution[58, 59]. With the thermal
process used (described in the Experimental Section) we achieved an homogenous
distribution of the coating as characterized by EDX of the fluorine signal on a cross
section (Figure 3.7), when using vacuum and atmospheric pressure e in the initial drying
step. The benefit of using vaccum is not striking in Figure 3.7. A good distribution can
be obtained by tuning drying temperature and time, but this is not the scope of our
work, as coating procedures are already part of the “mainstream” GDL production.

Figure 3.7 - Toray TPG-H-060 with 30%FEP with two different coating processes: applying
vacuum in the first drying step (left) and drying at atmospheric pressure (right). Fluorine
elemental mapping (EDX) is shown in the top row and secondary electron micrograph in the
bottom row.
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Chapter 4. Tuning the wettability – from flat to
porous systems
In this chapter a thorough systematic study is presented on synthesis and
characterization of hydrophilic surfaces which have been prepared using the radiation
grafting method. We start by performing radical polymerization on flat substrates
(model system) to find successful experimental conditions to prepare hydrophilic
surfaces after short reaction times. Two co-polymer systems are evaluated: Nvinylformamide and acrylic acid.
In the first part, grafting and characterization of wettability and chemical
composition is performed on flat films. Later, a similar procedure is applied to porous
GDLs and the apparent wettability is correlated with the estimated intrinsic wettability.
In the last part, a preliminary study on thermal stability is presented. In the present
chapter, materials are homogenously modified (i.e. without patterns).

The present chapter consists of a reproduction of the following publication:
A. Forner-Cuenca, V. Manzi-Orezzoli, J. Biesdorf, M. El Kazzi, D. Streich, L. Gubler,
T. J. Schmidt, and P. Boillat (2016), Advanced Water Management in PEFCs:
Diffusion Layers with Patterned Wettability: I. Synthetic Routes, Wettability
Tuning and Thermal Stability, Journal of The Electrochemical Society, 163 (8): F788-F801.
This is an open access article distributed under the terms of the Creative Commons Attribution NonCommercial No Derivatives 4.0 License (CC BY-NC-ND, http://creativecommons.org/licenses/by-ncnd/4.0/), which permits non-commercial reuse, distribution, and reproduction in any medium, provided the
original work is not changed in any way and is properly cited.
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4.1 Abstract
A novel type of fuel cell gas diffusion layer with patterned wettability is herein reported.
The production of hydrophilic patterns by radiation grafting depends on two main
steps: electron beam activation and polymerization reaction. In this first part of the
series, we are giving extensive details about the synthetic routes for modifying porous
media’s wettability. Two monomers (acrylic acid and N-vinylformamide) were used for
the hydrophilization of the fluoropolymer and a parametric study was performed.
Finally, a preliminary thermal degradation study was carried out.
We found conditions to produce hydrophilic gas diffusion layers with short reaction
times (about 10 minutes) and proved that the synthetic method is suitable for creating
local modifications. For hydrophilic surfaces, the coating load significantly impacts
wetting dynamics.

4.2 Introduction
At the end of 2014, automotive polymer electrolyte fuel cells (PEFCs) began to be
commercialized[122, 123]. The fuel cell industry grew from $1.3 billion to $2.2 billion in
one year’s time (from 2013 to 2014)[124]. Due to the absence of pollutant emissions and
their high efficiency, fuel cells represent a very promising power source for portable and
mobile applications. However, cost reduction and improvement of long term stability
remain as bottlenecks. The US Department of Energy (DOE) estimated a current
system cost at large production volumes of 53 $/kW, the target being 40 $/kW for 2020
and the ultimate target 30 $/kW[10]. Besides the obvious route of reducing the material
costs (e.g. amount of precious metal catalyst)[125], the increase of power density would
also result in a cost reduction for a system of a specified total power.
The water management within PEFCs is rather complex. While some water is needed in
order to provide proton conductivity to the polymeric membrane and ionomer in the
catalyst layer, excessive water accumulation in the diffusion layers (DLs) limits the gas
transport to the catalyst layers (CL), resulting in mass transport losses limiting the power
density. At the cathode side, liquid water is transported by capillary forces from the CL
through the gas diffusion layer (GDL) towards the flow field channels in order to be
removed from the cell. The combination of pores providing the lowest capillary
pressure (larger pores and more hydrophilic ones) define the pathways for water flux
inside GDLs[28, 113]. Consequently, the microstructure and local surface energy of the
GDL directly impact the gas-liquid transport characteristics.
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Commercially available GDLs are highly porous carbon fiber paper or cloth materials.
The pristine arrangement of fibers is typically coated with a hydrophobic polymer to
increase its water repellency and reduce flooding. Polytetrafluoroethylene (PTFE) is the
most commonly used polymer, followed by fluorinated ethylene propylene (FEP) [80].
The effect of the addition of such coating has been extensively studied and optimal
coating loads have been found for different GDLs[53, 54, 126]. The application of
hydrophobic coatings on GDLs is usually done by “dip coating” techniques, which
include the immersion of carbon substrates in water-based dispersions of fluoropolymer
particles followed by a thermal treatment to evaporate the solvents and sinter the
polymer. The impact of the thermal treatment onto the final coating distribution and its
influence on permeability and performance has also been studied [56-60]. Additionally, it
is known that agglomerates of the coating material appear in different locations (such as
carbon fiber intersections) and a notable fraction of carbon surfaces remain uncoated.
To tackle this issue, novel coating techniques targeting the application of a
homogeneous “monolayer” with hydrophobic character were reported. Thomas et al.
published a method to produce superhydrophobic GDLs by electrochemical reduction
of diazonium salts in liquid phase[61]. They demonstrated the presence of
homogeneously distributed and covalently bound hydrophobic compounds on the GDL
surface. Van Nguyen et al. reported a method to provide a more uniform and durable
coating by direct fluorination[62, 63]. In this approach, fluorine gas reacts with the carbon
to create a wet-proof surface. These two novel approaches do not significantly affect the
morphology of the porous media (by, for example, reducing the average pore diameter)
and have shown improved operando performance. However, none of these techniques
provides optimally localized routes for liquid water transport. The water transport is
thus defined by the lowest capillary pressure pathways, which are often tortuous. The
oxygen in the air diffuses in opposite direction, and is therefore forced to travel longer
distances. These two contradictory requirements provide suboptimal liquid-gas transfer
characteristics within the cell using state-of-the-art GDLs.
A possibility to engineer the water transport within the GDL is based on artificially
creating pathways for water removal, leaving the remaining regions free of water for
improved gas diffusion. Several approaches going in this direction have been reported in
the literature. Some groups reported performance improvements when perforating the
GDL (by laser or mechanically) under the channel area[64, 65, 127]. Even if a lower mass
transfer resistance was measured under certain conditions, this approach suffers from
design limitations, such as the impossibility of creating elongated pathways due to the
impact on the mechanical integrity of the GDL. Koresawa et al. presented a method to
locally apply a hydrophobic coating, leaving the remaining regions uncoated [69, 115].
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While increased oxygen diffusivities were obtained at different saturation levels, the
production of such a material appears difficult. Protected technologies include the use
of plasma sources to produce oxide groups near the external surfaces of the GDL[71]. By
doing so, the GDL surface becomes hydrophilic but the inner surfaces remain
untreated. Recently, a technique was patented in which hydrophilic oxide metal particles
are added in localized regions[72]. Even if these approaches have the potential to create
hydrophilic pathways, some concerns regarding their durability and, more important, the
realistic scale-up possibilities still remain.
Recently, we have developed a method to produce GDLs with patterned wettability by
means of the radiation grafting method[73]. Radiation grafting is a promising method for
modification of polymers[128, 129]. One prominent application has been the grafting of
fluoropolymer films to produce proton conducting membranes for fuel cells [77].
Generally speaking, a low-cost structural polymer is modified by addition of a second
polymer constituent which contributes a specific functional property.
The application of the radiation grafting method for GDLs is based on locally
modifying the polymer coating in order to make it hydrophilic (therefore lowering the
contact angle). Its main steps are: first, coating the material following the classical dipcoating procedure with FEP (due to its superior radiation resistance, faster kinetics and
higher hydrophobicity compared to PTFE); second, exposing the material to an electron
beam using masks to selectively block the radiation; third, exposing the irradiated
material to a hydrophilic monomer solution to initiate the grafting polymerization in the
activated regions[74]. Consequently, the final material has a clearly defined hydrophilic
pattern, while the rest remains hydrophobic (original FEP coating).
Recently, we have demonstrated the successful synthesis of these materials to yield
water-filled patterns at low capillary pressures (around 10 mbar), meanwhile the
hydrophobic regions remain free of water up to significantly higher pressures (around
40 mbar). Furthermore, improved fuel cell performance was obtained when comparing
modified with baseline materials, especially at high current densities, where mass
transport limitations become dominant[74].
Here, we present a comprehensive study on the synthesis and characterization of GDLs
with patterned wettability. In the first part of a series of three publications, we focus on
the elaboration of synthetic conditions to control the final wettability of the material. To
do so, we first identify suitable treatment conditions using flat FEP films (Figure 4.1) to
later adopt the synthetic route for GDLs. The treated materials are then characterized in
terms of their chemical features and their wettability and closes with a preliminary
thermal degradation study. In order to synthesize samples for extensive characterization,
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plain areas samples are used, whereas the subsequent papers will focus exclusively on
materials with patterned wettability. We will complement this work with a second part
showing the impact of material characteristics (substrate, amount of coating, grafting
chemistry, pattern design) on the water distribution as a function of capillary pressure,
while the third part of the series will focus on the in situ testing of the synthesized
materials.

Figure 4.1 - Illustration of the synthesis strategy using two different substrates: FEP film (left)
and FEP coated GDL (right). The untreated substrate is shown in the first row, the activated
material in the second and the grafted one in the last row with two chemistries, acrylic acid
(AA) and N-vinylformamide (NVF).

4.3 Experimental
4.3.1 Methodology
One of the important advantages of the synthetic method is the potential of tuning the
final wettability. By varying the synthetic conditions (type of monomer, concentration,
reaction time or temperature) radiation grafting offers the possibility to obtain the
desired properties, i.e. a hydrophilic surface, without sacrificing its mechanical integrity.
Unfortunately, the rough nature of the GDL surface and its heterogeneity result in a
complex relation between the observable external contact angle and the intrinsic contact
angle[84] This will be addressed in detail in the “Results & Discussion” section.
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The contact angle being a surface property of a material, the modifications of this
parameter by radiation grafting reported in the literature use radiation sources activating
the surface only (e.g. plasma or UV). However, using these techniques on porous GDLs
would probably lead to notable shadow effects since only external surfaces would be
activated, leaving the inner porosity unaffected. For that reason, penetrating radiation,
such as MEV electrons, is chosen. The activation using electron radiation produces
radicals throughout the complete material thickness. The grafting polymerization
initially starts on the external surfaces of the activated polymer, diffusing then into the
bulk to copolymerize with polymer chains in the bulk of the material. Nevertheless, our
target is to graft only on the polymer surfaces[74], as it is known that bulk grafting
processes lead to brittle materials[130]. Consequently, these two contradictory
requirements (using a bulk activation radiation but graft only on the surface) need to be
fulfilled by adjusting the synthetic conditions.
For acrylic acid grafted on FEP, this diffusion process has been well studied. Hegazy et
al. reported the grafting kinetics at different dose rates and acrylic acid concentrations in
water[131]. In a subsequent publication from the same researchers, X-ray micrographs
showed the grafting penetration in the FEP film[130]. Some of the relevant findings were:
(a) the lower the dose rate, the deeper the grafting proceeds. Therefore, at high dose rate
graft polymerization dominates over monomer diffusion into the bulk, leading to more
pronounced surface grafting. (b) The crystallinity of the polymer increases upon
irradiation. (c) At lower monomer concentrations the grafting proceeds more deeply
into the base polymer and yields a homogeneous distribution. We selected a relatively
high dose in order to minimize the penetration of grafting, yet sufficiently low to avoid
dramatic deterioration of mechanical properties[78].
In order to simplify the analysis of wettability and synthetic conditions for grafting, we
decided to initially use FEP polymer films as a model system (Figure 4.1). Since the
hydrophilization treatment of our method is based on only coating modifications, it can
be assumed that carbon fibers remain unaltered. Attending purely to wettability changes,
it is more convenient to use flat surfaces where Young’s relation applies and
comparisons are straightforward since roughness effects are absent[29].
The following co-polymer systems were systematically studied: acrylic acid (AA) grafted
onto FEP (FEP-g-pAA) and N-vinylformamide (NVF) grafted onto FEP (FEP-gpNVF). The corresponding reaction schemes are shown in Figure 4.2. While AA is a
well-known low-cost compound, NVF offers the possibility to extremely decrease the
contact angle and produce a “fully-wetting” surface[132]. A parametric study including
the effect of monomer concentration and reaction time was performed for both
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systems. The modified polymeric films were characterized in terms of the mass increase
(gravimetric degree of grafting), infrared spectroscopy and the surface wettability.

Figure 4.2 - Reaction schemes showing the two chemistries reported in this paper.

After successfully investigating synthetic conditions for lowering the contact angle, the
reactions were carried out in porous media (Figure 4.1). The porous nature of the GDL
and its hydrophobicity bring an additional requirement: the grafting solution must wet
the inner pores, while simultaneously preventing air from being trapped inside.
Different approaches were investigated, such as the use of solvents with a low surface
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tension, the addition of surfactants in the grafting solution, or the introduction of the
grafting solution under vacuum. We chose the last of the three approaches for most of
the laboratory experiments with the AA grafting solution. The NVF grafting solution
was found to readily wet the GDL, so no particular application strategy was necessary.
In order to quantify the grafting reaction yield, energy dispersive X-ray analysis (EDX)
and X-ray photoelectron spectroscopy (XPS) measurements allowed for the
identification of the grafted compounds on the polymeric coating on the GDLs and to
quantify the grafting kinetics.
Additionally, the final wettability of the modified GDL was investigated. For the sake of
experimental simplicity, external contact angles on GDL surfaces were measured. The
effect of reaction time on GDL wettability was investigated at a fixed coating load.
Furthermore, the effect of the coating load at fixed reaction conditions was also studied.
Finally, we performed preliminary experiments to evaluate the thermal durability of the
modified materials. State-of-the-art diffusion media for PEFCs are generally composed
of a stack of a GDL with a microporous layer (MPL). The application of a MPL on the
modified GDL would, in the worst case scenario, expose the material to an elevated
temperature atmosphere, such as the polymer sintering temperature (270°C for FEP)[50].
While several studies reported in the literature addressed GDL focused on mechanical
degradation[133, 134] and few studies on chemical degradation[135-137], no study has focused
on thermal degradation. In standard materials composed of carbon fibers and the
polymer coating the consequences are less critical at the given temperature range
(slightly above the glass transition point). Partial melting of the polymer and soft
oxidation of carbon fibers is to be expected. However, the changes induced by thermal
stress on the grafted compounds can become very relevant. Therefore we perform this
preliminary study of thermal stability in which special attention is taken to the influence
on wettability.
Since the GDL entails additional complications to the understanding of degradation
suffered by the different components (carbon fibers, binder and coating/grafted
coating), we studied the effects of thermally degrading the model system (modified FEP
films) at two different temperatures (100°C and 270°C). The first represents a realistic
fuel cell operating temperature, while the second is the melting temperature of FEP.
Thermogravimetric measurements shed light on the major degradation intervals, while a
combination of infrared spectrometry with wettability measurements helped in
understanding the degradation mechanism and its final effect on surface
hydrophobicity.

102

Tuning the wettability – from flat to porous systems

4.3.2 Polymer FEP films
Fluorinated ethylene propylene (FEP) films were purchased from DuPontTM (Teflon®
FEP Fluoroplastic Film Gauge 100). They have a thickness of 25 m and an
approximate area factor of 18 m2∙g-1. The films were cut to the desired sizes and cleaned
with ethanol. Afterwards, they were dried under vacuum and stored in sealed bags prior
to irradiation.

4.3.3 Gas Diffusion Layers
For all experiments reported here Toray paper (TGP-H-060) was used as a base
material. It has a thickness of 190 m, a bulk density of 0.44 g∙cm-3 and a porosity of
approximately 78%[138]. The material was then coated with FEP using the “dipping”
method followed by a thermal treatment. The details of the coating application are
described in an earlier publication[74]. For the work presented here, coating loads of 5%,
15%, 30%, 50% and 70% (relative to the carbon weight) were used.

4.3.4 Electron beam activation
A linear accelerator was used at LEONI Studer (Däniken, Switzerland) with a variable
accelerator voltage of 1.05-2.35 MeV, a beam current in the range of 0 to 35 mA and a
scan width of 1220 mm. Materials were mounted on metallic trays that were conveyed
into the irradiation chamber. Conveyor speed [m/min] and beam current [mA] were
adjusted accordingly to control the dose, which is the mean energy absorbed by matter
per unit mass. Paper cardboard of 4 mm thickness was placed between the metallic tray
and samples to reduce the backscattering. Energy of 2.1 MeV and a dose of 50 kGy
were used in every case herein reported.

4.3.5 Reactants
Acrylic acid (Sigma Aldrich 99% containing 180-200 ppm MEHQ as inhibitor) was used
as received. The monomer was diluted in water down to the desired concentration.
When specifically stated, mixtures of acrylic acid (AA) with hexane were also used.
N-vinylformamide (Sigma Aldrich 98% containing 22-55 ppm 4-hydroxy-TEMPO as
stabilizer) was used as received. The monomer was diluted in water down to the desired
concentration or used pure.
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4.3.6 Reaction of FEP films
FEP films were placed in cylindrical glass reactors (volume around 70 mL) together with
the grafting solution at atmospheric pressure. To de-oxygenate the reaction medium, the
grafting solution was purged with N2 (flowrate of 8 NL∙min-1).

Table 4.1 - Summary of experimental conditions used in the grafting studies carried out on FEP films.

Copolymer System Monomer Conc. [%wt. in water] Temperature [°C]

Time [min]

FEP-g-pAA

5, 15, 30

60

30

FEP-g-pAA

15

60

10, 30, 50, 70

FEP-g-pNVF

20, 40, 60, 80, 100

70

60

FEP-g-pNVF

80

70

10, 30, 50, 70

Table 4.1 summarizes the experimental conditions (monomer concentration,
temperature and reaction time) used for the radical polymerization onto FEP films.
After the reaction, samples were immersed in ethanol and isopropanol in two
consecutive cycles overnight. Finally, they were dried under vacuum at 60°C before
further treatment for characterization purposes.

4.3.7 Reaction in porous GDLs
A summary of the experimental conditions (chemistry used, coating load and reaction
time) used for GDL grafting is shown in Table 4.2. GDLs were grafted using two
different types of reactors. For carrying out the Toray FEP-g-pAA synthesis, a stainless
steel reactor (50 mL volume) was used, allowing the introduction of the grafting
solution under vacuum. Figure 4.3 shows a detailed diagram of the experimental setup
for the AA grafting on GDLs. Initially N2 was bubbled through the solution storage
compartment for 60 minutes (3) as well as the reaction chamber (1) (lines a, b and c).
Later, valve 7 was closed until a pressure of 50 mbarabs was attained in the reaction
chamber and in lines a and c with the help of a vacuum pump. After closing valve 6 and
slightly opening valve 7, a volume of 40 mL of monomer solution was sucked through
line b into the reaction chamber (at a rate of about 20 mL∙min-1). Finally, valve 7 was
closed to isolate the chamber. The reaction was initiated by placing the reactor in a
temperature controlled bath at 60°C.
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Table 4.2 - Summary of experimental conditions used in the grafting studies carried out on FEP coated GDLs.

Copolymer system

Coating load [%wt. FEP]

Time [min]

Toray %FEP-g-pAA

0, 5, 15, 30, 50, 70

60

Toray %FEP-g-pAA

30

0, 5, 15, 30, 45, 60, 120

Toray %FEP-g-pNVF

0, 5, 15, 30, 50, 70

60

Toray %FEP-g-pNVF

30

0, 5, 15, 30, 45, 60, 120

Figure 4.3 - Vacuum reactor setup used for the preparation of FEP-g-pAA in porous GDLs.
The different elements are numbered as: (1) grafting reactor body; (2) GDL sample(s); (3)
monomer solution vessel; (4) vacuum pump; (5) cold trap (condenser); (6) 3-way valve; (7) flow
regulation valve.

4.3.8 Thermal degradation
The following samples were prepared in order to perform the thermal stability tests: an
FEP film grafted with AA (15% wt. in H2O) during 30 minutes; the very same after
sodium exchange using NaOH 0.05M during 8 hours at room temperature; an FEP film
grafted with NVF (80% wt. H2O) during 30 minutes. The same FEP-g-pNVF was
reacted with 2 M NaOH during 8 h at 80°C for the hydrolysis to the amine, FEP-gpVAm. A piece of this new sample was then exposed to 0.025 M HCl during 8 h at
room temperature for the formation of the quaternary ammonium salt, FEP-g-pVAmCl-.
A punched-out piece of each sample was subjected to thermogravimetric analysis
(TGA) for a first understanding of the thermal degradation profile. Further pieces of
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each material were exposed to the following temperature programs: 2 hours at 100°C,
15 min at 270°C and 2 hours and 270°C. Afterwards, samples were cooled down and
their water contact angles were measured.

4.3.9 Degree of grafting
The gravimetric degree of grafting (DG) was calculated for polymer films as the
percentage of mass increase due to the grafting polymerization. The formula used was:
𝐷𝐺(%) =

𝑚𝑓 −𝑚0
𝑚0

100

( 4.1 )

in which m0 is the initial mass of the dry polymer film (before activation and reaction)
and mf is the mass of the dry reacted polymer film (after cleaning). The gravimetric DG
of the porous GDLs could not be measured since the mass increase due to grafting was
below the detection limit of the balance.

