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reference for academic and industrial audiences.”
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Polymer electrolyte fuel cells (PEFC) have attracted much attention because of 
their potential as a clean power source for many applications, including automotive, 
portable, and stationary devices. This has resulted in tremendous technological 
progress, such as the development of new membranes and electrocatalysts and the 
improvement of electrode structures. However, to compete within the most attractive 
markets, the PEFC technologies are yet to achieve the required characteristics, 
particularly in terms of cost and durability.

This book focuses on the recent research progress in the fundamental understanding 
of material degradation in PEFC for automotive applications. On a multidisciplinary 
basis, through contributions by internationally recognized researchers, this book 

related to PEFC material degradation. It ensures a strong balance between experimental 
and theoretical analyses and presents preparation techniques with several practical 
applications for both the research community and the industry.

Alejandro A. Franco is a senior scientist at the Laboratoire de 
Réactivité et Chimie des Solides (CNRS and Université de Picardie 
Jules Verne, Amiens, France). From 2006 to January 2013, he 
headed the Modeling Group of Electrochemical Systems at CEA 
(Grenoble, France). His research focuses on the understanding 
of electrochemical processes through the use of multiscale 

modeling approaches and numerical simulation applied to electrochemical 
power generators such as Li-ion and Li-air batteries, supercaps, PEM fuel cells, 
and water electrolyzers. He is the inventor of several multiscale physical models, 
including the MS LIBER-T computational software, a unique model that scales up 
ab initio and microstructural data at the electrochemical device level. He is author 
of 32 patents in the field of fuel cells and electrochemical devices, and his work has 
been published in several electrochemistry journals and conferences.  Dr. Franco 
has been also guest editor of Electrochimica Acta since July 2011.





Polymer electrolyte 
Fuel cells





Polymer electrolyte 
Fuel cells

science, Applications, and challenges

edited by
Alejandro A. Franco



Published by

Pan Stanford Publishing Pte. Ltd.

Penthouse Level, Suntec Tower 3 
8 Temasek Boulevard  
Singapore 038988 
 
Email: editorial@panstanford.com 
Web: www.panstanford.com

British Library Cataloguing-in-Publication Data

A catalogue record for this book is available from the British Library.

Polymer Electrolyte Fuel Cells: Science, Applications, 
and Challenges

Copyright © 2013 Pan Stanford Publishing Pte. Ltd.
All rights reserved. This book, or parts thereof, may not be reproduced in any 
form or by any means, electronic or mechanical, including photocopying, 
recording or any information storage and retrieval system now known or 
to be invented, without written permission from the publisher.

For photocopying of material in this volume, please pay a copying fee 
through the Copyright Clearance Center, Inc., 222 Rosewood Drive, 
Danvers, MA 01923, USA. In this case permission to photocopy is not 
required from the publisher.

ISBN 978-981-4310-82-6 (Hardcover)
ISBN 978-981-4364-40-9 (eBook)

Printed in the USA



Contents

Preface  xvii

1.	 PEMFC	Technologies	for	Automotive	Applications	 1

 Nicolas Fouquet

 1.1 A Brief History of PEMFC for the Automotive Industry 2
 1.1.1 Early Prototypes: 1960–2000 2
 1.1.2 Coming of Age: 2000–2005 4
 1.1.3 Production-Ready Passenger 

Vehicles: 2005–2010 5
 1.1.4 Fuel Cell Development at PSA Peugeot 

Citroën 6
 1.2 Automotive Requirements for PEM Fuel Cell 

Power Plants 7
 1.2.1 Performance Target 7
 1.2.1.1 The fuel cell electric vehicle 7
 1.2.1.2 The range extender 8
 1.2.2 Cost Target 8
 1.2.3 Conclusion 9
 1.3 The Importance of Reliable Modeling Tools 10
 1.3.1 3D Computational Fluid Dynamics 

