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Abstract 

Polymer electrolyte membrane fuel cells (PEMFCs) have been recognized as a promising zero-

emission candidate for automobile applications. Through extensive research and development 

activities over the last 20 years, PEM fuel cells are now able to start broad commercialization. 

There is still a large potential to further improve efficiency and durability, where water 

management is of crucial importance to achieve these advancements. While membrane and 

ionomer in the catalyst layer should be fully humidified to enable proton conductivity, 

excessive water accumulation in the porous layers increases the mass transport losses and 

hence, reducing the cell performance.  

The present work investigates the influences of microstructural properties of the catalyst layer 

(CL) and its interactions with the cathode microporous layer (MPLC) on water balance and 

performance of PEMFCs operating under industrially relevant conditions. By establishing a 

lab type manufacturing process along with utilizing in situ high-resolution neutron imaging 

techniques, we studied for the first time the effects of systematic modifications of 

hydrophobicity and porosity of CLs in combination with the modified cathode MPL materials 

on water management of PEMFCs. This study helped to deepen the understanding of liquid 

water transport mechanisms in the porous materials which provides the necessary information 

for designing and optimizing the structural properties of the engineered materials to improve 

water management and performance in PEMFCs.  

Hydrophobicity of the materials was modified using hydrophobic polytetrafluorethylene 

(PTFE). We found that the operating conditions have a decisive role to define the optimum 

content of PTFE loading in the layers. While at dry conditions CLs with 5 wt.% PTFE loading 

enhanced the cell performance by retaining the water in the interface of membrane and CL and 

thus improving the membrane hydration, CLs with 10 wt.% PTFE improved the performance 

by decreasing the mass transport losses at humid conditions and high air flow rates. We further 

investigated the effects and interactions of hydrophobicity gradients within CLs and cathode 

MPLs on the cell performance and liquid water transport. It was found that the combination of 

CL with 5 wt.% PTFE and MPLC with 20 wt.% PTFE resulted in the best performance. The 

analyses of water content showed at humid conditions, higher PTFE loadings (>20%) of MPLC 

increased the water accumulation in adjacent CL and decreased the transfer of water into the 

cathode channels, which consequently increased the mass transport resistance at high current 
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densities. In addition, neutron radiographic studies revealed that water back-diffusion was 

escalated by increasing the hydrophobicity of the layers. 

To modify the porosity of CL and MPLC, polymeric pore formers were utilized to create 

macropores in the structure of materials. The perforated layers enhanced the performance of 

the cell at both dry and humid conditions, especially at higher current density regions. Neutron 

imaging analysis revealed different liquid water distributions under land and channel regions. 

The local water saturation beneath the land regions with the presence of perforated CL and 

MPLC was increased which is explained by increased water filling of the larger pores due to 

their lower capillary pressure and also elongated water transport pathways under the land 

regions. In contrast, under the channels, perforated layers decreased the liquid water content 

indicating that macropores provided preferential transport pathways to remove the liquid water 

to the channels. Therefore, the performance improvement is attributed to an enhanced parallel 

two-phase flow mechanism under channels region where liquid water is transported through 

the bigger pores, and oxygen is transported through the smaller pores. A maximum 

performance increase of 30 % at a cell voltage of 0.42 V was achieved for our investigated cell 

design with the optimized perforated materials. 
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Kurzfassung  

Polymerelektrolytmembran-Brennstoffzellen (PEMFCs) wird seit langem ein großes Potential 

in emissionsfreien Automobilanwendungen zugeschrieben. Durch umfangreiche Forschungs- 

und Entwicklungsaktivitäten in den letzten 20 Jahren sind PEM-Brennstoffzellen nun bereit 

für eine Massenkommerzialisierung. Es besteht dennoch ein großes Potenzial zur weiteren 

Verbesserung von Effizienz und Haltbarkeit, wobei das Wassermanagement von 

entscheidender Bedeutung ist. Während die Membran und der Ionomer in der 

Katalysatorschicht vollständig befeuchtet sein sollten, um die Protonenleitfähigkeit zu 

ermöglichen, erhöhen Wasseransammlungen in den porösen Schichten die 

Massentransportverluste und verringern damit die Leistung der Zellen.  

In der vorliegenden Arbeit werden die Einflüsse mikrostruktureller Eigenschaften mit 

Schwerpunkt auf Hydrophobizität und Porosität der Katalysatorschicht (CL) und deren 

Wechselwirkung mit der mikroporösen Kathodenschicht (MPLC) auf den Wasserhaushalt und 

die Leistung von PEMFCs unter industriell relevanten Betriebsbedingungen untersucht.  Durch 

die Etablierung eines laborartigen Herstellungsprozesses zusammen mit dem Einsatz 

hochauflösender in-situ Neutronenabbildungstechniken untersuchten wir zum ersten Mal die 

Auswirkungen systematischer Modifikationen der Hydrophobizität und Porosität von CLs in 

Kombination mit den modifizierten MPLC Materialien auf das Wassermanagement von 

PEMFCs. Diese Studie trug dazu bei, das Verständnis der Flüssigwassertransportmechanismen 

in den porösen Materialien zu vertiefen und lieferte die notwendigen Informationen für das 

Design und die Optimierung der Struktureigenschaften der konstruierten Materialien, um das 

Wassermanagement und die Leistung in PEMFCs zu verbessern. 

Die Hydrophobizität der Materialien wurde mit hydrophobem Polytetrafluorethylen (PTFE) 

modifiziert. Es zeigte sich, dass die Betriebsbedingungen eine entscheidende Rolle spielen, um 

die optimale PTFE-Beladung der Schichten zu definieren. Während unter trockenen 

Bedingungen CLs mit 5 Gew.-% PTFE-Beladung die Leistung der Zelle verbesserten, indem 

sie das Wasser in der Grenzfläche von Membran und CL hielten und dadurch die 

Membranbefeuchtung verbesserten, erhöhten CLs mit 10 Gew.-% PTFE die Leistung durch 

Verringerung der Massentransportverluste unter feuchten Bedingungen und hohen 

Luftdurchflussraten. Wir untersuchten weiter die Auswirkungen und Wechselwirkungen von 

Hydrophobizitätsgradienten innerhalb von CLs und Kathoden-MPLs auf die Zellleistung und 

den Flüssigwassertransport. Es stellte sich heraus, dass die Kombination von CL mit 5 Gew.-
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% PTFE und MPLC mit 20 Gew.-% PTFE zu der besten Zellleistung führte. Durch Analyse 

des Wassergehalts konnte gezeigt werden, dass unter feuchten Bedingungen höhere PTFE-

Beladungen (>20%) der MPLC Wasseranreicherungen in der angrenzenden CL bedingten und 

den Transfer von Wasser in die Kathodenkanäle verringerten, wodurch der 

Massentransportwiderstand bei hohen Stromdichten erhöht wurde. Darüber hinaus zeigten 

neutronenradiographische Untersuchungen, dass die Erhöhung der Hydrophobizität der 

Schichten zu signifikant verstärkter Rückdiffusion des Wassers führte. 

Um die Porosität von CL und MPLC zu modifizieren, wurden mittels polymerer Porenbildner 

Makroporen in der Struktur der Materialien erzeugt. Die perforierten Schichten verbesserten 

die Leistung der Zelle sowohl unter trockenen als auch unter feuchten Bedingungen, 

insbesondere in Bereichen mit höherer Stromdichte. Durch Neutronenbildanalyse konnten 

Unterschiede in der Flüssigwasserverteilungen unter Land- und Kanalbereichen gezeigt 

werden. Die lokale Wassersättigung unter den Landbereichen war bei Verwendung perforierter 

CL- und MPLC-Schichten erhöht, was sich mit Wasseransammlungen in den größeren Poren, 

bedingt durch deren niedrigeren Kapillardruck, sowie durch gestreckte Wassertransportwege 

unter den Landbereichen erklären lässt. Währenddessen verringerten perforierte Schichten 

unter den Kanälen den Flüssigwassergehalt, indem die Makroporen hier bevorzugte 

Transportwege boten, um das flüssige Wasser zu den Kanälen zu transportieren. Die 

Leistungsverbesserung kann daher durch den verbesserten parallelen 

Zweiphasenströmungsmechanismuns unter den Kanalregionen erklärt werden, durch den 

Wasser durch die größeren Poren und Sauerstoff durch kleinere geleitet wird. Bei Verwendung 

der optimierten, perforierten Materialien konnte eine Leistungssteigerung von bis zu 30% bei 

einer Zellspannung von 0,42 V erreicht werden.  
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concentration and perforation in thin electrodes on the performance are investigated. E. Fischer 

assisted in data collection and material preparation. I interpreted the experimental results and 

wrote the chapter.  
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procedures, results interpretation and discussions. He also revised the publications, 
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1 Chapter 1. Introduction 

1.1 Motivation 

One of the major challenges our world is facing today is arguably the problem of anthropogenic 

driven climate change and its indisputable link to our global society’s present and future energy 

demands. Today´s energy supply, which is mainly based on fossil energy carriers, by no means 

can be considered as sustainable. It is expected that the population of the word expands from 

7.4 billion today to more than 9 billion in 2040, moreover, the process of urbanization and 

continuous industrialization of developing nations will increase the projected global demand 

for energy by up to 50% until 2040 according to the word energy outlook 2018 report by 

International Energy Agency (IEA) [1,2]. 

At present, the transport sector accounts for almost one quarter of primary energy utilization 

and related global CO2 emissions, it will also be responsible for 20% of greenhouse gas (GHG) 

emissions until 2040 [3]. Road transportation consumes 44% of the globally produced oil and 

contributes to 75% of CO2 emissions of the overall transportation sector. Therefore, the 

reduction of energy demand and CO2 emission from vehicles is necessary to combat climate 

change and global warming. To achieve this goal, numerous countries have passed legislation 

to reduce passenger and heavy-duty vehicle emissions over the long term. On December 2018, 

the representatives of the European Parliament, the European Council and the European 

Commission agreed on a political compromise for the European Union (EU) regulation settings 

which aim to reduce the new car fleet average CO2 emissions by 15% in 2025 and by 37.7% in 

2030 relative to a 2021 baseline. Considering the current 2021 CO2 target of 95 g/km as the 

baseline, these reductions would correspond to a target value of 81 g/km and 59 g/km in 2025 

and 2030 respectively [4,5]. 

To achieve effective decarbonization of road transport, the development of more efficient 

propulsion systems and alternative low carbon fuels must be addressed by long term strategies. 

Possible contributions to achieve this goal is the utilization of biomass-based fuels in internal 

combustion engines (ICEs) and the application of electric drivetrains including pure battery 

electric vehicles (BEV), fuel cell electric vehicles (FCEV), and plug-in hybrid electric vehicles 

(PHEV) [3]. Battery electric vehicles use chemical energy stored in a rechargeable battery pack 

to power its motor while in fuel cell electric vehicles, hydrogen is used as fuel and converted 

to electricity utilizing a fuel cell. In plug-in hybrid electric vehicles, battery system is combined 
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with a combustion engine though they can never be really considered as zero-emission. On the 

other hand, FCEVs enjoy all the benefits of the free emission electric cars and contrary to BEVs 

has the great advantage of fast refueling like ICE vehicle.  A typical driving range of about 500 

kilometers under real road conditions has already been demonstrated for FCEV using 5 kg of 

hydrogen stored in 70 MPa high-pressure tanks [6]. 

The first generation of commercial fuel cell vehicles including cars manufactured by Toyota 

(Mirai), Hyundai (Nexo), and Honda (Clarity Fuel cell) has been launched to the market. BMW 

plans to start producing a small number of crossover (Hydrogen NEXT) from 2022 [7]. 

Polymer Electrolyte Membrane Fuel Cells (PEMFCs) are the most promising system for 

automotive applications. According to the United States Department of Energy (DOE), the 

estimated cost for PEMFCs systems in 2015 was ~ $ 52/kW if a high volume of manufacturing 

(500 000 units/year) is considered. For the same production rate, the target cost of $40/kW for 

2025 and an ultimate cost target of $30/kW  is expected by 2050, as depicted in Figure 1.1 [8]. 

 

 
Figure 1.1. Estimated Light-duty fuel cell system costs over the past years and future targets, 

assuming a production rate of 100,000 and 500,000 units/year, from ref. [9].  

 

One of the main approaches to facilitate the commercialization of fuel cell electrical vehicles 

is to improve the power density of PEMFCs, which will ultimately reduce the total cell area 

and thus the cost for components of the cell. Recent studies have shown that water management 

is of vital importance to achieving maximum power density and durability from PEMFCs. 
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This thesis aims to investigate the influence of microstructural properties of the catalyst layer 

(CL) and its interaction with cathodic microporous layer (MPLC) on the water management 

and performance of low-temperature PEMFCs. These components are to be specifically 

modified in terms of hydrophobicity and porosity in order to increase the fuel cell performance 

and to optimize the appropriate operating conditions depending on the application. To analyze 

the water behavior at the microscopic level it is necessary to look inside the operating cells. 

Therefore, neutron imaging was used as the main in situ water visualization technique, due to 

its high spatial resolution, minimum requirements for fuel cell setup modifications and the 

unique capability for imaging in the presence of fuel cell catalyst materials. With the 

contributions of this thesis, the effects and interactions of CL and MPLC microstructural 

properties on the performance is analyzed and the picture about the water transport phenomena 

in PEMFCs is further broadened. 

 

1.2 Fuel cell fundamentals 

A fuel cell is a galvanic cell which converts the chemical energy of a reaction between fuel and 

oxidant directly into electrical energy. Fuel cells consist of two half-cell compartments, which 

are divided by a separator. The separator, which is also known as electrolyte, is ion-conductive, 

but impedes the transfer of electrons. The electrons are transported through an external circuit, 

where electric power can be generated (Figure 1.2). Fuel cells are different from internal 

combustion engines, as no mechanical conversion step is required. Fuel cells should also not 

be confused with batteries. In (primary) batteries, the maximum energy available is determined 

by the amount of chemical reactant stored within the battery itself. When the chemical reactants 

are consumed, the battery will stop producing electrical energy. In a secondary battery, the 

reactants are regenerated by recharging which involves putting energy into the battery from an 

external source. Fuel cells, on the other hand, are energy conversion devices that can produce 

electrical energy as long as fuel and oxidant are provided to the cell [10].   

Different types of fuel cells can be classified mainly according to the electrolyte, operating 

temperatures, and reactant gases. The major types of fuel cells are including polymer 

electrolyte membrane fuel cells (PEMFCs), phosphoric acid fuel cells (PAFCs), direct 

methanol fuel cells (DMFCs), molten carbonate fuel cells (MCFCs), and solid oxide fuel cells 

(SOFCs). The experiments presented in this thesis are focused on PEMFCs as they are the most 

promising fuel cells for automobile applications due to their high power density, low operating 

conditions, and fast start-up [11]. 
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Figure 1.2. Scheme of the working principle of a PEMFC, adopted from ref. [12, 13]. 

 

1.2.1 Polymer electrolyte membrane fuel cells 

In PEMFC, hydrogen (H2) oxidizes into protons (H+) and electrons (e-) on the anode electrode 

(catalyst layer) according to the hydrogen oxidation reaction (HOR): 

 H2 ⇌ 2H+ + 2e−                                                                                                                                (1.1) 

 

On the cathode side, oxygen (O2) reacts on the catalyst layer is reduced forming water by 

accepting electrons and protons according to the oxygen reduction reaction (ORR): 

 12 O2 + 2H+ + 2e− ⇌ H2O                                                                                                               (1.2) 
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By spatial separation of HOR and ORR reactions with the electrolyte, the electrons transferred 

from the fuel are forced to flow through an external circuit to do useful work and provide 

electric power to the consumer load before they can complete the reaction. The sum of the two 

half-cell reactions results in the following overall reaction in the fuel cell: 

 H2 + 12 O2 ⇌ H2O                                                                                                                               (1.3) 

 

Based on the reaction enthalpy of the reaction (∆Hro) under standard conditions (po =1 bar,  To = 298 K), the thermo-electrical cell voltage (Utho ) can be calculated as [14]:  

 Utho = − ∆HrozF ≅ 1.48 V                                                                                                                      (1.4) 

 

Where z = 2  is the number of exchanged electrons between the two half-reactions and F is the 

Faraday constant (96485 A.s.mol−1). Under standard conditions where ∆Hro= ‒ 286 kJmol−1 

is used, a voltage of 1.48 V is obtained for PEMFC. However, entropic losses have to be taken 

into account for the definition of Gibbs free energy ∆Gro according to the second law of 

thermodynamics: 

 ∆Gro = ∆Hro − T∆Sro                                                                                                                           (1.5) 

 

Where T is the reaction temperature, and ∆Sro = ‒ 0.16 kJ mol−1 is the change of entropy. In a 

reversible reaction, T∆Sro is the amount of heat energy produced by the reaction. Therefore, 

based on the Gibbs free energy which represents the maximal useful work that the reaction can 

provide (at constant T and p) a reversible voltage Urevo  is calculated: 

 Urevo = − ∆GrozF                                                                                                                                       (1.6) 

 

Therefore, for a perfect cell at standard conditions, a voltage of 1.23V is obtained. The 

thermodynamic fuel cell efficiency (ℇ) at standard conditions can be described as below: 

 ε = ∆Gro∆Hro = 0.83                                                                                                                                  (1.7) 
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Where ∆Gro is considered as the amount of useful energy and ∆Hro is the total energy released. 

PEMFCs are often operated at different operating temperatures compared to standard 

conditions, therefore a temperature-dependent reversible voltage Urev(T) has to be calculated 

as follows: 

 Urev(T) = − ∆Gr (T)zF                                                                                                                         (1.8) 

 

Also, the operating pressure of PEMFCs can differ from the standard conditions and therefore 

the reversible voltage at non-standard conditions should be calculated which is expressed by 

Nernst equation: 

  Urev(T, p) = Urevo (T) − RT2F ln ( αH2OαH2αO20.5)                                                                                    (1.9) 

 

Where R=8.314 Jmol-1 K-1 is the ideal gas constant and α is the activity of reactants and 

products. For gaseous components, the activity can be expressed by partial pressure as follows: 

 ai = fγ pp0                                                                                                                             (1.10) 

 

Where f is the fugacity coefficient, γ is the molar fraction of the gas, p is the partial pressure 

of the gas and po is the standard pressure. By assuming that gas behaves as an ideal gas (f =1), for typical operating conditions of T = 70 °C, p = 2 bar, and an air-fed cathode (γO2 =0.21) and pure hydrogen (γH2 = 1)  a value of  Urev = 1.19 V is obtained [15][16]. 

 

1.3 Voltage loss mechanisms 

In the previous section, the PEM fuel cell voltages were described at thermodynamic 

equilibrium without any exchange of charge. However, under operation, the cell potential 

decreases from its corresponding equilibrium potential because of irreversible losses as the 

electrical current is produced. These irreversible losses (Figure 1.3) are often called 

overpotential (η) and primarily originate from three sources: activation or charge transfer over 
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potential (ηCT), ohmic overpotential ηOhm and mass transport or concentration overpotential 

(ηMT). The actual cell voltage Ucell  is therefore defined by: 

 Ucell = Urev(T, p) − ηCT − ηOhm − ηMT                                                                                    (1.11) 

 

Even at the absence of current (open circuit conditions), the Nernst equilibrium voltage is not 

reached mainly as a result of hydrogen crossover through the membrane and the mixed 

potential induced by the Pt oxidation and ORR reactions [17]. Depending on the cell 

construction and materials the open-circuit voltage (UOCV) of a fuel cell is usually in a range of 

0.95‒1.05 V [18]. 

 

 

Figure 1.3. Polarization curve showing different losses in PEMFC. 

 

To characterize the PEMFC performance the so-called polarization curve (or UI-curve) is often 

used. In the polarization curve, the cell voltage is plotted as a function of the cell current 

density. Current density (j) is the cell current (I) normalized by the cell active area (A) and is 

usually expressed by (A cm-2). 
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j = IA                                                                                                                                                   (1.12) 

 

In the following sections, the individual loss contributions are presented in more detail. 

 

1.3.1 Charge transfer overpotential 

The activation or charge transfer overpotential is related to the charge transfer processes 

occurring during the electrochemical reactions on the electrode surfaces. The low rates of the 

reactions taking place on the surface of the electrodes cause these losses. Electrochemical 

reactions involve an energy barrier between the oxidized and the reduced species that must be 

overcome. A proportion of the voltage generated is hence lost in driving the electron transfer. 

This energy barrier (referred to activation energy) results in activation or charge transfer 

polarization [19]. 

The BUTLER-VOLMER equation expresses the relation between the current density and charge 

transfer overpotentials. This equation describes the electric current at one electrode. The two 

exponential terms characterize the forward and backward reactions. For the HOR reaction 

which occurs at the anode side, it gives [20,21]: 

 jan = jan+ + jan− = jo,HOR exp (ηCT,HOR αHOR+ zfRT ) + jo,HOR exp (ηCT,HOR αHOR− zfRT )              (1.13) 

 

For the cathode where ORR takes place: 

 jca = jca+ + jca− = jo,ORR exp (ηCT,ORR αORR+ zfRT ) + jo,ORR exp (ηCT,ORR αORR− zfRT )                (1.14) 

 

In the above equations ji+ and ji−  refer to the current density in the anodic and cathodic direction 

(oxidation and reduction) for each of the half-cell reactions, respectively. jo,i is the exchange 

current density for each reaction which always strongly depends on the specific experimental 

conditions. Large values of jo,i will decrease the charge transfer overpotential. Therefore, the 

cell performance can be improved through an increase in the exchange current density by 

following ways: increasing the pressure and temperature, using a more effective catalyst, 
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increasing the roughness of the electrodes, and increasing the reactant concentration, for 

example, using pure O2 instead of air [22]. It should be noted that the absolute values of the 

exchange current densities always strongly depend on the specific experimental conditions.  αi+ 

and  αi− are the so-called charge transfer coefficients.  

Due to the sluggish nature of the oxygen reduction reaction, in PEMFCs it is mostly considered 

that ηCT,ORR dominates [23,24]. At ambient temperature, the exchange current density of HOR 

(jo,HOR~10−1-10−3 A.cm-2 ) on a flat Pt metal surface is orders of magnitude bigger than that 

of ORR (jo,ORR~2.5∙ 10−8 A.cm-2) on the same surface. Therefore, the HOR overpotentials are 

much lower than ORR overpotentials and in practice can be neglected. Consequently, the 

relation between the total cell charge transfer overpotential and the cell current density can be 

simplified as [25,26]: 

 j = jca = jca+ + jca− = jo,ORR exp (ηCT,ORR αORR+ zfRT ) + jo,ORR exp (ηCT,ORR αORR− zfRT )                  (1.15) 

 

As the ORR reaction occurs in the cathodic direction, therefore  jca−   > 10  jca+  , according to 

the Butler-Volmer equation: 

 |ηCT | = RTαORR− zF   ln ( |j|j0,ORR)                                                                                                        (1.16) 

 

By converting this expression into decimal logarithms: 

 |ηCT | = 2.3 RTαORR− zF log(j0,ORR) +  log 2.3 RTαORR− zF log(|j|)                                                                 (1.17) 

 

This leads to the well-known Tafel equation: 

 |ηCT | = a + b ∙ log(|j|)                                                                                                                   (1.18) 

 

The parameters of a and b (Tafel slop) can be achieved by performing a linear fit of  ηCT versus log(j) which are normally obtained experimentally and served to compare the activity of the 

different catalysts for a given electrochemical reaction [18]. 
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1.3.2 Ohmic overpotential 

Three processes contribute to the overall ohmic resistance of a fuel cell. The limited electrical 

conductivity (relectrons) of the materials (CL, MPL, GDL, FFP ),  the resistance to conduct the 

ions (rions) through the membrane and the ionomer in CL) [27]. The latter depends on the water 

content and is therefore influenced by the water balance of the cell. A dry membrane usually 

exhibits no proton conductivity [28][29]. Besides, the electrical contact resistances (rcontact) at 

the interfaces between these materials (CL-MPL, GDL-FFP) contribute to ohmic losses. In 

particular, the interfaces of the porous GDL and flow field plates are assumed to account for a 

significant portion. The contribution of the contact resistance can be reduced by applying 

higher compression rates. Often higher cell compressions are used to reduce the contact 

resistance. The ohmic overpotential can be expressed as: 

 ηOhm = (rions + relectrons+rcontact)j = r ∙ j                                                                              (1.19) 

 

Where r is the resistivity (Ω ∙ cm2).  Under normal operating conditions, electronic and contact 

resistances are much smaller than the ionic resistance. As a result, the main contribution comes 

from the proton conductivity of the membrane. Therefore, thinner membranes are considered 

to be advantageous to reduce resistivity [30]. However, the thinner the membrane is, the more 

oxygen and hydrogen molecules can diffuse across it (reactant cross over) which reduces the 

open-circuit voltage and the efficiency of the cell. The conductivity σ(Tcell, λ) of a membrane 

at a temperature and the hydration state (λhyd) can be described as follows [31,32]: 

 σmembrane(Tcell, λhyd) = exp (T1 ∙ ( 1T2 − 1T3 + Tcell)) (aλhyd − b)                                  (1.20) 

 

The hydration state describes the ratio between the water molecules and the number of SO3−H+ 

sites. The constants a, b, and T1−3 can be found in the glossary. The resistivity can be 

determined from the high-frequency resistance ( HFR) obtained from AC impedance analysis, 

typically as the high frequency intersect of the impedance data with the real axis in a Nyquist 

plot [33–35]. 
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1.3.3 Mass transport overpotential 

In an operating fuel cell, oxygen and hydrogen need to reach the surface of the electrodes and 

the produced water has to be removed from the catalyst layer into gas diffusion layers and 

channels. Although the electrochemical reaction may be very fast, gases and liquids can only 

move at a certain speed. As a result, the overall current is limited by mass transport [36]. When 

operating the cell with air instead of pure oxygen, apart from the charge transfer losses, mass 

transport losses will increase at high current densities due to the diffusion limitations of oxygen 

in nitrogen. In the technical application of fuel cells with low stoichiometry gases (< 2), a 

reduction of the oxygen concentration along the channel path will be caused by reactant 

consumption. This process is often known as reactant depletion. In addition, the supply of 

reactants is limited by diffusion across the GDL from flow fields to the catalyst 

layer, perpendicular to the convective flow of oxygen inside the channels.  By assuming a 

simplified case in which one-dimensional diffusive transport happens through different layers 

(in the direction vertical to the membrane), the current density can be calculated by combining 

the Faraday´s law and first Fick law: 

 j = zFD (cO2,ref − cO2δ )                                                                                                                   (1.21) 

 

Where cO2,ref is the reference concentration of oxygen (0.21 for air) inside the flow channels, cO2 is the local oxygen concentration at the electrode´s surface, δ is the thickness of the 

diffusion layer and D is the diffusion coefficient. The highest current that can be achieved is 

very commonly referred to limiting current density is obtained when the oxygen concentration 

at the electrode is zero:  

 jlim = zFD cO2,refδ                                                                                                                               (1.22) 

 

In this case, it has been assumed that the oxygen is completely depleted at the surface of the 

electrode and represents the limiting case for mass transport. For experimental purposes, the 

limiting current density is obtained by using artificially diluted oxygen concentrations in 

nitrogen and can be useful to compare how different porous materials influence the mass 

transport. The effect of a reduced concentration of reactant gases at the electrode will change 
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the Nernst potential and the exchange current density. These effects are the origins of the mass 

transport loss and can be expressed as: 

 ηMT = (1 + 1aORR− ) RTzF ln (cO2,refcO2 )                                                                                              (1.23) 

 

1.3.4 Diffusion processes 

Bulk diffusion, Knudsen diffusion, and thin-film diffusion are the three main diffusion 

processes in PEMFCs. The bulk diffusion occurs inside pores which are significantly larger 

than the mean free path of the gas molecules. The probability of gas molecules colliding with 

themselves is higher than the collision between molecules and pore walls. This is mainly 

relevant inside GDL pores. For diffusion processes of structures with condensed liquid water, 

an effective diffusivity Deff has to be calculated [37]. 

 Deff = ϵ(s)τ(s) Dbin                                                                                                                               (1.24) 

 Dbin depicts the binary diffusion coefficient of oxygen in nitrogen. The tortuosity τ(s) and the 

porosity ϵ(s) are functions of the water saturation level (s) inside the GDL. Knudsen diffusion 

has to be taken into account in case the pore diameter (d) is in the range of the mean free path 

of the gas molecules (< 35 nm for O2 at 2 bar). The possibility of collision of gas molecules 

with the pore walls becomes much higher than with gas molecules. Therefore, this diffusion 

does not change with the inert gas carrier and only depends on the partial pressure. Knudsen 

diffusion coefficient DKn can be described as follows, where m is the molar mass of the gas 

mixture [38–40]:  

 

Dkn = 23 √8RTπm  d2                                                                                                                            (1.25) 

 

The thin-film diffusion occurs inside the catalyst layer and is based on the diffusion of oxygen 

through a thin-film of ionomer and liquid to reach the triple-phase-boundary. Thin-film 
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diffusion only depends on the partial pressure of the gas and is not affected by the other species 

present in the gas phase. 

 

1.4 Cell components 

In this section, the different components of a fuel cell will be presented. These components are 

previously illustrated in Figure 1.2. 

 

1.4.1 Membrane 

The polymer electrolyte membrane (PEM) is served as a solid electrolyte. The membrane 

should be proton conductive, electrically insulating, and block the transport of reactant gases. 

Perfluorinated polyether ionomers are widely used in PEMFCs due to their excellent ionic 

conductivity and chemical stability [29,41,42]. They are composed of a hydrophobic and 

chemically inert polytetrafluoroethylene (PTFE, Teflon) backbone and hydrophilic 

perfluorinated ethers side chains carrying sulfonic acid groups (HSO3) at their end. The 

backbone ensures the mechanical stability of the structure and the side chains provide ionic 

conductivity. This ionomer type was invented by Grot et al. at DuPontTM [43,44]. The most 

commonly used PFSA materials are Nafion membranes (DuPont®) can reach ionic 

conductivity above 10 Sm-1.  

Figure 1.4 shows the chemical structure of Nafion (left) and the schematics of microstructural 

features of Nafion for both the low and high water contents where the solid lines represent the 

polymer chain and those directly connected to the SO3 are the polymer side chains. PFSA 

membranes effectively form water channels as a result of the strong phase separation between 

extremely hydrophilic side chains and hydrophobic backbones. Two main mechanisms are 

suggested about ion transport in these membranes namely Grotthuss and vehicle mechanism. 

In the Grotthuss mechanism, the hydrogen protons tunnel from one water molecule to the next 

via hydrogen bonding while in the Vehicle mechanism, the H+ ion is transported by diffusion 

as a bounded H3O+ molecule enclosed inside a hydration shell [45,46]. Apart from Nafion 

membranes, other companies such as Asahi chemical (Aciplex), Asahi Glass (Flemion), and 

3M have developed alternative perfluoro ionomers that are different from Nafion by varied 

type and length of the ionomeric side chain [41,47–50]. 
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Figure 1.4. Schematic of the chemical structure of Nafion (left) and  Schematics of microstructural 

features of Nafion for low and high water contents (right); note that the free volume containing water 

at a low water content is smaller than at a high water content, and such difference is neglected in this 

figure, from ref. [51]. 

 

The ionomer material in the catalyst layer and membrane can be degraded during the harsh 

conditions of fuel cell operation as a result of a chemical attack or mechanical failure from 

volume expansion/contraction induced by relative humidity cycles. Generally, the chemical 

degradation happens by an attack of non-fluorinated end-groups by highly reactive •OH 

radicals. At dry conditions, the •OH radical can also attack the R-CF2-SO3H-group which will 

subsequently decompose to R-CF2
• from where the chain unzipping continues in a similar 

approach [52,53]. 

 

1.4.2 Catalyst layer (CL) 

Catalyst layers in PEMFCs are porous layers composed of catalyst particles, conductive 

support, and ionomer which form a three-phase boundary (TPB) where the electrochemical 

reactions occur. The three-phase boundaries (Figure 1.5) are referred to as the zones where the 

catalytic particles, electrolyte phase, and gases pores intersect [54,55]. An ideal catalyst layer 

has to effectively facilitate the trade-off between enabling high catalytic activity, having an 

optimal pore size distribution to facilitate reactant gas transport, retaining enough water to 
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guarantee good proton conductivity in the ionomer phase as well as removing the excess 

product water. 

 

 

Figure 1.5. Simplified schematic of the electrode-electrolyte interface in a fuel cell, illustrating TPB 

reaction zones where catalytically active electrode particles, electrolyte phase, and gas pores intersect, 

from ref. [10]. 