4.3.10 Contact angle (CA) measurements
The measurements of the external contact angle on films were performed using an inhouse built goniometer at atmospheric temperature. The droplet volume was 2 L in
every case. At least 5 droplets were measured per sample and the contact angle was
obtained by averaging these measurements. The measurements on modified GDLs were
also undertaken following the same procedure.
For the measurements of wetting dynamics, a commercial device (OCA 25 Dataphysics)
was used, with a volume of 2 L equipped with a CCD camera with 34.5 fps. At least 4
repetitions per sample were taken. The image processing was done with a commercial
software (SCA 20, Dataphysics) using ellipsoidal fitting to extract the remaining volume
at each frame. From that information, the absorbed volume can be easily extracted:
𝑉𝑎𝑏𝑠 = 𝑉0 − 𝑉𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔

( 4.2 )

Since the initial volumes, V0, for each repetition differ, the absorbed volume, Vabs, was
normalized to the initial volume for comparative purposes. The normalized absorbed
volumes for each repetition were averaged at each time frame and its standard deviation
and confidence interval (at a 99% confidence level) were calculated.

4.3.11 Fourier transform infrared spectroscopy (FTIR)
FTIR spectra were recorded using a Vertex 70v FTIR spectrophotometer (Bruker).
Spectra were acquired under vacuum at 4 cm-1 resolution between 400 and 4000 cm-1.
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Attenuated total reflectance (ATR) spectra were measured using a horizontal ATR
accessory with a ZnSe crystal at 45° angle of incidence. The OPUS software was used
for the baseline subtraction.
Table 4.3 summarizes the peaks used for quantification in both modes (transmission
and ATR). The transmission peaks were normalized to the C-F deformation absorption
band integrated between 583-685 cm-1[139], while the ATR bands were normalized to the
C-F stretch integrated between 1170-1340 cm-1 as indicated in the table 4.3.

Table 4.3 - Collection of FTIR peaks used for integration.
Peak position

Characteristic

Integration

Integral

[cm-1]

vibration

domain [cm-1]

indicator

Trans

2605 & 3062

C-Hυ & O-Hυ

2210-2850

I(CHυ+OHυ)

Trans

1457

C-Hδ

1380-1490

ICHδ

ATR

1720

C=Oυ

1600-1800

ICOυ

Trans

2920 & 3274

C-Hυ & N-Hυ

2655-3725

I(CHυ+NHυ)

Trans

1548

N-Hδ

1460-1590

INHδ

ATR

1388

C-Nυ

1450-1750

ICNυ

Both

Trans

627 & 636

C-Fdef

583-685

ICFdef [139]

(normalization)

ATR

1149 & 1204

C-Fυ

1170-1340

ICFυ

System

FEP-g-pAA

FEP-g-pNVF

Mode

4.3.12Energy-dispersive X-ray spectroscopy (EDX)
A scanning electron FE-SEM Ultra 55 microscope (Carl Zeiss, Oberkochen, Germany)
was used.
Energy dispersive X-ray analysis was performed using a compatible
accessory (EDAX TSL, AMETEK). The elemental mappings presented here were taken
with a voltage of 8 keV, aperture of 60 m and a gun-to-sample distance of 9 mm. Two
different spots (with an approximate area of 1 mm2) were measured per sample and
averaged.
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4.3.13 X-ray photoelectron spectroscopy (XPS)
XPS measurements were carried out with a VG ESCALAB 220iXL spectrometer
(Thermo Fisher Scientific) using monochromatic Al Kα x-ray radiation (1486.6 eV) with
a beam size of ∼500 μm2 (power of 150 W). The spectrometer was calibrated using the
Ag 3d5/2 peak at the binding energy (BE) 368.3 eV. The pressure in the analysis
chamber was about 2 × 10−9 mbarabs. The spectra were recorded in constant analyzer
energy mode at a pass energy of 30 eV. The binding energy calibration was done based
on the C-C (GDL) peak at 284.5 eV.

4.3.14 Thermo-gravimetric analysis (TGA)
A Perkin Elmer TGA 4000 device was used with the following temperature program:
the temperature was initially held at 50°C for 5 minutes, and then increased from 50°C
to 800°C at a rate of 10°C∙min-1. A continuous air flow of 20 mL∙min-1 was applied.

4.4 Results and Discussion
4.4.1 Grafting on polymer films
As we require a surface modification induced by a bulk penetrating radiation, we first
performed studies on polymer films to investigate to which extent this is possible.
Additionally, we investigate synthetic conditions to produce hydrophilic surfaces at
reaction times as low as possible while reducing the complexity of the analysis.
Considering the FEP-g-pAA system, the degree of grafting increases fairly linearly with
the monomer concentration (Figure 4.4.a), but the contact angle does not increase much
for concentrations higher than 15%wt. It was also found that concentrations above this
limit led to significant formation of homopolymer. Therefore a concentration of 15%wt.
was used for the analysis of grafting kinetics. After reacting for 30 minutes, a degree of
grafting of 120% was reached (Figure 4.4.b), resulting in a contact angle decreased to
55° (from an initial value of around 110°). A nearly linear increase of the degree of
grafting as a function of the reaction time was observed for the first hour of reaction,
after which it tends to stabilize around 200% (meaning a threefold increase in weight).
The contact angle decreases slightly but after the minimal contact angle is already nearly
reached at 30 minutes (Figure 4.4.c).
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Figure 4.4 - Result of grafting studies on FEP-g-pAA (top row) and FEP-g-pNVF (bottom
row) polymer films. a: effect of monomer concentration for FEP-f-pAA (50 kGy, 60°C, 30
min); b, c: kinetic study for FEP-f-pAA (50 kGy, 60°C, 15%wt AA Conc.), d: effect of
monomer concentration for FEP-f-pNVF (50 kGy, 70°C, 60 min); e, f: kinetic study for FEP-fpNVF (50 kGy, 70°C, 80%wt NVF Conc.).

A different grafting behavior was observed for the FEP-g-pNVF. The monomer
concentration at a fixed reaction time has a very large impact on the DG, with very little
grafting at concentrations below 60%wt. and a sharp increase above this threshold
(Figure 4.4.d). The minimum contact angle is reached for 80%wt. and any further
increase of the concentration leads to a massive increase in the DG. Therefore, the
monomer concentration of 80%wt. was chosen as a compromise between low contact
angle and moderate degree of grafting and used for the subsequent analysis of grafting
kinetics. In contrast to that of AA, the grafting of NVF (Figure 4.4.e) reaches a nearly
stable value after less than 15 minutes (both in terms of degree of grafting and of
contact angle), providing hydrophilic surfaces with CAs of around 20° (Figure 4.4.f).
The grafting kinetics might even be faster, but the time necessary for the reactor to heat
up does not allow measurements at shorter time scales. Infrared heating or the use of
pre-heated grafting solutions would be expected to shift the degree of grafting to higher
and the contact angle to lower values, especially at short times.
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The lowest achievable contact angle was identified to be around 50° for FEP-g-pAA
and 20° for FEP-g-pNVF, respectively (Figure 4.4). Hydrolyzing the FEP-g-pNVF to
produce FEP-g-pVAm did not significantly lower the contact angle, which justifies our
decision to work with the formamide form. These results are in good agreement with
previous reports about grafting the same monomers onto ETFE films using plasma[132].
The differences observed suggest that the FEP-g-pAA system is strongly prone to bulk
grafting – as shown by the strong increase of the degree of grafting – and the FEP-gpNVF system rather exhibits surface grafting. To confirm this, the modified films were
investigated by FTIR in two different configurations: in transmission mode, which is
sensitive to the entire thickness of the material, and in ATR mode, which is only
sensitive to a few micrometers below the surface.

Figure 4.5 - ATR-FTIR spectra. a: comparison of pristine FEP, FEP-g-pAA, and FEP-g-pAANa+; b: comparison of pristine FEP, FEP-g-pNVF, and FEP-g-pVAm; c: detailed comparison
of FEP-g-pAA and FEP-g-pAA-Na+; d: detailed comparison of FEP-g-pNVF and FEP-gpVAm.
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Figure 4.5 contains FTIR-ATR spectra proving the presence of the desired chemical
groups. For FEP-g-pAA (Figure 4.5.a and 4.5.c), there is an important carbonyl stretch
peak (C=O) appearing at 1720 cm-1. There are also two broad absorption bands at 2605
and 3062 cm-1, characteristic of C-H and O-H stretch vibrations, respectively. The
sodium polyacrylate salt (FEP-g-pAA-Na+) is clearly distinguishable because of its two
absorption bands at 1426 and 1584 cm-1 that are shifted to lower wavenumbers
compared to the corresponding bands in FEP-g-pAA.
FEP-g-pNVF (Figure 4.5.b and 4.5.d) is characterized by a C=O stretch peak at 1683
cm-1 (amide I). N-H (amide II) in-plane bending and C-N stretch peaks occur at 1548
and 1388 cm-1. Additionally, a weak C-H bending band at 1442 cm-1 and a broad N-H
stretch band around 3274 cm-1 are observed. In combination these peaks prove the
presence of formamide groups in the polymer structure. FEP-g-pNVF hydrolysis
yielding FEP-g-pVAm is strongly suggested by the disappearance of the C=O and N-H
stretching bands that is accompanied by the appearance of an NH2 stretching band at
1572 cm-1.
Having discussed the most notable molecular vibrations, we quantitatively compare the
signals obtained for relevant peaks in transmission and ATR modes (Figure 4.6). In
transmission mode, the normalization of the integrated peaks of representative chemical
groups (C=O, O-H and C-H for FEP-g-pAA and N-H, C-H and C-N for the FEP-gpNVF) showed interesting trends. The obtained ratios (cf. Experimental) are in very
good agreement with the gravimetric degree of grafting characterization (Figure 4.4.b
and 4.4.e). The grafting kinetics of FEP-g-pAA (using two indicators) showed a gradual
increase of acrylate-related groups over reaction time; a plateau is reached after 70 min
(Figure 4.6.a). The increase of formamide-related species (indicator of FEP-g-pNVF)
reaches a plateau after 30 minutes (Figure 4.6.c).
The normalized integrated ATR peaks show trends that are different from those
obtained in transmission mode. In the case of FEP-g-pAA, a maximum is reached after
50 minutes (Figure 4.6.b). For the FEP-g-pNVF, a plateau is reached already after 10
minutes of reaction (Figure 4.6.d). These trends are very similar to the variation of
contact angle over reaction time for both systems (Figures 4.4.c and 4.4.f), which could
be explained by the fact that the contact angles are influenced by the amount of
chemical species on the external surfaces. The comparison of the results obtained via
quantified infrared spectroscopy (using transmission and ATR modes) and gravimetric
degree of grafting combined with contact angle measurements supports the theory that
FEP-g-pAA grafting diffuses towards the bulk while FEP-g-pNVF grafts on the
external surfaces.
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Figure 4.6 - Normalized FTIR peak areas. a: Transmission FTIR of FEP-g-pAA; b: ATRFTIR of FEP-g-pAA; c: transmission FTIR of FEP-g-pNVF; d: FTIR-ATR of FEP-g-pNVF.

4.4.2 Grafted GDLs: chemical characterization
Gravimetric quantification of the degree of grafting was not possible in the modified
GDLs due to the insufficient change of weight. In order to have an indicator for the
degree of grafting in GDLs, two different methods were employed: EDX and XPS. For
the FEP-g-pAA system, the degree of grafting using EDX was measured as the ratio of
the oxygen (O) and fluorine (F) signals, assuming that these elements are exclusively
found in the grafted poly(acrylic acid) and in the base fluoropolymer, respectively. For
FEP-g-pNVF, the same principle was used, but using nitrogen (N) as an element
characteristic of the grafted compound.
The shapes of the kinetic curves are consistent with those obtained for polymer films.
While the FEP-g-pAA (Figure 4.7.a) system shows a continuous increase of grafting
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over time, the FEP-g-pNVF (Figure 4.7.b) system reaches a plateau after 15-30 minutes
of reaction time.

Figure 4.7 - Grafting kinetics quantified with EDX. a: Toray 30%FEP-g-pAA; b: Toray
30%FEP-g-pNVF.

While the EDX analysis is limited to the identification of different elements, XPS allows
for the identification of the chemical species present in the GDL after grafting. In
Figure 4.8, a comparison between a non-grafted hydrophobic GDL, and GDLs grafted
with NVF and AA, respectively, is presented. The general survey acquired on the
untreated sample shows the presence of two main peaks (F1s at a binding energy of
around ~690 eV and C1s at ~285 eV) originating from the FEP coating and GDL
carbon fibers, respectively, without any observable oxygen peak. After grafting the GDL
with NVF two additional peaks are detected: the N1s and O1s located at a binding
energy of 401 eV and 533 eV, respectively, which originated from the grafted NVF
molecules. When grafting with AA and with posterior Na replacement, the Na1s and
O1s peaks are detected at 1073.5 eV and 532.5 eV. The XPS surveys verify the presence
of the grafted molecules on the surface of the coated GDL, and confirmed the
possibility of monitoring the signal evolution of the GDL and of the FEP coating in
parallel with the grafted molecules.
The C1s core level (region from 280 to 302 eV) is plotted in Figure 4.8.b. An analysis of
the non-grafted GDL allows for the identification of three major photoemission
components: (I) the C-C bonds (284.5 eV), which originate from the carbon fibers
composing the GDL; (II) the signal from oxidized carbon species at around 286 eV
present on the surface due to partially oxidized carbon fibers or polymeric coating and;
(III) CFX bonds located at 292.8 eV originate from the FEP coating (C-F2 and C-F3
respectively). The broadening and asymmetry of the CFX component and its shift to
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higher binding energies is related to a local charging effect of FEP due to its nonconducting nature.

Figure 4.8 - XPS spectra of three different samples: non-grafted Toray 30%FEP, Toray
30%FEP-g-NVF and 30%FEP-g-pAA-Na+. a: general survey spectra; b: C1s core level details.

The C1s peak measured on Toray 30%FEP-g-pNVF shows an increased C-C
component relative to the CFX position, which is most probably related to a reduction
in the coated FEP thickness or due to “cracking” of the polymer, leaving a higher
fraction of carbon fibers exposed. Moreover, we observe the appearance of significant
adjacent components at approximately 286.3 and 289.1 eV. The first probably includes
representative CH2/CH and are related to the polymer backbone. The second most
probably includes the overlapping of the C=O and C-N components present in the
formamide grafted molecules. C1s peaks from the Toray 30%FEP-g-pAA spectrum
presents similar features, but with a much stronger increase of the C-C component. At
286.4 eV, the component from CH2/CH is attributed to the grafted polymer backbone
and a clearly distinguishable O-C=O component appears at 290 eV.
In order to quantify the grafting kinetics, XPS spectra were recorded on samples treated
for different times. These measurements performed on Toray 30%FEP-g-pAA showed
two interesting trends. The integration of the Na1s peak intensity permitted tracing the
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grafting kinetics (Figure 4.9). The higher the amount of acrylic acid groups, the more
protonic positions are available for Na+ exchange. The continuous increase as a
function of time confirms the behavior measured with EDX and also the gravimetric
characterization of FEP films. Additionally, the electrical conductivity of the material
seems to increase in line with the reaction time (Appendix B, Figure 4.16).

Figure 4.9 - Grafting kinetics of Toray 30%FEP-g-pAA with Na+ exchange measured with
XPS. The intensity of Na1s (integrated peak) is plotted versus reaction time.

When considering industrial implementation of this approach, a reaction under vacuum
to wet the inner pores would imply the use of batch processes and higher energetic
costs. For that reason, we explored alternatives for a more practical implementation.
Table 4.4 shows three different grafting strategies tested with the Toray 30%FEP-gpAA system: the use of vacuum, low surface tension solvents (such as hexane) and the
addition of surfactants to increase the wettability. A measure of the degree of grafting
was taken by measuring EDX spectra. The oxygen signal (from the acrylate group) was
normalized to fluorine (from the coating) and showed that the use of hexane happens to
decrease significantly the degree of grafting compared to use of water as solvent. This
effect was also confirmed with other organic solvents such ethanol, dioxane and
isopropanol (Appendix B, Figure 4.17). The addition of Triton X-100 surfactant allowed
having almost a double O/F value compared to the use of vacuum, which shows its
potential to be used in a continuous grafting process at atmospheric pressure. The final
row in table 4.4 shows the O/F ratio of a sample which was exposed to AA solution but
not previously irradiated. This measurement provides a baseline value to account for the
initially present oxide groups, the residual unreacted AA and the noise of the O signal
from the EDX device. For the GDLs grafted with NVF such alternative application
strategies are not necessary, as the grafting solution readily wets the hydrophobic GDLs.
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Table 4.4 - Different grafting strategies carried out in GDLs and corresponding O/F ratio
extracted from quantified EDX spectra.
Grafting strategy

Conditions

(O/F)EDX

Vacuum

15% wt. AA (H2O), 50 mbar, 60°C, 60 min, 50 kGy

0.25

Low  solvent

50% wt. AA (hexane), 1 atm, 60°C, 60 min, 50 kGy

0.053

Surfactant

15% wt. AA (H2O) + 1.2 mL/mL Triton X100,

0.59

1 atm, 60°C, 60 min, 50 kGy

Contaminated

15% wt. AA (H2O), 50 mbar, 60°C, 60 min, 0 kGy

0.034

4.4.3 Grafted GDLs: wettability
As described in the introduction, the relation between the intrinsic GDL contact angle
and the observed external contact angle is not straightforward mainly due to the
roughness and heterogeneity of the material. Droplets on top of rough surfaces define a
so called apparent contact angle (app), which is a function of the wettability of the
material, i.e. its intrinsic contact angle (int) and of the geometrical properties.
In order to quantify the wettability of modified GDLs, external contact angles (app)
were measured. The effect of reaction time using equally coated substrate (Toray 30%
wt. FEP) is plotted for both grafting systems (Figure 4.10.a). The apparent contact angle
(𝜃𝑎𝑝𝑝 ) measured for the untreated substrate is around 137°. For the Toray FEP-g-pAA
samples, the apparent contact angle decreases already to values around 125° after
reacting for merely 5 and 15 minutes. Higher reaction times provide 𝜃𝑎𝑝𝑝 on the order
of 100-110°. However, with 30% wt. FEP coating load, it is not possible to produce a
spontaneously imbibing Toray surface. When considering the FEP-g-pNVF system,
much lower contact angles were measured. After only 5 minutes of grafting, the surface
remains hydrophobic (𝜃𝑎𝑝𝑝 ≈110°), yet after 15 minutes the surface appears hydrophilic
(𝜃𝑎𝑝𝑝 ≈50°, even though the droplet still remains on the surface). Higher reaction times
produce surfaces that spontaneously wick water droplets into the porous medium.
Therefore, the 𝜃𝑎𝑝𝑝 measured after short times (less than 2 seconds) can be considered
to be 0°. It is worth mentioning that pristine samples (Toray 30%FEP non-irradiated)
which have been deliberately contaminated with monomer solutions (exposed to the
NVF or AA solutions at the same temperature for 120 minutes) do not show a
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significant variation of their wetting properties. The fact that 𝜃𝑎𝑝𝑝 does not change (and
therefore remains hydrophobic) indicates that, as desired, the grafting process occurs if
the material has been previously activated by ionizing radiation. This shows the
possibility of performing local modification in GDL materials, as the regions exposed to
radiation can easily be defined with the help of blocking masks.

Figure 4.10 - Apparent contact angles measured on differently treated GDLs. a: Effect of
reaction time at a coating load of 30 % FEP. b: Effect of coating load at a reaction time of
60 min. The “NVF contaminated” and “AA contaminated” refer to measurements on samples
which have been artificially exposed to monomer solutions.

In figure 4.10.b, the 𝜃𝑎𝑝𝑝 is plotted against the FEP coating load in the GDLs at a fixed
reaction time. Uncoated GDLs hold a water droplet with a CA of around 107°, even
though the internal wettability of carbon fibers is around 80°. This clearly shows the
influence of roughness on the apparent increase of contact angle. For the lower coating
loads (5, 15 and 30% wt. FEP) the pAA treated GDL still remains hydrophobic.
Interestingly, for higher coating loads (50 and 70 % wt. FEP) the surface becomes
hydrophilic and spontaneously absorbs the water droplets. This dynamic process
happens much slower than in the case of the NVF treated samples (it takes longer than
2 minutes to imbibe the complete water volume in the GDL). The FEP-g-pNVF system
shows a quite different behavior. At 5 % wt. FEP load, the surface is already apparently
hydrophilic (around 78°), however droplets still sit on the surface. At higher coating
loads (15% wt. FEP and above) the surface becomes hydrophilic and spontaneously
imbibes every droplet on the surface.
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Unfortunately, the internal contact angles were not accessed experimentally. Some
methods to quantify them have been reported, such as environmental scanning electron
microscopy (ESEM) and the measurement of imbibition dynamics (Washburn)[84, 86, 90].
However, these characterization techniques require long experimental times and the
interpretation of results in not straightforward. For that reason, we decided to estimate
averaged internal contact angles derived from our measurements in flat surfaces, where
Young’s equation applies.
𝑐𝑓

We assume that the contact angle of the carbon fibers (𝜃𝑖𝑛𝑡 ) is 80°[137]. The average
internal contact angle is estimated as:
𝐹𝐸𝑃−𝑔−𝑖

𝜃𝑖𝑛𝑡 = 𝜃𝑖𝑛𝑡

𝑐𝑓

𝑓𝑐 + 𝜃𝑖𝑛𝑡 (1 − 𝑓𝑐 )

( 4.3 )

where fc is the fraction of the total carbon fiber surface covered by the coating (which is
subsequently grafted). fc was estimated to vary with the coating load (from 0 to 70%
FEP) linearly between 0 and 1 (total coverage). The internal contact angle of the grafted
𝐹𝐸𝑃−𝑔−𝑖

coating, 𝜃𝑖𝑛𝑡
, was extracted from the experimental values obtained in FEP
modified films (Figure 4) as function of reaction time and amount of grafted copolymer
(FEP-g-pAA or FEP-g-pNVF).

Figure 4.11 - Relation of estimated internal contact angles with their apparent contact angle
measured on GDLs (left). Calculation of the stability regions considering Cassie-Baxter and
Wenzel theories (right).

It is expected that some error is induced by this simplified approach to calculate the
internal contact angle, since the coating coverage fraction is difficult to estimate and the
cylindrical shape of the fibers influences the internal wettability as well. However, it is
rather acceptable to define 𝜃𝑖𝑛𝑡 domains: the “FEP domain” delimited by the intrinsic
contact angles of carbon fibers and FEP coating. The higher the coating coverage, the
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𝐹𝐸𝑃
closer the average value will tend towards 𝜃𝑖𝑛𝑡
. The “AA domain” is limited by the
wettability of carbon fibers and the minimum achievable contact angle with the FEP-g𝑐𝑓

𝑁𝑉𝐹
pAA system, around 50°. Finally, the “NVF domain” is limited by 𝜃𝑖𝑛𝑡 and 𝜃𝑖𝑛𝑡
(around 20°).

