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Summary 
 
The present work is concerned with locally resolved investigations of inhomogeneities in 

the current density distribution in polymer electrolyte fuel cells (PEFCs). For the studies, 

an optimized cell, previously used in the power train of a fuel cell powered car has been 

used. The results are therefore relevant on a technical scale. 

 

The central themes in the thesis are the spatial non-uniformities of operating conditions, 

which evolve due to the operating principle of fuel cells as flow-through reactors. The 

terms “local” and “integral” cell performance act as guidelines throughout the thesis.  

 

As the gaseous reactants are fed in channels, covering the active area of the fuel cell, 

during the electrochemical conversion of the educts, hydrogen and oxygen, into water 

and heat, major gradients evolve along the reactants’ stream path. Of particular interest 

are gradients of oxygen partial pressure at the cathode, the water partial pressure in 

general due to its high impact on the electrolyte conductivity, and the influence of 

impurities at the anode.  

 

A major part of the thesis is therefore devoted to investigations on the implications of a 

non-uniform distribution of these parameters on local cell performance and correlating 

the findings with changes in integral cell performance. The effects of these parameters on 

local and integral cell performance were investigated individually. 

 

The implications of oxygen partial pressure gradients, which evolve when using air as the 

oxidant were analyzed. Emphasis was put on investigating the effects of varying air 

stoichiometries on local current generation. At low air stoichiometries, a strong decrease 

in oxygen partial pressure along the channel evolves. As a result, the current generation 

becomes highly inhomogeneous, implying a non-uniform thermal load distribution over 

the active area. This can have a negative influence on the lifetime of the cell. Therefore, 

in order to minimize these effects, an alternative approach to high air stoichiometries to 

homogenize the current density distribution was investigated. In order to counteract local 

 



oxygen partial pressure differences, redistribution of the cathode catalyst is the chosen 

strategy. It was shown that a homogenization of the current density in PEFCs being 

operated at air stoichiometries below 2.0 can be achieved by a catalyst redistribution 

concept. While current homogenization could be achieved, no increase in cell 

performance was observed because a redistribution of the catalyst implies the same or 

slightly higher average overvoltages than for the case of a homogeneous loading. This is 

because of the non-linear relation between current density and activation and mass 

transport overvoltages.  

 

The effects of membrane thickness and reactants humidification on local current 

generation were further investigated. Comparison of cell performance with dry reactant 

streams showed that humidification of the process air has a much stronger influence than 

humidification of the hydrogen. Under operation with dry air, the local current generation 

is determined by the volume flow, i.e. stoichiometry, and thickness of the membrane 

while the influence of oxygen losses due to permeation through the electrolyte, with the 

corresponding increase in cathodic mass transport resistance, were found to be of only 

minor influence. 

 

Bearing in mind that humidification of the reactants is a heavy burden for the fuel cell 

system, and considering the results obtained in the investigations on the influence of 

reactants humidification on cell performance, a concept for the internal humidification of 

the process air was presented. The concept comprises the direct utilization of the product 

water for humidification of the process air in each cell. The concept was tested and 

characterized first in the laboratory and then in the field with a 1.3 kW stack, which was 

integrated in a portable 1 kW net power system. With this concept, the power obtained at 

nominal load was less than 4 percent lower as compared to the power obtained with 

external humidification of the process air. 

 

Transient and steady state effects of carbon monoxide in the fuel on poisoning of the 

anode catalyst were investigated for different CO concentrations. Effects of an internal 

air bleeding due to oxygen permeation from the cathode to the anode were analyzed with 

 



varying membrane thickness. Through locally resolved current density measurements and 

mass spectrometric monitoring of the anode exhaust gas, information on the local 

transient of CO poisoning of the anode catalyst was obtained. The results showed that CO 

poisoning does not proceed uniformly along the channel. CO poisons the catalyst 

preferentially in the upstream regions of the fuel channel. Therefore, the onset for CO 

electrooxidation occurs first in the regions close to the fuel inlet, diminishing the CO 

concentration in the fuel along the channel. An additional CO concentration 

diminishment occurs due to an internal air bleeding by permeated oxygen from the 

cathode. The time dependent mass balance of CO/CO2 in the exhaust fuel stream was 

analyzed, confirming the internal air bleeding mechanism. Consequently, transient and 

steady state local CO poisoning of the catalyst depend upon location along the fuel 

channel, initial CO concentration in the fuel, and membrane thickness. CO tolerance in 

cells operated with 10 and 50 ppm CO increased with decreasing membrane thickness. 

For the case of 100 ppm CO, the membrane thickness did not influence CO tolerance 

significantly, since differences in the rates of oxygen permeation did not reduce CO 

concentration in the fuel significantly anymore.  

 

The use of a technical cell allowed further inclusion of local current density 

measurements in individual cells at stack level to investigate the coupling behaviour of 

cells in a stack. Differences in the individual operating conditions of cells in a stack and 

their implications for adjacent and non-adjacent cells were investigated in 2- and 3-cell 

stacks. The stacks were therefore modified by implementing a second, independent 

reactant and coolant supply, separating the cells in two groups, each cell-group having an 

independent media supply. This allowed the selective introduction of anomalies in the 

operating conditions of a single cell in the stack. Two anomalies, as encountered in “real” 

stacks, were investigated: i) air starvation at single cell level and ii) thermal anomaly, as 

encountered at peripheral cells in a stack. The results showed that anomalies inducing 

significant variations in local current density, such as air starvation, influence the 

performance of cells located also in non-immediate adjacent positions to the anomalous 

cell. Through locally resolved current density measurements the nature of the coupling 

phenomena was identified. The coupling has an electronic character and takes place via 

 



the common bipolar plate. Consequently, anomalies which do not induce considerable 

changes in local current density are confined to the anomalous cell.  

 

 



Zusammenfassung 
 
Die vorliegende Arbeit befasst sich mit der ortsaufgelösten Untersuchung von 

Stromdichteverteilungen in Polymer Elektrolyt Membran Brennstoffzellen. Für die 

Versuche wurde ein optimiertes Zelldesign verwendet, welches ursprünglich aus einem 

auf Brennstoffzellen basiertem Fahrzeugantrieb stammt. Die erhaltenen Resultate sind 

damit technisch relevant für Brennstoffzellensysteme aktueller Bauart. 

 

Sich räumlich ändernde Betriebsbedingungen, die sich für die Brennstoffzelle aus dem 

Prinzip des Durchflussreaktors ergeben, stellen die zentralen Punkte dieser Dissertation 

dar. Dies führt zur Unterscheidung der Begriffe „lokale-“ und „integrale Zellleistung“, 

deren Verknüpfung der Leitfaden dieser Studie ist. 

 

Die der Zelle zugeführten gasförmigen Edukte Wasserstoff und Sauerstoff werden an der 

aktiven Fläche katalytisch in elektrische Energie, Wärme und Wasser umgesetzt. Dabei 

bilden sich teilweise sehr starke Gradienten in der Gaszusammensetzung entlang der 

Flussrichtung aus. Von besonderem Interesse sind hier die Abreicherung des Sauerstoffes 

an der Kathode, Verunreinigungen des Anodengases und – aufgrund seines grossen 

Einflusses auf die Leitfähigkeit der Membran – der lokale Wasserdampfpartialdruck. 

 

Ein grosser Teil der Dissertation befasst sich deshalb mit den Auswirkungen dieser 

Gradienten auf die lokale Zellleistung und deren Verknüpfung mit Veränderungen in der 

integralen Zellleistung. Die oben genannten Einflussfaktoren werden dabei getrennt 

untersucht. 

 

Zuerst werden die Auswirkungen von Gradienten im Sauerstoffpartialdruck untersucht, 

die aus der Verwendung von Luft als Oxidationsmittel entstehen. Besonderes Augenmerk 

liegt dabei auf dem Einfluss der Luftstöchiometrie auf die lokale Stromgeneration. Ist der 

stöchiometrische Faktor gering, wird ein starker Abfall des Sauerstoffanteils entlang des 

Kanals beobachtet. Daraus ergibt sich eine stark inhomogene Stromverteilung, die sich 

unter anderem auf die Verteilung der thermischen Last über die Zelle auswirkt und deren 

 



Lebensdauer deutlich senken kann. Es werden Wege gesucht dieses Problem zu 

umgehen, welche auf einem anderen Prinzip als der gesamtenergetisch ineffizienten 

Erhöhung der Stöchiometrie basieren. Als eine Strategie zur Homogenisierung der 

Stromdichteverteilung wird die Umverteilung der Katalysatorbeladung auf der Elektrode 

vorgestellt. Es wird gezeigt, dass für Zellen, die mit einer Luftstöchiometrie von weniger 

als 2.0 betrieben werden, mit besagtem Konzept eine Glättung der Stromdichteverteilung 

erreicht werden kann. Andererseits zeigen die so veränderten Zellen keine verbesserte 

integrale Zellleistung, da eine Inhomogenisierung der Katalysatorbeladung in Summe die 

selben oder gar leicht höhere Überspannungen hervorruft als bei einer homogen 

beladenen Zelle mit starkem Stromdichtegradienten. 

 

Weiterhin werden der Einfluss von Membrandicke und Gasbefeuchtung auf die lokale 

Stromproduktion untersucht. Ein Vergleich von Zellen im trockenem Betrieb zeigt, dass 

die Befeuchtung der Prozessluft im Hinblick auf eine integrale Zellleistung deutlich 

höhere Auswirkungen hat als die Befeuchtung des Wasserstoffes. Wird die Zelle mit 

trockener Luft betrieben, ist die lokale Stromproduktion vom Volumenstrom (und damit 

der Stöchiometrie) und der Membrandicke abhängig. Hingegen beeinflussen Verluste 

durch Sauerstoffpermeation durch die Membran und die damit einhergehende Erhöhung 

des kathodischen Massentransportwiderstandes die Stromproduktion weniger stark. 

 

Gasbefeuchtung stellt energetisch einen hohen Aufwand für ein Brennstoffzellensystem 

dar und sollte deshalb, aus dem Standpunkt der Gesamteffizienz betrachtet, optimiert 

werden. Unter Beachtung dieses Zusammenhanges und den Ergebnissen aus den 

Untersuchungen zur Korrelation zwischen Zellleistung und Gasbefeuchtung, wird ein 

Konzept zur internen Befeuchtung der Prozessluft vorgestellt. Dabei wird das 

Produktwasser direkt zur Befeuchtung der Eingangsluft einer Zelle verwendet. Dieses 

Konzept fand nach erfolgreichen Labortests Anwendung in einem portablen System mit 

einer Nettoleistung von 1.0 kW. Es zeigt sich, dass die der Befeuchtung zugerechneten 

Verluste des Systems im Vergleich zu konventionellen Befeuchtungskonzepten auf ca. 4 

% reduziert werden können. 

 

 



Der Einfluss von Kohlenstoff-Monoxid (CO) im Brennstoff auf die Vergiftung des 

Anoden-Katalysators wurde für verschiedene CO-Konzentrationen untersucht. Zusätzlich 

wurden Versuche zur Sauerstoffpermeation von der Kathode zur Anode für verschiedene 

Membrandicken durchgeführt. Die ortsaufgelöste Messung der Stromdichte und die 

Überwachung des abgeführten Gases am Zellausgang mittels Massenspektrometrie lässt 

Rückschlüsse auf die lokale Vergiftung des anodischen Katalysators zu. Die Resultate 

zeigen, dass diese Vergiftungen nicht gleichmässig entlang des Kanals stattfinden, 

sondern ein Maximum in der Nähe des Gaseinganges zu beobachten ist. Der Grund dafür 

ist eine Abreicherung von CO, da die lokale Elektrooxidation die Konzentration des 

Gases im Brennstoff entlang des Kanals absenkt. Dieser Verdünnungseffekt wird durch 

Sauerstoffpermeation (internes air bleeding) von der Kathode durch die Membran 

verstärkt. Die massenspektrometrische Analyse am Zellausgang bestätigt den internen 

Permeationsmechanismus. Die Inaktivierung des Katalysators durch Vergiftung hängt 

demnach von der Koordinate entlang des Kanals, von der CO-Ausgangskonzentration 

sowie von der Membrandicke ab. Die CO-Toleranz in Zellen, die mit 10 bzw. 50 ppm 

CO im Brenngas betrieben werden, erhöht sich bei Verringern der Membrandicke bedingt 

durch eine erhöhte Permeation von Sauerstoff in das verunreinigte Gas. Im Falle des 

Betriebes mit 100 ppm CO zeigt eine Änderung der Membrandicke keinen wesentlichen 

Einfluss mehr, da die erhöhte Sauerstoffpermeation bei geringen Membranstärken keine 

signifikante Reduktion des CO mehr bewirken kann.  

 

Die Durchführung der Versuche mit Zellen eines technisch relevanten Designs 

ermöglicht weiterhin die Untersuchung von Kopplungsphänomenen in Zellstapeln. 

Unterschiede in den Betriebsbedingungen von einzelnen Zellen und deren Auswirkungen 

auf im Stapel benachbarte sowie weiter entfernte Zellen werden mit 2- und 3-Zellen-

Stacks untersucht. Die Stapel wurden modifiziert, um für jede Zellgruppe eine 

unabhängige Gasversorgung und Kühlung sicherzustellen. Temperatur und 

Reaktandenfluss können so getrennt eingestellt werden und die Aufzwingung einer 

Störung für nur eine Zelle im Kleinstapel ist somit möglich. Es wurden auf diese Weise 

zwei Anomalien simuliert, die in technischen Stapeln bekannt sind: i) Reduzierung der 

Gasversorgung in einer einzelnen Zelle, und ii) eine thermische Störung wie sie an 

 



peripheren Zellen in einem Stapel beobachtet wird. Die Resultate zeigen, dass 

Anomalien, die eine starke Inhomogenität in der lokalen Stromdichte induzieren (wie 

z.B. teilweise Blockierung der Reaktanden), auch den Betrieb von Zellen beeinflussen, 

die sich nicht in unmittelbarer Nachbarschaft der gestörten Zelle befinden. Durch die 

ortsaufgelösten Stromdichtemessungen konnte der Mechanismus des 

Kupplungsphänomenes identifiziert werden, es handelt sich dabei um elektrische 

Ausgleichsströme über die Bipolarplatte, die die benachbarten Zellen verbindet. Das 

bedeutet andererseits, dass Anomalien, die keine bedeutenden Änderungen in der lokalen 

Stromdichte hervorrufen, auf die gestörte Zelle beschränkt bleiben. 
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Section I 
 

Motivation & Structure of the Thesis 
 

1 Motivation 

Polymer electrolyte fuel cells (PEFCs) are complex electrochemical reactors, whose 
performance is determined by the nature of the electrochemical and structural 
components, these being the catalyst, electrode backing, electrolyte membrane, flow field 
design and bipolar plate material as well as by the composition of the reactants. It is 
given by the nature of a flow-through reactor that depending on reactor design, operating 
conditions and cooling strategy, substantial spatial non-uniformities of the local 
conditions evolve. In the electrochemical terminology the reactor is called a cell.  
 
In the PEFC spatial heterogeneities occur due to the electrochemical conversion reactions 
that convert the educts, hydrogen and oxygen, into water releasing electrical and thermal 
energy. As the gases are fed in channels, covering the active area of the cell, the major 
gradients evolve along these mass flow streams. Of particular interest are gradients of 
oxygen partial pressure at the cathode, the water partial pressure in general due to its high 
impact on the electrolyte conductivity, and the influence of impurities at the anode.  
 
When, as it is commonly performed, integral polarization curves are made for 
characterization of the cell, no local information is available and the correlation of 
performance changes of the cell with the local phenomena, their distribution and 
reciprocal interactions is difficult if not impossible. However, understanding the 
inhomogeneity effects in the PEFC is of high importance for its successful optimization. 
Consequently, in order to better understand the interlinked processes of reactants partial 
pressure, conversion rates and electrolyte conductance, local investigations are necessary.  
 
As local current density is of primary interest, this work is devoted to the investigations 
of current density inhomogeneities, which evolve due to the existence of non-uniformities 
in the operating conditions in PEFCs. Local current density measurements provide 
information on the local performance and state of operation of the cell, including reactant 
distribution effects, water management and to support modelling calculations. 
Furthermore, the information gathered is useful for the development of new 
electrochemical components, optimization of operating conditions, and flow field 
geometries.  
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To date, research has been concentrated on characterizing laboratory scale cells and only 
limited efforts on investigating full scale cells and stacks have been made. Therefore, an 
optimized technical cell, previously used in the power train of a fuel cell powered car has 
been modified to serve as an investigation tool to carry out studies of fundamental and 
technical relevance. In addition, the use of a technical cell opened the exciting possibility 
to explore inhomogeneities, which occur at stack level. 
 

2 Structure of the Thesis 

The PEFC is a special flow-through reactor into which spatial heterogeneities can be 
introduced independently or in combination with the cathode and anode gas streams. 
Furthermore, because local water vapour pressure has a high influence on the membrane 
conductivity, the water distribution has also a significant influence on the 
inhomogeneities.  
 
The majority of this thesis is, therefore, devoted to investigating the implications of non-
uniform distributions of these parameters on local cell performance, thereby correlating 
the findings with performance changes observed at integral cell level.  
 
After a general introduction given in Section II, in which a historical and contemporary 
perspective on fuel cells and their working principles are addressed, Section III is devoted 
to the fundamentals of the PEFC. In this Section, the relevant electrochemical, structural, 
and system properties of PEFCs are discussed.  
 
Since the central topic of the thesis is inhomogeneities in the PEFC, Section IV is entirely 
devoted to the explanation of their occurrence at single cell and in individual cells at 
stack level. 
 
Section V is concerned with the experimental details of electrochemical components and 
characterization methods used in this work, with emphasis on the measurement setup and 
instrumentation used to perform investigations of local current density in single cells and 
in stacks.  
 
The experimental findings of this thesis are organized based on the different sources of 
spatial heterogeneities in the PEFC, namely the cathode, membrane, anode, and finally 
interactions of individual cells in a stack.  
 
Section VI is devoted to non-uniformities, which occur on the cathode when using air as 
the oxidant. Its implications for the local cell performance are analyzed and an approach 
to counteract non-uniformities in the current density distribution is presented.  
 
The influences of membrane properties and hydration state on local and integral cell 
performance are addressed in Section VII. The findings of this Section serve as a guide 
for the development and characterization of an internal humidification concept, presented 
in the following Section. The concept comprising the use of standard electrochemical 
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components and plate materials is presented in Section VIII. The concept is validated and 
its technical relevance demonstrated. 
 
Studies on transient and steady state local cell performance changes in the presence of 
CO in the fuel are presented in Section IX. In this chapter, the influence of membrane 
properties on carbon monoxide tolerance is explored. With the aid of local current density 
measurements supported by mass spectrometric analysis of the exhaust gas composition, 
the time and spatially resolved advance of CO poisoning of the anode catalyst is 
investigated.  
 
Investigations on inhomogeneities at stack level are presented in Section X. Differences 
in the individual operating conditions of cells in a stack and their implications for the 
performance of neighbouring cells are investigated, incorporating local current density 
measurements in peripheral cells of a stack. Anomalies, which are encountered in 
technical stacks are emulated at single cell level, and the response of adjacent cells is 
investigated with local current density measurements.  
 
The thesis ends with the overall conclusions given in Section XI. Fields for further work 
are identified and suggestions given.  
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Section II 
 

General Aspects of Fuel Cells 
 

1 Introduction 

This Section gives a general overview on fuel cells. Chapters 2 and 3 are dedicated to 
the Historical and Contemporary Perspective in fuel cell technology. In the Historical 
Perspective, the invention and the first early advances in fuel cell technology are 
addressed. The Contemporary Perspective gives a description of the main advances in 
fuel cell technology starting from the middle of the 20th century to the beginnings of the 
21st century. This Section concludes with Chapter 4, addressing the General Operating 
Principles of Fuel Cells, including a brief description of the different types.  

 

2 Historical Perspective  

Despite their modern high-tech aura, fuel cells have been known to science for more 
than 150 years. The first fuel cell was invented in England, in 1839 by the welsh judge 
and scientist Sir Robert Grove. His experiments led to the first mention of a device that 
would later be called the "fuel cell" [1]. In his experimental set-up, he enclosed two 
platinum strips in separate sealed bottles, one containing hydrogen and the other one 
containing oxygen. When these containers were immersed in dilute sulphuric acid, an 
electrical current began to flow between the two platinum strips. To increase the voltage 
obtained, Grove linked several of these devices in series and produced what he referred to 
as a "gas battery" [2]. 
 
In 1889, the chemists Ludwig Mond and Charles Langer introduced the term "fuel cell" 
in their attempts to build the first practical device using air and industrial coal gas.  
 
Scientists and engineers soon learned that they would have to overcome many obstacles 
for the successful commercialization of this new technology. However, by the end of the 
19th century, the internal combustion engine was emerging and the widespread 
exploitation of fossil fuels sent the fuel cell the way of a mere scientific curiosity.  
 
Near the turn of the century, in 1910, Emil Baur recorded a polarization curve for a fuel 
cell. He observed a decrease in cell voltage as function of increasing current density, 
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thereby elucidating the means by which future performance improvements would be 
mapped [3].  
 
In 1932 Dr. Francis Thomas Bacon, an engineer at Cambridge University, England, wrote 
the next major chapter in the history of fuel cells. Bacon resurrected the device developed 
by Mond and Langer and implemented a number of modifications to the original design. 
These included replacing the platinum electrodes with a less expensive material (nickel 
gauze) and replaced the sulphuric acid electrolyte with potassium hydroxide, a substance 
less corrosive to the electrodes. This device, which he named the "Bacon Cell," was in 
essence the first alkaline fuel cell. However, another 27 years would pass before Bacon 
could produce a truly working fuel cell: in 1959 Bacon demonstrated a 5 kW fuel cell 
system [3].  
 

3 Contemporary Perspective 

In the late 1950s and early 1960s, there was renewed interest in fuel cell technology. 
The National Aeronautic and Space Agency in the U.S. (NASA) had been investigating a 
way to power a series of upcoming manned space flights. Battery power had already been 
ruled out due to weight considerations. In NASA's search for an alternative power supply, 
the fuel cell was thought to be a possible solution. NASA sponsored efforts to develop 
practical working fuel cells that could be used during these space flights. These efforts 
led to the development of the first Proton Exchange Membrane Fuel Cell (PEMFC), 
today called Polymer Electrolyte Fuel Cell, PE fuel cell or PEFC.  
 
In 1955, Willard Thomas Grubb, a scientist working at General Electric (GE), modified 
the original fuel cell design. He used a sulphonated polystyrene ion-exchange membrane 
as the electrolyte. Three years later another GE chemist, Leonard Niedrach, devised a 
way of depositing platinum onto this membrane, which ultimately became known as the 
"Grubb-Niedrach fuel cell." In the following years, GE and NASA developed this 
technology together resulting in its use in the Gemini space project. This was the first 
commercial use of a fuel cell.  
 
In the early 1960s, aircraft engine manufacturer Pratt & Whitney licensed the Bacon 
patents for the Alkaline Fuel Cell (AFC). With the goal of reducing the weight and 
enhancing the time of life of the GE-PEFC design, Pratt & Whitney improved the 
original Bacon design. As a result, Pratt & Whitney won a contract from NASA to supply 
these fuel cells to the Apollo spacecraft. Alkali cells have since been used on all 
subsequent manned U.S. space missions, including those of the Space Shuttle.  
 
During the 1970s, fuel cell technology was developed for terrestrial applications. The oil 
embargos of 1973 and 1979 helped to push along the research effort of fuel cell 
technology as the U.S. government was looking for a way to become less dependent on 
petroleum imports…a goal that has still not been accomplished. 
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During the 1990s, fuel cell technology began to be tested by utilities and automobile 
manufacturers. In 1993 the first fuel cell powered vehicle developed by the Canadian 
company Ballard Power Systems hit the headlines being the first fuel cell bus on the road. 
Ever since, a tremendous increase in developing fuel cell technology for a number of 
applications as well as demonstration projects has taken place. 
 
Numerous academia and industry demonstration projects for different applications and 
with different types of fuel cells have been carried out in recent years. Too many to 
completely list, and the reader is referred to more up-to-date information sources [4]. 
 
At the Paul Scherrer Institut (PSI) fuel cell research is being carried out in the field of 
polymer electrolyte fuel cells (PEFCs). In recent years several demonstration projects 
with partners from academia and industry have been realized. 
 
In 2002, PSI, together with Volkswagen and the Swiss Federal Institute of Technology in 
Zurich (ETHZ), successfully developed and presented a polymer electrolyte fuel cell 
system in the power train of the HY.POWER car [5]. The PEFC developed during this 
project served as scientific tool for fundamental investigations on integral and locally 
resolved fuel cell performance in this work.  
 
One year later, in a joint project between PSI, ETHZ and several industrial partners, 
PowerPac was built. PowerPac is a 1kW portable system based on a new internally 
humidified stack technology [6,7]. The PowerPac project was awarded with the “Swiss 
Technology Award” in 2003. The internal humidification concept used in the PowerPac 
fuel cell stack was jointly developed during this work.  
 
The technology used in the PowerPac fuel cell stack was also used for the fuel cell stack 
of the PAC-CAR. PAC-CAR is a joint project of ETH Zurich with partners from 
academia and industry. The goal of the project was to build a vehicle powered by a fuel 
cell system that would consume as little fuel as possible. This goal was successfully 
accomplished in the year 2005 with PAC-CAR II, setting a new world record in fuel 
efficient driving during the Shell Eco-marathon in Ladoux, France: 5,385 km with the 
equivalent of 1 litre of 95 Octane led-free gasoline. 
 