 

Platinum metal is considered as the state-of-the-art catalyst for PEMFCs due to the high 

catalytic activity for oxygen reduction and hydrogen oxidation as well as superb stability for 

both anode and cathode side, though, there is a large difference between the ORR and HOR 

using the same catalyst. A great deal of research is focusing on the development of efficient 

catalyst material especially for ORR and platinum is so far still the best option. Therefore, in 

many PEMFCs identical platinum catalyst is used for both anode and cathode side [24,25,56].  

 Platinum nanoparticles of around 2-6 nm in size are dispersed as on the surface of support 

materials with a relatively larger particle size (20-50 nm) to increase the available surface area 

for electrochemical reaction (Figure 1.6). Carbon black is used as the support material as it has 

a good electrical conductivity with high surface area as well as relatively high thermal and 

chemical stabilities. Different carbon black structures with various surface areas, pore size 

distributions, and the degrees of graphitization are available. Carbon black is usually produced 

by the furnace black process which is the partial combustion of petrochemical or coal tar oil. 

Carbon blacks usually form primary spherical particles of 5-400 nm diameter from graphitic 

planes forming a branched network known as secondary structure. This secondary structure is 

highly stable mechanically and provides a high porosity for the final catalyst layer. Two of 

mostly used carbon support are Vulcan XC-72 with a BET area of 250 m2/g and Ketjen black 

with a BET area of 800 m2/g due to its higher micropore volume [57–61].  
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Figure 1.6. Pt nanoparticles (46 wt% Pt/C from Tanaka Kikinzoku Kogyo K. K., Japan) on a high 

surface area carbon support. The particle nominal size from measurements of 200 randomly selected 

particles is 2.8 nm, from ref. [62]. 

 

Figure 1.7 shows the transmission electron microscopy (TEM) images of these carbon support 

materials. Carbon primary particles agglomerate into spherical-shaped agglomerates of around 

200 nm which further aggregate into larger entities of several micrometers, creating an 

extensive porous network, both for Ketjan Black and Vulcan XC-72 [63]. 

 

 

Figure 1.7. TEM micrographs of (A) Ketjen Black and (B) Vulcan XC-72 carbon aggregates, from 

ref. [63]. 
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One drawback of carbon supports is the carbon corrosion under operating PEM fuel cells 

especially at high operating temperatures and high anodic potentials which causes Pt catalyst 

particle isolation and CL deactivation resulting in performance degradation. To overcome this 

issue, new support materials including carbides, metal oxides, and nitrides have been explored. 

However, they are still not as good as carbon supports in terms of ORR activity. Another 

component in the catalyst layer is the ionomer (normally PFSA as in the membrane) which 

supposedly coats the entire support surface and maintains discrete hydrophilic and hydrophobic 

domains for reactant and protonic access to the Pt nanoparticles active sites. Ionic conductivity 

strongly depends on ionomer hydration and at drier conditions, higher ohmic losses occur [64]. 

To reduce the cost of Pt-based catalysts, numerous research are focusing on either reduction of 

platinum content by different platinum alloys and platinum-containing core-shell catalysts as 

well as platinum-free compounds. Promising alternative electrocatalyst using non-noble metal 

catalyst include transition metal chalcogenides, nitrides, metal macrocycles, and carbides. Iron- 

and cobalt-based nitrogen-containing catalysts [65–69] seem to be the most promising non-

noble metal catalysts for ORR which exhibit high electrocatalytic activity but still are much 

lower compared to Pt-based catalysts and show up to now also an inferior stability behavior. 

 Regardless of the catalyst type, the catalyst layer thickness is another variable that needs 

careful attention. The thickness of most electrodes in PEMFC is between 10 to 50 μm. While 

a thick layer provides higher catalyst loading and presents more TPBs, a thin layer is 

advantageous for better gas diffusion and catalyst utilization. 

The estimated costs for the materials and catalyst synthesis process depending on the type of 

catalyst and the annual production rate varies between $29.50/gcat for a Pt alloy cathode catalyst 

at a low production rate of 1000 units to  $11.02/gcat for a pure anode Pt/C catalyst at high 

production rates of 500,000 units per year [70]. For a car with a total amount of 15 g of platinum 

on cathode and anode sides with a loading of 30 wt.% Pt on carbon for cathode catalyst and 20 

wt.% Pt on carbon for anode catalyst, this would result in an estimated catalyst cost of $1500 

for an automotive fuel cell stack at a low production rate of 1000 unit. This cost decrease to 

about $700 at a higher production rate of 500,000 units per year [53]. 

The catalyst ink can be applied onto the proton exchange membrane directly or via decal 

transfer to form a catalyst coated membrane (CCM). In other systems, catalyst ink is directly 

applied to the gas diffusion layers (GDLs), termed as gas diffusion electrode (GDE). The CCM-

based inking applications proved to be one of the least costly application techniques with 
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improved transport properties and performances. In this work, the catalyst layers are integrated 

into the catalyst coated membrane (CCM) via air spraying technique and the whole part 

constitutes a membrane-electrode- assembly (MEA). 

 

1.4.3 Gas diffusion layer 

The GDL is a highly porous mediator between the nanostructured catalyst layer and the flow 

fields which is served to homogenously distribute the gas from the flow fields towards the 

catalyst layer as well as to provide passage for removal of produced water from the electrode 

to the flow field channels. The GDL mechanically supports the MEA [71–73]. It is also an 

electrical connection between the carbon-supported catalyst and the flow field/current collector 

and heat must be transported from the electrode through GDL [74–79]. For these reasons, the 

GDL must have good electrical and thermal conductivity as well as high porosity while 

maintaining a low contact resistance. Therefore, a compromise has to be found for which the 

material fulfills all these required properties for the projected cell design and operating 

conditions [44,80].  

The most commonly used GDL materials are carbon fiber-based materials. In this work, the 

term GDL is referred to as a bilayer material composed of GDL substrate (GDL-S) and 

microporous layer (MPL). The substrate itself is mostly made of carbon fibers papers 

(nonwoven) and carbon fiber clothes (woven) which have high porosity (≥75%) and a thickness 

of around 150-350 μm. The SEM image of woven and non-woven GDL substrates are shown 

in Figure 1.8. The GDL substrates are usually pretreated to change their hydrophobicity and 

hydrophilicity to adjust the water transport properties. For example, PTFE is often used to 

impregnate the carbon fiber to increase its hydrophobicity, thus preventing the blockage of 

pores with water that can disrupt diffusion of reactants to the catalyst layers during fuel cell 

operation [81–84]. The microporous layer provides a transition between the large-scale 

porosity of the GDL substrate (10-30 μm pores) and the fine-scale porosity of the catalyst layer 

(10-100 nm pores). The microporous layer is made of sintered carbon black and PTFE which 

is applied to one side of the GDL substrate and heat-treated which results in a uniform thin 

layer with a thickness of about 20 to 50 μm. It has the function of enhancing the water removal 

from the CL, reducing the contact resistance with the adjacent CL, and preventing the 

penetration of both catalyst through GDL and substrate fibers to the membrane. The 

composition of MPL, including carbon powder and PTFE, can notably affect the GDL 
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performance and thus the fuel cell performance [85–87]. Several companies such as SGL [88], 

Freudenberg [89], and Toray [90] are GDL producers. Figure 1.9 shows the morphology of 

various examples of commercially available types of GDLs.  

 

 

 

Figure 1.8. SEM image of (left) carbon paper (Toray 060), and (right) carbon cloth (E-Tek), from ref. 

[91]. 
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Figure 1.9. SEM micrographs of untreated SGL 25, TGP-H-120, and Freudenberg H2315. Images on 

the right show a magnified view, from ref. [92]. 

 

1.4.4 Flow field plate 

Flow field plate (FFP) is also known as the monopolar plate (in a single cell) and bipolar plate 

(BPP, when used in a stack) has numerous functions to perform which have a significant impact 

on the performance of PEMFC. The primary role of the flow field is the uniform distribution 

of reactant gases over the whole active area. A non-uniform distribution of gases will result in 

the formation of hot and cold spots. Hot spots are the areas of the cell which have higher 

chemical reaction rate thus generating more heat, whereas in cold spots there is a lack of 

reactant gases and therefore no chemical reaction takes place. Flow fields must also transport 

produced water away from the reaction site and out of the cell.  
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Figure 1.10. Schematic pictures of conventional FFP designs: 1-channel serpentine (A), 5-channel 

serpentine (B), parallel (D), pin-type (E), interdigitated (F), and a photo of the 1-channel serpentine 

with 50 × 50 mm FFP (C); the inlet channels are marked in white the outlet ones are in gray, from ref. 

[93]. 

 

Flow fields also collect the produced current and facilitate the transport of electrons by 

maximizing the contact area between the GDL and bipolar plate [94]. The flow fields consist 

of series of lands (also called ribs) and channels. The configuration of the flow field and the 

dimensions of the flow channels including channel depth/width and land can significantly 

affect the distribution of reactant gases and the removal of product water. The most common 

flow field plates designs are parallel [95,96], serpentine [97,98], interdigitated [99], pin-type, 

and their combination as shown in Figure 1.10. This is not essential that the land/channel 

dimensions remain the same all over the flow field.  Flow field plates are made of porous/non-

porous graphite, coated/non-coated metal, polymer-metal, or polymer-carbon composites [93]. 

Carbon composite flow fields are commonly used for small series, whereas stamped stainless 

steel plates [100–102] are used for mass production. A very good review on the design, 

material, and characterization of flow fields in PEMFC can be found in ref. [103]. 
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1.5 Single cell and fuel cell stack  

For laboratory-scale experiments, the MEA is sandwiched between two GDLs and then is 

assembled into a single cell comprised of flow fields, sealing and gaskets, and endplates. The 

MEA is sealed gas-tight against the flow field. PTFE-based films and silicone elastomers are 

commonly used materials for sealings. To control the compression of GDLs, incompressible 

gaskets are often used by choosing the appropriate thickness. Endplates are placed at each end 

of the fuel cell anode and cathode sides to distribute the compression force evenly across the 

fuel cell. Copper current collectors are used between the endplate and flow field to channel the 

electron flow. 

 

 

Figure 1.11. Schematic of a PEM fuel cell stack, from ref. [104]. 

 

During normal operation and depending on the controlled current density, a single fuel cell 

generates a cell voltage of about 0.6-0.8 V and the MEA has a power density of ≤ 1.0 W cm-2.  

As a result, a single fuel cell cannot be used as an independent power unit in applications. 

Several cells have to be connected in series to form a fuel cell stack to achieve higher voltage 

and power density. Figure 1.11 shows the structure of the PEM fuel cell stack. The oxidant and 

fuel passage are shared by all the single cells in the stack. To control the temperature during 

operation, the stack is equipped with a cooling system, which normally includes a cooling 

functionality in each single cell of the stack. The PEMFC stack requires to have a service life 

of 5,000 hours for automotive applications and of 40,000-50,000 hours for stationary 

applications [53,105]. 
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1.6 Water Management 

Since the initial development by the General Electric Company in the 1950s and the first 

practical application for U.S. Gemini space missions in the 1960s, water management has been 

an important issue in PEMFCs [51]. Tremendous research is still being conducted in this field 

to achieve higher performance. As mentioned in section 1.4, both membrane and ionomer in 

the catalyst layer should maintain a proper hydration level to ensure a high proton conductivity. 

A dry membrane is also prone to pinhole formation which results in accelerated degradation 

process or leads to membrane failure. However, excess liquid water can block the pathways of 

reactant gases resulting in mass transport losses and performance drop. The optimal fuel cell 

performance depends on these trade-offs which constitute the so-called water management. 

Therefore, understanding and adjusting the water transport in PEMFCs is of great importance 

[106]. 

 

1.6.1 Water Balance 

Figure 1.12 shows a schematic of water transport and balance in a typical PEMFC. Under 

normal operating conditions (temperature range between 60 and 80 °C), water exists in the 

forms of vapor and liquid in the pores of CL, GDL, and channels of flow fields. The membrane 

and the ionomer in CL can also adsorb certain quantities of water in the liquid state or bound 

to H+ (e.g. H3O+) [51]. 

In the CL: The produced water on the cathode catalyst layer can either penetrate into the 

membrane or be evacuated from the sides of the reaction through vapor diffusion or capillary 

transport of liquid water towards the flow fields of the cell, where it can be removed by the 

convective flow of the reactant gases. To ensure sufficient hydration on the ionomer, inlet gas 

streams are also humidified, this further brings water to the anode and cathode catalyst layer 

depending upon the water partial pressure. According to the theoretical models, the water 

transport in CL is mainly controlled by molecular and Knudsen diffusion [107–109]. Efficient 

transport of water and gases depends on the microstructural design of CLs and wetting 

properties and pore size distribution are the most significant factors that affect the water 

balance. 
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Figure 1.12. Water transport and balance mechanisms in a typical PEMFC, from ref. [110]. 
 

 

In the membrane:  One of the main mechanisms for water transport in the membrane is the 

electro-osmotic drag (EOD) where proton moves through the membrane from anode to 

cathode, in association with water molecules due to electromotive forces across the membrane. 

Electro-osmosis results from proton chemistry whereby isolated protons lacking electron cloud 

can hardly exist as free species in solution, instead protons interact with the electrons of nearby 

water molecules to form dynamic species such as hydronium complexes (H3O+). Water can 

also diffuse across the membrane, from the cathode to the anode side, induced by a 

concentration gradient of water through the membrane, this is known as back diffusion (BD). 

A thinner membrane enhances water back diffusion to the anode, which is beneficial for water 

balance at high current densities under conditions of reduced or no humidity [107,111–113]. 

Water transport between anode and cathode due to the pressure gradient is called pressure-

driven hydraulic permeation. The hydraulic permeation is more pronounced at high 

temperatures or high back pressures, whereas at low temperatures (T< 70 °C) and low-pressure 

gradients this effect is usually negligible compared with EOD and BD. Another water transport 

mechanism is known as thermal osmotic drag (TOD) where water transport is driven by 

temperature gradient. In practice, during operation, a significant temperature gradient exists 

across the MEA, and even small temperature differences can result in the phase-change induced 

flux and condensation/evaporation [110,114–118].  

In the GDL: It is suggested that the capillary driving force might be the dominant water 

transport mechanism in the MPL. For a give saturation, the capillary pressure increases with 



25 

 

higher PTFE contents [119–121]. Some studies have also shown that the application of MPL 

increases the back diffusion rate [122,123].  

In the GDL-substrate, bulk diffusion, pressure-driven hydraulic permeation, and evaporation 

are the main water transport mechanism, whereas capillary force has less effect on water 

transport in GDL-substrate due to larger average pore size than in MPL and CL [124–127]. 

PTFE content, thickness, morphology, gas permeability, and pore size distribution are the most 

important GDL characteristic that affects the water balance in GDL. 

In the channels: at normal operating conditions, liquid water and vapor can co-exist in the 

flow channels and the evaporation and condensation can happen based on the difference 

between the vapor and saturation pressures. The flow in the flow channels is convection 

dominated and the pressure at flow channel inlets is the driving force.  

 

1.7 Neutron imaging for fuel cells 

1.7.1 Motivation  

In recent years substantial efforts have been made to develop the imaging techniques for in situ 

visualizations of liquid water inside PEMFCs. The most prominent techniques reported in the 

literature are Optical, Magnetitic resonance, X-ray, and Neutron imaging. By exchanging the 

metallic and carbon composite flow field with a transparent flow field, the water in the flow 

channels can be visualized by advanced optical diagnostics including Raman, fluorescence, or 

infrared techniques. However, these modifications strongly impact water transport due to the 

changes in contact angle and thermal behavior [128,129]. Magnetic resonance imaging is often 

used to study the hydration state of the membrane and flow channels. The fuel cell is placed in 

a test section in a large static magnetic field generated by a superconducting magnet, thus, any 

magnetic materials that are conventionally used in PEMFCs cannot be used in MRI 

experiments [130,131]. X-ray tomography has become increasingly a popular method to 

visualize the liquid water in fuel cells due to the high spatial and temporal resolution. This 

method also has some drawbacks including the necessary restriction on the choice of material 

and cell design to permit penetration of X-ray through the cell as well as the risk of radiation 

damages [132–134]. The imaging technique which overcomes most of these issues is neutron 

imaging that has been used for two decades in PEMFCs related research. It has a wide range 

of applications from small scale cells of a few cm2 to full-size technical cells of hundreds of 
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cm2. It has high transparency for the constituent materials of the fuel cells (e.g. carbon, steel, 

and aluminum), whereas hydrogen-containing molecules like water provide a high contrast 

which makes this technique especially attractive for in situ studies without the necessity to 

change the fuel cell setup. In addition, images can be acquired continuously without any impact 

on cell performance at a reasonable time and spatial resolution. However, the major drawback 

of neutron imaging is the relatively low flux of common neutron sources which significantly 

affect the temporal resolution. Therefore, a temporal resolution associated with radiographs is 

in order of seconds and for tomographs is in the order of hours which is several orders of 

magnitude higher compared to X-ray tomographies at synchrotron light sources [39,135]. 

Neutron imaging has been used in PEMFCs research to investigate different aspects of water 

management [136–140], materials [141–145], degradation [146,147], and operating conditions 

[148–150]. 

 

1.7.2 Neutron radiation 

Neutrons are produced either by nuclear fission in a nuclear reactor or by a spallation process 

in which high energy protons strike a solid target.  In this work, the neutron imaging studies 

were performed Berlin Experimental Reactor (BER) II of the Helmholtz Zentrum Berlin 

(HZB). During the reaction, uranium-235 splits into individual fission products with smaller 

atomic weight (X, Y) releasing an average of 2.5 neurons: 

 
 
235U + n → X + Y + 2.5. n                                                                                                              (1.26) 

 
 

In research reactors, one of the neutrons produced per fission is needed to sustain the chain 

reaction, 0.5 neutron is lost on average and one is available for external use. The emitted fast 

neutron has an energy of ~1-2 MeV which is too high to be used in neutron imaging 

applications therefor moderators are used to slowing down these fast neutrons. The moderator 

materials should have a low neutron absorption cross-section but a large neutron scattering 

cross-section to keep the neutron flux as high as possible. Light water and heavy water are 

commonly used for moderating materials. In BER II, light water is used as a moderator. 

Usually, cold or thermal neutrons (1-100 meV) are used for neutron experiments. Cold neutrons 

are often needed for better spatial resolution in scattering applications. Therefore, a cold source 

such as hydrogen with very low temperature (20 K) is used to further slow down the neutrons.  
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By the installation of the so-called cold source, the velocity of neutrons is again reduced 

strongly. Afterward, cold neutrons are transmitted by the neutron guide to the experimental 

stations. The instrument CoNRad/V7 (Cold Neutron Radiography) used in the present work 

was upgraded in 2011 and the entire available wavelength spectrum of neutron radiation is used 

for visualization [151,152].  Further explanation on Neutron facility, fuel cell setup for in situ 

high-resolution neutron imaging, the imaging mode, and image processing are provided in 

section 2.8 

 

1.8 Scope of the work 

The scope of the present work is to enhance the understanding of water transport inside 

PEMFCs with respect to the effects of catalyst layer and its interaction with microporous layer. 

The microstructure of CLs and cathode MPLs were modified in terms of hydrophobicity and 

porosity. Hydrophobicity modifications were realized by the addition of PTFE content and 

porosity modifications were performed using pore former polymers. After successfully 

producing CL and MPLs with the desired structural effects, they have been tested using two 

main types of experiments: ex situ measurements to characterize the material structure and in 

situ electrochemical characterizations and performance evaluation with simultaneous neutron 

imaging to quantify the water distribution in operating cells. 

The present dissertation is a compilation of published and submitted peer-reviewed articles and 

some newly written chapters. Chapter 1 provides the motivation and introduction of the 

research topic and delivers the readers with the fundamental concepts that appear in the 

following chapters. Chapter 2 describes detailed collections of the experimental techniques and 

methods used throughout this work. Chapter 3 presents a thorough experimental study on the 

effect of hydrophobicity of CL and MPL on the performance and water management of PEM 

fuel cells. In this parametric study, the influence of polytetrafluorethylene loading in the 

structure of the materials on cell performance at different operating conditions is studied. It 

also includes ex situ characterization of the physical properties of the catalyst layer and how 

they correlate with material wettability and performance. Finally, neutron radiography is used 

to study the water transport mechanism. 

In Chapter 4, neutron tomography measurements are used to provide a detailed study on the 

effect of MPL wettability on the water distribution of the cells at humid operating conditions. 
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The chapter also includes a preliminary study on the effect of CL and MPL porosity on the 

performance of the cell at dry and humid conditions.  

In chapter 5, the effect of perforation inside CL and MPL was studies based on four different 

combinations of materials. Neutron tomography was used to analyze the distribution of water 

beneath the land and channel regions of the investigated cells. 

In chapter 6, the effects of different parameters such as catalyst concentration and flow field 

design on the performance of fuel cells were briefly studied. Afterward, experimental results 

on the effects of perforation of electrodes prepared with high concentrated Pt/C catalysts under 

oxygen depletion condition on fuel cell stack operation are presented. Finally, Chapter 7 

discusses conclusions and suggestions for future work. 
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2 Chapter 2. Methods and experimental techniques 

In this chapter, the collection of experimental techniques and methods used in this thesis are 

presented. Parts of this information can also be found in the experimental sections of the 

respective following chapters. Nevertheless, the objective of this chapter is to provide a detailed 

and compact collection of methodological descriptions which enable the reader to find the 

desired information efficiently.  

 

2.1 Fabrication of membrane electrode assembly 

2.1.1 Membrane conditioning  

NafionTM membrane NR212 (thickness of 50.8 µm) and NR212 (thickness of 25.4 µm) from 

ChemoursTM were used. These Nafion membranes are based on chemically stabilized 

perfluorosulfonic acid/polytetrafluoroethylene copolymer in the acid (H+) form. The 

membranes exhibit sustainably lower fluoride ion release compared to the non-stabilized 

polymer and therefore considered to improve the chemical durability. Membranes were 

positioned in between a backing film and coversheet (Figure 2.1), after cutting out the pieces 

with desired dimensions (7.5× 7.5 cm2, 7.5 ×15 cm2), the membranes were carefully separated 

from the cover sheet and backing form.  

 

 

Figure 2.1. Standard Nafion membrane roll showing the membrane in between the backing film and 

coversheet.  

 

To remove the organic contaminants, the membrane pieces were stirred for one hour in 3 wt.% 

H2O2 solution at 90 °C. To ensure that remaining peroxides are washed out, the membranes 
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were subsequently stirred in ultrapure water at 90 °C for another hour. Finally, to provide full 

protonation of the membrane it was heated up at 90 °C for one hour in a 0.5 mol H2SO4 solution. 

The conditioned membranes were then stored in the 0.5 M H2SO4 until use. Before spraying, 

the membranes were heated twice at 90 °C in ultrapure water for 30 minutes each time (to 

remove the sulfonic acid anions and remaining H2O2). Afterward, they were framed and dried 

at 80 °C for 2 hours in an air oven (Figure 2.2). 
 

 

 
Figure 2.2. Membrane mounted in metallic frames: (a) 7.5 × 15 cm2, (b) 7.5 ×7.5 cm2. 

 

2.1.2 Catalyst ink preparation 

 

To prepare the reference catalyst ink, the commercial platinum nanocatalysts on carbon black 

support was mixed with Nafion solution and ultrapure water.  The ratio of ionomer to carbon 

was kept to a fixed value of 0.74 for all the prepared inks. The platinum black (Pt/C) catalyst 

with either 19.3 wt.% Pt (TEC10E20E, Lot: 1015-0041I) or 46.6 wt.% Pt (TEC10E20E, Lot: 

1015-00141) from Tanaka Kikinzoku Kogyo K.K. Tokyo, Japan were used. The catalysts had 

a high surface area carbon of 800 m2/g. Nafion solution (D2021, Lot: 56E-D7-03CS, The 

Chemours Company Wilmington, Delaware, USA, 20 wt% Nafion) was added to the catalyst.  

Lastly, ultrapure water was added to the catalyst and Nafion solution mixture to decrease the 

viscosity of the ink and provide good consistency for the air spraying coating. To ensure a 

homogenous composition, the ink slurry was stirred in a sealed container for 4 hours on a 

magnetic stirrer at room temperature. As an example, to spray an active area of 25 cm2 with the 

reference ink, the batch of ink slurry contained 200 mg of Pt/C (19.3 wt.% Pt) mixed with 600 

mg of Nafion solution (20 wt.%) and 3 g of ultrapure water. When using the high Pt content 

catalyst (46.6 wt.% Pt) to spray an active area of 50 cm2, 280 mg of catalyst was mixed with 

553.2 mg of Nafion and 3.5 g of water. To alter the hydrophobicity and porosity properties of 
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the ink appropriate additives were added to the composition of the reference ink, as will be 

explained in the next part. 

 

2.1.3 Hydrophobicity modifications 

Polytetrafluoroethylene (PTFE) was used to modify the hydrophobicity properties of the 

catalyst layer. The content of PTFE was varied from 0 wt.% (reference electrode) to 30 wt.% 

on dry ink basis which corresponds to a PTFE loading range of 0 to 1.16 mg cm-2. The PTFE 

dispersion (3MTM DyneonTM) was first mixed with 3 to 5.5 ml of water to prevent 

agglomeration caused by concentrated PTFE and afterward, it was added to the mixture of 

catalyst (19.3 wt.% Pt, Tanaka) and ionomer. Since the addition of PTFE increases the viscosity 

of the ink, more water was added for higher PTFE contents to dilute the ink slurry and facilitate 

the spraying procedure. The ink slurry was ultrasonicated for 15 minutes and then was stirred 

on a magnetic stirrer for 4 hours to ensure a homogenous distribution. In this work catalyst inks 

with 5, 10, 20, and 30 wt.% PTFE were prepared. 

 

2.1.4 Porosity modifications 

 Monodispersed spherical polystyrene (PS) particles with a mean diameter of 0.488 µm (PS-

F.KM377 microParticles GmbH, Germany) were used as a polymer pore former inside the 

catalyst layer. These polymeric particles were delivered as aqueous dispersions with a solid 

content of 5 wt.%. To achieve different perforation degrees in the catalyst layer, varied content 

of PS-particle dispersion was added to the ink. This content was determined as the percentage 

of the resulting total volume of the catalytic ink slurry. Consequently, the required mass of the 

particles to be added to the ink was calculated by the desired volume and the density of the 

spherical particles. In this work, the amounts of polystyrene are reported either in volume or 

weight percent of the dry ink. For example, to achieve a porosity of 5%, 15%, 25%, and 35 

Vol% on the catalyst layers with an active area of 50 cm2 the following quantities of the 

aqueous dispersion 0.6455 ml, 2.1644 ml, 4.0884 ml, and 6.6043 ml were used respectively. 

To achieve and optimal results by spraying technique, this is crucial that the catalyst ink 

maintains proper viscosity. As monodispersed PS particles were delivered in the form of the 

aqueous dispersion (5 wt.%), the dispersion had to be centrifuged to separate the particles from 

the extra water. Otherwise, the addition of particles in the original dispersion form would result 

in the ink slurry to become too diluted. The dispersions were centrifuged at 5000 rpm for the 
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required amount of time (up to several hours depending on the volume of the dispersion). 

Afterward, a laser particle size analyzer was used to ensure that the centrifuge process does not 

affect the size of monodispersed particles. The concentrated solution of the PS particles was 

then ultrasonicated to ensure even dispersion of particles through the ultrasonic waves to avoid 

any potential agglomerates built in the centrifuge. The PS dispersion was mixed with the 

catalyst and ionomer. The amount of water in the ink slurry was always adjusted depending on 

the type of supported catalyst (19.3 wt.% Pt or 46.5 wt.% Pt), the content of PS dispersion, and 

the flowing properties of the ink through the spray nozzle. This ink slurry was then stirred for 

four hours at room temperature.  

 

2.1.5 Removing the polymeric particles 

After incorporating the spherical polymeric particles in the catalyst layer, these particles had 

to be removed to achieve the defined pores within the structure of the electrodes. After hot 

pressing (explained in section 2.1.6) the CCMs were immersed in ethyl acetate which is a 

proper solvent to dissolve the PS particles. To find the optimum time for the dissolution of the 

polymeric particles, four CCM pieces were kept in ethyl acetate for 30, 60, 90, and 120 minutes. 

The SEM measurements further proved that 90 minutes is sufficient to remove all the PS 

particles from the structure of the electrodes. For this procedure, it was necessary to place the 

framed CCM inside the solution container. Without the frame, the membrane tends to roll up 

in contact with ethyl acetate. Afterward, the framed CCMs were immersed in ultrapure water 

at 90 °C for 30 minutes to ensure the removal of any organic residuals. They were then dried 

in an air oven at 40 °C and in the final step were taken out of the frame to be laminated. 

 

2.1.6 Catalyst coated membrane preparation 

The air spraying method has proven to be a promising coating technique to achieve a uniform 

distribution of the catalyst ink onto the membrane which results in a high electrochemically 

active surface area. The framed membrane was placed on a heater and using the pressurized air 

(200 kPa), catalyst ink was sprayed over the membrane layer by layer to achieve the desired 

amount of Pt loading (Figure 2.3). An extra Teflon™ frame was also inserted over the 

membrane to define the area where the ink is sprayed. The inner circumference of this frame 

corresponded exactly to the size of the active area of the CCM. Due to the 

hydrophobic/hydrophilic nature of the Nafion membrane and the fact that ink slurry contained 
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water, upon spraying some wrinkles were produced in the membrane. To avoid this, the heater 

was placed beneath the membrane to dry it quickly and allowing a uniform distribution of the 

catalyst layer. Besides achieving a homogeneous coating, the spraying nozzle was moved as 

steadily as possible over the membrane and the frame was rotated regularly. Before spraying, 

the framed-membrane in dry-state was weighed in a balance. After applying each new coat of 

catalyst layer, it was further weighted to monitor the applied platinum loading. Pt loading for 

all the produced CCM was 0.3 mg cm-2 for both anode and cathode side. Once the required 

catalyst loading was attained on each side, the CCM was dried for ten minutes in the oven at 

80 °C. Depending on the platinum concentration of the commercial catalyst, for the reference 

electrode, a thickness of about 30 µm was achieved for Tanaka 19.4% Pt/C, and a thickness of 

about 12 µm was achieved for Tanaka 46.6 % Pt/C. 

 

 
Figure 2.3. Air spraying of the ink over a framed membrane (7.5×12). The framed membrane is 

mounted on a heater. 

 

2.1.7 Hot pressing and lamination 

Several features of the catalyst coated membrane can be improved by hot pressing. In addition 

to the mechanical stability and reduced ohmic resistance, the contact within the triple-phase 

boundaries is increased [153,154]. The CCM was hot-pressed at the temperature of 140 °C 

(just above the glass transition temperature of the membrane) and a selected optimum pressure 

of 100 bar for 4 minutes using a Colling P 500 S press (Figure 2.4). CCM was placed in between 
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the hot press plates and two Teflon sheets were used above each catalyst layer during hot 

pressing to protect the ionomer in the electrode from reaction with the metal plates of the press. 

 

 

Figure 2.4. Collin P 500 S press device (left) and CCM between the hot press plates (right). 

 

To facilitate the handling of the hot-pressed CCM and reducing the possibility of leakage 

during fuel cell testing, Teflon Sub-gasket was laminated to both sides of the membrane (Figure 

2.5). 

 

 
 

Figure 2.5. Catalyst coated membrane with an active area of 25 cm2 laminated with sub-gaskets. 
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2.2 Microporous-Layer preparation 

The detailed experimental procedure including the ink composition, mixing, and coating 

procedure can be found in the previous works [155,156]. Therefore, the MPL production 

procedure and the specifications used in these measurements are only briefly summarized here. 

The cathode MPL (MPLC) ink composition consisted of ultrapure water, carbon black (Denka), 

methylcellulose (Sigma-Aldrich), Triton x-100 (Sigma-Aldrich), and PTFE dispersion (TF 

5035GZ from 3M Dyneon) as a binder and hydrophobic agent. The MPL ink was mixed and 

then coated on the surface of a commercially available SIGRACET® 29 BA GDL-substrate 

(thickness ≈190 µm), using a doctor blade technique. The reference cathode MPL contained 

20 wt.% PTFE in its ink composition. In addition, a more hydrophobic MPL with 40 wt.% 

PTFE and a double layer MPL with the first layer of 20 wt.% PTFE close to the substrate side 

and the second layer of 40 wt. % PTFE close to the electrode side were prepared. All these 

PTFE treated MPLs, including the reference MPL had a similar thickness of 40 µm [239].  

