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Abstract
In this thesis, water management in Polymer Electrolyte Membrane (PEM) fuel cells is analyzed. To find strategies for minimizing the major loss mechanisms that occur due to flooding, a focus is put on liquid water transport in the porous transport layer (PTL).
A novel method to visualize the liquid water percolation in the PTLs using an environmental scanning electron microscope (ESEM) is developed. Compared to existing visualization techniques, the method enables to phenomenologically investigate the liquid water
transport mechanisms with low experimental cost and high temporal and spatial resolution.
Two methods are applied to inject liquid water into the PTL materials in the ESEM vacuum
chamber: either by controlled condensation of atmospheric water or externally from outside
the vacuum chamber. The visualization confirms the viscous fingering transport mechanism,
proposed by other researchers. This was found even though the microscopic material wetting
disagrees with the common perception of hydrophobic materials.
In the second part of the thesis, the water transport mechanisms are investigated by analyzing the impact of different local PTL modifications. The modifications (holes, slits, removing
the microporous layer (MPL) or the whole PTL) are realized using different modification
techniques (laser perforation, milling) and the influence on the water management is analyzed by means of synchrotron radiography, ESEM/energy dispersive X-Ray spectroscopy
(EDX), current/voltage characterization and water balancing. It is observed that perforations
improve the water management under over-humidified operating conditions with specific
PTL materials. The modification technique is thereby found to have a significant influence
and especially laser perforation is sensitive to manufacturing parameters. Hydrophilic wetting in the vicinity of the laser perforations is observed which results in fractional PTL flooding during fuel cell operation at high humidity. Without the hydrophilic wetting, different
indications on a beneficial drainage effect are found, which results in a reduced saturation in
the vicinity of the modifications in the fibrous substrate (FS). However, the comparison of
PTLs with and without modifying the MPL indicate that interfacial water between the MPL
and the catalyst layer is the most decisive for the success of the perforation approach but also
for the performance with unmodified PTLs.
In the third part of the thesis, the transport mechanisms identified in parts 1 and 2 are
v

vi
implemented in a 3-dimensional fuel cell model containing the thermodynamic processes
that are most relevant for 2-phase water analysis. As a module, a novel approach to model
the liquid water percolation is developed. The liquid water distribution and movement is
described by considering all stable water paths within the FS. By determining the transitions
between the stable paths, a network is generated which is used as a basis for a fast and
computationally inexpensive calculation of the liquid water percolation. After the network
generation step, liquid water can either be injected through one of the PTL boundaries or
directly into the FS bulk e.g. as by condensation.
Modeling results are compared to water injection experiments from literature and a good
comparison both in the capillary pressure saturation relationship and in the liquid water distribution within the PTL is found. By including an assumed fuel cell scenario with condensation under the land area of the gas flow field, it becomes obvious that condensed water can
build a liquid water bridge from the injection interface to the surface under the gas channel.
This way, product water can be transported with a low injection pressure from the injection
interface to the channel, which results in a reduced water saturation under the channel. Consequently, the condensation under the land can increase oxygen diffusivity and, therefore,
the fuel cell performance.
To evaluate the influence of the PTL materials on the fuel cell performance, the discrete
water path network model is integrated into a continuum model including the fuel cell thermodynamic processes. An iterative coupling algorithm is developed to match the input and
output of the two model modules. The results indicate that for operation under humid conditions, the condensation scenario has a major impact on the efficiency of the liquid water
transport to the gas channels. A major contributor to water management and fuel cell performance improvements due to the MPL, is found to be the altered processes close to the CCL/
PTL interface. Adding an MPL decreases the saturation in the FS by reducing the injection
points to the natural cracks in the MPL, which has a beneficial effect on the oxygen diffusion
in the FS. Furthermore, the MPL reduces the size of the droplets, forming close to the CCL
surface and directly blocking the access of the oxygen to the active sites.
Using the model, the mostly unknown ad- and desorption rate of the CCM and the inplane liquid water permeability close to the CCM/PTL interface are identified as important
parameters for the overall fuel cell performance. Since they define the injected water pressure
buildup, they strongly affect the water distribution under the channel and close the CCM/PTL
interface.

Zusammenfassung
Inhalt dieser Arbeit ist die Untersuchung des Wasserhaushalts in Polymer-Elektrolyt-Membran (PEM) Brennstoffzellen. Um Strategien für die Minimierung der durch Flutung mit
flüssigem Produktwasser hervorgerufenen Verluste zu finden, wird der Fokus auf den Flüssigwassertransport im “Porous Transport Layer” (PTL) gelegt.
Zur phänomenologischen Untersuchung des Flüssigwassertransports, wird im ersten Teil
der Arbeit eine neue Methode zur Visualisierung der Perkolation mit einem “environmental scanning electron microscope” (ESEM) entwickelt. Verglichen mit bereits angewandten
Methoden, ermöglicht diese neue Methode die Untersuchung mit geringem experimentellem
Aufwand und hoher temporaler und örtlicher Auflösung. Für die Injektion des Flüssigwassers in den PTL werden zwei unterschiedliche Methoden angewandt: kontrollierte Kondensation von Wasser aus der Dampfphase im Inneren des Materials oder druck-gesteuertes
Einbringen von Extern in die Vakuumkammer. Mit der neuen Visualisierungs-Methode wird
der in der Literatur diskutierte viskose “Fingering” Transportmechanismus bestätigt, obwohl
die mikroskopische Benetzung der allgemeinen Erwartung von hydrophoben Materialien
widerspricht.
Im zweiten Teil der Arbeit werden die Transportmechanismen durch die Analyse des Einflusses von lokalen PTL Modifikationen untersucht. Die Modifikationen (Löcher, Schlitze,
entfernen der mikroporösen Schicht (MPL) oder des gesamten PTLs) werden durch verschiedene Techniken realisiert (Laserperforation oder Fräsen) und der Einfluss auf den Wasserhaushalt wird über Synchrotron-Radiographie, ESEM/ Energiedispersive Röntgenspektroskopie (EDX), Strom/Spannungs-Charakterisierung und Wasser-Bilanzierung untersucht.
Dabei wird in Abhängigkeit der Kombination von Material und Bearbeitungstechnik bei
Überbefeuchtung eine Verbesserung des Wasserhaushaltes beobachtet. In der Umgebung
von Laser-Perforierungen werden in Abhängigkeit der Bearbeitungsparameter hydrophile
Bereiche gefunden, was zu einer partiellen Flutung im Brennstoffzellen-Betrieb bei hoher
Befeuchtung führt. Ohne Einfluss durch die hydrophilen Bereiche, werden verschiedene
Hinweise auf einen Drainage-Effekt gefunden, welche die Sättigung in der Umgebung der
Modifikationen im Faser-Substrat (FS) reduziert. Der Vergleich von PTLs mit und ohne
lokale MPL-Modifikation deutet jedoch an, dass Flüssigwasser im Übergang zwischen MPL
vii
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und der Katalysator-beschichteten Membran (CCM) entscheidend für den Erfolg sowohl des
Perforierungsansatzes, als auch generell für die Leistung unbearbeiteter PTLs ist.
Die gefundenen Transportmechanismen werden im dritten Teil der Arbeit in ein dreidimensionales Brennstoffzellenmodell überführt, welches alle für die Simulation des Wassermanagements relevanten thermodynamischen Prozesse enthält. Als Modul wird zuerst ein
neuer Ansatz zur diskreten Modellierung der Flüssigwasser-Perkolation entwickelt. Die
Verteilung und Bewegung des Flüssigwassers wird hierbei über stabile Pfade im FS beschrieben. Durch die Berechnung aller Übergänge zwischen den stabilen Pfaden, wird ein
Netzwerk generiert, welches die Konnektivität und Eigenschaften der Pfade im FS enthält.
Nach der Netzwerk-Generierung kann somit die Ausbreitung des Flüssigwassers im Material auf Basis des Netzwerkes mit geringem Rechenaufwand berechnet werden. Hierbei kann
zur Simulation der Injektion das Wasser entweder durch die Oberflächen des PTLs eintreten
oder zur Simulation von Kondensation direkt im Material entstehen.
Die Ergebnisse der Modellierung werden mit Wasser-Injektions-Versuchen aus der Literatur verglichen. Eine gute Übereinstimmung wird sowohl im Zusammenhang zwischen
Kapillardruck und Sättigung als auch in der Flüssigwasser-Verteilung im PTL gefunden.
Durch Annahme eines Szenarios mit Kondensation unter dem Steg des Gasflussfeldes wird
offensichtlich, dass kondensierendes Wasser eine Brücke von der injizierten Grenzfläche zur
Oberfläche unter dem Kanal bilden kann. Hierüber wird entstehendes Flüssigwasser mit
niedrigem Injektions-Druck von der injizierten Oberfläche zum Kanal transportiert, was eine
reduzierte Sättigung unter dem Gaskanal zur Folge hat. Kondensierendes Wasser unter dem
Steg kann somit die Sauerstoff-Diffusion verbessern und zu einer Erhöhung der Leistungsfähigkeit der Brennstoffzelle beitragen.
Um den Einfluss der PTL-Materialien auf die Leistung der Brennstoffzelle zu untersuchen, wird das diskrete Wasser-Pfad Perkolations-Modell in ein Kontinuum-Brennstoffzellen-Modell integriert, welches die thermodynamischen Prozesse der Brennstoffzelle beinhaltet. Ein iterativer Kopplungs-Algorithmus wird vorgestellt, welcher die In- und Outputs
der beiden Teilmodelle ineinander überführt. Die Ergebnisse der Modellierung deuten an,
dass unter feuchten Betriebsbedingungen das Phasenwechsel-Szenario einen entscheidenden
Einfluss auf den Flüssigwassertransport zum Gaskanal hat. Weiterhin zeigen die Modellergebnisse, dass Verbesserungen des Wasserhaushalts und der Zellleistung durch die Integration eines MPL auf Veränderungen von Prozessen nahe der Grenzfläche zwischen CCM
und PTL zurückzuführen sind. Das Hinzufügen eines MPL reduziert die Sättigung im FS
durch die Reduzierung der Injektions-Stellen auf produktionsbedingte Risse im MPL, was
sich positiv auf die Sauerstoff-Diffusion im FS auswirkt. Des Weiteren reduziert der MPL
die Größe der sich auf der CCM bildenden Wassertropfen, welche den Zugang des Sauerstoffs zu den aktiven Zentren direkt blockieren.

ix
Die größtenteils unbekannte Sorptionsrate der CCM und die in-plane Permeabilität in
unmittelbarer Umgebung der CCM/PTL Grenzfläche werden als wichtige Parameter für die
Brennstoffzellen-Leistung identifiziert. Da der Druckaufbau durch injiziertes Flüssigwasser
stark von diesen Parametern abhängt, tragen sie maßgeblich zur Flüssigwasserverteilung
unter dem Kanal und in der Nähe der CCM/PTL Grenzfläche bei.

Contents
Author’s Publications

xv

List of Abbreviations

xix

List of Symbols

xxi

1

Introduction
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1.2 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1.3 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2

Fundamentals
2.1 PEM fuel cell components . . . . . . . . . . . . . . . . .
2.1.1 Catalyst coated membrane (CCM) . . . . . . . . .
2.1.2 Gas and coolant distribution plates (GDPs) . . . .
2.1.3 Porous transport layer (PTLs) . . . . . . . . . . .
2.2 Loss mechanisms in fuel cells . . . . . . . . . . . . . . .
2.2.1 Overpotential at open circuit voltage . . . . . . . .
2.2.2 Activation overpotential . . . . . . . . . . . . . .
2.2.3 Ohmic overpotential . . . . . . . . . . . . . . . .
2.2.4 Concentration overpotential . . . . . . . . . . . .
2.3 Water Management . . . . . . . . . . . . . . . . . . . . .
2.3.1 Water transport in the membrane . . . . . . . . . .
2.3.2 Liquid water transport in the porous transport layer

3

Liquid water visualization
3.1 Overview of visualization techniques . . . . . . .
3.1.1 Reflectometry methods . . . . . . . . . .
3.1.2 Transmission methods . . . . . . . . . .
3.2 Liquid water transport visualization in an ESEM .
xi

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.

1
1
2
4

.
.
.
.
.
.
.
.
.
.
.
.

7
8
10
11
12
14
14
15
16
16
17
19
20

.
.
.
.

23
23
24
25
28

xii

CONTENTS
3.2.1
3.2.2
3.2.3

3.2.4
3.2.5
4

5

ESEM Principle . . . . . . . . . .
Experimental . . . . . . . . . . . .
Results . . . . . . . . . . . . . . .
3.2.3.1 External Pressure Method
3.2.3.2 Condensation Method . .
Discussion . . . . . . . . . . . . .
Conclusions . . . . . . . . . . . . .

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

PTL modifications
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2 Characterization techniques . . . . . . . . . . . . . . . . . . . . . . .
4.2.1 U-I characteristics . . . . . . . . . . . . . . . . . . . . . . .
4.2.2 Electrochemical Impedance Spectroscopy . . . . . . . . . . .
4.2.3 ESEM/EDX analysis . . . . . . . . . . . . . . . . . . . . . .
4.2.4 Synchrotron visualization . . . . . . . . . . . . . . . . . . .
4.3 Experimental study on the influence of PTL modifications . . . . . .
4.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.2.1 PTL preparation . . . . . . . . . . . . . . . . . . .
4.3.2.2 Synchrotron Radiography . . . . . . . . . . . . . .
4.3.2.3 In-situ performance characterization . . . . . . . .
4.3.2.4 Ex-situ analysis . . . . . . . . . . . . . . . . . . .
4.3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.3.1 Influence of laser-perforation . . . . . . . . . . . .
4.3.3.2 Influence of different modification techniques . . .
4.3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.4.1 Side-effects of the laser-perforation technique . . .
4.3.4.2 Influence of modifications on the water management
4.3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.6 Acknowledgments . . . . . . . . . . . . . . . . . . . . . . .
4.3.7 Appendix: Thermal perforation model . . . . . . . . . . . . .
Modeling the water management
5.1 Introduction . . . . . . . . . . . . . . . . .
5.2 Liquid water percolation model . . . . . . .
5.2.1 Introduction . . . . . . . . . . . . .
5.2.2 Model Description . . . . . . . . .
5.2.2.1 PTL Structure Generation

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.

33
35
37
37
38
41
45

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

47
47
47
48
48
49
49
50
53
54
54
55
57
59
59
59
65
68
68
70
75
75
76

.
.
.
.
.

77
77
78
83
85
85

CONTENTS

5.3

6

5.2.2.2 Network Generation . . . . . . . . . .
5.2.2.3 Liquid Water Percolation . . . . . . .
5.2.2.4 Phase Change . . . . . . . . . . . . .
5.2.3 Results and Discussion . . . . . . . . . . . . . .
5.2.3.1 Saturation Distribution . . . . . . . .
5.2.3.2 Capillary Pressure-Saturation . . . . .
5.2.3.3 Oxygen Diffusivity . . . . . . . . . .
5.2.4 Conclusions . . . . . . . . . . . . . . . . . . . .
Combined percolation and continuum fuel cell model . .
5.3.1 Introduction . . . . . . . . . . . . . . . . . . . .
5.3.2 Model description . . . . . . . . . . . . . . . .
5.3.2.1 Discrete PTL network model . . . . .
5.3.2.2 Continuum fuel cell model . . . . . .
5.3.2.3 Coupling algorithm . . . . . . . . . .
5.3.3 Results and discussion . . . . . . . . . . . . . .
5.3.3.1 Liquid water transport and distribution
5.3.3.2 Effect of the MPL . . . . . . . . . . .
5.3.3.3 Effect of FS design . . . . . . . . . .
5.3.3.4 Effect of desorption rate . . . . . . . .
5.3.4 Conclusions . . . . . . . . . . . . . . . . . . . .
5.3.5 Acknowledgments . . . . . . . . . . . . . . . .

Conclusions and Outlook

xiii
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

86
89
90
93
93
95
98
103
105
109
109
109
110
116
118
118
124
125
126
128
136
137

Acknowledgments

141

References

142

Author’s Publications
Peer reviewed journal articles related to this thesis
Investigating the water transport in porous media for PEMFCs by liquid water visualization in ESEM , Fuel Cells 11 (4), 2011, pages 481-488
R. Alink, D. Gerteisen, W. Mérida
Modeling the liquid water transport in the porous layers in PEM fuel cells using a water
path network based percolation model, Energies 6 (9), 2013, pages 4508-4530
R. Alink, D. Gerteisen
The influence of porous transport layer modifications on the water management in polymer electrolyte membrane fuel cells, Journal of Power sources 233, 2013, pages 358-368
R. Alink, J. Haussmann, H. Markötter, M. Schwager, I. Manke, D. Gerteisen
Coupling of a continuum fuel cell model with a discrete liquid water percolation model,
International Journal of Hydrogen Energy Available online, 2014, pages 1-17
R. Alink, D. Gerteisen
Visualization of the water distribution in perforated gas diffusion layers by means of synchrotron X-ray radiography, International Journal of Hydrogen Energy 37 (9), 2012, pages
7757-7761
H. Markötter, R. Alink, J. Haussmann, K. Dittmann, T. Arlt, F. Wieder, C. Toetzke, M.
Klages, C. Reiter, H. Riesemeier, J. Scholta, D. Gerteisen, J. Banhart, I. Manke
Synchrotron radiography, tomography of water transport in perforated gas diffusion media, 239 (1), 2013, pages 611-622
J. Haussmann, H. Markötter, R. Alink, A. Bauder, K. Dittmann, I. Manke, J. Scholta

xv

xvi

Author’s Publications

Influence of cracks in the microporous layer on the water distribution in a PEM fuel
fell investigated by synchrotron radiography, Electrochemistry Communications 34, 2013,
pages 22-24
H. Markötter, J. Haussmann, R. Alink, C. Tötzke, T. Arlt, M. Klages, H. Riesemeier, J.
Scholta, D. Gerteisen, J. Banhart, I. Manke

Peer reviewed journal articles not related to this thesis
Degradation effects in polymer electrolyte membrane fuel cell stacks by sub-zero operation
- An in situ, ex situ analysis, Journal of Power Sources 182 (1), 2008, pages 175 - 187
R. Alink, D. Gerteisen, M. Oszcipok,

Book chapters not related to this thesis
14: Scanning Electron Microscopy, PEM Fuel Cell Diagnistic Tools CRC Press, New York
2011, pages 315 - 333
R. Alink, D. Gerteisen
Fuel Cells - Proton-Exchange Membrane Fuel Cells | Freeze Operational Conditions,
Encyclopedia of Electrochemical Power Sources Elsevier, Amsterdam 2009, pages 931 940
M. Oszcipok, R. Alink

Conference proceedings related to this thesis
Coupling of a continuum fuel cell model with a discrete liquid water percolation model,
Worls Hydrogen Energy Conference 2014 (South Korea) June 16, 2014
R. Alink, D. Gerteisen

Oral presentations at international conferences related to this thesis
Dynamic water management studies by means of perforated GDLs, in-situ ESEM observations, Diagnostic Tools for Fuel Cell Technologies Symposium, Trondheim (Norway), June
24, 2009
R. Alink, D. Gerteisen
Investigation of liquid water transport in untreated, perforated gas diffusion layers for
PEMFC, EMRS spring meeting 2009, Strassburg (France), September 10, 2009
R. Alink, D. Gerteisen, C. Sadeler, C. Hebling

xvii

ESEM imaging of water transport in porous materials for PEMFCs, 7th symposium of
fuel cell modelling, experimental validation, Morges (Switzerland), March 24, 2010
R. Alink, D. Gerteisen, C. Hebling
Investigating the liquid water transport in a PEMFC by ESEM imaging, EIS, 217th Electrochemical Society Meeting, Vancouver (Canada), April 27, 2010
R. Alink, D. Gerteisen
ESEM imaging of water transport in porous materials for PEMFCs, Transpore conference, Villigen (Switzerland), August 19, 2010
R. Alink, D. Gerteisen, C. Hebling
Fiber based modeling of the liquid water transport in gas diffusion layers , Hydrogen +
Fuel Cells 2011, Vancouver (Canada), May 16, 2011
R. Alink, D. Gerteisen
Fiber based modeling of the liquid water transport in gas diffusion layers, 9th symposium of fuel cell modelling, experimental validation, Sursee (Switzerland), April 4, 2012
R. Alink, D. Gerteisen
Water management in perforated Porous Transport Layers, Worls Hydrogen Energy Conference, Toronto (Canada), June 5, 2012
R. Alink, D. Gerteisen
2-phase fuel cell model based on a discrete water transport model, 10th symposium of
fuel cell modelling, experimental validation, Bad Boll (Germany), March 19, 2013
R. Alink, D. Gerteisen
Water management in perforated porous transport layers, Hydrogen + Fuel Cells 2013,
Vancouver (Canada), June 18, 2013
R. Alink, D. Gerteisen, J. Haussmann, H. Markötter

xviii

Author’s Publications

Oral presentations at international conferences not related to this thesis
Lifetime prediction of fuel cells in real applications, Fuel Cells Durability, Performance,
Alexandria (USA), December 8, 2009
R. Alink, D. Gerteisen
Water sorption of commercial membrane electrode assemblies, Electrochemical Society
bianual Meeting 2011, Montreal (Canada), May 3, 2011
R. Alink, S. Henninger, M. Schwager, P. Hügenell, W. Mérida
Poster presentations at international conferences not related to this thesis
Freezing effects in polymer electrolyte membrane fuel cell stacks, Diagnostic Tools for Fuel
Cell Technologies Symposium, Trondheim (Norway), June 24, 2009
R. Alink, D. Gerteisen, Oszcipok, M., C. Hebling
Discrete, fiber-based modeling of liquid water transport in gas-diffusion layers for PEM
Fuel Cells, 8th symposium of fuel cell modelling, experimental validation, Bonn (Germany),
March 8, 2011
R. Alink, D. Gerteisen, W. Mérida
Oral presentations at international workshops not related to this thesis
Fuel Cell characterization @ Fraunhofer ISE, Fuel Cell Workshop, Capetown (South Africa),
March 11, 2013
R. Alink, C. Sadeler, U. Groos
STAMPEM- degradation issues regarding mobile fuel cells, Degradation of PEM Fuel
Cells Workshop, Oslo (Norway), April 4, 2013
R. Alink

List of Abbreviations
ACL
BT
CCM
CCL
CFF
CL
ECS
EDX
EIS
ESEM
EW
FSC
FS
GDL
GDP
GSED
HFR
hum
IP
LB
MPL
OCV
ORR
ohum
PE
PEM
PTFE
PTL
RH

Anode Catalyst Layer
Beam-time
Catalyst Coated Membrane
Cathode Catalyst Layer
Coolant Flow Field interface
Catalyst Layer
Electrochemical Surface
Energy Dispersive X-Ray
Electrochemical Impedance Spectroscopy
Environmental Scanning Electron Microscope
Equivalent Weight
Fibrous Substrate/Channel interface
Fibrous Substrate
Gas Diffusion Layer
Gas Distribution Plate
Gaseous Secondary Electron Detector
High Frequency Resistance
Humidified
In-plane
Lattice Boltzman
Microporous Layer
Open Circuit Voltage
Oxygen Reduction Reaction
Over-humidified
Partial Equation
Polymer Electrolyte Membrane
Polytetrafluorethylen
Porous Transport Layer
Relative Humidity
xix

xx

List of Abbreviations
SEM
stoic
TP
UM
2D
3D

Scanning Electron Microscope
Stoichiometry
Through-plane
Unstable meniscus
2-dimensional
3-dimensional

List of Symbols
Symbols
a
A
b
c
cM
Ca
d
d
D
Dp
er
f
F
g
h
i
i0
ĩ
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Chapter 1
Introduction
1.1

Background

Today, one of our society’s most important challenges is to drastically change the energy
economics as we are used to for three reasons.
First, the shortage of our fossil energy resources raises the strong need to reconsider the
current structure of our energy supply system. While the energy demand especially of the
developing countries is rapidly increasing, our natural energy resources like oil and gas are on
the decline. Second, many energy delivering countries are politically unstable and we should
no longer risk the high level of dependence. And third, already before the report of the IPCC
on climate change in 2007 [1] it was well known that the carbon dioxide concentration in
the earth’s atmosphere results in global warming and consequently in significant climatic
and economic problems. The energy economy as the major contributor to CO2 emissions
therefore has to reduce its emissions to limit the damage.
On this basis, in 2011 the German government announced the “Energiewende”, shortly
after the nuclear disaster in Fukushima proved again that nuclear energy is a very risky
alternative for the energy supply based on fossil fuel. Therein, the German government
decided to drastically change its energy system and the total shutdown of all nuclear power
plants until 2022 [2]. Most of the missing electric power will be replaced by renewable
energies which shall contribute to 50% of the energy generation in 2030 [3] and green-house
emissions shall be reduced by 89% in 2050 compared to 1997 [2]. Solar and wind energy are
considered as the main contributors which, however, have a significantly fluctuating energy
feed-in. Even though only 23% of the energy was generated by renewable energies [4], the
energy price became temporary negative in 2012 [2].
In order to ensure reliable energy supply despite such fluctuating energy generation and to
even compensate for the seasonal fluctuations, a significant amount of energy must be stored
over a long time span. Here, hydrogen as a regenerative energy carrier has the potential to
1
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play a major role in the renewable energy economy. With its plentiful availability and easy
storage it can be used in an environmentally friendly way to store significant amounts of
energy. In times of high energy generation, hydrogen can be produced by water electrolysis
as a controllable load for the power grid and reconverted to electrical energy during times of
high energy demand. Volumes for storing hydrogen in huge amount are available and inexpensive. For example the ConocoPhillips Clemens Terminal in Texas is a disused salt cavern
which can store the energy equivalent of 92 GWh Hydrogen in a volume of 580.000 m3 at a
pressure range between 7.0 and 13.5 MPa.
Within the regenerative hydrogen economy, fuel cells unfold their potential as highly
efficient energy conversion devices. They are considered as a key technology for applications
in different portable, mobile and stationary devices with a broad range of power allocation.
In contrast to batteries, in fuel cells the conversion device is separated from the energy
storage which enables the conversion power to be designed independently from the energy
storage capacity. If using hydrogen and air as reactants, fuel cells are locally emission free
and the only byproduct is water. The energy conversion efficiencies are between 60 and
84% for electricity to hydrogen and between 40 and 50% for hydrogen to electricity [5].
Considering that the fluctuating power results in even temporarily negative energy prices,
these conversion losses are acceptable in times of excessive supply of energy.
Besides feeding the converted energy back into the grid, the electric energy can also be
converted on-site for example in fuel cell electric vehicles. Since fuel cells are locally emission free, this would enable an emission free mobility. In contrast to battery electric vehicles,
the drawbacks of fuel cell electric vehicles compared to up-to-date combustion vehicles in
terms of refueling time and capacity are small. Driving ranges of 500 km are reached already
today with a refueling time of a few minutes. However, in terms of the carbon footprint,
the hydrogen based mobility only makes sense if the hydrogen is produced from renewable
sources [6].
For the public acceptance of hydrogen fuel cell cars, a dense hydrogen infrastructure is
required. Current programs therefore aim to develop this infrastructure within Germany. In
2012, 15 public hydrogen fueling stations are in operation and 50 are planned by 2015 [6].