In the year 2004, PSI together with Conception et Développement Michelin (CDM), 
Switzerland, demonstrated a second PEFC powered vehicle, the HY-LIGHT [8]. 
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4 Operating Principle of Fuel Cells 

The common goal of conventional power plants and fuel cells is that of transforming 
the chemically stored energy in a fuel into useful electric energy. In conventional power 
plants this conversion takes place in three steps: i) the chemical energy of the fuel is 
released via a direct chemical oxidation (combustion) ii) the released combustion energy 
is then transformed into mechanical energy by means of a heat engine, and 
iii) subsequently transformed into electric energy by means of an electric generator, 
based on the principle of "electromagnetic induction" discovered in 1831 by Michael 
Faraday. In contrast, fuel cells have the advantage of converting the chemical energy 
stored in the fuel directly into electricity, avoiding intermediate steps with their 
corresponding efficiency limitations. 
 
A fuel cell is, strictly speaking, a single galvanic cell. However, the expression fuel cell is 
often used as a generic name, meaning an energy conversion device or reactor, in which 
electrical energy is generated by an electrochemical energy conversion path. In a fuel 
cell, the chemical energy of a fuel and an oxidant can continuously be converted into 
electrical energy by a process involving an essentially invariant electrode-electrolyte 
system [9]. 
 
The operating principles of fuel cells are essentially those of electrochemical batteries 
(to be exact, galvanic cells; the term battery described originally the connection of several 
galvanic cells into a unit; however, in the mean time a change of concept took place so 
that when referring to a battery also a single cell is addressed). 
 
The characteristic difference between fuel cells and batteries is that, in the later case, the 
substances whose chemical energy is converted into electrical energy are stored inside the 
unit. In the case of primary batteries, the electrochemical processes are technically not 
reversible. Conversely, secondary batteries can be recharged by applying an external 
voltage source once the chemical energy of the active substances has been depleted.  
 

In fuel cells, the chemical energy is provided by a fuel and an oxidant stored outside the 
unit cell, in which the electrochemical reactions take place. As long as the cell is supplied 
with fuel and oxidant, electrical power can be obtained. This is in fact one of the biggest 
advantages of fuel cells over conventional batteries, because the recharging time of a fuel 
cell (i.e. exchange of gas bottle or refilling of gas tank) is significantly shorter compared 
to the recharging time of a battery.  

 
The basic electrochemical cell consists of two electronic conductors (electrodes) 
separated by an ionic conductor (electrolyte), see Figure II.1. In a fuel cell, fuel is fed 
continuously to the anode (negative electrode) compartment and oxidant (i.e., oxygen 
from air) is fed continuously to the cathode (positive electrode) compartment. The 
electrochemical reactions take place at the interface electrode-electrolyte. Alike chemical 
reactions, a certain energy barrier has to be surpassed (activation energy) in order for the 
electrochemical reaction to take place. In order to lower this activation energy a catalyst 
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is needed, and depending on the fuel cell type, precious and expensive metals (e.g. Pt or 
Pt-based alloys) have to be used. The fuel is electrochemically oxidized on the anode into 
electrons and positive ions, while on the cathode the oxidant is reduced by the electrons, 
which flow from the anode through the outer electrical circuit, providing the electrical 
energy, to the cathode.  
 

 
Figure II.1. Schematic of a single fuel cell. Depending on the type of fuel cell, ions flow from the 
anode to the cathode or vice versa and water is produced on the cathode or anode, correspondingly.  

 
Depending on the type of fuel cell (i.e. electrolyte) the charge carriers are either positive 
ions migrating from the anode to the cathode (e.g. PEFCs), or negative ions migrating 
from the cathode to the anode (e.g. molten carbonate fuel cells); correspondingly water is 
produced on the cathode or anode. Gaseous hydrogen has become the fuel of choice for 
most fuel cell applications because of its high reactivity with suitable catalysts. Likewise, 
the most common oxidant is gaseous oxygen, which is readily and economically 
available from air. 
 

4.1 Fuel Cell Types 

Fuel cells can be classified according to different criteria, such as working 
temperature, fuel type and/or oxidant used etc. For practical reasons fuel cells are 
commonly distinguished by the type of electrolyte used and the following abbreviations 
are now frequently used in publications: alkaline fuel cells (AFC); proton exchange 
membrane fuel cells, which can be subdivided according to the fuel used in hydrogen-
fuelled polymer electrolyte fuel cells (PEFC) and methanol-fuelled fuel cells (DMFC-
direct methanol fuel cell); phosphoric acid fuel cells (PAFC); molten carbonate fuel cells 
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(MCFC); and solid oxide fuel cells (SOFC). Table II.1 shows a classification of the 
different types of fuel cells according to the type of electrolyte. 
 
Table II.1. Classification of fuel cells according to the type of electrolyte. 

Fuel Cell Type Operating 
Temperature Electrolyte Charge 

Carrier 
Field of 

Application 

Alkaline Fuel Cell 
( AFC) 65°C - 220°C 

Mobilized or 
Immobilized 
Potassium 
Hydroxide 

OH- 
Spacecrafts, 

Undersea 
Vehicles 

Polymer Electrolyte 
Fuel Cell (PEFC, 

DMFC) 
60°C – 120 °C Proton Exchange 

Polymer H+ 
Transportation, 
Portable Power, 

Utility 
Phosphoric Acid Fuel 

Cell (PAFC) 150°C – 220°C Immobilized liquid 
Phosphoric acid H+ Utility 

Molten Carbonate Fuel 
Cell (MCFC) 650°C Immobilized Liquid 

Molten Carbonates CO3
- Utility 

Solid Oxide Fuel Cell 
(SOFC) 600°C – 1000 °C 

Ceramic 
(e.g. Yttria-

stabilized Zirconia) 
O2- Utility 

 
 
Alkaline fuel cells are one of the most developed technologies. It has been used since the 
mid-1960s by NASA in the Apollo and Space Shuttle programs. One drawback for 
terrestrial applications of AFCs is that these kinds of fuel cells are very sensitive to CO2, 
which may be present in the fuel or air: CO2 reacts with the electrolyte, poisons it rapidly 
and severely degrades fuel cell performance. AFCs are therefore limited to closed 
environments, such as space and undersea vehicles and must be run on pure hydrogen 
and oxygen. Nevertheless, a positive aspect of AFCs is their manufacturing costs, since 
the catalyst required can be a number of different materials that are relatively inexpensive 
compared to the catalysts required for other types of fuel cells. 
 
Polymer electrolyte fuel cells (PEFC and DMFC) are named after the solid polymer 
membrane used as the electrolyte. 
 
First used in the 1960s for the NASA Gemini program, PEFCs are currently being 
developed for a number of applications from the mW to kW power range. 
 
PEFCs have a higher power density, as compared to other types of fuel cells, which 
makes them compact and lightweight. In addition, the operating temperature is below 
100ºC, which allows for a relative rapid start-up. These qualities and their excellent 
power output-dynamics are some of the characteristics that make the PEFC the top 
candidate for automotive power applications. However, their low temperature of 
operation implies at the same time one major disadvantage for this type of fuel cells, 
since temperatures below 100ºC are not high enough to perform useful cogeneration of 
heat. Also carbon monoxide (CO), even in the ppm range, is a strong poison for the 
catalysts at the working temperatures of PEFCs, which limits the use of hydrogen 
generated from reforming processes. 
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The direct methanol fuel cell (DMFC) is similar to the PEFC in that in general the 
electrolyte is a polymer membrane and the charge carriers are also protons. Although 
initially developed in the early 1990s, the technology behind DMFCs is still in the earlier 
stages of maturity. DMFCs were initially not embraced because of their low efficiency 
and power density. Direct methanol fuel cells are nonetheless a promising class of 
electrochemical energy conversion devices because this technology does not face many 
of the fuel storage problems typical of hydrogen fuel cells for mobile applications, since 
methanol (15.6 MJ/l) has a higher energy density than hydrogen (liquid 8 MJ/l, 
compressed at 700 bar 4.7 MJ/l). Furthermore, methanol is also easier to transport and 
supply since it is in liquid state at room temperature and atmospheric pressure. 
 
The phosphoric acid fuel cell (PAFC) is considered the "first generation" of modern fuel 
cells and was the first type of fuel cell to be commercialized. PAFCs operate with 
electrical efficiencies around 40%. When operating in cogeneration applications, the 
overall efficiency is approximately 85%, which is one major advantage of this fuel cell 
type. In addition, CO2 does not affect the electrolyte or cell performance and can 
therefore be easily operated with fuels generated from hydrocarbons. However, PAFCs 
have a lower power density than other fuel cells. As a result, these fuel cells are typically 
large and heavy, which limits their field of application mostly to utility purposes. 
 
The high temperature fuel cells (MCFC and SOFC) are favourable for combined heat and 
power (CHP) applications because the system’s waste heat can be used for cogeneration 
purposes, increasing the overall efficiency to levels as high as 80-85%. Furthermore, the 
high temperature of operation eliminates on the one hand the need for precious metal 
catalysts, thereby reducing costs. On the other hand, a variety of fuels can be used since 
internal reforming is possible at these high operating temperatures, further reducing costs 
by eliminating the need for an external reformer. However, the high operating 
temperatures of this type of fuel cells have also important disadvantages. It results in a 
slow start-up and requires significant thermal shielding to retain heat and protect 
personnel, which may be acceptable for utility applications but not for transportation and 
portable applications. The high operating temperatures also place stringent durability 
requirements on materials. The development of low-cost materials with high durability at 
cell operating temperatures is the key technical challenge, which this technology faces. 
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Section III 
 

PEFC Fundamentals 
 

1 Introduction  

In this Section, the fundamentals on PEFCs are described. The fundamentals given in 
this Section serve, together with the following Section IV, as a basis for the analysis of 
the experimental results presented further in this work.  
 
The Section begins with a description of the Materials and Structures used for the PEFC 
given in Chapter 2. The basic components of the core unit in the PEFC, the Membrane 
Electrode Assembly (MEA) are presented and their functions are described. The different 
basic types of Flow Field Plates used for the PEFC are depicted. The term Fuel Cell 
Stack is introduced and the type of arrangement of individual cells in a stack is explained. 
The Thermodynamic and Kinetic Fundamentals of the hydrogen/oxygen electrochemical 
reactions in the PEFC are further explained in Chapters 3 and 4, respectively. The 
importance of Water Management for the PEFC and its dependency on the different 
operating parameters is addressed in Chapter 5. In Chapter 6, the components and 
functions of the different subsystems in a complete PEFC System are described. The 
definitions of the different Efficiencies for the PEFC and PEFC Systems are given and 
their differences explained in Chapter 7. This Section concludes with Chapter 8, 
dedicated to the type of fuel used for the PEFC, hydrogen. It gives a brief overview on 
the advantages and disadvantages of using pure hydrogen as well as hydrogen obtained 
from hydrocarbons through reforming processes. 
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2 Materials and Structures for the PEFC 

2.1 Membrane Electrode Assembly 

The membrane electrode assembly (MEA) forms the core unit of a PEFC. This 
basic electrochemical unit comprises a series of 5 components in a layered configuration: 
a polymer electrolyte membrane (proton exchange membrane), two gas diffusion layers 
(GDL) situated on either sides of the membrane and two catalyst layers, located at the 
interfaces between the membrane electrolyte and the GDLs. The subunit formed by one 
GDL and its corresponding catalyst layer is commonly called gas diffusion electrode or 
simply electrode. 
 
The MEA is placed in a sandwich configuration between two electronic conducting plates 
with integrated flow fields (flow field plates) for the distribution of reactants over the 
MEA, simultaneous transport of products and excess reactants out of the cell and 
collection of electrical current. Furthermore, depending on the strategy for thermal 
management, flow field plates can also include the function of cooling media distribution. 
These three elements, one MEA and two flow field plates, are combined together to form 
a single cell. The electrical current is drained out from the unit by means of current 
collectors made of low electric resistance materials like copper. Figure III.1 shows a 
schematic of a single cell, with the location of the half cell reactions and of the 3-phase 
boundary. 
 

 
 

Figure III.1. Schematic of a single PEFC with the core unit, the membrane electrode assembly 
(MEA) in a sandwich arrangement between two flow field plates and current collectors. The 
electrochemical reactions take place at the 3-phase boundary at the membrane electrode interface. 
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The electrochemical half cell reactions take place at the interface between the GDL and 
the electrolyte. This interfacial layer, with a thickness in the order of 10 μm, is called 
active layer. The active layer contains a 3-phase boundary in which simultaneous ionic 
and electronic conductivity and gas access has to be granted for a continuous 
electrochemical reaction, see Figure III.1.  
 
On the negative electrode, the anode, electrochemical oxidation of hydrogen into protons 
and electrons takes place. This reaction is called hydrogen oxidation reaction (HOR). The 
electrons flow out of the cell through a network of conducting material in the gas 
diffusion layer to the flow field plates and from there to the current collectors, which are 
connected to the load. The protons migrate in the electrical field through the electrolyte 
membrane to the cathode, the positive electrode. There the protons and the electrons, 
coming from the outer circuit, react with oxygen (from the air) to form water. This 
reaction is called oxygen reduction reaction (ORR). 
 

2.1.1 The Polymer Electrolyte Membrane 

The solid polymer electrolyte is a thin membrane with a typical thickness between 
25 and 200 µm. The polymer electrolyte membrane used in PEFCs is a proton-exchange 
polymer, which fulfils three different tasks: proton conduction from the anode to the 
cathode, electronic insulation of the electrodes and gas barrier between the anodic and 
cathodic chambers.  
 
The state of the art proton-exchange polymer used in PEFCs is a perfluorinated sulfonic 
acid based polymer. The best known trade name is Nafion® (see Figure III.2). 
 
Nafion® is a copolymer of tetrafluorethylene and perfluoro-3,6-dioxa-4methyl-7-octen-
sulfonic acid. It was discovered in the late 1960s by Walther Grot of DuPont. Nafion® is 
a member of a class of synthetic polymers with ionic properties, which are called 
ionomers. The proton-conducting properties result from the incorporation of side chains 
containing sulfonic acid groups (-SO3H) into the polymer backbone, which has a 
Teflon®1-like structure. The side chains consist of perfluorinated vinyl polyether, bonded 
to the PTFE backbone via ether groups, see Figure III.2. Nafion® belongs to the wide 
class of solid superacids, with a pKa ~ -6 [1]. The high acidity of Nafion® is attributed to 
the electron-withdrawing effect of the perfluorinated chain acting on the sulfonic acid 
group.  
 
The proton exchange capacity or acidity of a polymer is generally also given as 
equivalent weight (EW): the mass of polymer in Dalton per active sulfonic acid group. 

                                                 
1 Teflon® is the brand name of polytetrafluoroethylene polymer (PTFE), discovered by Roy J. Plunkett 
(1910–1994) of DuPont in 1938 and introduced as a commercial product in 1946. It is a fluoropolymer with 
the molecular formula  (C2F4)n. 
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For a given ion exchange polymer, a lower EW results in higher conductivity of the 
polymer produced.  
 

 
Figure III.2. Chemical structure and schematic representation of the microstructure of Nafion®. 
From [1]. 

 
Nafion® membranes from DuPont have the notation: Nafion® 111, 112, 117 etc. The first 
two digits give the EW (*100), while the third digit represents the thickness of the 
membrane in mil (1 mil= 1/1000 inch = 25.4 µm). 
 
The transport of protons in solid polymer electrolytes follows two principal mechanisms. 
The most trivial case of proton migration is the so called “vehicle mechanism” [2]. In this 
mechanism the proton diffuses through the medium together with a “vehicle” (e.g. as 
H3O+). The relevant rate for the vehicle mechanism conductivity is that of the vehicle 
(molecular) diffusion [3]. 
 
In the other mechanism the protons are transferred from one vehicle to the other by 
hydrogen bonds. A simultaneous reorganization of the proton environment leads to the 
formation of an uninterrupted path for proton migration. This mechanism is known as the 
Grotthuss mechanism (van Grotthuss, 1806) or “proton hopping”. The reorganization 
usually involves the reorientation of solvent dipoles (for example H2O) as an inherent 
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part of establishing the proton diffusion pathway. The relevant rates for this mechanism 
are the ones of proton transfer and reorganization of its environment [3].  
 
The relevant rates for the transport of protons in both mechanisms increase with 
increasing temperature. Consequently, the conductivities of perfluorinated membranes 
such as Nafion® increase with temperature. On the other hand the conductivity of 
Nafion® strongly depends on the level of hydration [4], since in both proton transport 
mechanisms the presence of water is needed.  
 
As a consequence, the reactants have to be humidified in order to prevent dehydration of 
the electrolyte membrane, despite the generation of product water at the cathode. With 
increasing temperature the water vapour pressure also increases, hence, in order to 
prevent evaporation of water in the membrane and at the same time allow for higher 
temperatures of operation, the reactants have to be supplied under pressure (exceeding 
the water vapour pressure). However, operation at pressures higher than 1 to 2 bar above 
ambient is not desirable in PEFC systems due to the high (parasitic) power requirement 
for the compressors [5,6].  
 
In order to minimize the resistance of the electrolyte, the use of thinner membranes is 
pursued. However, a conflict of interests is encountered when assessing gas permeation 
qualities of the ionomer membrane and material itself. 
 
On the one hand, high gas permeation qualities of the ionomer material are desirable in 
order to facilitate the transport of reactant gases in the 3-phase boundary from the gas 
phase through the electrolyte to the catalyst, where the electrochemical reaction takes 
place (see Figure III.1). 
 
On the other hand, the ionomer membrane acts as a gas barrier between the anodic and 
cathodic chambers. Hence, low permeabilities for oxygen and hydrogen are desirable to 
diminish gas crossover, which diminishes the efficiency of the cell (apart from 
representing a safety issue). The permeation rate of hydrogen in a Nafion® 112 membrane 
at 65°C and 1 bar has been reported to be of ca.1.8 * 10-4 ml cm-2 s-1, which is equivalent 
to a crossover current of ca. 1.5 mA cm-2 (saturated gas). The permeability of oxygen 
through Nafion® has been reported to be about half of that of hydrogen [7].  
 
Oxygen and hydrogen permeabilities in Nafion® increase with increasing temperature, 
hydration level of the membrane and ion exchange capacity [8-12]. 
 
During the last years big efforts to develop new materials for polymer electrolyte 
membranes for their use in PEFCs have been made. On the one hand, the motivation is to 
provide alternatives to Nafion® due to its relatively high cost. On the other hand, new 
materials for their use at elevated temperatures (above 100°C) and/or without the need to 
humidify the reactant gases are desired. Operation at elevated temperatures is 
advantageous in order to improve fuel cell performance when reformate gas is used as the 
fuel. Furthermore, eliminating the need to humidify reactants will diminish parasitic 
power consumption in the auxiliaries and therefore raise system efficiency and power 

 23



Section III  PEFC Fundamentals 

density by eliminating humidification devices. A review on alternative solid polymer 
electrolyte membranes for their use in PEFCs is given in [13]. 
 

2.1.2 The Catalyst Layer 

PEFCs need catalysts for acceleration of the anodic and cathodic electrode 
reactions. To date, platinum (Pt) or Pt-based catalysts have proven to be the best 
materials for both, the hydrogen oxidation and the oxygen reduction reactions. An 
overview on recent developments on alternative materials for their use as catalysts in 
PEFCs is given in [14-16]. 
 
The initial Pt loading used in the Gemini space flights (4 mg cm-2 [17]; an automobile 
would require more than USD 10 000 worth of platinum) was trimmed down by a factor 
of 10 by the use of supported Pt catalysts introduced by Ticianelli et. al. at the Los 
Alamos National Laboratory LANL in 1988 [18,19]. The catalysts consist of particles in 
the range of a few nm diameter deposited on the surface of fine carbon particles (particle 
diameter in the order of 50 nm). This greatly increases the effective surface area of the 
catalyst (50-200 m2/g) as compared to the metal black (unsupported) catalyst (ca. 30-
40 m2/g).  
 
The catalyst must be in simultaneous contact with the reactant gases as well as with the 
electronic and protonic conducting phases at the 3 phase boundary at the active layer (see 
Figure III.1). The supported catalyst is usually impregnated or mixed with an ionomer 
solution to provide effective contact with the proton conducting phase [19]. The 
electronic conducting phase consists of a continuous network of carbon particles. The 
morphology and the structure of the 3-phase boundary is of premium importance to 
achieve high fuel cell power density at a minimum of catalyst loading [20]. 
 
High surface areas of active catalyst per geometric area of electrode are desirable to 
maximize PEFC performance. On the one hand, the catalyst surface area can be increased 
increasing the thickness of the catalyst layer, but mass transfer issues progressively 
become more rate limiting. On the other hand, effective impregnation and consequent 
contact with the ionic phase becomes more difficult with increasing catalyst layer 
thickness. Supported catalysts are therefore produced in different weight fractions of Pt 
on carbon in order to be able to vary catalyst loading while keeping the thickness of the 
catalyst layer low. An excellent review on recent benchmark activities and requirements 
for PEFC catalysts can be found in [21].  
 
Finally, depending on manufacture strategies, the catalyst layer can either be directly 
deposited on the surface of the polymer electrolyte resulting in so called catalyst-coated 
membranes, or on the surface of the gas diffusion layer.  
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2.1.3 The Gas Diffusion Layer 

The gas diffusion layer (GDL), or electrode backing, is placed between the catalyst 
layer and the flow field plates. The GDL accomplishes various tasks. These tasks are 
schematically shown in Figure III.3 and explained in the following. 

 
Figure III.3. Schematic of Gas Diffusion Layer GDL, Catalyst Layer, Membrane, and Flow Field 
Plates.  

 
On the one hand the GDL guarantees access of reactants to the catalyst layer area under 
the supporting ribs of the gas distribution structure of the flow field plate by serving as a 
spacer. These regions are called the lands of the flow field. On the other hand, electrons 
have to be conducted to or from the catalyst layer regions located under gas channels to 
the flow field plates. The GDL provides here a conductive path to the land area of the 
flow field plates.  
 
Another task performed by the GDL is to improve the water management of the cell 
through an effective product water removal from the cathode. Failure to accomplish this 
task results in flooding of the GDL and consequent performance losses due to the 
increased hindrance in transport of oxygen from the gas channel to the catalyst layer. 
This task is realized by adding PTFE (Teflon®) in order to make the GDL hydrophobic. 
Hydrophobicity of GDL improves the water management in a PEFC, giving it the ability 
to drain liquid water out of the active layer. The influence of the amount of PTFE on 
PEFC performances has been studied by several researchers [22-24], and the results have 
shown that, depending on structure and type of GDL, careful choice in the amount of 
PTFE has to be taken. Too high amounts of PTFE in the GDL can cause a diminishment 
in cell performance because of membrane dehydration due to excessive water drainage 
from the active area.  
 
A recent review on components, designs and production methods for PEFC GDL`s can 
be found in [25]. 
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2.2 Flow Field Plates 

2.2.1 Functions and Designs 

The basic functions flow field plates fulfil are [26,27]:  
 

1) Distribution of reactants over the active area 
2) Transport of products out of the cell 
3) Collection of electrical current from the GDL 
4) Facilitation of water management within the cell 
5) Facilitation of thermal management within the cell 
6) Separation of reactants  
7) Connection of individual cells in the stack 

 
The basic flow field design-types can be catalogued in pin, parallel, and serpentine flow 
fields [27], see Figure III.4. 
 

 
 
Figure III.4. Basic flow field designs for PEFCs. From [27]. 

 
The pin flow field network  is formed by pins arranged in a regular pattern [28]. These 
pins can be in any shape, although cubical and circular pins are most often used in 
practice. Reactants flow across the plates through the intervening grooves formed by the 
pins. Pin-design flow fields result in low reactant pressure drops. However, reactants 
flowing through such flow fields tend to follow the path of least resistance across the 
flow field, which may lead to channelling and the formation of stagnant areas, resulting 
in an uneven reactant distribution, inadequate product water removal and ultimately poor 
fuel cell performance. 
 
In the parallel flow field design the flow field plate includes a number of separate parallel 
flow channels [29]. With this flow field design difficulties with reactants distribution and 
product water removal can occur, leading to low and unstable cell voltages. 
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The serpentine type flow field is the most commonly used flow field type in PEFCs. It 
comprises a series of parallel channels in a meander like structure which extends from the 
gas inlet to the outlet covering the MEA area [30]. Serpentine flow fields force the 
reactant flow to traverse the entire active area of the corresponding electrode, thereby 
eliminating areas of stagnant flow. However, this channel layout results in a relatively 
long reactant flow path. Hence, substantial pressure drops and significant concentration 
gradients from the flow inlet to outlet can evolve. 
 
A recent review of the flow field layouts developed by different companies and research 
groups and the pros and cons associated with these designs has been published by 
Li et. al. [27]. 
 

2.2.2 Mono- and Bipolar Arrangement 

Under operation, depending on the current drawn from the cell, the voltage of a 
single H2/O2(air) PEFC has values below 1.0 Volts (see Chapter 4.1 in this Section). For 
this reason, as with conventional batteries, individual cells are combined to obtain useful 
voltage outputs. PEFCs are usually connected electrically in series, with a parallel 
distribution of reactant gases for each cell. This type of arrangement of individual cells is 
called fuel cell stack, or simply stack. For the serial connection of cells two basic 
connections are feasible: monopolar or bipolar arrangement.  
 
In the monopolar arrangement the individual cells have tabs at the current collectors to 
connect to the opposite pole from the next cell via bridge connectors. One advantage of 
this kind of arrangement is that monopolar cells can be connected individually in the 
stack, allowing disconnecting one or several cells in case of failure, diminishing only 
overall power output, but allowing to continue stack operation. However, additional 
voltage losses are the limiting criteria for this type of cell arrangement. Furthermore, the 
monopolar arrangement is limited by the in-plane conductivity of the current collectors, 
which at high current densities can result in an induced non-uniform current density 
distribution, due to voltage drops between the current generation site and the current 
collector tabs.  
 