Monodisperse PMMA particles with an average diameter (d) of 1.5 µm and/or 30 µm (MX150, 

MX3000, Chemisnow®) were utilized as pore former polymer in the ink. A reference MPLc 

(without PMMA), a perforated MPLc with 10 vol% PMMA (d=30 µm), and a double-layer 

perforated MPLc with a first layer (10 vol% PMMA; d=1.5 µm) close to the CL and a second 

layer (10 vol% PMMA; d=30 µm) close to the GDL-S were prepared. The MPL/GDL-

substrates were then heat-treated in atmospheric static air over to decompose all additive 

components (Titron, methylcellulose, and PMMA) and sinter the PTFE particles. The 

perforated cathode MPLs had a similar thickness of 50 µm. For an applicable comparison, a 

reference MPL (without pore former particles) with a thickness of 50 µm was prepared [256]. 

 

2.3 Contact angle measurements 

The wetting properties of the electrode surface were investigated via static contact angle 

measurement using a Krüss DSA 10-MK2 drop shape analysis system (Figure 2.6). Contact 

angle 𝜃 is a quantitative measure of the wetting of a solid by a liquid. It is defined geometrically 

as the angle formed by a liquid at the three-phase boundary where a liquid (l), gas (v), and solid 

(s) intersect (Figure 2.7). If the contact angle is below 90° the surface is called hydrophilic, 

above 90° it is called hydrophobic. 
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Figure 2.6. Krüss DSA 10-MK2 drop shape analyzer. 

 

According to the Young equation, surface energy (𝛾) between the three phases of solid, liquid, 

and gas can be related as follows: 

  γsv − γsl = γlv  cos θ                                                                                                           (2-1) 

To carry out the contact angle measurements, a water droplet was dispensed on the surface of 

the catalyst layer through the needle tip of the syringe. On the surface of the electrodes, the 

droplet quickly found a static shape and stayed on the surface. It was assumed that during the 

measurement time frame, the evaporation was negligible, which is a realistic approximation 

since the droplet was not too small and volatile liquid were avoided.   

Using the analysis software, the image of the droplet is taken with the digital camera. The drop 

is then fit with the Young-Laplace equation with the tangent line drawn from the baseline of 

the drop to the edge (Figure 2.7). For every side of the CCM, ten different measurements are 

carried out to reduce the errors. 

 



37 

 

 

Figure 2.7. A droplet on the surface of the catalyst layer having a contact angle of 𝜃=145°. 

 

2.4 Structural characterization  

Surface morphology with SEM: the surface morphology of the catalyst layer and the 

microporous layer was investigated by SEM (S9000, TESCAN) measurements. To obtain 

cross-section images of the materials, argon milling was used  to cut through the sample. SEM 

images were taken for the reference and treated materials to observe the microstructure. A SE 

imaging mode with a SE2 detector was used for measurement where a resolution of 100 nm at 

5kV was achieved. 

 

Elemental composition with SEM-EDX: elemental mapping with energy-dispersive X-ray 

spectroscopy (EDX) was acquired using a compatible accessory from Oxford (Ultim Max, 

Silicon Drift Detector) integrated into a scanning electron microscope. They were taken with 

an acceleration voltage of 10 keV, a field of view of 100 μm, and a gun-to-sample distance of 

about 5 mm. 

 

2.5 Mercury porosimetry measurements 

Mercury porosimetry is a useful characterization technique for porous materials. This method 

provides a wide range of information including the pore size distribution, the total pore volume 

or porosity, and the specific surface area. Pores between about 3.5 nm to 500 µm can be 

investigated. However, this method also has limitations, e.g. it measures the largest entrance 
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towards a pore but not the actual inner size of a pore. It cannot be used also to analyze close 

pores as mercury has no way to intrude in that pore. By various software techniques, an 

interpretation of the pore-network (cross-linking structure between pores) can be provided. 

However, one should realize that numerous assumptions are made in that process and the final 

results are somewhat arbitrary. 

Mercury intrusion porosimetry measurements were carried out for the fabricated MEAs with 

different content of PTFE (CE Elantech, Inc. USA). MEA samples (2 samples from each batch; 

mass sample ~300-400 mg) were inserted in a dilatometer. The Pascal 140 instrument was used 

to measure the macropore distribution by mercury intrusion at pressures ranging from vacuum 

to 400 kPa. On the other hand, the Pascal 440 instrument was used to measure the micropore 

distribution, whereby the pressure was increased in 6–19 MPa steps up to the maximum of 375 

MPa while the volume increase of the mercury in the dilatometer was measured. Afterward, 

the pressure was decreased to vacuum in 8–35 MPa steps and the volume decrease of the 

mercury in the dilatometer was measured. 

 

2.6 Single PEMFC test  

2.6.1 Single cell setup 

MEAs with an active area of 25 cm2 were tested using single-cell hardware manufactured by 

Fuel Cells Technologies Incorporated. The cell (Figure 2.8) consisted of a pair of graphite 

bipolar plates with triple serpentine flow fields (channel and land width ~1 mm), gas 

inlets/outlets, current collectors, and metal endplates. The thickness of the MEA and GDLs 

were measured using a micrometer Gauge. Component thicknesses were defined using an 

average of at least four readings evaluated over the entire component.  
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Figure 2.8. Single cell hardware from fuel cell technologies, half cell (left), and assembled full cell (right). 

 

The MEAs were sandwiched between two gas diffusion layers on anode and cathode sides. In 

the 25 cm2 cell, either commercial Sigracet® 29 BC from SGL group (thickness ≈ 235 µm) at 

anode and cathode side or GDLs with home-made MPLs on the cathode side were used. The 

cells were sealed by applying an 8.5 Nm torque per bolts. At this torque GDLs were compressed 

about 20%, therefore sealant with proper thickness had to be used. The cell seals were made of 

a stack‐up of TeflonTM gaskets. 

 

2.6.2 Leak test 

After the fuel cell assembly and before the operation, it was leak-tested. The cathode gas hose, 

which delivers air was attached to the cathode gas inlet and the gas outlet of the respective side 

was closed. By applying an air flow of 0.05 standard liters per minute (SLPM), pressure in the 

cell was slowly rising until it reached 50 kPa. The air flow was then stopped, and the reduction 

of pressure value from this set point was observed for 4 minutes. The cell was considered 

sufficiently sealed when the pressure fall did not exceed 1 kPa per minute. Otherwise, the cell 

had to be reopened and the MEA/GDLs must have to be readjusted. Subsequently, the same 

procedure was repeated for the anode side.  
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2.6.3 Single cell test 

Fuel cells were tested with Greenlight innovation G20 single cell test station operated by 

EmeraldTM control and automation software.  Figure 2.9 shows the connections of the cell to 

the Greenlight test bench. Pure hydrogen (a1) and air (b1) were supplied via heated hoses as 

fuel and oxidant to the anode and cathode inlets respectively. Unused gases were removed from 

gas outlets (a2-b2). The endplates were heated (c) and current was applied via cables attached 

to the current collectors (d). Currents (e), voltages (f), and temperatures (g) were measured 

during operation. Additional connections (h, i, j) were required for electrochemical impedance 

spectroscopy and cyclic voltammetry. 

 

 

Figure 2.9. Single fuel cell connected to the greenlight test bench (top), single cell connections 

(bottom, left) and G20 test station wiring flow diagram (bottom, right). 
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2.6.4 Cell conditioning 

To condition the single cells, the temperature of endplates, reactant gases, and dew points were 

all set to 80° C.  A stoichiometry of the 1.3 and 3 was set for the cathode and anode respectively. 

The backpressures were increased gradually to ensure that the pressure difference between 

anode and cathode never exceeds 50 kPa, as otherwise the membrane might have been 

damaged.  To find the MEAs initial operating window, the electrical load was set to 0.2 A and 

the current was increased step by step in intervals of 0.2 A up to 4 A. Then, the current step 

size was gradually increased (0.4, 0.6 and 0.8 A), and above 11 A, it was further increased by 

steps of 1 A, until the corresponding voltage became unstable or reached the limit of 0.16 V. 

At this point, the system automatically reduced the current so that voltage never falls this limit, 

otherwise it would lead to immediate shutdown. After determining the initial operating 

window, the conditioning program was executed. Conditioning was performed by alternatively 

applying a current of 6 and 14 A for ten minutes each, over a total period of 5 hours which has 

proven to be sufficient to humidify the Nafion membrane.  The conditioning script also 

contained 2 series of performance curves at a relative humidity of 100%. This procedure is 

shown in Figure 2.10, in which time up to 300 minutes corresponds to the conditioning 

procedure and 300-700 minutes corresponds to the 2 polarization curves. I-V characteristics 

curves were plotted by taking the last 30 seconds average voltage values of each measurement 

point of the polarization curve during descending and ascending of electric load. Chart tools 

software was used to do this. 
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Figure 2.10. Typical fuel cell performance testing procedure (conditioning and polarization curves). 

The primary Y-axis shows the current (black), cell temperature (orange), the inlet pressure of anode 

(blue), the inlet pressure of cathode (green), and the secondary y-axis shows the corresponding 

voltage (red). 

 

2.6.5 Performance test 

The performance of cells was investigated at the operating conditions mentioned in Table 2.1. 

By altering the dew point temperature of cathode and anode gases, the cells were tested under 

dry (RH=70), humidified (RH=100), and oversaturated conditions (RH=120). At RH=120 %. 

Measurements were performed at air stoichiometry of 3 as well as air stoichiometry of 5. A 

program was created using Emerald software to perform these investigations. As the maximum 

current achieved by the cell after the conditioning procedure is often higher than before, new 

operating windows had to be defined for all operating conditions. This was realized by adding 

the IF-THEN loop in the automatic program where the current was raised gradually in 10 

minutes intervals. At higher currents above 30 A, where mass transport limitations could result 

in a voltage drop, the program checked the voltage after 10, 20, and 30 seconds at the operating 

current. If the voltage fell below 0.2 V, the program would execute the script of the polarization 

curve corresponding to the lower current (one ampere less). Otherwise, the voltage is checked 
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again after 150 seconds and if it was still above 0.2, the current was further increased by 1 A 

and the next loop began. When the limiting current was finally reached, the corresponding 

polarization curve was performed and the program jumped to a predefined label to change the 

operating condition for the next measurements. The entire process was recorded as a data log 

for further evaluations. 

 

Table 2.1. Fuel cell operating conditions. 

Parameters 

Operating 

conditions 

1 

Operating 

conditions 

2 

Operating 

conditions 

3 

Operating 

conditions 

4 

Fuel cell temperature (°C) 80 80 80 80 

Cathode stoichiometry (air) 3 3 3 5 

Anode stoichiometry (H2) 1.3 1.3 1.3 1.3 

Cathode gas pressure (kPag) 150 150 150 150 

Anode gas pressure (kPag) 150 150 150 150 

Cathode gas inlet temperature (°C) 80 80 80 80 

Cathode gas dew point (°C) 72 80 85 85 

Anode gas inlet temperature (°C) 80 80 80 80 

Anode gas dew point (°C) 72 80 85 85 

Relative humidity (%) 70 100 120 120 

Minimum current for gas flow (A) 10 10 10 10 

 

 

2.6.6 Electrochemical impedance spectroscopy (EIS) measurement 

The electrochemical impedance spectroscopy (EIS) measurements were carried out using a 

Zahner MI6 potentiostat together with the Greenlight test station. The operating conditions, 

cell temperature, reactant flows, inlet/outlet pressures, dew point, and inlet temperature of 

reactants were controlled by the test station while the load current and impedance 

measurements were controlled by the Zahner device. Figure 2.11 shows the schematic of the 

operational mode used for EIS measurements.  
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Figure 2.11. The operation set up of EIS measurements for single fuel cells using Zahner potentiostat 

together with G20 test bench. 

 

EIS measurements were carried out after cell operation at currents of 4, 14, 24, and 34 A. All 

measurements are carried out using the galvanostatic mode, applying a sinusoidal alternating 

current with frequencies ranging between 0.05 Hz and 100 kHz. The current amplitude was set 

to 200 mA for 4 A and 500 mA for the other currents. Settings were controlled using the 

associated Thales software. As the current was applied through the Zahner device, the electrical 

load of the test station was set to zero, therefore stoichiometry which was based on this value 

had to be set manually at different currents using the flows as mentioned Table 2.2.  

 

Table 2.2. Reactant gases flow adjustment depending on the applied current for EIS measurements 

Current (A) 
Anode flow (SLPM) 

(stoichiometry 1.3) 

Cathode flow (SLPM) 

(stoichiometry 3) 

Cathode flow (SLPM) 

(stoichiometry 5) 

4 0.091 0.245 0.415 

14 0.128 0.346 0.577 

24 0.217 0.597 0.995 

34 0.308 0.845 1.250 
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2.6.7 Cyclic voltammetry to determine ECSA 

Cyclic voltammetry (CV) was measured using Zahner IM6 electrochemical workstation and 

corresponding Thales software package. The Pt electrochemical active surface area (ECSA) 

was calculated from the average value of hydrogen adsorption and desorption charges from the 

voltammogram. The CVs were performed after cell operation at room temperature and without 

backpressure. The cathode reactant gas is changed from oxygen to nitrogen. The hydrogen flow 

of 0.2 SLPM and nitrogen flow of 0.026 SLPM were adjusted for anode (counter and reference 

electrode) and the cathode (working electrode) respectively. These values correspond to the 

minimum flows that the test bench could deliver. The potential was cycled between 50mV and 

1.2 V. The CVs were carried out with two different scan rates of 50 and 100 mV S-1. Each CV 

was repeated five times to ensure good reproducibility. 

 

 

2.7 PEMFC stack measurements 

2.7.1 Stack assembly 

MEAs with an active area of 50 cm2 were tested in a fuel cell stack design by ZSW (Figure 

2.12).  The MEAs were laminated with polyethylene naphthalate (PEN) subgaskets. 

Freudenberg H15CX483 GDLs with a thickness of 187 µm and porosity of 74% were used for 

the measurements. A single cell consisted of MEA with anode and cathode GDLs which were 

placed between two bipolar plates equipped with the sealants. The stack contained 4 single 

cells in these measurements. 
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Figure 2.12. Fuel cell stack assembly designed in ZSW. 

 

The stack was then compressed using a pressure pad stack design with nitrogen gas at 8 bar to 

ensure a homogenous distribution of the pressure over the cells. The pressure distribution was 

initially examined by enclosing a FUJITM paper between the GDL and bipolar plates with 

parallel flow fields. Red patches will appear on the film wherever contact pressure is applied 

and the red color density changes according to the pressure levels. As shown in figure 2.13, a 

stack compression of 8 bar roughly resulted in a 1.5 bar uniform pressure over the MEA.  

 

 

 
Figure 2.13. Fuji paper showing the distribution of pressure over the MEA area in the compressed fuel 

cell stack. 
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2.7.2 Stack leak test 

 The assembled stack had to be leak tested for safe operation. Nitrogen with a pressure of 500 

mbar was supplied as the gas test to one side of the chamber while the other side was sealed by 

a plug. If the pressure was constant over 4 minutes, the connection was considered sealed. In 

case of a pressure drop, a liquid leak detector was sprayed over the stack to locate the leakage 

source by the formation of the bubbles. A damaged membrane shifted sealings or overlapping 

components were usually the possible causes for the leakage. After a successful leakage test, 

the stack was connected to the test bench to perform the fuel cell tests. 

 

 

2.7.3 Fuel cell stack test 

Fuel cell tests were carried out with a costume designed test bench in ZSW operated by a 

LabVIEW program. Reactant gases and cooling water were connected to the stack. The voltage 

of each cell was monitored individually and an external load was connected to the current 

collectors. Reactant gases of hydrogen and air as well as the cooling water were connected to 

the stack (Figure 2.14). 

 

 

Figure 2.14. Fuel cell stack connected to reactant gases and cooling water (left), the costume designed 

test bench at ZSW used for fuel cell stack tests. 

 

The pressure of hydrogen and air flow was gradually increased to 2 and 1.8 barg respectively. 

The pressure of anode was set slightly higher to prevent potential gas invading to the anode 

side as oxygen would rapidly lead to disruptive corrosion phenomena.  As the flow fields had 

parallel patterns, to remove the product water more efficiently, the higher stoichiometry of 4 
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and 2.5 was set for cathode and anode respectively. Consequently, these higher gas fluxes 

would limit the relative humidity which could be applied. The unsaturated gases would quickly 

dry out the cells leading to severe reduction of performance. Therefore, when using parallel 

flow fields and high stoichiometry, saturated or over-saturated gases had to be supplied to the 

stack for efficient performance. For these measurements, a relative humidity of 100% was used 

for reactant gases at a stack temperature of 74 °C. Once the system reached the desired 

operating conditions, stack conditioning was started. For this purpose, a current ramp was run 

to slowly raise the current up to 90 A within 6 hours. Afterward, the stack was operated at a 

steady state at 90 A for an extra 3 hours. To define the current window, after the conditioning 

procedure, the current was steadily increased until the corresponding voltage became unstable 

or reached the limit of 200 mV. The LabVIEW software was used to automatically record the 

polarization curves. 

 

2.7.4 Low oxygen concentration conditions 

Decreasing the amount of oxygen flow on the cathode side, shifts the phenomena occurring at 

the mass transport region to lower current densities avoiding overlapping of the concentration 

overpotential with flooding issues or high electric resistances. In addition to the polarization 

curve under normal operating conditions with 21% of oxygen in the air, three further 

polarization curves with 12%, 7%, and 5 % oxygen concentration in the gas mixture were 

obtained. To increase the comparability between these oxygen depletion measurements a fixed 

gas flow was provided (instead of fixed stoichiometry).  

 

2.8 Neutron imaging experiments 

2.8.1 Cell setup for high-resolution neutron imaging 

Specially designed PEMFCs with an active area of 8 cm2 were designed in ZSW to perform 

neutron imaging measurements (Figure 2.15).  PDVF Gaskets around the edges of the 

membrane electrode assembly (MEA) were used to make a gas-tight sealed (Figure 2.15). 

Graphite bipolar plates with triple serpentine flow channels in which the supply gases flow 

from top to bottom were used. The width and depth of land and channels were 0.5 mm on both 

anode and cathode sides. The aluminum endplates contained the liquid coolant channels as well 

as inlets and outlets for the fuel and exhaust, respectively. The coolant fluid loop was located 
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on the outside faces of the current collectors enabling precise thermal boundary conditions. 

Flow field channels and coolant channels were both sealed by silicone rubber.  Silver-coated 

aluminum sheets were used as current collectors.  

Deuterium oxide (D2O) was used in the cooling circuit due to the lower neutron attenuation of 

deuterium to hydrogen. The fuel cells were operated at 50 °C, current densities of 1 A cm-2 and 

0.75 A cm-2, relative humidities of 70 %, and 120 % referred to the dry and highly saturated 

conditions. The selected current density value of 1 A cm-2 was considered to be in the high 

current density region for the operated cells. A constant flow of 0.5 NL min-1 air on the cathode 

side and 0.2 NL min-1 hydrogen on the anode side (corresponding to anode and cathode 

stoichiometry of 3.5) were provided to the cells. The pressures at the cathode and anode outlet 

were set to 60 and 70 kPag, respectively. The anode pressure was kept slightly higher in FC 

systems to avoid oxygen in the anode loop in the case of small leaks.  

 

 

 

Figure 2.15. The MEA with an active area of 8 cm2 laminated with subgasket (left) the assembled 

miniature fuel cell compatible with neutron imaging measurements (right). 

 

The test cells were operated on a custom-designed test station allowing accurate monitoring 

and control of all operating parameters. Before recording of neutron imaging measurements in 

Helmholtz Berlin, the cells were assembled and conditioned in ZSW Ulm. 
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2.8.2 Neutron imaging Facility 

Neutron imaging was the main characterization method to visualize the liquid water 

distribution and content within operating fuel cells in this work. The measurements were 

carried out at the 10 MW research reactor (BER) II of Helmholtz Centre Berlin for Materials 

and Energy. The high-resolution neutron tomography and radiography measurements were 

developed at the CONRAD/V7 (cold neutron tomography and radiography) facility. The 

instrument is located at the end of a curved neutron guide which provides a high neutron flux 

in the order of 2.7×109 neutrons cm-2 sec-1. The spectrum consists of cold neutrons with 

wavelengths larger than 1.8 Å which provide a much higher contrast than thermal neutrons. 

Due to the curved neutron guide, high-energetic neutrons and gamma radiation are almost 

eliminated. Beamline V7 was designed with two measuring positions. The first is located 

directly at the end of the neutron guide, where a high neutron flux was available but with poor 

beam collimation, therefore the image resolution is limited due to the beam divergence. The 

second measurement position was located as a distance of approximately 5 m from the guide 

end and had an additional collimation system which was based on a pinhole geometry where 

apertures with diameters D from 1-3 cm can be used (Figure 2.16). For the performed 

experiments an aperture with a diameter of 3 cm was used, as the higher diameter of the 

aperture means higher neutron flux density, lower exposure times, and thus higher temporal 

resolution [157–159]. 

 

 

 

Figure 2.16. Simplified experimental setup for high-resolution neutron imaging at CONRAD. 
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Behind the sample, a detector system was installed. The detector system consisted of a cooled 

CCD camera (sCMOS chip, Andor Neo Camera, 2560 ×2160 pixels), a mirror, an optical 

magnifying lens system, and a Gadox scintillator (60 𝜇m thick) screen. The camera is focused 

by the lens system on the neutron sensitive scintillator screen mounted as close as possible to 

the fuel cells to ensure high spatial resolutions. When neutrons hit the scintillator, photons in 

the visible spectrum are emitted. The photons are projected onto the camera by the mirror/lens 

combination. With the optics used, an imaging field of view of (13×13) mm2 with a pixel size 

of 12.8 𝜇m was achieved. The cells were investigated with neutron tomography of a region 

centered in the middle of the vertical cell extension and an area covering 30% of the total active 

area. The front part of the detections system and the scintillator screen can be seen in Figure 

2.17. 

 

 

 

Figure 2.17. The specially designed PEM fuel cell optimized for high-resolution neutron imaging 

mounted on a rotating table next to the scintillator screen. 

 

 

2.8.3 Neutron radiography measurements 

In radiography imaging, the dynamic behavior of the water during fuel cell operation was 

captured. The setup used for the radiography experiments is shown in Figure 2.18. During 

radiography measurements, in-plane imaging mode (membrane parallel to the beam axis) was 

used.  This imaging mode was preferred to the through-plane direction view, as the content of 

water at cathode and anode side would superimpose upon each other in the through-plane 
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direction. Whereas in the in-plane direction, a separate analysis of water in cathode and anode 

side was possible. The dynamic processes in the fuel cells were investigated by a time 

resolution of 15 seconds per image (13 seconds exposure time, 2-second readout). 

 

 

 

Figure 2.18. In-plane radiography setup. The neutron beam passes through the fuel cell parallel to the 

cell´s components. 

 

2.8.4 Neutron tomography measurements 

In tomography imaging, the entire three-dimensional structure of the cell is captured. Basically, 

the fuel cell is rotated step by step and a radiograph was taken after each angular step (Figure 

2.19). For a successful tomography, several requirements must be met. First of all, the observed 

horizontal cell area should be completed in the image at every angle, i.e. none of the cell´s parts 

should be rotated out of the image section during tomography. The cell should not move during 

the measurements so that the axis of rotation remains unchanged. Furthermore, any dynamic 

processes such as water formation and movement should be avoided, as they cause artifacts in 

the image reconstructions. Accordingly, before tomography imaging, the cells were operated 

for 30 min at the respective operating point to reach the steady-state conditions. Afterward, gas 

flows and current were cut off and gas connections of the cells were sealed by plugs to keep 
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the water distribution within the cell at an almost constant level for several hours. A more 

detailed description of this qausi-in situ tomography procedure can be found in Ref [160]. 

 

 

 

Figure 2.19. Tomography setup used for neutron tomography; the cell was rotated by the step size of 

0.6 in 360°.  

 

During tomography, each fuel cell was rotated gradually by 360° in 500 steps within a total 

acquisition time of about 5 h. Three images were acquired in each step and a median of these 

three images was used to achieve a final image with good statistical quality at each specific 

angle. The images were taken at an exposure time of 10 seconds.  

 

2.8.5 Image processing 

In this part, the image processing steps are shortly summarized. The typical raw neutron 

radiography is influenced by several other factors besides the attenuating object and includes 

dynamic noise as well as faulty pixels superimposed to the effective signal. For example, the 

dark current of the camera which results from the formation of free charge carriers due to the 

heat in the CCD chip creates additional noises. To remove this noise the dark current signal of 
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the CCD sensor is subtracted from the image. This intensity corrections step can be written as 

follows: 

  IC1,ij = IR,ij − ID,ij                                                                                                                   (2.2) 

 

Where IC1,ij describes the intensity of a pixel  ij in the corrected image,  IR,ij the density of raw 

image and ID,ij is the intensity of the dark field. When using Gadox scintillator a large number 

of white spots appear on the picture. These white spots are removed with a median filter. 

depending on the noise level different sizes of the median filter were applied. After the removal 

of dynamic and static noise, the images were corrected  for inhomogeneities of the neutron 

beam. Flat field images (background/ or open beam image) were taken before each 

radiography/tomography with the fuel cell positioned outside the field of view. During the post-

processing, the flat field was divided into the raw images containing the fuel cells. Flat field 

normalization corrects for variation of the detector response and beam non-uniformity: 

  IC2,ij = IC1,ijIF,ij                                                                                                                        (2.3) 

 

Where IC2,ij describes the intensity of a pixel ij being flat field corrected and IF,ij is the intensity 

of a pixel in the flat fields. The images may need to be further processed by adjusting the 

contrast or removing noise to better visualize the features of interest. In addition, the images 

were corrected for translation, expansion, and rotation which are due to mechanical or thermal 

expansions. 

 

In the final step, the images are referenced pixel-wise to their radiograms in the dry state to 

achieve the exclusive signal of water. The dry images were also dark field and flat field 

corrected.  

   IW,ij = IC2,ijIRef,ij                                                                                                                                (2.4) 
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Where IRef,ij describes the intensity of the dry reference image at a pixel ij , IW,ij is the 

attenuation of water at a pixel ij. According to the Beer-Lambert law, the water thickness could 

be locally calculated in the images at every pixel. 

  I = I0e−Σ d                                                                                                                                  (2.5) 

  

Where  𝐼 denotes the attenuated intensity of the neutron beam due to a given water thickness 𝑑 

, I0  is the original beam intensity and Σ is the attenuation coefficient of water [161]. 

In this work, Octopus software [162] was used for the reconstruction of tomographic data at 

the imaging facility. The filtered back projection (FBP) algorithm was used in the Octopus 

software for image reconstruction. Detailed information about the reconstruction principles can 

be found in [163]. Further post-processing of the images and data analysis were performed by 

imageJ software. 
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3 Chapter 3. PTFE Content in Catalyst Layers and Microporous Layers: 

Effect on Performance and Water Distribution in Polymer Electrolyte 

Membrane Fuel Cells 

 

This chapter has been published as A. Mohseninia, M. Eppler, D. Kartouzian, H. Markötter, N. 

Kardjilov, F. Wilhelm, J. Scholta, I. Manke, PTFE Content in Catalyst Layers and Microporous 

Layers: Effect on Performance and Water Distribution in Polymer Electrolyte Membrane Fuel 

Cells, J. Electrochem. Soc. 168 (2021) 034509.  
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Reused with some modifications with permission from IOP Publishing Ltd. 

Note that the format of the journal article was modified in order to fit the style and layout of 

the thesis. Therefore, a consecutive numbering of figures and references for the whole thesis 

was applied as well. The original article can be found in the attachment of this thesis. 
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3.1 Abstract 

This work describes the effect of catalyst layers (CLs) consisting of hydrophobic 

Polytetrafluoroethylene (PTFE) on the performance and water management of polymer 

electrolyte membrane fuel cells (PEMFC). Catalyst inks with different ratios of PTFE were 

coated on Nafion membranes and were characterized with contact angle measurements, 

electron microscopy, and mercury porosimetry. H2/air fuel cell tests under stoichiometric 

conditions at various dry and humid operating conditions were performed. At dry conditions, 

CLs with 5 wt.% PTFE were advantageous for cell performance due to improved membrane 

hydration, whereas under humid conditions and high air flow rates CLs with 10 wt.% PTFE 

improved the cell performance at high current density region. Higher PTFE contents (≥20 

wt.%) increased the mass transport resistance due to reduced porosity of the CL structure. 

Operando neutron radiography imaging technique was utilized to study the effect of 

hydrophobicity gradients within the CLs and cathode microporous layer (MPLC) on liquid 

water distribution. Effect of varying operating conditions (current density and relative 

humidity) of the inlet gases on the water behavior of the cells were evaluated. More 

hydrophobic catalyst layers increased the water content in adjacent layers and improved cell 

performance, especially at more dry conditions. MPLC with higher contents of PTFE resulted 

in an increment of overall liquid water amount within the CLs and GDLs and escalated the 

transfer of water to the anode side. Furthermore, the role of the back diffusion transport 

mechanism on the water distribution was identified for the investigated cells. 

 

3.2 Introduction 

In polymer electrolyte membrane fuel cells (PEMFCs) water has a contradictory role. While 

the proton conductivity of perfluorinated sulfonic acid (PFSA) membranes is excellent when 

fully hydrated, excessive water can flood pores in the catalyst layer as well as gas diffusion 

layers, resulting in higher mass transport resistance [164–166]. To reduce the reactant 

starvation, distinct pathways for gas and liquid transport should be provided in CL/GDL 

microstructures. The water transfer between the ionomer and pore regions in CL determines 

the hydration/dehydration of membrane in PEMFCs. Some researchers have added 

hydrophobic agents to the Nafion ionomer to facilitate water removal and to ensure a 

sustainable supply of reactant gases to catalytic active sites [51,167]. It has been reported that 
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the addition of hydrophobic material to CL might provide better contact between Pt/C and 

ionomer, increase the catalyst utilization, and improve the dispersion of Nafion ionomer in the 

catalyst ink [168].  Zhang et. al. [169] investigated three different gas diffusion electrode 

(GDE) structures with the same Pt loading (0.15 mg cm-2) on the cathode, i.e. PTFE bonded 

GDE, ionomer-bonded GDE and a dual bonded GDE (a combination of PTFE and ionomer). 

The best performance was achieved for dual bonded GDE with a pt loading of 0.15 mg cm-2 at 

Tcell=60 °C and humid conditions. Li et. al.[170] added hydrophobic dimethyl silicone oil 

(DSO) to the structure of cathode CL coated on carbon paper and observed substantial 

improvement in fuel cell performance at room temperature and using humidified hydrogen/dry 

O2 system.  Additionally, Avcioglu et. al.[171] prepared GDE, where PTFE nanoparticles were 

added to the electrodes with 70 wt.% Pt/C commercial catalyst and Pt loading  of 1.2 mg cm-2.  

They reported that increased PTFE loading decreases Pt utilization and reduces the 

performance at kinetically-controlled region of polarization curve at H2/O2 and H2/air feeding 

mode. However, they reported that 5 wt.% PTFE nanoparticles in anode and cathode catalyst 

layers provided meso-macro hydrophobic channeling which enhanced water management at 

humid conditions at H2/O2 feeding mode compared to conventional catalyst layers. As will be 

discussed later, some of their findings are in variance with our H2/air performance data. 

The GDL consists of a microporous layer (MPL) coated on a carbon fiber-based gas diffusion 

layer substrate (GDL-S). Many studies have investigated the effect of different properties of 

MPL, such as thickness [172–175], hydrophobicity/hydrophilicity [176–181] porosity 

[156,182–186], and the role of cracks [187–190] on water management. During the last decade, 

neutron imaging has been increasingly used to visualize the liquid water distribution in 

operating PEMFCs [146,160,191–197]. 

The first scope of the present study is to examine the impact of catalyst layer hydrophobicity 

on PEMFC performance. For this, we first prepared CLs with varied PTFE content as a 

hydrophobic agent (between 0 and 30 wt%). The CLs were coated onto the Nafion® membrane 

to form catalyst coated membranes (CCM) and were characterized with contact angle 

measurements, scanning electron microscopy, and mercury intrusion porosimetry. The 

prepared CCMs were tested with commercial GDLs (29 BC SIGRACET®) in a single-cell fuel 

cell under dry and humid conditions. Polarization curves and electrochemical impedance 

spectroscopy (EIS) were used to explain the performance changes. We will complement this 

work with a second part determining the effect of hydrophobicity of catalyst layer and MPLC 

on water content and dynamics in fuel cells using operando neutron radiography. Cathode 
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MPLs were coated on commercial GDL substrate (29 BA SIGRACET®). The small fuel cells 

for neutron imaging measurements were equipped with CCMs (0 and 5 wt.% PTFE) and 

cathode MPLs (20, 40, and double-layer 20/40 wt.% PTFE) and were operated with varied 

operating parameters including current density and relative humidity. 