1.2

Motivation

For the integration in mobile applications, today’s polymer electrolyte membrane (PEM)
fuel cells are widely accepted to be the most promising type of fuel cells. This results mainly
from their comparably low cost, high power density, low operating temperature and their
capability of highly dynamic operation. However, since fuel cells compete with combustion
engines and batteries that have been intensively developed over more than one century, the
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market introduction is still shelved until a competitive degree of maturity is reached. Since
lifetime and cost are the major drawbacks of the fuel cells today, research and development
therefore focuses on improvement of stability, durability and, most importantly, the reduction
of the cost per power output.
To reduce costs, either the component costs have to be decreased or the overall efficiency
has to be increased. At high power operation, mass transport losses are the most limiting and
therefore have the highest potential for efficiency optimization. These losses result from an
inefficient supply of reactant gases to the active zones and are vastly influenced by the water
management in the cell. Because the water generation is proportional to the cell current, at
high power output liquid product water clogs the paths for the reactant transport and hinders
the reaction.
Due to the importance of the water management, this topic has been addressed by research
and development intensively for several years. Nevertheless, since the thermodynamics are
very complex and the relevant processes occur on the micro and nano scale, there are still
many open questions.
Component development so far has been more or less a process of trial and error due to
the complexity of the topic. For example, it is understood that adding a microporous layer
(MPL) to the porous transport layer (PTL) in the cell improves the cell performance but the
reasons are still subject of speculations (Section 2.3.2).
The maximum current output of a PEM fuel cell is well known to be mostly limited by
the maximum reactant diffusion rate in the porous layers. However, taking into account
the well characterized material diffusivity of the PTL, one can easily calculate that the gas
supply would result in a current generation that is more than 10-times higher than what can
be measured in the laboratory. The missing diffusion resistance is often associated with the
blockage of reactant transport due to liquid water in the diffusion paths or the still not known
diffusion path within the catalyst layers. Since it is already present at intermediate currents,
it decreases the efficiency at nominal power and the maximum power output significantly.
The aim of this thesis
... is therefore to investigate the water management and to identify the major losses that
occur due to flooding in the different diffusive paths. In a greater perspective the findings
should render recommendations for material modifications to improve the cell efficiency and
to widen the operating window.
This objective is approached by:
• developing a visualization technique for investigating the liquid water transport characteristics and mechanisms
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• characterizing the effect of structure modifications on the water management
• developing a model of the liquid water transport mechanisms in the porous media
• developing a model to investigate the effect of the water transport on the cell performance

1.3

Outline

In chapter 2, the fundamental theoretical background for this thesis is provided. First, an
overview over the main PEM fuel cell components is given, before the theoretical background of the fuel cell working principle is explained. The subsequent section describes the
optimization problem of the water management and gives an overview and introduction in
the relevant processes.
To investigate the liquid water transport mechanisms, in chapter 3 a novel method to
visualize the liquid water movement through the pore structure of the Fibreous Substrate (FS)
is introduced. An Environmental Scanning Electron Microscope (ESEM) is used to visualize
the water breakthrough through different PTLs with a very high resolution in an ex-situ
experimental setup. Two different methods are developed where the liquid water is injected
into the PTL either by an external pressure gradient or by condensing water in the PTL
interface. The method is applied to investigate the phenomenological water configuration
during percolation in modified and unmodified PTLs.
The influence of PTL modifications on the water management is analyzed in chapter 4.
Slits and holes are either drilled or laser perforated into the PTL and the changed water management and material characteristics are analyzed by synchrotron radiography, ESEM and
energy dispersive X-Ray (EDX) characterization, U/I characteristics and water balancing.
The results are correlated in a way to draw conclusions on the changed water management
as well as on basic water transport mechanisms in unaltered cells.
The obtained results of the water transport characterization are transcribed into a fuel
cell model which is described in chapter 5. To capture the liquid water percolation in a
realistic way, a novel modeling approach is described in Section 5.2. It is assumed that the
liquid water travels along stable water paths between object pairs through the FS. Based on
the water dynamics simulation, a water transport network is generated which is used as a
basis for a subsequent liquid water transport simulation with low computational effort. The
condensation scenario is evaluated and condensation under the flow field land is identified to
be crucial for the water percolation and the oxygen diffusivity.
The fast calculation time enables the implementation of the percolation model into a 3dimensional fuel cell model to evaluate the effect of the PTL design on the fuel cell processes.
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The implementation strategy and algorithm is presented in Section 5.3. The model is used
to evaluate the impact of different PTL design parameters like Polytetrafluorethylen (PTFE)
content, the application of an MPL and PTL perforation on the fuel cell thermodynamics
and performance. The modeling results reveal that the interfacial processes between PTL
and CCL are most important for the fuel cell performance. The positive impact of the MPL
is attributed to the change of the interfacial processes to a large extent. Critical parameters
are identified to be the in-plan liquid water permeability and the adsorption/desorption rate
of the CCM.

Chapter 2
Fundamentals
PEM fuel cells convert the energy of a fuel together with an oxidant to electrical energy in a
direct way.
The maximum usable energy that can be converted from a fuel at a given temperature T
and pressure p, is the difference between the molar free energy g of the products and educts
∆g = gproducts (p, T ) − geducts (p, T )

(2.1)

In the case of hydrogen PEM fuel cells, hydrogen and oxygen are converted to water and
∆g of this reaction is converted to electrical and thermal energy. At atmospheric conditions
(T = 25◦C, p = 1 atm) this leads to a maximum conversion energy of
1
H2 + O2 → H2 O, ∆g = −237.3 kJmol −1
2

(2.2)

In a combustion process, the shared electrons of the product transfer directly from the
educts to the products, while ∆g is dissipated in form of usable heat. To generate electrical energy, an additional conversion step has to be appended. In contrast, in fuel cells the
transferred electrons of the reaction are conducted over an external load where their energy
can directly be used as electrical energy. Since fuel cells do not underlie the restrictions of
the Carnot process, conversion efficiencies higher than 50% in operation are possible (Section 2.2).
The fuel cell conversion process is divided into two half cell redox reactions: the electron
generation at the anode and the recombination together with with the oxidant at the cathode.
anode :
cathode :

H2 ↔ 2H + + 2e−
1
O2 + 2e− + 2H + ↔ H2 O
2
7

(2.3)
(2.4)
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The Galvani potential of the cathode electrode Φca can be calculated taking into account the
free energy in equation 2.2
−∆g
Φca =
= 1.229 V
(2.5)
nF
with F as the Faraday constant and n (= 2) as the number of transfered electrons per reaction
step. The potential at the anode Θan is the potential of hydrogen at a platinum electrode
which is 0 V per definition
Φan = 0 V
(2.6)
If connected over an electrolyte, the open circuit voltage (OCV) can be measured between
the anode and cathode electrode
OCV = Φca − Φan = 1.229 V

(2.7)

If shifting away from the Galvani potentials (Section 2.2.2), the electrons and protons in
Equations 2.3 and 2.4 migrate from the anode to the cathode electrode to run the reaction.
For the conversion of ∆g to electrical energy, the migration of the protons and the electrons
takes place through separate conductors. The electrons migrate through the electrical load
where the conversion energy is utilized. The protons migrate through the ionomer which acts
as the electrolyte and is a selective conductor for protons.

2.1

PEM fuel cell components

One of the main advantages of PEM fuel cells compared to other energy conversion devices
is the very flat design of the electrochemically active components. In commercial devices
most often catalyst coated membranes (CCMs) are applied where the anode and cathode
catalyst layers are directly supported on an ionomer membrane. The CCMs therefore contain the whole functionality for the conversion reaction and can have a thickness lower than
20 µm. Without any further components, conversion devices with a very high power density are therefore procurable. However, to continuously supply the electrochemically active
components with reactants, this raises the need for a number of additional components.
Figure 2.1 shows a scheme of a single fuel cell. In the setup center is the CCM as the
electrochemically active component. The supply of fuel and oxidant is realized through
the gas channels by gaseous convection. The gas transport from the channel to the CCM
is mainly a diffusive process through the porous transport layer (PTL) which commonly
consists of a fibrous substrate (FS) and a microporous layer (MPL) 1 . Besides providing the
1 Historically,

the PTL was a single layer and named “Gas diffusion layer (GDL)”. After the MPL was
introduced, the naming GDL was used for both the MPL and the FS or only the FS in the research community
in an ambiguous way. To avoid confusion, the author prefers to use the abbreviations ‘PTL’and ‘FS’.
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diffusive path, the PTL has to conduct the electrons efficiently from the site of production in
the anode to the site of the oxidation reaction in the cathode.
To increase the power output of a single fuel cell, either the current or voltage output
have to be increased. While the cell current is proportional to the size of the active cell area,
according to Equation 2.7 the maximum voltage is fixed by the used reactants. In commercial
fuel cell devices, the single cells are therefore often stacked and connected in series to adjust
the voltage output by the number of stacked cells.

cooling

anode
cathode
GDP
FS MPL CCM MPL FS
GDP
400 150 50 25 µm 50 150 700

Figure 2.1: Scheme of a fuel cell including the components: GDP: Gas distribution plates, FS:
Fibrous Substrate, MPL: Microporous Layer, CCM: Catalyst Coated Membrane. The typical dimensions are in µm.

To maintain a high power density, to save material cost and reduce ohmic losses, the
thickness of the different layers in the stack has to be minimized. Besides the thickness,
the electrical resistance of the components is another optimization criterion. To reduce the
contact resistances between adjacent layers and to ensure the functionality of the sealing,
fuel cell devices are always compressed to a certain extend.
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Catalyst coated membrane (CCM)

The CCM is the electrochemically active component in the fuel cell. The anode- and cathode catalyst layers are deposited on both sides of the proton conductive polymer electrolyte
membrane. The requirements for the membrane are high protonic conductivity and low
crossover of electrons and gases. The molecular structure of the ionomer is based on a structure similar to Polytetrafluorethylen (PTFE) while sulphonic acid HSO3 groups are ionically
bonded (SO3 −) to the backbone of the PTFE for the protonic conductivity [7]. Within the
hydrophobic PTFE backbone, the SO3 − groups form hydrophilic clusters, which are able to
absorb high quantities of water. In these clusters, relatively loosely bound H+ groups form
if water is adsorbed, leading to the desired protonic conductivity of the ionomer. The number
of water molecules attached to each sulphonic group λ can reach up to 21 [8].
Since the proton transport mechanism is based on the dissolved water molecules, the
ionomer conductivity is highly dependent on the amount of absorbed water. Due to the high
desorption rate, low humidity of the gases which are in contact with the polymer leads to
drying and low protonic conductivity as a result. Operating with dry reactant feed gases
therefore can lead to significant performance losses due to ohmic losses in the ionomer.
Figure 2.2 shows that the protonic conductivity of a commercial CCM (derived by high
frequency resistance (HFR) measurement) is highly dependent on the relative humidity (RH)
surrounding the CCM.

Figure 2.2: Protonic and electronic conductivity versus the relative humidity of a commercial
Gore R PrimeaTM CCM.
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For both the anodic and the cathodic reactions (Equations 2.3 and 2.4) to take place, the
electrons, protons and reactant species have to be present and mobile at one single place
simultaneously. Therefore, the active zone is reduced to a three phase boundary where the
electron, proton and reactant transport media meet.
For maximizing the size of this three phase boundary, a carbon powder with particle size
in the nanometer range is mixed together with an ionomer solution. PTFE is added to the
solution to increase the water repellent properties and a catalyst is joined onto the carbon
particles to increase the reaction rate. The solution is then deposited onto the membrane
using either printing or spraying methods [9]. After the solvent is evaporated, the ionomer in
the catalyst layers forms a protonic bridge to the membrane and a highly porous, electrically
conductive structure remains on the membrane. Due to the rareness of gas/ionomer/carbon
interfaces and the solubility of oxygen and hydrogen in the ionomer, the main active catalyst
particles are located in the ionomer in the interface to the electric conductor to have contact
to all three phases. The reactant transport to the three phase boundary therefore takes place
mainly in the proton conductive phase.
Despite its high cost, still platinum is most often used as a catalyst in both catalyst layers.
Present CCMs for hydrogen-air PEM fuel cells have a platinum loading of about 0.4 mgcm−2
on the cathode side and 0.1 mgcm−2 on the anode side. The 5 − 15 µm thick catalyst layers have shown to enable current densities higher than 2 Acm−2 with air as oxidant [10],
dependent on the operating conditions.

2.1.2

Gas and coolant distribution plates (GDPs)

The gas distribution plates (GDP, Figure 2.3) have the function to distribute the reactant gases
and the coolant liquid laterally over the active area and to transport electrons and heat. This
is realized by a channel-land pattern (flow-field), directing the media from respective inlets
to the outlets.
In fuel cell stacks, the cathode plate is connected in series with the anode plate of the
respective subsequent cell. In bipolar plates, both the anode- and the cathode gas distribution
channels (flow-fields) of the subsequent cell are realized in one plate to minimize material
usage, cell pitch and ohmic resistance. In actively cooled stacks, a coolant flow-field is
included in- between the gas flow-fields by joining two half-cells.
The patterns and design of the gas and coolant flow-fields influence the temperature and
gas concentration distribution significantly. While the concentration of oxygen decreases,
the concentration of product water increases from the gas inlet to the outlet of the cell. Accordingly, the influence of the GDP design on the water management is very high since these
parameters significantly influence the phase change by the water vapor concentration and
temperature distribution. Furthermore, the shape and number of parallel gas-channels influ-
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ences the gas velocity and therefore the potential to drive liquid water droplets out of the
channel.
Due to the high corrosion resistance and good thermal/electrical properties, most often
graphite compound is used as a base material for the GDPs. For cost reduction, the plates are
often injection molded. Metallic bipolar plates out of coated stainless steel or aluminum are
becoming more attractive due to their good mechanical properties, low cost and thin design.
Since metallic bipolar plates are most often formed metal foils, two half forms are welded
together while the hollow in the middle forms the coolant channels.

Figure 2.3: Example for a graphitic gas distribution plate, used in PEM fuel cell stacks (courtesy of
Fraunhofer ISE).

2.1.3

Porous transport layer (PTLs)

To avoid conversion losses in the fuel cell, the products, educts, electrons and heat have
to be transported efficiently from their respective sources to the sinks in the catalyst layers
and the GDPs. In general, the lateral distribution over the active area of these sources and
sinks is very uneven due to the channel/land pattern of the GDPs. This results in significant
inhomogeneities in the electrical and thermal conductivity as well as in the gas supply and
mechanical support. For optimizing the material usage and for performance improvement,
the inhomogeneities are smoothed by integrating a porous transport layer (PTL) in-between
the catalyst layers and the GDPs (Figure 2.1). Good electrical, thermal and gas transport
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properties as well as a high mechanical stability are the key properties of the PTL. Due
to their high relevance for the loss mechanisms in fuel cells (Section 2.2) these layers are
considered a key component for the fuel cell performance. For the water management (Section 2.3) the PTL plays a key role due to the high coupling of the water management with
the liquid water and gas transport in the PTL.
The harsh environment of high water concentration, oxidizing and reducing atmosphere,
high potentials and elevated temperatures places high demands on the corrosion resistance
of the material. Common PTLs, therefore, are based on a corrosion resistant carbon fiber
substrate (FS). The carbon fibers with approximately 10 µm diameter are joined together
using a binder. To increase the electrical conductivity, a filler based on carbon powder is
added to the FS in some cases.
In recent years, much progress has been made in optimizing the components with respect
to the water management properties. By adding PTFE to the FS the hydrophobic effect is
increased to avoid water accumulations. The negative aspects are that the additional material
reduces the pore space for the gas transport by lower porosity and that the PTFE decreases the
electrical conductivity. Furthermore, by increasing the entry pressure for the liquid water into
the FS, liquid water accumulates preferably in the CCL or the CCL/PTL interface. Although
these locations are very sensitive to water accumulations due to the direct blocking of the
reactant access, different researchers found a significantly increasing cell performance under
humid conditions by adding PTFE to the FS [11–15].
In most commercial PTLs, a microporous layer (MPL) is attached to the FS on the side
towards the CCL. The MPL consists of a micro-porous structure of carbon and PTFE is also
added to increase the hydrophobic effect. The microporous surface of the MPL improves
the contact resistance between the PTL and the CCM and reduces the risk of fibers piercing
through the membrane. However, the main beneficial role of the MPL is attributed to the
improved water management which is not yet fully understood (Section 2.3.2).
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2.2

Loss mechanisms in fuel cells

Equation 2.7 describes the theoretical open circuit voltage of a hydrogen/oxygen fuel cell.
In the practical application, the fuel cell output voltage will be lower due to different loss
mechanisms. The contribution of the different loss mechanisms to the deviation from the
OCV can be described by overpotentials. Figure 2.4 shows a typical current-voltage characteristic of a hydrogen/air PEM fuel cell and the contributions of the different overpotentials,
described in the following.

Figure 2.4: Typical hydrogen/air PEM fuel cell polarization curve with the loss mechanisms: Overpotential at open circuit ηint , activation overpotential ηact , ohmic overpotential ηΩ and concentration overpotential ηcc , reproduced from M. Oszcipok [16].

2.2.1

Overpotential at open circuit voltage

Even when no current passes the external load, different losses are already present, leading
to a reduced OCV.
1. The electrons produced by the electrochemical reaction in the anode catalyst layer do
not take the path through the external load when migrating to the cathode compartment.
This can either occur due to the finite electrical resistance of the membrane or an
external short-cut.
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2. Gas crossover through the membrane can result in overpotential due to mixed potential
formation. Due to the solubility of hydrogen in the ionomer and the small molecule
size, mainly hydrogen diffuses from the anode through the membrane to the cathode.
It then reacts together with the oxygen at the cathode catalyst. Since therefore the
electrode is always under load, the resulting activation-overpotential (Section 2.2.2)
suppresses the OCV.
Both effects directly scale with the thickness of the membrane but in opposite directions.
However, the ohmic losses due to the finite protonic conductivity of the membrane (Section 2.2.3) increase with higher thickness. Since they succeed the losses at OCV in most
applications, up-to-date commercial CCMs have reduced the membrane thickness to as low
as 15 µm. The OCV of these CCMs is commonly in the range between 0.9 and 1.0 V .

2.2.2

Activation overpotential

Equations 2.3 and 2.4 describe the redox reactions occurring at the cathode and anode electrode respectively. In the resting state, at both electrodes the forward and backward processes
balance and the net conversion rate is zero. For generating a net current density the reaction
towards the product has to dominate which is achieved by shifting the electrode potentials
away from the respective equilibrium potentials in Equations 2.3 and 2.4. This shift is called
the activation overpotential η and can be regarded as the driving force for the electrochemical
reaction.
The conversion rate at both electrodes i is strongly dependent on η which is described by
the Buttler-Volmer equation [17]





−nF(1 − α)η
−nFαη
− exp
(2.8)
i = −i0 exp
RT
RT
with F as the Faraday constant, n as the number of electrons transferred per reaction step,
R the ideal gas constant and T as the temperature. The exchange current density i0 is defined
as the rate of the back and forward reactions at equilibrium and is a measure for the catalyst
activity. The symmetry of the energy barrier between the back and forth reaction is described
by the transfer coefficient or symmetry factor α [17].
In a fuel cell, the half cell reactions are coupled by the cell current i. The anodic and
cathodic overpotentials adjust according to the electrode reactivity which is defined by α
and i0 . For fuel cell applications, the overpotential at the anode electrode is generally much
smaller than at the cathode and can often be neglected [18]. Additionally, when operating
below 900 mV cell voltage the anodic reaction at the cathode electrode can be neglected.
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This leads to a simple description of the dependency of the conversion rate on the overpotential at the cathode ηca [18]
i = −i0,ca exp

η 
ca

a

(2.9)

which is also known as the Tafel Equation. The tafel slope a is defined as
a=

RT
−nFαca

(2.10)

Due to the logarithmic dependency of the activation overpotential on the current generation, the activation overpotential is the most pronounced in the low current density region
(typically lower than 0.1 Acm−2 ).

2.2.3

Ohmic overpotential

Voltage losses by the charge migration in the electrical and protonic conductors are categorized by the term “ohmic overpotentials”. According to Ohm’s law, the voltage drop is
proportional to the current and is therefore most pronounced in the medium to high current
density region. The major contributor to the ohmic overpotential is the protonic resistance
of the ionomer.

2.2.4

Concentration overpotential

The reaction rate determining exchange current densities i0 in Equation 2.8 are not independent from the concentration of the respective educts. Rather, i0 is often assumed to be
linearly dependent on the reactant concentration c j
c =1

i0 = i0 j

·cj

(2.11)

In the low current density region the gas diffusion through the PTL is fast enough to ensure
an educt concentration that is almost equal to the concentration in the channel and independent on the current density. However, at higher currents the increasing educt consumption
results in a significant concentration drop from the gas channels to the active sites. The
overpotentials attributed to the reduced educt concentration are referred to as concentration
overpotentials.
Since the reactant concentrations decrease along the gas channels, the concentration overpotential is generally more pronounced towards the gas outlets. In hydrogen-air fuel cells
it is also significantly higher on the cathode than on the anode due to several reasons. The
larger size of the oxygen molecule compared to the hydrogen molecule results in a lower
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diffusivity and the oxygen is strongly diluted by the residual gases (primarily nitrogen) in
the air. Additionally, the product water is generated on the cathode side, further diluting
the cathode gas by water vapor and leading to the formation of liquid water in the diffusion
pathways (Section 2.3).
The influence of the concentration overpotential on the cell voltage is the most pronounced at high current densities. Due to the domination of the exponential function in
Equation 2.9 for high overpotentials, the dependency of the current on the concentration
becomes significant only for very low concentrations.

2.3

Water Management

The term ”water management“ describes the optimization between the demand for a high
water content in the ionomer and a low liquid water content in the reactant supply paths.
Ohmic losses increase with lower membrane water content and have to be balanced with the
increasing concentration overpotentials due to the liquid water formation at high humidity.
Furthermore, flooding can accelerate degradation of the catalyst layer and the porous transport layer (PTL) due to PTFE loss [19, 20] and lead to formation of hot spots due to local
reactant starvation. Both loss mechanisms have the highest impact at high currents making
the water management the most essential for the efficiency and stability at high power densities. Nevertheless, even at low current densities drying of the ionomer due to a low water
production rate can lead to high efficiency losses.
Figure 2.5 displays the water transport processes in the membrane and the diffusion media
which are the most relevant for the water management. The water is generated in the CCL
by the electrochemical reaction (Equation 2.4) with a rate of 5.6 ml(liquid)/min/A. The gas
channels are the sinks for the product water, where it is transported to the cell outlet. Due
to the operation of PEM fuel cells below 100◦C, the transport in-between the CCL and the
channels can be either in the liquid or gaseous state.
To optimize the water management, the operating conditions can be adjusted in a way
that condensation and drying are balanced and losses are minimized. This can be realized
for example by adjusting the temperature distribution according to the locally changing gas
humidification to obtain a homogeneous relative gas humidity. Additionally, the water concentration of the inlet gas can be adjusted according to the operating point of the cell in a
way that drying at the inlet and flooding at the outlet are kept in an acceptable range.
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Figure 2.5: Schematic of the water management on the cathode side with typical component dimensions in µm.

Despite the peripheral cost for the humidification control, keeping the cell in an optimum humidification condition is difficult. In dynamic operation the relevant parameters can
change very quickly, making a control very difficult. From Figure 2.2 it is also obvious
that at very high humidity the protonic conductivity increases most significantly with higher
humidity. A maximally humidified membrane is therefore essential for a highly efficient
operation with low ohmic losses at medium and high currents.
A more promising method than adjusting operating conditions is therefore the optimization of the components with respect to the water management. To escape the dilemma between ohmic and concentration losses, the components have to be designed in a way that
operation at condensing conditions is possible without increasing losses by liquid water in
the gas diffusion paths.
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Water transport in the membrane

The water transport in the membrane is driven by three different processes. The electroosmotic drag and the thermo-osmosis actively unbalance the water content while the water
diffusion balances the water content.

The Electro-osmotic drag jEOD results from the proton transport mechanism in the membrane. When the proton traverses the ionomer, it drags a number of water molecules from the
anode to the cathode side. The number of water molecules dragged by each proton is defined
by the electro-osmotic drag coefficient. The reported coefficients for a Nafion R ionomer
reach from 0.9 to 6 and 0.51 for Gore select R membranes [21] but show a significant dependency on the water content and temperature.

Water transport by thermal gradient j∆T . Despite the active flow of water through the
membrane by the electro-osmotic drag, different groups report a water flow resulting from
temperature gradients over the different cell layers [22–28]. These thermal gradients are
likely to occur in a running fuel cell due to the endothermic oxidation reaction on the anode
and the exothermic reduction reaction on the cathode side. Even though the thermal diffusion
over the thin membrane does not allow for huge gradients, the temperature driven flow can
be significant. Kim et al. report a j∆T as high as the water production at 400 mAcm−2 at a
∆T of 0.3 K with liquid water on both sides [25].
Different groups found that the flow by thermal gradients is from the hot to the cold side
[22–24, 28] while others report a flow in the opposite direction [22, 25, 27]. Kim et al. found
two processes that are involved in the transport which are oriented in opposite directions
[25]. They report a flow by thermo-osmosis that is oriented from the cold to the hot side and
is caused by an entropy change throughout the membrane. Under certain configurations, the
thermo-osmosis is superimposed by a phase change induced flow through the porous media
that is in the opposite direction. The phase change induced flow has the same reasons as a
heat-pipe effect and results from water vapor partial pressure gradients in combination with
condensation.

Water diffusion jDi f f is forced by the dissolved water content gradient in the membrane.
Due to the electro-osmotic drag and the water production on the cathode side, a low water
content on the anode and a high water content on the cathode side is the standard in a running
fuel cell. Since the direction of diffusive flux is oriented against this gradient, it generally
moves the water from the cathode towards the anode.
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Liquid water transport in the porous transport layer

The PTL is a highly hydrophobic and porous material which has to transport educt gases
and product water efficiently at the same time in opposite directions. Low temperature PEM
fuel cells are often operated close to the maximum water uptake capacity of the supply gases
to maximize the protonic conductivity in the polymer membrane. Due to the product water generation, a significant proportion of the water transport is in the liquid state already
shortly after the gas enters the cell. To understand the 2-phase water transport in the fuel cell
components is therefore a major task for the optimization of the fuel cell performance.

Vr

Vr
Figure 2.6: Liquid water displacement characteristics, dependent on capillary number and viscosity
ratio by Sinha et al. [29]

The Fibrous substrate is the layer between the gas channels and the active area or the
microporous layer. The liquid water transport within the highly hydrophobic and porous FS
is a complex transport phenomenon since the pore size is in the range of 10 µm and the
impact of capillary forces is significant.
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In Figure 2.6, the capillary number Ca of a water/air system in a hydrophobic medium is
plotted against the viscous ratio V r
Ca =

uµH2O
σH2O

(2.12)

Vr =

µH2O
µair

(2.13)

with u as the velocity, µH2O and µair as the viscosity of water and air and σ as the water
surface tension.
For a typical fuel cell application applies V r ≈ 17.5 and Ca ≈ 10−8 [30] which falls in the
capillary regime (Figure 2.6) where the injection rate is very low and the viscous forces are
negligible. In this regime, the capillary threshold to invade a region allows only a fraction of
pores to be open to the liquid water flow [31]. This means that only a fraction of regions have
a connection to the invading fluid and a large number of pores is not invaded even though
the invasion pressure might be lower than the injection pressure. The phenomenological
penetration of the liquid water with this transport mechanism has a fingering- like shape as
displayed in Figure 2.6.
The Microporous layer is attached to the FS on the side towards the CCM. The beneficial
effects on the water management of adding an MPL are not clear yet. However, the gas
diffusivity of the MPL (0.073 [32]) is low compared to the FS (approximately 0.2 with a
porosity of 0.7 [33]). Therefore, the beneficial effects of the MPL must be significant because
they have to outrage the negative influences due to the additional diffusion resistance.
Several contradicting theories claim that the beneficial influence is the dislocation of the
water accumulation zone towards the FS, the improved water back diffusion in the membrane
[34–36], or the reduced number of water breakthrough paths within the FS [37, 38]. Recent
simulation and experimental work support the theory that the cracks in the MPL are the
major contributor to the improved water management [38, 39]. In the cracks, the pressure
for the water to enter the MPL is locally reduced and therefore become preferable pathways
for the water to traverse the MPL. As a result, the number of injection points in the FS is
reduced to the number of cracks in the MPL, leading to an overall reduced saturation in the
FS.

Chapter 3
Liquid water visualization
In recent years, a number of ex-situ and in-situ techniques have been developed to obtain
visual access into the liquid water transport mechanisms and dependencies in PTLs. Due to
their differing advantages and disadvantages, the techniques are applied in different fields of
application. Table 3.1 gives a summary of the resolution, experimental cost and invasiveness
in the fuel cell setup and thermodynamics of the most important visualization techniques.
The listed techniques are described in detail in the following section.
visualization
technique
transparent cell [40]
X-ray radiography [41]
neutron radiography [42]
fluorescence microscopy[43]
ESEM visualization

resolution
experimental
spatial/ µm temporal/ s cost
> 10
<1
low
1-10
< 1 − 10
high
25 − 100
5 − 60
very high
6.8
1
low
< 1 − 10
< 1 − 10
low

invasiveness
high
low
very low
ex-situ
ex-situ

Table 3.1: Comparison of different in-situ and ex-situ liquid water visualization techniques.