Modeling 10
 1.3.1.1 Motivation and background 10
 1.3.1.2 Reactants’ flow inside bipolar 

plate channels 11
 1.3.1.3 Transport phenomena in the 

gas diffusion layers 12
 1.3.1.4 Reaction kinetics in the 

active layers 13



vi Contents

 1.3.1.5 Transport phenomena through 
the membrane 14

 1.3.1.6 Application example: 
performance scale-up 14

 1.3.1.7 Application example: bipolar 
plate design 16

 1.3.1.8 Conclusion and further 
development 17

 1.3.2 Zero-Dimensional Dynamic Modeling 17
 1.3.2.1 Motivation and background 17
 1.3.2.2 Fuel cell’s impedance model 22
 1.3.2.3 Time-resolved EIS 

measurements 24
 1.3.2.4 Experimental validation 25
 1.3.2.5 Limitation and further 

development 26
 1.4 Conclusion 27

2.	 Advanced	Technologies	for	Efficient	and	Low	Catalyst	
Loading	Electrodes	 29

 Pascal Fugier, Etienne Quesnel, and Sebastien Donet

 2.1 Introduction 29
 2.2 CVD and Precursors Approach 30
 2.2.1 Introduction  30
 2.2.2 Precursors Chemistry  33
 2.2.3 Precursor Characterization  35
 2.2.3.1 Physicochemical characterization 

of the precursors  36
 2.3 Principles of CVD Process: MOCVD 39
 2.3.1 Definition  39
 2.3.2 Direct Liquid Injection MOCVD Method  40
 2.3.2.1 Introduction 40
 2.3.2.2 Typical DLI-MOCVD catalyst 41
 2.3.2.3 The precursors 43



viiContents

 2.3.2.4 The carrier gas 44
 2.3.2.5 The substrate 45
 2.3.2.6 The solvent 45
 2.3.2.7 Nucleation and growth 47
 2.3.2.8 Precursor oversaturation  47
 2.3.3 Fluidized Bed — MOCVD 48
 2.3.3.1 Introduction  48
 2.3.3.2 Injection system 50
 2.3.4 Experimental Results 51
 2.3.4.1 Platinum deposition 51
 2.3.4.2 Bimetallic electrodes 57
 2.3.4.3 Durability tests 59
 2.3.5 MOCVD Evolution: Solvent Substitution 65
 2.3.6 MOCVD Technico-Economical Survey 66
 2.3.6.1 MOCVD industrial prototype 67
 2.3.6.2 Details on the 

evaporation–injection system 68
 2.3.6.3 Details on the FB-system 

(deposition chamber + pumping 
group + panel control) 68

 2.4 Physical Vapor Deposition 69
 2.4.1 Preliminary Considerations on PVD  70
 2.4.2 Conventional PVD for PEMFC: 

State of the Art  72
 2.4.2.1 Standard sputtering process 

for Pt deposition 72
 2.4.2.2 Optimized sputtering process 

for Pt deposition 76
 2.4.2.3 Sputtering process for Pt 

alloys 79
 2.4.2.4 Conclusion 82
 2.4.3 Advanced PVD Techniques  82
 2.4.3.1 Catalyst synthesis in a 

nanocluster source 83



viii Contents

 2.4.3.2 PEMFC electrodes catalyzed 
with a nanocluster source 84

3.	 Electrocatalysis	on	Shape-Controlled	Pt	Nanoparticles	 93

 J. Solla-Gullón, F. J. Vidal-Iglesias, E. Herrero, J. M. Feliu, and A. Aldaz

 3.1 Introduction 93
 3.2 Synthesis of Shape-Controlled Pt 

Nanoparticles 96
 3.3 Correlation between Surface Structure 

and Nanoparticle Shape 98
 3.4 Electrocatalysis on Shape-Controlled 

Pt Nanoparticles 103
 3.4.1 So-Called Hydrogen 

Adsorption–Desorption Process 105
 3.4.2 CO Electrooxidation 124
 3.4.3 O2 Reduction 128
 3.5 Additional Remarks 133
 3.6 Conclusions and Outlook 133