 

3.3 Experimental Method 

CCM Preparation.— CCMs and MPLs with different degrees of wettability were 

manufactured at the Zentrum für Sonnenergie- und Wasserstoff-Forschung Baden-

Württemberg (ZSW). The hydrophobization treatment used here was based on the variation of 

the PTFE content of the inks. The ink for the catalyst layer electrodes was prepared by adding 

ultrapure water, Nafion® solution (20 wt. %, D2021 Ion power) and PTFE dispersion 

(3MTMDyneonTM) to the Pt/C catalyst (TEC10E20E, Lot: 1015-0041, Tanaka, Japan, 19.3 

wt% Pt). Nafion to the carbon ratio was fixed at 0.74. The weight percentage of PTFE in the 

catalyst ink was varied between 5 and 30 wt.% on dry basis for both anode and cathode catalyst 

layer. The reference CCM had no PTFE content (referred to as 0 wt.% PTFE) in the electrode 

composition. The catalyst slurry was stirred for 4 h at room temperature and then was air-

sprayed on a preconditioned NR211 Nafion® membrane with a Platinum loading of 0.3 mg/cm² 

on anode and cathode sides. The CCMs were then hot-pressed at 140 °C for 4 minutes at 100 

bar. 

MPL preparation.— The MPL ink composition consists of ultrapure water, Denka black 

carbon, methylcellulose, Triton x-100, and PTFE as a binder and hydrophobic agent. The MPL 

ink slurry was coated on Sigracet® 29 BA GDL substrate using a doctor blade technique. The 

reference cathode MPL had 20 wt.% PTFE in its ink composition. In addition, a more 

hydrophobic MPL with 40 wt.% PTFE and a double layer MPL with the first layer of 20 wt.% 

PTFE (facing the GDL- substrate side) and the second layer of 40 wt. % PTFE (facing the 

cathode catalyst layer side) were prepared. All the prepared MPLs had a similar thickness of 

40 µm. The detailed preparation procedure of MPL can be found in Ref [155]. 

Single cell measurements.— For the first series of measurements, the commercial 

SIGRACET® 29 BC GDLs were used for both anode and cathode sides. The prepared CCMs 

with the commercial 29BC GDLs were assembled in a single cell (cell hardware from fuel cell 

technologies) with an active area of 25 cm² consisting of graphite plates with serpentine flow 
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fields. Performance tests were carried out by using a G20 Greenlight Innovation fuel cell test 

station. Measurements were performed at relative humidity (RH) of 70% and 120 % 

representing dry and humid conditions. Polarization curves were recorded with both decreasing 

and increasing voltage (averages reported). The baseline operating conditions were 80 °C, 1.3:3 

(or 1.3:5) stoichiometry of H2 and air, and 250 kPa back-pressure. Cyclic voltammetry was 

measured at a scan rate of 50 mVs-1 and electrochemical impedance spectroscopy (EIS) at 

various current densities in frequencies ranging between 0.05 Hz and 100 kHz was conducted 

using a Zahner potentiostat. 

Contact angle measurements.—  The external contact angle measurements on the surface of 

CCMs were performed using a Krüss DSA 10-MK2 goniometer at atmospheric temperature. 

Using the sessile drop method, about 15 μl of deionized water was placed on the surface of the 

dry CCM by a micro-syringe, and within a few seconds, the static contact angle between the 

catalyst layer surface and water was measured. At least 15 droplets were measured at the 

different parts of the sample and the contact angle was obtained by averaging these 

measurements. 

Electron microscopy.— A scanning electron microscope (TESCAN S9000) was used to 

investigate the CCMs at acceleration voltages between 2 kV and 5 kV in the secondary electron 

imaging mode. Energy dispersive X-ray (EDX) analysis was performed using a compatible 

accessory from Oxford (Ultim Max, Silicon Drift Detector). The elemental mappings were 

taken with a voltage of 5 keV, a field of view of 100 μm, and a gun-to-sample distance of 5 

mm.  

 
Mercury intrusion porosimetry.— Mercury intrusion porosimetry measurements of 

fabricated CCMs samples (2 samples from each batch; mass sample ≃ 280-400 mg) were 

conducted with two porosimeters Pascal 140 and Pascal 440 (CE Elantech, Inc.) instruments 

to measure macropore and micropore distribution respectively. 

 

Neutron Radiography Cell setup.—  Miniature single PEMFCs with an active area of 8 cm² 

compatible with high-resolution neutron imaging were designed at ZSW [182]. The cells were 

equipped with the CCMs and GDLs as described in Table 3.1. For all the cells on the anode 

side, the commercial SIGRACET® 29 BC GDLs were used. Cathode GDLs were prepared by 

coating of the in-house made MPL inks on the commercial 29 BA substrate as described in the 

previous section.  
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Table 3.1. Components of the cell used in neutron radiography studies. 
 

 

1 The prepared catalyst layers were coated on the NR 212 Nafion® (50 µm) membrane. 

2 The reference CCM had no PTFE content in the catalyst layer composition. 

3 The reference MPL had 20 wt.% PTFE. 

4 The double-layer MPL had the first layer of 20 wt.% PTFE (close the GDL- substrate side) and the second layer 

of 40 wt. % PTFE (close to the cathode catalyst layer side). 

 

Due to lower neutron attenuation of deuterium to hydrogen, deuterium oxide (D2O) was used 

in the cooling circuit to control the cell temperature [198]. The flow field design utilizes a triple 

serpentine channel in which the supply gases, air on the cathode, and hydrogen on the anode 

side, flow from top to bottom. The width of land and channels are 0.5 mm on both anode and 

cathode sides. The test cell was operated on an in-house fuel cell test station allowing accurate 

monitoring and control of all operating parameters. The fuel cells were operated at current 

densities of 1 A cm-² and 0.75 A cm-² under dry and humid conditions. The operating conditions 

of the investigated cells are summarized in Table 3.2. For these small neutron imaging cells, 

polarization curves were collected while increasing the current density from 0 to 1 A cm-2.  

 
 
 

Table 3.2. Operating conditions. 

Operating Parameter Value Unit 

Fuel cell temperature 50 °C 

Relative humidity of inlet gases 70% or 120%  

Current densities 

Gas flow cathode; anode 

1-0.75 

0.5; 0.2 

A/cm² 

Nl/min 

Back pressure anode; cathode 70; 60  kPa 

 

 Cell CCM1(Anode and Cathode) Cathode GDL 

  MPL                 Substrate 

Anode GDL 

 1 Reference2 Reference3         

 2 5 wt.% PTFE Reference                       

 3 Reference 40 wt.% PTFE              29 BA                    29 BC 

 4 5 wt.% PTFE 40 wt.% PTFE  

 5 5 wt.% PTFE 20/40 wt.% PTFE 4  
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Neutron imaging setup. —  Neutron imaging was performed at the Conrad/V7 facility of the 

Hahn-Meitner Institute Berlin (BER II research reactor), which is described 

elsewhere[158][199,200]. Neutrons were transported from the 10 MW research reactor BER II 

to the experiment through the neutron guide. Behind the sample, a detector system consisting 

of a scintillator, a mirror, a lens system, and a CCD camera was positioned as close as possible 

to the sample [201]. When neutrons hit the scintillator, photons in the visible spectrum are 

emitted. The photons are projected onto the camera by a mirror/lens combination. With the 

optics used, an imaging field of view of (13×13) mm² with a pixel size of 13µm was achieved. 

Each radiograph projection was acquired with an exposure time of 13 s. 

 

3.4 Results and Discussions 

Figure 3.1.a shows the contact angle measurements for the reference and PTFE containing 

CCMs (5, 10, 20, and 30 wt.% PTFE).  By increasing the PTFE content, the contact angle also 

increased which corresponds to the elevated hydrophobicity. The electrochemical active 

surface area (ECSA) values were determined from CVs and were rather similar for all CCMs, 

ranging between ≈ 80–90 m2 g-1Pt , indicating that the addition of PTFE did not decrease the 

Pt-surface area of the catalyst available for the electrochemical reaction (Figure 3.1.b).   

 
 

 
Figure 3.1. (a) Contact angle measurements for the fabricated CCMs with different hydrophobicity 

degrees. (b) The electrochemical active surface area (ECSA) of fuel cell electrodes with different 

PTFE contents. 

 

By performing mercury porosity measurements, a quantification of the open pore size 

distribution and the porosities was achieved for the CCMs. Figure 3.2 shows the cumulative 
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mass-normalized pore volume (top) and the differential mass-normalized pore volume 

dV/dlogd (bottom). All CCMs have pore sizes in the range from 10 nm to 10 μm. With 

increasing PTFE content to 10%, 20%, and 30 % the pore size distribution was diminished and 

shifted toward lower values. Whereas, in general, the pore size distribution remains constant 

with varying PTFE content, the pore size fraction in the range of 10 µm or more decreases 

strongly with increasing PTFE content. At the same time, the total cumulative pore volume of 

CCMs decreased with increasing PTFE content, from 640 mm3 g-1 for 0 wt.% PTFE to 450 

mm3 g-1 for 30 wt.% PTFE. 
 

 

 
Figure 3.2. Mass-normalized cumulative pore volume (top) and differential pore volume dV/dlogd 

(bottom) as function of pore diameter measured by mercury intrusion porosimetry for the reference 

CCM with 0 wt.% PTFE (black line),  5 wt.% PTFE (blue line), 10 wt.% PTFE (purple line), 20 wt.% 

PTFE (green line) and 30 wt.% PTFE (red line). 

 
 

SEM images of the reference and hydrophobic CCMs samples are presented in Figure 3.3. All 

considered CCMs are coated on the membrane. The structure of reference and 10 wt.% PTFE 

CCMs appear rather similar and showed macroscopic pores and cracks. The structure of 30 

wt.% PTFE CCM revealed a denser structure with fewer cracks and larger holes filled with 
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PTFE. This observation was previously confirmed with mercury porosimetry were samples 

with higher contents of PTFE revealed a decrease both in the total cumulative pore volume as 

well in the large (≥ 10 µm) pore fraction (Figure 3.2). SEM images of reference CCM at cross-

section views (Figure 3.12) and EDX elemental mappings of all CCM samples are provided in 

the supporting information (Figure 3.13). 

 

 

 
Figure 3.3. SEM image of CCM samples with 0 wt.% PTFE (a, d), 10 wt.% PTFE (b, e) and 30 wt.% 

PTFE (c, f), images show the top view of catalyst layers at magnification of  x3000 (a, b, c) and 

x10000 (d, e, f). 

 

Performance curves for the 5 CCMs are presented in Figure 3.4. At a relative humidity of 70% 

RH, the CCM with 5 wt.% PTFE content showed improved performance throughout the current 

density range. The results suggest that modest hydrophobization of catalyst layers retained 

water in the CL which consequently helped the humidification of membrane and electrode 

interface at dry operating conditions.  At a relative humidity of 120% RH and stoichiometric 

conditions of (1.3:3/H2:air), performance curves for the reference, 5 wt.%, and 10 wt.% PTFE 

CCMs were rather similar. The performance of CCMs in the kinetically controlled region of 

the polarization curves did not decrease with the addition of PTFE content. The EIS data 

(Figure 3.14 a,b in SI) recorded in this region (0.16 A cm-2) even showed that the diameter of 

arc in the Nyquist plot decreased relatively for PTFE containing CLs compared to the CLs 

without PTFE. However, Avcioglu et al [171] reported that the addition of an even low amount 

of PTFE reduced the Pt utilization due to isolation of Pt particles which is in contrast to our 
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results obtained from polarization curves and ECSA measurements. One explanation might be 

their different electrode preparation technique that has a great impact on cell performance.  

At high current densities where mass transport limitations become dominant, a significant 

decrease was observed for the CCMs with 20 wt.% and 30 wt.% PTFE content. At a current 

density of 1.75 A cm-2, the PEMFC with 20 and 30 wt.% PTFE CCMs showed about 200 mV 

and 120 mV voltage drop at 70% RH and 120% RH, respectively. Electrochemical impedance 

spectra obtained in situ for the same CCMs at high current density (1.36 A cm-2) at 70% RH 

and 120% RH are presented in Figure 3.4.c and Figure 3.4.d, respectively. The EIS data 

demonstrated that the low-frequency resistance which mainly reflects the mass transport losses 

has increased for CCM with high PTFE content of 20 wt.% and 30 wt.%. This is attributed to 

the pore clogging of CL with excessive PTFE which consequently increased the mass transport 

losses. This finding was also proven by mercury porosimetry and SEM experiments. 

 
 

 
 

Figure 3.4. Polarization curves comparing cells with Reference (0 wt.% PTFE) and 5-10-20 and 30 

wt.% PTFE CCM at (a) RH=70% and (b) RH=120%. EIS data acquired at 1.36 A cm-2 at (c) 

RH=70% (d) RH=120%. All the fuel cells were equipped with SIGRACET® 29 BC GDLs and were 

operated at 80 °C, 1.3:3 stoichiometry of H2 and air, and 250 kPa backpressure. 
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The performance curve and EIS data were also obtained at 120% RH, where air stoichiometry 

was increased from 3 to 5 (Figure 3.5). The activation and partially ohmic region (up to ∼0.68 

V) for all cells behaved almost similarly; however, at lower potentials, significant differences 

were observed. At 2.16 A cm-2, more than 150 mV improvement in performance was achieved 

by 10 wt.% PTFE CLs compared to the 0 and 5 wt.% PTFE CLs. This is rationalized by the 

fact that the addition of 10 wt.% PTFE in CL microstructure provided hydrophobic pores free 

of water and available for oxygen diffusion. Additional information on the performance curves 

at 100% RH, and the respective EIS data are presented in supporting information.  

 

 
Figure 3.5. Polarization curves (a) and EIS data acquired at 1.36 A cm-2 (b) comparing cells with 

Reference (0 wt.% PTFE) and 5-10-20 and 30 wt.% PTFE CCM at RH=120%, 1.3:5 stoichiometry of 

H2 and air. All the fuel cells were equipped with SIGRACET® 29 BC GDLs and were operated at 80 

°C and 250 kPa backpressure. 

 

In summary, the hydrophobic CLs with 5 wt.% PTFE could enhance the cell performance at 

dry conditions whereas the CL with 10 wt.% PTFE enhanced the mass transport properties at 

humid conditions when high stoichiometric air flow rates (5) was provided to the cell. At the 

same time, no significant advantages were observed at 120% RH and air stoichiometry of 3 

when PTFE was added to the CLs. Thus, it can be concluded that choosing an optimized 

hydrophobicity degree for CLs strongly depends on the operating conditions of fuel cells. 

 
Operando neutron radiography. — In the next series of measurements, fuel cells with 

reference and 5 wt.% PTFE CCMs in combination with the in-house cathode MPLs were 

investigated using operando neutron radiography to study the water dynamics and distribution. 

Before radiography imaging, the cells were operated 30 minutes at the selected operating point 
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to maintain steady-state conditions. The cells were investigated with the neutron beam of a 

region centered in the middle of the vertical cell extension and in an area covering 15 % of the 

total active area. In-plane imaging mode (membrane parallel to the beam axis) was used during 

radiography measurements. An example of images obtained using in-plane mode is shown in 

Figure 3.6.a. Water thickness is obtained by applying the Lambert-Beer law on the radiographs. 

For all the radiographs taken at one operating condition of the cell, Ir have been normalized to 

a radiograph of dry cell I0: 

 
                                                   Ir = I0e−μH2OdH2O                                                            [1] 

 
Where μH2O is the attenuation coefficient of water and dH2Ois the unknown water thickness.  

In our analysis, the water thickness was averaged over the whole area covering the CCM+ 

cathode and anode GDLs as well as the area of the channels on the anode and cathode side 

(Figure 3.6.b). 

 

 
Figure 3.6. (a) In-plane imaging mode (neutron beam parallel to the membrane) and an example of a 

radiograph obtained using in-plane mode. (b) Neutron radiograph showing the regions used for 

calculation of average water thickness: within the area covering the CCM+ cathode and anode GDLs 

and within the area of channels on the cathode and anode side. 

 

Influences of current density and relative humidity. — The cell equipped with 5 wt.% PTFE 

catalyst layer and 40 wt.% PTFE MPLC (cell 4, Table 3.1) was operated under anode/cathode 

inlet gas relative humidity of 70% and 120% at two different current densities of 0.75 A cm-

2and 1 A cm-2. As illustrated in Figure 3.7, the water was mainly accumulated in the CCM and 
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anodic/cathodic GDLs and a higher amount of water existed in cathode channels compared to 

the anode channels. At dry conditions (Figure 3.7.a), the average water amount in the CCM 

and GDLs at a current density of 1 A cm-2 (voltage of 0.35±0.01V) was fairly similar to the 

water amount at a current density of 0.75 A cm-2 (voltage of 0.45 ±0.01V). However, the water 

content in the cathode and anode channels were respectively 9% and 40% higher when the cell 

was operated at 1 A cm-2.  

At the higher relative humidity of 120%, the plots of the water thickness exhibited a periodic 

behavior where a significant peak of water agglomeration appeared (Figure 3.7.b).  During cell 

operation, test bench controllers showed constant voltage and stable performances for the inlet 

gas flows and pressures indicating that this behavior was not initiated from fluctuating 

operating parameters (Figure 3.17 in SI). It can be observed in the radiography image sequences 

(Figure 3.7.c) that liquid water was transported from the cathode side (right) to the anode 

electrode and GDL (left) resulting in a significant increase of the water level content in the 

anode side. Consequently, within 60 seconds, the accumulated water on the anode CL and GDL 

flowed towards the anode channels and then was carried away. It is assumed that back diffusion 

is the major mechanism here driving the water from the cathode towards the anode side. This 

phenomenon repeated every 10 minutes. Despite water fluctuations in the channels, the 

relatively stable baseline of the water thickness after 50 minutes of operation showed that water 

was removed sufficiently on both sides. It has been reported that thinner membranes enhanced 

the water back diffusion to the anode which might be sufficient to counteract the anode-drying 

effect due to the electroosmotic drag [110]. The respective performance curves for this cell are 

provided in supporting information (Figure 3.18). 
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Figure 3.7. Temporal evolution of average water thickness for cell (5 wt.% PTFE CLs and 40 wt.% 

PTFE cathode MPL) at a current density of 1 and 0.75 A cm-². (a) at a relative humidity of 70% (b) at 

a relative humidity of 120%. (c) In-plane neutron radiographic image series showing the water back 

diffusion: the accumulated water on the anodic CCM+GDL (1-2) was transported towards the anode 

channels (3) and then was removed (4). 

 

Effect of catalyst layers hydrophobicity at different relative humidities.— Figure 3.8 

presents the average water thickness in the cell with the reference catalyst layers (cell 1) and 

the cell with more hydrophobic catalyst layers of 5 wt.% PTFE (cell 2) which were operated at 

a current density of 1 A cm-2 at relative humidities of 70% and 120%. Both cells were equipped 

with reference in-house cathode MPLs and 29 BC anode GDLs as described in Table 3.1. The 

average water thickness was calculated inside CCM and GDL on the cathode and anode side 

separately (Figure 3.8.a) to give a better insight into the overall difference in water content at 

different relative humidities. Regarding the water movement in the radiographic sequence, the 

water accumulation could be allocated mainly to the CCM and GDL on the cathode side.  
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Figure 3.8. Temporal evolution of average water thickness for cell 1 with reference catalyst layers and 

cell 2 with 5 wt.% PTFE catalyst layers, water thickness in the CCM and GDL on the cathode side at 

(b) 120% RH, (c) 70% RH and in CCM and GDL on the anode side at (d) 120% RH, (e) 70% RH. 

Fuel cells were operated at a current density of 1 A cm-². 

 

Compared to the reference CLs, the cell with more hydrophobic CLs showed higher water 

contents of 15% and 9% in the cathode side at a relative humidity of 120% and 70%, 

respectively. The baseline for the water content in the anode side at 120% RH was rather similar 

for both CCMs (Figure 3.8.d). Nevertheless, the magnitude of the peaks related to the water 

back diffusion has decreased down to 30% for cells with more hydrophobic CLs, which could 

indicate that at humid conditions hydrophobization of catalyst layers moderated the water back 

diffusion to some extent.   
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Interestingly at a relative humidity of 70% for more hydrophobic CLs the water content in the 

anode side was about 50% higher and the peaks for the periodic accumulation of water started 

to appear (Figure 3.8.e). This observation suggests that the addition of PTFE particles to the 

catalyst layers could form a hydrophobic barrier that improved membrane humidification, 

especially at dry conditions. The polarization curves recorded for these cells (Figure 3.9) 

showed that the cell with 5 wt.% PTFE CLs enhanced performance compared to the reference 

CLs for all current density ranges at dry conditions and for low and medium current densities 

at humid conditions. 

 
 

 
 

Figure 3.9. Polarization curves of PEMFCs with an active area of 8 cm2 for Reference CL (0 wt.% 

PTFE) and hydrophobic CLs (5 wt.% PTFE) at dry and humid conditions. Pt loading of anode and 

cathode electrodes was 0.3 mg Pt cm-2. 

 

Effect of cathode MPL hydrophobicity. — The comparison for the average water thickness 

of cell 2 (Reference MPLC), cell 4 (40 wt.% PTFE MPLC), and cell 5 (double layer MPLC) is 

presented in Figure 3.10. The cells were operated at a relative humidity of 120% and a current 

density of 1 A cm-2. Similar CCMs and anode GDLs were used in these three cells as described 

in Table 3.1. The analysis of water thickness in the CCM and cathode and anode GDLs regions 

showed that the cell containing the MPLC with the highest hydrophobicity degree (40 wt.% 

PTFE) had the highest liquid water content. The same cell also showed more pronounced peaks 

of water back diffusion compared to the other cells. Pasaogullari et. al. [119] investigated the 

two-phase transport of reactants and water in GDL and MPL by developing the multi-phase 

mixture models and found that the back-flow of liquid water increases with increasing 

hydrophobicity of the MPL. 
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The cell with the double layer MPLC also had 10 % higher water content compared to the cell 

with reference MPLC. This observation indicates that hydrophobization of the cathode MPL 

increased the overall amount of liquid water within CCM and GDLs. Moreover, an analysis of 

the average water thickness was carried out for anode and cathode channels of each cell. The 

water thickness extracted from cathode channels of the cell with the reference MPLC showed 

a much higher liquid water content compared to the other cells.  This proves that the more 

hydrophobic MPL on the cathode side decreased the amount of liquid water transportation to 

the cathode channels and subsequently impelled more water in the opposite direction. 

 
 

 
Figure 3.10. Temporal evolution of average water thickness in cell 2 (Ref MPLC), Cell 4 (40 wt.% 

PTFE MPLC), and cell 5 (20/40 wt.% PTFE double layer MPLC). Fuel cells were operated at 1 A cm-² 

and 120% RH, The water content in (a) cathode CCM+GDL, (b) Anode CCM+GDL, (c) cathode 

channels and (d) anode channels. 

 
 

The performance curves (Figure 3.11) obtained at humid conditions (120% RH) showed that 

the MPLC with the highest PTFE content (40 wt.% PTFE) has a lower performance at medium 

and high current densities compared to the reference MPLC, whereas, it showed slightly 

improved performance at low current densities (≤ 0.2 Acm-2). The findings from neutron 
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radiography observations and performance curves illustrate that increasing the hydrophobicity 

of MPL with PTFE content >20 wt.% results in higher accumulation of liquid water adjacent 

to CL and MPL. This could be helpful for membrane hydration at low current densities but 

reduced the cell performance at mass transport regions. Wong et. al.[202] also recently reported 

that performance of a fuel cell using a standalone MPL with 30 wt% PTFE decreased when the 

RH of the inlet gases was increased from 50% to 100%, whereas the performance of a fuel cell 

using a standalone MPL with 20 wt% PTFE remained stable over the same relative humidity 

range. The cell with double layer MPLC showed still lower but closer performance to the 

reference cell. The latter observation gives some hint for the potential of further improvements 

of such novel MPL design concepts.  

 

 

 
 

Figure 3.11. Polarization curves of  PEMFCs with an active area of 8 cm2 operated at humid 

conditions (Tcell = 50°C, RH=120%) for MPLC with 20wt.% PTFE (red line),  MPLC with 40 wt.% 

PTFE (black line), and double layer MPLC  with 20-40 wt.% PTFE (blue line) at RH 120%. 

 

3.5 Conclusions 

The present study investigated the effect of catalyst layers with various hydrophobic PTFE 

contents on fuel cell performance at varied relative humidity conditions and air flow rates. We 

prepared CLs inks with 20 wt.% Pt/C, ionomer and varied PTFE contents (0%, 5%, 10 %, 20%, 

30%) and then coated them on Nafion® membranes. We found by SEM and mercury 

porosimetry that higher PTFE contents reduced the porosity as well as the large pore fraction. 
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At dry fuel cell operating conditions (1.3:3 ; H2:air), CLs with 5 wt.% PTFE improved the 

performance which was explained by the ability of hydrophobized CLs to retain the water and 

therefore improving the humidification of membrane and electrode interface. CLs with 0, 5, 

and 10 wt.% PTFE showed similar performance under humid operation and lower air 

stoichiometry (1.3:3 ; H2:air). However, by increasing the air flow stoichiometric rate (1.3:5; 

H2:air), Cls with 10 wt.% PTFE showed superior performance at the mass transport region by 

providing preferential transport pathways for oxygen transport. 

The EIS data revealed that addition of PTFE to the CLs did not increase the activation losses, 

however, very high PTFE contents (≥20 wt.%) significantly increased the mass resistance at 

both dry and humid conditions. This is attributed to the pore blocking of CL with excessive 

PTFE which was also confirmed by SEM and mercury porosity measurements. 

High-resolution neutron radiography was used to study the effect of CL and MPLC 

hydrophobicity on the liquid water dynamics in PEM fuel cells. According to the neutron 

radiographs, back diffusion was proven to be a relevant mechanism for transporting the water 

from cathode to the anode side. Application of catalyst layers with optimized hydrophobicity 

(5 wt.% PTFE) increased the amount of liquid water in the membrane and helped the 

performance of the cell especially under more dry operating conditions. Implementation of 

more hydrophobic MPL (40 wt.% PTFE) on the cathode side increased the mass transport 

resistance compared to the reference MPLC (20 wt.% PTFE) at humid conditions. The more 

hydrophobic MPLC decreased the transfer of water to the cathode channels and subsequently 

imposed the water on the opposite side.  
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3.6 Appendix – Supplementary Information  

Cross-section images of reference CCM were taken by SEM at an acceleration voltage of 2 kV. 

The cross-section cut was performed using argon ion milling. 

 
 

 
 

Figure 3.12. SEM image of reference CCM for fuel cell testing with NR211 Nafion® membrane. 

Images show cross-sectional with magnification of x1000 (a) and 3000 (b). 
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Figure 3.13. EDX elemental mappings of catalyst layers showing three elements: fluorine, carbon, 

platinum (a) reference CL (0 wt.% PTFE), (b) 5 wt.% PTFE, (c) 10 wt.% PTFE, (d) 20 wt.% PTFE, 

(e) 30 wt.% PTFE. 

 

EIS data obtained for the fuel cells at various current densities at 70% RH and 120% RH. The 

corresponding polarization curves are depicted in Figure 3. 4 (main manuscript). 
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Figure 3.14. EIS data acquired at current densities 0.16 A cm-2, 0.56 A cm-2, 0.96 A cm-2  at 70% RH 

(a, c, e) and 120% RH (b, d, f) , fuel cells were operated at 80 °C, 1.3:3 stoichiometry of H2 and air 

and 250 kPa backpressure. 

 

According to the polarization curves (Figure 3.15 and 3.16) obtained at 100%RH (1.3:3; H2: 

air) and 120% RH(1.3:5; H2: air) performance was improved in the mass transport region when 

using 5 wt.% and 10 wt.% PTFE CLs, respectively. 
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Figure 3.15. Polarization curves comparing cells with reference (0 wt.% PTFE) and 5-10-20 and 30 

wt.% PTFE  at (a) RH=100% .EIS data acquired at current densities 0.16 A cm-2 (b), 0.56 A cm-2 (c), 

0.96 A cm-2 (d), 1.36 A cm-2 (e) fuel cells were operated at 80 °C, 1.3:3 stoichiometry of H2 and air 

and 250 kPa backpressure. 
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Figure 3.16. Polarization curves comparing cells with Reference (0 wt.% PTFE) and 5, 10, 20, and 30 

wt.% PTFE at (a) RH=120% and 1.3:5 stoichiometry of H2 and air. EIS data acquired at current 

densities 0.16 A cm-2 (b), 0.56 A cm-2(c), 0.96 A cm-2 (d), 1.36 A cm-2 (e). Fuel cells were operated at 

80 °C and 250 kPa backpressure. 
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Figure 3.17. Plots of water thickness and current/voltage (a) inlet/outlet pressures of the fuel cell (b) 

and anode/cathode flow (c) as a function of operation time. 
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Figure 3.18. Polarization curve for cell (4) with 5 wt.% PTFE Catalyst layer and 40 wt.% PTFE 

cathode microporous layer at 70% RH (black line) and 120% RH (blue line). 
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4 Chapter 4. Influence of Structural Modification of Micro-Porous Layer 

and Catalyst Layer on Performance and Water Management of PEM 

Fuel Cells: Hydrophobicity and Porosity 

 

This chapter has been published as A. Mohseninia, D. Kartouzian, M. Eppler, P. Langner, 

H.Markötter, F.Wilhelm, J. Scholta, I.Manke, Influence of Structural Modification of Micro-

Porous Layer and Catalyst Layer on Performance and Water Management of PEM Fuel Cells: 

Hydrophobicity and Porosity. Fuel Cells 20 (2020) 469−476.  

doi:10.1002/fuce.201900203.  

Reused with permission from John Wiley & Sons, Inc. 

Note that the format of the journal article was modified in order to fit the style and layout of 

the thesis. Therefore, a consecutive numbering of figures and references for the whole thesis 

was applied as well. The original article can be found in the attachment of this thesis. 
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4.1 Abstract 

The influence of hydrophobicity and porosity of the catalyst layer (CL) and cathode 

microporous layer (MPLC) on water distribution and performance of polymer electrolyte 

membrane fuel cell (PEMFC) is investigated. Hydrophobicity of the layers is altered with the 

addition of PTFE (polytetrafluoroethylene) and mono-dispersed polymer particles are utilized 

to introduce the macro-pores with a diameter of 0.5 µm and 30 µm within the CL and MPLC 

respectively. 

The treated materials are implemented in a specially designed fuel cell with an active area of 8 

cm2 to perform operando high-resolution neutron tomography measurements. At high current 

density and humid operating conditions, MPLs with higher PTFE content increase the overall 

water content of the cell. The more hydrophobic MPL (40 wt.% PTFE) performs below the 

corresponding reference MPL (20 wt.% PTFE) whereas the performance result of double layer 

MPLC gives hint for further potential improvements of such design. The local water saturation 

beneath the land regions with the presence of perforated CL and MPLC is increased which is 

explained by lower capillary pressure barriers of bigger pores. Despite a higher water content, 

the perforated layers enhance the performance of the cell at both dry (RH 70%) and humid 

conditions (RH 120%), indicating that the parallel two-phase flow is facilitated where the 

oxygen is transported through small pores and the water is preferentially transported through 

the bigger pores. 

 

4.2 Introduction 

The rising pressure to cut the CO2 emissions and the increased availability of low-cost 

renewables encourages the major corporations to consider hydrogen technologies as a 

promising option in their long-term strategies. Hydrogen vehicles are now commercially 

available with Honda, Toyota and Hyundai launching the first mass-produced hydrogen fuel 

cell vehicles  (FCVs) [203]. To date, all hydrogen cars exclusively use polymer electrolyte 

membrane fuel cells (PEMFCs). However, the success of hydrogen in the transport sector will 

crucially depend on the development of fuel cell systems with lower costs and proven 

durability. Enhancing the catalytic activity and optimizing water management are known to be 

the key approaches to maximize the fuel cell power density and reducing the cost [204,205]. 
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In PEMFCs water management plays a complex role. While the membrane should be fully 

humidified to enable proton conductivity, excessive water accumulation inside the catalyst 

layer (CL), gas diffusion layers (GDLs) and the channels of the flow fields plates causes 

flooding which consequently reduces the power density [164,165,206–209]. In order to achieve 

higher performance and durability, this contradictory prerequisite of membrane hydration and 

electrode flooding prevention should be met simultaneously. In the fuel cell, water removal 

occurs at the cathode side where the capillary forces transport the liquid water from the catalyst 

layer through the gas diffusion layers in the micrometer scale and finally towards the flow field 

channels into millimeter-scale. The combination of larger pores which provide the lowest 

capillary pressure within the porous materials and hydrophobicity enhancements creates the 

pathway for appropriate water transport [210].  