3.1

Overview of visualization techniques

To visualize the liquid water transport in PEM fuel cells, the applied techniques reveal different transport mechanisms on different length scales. Methods to investigate the capillary
liquid water transport in the pore space should have a resolution higher than the pore size of
the FS (approx. 10 µm).
The visualization techniques can be classified into reflectometry and transmission methods. The visualization of liquid water using reflectometry methods is restricted to the field
that the opaqueness of the analyzed materials allows, while methods measuring the attenuation during transmission also capture effects within the bulk of the material. For liquid
23
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water visualization, transmission techniques therefore give also access to the liquid water
within the inner pores of the sample, while only surface near processes can be visualized
using reflectometry methods.
In-situ methods are preferred if the influence of the experimental setup on the observed
phenomena has to be at a minimum. However, for investigating the basic transport mechanisms of the liquid water transport in the FS, ex-situ methods may be preferred due to the
better control over the experimental conditions. The following sections give an overview
over the most important ex-situ and in-situ liquid water visualization techniques.

3.1.1

Reflectometry methods

Transparent Cell Tüber et al. and later Yang et al. were the first to visualize liquid water
in the gas channels and on the PTL surface in a running fuel cell by integrating transparent
parts into different cell components [40, 44]. Hakenjos et al. were even able to correlate the
liquid water distribution with the current distribution using a transparent, segmented test cell
[45].
Due to the high sensitivity of the water management thermodynamics on changes in temperature or wetting properties of the applied materials, the exchange to transparent parts
changes the investigated phenomena significantly. Since the resolution of the method depends on the applied optical instrument, a high temporal and a spatial resolution maximum
in the range of the pore size is achievable.
Fluorescence microscopy Fluorescence microscopy is an ex-situ method to visualize the
transport paths of a fluid that is injected into the sample [46, 47]. To increase the contrast
of the water, a fluorescent agent is added [43]. The sample is objected to UV light with a
narrow wavelength (490 nm [43]) and the light emitted by the fluorescent is captured by a
CCD camera. The first fluorescence microscopy experiments by Litster et al. revealed that
the water is mainly transported through distinct water breakthrough paths [46]. Bazylak et al.
report that the breakthrough locations alter with time during operation [48]. They conclude
that the water paths are dynamic and interconnected throughout the PTL .
Fluorescence microscopy is a useful tool to investigate the liquid water behavior near the
surface of PTL materials. Disadvantages of the method are the restriction of the visualization field of regions near the surface and the spatial resolution which is defined by the optical
instrument used. Furthermore, the introduced dye may change the surface and viscous properties and therefore the capillary transport behavior of the injected water.
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Electron microscopy Scanning electron microscopes (SEM) scan an electron beam 2- dimensionally over a sample surface while a zero-dimensional electron detector records the
signal emitted by the sample. The detected electrons are either primary electrons that are
back scattered by the atoms in the sample surface or secondary electrons which are emitted when a primary electron is absorbed [49, 50]. If a secondary electron is emitted, the
excessive energy leaves the sample in the form of X-rays. The X-rays can be recorded by
an EDX detector to obtain information about the elemental composition of the sample surface. Therefore, the characteristic energy of the emitted signal is attributed to the type of the
excited elements [49] .
In standard SEMs, the samples are introduced into a high vacuum with absolute pressure
lower than 1 × 10−1 Pa to minimize the influence of the residual atmosphere in the beam
path on the image quality. Since this pressure is significantly lower than the triple point of
water (610 Pa) the visualization of water containing samples is generally not possible.
An environmental scanning electron microscope (ESEM) is a special kind of SEM which
allows the visualization at a pressure higher than the triple point of water ([49, 51]). If
the sample temperature is controlled, this opens the possibility to maintain liquid water at
the sample during visualization. The closer details of the ESEM liquid water visualization
technique is described in Section 3.2.1.
To characterize the wetting behavior of fuel cell components on the micro scale, ESEM
liquid water imaging has been applied by other groups before [49, 52–55]. However, the
liquid water formation using the applied condensing method does not match the situation in
a running fuel cell. To adopt the ESEM visualization technique to match this scenario, a new
procedure to visualize the dynamic liquid water breakthrough has been developed which is
described in Section 3.2.

3.1.2

Transmission methods

The most commonly applied transmission methods are synchrotron and neutron radiography,
both measure the change of the transmission characteristics due to the formation of the liquid
water. The methods can be applied through-plane (the beam is orthogonal to the cell area)
or in-plane (the beam is parallel to the cell area). To reconstruct the sample in 3D using
tomography, the cell is tilted while recording the transmission signal.
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To obtain a quantitative measure of the amount of liquid water between the beam and the
sensor, Lambert-Beer’s attenuation law [56] can be applied. The water thickness dH2O is
obtained taking into account the attenuation coefficient χ, the actual intensity image I and a
dry intensity image of the structure without liquid water I0 according to
dH2O =

ln(I/I0 )
χ

(3.1)

Figure 3.1 gives an example for the determination of the water thickness distribution in a
cross section of CCM, PTL and channel from the wet attenuation image and the dry image.

anode
channel

FS
MPL
CCM
MPL
FS

cathode
channel

Radiogram (Intensity
image I)
Radiogram
normalized on „dry
𝐼
image“
𝐼0

Water thickness
𝑑𝐻2𝑂
3 mm
0 mm
Figure 3.1: Scheme of the image editing for receiving the water thickness distribution in a PEM fuel
cell cross section using synchrotron radiography. The cathode is on the left hand side.

A serious problem of the normalization with respect to the dry image is the image shift
during operation. Since the membrane swells up to 25% during water uptake [57] and liquid
water accumulations induce mechanical stress to the components, the image shift limits the
obtainable resolution and image accuracy. Hence, the apparent high water concentrations
near the MEA surface can be a result of this artifact.
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X-ray Visualization Liquid water visualization by X-ray radiography uses the change of
X-ray transmission characteristics to visualize the liquid water distribution. To receive high
spatial and temporal resolution most often a synchrotron is used for the X-ray generation
due to its high beam intensity and quality. The method can be used either to receive 2dimensional transmission data, or 3-dimensional tomography data. For radiography a resolution in the range of 1 µm and a sampling time of 6 seconds can be achieved easily [41, 58–
60]. For tomography, the cell is rotated in the beam either in-situ [61] or ex-situ after stopping
the cell operation and sealing the cell inlets and outlets [39, 62–64].
Due to the need of synchrotron X-rays for high resolution imaging, the experimental
cost of the technique is significant. Only minor cell modifications of the relatively thick
cell end-plates have to be applied to locally assure sufficient beam transmission [65]. A
considerable drawback is that X-rays recently have shown to significantly change the catalyst
activity and the wetting properties of materials after long exposure to high energy X-rays
[66–69]. A radiation dose of 3.5 Jcm−2 should not be exceeded to avoid severe changes in
the electrochemical performance and visualized liquid water distribution [69]. However, the
temporal resolution of synchrotron radiography is coupled to the X-ray beam intensity since
the images are collected until sufficient image contrast is obtained.
Using X-ray visualization, it was found that the liquid water preferentially accumulates
under the lands [62, 70, 71] whereby in the FS a saturation of 35-40% is reached under the
land [69, 71] and 7% under the channel [69] . Compared to the FS, the saturation in the
MPL is much lower and reaches only up to 13% [71]. The water in the FS forms clusters
containing up to several hundred or thousand picoliters of water [59].
X-ray visualization has also been applied to visualize the water removal during a drying
step [72], membrane swelling [62] and the changes due to perforations in PTL materials
[41, 64, 73, 74]. Large pores in the FS [39] and cracks in the MPL [71, 75, 76] were found
to be preferential transport paths for the liquid water. An eruptive liquid water transport was
found in through-plane [59, 75, 77] and in-plane visualization experiments [70] which is
interpreted as Haines jumps, as known in geology for hydrophobic materials [70]. In ex-situ
liquid water percolation experiments, preferential filling of regions near the surface in the
PTL due to inhomogeneous PTFE distribution was also found [78].
For the closer description of the Synchrotron visualization technique, in Chapter 4 the
experimental setup used in this work is described.

Neutron Visualization Using neutrons for liquid water visualization is very attractive due
to the increasing attenuation of neutrons with decreasing atomic number. The attenuation
by the hydrogen within the liquid water is therefore high compared to the attenuation by
the other cell components. Applying neutron transmission characterization therefore results
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in minimum cell modifications [65, 74, 79, 80]. Drawbacks of the technique are the high
experimental cost due to the limited availability of neutron sources [81] and the low spatial
and temporal resolution. Cell areas up to 20 × 20 cm2 are possible [82] and typical spatial
resolutions range from 25 to 100 µm having a sampling time between 5 and 60 s [42]. Using
neutron tomography, the three-dimensional liquid water distribution can be reconstructed
within five hours of sampling time [42].
At 1 Acm−2 liquid water was found to form only at relative gas humidity higher than 60 %
at a cathodic stoichiometry of 30 [83]. At lower humidity, the membrane water content can
be estimated and only a few milligrams of dissolved water results in a significantly lower
performance due to lower protonic conductivity [84].
Using neutron visualization, it was also found that at higher humidity, the air flow rate
[84, 85], channel wetting [83, 86] and channel geometry [86] significantly influence water
accumulations in the channels and under the lands while the water preferably accumulates in
the gas channel bends [87].
Using interdigitated flow fields, a maximum PTL saturation of 42% is not exceeded even
under over-saturated operating conditions [88] but liquid water clogs the channels and results
in mass transport limitations rendering these flow fields unable for high humidity operation
[89].
The liquid water saturation in the PTL was found to occur mainly under the lands for
carbon fiber paper PTLs [83, 85] and to be more homogeneous for carbon cloth PTLs [83]
and for higher permeability [86]. A phase change driven water transport mechanism in the
PTL could be observed which transports the liquid water from warmer to colder regions
[90]. Flooding on the anode side was found to be critical for the fuel cell performance in
a cell operated in dead-end mode on the anode side [91] and if operating with a low gas
pressure drops over the active area [85]. When combining Neutron imaging with spatially
resolved current mapping, the flooding was found to be the most severe in the anode channel
on the hydrogen outlet which correlated with significant voltage breakdowns in this region
[82]. The cell performance, however, was the lowest in the inlet region where the membrane
obviously suffered from drying.

3.2

Liquid water transport visualization in an ESEM

From the liquid water visualization methods described above, ESEM visualization offers the
highest spatial resolution. To investigate the complex mechanisms behind the water transport
in the PTL material the technique is therefore very well suited. In the following section, the
existing condensation method visualizing the droplet formation on the PTL fibers, has been
developed further to visualize the pressure driven water dynamics in the pore space of the
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PTL materials. The method can be used to analyze the general transport phenomena in the
PTL, or to compare the transport characteristics of different materials.

3.2. Liquid water transport visualization in an ESEM
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Abstract
A novel ex situ method of investigating the water transport in porous media for PEM fuel
cells with an environmental scanning electron microscope (ESEM) is introduced.
By applying two different experimental methods, a liquid water pressure gradient is created which is necessary for the liquid water transport in porous media. The first method
relies on water condensation on the bottom surface of the porous transport layer (PTL) to
introduce a liquid phase into the porous media. The second method applies an external pressure gradient.
The relevance of the methods is shown by visualizing the water formation and transport
in different PTL materials with the high spatial resolution of an ESEM.
In all experiments, the fingering effect, proposed by other researchers could be confirmed.
However, the water formation on the surface of the PTLs is not consistent with the common
idea of water formation in PTLs. The methods were also used to investigate the advantageous
effect of laser perforating PTLs on fuel cell performance. The water transport visualization
near a hole of a laser perforated PTL supports the assumptions of lower liquid water saturation in the PTL (due to effective water transport in the channels), and larger in-plane water
transport towards the perforations.

3.2. Liquid water transport visualization in an ESEM
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ESEM Principle

The major difference of an ESEM compared to standard SEMs is that the pressure of the
sample vacuum chamber can be separated from the pressure of the beam leading vacuum
chamber. In the sample chamber the type of operating gas as well as the absolute chamber
pressure can be adjusted to a certain extent. Since at pressures below the triple point of
water (610 Pa) and temperatures above 0 ◦C water only exists in the gaseous phase, water
vapor can be used as a chamber gas. In this case, the absolute pressure in the vacuum
chamber is equal to the water vapor partial pressure and phase transitions can be forced by
adjusting the chamber pressure and sample temperature according to the phase diagram of
water (Figure 3.2).

Figure 3.2: Phase diagram of water.

ESEMs have already shown their capability to obtain mostly non-quantitative wetting
properties of the porous structure and ionomer in the micro scale [52, 53]. However, in terms
of temperature and gas pressure there are huge differences between the standard fuel cell
conditions and the conditions within the ESEM during the experiments. In order to have a
high visualisation resolution, the chamber pressure has to be as low as possible. In turn, the
sample temperature has been adjusted to about 0 ◦C to remain in the liquid phase of water.
The wetting property of materials is dependent on these parameters by the temperature dependency of the surface tension of water. Nevertheless, measurements show that the surface
tension of water γH2O around 20 ◦C decreases linearly and slightly with temperature. For
example, γH2O is 74.94 × 10−3 Nm−1 at 0 ◦C compared to 71.18 × 10−3 Nm−1 at 30 ◦C [92].
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However, according to the Young equation:
cos Θ =

θS − θLS
γH2O

(3.2)

the contact angle only changes to 100.5◦ at 0 ◦C, when assuming a contact angle of 100◦ at
30 ◦C, constant surface energy θS and constant boundary energy θLS .
Nam et al. [54] were the first who show ESEM pictures of condensed water in a PTL
to verify their model on liquid water transport in hydrophobic media. Yu et al. successfully
showed the applicability of the ESEM to investigate the wetting properties of bare membrane
and membrane electrode assemblies [52, 53]. By condensing water on top-views and cross
sections, they found a more hydrophobic behaviour of the catalyst layer than on the bare
membrane. With this method in combination with energy dispersive X-ray (EDX) analysis,
they also showed some changes in the wettability of the catalyst coated membranes (CCMs)
after being operated in a fuel cell.
Hwang et al. also visualized the droplet formation and contact angle distribution during
water condensing on bare membranes [93]. They used the ESEM technique to verify their
assumption of the existence of four different pore water morphologies in the ionomer dependent on membrane water content. In our previous work, we examined the damage caused by
water freezing in the porous structures of PTL and electrode by in situ stack experiments,
as well as by ex- situ ESEM investigation [55]. In the ESEM, water was condensed, frozen
and sublimated for 10 times. Severe degradation was found for the CCM electrodes. Water,
condensing inside the pores of the electrodes expands during phase transition from liquid to
solid leading to mechanical stress. Similar to the in situ experiments this resulted in cracks
and electrode detachment. The same experiments with PTL material showed that the ice
formation did not harm the PTL structure due to the higher flexibility and stability of the
fibrous material.
In the experiments presented here, for the first time ESEM is used to investigate the liquid
water transport in PTLs to the best of our knowledge. Therefore we introduce two different
modes of applying a water pressure gradient over the PTL sample which is necessary for the
liquid water transport through the PTL. One of the examination methodologies is very similar
to the fluorescence microscopy measurements presented by Litster et al. [46]. To force the
water (or dye) through the media, they also applied a high water pressure on the bottom side
of the PTL. This technique is able to visualize the water transport within a certain depth of
the PTL. However, even if operating at relatively high vacuum pressures, the resolution of
the ESEM is much higher than that of light microscopes. Additionally, the ESEM technique
is capable of investigating the interaction of the water with the microstructure of the PTL on
the micro level.
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Experimental

A FEI Quanta 400 MK 2 is used for ESEM investigation, including a peltier based cryostatic
table (Emott HT102) mounted onto the positioning unit in the sample vacuum chamber. For
pressures above 10 Pa the gaseous secondary detector (GSED) was used, which is able to
operate at absolute pressures of up to 2700 Pa with an aperture of 500 µm. The obtainable
spatial resolution of the ESEM is highly correlated to the temporal resolution by the scanning
rate of the electron beam. In the experiments, the scanning rate was set to a value high enough
to obtain a complete picture each second. For the examination of the liquid water transport
in perforated PTLs the PTL samples were laser treated with the technique, described in our
previous work [94].
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Figure 3.3: Scheme of the two methods applied to visualize the liquid water transport in the PTL:
The external pressure and condensation method.

To realize the liquid water transport in the PTLs, two different approaches of applying a
water pressure gradient over the PTL are used (Fig. 3.3):
1. The external pressure method: A water reservoir inside the ESEM is connected to the
ambient atmosphere by feedthroughs in the vacuum chamber. The water flow into
the chamber can be controlled by an adjustable valve outside the chamber. A porous
membrane with a pore size of 0.2 µm is placed over the water reserve to further reduce
the water flow into the chamber. Also, the usage of the porous membrane leads to a
generation of small droplets that are in the range of common catalyst layer pore size
and thus a similar water generation as in an operating fuel cell is simulated. The PTL
is directly placed over the porous membrane. An aluminium plate with a centred hole
(diameter 2 mm) for visualization of the water breakthrough is placed over the PTL and
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compresses the PTL. The whole assembly is sealed and placed on the cryostatic table.
The chamber pressure and sample temperature (800 Pa, 0.5◦C) were adjusted to values
near the phase transition from liquid to vapor to keep the condensation and evaporation
of water as small as possible. A schematic of the setup is shown in Fig. 3.3a.
2. The condensing method: The sample is directly placed on the sample holder of the
cryostatic table and a silicon ring which is slightly higher than the PTL is glued to the
sample holder around the sample. A piece of semi conductive foil with a 1 mm centred
hole for visualization is attached onto the silicon ring. A voltage of 12 V is applied
from one side of the foil to the other for heating the foil. We took good care that the
foil did not touch the sample surface so that the sample surface was only heated by
the radiation heat of the semi conductive foil. The voltage was applied by a battery
because currents induced by a power supply resulted in interferences with the electrons
in the visualization system. One explanation could be that a slightly fluctuating current
by the control of the power supply was causing these interferences. The purpose of this
heating setup is to establish a small temperature gradient over the sample by cooling
from the bottom by the cryostatic table and heating the top by the radiation heat of the
semi conductive foil. The cryostatic table was then cooled down to 1◦C at a chamber
pressure of 10 Pa. To start liquid water condensation, the chamber pressure was rapidly
increased to 700 Pa. Since the water in the chamber always condenses at the coolest
spot first, the water accumulation starts at the bottom of the PTL until it is driven to
the top of the PTL by the increasing capillary pressure on the bottom.

Before starting each experiment, the sample temperature is increased to 50◦C at a chamber
pressure of 30 Pa for more than five min to make sure that the sample was initially totally
dried out.

3.2. Liquid water transport visualization in an ESEM
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Results

3.2.3.1

External Pressure Method
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According to Litster at al. several water fingers build up in the PTL when a liquid water
pressure is applied by a water reserve on one side of the PTL [46]. These fingers penetrate
deeper into the PTL with time and increasing pressure until one of the finger reaches the
PTL surface. The adjacent fingers then stop moving and result in dead ends for the liquid
water. Since the aperture of the GSED detector is only 500 µm, the procedure had to be
carried out several times until the breakthrough finger was in the observed region of our experiment. Otherwise, a liquid water front arised from a non-observed adjacent breakthrough
point moved lateral into the field of view.

Figure 3.4: Liquid water transport visualization in an untreated Toray paper PTL using the external
pressure method.

In Fig. 3.4 the liquid water transport within an untreated Toray paper PTL is shown.
The water forms at the bottom of the PTL first and is then transported to the PTL surface by
liquid water pressure build-up. First, the cross section of the finger is about 50 µm but is then
spreading to approximately 150 µm shortly before breaking through the surface. When the
finger reaches the surface, a film is formed which rapidly grows until the whole visualization
field is covered by the liquid water.
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In Fig. 3.5 the same type of Toray paper PTL was perforated with the laser perforation
technique, proposed in our earlier work [94]. Again, the external water pressure was used
to observe the liquid water transport. Surprisingly, the water did not rise in the hole after
condensing on the sample holder, but moistens the PTL fibers and binder around the hole in
a round shape. One second later, the hole was also covered with liquid water. The wetting of
the structure seems to be more hydrophilic than hydrophobic.

Figure 3.5: Liquid water transport visualization in a perforated Toray paper PTL using the external
pressure method.

3.2.3.2

Condensation Method

When using the condensation method, the liquid water transport was slower than with the
external pressure method. This was due to the lower liquid water flux when condensing instead of supplying the water by a pressure gradient. Differences in the liquid water formation
between the two methods can derive by this lower flux. In Fig. 3.6 the liquid water transport
in the SGL 35BC PTL is shown. In contrast to the Toray paper with no teflonization, the
teflon content of this PTL is 5 wt%. Obviously the space in between the fibers is partially
filled with filling material. The water droplets were forming at the bottom of the PTL and
no condensation in the higher parts of the PTL occurs. Then the droplets merge to bigger
droplets and whole pores are filled by liquid water while others remain free of liquid water
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(Fig. 3.6, top right). The water movement is not very continuous because the water has to
wet the adjacent fibers first, where it then accumulates, moves forward and wets the next
fibers or pores afterwards. The water reaches the surface of the PTL in a region which is
about 100 µm times 100 µm about 150 s after the first liquid water droplet formation was
visible. Then a spherical droplet is formed which grows above the liquid water breakthrough
region while the liquid water in the other pores does not seem to move anymore.
Another example of liquid water formation with the same experimental procedure and
material as shown in Fig. 3.6 is shown in Fig. 3.7.

Figure 3.6: Liquid water transport visualization in a SGL 035 BC PTL using the condensation
method: Sequence 1.

In the first few seconds, the liquid water formation is almost the same than that in Fig. 3.6.
The water first fills up the lower right part of the PTL while the rest of the PTL mostly
remains free of water. Though, in this case a whole region is suddenly covered by liquid
water, spanning the fibers when the water reaches the surface. The used PTL has a Teflon
content of 5 wt% but the formation of water on the PTL surface does not in the least seem to
be hydrophobic but rather hydrophilic. After one path has reached the surface, another path
in the top left part of the sequence is still active, ascends and finally combines with the first
path about 20 s later.
The same technique was used to examine the improved water transport due to laser perforation of the PTLs as described in our previous work [94, 95]. Fig. 3.8 shows the liquid
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water formation around the hole in the PTL which was also observed for the perforated Toray
PTL. A few seconds after the liquid water condensation on the bottom of the PTL (the sample holder) was visible, the liquid water moistens the PTL structure around the hole. When
the condensation continues, a liquid water ring is formed inside the hole, growing until the
whole diameter of the hole is covered. After that the water level in the hole rises and a circular puddle with water spanning between the fibers is formed when the surface of the PTL is
reached. However, the structure around the hole remains free of liquid water indicating that
the region around the hole acts as a water path to the PTL surface.

Figure 3.7: Liquid water transport visualization in a SGL 035 BC PTL using the condensation
method: Sequence 2.

Another example of water formation in laser perforated PTLs is shown in Fig. 3.9. For
this examination, the cryostatic table together with the sample was tilted to 10◦ , so that the
walls of the holes are visually accessible.
At the beginning of the sequence, water is condensing in the hole on the surface of the
sample holder. While the hole is slowly filling up with liquid water, droplets appear on the
wall of the hole. The dynamic growth and movement of these droplets suggests that the
water is originated by the lateral in-plane transport from the surrounded area of the hole.
Fig. 3.10 shows another example of the droplet formation using the same material and
experimental technique. In both Fig. 3.9 and Fig. 3.10, no immediate wetting of the structure
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around the hole is visible as in Fig. 3.5 and Fig. 3.8. The droplets on the wall combine and
merge with the water in the hole. In the sequence in Fig. 3.11 it is obvious, that the water
which is filling up the pore adjacent to the hole rather moves towards the hole than breaking
through the surface when capillary pressure is increasing.

3.2.4

Discussion

In general, the water formation on the micro scale appears different than on the macro scale.
Thus, contact angle data of water droplets on the PTL surface measured by the sessile drop
technique are inapplicable concerning the analysis of liquid water transport through PTLs.
In many cases, the wetting of the PTL fibers looks rather hydrophilic than hydrophobic, even

Figure 3.8: Liquid water transport visualization in a perforated SGL 035 BC PTL using the condensation method: Sequence 1.

if the PTL has a Teflon content of 5 wt%, shown in the case of a SGL 35BC PTL in Fig. 3.6
and Fig. 3.8. Previous ESEM examinations already showed that the water preferably spans
between the fibers and forms puddles rather than droplets on the macro scale [96, 97]. This
observation was confirmed in many cases when we applied the transient methods in this
paper.
In general the experiments were very reproducible. The liquid water formation and thus
the position of the breakthrough points was almost exactly the same when the experiments
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were repeated under the same conditions. However, in the case of the sequences in Fig. 3.6
and Fig. 3.7 as well as in Fig. 3.8 and Fig. 3.9, the liquid water formation appeared to be
different although the same experimental setup and material was used in the experiments. In
some cases, the wettability changed from hydrophobic to hydrophilic after a few subsequent
liquid water formation experiments were conducted. There can be different reasons for this
non-consistent behavior:
• the electron beam changes the wetting properties of the PTL, maybe by changing the
teflon structure,
• the sample has not been fully dried out between two experiments,
• hydrophilic solvents on the PTL or the sample holder went into solution in the condensed water and are redistributed inside the PTL during the experiments.
After scanning a certain region of the PTL with the electron beam for several hours at
the wetting behaviour of the PTL did not change in this area. Thus, an influence of the
electron beam on the wetting behaviour of the PTL is not very reasonable.

50◦C

Figure 3.9: Liquid water transport visualization in a perforated SGL 035 BC PTL using the condensation method: Sequence 2.
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We do not believe that free liquid water can sustain inside the PTL structure during the
drying procedure of several minutes at 10 Pa absolute pressure, but adsorpted/bound water
(maybe in the binder) can have a very slow desorption/ evaporation rate and therefore can
act as condensation nucleus in the subsequent experiment. So far this explanation is only a
speculation.

Figure 3.10: Droplet formation on the walls of a hole within a SGL 035 BC PTL using the condensation method.

A contamination of the PTL material by solvents in the condensed water could not be
excluded.
Both, the external pressure and the condensation method show a distinct fingering effect
with breakthrough points in the scale of the pore diameter of the PTL in all experiments. This
confirms the PTL liquid water transport models proposed by other research groups [46].
The experiments with the perforated PTLs show consistent results for the condensation
and the external pressure method. Several experiments show a hydrophilic region around
the laser perforated regions anyway (Fig. 3.5 and Fig. 3.8). Again, this behaviour could
also have the same experimental reasons as described above. However, the laser perforation
process could also have played a major role here, especially because the observed hydrophilic
regions had an almost round shape around the hole. During the perforation process, the
surface properties of the structure with a distance of less than 100 µm to the hole could have
been changed. In our previously described in situ experiments [94, 95] as well as in our
experiments presented in this paper, the laser perforation was realized under atmospherical
conditions. During this process, the oxygen in the atmosphere and the high temperature due
to the laser cutting could have resulted in an oxygenation of the carbon fibers around the
hole. This would lead to a significantly decreased hydrophobicity in the oxygenized regions.
A further explanation could be the redeposition of unburned carbon particles on the structure
around the hole during the ablation process. The shape of the obviously hydrophilic region
around the hole in Fig. 3.5 and Fig. 3.8 supports these two scenarios.
In our in situ investigation of the influences of PTL laser perforation [94, 95], we claim
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Figure 3.11: Liquid water transport visualization in a perforated SGL 035 BC PTL using the condensation method: Sequence 3.

that the in-plane transport of liquid water along the fibers is easier than the transport perpendicular (through-plane) to the orientation of fiber network. By creating holes in the PTLs,
the water can move in-plane towards the holes, and most of the through-plane liquid water
transport towards the channel occurs within the hole.
In the sequences in Fig. 3.9 and Fig. 3.11 droplet formations on the walls of the hole are
clearly visible. This observation would support our proposed model. The water condenses
inside the pores of the PTL and is driven preferably in-plane along the fibers by capillary
pressure (Fig. 3.12). By creating the through-plane water transport channels the water is
able to exit the PTL in the walls of the hole in the form of droplet formation. However,
in the sequence in Fig. 3.10 it cannot be absolutely excluded that the droplets are formed
due to water vapor condensation on the fiber ends. But although the volume of the hole
is much bigger than the pore volume inside the PTL, the water reaches the surface of the
PTL in the hole first (Fig. 3.9). This supports the assumption that the hole is filled up by
water which is condensed in the neighbouring PTL structure of the hole and moved in-plane
towards the hole. The previously mentioned carbon oxygenation of the holenear PTL could
also have been contributing to the improvement of about 20% in our in situ experiments.
Water building at the interface between catalyst layer and PTL could have been transported
more easily towards the channel in the hydrophilic regions (Fig. 3.13). The formation of
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water films can be suppressed by this kind of water transport. However, this phenomenon
needs more examination. In our ongoing work, we are investigating the influence of laser
perforating the PTLs under an argon atmosphere by in situ experiments and dynamic liquid
water visualization in ESEM.