4.	 Ex situ	Electrochemical	Methods	for	the	Characterization	
of	PEFC	Nanomaterial	Degradation	 153

 Deborah J. Myers and Xiaoping Wang

 4.1 Introduction 153
 4.1.1 Benefits of ex situ Techniques 153
 4.1.2 Aqueous Acidic Electrolyte: Applicability 

to the Fuel Cell Environment 154
 4.1.2.1 Electrocatalytic activity 154
 4.1.2.2 Performance degradation 156
 4.2 Electrochemical Techniques 159
 4.2.1 Voltammetry 159
 4.2.1.1 Catalyst electrochemically active 

surface area determination 161
 4.2.1.2 Pt and Pt alloy oxide formation 165
 4.2.1.3 Carbon support voltammetry 167
 4.2.2 Chronoamperometry 171



ixContents

 4.2.3 Electrochemical Impedance 
Spectroscopy 172

 4.3 Ex situ Techniques/Configurations 174
 4.3.1 Non-Hydrodynamic Methods 175
 4.3.2 Hydrodynamic Methods  176
 4.3.2.1 Rotating ring and ring-disk 

electrodes 178
 4.3.2.2 Channel flow double 

electrode cell 184
 4.3.2.3 Requirements for thin-film 

electrodes for hydrodynamic 
techniques 185

 4.3.3 Hybrid Techniques 186
 4.3.3.1 Electrochemical quartz 

crystal micro and nanobalance 186
 4.3.3.2 Differential electrochemical 

mass spectrometry 188
 4.3.3.3 X-ray spectroscopy 

and scattering 190
 4.3.3.4 Spectroelectrochemical 

Fourier transform 
infrared spectroscopy 197

 4.3.3.5 Other hybrid techniques 200
 4.4 Accelerated Electrochemical Stress Tests for 

PEFC Nanomaterial Durability  200

 4.5 Examples of Electrochemical Characterization 
of PEFC Nanomaterial Degradation 203

5.	 Microstructural	Characterization	Methods	of	PEMFC	
Electrode	Materials		 233

 Zhong Xie

 5.1 Introduction  233
 5.2 Catalyst/Support and Electrode Characterization 

for PEMFC 235
 5.2.1 2D Electron Microscopy Techniques 236
 5.2.2 3D Electron Tomography Technique 238



x Contents

 5.2.3 Porosimetry 242
 5.2.4 BET Nitrogen Adsorption–Desorption 244
 5.2.5 X-Ray Photoelectron Spectroscopy  246
 5.3 Structural Characterization of Polymer 

Electrolyte Materials 249
 5.3.1 SAXS/SANS 250
 5.3.2 AFM 252
 5.3.3 3D Tomography  255
 5.3.3.1 TEM tomography 256
 5.3.3.2 Focused ion beam 

tomography 256
 5.3.3.3 X-ray tomography 258
 5.3.4 Fourier Transform Infrared 

Spectroscopy  259
 5.3.5 Nuclear Magnetic Resonance 

Spectroscopy 261
 5.3.6 X-Ray Photoelectron Spectroscopy  264
 5.3.7 X-Ray Diffraction 265
 5.4 Prospective and Outlook  266

6.	 Instability	of	Nanomaterials	in	PEFC	Environments:	
A	State	of	the	Art	 277

	 Sarah Ball

 6.1 Introduction 278
 6.2 Decay Mechanisms at PEFC Cathode 279
 6.2.1 Factors Influencing Surface Area Loss and 

Performance Decay in High-Surface-Area 
Pt/C Catalysts  282

 6.2.1.1 Pt dissolution/re-precipitation 
Ostwald ripening and Pt 
re-precipitation in the 
electrolyte phase 282

 6.2.1.2 Pt detachment from the carbon 
support 286

 6.2.1.3 Agglomeration of Pt particles 288



xiContents

 6.2.1.4 Effect of voltage cycle regime 289
 6.2.2 Benefits of Pt Alloys Over High-Surface-Area 

Pt-Only Catalysts at the PEMFC Cathode 295
 6.2.2.1 Activity and cost benefit of Pt 