As can be seen in Figure 4.11, many of the measured samples are beyond the regions
defined by the Wenzel theory: intrinsically hydrophilic materials hold droplets with
apparent contact angles higher than 90°. Such a behavior is explained by the CassieBaxter theory[31], which assumes that air (or air partially saturated with the liquid vapors)
can remain trapped in the surface asperities.

Figure 4.12 - Wetting dynamics measurement. The absorbed volume normalized with respect
to the initial volume is represented versus time for three Toray GDLs, coated with different
FEP loads (15, 30 and 70 %wt. FEP) and reacted under the very same conditions (pure NVF at
70°C during 60 minutes).

As can be seen, the Cassie-Baxter theory covers the region of our experimental
observations well. It demonstrates the possibility of having metastable hydrophobic
surfaces, even though the material is intrinsically hydrophilic.
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Interestingly, the coating load has a considerable influence on the wetting dynamics. As
can be seen in Figure 4.12, the material coated with 15% wt. FEP happens to have the
slowest absorption dynamics, having around 50% of the droplet volume absorbed after
1 second. Increasing coating loads directly translate into faster imbibition dynamics.
After 0.3 seconds a 50% droplet volume has been absorbed (30% wt. FEP) and only
after 0.1 seconds the same volume has been absorbed at the highest coating load (70%
wt. FEP). Increasing the coating load leads to a higher fraction of carbon fibers covered
and therefore different average intrinsic contact angle.

4.4.4 Thermal degradation
As explain in the “Methodology” section, the posterior application of an MPL would
expose the modified materials to elevated temperatures. Therefore, the effect of these
thermal stresses on the modified polymer films is evaluated in this section. This study
on thermal degradation starts with the presentation of the TGA response.

Figure 4.13 - TGA analysis performed on both grafting systems using FEP films as substrate.
a: Comparison between FEP, FEP-g-pAA and FEP-g-pAA-Na+; b: Comparison between FEP,
FEP-g-pNVF, FEP-g-pVAm and FEP-g-pVAm-Cl-.

Figure 4.13 presents a comparison of the FEP-g-pAA and FEP-g-pNVF systems. When
comparing the FEP base material with the FEP-g-pAA, a notable mass loss is observed
starting at 200-250°C (Figure 4.13.a). Interestingly, the sodium acrylate salt significantly
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protects the material from thermal degradation. Much less degradation happens in the
low temperature range and bulk degradation starts after 400°C.
When analyzing the FEP-g-pNVF (Figure 4.13.b), an initial mass loss of around 20% is
measured after 270°C (very close to the melting temperature of the polymer), followed
by a more drastic loss at around 500°C, probably related to the ultimate thermal
decomposition. The formation of the amine (FEP-g-pVAm) happens to induce a
pronounced degradation at even lower temperatures (starting at 100-150°C). The
formation of the quaternary chloride salt (FEP-g-pVAm-Cl-) provides the material with
a thermogravimetric footprint very similar to that of FEP-g-pNVF.

Figure 4.14 - Transmission FTIR spectra of samples exposed to different thermal conditions
(pristine, after 2 hours at 100°C, after 15 minutes at 270°C and after 2 hours at 270°C); a: FEPg-pAA; b: FEP-g-pNVF.

The FTIR spectra acquired with thermally degraded samples show significant chemical
changes. After exposing the FEP-g-pAA to 270°C (Figure 4.14.a), the region between
1510 and 1890 cm-1 which is attributed to the C=O stretch vibration in carboxylic acids,
switches from one band in the pristine sample (1724 cm-1) to two bands (1604 and 1730
cm-1) after the high temperature treatment. The latter two bands can be assigned
to -CO-O-CO- stretching modes, and in combination with the decrease in intensity of
the broad O-H stretching band from 2450 to 3710 cm-1, are indicative of acetic
anhydride formation in the grafted polymers. This effect is significantly enhanced by
longer treatment times. In contrast, the spectra obtained for FEP-g-PAA-Na+
(Appendix B, Figure 4.18) show no evidence of chemical degradation due to the thermal
treatment, i.e., the C=O stretching bands at 1410 cm-1 and 1570 cm-1 are comparable
in all cases. This supports our expectation that the sodium salt impedes anhydride
formation. A comparison of the pristine film with the mild condition treatment (100°C
during 2 hours) shows no clear evidence of changes in chemical bonding. McNeill et al.
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proposed a reaction mechanism based on intramolecular dehydration which leads to the
formation of six-membered glutamic anhydride rings[140]. The same authors
demonstrated as well the superior thermal resistance of the sodium salt due to absence
of anhydride formation.
For FEP-g-pNVF (Figure 4.14.b) there is no clear indication of degradation at low
temperature. Substantial degradation only takes place at 270°C. Most bands related to
the secondary amide in FEP-g-NVF decrease in intensity or shift due to thermal
treatment. The band between 1490 and 1790 cm-1 linked to the –NH2 scissoring band,
the absence of the band at 1442 cm-1 and the lower intensity of the broad band between
2810 and 3690 cm-1 are indicative of amine formation and probably a partial loss of
functionalization. Otherwise, no significant differences are observed between the
spectra of FEP-g-pNVF at different degradation times (at 270°C).

Figure 4.15 - Contact angle of water measured on films. The pristine sample represents the
material after preparation but before being exposed to any degradation protocol.

The observations of the chemical bond changes due to both thermal degradation
protocols were subsequently correlated to the surface wettability response. The contact
angle of water is represented in Figure 4.15 for differently degraded FEP films, as well
as its precursor (FEP films or grafted films before any degradation protocol). The CA of
pure FEP does not significantly change after any of the treatments, even after melting of
the polymer. This behavior is well explained by the lack of chemical changes measured
with FTIR (Appendix B, Figure 4.19).
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FEP-g-pAA appears to suffer severe degradation with temperature, an effect that
translates into its surface wettability. Exposure to 100°C did not significantly change its
CA, however the exposure of the material to 270°C brought about a complete loss of its
hydrophilic properties. Interestingly, when replacing the protons of the acrylate with
Na+ and forming the acrylate salt, the surface wettability appears to be protected against
thermal stress. Even after long treatment at 270°C, the surface is able to hold water
droplets with the same CA as the initial system (≈50°). FEP-g-pNVF degrades in a
similar way as FEP-g-pAA. Exposure to 100°C does not significantly change its surface
CA, whereas temperatures of 270°C return the surface to the initially hydrophobic state,
even after short exposures (15 minutes).
Two possibilities are proposed to mitigate these negative effects: the first includes the
formation of polymer salts, such as the formation of the sodium acrylate which avoids
the formation of the anhydride. The second approach would imply the use of shorttime-exposure localized heat, such as infrared heating to sinter the MPL. The objective
is to minimize the heat arriving to the GDL layer which would render to temperature
increases and damage of the grafted coating. Some patented technologies already
mentioned the use of infrared heating to apply MPLs[141].

4.5 Conclusions
We demonstrated that the wettability of fuel cell GDL materials can be effectively tuned
using radiation grafting. The key findings of this paper are the following:
 It is possible to perform surface grafting induced by a penetrating radiation – a
prerequisite for the contact angle modification of porous materials such as fuel
cell GDLs. Notable differences in this respect between acrylic acid, which tends
to graft in the bulk of polymer, and N-vinylformamide, which tends to graft on
the surface, were identified by a combination of property changes (weight
increase and contact angle) and FTIR analysis.
 The grafting parameters identified using polymer films could be transferred to
the grafting on the polymer coating inside fuel cell GDLs, with similar reaction
kinetics. Although gravimetric measurements and FTIR are not applicable in this
case, the extent of grafting and the chemistry of grafted components could be
confirmed using elemental analysis (by SEM-EDX) and XPS.
 The discrepancy (known for hydrophobic GDLs) between the contact angle
measured externally and the intrinsic contact angle of the polymer has important
implications for the characterization: even certain materials known to have a
hydrophilic internal contact angle after our treatment were apparently
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hydrophobic in sessile drop measurements. This apparent contradiction was
explained in light of the Cassie-Baxter theory.
 For a given set of grafting parameters, the coating load was observed to have a
significant impact on the wetting characteristics: the higher the coating load, the
more hydrophilic the material. This result suggests that lower coating loads leave
a fraction of the carbon fiber surface uncoated.
 In view of applying an MPL including a sintering step at relatively high
temperature, studies were conducted to evaluate the ability of the material to
withstand these temperatures. Exposure to a temperature of 270°C (the sintering
temperature of FEP) was shown to severely degrade the grafted components.
However, results from thermogravimetric analysis show that the onset of
thermal degradation is at 200-250°C and that alternative MPL sintering strategies
such as local heating using infrared would probably avoid it.
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4.6 Appendix A – Calculation of apparent wettability
Historically, two main theories are used to explain the deviations of contact angle when
considering rough surfaces or porous materials: Wenzel and Cassie-Baxter. The Wenzel
theory, also referred to as homogeneous wetting regime, assumes that the liquid is in
contact with the solid interface[30]. Intrinsically hydrophilic materials present lower
apparent contact angles while internally hydrophobic materials hold higher apparent
contact angles. The roughness factor, rf, defined as the ratio between the developed
surface area of the material and its geometrical area, relates the intrinsic and apparent
contact angles to each other:
𝑐𝑜𝑠 𝜃𝑎𝑝𝑝

= 𝑟𝑓 𝑐𝑜𝑠 𝜃𝑖𝑛𝑡

( 4.4 )

As can be seen in Figure 11, many of the measured samples are beyond the regions
defined by the Wenzel theory: intrinsically hydrophilic materials hold droplets with
apparent contact angles higher than 90°. Such a behavior is explained by the CassieBaxter theory[31], which assumes that air (or air partially saturated with the liquid vapors)
can remain trapped in the surface asperities. The apparent contact angle can be
calculated as:
cos 𝜃𝑎𝑝𝑝 = 𝑓1 𝑐𝑜𝑠𝜃𝑖𝑛𝑡 − 𝑓2

( 4.5 )

Where f1 is the total surface of solid-liquid interface and f2 is the total surface of airliquid interface. Following the original treatment performed by the authors, a highly
simplified model assumed that our texture is composed of a variety of parallel cylindrical
fibers, with a fiber radius r and a distance between two fiber centers defined as 2(r+d).
Using geometrical relations, the values for f1 and f2 can be calculated as:
𝜋𝑟

𝑓1 = 𝑟+𝑑 (1 −
𝑓2 = 1 −

𝜃𝑖𝑛𝑡
180

𝑟 𝑠𝑖𝑛𝜃𝑖𝑛𝑡
𝑟+𝑑

)

( 4.6 )
( 4.7 )

This expressions permit calculating apparent contact angles as function of their intrinsic
ones, considering the geometry and intrinsic wettability. Due to the complexity of the
GDL microstructure, different values of (r+d)/r were plotted in figure 4.11.
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4.7 Appendix B – Supplementary material
4.7.1 Local Charge effect measured with XPS: increase of conductivity with
grafting degree
Even if an electron flood gun was used, the charge effect could not be completely
compensated. However, an interesting decrease in charge was systematically measured at
increasing reaction times with the Toray FEP-g-pAA system. The higher the grafting
degree, the lower the charge effect due to higher symmetry of the CFX component
(Figure 4.16). Therefore, we could assume that the copolymer FEP-g-pAA is more
electrically conducting than neat FEP.
The increase in electrical conductivity of the samples can only be affected by two main
reasons: the cracking of the polymer which facilitates electron conduction and the
structural change of the original FEP coating, which has very low electric conductivity.
A significant decrease of specific electric resistance (more than two orders of
magnitude) was reported in the literature when grafting polymer films of PTFE and
FEP with acrylic acid[130, 131].

Figure 4.16 - XPS spectra of Toray 30%FEP-g-pAA grafted at different reactions times. The
increased of symmetry of the C-Fx peaks indicates reduction of charge effect.
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4.7.2 Effect of solvent replacement in grafting solution
Fluoroethylene propylene (FEP) and polytetrafluoroethylene propylene (PTFE) were
reacted with acrylic acid to form FEP-g-pAA and PTFE-g-pAA, respectively. In this
case, the monomer solvent was a mixture of water with isopropanol, dioxane or ethanol.
As shown in Figure 4.17 the degree of grafting (DG) was significantly decreased when
increasing solvent concentration, which justifies our decision to use water as solvent.

Figure 4.17 - DG over percentage of solvent in water for FEP-g-pAA (left) and PTFE-g-pAA
(right).

4.7.3 Thermal degradation on FEP-g-pAA-Na+

Figure 4.18 - FTIR (transmission mode) spectra of differently degraded FEP-g-pAA films,
showing no significant changes. Particularly, no anhydride formation is detected.
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4.7.4 Thermal and chemical degradation on pristine FEP films

Figure 4.19 - FTIR-ATR spectra on differently treated FEP pristine films, showing no
significant variation due to thermal of chemical stress. Chemical degradation refers to exposing
the FEP films to Fenton’s reagent (30%vol. H2O2, 30 ppm Fe2+, 80°C) during 8 hours. Ageing
refers to FEP films which were stored under air for long periods of time (more than a year).
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Chapter 5. Mask-assisted
grafting

electron

radiation

While in the previous chapter a detailed study on synthetic conditions to modify
samples homogeneously, the present chapter focuses on the translation to patterned
structures. To do so, we used mask-assisted electron radiation grafting. In particular, the
influence of electron energy on the achieved spatial resolution is discussed. The present
chapter contains a combination of experiments and numerical simulations. The
experiments were performed by irradiation FEP films and GDLs with different mask
designs and setups and the Monte Carlo simulations using the PENELOPE code. In
the final part of this chapter, the influence of the spacing between mask and sample and
the impact of backscattering are also investigated.

The present chapter consists of a reproduction of the following publication:
A. Forner-Cuenca, V. Manzi-Orezzoli, P. M. Kristiansen, L. Gubler, T. J. Schmidt, and
P. Boillat (2016), Mask-assisted electron radiation grafting for localized throughvolume modification of porous substrates: influence of electron energy on spatial
resolution, Radiation Physics and Chemistry, Submitted.

129

Mask-assisted electron radiation grafting

5.1 Abstract
The spatial resolution aspects of the local modification of porous materials by electron
induced graft-polymerization were studied by a combination of experiments and
numerical simulations. Using blocking masks, only selected regions of the material were
exposed to radiation and subsequently grafted. The main focus of this study is the
application to gas diffusion layers, a carbonaceous 200 m thick porous substrate widely
used in fuel cells, with the goal of improving water management by locally tuning the
wettability. The comparison of experiments performed with different electron energies
and corresponding simulations shows good agreement, identifying the energy threshold
necessary to graft through the material to be approximately 150 keV. The impact of
electron energy on spatial resolution was studied, showing that the blurring effects due
to electron scattering reach a maximum at around 200 keV and are reduced at higher
electron energies. Finally, the numerical simulations were used to define the conditions
necessary to selectively graft only parts of bi-layer fuel cell materials.

5.2 Introduction
In the last 70 years, the use of electron beam technologies has impacted various fields,
such as micro and nanofabrication[142-145], electron microscopy, curing[146-148] and
welding[149], among others. Electron-beam lithography (EBL) is a technique based on
the use of a focused electron beam to draw custom shapes into so-called resist layers,
i.e. an electron-sensitive material, which undergoes either chain scission (polymethyl
methacrylate (PMMA)) or cross-linking (e.g. SU-8) upon electron exposure and allows
for pattern definition by selective removal of the irradiated (or non-exposed) fraction of
the resist upon development. EBL is nowadays used in a number of applications and
has been developed over the years to manufacture sub 10 nm resolution structures[150,
151]. Due to the demanding technology required to focus the beam, EBL is a very costly
technique (> 2 M$/device[150]). There are, however, other applications that do not
require such narrow structures. There have been recent works, mainly in the field of
microfluidics, focusing on the production of patterns on a scale of tens to hundreds of
micrometers using different technologies, such as plasma[152], UV irradiation[117], among
others. To the best of our knowledge, none of these studies have focused on
modifications of thick porous materials (thickness > 100 m) using electron beams,
which we address in this work.
Our group has recently developed a method to modify porous gas diffusion layers
(GDLs) used in polymer electrolyte fuel cells (PEFCs)[28, 153]. The method is based on
electron radiation grafting of the polymeric coating covering the carbon fibers [73, 74].
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The grafting polymerization refers to the formation of a copolymer between the original
polymer (pA) and a newly added monomer (M)[13, 129, 154]. The resulting molecular
structure can be written as pA-g-pM. Normally, pA is a low cost structural polymer and
M introduces an additional valuable property. In our particular case, pA is a
hydrophobic polymer (fluorinated ethylene propylene copolymer (FEP)) and M is a
hydrophilic compound (here acrylic acid) to increase the wettability. Since the minimum
expected pattern width to be produced is in the range of 100 m, we use masks to block
the radiation in the undesired regions. By adequately selecting the electron energy the
beam should penetrate the entire material thickness, generating radicals in the polymeric
coating located under the mask-free regions. In a subsequent step, the activated
materials are brought in contact with a liquid solution containing the hydrophilic
monomer and the grafting polymerization starts on the activated regions. The control of
the experimental conditions (type of monomer, concentration, solvent, temperature,
reaction time, etc.) allows for tuning the desired final properties[155].

Figure 5.1 - Illustration of the synthetic process to obtain porous substrates with structured
properties. (a) electron radiation using a blocking mask; (b) activated material is brought into
monomer solution; (c) finally, a material with localized grafted regions is obtained.

While a number of fields could benefit from the work on modifying thick porous
substrates, the implementation of GDLs with patterned wettability in PEFCs is
expected to improve the complex water management by providing optimized liquid/gas
transport characteristics[156]. We have demonstrated significant fuel cell performance
increase when using the novel GDLs using the mask-assisted radiation grafting
method[74, 157, 158]. The objective of this paper is to provide a more fundamental
understanding on how the radiation dose is distributed and, from this knowledge, set
the guidelines to produce a second generation of GDLs with patterned wettability with
higher resolution and tailored penetration depth.
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We start by comparing experimental results of elemental analysis on top and bottom
surfaces with Monte Carlo simulations of electron transport in a reproduced geometry.
In these lines, we compare the achieved resolution as a function of the electron energy
and discuss the 2-dimensional dose distribution. Afterwards, the effect of separating the
mask and the substrate is studied experimentally for different distances. Simulations
provide a theoretical basis of the forward scattering phenomena at two energies.
Further, we theoretically explored the impact of backscattering by using different
materials on the back-side of the substrates. The paper closes by presenting an example
of the use of simulations in a predictive way by irradiating a bi-layer material to a preselected penetration depth.

5.3 Experimental methods and simulations
The experiments are used to quantify the distribution of grafted molecules on top and
bottom surfaces, and the simulations to calculate the absorbed dose distribution
through the thickness of the material as well as to extrapolate the results to ranges of
energies not accessible with the currently used electron sources. The experimental
methodology consists of the following steps: (I) GDLs are electron beam irradiated
using masks; (II) activated GDLs react with the monomer, acrylic acid; (III) grafted
GDLs are cleaned and exposed to sodium hydroxide (NaOH) in order to replace the
protons in the acid groups by a sodium ion (Na+) for visualization purposes; (IV)
elemental mappings are recorded using energy dispersive X-ray analysis; (V) elemental
mappings are processed and profiles of the grafting yield are obtained. The following
subsections introduce the materials, procedures and techniques used, alongside with
details of the Monte Carlo simulations.

5.3.1 Materials
5.3.1.1 Masks
2 mm thick stainless steel masks were used. Rectangular openings were machined using
a pressurized water jet (WATERjet, Aarwangen, Switzerland). Two types of masks were
used for the studies reported herein: (1) a mask containing rectangular slits of 0.5 mm
width spaced 5 mm; (2) a mask with two perpendicular rectangular slits (500 m width)
forming a cross-like shape. The first mask was used for the studies about penetration
depth and resolution, while the second mask was used for the beam broadening study to
elucidate beam divergences in different spatial directions. The slits of mask (I) were
placed in the direction parallel to the linear electron beam axis.
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5.3.1.2 Gas diffusion layers (GDLs)
Untreated Toray Paper 060 (TGP-H-060) was used as base GDL material (purchased at
Fuel Cell Earth Store). It has a thickness of ~200 m, a bulk density of 0.44 g cm-3 and
a porosity of ~78%. The material was coated with FEP using the “dipping” method
followed by a thermal treatment. The details about the coating application were
described elsewhere[155]. For this particular study, a coating load of 70% (weight of the
coating relative to the base material) was used. We decided to use a high coating load to
have a sufficient amount of polymer to perform elemental mappings with a good image
quality.
5.3.1.3 FEP films (as dosimeters)
Fluorinated ethylene propylene (FEP) films of 25 m thickness were used (DuPontTM
Teflon® FEP Gauge 100) for measuring the beam width in the beam broadening study
(Section 3.3). The foils were cut into pieces of 6 cm x 6 cm and rinsed with abundant
ethanol to remove any contaminant present. Afterwards, they were dried at 60°C in
vacuum overnight before being packed into bags.

5.3.2 Electron beam
Two electron beam installations covering different energy ranges were used:
1) A linear accelerator was used at LEONI Studer (Däniken, Switzerland) with a
variable accelerator energy range of 1.05-2.35 MeV, a beam intensity range of 0-35 mA
and a scan width of 1220 mm. Materials are mounted on metallic trays that are conveyed
through the irradiation facility. Tray speed [m/min] and current beam [mA] are adjusted
to control the dose. 1 cm thick polyethylene (PE) was placed between the metallic tray
and samples in order to reduce the backscattering. Unless otherwise stated, a fixed
electron energy of 2.1 MeV was used, the other two parameters being variable to
achieve the desired dose.
2). Low-energy electron beam treatment was carried out in an EBLab 200 sealed
laboratory emitter system from Comet AG (Flamatt, Switzerland). Samples were
subjected to different doses ranging from 50 kGy under nitrogen (<200ppm oxygen),
employing an acceleration voltage between 80 and 200 kV and a maximum dose of 50
kGy per pass at a transport speed of 12 m/min and a nominal air gap of 10 mm.
Samples and masks were placed on a frame-type holder. This holder was gas sealed by
covering the upper part with a 30 m thick polyethylene terephthalate (PET) film and a
combination of O-rings and screws. The sealing of the holder was done to avoid any
decomposition products potentially produced during irradiation to damage the
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equipment. When specified, 600 µm of polyethylene (PE) was placed between the
holder and the samples to minimize backscattering.