Figure 3.12: Scheme of the liquid water transport in a perforated, hydrophobic PTL.

3.2.5

Conclusions

In this paper we have shown the ability of the ESEM to examine liquid water transport
within the PTL for the first time. The methodology allows the visualization of the liquid
water transport within the surface-near structure of the PTL with a very high spatial and a
sufficient temporal resolution.
By condensing water within the PTL or applying an external water pressure gradient,
water is forced through the porous PTL and visualized by the ESEM. With both methods,
the theory of a fingering water transport in the PTL is supported. The method can be used
to investigate the influencing parameters on water transport such as PTL structure, Teflon
content, perforation and clamping pressure.
Examination on perforated PTLs suggests that the beneficial effect observed in our previous work was most likely due to the increased in-plane transport of water towards the hole,
acting as water drainage towards the gas channel of the flow field. Droplet formation on the
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Figure 3.13: Scheme of the liquid water transport in a perforated PTL with hydrophilic regions
around the hole.

walls of the hole and a rapid filling of the hole with liquid water supports this assumption.
Some sequences also suggest that sometimes hydrophilic regions with a round shape
around the hole were created during the laser perforation process. However, this means that
these hydrophilic regions could have also been contributing to the performance improvement
of laser perforating the PTLs. This effect needs further investigation and is subject of our
ongoing work.

Chapter 4
PTL modifications
4.1

Introduction

Local PTL modifications are a promising attempt to support the water management by separating the liquid water and gas transport in the PTL. Several preceding investigations showed
that local modifications in PTL materials can have a significant beneficial influence on stability and performance [74, 80, 94, 98–101].
Due to the complexity and interactions of possible influencing factors, the beneficial
mechanisms behind the improvements is still subject of speculations. However, for the optimization the mechanisms have to be fully understood due to the huge variety of applicable
modification techniques and designs.
In this chapter, the influence of different modification techniques on the water management is investigated using different experimental methods. An introduction to the applied
characterization techniques is given first, before the experimental methods and results are
described. By correlating the findings, conclusions on how the modifications change the
water management are drawn. Besides the findings on the changed mechanisms due to the
modifications, the interpretation of the results reveals basic water transport mechanisms in
unmodified cells.

4.2

Characterization techniques

In the following section, the characterization techniques, applied in the experimental study
described in the Section 4.3 are introduced.
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U-I characteristics

The most simple way to characterize the fuel cell is to vary the current and log the voltage
or to vary the voltage and log the current. Depending on whether dynamic effects or steady
state characteristics are analyzed, the scan-rate can be varied. Operating conditions like the
inlet gas humidification, stoichiometry and cell cooling have to be chosen very carefully to
obtain the desired cell characteristics. Especially for investigating the water management,
the time to reach steady state conditions can be very long. Due to the large time constants
of the phase change and the membrane water sorption, typical holding times in the range of
hours are often inevitable.
For investigating the water management using U-I characterization, the high current density region is the most relevant. Here, the water production and therefore flooding effects are
the most significant. Additionally, the influence of the mass transport losses on the polarization curve is the highest which alleviates the separation from ohmic losses. The maximum
cell current at low cell voltage is defined as the limiting current density. Here, the electrochemical conversion rate is almost completely dependent on the diffusive oxygen flux
through the PTL and CCL. Since the oxygen concentration at the electrochemically active
surface is diminishing, the diffusive flux from the channel through the PTL is maximum. The
limiting current density therefore can be used to quantify the diffusivity of the PTL and CCL
including the liquid water formation. The dry diffusivity is hard to obtain using this method
since the influence of liquid water on the obtained diffusivity can hardly be eliminated.
In the experiments described in this chapter, the U-I characterization is applied to measure
the wet oxygen diffusivity of the differently modified PTLs. Therefore, the cells are operated
at a cell voltage near the shortcut voltage (at 100 mV ) and the respective current is logged
over an operation time of several hours.

4.2.2

Electrochemical Impedance Spectroscopy

Electrochemical Impedance spectroscopy (EIS) is a technique to separate and characterize
the fuel cell processes indirectly. Therefore, the DC-signal of the fuel cell is superimposed by
a sinusoidal signal with small amplitude. The amplitude and phase shift of the cell response
signal contain the information about the processes having a characteristic time constant in
the range of the inverse of the perturbation frequency ω. By varying ω, different fuel cell
processes like the double-layer charging, diffusive processes or charge migration can be
separated by their characteristic time constants.

4.2. Characterization techniques
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The complex impedance Z is defined as the relation between the AC signal of the complex
voltage ṽ(t) and complex current ĩ(t)
Z(ω) =

ṽ(t)
ĩ(t)

(4.1)

To obtain an almost linear current response, the amplitude of the excitation voltage must be
well below 26 mV [102]. However, the amplitude should be large enough that the signal can
still be separated from the noise.
For the water management, the high frequency resistance (HFR) at frequencies ≥ 1 kHz
is of special importance. In this frequency range mainly the ohmic losses have a low enough
time constant to contribute to the cell answer. Therefore, a diminishing imaginary part of
Z is a premise for the purely ohmic nature of the HFR. Since the protonic conductivity of
the ionomer has the highest contribution to the ohmic resistance, the HFR is often used as a
measure for the membrane water content.
In the experimental part of this chapter, the HFR during the U-I characterization is recorded
for the differently modified PTLs. This way, the humidification conditions of the membranes
can be compared to conclude on the water vapor and liquid water transport processes in the
PTLs.

4.2.3

ESEM/EDX analysis

The ESEM liquid water visualization and EDX technique are described in Section 3.1.1. In
Section 3.2, the ESEM has already been applied to investigate the liquid water transport processes in perforated PTLs. In the following experiments, the EDX is used to characterize the
influence of the laser perforation technique on the elemental composition of PTL materials.

4.2.4

Synchrotron visualization

The synchrotron visualization technique and its application to the in-situ liquid water visualization is discussed in Section 3.1.2. For investigating the influence of the modifications on
the liquid water distribution, synchrotron imaging is very well suited due to its high resolution and the applicability for in-situ visualization.
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Experimental study on the influence of PTL modifications

In the following section the influence of local PTL modifications on the water management
is analyzed experimentally. The aim of this work is to investigate the basic water transport
mechanisms and to find optimization strategies for the PTL materials.

4.3. Experimental study on the influence of PTL modifications
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Abstract
In this study, the influence of modifications of the porous transport layer (PTL) on the water
management in Polymer Electrolyte Membrane fuel cells is investigated. Laser perforation
and milling are used to locally remove either the whole PTL or only the micro porous layer
in the PTL. The changed liquid water distribution is visualized using synchrotron radiography and ESEM liquid water imaging. The observed effects are correlated with in-situ
performance characteristics, pre-assembly and post-mortem analysis to examine on the beneficial and obstructive effects of the modifications. The analysis reveals that laser-perforation
results in PTFE loss and hydrophilic regions which results in a good performance at dry conditions but serious flooding at high humidification conditions. Machined perforations show
beneficial effects in the in-situ performance characteristics at high humidification conditions.
A draining of the vicinity of the perforations is observed which results in an improved oxygen
diffusivity. Water balancing and synchrotron visualization indicate that under the analyzed
operating conditions the MPL increases the humidification of the ionomer on the one hand
but creates an additional diffusion barrier by liquid water in the interface between the cathode
catalyst layer and the MPL on the other hand.
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Introduction

A promising attempt to support the water management in fuel cells by decreasing the liquid water saturation in the PTL is to create artificial water transport paths by perforation.
Laser-perforation seems to be a very attractive method due to its low cost, high accuracy and
the good applicability in the industrial fabrication process. In our previous work [94, 98],
we found that laser-perforating a Toray PTL with holes of a diameter of 80 µm results in a
significantly increased fuel cell performance and stability. By dynamic in-situ characterization we could ascribe these improvements to changes in the water transport properties of the
porous structure. We theorized that a drainage effect by an in-plane liquid water transport
toward the holes is the reason for this improvement.
Due to the diversity of perforation design parameters like diameter, position or shape,
optimization of the approach needs a deeper understanding of the mechanisms behind the
changes in the complex water management. The water transport is very sensitive on the
highly coupled thermodynamics in the fuel cell and modifications for visualizing the liquid
water transport will result in changed conditions easily. Experiments using transparent plates
[44], fluorescence microscopy [46] and ESEM liquid water imaging [51] revealed important
findings but all within their limited area of application. Using synchrotron imaging, the liquid
water distribution can be visualized with only little cell modifications [65] and a resolution
in the range of 2 µm and a sampling time of 7 seconds can be achieved easily [58–60].
Neutron imaging has a low sampling rate and spatial resolution but a very high sensitivity to liquid water making cell modifications unnecessary [65, 74, 79, 80]. Manahan et
al. compared the water distribution in cells with perforated PTLs with MPL SGL 10BB
obtained by in-situ Neutron imaging under different humidification levels and current densities [74, 80]. They found that the saturation in the perforated PTLs is increased up to 46 %
compared to the unmodified PTL. The analyzed 300 µm holes were cut by laser-perforation
and side-effects of the perforation process could have affected the water management. By
ESEM and EDX analysis they found that the surrounding of the holes turned hydrophilic
and they conclude that PTFE loss during the laser treatment was the reason. They found that
the cell performance increased up to a current density of 1.6 Acm−2 [74]. At higher currents
and with higher humidified inlet gases, the cell performance was lower due to PTL flooding.
In [80, 103] the same group found by analyzing the impedance spectra of unperforated and
perforated PTLs that the diffusion resistance was decreased at low humidification conditions
and increased at high humidification conditions due to the perforations. Probably, the holes
remained free of liquid water at low humidification and increased the diffusivity in the PTL
due to the direct access of the gases to the active zones. However, if the only beneficial factor is the low diffusion resistance due to the holes, increasing porosity would have the same
impact on cell performance.

54

4. PTL modifications

Just recently, Chen et al. found that perforations in the PTL can help to improve the water
transport in the gas channel [99] using modeling. Nishida et al. found that by including
grooves into a Toray TGP-H-120 carbon fiber paper, the cell with the grooves exhibits an
increased stability during flooding conditions [100]. Knights et al. investigated the influence
of perforations with increasing density toward the air outlet in a fuel cell stack [101]. They
showed that the perforations increased the power density at high currents significantly.
In this study, we analyze the influence of modifications in carbon paper PTLs (SGL 25BC,
SGL 25BA and Toray TGP-H-090) on the fuel cell processes. Besides laser-perforation also
mechanical modification is used to avoid side-effects of the laser treatment. Furthermore,
both through-holes and only ablating the MPL without damaging the adjacent FS are realized
using the mechanical structuring technique.
Due to the complexity of the analyzed topic, we use several characterization techniques
to conclude on the influence of the modifications on the water transport by correlating the
results. SEM/EDX characterization is used for analyzing the base materials before and after
operation in the fuel cell. Changes in the liquid water distribution are visualized by in-situ
synchrotron visualization and ex-situ ESEM liquid water experiments. In-situ performance
characterization and product water balancing is used to analyze the influence of the modifications on the cell performance and water transport.
Due to the diversity of the used methods, different analytical procedures and setups are
used. To structure the numerous diagnostic methods, the results section is subdivided into
the examination of the influence of effects by laser-perforation technique and the influence of
different modification techniques (laser-perforating, milling, holes, slits). Correspondingly,
the influence of the laser-perforation and the general influence of modifications on the water
management are discussed separately in the discussion section.

4.3.2

Experimental

In all experiments, GoreTM Primea R CCMs (membrane thickness: 18 µm, Pt(ca/an): 0.4/
0.1 mg cm−2 ) are used in combination with unmodified SGL 25BC PTLs on the anode
side. Only the PTLs on the cathode side are modified and the varying PTLs (SGL 25BC,
SGL 25BA and Toray TGP-H-090) and test cells are described in the sections for the different
characterization techniques.
4.3.2.1

PTL preparation

The laser-perforations are realized using the same technique and hardware as described in our
previous work [94, 98]. The holes in the PTL are cut by circulating the Nd:YAG laser using
a specified radius. Due to the variation of the laser intensity over time, the laser intensity
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was readjusted for each batch separately such that the desired hole diameter is achieved with
minimum intensity. If the PTL has an MPL, the MPL side is always facing the laser beam.
The samples are either laser-treated in air atmosphere or argon is blown on the sample by an
injector close to the laser head.

active area
land width
channel area
Visualization
field TP
Visualization
field IP
Cathode PTL

Modifications

Modification
pattern

cell 1
10 × 10cm2
1 mm
1 mm2
d = 10
mm (4×)
−
SGL 25BA
SGL 25BC
TGP-H-090

cell 2
44mm2
0.5 mm
0.8 mm2
13 × 3.5
mm
10
mm
SGL 25BC

laser:
holes PTL(150 µm)
milled:
holes PTL(130 µm)
slits PTL(130 µm)
slits MPL(130 µm)
square pattern
gap distance
0.8 mm under
0.8 mm under
channel/land
channel
laser:
holes PTL
d = 80, 100,
120, 180 µm

Table 4.1: Characteristics of the two test cells used for the synchrotron visualization experiments.
All laser-perforated PTLs are laser perforated in argon atmosphere.

Machined slits and holes are realized using a 100 µm drill to investigate the influence
of the modification technique. For locally stripping exclusively the approximately 50 µm
thick MPL a contact pin with a sharp cone end and a soft spring is used in the CAD milling
machine.
In Figure 4.1 it is obvious that the applied procedure was successful to solely remove the
MPL and the FS is still intact. The width of the machined modifications are in the range of
130 µm.
4.3.2.2

Synchrotron Radiography

Synchrotron radiography measurements were carried out throughout two separate beamtimes at the BESSY II electron storage ring at the Helmholtz-Zentrum Berlin (BAMline),
Germany [104, 105]. The experimental setup at the beam-line has already been reported in
our previous paper [41]. The spatial resolution is 2.17 µm/pixel and the temporal resolution
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is 7 s/image in beamtime 1, 5 and 10 s/image for the through-plane (TP) and in-plane (IP)
visualization in beamtime 2 respectively.

Figure 4.1: SEM Cross section (left, MPL side is on the left hand side) and top view (right, MPL
side is visible) of a PTL with the locally removed MPL.

The examined materials and characteristics of the test-cells are summarized in Table 4.1,
all laser perforated PTLs are laser perforated in argon atmosphere. In the first beam-time
(cell 1), only laser perforated PTLs are examined, in the second beam-time (cell 2) the modification technique is varied. In cell 1, 4 visualization fields are drilled into the end plates [41]
and the PTL under each visualization field is perforated with a different perforation diameter.
The gap distance of the perforations is 0.8 mm and at least one perforation row is beneath the
land and one is beneath the channel in each visualization field. To investigate the influence
of the presence of the MPL, a SGL 25BC PTL is compared to a SGL 25BA which is the
FS of the SGL 25BC PTL. Since our former work [94, 98] was focused on the influence of
perforating a Toray paper PTL, we also used the same material in this work again.

dry
hum
ohum

Stoic
I
an ca Acm−2
3.1 5.6
1.7
3.1 5.2
1.8
3.3 5.2
1.8

RHinlet
an ca
.65 0
.65 .73
.65 > 1

LRH=1
an
ca
3.4 1.8
.6
.4
.3 -1.7

Table 4.2: Test-settings for the in-situ characterization of the different perforation manufacturing
techniques.

The influence of different modification techniques (milling, laser perforation, slits and
holes) in a SGL 25BC PTL is analyzed in beam-time 2. A separate cell (cell 2 in Table 4.1)
is used which enables both the visualization in the IP and the TP direction. Both in the IP and

4.3. Experimental study on the influence of PTL modifications

57

TP direction, 4 channels are in the visualization field. The modifications are placed under the
channel only with a gap distance of 2 mm along the channel, the slits have the same length
as the channel width (1 mm).
Throughout the whole experiments, the gas flow is set to a constant flow rate on the cathode side (air) and on the anode side (hydrogen or nitrogen), corresponding to a stoichiometric
ratio of 2.5 on the cathode side and 1.4 on the anode side at 1 Acm−2 . The cell temperature is
controlled to 55◦C by a liquid coolant loop. For each sequence, the cell is dried by purging
with dry air on the cathode side and dry nitrogen on the anode side for 15 minutes. Then the
gas supply is switched to air and hydrogen with a relative humidity (RH) of 0.75 respectively.
The cell is allowed to equilibrate for another 10 minutes before the load is set to 1 Acm−2 .
Due to the water production by the electrochemical reaction and the long gas path from the
air inlets, the air in the visualized area is always over-humidified.

4.3.2.3

In-situ performance characterization

For investigating the influence of different manufacturing techniques (milling/laser ablating,
slits/holes) and the laser parameters (hole diameter and substrate material), different test cells
and protocols are used which are described in the following subsections.

Examination of the influence of laser-perforation
To characterize the influence of different laser-perforating techniques on the cell performance, variously laser-perforated SGL 25BC PTL segments (hole diameter 80 µm and
120 µm, perforated in argon or air) are distributed over the active area in a 4×4 segmented
test cell. The used segmented fuel cell hardware has been described previously [106]. Figure 4.2 shows the segmented gas distribution plate and 11 of the total 16 differently modified
PTL 1.76 × 1.76 cm2 segments. An electrically isolating mask is used to fix the PTLs with
respect to the gas distribution plate. The 50-channel impedance test bench as described in
our previous work [107, 108] is used for spatially resolved characterization. Each perforation technique is realized within two PTLs and unmodified PTLs are placed in between
the perforated PTLs for comparison. The gap distance of the laser-perforations is 0.8 mm
in each direction such that the holes are both present under the land and the channel. The
stoichiometric ratio is kept constant at 1.5 on the anode and 2 on the cathode side. Gases
are humidified using membrane humidifiers to RH = 0.32 and the cell temperature is kept
constant at 40◦C.
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Figure 4.2: Segmented test cell used for the in-situ performance characterization of the laserperforation technique. Shown is the segmented gas distribution plate and 11 of total 16 differently
modified PTL segments which are fixed using an isolating mask.

Examination of the influence of different modification techniques
For the characterization of the influence of different modification techniques, a test cell from
Baltic fuel cells (qCF FC 25/100 LC) with a 5-fold serpentine flow field and an active area of
5 × 5 cm2 is used. The channel and land width is 1 mm respectively, the slits and holes are
placed under the channel only. The modifications have a gap distance of 0.8 mm along the
channel and the slits have the same length as the channel width (1 mm). The experimental
conditions are summarized in Table 4.2. Table 4.2 also gives a rough estimation of the
fraction of the channel length where the water content in the gas reaches saturation LRH=1
according to:
mRH=1 − mH2O,in
LRH=1 =
(4.2)
mH2O,out − mH2O,in
with mRH=1 as the absolute humidity at saturation pressure and mH2O,out , mH2O,in as the
absolute humidity at the outlet and inlet. mH2O,out and mH2O,in are determined by condensing
the outlet water with and without running the fuel cell using an unmodified PTL. The cells
are characterized near the limiting current due to the maximum impact of mass transport
limitations. Three different cathode gas humidification conditions (dry (dry), humidified
(hum) and over-humidified (ohum)) are applied while the RH on the anode side is always
0.65. Each set-point is kept constant for 4 hours respectively while the mass flows are set to
4 l/min on the cathode and 1 l/min on the anode side. The cell temperature is controlled to
50◦C. For the over-humidified conditions, the water flow of the steam injector humidifiers
are chosen two times higher than the flow at RH = 1.
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During the 4 hours of characterization, the product water is collected on the cathode and
anode outlets separately using condensers. Prior to the characterization the cell is allowed to
equilibrate for 30 minutes, then the condensers are cleared.
4.3.2.4

Ex-situ analysis

An ESEM (FEI Quanta 400) with an EDX (EDAX) is used to analyze the surface structure
and element composition of the CCM and PTL materials. For the ESEM liquid water transport visualization the same experimental protocol as described in our previous paper [51] is
used. By applying a temperature gradient over the thickness of the PTL, liquid water is condensed only at the bottom of the PTL. The liquid water accumulates and the breakthrough to
the PTL surface due to the pressure buildup is visualized by the SEM.

4.3.3

Results

4.3.3.1

Influence of laser-perforation

Pre-assembly analysis
Figure 4.3 shows a SEM image and the corresponding distribution of carbon, oxygen and fluorine near a laser-perforated region on the MPL side of the PTL. In agreement with Manahan

Figure 4.3: SEM image and the distribution of carbon, oxygen and fluorine (light colors correspond
to high concentrations) of the surface of the MPL side after the laser treatment before operation in a
fuel cell. The sample was laser-treated in argon atmosphere.
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et al. [74, 80], the laser-perforation significantly reduced the content of fluorine around the
hole. Furthermore, the concentration of carbon and oxygen increased. The same distribution
was observed on the FS side of the PTL (not shown).
In Figure 4.4 a), ESEM water transport experiments show that the water is first visible in
the vicinity of the perforation before it is visible in the hole itself. Due to the hydrophilic
wetting of PTL material surrounding the hole, the water at the bottom of the PTL is wicked
and transported to the surface immediately. This behavior is observed only in the sequences
with the PTLs perforated in air atmosphere. However, the PTLs showed varying behavior
and most of the perforations remained hydrophobic. In Figure 4.4 b), the round shape of
the droplets in the hole and the fact that the water reaches the PTL surface in the hole first,
indicates that the PTL material that was perforated in argon atmosphere still is hydrophobic.

(a)

(b)

Figure 4.4: ESEM liquid water breakthrough visualization of a laser-perforated PTL exhibiting
hydrophilic (a) and hydrophobic (b) wetting properties of the area surrounding the holes, reprinted
from [51].

Performance characterization
In Figure 4.5 the performance of differently laser perforated SGL 25BC PTLs and their
respective neighboring, unperforated PTLs with the same distance to the air inlet along the
gas channel are compared. Therefore, the difference between the current production of the
perforated segments and the unperforated segments ∆ I = Iperforated − Iunperforated at 0.4 V is
shown.
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Only the PTLs perforated in argon atmosphere with a diameter of 80 µm exhibit an improved performance compared to the unperforated PTLs, while the PTLs with the wider
holes (120 µm) show a decreased performance. The PTLs perforated in air atmosphere

Figure 4.5: Performance characteristics at 0.4 V of the segments having differently perforated
SGL 25BC PTLs within the segmented cell. The current of the modified PTL segments is subtracted
from the respective neighboring, untreated segment. (Note: This graph has been modified relative to
the graph published in the journal)

show a lower performance than the unperforated PTLs and the PTLs perforated in argon
atmosphere. The segments perforated in air atmosphere with the smaller diameter (80 µm)
show a significantly decreased performance.
After disassembling, the PTLs are characterized for their elemental composition by means
of EDX. Figure 4.6 (left) shows the fluorine content of the segments over a scanning area
of 3.4 mm2 respectively which is a measure for the PTFE content. The fluorine content of
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Figure 4.6: Fluorine content of the surface of all PTLs according to EDX analysis (left) and photograph of the segmented cell (right, FS side of the PTLs is visible) after disassembling. A small water
droplet is placed on top of the FSs to visualize the surface wetting of the FSs.
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the perforated PTLs is less than half of the content in the unperforated segments. The segments perforated in air atmosphere with the small diameter (80 µm) show nearly a complete
PTFE loss which is consistent with the low performance of these segments in Figure 4.5. In
Figure 4.6 (right) a small water droplet is placed on the surface of the PTLs and the surface
wetting of these segments (segments 9 and 10) turned hydrophilic while the others remained
hydrophobic.
In-situ X-Ray liquid water visualization
Figure 4.7 shows a synchrotron visualization of a Toray TGP-H-090 PTL 180 s after applying
the load. The influence of the perforations on the liquid water distribution is very pronounced
and many of the perforations are visible, independent on their position under the land or
the channel. However, most of the holes are visible by the liquid water surrounding the
holes (feature i) suggesting hydrophilic wetting while only few exhibit hydrophobic wetting
(feature o). The inside of the hydrophilic holes fill with liquid water only after the vicinity is
already fully saturated or if they are filled up by a droplet moving in the gas channel.

Figure 4.7: Water thickness distribution in a cell with a perforated Toray TGP-H-090 PTL (dhole =
180 µm), 180 seconds after the current step.

The liquid water distribution for the SGL 25BC PTL in Figure 4.8 is different. Besides
the lower overall water thickness due to the PTFE in the PTL, most of the holes are visible
but with a hydrophobic wetting (feature o). In the bottom channel, liquid water features
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Figure 4.8: Water thickness distribution in a cell with a perforated SGL 25BC PTL (dhole =
180 µm), 300 seconds after the current step.