alloys vs. Pt only  295
 6.2.2.2 Binary and ternary alloys —  

influence of alloying element 
on stability 300

 6.2.2.3 Binary alloys — effects of 
de-alloying and acid leaching 301

 6.2.2.4 Ternary alloys at the PEMFC 
cathode — stability and 
performance benefits 311

 6.2.2.5 Alternative precious metal 
(non-Pt) alloys for the 
ORR — activity and stability 312

 6.2.3 Core–Shell Catalysts and Novel Structures 
for the PEMFC Cathode 313

 6.2.4 Non-Precious Metal ORR Catalysts 318
 6.3 Decay Mechanisms at the PEMFC 

Anode — Hydrogen and Reformate 320
 6.3.1	 Factors	Influencing	Surface	Area	Loss 

and Performance of High-Surface-Area 
Pt/C Anodes 322

 6.3.2 Benefits of Pt Alloys Over High-Surface-Area 
Pt-Only Catalysts at the PEMFC 
Anode — Tolerance to Impurities, Cost 
Reduction, and Durability 325

 6.3.3 Durability Implications of Alternative 
Strategies to Achieve CO Tolerance — Air/
Oxidant Bleeding, Increased Temperature, 
and Bilayer Structures  329

 6.3.4 Use of Non-Platinum and Non-Precious 
Metal Catalysts at the PEMFC Anode 
for HOR 330

 6.4 Conclusions and Outlook 330



xii Contents

7.	 Innovative	Support	Materials	for	Low-Temperature	
Fuel	Cell	Catalysts	 341

 Ernesto Rafael Gonzalez and Ermete Antolini

 7.1 Introduction 341
 7.2 Carbon 344
 7.2.1 Ordered Mesoporous Carbons  347
 7.2.2 Carbon Nanotubes (CNTs) 350
 7.3 Ceramic 355
 7.3.1 Inorganic Metal Oxides 355
 7.3.1.1 Ti-based oxides  355
 7.3.1.2 Sn-based oxides 360
 7.3.1.3 WOx  364
 7.3.1.4 RuO2· xH2O 368
 7.3.2 Tungsten Carbides 369
 7.4 Polymer 375
 7.4.1 PAni 375
 7.4.2 PPy 380
 7.4.3 PTh 384
 7.5 Conclusions 389
 7.5.1 Carbon Materials 389
 7.5.2 Ceramic Materials  390
 7.5.3 Polymer Materials 390

8.	 Membrane	Degradation	Mechanisms	in	a	Polymer	
Electrolyte	Fuel	Cell	 401

 Panagiotis Trogadas and Thomas F. Fuller

 8.1 Introduction 401
 8.2 Mechanical Degradation 402
 8.3 Thermal Degradation 403
 8.4 Chemical Degradation of PEM 409
 8.5 Role of Metal Impurities in Chemical 

Degradation 414
 8.6 Evidence of Preferential Degradation 414
 8.7 Experimental Measurement of Chemical 

Degradation 415
 8.8 Concluding Remarks 415



xiiiContents

9.	 Effects	of	Fuel	and	Air	Impurities	on	PEFC	Performance	 427

 Eben Dy, Zheng Shi, Khalid Fatih, Jiujun Zhang, 
and Zhong-Sheng Liu

 9.1 Introduction 428
 9.2 Fuel Side Impurities 429
 9.2.1 Sources of Fuel Impurities 429
 9.2.2 Carbon Oxides Poisoning 430
 9.2.2.1 Carbon monoxide impacts 430
 9.2.2.2 Carbon monoxide contamination 

mechanism 434
 9.2.2.3 Carbon dioxide contamination 436
 9.2.3 Hydrogen Sulfide Poisoning 437
 9.2.3.1 Hydrogen sulfide impacts 437
 9.2.3.2 Hydrogen sulfide contamination 