Therefore, the bipolar arrangement is the most commonly used connection type in PEFC 
stacks. In the bipolar arrangement the negative and positive poles of adjacent cells are 
united in a single element, the bipolar plate. This kind of arrangement has the advantage 
of reducing voltage losses since the electrical connection between individual cells is 
realized over the entire area of the flow field plates. In this configuration the electrical 
current flows from cell to cell perpendicular to its generation site through the bipolar 
plate. However, failure of a single cell leads to malfunctioning of the complete stack.  
 
Figure III.5 shows schematically the two arrangement types of cells in a stack. 
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In order to achieve gas tightness and minimize contact resistances, PEFC stacks with 
cells in the bipolar arrangement are kept under mechanical pressure with strain devices 
acting along the stack. In general this is achieved through the use of tension rods. 
Furthermore, to apply a uniform pressure over the area of the cells, rigid pressure plates 
are used at the ends of the stack. Figure III.6 shows a CAD drawing of a PEFC stack with 
cells connected in the bipolar arrangement [31].  
 

 
 

Figure III.5. Connection of single cells. Left, monopolar cell configuration. Right, bipolar cell 
arrangement. Distribution of media (reactants and coolant) is realized in parallel. The reactants are 
distributed over the active area via the flow field, comprised in each mono- or bipolar plate. 

 

 
 

Figure III.6. CAD drawing of a 6kW PEFC stack with the indicated components to maintain 
mechanical pressure on the stack. From [31].  
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3 Thermodynamics 

3.1 Relation between Free Energy Change and Electromotive Force 

The overall electrochemical reaction in the fuel cell is divided into two half cell 
reactions taking place at the anode and cathode respectively. In the H2/O2(air) fuel cell, 
the overall electrochemical reaction is the formation of water from hydrogen and oxygen:  
 

 
2 2H  + ½ O   H O⎯⎯→ 2

e

 ( III-1 )
 
The half cell reactions taking place at the anode and cathode are:  
 
Anode: Hydrogen Oxidation Reaction (HOR) 
 

2H 2H 2+ −⎯⎯→ +  ( III-2 )
 
Cathode: Oxygen Reduction Reaction (ORR) 
 

 + -
2 2½ O  + 2H  + 2e   H O⎯⎯→  ( III-3 )

 
The maximum useful work obtainable from a chemical reaction is equal to the change in 
the molar free energy of reaction which is given by the Gibbs-Helmholtz equation: 
 

G= H - T S∆ ∆ ∆  ( III-4 )
 
where ∆G is the Gibbs free energy change. A negative ∆G indicates energetically 
favourable or spontaneous reactions (exergonic), while a positive ∆G indicates 
unfavourable or non-spontaneous reactions (endergonic). ∆H is the change in enthalpy of 
the system; if ∆H is negative, heat is released by the reaction (exothermic); conversely, a 
positive ∆H indicates absorption of heat (endothermic). The reaction entropy ∆S is a 
measure for the change in the order of the system during the reaction; a negative ∆S 
indicates an increase in the order of the system; a positive ∆S indicates a decrease in 
system order. T is the absolute temperature.   
 
The maximal electrical work Wel obtainable from an electrochemical reaction is equal to 
the free energy change of the reaction, given by the change in Gibbs free energy. From 
this follows:  
 

elG = W  = -nFE∆  ( III-5 )
 
where E is the electromotive force (EMF) of the reaction, F is the Faraday constant 
(F=96480 As mol-1) and n is the number of exchanged electrons in the overall reaction. 
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If the reactants and products are all in their standard states, it follows that 
 

G° = -nFE°∆  ( III-6 )
 
This fundamental equation allows calculating the electromotive force E° (or reversible 
open circuit voltage) for an electrochemical reaction from thermodynamic data of the 
overall reaction. The values of the thermodynamic state functions ∆G, ∆H, and ∆S for 
reaction ( III-1 ) depend on whether the product water is in liquid or gaseous state (see 
Table III.1). Consequently, the reversible open circuit voltage also depends on the state of 
the product water, as shown in Table III.1.  
 
Table III.1. Thermodynamic data for the state functions ∆G0, ∆H0, and ∆S0 under standard 
conditions (T=298 K, p= 1 bar), for the fuel cell reaction ( III-1 ). Differentiation is made between 
liquid (l) and gaseous (g) product water. Corresponding calculated EMF. From [32].  

Quantity  H2O (l) H2O (g) Unit 
Free Energy ∆G0 -237 -229 kJ mol-1

Enthalpy ∆H0 -286 -242 kJ mol-1

Entropy ∆S0 -163 -44 J mol-1 K-1

Electromotive Force E0 1.23 1.19 V 
 
 
Furthermore, the Gibbs free energy is not constant, but decreases with increasing 
temperature. Consequently, the EMF also decreases (see Figure III.7).  
 

 
Figure III.7. H2/O2 fuel cell electromotive force E as a function of temperature. Gaseous product 
water). From [6]. 
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3.2 Effects of Reactant Activity on the EMF 

It has been pointed out that the Gibbs free energy (and thus the EMF in a chemical 
reaction) is a function of temperature. Equally important are the changes in Gibbs free 
energy with reactant pressure and concentration, or in the case of gaseous reactants, 
partial pressure. 
 
Consider a general reaction such as  
 

 aA + bB  cC + dD⎯⎯→  ( III-7 )
 
The Gibbs free energy change ∆G of the reaction is given by the equation 
 

C D AG = cµ  + dµ  - aµ  - bµ∆ B  ( III-8 )
 
where µ is the chemical potential. With  
 

µ = µ° +RT ln a  ( III-9 )
 
where a is the activity coefficient of the substance; µ equals µ° (standard chemical 
potential) when a = 1; R is the molar gas constant. The standard free energy change ∆G 
of reaction ( III-7 ) is then given by  
 

C° D° A° B°G° = cµ  + dµ  - aµ  - bµ∆  ( III-10 )
 
substitution of equation ( III-9 ) for each of the reactants and products into ( III-10 ), 
together with ( III-8 ) gives  
 

c d
C D
a b
A B

a  aG = G° + RT ln 
a  a
⎡ ⎤

∆ ∆ ⎢ ⎥
⎣ ⎦

 ( III-11 )

 
For the H2/O2(air) fuel cell reaction the Gibbs free energy is expressed as 
 

2

1/ 2

2 2

H O

H O

p
G = G° + RT ln 

p p
⎡ ⎤

∆ ∆ ⎢ ⎥
⎢ ⎥⎣ ⎦

 ( III-12 )

 
Where px represents the partial pressures of the reactants and products. 
 
In order to know how this equation affects the voltage of the cell, the equations ( III-5 ) 
and ( III-6 ) are used for substitution and the following equation is obtained:  
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1/ 2

2 2

2

H O

H O

p pRTE = E° +  ln 
2 F p

⎡ ⎤
⎢ ⎥
⎢ ⎥⎣ ⎦

 ( III-13 )

 
where E° is the EMF at standard pressure.  
 
This equation is called the Nernst equation. It allows calculating the EMF or reversible 
cell voltage that exists at a given temperature, pressure (partial pressure) of the reactants. 
For a fuel cell operated at 80°C for example, changing oxidant from pure oxygen to air, 
with a partial pressure of oxygen in air of 0.21, would imply a diminishment in the EMF 
of 12 mV.  
 

4 Kinetics 

4.1 The PEFC Polarization Curve 

As it has been shown above, the EMF can be calculated from thermodynamic data 
by the relation given in equation ( III-5 ). However, useful work (electrical energy) is 
obtained from a fuel cell only when electrical current is drawn. Depending on the amount 
of current drawn from the cell the actual cell potential is decreased from its equilibrium 
potential because of irreversible losses affecting overall cell performance. These losses 
are called polarization, overpotentials or overvoltages. In a practical fuel cell there are 
several overpotential sources. The sum of these individual overpotentials determines the 
actual cell voltage, which is then less than the EMF.  
 
In order to characterize the dependence of cell polarization from current density, so called 
polarization or current-voltage curves are used. They are obtained by plotting cell 
polarization as function of current density (or total current). A typical polarization curve 
of a PEFC operated with air as the oxidant is shown in Figure III.8.  
 
The key points to notice in Figure III.8 are:  

 
1) The terminal voltage at open circuit Etv,0 is less than the theoretical value 
2) There is a rapid initial fall in voltage at low current densities 
3) The voltage drop at middle current densities is approximately linear 
4) At high current densities the voltage falls again rapidly  
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Figure III.8. Typical current-voltage curve in a H2/air PEFC.  

 
The different points are discussed in more detail in the following: 
 
1) The terminal voltage at open circuit Etv,0 deviates from its thermodynamic value for 
two reasons:  
 

i) Due to side reactions of the Oxygen Reduction Reaction (ORR) on the cathode. 
This is addressed in Chapter 4.3 in this Section.  

 
ii) Due to the fact that the electrolyte is not 100% gas impermeable (see also 

Chapter 2.1.1 in this Section). In the case of perfluorinated membranes such as 
Nafion®, the gas crossover depends on membrane thickness, hydration state and 
equivalent weight. The total amount of fuel and/or oxidant permeating through the 
polymer electrolyte lies in the range of a few microlitre per minute and square 
centimetre [33], but it still will cause a noticeable voltage drop at open circuit [6]. 

 
2) The rapid initial fall in voltage at low current densities is due to the activation 
overpotential ηact. The activation overpotential stems from the charge transfer reactions at 
the electrode-electrolyte interfaces. It is the difference of the actual electrode potential 
and the equilibrium potential of the redox reaction. There is a close similarity between 
electrochemical and chemical reactions in that both involve an activation barrier that 
must be overcome by the reacting species. 
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For the overall reaction 
 

 
2 2H  + ½ O   H O⎯⎯→ 2  ( III-1 )

 
the relations between activation overpotentials ηact and the rates (reflected by the current 
density) of the anodic and cathodic half cell reactions 
 

2HOR :  H 2H 2e+ −⎯⎯→ +  ( III-2 )
 

 + -
2 2ORR: ½ O  + 2H  + 2e  H O⎯⎯→  ( III-3 )

 
are expressed by [34] 
 

act ( HOR )
nF

RT
0(HOR)j j e

α η⎡ ⎤
⎢ ⎥+ ⎣ ⎦=  ( III-14 )

and  
act(ORR)

(1- ) nF-
- RT

0(ORR)j  = -j e
α η⎡ ⎤

⎢ ⎥⎣ ⎦  ( III-15 )
 
respectively. These equations are called Butler-Volmer equations. j+ and j- are the anodic 
and cathodic current densities for the HOR and ORR, respectively; j0(HOR) and j0(ORR) are 
the respective exchange current densities; n is the number of electrons transferred and α 
is the charge transfer coefficient of the half cell reaction. 
 
Rearranging equations ( III-14 ) and ( III-15 ) gives the Tafel equations  
 

act (HOR)
0(HOR )

RT jln
nF j

η
α

+

=  ( III-16 )

and  
0(ORR)

act (ORR)

jRT ln
(1 )nF j

η
α −=

−
 ( III-17 )

 
Equations ( III-16 ) and ( III-17 ) can be expressed as  
 

act (HOR) a b log jη += +  ( III-18 )

and 
act (ORR) a b log jη −= +  ( III-19 )

 
where a and b are:  
 

HOR: 0
2.3RTa lg j

nFα
= −  ; 2.3RT

nFα
=b  
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ORR: 0
2.3RTa lg j

(1 )nFα
=

−
; 2.3RTb

(1 )nFα
= −

−
 

 
“a” provides information about the rate constant of the reaction. “b” is called the "Tafel 
slope", which provides information about the mechanism of the reaction. 
 
The activation overpotential observed in Figure III.8 is formed by contributions from the 
anodic activation overpotential for the HOR as well as from the cathodic activation 
overpotential for the ORR. Decisive for the contributions from both electrode reactions to 
the overall activation overpotential are the respective exchange current densities j0. The 
exchange current density is a measure for the rate of the oxidation or reduction at an 
electrode at its equilibrium potential (η=0), i.e. when there is no net current (jcell=0). It is 
therefore a measure for the electrocatalytic activity of the electrode for the reaction taking 
place. Even though the net current is zero at equilibrium, there is still a balanced faradaic 
activity expressed in terms of the exchange current density. On platinum, which is 
usually employed as electrocatalyst in PEFCs, the exchange current density for the HOR 
is several orders of magnitude higher than for the ORR, see Table III.2. 
 
Table III.2. Exchange current densities of the half cell reaction in the H2/O2(air) fuel cell at 25°C on 
smooth platinum. From [35]. 

Half Cell Reaction Exchange Current Density j0 / A cm-2

H2 → 2H+ +2e- 8 * 10-4

½ O2 + 2H+ +2e- → H2O 5* 10-9

 
 
It can then be concluded that the slow kinetics of the ORR is the rate determining step 
contributing substantially to the overall activation losses observed at low current densities 
in a PEFC.  
 
3) The approximately linear voltage drop at middle current densities is due to the Ohmic 
overpotential ηohm. Ohmic losses occur because of resistance to the flow of ions in the 
electrolyte and resistance to flow of electrons in the electronic path. The dominant ohmic 
losses come from the contribution of the electrolyte resistance. These losses depend on 
the thickness and ionic conductivity of the electrolyte membrane. Since both, the voltage 
drop in the electrolyte and in the electronic path obey Ohm´s law, the ohmic losses can be 
expressed by the equation 
 

ohm jRη =  ( III-20 )
 
where j is the current flowing through the cell (in Ampere), and R is the total cell 
resistance (Ohm), including electronic, ionic and contact resistances. 
 
4) The voltage losses in the high current density range are due to the, diffusion, 
concentration, or mass transport overpotential ηmt. Considerable mass transport 
overpotentials evolve at high current densities because reactants are consumed in the 
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catalyst layer and concentration gradients of water between the bulk (gas channel) and 
catalyst surface evolve. Several processes may contribute to the mass transport 
overpotential: diffusion and convection in the gas phase in the GDL pores or diffusion of 
reactants/products through the electrolyte to/from the electrochemical reaction site. At 
high current densities, slow transport of reactants/products to/from the electrochemical 
reaction site is the major contributor to potential losses. 
 
The mass transport overpotential for the half cell reactions ( III-2 ) and ( III-3 ) can be 
expressed as [34] 
 

0

mt(HOR) S

RT pHOR : ln
nF p

η
α

=  ( III-21 )

 
0

mt(ORR) S

RT pORR : ln
(1 )nF p

η
α

= −
−

 ( III-22 )

 
where p0 and pS are the partial pressures of the reactants in the gas channel and on the 
surface of the catalyst, respectively. The other symbols have the same meaning as above. 
 
In the case of the H2/air PEFC, the losses at the cathode are bigger than on the anode 
because of the relatively low partial pressure of oxygen in air and its interdiffusion in 
nitrogen, leading to significant diffusion limitations. Similarly, if the anode is supplied 
with reformate gas (see Chapter 8 in this Section), the partial pressure of hydrogen in the 
gas mixture will influence the contribution from the anode to the overall mass transport 
overpotential.  
 
It can be concluded that, under operation, the terminal cell voltage Etv in the H2/O2(air) 
PEFC is reduced from its open circuit potential value Etv,0 due to the activation and mass 
transport overpotentials from the anodic and cathodic half cell reactions and due to ohmic 
voltage losses in the cell: 
 

Etv = Etv,0 - ηact(HOR) - ηmt(HOR) - ηact(ORR) - ηmt(ORR) - ηohm ( III-23 )
 

4.2 Hydrogen Oxidation Reaction (HOR) 

Two mechanisms have been proposed in the literature for the oxidation of hydrogen 
on platinum [36]:  
 
Tafel-Volmer mechanism 
 

(1)   (dissociative adsorption) 2H 2H⎯⎯→ ads

−

( III-24 )
 

(2)  (charge transfer) ads2H 2H 2e+⎯⎯→ + ( III-25 )
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The catalytically dissociative adsorption step in which a hydrogen molecule is separated 
into two adsorbed hydrogen atoms is the Tafel reaction. For this mechanism two adjacent 
adsorption sites on the catalyst are required. The charge transfer occurs in the second 
step, the Volmer reaction.  
 
Heyrovski-Volmer mechanism 
 

(1) 2 adsH H H e+ −⎯⎯→ + +  (mixed process) ( III-26 )
 

(2)   (charge transfer) adsH H+⎯⎯→ + e− ( III-27 )
 
In the second proposed mechanism a mixed process of catalytically dissociative 
adsorption and charge transfer occurs in the first step, the Heyrovski reaction. In this 
mechanism only one adsorption site at a time is required.  
 

4.3 Oxygen Reduction Reaction (ORR) 

The oxygen reduction reaction (ORR) taking place at the cathode can follow a 
direct path to form water in a 4-electron step mechanism, or follow a mechanism over a 
sequence of two 2-electron steps forming hydrogen peroxide as intermediate [37], see 
Figure III.9. Instead of further reduction to water, the peroxide may decompose 
catalytically to water and oxygen, or break into OH. radicals. The latter represent also a 
problem for the life time of the polymer electrolyte membrane [38,39].  
 

 
Figure III.9. The oxygen reduction reaction on platinum is a combination of  2- and 4- electron 
processes and a chemical reaction. For the electrochemical reactions, the corresponding reversible 
open circuit voltage E° are given. From [37]. 

 
This complexity of reactions with individual rate constants and standard potentials is one 
of the reasons for the formation of a mixed potential on the fuel cell cathode, yielding an 
open circuit voltage in a cell of around 1.0 V rather than the thermodynamic value of 
1.23V (calculated for liquid product water at 25°C, see Chapter 3.1 in this Section). 
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5 Water Management 

As it has been discussed in Chapter 2.1.1 in this Section, fuel cell performance 
strongly depends on the hydration state of the electrolyte membrane. Water management 
within the PEFC is therefore of high importance in order to maximize cell performance.  
 
Essentially, there are two conflicting problems, which water management in PEFCs has 
to deal with: accumulation of liquid water in the catalyst layer, GDL or flow channels and 
dehydration of the membrane due to insufficient water. 
 
It might seem contradictory that the presence of liquid water inside a PEFC is not 
desirable, since the conductivity of the electrolyte membrane strongly depends upon its 
hydration state, but one has to specify where the presence of liquid water is required: 
liquid water is required inside the polymer electrolyte membrane and at the three phase 
boundary on the anode and cathode sides, but not in voids of the catalyst layer of the gas 
diffusion layer, since it decreases mass transfer of the reactants.  
 
Water management inside the cell is also governed by the “exchange” of water between 
anode and cathode, which takes place through the electrolyte membrane via two 
mechanisms (see Figure III.10). On the one hand a transport of water from the cathode to 
the anode or vice versa can take place via diffusion. The direction for the diffusive water 
flux depends upon the differences in water activity between anode and cathode. On the 
other hand, water is transported from the anode to the cathode via an electro-osmotic 
drag, by which water is dragged in a solvation sphere attached to migrating protons. The 
net water flux is therefore dependent on humidification state of the gases (including 
product and external humidification water) and current density.  
 

 
Figure III.10. Water transport through the membrane in the PEFC. 

 
With increasing current density the amount of product water on the cathode increases, 
and so does the water concentration difference between anode and cathode, supporting 
diffusion of water from the cathode to the anode. Conversely, water transport from the 
anode to the cathode also increases with increasing current density, since the amount of 
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migrating protons increases and so the total amount of water dragged in the solvation 
sphere.  
 
Water management is therefore a complex issue since low levels of humidification of the 
reactants will result in dehydration of the membrane close to the cell inlet [40], while 
excessive humidification can result in liquid water accumulation in the gas diffusion 
layers. 
 
Since the water content of the oxidant stream increases gradually along the gas channel, 
accumulation of liquid water usually occurs near the air outlet, where the oxygen partial 
pressure in the oxidant stream is low anyway, leading to more pronounced mass transfer 
issues [40-42].  
 
The importance of an appropriate water management within the fuel cell has been 
investigated by many researchers and several strategies have been developed to deal with 
water management issues in PEFCs which include system design, stack operating 
conditions, stack hardware and MEA design [24]. 
 

6 PEFC System 

The PEFC stack itself is only the electrochemical reactor where the electrochemical 
energy conversion occurs. In order to guarantee that each cell is provided with the 
appropriate operating conditions such as reactants supply, humidification of the reactants, 
cell temperature and pressure, etc. a number of peripheral devices are needed. The 
engineering surrounding the fuel cell stack is called the balance of plant (BOP). Together, 
the fuel cell stack and the BOP form a fuel cell system. An example for a fuel cell system 
is shown in Figure III.11. 
 
The complexity of the complete fuel cell system varies depending on different aspects, 
such as field of application, stack-technology, fuel type etc.  
 
The BOP can be partitioned into subsystems: 
 

1) Reactant flow subsystem 
2) Cooling subsystem 
3) Water management subsystem 

 
Each subsystem has a corresponding control objective and also interactions with other 
subsystems. Their different tasks are discussed in the following. 
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Figure III.11. PEFC system. BOP and Fuel Cell Stack build together a complete Fuel Cell System. 

 
1) The reactant flow subsystem consists of hydrogen (fuel) and oxygen/air (oxidant) 
supply loops. Hydrogen is usually obtained from pressure tanks. In the case where pure 
oxygen is used as the oxidant, it is also generally obtained from pressure tanks. In the 
case of air as the oxidant, a compressor is needed to deliver the stack with the desired 
oxidant pressure. The control objective is to provide sufficient reactant flows with the 
desired ratios (stoichiometry) to ensure fast and safe stationary and transient power 
responses and to minimize auxiliary power consumption. The analysis of the complete 
fuel cell system shows that a major part of the power consumption in the BOP is due to 
the air compressor [5,6].  
 
b) The cooling subsystem controls the temperature of the fuel cell stack. Depending on 
the power range of the stack, passive heat dissipation by air convection and radiation 
through the external surface of the stack can become insufficient to maintain a constant 
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and proper stack operating temperature. In this case, active cooling through (process) air 
or liquid coolant (non electrical conductive) is required. The desire to use a non 
conductive liquid (pure water) as the coolant is in fact one of the challenges for PEFC 
applications below the freezing temperature of water [43-47].  
 
c) The task of the water management subsystem is to maintain hydration of the polymer 
membrane by humidifying reactants. Improper humidification control can cause 
significant losses in cell and stack voltage [24,48], diminishing the efficiency of the 
complete fuel cell system.  
 

7 Efficiency 

7.1 Definitions of Efficiency 

7.1.1 Fuel Cell Efficiency 

To declare a single efficiency for a fuel cell is not a straightforward task, since there 
are different definitions for the efficiency of fuel cells: 
 

• Thermodynamic efficiency ηth

• Voltage efficiency ηV

• Current efficiency (Faradaic and fuel utilisation efficiency) ηI

• Overall electrochemical efficiency ηEE
 
Thermodynamic efficiency 
 
In Chapter 3.1 (this Section) it has been shown that the change of Gibbs free energy is 
related to the electromotive force EMF (or ideal cell voltage) by the equation 
 

G° = -nFE°∆  ( III-28 )
 
When a fuel is burned, the energy released in form of heat is equal to the change in 
reaction enthalpy (∆H). If all the chemical energy from the hydrogen fuel, i.e. its 
“calorific value”, “heating value”, or enthalpy of formation were transformed into 
electrical energy, then the EMF would be given by 
 

o
H

HE  = - 
nF
∆

 

 
( III-29 )
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The thermodynamic or ideal efficiency of energy conversion is then 
 

o

th o
H

G E
H E

η ∆
= =
∆ ( III-30 )

 
The efficiencies calculated with equation ( III-29 ) depend again on whether the product 
water is in the liquid or gaseous state (see Table III.1). If the product water is in liquid 
state, ∆H is called “higher heating value (HHV)” and is equal to 285.8 kJ/mole; for 
product water in the gaseous state ∆H is called “lower heating value (LHV) and is equal 
to 241.8 kJ/mole; the latter term does not include the enthalpy of vaporization of water. 
 
As an example, for standard conditions at 298 K (25°C), if HHV is used, then 
E° = 1.229 V, E°H = 1.48 V and the thermodynamic efficiency results as ηth = 0.83 (based 
on liquid product water).  
 
Voltage efficiency  
 
As shown before, when current is drawn from a fuel cell, a decrease in cell voltage occurs 
due to the above described irreversible losses or overpotentials (see Chapter 4.1 in this 
Section). The voltage efficiency ηV of a fuel cell is the ratio of the actual terminal cell 
voltage Etv under load and the EMF. Again it is necessary to specify which value for the 
EMF is being used, since, as it has been shown above, the definition for the EMF may 
vary. 
 

tv
V

E
EMF

η =  ( III-31 )
 
EMF: based on the Gibbs free energy ∆G or on the reaction enthalpy ∆H; again 
depending on liquid or gaseous product water. 
 
Current or Fuel Conversion efficiency (Faradaic and fuel utilisation efficiency) 
 
The faradaic efficiency is the efficiency with which reactants fed into the cell are 
electrochemically converted in electrical energy. It is described by the following 
relationship: 
 

F
I

nFv
η =

 ( III-32 )
 
n is the number of exchanged electrons, F the Faraday constant and v the rate at which the 
reactant species are consumed (given in mole s-1). The term in the denominator is thus the 
theoretical current output expected if all reactants are completely converted in a faradaic 
reaction producing electrical current. However, in practice not all the reactants that are 
fed to a fuel cell may be used for generation of energy (electrical and thermal). For 
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practical reasons some fraction of the reactants usually has to/will pass through the cell 
unreacted.  
 
The overall efficiency of the fuel cell has then to be multiplied with the reactant 
utilisation factor µF, defined as  
 

F
reactant consumed in the cell 

reactant input to the cell
µ =  ( III-33 )

 
The current or fuel conversion efficiency is then  
 

I F Fη η µ•=  ( III-34)
 
Finally, when stating conversion efficiency for a fuel cell, it has to be specified with 
reference to which reactant it is given. 
 