(feature f) are forming around the perforations in the channel regions. The shape of the
features and the fact that they are exclusively present at the place of the perforations in
the cathode channel suggests that a water film is forming between the PTL surface and the
channel walls.
These water formations are only found for the SGL 25BC PTL and they disappeared
when a liquid water drop was moving through the channel. Furthermore, droplets preferably
appear on the channel walls exactly at the position where perforations are present under the
land (feature d). In Figure 4.9 the filling of the perforation under the land and the evolution
of the corresponding droplet on the channel wall in feature d is shown. 84 s after the current
step, the hole under the land is filled with liquid water.
A liquid water branch is forming between the perforation and the channel subsequently
within 14 s. When the channel is reached, the branch remains stable and the droplet grows
on the channel wall.
In Figure 4.10 the mean steady state water thickness in the TP direction is plotted against
the distance to the hole center. For the calculation, the average water thickness of a 70 s
time span is calculated, at least 350 s after the current step. The profiles are obtained over a
rectangular area (l = 80 µm, b = 800 µm) centered over the hole, with the long side aligned
with the direction of the channel. Due to the varying characteristics of the perforations,
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Figure 4.9: Filling of a hole under the land (feature d in Figure 4.8) after the load was stepped from
0 Acm−2 to 1 Acm−2 and water path formation into the channel.

the water thickness profiles are averaged over a number of equal perforations. The shown
profiles contain both the profiles of the holes under the land and the channel since there
is no obvious difference in the characteristics. Holes which were not visible, close to the
channel/land interface or close to regions with high water accumulations not attributed to the
perforations are not taken into account.
Regarding the difference between the water thickness in the center and at 400 µm distance, the drilled holes are fully filled with liquid water and droplets are forming on the hole
surface. However, temporal fluctuations by the droplet formation may contribute to the high
standard deviations for all profiles.
BT1, TGP−H−090, laser, 34/120 holes
BT1, SGL 25BA, laser, 11/60 holes
BT1, SGL 25BC, laser, 63/120 holes
BT2, SGL 25BC, laser, 8/18 holes
BT2, SGL 25BC, drilled, 10/18 holes
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Figure 4.10: Average TP liquid water thickness, dependent on the distance to the hole center for
three different types of PTL and for beam-time 1 (BT1, dhole = 180 µm) and beam-time 2 (BT2,
dhole = 150 µm) and the number of holes that could be used for the calculation.
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Only the PTLs with MPL (SGL 25BC) exhibit a sharp decrease of the saturation in the
region of the edge of the holes (80 µm) indicating that the holes are filled with water and
the surrounding PTL structure is still hydrophobic. The sharp decrease is not visible for
the PTLs without MPL (Toray TGP-H-090 and SGL 25BA) due to a mixed behavior of the
holes. This is consistent with the findings in Figure 4.7 where many of the holes in the Toray
paper PTL turned hydrophilic (feature i) while others remained hydrophobic (feature o).
The PTL saturation toward the edge of the hole compared to the saturation at 400 µm is
significantly decreased only for PTLs in beam-time 2. The profile around the laser perforated
holes in beam-time 2 is almost identical with the profile around the drilled holes indicating a
low influence of the laser treatment on the PTL wetting.
4.3.3.2

Influence of different modification techniques

Performance characterization
Figure 4.11 shows the results of the galvanostatic performance characterization and water
balancing of the cells with the different PTL modifications. Shown is the cell voltage, high
frequency resistance (HFR, measured at 10 kHz) and ratio of the product water that was
collected in the cathode exhaust gas (XH2O,ca ) using dry, humidified and over-humidified
cathode inlet gases.
In general, the HFR and XH2O,ca show a strong correlation due to the coupling by the
CCM humidification. High CCM humidification results in a high CCM protonic conductivity
but also in a high water desorption rate in the anode electrode. The high desorption must
be balanced by a high diffusive water flux from the cathode to the anode side through the
ionomer leading to a decreased XH2O,ca . In contrast, the product water ratio on the cathode
side is the lowest for the unperforated PTL whereby the HFR is higher than the HFR of the
PTL with removed MPL.
At dry conditions, the PTL with the removed MPL shows the best performance which
is attributed to the high membrane humidification, obvious by the low HFR and low product water ratio on the cathode side. Even though having the same perforation structure, the
laser-perforated holes show a significantly lower HFR than the drilled holes indicating a
higher CCM humidification. However, with higher humidification it suffers from flooding.
At over-humidified conditions it could therefore not be operated at the predefined current
anymore and the data points for the HFR and XH2O,ca are determined at a slightly lower current (1.6 Acm−2 ) than the other cells (1.7 Acm−2 ). Both values show a very well humidified
membrane and the highest water crossover to the anode side. At over-humidified conditions all other modifications show almost the same performance, while the unmodified PTL
exhibits an approximately 30 mV lower cell voltage.
Figure 4.12 shows SEM top-views and cross section views of PTLs and CCMs after the
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Figure 4.11: Cell voltage, HFR and ratio of product water on the cathode side at three different
cathode humidification scenarios. Note that the cell currents for the humidified and over humidified
case is 1.8 Acm−2 and 1.7 Acm−2 for the dry case.

in-situ performance characterization. The top views of a drilled hole (a and b) show that
the holes in the PTL remained stable throughout the experiments. Furthermore, a significant
impact of the perforation on the CCM structure is visible in the top-view of the electrode
surface (c) and the cross section view (d) through the PTL/CCM sandwich. The thickness of
the CCM and the catalyst layer on the cathode side seem to be increased. Also, the anode
catalyst layer partly lost contact to the MPL in the place of the perforation.
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In-situ X-Ray liquid water visualization
Figure 4.13 shows the IP and TP water thickness profiles of the SGL 25BC PTLs modified
with a 130µm slit in the channel. The shown profiles are calculated using steady state sequences (section 4.3.3.1) and subsequent averaging over all profiles with the same kind of
modification. To analyze the influence of the modifications on the adjacent regions, the profiles are extracted both centered over the modifications and directly beneath the perforations
with a center to center gap distance of 100 µm. Furthermore, profiles in between two modifications are extracted to obtain the profile of an unmodified region. Here, the distance to the
modification is 1 mm respectively and the influence on the water distribution is assumed to
be negligible.
a)

b)

c)

d)

Figure 4.12: SEM top views of the FS side of the PTL (a), the MPL side of the PTL (b) and the
CCM surface (c) as well as a cross-section view of the CCM and PTL sandwich (d, anode is on the
right hand side) in the place of a drilled hole after operation in a fuel cell. The edge length of the
images is 200 µm.

In the IP direction, the highest water saturation in the FS, MPL and CCM is found for
the removed MPL. Despite the modifications are only realized on the cathode side, also the
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water content in the anode PTL is the highest here. The water thickness beneath the removed
MPL is still higher than in the unperforated region both in the IP and TP direction.
Both in the IP and TP direction the saturation in the regions where the whole PTL is
removed is lower than where only the MPL is removed but higher than in the unperforated
regions. Obviously, only a fraction of the slits fill with the liquid water.
In the TP images (not shown), the high saturation in the places with the removed MPL
is continuous over the hole length of the slits indicating that the whole cavity is filled with
water. In contrast, only confined places with high water content are visible in the places
where the whole PTL was removed. Apparently, the liquid water forms droplets or confined
water paths through the slits if the whole PTL is removed but fills the whole slit if only the
MPL is removed.
In the cathode channel, the droplet formation is higher in the places of both modifications,
indicating an increasing water flux from the CCM through the modifications. The water
content in the channel beneath the removed MPL is still high but beneath the removed PTL
it is the same as in the unperforated region.

4.3.4

Discussion

In this section the side-effects of the PTL laser-perforation are discussed, before the influence
of the modifications on the water management is discussed. Figure 4.14 shows a schematic
of the proposed water management scenarios for the different PTL modifications, discussed
in the following subsections.
4.3.4.1

Side-effects of the laser-perforation technique

Different results clearly show that the laser-perforation changes the wetting of the vicinity of
the perforations toward hydrophilic. The hydrophilic wetting is observed both in the ex-situ
ESEM visualization experiments in Figure 4.4 and in the in-situ synchrotron visualizations
in Figure 4.7 (feature i). In the performance characterization experiments in Figures 4.5 and
4.11 the cells with laser-perforated PTLs show a significantly reduced performance under
flooding conditions. This confirms the findings by Manahan et al. [74, 80] where they could
attribute the decreased performance of the perforated PTLs to a high water content in the
cathode PTL at flooding conditions. EDX mappings in Figure 4.3 show that the elemental
composition of the hole vicinity has been changed due to laser perforation and the round
shapes of the changes indicate that temperature effects are the reason. A change in the PTFE
content or structure due to the high temperatures is very likely.
However, PTFE loss alone can not explain the wetting properties to change to hydrophilic.
The contact angle of the fiber substrate is higher than 90◦ [109] and hydrophilic regions are
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Figure 4.13: IP (top) and TP (bottom) liquid water thickness in the place of the modifications and
directly beneath the modifications in a SGL 25BC PTL. The region between the modifications is
labeled as unperforated.
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also observed for the Toray paper PTL with no PTFE. A restructuring of the graphite surface
or an oxide layer on the fibers caused by the high temperatures can be explanations. The
increased oxygen content around the hole in Figure 4.3 can be due to the adsorbed oxygen
on the carbon fibers causing them to turn hydrophilic [110].
In the ESEM experiments (section 4.3.3.1) the hydrophilic regions are observed only with
the PTLs laser-perforated in air atmosphere. For perforating in air atmosphere, smaller radii
had to be chosen to obtain the same perforation diameter most likely due to glowing of the
fibers in the presence of oxygen. In argon atmosphere the glowing was mostly prevented.
Corresponding results were found in the in-situ experiments in Figures 4.5 and 4.6. The two
segments that were laser-perforated in air atmosphere suffered significantly from flooding
due to hydrophilic PTLs. The PTLs perforated with the same diameter in argon atmosphere
show even an improved performance indicating that the argon successfully prevented the
formation of the hydrophilic regions.
However, in the synchrotron visualization experiments (section 4.3.3.1) the hydrophilic
wetting is also observed for the PTLs treated in argon atmosphere. Even though the same
materials were perforated using the same setup and technique, the water thickness profiles
in Figure 4.10 for beam-time 1 and beam-time 2 and the ESEM liquid water visualizations
described in section 4.3.3.1 show varying characteristics. Hydrophilic wetting was only observed for the PTLs in beam-time 1 and desired effects like the drainage effects (discussed in
section 4.3.4.2) could only be observed for the PTLs in beam-time 2. Accordingly, the formation of the hydrophilic regions appears to be very sensitive to variations in the perforation
process. The laser intensity was adjusted for each batch separately using the same procedure
and variations were also observed within different holes of the same batch. Reasons could
be that the absorbed amount of energy varies due to inhomogeneous PTL properties, fluctuations in the laser intensity or variations in the position of the PTL with respect to the laser.
Furthermore, different laser exposure times during circulating the laser for preparing the
different perforation diameters could have caused different cell performances in Figure 4.5.
In Figure 4.10 the profiles of the two PTLs without MPL are similar, even though compared to the SGL 25BA the Toray paper PTL is stiffer, thicker (280 µm compared to 190 µm)
and not treated with PTFE. Since the hydrophilic wetting is observed more often for these
PTLs, the presence of the MPL obviously suppresses the mixed wetting behavior.

4.3.4.2

Influence of modifications on the water management

The influence of the perforations on the water distribution can be manifold. Most likely,
the changed capillary pressure distribution plays a key role for the perforation approach.
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According to the Young-Laplace equation:
pcp = −2γ

cos(Θ)
r

(4.3)

the capillary pressure pcp for a cylindrical pore with contact angle Θ is inverse proportional
to the pore radius r (with γ as the surface tension of water). Figure 4.15 shows the capillary
pressure in the MPL and FS and the temperature lift due to ohmic and reaction heating
according to a simple thermal model (4.3.7) for different perforation diameters. Compared
to the capillary pressure of the mean pore diameter in the FS and the maximum width of the
natural cracks in the MPL (10 µm [38, 111]), the capillary pressure change is insignificant
for diameters larger than 100 µm. However, the temperature lift is rapidly increasing in
holes bigger than 100 µm which can be significant for the water management due to the
high sensitivity of the thermodynamics on temperature effects. Thus, further increasing the
diameter of the hole results in undesirable effects like reduced PTL electrical conductivity,
shear stress for the CCM due to the locally missing counterpressure and local hot-spots.
Figure 4.12 shows deformations in the structure of the CCM with the 130 µm slits after
in-situ testing, which can lead to membrane failure after longer operation.
dry
conditions

flooding
conditions
Untreated: MPL prevents drying by additional water vapor diffusion and liquid water percolation resistance. Interfacial water blocks oxygen diffusion at high humidity
(section 4.3.4.2).
Removed PTL (milling): Drying of CCM at low
humidity due to missing MPL. In-plane liquid
water transport toward the holes and decreased
amount of interfacial water increases performance
at high humidity (section 4.3.4.2 and 4.3.4.2).
Removed PTL (laser): Hydrophilic hole vicinity
prevents drying by absorbing and retaining liquid
water at low humidity but increases flooding at
high humidity (section 4.3.4.1).
Removed MPL (milling): Water is accumulating
in regions where the MPL is removed which prevents drying at low humidity. Decreased percolation resistance decreases amount of interfacial water at high humidity (section 4.3.4.2).

Figure 4.14: Conclusion on the influence of the PTL modifications on the liquid water distribution
at drying and high humidification conditions.
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In the following subsections, the influence of the modifications on the water management
is discussed. Since the beneficial effects of the perforation approach is ascribed to the IP
water transport toward the modifications [51, 94, 98], this effect is discussed separately from
the general influence of the modifications on the water transport.

In-plane liquid water transport
The most evident explanation for beneficial effects by perforation is that the water collects
in the perforations by a drainage effect which reduces the saturation in the vicinity of the
holes. The water that is built in the regions besides the perforations travels IP toward the
hole where it is transported to the channel. This drainage is supported by the anisotropic
fiber orientation in the PTL since the pressure for pushing the water in the IP direction is
lower than for the TP direction. In the presented results we found several indications for the
presence of this mechanism which are described in the following.
1. In the synchrotron visualization in Figures 4.8 (feature d), droplets at the channel wall
are forming at the places of the perforations under the land. The sequence in Figure 4.9
shows that the droplets are fed by the perforations under the land. Most likely, the
electrode under the water filled hole does not produce any water since the oxygen path
to the active sites is blocked. Consequently, the liquid water feeding the droplets must
originate from the surrounding regions, following the IP capillary pressure gradient
toward the hole.
2. Both in the TP and IP water thickness profiles in Figure 4.13, the liquid water saturation besides the slits in the PTL is lower than in the unperforated regions. This effect is
also very pronounced in the regions under the land where the product water must travel
IP to fill the perforations in the channel. In the IP visualization, the droplet formation
in the channel above the perforations is increased by a high water expel rate.
3. In Figure 4.10 the saturation in the PTL is lower for a lower distance to the hole edge
for the mechanically perforated PTL due to a decreasing impact of the drainage effect
with an increasing distance to the hole.
4. In the ESEM liquid water visualizations of a hydrophobic PTL in Figure 4.4, the liquid
water reaches the surface of the PTL in the hole first. Even though the void volume in
the hole is approximately 30% higher than in the porous structure of the PTL, the hole
is filled with liquid water before the breakthrough through the surrounding surface is
observed.
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Influence of modifications on the water management
Effects at dry conditions In Figure 4.11 at dry conditions, the PTL with the removed MPL
shows the best performance while the HFR and XH2O,ca are low due to a high CCM humidification and high protonic conductivity of the CCM. This is consistent with the synchrotron
visualizations in Figure 4.13 where also an increased CCM humidification is found for the
CCM with the removed MPL. The accumulating water in the regions where the MPL is removed is in direct contact with the CCM leading to maximum ionomer humidification. In
contrast, an increased CCM drying can be observed for the cells with the milled holes and
milled slits. The product water can directly be transported to the channel in the vapor form
if no additional diffusion resistance by the FS is present.
The CCM humidification with the laser-perforated PTLs is higher than with the mechanically perforated PTLs. Obviously, the hydrophilic regions around the holes improve the
water retention capability of the PTL at dry conditions by adsorbing the liquid water. Anyway, even though the HFR is lower, the cell performance is not increased. Mass transport
losses due to the liquid water filled structure are most likely already present at the low humidification levels.
In the cell with the unperforated PTLs the MPL successfully retains the water at dry
conditions resulting in a low HFR and high water crossover to the anode side. Accordingly,
in the mechanically modified PTLs the missing MPL results in a higher water expel rate on
the cathode side and a low HFR. Due to the direct path from the electrodes to the channel,
more product water is expelled over the cathode gases.
Effects at wet conditions The found influences of the modifications on the liquid water transport are manifold. In Figure 4.8, the perforations are clearly visible and liquid water
features are forming in the channel (feature f). These features are most likely thin film formations on the PTL surface. The films are only observed in the vicinity of the laser-perforated
holes and appear irregularly and disappear if a water droplet is passing the channel.
Despite the significantly changed liquid water distribution, all other perforation techniques show a rather low influence on the cell performance in Figure 4.11. Even though
2% (holes) or 17% (slits) of the PTL structure was removed, still the cell voltage at flooding
conditions is 30 mV higher than for the untreated PTLs.
When changing from humidified to over-humidified conditions in Figure 4.11, the performance of all cells increases except for the cell with the unperforated PTL. Even though the
RH is already high (0.73) at the air inlet and RH=1 is reached at 40% of the channel length
(Table 4.2), the CCM water content of the modified PTLs is still increased when changing
to even higher humidification. However, the HFR of the unperforated cell remains constant while more product water is expelled on the anode side. At over-humidified conditions
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XH2O,ca is on a low level, while the HFR is high. Accordingly, other effects than the CCM
humidification may influence the HFR. A possible explanation is an increasing amount of
liquid water in the interface CL/MPL, creating an additional contact resistance. The high
entry pressure for the liquid water to enter a natural MPL crack (13 kPa, Figure 4.15) results
in a high CCM humidification on the one hand but in an increasing amount of interfacial
water. The modifications prevent this interfacial water at flooding conditions but also decrease the CCM water content at dry conditions. However, in the synchrotron visualization
in Figure 4.13 the interfacial water is not visible, most likely because the film-thickness is
below the resolution of the imaging.
The IP and TP water thickness profiles in the synchrotron visualizations in Figure 4.13
show that the saturation in the regions where only the MPL is removed is higher than where
also the FS is removed. The water from the surroundings of the modifications is most likely
collecting in the void space in the MPL until the pressure is high enough to push through the
FS. Since in Figure 4.13 the droplet formation in the channel above the modifications is high,
the flux of liquid water through the modified regions must be increased. The additional water
is not due to the IP water transport toward the modifications in the FS since this effect is not
observed for the PTLs with the removed MPL (as discussed in section 4.3.4.2). However, the
drainage effect in the FS for the through holes obviously does not have a major effect on the
oxygen diffusivity since the performance is not higher for the through holes. Therefore, the
major reason for the improved performance of the mechanical modifications is most likely
not the drainage in the FS. Rather, drainage of the interfacial water between the catalyst layer
and the MPL could result in the improved performance and the increased droplet formation
in the channel above the removed MPL.
The increased droplet formation is not confined to the regions directly above the modifications as observed for the through-holes. Due to a fan-shaped spreading of the liquid water
from the modification to the PTL surface (Figure 4.14) the increased water saturation is also
visible in the regions next to the modifications.
In recent publications, the advantage of the application of an MPL in addition to a FS is
attributed to the presence of cracks or defects in the MPL material [38, 39]. Water travels
preferably through the cracks toward the FS, bypassing the large water pressure necessary
to penetrate into the small hydrophobic pores in the MPL bulk material. As a result the
number of breakthrough paths in the FS is reduced. The interpretation of the presented
results supports this theory. Furthermore, the natural cracks in the MPL may also drain the
liquid water in the interface and contribute to the beneficial effect of the MPL.
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Conclusions

The influence of both mechanical and laser perforating different PTL materials on the water management is analyzed using different experimental techniques. In-situ synchrotron
radiography, performance characterization and water balancing and ex-situ ESEM liquid
water visualization and SEM/EDX analysis are correlated to conclude on the water transport
mechanisms in the fuel cell and the changes due to the modifications.
The presented results clearly show that there is a significant influence of the perforation
approach on the water management and therefore offers a great potential for optimization.
Even though laser-perforation is an attractive method for the mass production, side-effects
can easily result in structural changes and hydrophilic regions in the vicinity of the lasertreated regions. The side-effects are very sensitive to the laser intensity and exposure time
and only small changes can cause significantly different results.
When using mechanical perforation, the side-effects could be prevented and indications
for a beneficial drainage effect are observed using different experimental techniques. However, the increased oxygen diffusivity by the reduced saturation in the vicinity of the holes
does not provide the expected impact on the cell performance. Rather, indications are found
that the liquid water in the interface between the catalyst layer and the MPL is the most
limiting for the oxygen diffusivity. Perforations drain this interfacial water but in drying
conditions the exposed CCM results in dehydration of the CCM. Therefore, removing only
the MPL in confined locations revealed the best performance both at drying and flooding
conditions. The regions with the removed MPL retain the water in the CCM at drying conditions and drain the interfacial water at flooding conditions. With the reported results further
improvements can be achieved by adopting the modification techniques.
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Appendix: Thermal perforation model

For estimating the effect of locally removing the PTL on the thermal management, we used a
simple 3D thermal model. The model consists of the cathode CL, MPL, FS, two lands and a
hole with varying diameter centered in the channel. The heat is produced in the catalyst layer
due to joule and reaction heating and conducted over the PTL and the gas distribution plates
where an isothermal boundary condition is applied. Table 4.3 summarizes the simulation
parameters. Figure 4.15 shows the dependency of the temperature lift in the perforation
center and the capillary pressure on the perforation diameter.
thermal conductivity (membrane/ CL/
PTL/ land)
electrical conductivity (CL/ PTL)
layer thickness (membrane/ CL/ PTL /
land) / channel width

W m−1 K −1

heat production in electrode (dCL = thickness CL)
Ic /Vc
boundary condition: temperature/ voltage
in channel

W

S/m
µm

0.29[112]/
0.27[112]/
10[112]/ 52[113]
114[114]/1958[115]
15/ 5/ 150/ 200/1000

Ic
dCL

· (0.95 V − Ic · 0.1 Ω −Vc )

1.6 Acm−2 / 0.6 V
340K/ Vc

Table 4.3: Model settings and results for the estimation of the maximum temperature in the hole
Tmax and capillary pressure pcp in different hole sizes.
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Figure 4.15: Capillary pressure pcp for the mean contact angles of the FS (Θ = 109◦ [110]) and
MPL(Θ = 109◦ [54]) and temperature lift dependent on hole diameter in the PTL according to the
thermal model.

Chapter 5
Modeling the water management
5.1

Introduction

For optimizing PTL materials with respect to the water management, modeling is an important tool. At high humidity operation the product water transport becomes a 2-phase process
and the influence of the liquid water on the gas diffusivity becomes significant. One of the
key parameters to understand the influence of the relevant design parameters on the thermodynamics and performance is, therefore, the influence of the liquid water formation on the
oxygen transport process.
Liquid water within the PTL can form due to condensation or by injection of liquid water
from the adjacent layer. The liquid water in turn influences the water vapor and oxygen
diffusion as well as the water and heat generation by the influence on the current generation.
Even though these processes are highly coupled, high efforts have been done to include these
processes in the models due to the high relevance of the 2-phase transport for the fuel cell
performance.
In the following sections, two novel approaches are described to capture the liquid water
transport and its influence on cell performance. The first model (Section 5.2) is a new discrete
liquid water percolation model, which calculates the liquid water distribution dependent on
the phase change and water injection scenario. To evaluate the impact of the PTL liquid water
transport properties on the performance of the fuel cell, the discrete model is then coupled
to a continuum fuel cell model in the second model (Section 5.3). The continuum model
includes all thermodynamic processes relevant for the influence of the water management on
performance.
77
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Liquid water percolation model

The easiest way to model the liquid water transport in porous layers is by using a continuum
Darcy approach which was originally developed for porous sands. Here, the liquid water
flux jli is a function of the pressure drop in the liquid water ∆pli , the absolute and relative
permeability kabs , krel and the viscosity of the liquid water µ
jli =

kabs krel
∆pli
µ

(5.1)

krel is often modeled as a polynomial function of the liquid water saturation s [116],
krel = s4

(5.2)

The local capillary pressure is defined as the difference between pli and the gas pressure pgs
pcp = pli − pgs

(5.3)

whereas pgs can be assumed to be constant throughout the medium. The relationship between
pcp and s is often given by the Leverett approach [96]
r
ε
1.417s − 2.12s2 + 1.263s3 (Pa)
pcp = γ cos(Θ)
kabs

(5.4)

with γ as the surface tension of water, Θ as the contact angle and ε as the porosity.
Still, the applicability of the Darcy approach remains questionable for fuel cells. It gives
a smooth course of the saturation which is applicable only for the percolation characteristics
of stable displacement (Figure 2.6) at much higher capillary numbers (Ca > 10−4 that is
equivalent to a current density of i > 104 Acm−2 ) [29]. In contrast, experiments with highly
hydrophobic and porous fuel cell components have shown that the transport characteristics
exhibit a more fingering-like liquid water transport (Section 2.3.2). Discrete models therefore describe the liquid water transport characteristics more adequately. However, due to
the complex dynamics of the solid-liquid interaction, the computational efforts for the discrete simulation is generally very high and far reaching simplifications or assumptions in the
description of the processes have to be applied. Additionally, the coupling to conutinuum
models to evaluate the influence of the percolation on performance is difficult due to the
different formulation of the processes.
The Lattice Boltzman (LB) method has been applied to model the 2-phase transport within
the pore structure [30, 117] and the droplet movement on the surface of the FS [118]. The
LB method works on a lattice and solves the Navier-Stokes equation for discrete spatial
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directions [20]. Besides solving the flow of liquid in the FS, the unsteady characteristic
behaviors of liquid droplet motion in the porous medium is modeled by incorporating an
inter-particle interaction model [117].
A Monte-Carlo approach to model the liquid water movement is presented by Seidenberger et al. [20], simulating the water transport on the micrometer scale. The liquid water
propagation is modeled by deciding on whether a movement of a randomly chosen element
is executed, based on the energy change for the movement. The preferred wetting of solid
materials can be taken into account by attributing surface-surface interaction energies with
respect to the material properties. However, since the movement is driven by stochastic processes, the subsequent filling of void spaces according to the inlet pressure is not captured
adequately by the model.
Instead of applying the most significant assumptions in the physics of the percolation
process, pore network models transfer the solid structure into a simplified description where
well-known dynamics of the movement can be applied. In a preprocessing step, the PTL
pore structure is transferred into a network of pores which are interconnected by throats.
Unlike continuum models, pore network models capture the characteristics of the liquid
water percolation more realistically, but also have significant drawbacks.
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Abstract
In order to model the liquid water transport in the porous materials used in polymer electrolyte membrane (PEM) fuel cells, the pore network models are often applied. The presented model is a novel approach to further develop these models towards a percolation
model that is based on the fiber structure rather than the pore structure. The developed algorithm determines the stable liquid water paths in the PTL structure and the transitions from
the paths to the subsequent paths. The obtained water path network represents the basis for
the calculation of the percolation process with low calculation efforts. A good agreement
with experimental capillary pressure-saturation curves and synchrotron liquid water visualization data from other literature sources is found. The oxygen diffusivity for the PTL with
liquid water saturation at breakthrough reveals that the porosity is not a crucial factor for the
limiting current density. An algorithm for condensation is included into the model, which
shows that condensing water is redirecting the water path in the PTL, leading to an improved
oxygen diffusion by a decreased breakthrough pressure and changed saturation distribution
at breakthrough.
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Introduction

Pore network models are very helpful for understanding the general dependencies of the
liquid water transport phenomena in porous materials for fuel cells [29, 54, 111, 119–122].
In contrast to continuum models, they are able to capture the complex liquid water fingering transport processes, observed in ex situ experiments for highly porous and hydrophobic
materials [46, 51]. The PTL is represented by regularly shaped pores, which are interconnected by regularly shaped throats, presuming the connectivity. The network is most often
derived by interpreting mercury intrusion experiments using the Young-Laplace equation for
cylindrical pores:
cos Θ
(5.5)
p = 2γ
r po
This way, the volume of the pores with radius r po can be attributed to the penetration
pressure pcp (with γ as the surface tension of the penetrating fluid and Θ as the contact angle
between the fluid and solid). The obtained pore size distributions can easily be used as an
input parameter for pore network models, since both approaches apply the same simplified
representation of the pore geometry. However, the distribution of the invading fluid cannot
be extracted from the measurements, and the influence of structural changes can hardly be
predicted.
A step towards more realistic and applied modeling is to extract the pore network from
the physical PTL structure instead of generating it by randomized processes. Luo et al. and
Thiedman et al. [120, 123, 124] presented a topologically equivalent pore network model
and extracted the network from either a stochastic fiber model or direct visualization of
real PTLs. Luo et al. extracted the pore and throat geometry by applying a maximal balls
concept according to Dong and Blunt [125], neglecting the influence of the material wetting
properties on the network.
In highly porous materials, the breakdown of the structure to a pore space distribution
with regularly shaped pores is often problematic due to the inadequate geometrical representation of the void space in-between the solid, as is obvious from the PTL cross-section
in Figure 5.1a. The pore network does not provide a direct geometric representation of a
physical porous medium, and the physical consistency is ensured by selecting a throat radii
distribution function, such that the capillary pressure matches the measured data [121]. Depending on the structure and filling direction, the shape of the water in the void space can
significantly differ from the regular structures in pore network models. Furthermore, each
point in space can only be part of one pore or throat, despite that in Figure 5.1b each point
in between the fibers can be part of several menisci between several fiber combinations and
can, therefore, have significantly different entrance pressures.
To examine the influence of the PTL structure and local wetting properties, we developed
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a percolation model using the PTL design parameters as a direct input. This includes the
distributions of fiber contact angle, fiber size and orientation, as well as spatially varying
porosities. The presented model is an attempt to bridge the gap and couple the water percolation to the physical structure of the PTL. It is a novel approach to extend present discrete
pore network models towards a more realistic description of the liquid water transport in
the void structure of the PTL. Instead of pores that are interconnected by throats, the PTL is
represented by all its possible stable water paths which are connected by unstable transitions.

(a)

(b)

q1

q2

q1

q2

q1

q2
b2

y

b1

Figure 5.1: Illustration of the concept of the water path network. (a) A path consists of stable
menisci positions between an object pair. (b) Each point in space can be part of several paths having different entry pressures (menisci radii).