5.3.3 Grafting reaction
Polyacrylic acid (pAA) was chosen as grafting system due to the favorable kinetics and
easiness to characterize. Acrylic acid (Sigma Aldrich 99% containing 180-200 ppm
MEHQ ad inhibitor) was used as received. The monomer was diluted in water down to
15% by weight. Extensive work was performed to find synthetic conditions allowing a
straightforward quantification of the grafting (i.e. a significant amount of acrylic groups
leads to color changes and sufficient molecules for the elemental mapping). On the
contrary, elevated grafting degrees are known to produce significant expansions of
sample size with the FEP-g-pAA system. Since the paper discusses localized
modifications, we have chosen the conditions resulting in minor size expansion allowing
for measureable quantification.
Activated GDLs and FEP films were placed in cylindrical glass reactors (volume around
70 mL) together with the grafting solution at atmospheric pressure. In order to deoxygenate the media, nitrogen flushing of the solution was performed during 60
minutes. Afterwards, the reactors were placed in a controlled temperature water bath at
60°C for 30 min. Samples were cleaned using a vacuum filter system[74, 155, 157] with
ethanol, isopropanol and water. Finally, they were dried under vacuum at 60°C before
further preparation for characterization purposes.

5.3.4 Characterization
The replacement of protons (from the acidic group) to sodium ions (Na +) to form
sodium polyacrylate resulted in a significant improvement of elemental signal measured
with energy-dispersive X-ray analysis (EDX). To do so, samples were punched (6 mm
diameter) and immersed into a 0.025 M NaOH solution (solvent composed of 60%wt.
H2O and 40%wt. EtOH) and stirred overnight. After that, they were rinsed with water
to remove excess salt and dried under vacuum.
EDX elemental mapping was chosen for the characterization of the patterns. An FESEM Ultra 55 (Carl Zeiss, Oberkochen, Germany) with a compatible accessory (EDAX
TSL, AMETEK) was used. Elemental mappings were obtained for carbon, fluorine,
oxygen and sodium (Figure 2) on the external surfaces of the modified GDL. In this
work we refer to “top” as the surface facing the electron beam and “bottom” the
opposite surface. The carbon signal comes from carbon fibers and coating (to a lesser
extent), while fluorine is exclusively present in the polymeric coating (FEP). Sodium
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should be exclusively present in the sodium polyacrylic acid molecules, while oxygen
comes mainly from the grafted co-polymer and some partially oxidized carbon fibers
and FEP. That is the reason why we chose sodium to perform further analysis. It should
be emphasized the fact that even if we refer to external surfaces, the EDX does not
prove the very external surfaces (like X-ray photoelectron spectroscopy does, for
example); however the X-rays are emitted from some deeper locations of the material
(i.e. 0.5-2 m). This effect is shown as “excitation pear”. On top of that, the porous and
rough nature of the GDL also increases the probability to probe some material layers
located underneath. As an arbitrary value, we consider 30 m as the external surfaces
within this work.

Figure 5.2 - The original EDX mappings for C, F and Na are shown on the top. Processed
mappings containing Na/F, interpolated Na/F and a combination of Na/F with C are shown
on the bottom. The mappings correspond to a 500 m pattern using 180 keV (on the top
surface).

As shown in Figure 5.2, we calculated the ratio between Na and F signals. Since the
coating content and distribution is not the same for each sample, this normalization
permits obtaining more reliable results. As the Na/F ratio as a measure of the amount
of grafted polymer only makes sense in locations where the coating is present, a
threshold was set on the fluorine (F) signal below which the Na/F ratio was defined as
“unknown”. The values in these regions were obtained from the adjacent regions using
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linear interpolation. Following this, a “final image” was created by overlaying the signals
from the fibers (C), the coating (F) and the grafted polymer (Na/F).
For the measurements of beam broadening using flat FEP films, we used optical
microscopy (Leica VZ700 C) and relied on opacity evolvement in the modified areas.
The originally transparent FEP film becomes opaque in the regions where a significant
amount of polyacrylic acid has been grafted (FEP-g-pAA). It must be noted that very
small grafting degrees may not lead to visually identifiable loss of transparency. For this
reason, the results obtained with this method are semi-quantitative.

5.3.5 Simulations
5.3.5.1 Environment
The code system PENELOPE (Penetration and Energy Loss of Positrons and
Electrons) was used for performing the simulations presented in this paper (version
2015)[105-107, 159]. PENELOPE performs Monte Carlo simulations of coupled electronphoton transport in arbitrary materials for a wide energy range (50 eV – 1 GeV). The
code system contains state-of-the-art physics for particle transport. We prepared scripts
to simulate the various geometries and source characteristics described in the respective
chapters. If not otherwise stated, 107 electrons were used for each of the simulations.
5.3.5.2 Geometry definition
In order to represent the studied system, a geometry space was defined as shown in
Figure 5.3. Generally speaking, it consists of a stack of horizontal planes which are
infinite in the y direction (perpendicular to the paper) and infinitively long in the x
direction. The electron beam source has been placed above the Body I at a distance of
10 mm. We have considered mono-directional beam flux as a good representation of
the experimental situation where a frame moves and gets irradiated using a linear source.
We considered the source to be sufficiently long in x and y direction and 5 mm in z
direction. Body I corresponds to a layer of PET, used to seal the irradiation frame (as
described in 2.2). This layer is ~30 µm thick and has been included in the simulations.
Body II corresponds to the steel mask. It is 2 mm thick and has a slit opening of 0.5
mm. Body III represents the material of interest (GDL) and is 200 m thick. Normally,
the distance between the mask and the GDL (Dms) is 0 m, except in the study about
the impact of mask-GDL distance (Section 3.3). Body IV is only considered in some
cases and can refer to an additional layer with different properties (such as microporous
layer) or to a material underneath to modify the backscattering. In the case that an MPL
is considered, the distance between Body III and Body IV (Dsb) is 0 m, however two
distances were used (0 and 200 m) when a backscattering material was considered.
136

Mask-assisted electron radiation grafting

Figure 5.3 - Illustration of the geometry considered (not on scale) for performing the
simulations.

5.3.5.3 Material properties
Table 5.1 contains a collection of the materials used in this work and the most relevant
properties. Some materials were already included in the PENELOPE database and
therefore no elemental composition needed to be input.

Table 5.1 – List of materials used in this work and their relevant characteristics.

Name

Thickness [m]

Density [g cm-3]

Composition %wt.

PET (Body I)

0.03

1.40

-

Steel (Body II)

2.0

7.90

17(Cr), 12(Ni), 81(Fe)

GDL (Body III)

0.2

0.75 [160]

31(F), 69(C)

FEP (Body III)

0.2

2.20

-

MPL (Body IV)

0.05

1.60 [16]

18(F), 82(C)

PE (Body IV)

0.10

0.940

-

The steel elemental composition used is obtained from a typical stainless steel 316L type
as used in the experiments[161]. The elemental composition for GDL and MPL was
calculated considering the FEP polymer content (70%wt. in the GDL and 30% in the
MPL) and the material porosity (0.70 for the GDL and 0.24 in the MPL). The porous
material was represented by using an apparent density computed by the contributions of
solid materials and air void. Future work will include the utilization of complex
geometries to capture the effect of different fiber orientations.
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5.4 Results and Discussion
5.4.1 Penetration depth and resolution dependence on electron energy
The first section of results focuses on the effects of electron energy on the resolution
and penetration depth. We start by showing the experimental results of the EDX
mapping at varying electron energies (Figure 5.4). For every energy value, it can be
clearly seen that a sharply defined pattern of around 500 m appears on the top surface.
More details on dose distribution will be discussed in Figure 5.5 and following
paragraphs. Analyzing the bottom surfaces, no measurable grafted pattern was observed
on samples irradiated with the lowest energies (120 and 140 keV), which indicates that
electrons are not penetrating the complete material thickness, or that the dose absorbed
at the bottom surface in too low to allow measurable grafting polymerization.

Figure 5.4 - Processed EDX mappings at different electron energy values and showing the top
and bottom external surfaces of the GDL. Similar to Figure 5.2, red and blue color represents F
and Na/F, respectively.
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At higher energies, E > 160 keV, the pattern also appears at the bottom surface and has
a similar width as the pattern at the top. However, the relative concentration of grafted
molecules seems to be lower, which could indicate a reduced dose reaching the bottom
surface or a less effective grafting processing occurring there, the second option being
less probable considering the reactor design[155] . Interestingly, similar grafting intensity
is found at the top and bottom surfaces of the modified GDL irradiated with the
highest energy (2100 keV). This observation points to a more homogeneous distribution
of the absorbed dose and effective grafting occurring on both sides. It should be noted
that the pattern obtained at the bottom surface is slightly more blurred than the one at
the top surface.
Figure 5.5 shows simulated cross-sectional 2-dimensional dose distribution images. It
can be seen that maximum dose values are obtained in the center while the broadening
and blurring due to scattering events appear to become significant in the energy range E
= 140-200 keV. A region having a width of approximately 100 µm adjacent to the area
where grafting is desired is thus exposed to radiation as well. The dose distribution over
the x-z directions follows a conical shape, which broadens towards the bottom surface,
thereby impairing the resolution at the bottom surface compared to the one at the top
surface.

Figure 5.5 - Simulation results of 2D dose distribution at the GDL for different values of
electron energy.

Surprisingly, this effect is predicted to notably disappear when increasing the energy
from 200 keV to 300 keV. In this case, the dose distribution becomes more
homogeneous and scattering is significantly reduced, thereby defining higher quality
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patterns. This trend persists at elevated energies and similar results are obtained in the
energy range between 500-2100 keV. It should be noted that a slightly higher residual
dose appears on the mask covered regions at the highest energy, E = 2100 keV, which
could originate from secondary electrons and Bremsstrahlung transported throughout
the mask.

Figure 5.6 - Comparison of experimental and simulation results top and bottom of the GDL.

In order to assess the resolution obtained on top and bottom surfaces, we systematically
calculate the Na/F intensity profiles at different energy values and display them
alongside the simulation results of dose absorbed (Figure 5.6). The dose profiles were
calculated considering the outer 30 m and averaging over the z direction. From
experiments, it can be seen that electron radiation does not penetrate throughout the
complete material at E ≤ 140 keV (Figure 5.6.a and 5.6.b). Differences between
experimental values and simulations are notable, especially in the case of 140 keV. The
explanation for this could be the real PET layer thickness. If the layer would be slightly
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thicker (i.e. 5-10 m) this would significantly impact penetration depth of the porous
material underneath. The definition of the porous material used in this work can also
impact the results. Finally, also differences in the real air gap may have an impact despite
to a lesser extent than the above.
Let us compare the experimentally obtained profiles at different energies for the top
surface. A trend shows broadening of the modified regions as energy increases. The
simulation results capture this trend and fairly similar pattern widths and sharpness are
obtained for every value of energy. We speculate that these differences appear due to
deviations of beam mono-directionality. If the electron flux does not impact the mask
perpendicularly, then electrons travelling with angular trajectories have higher
probabilities to be stopped by the mask side walls before reaching the GDL if they have
a lower energy. This phenomenon would also justify the blurring of the edges of the
modified domain, contrary to simulations that show a sharp transition. On the bottom
surfaces, a broadening and blurring of the modified domain is observed as well, with a
larger magnitude than for the top surface for the energies lower or equal to 180 keV
(Figure 5.6.c and 5.6.d). This corresponds well to the simulation results predicting a
difference in width and sharpness between the top and bottom surfaces. At the highest
energy (E = 2100 keV), the top and bottom surface have nearly the same pattern width
and sharpness, which is well represented by the simulation results. A slightly broader
pattern is obtained at the bottom interface. This can be explained by backscattering
originating from the holder materials underneath and will be discussed in further detail
in Section 5.4.4.
It is important to stress the fact that Na/F intensity values obtained with the EDX are
not linearly proportional to the dose calculated with the simulations. Several reasons
contribute to such differences: (a) the relationship between dose and degree of grafting
is not linear and complexly depends on monomer type, concentration, temperature,
reaction time, etc.; (b) X-rays detected in EDX are not emitted only from the very
external surfaces, but from a volume of some hundreds of nanometers depth (effect
known as “ionization pear”); (c) the porous and heterogeneous nature of the GDL
material can impair the quantitativeness of the analysis due to, for instance, incoming
emitted X-rays from lower material layers. Consequently, one should bear in mind that
EDX profiles at best provide a semi-quantitative description of the measurable grafting
locations. In this work we do not intend to use the Monte Carlo simulations to
reproduce in detail the experimental observations, but rather to provide a fundamental
understanding of electron transport and energy absorbed in localized regions of thick
materials. This will allow us to define irradiation strategies and design experimental
setups to modify thick porous materials with improved pattern quality.
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Figure 5.7 - Simulation results of absorbed dose over the z-coordinate (in the GDL) at five
different energies.

The current analysis procedure does no give experimental access to the depth profile of
the material modification, thus this aspect will be analyzed on the basis of simulation
results. The experimental measurements on the top and bottom surfaces serve as a
validation of these simulations, taking into account the slight discrepancy observed in
the energy threshold necessary to penetrate through the material. Figure 7 shows the
distribution of the absorbed dose over the GDL thickness according to the simulation.
The maximum absorbed dose displaces to deeper z-coordinates as energy increases.
Interestingly, for E = 300 keV, the dose distribution on the GDL is rather
homogeneous, and there are only marginal changes when increasing this energy up to
2100 keV. The depth profile information is interesting for the practical application to
fuel cells for the following reasons: (a) to define the minimum energy required in case
the same properties throughout the complete material thickness are desired; (b) to predesign modifications with selected penetration depths.

5.4.2 Influence of the spacing between mask and sample
The distance between the blocking masks and the irradiated substrate, Dms, has a notable
influence in defining the pattern of the targeted width. Figure 5.8 shows the beam
broadening as a function of Dms. Beam broadening, BB, has been calculated as:
𝐵𝐵 =
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where wf is the final pattern width after reaction and w0 is the original mask opening
width (500 m).

Figure 5.8 - Bream broadening versus mask-to-sample distance for the two spatial directions at
two electron energies: (a) Illustration of the setup used and definition of directions; (b) optical
micrograph showing the grafted structure; (c) 200 keV; (d) 2100 keV.
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In this study, we differentiate between the direction parallel to the electron beam
scanning direction, x, and the direction perpendicular to the beam axis, y (Figure
5.8.a). At the lowest energy (Figure 5.8.b), E = 200 keV, it can be seen that significant
broadening occurs (~2.3 mm when the separation in 10 mm). There is a fairly good
linear fit with a slope of ~0.23 mm/mm for both directions (x and y). This could be
explained by the geometry of the electron source and the position of the sample with
respect to it. At higher energies (Figure 5.8.c), however, significantly different beam
broadening occurs in the two directions. The broadening in the x direction (slope ~
0.35 mm/mm) amounts by a factor greater than two compared to that in the
perpendicular direction, y (slope ~ 0.16 mm/mm). The electron beam used at LEONI
sweeps a 30° angle between the linear source and the actual sample location. It can be
expected that electrons hitting the mask near the slit oriented in the x direction will
follow trajectories deviating from the main axis, which leads to more pronounced
scattering events and loss of resolution.

Figure 5.9 - Simulation results of beam broadening as a function of the distance between mask
and sample. (a) Schematic of the configuration used for simulation; (b, c) Dose distribution
over x-coordinate at (b) 200 keV and (c) 2100 keV, respectively.
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The experimental results previously discussed (Figure 5.8) are highly dependent on the
type of electron beam (geometry, source type, dose rate, etc.) and it is therefore difficult
to extract general conclusions. In order to provide a more fundamental description of
the phenomena, we performed Monte Carlo simulations considering an idealized
geometry as shown in Figure 5.9.a. Since we assume a mono-directional electron beam,
the objective of this study is to quantify the resolution loss only due to small angle
scattering events as function of the distance between a mask and the sample of interest.
FEP flat thin films were used to simplify the problem as compared to thick porous
materials and to reproduce the experiments. At E = 200 keV (Figure 5.9.b), it can be
seen that very significant scattering occurs as Dms increases and the dose distributes over
the adjacent regions. Interestingly, at E = 2100 keV, this effect is nearly eliminated and
only slight differences exist on the dose distributed at various values of Dms, which
points to a strong influence of energy in these scattering events. For the low energies (<
200 keV), the effect of scattering according the simulation is in the same order of
magnitude as the experimentally observed broadening. At high energy (2100 keV), the
observed broadening can hardly be explained by the effect of scattering, in particular for
the Δx direction, and the observed effects are rather imputable to the angle of the
electron beam, as mentioned above.

5.4.3 Backscattering as a limitation for achievable resolution
An important consideration when targeting high definition modifications on both sides
of the porous material is the backscattering (i.e. large angle scattering events). In this
work, we refer to backscattering as radiation that is emitted back to the body of interest
after reaching some materials underneath. Depending on the used setup, these could be
holders (metallic or polymeric), air or vacuum. In previous experiments of our group,
we have experienced that the use of high energy electron beams (i.e. E = 2100 keV)
combined with metallic holding trays lead to poor quality of modifications. In other
words: while the directly exposed regions appeared highly activated as desired, the
mask-covered areas are still significantly modified. This leads to a final material of poor
quality. In our particular case, the complete material would become hydrophilic. To
avoid this important issue, we tested different materials as support for the mask-GDL
arrangement and found that polyethylene (PE) effectively reduced the backscattering
effect and allowed the production of materials with a well-defined spatial definition of
the desired modification (i.e. containing hydrophilic and unmodified hydrophobic
regions). For the sake of providing some fundamental explanations to these
observations, we performed simulations comparing the effects of using different
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materials underneath the GDL (Figure 5.10.a). Due to its practical relevance, the effect
of the distance between the GDL and this material is also evaluated (Dsb).

Figure 5.10 - Simulation results on backscattering. (a) Schematic of the configuration used for
simulation; 2-D dose distribution using (b) steel and (c) air; Dose distribution over x-coordinate
at (d) Dsb = 200 m and (e) Dsb = 0 mm. These calculations were carried out with 108 electrons
and an electron energy of E = 2100 keV.
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Very interestingly, it can be seen that the use of steel instead of PE or air leads to a
significantly higher dose absorbed in the adjacent regions when using a Dsb = 200 µm
(Figure 5.10.b). This effect essentially disappears when putting the GDL and the
backscattering material in direct contact (Dsb = 0), which indicates that a minimum
spacing is needed to facilitate the electron trajectory after the large angle scattering
event. The use of PE instead of having a large space filled with air behind the sample
does not result in a visible change of the dose absorbed by the GDL sample. This is
consistent with the literature, as it is well known that high atomic number elements –
which are absent in PE – favor the backscattering[162].

5.4.4 Application to bi-layer materials
Based on the model validation with our experimental observations, we are in a position
to use the Monte Carlo simulations in a predictive way. When producing material
modifications using the mask-assisted electron beam induced grafting approach, it is
important to have the possibility to control the penetration depth to, for example,
irradiate one layer only without imparting significant radiation to the layer underneath.
State-of-the-art fuel cell diffusion layers are bi-layer materials, composed of a fibrous
substrate layer (carbon paper or felt) and a so called micro-porous layer (MPL). This
material, composed of carbon particles and polytetrafluoroethylene (PTFE), has a much
finer porosity (~0.1 µm pore size) than the substrate and is meant to improve the
contact to the catalyst as well as the water management. Depending on the design, a
modification of the complete thickness or of only one of these layers – typically the
substrate layer – may be desired.

Figure 5.11 - Simulation results on pre-selected penetration depth of a bi-layer arrangement
GDL+MPL. (a) Schematic of the configuration used for simulation; (b) Dose distribution over
z-coordinate at electron energies of 120, 125, 130, 135 and 140 keV; (c) 2D dose distribution at
E = 130 keV where the z direction has been stretched by a factor of 4.
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In order to predict the required energy to modify only the substrate in a bilayer
arrangement (Figure 5.11.a), we ran simulations (energy range between 120-140 keV) on
a sample composed of two layers (each of them with their corresponding parameters,
see Experimental section). As seen in Figure 5.10.b, there needs to be a trade-off
between having a sufficient dose on the bottom GDL side and minimal damage on the
MPL side. We selected E = 130 keV as the most suitable electron energy to meet these
requirements and computed the 2-D dose distribution on the stack of materials.

5.5 Conclusions
A combined experimental and numerical analysis based on Monte Carlo simulations was
conducted to evaluate the requirements on electron beam irradiation to perform a local
modification of porous materials – in particular for fuel cells – by radiation grafting. The
major findings and recommendations are:
 Electron energies larger than 140 keV are needed to modify 200 m thick porous
gas diffusion layers throughout their thickness. These results are supported by
Monte Carlo simulations on electron scattering in low density carbon coated
materials, though the simulation predict a slightly lower threshold energy.
 The edges of the modified regions are increasingly blurred with increasing
energies until a maximum is reached at around 180-200 keV. Simulations predict
that this blurring is significantly reduced again when increasing the energy to 300
keV. The experiments performed at much higher energies (2100 keV) partly
confirm this trend. These results identify the energy of 300 keV as an optimal
trade-off between the need of a sharp pattern and a minimal mask thickness.
 The distance between the blocking mask and the irradiated sample plays an
important role. Small angle scattering events, phenomena known as forward
scattering, impair the resolution significantly. Reduced energies (E = 200 keV)
lead to significantly higher beam broadening compared to higher energies. When
using lower energies, samples should be placed very near (< 1mm) to the
blocking mask while this is substantially less relevant at higher energies –
provided the beam source is arranged perpendicular to the sample in terms of
electron flux direction.
 The use of low atomic number compounds at the bottom of irradiated materials
reduces significantly the backscattered electrons, thereby improving the quality of
the achievable spatial pattern definition. To avoid backscattering, we propose to
free the bottom interface if possible for irradiation. When practical reasons due
not permit so, polyethylene should be use to minimize the backscattering.
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 The simulations of electron penetration depth indicate the possibility of
performing a selective modification of only a selected substrate layer in state-ofthe-art bi-layer fuel cell materials.
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Chapter 6. Capillary pressure characterization
Once the formation of hydrophilic patterns has been described in the previous
chapter, now is time to discuss how water distributes in the GDLs with patterned
wettability. The present chapter focuses on ex situ capillary pressure characterization,
which consist on understanding the relationship between capillary pressure and
saturation, on the modified GDLs. Neutron radiography and X-ray tomographic
microscopy have been used to image the water distribution. The influence of the
following material parameters has been investigated: type of carbon porous substrate,
hydrophobic coating load, pattern width and grafted compound.