Overall electrochemical efficiency 
 
The overall electrochemical efficiency is the product of the former efficiencies:  
 

EE th V Iη η η η• •=  ( III-35 )
 

7.1.2 Fuel Cell System Efficiency 

As it has been discussed in Chapter 6, for the generation of electrical energy a 
complete fuel cell system is required. The power to operate the different components in 
the BOP is delivered by the fuel cell (stack), which diminishes the net power output of 
the complete system.  
 
The fuel cell system efficiency ηFCS is hence dictated by the power delivered by the fuel 
cell stack PStack and the power consumption in the BOP PBOP. It can be determined using 
equation ( III-36 ): 
 

Stack BOP
FCS EE

Stack

P P
P

η η•
⎛ ⎞−

= ⎜ ⎟
⎝ ⎠

 ( III-36 )

 
Therefore, not only the overall electrochemical efficiency of the fuel cell ηEE, but of the 
complete fuel cell system ηFCS is of outmost interest, since this gives the efficiency with 
which the reactants are transformed by the complete system into electrical energy.  
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7.2 Comparison to Carnot Cycles 

At the present time, the common method of (big scale) electrical energy generation 
is converting the heat produced by a chemical reaction into mechanical energy, which is 
then converted into electrical energy by means of a rotating generator (in cars the 
mechanical energy is directly used for propulsion). For this reason it is useful to compare 
the efficiency limits of fuel cells to those of heat engines- such as steam, gas turbines and 
internal combustion engines. The maximum obtainable work Wmax from a heat engine is 
given by the expression [49] 
 

max CarnotW Hη= ∆  
( III-37 )

 
where ∆H is the reaction enthalpy (heat of reaction) and ηCarnot the Carnot factor 
 

1 2
Carnot

1

(T T )
T

η −
=  ( III-38 )

 
T1 being the absolute temperature of the hot reservoir and T2 the one of the cold one. In 
Figure III.12 the theoretical efficiency ηCarnot of the heat engine, the Carnot factor, is 
plotted as a function of temperature (in °C) and compared with the thermodynamic 
efficiency ηth of a H2/O2(air) fuel cell (calculated for the LHV, gaseous product water) 
[49]. With increasing temperature T1 at constant temperature T2 the Carnot factor 
increases. In contrast, the efficiency of the fuel cell falls with increasing temperature 
because the value of T∆S increases and consequently ∆G decreases. However, below 
1100 °C fuel cells have a higher (thermodynamic) efficiency as compared to heat 
engines. For temperatures below 500°C the thermodynamic efficiencies of fuel cells are 
higher than 80%, while the thermodynamic efficiencies of heat engines are less than 
60%.  

 
Figure III.12. Comparison between the thermodynamic efficiency of a heat engine (Carnot efficiency 
for TC= 50°C) and the thermodynamic efficiency of a H2/O2 fuel cell, ηth = ∆G/∆H (gaseous product 
water). From [49]. 
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As stated above, of practical relevance are the efficiencies of complete power generating 
systems. As it can be seen in Figure III.13, complete fuel cell systems show also a better 
performance when compared to different systems for power generation, especially at low 
nominal load. Efficiencies increase with increasing power demand because with larger 
units the energy consumption in the BOP accounts for smaller percentages. 

 
Figure III.13. Efficiencies of different systems for power generation as function of nominal load. 
From [49]. 

 

8 Fuels for the PEFC 

Pure hydrogen is the preferred fuel for PEFCs due to several reasons:  
 

- it has a high electrochemical activity on the platinum (based) catalyst(s) (see 
Chapter 4.2 and Table III.2) 

 
- pure water and heat are the only by-products formed during its electrochemical 

reaction with oxygen and hence, no pollutants are produced 
 
- it has no potential pollutants for the PEFC components 

 
However, the use of hydrogen-rich gases generated from hydrogen-containing 
compounds such as methanol, liquefied petrol gas (LPG) or gasoline from reforming 
processes is seen as an alternative for mobile applications. For stationary applications the 
use of hydrogen-rich gases obtained from natural gas is standard.  
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8.1 Hydrogen Production 

Hydrogen can be produced from a diversity of feedstocks using a variety of process 
technologies. Feedstock options include fossil resources such as coal, natural gas, and 
petroleum [50], and renewable resources such as biomass [51] and wind [52].  
 
Nowadays, the most commonly used method for hydrogen generation on an industrial 
scale is via steam reforming of natural gas [50]. The product generated by the state of the 
art hydrocarbon reforming methods, whether it is steam reforming, partial oxidation, or 
autothermal reforming, generate an effluent, which is dilute in hydrogen and contains 
varying amounts of carbon monoxide (CO). The effluent stream from reformers can be 
purified using a variety of methods (i.e. pressure swing adsorption, catalytic preferential 
oxidation, etc.). CO cleanup is an important issue because already very small 
concentrations of CO are detrimental for the performance of low temperature fuel cells 
(see next Chapter).  
 
Advanced process technologies for hydrogen production under evaluation include 
thermochemical water-splitting using nuclear and solar heat [53,54], photolytic processes 
[55], fossil fuel hydrogen production with carbon sequestration [56], and biological 
techniques (algae and bacteria) [57,58]. 
 

8.2 The Problem with CO in the PEFC 

The fuel of choice for PEFCs is pure hydrogen because, it gives the highest fuel 
cell performance and imposes the least demands on system complexity by eliminating the 
need for a reformer. Unfortunately the use of pure hydrogen as fuel for mobile 
applications has limitations, which have to be considered. On the one hand, hydrogen, 
with 33 kWh/kg has the highest gravimetric energy density among chemical fuels. 
However, since hydrogen is in gaseous state at ambient temperature and pressure, its 
volumetric energy density is very low    (450 Wh/l at 150 bar) as compared to liquid fuels 
such as gasoline (9700 Wh/l) or methanol (4600 Wh/l). It is therefore difficult to store 
enough hydrogen to provide the same driving range as with conventional fuels. 
Furthermore, mass introduction of hydrogen-fuelled PEFC systems into the market faces 
one important drawback: at the present time there is no infrastructure to deliver hydrogen 
to the consumer.  
 
In the absence of an adequate hydrogen distribution network and large capacity storage 
systems for mobile applications, an alternative is the on-board generation of a hydrogen-
rich gas from hydrocarbons like gasoline or methanol via an integrated reformer. In 
stationary applications normally natural gas is used as fuel and the use of a reformer is 
mandatory However, state of the art reformer technology for the use in mobile 
applications delivers hydrogen still with traces (10-1000 ppm) of CO in the product 
gas [15].  
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The effects on PE fuel performance caused by the presence of CO in the fuel stream have 
been studied intensively [59,60]. It is well known that for the standard Pt catalyst used in 
PEFCs, concentrations as low as 10 ppm CO have a dramatic effect on fuel cell 
performance [61,62]. This is because of the high affinity of CO to the platinum catalyst 
as compared to hydrogen, i.e. the heat of adsorption released by adsorption of CO on 
platinum is higher than for hydrogen [63], resulting in a blockage of active catalyst sites. 
Half cell studies performed by Gasteiger et. al. have shown that formation of a near to 
complete monolayer on the catalyst surface takes place [64], blocking the catalyst sites, 
thereby hindering the dissociative adsorption of hydrogen on platinum and its subsequent 
oxidation. In other words, CO competes successfully with hydrogen for adsorption on the 
active sites of platinum at normal PEFC operating conditions.  
 
As a result of the diminishment in effective active area for the hydrogen oxidation 
reaction (HOR) a decrease in effective exchange current density j0 takes place [65]: 
 

2 2

x
(H / CO) 0(H ) COj j (1= −Θ )  

( III-39 )

 
where θCO is the fraction of catalyst surface covered by CO. The exponent x can have 
values equal to 1 or 2, depending on the mechanism assumed for the HOR: Heyrovski-
Volmer x = 1; Tafel-Volmer mechanism x = 2, see Chapter 4.2 in this Section.  
 
A decrease in exchange current density translates into increased activation overpotential. 
Consequently, in order to drive the HOR at a certain current density j, higher anode 
overpotentials are required, as it becomes clear from the Tafel equation (see Chapter 4.1 
in this Section): 
 

act (HOR)
0(HOR )

RT jln
nF j

η
α

=  
 

( III-16 ) 

 
where ηact(HOR) is the activation overpotential for the HOR, R is the gas constant, T the 
absolute temperature in K, α the charge transfer coefficient, n the number of electrons 
transferred and F the Faraday constant. 
 
As a result, a diminishment in cell voltage and ultimately power output results (see next 
Chapter).  
 
 
 
 
 

 47



Section III  PEFC Fundamentals 

8.3 Effects of CO on Cell Polarization 

The effects on cell polarization caused by the presence of CO in the fuel are shown 
in Figure III.14. Shown are two polarization curves recorded in a cell operated with pure 
and CO contaminated (50 ppm) hydrogen as the fuel. 

 

 
Figure III.14. Polarization curves of a PEFC operated with pure and CO contaminated H2 fuel (50 
ppm CO). Anode and cathode catalyst is Pt. Cell temperature 70°C, catalyst loading 0.6 mg cm-2.  

 
 
The CO/H2 polarization curve can be divided into three distinct regions:  
 
 
Region I: Limited Site Region 
 
The first region is characterized by relatively small voltage losses (< 100 mV) with 
reference to the polarization curve obtained with pure hydrogen. This is because 
electrochemical oxidation of hydrogen can proceed in the remaining free catalysts sites 
according to a dynamic CO adsorption-desorption mechanism, allowing for sufficient 
hydrogen to reach the free catalyst sites and thereby sustain small current densities with 
only small polarization losses. 
 
 
Region II: Critical Current Density Region 
 
The sudden increase in anode polarization in Region II is due to the inability of sufficient 
hydrogen to access catalyst sites, which are blocked by the adsorbed CO. Consequently, 
as it has been discussed above, an increase in anodic overpotential and ultimately a 
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decrease in cell voltage results. The current density at which the hydrogen oxidation rate 
becomes limited by the rate of hydrogen adsorption is denoted as critical current 
density jcrit [66]. For the polarization curve shown in Figure III.14, jcrit has a value of 
ca. 70 mA cm-2.  
 
jcrit describes the limiting hydrogen oxidation rate as a function of CO coverage θCO, 
which is the primary factor determining catalyst activity in the presence of CO, see 
equation: 
 

2

x
crit ads H COj  = F k  p  (1- )Θ  ( III-40 )

 
where kads is the rate constant for hydrogen adsorption on the free catalyst sites, F is the 
Faraday constant and  is the hydrogen partial pressure. The exponent x can be 1 
(Heyrovsky-Volmer HOR mechanism) or 2 (Tafel-Volmer HOR mechanism). 

2Hp

 
jcrit is a measure for the maximum current density, which can be sustained on the 
remaining free catalyst sites with low polarization losses. Theoretically, if θCO reaches a 
stationary value, cell current density cannot be increased beyond jcrit, since no additional 
electrochemical oxidation of hydrogen to increase current density can proceed as long as 
the catalyst sites are blocked with CO. Still, as it can be seen in Figure III.14, cell current 
can be increased beyond the critical current density, however, with a sharp increase in 
cell (anodic) polarization up to a stationary value, with reference to the polarization curve 
obtained with pure hydrogen. 
 
 
Region III: CO electrooxidation Region 
 
As it can be seen in Figure III.14, cell voltage does not drop to zero in Region II, but goes 
into a stationary excess anodic overvoltage region where cell polarization proceeds at the 
same absolute rate with increasing current density as compared to the polarization curve 
recorded with pure hydrogen. This is possible because, as the anode overpotential 
increases, the onset potential for CO electrooxidation is eventually reached and CO is no 
longer an inert adsorbate. Hydrogen electrooxidation can therefore proceed on additional 
free catalyst sites, generated due to electrochemical oxidation of CO. Consequently, a 
dynamic equilibrium of hydrogen and CO adsorption and hydrogen and CO 
electrooxidation establishes, yielding a constant excess anodic overvoltage. 
 
For the electrochemical oxidation of CO, oxygen-containing surfaces species OHads are 
required [67]. The OHads forming process, also known as activation of water, is shown in 
the following equation: 
 

+ -
2 adsPt + H O  Pt-OH  + H  + e⎯⎯→  ( III-41 )
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The adsorbed COads reacts with nucleated oxygen-containing species in a Langmuir-
Hinshelwood type reaction2, to produce carbon dioxide (CO2). The oxygenated species 
needs not to be of exact OH stoichiometry, but it can be a variety of possible species such 
as –O, -OH, -OOH, etc.  
 

8.4 Strategies to Improve CO Tolerance in the PEFC 

In the following a brief description of strategies towards realization of CO tolerant 
PEFCs is given. 
 
The main approaches to enhance CO tolerance in PEFCs can be classified as follows:  
 

1) use of Pt-based alloy catalysts 
2) introduction of the oxygen/air bleeding technique 
3) increasing the operating temperature 

 
1) The use of Pt-based alloys as anode catalyst was proposed already in the 1980s by 
Eisman et. al [17]. The improved CO tolerance shown by these catalysts is on the one 
hand due to their ability to activate oxygenated species at lower potentials and hence, 
promote CO electrooxidation on the catalyst surface at lower overpotentials. On the other 
hand, electronic effects between Pt and the alloying metal can lead, depending on the 
alloying metal, to a diminishment in the adsorption enthalpy of CO on the Pt-alloy, 
enhancing CO tolerance [68]. 
 
Recent developments of CO tolerant anode electrocatalysts for PEFCs can be found in 
[15].  
 
2) Oxygen/air bleeding, the second technique proposed to reduce the CO poisoning 
problem, was discovered by Gottesfeld et. al. also in the 1980s [69,70]. This technique 
involves injection of a few percent of oxygen into the CO contaminated fuel stream in 
order to oxidize CO adsorbed on the catalyst surface: 
 

2 2Pt-CO ½ O Pt CO+ ⎯⎯→ +  ( III-42 )
 
CO tolerances up to 1000 ppm have been reported with this method [71]. However, an 
important drawback of this method is that the concentration of oxygen injected into the 
fuel stream is limited to about 4-5%, which is close to the threshold value for 
homogeneous ignition [17]. Furthermore, hot-spots and the subsequent creation of pin-
holes in the membrane can occur, diminishing the time of life of the cell. Another 
disadvantage of this method is that the injected oxygen mainly reacts with the hydrogen 
in the fuel, diminishing the conversion efficiency of the cell (see Chapter 7.1.1 in this 
Section). 

                                                 
2 Langmuir-Hinshelwood kinetics describes heterogeneous reactions in which the Educts A and B 
associatively adsorb on a catalyst surface and undergo reaction to Product P, which subsequently desorbs.  
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3) CO tolerance of PEFCs can be enhanced by raising operating temperature. On the one 
hand, because the adsorption of CO on the catalyst surface is an exothermic process, an 
increment in operating temperature reduces the adsorption rate of CO on the catalyst 
thereby increasing CO tolerance. On the other hand, higher temperatures shift the ignition 
potential for electrochemical CO oxidation to lower anodic overpotentials [72]. However, 
the operating temperature of PEFCs is limited by the proton conductivity of the polymer 
electrolyte types now available, which strongly depends on the water content of the 
membrane electrolyte. As a result, complex water management issues arise at operating 
temperatures above the boiling point of water: the operating pressure of the cell has to be 
raised to 2-3 bar (abs) since the water vapour partial pressure exceeds 1 bar. In addition, 
the reactant gases need to be humidified prior to entering the cell to avoid dehydration of 
the membrane and consequent power losses due to increased resistance of the electrolyte. 
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Section IV 
 

Heterogeneities at Single Cell and Stack Level 
 

1 Introduction 

This Section addresses heterogeneities, which occur along the channel at single cell 
level and in individual cells at stack level.  

 
Heterogeneities along the channel at single cell level are spatial variations in membrane 
humidity, reactant concentration, temperature, current density, etc. in direction of the 
reactants stream path and consequently over the active area. At stack level 
heterogeneities refer to differences in operating conditions of individual cells in the stack. 
 
In the first part of this Section, the occurrence of heterogeneous operating conditions in a 
PEFC is discussed. Gradients, which evolve along the channel are considered in 
particular and their origin is explained. Furthermore, in order to illustrate the influence of 
heterogeneous operating conditions on local cell performance, a simplified example is 
given, in which the overall operating conditions are changed so that a non-uniform 
distribution of local operating conditions evolves.  
 
This Section is concluded by addressing the occurrence of heterogeneities in the 
operating conditions at single cell level in PEFC stacks. Their origin is explained and the 
implications for the whole stack are discussed.  
 

2 Gradients Along the Channel 

In Section III, the fundamentals and working principles of PEFCs have been 
discussed. The descriptions given therein are one-dimensional, i.e. the transport of 
reactants and products is considered only in the direction perpendicular to the MEA. 
However, in reality transport of reactants and products in a PEFC takes place in all 3 
dimensions. Two of them, the one perpendicular to the active layer (z-direction) and the 
one along the channel (x-direction) are considered in particular in this work. In the third 
dimension, perpendicular to the channels and ribs (lands) (y-direction), reactants and 
products diffuse through the gas diffusion layer to/from the active layer located 
underneath the ribs. In this dimension, the channel/rib width-ratio is of particular 
importance for the ratio in local current production under the rib and channel [1]. 
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The transport of reactants and product water inside a PEFC with emphasis on the along 
the channel and through plane dimensions is illustrated in Figure IV.1. 
 

 
 

Figure IV.1. Transport of reactants and products to/from the active layer inside a PEFC and water 
transport through the electrolyte membrane. 

 
After entering the cell, reactants are distributed over the active area along a number of 
channels (x-direction), which are part of the structure of the flow field plates. Along the 
channels reactants diffuse through the backing layer to the active layer, where the 
electrochemical reactions take place.  
 
Under operation, the composition of the reactant gases changes along the channels 
because reactants are consumed and water1 is formed. 
 
On the cathode side the relative humidity of the gas changes due to production of water. 
The distribution of relative humidity along the channel strongly depends upon operation 
strategy in terms of humidification level of the reactants, temperature profile along the 
channel and co- or counter flow of fuel and oxidant [2,3].  
 

                                                 
1 For the sake of simplicity, at this point only the production of water is considered. However, if CO is 
contained in the fuel, also CO2 is produced.  

 60



Section IV Heterogeneities at Single Cell and Stack Level 

The diminishment in oxygen partial pressure in air can be qualitatively calculated using 
equation ( IV-1 ). This equation was derived using a set of assumptions: oxygen partial 
pressure diminishment due to current generation and water production, uniform current 
density distribution, no net water flux through the membrane, plug flow, negligible 
pressure drop and ideal gas behaviour [4]. 
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( IV-1 )

 
where 

2O  is the oxygen partial pressure, in the oxidant stream at the dimensionless 
channel length x; Oxidant

p (x)
λ  is the stoichiometry of the oxidant gas; 

2Oϕ is the initial oxygen 
fraction in the oxidant stream.  
 
The dimensionless oxygen partial pressure (normalized using the partial pressure at 
x = 0) in air is plotted as a function of the normalized channel length for several oxidant 
stoichiometries (Figure IV.2). 
 

 
Figure IV.2. Dimensionless oxygen partial pressure profiles along a PEFC channel for different 
oxidant (air) stoichiometries. Data calculated with equation ( IV-1 ). 

 
As it can be seen in Figure IV.2, for large air stoichiometries, the oxygen partial pressure 
change along the channel length is relatively small. In practice these variations can be 
neglected. This is actually the strategy employed by many researchers concerned with 
fundamental aspects such as catalyst development. However, in practical PEFCs low air 
stoichiometries are desirable in order to reduce parasitic loads associated with air 
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compression [4,5]. For low stoichiometries the oxygen partial pressure diminishment 
along the flow field channels is significant and can therefore not be ignored. 
 
The situation is further complicated by the high mobility of water in the MEA. Water is 
produced on the cathode side via the ORR and, depending on the local operating 
conditions, a local net flux of water from the cathode to the anode, or vice versa, takes 
place (Figure IV.1): water transport from the cathode to the anode is diffusive and occurs 
due to concentration gradients. Water transport from the anode to the cathode is forced 
via the electro-osmotic drag: protons migrate from the anode to the cathode together with 
a solvation sphere [6]. Consequently, a superposition of diffusive and electro-osmotic 
water transport in the membrane results.  
 
The state of the art electrochemical components for PEFCs have uniform in-plane 
structures, i.e. at any point across the active area between inlet and outlet the structure 
and composition of the electrodes (gas diffusion layer and active layer) and electrolyte 
membrane is kept constant [3]. This fact, together with a gradual diminishment in oxygen 
partial pressure and a complex water distribution along the channel, are reasons for a 
non-uniform current density distribution [7], since local current generation is then 
dependent on local oxygen and water partial pressures. 
 
Other gradients that can evolve over the active area of PEFCs are related to water 
management within the cell [8-10], temperature distribution [2] or anode gas 
composition.  
 

3 Variations of Resistances along the Channel 

Due to the presence of the above mentioned gradients, a non-uniform distribution of 
local operating conditions along the reactant channels, and consequently over the entire 
active area, evolves. In order to illustrate how these non-uniformities influence local cell 
performance (i.e. local current density), the different energetic barriers, which the 
reactants and intermediate products (protons) have to overcome during the 
electrochemical reactions can be visualized as electrical resistances in an electrical 
equivalent circuit, see Figure IV.3.  
 
In Figure IV.3 the different resistances in the electrical equivalent circuit and the 
corresponding overpotentials are shown. The individual resistances differ depending on 
the process they represent. The cathodic activation energy barrier has the relatively 
highest values (and consequently highest overpotential) due to the low exchange current 
density of the ORR, as discussed in Section III. 
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Figure IV.3. Visualization of energetic barriers (with the corresponding overpotentials) as an 
equivalent electrical circuit along the channel of a PEFC. The equipotential point in the equivalent 
electrical circuit is in the flow field plates due to their high electronic conductivity. On the right, the 
relative magnitudes of the individual resistances Ri are qualitatively shown. The total cell overvoltage 
ηcell is the sum of the individual overpotentials ηi.  

 
Total cell overvoltage ηcell is the sum of the individual overpotentials ηi and is a function 
of total cell current density cellj (equation ( IV-2 )). 
 

cell i icellη  = η  = j × R∑ ∑  ( IV-2 )

 
For a given cellj , ηcell is constant at any position between the equipotential points in the 
equivalent electrical circuit and consists of the sum of the individual voltage drops or 
overpotentials at each point along the channel. Hence, from the physical point of view, 
the cell is always operating under constant voltage mode. External operation of a cell 
under constant voltage or constant current mode is merely a regulation mode of the 
system cell + load2 and it has no implications for the physics of the cell itself. This is 
because, independently on whether the system fuel cell + load is operated in constant cell 
voltage or constant current mode, the total and local voltage drop between the 
equipotential points of the cell is the same, i.e. it is not possible for different parts of one 
cell to have different voltage drops between the equipotential points.  
 
How variations in local operating conditions affect local resistances and ultimately local 
cell performance, i.e. local current density is illustrated in Figure IV.4.  
                                                 
2 For operation under constant current mode, the load regulates cell voltage. It has nothing to do with the 
physics of the cell. 
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Figure IV.4. Changes in local oxygen mass transport resistance Rmt(ORR) (x) and influence on local cell 
performance (local current density j(x)). Case 1: homogeneous operating conditions. Case 2: reduced 
air stoichiometry and heterogeneous operating conditions.  

 
The example focuses on changing only one parameter in the operating conditions: 
average oxygen partial pressure (air stoichiometry) and, to keep things simple, only 
changes in mass transport resistance are considered (in reality, changes in any local 
resistance back couple to the other local resistances due to changes in current density 
distribution by means of local oxygen consumption and local heat release). 
 
In case 1 there are no gradients in the operating conditions along the channel (for 
operation with air as the oxidant this would imply an infinite stoichiometry). With a 
uniform distribution of operating conditions along the channel (Case 1 in Figure IV.4), 
the individual resistances are uniform along the channel and the generation of current 
along the channel is uniform.  
 
In case 2 the operating conditions are changed (reduced air stoichiometry). In this case 
gradients in the operating conditions along the channel evolve.  
 
Let’s consider first the case of operation under constant cell voltage (system cell + load). 
As a consequence of the diminishment of oxygen partial pressure, the local mass 
transport resistances on the cathode side increase. Consequently, in order to keep the 
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same voltage drop between the equipotential points along the channel, the local current 
varies. Due to the gradual increase of the mass transport resistance along the channel, 
gradually less and less current can be produced, so that in the end the sum of local 
currents is lower than for case 1. 
 
A similar reasoning can be applied to the case of constant current operation mode of the 
system cell + load. In this case, the same total current is generated, but the voltage drop 
between the equipotential points will be adjusted by the load (in order to maintain the 
same total cell current). The voltage drop will increase, if the average of the individual 
(Activation, Mass Transport, Ohmic) resistances increases, and it will decrease if the 
average decreases. For the above given example: the same total current flows through the 
cell, but the averaged mass transport resistance is higher than before the reduction of air 
stoichiometry. Hence, same current and bigger resistance results in higher voltage drop, 
i.e. lower cell voltage. 
 
Summarizing: 
 

1) From the physical point of view, the cell operates always under constant voltage 
mode between the equipotential points. Hence, every point of the cell along the 
channel operates under the same overvoltage ηcell. 

2) In the system cell + load, the load controls cell voltage. For operation under 
constant current mode, the cell voltage is adjusted. 