mechanism 439
 9.2.4 Ammonia 441
 9.2.4.1 NH3 impacts 441
 9.2.4.2 NH3 poisoning mechanism 442
 9.2.7 Multi-Contaminants Impacts 444
 9.3 Air Side Impurities 446
 9.3.1 Sources of Impurities 446
 9.3.2 Sulfur Oxides  447
 9.3.2.1 SOX impacts 447
 9.3.2.2 SOX contamination mechanism 449
 9.3.3 Nitrogen Oxides (NOX ) 451
 9.3.3.1 NOX impacts 451
 9.3.3.2 NOX contamination mechanism 452
 9.3.4 Hydrogen Sulfide and Ammonia 454
 9.3.4.1 H2S and NH3 impacts 454
 9.3.4.2 H2S and NH3 contamination 

mechanism 455
 9.3.5 Volatile Organic Compounds and 

Salt (NaCl) 456
 9.3.5.1 Volatile organic compounds  456
 9.3.5.2 NaCl/Na+ and Cl– ions 458



xiv Contents

 9.4 Mitigation Strategy 460
 9.4.1 Fuel-Side Mitigation 460
 9.4.1.1 Pre-treatment of reformate 460
 9.4.1.2 Air/Oxygen bleeding 461
 9.4.1.3 CO-tolerant catalyst 462
 9.4.1.4 High-temperature operation 464
 9.4.1.5 Hydrogen from electrolysis 

of water 466
 9.4.2 Air Side Mitigation  466
 9.4.2.1 Filtration  466
 9.4.2.2 Potential cycling and flushing  468
 9.5 Summary 469

10.	 In situ Characterization	Methods	of	PEMFC	Materials	
Degradation	 487

 Viktor Hacker, Eva Wallnöfer-Ogris, Harald Brandstätter, 
and Markus Perchthaler

 10.1 Introduction 487
 10.2 Hydrogen Diffusion: In situ Determination of 

Membrane Degradation 488
 10.3 Polarization Curves and Performance 489
 10.4 Open-Circuit Voltage 490
 10.5 Fluoride Emission Rate 491
 10.6 Cyclic Voltammetry 493
 10.7 Electrochemical Impedance Spectroscopy 496
 10.7.1 Equivalent Circuit Models 496
 10.7.2 Total Harmonic Distortion Analysis 497
 10.8 Determination of the Local Electrochemical 

Potential 498
 10.9 Exhaust Gas Analysis 500
 10.10 Current Density Distribution 503
 10.10.1 Humidification Aspects: 

Co-Flow Operation 504
 10.10.2 Humidification Aspects: 

Counter-Flow Operation 505



xvContents

11.	 Multiscale	Molecular	Modeling	of	Degradation	
Phenomena	in	Catalyst	Layers	of	Polymer	
Electrolyte	Fuel	Cells	 511

	 Kourosh	Malek	and	Tetsuya	Mashio

	 11.1	 Introduction	 512
	 11.2	 Multiscale	Molecular	Modeling	of	CL	 514
	 11.2.1	 Molecular	Dynamics	Simulations	 515
	 11.2.2	 Atomistic	MD	Simulations	of	CL	 517
	 11.2.3	 Meso-Scale	Model	of	CL	Microstructure	 519
	 11.3	 Pt	Degradation	and	Molecular	Modeling	of	

Pt	Stability	and	Pt–C	Interactions	 521
	 11.3.1	 Pt	Nanoparticle	Migration	and	

Formation	of	Larger	Clusters	 522
	 11.3.2	 Pt	Dissolution	 530
	 11.4	 Meso-Scale	Modeling	of	Carbon	Corrosion	

in	CLs	 533
	 11.5	 Concluding	Remarks	 538

12.	 Toward	a	Bottom-Up	Multiscale	Modeling	Framework	
for	the	Transient	Analysis	of	PEM	Fuel	Cells	Operation	 549

	 Alejandro	A.	Franco

	 12.1	 Introduction	 549
	 12.2	 Modeling	of	the	Electrochemistry	in	PEMFCs	 554
	 12.3	 Modeling	of	Transport	and	Thermal	Stresses	

in	PEMFCs	 561
	 12.4	 Bottom-Up	Multiscale	Modeling	of	PEMFC	 566
	 12.5	 CFD	Modeling	of	PEMFC	 572
	 12.6	 PEMFC	Diagnostic	Modeling	 574
	 12.7	 Summary	and	Challenges	 576