The present chapter consists of a reproduction of the following publication:
A. Forner-Cuenca, J. Biesdorf, A. Lamibrac, V. Manzi-Orezzoli, F. N. Büchi, L. Gubler,
T. J. Schmidt, and P. Boillat (2016), Advanced water management in PEFCs:
diffusion layers with patterned wettability. Part II: Measurement of capillary
pressure characteristic with neutron and synchrotron imaging, Journal of The
Electrochemical Society, 163(9), F1038-F1048.
This is an open access article distributed under the terms of the Creative Commons Attribution NonCommercial No Derivatives 4.0 License (CC BY-NC-ND, ttp://creativecommons.org/licenses/by-ncnd/4.0/), which permits non-commercial reuse, distribution, and reproduction in any medium, provided the
original work is not changed in any way and is properly cited.
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6.1 Abstract
In this paper, we present an experimental study on the development of gas diffusion
layer (GDL) materials for fuel cells with dedicated water removal pathways generated
using radiation induced grafting of hydrophilic compounds onto the hydrophobic
polymer coating. The impact of several material parameters was studied: the carbon
substrate type, the coating load, the grafted chemical compound and the pattern design
(width and separation of the hydrophilic pathways). The corresponding materials were
characterized for their capillary pressure characteristic during water imbibition
experiments, in which we also evidenced the differences between injection from a
narrow distribution channel in the center of the material (and thus strongly relying on
lateral transport) and homogeneous injection from one face of the material. All
materials parameters were observed to have a significant influence on the water
distribution. In particular, the type of substrate has a dramatic impact, with results
ranging from a nearly perfect separation of water between hydrophilic and hydrophobic
domains for substrates having a narrow pore size distribution to a fully random
imbibition of the material for substrates having a broad pore size distribution.

6.2 Introduction
Research is striving to increase power density of polymer electrolyte fuel cells (PEFCs).
Improving the catalytic activity and optimizing the water management are frequently
identified as key approaches for maximizing power density or reducing the cost[125, 163165]. The gas diffusion media (GDM), which are stacked between electrodes and flow
fields, affects the complex water management in PEFCs to a significant extent. GDMs,
generally composed by an arrangement of a gas diffusion layer (GDL) and a
microporous layer (MPL), simultaneously provide several functionalities. They conduct
electrons and heat, maintain the mechanical integrity of the membrane electrode
assembly and should maximize gas diffusivity while removing the liquid water towards
the flow field channels[80, 153, 166]. Oxygen diffusivity exponentially decreases as
saturation of pores with water increases[38, 41]. This is related to the blocking of available
pores and a concomitant increase of tortuosity for liquid and gas transport counterflow.
Focusing on the GDL, researchers have tried to optimize gas-liquid transport
characteristics by finding optimal coating loads[54, 126, 167-169], understanding the effects of
microstructure[170-173], developing novel coatings[61-63, 174] and using different
architectures or substrates[175, 176]. A clever way for improving the gas-liquid transport
consists of artificially creating pathways within the GDL for effective water removal and
thereby increasing the gas diffusivity. In this direction, improvements under certain
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operating conditions were measured using perforated GDLs[64, 65, 127] and enhanced
oxygen diffusivities were achieved using a locally coated GDL[69]. Recently, we reported
a method to produce GDLs with patterned wettability based on local modifications of
the polymer coating’s wettability using radiation grafting[73, 74]. Contrary to the other
approaches, the radiation grafting method allows wettability modifications across the
complete material thickness without altering the mechanical properties and, most
importantly, it offers realistic scale-up potential. Here, we present a detailed
experimental study on the ability of our newly proposed material to confine the liquid
water transport to predefined pathways. This study was realized by varying different
material parameters (type of carbon substrate, coating load, type of grafted compound,
geometry of the water pathways). The materials were characterized by the recording of
local water saturation as a function of capillary pressure in water injection experiments,
where the water distribution was obtained by neutron radiography for all samples, and
additionally by X-ray tomographic microscopy (XTM) for one selected sample.

6.3 Experimental
6.3.1 Materials preparation
Toray TGP-H-060 carbon paper (~190 m thickness and 78% porosity) was obtained
from Fuel Cell Earth (Woburn, Massachusetts)[138]. Sigracet GDL 24 AA (~190 m
thickness and 86% porosity) was purchased at Ion Power (New Castle, Delaware) [177].
Freudenberg H2315 –H23/H24 current name– (~210 m thickness) was obtained from
QuinTech (Goeppingen, Germany)[178].
All three types of gas diffusion layers were obtained in pristine condition (uncoated).
The pristine GDLs were coated in-house with fluorinated ethlyene propylene (FEP).
FEP was chosen over tetrafluoroethlyene (PTFE) due to its superior radiation
resistance, faster grafting kinetics and superior hydrophobicity. A standard dip-coating
procedure using water dispersions of FEP particles and a subsequent thermal treatment
was followed, which is described in our previous work[74, 155]. Coating loads of 5, 30 and
70% wt. were targeted (Table 6.1). Calibration curves, relating the FEP concentration in
the dispersion to the final coating load, were obtained for the different GDL substrates
(Appendix B, Figure 6.11).
Samples were irradiated using an electron beam in an EBLab 200 sealed laboratory
emitter system from Comet AG (Flamatt, Switzerland). The details were described in
our previous work[74]. An acceleration voltage of 200 kV and a dose of 50 kGy were
selected in each case. In order to create patterned materials, radiation-blocking masks
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were used. The masks’ body is a 2 mm thick steel plate containing a regular arrangement
of slits where the opening width coincides with the desired hydrophilic pattern width
and the distance between two slits corresponds to the hydrophobic pattern width. The
different pattern designs are described in Table 6.1. Masks with a slit width of 250 m
(or higher) were produced using a water jet (Waterjet AG, Aarwangen, Switzerland). For
the realization of the narrowest designs (slits with a width of 100 m), a combined water
and laser cutting technology was employed (Laser MicroJet®, Synova, Ecublens,
Switzerland). After irradiation, samples were rapidly stored at -80°C to reduce radical
recombination prior to grafting.
Table 6.1 – Overview of samples used in this study.
Substrate type

FEP coating

Chemistry

width [m-m]

load [%wt.]

Toray

SGL

Freudenberg

Hydrophilic-hydrophobic

5

FEP-g-pNVF

500-930

30

FEP-g-pNVF

500-930

30

FEP-g-pAA

500-930

30

-

-

70

FEP-g-pNVF#

500-930

70

FEP-g-pNVF

250-460

70

FEP-g-pNVF

100-500

70

FEP-g-pNVF*

100-100

70

-

-

30

FEP-g-gNVF

500-930

30

-

-

70

FEP-g-pNVF*

250-460

30

FEP-g-gNVF

500-930

30

-

-

70

FEP-g-pNVF

100-500

*The characterization of these samples is only presented in Supplementary Inf.
#Sample used for comparison (measured with both setups, NR and XTM).
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N-vinylformamide (NVF) was used as received (Sigma Aldrich 98%) without dilution.
The irradiated GDLs were placed in cylindrical glass reactors, through which nitrogen
was bubbled for 60 min to remove dissolved oxygen. After that, reactors were placed in
a water bath at 70°C for 60 minutes. Acrylic acid (AA) was used as received (Sigma
Aldrich 99%) and diluted (15% wt.) in water. A vacuum reaction system allowed for
deoxygenation and application of 50 mbarabs pressure, which was needed in order to fill
the hydrophobic pores and remove the trapped air. The setup and experimental
procedure is described in detail in Ref. [155]. Reactions with AA were performed at 60°C
for 60 minutes.
The cleaning procedure was found to be critical for the effective formation of the
wettability patterns. Samples were placed in a Buchner type filter and vacuum was
applied in the vessel underneath. This helps the cleaning solvent to penetrate into the
inner porosity with a convective flow. 300 mL of ethanol, 300 mL of isopropanol and
finally 300 mL of water were used to clean each of the grafted materials in this manner.

6.3.2 Energy-dispersive x-ray (EDX) mapping and scanning electron
microscopy (SEM)
The ion exchange from H+ to Na+ was performed only for characterization purposes
and does not constitute a synthetic step. The sample treated with AA was exposed to
0.05 M NaOH overnight to form the sodium acrylate salt. The Na signal produced
much higher contrast in the EDX maps compared to the O signal of the non-exchanged
material.
The EDX mappings were recorded using a compatible accessory (EDX TSL,
AMETEK) integrated into a scanning electron microscope FE-SEM Ultra 55 (Carl
Zreiss, Oberkochen, Germany). They were taken with an acceleration voltage of 10 keV,
an aperture of 60 m and gun-to-sample distance of about 9 mm. Cross sections were
prepared using an epoxy resin and subsequent polishing. The method is described
elsewhere[58, 61].

6.3.3 Method of standard porosimetry (MSP)
It is widely accepted that capillary pressure, PC, is the driving force for liquid water
transport within the GDLs[28, 179]. The method of standard porosimetry (MSP) consists
of the measurement of the pore saturation, S, as a function of the capillary pressure and
can be used with different wetting fluids[92]. Gostick et al. first adapted the method to
porous gas diffusion layers for PEFCs[113]. In their experimental setup the GDL sample
was sandwiched between a hydrophilic and a hydrophobic membrane[93]. The
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hydrophobic membrane on top provides a very high pressure boundary which ensures
the complete saturation of the GDL. In this configuration, the liquid distributor and the
hydrophilic membrane beneath the sample ensures a homogeneously filled water front
over the sample area. The former authors and other groups systematically obtained
PC(S) relationships for different materials and studied the impact of substrate type,
sample thickness, compression and sample wettability among others[93, 180-185]. Recently,
Lamibrac et al. developed a setup compatible with X-ray tomographic microscopy
(XTM) imaging to perform MSP measurements[26]. Compared to previous attempts[95,
186], the recent developments in terms of image processing and segmentation allowed
extraction of quantitative PC(S) data from the XTM images.
In addition, in this work we adapted the previously described MSP method to inject
water through a central distribution channel. In this case, the capillary pressure was
controlled by regulating the liquid pressure by changing the water head. The water
content was quantified using neutron radiography. A selected sample was characterized
using the standard MSP setup with water over the complete bottom interface and the
water distribution was imaged with XTM. All experiments were performed at room
temperature.

6.3.4 Mono-channel injection setup
In the present work, all samples where characterized using a setup in which the injection
of water was done through a channel in the center of the cell which occupies 1/10 of
the sample area. This modification was introduced for two reasons: first, if water would
be injected all over the area the neutron radiographs performed in the through-plane
direction would contain a superimposed water layer. With the new configuration, 90%
of the sample area is free of extra water. Secondly, important information relating to
“lateral transport”, i.e. transport in the GDL in-plane direction, can be extracted with
this setup.
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Figure 6.1 - Experimental setup used in the capillary pressure experiments with neutron
radiography. (a) Flow diagram of the experimental setup; (b) Cell detail showing the different
elements. The GDL sample was oriented in parallel with the gravitational acceleration.

Figure 6.1.a shows the flow diagram of the setup used in all neutron radiography
experiments. A water canister (30 L volume) was fixed on top of a precision motor
(Berger Lahr VRDM 3913) and was connected to the main circuit (line a). The
experimental sequence followed was: (I) valves V1 and V2 were switched to permit water
flow through lines a-b-c to remove any gas bubbles present; (II) valves V2 and V3 were
switched to permit flow through lines a-b-d-e. With the pressure sensor P1 (at a fixed
distance below the injection channel) the tank height could be adjusted adequately
allowing water to flow at low overpressure (less than 1 mbar); (III) after the injection
channel was completely filled (verified online with neutron imaging), V 3 was switched to
dead-end mode where lines a-b-d were connected but without water flow; (IV) The
capillary pressure, PC, was calculated as Pc = PL-PG, where PL is the pressure of the
liquid water immediately before the cell inlet and at the same height as the injection
channel and PG is the gas pressure immediately after compartment 2. Each pressure
setting was held for at least 5 minutes. The capillary pressure was varied only in
increasing direction. Neutron radiographs and pressure data were acquired over the
complete duration of the experiment; (V) after the data corresponding to the last
capillary pressure point was acquired, compartment 1 was purged with N2 and 1
NL/min was flown through both compartments (through lines f-b-d-e and g,
respectively) in order to evaporate the water from the GDL in a controlled manner
(between 3-6 minutes were required to fully evaporate the water at this flowrate) so that
the water footprint in the GDL during evaporation could be imaged.
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The cell configuration is depicted in Figure 6.1.b. Compartment 1 contained the
injection channel (1 mm width, 0.5 mm depth) in the center. A PTFE gasket of 350 m
was inserted and helped positioning the GDL. The GDL of interest (patterned GDL)
was placed in compartment 1 with the direction of the pattern perpendicular to the
injection channel. On top, a hydrophobic membrane (HVHP04700, Durapore) of about
120 m thickness was placed, followed by another PTFE gasket and another GDL
(plain sample and of the same substrate as the GDL in compartment 1). The reason to
use a second GDL is to mimic the compression conditions existing in an actual fuel cell.
The use of steel spacers and the very same GDL substrate in both compartments
allowed us to adjust the GDL compression to 20% in all the experiments.

6.3.5 Neutron radiography (NR)
Neutron radiography was performed at the ICON beam line of the SINQ spallation
source at the Paul Scherrer Institute[98]. A 20 μm thick Gd2O2S scintillator screen
mounted in the micro-setup detector including a CCD camera (Andoe DV436, 2048 x
2048 pixels) was used for the recording of the neutron radiographs[187]. The detector
pixel pitch was 13.5 μm and the effective resolution 55 μm, taking into account the
unsharpness due to the beam divergence. The exposure time was set to 30 s and the
readout time was 4 s. All images underwent filtering for noise removal and image
correction (subtraction of the detector background and of the scattered neutrons
background, correction of the beam fluctuation and of the spatial inhomogeneities),
after which they were divided by an image of the dry cell to obtain the attenuation due
to water only[103]. From the obtained transmission images, the quantitative water
distribution was obtained by inversion of the Lambert-Beer law using a known
attenuation coefficient of 4.5 cm-1 for this setup (calculated from Refs.[98, 188]).

6.3.6 Extraction of local capillary pressure – water thickness characteristics
A study consisting of separately analyzing the water distribution above and below the
injection channel showed no preferential water locations induced by height. Gravity
does not seem to have a significant influence. Consequently, both domains (Aabove and
Abelow) were considered when averaging attenuation (Figure 6.2.a). Hydrophilic and
hydrophobic patterns were analyzed independently. Averaging areas for the hydrophilic
and hydrophobic lines were chosen as bands having half of the width of the
corresponding region (see Figure 6.2.b). Following this procedure, we extracted
averaged attenuations (representative of the whole sample) for these areas and
converted them to a water thickness as described in the previous paragraph. In all NR
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experiments water thickness values are provided instead of saturation, because
calculating the latter requires precise knowledge of the porosity and thickness of the
compressed sample, which are difficult to estimate as a function of coating load, grafting
treatment, and effective compression.

Figure 6.2 - (a) Neutron radiograph showing the regions used for extracting the attenuation
data. The GDL orientation (with respect to gravitational acceleration) is the same as shown in
the radiograph; (b) Detail showing the averaging intervals for one hydrophilic domain and two
hydrophobic domains.

6.3.7 Homogeneous injection setup
The experimental setup and procedure has been extensively described previously and
was used identically in this work[26]. The GDL sample is sandwiched between two
membranes: a hydrophilic membrane (pore size 0.22 μm) generates homogeneous
injection of water from the bottom side, while a hydrophobic membrane on top
confines the water and allows for saturations beyond the bubble point. Two consecutive
cycles of imbibition (increasing PC) and withdrawal (decresing PC) were performed, but
only imbibition results are presented for the sake of clarity. X-ray tomographic
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microscopy (XTM) imaging was made at the TOMCAT beamline of the Swiss Light
Source (SLS) with a beam energy of 13.5 keV. Tomographic scans with 2001 exposures
of 10 ms were performed resulting in a scanning time of 20 s. The PCO edge camera
and 2-4x zoom microscope system was used so images were obtained with a pixel/voxel
size of 2.2 m. More details on image processing, segmentation and derivation of the
saturation vs. capillary pressure curves were extensively described by Lamibrac et al.[26].
One sample (Toray 70%FEP-g-pNVF 500-930m, see Table 1) was analyzed with this
setup.

6.4 Results and Discussion
6.4.1 Resolution assessment of the grafted pattern
Before presenting the results of the capillary pressure measurements on the modified
materials, we show an ex-situ analysis of the obtained hydrophilic patterns. Figure 6.3.a
shows a regular optical image of a modified sample after immersing it in water. Water
accumulates at the hydrophilic patterns on both the top and bottom surface. A closer
look with an optical microscope confirms the localization of water (Figure 6.3.b). EDX
mapping allows for identification of the grafted molecules’ distribution. The carbon
signal is mainly derived from carbon fibers and, to a lesser extent, the coating, while the
fluorine signal originates from the FEP polymer (Figure 6.3.c). The sodium signal comes
exclusively from sodium polyacrylate salt formed during ion exchange in aqueous
NaOH. The sodium mapping shows that grafted polyacrylic acid is located in a narrow
space of about 100 m width on the available coating surfaces (Toray 70%FEP-g-pAA
100-500m). Figure 6.3.d shows the averaged Na-intensity from the EDX mapping
from top and bottom surfaces of a modified sample. The top surface refers to the GDL
surface directly exposed to the electron radiation. Despite the intrinsically irregular
nature of the material, there is a fairly good agreement between both signals. The fact
that the bottom surface (opposite to the irradiated surface) presents a similarly modified
pattern suggests that the electron beam activation effectively occurs without significant
detrimental scattering effects. In order to validate that grafting polymerization happens
throughout the bulk of the material, electron microscopy of cross-sections (prepared via
embedding in an epoxy resin) was performed (Figure 6.3.e and 6.3.f). The use of the
secondary electron detectors showed notable contrast variations between original coting
(FEP) and grafted copolymer (FEP-g-pAA). This distinction is probably due to the
difference in electrical conductivity, as reported in previous works[130, 155].
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Figure 6.3 - (a) Water accumulation in the hydrophilic patterns. Sample: Freudenberg
30%FEP-g-pNVF 500-930m); (b) Closer look at the water accumulation on the hydrophilic
pattern using an optical microscope; (c) EDX mapping showing the fibers (carbon signal), the
coating (fluorine signal) and the grafted regions (sodium signal). Sample: Toray 70%FEP-gpAA 100-500m with sodium replacement; (d) Averaged sodium intensity profile of the EDX
elemental mapping of the top and bottom surfaces; (e) SEM image (secondary electrons
detector) of a cross section showing two hydrophilic patterns. Sample: Toray 30%FEP-g-pAA
500-930m; (f) Details of a cross section demonstrating that the coating modification occurs
through the complete material thickness.

6.4.2 Variation of material parameters
Figure 6.4 presents a collection of water thickness vs capillary pressure curves for the most
relevant materials. The graphs have been organized in the following fashion: in vertical
alignment (Figures 6.4.a, 6.4.d and 6.4.f) three different substrates (SGL, Toray and
Freudenberg) are compared. In horizontal alignment (Figures 6.4.c, 6.4.d and 6.4.e) a
study with three coating loads (5, 30 and 70%wt. FEP) is provided.
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Figure 6.4 - Water thickness versus capillary pressure curves of differently modified materials.
The blue filled symbols represent hydrophilic domains while empty black symbols the
hydrophobic domains. Red squares represent points of measurements on corresponding
untreated samples (baselines).
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Diagonally, a comparison (Figures 6.4.d and 6.4.b) of the chemistry used (NVF or AA)
for grafting polymerization is presented. Last, we study (Figures 6.4.e, 6.4.g, 6.4.i and
6.4.h) the influence of the hydrophilic pattern width where three patterns (500-930, 250460 and 100-500 m) are compared. The effect of varying the substrate (Toray and
Freudenberg) is studied using the narrowest pattern as well (Figures 6.4.i and 6.4.a).
Figure 6.5 is organized in the same way and contains neutron radiographs at selected PC
(indicated in Figure 6.4). The impact of the parameter variations is presented and
discussed in the following paragraphs.

Figure 6.5 - Neutron radiographs at selected capillary pressures (shown in Figure 6.4) for
differently treated materials.
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6.4.3 Influence of substrate
Figure 6.4.d shows the PC characteristic of a Toray 30%FEP-g-pNVF 500-930m. In
this case, the hydrophilic domains are nearly saturated at 20-25 mbar, while water
content in the hydrophobic domains remains low (Figure 4d). The PC characteristic of
the baseline material (Toray 30%FEP untreated) showed that much higher PC is
required to fill the GDL sample (i.e. it is still nearly empty at 40 mbar), which shows the
influence of the hydrophilic patterns into the hydrophobic domains. The neutron
radiograph shows well-defined water filled patterns of 500 m width (the dashed lines
indicate the original line width) at 25 mbar (Figure 6.5.d). The Freudenberg 30%FEP-gpNVF 500-930m characteristic is plotted in Figure 6.4.f. With this substrate, higher PC
is needed to fill the hydrophilic patterns (>40 mbar) while the hydrophobic domain
remains almost dry. Perfectly defined water channels are observed (Figure 6.5.f). The
corresponding baseline material (Freudenberg 30%FEP untreated) also shows that
higher pressure is needed to imbibe the sample with water (as compared to the
hydrophobic domains of the treated sample).
The capillary pressure characteristic of SGL 30%FEP-g-pNVF 500-930m reveals no
sign of patterned water distribution (Figure 6.5.a); therefore only an average water
thickness (for the whole sample area) is herein provided (Figure 6.4.a).
The impossibility of forming patterns using the SGL substrate material (Figure 6.4.a and
6.5.a) in the capillary pressure experiment highlights the relevance of the microstructure
for the water transport. Even when a high coating load was used (SGL 70%FEP-gpNVF 250-460m), a very similar behavior is observed when imbibing the SGL
material (Appendix B, Figure 6.12). We were able to give proof of the presence of
hydrophilic patterns in the modified SGL material both by chemical mapping with EDX
and by immersing the material in water and clearly observing water accumulation on the
hydrophilic patterns (Appendix B, Section 6.13). However, the observation of the water
distribution during imbibition suggests that water preferentially fills the larger pores,
which are randomly distributed throughout the material. The location of the pores filled
first does not necessarily coincide with the existing hydrophilic pattern. This observation
points to the fact that large pores – even if hydrophobic – are filled at lower (or similar)
pressures than small hydrophilic pores.
This is contradictory to the expectations if considering the Washburn equation (see
Appendix A, Section 6.6), which predicts a negative capillary pressure for any
hydrophilic pores and a positive capillary pressure for any hydrophobic pores. The
Washburn equation is, however, derived from capillary geometries that do not feature
the constrictions between pores which are typical of fibrous materials. In this paper the
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Young-Laplace equation is derived for a cylindrical pore with a variable constriction
diameter (Figure 6.6.a). With this approximation we do not claim to provide a fully
accurate representation of an actual GDL which is much more complex, but to include
a straightforward theoretical basis to explain experimental observations that might seem
counterintuitive.