3) Differences in local operating conditions change local current density according 
to: 

 

cell

i
j(x)= 

R (x) 
η

∑
 ( IV-3 )

 
As a result of a non-uniform current density distribution also thermal gradients evolve 
over the active area of PEFCs [2,8,11,12], since with local change of  current generation 
also the local heat release changes. A non-uniform temperature distribution over the 
MEA surface may decrease the reliability and durability of the electrolyte membrane 
through the formation of hot spots and subsequent pin holes [13,14]. 
 
Furthermore, since temperature influences parameters such as activation and 
concentration overpotentials (see Section III) and saturation pressure of water, back 
coupling effects arise, which complicate the situation even more.  
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4 Heterogeneities at Stack Level 

A PEFC stack comprises of a number of individual cells, all connected electrically in 
series and with a parallel media supply. 
 
In an ideal fuel cell stack all individual cells are identical from the point of view of 
components and operating conditions. However, in a real stack, the individual cells may 
differ due to manufacturing tolerances and different locations in the stack (e.g. peripheral 
cells). These differences can lead to variations in operating conditions of the individual 
cells.  
 
In order to illustrate differences in the individual operating conditions of cells in a stack, 
an example for a two-cell stack is given in Figure IV.5. On the left side, the flow of 
media and electrical current in a PEFC stack in the bipolar arrangement (see Section III) 
is schematically shown. On the right side, the equivalent electrical circuit for the local 
operating conditions in the two cells is presented.  
 

 
 

Figure IV.5. Left: Schematic flow of media and electrical current in a PEFC stack in the bipolar 
arrangement. Right: equivalent electrical circuits in cells 1 and 2 for the case of reduced air 
stoichiometry in cell 1 and uniform operating conditions, and hence, resistances, in cell 2.  

 
The difference in individual operating conditions in this example consists in a reduced air 
stoichiometry in cell 1 (air starvation anomaly) due to different air flow resistances as a 
result of the accumulation of liquid water.  
 
As a consequence of different operating conditions of the individual cells, different 
current density distributions evolve. The differences in local operating conditions are 
illustrated in Figure IV.5 by means of the electrical equivalent circuits for cell 1 and 2. 
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For simplicity, for cell 2 a uniform distribution of operating conditions and hence, 
resistances along the channel, is assumed. In an analogous way to the discussion of 
Figure IV.4 at single cell level, only the oxygen mass transport resistance is considered. 
Consequently, the current density pattern which arises in cell 1 is the same as in the 
example given for Figure IV.4. 
 
As a result of the different current density patterns in cells 1 and 2, the local feed of 
electrons from cell 1 into the bipolar plate dos not correspond to the current density 
distribution that is expected from the local operating conditions of the adjacent cell 2. 
This is illustrated in Figure IV.6. As a consequence, in-plane currents in the bipolar plate 
are induced. If the conductivity and/or the thickness of the bipolar plate is infinite, then 
the current is “rearranged” within the bipolar plate to match the current density 
distribution expected in the adjacent cell (left Case in Figure IV.6). However, in reality 
the conductivity and thickness of the bipolar plate are finite and a complete 
rearrangement of the current pattern from cell 1 to match the expected current pattern in 
cell 2 does not take place completely (right Case in Figure IV.6). As a result, a current 
density pattern, which would not result from its distribution of resistances, is imposed 
onto the adjacent cell 2.  
 

 
Figure IV.6. Electrical coupling of cells in a stack. Left: Infinite conductivity and/or thickness of the 
bipolar plate BPP allows for a complete “rearrangement” of the current density. Right: Due to the 
real finite conductivity and thickness of the bipolar plate, a complete current “rearrangement” does 
not take place.  

 
Consequently, the current density pattern which results from anomalies in the operating 
conditions at single cell level can propagate along the stack by means of an electronic 
coupling which occurs in the common bipolar plates of adjacent cells. The extent to 
which the propagation takes place depends upon the thickness and conductivity of the 
common bipolar plate. 
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Experimental  
 

1 Materials and Structures 

1.1 Electrochemical Components 

The electrochemical components used in this work are commercially available 
products. 
 
For the investigations carried out in the Bresa cell (see below), the membrane electrode 
assemblies were prepared using Nafion® membranes with different thicknesses and 
commercial E-TEK1 Elat A7, gas diffusion electrodes with different catalyst loadings. 
 
The data of the different Nafion® membranes used are given in Table V.1. 
 
Table V.1. Data of Nafion® membranes.  

Membrane Equivalent Weight EW Thickness (dry) 
Nafion® 111 1100 25 µm 
Nafion® 112 1100 50 µm 
Nafion® 117 1100 175 µm 

 
For all experiments carried out in the Bresa cell both gas diffusion electrodes, at anode 
and cathode had a Nafion® impregnation of 0.6 mg cm-2. The data of the catalysts used in 
the electrodes with different Pt loadings are given in Table V.2. The electrodes were 
characterized with respect to the electrochemically active area (see Chapter 4.1 in this 
Section) to compare to the data given by the manufacturer. 
 
 
 
 
 
 
 
                                                 
1 E-TEK Division, PEMEAS Fuel Cell Technologies, 39 Veronica Ave., Somerset, NJ 08873-6800 USA 
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Table V.2. Catalyst data of the E-TEK Elat A7 electrodes, as given by the manufacturer, except for 
the measured average Pt area. 

Pt area 
[cm2 cm-2] 

Pt on Vulcan 
XC 72 

[%] 
Pt loading 
[mg cm-2] 

Pt-particle size 
[Å] 

Pt area 
per g Pt 
[m2 g-1] calculated* measured** 

0.3 420 22 
0.4 560 61 10 
0.5 

20 141 
700 72 

20 0.6 22 128 770 103 
0.7 780 131 30 0.8 25 112 900 150 

40 1.2 28 100 1200 164 
*calculated from data as given by manufacturer 
**measured by means of under potential deposition of hydrogen 
 

1.2 Cell Design 

The studies on current density distribution at single and stack level were carried out 
in the Bresa cell. This cell design of technical size has been used in the power train of the 
HyPower vehicle [1].  
 
The name Bresa stands as abbreviation for “Brennstoffzellen-Supercap-Antrieb” (Fuel 
Cell Supercap Power Train). The Bresa cell design was developed during a common 
project between the Paul Scherrer Institut, the ETHZ and Volkswagen [1]. During this 
project a hybrid power train for a VW-Bora passenger car, based on a PEFC system and 
supercapacitors, was developed and successfully demonstrated in 2002. The cell is 
designed for operation on hydrogen and air and liquid cooling.  
 
The bipolar plate consists of two sub-plates (anode and cathode), see Figure V.1. The 
anode-plate comprises the flow field for the distribution of hydrogen over the reaction 
area in the front side, while on the back side the plate contains the flow field for 
distribution of the cooling liquid. The cathode-plate comprises only the flow field for 
distribution of air. The cooling of the cells is thus realized inside the two-part bipolar 
plate. In Figure V.1 a cross-section of the bipolar plate is shown, with the location of the 
cooling liquid inside the two-part bipolar plate. The sealing of the two-part bipolar plate 
is realized by gluing the hydrogen and air-plates together on the edges of the sub-plates. 
The thickness of a complete bipolar plate is of 3.0 mm. 
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Figure V.1. Two-part liquid cooled bipolar plate. Left: An anode and a cathode sub-plate are 
combined to form a bipolar plate. The cooling is realized inside the two-part plate. Right: Cross-
section of the two-part plate showing the location for the cooling of the plate. From [2]. 

 
The relevant geometries of the cell are shown in Figure V.2. The cells have an active area 
of 205 cm2 (141.5 x 145 mm). The dimensions of the cells are 200 x 205 mm. The 
geometry of the flow fields for the distribution of the reactants is identical on both sub-
plates, with the only difference being the depth of the channels. In order to keep the 
desired pressure drop on the cathode as well as on the anode, air flow field channels are 
depper (0.55 mm) than the hydrogen channels (0.35mm), accounting for the differences 
in volumetric flow and gas viscosity. 
 
Each sub-plate has a total of 26 parallel channels with a length of 355 mm each, 
separated in two groups (of 13 channels each) in a meander like geometry, covering the 
upper and lower part of the active area, respectively. The reactants inlets are located at 
the upper part of the cell. The excess reactants and product water outlets are located in 
the lower part of the cell, diagonally to the inlets. Figure V.2 shows the front part of the 
cathode-plate with the air flow field as well as the back part of the anode-plate, showing 
the coolant flow field. The dimensions of the air and hydrogen flow field channels are 
shown in Figure V.3. 
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Figure V.2. Left: Front side of the cathode-plate showing the air flow field. Right: Back side of the 
anode-plate showing the coolant flow field. From [2].  

 
 

 
Figure V.3. Geometry of the air and hydrogen flow field channels. From  [2]. 

 
The flow field for distribution of the cooling liquid (14 channels) is also separated in two 
groups (of 7 channels each), covering the upper and lower part of the reaction area, see 
Figure V.2. The inlet of the cooling liquid is located next to the air inlet, in the upper part 
of the cell. Cells are mostly operated quasi-isothermal by passing a high coolant flow so 
temperature difference between inlet and outlet is less than 1K. 
 
An open view of a single Bresa cell (repeating unit) with the individual components is 
shown in Figure V.4. 
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Figure V.4. Open view of a single Bresa cell. From [2]. 

 
The flow field plates were made by milling of unstructured plates of SGL BMA5-type 
graphite (SGL, Meitingen, Germany). The properties of the Bresa flow field plates are 
listed in Table V.3. The criteria for manufacturing of PEFC flow field plates, as described 
in the literature [2,3], are shown for comparison.  
 
Table V.3. Properties and selection criteria for PEFC flow field plates and Bresa flow field plate 
properties [2,3]. 

Property Criteria Bresa Flow Field Plates 
Area electrical resistance 

(through-plane) < 0.01 Ω cm2 0.011 Ω cm2

In-plane conductivity n.s.* 100 S cm-1

Through-plane conductivity n.s.* 20 S cm-1

Thermal conductivity as high as possible 20 W m-1 K-1

Hydrogen/gas permeability < 10-4 cm3 s-1 cm-2 5 •10-5 cm3 s-1 cm-2 (air) 
Density < 5 g cm-3 2.1 g cm-3

*n.s.: not stated 
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2 Determination of Current Density Distribution 

2.1 General Considerations 

Generally speaking, a measurement is always connected with an energy or 
information flow from the measured object to the measuring instrument. In general the 
measured object has to be modified to access the desired information. As a consequence, 
perturbing effects on the measured object can not be completely avoided. These effects 
have to be therefore carefully analysed and the perturbance and modifications on the 
measured object kept to a minimum.  
 
In order to exploit the potential informational content of current distribution 
measurements in PEFCs, the following requirements should be fulfilled to a maximum 
possible. 
 
With respect to the measured object (in a fuel cell this refers to the active electrochemical 
and passive electrical components): 

 
1) the membrane electrode assembly (MEA) should not be modified because 

artificially segmenting the MEA disrupts the true current density distribution 
reaching the current collectors as compared to an unmodified cell 

2) the properties of the flow field plate with respect to distribution of reactants and 
thermal and electrical conductivity should not be altered  

 
Furthermore, the measurement method should fulfil the following criteria: 
 

1) the measurement should be independent of the state of operation of the fuel cell 
2) high spatial resolution across the entire electrode area (active area) to cover 

possible steep current gradients 
3) high time resolution to allow current mapping during dynamic operation 
4) easy and cost effective implementation and data acquisition 
5) optional integration of the measurement method into a fuel cell stack  

 

2.2 Methods for Determination of Current Density Distribution in 
PEFCs 

Over the last few years three methods and modifications thereof to measure current 
density distribution in PEFCs have been developed. The different methods can be 
classified into three groups:  
 

1) Masking method 
2) Segmentation method 
3) Non invasive method 
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1) In the partial MEA approach, demonstrated by Stumper et. al. [4], the performance of 
portions or segments of the MEA are tested independently either by masking areas or by 
partially catalyzing MEAs. A disadvantage of this method is that local cell performance 
is not obtained in a full operational cell. Therefore, interactions with other segments of 
the MEA are not comprised. 
 
 
2) The segmentation method can be further divided in: 
 

i) Modified MEA 
ii) Unmodified MEA 

 
i) The sub-cell technique, also demonstrated by Stumper et. al. [4], involves dividing the 
cell into several sub-cells. This is achieved by segmenting flow field plates and electrodes 
while leaving only the electrolyte membrane unsegmented. Each sub-cell and the main 
cell are controlled by separate load banks allowing independent adjustment of the 
respective currents.  
 
Cleghorn et. al. have implemented a printed circuit board (PCB) approach for current 
density measurements using a segmented current collector, anode catalyst and anode gas 
diffusion layer [5]. With this technique a high spatial resolution and a relatively cheap 
and rapid manufacture of a wide range of segmented patterns can be achieved.  
 
However, an important drawback of these methods is the modification of the MEA and 
the use of non-standard flow field plates. 
 
ii) A technique which allows for an unmodified MEA has been described by Wieser et. 
al. [6]. They use a magnetic loop array embedded in the current collector plate to measure 
the two-dimensional current distribution in the PEFC. The main advantage of this 
technique is the high time resolution with an easily handled measurement carried out 
independently of cell operation. However, the flow field plate is fully segmented and the 
implementation of the measurement method is difficult because special flow field plates 
are needed. Besides, due to full segmentation of the flow field plate, corrosion and gas 
tightness problems can represent an obstacle.  
 
In the current mapping technique, presented also by Stumper et. al. [4], a passive network 
of individual shunt resistors is located perpendicular to an unmodified MEA surface, 
between the flow field and the support plate. Voltage sensors passively determine the 
potential drop across each resistor and, through Ohm’s law, the current distribution over 
the flow field plate is determined. This technique allows for an unmodified MEA and 
flow field plate and provides a relatively high spatial and time resolution. However, the 
main problem arises from the ratio of in-plane versus trough-plane conductivity of the 
unsegmented flow field plate, which can lead to significant lateral currents. This ratio can 
only be decreased by lowering the shunt and contact resistances. The shunt resistance can 
however not be reduced arbitrarily and eventually a segmentation of the flow field plate 
has to be carried out. 
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3) A non-invasive method has been recently presented by Hauer et. al. The method, 
called magnetotomography [7], allows measurement and 3D-visualisation of the current 
density distribution of single fuel cells and fuel cell stacks. It is based on the 
measurement of the magnetic flux surrounding the fuel cell caused by the generated 
electrical current. The magnetic flux data are measured with a 3D magnetic flux sensor. 
As yet, magnetotomography has only been tested in single cells and the resolution still 
needs to be improved. However, the authors believe that the method could also be applied 
to short stacks and even full size stacks if the accuracy of the magnetic flux measurement 
can be increased. 
 

2.3 Semi-Segmented Plate Principle 

A method conserving the advantages of unmodified MEA and flow field plates in 
combination with a least invasive measurement system is the Semi-Segmented Plate 
Principle. This technique was initially developed by Büchi et. al. [8]. It is essentially a 
modification of the passive current mapping technique described by Stumper et. al. [4] in 
combination with the method used by Wieser et. al. [6]. With this method no 
segmentation of the MEA and flow field plate is needed. Therefore, it allows local 
current density measurements while conserving i) electrical and mass transport properties 
of the gas diffusion electrodes, ii) the fluid dynamic properties for the reactant gases and 
iii) the electrical and thermal properties of the flow field plate. However, the current 
density distribution is measured at the back interface of the unsegmented flow field plate 
and not as it emerges from the catalyst layer.  
 
The semi-segmented endplate principle is shown schematically in Figure V.5. It is based 
on the idea that the highly conducting support plate, made from sintered graphite 
(ρ≈1mΩcm, type NS2, SGL Carbon) is completely segmented after being glued to the 
flow field plate, while this thin, lower conducting flow field plate, which is pressure 
moulded from a graphite polymer mixture [9] is equivalent to plates in a stack and has a 
comparably high specific resistivity (ρ≈25mΩcm, type BMA5, SGL Carbon), remains 
intact and guarantees for unchanged electrical, fluid dynamic, and thermal properties, as 
well as the compatibility with the stack.  
 
The current generated perpendicular to the each segment location is conducted separately 
out of the cell and is measured by means of current transducers (Hall sensors, type LEM 
HTR 50 S-B). The connections to the different segments are then united to a common 
node and connected to the electronic load. The moulded flow field plate has a maximum 
thickness of 1.5 mm, but an average thickness in the flow field of less than 1 mm and 
therefore communicating currents between individual segments are acceptably small and 
will depend on the sum of the resistances (contact and connection resistances) between 
the unsegmented anode flow field plate and the anode common node. 
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A considerable advantage of this principle is that the semi segmented part of the cell may 
also be used as endplate in a stack. 
 

 
Figure V.5. Schematic of the semi-segmented plate principle. Shown is a cross-section of a portion of 
a cell, with an unsegmented cathode side, unsegmented MEA and unsegmented anode flow field 
plate. The segmentation of the electrical current is realized on the anode support plate and measured 
by means of Hall Sensors outside the cell. The electrical current flowing from each segment is united 
at the anode common node and connected to an electronic load.  

 

2.4 Cell Configuration 

2.4.1 Measurement Setup at Single Cell Level 

The mapping of the current density distribution for the studies carried out at single 
cell level was realized by semi-segmenting the anode side of the cell. The corresponding 
anode support plate was divided in 9 segments, 8 small segments of 10.7 cm2 and a big 
central segment of 119.4 cm2. The location of the individual segments was chosen in 
order to probe local current density “along the channel” in the flow path of both gas 
streams. Figure V.6 shows the location of the individual segments used for mapping the 
local current density as a function of the air (left) and hydrogen (right) flow path.  
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Figure V.6. Location of the individual segments and schematic path of the corresponding reactant 
gas over the active area. Left: mapping as function of the oxidant path. Right: mapping as function of 
the hydrogen path. 

 
To investigate the current density distribution as a function of the air channel length, the 
segments 1, 2, 4, 5, 7 and 8 (Figure V.6 Left) are used. The midpoints of the segments are 
located at 3%, 11%, 34%, 66%, 89% and 97% from the beginning of the air path, 
respectively. The segments 3 and 6 are not used since they cover different lengths of the 
oxidant channel. 
 
When the local current is probed as a function of the hydrogen channel length, the 
segments 1 to 8 (Figure V.6 Right) are used. Their position relative to the hydrogen inlet 
are at 3%, 8%, 23%, 33%, 66%, 77% 92% and 97% from the beginning of the hydrogen 
path, respectively.  
 
Figure V.7 shows the experimental setup for the local current density measurements at 
single cell level. 
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Figure V.7. Experimental setup for the local current density measurements at single cell level. 

Each segment of the semi-segmented anode plate is connected to separate copper rods, in 
which the current is measured by means of Hall sensors. The connections to the 
individual segments are then united to a common node and connected to the electronic 
load, to which the positive pole of the cell is also connected, closing the electric circuit. 
The Hall sensors are interfaced to a personal computer for data registration. 
 
A picture of the measurement setup at single cell level is shown in Figure V.8. 
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Figure V.8. Measurement setup at single cell level. Shown is the arrangement of the Hall sensors and 
connections to the individual segments around the cell.  

 

2.4.2 Measurement Setup at Stack Level 

The studies carried out at stack level were also realized with the Bresa cell design 
with 2- and 3-cell stacks. 
 
The stacks used for the investigations at stack level have been modified by implementing 
a second, independent reactant and coolant supply. The cells in the stack were therefore 
separated in two cell-groups, each cell-group having an independent media supply, 
allowing for the two cell-groups of the stack to be operated at different operating 
conditions with respect to stoichiometry, dew point of the reactants or inlet coolant 
temperature. 
 
Figure V.9 shows the scheme of a two-part 3-cell stack with independently controlled 
media supplies for the two cell-groups. The measurement of the local current density in 
the stack is realized in the peripheral cells of the stack.  
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Figure V.9. Schema of a two part 3-cell stack with independent media supplies and location of the 
current density distribution measurement in the stack. The separation of the media inside the stack is 
realized by sealing the corresponding manifolds in the junction bipolar plate (A). 

 
The two cell-groups in the modified stacks are connected electrically and thermally via 
the junction bipolar plate (A) . The separation of the two media streams inside the stack is 
realized in this plate by sealing the corresponding manifolds, as exemplarily shown for 
the air manifolds in Figure V.9.  
 
Each individual cell in the stack is cooled from both sides of the MEA. The coolant 
temperature in the outer-part of cell 1 can be controlled independently as it belongs to a 
separate coolant supply (Media 1), while cooling in the junction bipolar plate (A) is part 
of the second coolant supply (Media 2), belonging to cell-group 2. 
 
For the different cases studied in this work, the voltage of each single cell in the stack 
was monitored while the current density distribution was recorded simultaneously in the 
peripheral cells of the stack. For this purpose, two semi-segmented cells were used as 
peripheral cells with a semi-segmented anode at one end, and a semi-segmented cathode 
at the other end of the stack, respectively. Data acquisition of the analogue voltage 
signals from the Hall sensors is realized in an analogous way as described in the 
measurement setup at single cell level. 
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2.5 Experimental Precision  

Errors or uncertainties in experimental measurements can occur in numerous ways. 
In the method used in this work, errors in the measurement of the local current density 
can be caused by 
 

1) the accuracy of the Hall sensors and 
2) the experimental setup configuration 

 
1) The current sensors used for measuring amperage emerging from each cell-segment 
are “open” Hall sensors (LEM HTR 50 S-B). The advantage of this kind of sensors is that 
they are not built into the electrical circuit and hence, do not contribute to the additional 
resistance between the unsegmented flow field plate and the common node. After proper 
calibration (carried out at least once every 24 hours), the accuracy of the sensors used in 
the present work is of +/- 1 mA cm-2. This causes an error of ca. 0.5 % for the lowest 
current density reported (195 mA cm-2). This error decreases with an increase in current 
density and drops to a level as low as 0.17 % (at 585 mA cm-2). Hence, this error is 
uncritical.  
 
2) Lateral currents in the unsegmented flow field plate cause an error in the measurement. 
Therefore, in order to minimize lateral currents, the resistance of the connection between 
the individual segments and the common node (RSS for the small segments and RCS for 
the big central segment) needs to be as low as possible to minimize the influence of the 
additional resistance on the current density distribution. Furthermore, since the active 
area of the cell is not symmetrically segmented (8 small segments, area ASS, and 1 central 
segment, area ACS), the inverse ratio of the area and connection resistances for the small 
and for the big segments has to be kept constant, to minimize influence on the current 
distribution pattern between the big and small segments. The resistance of the 
connections of the eight small segments is thus dictated by the minimum achievable 
resistance (limited by spatial issues) of the connection to the big segment given by  
 

RSS = (ACS/ASS)RCS ( V-1 )
 
The minimum achievable resistance between the big segment and the common node was 
0.05 mΩ (copper profile of 4 cm2); consequently, the connections for the small segments 
were set to 0.56 mΩ by adjusting the length of the corresponding copper rods. 
 
The measurement error caused by lateral currents (induced by the additional resistance of 
the external connections to the individual segments with reference to “non-resistive” 
connections i.e. in the absence of the measuring device) can be estimated by analyzing 
the influence of the connection resistance on the measured changes in local current 
density at given overall operating conditions. The procedure consists in systematically 
reducing the resistance of the connection to the big segment (RCS) and to the small 
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segments (RSS) (according to equation ( V-1 )). The measured changes in local current 
density are then plotted as a function of the connection resistance RCS. 
 
Figure V.10 shows, for segment 1 (with reference to the air channel, see Figure V.6) the 
changes in local current density and the absolute values at an air stoichiometry of 1.2 
(which provokes a highly uneven current density distribution) as function of the 
resistance of the limiting external connection RCS between the central segment and the 
common node. Changes are plotted with reference to values obtained with an air 
stoichiometry of 4.0. 
 

 
Figure V.10. Net changes and absolute current density values in segment 1 (air channel) as function 
of the limiting resistance RCS between the anode central segment and the common node. Cell current 
density cellj of 585 mA cm-2 (120 A total cell current). 

 
The current density changes in segment 1 are extrapolated to zero external resistance by a 
polynomial extrapolation using the values obtained with the five lowest resistances RCS. 
For the lowest experimentally achieved resistance to the big central segment, an error 
lower than 4% with reference to the values obtained by extrapolation to zero external 
resistance results (for the highest current density reported, 585 mA cm-2). 
 
However, simply reducing the resistance of the external connections between the 
individual segments of the semi-segmented anode plate and the common node is not 
without any complications. The electrical current generated by each segment is dictated 
by the sum of all local resistances ∑Rtot,i between the equipotential points, being these the 
unsegmented cathode and the anode common node (see Section IV). ∑Ri comprises the 
electrochemical resistance Rec, the contact resistance Rcon and the connection resistance 
RSS:  
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∑Rtot,i = Rec,i + Rcon,i + RSS,i ( V-2 )

 
Where i stands for the corresponding segment. Rcon comprises contact resistances 
between the unsegmented flow field plate, the support plate, the current collector and the 
common node, respectively (see Figure V.5). 
 
When the fuel cell is operated under conditions that guarantee a homogeneous 
distribution of the local working conditions (i.e. high reactant stoichiometries, full 
humidification of the gases, pure reactants), the distribution of the electrochemical 
overpotentials Rec and hence, the production of electrical current over the entire active 
area can be expected to be homogeneous.  
 
When the resistance RSS of the external connections is reduced and Rec is homogeneous 
over the entire active area, the point arrives at which differences in the local contact 
resistances Rcon,i become decisive for the lateral currents flowing through the 
unsegmented flow field plate. This problem can be solved by adjusting the individual 
resistances (RSS+Rcon) between the individual segments and the anode common node. 
This has been realized by varying the length of the corresponding copper rods (RSS) until 
a homogeneous current density distribution was obtained. Figure V.11 illustrates this. 
The measurements where carried out with the lowest RCS (0.05 mΩ) under constant 
current mode (390 mA cm-2) using fully humidified gases, a hydrogen stoichiometry of 
7.0 and oxygen stoichiometry of 35.0.  