Accumulation of water in the void space of catalyst layer may hinder the access of reactant 

gases to the active catalyst sites which leads to mass transport limitations. Therefore, distinct 

two-phase flow pathways should be provided in the structure of catalyst layer and gas diffusion 

layer to facilitate both gas and liquid water transport. In order to improve water-repellant 

properties,  hydrophobic polymer compounds such as polytetrafluoroethylene (PTFE), 

fluorinated ethylene propylene (FEP), polyvinylidene fluoride (PVDF), ethylene 

tetrafluoroethylene (ETFE), polyvinyl fluoride (PVF), poly(tetrafluoroethylene-co-

perfluoropropyl vinyl ether) (PFA), and polystyrene can be added to the structure of these 

porous media [211]. In addition to the wetting properties, good operability of catalyst layer and 

GDL in terms of water management are closely linked to their porous structure. 

According to the Young-Laplace equation, the capillary pressure for cylindrical tubes can be 

calculated as:  

 𝑝𝑐 = −2 𝛾 𝑐𝑜𝑠 𝜃𝑟                                                                                                                             (1) 

Where γ  is the surface tension of water, θ the inner contact angle of water within the solid wall 

and r is the effective pore radius [212]. The capillary pressure decreases for the pores with 

larger diameters. Gas diffusion layers generally consist of a substrate coated with a 

microporous layer (MPL). The small pores in MPLs containing a hydrophobic binder cause 

high capillary pressure, as a result; the liquid water is both withheld in the CL and preferably 

transported through cracks and larger pores [189].  Numerous studies have investigated the 

effects of microstructure properties, especially the wettability [194,213–218] and porosity of  
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MPLs [155,156,187] on water balance and performance of PEMFC. Theoretical models have 

predicted that the introduction of adjusted macro-pores in the catalyst layer leads to better 

performance. This could facilitate a more homogenous and rapid distribution of oxygen and 

the possibility for water to escape more easily than for a fully nanoporous material [219–221].  

Attention has been given to modifications of catalyst layer wettability properties [211,222–

224], as well as pore structure by using different catalyst supported carbons [63,225–227], 

variation of ionomer content [228–230] and application of different pore formers [231,232]. 

Nevertheless, the role of catalyst layer structure on water management has not been yet fully 

understood due to its complexity.  

Recently, several studies including synchrotron X-ray tomography [233–235] and focused ion 

beam/scanning electron microscope (FIB/SEM) tomography [236,237] have investigated the 

properties of fuel cell components in the 3D domain to further increase the understanding of 

the structure–performance relationship. Neutron imaging has been proven to be a powerful tool 

to visualize liquid water inside the components of PEMFCs [135,199]. Neutron imaging is a 

highly sensitive method to detect light atoms like hydrogen whereas metals and graphite plates 

show lower interactions with neutrons and therefore tend to be rather transparent to it.  Here, 

we present an experimental study on the impact of hydrophobicity and porosity of the catalyst 

layer and cathode microporous layer (MPLC) on the water distribution of the cells using neutron 

tomography imaging. This study is realized by varying the hydrophobicity and porosity degree 

of materials. Hydrophobization treatment is performed by applying polytetrafluoroethylene 

(PTFE) and porosity of the catalyst layer and microporous layer are altered using pore former 

polymers. The treated materials are then tested using high-resolution operando neutron 

tomography to obtain the water distribution. 

 

4.3 Experimental 

 Fuel Cell Test.— Specially designed single cells (Figure 4.1.a) with an active area of 8 cm² 

are used to perform tomography measurements. Due to lower neutron attenuation of deuterium 

in comparison to hydrogen, deuterium oxide (D2O) is used in the cooling circuit to control the 

cell temperature  [160].  

Three-channel serpentine flow field design with a land and channel width of 0.5 mm is used 

on both anode and cathode sides. The fuel cells are operated at 50 °C, relative humidity (RH) 
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of 120 %, and current densities of 1 A cm-2. The selected current density value of 1 A cm-2 is 

considered to be in the high current density region for the operated cells.  A constant flow of 

0.5 NL min-1 air on the cathode side and 0.2 NL min-1 hydrogen on the anode side 

(corresponding to anode and cathode stoichiometry of 3.5) are provided to the cells. The 

pressures at the cathode and anode outlet are set to 60 and 70 KPag respectively. The anode 

pressure is kept slightly higher in FC systems to avoid oxygen in the anode loop in the case of 

small leaks. 

 

 

Figure 4.1. Specially designed single PEMFC for the operando neutron measurements (a) fuel cell 

next to a scintillator screen (right) and (b) gas inlet and outlets are sealed to prevent evaporation. 

 

Material Preparation.— Catalyst layers and MPLs with different degrees of wettability and 

porosity are internally developed at the Center for Solar Energy and Hydrogen Research 

Baden-Württemberg (ZSW). PTFE is used to modify the wettability properties of electrodes 

and cathode MPLs. The catalyst ink is composed of ultrapure water, Nafion solution, Pt/C 

catalyst, and 5 wt.% PTFE on dry basis mixed to give a Platinum loading of 0.3 mg cm-2 both 

on anode and cathode side. To prepare the membrane electrode assembly (MEA) the catalyst 

ink is air-sprayed on a preconditioned NR212 Nafion membrane and is hot pressed. 

The MPL ink composition consists of ultrapure water, Denka black carbon, methylcellulose, 

Triton x-100, and PTFE as a binder and hydrophobic agent. The ink is coated on an SGL 29 
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BA GDL substrate (thickness≈ 190µm) using a scalpel technique. The reference cathode MPL 

contains 20 wt.% PTFE in its ink composition. Besides, a more hydrophobic MPL with 40 

wt.% PTFE and a double layer MPL with the first layer of 20 wt.% PTFE close to the substrate 

side and the second layer of 40 wt. % PTFE close to the electrode side is prepared. All these 

PTFE treated MPLs, including the reference MPL have a similar thickness of 40 µm. 

Commercially available gas diffusion layers from SGL Group (Sigracet® 29BC, thickness ≈235 

µm) are used for all the fuel cell tests on the anode side. The combinations of the hydrophobized 

components of these cells which are used for the experiments are summarized in Table 4.1. 

 

 

The porosity of the electrodes is modified by the utilization of polystyrene particles (PS) as 

pore former polymer and then removing it to obtain the desired pores inside the catalyst layers. 

In order to create macro-pores inside the electrodes, PS particles with a diameter of 0.5 µm 

(PS-F-KM377 microparticles GmbH) are added to the reference ink composition which is then 

is air-sprayed on a Nafion membrane N211. The catalyst coated membrane (CCM) is then 

immersed in ethyl acetate for a sufficient amount of time to remove the PS particles. The 

content of polystyrene particles is 5 and 10 wt.% based on the dry ink. These weight fraction 

values correspond to an estimated 8 and 15 PS volume fraction in the final catalyst ink, 

respectively. Figure 4.2 shows SEM images of home-made catalyst layers containing PS 

particles and after removal of these particles. 

Table 4.1. Components of the fuel cell containing the hydrophobic materials 
 

Cell Electrodes  

(Anode and Cathode)a,b 

Cathode GDL 

  MPLc,d                  Substrate 

Anode 

GDL 

1 5 wt.% PTFE based on dry ink Ref: 20 wt.%PTFE             29 BA 29 BC 

2 5 wt.% PTFE 40 wt.% PTFE                    29BA 29 BC 

3 5 Wt.% PTFE DL:20/40 wt.% PTFE         29 BA                   29 BC 

a Both anode and cathode catalyst layer have similar Pt loading of 0.3 mg cm-2 and were coated on a Nafion 
NR212 membrane. 
b The electrode ink is composed of Pt/C catalyst, Nafion solution, ultra-pure water, and 5 wt.% PTFE. 

C All coated cathode MPLs have a thickness of 40 µm. 
d The MPLC ink is composed of carbon black, Triton x-100, methylcellulose, ultra-pure water, and varied 
content of PTFE as described in the table [160]. 
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Figure 4.2. SEM image of the internally developed catalyst layer (a) containing the mono-dispersed 

polymer particles, (b) after removal of the polymeric particles with chemical dissolution (b), and (c) 

the obtained pores with a diameter of 500 nm indicated by the dashed yellow circles. 

 

For increasing the porosity of the MPLs, monodisperse poly methyl methacrylate (PMMA) 

particles with an average diameter of 30 µm (SokenMX-3000) are utilized as pore former. 

These particles are removed by thermal decomposition to create the macropores. MPLs with 

10 vol.% PMMA are coated on a 29 BA substrate. The reference MPL is prepared without 

addition of any pore former and has a thickness of 50 µm, equal to the thickness of perforated 

MPL, intended for an applicable comparison.  SEM images of the home-made perforated MPLs 

and the commercial 29 BC (MPL and substrate side) are depicted in Figure 4.3 and Figure 4.4 

respectively.   

 

 

Figure 4.3. SEM image of home-made MPL coated on a 29 BA substrate and the obtained pores after 

thermal removal of the polymer pore formers, (a) cross-section including the coated MPL on GDL 

substrate (b) top view of MPL side (c) obtained pore with a diameter of 30 µm. 
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A more detailed description of the fabrication processes of the reference CL and MPL was 

presented in previous articles [155,238,239]. The components of the cells containing the 

perforated layers are listed in Table 4.2. 

 

 

Figure 4.4. The surface SEM image of 29 BC at the substrate side with a magnification of (a) x1000, 

(b) x3000, the surface structure of the MPL side with a magnification of (c) x500 and (d) x2000. 

 
Table 4.2. Components of the fuel cell containing the perforated materials 

 

Cell Electrodes (Anode and 

Cathode)a,b 

Cathode GDL 

  MPLd,e                    Substrate 

Anode GDL 

1 Referencec Referencef                       29 BA 29 BC 
2 10 wt.% PS 10 vol.% PMMA             29 BA 29 BC 
3 5 wt.% PS 10 vol.% PMMA             29 BA                 29 BC 

 

a Both anode and cathode catalyst layer have similar Pt loading of 0.3 mg cm-2 and were coated on a 
Nafion N211 membrane. 
b The electrode ink is composed of Pt/C catalyst, Nafion solution, ultra-pure water and varied content of 
PS particles (0, 5 and 10 wt.%). 
c Reference electrode ink contains no pore former polymer (0 wt.% PS). 
d  All coated cathode MPLs have thickness of 50 µm. 

e  The MPLC ink is composed of carbon black, Triton x-100, methylcellulose, ultra-pure water, 20 wt.% 
PTFE and varied content of PMMA particles ( 0 and 10 vol.%) [155]. 
f Reference MPLC ink contains no pore former polymer (0 vol.% PMMA). 
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Tomography Setup.— The neutron tomography is carried out at the neutron imaging 

instrument Conrad (V7) at the research reactor BER II at the Helmholtz-Zentrum Berlin, 

Germany. A detailed description of the imaging setup is described elsewhere [199,201]. During 

tomography, each fuel cell is rotated gradually by 360° in 500 steps. Three images are acquired 

in each step and a median of these three images is used to achieve a final image with good 

statistical quality at each specific angle. The exposure time for each tomographic projection is 

acquired within 13 seconds. With the optics used, an imaging field of view of (28×13; w×h) 

mm² with a pixel size of 13 µm is achieved. As an example, a fuel cell positioned in front of 

the scintillator is shown in Figure 4.1.b. 

 

4.4 Results and Discussion 

Prior to tomography imaging, the cells are operated for 30 minutes at the respective operating 

point to reach the steady-state conditions. Afterward, gas flows and current are cut off to keep 

the water distribution within the cell at an almost constant level for several hours. The cells are 

investigated with the neutron beam of a region centered in the middle of the vertical cell 

extension. The water thickness is calculated according to Lambert Beer’s law within the mm-

scale.  The procedure for the water calculation is described in [189,240]. The porosity of the 

components inside each fuel cell in the in-plane direction is evaluated by segmentation of gray 

levels (where the value of 0 is assigned to void and value of 1 is assigned to imporous material) 

over the median of the dry images.  

Taking the evaluated water density and relative percent porosities values obtained from the 

gray images into account, it is possible to calculate the average local water saturation (WS) 

throughout the fuel cell (Note: due to measurements artifacts and noise the saturation values 

can fall behind 0% or exceed 100%). As an example, 3D reconstructed images for distribution 

of water in between anode and cathode flow fields are depicted in Figure 4.5.  
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Figure 4.5. Three-dimensional reconstructed images obtained with neutron tomography, the blue color 

represents the liquid water in between the anode and cathode flow fields at cross-sectional views 

perpendicular to the width of flow fields. 

 

Influence of Hydrophobicity Variation on Water Content and Cell Performance.— The 

evaluation of water density distribution for the cells with hydrophobized MEA (5 wt.% PTFE) 

in combination with three cathode microporous layers (MPLC) featuring different degrees of 

hydrophobicity is performed. The comparison of water content in different components of the 

cells under lands and channels are presented in Figure 4.6.a and Figure 4.6.b. The water 

thickness is averaged for all the lands and channels, which are located in the field of view of 

the camera. To provide an accurate comparison of the water thickness under the channels for 

all the cells, water thickness is only averaged under the anode and cathode channels, which are 

not flooded by water. An example of the selected region of interest under lands and channels 

is depicted in Figure 4.6.c. The evaluated standard deviation for the plotted curves is less than 

0.01.  

The analysis shows that the cell with the cathode MPL with the highest hydrophobicity degree 

(40 wt.% PTFE) has the highest liquid water content in comparison to the other cells. The cell 

with double layer cathode MPL (one layer with 20 and the second layer with 40 wt.% PTFE) 

also shows a higher water content compared to the cell with reference MPL (20 wt.% PTFE). 

This observation indicates that the implementation of a more hydrophobic MPL has resulted in 

an increase in the overall amount of liquid water inside the cell. In a neutron radiography study, 

Spernjak et al. reported that engineered MPLs with hydrophilic additives reduced the amount 

of liquid water in the cell [213]. 
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 The peak of water content for the cell with reference cathode MPL is located within the 

membrane region which points out to more homogenous distribution of water through the cell´s 

components under both land and channel regions. For the cell containing MPL 40 wt.% PTFE 

and double layer MPL, this peak has shifted more towards the intersection of MPL and the 

catalyst layer on the cathode side under land regions. It is reasonable to assume that water 

builds up in the CL and due to high capillary pressure of the 40 % MPL it stays in the cathode 

CL and the cathode GDL remains water-free. 

Nevertheless, under channels region, the overall water amount is shifted to the anode side for 

the cell with MPL 40 wt.% PTFE. In addition to the hydrophobic MPL acting as a barrier 

against the transfer of water to the cathode side, one can also hypothesize that under the 

channels the reaction rates are higher and cathode catalyst layer is at a higher temperature than 

anode CL; therefore, the phase-change-induced flow shifts the water peak towards the anode. 

This result is also compatible with our previous neutron radiographic studies on the behavior 

of water dynamics of cells with hydrophobic MEA and MPL components where the 

hydrophobized MPL on the cathode side decreased the transfer of water to the cathode channels 

and subsequently has imposed the water to the opposite side.  

The polarization curves (Figure 4.6.d) obtained at humid conditions (RH=120%) show that the 

cell with the highest hydrophobic MPL has a lower performance at higher current densities; 

however, it shows improved performance at lower current densities (≤0.3 A cm-2). The findings 

obtained from tomographic observations and performance curves allows us to conclude that 

increasing the wettability properties of MPL with PTFE content ≥ 20 wt.% results in excess 

accumulation of water and therefore reduces the cell performance at mass transport regions. 

The cell with double layer MPL shows still lower but closer performance both on the low and 

higher current densities to the reference cell. The latter observation gives some hint for the 

potential of further improvements of such MPL designs. In a previous study, we examined that 

optimum hydrophobization of catalyst layers with 5 wt.% PTFE  enhanced the performance of 

the cell at dry conditions (for all current ranges) and at humid conditions (for low and medium 

current densities) [47]. A detailed tomography study on the effect of hydrophobicity gradients 

within fuel cell components was also presented in our previous work [48]. 
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Figure 4.6. Water distribution plots under lands (a) and channels (b) at current density =1 A cm-2: 

reference MPLC(Black), 40 wt. % PTFE MPLC(Blue) and double layer MPLC (Green); CLs with 5 

wt.% PTFE and Nafion NR212 membrane is used for all 3 cells, (c) an example of the selected region 

of interest for evaluation of water under land (solid line) and channels (dash line), (d) Polarization 

curve comparing the performance of the cells; All experiments are performed at RH=120%, T=50°C, 

Pc=60 kPa, Pa=70 kPa, air flow =   0.5 NL min-1. , hydrogen flow = 0.2 NL min-1. 

 

Influence of Porosity on Water Content and Performance of the Cell.— The distribution 

of the evaluated values of local water saturation within the components of the cell in the in-

plane direction is displayed in Figure 4.7.a (under channels) and Figure 4.7.b (under lands).  

These evaluations are conducted for the cells containing home-made CLs (reference and the 

perforated CLs with 5 and 10 wt.% PS) and home-made MPLC (reference and perforated MPL 

with 10 vol.% PMMA).  The cells were operated at RH=120%, T=50°C, Pc=60 kPa, Pa=70 kPa 

(representing a humid operating condition) prior to tomography imaging.  

 A distinct difference in saturation level is observed for the intersection of GDL areas (red 

arrow) under lands and under channels. Most of the water-filled GDL regions beneath lands 

are saturated to a higher level between 30 and 40%, whereas the water-filled GDL regions 

under channels only show about 5% saturation. The saturation values within the MEA areas 
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for the reference catalyst layer show a comparable level of 15% both under land and channels. 

On the contrary, the saturation level for the perforated catalyst layers has increased to 30% 

beneath the land regions. Considering the tomography resolution of 13 µm which is 

considerably more coarse than the size of typical pores within CL and MPL, only average 

saturation values can be analyzed. Nevertheless, still a good comparison of the distribution of 

saturation levels within different components of the cells is provided. According to the 

polarization curves (Figure 4.7.c), the cells with more porous cathode MPL and CL shows 

improved performance at high current density region ( ≈1.2 A cm-2 at 0.4 V) under humid (RH 

120%) conditions and  (≈ 1.2 A cm-2 at 0.3 V) under dryer conditions (70% RH at the cell 

inlet).  Increasing the porosity of the catalyst layer from 5 wt.% PS to 10 wt.% PS does not 

show any noticeable influence on the performance.   

In summary, the evaluation of water density and saturation distribution of the described cells 

show different trends on channel and land regions. The presence of more porous layers tends 

to decrease the accumulation of water beneath the channels regions, whilst it results in an 

increase of the water content accumulated beneath the land regions. We rationalize this 

observation with the tendency of higher water filling degree of the incorporated macropores 

within CL and MPLC due to their lower capillary pressure. Forner-Cuenca et al. have claimed 

that large pores, even if hydrophobic, can be filled at a lower (or similar) pressure than 

hydrophilic but smaller pores [210]. On the other hand, more vigorous air flow in the channels 

regions hinders higher water saturation within the adjacent GDLs explaining lower water 

accumulation compared to the land regions.  Superior performance in the mass transport region 

is observed for the cell containing the perforated layers. These results reveal that while the 

macro-pores are preferentially filled with liquid water, the small pores remain water-free and 

thus act as effective oxygen transport pathways. Our observations are in agreement with 

previous studies mainly on MPLs where have shown that with higher porosity, the oxygen 

transport resistance is decreasing and the effective diffusivity is increasing [156,188,231,241].  

In view of the fact that no performance enhancement was observed with increasing the porosity 

of CL from 5 wt.% to 10 wt.% PS, it is difficult to clearly separate the impact of perforated Cl 

with a diameter of 500 nm from perforated MPLs (with a diameter of 30 µm) on the final 

performance. More measurements with different material compositions can help to further 

elucidate the data. Several studies have suggested that increasing the porosity of the catalyst 

layer facilitates gas access and water removal [231,242]. However in a study by Harzer et al. 
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it was reported that the performance of cells at high current density is mainly influenced by the 

location of Pt particles on the support [243]. 

 

 

Figure 4.7. Profile of local water saturation distribution under (a) channels and (b) lands of the cells 

(at RH = 120%  I= 1 A cm-2 ) with:  reference CL and reference MPLC (Black), CL: 5 wt.% PS and 

MPLC :10 vol.% PMMA (Green) and CL:10 wt.% PS and MPLC:10 vol.% PMMA (Blue); Nafion 

membrane N211 is used for all three cells; (c) Polarization curve comparing the performance of the 

cells at RH=120% and 70%; all experiments are performed at T = 50°C, Pc = 60 kPa, Pa = 70 kPa, air 

flow = 0.5 NL min-1, hydrogen flow = 0.2 NL min-1. 
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4.5 Conclusions 

High-resolution operando neutron tomography is used to study the influence of hydrophobicity 

and porosity of catalyst layer and MPLC on the liquid water content and distribution in PEM 

fuel cell.  Hydrophobic CLs and MPLs are prepared using PTFE and are tested in PEMFCs 

with an active area of 8 cm2 compatible with neutron imaging. The plots of the water 

distribution at high current density (1 A cm-2) show that increasing the hydrophobicity of 

cathode MPLs raises the overall water accumulation of the cell and impose the water to the 

anode side of the cell under channel regions. At humid fuel cell operating conditions 

(RH=120%, T=50 °C, Pc=60 kPa, Pa=70 kPa), the reference cathode MPL (20 wt.% PTFE) 

outperforms the more hydrophobic MPL (40 wt.% PTFE ), whereas the double layer MPLC (20 

/40 wt.% PTFE) shows comparable performance to the reference MPLC giving some hints for 

possible future optimization strategies of MPL designs with hydrophobicity gradient. 

By utilization of polymer pore formers, we prepared perforated CLs and MPLs. SEM images 

visually confirm the desired effect on the pore structure of the fabricated layers. The local water 

saturation and distribution under land and channel regions are quantified. Much higher 

saturation levels are identified for the areas under lands than under the channels. With the 

presence of more porous materials, the amount of water accumulated beneath the land regions 

is increased. This is attributed to the more facilitated water filling of the bigger pores due to 

lower capillary pressure. Superior performance at high current density regions is observed for 

the more porous layers both at dry (RH 70%) and humid conditions (RH 120%). We assign 

this to the improved mechanism of two-phase flow transport of oxygen and liquid water, where 

the oxygen transport occurs within the smaller pores and water is preferably transported via 

bigger pores.    
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5 Chapter 5. Enhanced Water Management in PEMFCs: Perforated 

Catalyst Layer and Microporous Layers 

 

This chapter has been published as A. Mohseninia, D. Kartouzian, R. Schlumberger, H. 

Markötter, F. Wilhelm, J. Scholta, I. Manke, Enhanced Water Management in PEMFCs: 

Perforated Catalyst Layer and Microporous Layers. ChemSusChem 2020, 13 (11), 2931–2934.  

https://doi.org/10.1002/cssc.202000542.  

Reused with permission from John Wiley & Sons, Inc. 

This paper has been included in the special collection of ChemSusChem devoted to Energy 

Storage and Conversion Research at Science City Ulm.  

 

The paper is also appeared as cover image feature as A. Mohseninia, D. Kartouzian, R. 

Schlumberger, H. Markötter, F. Wilhelm, J. Scholta, I. Manke, Cover Feature: Enhanced Water 

Management in PEMFCs: Perforated Catalyst Layer and Microporous Layers. ChemSusChem 

2020, 13 (11), 2804–2804.  

https://doi.org/10.1002/cssc.202001210.  

Reused with permission from John Wiley & Sons, Inc. 

Note that the format of the journal article was modified in order to fit the style and layout of 

the thesis. Therefore, a consecutive numbering of figures and references for the whole thesis 

was applied as well. The original article can be found in the attachment of this thesis. 
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Scheme  5.1. The Cover Feature shows the vital importance of water management in polymer 

electrolyte membrane fuel cells (PEMFCs): inadequate hydration leads to reduced proton conductivity 

whereas excess water hinders the access of reactant gases to the catalytic active sites. Structural 

properties of fuel cell materials, in particular porosity, strongly affect the liquid water content and 

distribution within the cells as illustrated by three schematics of porous materials. The curves 

represent the profile of water distribution within the cells. Reused with permission from John Wiley & 

Sons, Inc. 

01/ 2020

Chemistry–Sustainability–Energy–Materials

11/ 2020

Cover Feature:

A. Mohseninia et al.

Enhanced Water Management in PEMFCs: Perforated Catalyst Layer and Microporous Layers
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5.1 Abstract 

An experimental in situ study was performed to investigate the effects of the catalyst layer (CL) 

and cathode microporous layer (MPLC) perforation on the water management and performance 

of polymer electrolyte membrane fuel cells (PEMFCs). Polymeric pore formers were utilized 

to produce perforated CL and MPL structures. High-resolution neutron tomography was 

employed to visualize the liquid water content and distribution within different components of 

the cell under channel and land regions. The results revealed that at humid conditions, the 

perforated layers enhanced the liquid water transport under the channel regions. Moreover, at 

high current densities, the performance was improved for the cells with perforated layers 

compared to a baseline cell with non-perforated layers, owing to reduced mass transport losses 

(Scheme 5.2).  

 

 

Scheme  5.2. Graphical abstract describing the effect of the catalyst layer and microporous layer 

perforation on water transport. 
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5.2 Introduction 

Fuel cell vehicles (FCVs) powered by polymer electrolyte membrane fuel cells (PEMFCs) have 

reached the early stage of commercialization by the end of 2014. The fuel-cell industry finally 

shipped more than a gigawatt of fuel cells in 2019 and the number of FCVs on the roads is 

expected to continuously increase in the future [4,244]. However, cost reduction and 

improvement of long-term stability remain a challenge for the widespread release of FCVs 

[245]. In PEMFC, water is produced as a by-product during the oxygen reduction reaction at 

the cathode side. Although some water is necessary to provide proton conductivity to the 

polymeric membrane and ionomer in the catalyst layer (CL), excess amount of water blocks 

the porous pathways in the gas diffusion layer (GDL) and the CL. The latter phenomena, known 

as flooding, hinders the transport of oxygen from the flow fields to the electrochemically active 

sites in the catalyst layer, resulting in mass transport limitations and reduced power density. 

Therefore, optimized management of water distribution in the porous structure of CL and GDL 

is of extreme importance to achieve PEMFC systems with high performance and durability. 

The standard membrane electrode assembly (MEA) configuration is a catalyst coated 

membrane (CCM), with both CLs deposited onto the polymeric membrane. To enable a 

multiphase transport to and from the catalyst layers, gas diffusion layers are pressed against the 

CCM from both sides [246]. GDLs usually consist of a gas diffusion layer substrate (GDL-S) 

which is conventionally coated with a microporous layer (MPL). The MPL creates close 

contact with the catalyst layer and reduces the water accumulation at the interface between the 

electrode layer and GDL-S/MPL [156]. The porosity and pore interconnectivity of the 

electrodes [221,231,247–249] and MPL/GDL [156,187,189,250] which can be influenced by 

the choice and composition of materials and/or by addition of pore formers, determine the 

effective pathways for the two-phase flow transport. Neutron imaging has been used as a state-

of-the-art technique for visualizing liquid water in operating PEMFC with a high special 

resolution [251,252]. Several groups have successfully employed neutron tomography to 

advance the understanding of the relationship between liquid water behavior and the complex 

structural heterogeneity of porous media [135,146,205,210,253–255].  
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Scheme  5.3. Miniature fuel cell hardware components designed at ZSW (see Supporting 
Information). 

 

Herein, we present our recent studies on the influence of porosity of CL and cathode MPL 

(MPLC) on the water management and performance in PEMFCs. Pore-former polymers were 

used to introduce additional macropores within the structure of CL and MPLC, and operando 

high-resolution neutron tomography was employed to investigate the water distribution and 

content within the cells.  

 

5.3 Experimental 

The CCM was prepared by spraying the catalyst ink onto a Nafion N211 membrane. 

Monodispersed polystyrene particles (PS) with a diameter of 0.5 µm were utilized to create 

macropores within the structure of the electrode (both anode and cathode side) during the 

manufacturing procedure. A reference non-perforated CL (0 wt.% PS) and a perforated CL 

with 5wt.% PS were fabricated. Perforation of MPLC was realized by the addition of 

monodisperse polymethyl methacrylate (PMMA) particles with a diameter (d) of 1.5 and/or 30 

µm in the MPL composition. The perforated cathode MPLs were coated on a commercially 
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available 29 BA GDL-S from SGL carbon. A reference MPLC (0 vol.% PMMA), a perforated 

MPLC with 10 vol.% PMMA (d=30 µm ) and a double-layer perforated MPLC with a first layer 

(10 vol.% PMMA; d = 1.5 µm) close to the CL and a second layer (10 vol.% PMMA; d=30 

µm) close to the GDL-S were prepared. All coated MPLs had a similar thickness of 50 µm. On 

the anode side a commercial 29 BC GDL was used. The fuel cell components were then 

assembled (Table 5.1) in a miniature PEMFC with an active area of 8 cm² (1cm×8 cm) designed 

especially for high-resolution neutron imaging in ZSW (Scheme 5.3).  
 

Table 5.1. Components of the cell. 

Cell 

CCM 

 

PS (wt.%) 

Cathode GDL 

Anode 

GDL 
PMMA (vol.%) in MPL GDL/s 

1 0 0 29 BA 29 BC 

2 5 wt.%  0 29 BA 29 BC 

3 5 wt.%  10 vol% d=30 µm 29 BA 29 BC 

4 5 wt.%  

Double layer (DL- MPLC): 

1st layer: 10 vol%, d=1.5 µm 

2nd layer:10 vol% d=30 µm 

29 BA 29 BC 

 
 

The single fuel cells were tested on a custom-designed test station allowing accurate monitoring 

and control of all operating parameters (Table 5.2). The neutron tomography experiments were 

performed at the CONRAD/V7 facility of the Helmholtz Zentrum Berlin.  The imaging setup 

is described elsewhere [200] and with the optics used an imaging resolution of 12.8 µm was 

achieved.  

Table 5.2. Operating conditions. 

Operating conditions Value Unit 

Fuel cell temperature 50 °C 

Relative humidity of inlet gases 120%  

Gas stoichiometry cathode, anode 3.5  

Back pressure anode; cathode 70; 60 kPa 

 

Tomography was performed once before the cell operation (dry state) and then after the 

operation of the cell (wet state). The images were processed by dividing the wet images (Figure 
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5.1.b) by the dry images (Figure 5.1.a). The resulting difference image yielded the 2D liquid 

water distribution (Figure 5.1.c) and by applying the lambert beer law and the appropriate 

attenuation coefficient the map of local water thickness (Figure 5.1.d) could be quantified 

[160]. Details for the experimental section is provided in the Supporting Material. 

 

 

Figure 5.1. Image of an example radiograph in a through-plane direction obtained at the cross-section 

of GDL and the flow fields, (a) dry fuel cell, (b) operating fuel cell, (c) the difference image, and (d) 

the map of quantified local water density in gr cm-3. 

 

5.4 Results and discussions 

Water density profiles (Figure 5.2) reported herein were averaged beneath the lands and the 

channels regions in the in-plane cell direction (see S). Prior to tomography imagining, the cells 

were operated at humid conditions (Table 5.2) at 1 A cm-2 (represents high-density region for 

the investigated cells) for 30 minutes to reach steady-state conditions. Beneath the lands, in 

general, the water distribution profile showed three peaks close to the membrane and the GDL-

land interface at anode and cathode side. The cathode GDL (GDLC) contained higher water 

content than the anode GDL (GDLa). For cell 1 and cell 2 where only CL differs, the perforated 

CL resulted in an increase of water content within the CCM region compared to non-perforated 

CL. whereas in the cathode and anode GDLs area where the materials were the same for both 

cells, the profiles of water density were almost overlapping. The overall water content of cells 

3 and 4 which both had perforated CLs and MPLC was further increased throughout the cell. 

Therefore, a clear trend is observed that beneath the lands, the more porous materials increased 
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liquid water content. We assigned this observation to the higher water filling of the 

incorporated macro-pores due to their lower capillary pressure.   

Beneath the channels, the peak of water content was observed close to the membrane location 

in the CCM region. The water density profile decreased away from the CCM region into the 

channels at both anode and cathode side. Here the presence of perforated layers tended to 

increase the overall amount of water within the cell. However, in the GDL area at the cathode 

side, a decrease in the profile of water density was observed for the cells with perforated MPLs 

compared to the cell with non-perforated MPLs. Therefore, the influence of perforation on 

water transport could only be identified under the channel region. Such a transport effect was 

not found for perforated materials under the lands, because these water paths reached a dead 

end, which restricted further water transport. We furthermore quantified the values of local 

porosity and water saturation distribution (see SI) for cells with perforated CL and different 

cathode MPLs under land and channel regions (Figure 5.3). It must be indicated that due to the 

extremely thin fuel cell components (e.g., a membrane with a thickness of 25 µm), not perfectly 

flat interfaces between components and limited resolution of neutron imaging, which is far 

above the typical size of CL and MPL pores, only average values for quantification of 

porosity/saturation could be reported. However, even these averages could provide helpful 

information for comparing the effect of material perforation on the distribution of the local 

water saturation level throughout the cell. 