Figure 6.6 - (a) Illustration of the geometry considered for the capillary pressure model; (b)
Calculated values of capillary pressure versus dmin/dmax for different contact angles and dmax.
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PC vs dmin/dmax curves for various contact angles and pore diameters are represented in
Figure 6.6.b. It can be seen that at a given value of dmin/dmax, the PC dependence on
contact angle is much greater for smaller pore radii. For the case of dmax=200m, the
influence of contact angle is much less significant. This could explain the reason behind
the rather arbitrary water filling of SGL materials. Lamibrac et al. recently extracted
pore size distribution for SGL and Toray materials using XTM data [26]. They
demonstrated that SGL 24BA presents a much broader pore size distribution compared
to Toray TGP-H-060. Additionally, SGL contains a notable number of rather wide
pores (range of 200 m diameter) which do not exist in the Toray or Freudenberg
materials. Parikh et al. extracted pore size distribution of SGL, Toray and Freudenberg
materials from scanning electron microscopy[189]. An average pore diameter of 31.8, 26.4
and 16.5 m was obtained for SGL, Toray and Freudenberg, respectively. Freudenberg
seems to present the narrowest pore size distribution, followed by Toray and finally
SGL. This means that the Freudenberg substrate contains the smallest pores and that
the pore size is most uniform within this series. The minimal contact angle obtained by
grafting pNVF onto FEP is 20°, but we assume a higher contact angle of 𝜃 = 60° for
the hydrophilic pores due to the limited coverage of carbon fibers[155]. Similarly, we
assume an internal contact angle of 𝜃 = 110° for the hydrophobic pores. The results
shown in Figure 6.6.b highlight that large pores, even if hydrophobic, can be filled at a
lower (or similar) pressure than hydrophilic but smaller pores (at a wide range of
dmin/dmax). It should be furthermore considered that the flake-like binder, which covers a
significant fraction of the carbon fibers in an SGL substrate, presents additional
complications to the water transport modelling, since we have no information about the
wettability of the binder surfaces with respect to the carbon fiber and/or coating, nor
how the coating specifically covers each of these features.
The tendency herein observed also explains why a higher capillary pressure is required
to fill the hydrophilic domains in the modified Freudenberg materials compared to
those of the modified Toray GDLs (Figure 6.4.f and 6.4.d). Again, this is contradictory
to the predictions of the Washburn equation, which would predict a negative pressure
for all hydrophilic pores.
It is worth mentioning that the calculations performed herein (Figure 6.6) provide an
approximate estimation of the penetration capillary pressure for different geometries
and surface properties. Therefore, a more detailed modelling approach, such as the pore
network modeling or full morphology (Lattice Boltzmann) simulations[37, 190-193] would
bring a more realistic description of the phenomena.
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6.4.4 Influence of coating load
Focusing on Toray as GDL substrate, the effect of the polymeric coating load was
studied (Figures 6.4.e, 6.4.d and 6.4.e). When using low FEP amounts (5%wt.), there is
nearly no difference between the capillary pressure characteristics in hydrophobic and
hydrophilic domains (Figure 4c). As previously described, the modified sample with
30%wt. of FEP (Figures 6.4.d and 6.5.d) shows clearly defined patterns with the
hydrophilic domains being nearly filled at 25 mbar. Interestingly, the increase of coating
load to 70%wt. slightly reduces the capillary pressure necessary to fill the hydrophilic
domains (~16 mbar), while the water content in the hydrophobic regions is virtually
zero for pressures below 40 mbar (Figure 6.4.e). Thus, the water segregation into
hydrophilic and hydrophobic domains is significantly more pronounced in the material
with the higher coating load (Figure 6.5.e). The probable reason for the impact of
coating load is the change of coverage of the carbon fibers (Figure 6.7), resulting in a
decreasing internal contact angle for increasing loads in the hydrophilic regions.

Figure 6.7 - Illustration showing the effect of coating load on carbon fiber coverage by coating
and subsequent grafting.

The coexistence of surfaces with different wettability gives rise to the so-called mixed
wettability[194]. The contact angle of Toray (uncoated) fibers was found to be around
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80°[52], while the contact angle of the pNVF grafted FEP is around 20° [155]. The
assumption of a decreasing contact angle (in the grafted regions) with increasing coating
load is in line with the observations made in our previous work. It was proven that
higher coating loads (with the very same chemical modification) led to faster wetting
dynamics[155]. This was explained by the increase of carbon fiber surface coverage and a
concomitant increase in overall (or average) hydrophilicity. A similar effect can be
expected in the opposite direction for the hydrophobic regions: the contact angle should
increase with the coating load, as a result of the mixed wettability between the carbon
fibers (~80°) and the untreated FEP (~110°). Based on the PC calculations for different
internal contact angles (Figure 6b), the improved segregation for higher coating loads
can be explained by these changes in contact angle, as the capillary pressure is generally
positive except for very hydrophilic materials (e.g. 40°) and highly dependent on the
effective internal contact angle.

6.4.5 Influence of hydrophilic pattern width
The capillary pressure characteristic of materials with different pattern width (Figure
6.4.e, 6.4.g, 6.4.i) show an interesting trend: the narrower the hydrophilic pattern, the
higher the PC required for imbibition of the hydrophilic regions. As a logical
consequence, the separation between hydrophobic and hydrophilic domains is less
defined for thin patterns (Figures 6.5.e, 6.5.g and 6.5.i). For the thinnest lines (100 μm),
although a faint pattern is still visible, the analysis of neutron radiographs shows that the
width of the water filled region is approximately 250 μm, which is clearly larger than the
grafted region. Assuming that wettability of the hydrophilic domains is the same in
every case, the explanation has to be associated with microstructural details. In order to
provide a water pathway, a continuous network of connected pores with reasonably
large throat sizes needs to be available. The probability of providing such a network is
evidently higher for wide hydrophilic domains. For thin domains, the probability
increases that the pathway is obstructed by a barrier of small throats creating a
bottleneck which requires a higher capillary pressure to overcome. We further analyzed
the case of 100 μm thin hydrophilic domains with another substrate (Freudenberg
70%FEP-g-pNVF 100-m), with the results presented in Figures 6.4.h and 6.5.h. In
this case, the water segregation between hydrophobic and hydrophilic domains is
slightly better, which can be attributed to two reasons (Figure 6.8). First, the capillary
pressure in the hydrophobic regions is higher due to the smaller average pore size.
Second, the smaller pore size and narrower pore size distribution of this substrate
reduces the probability of having a bottleneck along the water pathway.
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Figure 6.8 - Neutron radiographs of imbibition (at three capillary pressures) and drying
experiments of two different samples: Toray 70%FEP-g-pNVF 100-500m (top), Freudenberg
70%FEP-g-pNVF 100-500m (bottom).

6.4.6 Water distribution during evaporation
The observation of water distribution during the removal by evaporation gives
interesting further insight. In an operating cell, the phenomenon of water evaporation
and condensation also plays a crucial role in the cell water balance. We observed that,
when flowing dry gas through both compartments, the water occupying the
hydrophobic regions is rapidly removed (in less than 2 minutes) in the case of the two
modified materials (modified Toray and Freudenberg substrates with 100 m
hydrophilic patterns), while the hydrophilic patterns remain with a substantial water
content for a longer time (4-6 minutes), being gradually dried. As shown in Figure 6.8,
the water separation between hydrophilic and hydrophobic domains is much clearer
during evaporation than during imbibition. These results confirm that we have welldefined hydrophilic and hydrophobic regions and support the previous explanations for
the poor formation of pathways in imbibition experiments: contrary to these,
evaporation does not rely on the overcoming of barrier capillary pressures. While the
contact angle might only indirectly influence the evaporation rate, it is clear that the
hydrophobic regions dry faster than the hydrophilic ones. For a given water volume, a
water droplet in a hydrophobic domain exposes a higher surface area to the gas flow
due to its curvature, therefore facilitating the evaporation process. This and the
probably preferential location of water in the larger pores favor the evaporation in the
hydrophobic domains first. When the water saturation is reduced, gas flow (convection)
is facilitated and therefore evaporation is further favored.
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6.4.7 Influence of grafted compound
Another study involves the variation of the chemical treatment used for grafting. Figure
4b shows the capillary curves when acrylic acid is used as a hydrophilic monomer
instead of N-vinylformamide. Compared to the latter (Figure 6.4.d), a higher pressure is
needed to fill the hydrophilic pathways (~40 mbar) with the filling of the hydrophobic
regions following just after. Therefore, poorly defined patterns were observed in the
neutron radiographs (Figure 6.5.b). It must be mentioned that, from the water thickness
measured, we suspect that this particular sample was too compressed (~20% lower
thickness), which might increase the differences due to the reduction of the pore size.
Nevertheless, as the compression affects both the hydrophilic and hydrophobic regions,
it cannot explain completely the differences to the base case. The effects derived from
the two different chemical treatments are rather straightforward. The reason is the
different intrinsic contact angles provided by the two chemistries. Measurements on flat
surfaces revealed that the contact angle could be decreased from initial values of ~110°
(FEP surface) to ~20° in the case of FEP-g-pNVF and ~50° for FEP-g-pAA. At a
given constriction diameter (i.e. dmin/dmax=0.7), a difference in PC of approximately 25
mbar more is required to fill a pore grafted with acrylic acid compared to a pore treated
with N-vinylformamide. These results highlight the relevance of, not only the wetting
strength of the hydrophilic regions, but the ratio between both hydrophilic and
hydrophobic regions’ wettability in the water distribution.

6.4.8 Influence of the injection mode
For one selected sample (Toray 70%FEP-g-pNVF 500-930m) we performed a
comparative analysis using homogeneous water injection and high resolution XTM. As
explained in the experimental section, water was injected over one face of the material
in this case. The separate analysis of hydrophilic and hydrophobic regions (Figure 6.9.a)
shows that already at negative capillary pressures (~ -14 mbar) the hydrophilic patterns
are nearly filled. The maximum saturation is reached at about 10 mbar, while the water
content in the hydrophobic regions still remains close to zero. At 20 mbar, the
hydrophobic regions start imbibing and filling is completed at pressures higher than 60
mbar.
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Figure 6.9 - Capillary pressure characterization of Toray 70%FEP-g-pNVF 500-930m with
homogeneous injection characterized with XTM. (a) Saturation versus capillary pressure curves.
(b) XTM radiographs of three different slices (bottom, middle and top of the GDL sample) at
four PC (-14, 5, 30 and 50 mbar). The irradiated side of the GDL was placed towards the
injection interface (bottom).
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The three dimensional nature of the tomographic imaging allows a detailed analysis over
the thickness of the material. Slices at three different positions (one near the injection
surface, one in the middle of the sample and one near the top) at four different capillary
pressures are presented in Figure 6.9.b. The radiographs taken at -14 mbar showed that
almost completely filled hydrophilic lines (of about 550 m width) appear near the
injection membrane, while the hydrophobic areas are completely water-free. A slice
through the center of the GDL shows partially filled hydrophilic patterns of about 400
m width, while the slice near the top (near the hydrophobic membrane) shows only
some pores filled with water in the hydrophilic regions, which proves that breakthrough
readily happens at negative capillary pressure. At 5 mbar, a width of the water-filled
region of about 700 m is measured at the bottom interface, and of 580 m and 500
m in the center and top slice, respectively. At increased PC (30 mbar), the bottom
interface appears nearly filled with water while significant pattern spreading occurs
having wider water filled domains of about 800 and 700 m width at the center and top
slice, respectively. At higher PC, a further broadening of the water filled regions is
observed.
The differences of PC necessary to fill the hydrophilic lines between XTM and NR
experiments (-14 mbar for the homogeneous injection and +16 mbar for the central
injection) can be explained by the anisotropy of the material[26], resulting in important
differences in the in-plane and through-plane water transport characteristics. In order to
verify that they do not originate from other differences in the experimental setup, an
analysis of the water distribution in the region which is in contact with the injection
channel was performed (for the measurements using the NR setup).

Figure 6.10 - Neutron radiographs on the injection channel area of Toray 70%FEP-g-pNVF
500-930m at five different capillary pressures (1, 5, 30, 50 and 95 mbar).
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The difficulty of analyzing quantitatively the water content over the injection channel is
a result of the 0.5 mm water column superimposed to the porous GDL, which
significantly increases the error of the measurement. However, qualitative water
distribution could be extracted (Figure 6.10). The differences between hydrophobic and
hydrophilic regions show that the hydrophilic lines do get filled at pressures as low as 1
mbar (due to the absence of a hydrophilic membrane, negative pressures were not
possible with this setup). Furthermore, the pattern widths measured at various capillary
pressures matches very well the measurements performed with XTM (Figure 6.9).
Although the hydrophilic patterns under the rib appear to be filled at very low PC, a
higher pressure is required to fill the adjacent areas. This result confirms that the
observed differences are mainly due to the direction of injection and not to other
parameters related to experimental configuration.

6.4.9 Implications for fuel cell operation
The prediction of fuel cell performance from capillary pressure data (measured in such
an ex situ experiment) is rather challenging. However, the results obtained shed light on
two types of water transport characteristics. The mono-channel water injection forces
water to travel longer distances and it is limited by the transport in lateral direction (inplane), where pores are generally smaller, while the homogeneous injection setup focuses
on through-plane transport characteristics. Both transport direction are relevant for the
removal of water during fuel cell operation because, although the water is produced
over the complete area, it can only be removed via the flow channels. The capillary
pressure needed to fill the hydrophilic pathways is not expected to be limiting, as the
electrochemical production of water can easily match the slight increase of pressure. A
much more important characteristic is, at the point where the hydrophilic pathway is
established, the level of water saturation in the hydrophobic regions dedicated to gas
transport. Thus, the materials providing a good separation between hydrophobic and
hydrophilic regions are expected to be the most suitable, even if they require higher
absolute capillary pressure. According to this study, this requirement is obtained with
materials having smaller pores and high coating loads. A further aspect is obviously the
diffusivity of oxygen on the hydrophobic regions: even if they are not filled with water
at all, the use of high coating loads might detrimentally affect this parameter. Thus,
further improvements of the coating techniques to provide homogeneous coverage of
the carbon fibers with a minimal amount of coating are highly desired. Nevertheless, the
question of the actual fuel cell performance cannot be answered based on the ex situ
characterization only. In the follow-up work (Part III of this series), in situ
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electrochemical characterization of operating cells combined with neutron radiography
is provided and these questions are addressed.
Besides the application of our materials to reduce mass transport losses, a further
possibility is to use it as a water distributor in evaporatively cooled fuel cells. In such
systems, water is injected into the cell as a liquid and evaporates to remove heat[195, 196].
Using our material, an effective distribution of the liquid from injection channels over
the cell area is expected[73]. In this case, the lateral transport is the parameter having the
highest importance.

6.5 Conclusions
We have demonstrated the ability of GDLs with patterned wettability – having
hydrophilic pathways dedicated to the removal of water – to confine water within the
predefined pathways, although this ability heavily depends on a variety of material
parameters. The main findings concerning the impact of these parameters are:
 Regular structures with low average pore size favor the patterning. While the
materials based on Toray and Freudenberg substrates yield clearly defined
domains, the materials based on SGL substrates – having a broad pore size
distribution – show a much more random distribution of water without
preferential water locations.
 Low coating loads do not permit a clear formation of water pathways.
 Narrow patterns lead to loosely defined water pathways, although the high
resolution of the material modification was confirmed by SEM-EDX analysis.
They also result in an increase of the capillary pressure required to fill the
hydrophilic regions.
 The chemical treatment to produce hydrophilic surfaces has a major impact.
Materials grafted with N-vinylformamide (providing contact angles of
approximately 20°) have much better defined domains than materials treated
with acrylic acid (contact angle of 60°).
 When water is injected homogeneously over one side of the GDL, the capillary
pressure curves shift to lower pressure values compared to the central
monochannel configuration. This emphasizes the important differences in the
characteristics of through-plane and in-plane water transport.
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6.6 Appendix A – Calculation of capillary pressure
The Young-Laplace equation relates the capillary pressure with the surface tension and
mean curvature of the separating interface[29]. For cylindrical capillary tubes, the
capillary presure can be calculated as:
𝑃𝑐 =

−2 γ cos 𝜃

( 6.1 )

𝑟

where  is the surface tension,  the contact angle of water with the solid wall and r the
pore radius. Dullien et al. considered a conical capillary[197]. We propose an extension of
the cylindrical model to account for a variable constriction diameter (Figure 6.6.a). This
involves calculating a new angle, , determined by the pore wall and the cylinder axis. If
r(x) is the variable pore radius,  can be calculated as:
𝑑𝑟

𝛼 = 𝑡𝑔−1 ( )

( 6.2 )

𝑑𝑥

The relevant water contact angle, (+) can be introduced in the Washburn equation
leading to:
𝑃𝐶 =

−2 𝛾 𝑐𝑜𝑠[𝑡𝑔−1 (
𝑟

𝑑𝑟
)+𝜃]
𝑑𝑥

( 6.3 )

For a given constriction (or obstruction), we found the minimum value of PC(x). For the
results presented in this paper we used a sinusoidal profile with dmax = 30 m and L =
20 m (Figure 6.6.b). The value of L was chosen to have a constriction width in the
range of a typical GDL carbon fiber.
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6.7 Appendix B – Supplementary material
6.7.1 Section S1: Coating load calibration curves

Figure 6.11 - Calibration curves relating the FEP coating load in the final GDL with the
percentage of FEP121 (dispersion) in water for the three different GDL substrates:
Freudenberg, Toray and SGL.
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6.7.2 Section S2: Imbibition of SGL 70%FEP-g-pNVF 250-460 m

Figure 6.12 - Water thickness versus capillary pressure of SGL 70%FEP-g-pNVF 250-460 m.
Neutron radiographs at two capillary pressures (4 and 40 mbar) and two different drying times
are included. The imbibition results show lack of water patterning and the water distribution
under drying conditions indicates some preferential water locations (corresponding to
hydrophilic regions), however rather poorly.
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6.7.3 Section S3: Hydrophilic patterns on SGL 30%FEP-g-pNVF 500-930 m

Figure 6.13 - Modified SGL 30%FEP-g-pAA 500-930 m. (a) Picture showing the water
accumulating on the hydrophilic patterns. (b) EDX elemental mapping of carbon, fluorine and
sodium.
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Chapter 7. In situ characterization
The previous chapter discussed the water transport in modified gas diffusion
layers using an ex situ method for obtaining the capillary pressure characteristic. From
that study successful candidates providing the best water segregation were selected to
perform operando testing. This chapter focuses on in situ characterization of polymer
electrolyte fuel cell devices containing gas diffusion layers with patterned wettability.
Using the multicell setup, which allows simultaneous operation of six cells, we
have systematically compared the influence that various cathodic gas diffusion layers
have on fuel cell performance. The pulsed gas analysis method, which allows assessing
different mass transport indicators, was used in combination with neutron radiography
to image the water distribution under operation. The effect of various patterns and the
influence of adding a microporous layers were evaluated using different operating
conditions.

The present chapter consists of a reproduction of the following publication:
A. Forner-Cuenca, J. Biesdorf, V. Manzi-Orezzoli, L. Gubler, T. J. Schmidt, and P.
Boillat (2016), Advanced water management in PEFCs: diffusion layers with
patterned wettability. Part III: Operando characterization with neutron imaging,
Journal of The Electrochemical Society, 163(13), F1389-F1398.
This is an open access article distributed under the terms of the Creative Commons Attribution NonCommercial No Derivatives 4.0 License (CC BY-NC-ND, ttp://creativecommons.org/licenses/by-ncnd/4.0/), which permits non-commercial reuse, distribution, and reproduction in any medium, provided the
original work is not changed in any way and is properly cited.
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7.1 Abstract
Following our two previous publications on material synthesis and on ex situ
characterization, we present an experimental in situ study to evaluate the effects of using
gas diffusion layers with patterned wettability at the cathode side of polymer electrolyte
fuel cells. The operando performance was assessed using traditional electrochemical
diagnostics (such as polarization curves) combined with the pulsed gas analysis (PGA)
method, which allows measuring the mass transport losses. Neutron radiography was
performed simultaneously in order to image the water distribution during operation.
Using this methodology, the effects of changing the pattern, including a microporous
layer (MPL), and varying the operation conditions (temperature and relative humidity of
the cathode gas) have been systematically evaluated. It has been confirmed that water
redistributes according to the engineered pattern and that the power density is
significantly increased thanks to reduced mass transport losses under various conditions.