 
Figure V.11. Local current density distribution is influenced by differences in local contact 
resistances. After adjustment of the individual resistances (initial RSS = 0.56 mΩ) a homogeneous 
current density distribution is obtained. Operation with oxygen.  

 
As it can be seen a homogeneous current density distribution is obtained when operating 
the cell with hydrogen and oxygen at high stoichiometries (7.0 and 35.0, 
correspondingly) after adjustment of the individual connection resistances RSS. 

 86



Section V  Experimental 

3 Test Bench 

For the controlled operation of PEFCs devices to control and measure reactants 
supply, humidification level and pressure as well as cell/stack temperature, voltage and 
current and to register data are required. In the following a brief description of the testing 
facilities used in this work is given.  

 

3.1 Test Bench for Single Cell Investigations 

The test bench set-up used for the investigations of single cells is schematically 
shown in Figure V.12.  
 
Gas supply and humidification control: thermal mass flow controllers of the 5850s series 
(Brooks®) are used for controlled gas supply rates (oxidant supply range of 0-10 nl min-1; 
fuel supply range of 0-4 nl min-1). The mass flow controllers are directly connected to the 
house gas supply, which delivers hydrogen, oxygen and air with a pressure of 6 bars. 
 
Different concentrations of carbon monoxide (CO) in hydrogen can be obtained by 
diluting CO/H2 mixtures of a given composition (from a pressure bottle) with pure 
hydrogen from the house supply. The CO/H2 fuel supply from the pressure bottle is also 
controlled using Brooks® mass flow controllers (range of 0-1 nl min-1). Air bleeding of 
the fuel stream is realized in a similar manner by connecting the house air supply via a 
Brooks® mass flow controller (range 0-4 nl min-1) to the fuel stream. 
 
The reactant gases can be humidified prior to entering the cells by bubbling through a 
heated water vessel (5 l volume), located downstream of the mass flow controllers. A 
bypass valve is included for the cases where no humidification of the reactant(s) is 
desired. The connections between humidification vessels and cell are thermally regulated 
with heating tapes, which are connected to a multi-channel regulator. Temperature 
measurements are realized with type K thermocouples. Gas pressure, dew point and 
temperature are measured before entering the cell. Vaisala® HMP247 type sensors are 
used for dew point and temperature measurement. After the cell/stack, the excess 
reactants and water (product and humidification water) are be separated in automatic 
water traps. Regulation of the reactants pressure is realized with backpressure regulators 
of the 5866 series, also from Brooks®.  
 
Cell temperature: water of pre-set temperature is circulated through the cell using a 
thermostat. 
  
Electrical cell parameters: Current or voltage of the cell are controlled using an 
electronic load H&H 3010 (Höcherl & Hackl GmbH, Konzell, Germany). This electronic 
load allows for potentio- and galvanostatic operation of the cell. A SCXI-1000 
multiplexer (National Instruments, Austin, TX, USA) unit is used for simultaneous 
voltage measurement.  
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Figure V.12. Schematic diagram of the testing facility set-up for single cell experiments  

 

3.2 Test Bench for Investigations of Coupling Phenomena in Stacks 

For the investigations carried out at stack level, the above described test bench was 
extended by implementing a second, independent media supply (fuel, oxidant and 
coolant). The fuel cell stack is operated electrically as a single stack. Conversely, the two 
independent media supplies in the extended test bench allow to separate the cells in the 
stack into two cell-groups, since they can be operated under different operating 
conditions with respect to reactants stoichiometry and humidification level or coolant 
temperature (see Chapter 2.4.2 in this Section). 
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4 Other Experimental Methods 

In the following, a description of other investigation methods used in the present 
work is given.  
 

4.1 Cyclic Voltammetry 

Cyclic voltammetry (CV) is an important analytical method for the investigation of 
electrochemical reactions. It is used in the analytical chemistry for the qualitative and 
quantitative determination of chemical species and in physical chemistry for determining 
kinetic and thermodynamic data [10]. Cyclic voltammetry is also used to obtain the 
coverage θ of a species on an electrode surface, as well as to determine the 
electrochemical active surface area of an electrode. 
 
The potential of the working electrode in a 3-electrode set-up is cycled between two 
given potentials, an upper and a lowere turn-round potential. The time dependent 
potential change thus follows a linear triangular form. The rate of the potential change is 
given by the scan rate (V s-1).  
 
In this work, cyclic voltammetry has been used to determine the electrochemically active 
catalyst surface area of gas diffusion electrodes with different Pt loadings. For this 
purpose, the method of under potential deposition of hydrogen (Hupd) [11] has been used. 
 
The electrochemically active catalyst surface can be evaluated by measuring the charge 
related to the formation of a hydrogen monolayer on the Pt catalyst surface. Thereby a 
1:1 ratio between adsorbed H atoms and Pt surface atoms is used. The evaluation based 
on the assumption of a complete hydrogen monolayer is somewhat error-prone because 
the current flowing due to the Hupd process at very low potentials overlaps with the 
current related to the onset of hydrogen evolution and oxidation respectively. 
Experimental parameters like vertex potentials, integration limits, and scan rate need 
careful attention [12] and were kept constant for all measurements. For this reason it has 
to be pointed out, that the data obtained are suitable for comparative purposes of the 
electrochemical active surface area rather than provide accurate absolute values.  
 
Measurements were performed in liquid 0.5 M H2SO4 electrolyte prepared from sulphuric 
acid (Aldrich, 99.999%) and ultra-pure water (Christ Septron 1500, >18 M, 5 ppb total 
organic carbon). The solution was deaerated with pre-purified argon (Labclear gas 
purifier) before and during the measurements. All cyclic voltammograms (CVs) were 
recorded at room temperature at a scan rate of 0.1 V s-1, using an Autolab PGSTAT 20. 
The measurements were performed in a 3-electrode arrangement with a reversible 
hydrogen electrode (HYDROFLEX, gaskatel) as reference electrode and a platinum mesh 
as counter electrode. The working electrodes (typical size of 1 cm2) were 
electrochemically activated prior to the measurements by cycling between reducing and 
oxidizing potentials (0.05 – 1.20 V) until the CVs showed reproducible currents 
throughout the whole cycling range. The vertex potentials during the measurements 
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where the same as the ones mentioned above, since these conditions generated CV 
features indicating a relatively stable and limited hydrogen evolution. To further decrease 
the influence related to hydrogen evolution, only the charge related to the hydrogen 
desorption (anodic sweep) has been used for evaluation. The current values are thereafter 
corrected for the double layer charge. The conversion factor of 210 µC cm-2 [13,14] was 
applied to calculate the platinum surface. The data for the measured Pt surface area 
reported in this work were averaged over 5 samples for catalyst loading. 
 

4.2 Mass Spectrometry 

Mass spectrometry is an analytical tool for determination of chemical elements, 
molecular masses and mass fragments. It is a very useful method in analytical chemistry 
to determine the structure and composition of chemical compounds. The measuring 
technique involves the ionization and consequent fragmentation of the target molecules. 
The resulting fragments are then separated in an electrical field, depending on their mass 
and charge ratio (m/z), and consequently identified and registered with a detector. Due to 
its high sensitivity, mass spectrometry is suitable for the qualitative and quantitative 
determination of very small quantities (in the ppm-ppb range). 
 
Mass spectrometry has been used in this work to analyze the time dependent changes in 
the composition of the exhaust fuel stream in cells operated with CO contaminated fuel. 
 
In this work, a quadrupole mass spectrometer QMS 200 Prisma (Pfeiffer Vacuum) with 
electron impact ionization (Ytrium-Doped Iridium Cathode) has been used. The detector 
is a Channeltron with a Wolfram Cathode and Faraday Collector. The provided software, 
“QuadStar 32 Bit”, Version 7.01, has been used to register and evaluate data. 
 

4.3 Chemical Adsorption 

Chemical adsorption is an analytical tool used for determination of catalyst surface 
area. During the chemisorption process the adsorbing gas or vapour molecule can split 
into atoms, radicals or ions, which form a chemical bond with the adsorption site. This 
interaction involves the sharing of electrons between the gas and the solid surface and 
may be regarded as the formation of a surface compound [15].  
 
The amount of chemisorbed gas or vapour molecules is determined by registering the 
changes in the pressure of the gas or vapour molecules, as compared to a non active (no 
pressure reduction due to chemisorption) reference.  
 
The fact that the chemisorptive gas or vapour molecule may split during the adsorption 
process is considered in the stoichiometry factor Fs, which is the number of surface atoms 
interacting with one adsorptive molecule. For the chemisorption of hydrogen on platinum 
the stoichiometry factor is 2, since a hydrogen gas molecule dissociates into two atoms, 
which adsorb each one on a platinum atom. Conversely, the stoichiometry factor for the 
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adsorption of carbon monoxide on platinum is 1, since one carbon monoxide molecule 
adsorbs on one active platinum site. 
 
With the chemisorption method the specific catalyst surface area (m2 g-1 catalyst) and 
metal dispersion (in %) can be obtained. The metal dispersion gives the fraction of metal 
on to which chemical adsorption takes place. 
 
In this work, the chemical adsorption method has been used to measure the surface area 
of Pt in gas diffusion electrodes. For these measurements hydrogen and carbon monoxide 
have been used as chemisorptive gases.  
 
The equipment used is an ASAP 2010 from Micromeretics, with the provided software 
(Version 4.01 Beta) for control and data registration. 
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VI CATHODE INDUCED INHOMOGENEITIES  

 

Section VI 
 

Cathode Induced Inhomogeneities 
 

1 Introduction 

One of the operating parameters which has an important influence on the performance 
of the PEFC and affects substantially the efficiency of the complete fuel cell system is the 
composition of the oxidant stream. For technical applications of PEFCs the two oxidants 
of choice are pure oxygen and air.  
 
When operating a fuel cell with air as the oxidant stream, it has to be taken into 
consideration that air is composed by 78 % nitrogen and 21 % oxygen (the remaining 1% 
comprises traces of other gases). Nitrogen, which is an inert gas for the fuel cell, impedes 
the transport of oxygen to the catalyst layer of the MEA for the cathodic electrochemical 
reaction (ORR) causing a considerable increase in mass transport overpotential as 
compared to operation on pure oxygen. 
 
Figure VI-1 shows a comparison of polarization curves recorded in the same PEFC under 
identical operating conditions with the only difference being the composition of the 
oxidant stream: in one case, pure oxygen was used; in the other case, air. 
 
It can be seen that the mass transport limitations caused by nitrogen translate in a 
considerable lower cell potential (as compared to pure oxygen) over the entire 
polarization curve (a thermodynamic difference of only 12 mV is expected!). 
 
However, the use of air as the oxidant can be justified without difficulty because air is 
easily and readily available from the atmosphere and no “investment” is needed for its 
production, storage and transportation, in contrast to pure oxygen.  
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Figure VI-1. Differences in PEFC performance when operated with pure oxygen or air s the oxidant. 
Oxygen and air stoichiometries of 4.0.  

 
PEFCs typically operate with air stoichiometries in the range of 1.5 – 2.5. An excess in 
air stoichiometry is needed because otherwise complications related with local oxygen 
starvation can arise. For example, if the cell would be operated with an air stoichiometry 
of 1.0, the oxygen partial pressure close to the end of the air channels would have values 
close to 0. This would imply very high local mass transport and activation overpotentials 
and, consequently, very poor cell performance.  
 
In order to provide the cell with air at the desired rate and pressure, a compressor is 
needed. In a complete fuel cell system the power needed by the compressor is delivered 
by the fuel cell stack, lowering system net power output. Hence, from the BOP point of 
view, in order to keep the parasitic power consumption of the compressor as low as 
possible, low air stoichiometries are desirable [1,2].  
 
Conversely, from the cell point of view, high air stoichiometries are desirable because 
integral cell performance increases with increasing air stoichiometry. These two 
phenomena are therefore in conflict.  
 
However, air stoichiometry affects not only integral cell performance and system 
efficiency, but has a direct influence on the local performance of the cell. This is because 
the local reaction rate and hence, current density distribution in PEFCs strongly depends 
upon local oxygen partial pressure [3,4].  
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Investigations of the current density distribution in PEFCs have shown a substantial 
inhomogeneity in the current generation over the active area when the air stoichiometry is 
reduced [3,4]. An inhomogeneous distribution of the current density leads to a non-
uniform utilization of the active area and can affect the time of life of the cell [5], given 
that local accelerated degradation phenomena occur because some parts of the cell carry 
considerably higher currents than average. Furthermore, it is believed that a non-uniform 
current density distribution can lead to lower cell performance, specially in large area fuel 
cells, because current density inhomogeneities can create internal potential differences 
inducing in-plane currents, leading to additional power losses [6]. For these reasons, 
efforts to homogenize the current density distribution are expected to be beneficial for the 
power output and time of life of the cell by achieving a uniform utilization of the active 
area and avoiding areas of increased power losses and degradation. 
 
In order to homogenize the current generation the simplest way is to supply air with 
excessively high stoichiometries. Although this is a very straightforward solution, for the 
reasons explained above, it is not a satisfactory one. Another feasible approach is to tailor 
the electrochemical components to fit local operating conditions. In the late 1980´s 
Breault [7] and more recently Wilkinson et. al. [8] described PEFC electrodes with in-
plane non-uniform properties (e.g. catalyst loading), with the goal to improve cell 
performance. Breault proposed an increasing catalyst gradient, while Wilkinson et. al. 
proposed decreasing [9,10] or complex [8] catalyst gradients along the air channel. 
However, no systematic studies on the effects of such catalyst redistributions on current 
density distribution and cell performance were made.  
 
In the first part of this Section, the effects of variation of the air stoichiometry on integral 
and local cell performance in a cell operated with a standard cathode (uniform catalyst 
distribution) are discussed.  
 
In the second part, an approach to homogenize the current density distribution by means 
of cathodes with catalyst loading gradients is presented. The effects on the current density 
distribution and cell performance are analyzed. A wide parameter space with respect to 
catalyst gradients, current densities and air stoichiometries is experimentally investigated, 
and the results are further corroborated by modelling calculations. 
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2 Experimental 

For the reported investigations in this section, the semi-segmented cell setup 
described in Section V has been used.  
 
In order to monitor local cathode activity as a function of air stoichiometry only, special 
care has been devoted to keep other parameters, which have an influence on the local 
electrochemical activity, constant and evenly distributed over the entire active area. To 
achieve this, both reactant streams have been fed fully humidified in order to keep the 
conductivity of the polymer electrolyte membrane uniform. In order to exclude disturbing 
effects caused by significant concentration gradients evolving from the consumption of 
hydrogen along the fuel channel, pure hydrogen has been used. 
 
Consequently, each segment of the semi-segmented cell can be seen as a probe for 
monitoring local cathode activity as a function of air stoichiometry and catalyst 
distribution.  
 
Current density distribution as a function of the air stoichiometry was studied by 
gradually varying the air stoichiometry in the range from 4.0 to 1.1 in 0.1 steps. Local 
current density in the different segments was recorded after the steady state was attained 
(time per step of 3 minutes). The experimental results on current density distribution 
reported in this Section were carried out in constant current modus at three cell current 
densities of 195 mA cm-2, 390 mA cm-2 and 585 mA cm-2 (corresponding to 40A, 80A, 
and 120A total cell current). 
 
Polarization curves were recorded in constant current mode by varying total cell current 
in steps of 24 mA cm-2 (corresponding to 5A total cell current). 
 
The measurements were carried out under the standard operating conditions given in 
Table VI.1. If not stated otherwise, these operating conditions apply to all reported 
experiments in this Section.  
 
Table VI.1. Standard operating conditions. 

Parameter Value 
Cell Temperature CellT  70°C 

Hydrogen Dew Point 
2D,HT  70°C 

Hydrogen Pressure 
2Hp  2 bar (abs) 

Hydrogen Stoichiometry 
2Hλ  2 

Air Dew Point D,airT  70°C 
Air Pressure airp  2 bar (abs) 

Air Stoichiometry airλ  4.0-1.1 
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2.1 Tailored Cathodes 

The membrane electrode assemblies were prepared using Nafion® 112 membranes 
and commercial E-Tek Elat A7 gas diffusion electrodes. Both gas diffusion electrodes, at 
anode and cathode, had an average catalyst loading of 0.6 mg cm-2 and a Nafion® 
impregnation of 0.6 mg cm-2. The characteristics of the catalyst used in the electrodes 
with different Pt loadings are given in Section IV, Table V.2. 
 
The catalyst gradients of the tailored cathodes were fabricated by a puzzle principle using 
electrodes with different catalyst loadings. The components and corresponding electrode 
fraction in the different tailored cathodes are given in Table VI.2. The average 
gravimetric catalyst loading of all studied cathodes was held constant at 0.6 mg cm-2 to 
compare the performances achieved to the one obtained with a standard cathode (STD). 
Four loading profiles were prepared: SP-Strong Profile, MP-Medium Profile, MPneg-
Medium Profile negative, and WP-Weak Profile (see Table VI.2). Figure VI-2 shows the 
distribution of the Pt loadings in the tailored cathode MP (as example) over the active 
area and as function of the normalized channel length Lnorm of the air path for all the 
cathodes. 
 
Table VI.2. Composition of the tailored cathodes. 

Average active area 
Pt/cm2 electrode 

[cm2 cm-2] Cathode 
Pt loading 

 
[mg cm-2] 

Fraction 
of 

electrode 

Pt on 
Vulcan 
XC 72 

[%] 

Pt-particle 
size 
[Å] calculated* measured**

STD 0.6 1 20 22 768 103 
0.5 1/3 10 20 
0.6 1/3 20 22 WP 
0.7 1/3 30 25 

752 102 

0.4 1/6 10 20 
0.5 2/6 10 20 
0.7 2/6 30 25 

MP & 
MPneg

0.8 1/6 30 25 

740 103 

0.3 2/6 10 20 
0.6 3/6 20 22 SP 
1.2 1/6 40 28 

725 86 

STD: standard profile, WP: weak profile, MP & MPneg: medium profile & medium negative profile, SP: 
strong profile. 
*calculated from data as given by manufacturer 
**measured by means of under potential deposition of hydrogen 
 
In Table VI.2 it can also be seen, that the values for the calculated and measured Pt 
surface areas in the different cathodes are not equal. This is because of the differences in 
the methods used to determine the active Pt area by the manufacturer (XRD particle size 
measurements [11]) and in this work (underpotential deposition of hydrogen (Hupd) ,see 
Section V). In contrast to the measurement method used by the manufacturer, the Hupd-
method determines only the electrochemical active area of the catalyst and hence, lower 
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values are obtained. From these results it becomes clear that the Pt utilization in the 
commercial E-Tek Elat A7 electrodes is relatively low. 

 
Figure VI-2. Distribution of the Pt loading. Left: over the active area for the tailored cathode MP 
(numbers indicate the catalyst loading in mg cm-2). Right: gradient of the Pt loadings as a function of 
the air channel length Lnorm for the cathodes SP, MP, MPneg and WP. 

 

2.2 Modelling Calculations 

The model used for calculations is described and validated against experimental 
current distribution data in the literature [12] and is therefore only summarized here. It 
describes a quasi-two-dimensional along-the-channel mass and heat transfer model for a 
polymer electrolyte fuel cell. It is formulated in a 1 + 1 dimensional manner, i.e. local 
transport phenomena are treated one-dimensional in through-plane direction and coupled 
in-plane (along the channel) by convective transport in the gas and coolant channels. 
Thus, a two-dimensional slice running through the repetitive unit of a cell from the anode 
channel via membrane-electrode assembly and cathode channel to the coolant channel 
and from inlet to outlet is modelled. 
 
For the model the following transport phenomena are taken into account:  

 
1) multi-component diffusion of gaseous species through the porous anode and 

cathode gas diffusion layers,  
2) flow of water, both in liquid and gaseous phase through anode, cathode and 

inside the channels, 
3) transport of water through the membrane by diffusion and electro-osmotic 

drag, 
4) migration of protons through the electrolyte, 
5) transport of electrons through the gas diffusion layer, 
6) electrochemical reaction in the catalyst layer, 
7) heat generation and transport in the cross section of the cell. 
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For the present case, an along-the-channel quasi-isothermal version, which emulates 
liquid cooled cells with infinite cooling flow, was employed. The exchange current 
density in the model has been a fit parameter to experimental current-voltage curves 
obtained with a homogeneous loading of 0.6 mg cm-2. Varying catalyst loadings are 
accounted for by a proportional change of the active catalyst surface and therefore the 
local exchange current density. The model describes a straight channel cell, while the 
experiment was done in a cell with serpentine type folded channels; however, as the 
oxygen concentration in the air stream is the main parameter, the differences in resulting 
current density distributions are small [12]. 
 
The along-the-channel current density was calculated for fully saturated gases (relative 
humidity at inlet of 100%) for 2 bar (abs) gas pressures, with hydrogen and air in 
counter-flow arrangement. A cell temperature of 70 °C, corresponding to the experiment 
was used. For the E-Tek electrodes a thickness of 300 µm, a porosity of ε = 0.68, and a 
tortuosity of τ = 3 were used for the calculations. Among the main outputs of the model 
are the along-the-channel current density distribution and the respective along-the-
channel overvoltages, namely activation, ohmic and mass transport overvoltages. 
 

3 Results and Discussion 

As first measure, the absence of disturbing effects caused by possible gradients in 
hydrogen partial pressure was verified by recording the current density distribution under 
different hydrogen stoichiometries. In Figure VI-3, the local current density in the 
segments 1, 4, 5 and 8 (with reference to the hydrogen channel) is plotted as a function of 
the hydrogen stoichiometry (segments 2, 3, 6 and 7 are not shown for clarity). The 
measurements were carried out at a constant cell current density j = 390 mA cm-2. As it 
can be seen, changes of hydrogen stoichiometry

2Hλ in the range >1.2 have practically no 
measurable effect on the local current density.  
 
Also shown in Figure VI-3 are the changes in cell voltage as a function of hydrogen 
stoichiometry. As it can be seen, dependence of cell voltage on hydrogen stoichiometry is 
neglectable (voltage changes in the +/- 2 mV range) for

2Hλ values above 1.2.  
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Figure VI-3. Local current density in segments 1, 4, 5, and 8 (located at 3%, 33%, 66%, and 97% 
from the beginning of the hydrogen channel, respectively) as a function of hydrogen 
stoichiometry

2Hλ . Nafion® 112. Constant cell current density j = 390 mA cm-2. Standard operating 
conditions as given in Table VI.1. 

 
In accordance with these results, the measurements on the effects of varying air 
stoichiometry on integral and local cell performance were carried out with a constant 
hydrogen stoichiometry

2Hλ = 2.0. 
 

3.1 Influence of Decreasing Air Stoichiometry 

In the following, investigations on the effects of decreasing air stoichiometry on 
fuel cell performance in a cell operated with a STD cathode (homogeneous catalyst 
distribution) are discussed. The effects are analyzed first at integral cell level and the 
results are used for comparison with local cell performances.  
 
Figure VI-4 shows the influence of air stoichiometry airλ on integral cell performance. It 
can bee seen that a reduction of air stoichiometry translates in increased cell polarization 
at a given total cell current and hence diminished cell performance.  
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Figure VI-4. Comparison of cell polarization at different air stoichiometries airλ . Nafion® 112. 
Standard operating conditions as given in Table VI.1. 

 

The increase in cell polarization is on the one hand due to thermodynamic reasons and 
can be calculated using the Nernst equation; on the other hand, an increase in overall 
mass transport overpotential ηmt as the air stoichiometry is reduced occurs, additionally 
diminishing cell voltage. The calculated thermodynamic decrease in cell potential for a 
reduction in air stoichiometry from 4.0 to 1.2 would is of ca. 2.5 mV only at 70°C. 
Hence, the primary reason for the increased cell polarization is due to an increase in 
overall mass transport overpotential. 
 
While the effects of air stoichiometry on integral cell performance can be easily 
quantified by recording integral polarization curves, they deliver only limited information 
on the local phenomena in the cell. Therefore, local measurements can shed light on the 
local influence of gradients in oxygen partial pressure. 
 
Variations of local performance depending on overall air stoichiometry are shown in 
Figure VI-5. Shown are local polarization curves at different air stoichiometries for 
segments located at the beginning and end of the oxidant channel, respectively (segments 
1 and 8; midpoints of the segments located at 3% and 97% from the beginning of the air 
channel, respectively). For comparison also the integral cell polarization curves are 
shown. At an air stoichiometry of 4.0, differences in local performance at the beginning 
and end of the air channel are in the order a few per cent only (@ 390 mA cm-2 cell 
current density the difference is of less than 3 %). Consequently, local cell performances 
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along the oxidant channel do not differ significantly from average (integral) cell 
performance.  
 
However, when the overall air stoichiometry is diminished, deviations from average cell 
performance increase. In Figure VI-5b and c, the local performance of the segments 
located at the inlet and outlet of the air channel is shown. 
 
Local performance differences increase because of the more rapid diminishment in 
oxygen partial pressure along the channel with decreasing overall air stoichiometry. 
Consequently, regions of the cell where local oxygen partial pressure is low show strong 
performance losses (outlet), while the regions where oxygen partial pressure remains high 
are not affected. The performance of the inlet segment is not affected since locally the air 
stoichiometry at the lowest overall air stoichiometry of airλ =1.2 is still of ca. 24 (at 

airλ =4.0 it is ca. 80). This is illustrated in Figure VI-5d. Shown is the local current 
generation at the inlet and outlet segments as a function of overall air stoichiometry at a 
constant cell voltage of 0.5V.  

Figure VI-5. a-c) Integral and local polarization curves for the inlet and outlet segments 1 and 8, 
respectively; d) comparison of local current generation at the in- and outlet of the oxidant stream 
path at a cell potential of 0.5 V. Nafion® 112. Standard operating conditions as given in Table VI.1. 
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In a fuel cell stack however, individual cells operate at a constant current, with variances 
in individual cell voltage. Therefore, in the “real” application, the behaviour is different.  
 