The model is designed to be coupled with a continuum model describing the electrochemical and thermodynamic processes in the fuel cell in a later stage. The physics of liquid water
movement in highly porous materials is very complex, and the direct discrete simulation of
the water movement through the structure can become very time-consuming easily. Since
an iterative coupling algorithm would demand the frequent recalculation of the percolation
model during iterations, the high calculation effort makes a coupling unrealistic. However,
using a network describing the connectivity of water paths dependent on the PTL structure is
perfectly suited for the coupling, since the calculation effort is significantly reduced. By creating this network in a one-time computationally intensive pre-processing step, all necessary
information is provided for a non-time-consuming simulation of the percolation process.
Furthermore, we developed and included an algorithm describing the discrete liquid water
formation and transport due to phase change for modeling the two-phase water transport
when coupling to a whole fuel cell model in future work.
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Model Description

In Figure 5.2, a schematic of the different modeling steps (PTL structure generation, network
generation and percolation calculation) is shown, which is described in detail in the following subsections. The generation of a stochastic PTL model containing two-dimensional (2D)
objects is described first. The description of the network generation based on the PTL structure is described in detail in the following section. After defining the initial liquid water
position, the network is used as a basis for calculating the water movement and the filling of
the PTL, which is described in Section 5.2.2.3.

5.2.2.1

PTL Structure Generation

To demonstrate the functionality of the percolation model, a simple PTL structure generation
algorithm has been developed. Optional to the described algorithm, other three-dimensional
(3D) structure modeling approaches [126, 127] or X-ray-based reconstructing methods [128]
can also be used to generate an input for the percolation model.
The fiber-based network model is based on the 2D structure of a carbon-fiber PTL. The
fibers and PTFE in the PTL structure are represented by 2D, rectangular objects having
different sizes and orientations. Even though the cross-section of a round fiber is a rectangle
with two round sides, we assume that the effect of neglecting the circular shape on the liquid
water transport is negligible.

Figure 5.2: Schematic of the modeling steps.
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The length and width of the objects, the contact angle and orientation in the visualized
x/z cross-section plane (β , see Figure 5.1a) are normally distributed. The fibers are placed
at random positions that are not occupied until a predefined porosity is reached. Intersecting
objects are trimmed from the starting point until the intersection. Since the fibrous materials
are produced by laying down a mat of fibers, the mean value of β is set to 0◦ , and the
object orientation angle in the x/y plane (ι) is assumed to be uniformly distributed. The
cross-section length of an object with width b in the visualized plane is then calculated via
b × cos ι, while limited by the actual object length.
As an example for a PTL model generation, Figure 5.3 shows a cross-section of a Toray TGPH-060 carbon paper with 20 wt% PTFE (Toray Industries, Inc., Tokyo, Japan, PTFE treatment according to [129]) and a 2D representation for a PTL with the respective design parameters (porosity and fiber size/orientation).
(a)

(b)

Figure 5.3: (a) Cross-section of a Toray TGP-H-060 with 20 wt% PTFE (edge length is 200 µm)
and (b) the 2D representation for the same type of PTL.

The porosity can be modified locally to capture PTL inhomogeneities, like perforations or
different compression levels under the land and the channel. A contact angle can be attributed
to all four straight boundaries of the PTL objects separately by specifying its distribution
parameters. The boundaries of the model domain are captured by four straight lines having
a contact angle of 90◦ .
5.2.2.2

Network Generation

The model follows the assumption that each water filled region in the PTL is confined by
at least two menisci, which are spanning between object pairs, respectively. The position of
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a stable meniscus between one pair moves between the pair, dependent on the liquid water
pressure. When the meniscus outruns the object pair, additional menisci between further
pairs are established. Based on the stable menisci positions between all the possible object
pairs and their connectivity, a water path network is obtained. This network contains the
information about the location of all stable water paths and their connectivity together with
the pressure level, necessary to reach the subsequent path. Each point in space is no longer
part of a pore or a throat, but can be part of several paths and transitions.
The presented approach describes the percolation in 2D, but would in theory also be applicable to 3D. Instead of considering menisci with two contact points and a circular meniscus,
the 3D approach would have to consider more complex structures and menisci geometries.
However, for the 3D approach, further, far reaching considerations are necessary, which will
also result in significantly increased calculation efforts.

Stable Water Paths To minimize the liquid water surface energy, the preferred shape of a
free meniscus is circular. Considering a meniscus between two boundaries of an object pair,
there are exactly two possible positions for a defined radius, while keeping the conditions
of the contact angles in the two contact points. One of these position is for one moving
direction between the pair. If neglecting all other forces than the forces by the surface tension
γ, the liquid water pressure p for a meniscus with radius r can be calculated according to the
Young-Laplace-equation:
2γ
(5.6)
p=
r
Accordingly, the radius and the position of the meniscus will change depending on p.
In Figure 5.1a, the center of the circular meniscus travels along a straight line (path) while
changing the curvature of the surface with varying pressure. The orientation of this path
(ψ1 for one moving direction and ψ2 for the other moving direction) depends on the object
contact-angles (Θ1 , Θ1 ) and the object surface orientations (β1 , β1 ):
ψ1 =

β1 − β2
Θ1 − Θ2
+ β1 +
2
2

(5.7)

β2 − β1
Θ2 − Θ1
+ β2 +
(5.8)
2
2
For equal object contact angles, the path is the bisecting line of the object pair in both penetration directions.
ψ2 =

Starting from an entering point in a path, the liquid water will fill up the path to the
position, with p corresponding to the actual liquid water pressure.
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Unstable Menisci Transition If the liquid water pressure is high enough for the stable
meniscus to move to the end of a path, it transfers through several positions into one or
several following stable paths. These unstable water transitions are temporary liquid water
positions and represent the connections between the stable water paths in the network. The
physics behind these transitions is very complex. However, we assume that for the percolation process, the stable positions are the most influencing, and we capture these transitions
in a significantly simplified way as described as follows.
At the end of a path, we differentiate between three scenarios (see Figure 5.4):
• the touching point of the object pair is reached;
• a third object interrupts the meniscus in the path;
• one of the contact points outruns the object.
(i)

(ii)

(iii)

Figure 5.4: Illustration of the three different scenarios and the splitting of the stable meniscus in
two unstable menisci (UM1 and UM2) at the end of a path: (i) a dead end is reached, and no unstable meniscus (UM) is established; (ii) a third object interrupts the meniscus; and (iii) the meniscus
outruns the traversed object, and two different possible scenarios are considered (A and B).

In case (i), no new path is contacted (dead end). In cases (ii) and (iii), one or several
following paths are contacted (junction) after the unstable transition has finished. For both
cases (ii) and (iii), the starting point for these unstable transitions are two menisci, which
span between a new found contact point and the two contact points at the end of the path. If
the meniscus is interrupted [case (ii)], the new menisci form between the splitting point and
the two old contact points. If the contact point outruns the object [case (iii)], a new contact
point for the new menisci can be found using two different approaches. On the one hand, the
meniscus can form a bubble with an increasing diameter, while keeping both contact points.
In this case, the new contact point is the place where the bubble touches a third object first.
On the other hand, the bubble can burst and disperse in the direction of the ending contact
point. Then, the new contact point is the intersection point of a straight line through the old
contact points with the closest object in the direction of the ending object. In all cases, both
scenarios are calculated, and the later scenario is only chosen if the length of the distance

5.2. Liquid water percolation model

89

between the new contact points is smaller than a threshold value, which is estimated to be
1.4-times the distance between the old contact points.
Since the two new menisci do not necessarily maintain the conditions of contact angle
and circular shape, they do not represent stable positions. Thus, the surface tension and the
liquid water pressure force the meniscus to change its position and shape until the contact
angles with the contacted objects matches the material properties. In the presented model,
this movement is represented by rotating the meniscus around one of the contact points. The
rotation direction and the rotation point are chosen in a way that the meniscus moves in the
direction of the stable position and in the direction of the liquid water movement. If this
movement can be executed without interruption until the meniscus turns stable, the position
in the new path is the stable position. If the moving contact line is interrupted by a third
object before a stable position is reached, the newly contacted object splits the meniscus
again, creating two further unstable menisci as in case (ii) in Figure 5.4. The old meniscus
continues rotating around the touching point until it is interrupted again, creating three new
unstable menisci. If one of the contact points reaches the end of the object, the rotation
direction is turned first, before new unstable menisci are created according to case (ii) in
Figure 5.4, if it is interrupted again.
By this subsequent splitting of the menisci during the unstable meniscus transition, several
following paths can be reached at the end of each stable path.
5.2.2.3

Liquid Water Percolation

In our model, we simulate the slow invasion of liquid water into the PTL pore structure.
Therefore, dynamic effects are neglected and the liquid water pressure is assumed to be
uniform throughout the PTL.
In fuel cell operation, the PTL is filled with liquid water generated by the electrochemical
reaction from the boundary facing the catalyst layer. Therefore, both fillings during the
operation and during an injection experiment are simulated identically, and water is injected
through one of the PTL boundaries. At this boundary, a constant pressure boundary condition
is applied, and the saturation distribution for an injection pressure is defined by increasing
the pressure to the corresponding magnitude. During the percolation process, an increasing
number of stable paths are contacted with liquid water, which we denote as “activated”.
If assuming that the liquid water is drained out of the electrode by growing spherical
liquid water droplets, the droplets will grow into the PTL pores adjacent to the electrode
until they touch the first object. Before an external pressure (over the boundary of the PTL)
is necessary for the further percolation, the spheres will grow and move on the electrode
surface until they touch a second object. Hence, if assuming a contact angle of 90◦ of water
on the electrode surface, semicircles on the electrode surface touching two objects are the
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starting condition for the percolation process. The water lines between the two contact points
on the electrode surface and the two contact points with two objects can be interpreted as
three unstable menisci for each semicircle, respectively. Thus, the initially activated paths
are found using the algorithm for the unstable menisci transition (Section 5.2.2.2).
As described before, each path can have several transitions and therefore, following stable
paths at its end. The criterion for the activation of each following path is that the liquid water
pressure is higher than the invading pressure at the end of the old path. If a path is activated,
the liquid water pressure defines to which level the path is filled and if its following paths are
activated in the case of a complete filling.
When simulating an injection experiment, the liquid water pressure is increased, and the
liquid water distribution for a predefined water inlet pressure is reached if no further paths
can be activated at this pressure.
5.2.2.4

Phase Change

Condensation and evaporation can have a significant influence on the injection process and
cannot be neglected when simulating the liquid water distribution during fuel cell operation.
Therefore, condensation can be included in the model via a partly pixel-based algorithm.
The input for the condensation algorithm is a dimensionless matrix SH2O ( j, k), representing
the condensation [SH2O ( j, k) > 0] and evaporation [SH2O ( j, k) < 0] source terms at position
( j, k). SH2O ( j, k) depends on a couple of parameters, like the relative humidity, temperature
and saturation distribution. However, since these parameters are not considered in the percolation model, we postulate a constant SH2O ( j, k) that is also independent of the actual liquid
water distribution to demonstrate the importance of considering phase change. When coupling the discrete model to a whole fuel cell model in future work, SH2O ( j, k) is calculated
using a continuum approach. Since SH2O ( j, k) is dependent on the saturation distribution, it
will change in the course of an iterative coupling algorithm, since the saturation distribution
will, in turn, also change the water vapor distribution.
The translation of the continuum variable SH2O ( j, k) into the discrete percolation approach is described in the following.
The position of the maximum in SH2O ( j, k) is assumed to be the condensation nucleus for
the condensed water propagation. From this point, water droplet growth starts at the closest
object surface until a second object is touched. The two contact points on the two objects
represent the contact points of two unstable menisci moving in opposite directions. Using the
same algorithm as for the unstable menisci transition, the menisci moves through the PTL
until the next stable paths are found. The stable paths are then considered to be the starting
condition for a subsequent filling procedure, as described in Section 5.2.2.3.
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During the filling, the liquid water pressure increases, and the corresponding binary saturation distribution s( j, k) is calculated using the percolation algorithm described before. The
filling is stopped if the sum of the source terms is equal or lower than the sum of the sink
terms in the water filled regions:

∑ SH2O( j, k) · s( j, k) <= 0

(5.9)

j,k

or the liquid water reaches the PTL surface. Subsequently, SH2O ( j, k) is set to zero in the
water filled regions, and the next starting point is the place with the highest source term
[SH2O ( j, k) > 0] again. This procedure is repeated until all entries in SH2O ( j, k) are equal to
or smaller than zero. After the condensation process, evaporation source terms [SH2O ( j, k) <
0] are only present in regions with no liquid water and are therefore, not considered further.
If considering a region that is filled with condensed water, some of the water will eruptively drain into adjacent regions, if they have a lower entry pressure than the capillary
pressure of the filled region. Compared to the percolation during a liquid water injection
experiment, condensation fluxes in a fuel cell are rather low and therefore, the flux is not
high enough to refill the drained regions with liquid water quickly. Thus, some regions will
be filled with liquid water only part of the time even though SH2O ( j, k) is positive (constant
condensation). This behavior of liquid water within hydrophobic materials is also known as
Haines jumps [59, 130] and is dependent on the entry pressure and capillary pressure distribution. It can have significant influence on the oxygen diffusion in hydrophobic PTLs since
without consideration, even a hydrophobic PTL would be fully saturated by condensed water
in over-humidified conditions.

pcp1 >

pcp2

>

pcp3

<

pcp4

>

pcp5

Figure 5.5: Illustration of the influence of the capillary pressure distribution pcp (represented by the
size of the circles in the pores) on the temporal average liquid water saturation (represented by the
filling levels of the circles).
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To account for these effects, we have to find an estimate for a local saturation that is both
dependent on the local entry pressure and the entry pressure in its vicinity. According to
Figure 5.5, the filling level of a region depends on (i) the necessary capillary pressure to hold
the water in a region and (ii) the pressure at which the liquid water can be drained into an
adjacent region. The higher the necessary capillary pressure to hold the water in a region,
the lower is the temporal average saturation in this region.
Furthermore, if the pressure threshold for draining the water into the adjacent regions is
smaller than the necessary capillary pressure to hold the water in this region, a higher difference between this pressure and the threshold results in a lower saturation. The physics
and couplings behind this effect are very complex, beyond the scope of the described modeling approach and normally neglected in state-of-the-art condensation models. However,
we approximate the general dependencies by setting the local saturation in the water filled
regions to the temporal mean value. Therefore, we combine two saturation distributions, s1
and s2 , which describe the dependency on both effects. s1 depends on the minimal capillary
pressure pcp,min to hold the water, which is the lowest capillary pressure of all water filled
paths containing this location. s2 depends on the difference between pcp,min and the pressure
at which the liquid water can be drained into an adjacent region. This drainage pressure pcp,t
is the lowest pressure at the end of all activated paths containing this location.

 KT1
if pcp,min > KT1
(5.10)
s1 = pcp,min
1
if pcp,min < KT
1


pcp,t −pcp,min +KT2



KT2

s2 = 1



0

if 0 > pcp,t − pcp,min > −KT2
if 0 <= pcp,t − pcp,min

(5.11)

if − KT2 >= pcp,t − pcp,min

The threshold values, KT1 and KT2 , are set to the values: KT1 = 200 Pa, KT2 = 1 × 104 Pa.
Since both the conditions for s1 and s2 have to be fulfilled to result in a high final saturation,
s1 and s2 are combined to a final saturation sges by:
sges = s1 · s2

(5.12)

Considering that liquid water both by condensation and by injection is filling the porous
structure, the temporal progression of the processes is a problem. Water cannot condense
where liquid water is already present, and water which is forced into the PTL by injection
into the PTL will travel preferably along a path where water has already condensed before.
In a real fuel cell, both processes will take place more or less simultaneously. The order
depends on the history of the fuel cell and how the current and operating conditions are
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changed during a polarization curve, for example. In our model, we assume that the liquid
water distribution by condensation is completed before the injection process takes place. If
the liquid water front formed by injection reaches a liquid water region that was formed by
condensation, all paths and transitions that were active at the termination of the condensation
process are activated. This way, the water movement continues at the boundaries of the
condensed region.

5.2.3

Results and Discussion

5.2.3.1

Saturation Distribution

For the comparison of the water inlet pressure-dependent saturation distribution, only a little
experimental data is available in the literature. Flückiger et al., Kim et al. and Utaka et al.
[78, 131, 132] presented saturation distributions in PTLs at different water inlet pressures
using X-ray visualization.

Figure 5.6: Saturation profile over the thickness of a Toray TGP-H-060 PTL from the water inlet
interface (right) to the water outlet interface (left). The calculated data for three different pressure
levels are compared to synchrotron visualization data by Flückiger et al. [28] for the same type of
PTL.

In Figure 5.6, the result of a numerical intrusion without phase change is compared to
experimental ex-situ synchrotron visualization data by Flückiger et al. [78]. Shown are the
calculated and measured one-dimensional saturation profiles over the thickness of a PTL at
three different water injection pressure levels. For the computed data, the mean values and
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standard deviations of twenty stochastically generated models are shown. The experimentally determined properties of the same carbon paper PTL are used as model input parameters
(Table 5.1, Toray TGP-H-060) and as used in the experiments by Flückiger et al.
For the experimental data, Flückiger et al. could also extract the local porosity by analyzing the 3D X-ray adsorption data. They found that the porosity varied over the PTL
thickness and is between 0.8 and 0.6 in the middle of the PTL and increases to 1.0 towards
the surfaces of the PTL. They attribute the variation to the production process of the PTL and
correspondingly found a significantly increasing saturation towards the PTL surfaces due to
the locally reduced capillary pressure. Bending of the PTL due to the water pressure could
also have played a role during the experiments. However, we assume that a saturation of 1.0
close to the electrode interface in a fuel cell is not realistic, since this would totally block the
oxygen transport to the active area and consequently stop the current and water generation.
Material
Toray TGP-H-060
Toray TGP-H-120
Toray 0wt%
Toray 10wt%
Toray 20wt%

b/µm
ϑ
9[119]
9[119]
-

ς
2
2
-

β /◦
ϑ ς
0 2
0 2
-

Θ/◦
ϑ

97[110]
107[110]
109[110]

ς

20
20
20

Domain size /µm
h
w
220[109] 1000
380[109] 1000
-

Porosity
0.78[110]
0.76[110]
0.73[110]

Table 5.1: Model input parameters for Toray paper PTLs with different thicknesses (TGP-H-060
and TGP-H-120) and PTFE contents (0, 10 and 20 wt%). ϑ is the mean value; ς is the standard
deviation.

For the model data, a homogeneous porosity distribution is used, which results in a lower
saturation towards the PTL surfaces. Disregarding the saturation at the PTL surfaces, the
saturation profiles show a good correspondence at all pressure levels. The saturation profiles
decrease from the inlet surface towards the middle of the PTL with similar shapes. The
breakthrough pressure is between 4–6 kPa for the experimental and 4 kPa for model data.
Especially towards the outlet, the standard deviations of the model data shown in Figure 5.6
are rather high. The average standard deviation over the whole PTL is 45% of the mean value
at 6 kPa. This shows that especially for the breakthrough pressure, stochastic influences
are quite high in the 220 × 1000 µm domain. The high standard deviation is consistent
with confined breakthrough locations caused by regions with lower intrusion pressure. This
“fingering effect”was also found in different percolation experiments [46, 51].
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Capillary Pressure-Saturation

In Figure 5.7a, the capillary pressure-saturation curves for Toray TGP-H-060 PTLs with
0 wt% and 20 wt% PTFE, and in Figure 5.7b, the thicker Toray TGP-H-120 PTL with 0 wt%
and 10 wt% PTFE, are compared to data from water injection experiments by Gostick et al.
[109].
(a)

(b)

Figure 5.7: Calculated capillary pressure-saturation curves for (a) Toray TGP-H-060 and (b)
Toray TGP-H-120 with different PTFE content. The mean values and standard deviations of twenty
PTL realizations are compared to data derived by Gostick et al. [31] for the same type of PTL.

For the model data, the mean values and standard deviations for injection simulations
without phase change and twenty different PTL realizations are shown. Even though the
data are in good agreement, there is a deviation in the low pressure region of the thinner
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TGP-H-060 PTL. Since the data for the thicker TGP-H-120 PTL show very good agreement,
PTL surface effects either in the modeling or experimental data might be the reason for the
deviation, since the impact of these effects is higher at lower thicknesses. However, in the
experimental data, the saturation is already 0.15 at pcp < 1 kPa, which is rather unlikely for
hydrophobic PTLs.
Figure 5.8a shows the simulated injection process by the liquid water distribution in a
Toray TGP-H-120 with 10 wt% PTFE for three different water inlet pressures (Figure 5.8b
is described in the following section).
The reason for the sharp rise in the capillary pressure-saturation curve at low saturation (label 1 in Figure 5.8a) is two-fold. According to the Young-Laplace equation [Equation (5.5)], the water can only fill the largest pores at low pressures, which are relatively
scarce. Furthermore, only a fraction of the paths are activated and have yet contacted with
the injected fluid. If a pressure threshold of about 7 kPa is reached, the slope of the curve
drops (label 2 in Figure 5.8a). Here, both the number of contacted paths and the number
of paths with the respective entry pressure (“large pores”) rapidly increase. At a saturation
higher than 0.8 (label 3 in Figure 5.8a), almost all paths are contacted, but with increasing
pressure, the number of paths with the respective entry pressure decreases. Furthermore,
with increasing entry pressure, the filling volume of the paths and thereby, their potential to
increase the saturation, is decreasing.
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Figure 5.8: Capillary pressure-saturation curve and saturation distribution for three pressure levels during the injection process (injection is from the bottom interface), (a) without and (b) with
condensation using the same PTL model. For the condensation simulation (b), the saturation distribution at the same pressure level is compared to the distribution without condensation, and the
water filled regions are colorized according to the different filling processes—green: by condensation only; blue: by injection without condensation; red: by both the condensation and the injection
without condensation; purple: by injection with condensation. The model is generated using the
parameters for a Toray TGP-H-120 with 10 wt% PTFE from Table 5.1.
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Oxygen Diffusivity

The effective oxygen diffusivity for the unsaturated PTLs and for the saturated PTLs at
breakthrough are evaluated using a simple 2D continuum diffusion model. The spatial distributed oxygen diffusion coefficient is set according to the distribution of liquid water, solid
(fibers) or free pore space. In the place where neither liquid water nor matter is present, the
oxygen diffusion coefficient in air D02,air is set according to the Chapman-Enskog formula
[133]:


1
T /K 1.5
−5 2 −1
(5.13)
·
DO2,air = 3.2 · 10 m s ·
353
p/atm
In 2D, the diffusion resistance around an object will be overestimated, because the fiber
diameter is significantly smaller than the length. To account for this effect, we apply a simple
approximation and set the diffusion coefficient in the place of the fibers to a nonzero value,
which is approximated with respect to the orientation and size of the fibers. In 3D, the oxygen
will mainly diffuse along the shortest path around the circumference of a fiber, and the mean
path length can be estimated as 1.5b, with b as the edge length of a quadratic cross-section of
the fiber (see Figure 5.9). In contrast, the mean diffusion path length around a fiber projected
into a 2D plane is l/2 + b, with l as the projected length rectangular to the mean diffusion
direction (perpendicular to the PTL thickness). The difference is compensated by allowing a
diffusion flux through the solid. A simple flux balance finally results in:


2b
2
−
D f = DO2,air ·
3 l + 2b


(5.14)

Figure 5.9: Schematic of the approximation oft the mean diffusion length around an object with
length l and width b. For diffusion around an object, with a quadratic cross-section, one applies l =
b.
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For accounting effects that result from the transfer of the 3D to a 2D saturation distribution
on the oxygen diffusion, a quasi 2+1-dimensional approach is applied, which is described
in the following. In a fuel cell running at high current density and high humidity, the product water enters the PTL in the interface towards the electrode mostly in the liquid state
due to the low water uptake capacity of the gases. The saturation distribution will be most
similar to the saturation distribution at breakthrough. Here, the liquid water flux through
the established liquid water path to the PTL surface is high enough to transport the water
from the interface to the channel in the liquid state. Regarding the calculated and measured
breakthrough-saturation distribution in Figure 5.6, the liquid water saturation at the electrode
interface is the highest and decreases towards the surface facing the channel. Meanwhile, the
current production will be almost proportional to the saturation or electrode surface coverage in this interface. Therefore, to account for the reduction from 3D into two, we set the
local diffusion coefficient of oxygen DO2 (x, y), linearly dependent on the mean saturation of
multiple realizations s(x,y).
DO2 (x, y) = (1 − s(x, y)) · DO2,air

(5.15)

For this purpose, we stochastically generate several model realizations with the same
stochastic input parameters, and the local saturation s(x,y) is set to the mean value of the
liquid water distribution of the different realizations.
The effective Ficks PTL bulk diffusion coefficient Dbu is finally calculated via:
Dbu = jO2 ·

h
∆c

(5.16)

where jO2 is the calculated oxygen flux over the PTL boundaries; h is the PTL height; and
∆c is the predefined average oxygen concentration difference between the inlet- and outlet
boundaries. The oxygen concentration at the interface towards the electrode is set to 0 vol%
and 21 vol% at the interface facing the channel. By using Faraday’s law, an upper limit for
the limiting current density in a fuel cell, ilim corresponding to jO2 , is calculated:
ilim = jO2 · n · F

(5.17)

with n = 4 as the number of electrons transferred by one oxygen molecule and F as the
Faraday constant.
One-hundred twenty PTLs are generated using the parameters shown in Table 1 for a
Toray TGP-H-120 paper with 20 wt% PTFE, but with porosity reaching from 0.61 to 0.84
as an input. Then, the models are sorted according to their porosity before the moving
average of the saturation distribution at breakthrough and the porosity of a subset of twelve
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subsequent models is calculated. The local diffusion coefficient is then calculated according
to Equation (5.15).
Figure 5.10 shows ilim and the diffusivity dependent on the mean porosity ε of the twelve
models for T = 320 K and p = 1 atm. Both ilim with the unsaturated PTL and with the
saturation at breakthrough with and without condensation under the land is shown. For
comparison, ilim , according to the Bruggemann correlation:
Dbrug = DO2,air · ε 1.5

(5.18)

is also shown which is widely used in fuel cell modeling.

Figure 5.10: Effective relative diffusivity and corresponding upper limit for the limiting current
density dependent on porosity. Results are for unsaturated PTLs and PTLs with saturation at breakthrough (T = 320 K and p = 1 atm), both with and without condensation. For comparison, also the
Bruggemann correlation for unsaturated PTLs is shown.

The diffusivity calculated by the model without saturation is slightly lower than predicted
by the Bruggemann correlation, but shows a similar trend. Shou et al. compared dry diffusivities found by different research groups and found significant differences between modeling and experimental results [134]. Most diffusivities are lower than the Bruggemann
correlation, whereas the measured data can be up to three-times lower than predicted by the
simulations. They attribute the difference to binder material that spans between the fibers,
which is not included in most models, as in our case. However, in experiments, the porosity
is generally varied by changing the compression [135], which may also result in structure
deformation and leading to lower diffusivities.

5.2. Liquid water percolation model

101

The change of the diffusivity with increasing porosity at breakthrough is smaller than
for the unsaturated PTL. The higher saturation at breakthrough for PTLs having a higher
porosity compensates for the increasing diffusivity due to the decreasing amount of PTL
material. The upper limit for the limiting current density of approximately 3 A cm−2 at a
porosity of 0.64 without condensation is in a realistic range. However, the model does not
account for the diffusion limitation in the electrode and charge transport. Therefore, the
percolation model alone can only give an upper limit for the limiting current density. For
predicting the limiting current adequately, the model has to be coupled with a whole fuel cell
model, including the electrochemical reaction, charge and mass transport in all layers of the
fuel cell.
Figure 5.10 also shows that by including the condensation algorithm, the limiting current
is increased in general.
For the injection with condensation, we assume that there is a constant liquid water
connection throughout a condensed region. Accordingly, at steady state, the source and
sink terms over the condensed region have to balance, and only the relative distribution of
SH2O ( j, k) influences the condensed water distribution.
For the injection with condensation, the magnitude of the liquid water source by phase
change SH2O ( j, k) in the upper left corner (y > hP T L/2, x < bP T L/4) is set to one third of
the magnitude of the sink term in the residual area. In an operated fuel cell, this scenario
simulates condensation conditions under the land and evaporation under the channel.
At porosities between 0.75 and 0.8, the diffusivity of both data-sets close up and intersect
partly, which is most likely due to high stochastically variations at high porosities. However,
the trend lines indicate that there is a positive influence of condensed water under the land
on the limiting current density.
To illustrate the reason for the higher current when including condensation, in Figure 5.11,
the mean saturation distribution (a) without and (b) with condensation at a mean porosity of
0.67 and the corresponding oxygen flux through the electrode interface jO2 is compared.
On the one hand, there is a broad region with high saturation in the corner under the
land where the condensation occurs. On the other hand, the saturation under the channel
is significantly reduced and also, the saturation adjacent to the injection interface is lower
than when no condensation is considered. If the condensation is not included, the oxygen
is transported to the interface only in a small region with low saturation under the land. In
contrast, the oxygen flux is more homogeneous and higher if the condensation is included,
even though the effective saturation is almost the same.
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(a)

(b)

Figure 5.11: Mean saturation distribution at breakthrough and oxygen flux in the interface towards
the electrode [injection (bottom) interface], jO2 , (a) without and (b) with condensation under the
land.