The evaluated local porosity percentage values of the materials (CCM and GDLc and GDLa) 

were lower beneath the lands than beneath the channels region. The material compression of 

land regions reduced the pore volume which reflected the respective decrease in porosity. For 

all the cells, a higher water saturation was observed within the anode and cathode GDL regions 

under lands than under the channels. This was attributed to the stronger gas stream in the 

channels which prevented a higher water saturation in the adjacent GDL and MPL areas. With 

the presence of perforated MPLC, most of the water-filled GDLC regions beneath lands were 

saturated to a higher level between 35 and 45%, whereas the water-filled GDLC with the non-

perforated MPL showed about 15% saturation.   
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Figure 5.2. Profile of water density distribution in the investigated PEMFCs obtained at 1 A cm-2, (a) 

under the land regions, (b) under channel regions. 

 

Under the channels, the profile of water (density/saturation) for the cells with non-perforated 

MPL on the cathode side as well as 29 BC on the anode side showed a step-shaped curve in 

the GDL areas. Whereas the cells with perforated MPLC had a water profile with a straight 

incline in the cathode GDL area. This could be argued, that the macropores could successfully 

provide preferential transport pathways to remove the liquid water towards the channels. 
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Figure 5.3. Profile of Local porosity distribution and water density/saturation under lands(black) and 

channels (red) for the cells with 5 wt.% PS CL combined with (a) reference MPLC, (b) MPLC with 10 

vol.% PMMA and (c) DL MPLC. 

 
 
 

 
 

Figure 5.4. Polarization curves for the investigated fuel cells (Table 5.1) with an active area of 8 cm2 

tested under the operating conditions mentioned in Table 5.2. 

 

Figure 5.4 shows the polarization curves obtained from the investigated PEMFCs (active area= 

8 cm²) at similar operating conditions as mentioned in Table 5.2. The cell with perforated CL 

and reference MPLC (cell 2) showed lower performance at high and medium potential regions 
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compared to the reference cell; however, at lower potentials (0.4 V) it showed improved 

performance. Differences in the performance were more pronounced for the cell with more 

porous MPLC. By replacing the reference MPLC with perforated MPLC, the superior 

performance was observed at high current density regions. At 2 A cm-2, more than 160 mV 

improvement in performance was achieved for the cell with perforated CL and DL-MPLC 

compared to the reference cell. Double-layer MPLC also exhibited improved performance in 

the ohmic region. 

 
 

5.5 Conclusions 

In summary, we successfully introduced macropores within the structure of CL and MPLC and 

then using high-resolution operando neutron tomography, we studied the influence of 

perforated layers on the liquid water behavior in PEMFC. Water accumulation under land 

regions increased with the presence of more porous CL and MPLC. This was assigned to the 

increased water-filling of the larger pores due to their lower capillary pressure and also dead-

ended water pathways under the land region. Under the channels, perforated MPLC decreased 

the liquid water content revealing that the influence of perforation on the overall water transport 

can only be identified in the channel regions. Performance curves obtained at humid conditions 

clearly highlighted the better mass transport properties of the perforated CL and MPL layers, 

most notably the perforated double-layer MPLC which showed a superior performance. We 

attributed this observation to the improved gas/liquid transport mechanism under channel 

regions where water is transported via larger pores while smaller pores remain water-free 

serving as effective pathways for oxygen diffusion. These findings show the potential of such 

engineered CLs and MPLs as a promising route toward optimizing water management in 

PEMFCs. 
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5.6 Appendix - Supplementary Information 

Material preparation.— Commercially available Pt/C (Tanaka, TEC10E20E, Japon, 19.3 

wt.%Pt) was mixed with NafionTM D2021 dispersion (the USA, 20 wt.% Nafion), ultra-pure 

water and monodispersed polystyrene (PS) particles with a diameter of 0.5 µm (PS-F-KM377 

microParticles GmbH, Germany). The ratio of ionomer to carbon in the ink was 0.74. The 

mixture was stirred for 4 hours at ambient conditions. The catalyst ink was then sprayed onto 

the Nafion® 212 membranes to reach a platinum loading of 0.3 mg cm-2 on each anode and 

cathode side. The catalyst coated membranes (CCM) were next immersed in ethyl acetate for 

a sufficient amount of time to dissolve PS particles and obtain the desired pores.  

 

 

Figure 5.5. Top-view SEM images of (a) catalyst layer before removal of PS particles with a diameter 

of 0.5 µm, (b) Catalyst layer after removal of PS particles, (c) cathode MPL without perforations, (d) 

cathode MPL after removal of PMMA particles with a diameter of 1.5 µm. 
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Reference CCM did not contain any pore former particles and the content of PS particles in 

perforated CL was 5 wt.% with respect to the dry ink mass. SEM images of the catalyst layer 

before and after PS removal are provided in Figures 5.5.a and b, respectively. The CCMs were 

then hot pressed. 

Elemental mapping with energy-dispersive X-ray spectroscopy (EDX) was acquired using a 

compatible accessory from Oxford (Ultim Max, Silicon Drift Detector) integrated into a 

scanning electron microscope (S9000, TESCAN). They were taken with an acceleration 

voltage of 10 keV, a field of view of 100 μm, and a gun-to-sample distance of about 5 mm. 

The EDX mappings were recorded from the top surfaces of the reference (nonperforated) and 

the perforated CCM to ensure that the distribution of the elements is uniform (Figure 5.6).  

 

 

Figure 5.6. EDX elemental mappings of catalyst layers showing three elements: platinum, carbon, and 

fluorine (a) reference CL, (b) perforated CL. 

 

MPL ink was composed of carbon black (Denka), ultra-pure water, methylcellulose (Sigma-

Aldrich), Triton x-100 (Sigma Aldrich), and PTFE dispersion (TF 5035GZ from 3 M Dyneon). 

Monodisperse PMMA particles with an average diameter of 1.5 or 30 µm (MX150, MX3000, 

Chemisnow®) are utilized as pore former polymer in the ink. The MPL was coated on the 

surface of commercially available 29 BA GDL-substrate (SGL, thickness ≈ 190 µm) using a 

doctor blade method to achieve MPL thickness of 40 µm. The MPL/GDL-substrate was heat-

treated to decompose the pore former particles. The reference MPLC had no pore former 
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particles (Figure 5.5.c). SEM image of a perforated MPL produced by the utilization of PMMA 

particles with a diameter of 1.5 µm is provided in Figure 5.5.d. More detail on the material 

preparation procedure can be found in our previous publications [155,238,256].  

Fuel Cell Test .— Miniature PEMFCs compatible with neutron tomography measurements 

with an active area of 8 cm² was designed in ZSW. PDVF Gaskets around edges of the 

membrane electrode assembly (MEA) were used to make a gas-tight sealed. Graphite bipolar 

plates with triple serpentine flow channels in which the supply gases flow from top to bottom 

were used. The width and depth of land and channels were 0.5 mm on both anode and cathode 

sides. The aluminum endplates contained the inlets and outlets for the fuel and exhaust, 

respectively, as well as the liquid coolant channels. The coolant fluid loop was located on the 

outside faces of the current collectors enabling precise thermal boundary conditions. Silver-

coated aluminum sheets served as current collectors. Flow field channels and coolant channels 

were both sealed by silicone rubber. Deuterium oxide (D2O) was used in the cooling circuit 

due to the lower neutron attenuation of deuterium to hydrogen [257]. 

Neutron tomography .— The cells were investigated with neutron tomography of a region 

centered in the middle of the vertical cell extension and an area covering 30% of the total active 

area. During tomography, images were taken with an exposure time of 10 s. Tomographies 

were acquired with 1500 projection images over an angular range of 360° within a total 

acquisition time of about 5 h. The beam transmission was calculated via image processing with 

flat field images containing the plain beam without the cell and dark field images. First, the 

cell was tomographed in the dry condition. Afterward, the cell was operated for half an hour to 

reach steady-state conditions and the operation was stopped, and subsequently, the cell was 

tomographed to capture the water distribution inside the fuel cell components. The images of 

the operating cell were referenced pixel-wise to the images of the cell in the dry state. The 

thickness of water (water density) was calculated according to the Lambert-Beer law. This 

technique allows a detailed analysis of the 3D resolved water distribution after cell operation 

[258].  

As shown in Figure 5.7.a, to evaluate the water density beneath land and channels, a region of 

interest (ROI) in the middle of 3D stack image (to avoid superimposing of channel bendings) 

was selected. A stack slicer plugin was run over the selected ROI to generate images of the YZ 

plane (Figure 5.7.b) providing us with an in-plane direction view of the cell and subsequently 

the median of these images was calculated. The analysis of local water density distribution 
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(WD) was performed separately beneath the land and channel regions. A region in the center 

of land and channel area was used to minimize transition effects. We excluded the cases where 

channels were flooded to avoid the overestimated values of water content in the porous media. 

An example of the calculated water density distribution under 3 lands and 3 channels is 

provided in Figure 5.7.c. The final quantification of water was achieved by calculating the 

average water density for all the lands and channels which were observed in the field of view. 

The values of average local porosity distribution (APD) in the in-plane cell direction were 

quantified from dry tomography images. A linear normalization process on the median of dry 

images was performed to fit all the gray values into [0, 1] interval.  A value of 1 was assigned 

to non-porous material and a value of zero was assigned to void. Values for local water 

saturation was then calculated by dividing the values of local water density to porosity values: 

 

 Water Saturation distribtion(YZ) = Water density distribution(YZ)Average porosity distribution (YZ) × 100 
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Figure 5.7. An example of images obtained for (a) an operated cell and the selected region of interest.  

(b) A median image in the in-plane direction. (c) Cut-off of 3 lands and channels to show the 

corresponding water density levels. 
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6 Chapter 6. Effect of oxygen depletion on Fuel Cell performance 

In this chapter, we studied the effects of porosity modifications of thin catalyst layers (~12 µm) 

on the fuel cell performance. In previous chapters, the effects of such modifications were 

studied on thicker catalyst layers (~30 µm) and neutron imaging was employed to investigate 

the water transport and distribution. Although the neutron imaging technique was not used in 

this chapter, still the results can provide initial insight on the effect of incorporated macropores 

in thinner electrodes on the cell performance. We reduced the thickness of the electrodes using 

high concentrated Pt/C catalyst while maintaining equal platinum loading in the electrodes as 

was used for the thick electrodes. 

In addition, we used a stack system (explained in section 2.7) to test the fabricated materials 

which allowed us to investigate the effects of oxygen depletion conditions on performance as 

well. The utilized stack was equipped with parallel flow fields which was different from the 

design of the serpentine flow fields that were used in the single cell measurements presented 

in previous chapters. Therefore, we first provided a comparison on how the design of flow field 

affected the cell performance using our reference material. Afterward, the developed materials 

were tested at different oxygen concentrations. 

 

6.1 Effect of catalyst platinum content 

In the previous sections, all the investigated catalyst layers were prepared by commercial Pt/C 

catalyst with 19.3 wt.% Pt content. In this section, Pt/C catalyst with a higher content of Pt 

(46.6 wt.%) was used to prepare the inks for the reference and perforated electrodes. As the 

latter contained more than twice the amount of platinum, hence significantly less catalyst 

material was necessary to achieve the desired platinum loading. This is reflected by the 

thickness of the CLs which is reduced from 30 μm to 12 μm by using the higher concentrated 

electrocatalyst to achieve a Pt loading of 0.3 mg cm-2. The detail of the fabrication process was 

presented in section 2.1. The reduction of the thickness of the catalyst layer mainly affects the 

ohmic losses due to the reduced thickness of the electrodes. Figure 6.1 shows the performance 

curve for the fabricated CLs with 19.3 wt.% (blue line) and 46.6 wt.% Pt (yellow line) obtained 

by single cell measurements while other parameters were kept unchanged. 
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Figure 6.1. Polarization curves comparing the performance of fuel cells using serpentine flow fields 

and reference CLs: with 19.4 wt. % Pt (blue line), with 46.6 % Pt (yellow line) and using parallel flow 

fields with CLs 46.6 % Pt (black line). All CLs were coated on a Nafion NR211 membrane and had 

similar loading of 0.3 mg cm-2. Fuel cells with serpentine flow fields were operated at 1.3:3 

stoichiometry of H2 and air whereas fuel cells with parallel flow fields were operated at 2.5:4 

stoichiometry of H2 and air. 

 

6.2 Effect of flow field design 

 Performance curves were also obtained for the CLs (46.6 wt.% pt/C) in fuel cells where 

serpentine flow fields were replaced by parallel flow fields (Figure 6.1, black line). However 

as mentioned in section 2.7, as the problem of water flooding is relatively promoted by the 

parallel flow fields, higher stoichiometric values (2.5:4 stoichiometry of H2 and air) were 

provided to the cells. Nevertheless, due to the considerable difference in polarization curves, it 

can be assumed that the improved performance does not only stem from the increased operating 

parameters but also from the design of the flow fields itself. The serpentine flow fields 

(width/depth of channels ~ 1 mm) have provoked the mass transport limitations compared to 

the parallel flow fields. 
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6.3 Effect of oxygen depletion on performance 

The effect of oxygen shortage on the performance of fuel cells was investigated. The 

polarization curves were initially obtained at 21% oxygen and 79% nitrogen as well as for 

conditions where the content of oxygen in the gas mixture was reduced to 12%, 7 %, and 5 %. 

This approach further allowed the investigation of the trade-off between increased gas 

diffusivity and decreased electrical conductivity related to higher pore volumes of the 

electrodes. All prepared CLs were fabricated using 46.6 wt.% Pt/C and were tested using a fuel 

cell stack with parallel flow fields. The detail of the experimental procedure can be found in 

section 2.7. 

To evaluate the reproducibility of the prepared CCMs, initially, a stack with four cells was used 

and equipped with the same types of reference CCMs in each cell enabling simultaneous 

operation and subsequent analysis of performance tests. Nevertheless, the performance of the 

cells also depends on their position within the stack system. Since the endplates of the stack 

are not heated separately, their temperature relatively differs from the ones inside the stack 

which is kept at a constant value by the applied cooling system. Therefore, some deviation in 

the performance of the end cells of each stack configuration can be expected. To quantify the 

effect of the end cells, the measurement errors were once calculated considering the 

performance of all cells within the stack and once by excluding the end cells of the stacks. 

Figure 6.2 shows the polarization curves obtained for the reference CCMs at different oxygen 

concentrations. The solid lines are the average of performance for the inner cells (excluding 

the end cells) and the dashed lines are the average of performance for all cells within the stack.  

The error bars represent the standard deviation of the measured cells. It turned out, that the 

operation of a cell as an end cell lead to a decrease in the performance of around 20mV at 

higher current densities and adds up to the usual uncertainties leading to an increased total 

measurement error.  Therefore, to increase the reliability of the results the performance of the 

inner cells was considered for comparison measurements.   

Figure 6.5 shows the polarization curves obtained for reference (0 vol.% PS) and perforated 

CCMs (5-15-25-35 vol.% PS) at different oxygen concentrations. By decreasing the oxygen 

concentration, the performance of the cells decreased throughout the current density range for 

all CCMs. As expected, the mass transport losses occurred at lower current densities due to 

decreased availability of oxidant. 

 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjur7Cc1rDqAhV4wMQBHXfcC8IQFjAAegQIAhAB&url=https%3A%2F%2Fwww.researchgate.net%2Fpublication%2F318666970_Effect_of_Oxygen_Depletion_to_the_Cathode_on_the_Working_of_Solid_Oxide_Fuel_Cells&usg=AOvVaw2nc8omuzF5lS-LeT51KWxR
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjur7Cc1rDqAhV4wMQBHXfcC8IQFjAAegQIAhAB&url=https%3A%2F%2Fwww.researchgate.net%2Fpublication%2F318666970_Effect_of_Oxygen_Depletion_to_the_Cathode_on_the_Working_of_Solid_Oxide_Fuel_Cells&usg=AOvVaw2nc8omuzF5lS-LeT51KWxR
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Figure 6.2. Performance curves for the reference CCMs at different oxygen concentrations, solid lines 

represent the average performance of the inner cells within the stack whereas dash lines present the 

average performance of all cells within the stack. Error bars represent the standard deviation of the 

measured cells. 

 

The SEM images of the non-perforated and perforated CL samples used for electrochemical 

testing are shown in Figure 6.3. The addition of Pore formers resulted in a pore network in the 

structure of the catalyst layers with clearly larger pores and an apparently higher porosity. 

Therefore, the SEM images qualitatively indicated an increase of pore size and porosity with 

increasing PS content. The elemental mapping analysis on the surface area of the prepared 

electrodes was also carried out using EDX (Figure 6.4). Similar mass content of the 

components in the electrodes suggested that the perforation technique (and the respective 

dissolution of PS particles) did not affect the elemental composition of the electrodes. The 

results also revealed that a uniform distribution of elements was achieved on the surface of 

different electrodes.  
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Figure 6.3. SEM images of CLs with: (a) 0 vol.% PS, (b) 5 vol.% PS, (c) 15 vol.% PS, (d) 25 vol.% 

PS, (e) 35 vol.% PS, Magnifications are x 25000. 

 

 
 

 
Figure 6.4. EDX elemental mappings of catalyst layers with different content of pore formers (from 

top to bottom:0-5-15-25-35 vol.% PS) showing five elements: carbon, fluorine, platinum, oxygen, and 

sulfur. 
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Figure 6.5. Polarization curves obtained at different oxygen concentrations for CCMs with: (a) 0 

vol.% PS, (b) 5 vol.% PS, (c) 15 vol.% PS, (d) 25 vol.% PS, (e) 35 vol.% PS. 

 

When 21% oxygen in the gas mixture was provided to the cell, the non-perforated CCM 

(reference CCM) showed superior performance at 3 A cm-2 compared to the perforated CCMs 

(Figure 6.6). By increasing the porosity of CCM, the performance decreased and only the CCM 

with 35 vol.% PS showed better performance compared to the CCM with 25 vol.% CCM.  At 

12 % Oxygen concentration, still the reference CCM showed higher performance at 2 A cm-2 

compared to the perforated CCM.  The performance of CCMs with 15 vol.% and 35vol.% were 

similar but lower than the CCM with 5 vol.% PS. 
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Figure 6.6. Comparison of performance curves at different oxygen concentration for CCMs with no 

pore former (gray lines), with 5 vol.% PS (yellow lines), with 15 vol.% PS (red lines), with 25 vol.% 

PS (green lines) and with 35 vol.% PS (blue lines). 

 

By further reducing the content of oxygen to 7% and 5 % in the gas mixture at the cathode side, 

the difference in the performance of cells significantly decreased. Almost similar performance 

was observed for the perforated CCMs (5, 15, 25, and 35 Vol%) compared to the reference 

CCM and slight improvement at a very low oxygen concentration of 5 % was observed for 35 

Vol% CCM. For a better illustration, a magnified part of the current/Voltage curves at these 

conditions are provided in Figure 6.7.  

In summary, the results suggest that in the case of the fabricated thin catalyst layers (made with 

Pt/C 46.6 %), the perforation of electrodes did not lead to increased performance when high 

oxygen flow rates were provided to the cathode. In other words, for thin catalyst layers, the 

effect of elevated porosities on the water management / or gas diffusivity of the reactants was 

insignificant at high oxidant flow rates. However, at lower oxygen concentrations (< 7%), the 

difference in the performance of investigated electrodes became less pronounced and CLs with 

high porosity structure (35 vol.% PS) showed improved performance.   
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Figure 6.7. Comparison of performance curves at oxygen concentration of 7% (left) and 5 % (right ) 

for CCMs with no pore former (gray lines), with 5 vol.% PS (yellow lines), with 15 vol.% PS (red 

lines), with 25 vol.% PS (green lines) and with 35 vol.% PS (blue lines). 
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7 Chapter 7. Concluding remarks and outlook 

7.1 Conclusions 

The focus of this work was to investigate the influences of microstructural properties of the 

catalyst layer (CL) and its interactions with the cathode microporous layer (MPLC) on the 

performance and water balance in PEMFCs. Hydrophobicity and porosity of the materials were 

optimized with respect to the cell performance and water transport at different operating 

conditions. We established a lab type manufacturing process and used in situ high-resolution 

neutron imaging techniques to study the effects of systematic modifications of hydrophobicity 

and porosity of CLs interacting with the modified MPLC on water management of PEMFCs, 

which were not reported previously. In situ neutron radiographic measurements were 

performed to study the water transport within the components of the cells during operation. 

Quasi in situ neutron tomographic measurements were also used to investigate the water 

distribution in detail and correlate it with the results of water transport analysis. This study 

helps to deepen the understanding of liquid water transport mechanisms in the porous materials 

which contribute to the necessary information for designing and optimizing the structural 

properties of the engineered materials that consequently lead to enhanced water management 

and performance of PEMFCs. 

To find the optimum hydrophobicity level, PTFE loadings were varied between 0 to 30 wt.% 

in CL at both anode and cathode side and between 20 to 40 wt.% in cathode MPL structure.  

Neutron radiographic investigations showed that at dry conditions, CLs with 5 wt.% PTFE 

increased the water content both on the cathode (9 %) and anode side (50 %) compared to the 

CLs without PTFE. The polarization curves recorded for these cells showed that the cell with 

5 wt.% PTFE CLs enhanced performance compared to the CLs without PTFE content for all 

current density ranges at dry conditions. This observation suggests that the addition of PTFE 

particles to the catalyst layers could form a hydrophobic barrier to retain water within the CCM, 

which consequently improved the membrane/electrode interface humidification, especially 

under dry operating conditions. By increasing the air flow rates at humid conditions, CLs with 

10 wt.% PTFE showed superior performance at higher current densities compared to the 

reference CLs due to improved mass transport. The EIS data revealed that addition of PTFE to 

the CLs did not increase the activation losses, however, very high PTFE contents (≥20 wt.%) 

significantly increased the mass resistance at both dry and humid conditions which was 

attributed to the pore blocking of CLs with excessive PTFE  .The latter observation was also 
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confirmed by SEM and mercury porosimetry measurements where samples with higher 

contents of PTFE revealed a decrease both in the total cumulative pore volume as well in the 

larger (≥ 10 µm) pore fractions. 

The effects of hydrophobicity gradients within CCM and MPLC on performance and liquid 

water transport at humid operating conditions were further studied. The best performance was 

achieved for CLs with 5 wt.% PTFE combined with MPLC with 20 wt.% PTFE. Increasing the 

PTFE content in MPLC above 20 wt.% decreased the cell performance and increased mass 

transport resistance. Neutron tomographic and radiographic analysis showed that when the 

content of PTFE in MPLC was raised to 40 wt.%, the accumulation of water at the intersection 

of CL and MPL increased and the transport of water to the channels reduced by 33 %. This 

was attributed mainly to two factors: the higher hydrophobicity and smaller pore size 

distribution (due to higher PTFE content) which caused a greater capillary barrier and 

consequently reduced the transport of water within the bulk MPL. Moreover, neutron 

radiography revealed that the layers with higher hydrophobicity degrees increased the back 

diffusion of water from the cathode to the anode side.  

In addition to the hydrophobicity properties, good operability of the catalyst layer and MPL in 

terms of water management are closely linked to their porous structure. Accordingly, polymeric 

pore formers with different diameters were utilized to produce perforated CL and MPL 

structure. Ex situ methods such as SEM and mercury porosimetry confirmed the desired effects 

on the pore structure of the fabricated layers. Neutron tomographic analysis revealed different 

liquid water accumulation trends beneath land and channel regions: the presence of more 

porous layers decreased the accumulation of water beneath the channels regions, whilst it 

resulted in an increase of the water content accumulated beneath the land regions.  

The evaluation of local saturation distribution beneath the land showed that perforating the CL 

material increased the saturation level in CCM region from 15 to 30 %. In addition, the 

saturation level in MPL/GDL-substrate region with the perforated MPLC increased by more 

than 25 %. This is associated with the more facilitated water filling of the incorporated 

macropores due to their lower capillary pressure. On the contrary, beneath the channels, the 

perforated layers decreased the accumulation of liquid water on the cathode side (compared to 

the non-perforated layers), which indicated an enhanced water discharge towards the channels.  
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Therefore, the influence of perforation on water transport could only be identified under the 

channel region. Such a transport effect was not found for perforated materials under the lands 

because of the elongated transport pathways, which strongly restricted further water transport. 

Performance tests further showed that the perforated layers enhanced the performance of cells 

at high current density region under both humid and under dry operating conditions. However, 

the performance improvements were more pronounced at humid conditions.  

The highest power density was achieved for the cell containing the perforated CL with 8 vol.% 

macropores with a diameter of 0.5 µm, and the perforated MPLC having a total of 20 vol.% 

macropores with a diameter of 1.5 and 30 µm (each 10 vol.%). This corresponds to a 

performance gain of around 30% at a cell voltage of 0.42 V under humid conditions. The 

superior performance in the mass transport region is associated with the improved gas and 

liquid transport mechanism, where liquid water is preferentially transported through the bigger 

pores while smaller pores remain water free and acted as effective oxygen diffusion pathways.  

 

7.2 Future work 

An important aspect to be considered in future research is the long-term stability of the 

modified materials. To assess the effects of such structural changes on the lifetime of the 

developed materials, it is required to perform long time operation (> 5000 hours) of fuel cells 

under relevant operating conditions. 

As it has been highlighted in this thesis, the beneficial effects of porosity modifications for the 

effective transport of liquid water were confirmed specifically beneath the channel regions. In 

this work, the material modifications were performed throughout the structure of the layers.  

Development of engineered CL and MPL materials with patterned porosity designs e.g. strip 

patterns can further be suggested for future works. However, the fabrication of such novel 

designs requires the appropriate coating technologies. In this regard, advanced coating 

techniques such as the ultrasonic spray system which is recently available in ZSW can be 

utilized. The spray path among other factors can be easily controlled using automatized coating 

programs.  

In this work, the effects of hydrophobicity and porosity of materials were examined 

individually and the foundation for such modifications on water management was investigated. 

One interesting research direction could be the investigation of the synergistic effects of both 
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of these modifications in the materials. Further experiments considering the mutual effects and 

interactions of hydrophobicity and porosity modifications should be conducted to achieve a 

more fundamental understanding of the ongoing and complex transport mechanisms during 

cell operation. Based on the results, a redesign of the CLs and MPLs can be implemented to 

further optimize these materials for technical systems.  
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PTFE Content in Catalyst Layers and Microporous Layers: Effect
on Performance and Water Distribution in Polymer Electrolyte
Membrane Fuel Cells
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This work describes the effects of catalyst layers (CLs) consisting of hydrophobic PTFE on the performance and water
management of PEM fuel cells. Catalyst inks with various PTFE contents were coated on Nafion membranes and characterized
using contact angle measurements, SEX-EDX, and mercury porosimetry. Fuel cell tests and electrochemical impedance
spectroscopy (EIS) were conducted under varying operating conditions for the prepared materials. At dry conditions, CLs with
5 wt.% PTFE were advantageous for cell performance due to improved membrane hydration, whereas under humid conditions and
high air flow rates CLs with 10 wt.% PTFE improved the performance in high current density region. Higher PTFE contents
(⩾20 wt.%) increased the mass transport resistance due to reduced porosity of the CLs structure. Operando neutron radiography
was utilized to study the effects of hydrophobicity gradients within CLs and cathode microporous layer (MPLC) on liquid water
distribution. More hydrophobic CLs increased the water content in adjacent layers and improved performance, especially at dry
conditions. MPLC with higher PTFE contents increased the overall liquid water within the CLs and GDLs and escalated the water
transfer to the anode side. Furthermore, the role of back-diffusion transport mechanism on water distribution was identified for the
investigated cells.
© 2021 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/1945-7111/
abec53]
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In polymer electrolyte membrane fuel cells (PEMFCs) water has
a contradictory role. While the proton conductivity of perfluorinated
sulfonic acid (PFSA) membranes is excellent when fully hydrated,
excessive water can flood pores in the catalyst layer as well as gas
diffusion layers, resulting in higher mass transport resistance.1–3 To
reduce the reactant starvation, distinct pathways for gas and liquid
transport should be provided in CL/GDL microstructures. The water
transfer between the ionomer and pore regions in CL determines the
hydration/dehydration of membrane in PEMFCs. Some researchers
have added hydrophobic agents to the Nafion ionomer to facilitate
water removal and to ensure a sustainable supply of reactant gases to
catalytic active sites.4,5 It has been reported that the addition of
hydrophobic material to CL might provide better contact between
Pt/C and ionomer, increase the catalyst utilization, and improve the
dispersion of Nafion ionomer in the catalyst ink.6 Zhang et al.7

investigated three different gas diffusion electrode (GDE) structures
with the same Pt loading (0.15 mg cm−2) on the cathode, i.e.
Polytetrafluoroethylene (PTFE) bonded GDE, ionomer-bonded
GDE and a dual bonded GDE (a combination of PTFE and ionomer).
The best performance was achieved for dual bonded GDE with a Pt
loading of 0.15 mg cm−2 at Tcell = 60 °C and humid conditions. Li
et al.8 added hydrophobic dimethyl silicone oil (DSO) to the
structure of cathode CL coated on carbon paper and observed
substantial improvement in fuel cell performance at room tempera-
ture and using humidified hydrogen/dry O2 system. Additionally,
Avcioglu et al.9 prepared GDE, where PTFE nanoparticles were
added to the electrodes with 70 wt.% Pt/C commercial catalyst and
Pt loading of 1.2 mg cm−2. They reported that increased PTFE
loading decreases Pt utilization and reduces the performance at
kinetically-controlled region of polarization curve at H2/O2 and
H2/air feeding mode. However, they reported that 5 wt.% PTFE
nanoparticles in anode and cathode catalyst layers provided
meso-macro hydrophobic channeling which enhanced water man-
agement at humid conditions at H2/O2 feeding mode compared to

conventional catalyst layers. As will be discussed later, some of their
findings are in variance with our H2/air performance data.

The GDL consists of a microporous layer (MPL) coated on a
carbon fiber-based gas diffusion layer substrate (GDL-S). Many studies
have investigated the effect of different properties of MPL, such
as thickness,10–13 hydrophobicity/hydrophilicity14–20 porosity,21–26 and
the role of cracks27–30 on water management. During the last decade,
neutron imaging has been increasingly used to visualize the liquid
water distribution in operating PEMFCs.31–39

The first scope of the present study is to examine the impact of
catalyst layer hydrophobicity on PEMFC performance. For this, we
first prepared CLs with varied PTFE content as a hydrophobic agent
(between 0 and 30 wt%). The CLs were coated onto the Nafion®
membrane to form catalyst coated membranes (CCM) and were
characterized with contact angle measurements, scanning electron
microscopy, and mercury intrusion porosimetry. The prepared
CCMs were tested with commercial GDLs (29 BC SIGRACET®)
in a single-cell fuel cell under dry and humid conditions.
Polarization curves and electrochemical impedance spectroscopy
(EIS) were used to explain the performance changes. We will
complement this work with a second part determining the effect of
hydrophobicity of catalyst layer and MPLC on water content and
dynamics in fuel cells using operando neutron radiography. Cathode
MPLs were coated on commercial GDL substrate (29 BA
SIGRACET®). The small fuel cells for neutron imaging measure-
ments were equipped with CCMs (0 and 5 wt.% PTFE) and cathode
MPLs (20, 40, and double-layer 20/40 wt.% PTFE) and were
operated with varied operating parameters including current density
and relative humidity.

Experimental

CCM preparation.—CCMs and MPLs with different degrees of
wettability were manufactured at the Zentrum für Sonnenergie- und
Wasserstoff-Forschung Baden-Württemberg (ZSW). The hydropho-
bization treatment used here was based on the variation of the PTFE
content of the inks. The ink for the catalyst layer electrodes was
prepared by adding ultrapure water, Nafion® solution (20 wt.%,zE-mail: Arezou.mohseninia@zsw-bw.de
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D2021 Ion power) and PTFE dispersion (3M DyneonTM TM) to the
Pt/C catalyst (TEC10E20E, Lot: 1015–0041, Tanaka, Japan, 19.3 wt
% Pt). Nafion to the carbon ratio was fixed at 0.74. The weight
percentage of PTFE in the catalyst ink was varied between 5 and
30 wt.% on dry basis for both anode and cathode catalyst layer. The
reference CCM had no PTFE content (referred to as 0 wt.% PTFE)
in the electrode composition. The catalyst slurry was stirred for 4 h
at room temperature and then was sprayed on a preconditioned
NR211 Nafion® membrane to achieve a Platinum loading of
0.3 mg cm−2 on anode and cathode sides.