7.2 Introduction
Several attempts have been reported in the literature to develop porous materials for
fuel cells with optimized liquid/gas transport characteristic[153, 166]. The variation of
microstructure[171, 172] and the optimization of hydrophobic coatings and their content
permitted significant improvements in performance[58, 61-63, 167], while the inclusion of
microporous layers led to the state-of-the-art materials that we know today[16, 18, 55, 198202]. However, these materials do not have dedicated pathways for liquid and gas
transport, but randomly distributed transport paths defined by the pore size and coating
distributions.
The perforation of GDLs in specific locations showed improved performances under
certain operating conditions[64, 65]. The local application of hydrophobic coatings was
reported to improve oxygen diffusivity using an ex situ test rig combined with X-ray
tomography[67-69]. An in situ study by the same research group demonstrated clear
improvements when combining these hybrid GDLs with micro-grooved gas channels,
but the isolated effect of hybrids GDLs did not lead to significant performance
improvements[70]. Recently, we reported a method to produce GDLs with patterned
wettability[73, 74] based on radiation induced chemical grafting, and were the first to
publish operando data with such patterned materials, showing a significant improvement
when using them on the cathode of a PEFC[74].
Here, we present a comprehensive study on the impact of GDLs having patterned
wettability on the water distribution and performance of the cell. The varied parameters
include the dimensions of the pattern, the presence or absence of an MPL, and
180

In situ characterization
operating parameters such as humidity and temperature, respectively. This work
currently rounds up a series of three papers including a detailed study on the material
synthesis parameters (Part I)[155] and the analysis of the impact of various material
parameters (substrate, coating load, grafting chemistry, pattern dimensions) on the water
distribution in capillary injection experiments (Part II)[157].

7.3 Experimental
7.3.1 Materials
Toray TGP-H-060 was used as a substrate for all the experiments. All samples were
coated with 30%wt. fluoroethylene propylene (FEP) using the dip coating method.
Details about the coating application can be found in our previous work[74, 155]. The
coated GDLs were then irradiated using masks (stainless steel, 2 mm thick) with two
different designs: 1) 500 m openings spaced 930 m and 2) 250 m openings spaced
1000 m. The first design provided a hydrophilic areal fraction of 35% and the second a
fraction of 25%. A laboratory device (EBLab, Comet AG, Switzerland) was used for
sample electron irradiation following the same procedure described previously[74, 157].
N-vinylformamide (NVF) was used as hydrophilic monomer for the grafting reaction. It
was used as received without further dilution (Sigma Aldrich, 98% purity). The
previously irradiated materials were exposed to the monomer in absence of oxygen at
70°C and atmospheric pressure during 60 minutes. The materials were cleaned after
grafting following the procedure describe in our previous work[74].
The baseline material used for comparison was unmodified Toray TGP-H-060 carbon
paper with 30%wt. FEP coating. The baselines and modified material provide from the
very same batch of coated substrate GDLs. This allowed us to isolate the effect of
producing hydrophilic patterns without any other significant influencing parameter such
as substrate microstructure, coating load or distribution, etc. Self-standing microporous
layers (MPL) (Carbel CB30Z, Gore) were used.

7.3.2 Cell configuration and setup
Our previously introduced multicell setup[15] was used for all the experiments reported
here. A simultaneous operation of six cells is possible with this setup while being
compatible with neutron imaging in both imaging configurations (through-plane and inplane). Pure hydrogen and air were supplied to anode and cathode, respectively. A single
gas mixing and humidifier system is used for all 6 cells, ensuring that all cells are fed
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with gases having the very same concentration and humidity. However, the flow rates
for the anode and cathode can be adjusted individually for each cell and were set to 0.4
NL min-1 (anode) and 1.0 NL min-1 (cathode). This translates to very high
stoichiometries ( > 60 at 1 A cm-2) to allow for the so-called “differential cell”
operation[54, 203].
The individual cells were machined in aluminum and coated with a protective layer (25
µm Ni, 10 µm Au). They have 1 cm2 of active area and the flow field is composed of
five parallel channels (1 mm wide, 0.55 mm deep) separated by 1 mm lands. Catalyst
coated membranes (CCM) (Primera 5710, W.L. Gore & Associates, Inc. USA) with
catalyst layers (CL) containing Pt loadings of 0.1 mgPt cm-2 on the anode and 0.4 mgPt
cm-2 on the cathode, respectively, were used for every experiment. While on the anode
only the baseline GDL material was used, on the cathode the baseline and the two
different modified materials were employed. The cells were either assembled without
MPL, or with an MPL on both sides. The materials combinations for all 6 tested cells
are summarized in Table 7.1. The GDL compression was set to 20% for every
experiment. PTFE gaskets of 350 m thickness and steel spacers (of variable thickness)
were used for positioning, tightening and for adjusting the compression.
Table 7.1 – Collection of GDL and MPL materials used.
GDLan

GDLca

MPLan/MPLca

Nomenclature

Toray 30%FEP

Toray 30%FEP

No/No

Baseline

No/No

Patterned 500

No/No

Patterned 250

Yes/Yes

Baseline+MPL

Yes/Yes

Patterned 500+MPL

Yes/Yes

Patterned 250+MPL

Toray 30%FEP-g-pNVF
Toray 30%FEP
500-930m
Toray 30%FEP-g-pNVF
Toray 30%FEP
250-1000m
Toray 30%FEP

Toray 30%FEP
Toray 30%FEP-g-pNVF

Toray 30%FEP
500-930m
Toray 30%FEP-g-pNVF
Toray 30%FEP
250-1000m
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7.3.3 Experimental protocol
Two types of experimental protocols were used: 1) the recording of polarization curves
(referred to a IV curves) and 2) the variation of cathode relative humidity (RH) at a fixed
current density (referred to as RH series in this work). The IV curve experiments
consisted of, at least, 10 to 12 current points in increasing fashion. The RH series
experiment consisted of setting a certain current density (0.5, 0.75 and 1.25 A cm -2
depending on the experiment), an anodic RH (RHan) of 100%, and recording the voltage
response at five different (0, 40, 60, 80 and 100%) cathodic RH (RH ca). The holding
time per data point for all the experiments was 20 minutes.
The pulse gas analysis method (PGA) was applied to each data point recorded. The
PGA method consists of the switching of the air flow in the cathode to a flow of helox
(21% O2, 79% He) or pure oxygen. Due to the superior oxygen diffusivity in helium
compared to nitrogen (a factor 2 to 3), an indicator called “bulk-losses” is calculated
from the difference of cell voltage under air and helox. The bulk mass transport losses
are normally related to diffusive transport limitations in large pores (GDL). The “nonbulk” losses are obtained from the difference of cell voltages under pure oxygen and
helox and are related to diffusive transport limitations in the Knudsen regime (pores in
the 10 nm range) or through thin films of ionomer/water in the catalyst layer. Under
pure oxygen the mass transport losses are nearly zero but a correction for higher partial
pressures needs to be accounted for (45 mV increase due to changes in the Nernst
potential and the reaction kinetics). The test-bench used in this study permitted
supplying the alternate gases (helox/oxygen) for short intervals of 1 second, hence the
name pulse gas analysis. The use of this pulsed method was shown to be essential to
avoid measurement artefacts (dry out and changes in catalyst coverage) associated with
continuous operation with helox or O2. A detailed explanation of the method can be
found in our previous paper[101].

7.3.4 Imaging setups
The neutron radiography experiments were performed at the ICON beamline[98] of the
Swiss Spallation Neutron Source (SINQ) at the Paul Scherrer Institut. Two different
imaging configurations (Figure 7.1) were used: through-plane imaging (membrane
perpendicular to the beam axis) and in-plane imaging (membrane parallel to the beam
axis).
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Figure 7.1 - (a) Illustration showing the two imaging modes used in this work: beam
perpendicular to the membrane plane (through-plane) and parallel to the membrane (in-plane).
An example of the type of images obtained using both imaging configurations is shown. (b)
Cut-off of 5 channels to show the differences between calculating the pixel-wise median
projection and average projections.

In the through-plane experiments, a conventional neutron imaging setup was used with a
neutron sensitive scintillator screen (6LiF/ZnS, thickness 50 µm) perpendicular to the
beam axis. A cooled CCD camera (Andor iKon-L, 2048x2048 pixels) was used together
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with optical lenses (Zeiss Makro-Planar, 100 mm focal length). The resulting pixel size
was 62.5 µm, translating to a maximal field of view of 12.8 x 12.8 cm2, and the effective
resolution including blurring was 115 µm (defined by the half period of the 10% MTF
cutoff). With a beam collimation of 400 (defined by the ratio of the source-sample
distance L and the source size D) and a sample-detector distance of approx. 40 mm, the
resulting geometrical blurring was in the same order of magnitude (100 µm). In the
horizontal direction, the field of view was reduced to 100 pixels (62.5 m) to increase
the read out rate and avoid the collection of unnecessary data. For in-plane imaging, the
anisotropic resolution enhancement methods developed at PSI[102] were applied. A
scintillator screen made of Gd2O2S with a thickness of 10 µm was positioned behind the
cell at an angle of 5.8° with respect to the beam axis, resulting in a magnification factor
of approximately 10 in the horizontal direction. The resulting pixel size was 6.2 µm in
the horizontal direction and 61 µm in the vertical direction, and the measured effective
resolutions (10% MTF half period) were 12 µm (horizontal) and 140 µm (vertical). In
this case, an anisotropic collimation was used with a horizontal L/D ratio of 1000 and a
vertical L/D ratio of 100. With a sample-detector distance of 25 mm, this translated into
a geometrical blurring of 25 µm (horizontal) and 250 µm (vertical), which constitutes the
major resolution limitation in this case.

7.3.5 Image processing
The image processing consisted of a correction of the detector background, a 3D
median filter of 3×3×3 pixels (x, y, t), a flat field correction, a correction of the
background due to neutrons scattered by the setup and a correction of beam intensity
fluctuations and cell displacements. Subsequently, the images were referenced pixel-wise
to their radiograms in the dry state. The thickness of water 𝛿 was calculated according
to the Lambert-Beer law:
𝐼
𝐼0

= 𝑒 −Σ∙𝛿

( 7.1 )

where 𝐼 represents the intensity of the image of the operating cell, 𝐼0 the intensity of the
dry reference, and Σ the macroscopic cross-section of water, known to be 5 cm-1 for the
through-plane setup and 4.5 cm-1 for the in-plane setup. Further details about the image
processing can be found in Ref.[103]. In a previous work[104], an in situ calibration process
using the production of a defined quantity of water was performed, showing the
measured water thickness is systematically underestimated in the in-plane setup, but show
a reasonable repeatability between different cells and different experiments. As a result
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of this calibration, the water quantities reported here for the measurements done with
the in-plane setup were corrected by a factor 1.53.

7.3.6 Data quantification
An example of images obtained using the through-plane and in-plane configurations are
shown in Figure 7.1.a. In the through-plane image, the dotted lines indicate the boundary
between channel and ribs. The quantification of water was performed separately for the
rib and channel regions by calculating the median of all 5 channels and all 4 ribs. 50% of
the channel and rib area (the central fraction) were used to minimize transition effects.
Median values were preferred to average values to work around the presence of water
droplets in the channels, as shown in Figure 7.1.b. Therefore, pixel-wise median
projections were calculated for each condition.
In the cases where large static droplets were found in more than one channel
simultaneously, we did not consider these channels for the calculation of water content
in the porous media under the channels. If those blocked channels were used,
overestimated values would be obtained. The very same procedure was followed to
calculate the attenuation profiles under the ribs, without the problems related to water
droplets in this case. In order to obtain the attenuation profile for a given condition, we
averaged the profiles obtained for each neutron radiograph over a period of 14 minutes
(after waiting 6 minutes for stabilization). The same procedure was employed for the inplane images. In this case the water droplets are not an issue, as they do not
superimpose to any region of interest.

7.4 Results and Discussion
7.4.1 Impact of hydrophilic/hydrophobic pattern
The results of the IV curve experiments for cells without MPLs and operated at 70°C
are shown in Figure 7.2.a for two different values of cathode relative humidity. It can be
seen that at full humidity flooding occurs at rather low current densities. This may be
due to the flooding of the CL itself, or to the formation of a layer with high water
saturation at the CL/GDL interface[204], the latter being here the most probable case of
poor cell performance as the PGA analysis indicates bulk diffusion limitations as the
main source of losses (Figure 7.2.7b). This poor performance at high humidity is a
characteristic behavior of cells lacking an MPL[15, 16]. At RHca=30%, the power density
obtained is fairly high and cells with patterned wettability exhibit superior performance
at high current densities (i>1.0 A∙cm-2). At 1.75 A cm-2, for example, cells in the baseline
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configuration show about 150 mV higher bulk diffusion losses compared to those
containing modified GDLs, while no notable differences were measured between both
types of patterns. At RHca=100%, severe flooding occurs at i>0.4 A∙cm-2 (Figure 2a),
which is followed by a stiff increase of bulk losses (Figure 7.2.b). Again, the cells
containing GDLs with patterned wettability showed reduced bulk losses under this
condition. A possible explanation is that the hydrophilic regions remove the dense water
layer mentioned above from at least part of the hydrophobic domains. This new water
segregation leads to increased oxygen diffusivity, as reported previously[69]. The cells
having the narrowest pattern (250-1000 m) exhibit the best performance is this case.
To understand this, we can consider that without a MPL, the CL below the hydrophilic
lines has very poor oxygen supply and can be considered as an inactive region. The
lower hydrophilic fraction of the narrow pattern makes this issue less important than for
the wide pattern. At 50°C, very similar trends are observed (see AppendixA, Figure
7.11).

Figure 7.2 - Polarization curves at two different values of RHca (30 and 100%) for three cells
having different cathodic GDLs (baselines, patterned 500 and patterned 250) without MPLs. (a)
iV curves; (b) bulk losses vs i. The operating temperature was 70°C.
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In order to explain the differences observed in performance, neutron radiographs are
shown in Figure 7.3 at two selected conditions. The data points have been chosen where
pronounced performance differences were observed between baseline and modified
materials.

Figure 7.3 - Through-plane neutron radiographs for three cells (without MPL) containing
different cathodic GDLs (Baseline, Patterned 500 and Patterned 250) are shown for two
different conditions: (a) 1.75 A cm-2, RHan/RHca = 100/30%; (b) 0.50 A cm-2, RHan/RHca =
100/100%; Water profiles are shown at the bottom for the same images differentiating between
rib and channel area.

It can be seen that the cell containing untreated GDLs shows a rather homogenous
profile of water (with an average water content of ~70 m). At RHca=30% and i=1.75
A cm-2 (Figure 7.3.a), a clear water accumulation under the ribs of the hydrophilic
domains is obtained for the cell containing the widest pattern (Patterned 500). A water
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thickness of ~90 m and ~30 m is measured on the hydrophilic and hydrophobic
regions, respectively. A less clearly defined water structuring (~80 m in the hydrophilic
and ~60 m at the hydrophobic) is obtained for the cell containing the narrowest
pattern (Patterned 250). Under this condition, the water content under the channels is
rather low for every cell; however the baseline shows slightly higher water amounts
under the channels.
At higher cathodic relative humidity (RHca=100%, i=0.50 A cm-2) a similar water
distribution was observed (Figure 7.3.b). Under the ribs, the water structuring appears
more clearly in the case of Patterned 500 (~130 m in the hydrophilic and ~60 m in
the hydrophobic region) and surprisingly no clear water segregation is visible in the
Patterned 250. Higher water contents are measured under the channel region for the
baseline, which indicates a better water removal from the GDL to the gases in the flow
channels.
The fact that poor water segregation is obtained using narrow patterns could be
explained by the limitations in water transport due to insufficient pore connectivity, as
discussed in detail in our previous work[157]. The capillary pressure characteristics
reported is this previous work cannot alone explain the liquid water distribution in an
operating cell, because the aspects of evaporation and transport in vapor phase are not
included in such room temperature experiments. Nevertheless, capillary flow is still an
important component of water transport at 70°C as long as liquid water is present.
Interestingly, fuel cell performance is still superior. It is worth mentioning that the
attenuation signal measured in the through-plane neutron radiographs includes a
superposition of both GDLs (anodic and cathodic), as well as the CL-GDL interfaces of
both half-cells.
Figure 4 shows the water distribution in a cell having modified GDLs in the cathode at
low RHca. These results provide information about how the electrochemically produced
water is transported in the fuel cell, since the water content in the gas stream is very low.
Up to ~ 1.0 A cm-2, the water content under the ribs remains very low, probably due to
sufficient gas phase transport and effective removal. At 1.0 A cm -2, a flat water profile
(~ 25 m water) is measured and the next data point (i=1.25 A cm-2) already reveals a
preferential filling of the hydrophilic domains. The water produced electrochemically in
the cathodic CL first fills the CL-GDL interface rather homogeneously up to a point in
which the built-up capillary pressure is sufficiently high to produce liquid water
breakthrough. From the radiographs it can be seen that the hydrophilic regions fill
preferentially due to a lower contact angle and therefore a lower pressure is required to
fill those pores. The following points show a further increase of water content in the
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hydrophilic domains (up to ~90 m of water) while the water content in the
hydrophobic regions remains nearly constant (~30 m of water). Once breakthrough
has occurred in the hydrophilic regions, the water produced in the CL finds a low
capillary pressure pathway throughout these regions, therefore progressively increasing
the water content up to complete saturation.

Figure 7.4 - Through-plane neutron radiographs of Patterned 500 cell for different current
densities (1.0, 1.25, 1.50 and 1.75 A cm-2) at RHan/RHca = 100/30%. Water thickness versus
cell position profiles are plotted in the bottom graph for various increasing current densities
under the rib area. The profiles under the channel area showed very low water content for
every current density.
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7.4.2 Influence of adding a microporous layer
Compared to the polarization curves previously discussed (Figure 7.2), the addition of
microporous layers significantly improves the performance for low and high gas
humidity (Figure 7.5).

Figure 7.5 - Polarization curves at two different values of RHca (30 and 100%) for three cells
having different cathodic GDLs (baselines, patterned 500 and patterned 250) with MPLs. (a)
IV curves; (b) bulk losses vs i. The operating temperature was 70°C.

For example, at RHca = 30% and 1.5 A cm-2 only 50 mV (Figure 7.2.b) of bulk losses
are measured when MPLs are used (for every cell), while 150, 80 and 75 mV (Baseline,
Patterned 500 and Patterned 250) were measured for the cells lacking MPLs (Figure
7.3). At higher current densities, superior performances using our modified GDLs were
measured. As previously, the difference can clearly be attributed to bulk diffusion
limitations, as indicated by the results of the PGA method (Figure 7.5.b). At 2.0 A cm-2,
the baseline cell shows ~100mV (Baseline+MPL) higher bulk losses vs. the cells with
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patterned wettability (Patterned 500+MPL and Patterned 250+MPL). For these
operating conditions, the water distribution can be seen in Figure 6a. The cell exhibiting
the best performance (Patterned 500) shows a clearly defined water pattern with
preferential accumulation in the hydrophilic regions under the ribs. As previously
observed, the narrowest pattern is not clearly defined – but still shows increased
performance. The water content under the channels is very low in every case.
At RHca=100% a similar trend is seen: cells containing modified GDLs only flood at
higher current densities and with reduced bulk losses at i>0.5 A∙cm-2 vs. the baseline.
For example, at i=1.0 A cm-2, the bulk losses are ~270mV (baseline), ~75mV (patterned
500) and ~100 mV (patterned 250). Under this condition, the through-plane neutron
radiographs (Figure 7.5.b) show that water distribution is very similar as discussed in the
previous paragraph (Figure 7.5.a), however higher total amounts are obtained. The
measurement of water under the channels was not extracted in this case due to static
water droplets being present. Interestingly, water droplets seem to be produced at the
channel in the adjacent region of the hydrophilic patterns (Figure 7.5.b, Patterned 500),
thus showing the capacity of the hydrophilic patterns to transport laterally the water to
these locations.
Let us compare the water distribution of cells with and without MPLs (Figure 7.3 and
Figure 7.6). Even if the operating condition is not the exact same for the two cases, it
seems clear that the preferential accumulation of water in hydrophilic regions is less
pronounced for the case with MPL than for the case without MPL. An example
comparing water distribution of cells with and without MPLs under the same condition
can be found in the Supplementary Information (Appendix A, Figure 7.12). This can be
explained by the differences in the way the water is injected into the GDL[26]. When
MPLs are used, their inhomogeneities (i.e. cracks, holes or simply the pathways resulting
in the smallest capillary barrier) mostly determine the point where water will get
through, as the capillary pressures in the MPL is 1-2 orders of magnitude higher than in
the GDL. This injection mode increases the probability of water being forced through
the hydrophobic regions, therefore reducing the water segregation. On the contrary,
when no MPLs are used and CL and GDLs are directly in contact, the water produced
electrochemically all over the active area can be easily transported to the hydrophilic
regions creating continuous water removal pathways of low capillary pressure.
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Figure 7.6 - Through-plane neutron radiographs for three cells (with MPL) containing
different cathodic GDLs (baseline, patterned 500 and patterned 250) are shown at the top at
two different conditions: (a) 2.0 A cm-2, RHan/RHca = 100/30%; (b) 1.0 A cm-2, RHan/RHca =
100/100%; Water profiles are shown at the bottom for the same images differentiating between
rib and channel area.