Changes in local current density (inlet and outlet) under constant current operation mode 
( j = 390 mA cm-2.), with varying overall air stoichiometry are shown in Figure VI-6. 
Also shown are total cell current density and changes in cell polarization.  
 

 
Figure VI-6. Changes in local current density j in the inlet and outlet segments 1 and 8 as function of 
air stoichiometry airλ . Also shown are the changes in cell polarization. Constant current operation 
mode, average cell current density j  = 390 mA cm-2. Nafion® 112. Standard operating conditions as 
given in Table VI.1. 

 
Under constant current operation mode the segments of the cell where the oxygen partial 
pressure is high (inlet) generate more current to compensate for the poor performance of 
the segments situated at the end of the air path, where the oxygen partial pressure is low. 
Cell voltage decreases with diminishing air stoichiometry due to the increase in mass 
transport overpotential, as explained previously. 
 
The local current density distribution can then be replotted as function of channel 
position. Figure VI-7 shows local current density distributions along the normalized air 
channel Lnorm for different overall air stoichiometries airλ . Shown are the normalized 
(j/ j ) and absolute local current density distributions at an average cell current density 
j = 390 mA cm-2. 
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Figure VI-7. Normalized current density jnorm and current density j as a function of the air channel 
length Lnorm for the given air stoichiometries airλ . Constant current mode operation, average cell 
current density j = 390 mA cm-2. Nafion® 112. Standard operating conditions as given in Table VI.1. 

 
Figure VI-7 shows that at high air stoichiometries (e.g. airλ  = 4.0) the current density 
distribution along the oxidant channel is essentially homogeneous with a deviation of less 
than 3% from average current density. However, when the air stoichiometry is lowered, 
the distribution of the current density becomes highly inhomogeneous. At an overall air 
stoichiometry of 1.2 for example, the segment located at the beginning of the oxidant 
channel produces about 90% more current than the segment located at the end of the path.  
 
In order to quantify the degree of inhomogeneity in the current density distribution as a 
function of overall air stoichiometry and cell current density, the standard deviation 
(equation ( VI-1 )) for the local current densities in the segments 1, 2, 4, 5, 7 and 8 was 
calculated (see Figure VI-8). 
 

( )2

1

1
1

N

i
i

s x
N =

= −
− ∑ x  ( VI-1 )

 
In equation ( VI-1 ) N is the number of samples xi and x  is the average. 
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Figure VI-8. Standard deviation as a function of air stoichiometry for the local current density along 
the air channel. Average cell current density j = 390 mA cm-2. Nafion® 112. Standard operating 
conditions as given in Table VI.1. 

 
For a given air stoichiometry the standard deviation increases with cell current density. 
This is because of the overproportional increase in mass transport overpotential at higher 
current densities in the region close to the end of the air channel. Furthermore, it can be 
observed that the curves increase monotonically with decreasing overall air 
stoichiometry.  
 

3.2 Homogenization of the Current Density – Tailored Cathode 
Approach  

In order to obtain a homogeneous current density distribution, an alternative to high air 
stoichiometries is manipulating the current density distribution along the channel by local 
changes of the electrochemical components. With respect to counteracting oxygen partial 
pressure differences, redistribution of the catalyst on the cathode is an obvious 
possibility. This approach for homogenizing the current density is based on the strategy 
that along the air path the catalyst loading profile is an inverse function of the oxygen 
partial pressure: to compensate for the diminished oxygen partial pressure farther in the 
air path, a higher catalyst loading is used, while at the beginning of the air path, where the 
oxygen partial pressure is high, the catalyst loading is decreased, lowering the current 
generation towards average. 
 
Cathodes with four different gravimetric catalyst loading profiles were fabricated 
(tailored cathodes). The composition and catalyst loading profiles of the cathodes are 
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described in Table and Figure VI-2. The cathodes SP, MP and WP have a positive 
(increasing) loading profile while the MPneg cathode has a negative profile along the air 
channel. The MPneg profile was fabricated in order to verify previously reported 
performance improvements with negative profiles [9,10] (see next Chapter).  
 
The manipulation of the current density profile by catalyst redistribution is shown in 
Figure VI-9 (measured at an average current density j = 390 mA cm-2).  

  
Figure VI-9. Current density distribution as a function of the air channel length Lnorm at an air 
stoichiometry of a) λair = 4.0 and b) λair = 1.3; for cells with a standard cathode STD and tailored 
cathode MP. Average current density j = 390 mA cm-2. 

 
At a high air stoichiometry (λair = 4.0), where the oxygen concentration gradient along-
the-channel is small, the current density distribution reflects the profile of the catalyst 
loading as shown in Figure VI-7a for cells with a standard homogenous cathode STD and 
the tailored cathode MP (medium profile). The distribution of the current density along 
the air path becomes different when the air stoichiometry is lowered. In the case of the 
cell with a standard cathode STD the profile of the current density reflects oxygen 
depletion along the air channel (see Figure VI-9b). Conversely, with the tailored 
cathodes, where the catalyst loading has been adapted to counteract oxygen depletion 
along the air channel, the current density distribution at low air stoichiometries balances 
itself close to homogeneity.  
 
To quantify the current homogenisation as a function of the operating conditions, i.e. 
current density, air stoichiometries, and catalyst loading profile along-the-channel, the 
standard deviation (equation ( VI-1 )) of the absolute local current density along the air 
channel (segments 1,2,4,5,7, and 8) was calculated and used as a measure of current 
inhomogeneity. The data for all cathodes are shown in Figure VI-10a-c. The standard 
deviation curve of the STD cathode cell is increasing monotonically with decreasing air 
stoichiometry, while for the cells with the tailored cathodes WP, MP and SP the curves 
show a minimum. For the cell with the MPneg cathode no homogenization of the current 
density can be achieved and therefore the standard deviation curve shows no minimum. 
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Figure VI-10. Standard deviation calculated for the current density distribution along the air 
channel in cells with the indicated cathodes as function of the air stoichiometry λair. a) average 
current density j  = 195 mA cm-2 b) j  = 390 mA cm-2 c) j  = 585 mA/cm-2. 

 
The intersection point IP of the standard deviation curves of the cell with the standard 
cathode and the curves of the cells with the tailored cathodes gives the point at which the 
inhomogeneity in the current density distribution is equal for both cells (IP between STD 
and WP cathodes is exemplarily shown in Figure VI-10a). Consequently, at air 
stoichiometries lower than at IP the cells with the tailored cathodes exhibit a better 
homogeneity than a cell with a standard cathode.  
 
From Figure VI-10 it can be seen that IP shifts towards higher air stoichiometries with 
increasing current density. This is because at higher current densities, the region at the 
end of the air channel generates relatively less current because of the over proportional 
increase in mass transport resistance due to the local low oxygen partial pressure. In the 
case of the homogeneous STD cathode, this leads to a higher standard deviation; for the 
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inhomogeneous cathodes (with positive catalyst gradient) it leads to lower values. 
Consequently, the IP shifts to higher air stoichiometry values with higher current 
densities as seen in Figure VI-10 
 
In order to compare the homogenization efficiency of the different tailored cathodes, the 
homogenization factor H has been defined. H gives the ratio of the standard deviation of 
the standard cathode to that of the tailored cathode at given air stoichiometries. Figure 
VI-11a shows H for the cathodes SP, MP, and WP for an average current density of 390 
mA cm-2. Figure VI-11b shows H at the three investigated current densities for the 
cathode WP.  

 
Figure VI-11. a) Homogenization factor H for the tailored cathodes SP, MP, and WP at an average 
current density of 390 mA cm-2 b) homogenization factor H for the WP cathode at current densities 
j  =  195, 390 and 585 mA cm-2. 

 

Table VI.3 gives a summary of the air stoichiometry at IP and at the maximum of H as 
well as the Hmax values.  
 
Table VI.3. Air stoichiometry values (λair) at the intersection point IP and maximum of the 
homogenization factor H for the tailored cathodes.  

j  [mA cm-2] cathode λair @ IP Hmax λair @ Hmax

WP 1.60 2.4 1.30 
MP 1.40 2.6 1.30 195 
SP 1.30 2.9 1.20 
WP 2.10 3.5 1.50 
MP 1.65 3.2 1.30 390 
SP 1.60 2.8 1.30 
WP 2.60 3.2 2.00 
MP 2.20 3.9 1.70 585 
SP 1.90 2.1 1.40 
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The results show that homogenization factors up to Hmax = 3.9 are achieved by the 
catalyst gradients (see Table VI.3). Further, the IP and Hmax shift to higher air 
stoichiometry values as the slope of the Pt loading profile decreases (seeFigure VI-10, 
Figure VI-11a). Hence, a steeper Pt loading profile is suited better for the lower air 
stoichiometries, while a gentle Pt loading profile homogenizes the current density 
distribution better at relatively higher air stoichiometries. The maximum homogenization 
is achieved in the range of air stoichiometries of 1.2 to 2. The higher end of this range of 
stoichiometries is of technical relevance and interest. 
 

3.2.1 Effects on the Performance 

Homogenization of the current density distribution is expected to increase cell 
performance by avoiding areas of increased power losses and minimizing internal in-
plane currents [6]. Conversely, in previous works [9,10], the authors have reported the 
opposite effect: an increase in cell performance was reported by using cathodes with 
decreasing catalyst loading profiles in direction of the air flow. Such catalyst profiles lead 
to a strong non-uniform current density distribution. In order to verify these findings, the 
cathode with a negative catalyst loading (MPneg-cathode, negative medium profile) has 
also been tested. 
 
For performance comparison, it is important that the average catalyst loading as well as 
the average electrochemical active area of the tailored cathodes are kept constant with 
reference to the STD cathode. An inspection of Table VI.2 shows that the average Pt 
surface of the tailored cathodes (calculated from data given by the manufacturer) 
diminishes systematically as compared to the STD cathode by a factor of 2% for each 
step in catalyst gradient. These differences arise from the fact that, depending on the Pt 
loadings, different Pt-on-carbon catalysts with different Pt particle sizes are used by the 
manufacturer. This is to keep the thickness of the active layer, which is an important 
parameter for the performance, about constant. Therefore, the relation between Pt loading 
and Pt surface area is not constant over a wider range of Pt loadings (see Table VI.2). It 
can be seen that, in contrast to the surface values using the data given by the 
manufacturer, the differences between the cathodes STD, WP and MP are smaller than 
1%. Hence, it can be assumed that the electrochemically active Pt surface area of these 
electrodes is essentially equal. In the case of the SP cathode the difference is of 16%. 
This is because the value for the measured electrochemically active area of the electrode 
with 1.2 mg cm-2 Pt strongly deviates from a linear behaviour between increasing catalyst 
loading and increasing electrochemically active surface area (see Section V, Table V.2). 
This could be due to agglomeration effects of the metal particles because of the higher Pt 
to carbon ratio of this catalyst. 
 
Figure VI-12a shows polarization curves for the cells with all cathodes at an air 
stoichiometry of λair = 1.5. At this air stoichiometry the cells with the tailored cathodes 
show (with the exception of MPneg) a more homogeneous current density distribution 
than the STD cathode (cathodes MP and SP above a current density of 390 mA cm-2, 
cathode WP over the whole current density range, see Table VI.3). However, for the cells 
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with the tailored cathodes a lower performance as compared to the cell with the STD 
cathode was observed over the whole air stoichiometry domain from 2.0 to 1.2. as shown 
in Figure VI-12b. Performance comparisons have been made evaluating power density at 
a given current density. Because the cells differ only in cathode composition, evaluation 
of cell performance at constant current yields immediate information of cathode activity. 
Differences in cell voltage can be attributed directly to variations in cathode 
overpotential, since at a given current density anode overpotential and membrane 
resistance can be considered constant. In Figure VI-12b, the relative performance of the 
cells with the tailored electrodes is expressed as percentages of the performance of the 
cell with the STD cathode as a function of the air stoichiometry (power density was 
calculated for an average current density of 390 mA cm-2).  
 

Figure VI-12. a) Polarization curves for cells with STD, WP, MP, and SP cathodes at an air 
stoichiometry λair= 1.5. b) Percentage of performance of cells with tailored cathodes in relation to the 
performance of a cell with a STD cathode as function of λair (performance @ j  = 390 mA cm-2).  

 
After the STD cathode cell, the WP cathode cell shows the best performance followed by 
the cells with the, MP, MPneg, and SP cathodes, correspondingly. It can be also seen that 
the MP and MPneg cathode cells show, surprisingly, practically the same performance. 
This finding is in contrast to previously reported work [9,10], but the systematic 
investigations carried out in the present study and the lack of more detailed information 
given in the cited work leave doubts about the performance improvement observed there, 
being due to changes in other parameters, e.g. thickness of the catalyst layer or total 
electrochemical active surface area, rather than to a catalyst redistribution. 
 
The obtained results show that, surprisingly, current density homogenization by means of 
catalyst redistribution does not seem to have a beneficial effect on power output of the 
cell. To bring light in the underlying reasons for these rather surprising results, modelling 
calculations were carried out.  
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3.2.2 Modelling Results 

In contrast to the experiments, where stepped catalyst gradients were employed, in 
the model continuous and smooth along-the-channel catalyst profiles can be simulated. 
Also the total active catalyst area can easily be held constant. For continuously changing 
catalyst loading, the catalyst distribution is described by the dimensionless parameter 
beta: 

start

avg

cl 1
cl

β
⎡ ⎤⎛ ⎞

= − −⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
 

 
where clstart is the catalyst loading at the begin of the channel (air entry) and clavg is the 
average catalyst loading. Therefore, a homogenous electrode has β = 0, and an electrode 
with a linearly increasing catalyst loading along-the-channel has a β = 0.5 when the start 
loading is half the average and the loading at the end is 1.5 times the average. The WP 
cathode has a β ≈ 0.17; the MP and MPneg cathodes have a β ≈ 0.33 and β ≈ -0.33, 
respectively. The SP-cathode has an asymmetric profile, which is not straight forwardly 
described by β. Negative β’s denote a decreasing catalyst loading with channel length.  
 
Base case conditions, as given in the experimental Chapter, were used for model 
calculations. The calculated along-the-channel normalized current density distributions 
for the case of an average current density of 390 mA cm-2 as a function of the air 
stoichiometry are shown in Figure VI-13. Data for the cases of catalyst distribution: β = 0 
(STD cathode) and β = 0.33 (MP cathode) are plotted.  
 

Figure VI-13. Modelled along-the-channel current density distributions for (a) STD (β=0) cathode 
and (b) MP (β=0.33) cathode for the given air stoichiometries. Calcualtions at j  = 390 mA cm-2. 

 
It can easily be seen, that the calculated curves in Figure VI-13 are qualitatively in line 
with the experimental results in Figure VI-7 and Figure VI-9. 
 
A quantitative model validation is shown in Figure VI-14. The calculated and measured 
relative current densities at the beginning and aAt the end of the air channel (first and last 
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segment of experimental data; modelling data at 3% and 97% channel length) are plotted 
for the STD, the WP, and the MP-cathode.  

 
Figure VI-14. Comparison of the experimental and modelled normalized current densities jnorm at 3% 
and 97% of the air path channel length for cells with STD, WP and MP cathodes. Data points given 
for air stoichiometries λair  = 1.2, 1.4, 1.6, 2.0, 3.0 and 4.0. 

 
For the STD cathode the model closely reproduces the current densities, while for the 
tailored cathodes the model underestimates the local current amplitudes. This could partly 
be because of the difference between the real (stepped) and modelled (smooth) catalyst 
profile, but the model concisely reproduces the trends because the points in Figure VI-14 
are in parallel to the line describing unity. It can therefore be concluded that the model is 
qualitatively valid for interpretation of the cell performances as function of the beta 
parameter. 
 
Qualitatively, it can be seen from Figure VI-13b that for the β = 0.33 case, the current 
density distribution is most homogenous at an air stoichiometry of about 2. The curves in 
this Figure can also be quantitatively evaluated with respect to current homogeneity, as it 
was done for the experimental results in Figure VI-15. Homogeneity is described with the 
standard deviation of the current density in eight equally spaced locations along-the-
channel. The standard deviation is plotted for the three basic cases (β = 0, β = 0.33 and β 
= - 0.33) in Figure VI-15, where the minimum in the standard deviation for β = 0.33 at 
λair= 2.0 and IP at λair = 3.0 can easily be identified. Homogenous catalyst distribution 
and decreasing catalyst gradient do not show a minimum, confirming the experimental 
results. It can be seen that the minimum standard deviation and IP are at a higher air 
stoichiometry than the experimental ones (see Figure VI-15b). This fact relates to the 
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overestimation of the model for the relative current changes at the channel inlet and 
underestimation at the channel outlet. 
 

 
Figure VI-15. Standard deviation of modelled current density distributions along the air channel for 
STD (β=0), MP (β=0.33), and reversed MP (β=-0.33) cathodes. Calculations at j  = 390 mA cm-2. 

 
With respect to cell performance, in Figure VI-16 the modelled cell voltage is plotted as 
function of the parameter β for two different air stoichiometries λair = 4 and λair = 1.5 for 
the base case current density of 390 mA cm-2. The data is plotted as the voltage 
difference to the base case of the homogenous STD cathode as ∆U(β) = U(β) - U(β=0). 
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Figure VI-16. Modelled relative cell voltage changes at base case conditions normalized to the cell 
voltage for (β=0), as function of the catalyst gradient beta for air stoichiometries λair = 4.0 and 1.5. 

 
It can be seen from Figure VI-16 that, same as in the experiments, the cell performance 
maximum is close to β=0. The voltage differences are only in the mV-range, even if the 
current density distribution for i.e. β= 0.33 at an air stoichiometry λair = 1.5 is 
significantly more homogeneous than for β= 0. The modelled voltage differences are 
considerably smaller than those found in the experiments at the same current density (see 
Figure VI-12a). It seems probable that the stepped catalyst profiles in the experiment, as 
compared to the smooth profiles in the calculation are responsible for this difference. 
 
An inspection of the along-the-channel overvoltages clarifies these findings. In Figure 
VI-17, data for the distributions of the current density and the respective overvoltages 
(plotted as losses) are given for the base case of 390 mA cm-2, and an air stoichiometry of 
1.5 for the STD (β=0) and MP (β=0.33) cathodes. 
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Figure VI-17. Modelled along-the-channel properties. a) Normalized current density jnorm and 
current density j, b) activation overvoltage ηact, c) ohmic ηR and mass transport overvoltages ηmt. 
Calculated for the STD (β=0) and MP (β=0.33) cathodes at an air stoichiometry λair = 1.5. Average 
current density j = 390 mA cm-2. 

 
As it can be seen in Figure VI-17, the current density distribution for the MP cathode is 
significantly more homogeneous. However, it can be seen that the gain in resistance 
overvoltage at the beginning of the channel is lost towards the end while the activation 
overvoltage gain at the end of the channel is lost at the beginning due to the reduced 
catalyst loading. For the cell performance only the cell-average of the overvoltages is 
important, and these averages show higher losses for the activation overvoltage for all 
cases when beta is non-zero. These are not compensated by the slight gains in the mass 
transport overvoltage.  
 
In summary it can be concluded, that the modelling calculations qualitatively corroborate 
the experimental finding of the present study that the differences in current density which 
arise from the change in oxygen partial pressure along-the-channel can be reduced by 
catalyst redistribution, but that this measure has negative influence on the cell voltage 
because the overvoltage averages for β≠0 are higher than those for the case when β=0.  
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4 Conclusions 

Through locally resolved current density measurements information on the local 
effects which occur in a PEFC when the stoichiometry of the air is reduced have been 
obtained. The experiments were performed under conditions of fully humidified reactants 
in order to isolate effects of varying air stoichiometry on integral and local cell 
performance. The results have shown that overall air stoichiometry has a strong influence 
on local cell performance. As a consequence, significant local deviations from (average) 
cell performance can arise.  

 
In PEFCs with standard (homogeneous) electrochemical components, a reduction in 
overall air stoichiometry results in increased current density inhomogeneities along the 
oxidant channel. The local current production along the channel reflects the diminishment 
in oxygen partial pressure: while the regions of the cell located towards the end of the air 
channel show performance decrease, the regions close to the air inlet compensate for the 
poor performance of the former by generating more electrical current to sustain total cell 
current. As a consequence, the current generation along the channel becomes gradually 
more inhomogeneous with decreasing air stoichiometry.  
 
In order to minimize these effects, an alternative approach to high air stoichiometries to 
homogenize the current density distribution has been put forward. It is demonstrated that 
a homogenization of the current density in PEFCs working at air stoichiometries below 
2.0 can be achieved through a non-uniform distribution of the catalyst along the air 
channel. The gradient of the catalyst loading determines the air stoichiometry range at 
which the current density is more homogeneous in comparison to a cell with a standard 
cathode. A steep profile homogenizes the current density better at relatively lower air 
stoichiometries, while a smoother profile is better suited for relatively higher air 
stoichiometries. 
 
However, the expected increase in cell performance after homogenization of the current 
density was not observed. The modelling results confirmed the experimental findings and 
explain the lower performances obtained with the cells with the tailored cathodes. The 
average of the calculated overvoltages for the case of a non-uniform catalyst gradient is 
higher than for the case of a constant loading. For this reason no performance increment 
can be achieved by catalyst redistribution under the studied working conditions. 
Previously reported performance improvements due to catalyst redistribution could not be 
confirmed. It seems probable that the reported improvements were due to other factors 
such as differences in the properties of the catalyst layer. 
 
Nevertheless, because regions where local current is above average carry a higher 
thermal load and are therefore predisposed for local accelerated degradation, it can be 
expected that the time of life of the cells is positively influenced through a 
homogenization of the current density distribution.  
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Section VII 
 

Membrane Induced Inhomogeneities 
 

1 Introduction 

The performance of PEFCs is also strongly governed by the ohmic overpotential 
caused by migration of protons through the electrolyte. Ohmic voltage losses depend on 
the thickness of the polymer membrane and on its specific conductivity, which is an 
almost linear function of its hydration state [1].  
 
A logical option to decrease ohmic losses in the PEFC is therefore the use of thinner 
membranes. Nonetheless, decreasing membrane thickness is not without any 
complications, because reducing membrane thickness increases gas crossover [2,3], 
which lowers the efficiency of the cell and affects also the time of life of the cell [4]. 
 
Another method to limit ohmic voltage losses is to prevent dehydration of the membrane. 
Therefore, the reactants are humidified prior to entering the cell. In the PEFC system this 
task is accomplished by the humidification subsystem. However, external humidification 
of the reactants is a burden for the BOP because it increases its complexity due to the 
additional subsystem. 
 
Hence, an important parameter influencing cell performance is the humidification level of 
the reactants. If the humidification level is low (dew point significantly below cell 
temperature), then the parts of the cell located close to the inlet will suffer from 
dehydration [5,6]. Conversely, if the humidification level is too high (dew point close to 
cell temperature), then water will condensate inside the cell and flooding of the gas 
diffusion electrodes can occur, which implies higher local mass transfer losses [7,8] 
 
Furthermore, a water-exchange between anode and cathode takes place through the 
membrane. On the one hand, water is transported from the anode to the cathode via the 
electro-osmotic drag. On the other hand, diffusion of water from the cathode or vice versa 
(back diffusion) occurs because of differences in water activity. Therefore, the water 
content of the membrane changes along the channel depending on local operating 
conditions. As a consequence, the distribution of water (and hence of conductivity) in the 
membrane can be very non-uniform.  
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In Section VI the effects of diminishing air stoichiometry on local cell performance under 
well humidification conditions have been studied. In this Section, the additional influence 
of membrane thickness, gas humidification and dry gas stoichiometry on cell 
performance is investigated.  
 

2 Experimental 

For the reported investigations in this Section, the semi-segmented cell setup 
described in Section V has been used.  
 
The measurements with fully humidified and dry reactants are steady state data recorded 
after at least 30 min of previous constant operating conditions. The standard operating 
conditions are given in Table VII.1. If not stated otherwise, these operating conditions 
apply to all reported experiments in this Section. 
 
Table VII.1. Standard operating conditions. 

Parameter Value 
Cell Temperature CellT  70°C 

Hydrogen Dew Point 
2D,HT  70°C or dry 

Hydrogen Pressure 
2Hp  2 bar (abs) 

Hydrogen Stoichiometry 
2Hλ  2 

Air Dew Point D,airT  70°C or dry 
Air Pressure airp  2 bar (abs) 

Air Stoichiometry airλ  4.0-1.1 
 
Polarization curves were recorded in constant current mode by increasing cell current 
density in steps of 24 mA cm-2 (corresponding to 5A total cell current).  
 
Current density distribution as a function of the air stoichiometry was studied by 
gradually varying the air stoichiometry in the range from 4.0 to 1.1 in 0.1 steps. Local 
current density in the different segments was recorded after the steady state was attained 
(time per step of 3 minutes). The experimental results on current density distribution 
reported in this Section were carried out in constant current modus at an average current 
density j = 390 mA cm-2 (corresponding to 80A total cell current).  
 
Both electrodes, anode and cathode, had a uniform catalyst loading of 0.6 mg cm-2 and a 
Nafion® impregnation of 0.6 mg cm-2. The characteristics of the catalyst used in the 
electrodes are given in Section IV, Table V.2. 
 
The experiments carried out with different membranes were performed using 
Nafion® 111, Nafion® 112 and Nafion® 117 membranes. Data see Section IV, Table V.1. 
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3 Results and Discussion 

3.1 Fully Humidified Reactants 

In Section VI it has been shown that decreasing overall air stoichiometry leads to a 
non-uniform current density distribution. In this Chapter, the additional influence of 
differences in ohmic resistance and gas barrier qualities of the membrane is analyzed.  
 