Prior to the ink spraying the Nafion membrane was fixed in
between two metallic frame and was mounted over a heater. Using
an air spray gun (air pressure ≈200 kPa), catalyst ink was sprayed
over the membrane layer by layer to achieve the desired amount of
Pt loading. An extra Teflon frame was also placed over the
membrane to define the area where the ink was sprayed. The inner
circumference of this frame corresponded exactly to the size of the
active area of the CCM. Due to the hydrophobic/hydrophilic nature
of the Nafion membrane and the fact that ink slurry contained water,
upon spraying some wrinkles were produced in the membrane. To
avoid this, the heater was placed beneath the membrane (T ≈ 70 °C)
to dry it quickly and allowing a uniform distribution of the catalyst
layer. Furthermore, to achieve a homogeneous coating, the spraying
nozzle was moved as steadily as possible over the membrane and the
frame was rotated regularly. The framed-membrane in dry-state was
weighed in a balance once before spraying and once after applying
each new coat of catalyst layer to monitor the applied platinum
loading. After reaching the final Platinum loading of 0.3 mg cm−2 on
anode and cathode sides, the CCMs were then hot-pressed at 140 °C
for 4 min at 100 bar.

MPL preparation.—The MPL ink composition consists of
ultrapure water, Denka black carbon, methylcellulose, Triton x-
100, and PTFE as a binder and hydrophobic agent. The MPL ink
slurry was coated on Sigracet® 29 BA GDL substrate using a doctor
blade technique. The reference cathode MPL had 20 wt.% PTFE in
its ink composition. In addition, a more hydrophobic MPL with
40 wt.% PTFE and a double layer MPL with the first layer of
20 wt.% PTFE (facing the GDL- substrate side) and the second layer
of 40 wt.% PTFE (facing the cathode catalyst layer side) were
prepared. All the prepared MPLs had a similar thickness of 40 μm.
The detailed preparation procedure of MPL can be found in Ref. 40.

Single cell measurements.—For the first series of measurements,
the commercial SIGRACET® 29 BC GDLs were used for both anode
and cathode sides. The prepared CCMs with the commercial 29BC
GDLs were assembled in a single cell (cell hardware from fuel cell
technologies) with an active area of 25 cm2 consisting of graphite plates
with serpentine flow fields. Performance tests were carried out by using
a G20 Greenlight Innovation fuel cell test station. Measurements were
performed at relative humidities (RH) of 70% and 120% representing
dry and humid conditions. Polarization curves were recorded with both

decreasing and increasing voltage (averages reported). The baseline
operating conditions were 80 °C, 1.3:3 (or 1.3:5) stoichiometry of H2

and air, and 250 kPa back-pressure. In-situ electrochemical impedance
spectroscopy (EIS) at various current densities was carried out using a
Zahner IM6 potentiostat. The measurements were recorded in the
galvanostatic mode, by applying a sinusoidal alternating current with an
amplitude of 500 mA in the frequency range of 0.05 Hz to 100 kHz.
The Cyclic voltammetry was performed after the cell operation and at
room temperature at a scan rate of 50 mVs−1. In CV measurements
nitrogen was passed through the cathode which was used as working
electrode and hydrogen was fed into the anode serving as both counter
and reference electrode.

Contact angle measurements.—The external contact angle
measurements on the surface of CCMS were performed using a
Krüss DSA 10-MK2 goniometer at atmospheric temperature. Using
the sessile drop method, about 15 μl of deionized water was placed
on the surface of the dry CCM by a micro-syringe, and within a few
seconds, the static contact angle between the catalyst layer surface
and water was measured. At least 15 droplets were measured at the
different parts of the sample and the contact angle was obtained by
averaging these measurements.

Electron microscopy.—A scanning electron microscope
(TESCAN S9000) was used to investigate the CCMs at acceleration
voltages between 2 kV and 5 kV in the secondary electron imaging
mode. Energy dispersive X-ray (EDX) analysis was performed using a
compatible accessory from Oxford (Ultim Max, Silicon Drift Detector).
The elemental mappings were taken with a voltage of 5 keV, a field of
view of 100 μm, and a gun-to-sample distance of 5 mm.

Mercury intrusion porosimetry.—Mercury intrusion porosi-
metry measurements of fabricated CCMs samples (2 samples from
each batch; mass sample ; 280–400 mg) were conducted with two
porosimeters Pascal 140 and Pascal 440 (CE Elantech, Inc.)
instruments to measure macropore and micropore distribution
respectively.

Neutron radiography cell setup.—Miniature single PEMFCs
with an active area of 8 cm2 compatible with high-resolution neutron
imaging were designed at ZSW.20 The cells were equipped with the
CCMs and GDLs as described in Table I. Home-made CCMs were
prepared as explained previously. The reference CCM had no PTFE
content in the catalyst layer composition. All the cells were equipped
with the commercial SIGRACET® 29 BC GDLs on the anode side.
Cathode GDLs were prepared by coating of the in-house made MPL
inks on the commercial 29 BA substrate as described in the previous
section.

Due to lower neutron attenuation of deuterium to hydrogen,
deuterium oxide (D2O) was used in the cooling circuit to control the
cell temperature.41 The flow field design utilizes a triple serpentine
channel in which the supply gases, air on the cathode, and hydrogen

Table I. Components of the cell used in neutron radiography studies.

Cell CCMa)(Anode and Cathode)
Cathode GDL

Anode GDL
MPL Substrate

1 Referenceb) Referencec)

2 5 wt.% PTFE Reference
3 Reference 40 wt.% PTFE 29 BA 29 BC
4 5 wt.% PTFE 40 wt.% PTFE
5 5 wt.% PTFE 20/40 wt.% PTFEd)

a) The prepared catalyst layers were coated on the NR 212 Nafion® (50 μm) membrane. b) The reference CCM had no PTFE content in the catalyst layer
composition. c) The reference MPL had 20 wt.% PTFE. d) The double-layer MPL had the first layer of 20 wt.% PTFE (close the GDL- substrate side) and the
second layer of 40 wt.% PTFE (close to the cathode catalyst layer side).
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on the anode side, flow from top to bottom. The width of land and
channels as well as the channel depth are 0.5 mm on both anode and
cathode sides. The test cell was operated on an in-house fuel cell test
station allowing accurate monitoring and control of all operating
parameters. The fuel cells were operated at current densities of
1 A cm−2 and 0.75 A cm−2 under dry and humid conditions. The
operating conditions of the investigated cells are summarized in
Table II. For these small neutron imaging cells, polarization curves
were collected while increasing the current density from 0 to 1 A cm−2.

Neutron imaging setup.—Neutron imaging was performed at the
Conrad/V7 facility of the Helmholtz-Zentrum Berlin (BER II
research reactor), which is described elsewhere.42–44 Neutrons
were transported from the 10 MW research reactor BER II to the
experiment through a neutron guide. Behind the sample, a detector
system consisting of a scintillator, mirror, lens system, and a CCD
camera was positioned as close as possible to the sample.45 When
neutrons hit the scintillator, photons in the visible spectrum are
emitted. The photons are projected onto the CCD camera by a
mirror/lens combination. With the optics used, an imaging field of
view of 26 × 32 mm2 with a pixel size of 12.8 μm was chosen. Each
radiographic projection was acquired with an exposure time of 13 s.

Results and Discussion

Figure 1a shows the contact angle measurements for the
reference and PTFE containing CCMs (5, 10, 20, and 30 wt.%
PTFE). By increasing the PTFE content, the contact angle also
increased which corresponds to the elevated hydrophobicity. The
electrochemical active surface area (ECSA) values were determined
from CVs and were rather similar for all CCMs, ranging between
≈ 80–90 m2 g−1

Pt, indicating that the addition of PTFE did not
decrease the Pt-surface area of the catalyst available for the
electrochemical reaction (Fig. 1b).

By performing mercury porosity measurements, a quantification
of the open pore size distribution and the porosities was achieved for

the CCMs. Figure 2 shows the cumulative mass-normalized pore
volume (top) and the differential mass-normalized pore volume
dV/dlogd (bottom). All CCMs have pore sizes in the range from
10 nm to 10 μm. With increasing PTFE content to 10%, 20%, and
30% the pore size distribution was diminished and shifted toward
lower values. Wheras, in general, the pore size distribution remains
constant with varying PTFE content, the pore size fraction in the
range of 10 μm or more decreases strongly with increasing PTFE
content. At the same time, the total cumulative pore volume of

Table II. Operating conditions.

Operating Parameter Value Unit

Fuel cell temperature 50 °C
Relative humidity of inlet gases 70% or 120%
Current densities 0.75; 1 A cm−2

Gas flow cathode; anode 0.5; 0.2 Nl min−1

Back pressure anode; cathode 70; 60 kPa

Figure 1. (a) Contact angle measurements for the fabricated CCMs with different hydrophobicity degrees. (b) The electrochemical active surface area (ECSA)
of fuel cell electrodes with different PTFE contents.

Figure 2. Mass-normalized cumulative pore volume (top) and differential
pore volume dV/dlogd (bottom) as function of pore diameter measured by
mercury intrusion porosimetry for the reference CCM with 0 wt.% PTFE
(black line), 5 wt.% PTFE (blue line), 10 wt.% PTFE (purple line), 20 wt.%
PTFE (green line) and 30 wt.% PTFE (red line).
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CCMs decreased with increasing PTFE content, from 640 mm3 g−1

for 0 wt.% PTFE to 450 mm3 g−1 for 30 wt.% PTFE.
SEM images of the reference and hydrophobic CCMs samples

are presented in Fig. 3. All considered CCMs are coated on the
membrane. The structure of reference and 10 wt.% PTFE CCMs
appear rather similar and showed macroscopic pores and cracks. The
structure of 30 wt.% PTFE CCM revealed a denser structure with
fewer cracks and larger holes filled with PTFE. This observation was
previously confirmed with mercury porosimetry were samples with
higher contents of PTFE revealed a decrease both in the total
cumulative pore volume as well in the large (⩾10 μm) pore fraction
(Fig. 2). SEM images of reference CCM at cross-section views
(Fig. S1 available online at stacks.iop.org/JES/168/034509/mmedia)
and EDX elemental mappings of all CCM samples are provided in
the supporting information (Fig. S2).

Performance curves for the 5 CCMs are presented in Fig. 4. At a
relative humidity of 70%, the CCM with 5 wt.% PTFE content
showed improved performance throughout the current density range.
The results suggest that modest hydrophobization of catalyst
layers retained water in the CL, which consequently helped the
humidification of membrane and electrode interface at dry operating
conditions.

At a relative humidity of 120% and stoichiometric conditions of
(1.3:3/H2:air), performance curves for the Ref. 5, wt.%, and 10 wt.%
PTFE CCMs were rather similar. The performance of CCMs in the
kinetically controlled region of the polarization curves did not
decrease with the addition of PTFE content. The EIS data (Figs.
S3a, S3b) recorded in this region (0.16 A cm−2) even showed that
the diameter of arc in the Nyquist plot decreased relatively for PTFE
containing CLs compared to the CLs without PTFE. However,
Avcioglu et al. 9 reported that the addition of even low amount of
PTFE reduced the Pt utilization due to isolation of Pt particles,
which is in contrast to our results obtained from polarization curves
and ECSA measurements. One explanation might be their different
electrode preparation technique that has a great impact on cell
performance.

At high current densities where mass transport limitations
become dominant, a significant decrease was observed for the
CCMs with 20 wt.% and 30 wt.% PTFE content. At a current
density of 1.75 A cm−2, the PEMFC with 20 and 30 wt.% PTFE

CCMs showed about 200 mV and 120 mV voltage drop at 70% RH
and 120% RH, respectively. Electrochemical impedance spectra
obtained in situ for the same CCMs at high current density
(1.36 A cm−2) at 70% RH and 120% RH are presented in Figs. 4c
and 4d, respectively. The EIS data demonstrated that the low-
frequency resistance which mainly reflects the mass transport losses
has increased for CCM with high PTFE content of 20 wt.% and
30 wt.%. This is attributed to the pore clogging of CL with excessive
PTFE which consequently increased the mass transport losses. This
finding was also proven by mercury porosimetry and SEM experi-
ments.

The performance curve and EIS data were also obtained at 120%
RH, where air stoichiometry was increased from 3 to 5 (Fig. 5). The
activation and partially ohmic region (up to ∼0.68 V) for all cells
behaved almost similarly; however, at lower potentials, significant
differences were observed. At 2.16 A cm−2, more than 150 mV
improvement in performance was achieved by 10 wt.% PTFE Cls
compared to the 0 and 5 wt.% PTFE CLs. This is rationalized by the
fact that the addition of 10 wt.% PTFE in CL microstructure
provided hydrophobic pores free of water and available for oxygen
diffusion. Additional information on the performance curves at
100% RH, and the respective EIS data are presented in supporting
information.

In summary, the hydrophobic CLs with 5 wt.% PTFE could
enhance the cell performance at dry conditions whereas the CL with
10 wt.% PTFE enhanced the mass transport properties at humid
conditions when high stoichiometric air flow rates (5) was provided
to the cell. At the same time, no significant advantages were
observed at 120% RH and air stoichiometry of 3 when PTFE was
added to the CLs. Thus, it can be concluded that choosing an
optimized hydrophobicity degree for CLs strongly depends on the
operating conditions of fuel cells.

Operando neutron radiography.—In the next series of measure-
ments, fuel cells with reference and 5 wt.% PTFE CCMs in
combination with the in-house cathode MPLs were investigated
using operando neutron radiography to study the water dynamics and
distribution. Before radiographic imaging, the cells were operated
30 min at the selected operating point to maintain steady-state
conditions. The cells were investigated with neutrons in a region

Figure 3. SEM image of CCM samples with 0 wt.% PTFE (a), (d), 10 wt.% PTFE (b,e) and 30 wt.% PTFE (c), (f), images show the top view of catalyst layers at
magnification of x3000 (a)–(c) and x10000 (d)–(f).
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centered in the middle of the vertical cell extension, an area covering
15% of the total active area. In-plane imaging mode (membrane
parallel to the beam axis) was used during radiography measure-
ments. An example of images obtained using in-plane mode is
shown in Fig. 6a. Water thickness is obtained by applying the
Lambert-Beer law on the radiographs. For all the radiographs taken
at one operating condition of the cell, Ir has been normalized to a

radiograph of the dry cell I0:

I I e 1r 0
dH2O H2O [ ]= m-

Where μH2O is the attenuation coefficient of water and dH2O is the
unknown water thickness. In our analysis, the water thickness was
averaged over the whole area covering the CCM + cathode and

Figure 4. Polarization curves comparing cells with Reference (0 wt.% PTFE) and 5–10–20 and 30 wt.% PTFE CCM at (a) RH = 70% and (b) RH = 120%. EIS
data acquired at 1.36 A cm−2 at (c) RH = 70% (d) RH = 120%. All the fuel cells were equipped with SIGRACET® 29 BC GDLs and were operated at 80 °C,
1.3:3 stoichiometry of H2 and air, and 250 kPa backpressure.

Figure 5. Polarization curves (a) and EIS data acquired at 1.36 A cm−2 (b) comparing cells with Reference (0 wt.% PTFE) and 5–10−20 and 30 wt.% PTFE
CCM at RH = 120%, 1.3:5 stoichiometry of H2 and air. All the fuel cells were equipped with SIGRACET® 29 BC GDLs and were operated at 80 °C and 250 kPa
backpressure.
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anode GDLs as well as the area of the channels on the anode and
cathode side (Fig. 6b).

Influences of current density and relative humidity.—The cell
equipped with 5 wt.% PTFE catalyst layer and 40 wt.% PTFE MPLC

(cell 4, Table I) was operated under anode/cathode inlet gas relative
humidity of 70% and 120% at two different current densities of
0.75 A cm−2 and 1 A cm−2. As illustrated in Fig. 7, the water was
mainly accumulated in the CCM and anodic/cathodic GDLs and a
higher amount of water existed in cathode channels compared to the
anode channels. At dry conditions (Fig. 7a), the average water
amount in the CCM and GDLs at a current density of 1 A cm−2

(voltage of 0.35 ± 0.01 V) was fairly similar to the water amount at a
current density of 0.75 A cm−2 (voltage of 0.45 ± 0.01 V). However,
the water content in the cathode and anode channels were respec-
tively 9% and 40% higher when the cell was operated at 1 A cm−2.

At the higher relative humidity of 120%, the plots of the water
thickness exhibited a periodic behavior where a significant peak of
water agglomeration appeared (Fig. 7b). During cell operation, test
bench controllers showed constant voltage and stable performances
for the inlet gas flows and pressures indicating that this behavior was
not initiated from fluctuating operating parameters (Fig. S6). It can
be observed in the radiography image sequences (Fig. 7c) that liquid
water was transported from the cathode side (right) to the anode
electrode and GDL (left) resulting in a significant increase of the
water level content in the anode side. Consequently, within 60 s,
the accumulated water on the anode CL and GDL flowed towards
the anode channels and then was carried away. It is assumed that
back diffusion is the major mechanism here driving the water from
the cathode towards the anode side. This phenomenon repeated
every 10 min. Despite water fluctuations in the channels, the
relatively stable baseline of the water thickness after 50 min of
operation showed that water was removed sufficiently on both sides.

Back diffusion is a strong function of the membrane properties.46

In this study Nafion® NR 212 membrane with a thickness of 50 μm
was used. It has been reported that thinner membranes enhanced the
water back diffusion to the anode which might be sufficient to
counteract the anode-drying effect due to the electroosmotic drag.47

However in a neutron radiography study by Iranzo et al.37 the effect
of water back diffusion mechanism was identified for Nafion® 117
membrane despite its relatively high thickness of 180 μm. In another
study Zawodzinski et al.48 measured the BD coefficient of Nafion
117 at 30 °C using NMR Rivin et al.49 also used flow permeation
and sorption method to study the dependence of water back diffusion

of Nafion® 112, 115 and 117. They reported that water BD
coefficient increased monotonically with concentration.

The respective performance curves for this cell is provided in
supporting information (Fig. S7).

Effect of catalyst layers hydrophobicity at different relative
humidities.—Figure 8 presents the average water thickness in the
cell with the reference catalyst layers (cell 1) and the cell with more
hydrophobic catalyst layers of 5 wt.% PTFE (cell 2) which were
operated at a current density of 1 A cm−2 at relative humidities of
70% and 120%. Both cells were equipped with reference in-house
cathode MPLs and 29 BC anode GDLs as described in Table I. The
average water thickness was calculated inside CCM and GDL on the
cathode and anode side separately (Fig. 8a) to give a better insight
into the overall difference in water content at different relative
humidities. Regarding the water movement in the radiographic
sequence, the water accumulation could be allocated mainly to the
CCM and GDL on the cathode side.

Compared to the reference CLs, the cell with more hydrophobic
CLs showed higher water contents of 15% and 9% in the cathode side
at a relative humidity of 120% and 70%, respectively (Figs. 8b/8c).
The baseline for the water content in the anode side at 120% RH was
rather similar for both CCMs (Fig. 8d). Nevertheless, the magnitude
of the peaks related to the water back diffusion has decreased down to
30% for cells with more hydrophobic CLs, which could indicate that
at humid conditions hydrophobization of catalyst layers moderated the
water back diffusion to some extent.

Interestingly at a relative humidity of 70% for more hydrophobic
CLs the water content in the anode side was about 50% higher and
the peaks for the periodic accumulation of water started to appear
(Fig. 8e). This observation suggests that the addition of PTFE
particles to the catalyst layers could form a hydrophobic barrier that
improved membrane humidification, especially at dry conditions.
The polarization curves recorded for these cells (Fig. 9) showed that
the cell with 5 wt.% PTFE CLs enhanced performance compared to
the reference CLs for all current density ranges at dry conditions and
for low and medium current densities at humid conditions.

Effect of cathode MPL hydrophobicity.—The comparison for
the average water thickness of cell 2 (Reference MPLC), cell 4
(40 wt.% PTFE MPLC), and cell 5 (double layer MPLC) is presented
in Fig. 10. The cells were operated at a relative humidity of 120%
and a current density of 1 A cm−2. Similar CCMs and anode GDLs
were used in these three cells as described in Table I. Therefore the

Figure 6. (a) In-plane imaging mode (neutron beam parallel to the membrane) and an example of a radiograph obtained using in-plane mode. (b) Neutron
radiograph showing the regions used for calculation of average water thickness: within the area covering the CCM + cathode and anode GDLs and within the
area of channels on the cathode and anode side.
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only difference among these investigated cells was the content of
PTFE in the fabricated home-made cathode MPL. SEM images (Fig.
S8) obtained from the surface of fabricated MPLs revealed a dense
structure where no macroscopic cracks were observed (Supporting
information).

The analysis of water thickness in the CCM and cathode and anode
GDLs regions showed that the cell containing the MPLC with the
highest hydrophobicity degree (40 wt.% PTFE) had the highest liquid
water content (Figs. 10a/10b). The same cell also showed more
pronounced peaks of water back diffusion compared to the other cells.
The cell with the double layer MPLC also had 10% higher water
content compared to the cell with reference MPLC. This observation
indicates that hydrophobization of the cathode MPL increased the
overall amount of liquid water within CCM and GDLs. Moreover, an
analysis of the average water thickness was carried out for anode and
cathode channels of each cell (Figs. 10c/10d). The water thickness
extracted from cathode channels of the cell with the reference MPLC

showed a much higher liquid water content compared to the other cells.
This proves that the more hydrophobic MPL on the cathode side
decreased the amount of liquid water transportation to the cathode
channels and subsequently impelled more water in the opposite
direction. Pasaogullari et al.50 investigated the two-phase transport of
reactants and water in GDL and MPL by developing the multi-phase
mixture models and found that the back-flow of liquid water increases
with increasing hydrophobicity of the MPL.

The performance curves (Fig. 11) obtained at humid conditions
(120% RH) showed that the MPLC with the highest PTFE content

(40 wt.% PTFE) has a lower performance at medium and high current
densities compared to the reference MPLC, whereas, it showed slightly
improved performance at low current densities (⩽ 0.2 Acm−2). The
findings from neutron radiography observations and performance curves
illustrate that increasing the hydrophobicity of MPL with PTFE content
>20 wt.% results in higher accumulation of liquid water adjacent to CL
and MPL. This could be helpful for membrane hydration at low current
densities but reduced the cell performance at mass transport regions.

The optimized value of PTFE content reported in literature varies
widely from 10% to 40% depending on the MPL structure as well
fuel cell operating conditions.51–53 Wong et al.54 recently reported
that performance of a fuel cell using a standalone MPL with 30 wt%
PTFE decreased when the RH of the inlet gases was increased from
50% to 100%, whereas the performance of a fuel cell using a
standalone MPL with 20 wt% PTFE remained stable over the same
relative humidity range. According to studies by Park et al.51

increasing the PTFE content in the MPL resulted to a decrease in
the effective pore diameter as well as the cumulative pore volume of
the MPLs. Simon et al.24 compared MPL samples with similar
thickness and carbon material and concluded that hydrophobic
MPLs are superior to hydrophilic MPLs under fuel cell operating
conditions where liquid water transport is required.

Therefore a trade-off between the hydrophobization of MPL with
PTFE and the pore size distribution has to be considered for an
effective transport of gaseous oxygen and liquid water. Our data and
analysis suggest that the higher hydrophobicity and smaller pore size
distribution of MPLC with higher PTFE contents (>20 wt.%) caused

Figure 7. Temporal evolution of average water thickness for cell (5 wt.% PTFE CLs and 40 wt.% PTFE cathode MPL) at a current density of 1 and
0.75 A cm−2. (a) at a relative humidity of 70% (b) at a relative humidity of 120%. (c) In-plane neutron radiographic image series showing the water back
diffusion: the accumulated water on the anodic CCM + GDL (1–2) was transported towards the anode channels (3) and then was removed (4).
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a greater capillary barrier and consequently reduced the transport of
water within the bulk MPL. This is reflected in the reduced
performance of the cell in the mass transport region.

The cell with double layer MPLC showed still lower but closer
performance to the reference cell. The latter observation gives some
hint for the potential of further improvements of such novel MPL
design concepts. In previous studies Gradient hydrophobicity of
MPL (with more hydrophobic layer next to the CL) has been shown
to be advantageous for water management both at dry and humid
conditions.53,55,56

Conclusions

The present study investigated the effect of catalyst layers with
varoius hydrophobic PTFE contents on fuel cell performance at
varied relative humidity conditions and air flow rates. We prepared

CL inks with 20 wt.% Pt/C, ionomer and varied PTFE contents (0%,
5%, 10%, 20%, 30%) and then coated them on Nafion® membranes.
We found by SEM and mercury porosimetry that higher PTFE
contents reduced the porosity as well as the large pore fraction. At
dry fuel cell operating conditions (1.3:3; H2:air ), CLs with 5 wt.%
PTFE improved the performance which was explained by the ability
of hydrophobized CLs to retain the water and therefore improving
the humidification of membrane and electrode interface. CLs with 0,
5, and 10 wt.% PTFE showed similar performance under humid
operation and lower air stoichiometry (1.3:3; H2:air ). However, by
increasing the air flow stoichiometric rate (1.3:5; H2:air), Cls with
10 wt.% PTFE showed superior performance at mass transport region
by providing preferential transport pathways for oxygen transport.

The EIS data revealed that addition of PTFE to the CLs did not
increase the activation losses, however, very high PTFE contents
(⩾20 wt.%) significantly increased the mass resistance at both dry

Figure 8. Temporal evolution of average water thickness for cell 1 with reference catalyst layers and cell 2 with 5 wt.% PTFE catalyst layers, water thickness in
the CCM and GDL on the cathode side at (b) 120% RH, (c) 70% RH and in CCM and GDL on the anode side at (d)120% RH, (e) 70% RH. Fuel cells were
operated at a current density of 1 A cm−2.
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and humid conditions. This is attributed to the pore blocking of CL
with excessive PTFE, which was also confirmed by SEM and
mercury porosity measurements.

High-resolution neutron radiography was used to study the effect
of CL and MPLC hydrophobicity on the liquid water dynamics in
PEM fuel cells. According to the neutron radiographs, back diffusion
was proven to be a relevant mechanism for transporting the water
from cathode to the anode side. Application of catalyst layers with

optimized hydrophobicity (5 wt.% PTFE) increased the amount of
liquid water in the membrane and helped the performance of the cell
especially under more dry operating conditions. Implementation of
more hydrophobic MPL (40 wt.% PTFE) on the cathode side
increased the mass transport resistance compared to the reference
MPLC (20 wt.% PTFE) at humid conditions. The more hydrophobic
MPLC decreased the transfer of water to the cathode channels and
subsequently imposed the water on the opposite side.

Figure 9. Polarization curves of PEMFCs with an active area of 8 cm2 for
Reference CL (0 wt.% PTFE) and hydrophobic CLs (5 wt.% PTFE) at dry
and humid conditions. Pt loading of anode and cathode electrodes was
0.3 mg Pt cm−2.

Figure 10. Temporal evolution of average water thickness in cell 2 (Ref MPLC), Cell 4 (40 wt.% PTFE MPLC), and cell 5 (20/40 wt.% PTFE double layer
MPLC). Fuel cells were operated at 1 A cm−2 and 120% RH, The water content in (a) cathode CCM + GDL, (b) Anode CCM + GDL, (c) cathode channels and
(d) anode channels.

Figure 11. Polarization curves of PEMFCs with an active area of 8 cm2

operated at humid conditions (Tcell = 50 °C, RH = 120%) for MPLC with
20 wt.% PTFE (red line), MPLC with 40 wt.% PTFE (black line) and double
layer MPLC with 20–40 wt.% PTFE (blue line) at RH 120%.
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Abstract

The influence of hydrophobicity and porosity of the cata-

lyst layer (CL) and cathode microporous layer (MPLC) on

water distribution and performance of polymer electrolyte

membrane fuel cell (PEMFC) is investigated. Hydrophobicity

of the layers is altered with the addition of PTFE (polytetra-

fluoroethylene) and mono-dispersed polymer particles are

utilized to introduce the macro-pores with a diameter of

0.5 mm and 30 mm within the CL and MPLC, respectively.

The treated materials are implemented in a specially designed

fuel cell with an active area of 8 cm2 to perform operando

high-resolution neutron tomography measurements. At high

current density and humid operating conditions, MPLs with

higher PTFE content increase the overall water content of the

cell. The more hydrophobic MPL (40 wt.% PTFE) performs

below the corresponding reference MPL (20 wt.% PTFE),

whereas the performance result of double layer MPLC gives

hint for further potential improvements of such design. The

local water saturation beneath the land regions with the pres-

ence of perforated CL and MPLC is increased which is

explained by lower capillary pressure barriers of bigger

pores. Despite a higher water content, the perforated layers

enhance the performance of the cell at both dry (RH 70%)

and humid conditions (RH 120%), indicating that the parallel

two-phase flow is facilitated where the oxygen is transported

through small pores and the water is preferentially trans-

ported through the bigger pores.

Keywords: Catalyst Layer, Hydrophobicity, Microporous

Layer, Operando Neutron Tomography, Polymer Electrolyte

Membrane Fuel Cells, Porosity, Water Management

1 Introduction

The rising pressure to cut the CO2 emissions and the

increased availability of low-cost renewables encourages the

major corporations to consider hydrogen technologies as a

promising option in their long term strategies. Hydrogen vehi-

cles are now commercially available with Honda, Toyota and

Hyundai launching the first mass-produced hydrogen fuel cell

vehicles (FCVs) [1]. To date, all hydrogen cars exclusively use

polymer electrolyte membrane fuel cells (PEMFCs). However,

the success of hydrogen in the transport sector will crucially

depend on the development of fuel cell systems with lower

costs and proven durability. Enhancing the catalytic activity

and optimizing water management are known to be the key
–
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approaches to maximize the fuel cell power density and

reducing the cost [2, 3].

In PEMFCs water management plays a complex role. While

the membrane should be fully humidified to enable proton

conductivity, excessive water accumulation inside the catalyst

layer (CL), gas diffusion layers (GDLs) and the channels of the

flow fields plates causes flooding which consequently reduces

the power density [4–9]. In order to achieve higher perfor-

mance and durability, this contradictory prerequisite of mem-

brane hydration and electrode flooding prevention should be

met simultaneously. In the fuel cell, water removal occurs at

the cathode side where the capillary forces transport the liquid

water from the catalyst layer through the gas diffusion layers

in the micrometer scale and finally towards the flow field

channels into millimeter-scale. The combination of larger pores

which provide the lowest capillary pressure within the porous

materials and hydrophobicity enhancements creates the path-

way for appropriate water transport [10].

Accumulation of water in the void space of catalyst layer

may hinder the access of reactant gases to the active catalyst

sites which leads to mass transport limitations. Therefore, dis-

tinct two-phase flow pathways should be provided in the

structure of catalyst layer and gas diffusion layer to facilitate

both gas and liquid water transport. In order to improve

water-repellant properties, hydrophobic polymer compounds,

such as polytetrafluoroethylene (PTFE), fluorinated ethylene

propylene (FEP), polyvinylidene fluoride (PVDF), ethylene tet-

rafluoroethylene (ETFE), polyvinyl fluoride (PVF), poly(tetra-

fluoroethylene-co-perfluoropropyl vinyl ether) (PFA), and

polystyrene can be added to the structure of these porous me-

dia [11]. In addition to the wetting properties, good operability

of catalyst layer and GDL in terms of water management are

closely linked to their porous structure.

According to the Young-Laplace equation, the capillary

pressure for cylindrical tubes can be calculated as:

pc ¼
�2 g cos q

r
(1)

where g is the surface tension of water, q the inner contact

angle of water within the solid wall and r is the effective pore

radius [12]. The capillary pressure decreases for the pores with

larger diameters. Gas diffusion layers generally consist of a

substrate coated with a microporous layer (MPL). The small

pores in MPLs containing a hydrophobic binder cause high

capillary pressure, as a result; the liquid water is both with-

held in the CL and preferably transported through cracks and

larger pores [13]. Numerous studies have investigated the

effects of microstructure properties, especially the wettability

[14–20] and porosity of MPLs [21–23] on water balance and

performance of PEMFC. Theoretical models have predicted

that the introduction of adjusted macro-pores in the catalyst

layer leads to better performance. This could facilitate a more

homogenous and rapid distribution of oxygen and the possibi-

lity for water to escape more easily than for a fully nanopor-

ous material [24–26]. Attention has been given to modifica-

tions of catalyst layer wettability properties [11, 27–29], as

well as pore structure by using different catalyst supported

carbons [30–33], variation of ionomer content [34–36] and

application of different pore formers [37, 38]. Nevertheless, the

role of catalyst layer structure on water management has not

been yet fully understood, due to its complexity.