7.4.3 Influence of cathode relative humidity
Figure 7.7 presents a comparison of the cells’ response to various cathodic relative
humidities (at a fixed current density). Operation at two temperatures (50 and 70°C) and
cells with and without MPL are compared. The various indicators for performance
losses (bulk, non-bulk and ohmic losses) are presented for each cell and condition. At
50°C, the cell with no MPL suffers severe voltage loss at RHca>40%, indicating cathode
flooding (Figure 7.7.a). This effect is minimized by incorporating MPLs on both anode
and cathode. In both cases with and without MPLs, the cells containing GDLs with
patterned wettability exhibited significantly superior performance, in particular at high
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cathodic humidity. The same trends are observed at 70°C (Figure 7.7.e). However, at
this temperature, the performance differences between baselines and cells containing
modified materials are significantly reduced when using MPLs. In every case, the cells
containing GDLs with patterned wettability in the cathode presented superior
performance at high cathodic gas RH.
The bulk-losses indicator shows that significant differences exist between cells with
patterned wettability and baselines for every case. At 50°C (Figure 7.7.b), 100% RHca
and 0.75Acm-2 (with MPL), cells with patterned wettability have about 45 mV bulklosses, much lower than the 220 mV measured for baselines. A similar effect is observed
at 70°C, though it is less pronounced when including an MPL (Figure 7.2.f). From the
analysis of the different performance loss contributions, it seems clear that bulk-losses
dominate the differences observed between cells containing GDLs with patterned
wettability and baselines, pointing out diffusion through the GDL as the mechanism
responsible for these differences.
The non-bulk losses indicator shows only little variations over the complete range of
RHca. Interestingly, at 50°C significant differences were observed for samples having
MPLs (Figure 7.7.c), with a value of approximately 20 mV, and cells having no MPL, for
which this value is about double (≈50mV), although the RH series was measured at a
lower current density. The accumulation of liquid water in the CL – as mentioned in our
previous work following similar observations[204] – could explain the higher values of
non-bulk losses. At 70°C (Figure 7.7.g) this effect seems to disappear and rather similar
non-bulk losses are obtained in both configurations (with and without MPLs). In
general, for both temperatures, for the whole humidity range and regardless of the
presence of an MPL, no significant differences are observed in terms of non-bulk losses
between the baselines and the cells containing GDLs with patterned wettability.
The ohmic losses (Figures 7.7.d and 7.7.h) show, as expected, a dependence on relative
humidity which is particularly visible in the case without MPL and at 70°C. At 50°C, the
cells seem to be well humidified already at the lowest value of RHca, which is consistent
with the lowest saturation pressure of water vapor at this temperature. When using an
MPL, no impact of using a GDL with patterned wettability can be seen. On the
contrary, the cells without MPL show higher ohmic losses for the GDLs with patterned
wettability than for baselines. This effect represents a difference of 8-10 mV at 0.75 A
cm-2, equivalent to a difference of resistivity of 10-13 mΩ cm2. This difference is
independent of the temperature and the humidity, suggesting differences in GDL
conductivity or in the contact resistance, the latter being more probable as differences in
GDL conductivity would affect the cases with MPL as well. The reason why using
patterned wettability would increase the contact resistance is not clear and would require
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further investigation. With the number of samples investigated, we also cannot exclude
that this difference is only coming from the statistical sample-to-sample variation.

Figure 7.7 - Loss indicators during the RH series experiments for materials with and without
MPLs at two operating temperatures.
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As observed before (Figure 7.3 and Figure 7.6), the water redistribution seems to be the
reason for decreased bulk-losses. Investigating the change in water distribution at
increasing RHca (constant i=0.75 A cm-2) shows that water begins to accumulate
preferentially on the hydrophilic domains at RHca>60% (Appendix A, Figure 7.13).
Lower values of cathodic humidity do not seem to limit the water removal in the vapor
phase.
As explained in the experimental part, in-plane neutron radiographs were taken for
selected experimental points. While in the through-plane images the water distribution
over the entire cell area with superimposed layers was analyzed, the in-plane images allow
for a quantification of the water in each layer separately. Figure 8a shows that water
tends to accumulate preferentially under the rib areas of the cathodic GDL. At increased
RHca, the baseline cell happens to contain higher water amounts under the channel areas
than the cells with patterned GDLs, especially for the case of Patterned 500 where
clearly lower water content is observed under the channel areas. Not surprisingly, this is
the cell showing the best performance (lower bulk mass transport losses) at high RHca.
Some anodic channels contain water droplets in the Baseline case; however, we would
not expect this water to have a significant impact on performance.
A systematic analysis of the average water thickness was carried out for the cathodic
GDL of each cell (Figure 7.8.b). The regions selected correspond to half of the GDL
thickness which is closer to the MPL (and therefore CL) –Region 1- and the remaining
half thickness which is closer to the flow field channels –Region 2- (Figure 7.8.c).
Region 1 contains higher water amounts than region 2, both under the ribs and channel
areas. This observation is not surprising since that region is closer to the water
producing interface and further from the gas uptake locations.
An analysis on region 1 (Figure 7.8.b) shows that the water amounts under the ribs are
quite similar (~1.05 mm) for Baseline+MPL and Patterned 500+MPL and slightly
higher for Patterned 250 (~1.20 mm). This proves that the total water amount is similar
in all the cells; however the distribution is completely different as previously seen in the
TP radiographs (Figure 7.6). The water thicknesses extracted from region 2 (Figure
7.8.b) show that the water content is rather similar under the ribs for every cell over a
wide range of RHca. Surprisingly the baseline cell shows much higher water content
(~0.8 mm) under the channel areas compared to the cells with modified GDLs (~0.30.4 mm). This could be explained by a more efficient way to remove the water under the
channel region thanks to the presence of hydrophilic domains. After the formation of
the water pathways throughout the hydrophilic domains, continuous water clusters
serve as low-energy removal pathways which minimize the water content in the
hydrophobic regions.
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Figure 7.8 - In-plane neutron radiography results of RH series experiments. (a) Radiographs of
three cells (Baseline, Patterned 500+MPL and Patterned 250+MPL) at three RHca (40, 80 and
100%). (b) Water thickness under versus RHca ribs and channels at two different cathodic GDL
locations. (c) Detail of cathode GDL showing the two regions used for quantification.
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Droplets form in the channels around the hydrophilic domains (Figure 7.6) and the
removal of droplets by evaporation or simply gas flushing displaces a new portion of
water from the CL-MPL-GDL interfaces. Even if 1/3 of the area under the rib
(Patterned 500+MPL) is sacrificed (assuming full saturation of the GDL on the
hydrophilic domains), this configuration is more convenient for the water removal than
homogeneously treated materials (Baseline+MPL).

7.4.4 Effect of temperature on water distribution
In this section the influence of temperature on the water distribution in operating cells
is briefly discussed. The electrochemical data discussed in previous paragraphs (IV
polarization curves and RH series) demonstrated that the cells containing modified
GDLs in the cathode side perform better than those without patterned wettability.
These effects were as well observed when operating the cells at lower temperature
(50°C). However, as logically expected, the power densities obtained are significantly
lower than those measured at 70°C. The influence of temperature has been extensively
studied in the literature and the higher amount of liquid water at lower temperatures
limits notably the performance at high current densities[205, 206].

Figure 7.9 - Neutron radiographs showing the water distribution at two cell temperatures (50
and 70°C) and RHca (30% and 100%) for a cell construction without MPL (Patterned 500) and
at 0.75 A cm-2.

In Figure 7.9, neutron radiographs at two different cell temperatures and RHca (same
current density) are shown. For a given condition (i.e. 0.75 A cm-2, 30% RHca), it is clear
that significantly higher liquid water amounts are present at 50°C and that water
occupies the hydrophilic regions under the ribs, while at 70°C rather high liquid water
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content exists. The channels areas are almost free of water, probably due to virtually
unlimited water uptake by the cathode gas. When feeding fully humidified cathode gas
(0.75 A cm-2, 100% RHca), the cell operated at 70°C shows very sharply defined liquid
water domains under the ribs at the hydrophilic domains and, to a lesser extent, under
the channel areas. Interestingly, the cell operated at 50°C showed very well defined
water patterns in both rib and channel areas. These differences highlight the importance
of not only capillary transport, but also evaporation and condensation processes within
the cell. At lower temperatures, evaporation rates are notably reduced and therefore
water patterning can be observed as well under the channel regions.

7.4.5 Improvements in power density
The last part addresses the achieved improvements in cell power density under various
conditions (Figure 7.10). Using GDLs with patterned wettability at the cathode, the fuel
cell performance was improved in every case with respect to the use of unmodified
materials (baselines). Cells without MPL deliver power densities (at 0.60V) of ~0.76 W
cm-2 (~8% improvement) at low RHca and dramatically lower at full RHca. The best
results were obtained with the cell containing the narrowest pattern which still provided
~0.54 W cm-2 at full humidity.

Figure 7.10 - Power density (at 0.6V) of cells containing different cathodic GDL, with and
w/o MPL and at two different RHca. The operating temperature was 70°C.
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The addition of a self-standing MPL permitted notably increasing the power density by
reducing the electrode flooding as seen in the in-plane neutron radiography
measurements. At RHca=30%, power densities of ~0.99 W cm-2 were obtained for cells
containing GDLs with patterned wettability (~9% improvement). At full relative
humidity these differences became more notable, reaching power densities for cells with
the widest pattern (500-930m) of ~0.66 W cm-2 (~33% improvement).

7.5 Conclusions
We have demonstrated that the use of modified gas diffusion layers (GDLs) with
patterned wettability for PEFCs results in improved operando performances. The major
conclusions of the present study are:
 Imaging the water distribution in an operating cell shows that, as expected, water
preferentially accumulates in the hydrophilic patterns. This is much more clearly
defined for the wider pattern (500 m).
 The addition of a microporous layer significantly impacts water distribution by
reducing the differences in water content between hydrophilic and hydrophobic
regions. The fact that water injection from MPL to GDL is mostly determined
by the MPL imperfections could explain these differences.
 The operando performance (power density) has been significantly improved in a
wide range of operating conditions and cell configurations. These results show
the potential of these materials to optimize water management in PEFCs.
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7.6 Appendix A – Supplementary material
7.6.1 Section S1: IV curves at 50°C (without microporous layers)

Figure 7.11 - Polarization curves at two different values of RHca (30 and 100%) for three cells
having different cathodic GDLs (baselines, patterned 500 and patterned 250) without MPLs. (a)
IV curves; (b) bulk losses vs i. The operating temperature was 50°C.
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7.6.2 Section S2: Comparison of water distribution at a given condition with
and w/o MPL for Patterned 500

Figure 7.12 - Water thickness versus cell position at 0.75 A cm-2, full humidity conditions
(RHan/RHca=100/100%) and 70°C. Two cells are compared: Patterned 500 (w/o MPLs) and
Patterned 500 + MPLs.

202

In situ characterization

7.6.3 Section S3: Water distribution at increasing RHca for Patterned 500

Figure 7.13 - Through-plane neutron radiographs of Patterned 500 cell at 0.75 A cm-2 at various
RHca are shown on top. Water thickness (under the ribs) versus cell position curves are shown
at the bottom.
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Chapter 8. Conclusions and outlook
In the closing chapter, the main conclusions of this PhD thesis work are
enumerated. Summaries have been organized in four subsections according to the
principal mainstreams of this study. Finally, a suggestion for future work based on
durability, optimized fuel cell performance and scalability is provided.
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8.1 Summaries
In the following paragraphs the main learnings will be summarized. For the sake of
clarity, the contents have been divided in four subsections.

8.1.1 Radiation grafting of GDLs
Initial parametric studies performed using flat systems allowed finding synthetic
conditions to produce hydrophilic surfaces using short reaction times (i.e. 10-30 min).
Two monomer systems were evaluated (AA and NVF) and it was proven that while AA
tends to graft throughout the polymer bulk, NVF grafts towards external surfaces. A
combination of external wettability measurements with FTIR confirmed these trends.
The knowledge obtained for flat system was successfully translated to porous GDLs.
While the synthesis of GDLs with NVF was straightforward as the monomer readily
wets the GDL, the use of water-based solution of acrylic acid required a special reactor
design to provide vacuum. Coating loads of, at least, 15%wt. FEP were needed in order
to provide spontaneously wicking materials. Due to the rough nature of the GDL
surface, droplets held on its surface define an apparent contact angle, which is generally
greater than the intrinsic contact angle. We correlated the measured apparent contact
angle with the estimated intrinsic contact angle in the light of the Cassie-Baxter theory.
A preliminary study on thermal stability showed that exposing the treated GDLs to
elevated temperatures (i.e. 270°C which is the polymer sintering temperature) would
lead to notable degradation and loss of hydrophilicity. From the FEP-g-pAA system, the
formation of the sodium acrylate salt minimized this effect.

8.1.2 Electron beam optimization
A study combining experiments with Monte Carlo simulations was performed with the
objective of producing high resolution patterns in thick porous materials. It was learnt
that the absorbed dose distributes notably around the areas adjacent to the “region of
interest” leading to a resolution loss in the range of E = 140-200 keV. Interestingly, at
slightly higher electron energies (~300 keV), this effect disappears and much greater
resolution can be achieved.
Further, it was found that the spacing between mask and substrates has an important
influence in the achievable resolution, especially at lower energies. The backscattered
electrons from materials below the substrate was found to have a negative effect if high
atomic weight materials (i.e. steel) were used. It was proven that a bi-layered material,
such as a GDL-MPL, can be selectively modified only throughout the selected layer.
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8.1.3 Capillary pressure characteristic
From the ex situ capillary pressure characterization, it was learnt that GDL materials
having more regular structures, namely narrower pore size distribution and smaller
average pore diameter, lead to a better water segregations. The GDL coating load also
has a notable influence, being 30%wt. FEP needed to provide good water segregation.
Interestingly, it was found that narrower patterns provide poorer segregation than wider
patterns. As logically expected, grafting NVF provided better quality segregation than
grafting AA, due a superior hydrophilicity. Finally, a comparison between mono-channel
and homogeneous injection showed that lateral transport (in-plane) shifts capillary
pressure to higher values.

8.1.4 In situ performance
As a closing part, a selection of promising modified GDLs was tested on the cathode
side of operando fuel cells. It was shown that, under various temperatures and gas
humidities, the fuel cell performance was significantly improved, especially at high
current densities when mass transport becomes relevant. This in situ study was
performed in combination with the PGA method and neutron imaging. From the PGA
we learnt that the bulk mass transport losses are significantly decreased when using
modified GDLs and that ohmic and non-bulk losses are not influenced. From the
neutron radiographs it was demonstrated that water redistributes according to the predesigned pattern and that water preferentially accumulates in the hydrophilic domains.

8.2 Conclusions
To the best of the author’s knowledge, the development of GDLs with patterned
wettability is the first work published in scientific literature involving covalent-bond
chemical modification of the polymeric coating. On top of this, the radiation grafting
method brings significant advantages to the previously reported approaches in terms of
material performance and scalability potential.
Very good quality of hydrophilic-hydrophobic patterns has been obtained using the
electron radiation grafting method, as proven by ex situ characterization methods,
named elemental mappings and capillary pressure characteristics. Finally, it has been
demonstrated that fuel cell performance is improved under various operating conditions
thanks to an advanced water management.
This original work on development of GDLs with patterned wettability should serve
mainly as: (I) proof-of-concept that chemically modified GDLs can be used on the
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cathode to improve performance; (II) set a basis and practical guidelines to synthesize
porous materials with patterned wettability which may motivate further research in the
field.

8.3 Outlook
Suggestions for future work are divided in four areas described below.

8.3.1 Durability
An important aspect is related to the long-term durability of the modified GDLs. In
standard GDLs the two main structural components, carbon fibers and hydrophobic
coating, are highly stable materials. By forming hydrophilic copolymers between coating
and grafted molecules, two questions need to be addressed in the future:
 How stable is the grafted copolymer under relevant fuel cell operating conditions? The water
leaving the fuel cell is acidic and some metal ions are present. Degradation could
occur leading to detachment of grafted groups and potential hydrophilicty loss.
 How are the newly grafted compounds affecting other fuel cell components? The presence of
new molecules, which could eventually undergo chain scission, could have some
impact in catalyst layers or membrane.
Once these aspects are better understood, a next step would require the long term
operation of fuel cells devices (>5000 hours) under relevant operating conditions.

8.3.2 Cathode application – MPL
The most straightforward application of GDLs with patterned wettability is to use them
in the cathode side of PEFCs with the objective of reducing mass transport losses by
providing optimized liquid/gas transport characteristics. In this dissertation, efforts
have been done pursuing this goal. The use of MPLs is crucial to obtain high power
densities, especially under high relative humidity conditions. In this work, self-standing
MPLs were used to gain a preliminary understanding on their influence in water
transport and performance in combination with GDLs with patterned wettability.
Future work should include the application of MPLs which are incorporated
(embedded) into the GDL. The various available coating methods (spray, doctor blade,
etc.) and ink formulations may be considered in the search of optimal combination of
MPLs with modified GDLs. In this context, an important issue relates to the possibility
of also grafting the MPLs. Finally, special attention should be paid to the thermal
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treatments used when incorporating MPLs (solvent evaporation, sintering, etc.) since
they can notably impact the grafted polymers, as preliminarily shown in Chapter 4.

8.3.3 Application to evaporative cooling
Apart from the application of modified GDLs on the cathode side, a novel application
is under development in our laboratories. In this case, modified GDLs with engineered
superhydrophilic channels are used in an evaporatively cooled fuel cell. Liquid water is
fed to the cell, wicked by the GDL and evaporated to cool down the cell. Very
promising preliminary results have been obtained by Cochet et al[207].

8.3.4 Scaling-up
In the frame of this work, a patent application has been filled and has received a very
positive review. The patent covers all aspects related to the synthesis of GDLs with
patterned wettability and their application in evaporatively cooled fuel cells. An
important aspect is, therefore, to further develop synthetic steps facilitating the scale-up.
The most promising manufacturing concept is the continuous roll-to-toll process. In
this context, shorter reaction times would lead to reduced reactor size and facilitate
matching process speed with other manufacturing steps. From the technical standpoint,
performing the reactions under air (or under some oxygen traces) would also reduce
complexity, so research in this direction should be carried out. Finally, the potential of
monomers re-utilization needs to be studied, as important cost lowering can be
achieved.
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Symbols
Symbol

Description

Units



Surface tension

[mN∙m-1]

a

Activity

[-]

A

Specific area

[cm2]

a

Tafel parameter – y intercept

[V]

b

Tafel parameter – slope

[V/dec]

D

Diffusivity

[cm2∙s-1]

f

Fugacity

[bar]

f

Cassie-Baxter parameter

[-]

i

Current density

[A∙cm-2]

I

Current or intensity

[A]

K

Permeability

[cm2∙s-1]

p

Partial pressure or reference pressure

[bar]

P

Gas, liquid or capillary pressure

[mbar]

r

Curvature radius

[m]

r

Resistivity

[Ω∙cm-2]

rf

Roughness factor

[-]

S

Porous media saturation

[-]

T

Temperature

[K]

U

Voltage

[V]

z

Number of exchanged electrons

[-]

δ

Thickness of diffusion layer

[mm]

G
H
S




Gibbs free energy

[J∙mol-1]

Enthalpy

[J∙mol-1]

Entropy

[J∙mol-1]

Charge transfer coefficient

[-]

Porosity

[-]

Overpotential

[V]
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Exchange current density

[A∙cm-2]

Dynamic viscosity

[Pa∙s]

Contact angle

[°]

Surface tension

[mN∙m-1]

DG

Degree of grafting

[%]

BB

Beam broadening

[-]

w

Pattern width

E

Electron energy

[m]
[keV]

D

Distance

[mm]

y

Molar fraction

[-]


x
y

Proton conductivity

[S∙cm-1]

Refers to electron beam scanning direction

[-]

Refers to direction perpendicular to beam axis

[-]

I

Intensity of infrared peak

[cm-1]

d

Distance between two fibers (Cassie-Baxter)

[m]

r

Fiber radius (Cassie-baxter)

[m]

d

Constriction diameter

𝛴

Macroscopic cross section

[m]
[cm-1]



Constriction angle

[°]

V

Volume

δ

Water thickness

[L]
[cm]

RH

Relative humidity

[%]

t

Thickness

[mm]

RP

Average pore radius (Washburn)

[m]

Constants
Symbol

Description

Value

Units

F

Faraday constant

96 485

[A∙s∙mol-1]

R

Universal gas constant

8.314

[J∙mol-1∙K-1]
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Indices
Symbol

Description

( )-

Cathodic direction (reduction)

( )*

Reference

( )+

Anodic direction (oxidation)

( )°

Standard

( )0

Initial

( )abs

Absorbed

( )an

Anodic

( )app

Apparent

( )bulk

Refers to bulk losses

( )C

Capillary

( )ca

Cathodic

( )CT

Charge transfer

( )eff

Effective

( )f

Final

( )FC

Fuel cell

( )G

Gas

( )H2

Hydrogen

( )H2O

Water

( )helox

Helox

( )i

Specie i

( )i≠0

i≠0

( )int

Intrinsic or internal

( )L

Liquid

( )LG

Liquid-gas

( )lim

Limiting

( )max

Maximum constriction

( )min

Minimum constriction

( )MT

Mass transport

( )m-t-s

Mask-to-sample

( )non-bulk

Refers to non-bulk losses

( )O2

Oxygen
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( )r

Reaction

( )rel

Relative

( )rev

Reversible

( )S

Surface

( )sb

Sample-to-“backscattering material”

( )SG

Solid-gas

( )SL

Solid-liquid

( )th

Thermo-neutral

( )tot

Total

( )void

Void

( )Ω

Ohmic

Abbreviations
Symbol

Description

2D

Two-dimensional

3D

Three-dimensional

AA

Acrylic acid

ATR

Attenuated total reflectance

BE

Binding energy

BP

Bipolar plates

CA

Contact angle

CCD

Charged coupled device as image sensor for camera

CCM

Catalyst coated membrane

CL

Catalyst layer

EBL

Electron beam lithography

EDX

Energy dispersive X-ray spectroscopy

FEP

Fluorinated ethylene propylene

FEP-g-pAA

Fluorinated ethylene propylene grafted with poly(acrylic acid)

FEP-g-pNVF

Fluorinated ethylene propylene grafted with poly(N-vinylformamide)

FFP

Flow field plates

FTIR

Fourier transform infrared spectroscopy
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GDL

Gas diffusion layer

HOR

Hydrogen oxidation reaction

ICON

Beamline for Imaging with COld Neutrons

LBM

Lattice Boltzmann Method

MEA

Membrane electrode assembly

MEHQ

4-Methoxyphenol

MPL

Microporous layer

MSP

Method of standard porosimetry

NR

Neutron radiography

NVF

N-vinylformamide

OCV

Open circuit voltage

ORR

Oxygen reduction reaction

PE

Polyethylene

PEFC

Polymer electrolyte fuel cell

PENELOPE

Code for Penetration and ENergy LOss of Positrons and Electrons

PET

Polyethelene teraphtalate

PGA

Pulsed gas analysis

PMMA

Poly(methyl methacrylate)

PNM

Pore Network Modelling

PSFA

Perfluorosulfonic acid

PTFE

Polythetrafluoroethylene

RH

Relative humidity

SEM

Scanning electron microscope

SINQ

Spallation neutron source at PSI

SLS

Swiss Light Source

TEMPO

(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl

TGA

Thermo gravimetric analysis

TOMCAT
UV

Beamline for Tomographic Microscopy and Coherent rAdiology
experimenTs
Ultraviolet

VA

Vinylamine

XPS

X-ray photoelectron spectroscopy

XTM

X-ray tomographic microscopy
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