Figure 5.8b illustrates how the condensation can influence the characteristic injection process. Therefore, the injection process of the same PTL model is shown, both (a) without
and (b) with using the condensation algorithm for three different water inlet pressures. For
the saturation distribution with condensation, the same distribution of SH2O ( j, k) as for Figures 5.10 and 5.11b is used.
The colors in Figure 5.8b correspond to liquid water that was formed due to different
processes. Therefore, the saturation distribution, including condensation, is compared to
the distribution without condensation at the same water injection pressure level [note that in
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Figure 5.8, the pressure levels are different for (a) and (b), except for the lowest pressure].
The green region is formed due to the phase change algorithm alone before the injection
through the interface has started. This region is constant and does not change throughout the
injection process. The blue and red regions are filled by the injection process, whereby the
red regions are the overlapped regions with the condensed water. The purple region is water
that was formed by the injection, but was not present without the condensation at the same
pressure level. The purple region, therefore, represents water that continued filling the PTL
at the boundaries of the condensed regions after the injected water reached the condensed
regions.
Obviously, the condensed water under the land is redistributing the percolating water towards the regions under the land. The condensed regions are reached already at low pressure
(3.8 kPa), and a connection to the PTL surface in the channel is established immediately.
The broader percolation front, as for the percolation without condensation at medium pressure (7.3 kPa), will not be established, since the connection is already made at lower pressure.
Because the breakthrough is reached already at very low liquid water pressure, less water is
accumulating in the PTL/electrode interface. Here, liquid water can directly block the oxygen supply to the active sites and is therefore, directly limiting the current production. By
redirecting the flow of liquid water towards the region under the land, the PTL under the
channel remains mostly free of liquid water and is available for the oxygen transport. This
finding is important, since in a running fuel cell, condensing water can obviously result in a
higher limiting current. When including condensation under the land, the theoretical upper
limit for the current at a porosity of 0.67 is increased from 4 A cm−2 to 19 A cm−2 , as seen
in Figure 5.10.

5.2.4

Conclusions

The presented water path network percolation model is a novel approach to improve the
understanding of the liquid water transport mechanisms in PTLs and the influence of PTL
design parameters on the mass transport limitation. Therefore, the model bases state-ofthe-art pore network models on a more realistic representation of the substrate material and
repeals the need to abstract the representation of the PTL on a pore level. The percolation
process is directly described by the interaction of the liquid with the fibrous structure. Due
to the similarity of PTL design and model input parameters, the model can directly be used
for material optimization and can be coupled with a continuum model. The computational
efforts for calculating the liquid water distribution are kept low after a preceding network
generation step.
In the presented model, capturing the transition between stable paths is the most challenging part. Here, the model applies the most significant simplifications and improvements
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can further enhance the model quality. However, the results show that the simplifications are
applicable and that the most important processes are captured. Since the stable water paths
determine the entry pressure and quantity of water filled regions, they are the most decisive
for the final saturation distribution and injection pressure dependency. A condensation algorithm is developed and is included into the algorithm to simulate the impact of condensation
on the percolation process. The results reveal that condensation can have a significant influence on the liquid water distribution by redirecting the liquid water flow. Phase change
should therefore, be considered in 2-phase fuel cell models. Dependent on the condensation
situation, condensation can have positive impacts on the fuel cell performance by improved
oxygen transport.
The saturation-dependent diffusion properties and the capillary pressure saturation curves
show a good agreement with experimental data. Comparison of the simulated saturation
distribution with recent synchrotron visualizations shows that also the local saturation distribution in the PTL is captured adequately.
The percolation process is dependent on the stochastic distribution of the fibers, and
the reduction from 3D into 2D changes these stochastic distributions. The applied 2+1dimensional approach accounts for these effects for analyzing the effect of the PTL structure
on the oxygen diffusion properties. Even though the model obviously captures the most important transport mechanisms, the 2D approach can be further developed in a 3D model for
a more sophisticated analysis of the percolation. However, the application of the approach in
3D includes significantly higher computational and adaption efforts and is therefore, hardly
suitable for the coupling with a full fuel cell model. For analyzing the fundamental dependencies, the 2D approach already offers a very good basis.

5.2. Combined fuel cell model

5.3
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Combined percolation and continuum fuel cell model

After the discrete model has shown to capture the percolation process with good results, the
influence on cell performance and water management is of high interest. For the influence
of the percolation on performance, the interaction of liquid water with the gas supply is the
most important. However, the transport in the gaseous phase is mostly governed by diffusive
processes and continuum Fick’s or Maxwell-Stefan diffusion is most often applied to capture
the oxygen and water vapor transport with sufficient accuracy. Also, the other magnitudes
that are crucial for the fuel cell performance and interacting with the water management
(temperature, membrane water content and protonic potential in the membrane) are generally
formulated using continuum equations.
To investigate the influence of design parameters on the fuel cell performance, to date the
discrete models have only been applied to estimate effective PTL properties for the continuum models. For example, capillary pressure-saturation curves or oxygen diffusion characteristics are not easy to determine experimentally and are often extracted from pore-network
models. To improve this coupling between the modeling of the liquid water transport characteristics and the fuel cell thermodynamics, a direct integration of the discrete model in the
continuum model would be of high value. The discrete model, therefore, has to be translated
into a continuum formulation of the percolation process.
In the following section, the previously described discrete model is used to develop an
algorithm to integrate the discrete percolation modeling into a continuum fuel cell model.
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Abstract
An iterative algorithm is developed to directly integrate a discrete liquid water percolation
model into a 3D continuum fuel cell model. In the continuum model the thermodynamic
processes, most relevant for the water management and fuel cell performance, are calculated.
For the discrete liquid water distribution in the porous transport layer (PTL), a water path
network model is used, calculating the discrete, injection pressure and condensation scenario
dependent saturation distribution.
The saturation in the PTL is compared to synchrotron visualization data and a good comparison is found. Using the model, the influence of PTFE content, the application of a microporous layer, PTL perforation and ionomer desorption rate on the water configuration and
fuel cell performance are analyzed. The interfacial liquid water is identified as an important
parameter for the liquid water transport and the oxygen diffusivity to the active areas.

5.3. Combined fuel cell model

5.3.1
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Introduction

In the presented paper, an approach is developed to combine the advantages of a discrete
liquid water modeling approach with a continuum fuel cell model for the first time. An iterative algorithm is used which allows to directly integrate a discrete liquid water percolation
model into a 3D continuum fuel cell model. The model incorporates the thermodynamic
processes relevant for determining the influence of the 2-phase water management on the
fuel cell performance (heat, charge, water vapor, oxygen, dissolved water and liquid water
transport). As a discrete model, a water path network model [136] is used which models the
liquid water distribution in the porous media for defined liquid water injection pressures and
a phase change situation. The presented approach concentrates on the coupling algorithm
between a state-of-the-art continuum model and the discrete water path percolation model.
However, also other discrete models like pore network models can be coupled with the continuum model using the described algorithm. The advantage of the water path network model
compared to state-of-the-art pore network models is that the PTL design parameters can be
directly addressed to analyze its influence on the cell performance [136].

5.3.2

Model description

5.3.2.1

Discrete PTL network model

The discrete percolation model is based on a water path network and is described in our
previous publication [136]. The 2D solid structure of the FS is generated using the porosity
and the stochastic distribution of contact angle, object orientation and objects dimension as
an input. Based on the FS structure, the model calculates a network of stable water paths
between all object pairs in the domain. The saturation distribution is then determined based
on the network for a defined injection pressure and the condensation/ evaporation source.
For the MPL, different groups found that the water transport takes place mainly through
the MPL cracks leaving the saturation in the MPL low [38, 39, 64, 71, 73, 76, 137]. These
cracks form during the production process of the MPL and have a width in the range of 10 µm
[38, 111] compared to a main pore size of 17 nm of the bulk material [99]. Considering this,
we neglect the saturation in the MPL but the number of injection points into the FS is reduced
to the places of the MPL cracks.
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Continuum fuel cell model

The focus of the model is to analyze the influence of the water management on the fuel cell
performance. Therefore, the continuum model captures the major influencing physics which
are identified as the distribution of temperature (T , defined in CCM, PTL, GDP), oxygen and
water vapor concentration (cO2 , cH2O , defined in PTL), membrane water content (λ , defined
in CCM), protonic potential (φ , defined in CCM) and the capillary pressure (pcp , defined in
PTL). The continuum model is described in the following section. The governing equations,
boundary conditions, general equations and constants are summarized in Tables 5.2-5.6.

Figure 5.12: Scheme of the model domains (not to scale).

The 3D model geometry consists of half a channel, half a rib, the CCM and the cathode
PTL (Figure 5.12). The catalyst layers are implemented as interfaces between the CCM
and PTL domain. The anode components and processes are neglected except for the H2 O
ad-/desorption in the anode catalyst layer (ACL).
Since the discrete model is a 2D model, five models are placed along the channel with
a distance of 40 µm. In-between, the continuum model interpolates both the distribution of
material mat and liquid water s using a nearest neighbor interpolation.
Protonic Potential φ (CCM)
The transport of protons in the CCM is modeled using the conservation of charge and Ohm’s
law.
∇ · (−σφ ∇φ ) = 0
(5.19)
The protonic conductivity σφ in the membrane is a strong function of the water content λ
and is calculated according to Springer et al. [138].
σφ = (0.51λ − 0.33) Sm
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The electrochemical reaction in the cathode catalyst layer (CCL) is implemented as a sink
for the protonic potential. For the current generation jφ ,ECR a simplified approach of the
Butler-Volmer kinetics is used which is justified at cell voltages below 900 mV [18]
jφ ,ECR = cO2,ECS cMO2,init i0 F λ dCCL exp

η 
a

(5.21)

where η is the overpotential in the CCL (Equation 5.58 in Table 5.5), cMO2,init the molar
oxygen concentration in the channel, cO2,ECS the oxygen concentration at the electrochemically active sites, i0 the exchange current density, F the Faraday constant, dCCL the CCL
thickness and a the Tafel slope. The ohmic voltage drop due to all external electrical resistances is implemented by setting the protonic potential in the anode electrode according to
Ohm’s law (Equation 5.50 in Table 5.4).
Equation 5.21 is corrected for diffusion resistances representing the oxygen diffusion in
the ionomer phase and in the liquid water in the pore space of the CCL which is described in
Section 5.3.2.2.
Temperature T (all domains)
Heat transfer due to thermal conduction is modeled using the conservation of energy equation
∇ · (−κ∇T ) = ST,co/ev

(5.22)

with κ as the thermal conductivity and ST,co/ev as the condensation/evaporation in the FS
(Equation 5.46 in Table 5.2).
Besides ST,co/ev , the heat sinks and sources are the electrochemical reaction in the CCL
jT,r (Equation 5.57 in Table 5.5), ad-/desorption in the ACL and CCL jT,ad/ds (Equation 5.56
in Table 5.5). In the CFF interface a Diriclet boundary condition with T = Tinit is applied
with Tinit as the coolant temperature (Equation 5.51 in Table 5.4).
Gaseous species ω j (PTL)
The transport of the gaseous species oxygen, water vapor and nitrogen in the PTL is governed
by diffusion processes which is captured using a multicomponent Maxwell-Stefan approach
[133]
"

#
3
∆M
Mtot
∆ω j + ω j
= Si
i/ j = O2 /H2 O/N2
(5.23)
∇ · −ρωi ∑ D̃i, j
Mj
Mtot
j=1
where ρ denotes the gas density, D̃i, j the Multicomponent Fick diffusivity (Equations 5.48
and 5.49 in Table 5.3) and Mtot and M j the molar mass of the total mixture and species j.
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The relative molar gas concentrations c j are defined relative to the concentration in the gas
channel ω j,init
ωj
cj =
(5.24)
ω j,init
In the FS, the binary diffusivity coefficients D̂i j (FS) are linearly dependent on the distribution of the saturation s and the solid mat, defined by the discrete model.
D̂i j (FS) = Di j [1 − (s + mat)]

(5.25)

For the oxygen diffusion resistance in the CCL, to date no data is available on the diffusion
in the pore space and ionomer. The diffusivity is therefore included in a simplified way by
assuming artificial Fick’s diffusion resistances having a diffusion coefficient of DO2,CCL and
variable thicknesses. The resistance combines the consistent oxygen diffusion in the ionomer
and free pore space (diffusion thickness dO2,io ), and the varying liquid water saturation (diffusion thickness dO2,l ). Since the liquid water content in the CCL depends on the liquid
water content and pressure in the adjacent layer, dO2,l varies with the pressure in the MPL
interface.
1.5
 p
cp
(5.26)
dO2,l = 8 · 10−8 m
2 · 104 Pa
If no MPL is included, dO2,l is assumed to be linearly dependent on the FS saturation s at the
CCL interface
dO2,l = s · 1 · 10−6 m
(5.27)
Taking into account the diffusivity in the CCL, the oxygen concentration at the electrochemically active sites cO2,ECS is calculated by the concentration at the CCL interface cO2,CCL .
cO2,ECS = cO2,CCL −

jφ ,ECR (dO2,io + dO2,l )
DO2,CCL

(5.28)

Integrating Equation 5.28 into Equation 5.21 results in the final electrochemical conversion
rate (Equation 5.55 in Table 5.5).
As boundary conditions, cO2 , cH2O and cN2 are set to 1 in the channel interface and a
flux boundary condition according to the current generation (Equation 5.52 in Table 5.4)
is applied at the CCL interface for the oxygen concentration. The sources for the water
vapor concentration are ad-/desorption at the CCL interface (Equation 5.54 in Table 5.5) and
condensation/evaporation in the FS (Equation 5.45 in Table 5.2).
The rate of phase change SH2O in the PTL is defined according to Wu et al. [139]. In
the continuum model, SH2O does not result in a saturation directly. Instead, SH2O is used as
a basis for the discrete condensation algorithm described in our previous paper to calculate
a percolation based condensed water saturation [136]. In the next iteration of the coupling
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algorithm (Section 5.3.2.3) a persistent condensed water saturation is then included in the
continuum model.
Membrane water content λ (CCM)
The transport of dissolved water in the membrane is governed by the electro-osmotic drag
(drag coefficient ξ ) and Fick’s diffusion (diffusion coefficient Dλ ).
∇ · (−Dλ ∇λ + ξ F −1 σφ ∇φ ) = 0

(5.29)

The product water is generated in the dissolved state in the ionomer phase in the CCL (Equation 5.53 in Table 5.4). The other sources and sinks for the membrane water content are
ad-/desorption jλ ,a/d (ACL, CCL) and the dissolved water flux jλ ,diss (CCL). jλ ,a/d is proportional to the difference between the equilibrium membrane water content for a specific
relative humidity λequil and the actual water content λ (Equation 5.54 in Table 5.5). To account for the maximum water uptake capacity of air and the membrane in presence of water
vapor, desorption is stopped if RH ≥ 1 and adsorption is stopped if λ ≥ 14 [138]. jλ ,diss is the
flux of liquid water leaving the CCM if the membrane is fully saturated (λ ≥ 14 [96, 138])
and is described in the following section.
Liquid water transport (PTL)
For the liquid water flux through the PTL, a modified Darcy approach with transport coefficient Dcp is used
∇ · (−Dcp ∇pcp ) = SH2O · MH2O
(5.30)
krel kabs
(5.31)
ν
where krel , kabs denote the relative and absolute permeability, ν the viscosity, MH2O the
molecular weight of water and pcp the capillary pressure.
Figure 5.13 shows a schematic of the water transport in the CCM, MPL and FS.
The flux of dissolved water leaving the CCM jλ ,diss is defined by the liquid water flux
through the PTL at the CCL interface
Dcp =

jλ ,diss = Dcp ∇pcp @CCL

(5.32)

Additionally, pcp is assumed to be 0 Pa at the FSC interface and to be in pressure equilibrium
with the dissolved water pressure at the CCL interface pλ , which is approximated according
to
pλ = 103 Pa · (λ − 14)2 · (λ > 14)
(5.33)
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Figure 5.13: Schematic of the water transport equations for pcp and λ in the CCM, MPL and FS
domain.

The saturation distribution s strongly affects the relative permeability and the gas diffusivity. In the FS, s is determined based on the discrete percolation simulation which gives
a saturation distribution dependent on the injection pressure level. In the continuum model,
the discrete percolation variables pintr and serupt are defined as described in the following to
obtain a dependency of s on the pressure level:
pintr denotes the injection pressure level at which a location fills with liquid water during
the percolation. For this purpose, the injection pressure level is attributed to the locations
filling with liquid water at this pressure.
serupt approximates the mean temporal saturation of an eruptive transport of liquid water.
The eruptive drainage and imbibition within hydrophobic media is also known as Haines
jumps [59, 130] and is dependent on the entry pressure and capillary pressure distribution.
The approximation and implementation of this effect in the discrete model is described in our
previous publication, taking into account both the local capillary pressure and the pressure
at which the water drains into an adjacent region [136]. Places with high serupt correspond
to places with a low capillary pressure (hydrophilic, big pores) and high drainage pressure
(surrounded by hydrophobic, small pores).
The dependency of the saturation on the injection pressure pin (defined as follows) is
finally expressed using a heaviside function Λ with a width of 10 Pa
s = sco + Λ(pin − pintr , 10 Pa) · serupt

(5.34)

where sco is the persistent saturation due to phase change which is based on the condensation
and evaporation source term SH2O [136].
Dependent on the scalar injection pressure pin in Equation 5.34, the continuum model
calculates a distribution for pcp in the PTL. It is assumed that the pressure of the injected
water equals the maximum of pcp at the CCL interface and an algorithm is used which varies
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pin until the maximum of pcp matches pin with a tolerance of 10 Pa
max(pcp · s @CCL) = pin ± 10 Pa

(5.35)

For krel,FS a third degree polynomial dependency on s is used in the FS. Due to numerical
reasons, the permeability cannot be zero in places with no saturation. Furthermore, high
variance in the local permeability leads to numerical solving problems. An evaluated permeability of
krel,FS kabs,FS = 8 · 10−23 m2 + s3 · 8 · 10−16 m2
(5.36)
still leads to a stable solving process. Ramos et al. experimentally determined kabs =
8.23 · 10−12 m2 [140] indicating that the applied permeability under-predicts the liquid water
flux. However, a simple approximation shows that the modified permeability still predicts
the water transport with acceptable accuracy: Considering a breakthrough path with a height
of 200 µm that collects the water equivalent of 2 A cm−2 in an area of 1000 times the breakthrough cross section. Here, the pressure drop for a permeability of kabs = 8.23 · 10−12 m2
is negligible small (4.4 · 10−4 Pa). In contrast, reported breakthrough pressures range between 30 Pa and 6 kPa for different FS materials with approximately 200 µm thickness
[38, 78, 141, 142]. Therefore, we conclude that for the transport of the water to the channel the breakthrough pressure rather than the pressure drop determines the injection pressure.
The used permeability of = 8·10−16 m2 results in a pressure drop of 4 Pa for the above example which is still negligible compared to the reported breakthrough pressure for hydrophobic
PTLs.
In the MPL, the intrusion pressure for the highly hydrophobic pores with a size in the
range of 17 nm [99] is very high and significant water accumulations are rather unrealistic. According to Lu et. al, the breakthrough pressure of an SGL MPL is around 6700 Pa
[38]. At this pressure level, the pressure drop across the MPL (height 60 µm) with a permeability of kabs = 1.39 · 10−13 m2 [143] is negligibly small (3 · 10−5 Pa for water equivalent
of 2 A cm−2 ). According to the reasons discussed before, we also conclude for the MPL
that the breakthrough pressure rather than the pressure drop defines the injection pressure.
Correspondingly we set the permeability as
krel,MPL kabs,MPL = 5 · 10−23 m2 + 1 · 10−22 m2 · Λ(pcp − 6700, 1 · 103 Pa) · kcr

(5.37)

kcr accounts for the preferred liquid water transport through the MPL cracks and is set to 10
in the place of the cracks (width 10 µm [38, 111]) and 1 in the residual MPL. The position
of the cracks is chosen as x = 10, 500, 990 µm.
The permeability close to the CCL interface is an important parameter for the liquid water saturation in the PTL which is discussed in Section 5.3.3.1. Liquid water forming on
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the hydrophilic ionomer structure in the CCL and membrane can lead to an in-plane interface permeability in the CCL. Additionally, the liquid water in the PTL/CCL interface can
contribute to an in-plane permeability. If no MPL is present, the water leaving the CCL
forms bubbles on the electrode surface which can travel easily in-plane until the movement
is blocked by fibers in the FS. If an MPL is present, the liquid water movement in the interface is likely to be much easier due to the smooth surface of the MPL. Owing to the high
injection pressure of the MPL, the CCL/MPL interface will most likely separate, leading to a
high permeability of liquid water bubbles forming in this interface. To account for the CCL
permeability at the PTL interface towards the CCL (height 5 µm), we therefore assume a
minimum permeability of 5 · 10−21 m2 without MPL and 1 · 10−20 m2 with MPL.
5.3.2.3

Coupling algorithm

Figure 5.14 shows a scheme of the algorithm for the coupling of the continuum and discrete
model.

Figure 5.14: Scheme of the coupling algorithm for the continuum and discrete model.

The variables passed from the continuum to the discrete model Oct are the condensation/evaporation source/sink terms SH2O and the liquid water injection pressure into the FS
pin j,ct
pin j,ct = max(pcp @CCL)
(5.38)
Oct = [SH2O,ct , pin j,ct ]T

(5.39)
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The variables that are passed from the discrete to the continuum model are the percolation
variables pintr and serupt .
Odi = [pintr , serupt ]T
(5.40)
Based on SH2O , the discrete model simulates the percolation until an injection pressure of
4 · pin j,di is reached. In the continuum model, the discrete Odi variables are used as a basis
for the definition of the continuum saturation dependent on pcp according to Equation 5.34.
To stabilize the solving process, the progression of the input of the discrete model Idi is
delayed by including a damping factor Dp between the output of the continuum model Oct
and Idi (Figure 5.14).
Idi i = [SH2O,di , pin j,di ]T = Idi i−1 + Dp[Oct i − Idi i−1 ]

(5.41)

The magnitude of Dp is adjusted according to the progression of an error indicator erabs .
erabs in turn is the maximum of two error-indicators er1 , er2 indicating the error of the output
variables of the continuum model Oct i for iteration i
erabs = max(er1 , er2 )
er1 = 1 − 1 + 4
*
er2 = 1 − 1 + 50

|piin j,ct − pi−1
in j,di |

(5.42)
!−1
(5.43)

piin j,ct

i−1
i
|SH2O,di
− SH2O,ct
|
i
SH2O,di

+!−1
(5.44)

where hi is the spatial average of the 3D variable.
The final solution is considered to be found if erabs is smaller than 1 · 10−3 while Dp = 1.
This implies that the relative change of pin j,ct must be less than 2.5 · 10−4 and the spatial
average of SH2O,di less than 2 · 10−5 to accept convergency.
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Results and discussion

The presented discrete FS models are generated according to our previous publication [136]
using the FS design parameters (porosity, fiber size and orientation, contact angle) as a model
input. Additionally, the deformation due to compression in the fuel cell is taken into account
by a 20% lower porosity under the land of the gas flow field and 0% in the channel [128].
5.3.3.1

Liquid water transport and distribution

In Figure 5.15, the saturation along the channel is averaged and compared to recent synchrotron visualization data by Eller et al. [69]. As a model input, the parameters of the
material (Toray TGP-H-060) and the operating conditions (Tinit = 35◦ C, 1 A cm−2 ) as used
in the experiments are applied.

Model: Toray TGP−H 060 (20 wt% PTFE), Tcell=35° C, I= 0.5 Acm−2
land
channel

1

0.8

0.6

Eller et al.: Toray TGP−H 060, Tcell=35° C, I= 0.5 Acm−2
land
channel

0.4

0.2

0

Figure 5.15: Model water volume fraction (top) compared to experimental synchrotron visualization data by Eller et al. [69] (bottom). For the model, the same operating conditions and materials
are used as in the experiments. A PTFE content of 20 wt% is assumed for the experimental results.

Both the qualitative and quantitative comparison of the saturation distributions show a
good agreement. Both data sets show a broad region with condensed water under the land
of the gas flow field. The water volume fraction in the experimental data is 7% / 35% under
the channel/land in the experiments [69] compared to 7% / 25% in the modeling results. The
significantly higher saturation under the land is in accordance with other synchrotron and

5.3. Combined fuel cell model

119

neutron in-situ imaging experiments [62, 69, 83, 85]. Under the channel, both the modeling
results and experimental data show liquid water fingers evolving in the regions under the
channel.
A high deviation is at the land/FS interface with a high local saturation in the experimental
data. Water accumulations near the land can originate for example from surface effects like
hydrophilic channel walls or bending of the PTL, creating a space for water filled pockets
under the land.
(a)

(b)

Figure 5.16: Model results with (a) and without (b) MPL. Distribution of i in the CCL interface and
T ,RH, φ , cO2 , s and λ in a slice perpendicular to the channel at the limiting current density (Ucell =
100 mV ). Boundary conditions are: Toray TGP-H-060 with 10 wt% PTFE, Tinit = 330 K, TDP =
329 K, Ucell = 100 mV .

Figure 5.16 shows the model results (T , RH, φ p , cO2 , s and λ ) at 100 mV for a Toray TGPH-060 with 10 wt% PTFE in a 2D slice perpendicular to the channel. The air in the channel
is almost fully saturated (Td p = 329, Tinit = 330 K), which results in condensation in the
PTL due to the water generation from the electrochemical reaction. The saturation and RH
distribution shows that condensation occurs predominantly under the land since both the
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temperature is the lowest and cH2O is the highest. Besides the condensed water under the
land, liquid water forms under the channel due to injection from the CCL or MPL interface.
The membrane water content λ with the MPL is higher (between 15.7 and 16.5) than
without the MPL (between 14.2 and 14.9) due to the high injection pressure of the MPL.
Without the MPL, the significant spatial variations in φ and λ are due to a localized current
production, resulting from the water accumulations at the CCL interface.
Figure 5.17 shows the polarization curve and the respective saturation distributions for the
same type of PTL and the same operating conditions as in Figure 5.16. The broad condensed

Figure 5.17: Polarization curve and injection pressure with the respective saturation distributions
at one 2D slice perpendicular to the channel. Boundary condtions are: Toray TGP-H-060 with
10 wt%:PTFE, without MPL, Tinit = 330 K, TDP = 329 K
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region forms under the land for current densities higher than 1.3 A cm−2 . At 1.3 A cm−2 the
condensed region is much smaller and disappears at 0.7 A cm−2 .
In Figure 5.17, also the injection pressure is plotted against the current density. As long as
the condensed region under the land is big enough to bridge the water transport, the injection
pressure is low resulting in a low saturation under the channel. At current densities lower
than 1.5 A cm−2 , the injection pressure increases and injected water accumulates in the FS
under the channel. At 0.2 A cm−2 , the cell current is low enough that the water production
does not result in a significant injection pressure.

(a)

(b)

2 mm
land
channel

Figure 5.18: (a): Visualization of the liquid water transport in the FS (in-plane view). Water flux
δp
δp
in z- direction (−Dcp,z δ zcp , top) and x- direction (−Dcp,x δ xcp , bottom). Boundary conditions are:
Toray TGP-H-090 with 10 wt% PTFE, Tinit = 330 K, TDP = 329 K,Ucell = 100 mV . (b): Liquid
water droplet evolution (top-view) on the channel wall from synchrotron visualization experiments
(through-plane view) [59].