Recently, several studies including synchrotron X-ray

tomography [39–41] and focussed ion beam/scanning electron

microscope (FIB/SEM) tomography [42, 43] have investigated

the properties of fuel cell components in the 3D domain to

further increase the understanding of the structure–perfor-

mance relationship. Neutron imaging has been proven to be a

powerful tool to visualize liquid water inside the components

of PEMFCs [44, 45]. Neutron imaging is a highly sensitive

method to detect light atoms like hydrogen, whereas metals

and graphite plates show lower interactions with neutrons

and therefore tend to be rather transparent to it. Here, we

present an experimental study on the impact of hydrophobicity

and porosity of the catalyst layer and cathode microporous

layer (MPLC) on thewater distribution of the cells using neutron

tomography imaging. This study is realized by varying the

hydrophobicity and porosity degree of materials. Hydrophobi-

zation treatment is performed by applying polytetrafluoroethy-

lene (PTFE) and porosity of the catalyst layer and microporous

layer are altered using pore former polymers. The treated mate-

rials are then tested using high-resolution operando neutron

tomography to obtain thewater distribution.

2 Experimental

2.1 Fuel Cell Test

Specially designed single cells (Figure 1a) with an active

area of 8 cm2 are used to perform tomography measurements.

Due to lower neutron attenuation of deuterium in comparison

to hydrogen, deuterium oxide (D2O) is used in the cooling cir-

cuit to control the cell temperature [46].

Fig. 1 Specially designed single PEMFC for the operando neutron mea-
surements (a) fuel cell next to a scintillator screen (right), and (b) gas inlet
and outlets are sealed to prevent evaporation.
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Three channel serpentine flow field design with a land and

channel width of 0.5 mm is used on both anode and cathode

sides. The fuel cells are operated at 50 �C, relative humidity (RH)

of 120 % and current densities of 1 A cm–2. The selected current

density value of 1 A cm–2 is considered to be in the high current

density region for the operated cells. A constant flow of

0.5 NLmin–1 air on the cathode side and 0.2 NLmin–1 hydrogen

on the anode side (corresponding to anode and cathode stoichi-

ometry of 3.5) are provided to the cells. The pressures at the

cathode and anode outlet are set to 60 and 70KPag, respectively.

The anode pressure is kept slightly higher in FC systems to

avoid oxygen in the anode loop in the case of small leaks.

2.2 Material Preparation

Catalyst layers and MPLs with different degrees of wettabil-

ity and porosity are internally developed at Center for Solar

Energy and Hydrogen Research Baden-Württemberg (ZSW).

PTFE is used to modify the wettability properties of electrodes

and cathode MPLs. The catalyst ink is composed of ultrapure

water, Nafion solution, Pt/C catalyst, and 5 wt.% PTFE on dry

basis mixed together to give a Platinum loading of 0.3 mg cm–2

both on anode and cathode side. To prepare themembrane elec-

trode assembly (MEA) the catalyst ink is air-sprayed on a pre-

conditionedNR212Nafionmembrane and is hot pressed.

TheMPL ink composition consists of ultrapure water, Denka

black carbon, methylcellulose, Triton x-100, and PTFE as a bin-

der and hydrophobic agent. The ink is coated on an SGL 29 BA

GDL substrate (thickness » 190mm), using a scalpel technique.

The reference cathode MPL contains 20 wt.% PTFE in its ink

composition. In addition, a more hydrophobic MPL with

40 wt.% PTFE and a double layer MPL with the first layer of

20 wt.% PTFE close to the substrate side and the second layer of

40 wt. % PTFE close to the electrode side is prepared. All these

PTFE treatedMPLs, including the reference MPL have a similar

thickness of 40 mm. Commercially available gas diffusion layers

from SGL Group (Sigracet� 29BC, thickness»235 mm) are used

for all the fuel cell tests on the anode side. The combinations of

the hydrophobized components of these cells which are used

for the experiments are summarized in Table 1.

The porosity of the electrodes is modified by the utilization

of polystyrene particles (PS) as pore former polymer and then

removing it to obtain the desired pores inside the catalyst

layers. In order to create macro-pores inside the electrodes, PS

particles with a diameter of 0.5 mm (PS-F-KM377 microparti-

cles GmbH) are added to the reference ink composition which

is then is air-sprayed on a Nafion membrane N211. The cata-

lyst coated membrane (CCM) is then immersed in ethyl ace-

tate for a sufficient amount of time to remove the PS particles.

The content of polystyrene particles is 5 and 10 wt.% with

respect to dry ink. These weight fraction values correspond to

an estimated 8 and 15 PS volume fraction in the final catalyst

ink, respectively. Figure 2 shows SEM images of home-made

catalyst layers containing PS particles and after removal of

these particles.For increasing the porosity of the MPLs, mono-

disperse poly methyl methacrylate (PMMA) particles with an

average diameter of 30 mm (SokenMX-3000) are utilized as

pore former. These particles are removed by thermal decom-

position to create the macropores. MPLs with 10 vol.% PMMA

are coated on a 29 BA substrate. The reference MPL is pre-

pared without addition of any pore former and has a thickness

of 50 mm, equal to the thickness of perforated MPL, intended

for an applicable comparison. SEM images of the home-made

perforated MPLs and the commercial 29 BC (MPL and sub-

strate side) are depicted in Figures 3 and 4, respectively. A

more detailed description of the fabrication processes of the

Table 1 Components of the fuel cell containing the hydrophobic materi-
als

Cell Electrodes (Anode
and Cathode)a,b

Cathode GDL Anode GDL

MPLc,d Substrate

1 5 wt.% PTFE with
respect to dry ink

Ref: 20 wt.% PTFE 29 BA 29 BC

2 5 wt.% PTFE 40 wt.% PTFE 29BA 29 BC

3 5 Wt.% PTFE DL:20/40 wt.% PTFE 29 BA 29 BC

aBoth anode and cathode catalyst layer have similar Pt loading of 0.3 mg cm–2

and were coated on a Nafion NR212 membrane.
bThe electrode ink is composed of Pt/C catalyst, Nafion solution, ultra-pure

water and 5 wt.% PTFE [45]
cAll coated cathode MPLs have thickness of 40 mm.
dThe MPLC ink is composed of carbon black, Triton x-100, methylcellulose,

ultra-pure water and varied content of PTFE as described in table [46].

(c)

Fig. 2 SEM image of internally developed catalyst layer (a) containing
the mono-dispersed polymer particles, (b) after removal of the polymeric
particles with chemical dissolution (b), and (c) the obtained pores with a
diameter of 500 nm indicated by the dashed yellow circles.

Fig. 3 SEM image of home-made MPL coated on a 29 BA substrate and
the obtained pores after thermal removal of the polymer pore formers,
(a) cross-section including the coated MPL on GDL substrate, (b) top view
of MPL side, (c) obtained pore with a diameter of 30 um.
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reference CL and MPL was presented in previous articles

[21, 47, 48]. The components of the cells containing the perfo-

rated layers are listed in Table 2.

2.3 Tomography Setup

The neutron tomography is carried out at the neutron im-

aging instrument Conrad (V7) at the research reactor BER II at

the Helmholtz-Zentrum Berlin, Germany. A detailed descrip-

tion of the imaging setup is described elsewhere [44, 49]. Dur-

ing tomography, each fuel cell is rotated gradually by 360� in

500 steps. Three images are acquired in each step and a med-

ian of these three images is used to achieve a final image with

good statistical quality at each specific angle. The exposure

time for each tomographic projection is acquired within 13 sec-

onds. With the optics used, an imaging field of view of

(28 · 13; w ·h) mm2 with a pixel size of 13 mm is achieved. As

an example, a fuel cell positioned in front of the scintillator is

shown in Figure 1b.

3 Results and Discussion

Prior to tomography imaging, the cells are operated for

30 min at the respective operating point to reach the steady-

state conditions. Afterwards, gas flows and current are cut off

to keep the water distribution within the cell at an almost con-

stant level for several hours. The cells are investigated with

the neutron beam of a region centered in the middle of the ver-

tical cell extension. The water thickness is calculated according

to Lambert Beer’s law within mm-scale. The procedure for the

water calculation is described in [13, 50]. The porosity of the

components inside each fuel cell in the in-plane direction is

evaluated by segmentation of gray levels (where the value of 0

is assigned to void and value of 1 is assigned to imporous

material) over the median of the dry images. Taking the evalu-

ated water density and relative percent porosities values

obtained from the gray images into account, it is possible to

calculate the average local water saturation (WS) throughout

the fuel cell (Note: due to measurements artifacts and noise

the saturation values can fall behind 0% or exceed 100%). As

an example, 3D reconstructed images for distribution of water

in between anode and cathode flow fields are depicted in

Figure 5.

3.1 Influence of Hydrophobicity Variation on Water Content and
Cell Performance

The evaluation of water density distribution for the cells

with hydrophobized MEA (5 wt.% PTFE) in combination with

three cathode microporous layers (MPLC) featuring different

degrees of hydrophobicity is performed. The comparison of

water content in different components of the cells under lands

and channels are presented in Figures 6a and 6b. The water

thickness is averaged for all the lands and channels, which are

located in the field of view of the camera. To provide an

Fig. 4 The surface SEM image of 29 BC at the substrate side with mag-
nification of (a) ·1,000, (b) ·3,000, the surface structure of the MPL side
with magnification of (c) ·500, and (d) ·2,000.

Table 2 Components of the fuel cell containing the perforated materials.

Cell Electrodes (Anode
and Cathode)a,b

Cathode GDL Anode GDL

MPLd,e Substrate

1 Referencec Referencef 29 BA 29 BC

2 10 wt.% PS 10 vol.% PMMA 29 BA 29 BC

3 5 wt.% PS 10 vol.% PMMA 29 BA 29 BC

aBoth anode and cathode catalyst layer have similar Pt loading of 0.3 mg cm–2

and were coated on a Nafion N211 membrane.
bThe electrode ink is composed of Pt/C catalyst, Nafion solution, ultra pure

water and varied content of PS particles (0, 5, and 10 wt.%).
cReference electrode ink contains no pore former polymer (0 wt.% PS).
dAll coated cathode MPLs have thickness of 50 mm.
eThe MPLC ink is composed of carbon black, Triton x-100, methylcellulose,

ultra-pure water, 20 wt.% PTFE and varied content of PMMA particles

(0 and 10 vol.%) [21].
fReference MPLC ink contains no pore former polymer (0 vol.% PMMA).

Fig. 5 Three-dimensional reconstructed images obtained with neutron
tomography, the blue color represents the liquid water in between the
anode and cathode flow fields at cross-sectional views perpendicular to
the width of flow fields.
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accurate comparison of the water thickness under the channels

for all the cells, water thickness is only averaged under the

anode and cathode channels, which are not flooded by water.

An example of the selected region of interest under lands and

channels is depicted in Figure 6c. The evaluated standard

deviation for the plotted curves is less than 0.01.

The analysis shows that the cell with the cathode MPL with

the highest hydrophobicity degree (40 wt.% PTFE) has the

highest liquid water content in comparison to the other cells.

The cell with double layer cathode MPL (one layer with 20

and the second layer with 40 wt.% PTFE) also shows a higher

water content compared to the cell with reference MPL

(20 wt.% PTFE). This observation indicates that the implemen-

tation of a more hydrophobic MPL has resulted in an increase

in the overall amount of liquid water inside the cell. In a neu-

tron radiography study, Spernjak et al. reported that engi-

neered MPLs with hydrophilic additives reduced the amount

of liquid water in the cell [14].

The peak of water content for the cell with reference cath-

ode MPL is located within the membrane region which points

out to more homogenous distribution of water through the

cell’s components under both land and channel regions. For

the cell containing MPL 40 wt.% PTFE and double layer MPL,

this peak has shifted more towards the intersection of MPL

and the catalyst layer on the cathode side under land regions.

It is reasonable to assume that water builds up in the CL and

due to high capillary pressure of the 40 % MPL it stays in the

cathode CL and the cathode GDL remains water-free.

Nevertheless, under channels region, the overall water

amount is shifted to the anode side for the cell with MPL 40

wt.% PTFE. In addition to the hydrophobic MPL acting as a

barrier against the transfer of water to the cathode side, one

can also hypothesize that under the channels the reaction rates

are higher and cathode catalyst layer is at a higher tempera-

ture than anode CL; therefore, phase-change-induced flow

shifts the water peak towards the anode. This result is also

compatible with our previous neutron radiographic studies on

the behavior of water dynamics of cells with hydrophobic

MEA and MPL components where the hydrophobized MPL

on cathode side decreased the transfer of water to the cathode

channels, and subsequently has imposed the water to the

opposite side [47].

The polarization curves (Figure 6d) obtained at humid con-

ditions (RH=120%) show that the cell with the highest hydro-

phobic MPL has a lower performance at higher current densi-

ties; however, it shows improved performance at lower

current densities (£0.3 A cm–2). The findings obtained from

tomographic observations and performance curves allows us

to conclude that increasing the wettability properties of MPL

with PTFE content ‡20 wt.% results in excess accumulation of

water, and therefore reduces the cell performance at mass

transport regions. The cell with double layer MPL shows still

lower but closer performance both on the low and higher cur-

rent densities to the reference cell. The latter observation gives

some hint for the potential of further improvements of such

MPL designs. In a previous study, we examined that optimum

hydrophobization of catalyst layers with 5 wt.% PTFE

enhanced the performance of the cell at dry conditions (for all

current ranges) and at humid conditions (for low and medium

current densities) [47]. A detailed tomography study on the

effect of hydrophobicity gradients

within fuel cell components was also

presented in our previous work [48].

3.2 Influence of Porosity on Water
Content and Performance of the Cell

The distribution of the evaluated

values of local water saturation within

the components of the cell in the

in-plane direction is displayed in

Figure 7a (under channels) and

Figure 7b (under lands). These evalu-

tions are conducted for the cells con-

taining home-made CLs (reference

and the perforated CLs with 5 and

10 wt.% PS) and home-made MPLC

(reference and perforated MPL with

10 vol.% PMMA). The cells were

operated at RH = 120%, T = 50 �C,

Pc = 60 kPa, Pa = 70 kPa (representing

a humid operating condition) prior to

tomography imaging.

A distinct difference in saturation

level is observed for the intersection

of GDL areas (red arrow) under lands

Fig. 6 Water distribution plots under lands (a) and channels (b) at current density =1 A cm–2: ref-
erence MPLC (Black), 40 wt. % PTFE MPLC (Blue) and double layer MPLC (Green); CLs with 5 wt.%
PTFE and Nafion NR212 membrane is used for all 3 cells, (c) an example of the selected region of
interest for evaluation of water under land (solid line) and channels (dash line), (d) polarization curve
comparing the performance of the cells ; All experiments are performed at RH = 120%, T = 50 �C,
Pc = 60 kPa, Pa = 70 kPa, air flow = 0.5 NL min–1, hydrogen flow = 0.2 NL min–1.
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and under channels. Most of the water-filled GDL regions

beneath lands are saturated to a higher level between 30 and

40%, whereas the water-filled GDL regions under channels

only show about 5% saturation. The saturation values within

the MEA areas for the reference catalyst layer show a compar-

able level of 15% both under land and channels. On the con-

trary, the saturation level for the perforated catalyst layers has

increased to 30% beneath the land regions. Considering the

tomography resolution of 13 mm which is considerably more

coarse than the size of typical pores within CL and MPL, only

average saturation values can be analyzed. Nevertheless, still

a good comparison of the distribution of saturation levels

within different components of the cells is provided.

According to the polarization curves (Figure 7c), the cells

with more porous cathode MPL and CL shows improved per-

formance at high current density region (»1.2 A cm–2 at 0.4 V)

under humid (RH 100%) conditions and (» 1.2 A cm–2 at 0.3

V) under dryer conditions (70% RH at the cell inlet).

Increasing the porosity of the catalyst layer from

5 wt.% PS to 10 wt.% PS does not show any notice-

able influence on the performance.

In summary, the evaluation of water density and

saturation distribution of the described cells show

different trends on channel and land regions. The

presence of more porous layers tends to decrease the

accumulation of water beneath the channels regions,

whilst it results in an increase of the water content

accumulated beneath the land regions. We rationa-

lize this observation with the tendency of higher

water filling degree of the incorporated macropores

within CL and MPLC due to their lower capillary

pressure. Forner-Cuenca et al. have claimed that

large pores, even if hydrophobic, can be filled at a

lower (or similar) pressure than hydrophilic but

smaller pores [10]. On the other hand, more vigor-

ous air flow in the channels regions hinders higher

water saturation within the adjacent GDLs explain-

ing lower water accumulation compared to the land

regions. Superior performance in the mass transport

region is observed for the cell containing the perfo-

rated layers. These results reveal, that while the

macro-pores are preferentially filled with liquid

water, the small pores remain water-free and thus

act as effective oxygen transport pathways. Our

observations are in agreement with previous studies,

mainly on MPLs, which have shown that with high-

er porosity, the oxygen transport resistance is

decreasing and the effective diffusivity is increasing

[22, 37, 51, 52]. In view of the fact that no perfor-

mance enhancement was observed with increasing

the porosity of CL from 5 wt.% to 10 wt.% PS, it is

difficult to clearly separate the impact of perforated

Cl with a diameter of 500 nm from perforated MPLs

(with a diameter of 30 mm) on the final performance.

More measurements with different material compo-

sitions can help to further elucidate the data. Several

studies have suggested that increasing the porosity of catalyst

layer facilitates gas access and water removal [37, 53].

However, in a study by Harzer et al. it was reported that

the performance of cell at high current density is mainly influ-

enced by location of Pt particles on the support [54].

4 Conclusions

High-resolution operando neutron tomography is used to

study the influence of hydrophobicity and porosity of catalyst

layer and MPLC on the liquid water content and distribution

in PEM fuel cell. Hydrophobic CLs and MPLs are prepared

using PTFE and are tested in PEMFCs with an active area of

8 cm2 compatible with neutron imaging. The plots of the water

distribution at high current density (1 A cm–2) show that

increasing the hydrophobicity of cathode MPLs raises the

Fig. 7 Profile of local water saturation distribution under (a) channels and (b) lands
of the cells (at RH = 120%, I = 1 A cm–2) with: reference CL and reference MPLC
(Black), CL: 5 wt.% PS and MPLC:10 vol.% PMMA (Green) and CL:10 wt.% PS and
MPLC:10 vol.% PMMA (Blue); Nafion membrane N211 is used for all three cells; (c)
polarization curve comparing the performance of the cells at RH = 120% and 70%;
all experiments are performed at T = 50 �C, Pc = 60 kPa, Pa = 70 kPa, air flow =
0.5 NL min–1, hydrogen flow = 0.2 NL min–1.
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overall water accumulation of the cell and impose the water to

the anode side of the cell under channel regions. At humid fuel

cell operating conditions (RH = 120%, T = 50 �C, Pc = 60 kPa,

Pa = 70 kPa), the reference cathode MPL (20 wt.% PTFE) out-

performs the more hydrophobic MPL (40 wt.% PTFE),

whereas the double layer MPLC (20 /40 wt.% PTFE) shows

comparable performance to the reference MPLC giving some

hints for possible future optimization strategies of MPL

designs with hydrophobicity gradient.

By utilization of polymer pore formers, we prepared perfo-

rated CLs and MPLs. SEM images visually confirm the desired

effect on the pore structure of the fabricated layers. The local

water saturation and distribution under land and channel

regions are quantified. Much higher saturation levels are iden-

tified for the areas under lands than under the channels. With

the presence of more porous materials, the amount of water

accumulated beneath the land regions is increased. This is

attributed to the more facilitated water filling of the bigger

pores due to lower capillary pressure. Superior performance

at high current density regions is observed for the more

porous layers both at dry (RH 70%) and humid conditions

(RH 120%). We assign this to the improved mechanism of two-

phase flow transport of oxygen and liquid water, where the

oxygen transport occurs within the smaller pores and water is

preferably transported via bigger pores.
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M. Klages, H. Riesemeier, J. Scholta, D. Gerteisen, J. Ban-

hart, I. Manke, Electrochem. Commun. 2013, 34, 22.

[14] D. Spernjak, R. Mukundan, R. L. Borup, L. G. Connolly,

B. I. Zackin, V. De Andrade, M. Wojcik, D. Y. Parkinson,

D. L. Jacobson, D. S. Hussey, K. L. More, T. Chan, A. Z.

Weber, I. V. Zenyuk, ACS Appl. Energy Mater. 2018, 1,

6006.

[15] A. J. Steinbach, J. S. Allen, R. L. Borup, D. S. Hussey,

D. L. Jacobson, A. Komlev, A. Kwong, J. MacDonald, R.

Mukundan, M. J. Pejsa, M. Roos, A. D. Santamaria, J. M.

Sieracki, D. Spernjak, I. V. Zenyuk, A. Z. Weber, Joule

2018, 2, 1297.

[16] R. Mukundan, J. R. Davey, J. D. Fairweather, D. Spern-

jak, J. Spendelow, D. S. Hussey, D. L. Jacobson, P. Wilde,

R. Schweiss, R. L. Borup, ECS Trans. 2010, 33, 1109.

[17] A. Forner-Cuenca, V. Manzi-Orezzoli, J. Biesdorf, M. El

Kazzi, D. Streich, L. Gubler, T. J. Schmidt, P. Boillat,

J. Electrochem. Soc. 2016, 163, F788.
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Enhanced Water Management in PEMFCs: Perforated
Catalyst Layer and Microporous Layers

Arezou Mohseninia,*[a] Dena Kartouzian,[a] Robert Schlumberger,[a, b] Henning Markçtter,[c]

Florian Wilhelm,[a] Joachim Scholta,[a] and Ingo Manke[c]

An experimental in situ study was performed to investigate

the effects of the catalyst layer (CL) and cathode microporous

layer (MPLc) perforation on the water management and per-

formance of polymer electrolyte membrane fuel cells (PEMFCs).

Polymeric pore formers were utilized to produce perforated CL

and MPL structures. High-resolution neutron tomography was

employed to visualize the liquid water content and distribution

within different components of the cell under channel and

land regions. The results revealed that at humid conditions,

the perforated layers enhanced the liquid water transport

under the channel regions. Moreover, at high current densities,

the performance was improved for the cells with perforated

layers compared to a baseline cell with non-perforated layers,

owing to reduced mass transport losses.

Fuel-cell vehicles (FCVs) powered by polymer electrolyte mem-

brane fuel cells (PEMFCs) have reached the early stage of com-

mercialization by the end of 2014. The fuel-cell industry finally

shipped more than a gigawatt of fuel cells in 2019, and the

number of FCVs on the roads is expected to continuously in-

crease in the future.[1,2] However, cost reduction and improve-

ment of long-term stability remain a challenge for the wide-

spread release of FCVs.[3] In PEMFCs, water is produced as a by-

product during the oxygen reduction reaction at the cathode

side. Although some water is necessary to provide proton con-

ductivity to the polymeric membrane and ionomer in the cata-

lyst layer (CL), excess amount of water blocks the porous path-

ways in the gas diffusion layer (GDL) and the CL. The latter

phenomenon, known as flooding, hinders the transport of

oxygen from the flow fields to the electrochemically active

sites in the CL, resulting in mass transport limitations and re-

duced power density. Therefore, optimized management of

water distribution in the porous structure of CL and GDL is of

extreme importance to achieve PEMFC systems with high per-

formance and durability. The standard membrane electrode as-

sembly (MEA) configuration is a catalyst-coated membrane

(CCM), with both CLs deposited onto the polymeric mem-

brane. To enable a multiphase transport to and from the CL,

GDLs are pressed against the CCM from both sides.[4] GDLs

usually consist of a GDL substrate (GDL-S), which is conven-

tionally coated with a microporous layer (MPL). The MPL cre-

ates close contact with the CL and reduces the water accumu-

lation at the interface between the electrode layer and GDL-S/

MPL.[5] The porosity and pore interconnectivity of the electro-

des[6–10] and MPL/GDL,[5, 11–13] which can be influenced by the

choice and composition of materials and/or by addition of

pore formers, determine the effective pathways for the two-

phase flow transport. Neutron imaging has been used as a

state-of-the-art technique for visualizing liquid water in operat-

ing PEMFCs with a high special resolution.[14,15] Several groups

have successfully employed neutron tomography to advance

the understanding of the relationship between liquid water be-

havior and the complex structural heterogeneity of porous

media.[16–21]

Herein, we present our recent studies on the influence of

porosity of CL and cathode MPL (MPLc) on the water manage-

ment and performance in PEMFCs. Pore-former polymers were

used to introduce additional macropores within the structure

of CL and MPLc, and operando high-resolution neutron tomog-

raphy was employed to investigate the water distribution and

content within the cells.

The CCM was prepared by spraying the catalyst ink onto a

Nafion N211 membrane. Monodispersed polystyrene particles

(PS) with a diameter of 0.5 mm were utilized to create macro-

pores within the structure of the electrode (both anode and

cathode side) during the manufacturing procedure. A refer-

ence non-perforated CL (0 wt% PS) and a perforated CL with

5 wt% PS were fabricated. Perforation of MPLc was realized by

the addition of monodisperse polymethyl methacrylate

(PMMA) particles with a diameter (d) of 1.5 and/or 30 mm in

the MPL composition. The perforated cathode MPLs were

coated on a commercially available SIGRACETS 29BA GDL-S

from SGL Carbon. A reference MPLc (0 vol% PMMA), a perforat-

ed MPLc with 10 vol% PMMA (d=30 mm), and a double-layer

perforated MPLc with a first layer (10 vol% PMMA; d=1.5 mm)

close to the CL and a second layer (10 vol% PMMA; d=30 mm)

close to the GDL-S were prepared. All coated MPLs had a simi-

lar thickness of 50 mm. On the anode side a commercial 29BC

GDL was used. The fuel cell components were then assembled

(Table 1) in a miniature PEMFC with an active area of 8 cm2
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(1 cmV8 cm) designed especially for high-resolution neutron

imaging in the Zentrum fer Sonnenenergie- und Wasserstoff-

Forschung Baden-Werttemberg (ZSW) (Scheme 1, see the Sup-

porting Information).

The single fuel cells were tested on a custom-designed test

station allowing accurate monitoring and control of all operat-

ing parameters (Table 2). The neutron tomography experi-

ments were performed at the CONRAD/V7 facility of the Helm-

holtz Zentrum Berlin. The imaging setup is described else-

where,[22] and with the optics used an imaging resolution of

12.8 mm was achieved.

Tomography was performed once before the cell operation

(dry state) and then after the operation of the cell (wet state).

The images were processed by dividing the wet images (Fig-

ure 1b) by the dry images (Figure 1a). The resulting difference

image yielded the 2D liquid water distribution (Figure 1c), and

by applying the Lambert–Beer law and the appropriate attenu-

ation coefficient the map of local water thickness (Figure 1d)

could be quantified.[23] Water density profiles (Figure 2) report-

ed herein were averaged beneath the lands and the channels

regions in the in-plane cell direction (see the Supporting Infor-

mation). Prior to tomography imagining, the cells were operat-

ed at humid conditions (Table 2) at 1 Acm@2 (representing the

high-density region for the investigated cells) for 30 min to

reach steady-state conditions.

Beneath the lands, in general, the water distribution profile

showed three peaks close to the membrane and the GDL–land

interface at anode and cathode side. The cathode GDL (GDLc)

contained higher water content than the anode GDL (GDLa).

For cells 1 and 2, for which only CL differs, the perforated CL

resulted in an increase of water content within the CCM region

compared with the non-perforated CL. In the cathode and

anode GDLs area, for which the materials were the same for

both cells, the profiles of water density were almost overlap-

ping. The overall water content of cells 3 and 4, which both

had perforated CLs and MPLc, was further increased through-

out the cell. Therefore, a clear trend was observed that, be-

neath the lands, the more porous materials increased the

liquid water content. We assigned this observation to the

higher water filling of the incorporated macropores owing to

their lower capillary pressure.

Beneath the channels, the peak of water content was ob-

served close to the membrane location in the CCM region. The

water density profile decreased away from the CCM region

into the channels at both anode and cathode side. Here, the

presence of perforated layers tended to increase the overall

amount of water within the cell. However, in the GDL area at

the cathode side, a decrease in the profile of water density

was observed for the cells with perforated MPLs compared

with the cell with non-perforated MPLs. Therefore, the influ-

ence of perforation on water transport could only be identified

under the channel region. Such a transport effect was not

found for perforated materials under the lands because these

water paths reached a dead end, which restricted further

water transport.

We furthermore quantified the values of local porosity and

water saturation distribution (see the Supporting Information)

for cells with perforated CL and different cathode MPLs under

land and channel regions (Figure 3). It must be noted that

owing to the extremely thin fuel cell components (e.g. , mem-

Scheme 1. Miniature fuel cell hardware components designed at ZSW (see

the Supporting Information).

Table 2. Operating conditions.

Fuel cell

temperature

Relative humidity

of inlet gases

Gas stoichiometry

cathode/anode

Back pressure

anode; cathode

[8C] [%] [kPa]

50 120 3.5 70; 60

Figure 1. Image of an example radiograph in a through-plane direction ob-

tained at the cross-section of GDL and the flow fields : (a) dry fuel cell,

(b) operating fuel cell, (c) difference image, and (d) map of quantified local

water density in [gcm@3] .

Table 1. Components of the cell.

Cell CCM Cathode GDL Anode GDL

PS [wt%] PMMA [vol.%] in MPL GDL-S

1 0 0 29BA 29BC

2 5 0 29BA 29BC

3 5 10 (d=30 mm) 29BA 29BC

4 5 double layer (DL-MPLc):

1st layer : 10 vol% (d=1.5 mm)

2nd layer: 10 vol% (d=30 mm)

29BA 29BC
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brane with a thickness of 25 mm), not perfectly flat interfaces

between components, and limited resolution of neutron imag-

ing, which is far above the typical size of CL and MPL pores,

only average values for quantification of porosity/saturation

could be reported. However, even these averages could pro-

vide helpful information for comparing the effect of material

perforation on the distribution of the local water saturation

level throughout the cell.

The evaluated local porosity percentage values of the mate-

rials (CCM, GDLc, and GDLa) were lower beneath the land than

beneath the channel regions. The material compres-

sion of land regions reduced the pore volume, which

reflected the respective decrease in porosity. For all

cells, a higher water saturation was observed within

the anode and cathode GDL regions under lands

than under the channels. This was attributed to the

stronger gas stream in the channels, which prevented

a higher water saturation in the adjacent GDL and

MPL areas. With the presence of perforated MPLc,

most of the water-filled GDLc regions beneath lands

were saturated to a higher level between 35 and

45%, whereas the water-filled GDLc with the non-per-

forated MPL showed approximately 15% saturation.

Under the channels, the profile of water (density/

saturation) for the cells with non-perforated MPL on

the cathode side as well as 29BC on the anode side

showed a step-shaped curve in the GDL areas,

whereas the cells with perforated MPLc had a water

profile with a straight incline in the cathode GDL

area. It could be argued that the macropores could

successfully provide preferential transport pathways

to remove the liquid water to the channels.

Figure 4 shows the polarization curves obtained

from the investigated PEMFCs (active area=8 cm2) at

similar operating conditions as mentioned in Table 2.

The cell with perforated CL and reference MPLc
(cell 2) showed lower performance at high- and

medium-potential regions compared with the refer-

ence cell ; however, at lower potentials (0.4 V) it

showed improved performance. Differences in the

performance were more pronounced for the cell with

more porous MPLc. By replacing the reference MPLc
with perforated MPLc, superior performance was ob-

served at high-current-density regions. At 2 Acm@2,

more than 160 mV improvement in performance was

achieved for the cell with perforated CL and double-

layer (DL-)MPLc compared with the reference cell. The

DL-MPLc also exhibited improved performance in the

ohmic region.

In summary, we successfully introduced macro-

pores within the structure of CL and MPLc and then

used high-resolution operando neutron tomography

to study the influence of perforated layers on the

liquid water behavior in PEMFCs. Water accumulation

under land regions increased with the presence of

more porous CL and MPLc. This was assigned to the

increased water-filling of the larger pores owing to

their lower capillary pressure and also dead-ended water path-

ways under the land region. Under the channels, perforated

MPLc decreased the liquid water content, revealing that the in-

fluence of perforation on the overall water transport can only

be identified in the channel regions. Performance curves ob-

tained at humid conditions clearly highlighted the better mass

transport properties of the perforated CL and MPL layers, most

notably the perforated double-layer MPLc, which showed a su-

perior performance. We attributed this observation to the im-

proved gas/liquid transport mechanism under channel regions,

Figure 2. Profile of water density distribution in the investigated PEMFCs obtained at

1 Acm@2 : (a) under land regions, (b) under channel regions.

Figure 3. Profile of local porosity distribution and water density/saturation under lands

(black) and channels (red) for the cells with 5 wt% PS CL combined with (a) reference

MPLc, (b) MPLc with 10 vol% PMMA, and (c) DL MPLc.
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in which water is transported through larger pores whereas

smaller pores remain water-free, serving as effective pathways

for oxygen diffusion. These findings show the potential of such

engineered CLs and MPLs as a promising route toward opti-

mizing water management in PEMFCs.

Experimental Section

The Experimental Section is provided in the Supporting Informa-

tion.
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Figure 4. Polarization curves for the investigated fuel cells (Table 1) with an

active area of 8 cm2 tested under the operating conditions mentioned in

Table 2.
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