Index	 	 		 589





Preface

Since the second half of the twentieth century, hydrogen-fed polymer 
electrolyte (membrane) fuel cells, or PE(M)FCs, have attracted 
much attention because of their potential as a clean power source 
for vehicle traction. The market introduction of PEMFC vehicles is 
of the highest priority for many countries owing to their possible 
significant	 contribution	 to	 the	 reduction	 in	 energy	 consumption 
and greenhouse gas emissions. 
	 Since	 the	 first	 PEMFCs	 developed	 by	 Grubb	 and	 Niedrach	 in	
the 1950s, there has been remarkable technological progress 
toward	 the	 increase	 in	 their	 efficiency	 and	 reduction	 in	 platinum	
catalyst loading, through the development of new membranes and 
electro-catalytic nanoparticles or the improvement of the electrode 
structure thanks to the growing understanding of the fundamentals 
in modern materials and porous media science. On the other hand, 
the	 research	 efforts	 for	 platinum	 loading	 reduction	 have	 resulted	
in an increase in the components’ structural complexity, especially 
of the electrodes: From this, even if the overall operating principle 
of a single cell remains relatively simple, complex mechanisms 
at	 different	 spatial	 scales	 strongly	 interplay	 during	 the	 PEMFC	
operation,	limiting	the	effectiveness	of	the	catalyst	activity.	
 Thus, PEMFC technologies have not yet reached the required 
potential to be competitive, as far as their high cost and low 
durability are concerned. In addition to the electrochemical 
reactions, reactants and biphasic water transport, other mechanisms 
limiting optimal platinum utilization are charge transfer, thermo-
mechanical stresses and irreversible material degradation. For 
instance, microstructural degradation leading to the aging of PEMFC 
components is attributed to several complex physicochemical 
phenomena not yet completely understood, such as the dissolution 
and redistribution of the catalyst, corrosion of the catalyst support, 
loss of or decrease in hydrophobicity, membrane thinning, and 
pinhole formations.
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 These spatiotemporal nano/microstructural changes translate 
into irreversible long-term cell power degradation. Moreover, 
the ways in which aging mechanisms occur are expected to be 
strongly sensitive to the PEMFC operation mode. Understanding 
the relationship between the operation mode and the degradation 
mode remains a challenging task. The PEMFC response can be 
even more complex if the reactants are contaminated with external 
pollutants (e.g., carbon monoxide in the anode or sulfur oxides in the 
cathode). 
 It is extremely important for automotive applications to 
accurately analyze and predict the PEMFC’s state of health and 
remaining lifetime. For that , it is necessary to develop diagnostic 
schemes that can evaluate the PEMFC’s state of health adequately. 
 On a multidisciplinary basis, through the contributions by 
internationally	 recognized	 researchers	 in	 the	 field,	 this	 book 
provides a complete and comprehensive critical review on crucial 
scientific	topics	related	to	PEMFC	materials’	degradation	and	ensures	
a strong balance between the experimental and theoretical analyses 
and fabrication techniques with several practical applications for 
both the research and the industry communities.
	 The	 editor	 is	 convinced	 that	 the	 readers	 will	 benefit	 from	
the scope of this book, which is devoted to the discussion on our 
present understanding of several individual processes in the cell 
components, the interplaying between individual scales over the 
spatiotemporal hierarchies with their possible competitive or 
synergetic behavior, and the contribution of each mechanism to the 
global cell response under dynamic conditions. These aspects are 
extremely important for the design of new materials and operation 
controllers for the PEMFC durability enhancement under automotive 
operation conditions.
 The editor would like to thank the authors for their dedication 
and hard work and the publishers for their supportive role in the 
realization of this book.

Alejandro	A.	Franco
April 2013