For the water transport to the channel, the injection pressure buildup significantly depends
on the in-plane permeability for injected water to the condensed water under the land. The
permeability close to the CCL interface is therefore fundamental for the liquid water dis-
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tribution. Nevertheless, in Figure 5.17 at high currents, the water configuration close to the
FS/CCL interface is well connected, leading to a high permeability and low pressure increase
under the channel.
To illustrate the liquid water transport, Figure 5.18 (a) shows liquid water flux in the x−
and z direction in the PTL for the saturation distribution in Figure 5.16 (b). Through the
condensed water, a bridge from the place of injection in the CCL interface to the channel
is formed. The water generated under the channel travels in-plane to the condensed regions
under the land, closely to the CCL interface. A high flux can also be observed in the boundary
region of the condensed region in the through-plane direction from the CCL to the channel
interface. Even though the current production is lower under the land [144, 145], significant
amounts of water are obviously transported within the PTL under the land. Manke et al.
also found an eruptive water expel from the accumulation locations under the land into the
channel using synchrotron imaging [59]. In Figure 5.18 (b), the synchrotron visualization by
Manke et al. shows that pulsing droplets appear preferably close to the channel walls, which
is in accordance to the found results.
Figure 5.19 shows the distributions of saturation, current density and membrane water
content in 5 slices along the channel with MPL (left) and without MPL (right). The material
and the boundary conditions are the same as in Figures 5.16 and 5.17. Due to the stochastical
variation of the material properties, the distribution of injected water under the channel is
different for all slices. However, the injection pressure is not high enough to establish a
water bridge to the channel.
Even though the air is over-saturated with water vapor under the land, not the whole
pore space fills with condensed water, indicated by a saturation lower than 1. This effect is
caused by a drainage of condensed water from regions with higher to lower capillary pressure
(Haines Jumps [59, 130, 136]) which is expressed by Equation 5.34. Despite the broad
condensed region, the cO2 distribution in Figure 5.19 shows that oxygen can still diffuse
under the land, enabling a local current density higher than 2 A cm−2 if no MPL is included.
Using local current density measurement, Wang et al and Higier et al. also found a limiting
current density that was significantly higher under the channel (approx. 0.8 A cm−2 ) than
under the land (approx. 0.6 A cm−2 ), even though only the analyzed region (either channel
or land) was active in their experiments [144, 145].
In addition to the current variation resulting from the oxygen diffusion in the FS, the water
at the CCL interface in Figure 5.19 leads to a significantly localized current production if no
MPL is included. The interfacial water affects the oxygen diffusion in the CCL according to
Equation 5.26. If an MPL is included, the current density varies from i < 1 A cm−2 under
the land to i > 2 A cm−2 under the channel.
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Figure 5.19: Saturation and oxygen distribution in the PTL, as well as λ and i at the CCL interface at five positions along the channel (z = 0, 40, 80, 120, 160 µm). Left: with MPL, right: without MPL. Boundary conditions are: Toray TGP-H-060 with 10 wt% PTFE, Tinit = 330 K, TDP =
329 K, Ucell = 100 mV .
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Effect of the MPL

From the oxygen concentration in Figures 5.16 and 5.19 it is obvious that the MPL represents
a significant diffusion barrier for the oxygen. In contrast, most experimental work found a
positive influence of the MPL on performance [34–39] but the reasons are still subject of
ongoing discussions [34–39, 76]. Figure 5.20 shows the limiting current density at 100 mV
cell voltage with and without MPL, for varying PTFE content in the FS, FS height, and with
or without perforation. For all parameters, the MPL clearly improves the limiting current

Figure 5.20: Comparison of limiting current density with and without MPL and for varying PTFE
contents in the FS, FS base materials and perforation. The variation of the FS height corresponds to
the thicknesses of Toray TGP-H-060 (176 µm) and Toray TGP-H-120 (304 µm). Boundary conditions for the reference case are: Toray TGP-H-060 with 10 wt% PTFE, Tinit = 330 K, TDP =
329 K,Ucell = 100 mV .

density. To outbalance the additional diffusion resistance of the MPL, the model results
show different explanations for the positive impact:
1. When comparing the local current generation with and without MPL in Figure 5.19,
the current generation without MPL is very confined to regions with low saturation
close to the CCL interface. Even though the localized current generation in these regions is higher than with the MPL, the overall cell current is lower than with the MPL.
Due to the continuity of the capillary pressure, liquid water in the hydrophobic CCL
accumulates only if the liquid water pressure in the adjacent layer is also high. The
water configuration in the PTL/CCL interface therefore plays an important role for the
maximum current generation. In Figure 5.19, the droplets on the CCL accumulate between fibers where they can not move laterally. Since the surface of the MPL is much
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smoother than the FS, the interfacial water droplets are much more mobile. Compression pressure gradients may force them to move in the interface until they are collected
by confined regions which are the natural cracks in the MPL.
2. The aforementioned high in-plane permeability in the CCL/MPL interface alleviates
the water removal of product water generated under the channel through the condensed
regions under the land. This results in a low pressure buildup under the channel and,
therefore, a low saturation.
3. In accordance with recent publications [37–39], the reduced number of injection points
in the FS due to the MPL, reduces the saturation and improves the oxygen diffusion in
the FS. This effect is also obvious in Figure 5.19 where the saturation in the FS/CCL
interface is reduced by the lower number of injection points when the MPL is included.
From Figure 5.19 it is clear that if no MPL is included, the saturation close to the CCL interface is the most decisive for the performance. With the MPL, the limiting current depends
mostly on the oxygen diffusivity throughout the whole FS. As a result, the cell performance
is more strongly dependent on the condensed water configuration in the entire PTL, if an
MPL is included.
5.3.3.3

Effect of FS design

In Figure 5.20, the most apparent influence on the limiting current density is by the presence
of an MPL as discussed before. The FS with 10 wt% PTFE shows the best performance
without an MPL and the FS with 20 wt% PTFE exhibits the best performance with an MPL.
The porosity of the FS with 20 wt% PTFE is 0.73 compared to 0.76 of the FS with 10 wt%
PTFE. With the MPL, the higher capillary pressure for the 20 wt% PTFE case results in a
lower temporal saturation of the eruptive water transport under the land. Without the MPL,
the liquid water at the CCL interface obviously blocks the current production more for the
FS with 20 wt% PTFE than for the FS with 10 wt% PTFE.
The effect of a thicker FS material in Figure 5.20 is negative for both with and without the
MPL. The water distributions of a slice perpendicular to the channel for the thicker material
in Figure 5.20 (Toray TGP-H-120) is shown in Figure 5.21. Obviously, the high interfacial
saturation without the MPL is the main reason for the lowest performance without MPL.
The condensed region under the land is minimum without the MPL due to the low water
production. A liquid water finger is evolving under the channel with and without the MPL
only in the slices shown in Figure 5.21. Even though the condensed region is larger with the
MPL, still the pressure increase results in water evolving under the channel.
For modeling the perforated PTL in Figure 5.20, the thermal conductivity and gas diffusivity are set to zero and the permeability factor kkr is set to 500 in a circular region with
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100 µm diameter in the center of the channel. Additionally, the solid structure of the discrete
FS model is removed in the perforated region, before the water path network is generated.
Apparently, the perforation of the PTL results in an improved performance compared to the
PTL without perforation. The increase is mainly attributed to a decreased injection pressure
into the MPL due to the hole. According to Equation 5.27 the lower pressure results in a decreased saturation at the CCL/MPL interface and in the CCL itself. Since the water can move
in the CCL/MPL interface easily as discussed before, the liquid product water is channeled
in the region with the removed MPL. Here it can move through the MPL towards the channel
with a low pressure drop. This channeling effect and the impact on the cell performance has
been experimentally determined and discussed in our previous publication [73].

Figure 5.21: Saturation of the Toray TGP-H-120 with (top) and without (bottom) MPL. Boundary
conditions are:10 wt% PTFE, Tinit = 330 K, TDP = 329 K, Ucell = 100 mV .

5.3.3.4

Effect of desorption rate

For modeling the water management, the balance between the liquid and gaseous water
transport in the PTL is essential. Since ad-/desorption in the gaseous and dissolution in
the liquid state are the only sink terms for the water in the CCM, the ratio of the phases is
defined by the ad-/desorption rate in the CCL (Equation 5.54 in Table 5.5). However, the
ad-/desorption rates available in literature are determined for blank Nafion R membranes,
but for CCMs the rates can differ due to the significant surface enlargement by the ionomer
in the porous CCL [146].
Figure 5.22 shows the sensitivity of the limiting current and the liquid water distribution
on the ionomer surface enlargement in the CCL ζad/ds . The region with the condensed water
under the land increases with increasing ζad/ds which is caused by the higher ratio of water

5.3. Combined fuel cell model
(a)

(b)

Figure 5.22: Sensitivity of limiting current density on ionomer CCL surface area increase factor
ζad/ds with (a) and without MPL (b). Boundary conditions are: Toray TGP-H-060 with 10 wt%
PTFE, Tinit = 330 K, TDP = 329 K, Ucell = 100 mV .
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leaving the CCM in the gaseous phase. At intermediate desorption rate, still the water bridge
to the channel enables a liquid water expel with low injection pressure. When the condensed
region disappears at low desorption rate, the liquid water can only be transported by liquid
water forming under the channel. Due to the pressure increase, a finger is establishing only
in the shown 2D slice while the saturation at other places along the channel still remains low
(not shown). The whole flux of liquid product water can be transported through this finger,
establishing in the region with the lowest entering pressure for the liquid water.
For the high desorption rate, the current production is low due to the low oxygen diffusivity under the land. At intermediate desorption rate, the current increases due to a lower
saturation under the land. At low desorption rate, the sensitivity is different, depending on
weather an MPL is included or not. Without the MPL, the increasing pressure buildup at low
desorption rates results in higher amounts of injected water close to the CCL interface and
under the channel. Due to the high effect of the interfacial water on the current production,
the performance is, therefore, the lowest without the condensed water under the land. With
the MPL, the oxygen diffusivity and the limiting current as a result, are obviously increased
by the lower desorption rate. The effect of the increasing liquid water saturation under the
channel is obviously outbalanced by the effect of the disappearing condensed water under
the land.

5.3.4

Conclusions

A new approach is presented to evaluate the influence of the water management on the fuel
cell performance. By integrating a discrete percolation model into a continuum fuel cell
model, the advantages of the discrete percolation modeling can be used to analyze the fuel
cell thermodynamics relevant for the optimization of the water management. The coupling
is realized by a frequent recalculation of the discrete model, based on the phase change
scenario of the continuum model. The coupled model is used to identify and evaluate the
processes that are fundamental for the performance limitation due to mass transport losses
in the porous structures of the fuel cell.
The saturation distribution of the coupled model shows a good agreement with recent
in-situ synchrotron visualization data in both the qualitative and quantitative liquid water
formation. The highest saturation is found under the land of the gas flow field due to high
amounts of condensed water. Despite the condensation under the land, a liquid water transport mechanism which is typical for hydrophobic materials, allows a residual oxygen diffusion through the temporarily open pore space. At the same time, the condensed water acts
as a water transport path for most of the liquid product water from the cathode catalyst layer
to the channel with high permeability. As a consequence, the condensed water prevents the
pressure buildup with liquid water evolving under the channel. In this context, the vastly un-
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known in-plane permeability close to the PTL/CCL interface and the CCL itself is identified
as an important factor for efficient fuel cell operation.
Indications are found that a major effect of the MPL on the water management is the
redesigning of the interface between CCL and PTL. Due to the smooth surface of the MPL
compared to the FS, liquid water can be transported without significant permeation resistance
to confined regions. The transport through these confined regions (cracks) to the channel interface concentrates the liquid water permeation to distinct paths. According to the modeling
results, the reduced water content in the FS and the CCL by using an MPL can explain the
performance improvements in experiments.
Without the MPL, the main influence on the limiting current is found to be the water
configuration close to the CCL interface. With the MPL, the oxygen diffusion and, therefore,
the saturation in the bulk material is decisive. As a result, the influence of PTFE content in
the FS on the limiting current density shows a maximum at 20 wt% PTFE with and 10 wt%
without MPL.
The beneficial influence of the perforation approach on the cell performance found in
former experiments could be reproduced and explained by changes in the injection pressure
dependent saturation at the MPL/CCL interface. The effect of the CCM desorption rate
on the 2-phase water transport has been identified as an important parameter for the cell
performance. Dependent on the rate of water leaving the CCM in the vapor or liquid state,
the saturation distribution can differ due to different water transport mechanisms.
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Model Equations

land

T
y
z
x

wO2
wH2O
pcp
l, f

CFF
channel
FSC
FS
MPL
CCM

FSM
CCL
ACL

Governing equation

Expression
"

gaseous species (i/ j=O2 /H2 O/N2 )

∇ ·

3

−ρω j ∑ D̃i, j MMj ∆ω j + ω j
j=1

#

∆M
M

= Si

[133]
protonic potential

∇ · (−σφ ∇φ ) = 0

temperature

∇ · (−κ∇T ) = ST,co/ev

membrane water content

∇ · (−Dλ ∇λ + ξ F −1 σφ ∇φ ) = 0

pressure in PTL

∇ · (−Dcp ∇pcp ) = Scp

Source/sink terms
SH2O = Sco + Sev
SO2 , SN2 = 0

domain
(5.45) FS
FS

description
Condensation and evaporation
Source for N2 , O2

ST,co/ev = gco/ev SH2O MH2O

(5.46) FS

Condensation/evaporation heat

Scp = SH2O MH2O

(5.47) FS

Condensation and evaporation

Table 5.2: Governing equations and source/sink terms of the continuum models
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transport coefficients
D̃1,1 = ...
h
2
(ω2 +ω3 )
ϖ1 D̂23

domain
(5.48) FS/MPL

ω22
2 D̂13

+ϖ

ω32
3 D̂12

+ϖ

i

−1
PEMS

D̃1,2 = ...
h

description
Multicomponent Fick diffusivity [133]

(5.49) FS/MPL

i
ω32
(ω1 +ω3 )
−1
PEMS
+ ω2 ϖ
+
ϖ3 D̂12
2 D̂13


ρ
Dλ = 2.1 · 10−7 λ EW
exp −2436
T /K
ω1 (ω2 +ω3 )
ϖ1 D̂23

Multicomponent Fick diffusivity [133]

CCM

Water diffusion coefficient
in CCM[147]

σφ = (0.51λ − 0.33) Sm−1 ...


1268
1268
· exp 303 − T /K
Dcp =

krel kabs
ν

(5.20) CCM

Membrane proton conductivity [138]

(5.31) PTL

Table 5.3: Transport coefficients of the continuum models

Darcy coefficient in PTL
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boundary conditions
φ = Rc

RR

boundary description
(5.50) ACL

Protonic potential at anode

T = Tinit

(5.51) CFF

Temperature in coolant FF

pcp = pλ

CCL

Ionomer dissolution pressure

pcp = 0

FSC

pcp in channel interface

κ∇T = jT,ad/ds + jT,r

CCL/ACL Sorption and reaction heat

jφ ,ECR dxdz @CCL

3

−ρωH2O ∑ D̃H2O, j MMj ∆ω j + ω j ∆M
M ... (5.52) CCL

O2 consumption by reaction

j=1

= − jφ ,ECR (4F)−1 MO2
3

−ρωO2 ∑ D̃O2, j MMj ∆ω j + ω j ∆M
M ...

CCL/ACL Ad-/desorption [139]

j=1

= jH2 O,a/d
ωO2 =

0.21 atmVmol,gas
RT

ωH2O =

psat,H2OVmol,gas
RT

σφ ∇φ = jφ ,ECR
Dλ ∇λ + ξ F −1 σφ ∇φ ...

FSC

O2 mass fraction in channel

FSC

H2 O mass fraction in channel

CCL

Proton sink due to reaction

(5.53) CCL

−1
= jH2 O,a/d MH2O
+ ...

jφ ,ECR (2F)−1 − jλ ,diss
Table 5.4: Boundary conditions of the continuum model

Ad-/desorption

[139],

product- and dissolved water
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general equations

description

mem
(λeq − λ )MH2O
jH2 O,a/d = τad/ds ρEW
i−1
h

dO2,io +dO2,l
−1
jφ ,ECR = cO2 PEBV
+ DO2,CCL
4FcMO2,init

(5.54) Ad-/desorption rate [139]
(5.55) Cathode reaction rate

jT,ad = MH2O qad/ds jH2 O,ad/ds

(5.56) Ad-/desorption heat

jT ECR = ∆SORR T + Fη jφ ,ECR (4F)−1

PEBV = cMO2,init i0 Fλ dCCL exp ηa

(5.57) Reaction heat
Partial equation in Equation 5.55

τad/ds = ζad/ds · 1.14(ad)/4.59(ds) · 10−5 ...

Adsorption (ad)/ desorption (ds)

1
1
· fλ exp[2416( 303
)](1 − s)
− T /K

rate [148]

η = 0.95 V −Ucell + φ
Sco =

(5.58) Overpotential in CCL

A pore shco/ev Dair,H2O
psat,H2O (RH − 1)(RH
RT d

> 1)

(5.59) Condensation rate [139] (modified)

Sev =

A pore shco/ev Dair,H2O
psat,H2O (RH − 1)(RH
RT d

< 1)

(5.60) Evaporation rate [139] (modified)

log10

h

psat,H2O /Pa
101325

i

= −2.1794...

+ 0.03(T /K − 273.15) − 9.18 · 10−5 ...

Saturation pressure of water vapor [138]

· (T /K − 273.15)2 + 1.45 · 10−7 (T − 273.15)3
λeq = 0.043 + 17.81RH − 39.85RH 2 + 36.0RH 3
PEMS =

ϖ1
D̂12 D̂13

+ D̂ ϖD̂2 + D̂ ϖD̂3
12 23

13 23

Equilibrium water content [96]
Denominator

in

Equa-

tions 5.48 and 5.49 [133]
ωi ρVmol,gas
Mi
 1.75
Di j = TTre f
· Di, j,re f

ϖi =

Molar fraction of species i
Binary diffusion coefficient of
species i in species j [149]

D̂i j (FS) = Di, j [1 − (s + mat)]

(5.61) Impeded Di, j in FS
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D̂i j (MPL) = 0.073Di j

Impeded Di, j in MPL [32]

ρ=

1atm·Mtot
RT

Gas density

ci =

ωi
ωi,init

Gas concentration

pλ = 103 (λ − 14)2 · (λ > 14)

(5.33) Membrane dissolved water pressure

Dair,H2O = 7.35 · 10−5 m2 s−1
RH =



T /K
353

1.5

cH2O T psat @(T =TDP )
Tinit psat

Diffusion coefficient H2 O in air
Relative humidity

Mtot = ωO2 MO2 + ωH2O MH2O + ωN2 MN2
krel,MPL kabs,MPL = 5 · 10−23 m2 ...

Total molar mass of gas mixture
(5.37) Permeability in MPL

+ 1 · 10−22 m2 · Λ(pcp − 6700, 1 · 103 Pa) · kcr
krel,FS kabs,FS = 8 · 10−23 + 8 · 10−16 s3

(5.36) Permeability in FS

dO2,l = 1 · 10−6 m · s

(5.26) Diffusion barrier thickness due
to liquid water in CCL without
MPL

dO2,l = 8 · 10−8 m



pcp
2·104 Pa

1.5

(5.27) Diffusion barrier thickness due
to liquid water in CCL with MPL

s = sco + Λ(pin − pintr , 10 Pa) · serupt

(5.34) Saturation in FS

jλ ,diss = Dcp ∇pcp @CCL

(5.32) Dissolved water flux out of CCM

Table 5.5: General Equations
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constant

value

description

shco/ev

2.0 · 10−3

Mass transport coefficient during condensation/evaporation [139]

A pore

19634 m2 m−3

Water surface area per volume unit in FS

d

38 µm

Characteristic length for water diffusion during phase change
[150]

dCCL

5 µm

Thickness of catalyst layer

Vmol,mem

1.8 · 10−5 m3 mol −1

Molar volume of dry membrane [139]

Vmol,H2O

5.5 · 10−4

Molar volume of water [139]

EW

1.1 kgmol −1

Equivalent weight of Gore R membrane [151]

ρmem

1980kgm−3

Ionomer density [152]

F

96484 Cmol −1

Faraday constant

a

0.0783/2.3 V

Tafel slope [153]

i0

0.5 s−1

Exchange current density

m3 mol −1

Jmol −1 K −1

∆SORR

163.7

gco/ev

2.308 · 106 Jkg−1
kgm−1 s−1

Reaction entropy change of ORR[154]
Heat of condensation/evaporation [155]

µ

0.001

ξ

0.51

Electro-osmotic drag coefficient [21]

κCCM

0.67 W m−1 K −1

Thermal conductivity membrane [154]

κMPL

0.4 W m−1 K −1

Thermal conductivity MPL[157]

κFS

1.67 W m−1 K −1

Thermal conductivity FS [154]

κland

21.9 W m−1 K −1

Thermal conductivity land [96]

dCCM

25 µm

CCM thickness

dMPL

40 µm

MPL thickness

dFS

176/304 µm

FS thickness Toray TGP-H-060/120 [109] (compressed) [128]

qad/ds

3.462 · 106 Jkg−1

Membrane ad-/desorption heat [150]

gmol −1

Viscosity of liquid water [156]

MH2O

18.02

Molecular weight of water

MO2

16 gmol −1

MN2

14

gmol −1

K1/2

4/50

Error weighting factors

ζad/ds

1 [m2 /m2 ]

Ionomer surface area in CCL for ad-/desorption (varied)

Molecular weight of oxygen
Molecular weight of nitrogen

DO2,CCL

14Vmol,H2O
Vmol,mem +14Vmol,H2O
2.1 · 10−9 m2 s−1

Diffusion coefficient of diffusion barriers in CCL

Vmol,gas

22.414 lmol −1

Molar volume of ideal gas at atmospheric conditions

kcr

1/10

Permeability coefficient in MPL bulk/crack

dO2,io

8 · 10−8 m

fλ

Volume fraction of water in membrane [139]

Persistent diffusion barrier thickness in CCL

DO2,N2,re f

1.81 · 10−5

m2 s−1

Binary diffusion coefficient of O2 in N2 at 273.2 K [133]

DH2O,N2,re f

2.59 · 10−5 m2 s−1

Binary diffusion coefficient of H2 O in N2 at 308 K [133]

DH2O,O2,re f

3.57 · 10−5

Binary diffusion coefficient of O2 in H2 O at 352 K [133]

m2 s−1

Table 5.6: Constant values

136

5.3.5

5. Modeling the water management

Acknowledgments

The Fraunhofer-Institute for Solar Energy Systems ISE gratefully acknowledges financial support
from German Federal Ministry of Education and Research (BMBF) under the project “GECKO”,
Grant No. 03SF0454A.

Chapter 6
Conclusions and Outlook
In this thesis, the water transport mechanisms in PEM fuel cells are analyzed. A new experimental visualization method and two new modeling approaches are developed and applied
to contribute to the understanding of the mechanisms behind the water management in the
porous media and their significance for the fuel cell performance. Together with new findings
using well established characterization methods, the obtained results lay a basis for future
material optimization.
The new visualization method using an ESEM offers the possibility to visualize the liquid
water transport in the PTL with a high temporal and spatial resolution. Applying this method,
the liquid water percolation in the pore structure could be visualized for the first time. The
experiments reveal that the liquid water configuration on the pore-scale is not always consistent with the common conception of the liquid water configuration in hydrophobic materials.
Dependent on the fiber configuration, the liquid water forms films between the fibers even if
PTFE is used for wet-proofing. These configurations can influence the liquid water and gas
transport and have to be considered in modeling and optimizing of the PTL materials. Nevertheless, a viscous fingering transport mechanism is observed which is typical for highly
porous and hydrophobic materials. An in-plane liquid water transport towards local modifications was found due to a capillary pressure gradient.
Based on the visualization experiments, it is concluded that both common continuum and
discrete models contain deficits in the fundamental assumptions of the capillary force governed liquid water transport mechanisms. Discrete pore-network models capture the phenomenological transport better than continuum models, but the water transport within the
abstracted interconnected pore geometry of pore network models is not based on the real
structure of the medium. To overcome the disadvantages of the pore-network models, a
2D discrete model is developed which contains the advantages of the pore network models
but calculates the liquid water/material interaction within the real physical medium. A network is generated that is based on the stable water paths instead of regularly shaped pores
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and throats as in pore network models. The good agreement of the modeling results with
experimental liquid water visualization and capillary pressure-saturation curves, shows that
the model captures the most determining transport mechanisms. Hence, it is possible to
conclude that the liquid water percolation is dominated by the stable water menisci configurations which are implemented in the model with high confidence. However, due to the
complex nature of the process, the model still contains several simplifications which remain
open for future optimization. The implementation into 3D would further enhance the model
quality but would also result in significantly higher computational effort.
When postulating a condensation scenario, the simulation results show that the influence
of condensed water under the land on the liquid water percolation is significant. Providing a
path with high permeability for the transport, the condensed water bridges the water source
in the catalyst layer with the sink in the channel. Even though the condensed water under the
land blocks the oxygen transport, the steady state liquid water distribution is beneficial for the
oxygen transport compared to a scenario without condensation. Mainly due to the reduced
saturation next to the catalyst layer/PTL interface under the channel, the overall oxygen
diffusion in the PTL is improved. This finding can be used for material improvements by
provoking a beneficial condensation scenario by means of designing a desired thermal and
diffusivity profile. For example, in a PTL with a locally higher thermal conductivity under
the land, the water would condense preferably in these regions resulting in a beneficial liquid
water transport configuration.
The influence of local PTL modifications on the water management is analyzed using insitu synchrotron liquid water visualization and electrochemical characterization. The results
reveal that the water transport processes in the CCL/PTL interface play an important role for
the success of the method. Even though several indications of the desired drainage effect
in the FS bulk material are found, a significant effect on the cell performance could not be
verified. Instead, the interfacial water between MPL and CCL is the main influencing factor
behind the performance improvements of the modified PTLs. Locally removing the MPL
results in a reduced breakthrough pressure and in a channeling of the liquid product water in
the modified regions. In addition to the effects at the CCL interface, the voids in the MPL
act as an injecting spot for the water into the FS, keeping the surrounding FS material free of
liquid water.
Realizing the local PTL modifications using laser perforation seems to be an attractive
way due to the low manufacturing cost and flexible design capability. However, the analysis
of the changed water management within laser perforated PTLs reveals that this technique
is very sensitive to small variations in the manufacturing process or the material. Thermal
influences on the remaining material have a huge impact on the performance and are very
sensitive to the energy input by the laser. The improvements in performance and stability
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found in a previous work could not be verified, most likely due to the high dependency of
materials, experimental strategy or manufacturing parameters on the success of the perforation approach. However, since several indications for the desired drainage effects in the FS
were found, the approach still offers a great potential for further optimization.
To investigate the influence of the liquid water transport on the fuel cell performance, the
discrete model is integrated into a continuum fuel cell model containing the thermodynamic
processes relevant for the water management. The discrete modeling of the percolation in
a continuum fuel cell model was realized for the first time. By the developed algorithm,
an advantageous reproduction of the 2-phase water transport compared to a full continuum
approach could be achieved whereby the influence of the transport phenomena and material
properties on the fuel cell performance can be directly evaluated.
The model results are compared to synchrotron visualization data and a good agreement
is found. The saturation under the land is significantly higher due to condensed water. Here,
the current density is significantly reduced, but oxygen can still diffuse due to an eruptive
liquid water transport. The liquid water in-plane permeability close to the CCL/PTL interface
and the desorption rate of the CCM are found to be important factors which require more
examination. Since both parameters define the injection pressure buildup under the channel,
they are important for the injected water saturation and fuel cell performance as a result.
The experimentally found interpretations on the mechanisms behind the improvements
due to modified PTLs could be reproduced by the model. The improvements are attributed
to a locally reduced permeability in the modified regions and a channeling of water close to
the CCL/MPL interface. Due to the lower injection pressure into the MPL, the interfacial
water content and the saturation in the CCL is reduced, leading to an improved oxygen
diffusivity.
The findings of the model and the experiments imply that a major beneficial influence
of the MPL is due to the changed interface configuration between the PTL and the CCM.
The drawbacks of an increased injection pressure into the PTL is outbalanced by the reduced
saturation close to the CCL/PTL interface. Since the water is channeled in the natural MPL
cracks, the amount of water accumulating close to the CCL/PTL interface is reduced. Following this, an improved MPL material could contain artificial liquid water transport paths,
channeling the liquid water and acting as injection points into the FS. This could be realized
for example by fabricating artificial hydrophilic regions or voids into the MPL.
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