A comparison of polarization curves recorded in PEFCs with the same operating 
conditions but different membrane thicknesses is shown in Figure VII.1. 

 
Figure VII.1. Comparison of integral cell polarization curves at an air stoichiometry of airλ = 4.0 for 
cells with different membranes. Td of hydrogen and air of 70°C. Otherwise standard operating 
conditions as given in Table VII.1. Inset: differences in open circuit voltage OCV as a function of 
membrane thickness. 

 
The slope of the polarization curves is determined by the differences in membrane 
resistance. In the inset of Figure VII.1 it can be seen that the highest OCV is obtained 
with Nafion® 117, followed by Nafion® 112 and Nafion® 111. This concurs with 
diminishing membrane thickness and hence, increasing gas crossover.  
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Figure VII.2 shows the current density distribution along the channel at the technical 
relevant overall air stoichiometry airλ = 1.6 for cells operated with different membrane 
thicknesses at a constant current density j  = 390 mA cm-2. 
 

 
Figure VII.2. Normalized current density jnorm and current density j as a function of the air channel 
length Lnorm in cells with the indicated membranes for an air stoichiometry airλ = 1.6. Constant 
current mode operation at an average cell current density j = 390 mA cm-2. Td of hydrogen and air of 
70°C. Otherwise standard operating conditions as given in Table VII.1. 

 
It can be seen that the amplitude in local current density differences at the inlet and outlet 
segments increases with decreasing membrane thickness. There are two reasons for this:  
 

1) Due to different thicknesses the resistances of the membranes Rohm are different, 
namely: Rohm N117 > Rohm N112 > Rohm N111. 

 
2) Differences in gas crossover have as consequence that cells with different 

membrane thicknesses are de facto operating at different overall air 
stoichiometries. Therefore, different mass transport resistances Rmt (ORR) (x) along 
the channel evolve.  

 
How membrane resistance Rohm,i (x) and mass transport resistance Rmt (ORR) (x) influence 
local current density j(x) can be explained with equation equation (IV–3), as given in 
Section IV: 
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cell

i
j(x)= 

R (x) 
η

∑
 (IV–3) 

 

With  i mt(ORR) act(ORR) ohm act(HOR) mt (HOR)R =R + R + R + R + R∑
 
For the present operating conditions only Rohm and Rmt(ORR) need to be considered. 
Furthermore, for fully humidified reactants Rohm (x) is uniform along the channel. 
Therefore, local current density is determined by the relative contributions of Rohm (x) 
and Rmt(ORR) (x) to i . Their relative influence can be explained as follows: At the 
same average current density

R (x)∑
j , the total overvoltage ηcell (see Figure VII.1) and 

consequently i is smaller for thinner membranes. Therefore, for the same changes in 
R

R∑
mt(ORR) (x) along the channel (same overall air stoichiometry in all cells), the relative 

contribution of Rmt(ORR) (x) has higher effects on the current density distribution for cells 
with thinner membranes.  
 
Hence, at the same overall air stoichiometry an increase in current density inhomogeneity 
will result in cells with thinner membranes, as seen in Figure VII.2. This is further 
illustrated in Figure VII.3, where the standard deviation (calculated with equation (VI-1)) 
as a function of overall air stoichiometry at an average current density j = 390 mA cm-2 is 
shown. 
 
One question remains: how important is the influence of the increased gas permeability 
of thinner membranes on the increase in local mass transport resistance Rmt(ORR) (x).  
 
In order to clarify this, an estimation of the reduction in overall air stoichiometry caused 
by gas crossover is made. 
 
At a temperature of 65°C and 1 bar absolute, the permeation rate 

2HΘ for hydrogen 
(saturated gas) in Nafion® 112 has been reported to be 

2HΘ = 1.8 × 10-4 Nml cm-2 s-1 [9]. 
With the present operating conditions of 2 bar and 70°C the permeation rate can therefore 
be estimated to double. The permeation rate of oxygen through Nafion® has been 
reported to be about half the one of hydrogen [2]. 
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Figure VII.3. Standard deviation as a function of air stoichiometry for the local current density along 
the air channel (segments 1, 2, 4, 5, 7 and 8) for cells with the indicated membranes. Average cell 
current density j  = 395 mA cm-2. Td of hydrogen and air of 70°C. Otherwise standard operating 
conditions as given in Table VII.1. Horizontal line, see text. 

 
The oxygen loss rate

2O  for the complete cell (i.e. oxygen loss to the anode and catalytic 
combustion of permeated hydrogen) can therefore be calculated as: 

L

 

2 2O EL H O1 / 2 L =A (  + )× Θ Θ
2

 ( VII-1 )
 
where AEL = 205 cm-2.  
 
Hence, at j = 390 mA cm-2, where the cell consumes oxygen at a rate of 280 Nml min-1, 
the diminishment in overall air stoichiometry in cells operated with Nafion® 117, 112 and 
111 is of ca. 0.01, 0.03 and 0.05 stoichiometries, respectively.  
 
In Figure VII.3 it can be seen that these differences are not sufficient to induce the 
observed variations in current density inhomogeneity: taking the cell operated with 
Nafion® 117 at an air stoichiometry of 1.6 as a reference, it can be seen that for the cells 
with Nafion® 112 and Nafion® 111, in order to have the same current density distribution 
and hence, degree of inhomogeneity, the relative increase in

2OL when changing from 
Nafion® 117 to 112 should be of 0.6 stoichiometries (ca. 40 % increased losses) and to 
Nafion® 111 of 0.8 stoichiometries (ca. 50% increased losses). These values are one order 
of magnitude beyond the calculated changes in oxygen loss rates as shown above. 
 
It can therefore be concluded, that oxygen losses due to permeation and catalytic 
combustion of permeated hydrogen have only a minor influence on the current density 
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distribution, and that it is the relative contribution of Rmem (x) to iR (x)∑  which is the 
determining factor. 
 

3.2 Dry Reactants 

The influence of the absence of humidification of one reactant stream on overall 
cell performance is shown in Figure VII.4. The polarization curve obtained with fully 
humidified reactant streams with equal stoichiometries of airλ and 

2Hλ = 4.0 is shown as 
reference.  

 
Figure VII.4. Comparison of humidification effects of one reactant stream only on overall cell 
polarization. Nafion® 112. airλ and 

2Hλ = 4.0. Otherwise standard operating conditions as given in 
Table VII.1.  

 
In Figure VII.4 it can be seen that the absence of humidification of one of the reactant 
streams has a negative effect on integral cell performance. The reason for the 
diminishment in cell voltage is due to the increased electrolyte resistance, caused by 
dehydration.  
 
The comparison shows that the absence of humidification of the air stream has a stronger 
effect on cell performance than no humidification of the hydrogen stream. This is mainly 
because the volumetric flow of air is about 2.4 times the one of the hydrogen for the same 
stoichiometry. Furthermore, in practice, the stoichiometry of hydrogen is lower than the 
one of air, lowering dehydration effects caused by a dry fuel.  
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The influence of varying dry reactant stoichiometry on membrane resistance is 
qualitatively the same, independently whether fuel or oxidant stoichiometry is varied. 
Furthermore, in Section VI it has been shown that variations in fuel stoichiometry in the 
range >1.2 have practically no measurable effects on cell performance. For this reason 
and considering the lower effects on cell performance caused by operation with dry fuel, 
in the following, variations in dry air stoichiometry are of interest. 
 
The influence of varying air stoichiometry on cell power output in a cell operated with 
dry air is shown in Figure VII.5. Changes in integral cell performance with full 
humidification of the both reactants are shown for comparison. For the case of operation 
with dry air and fully humidified fuel, at same current density 10 – 15 % power losses 
result, with reference to operation with full humidification of both reactant streams. If 
comparisons are made at constant voltage (same voltage efficiency), the decrease in cell 
efficiency is in the order of 30 – 40 % (see Figure VII.4). Nevertheless, it must be pointed 
out that these loses in power output and cell efficiency are “best cases” for operation with 
dry air, since the cell is fed with fully humidified fuel at a relatively high stoichiometry. 
Hence, the amount of water fed to the cell is higher than in practice, where the 
humidification level and stoichiometry of the fuel are not as high as in the present case. 
Therefore, in real applications with dry air higher power losses occur.  
 

 
Figure VII.5. Comparison of power density at a cell current density j = 390 mA cm-2 as function of 
air stoichiometry for a cell operated with fully humidified reactants and with dry air. Nafion® 112. 
Standard operating conditions as given in Table VII.1.  

 
In Figure VII.5 it can also be seen that an initial reduction in dry air stoichiometry 
increases the performance of the cell. Departing from a dry air stoichiometry of 4.0, cell 
performance increases, goes through a maximum and then further decays at low dry air 
stoichiometries. For the case of full humidification of both reactant streams, as it has been 
discussed in Section VI, the opposite behaviour is observed: steady decrease in cell 
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performance with diminishing air stoichiometry. Further analysis of local cell 
performance can clarify this behaviour.  
 
The influence of dry air stoichiometry on local current density along the channel is shown 
in Figure VII.6.  
 
High air stoichiometries (in Figure VII.6 λair > 1.6): when operated with dry air, the 
region of the electrolyte close to the air inlet suffers an increase in ohmic resistance of the 
membrane due to dehydration. Hence, in the upstream regions less current than average is 
generated. Locally produced water is transported by convection with the air along the 
channel increasing the water content of the membrane1. Therefore, in the downstream 
regions the conductivity of the membrane is increased and a gradual increase in local 
current density is observed (positive slope), conversely to operation with fully humidified 
reactants. Hence, at high air stoichiometries, current density distribution along the 
channel is dominated by the local increase in membrane resistance in the upstream 
regions as dry air enters the cell.  
 
Low air stoichiometries (in Figure VII.6 λair < 1.6): as the stoichiometry of the dry air is 
reduced, tow effects come into play. 
 

1) The fraction of the membrane which suffers from dehydration is reduced because 
of the reduced volume flow. Hence, an increase in local cell performance in the 
upstream regions is observed.  

 
2) The downstream performance of the cell decreases because of the local increase 

in mass transport resistance due to the locally reduced oxygen partial pressure. 
 
Therefore, at low air stoichiometries the current density distribution along the channel is 
dominated by the local increase in mass transport resistance in the downstream regions 
due to the reduced oxygen partial pressure.  

                                                 
1 This applies under the present operating conditions of a fully humidified hydrogen stream. If the fuel 
stream is not fully humidified, the water content on the cathode along the channel is then dependent on 
local operating conditions such as local water content on the anode and local current density. 
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Figure VII.6. Normalized current density jnorm and current density j as a function of the air channel 
length Lnorm for the given air stoichiometries airλ . Constant current operation at a cell current 
density j = 390 mA cm-2. Nafion® 112. Operation on dry air, otherwise standard operating conditions 
as given in Table VII.1. 

 
Summarizing: when the dry air stoichiometry is reduced, the current density distribution 
flips over from a positive to a negative slope, going through a point at which the degree 
of inhomogeneity in the current density distribution has a minimum. This is illustrated in 
Figure VII.7, where the standard deviation (calculated with equation (VI-1)) of the local 
current density along the air channel is plotted against the air stoichiometry. 
 
As it can be seen in Figure VII.7, a minimum exists at an air stoichiometry of 1.3. This 
air stoichiometry value gives the transition point between ohmic overpotential controlled 
and mass transport overpotential controlled current density distribution.  
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Figure VII.7. Standard deviation as a function of air stoichiometry for the local current density along 
the air channel (segments 1, 2, 4, 5, 7 and 8). Cell current density j  395 mA cm-2. Nafion® 112. 
Operation on dry air, otherwise standard operating conditions as given in Table VII.1. 

 
So far it has been shown that local cell performance in a cell operated with dry air and 
humidified hydrogen depends upon local membrane resistance and local oxygen transport 
resistance.  
 
However, local membrane resistance depends also upon the exchange of water between 
anode and cathode. The direction for the diffusive water flux is dictated by the 
differences in water partial pressure between anode and cathode. Furthermore, water 
transport depends also on membrane thickness. For the present case, diffusion of water 
from the humidified anode to the dry cathode can therefore be expected to be more 
efficient for thinner membranes. At this point, three parameters influencing cell 
performance come together: air humidity, air stoichiometry and membrane thickness.  
 
Figure VII.8 shows the influence of these three parameters on integral cell performance. 
Plotted is the cell power output at j = 390 mA cm-2 as function of air stoichiometry for 
the given membranes.  
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Figure VII.8. Comparison of power density at a cell current density j = 390 mA cm-2 as function of 
air stoichiometry for cells with the given membranes. Operation on dry air, otherwise standard 
operating conditions as given in Table VII.1.  

 
For the cases of Nafion® 111 and 112, the same qualitative behaviour is observed: power 
output goes trough a maximum with diminishing air stoichiometry. In the case of 
Nafion® 117, a steady decrease in cell performance is observed with increasing air 
stoichiometry. The qualitative different behaviours with varying membrane thickness can 
be enlightened by local current density measurements.  
 
These are shown in Figure VII.9, for high ( airλ = 4.0) and low ( airλ = 1.2) air 
stoichiometries. 

Figure VII.9. Normalized current density jnorm and current density j as a function of the air channel 
length Lnorm for cells with the given membranes. Right: air stoichiometry airλ = 4.0; left: air 
stoichiometry airλ = 1.2. Constant current operation mode at a cell current density j = 390 mA cm-2. 
Operation on dry air, otherwise standard operating conditions as given in Table VII.1. 
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At a high air stoichiometry the local current density distribution along the air channel is 
determined by the ohmic resistance of the membrane for all three membranes: positive 
slope with a steady increase in local current density. The local current density in the inlet 
region increases with decreasing membrane thickness. This is because diffusion of water 
from the well humidified anode to the dry cathode is more effective for thinner 
membranes. 
 
In Figure VII.9 it can be seen that for the case of Nafion® 111 and Nafion® 112, a 
transition between ohmic resistance and mass transport resistance controlled current 
density distribution occurs when the air stoichiometry is reduced. The slope changes from 
positive to negative along the air channel. Conversely, for the case of Nafion® 117, no 
transition is observed. This is because the local ohmic resistance of the membrane close 
to the dry air inlet outweighs local mass transport effects (at low air stoichiometries) 
close to the outlet. 
 

4 Conclusions 

The influence of membrane thickness on current density distribution under operation 
with fully humidified reactants and dry air has been investigated. Under operation with 
fully humidified reactants, the inhomogeneity in the current density distribution along the 
channel increases with diminishing air stoichiometry and membrane thickness. Local 
current density is thereby mainly determined by the relative contribution of the 
membrane resistance to the sum of local resistances, since the changes in overall air 
stoichiometry due to oxygen losses through permeation and catalytic combustion of 
permeated hydrogen are minimal. Therefore, since the relative contribution of the 
membrane resistance to the sum of local resistances increases with increasing membrane 
thickness, operation with thicker membranes leads to a more uniform current generation 
along the channel.  
 
Comparison of cell performance when operated with the absence of humidification of one 
of the reactant streams shows that humidification of the process air has a stronger 
influence than no humidification of the hydrogen stream. For the case of no 
humidification of the hydrogen fuel, less than 4 % power losses and less than 7% cell 
efficiency losses were observed. For the case of operation with dry air 5 – 15 % power 
losses and 30 – 40 % cell efficiency losses result. However, it must be pointed out that 
these losses are “best cases”, because the fuel was fed fully humidified with a relatively 
high stoichiometry (

2Hλ = 2.0). In technical applications stoichiometry and humidification 
level of the fuel are lower. Therefore, less water is fed to the cell, leading to higher losses 
for operation on dry air.  
 
Under operation with dry air, the current density distribution is dictated by the balance 
between local ohmic resistance increase in the membrane due to dehydration and local 
oxygen partial pressure. For high air stoichiometries an increase in current generation 
along the channel results (ohmic resistance controlled). This is because product water is 
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transported along the channel, gradually increasing the conductivity of the membrane. At 
low air stoichiometries the current density distribution is dominated by mass transport 
effects in the downstream regions of the channel, due to the local reduction in oxygen 
partial pressure.  
 
For the cases of Nafion® 111 and Nafion® 112 a transition between ohmic resistance to 
mass transport resistance controlled current density distribution is observed with 
decreasing air stoichiometry. In the case of Nafion® 117 no transition was observed. The 
reason for this is because the local ohmic resistance of the membrane close in the 
upstream region of the air channel outweighs local mass transport effects (at low air 
stoichiometries) in the downstream regions. 
 

5 Citations 

[1] T. A. Zawodzinski Jr., C. Derouin, S. Radzinski, R. J. Sherman, V. T. Smith, T. 
E. Springer, S. Gottesfeld, "Water Uptake and Transport Through Nafion® 117 
Membranes", J. Electrochem. Soc., 140, 1993, 1041-1047. 

[2] T. Sakai, H. Takenaka, N. Wakabayashi, Y. Kawami, E. Torikai, "Gas 
Permeation Properties of Solid Polymer Electrolyte (SPE) Membranes", J. 
Electrochem. Soc., 132, 1985, 1328-1332. 

[3] N. Yoshida, T. Ishisaki, A. Watakabe, M. Yoshitake, "Characterization of 
Flemion(R) membranes for PEFC", Electrochim. Acta, 43, 1998, 3749-3754. 

[4] M. Inaba, T. Kinumoto, M. Kiriake, R. Umebayashi, A. Tasaka, Z. Ogumi, "Gas 
crossover and membrane degradation in polymer electrolyte fuel cells", 
Electrochim. Acta, 51, 2006, 5746-5753. 

[5] F. N. Büchi, A. B. Geiger, R. P. Neto, "Dependence of current distribution on 
water management in PEFC of technical size", J. Power Sources, 145, 2005, 62-
67. 

[6] F. N. Büchi, S. Srinivasan, "Operating Proton Exchange Membrane Fuel Cells 
Without External Humidification of the Reactant Gases", J. Electrochem. Soc., 
144, 1997, 2767-2772. 

[7] H. H. Voss, D. P. Wilkinson, P. G. Pickup, M. C. Johnson, V. Basura, "Anode 
water removal: A water management and diagnostic technique for solid polymer 
fuel cells", Electrochim. Acta, 40, 1995, 321-328. 

[8] H. H. Voss, D. P. Wilkinson, D. S. Watkins, "Method and apparatus for removing 
water from electrochemical fuel cells by controlling the temperature and pressure 
of the reactant streams ", US Patent No. 5 441 819, August 15, 1995. 

[9] S. S. Kocha, "Principles of MEA preparation", in Handbook of Fuel Cells, Vol. 3, 
West Sussex, England, 2003, 555. 

 
 
 

 136



 

Section VIII 
 

Internal Humidification Concept 
VIII INTERNAL HUMIDIFICATION CONCEPT................................................. 139 

1 INTRODUCTION........................................................................................................... 139 

2 HUMIDIFICATION CONCEPT .................................................................................. 140 

3 EXPERIMENTAL .......................................................................................................... 141 

3.1 Cell Components.................................................................................................................. 141 

3.2 Modelling Calculations ........................................................................................................ 143 

3.3 Characterization ................................................................................................................... 144 

4 RESULTS AND DISCUSSION ..................................................................................... 144 

4.1 Sizing of the Humidification Area ....................................................................................... 144 

4.2 Characterization of Cell Performance.................................................................................. 146 

5 CONCLUSIONS ............................................................................................................. 150 

6 CITATIONS .................................................................................................................... 151 
 



Section VIII  Internal Humidification Concept 

 138



Section VIII  Internal Humidification Concept 

 

VIII Internal Humidification Concept 

 

Section VIII 
 

Internal Humidification Concept 
 

1 Introduction 

In Section VII it has been shown that the use of dry air and fully humidified fuel at 
high stoichiometries (

2Hλ = 2.0) leads to power losses of 10-15 %, as compared to 
operation with full humidification of both reactants. These losses are best cases, because 
in technical applications the fuel is fed with lower stoichiometries and humidification 
levels; therefore, the amount of water fed to the cell to counteract dehydration of the 
membrane can be considerable lower, implying higher power losses. Humidification of 
the reactant streams and, especially of the air is therefore of high importance in order to 
optimize the performance of PEFCs. 
 
For this reason and because in PEFCs with conventional cell designs the water produced 
in the cell can not be properly used to provide uniform membrane humidification, the 
reactants are humidified prior to entering the cell. This concept has been applied on 
laboratory-scale cells and in scaled-up commercial stacks [1-3]. 
 
In the PEFC system this task is accomplished by the humidification subsystem. However, 
external humidification of the reactant gases is a heavy burden for the fuel cell system 
because it increases its complexity, volume, weight and costs. Furthermore, depending on 
its layout, it can also add to the parasitic power consumption in the BOP, since the 
humidification devices, if not passive, need thermoregulation and control. 
 
Advanced humidification concepts that have been developed to humidify the reactant 
gases include:  
 

1) vapour injection through a porous bipolar plate [4] 
2) liquid water injection [5,6] 
3) humidification of the membrane by small catalyst particles embedded into its 

structure [7] 
4) external gas humidification using water permeable membranes either using a 

separate water supply loop [1] 
5) or directly using the product water in the exhaust air [8-11] 
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However, these methods have disadvantages such as the need for porous cell structures, 
possible flooding of the electrodes with liquid water, specially prepared membranes or 
additional devices. 
 
Therefore, a new concept is needed: the concept comprises the use of conventional, 
commercially available electrochemical components. For humidification of the dry 
incoming air, the product water from the ORR at the cathode is used in each cell. This 
concept is described in detail in the following. 
 

2 Humidification Concept 

The water produced at the cathode during the ORR is directly used for humidification 
of the dry incoming process air by exchange over a section of the membrane, the same as 
used in the electrochemical active part of the cell. The concept, as applied in each cell, is 
shown in Figure VIII.1 

 

 
 

Figure VIII.1. Internal process air humidification concept. Product water is transported by the 
exhaust air to the humidification area where a transfer of humidity through the polymer membrane 
takes place. 

 
The humidification area, integrated in each cell, consists of two gas chambers with 
parallel flow fields, for the fresh dry incoming air on the cathode side, and for the wet 
exhaust air on the anode side of the membrane. On the anode side proper sealing is 
important to avoid mixing of air and hydrogen. A conventional electrolyte membrane, the 
same as used in the electroactive section, separates the two volumes. The product water 
formed at the cathode is transported by convection with the exhaust air. While flowing 
through the humidification area, product water diffuses through the membrane due to the 
concentration gradient between the two gas chambers. The fresh air, fed dry and cold, 
also contributes to the cooling of the cells. An inherent advantage of the concept is its 
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modularity, which makes it fully scalable without any investments related to regulation or 
volume of additional humidification devices. 
 

3 Experimental 

3.1 Cell Components 

The cell design is named after the PowerPac. PowerPac is a 1kW portable fuel cell 
system, developed in a joint project of the Paul Scherrer Institut, the ETH Zurich and 
industrial partners.  
 
The PowerPac bipolar plate also consists of two sub-plates. The relevant dimensions of 
the cell are shown in Figure VIII.2. The cell has an active area of 136 cm2 and a 
humidification section of 22 cm2 (equivalent to 16% of the active area, see Chapter 4.1). 
The flow field of the cathode plate comprises 18 parallel channels, covering the active 
area in a meander type arrangement. The humidification section is located along one edge 
of the cell and it comprises 12 parallel channels on both plates (anode and cathode). The 
air in- and outlets are located at the corners of the cell adjacent to the humidification area.  
 
The flow field on the anode-plate is designed to maintain a constant flow speed and 
pressure along the channels taking into account the diminishing volumetric flow of 
hydrogen due to consumption during current production. This is achieved by reduction of 
the number of flow channels, sequentially from the inlet (24 channels) towards the outlet 
(3 channels).The hydrogen in- and outlets are located in the corners adjacent to the active 
area of the cell. 
 
The cooling of the cells is realized inside the two-part bipolar plate. The flow field 
channels are located on the back side of the anode-plate (12 channels). The cooling liquid 
in and outlets are located in the middle of the cell, with the inlet on the same side as the 
air manifolds. The sealing of the two sub-plates is realized using an intermediate layer of 
expanded graphite foil. Tightness is easily and reliable achieved by ribs on the back part 
of the sub-plates. 
 
An open view of a single PowerPac cell (repeating unit), with the individual components 
and the schematic flow of air in the cell and transfer of humidity in the humidification 
section is shown in Figure VIII.3. 
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Figure VIII.2. Left: Front side of the cathode-plate showing the air flow field. Right: Front and back 
side of the anode-plate showing the hydrogen and coolant flow fields. From [12]. 

 
Figure VIII.3. Open view of a single self-humidifying PowerPac cell with the schematic flow of air 
and humidity transfer in the humidification section. From [12]. 
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The membrane electrode assemblies were prepared using Nafion® 112 membranes 
and commercial E-Tek electrodes with a 0.5 mg cm-2 platinum loading (30 % Pt on 
Vulcan XC-72) and 0.6-0.8 mg cm-2 Nafion® application. The cells were assembled with 
the membranes in wet state. 
 

3.2 Modelling Calculations 

For the calculations on the size of the humidification area, a previously developed 
model has been used [13]. For the sake of simplicity only mass conservation equations 
were solved in one dimension within the channels adjacent to the membrane.  
 
The plug-flow without axial dispersion in the channel is governed by convection only 
 

div(ρunM) = S ( VIII-1 )
 
were n is the molar flux and M the molar weight of either a single species or the entire 
flow and S the source term. Obeying the continuity, equation ( VIII-1 ) may be cast into 
the form 
 

i
i N
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=
 

( VIII-2 )

 
Thus, this formulation becomes independent on the channel cross-section as well as on 
the channel-rib ratio and the width-to-length ratio of the cell area. Therefore, there is no 
distinction between cell area under the channels and the ribs and effects like shading 
under ribs are not considered. The transport through the membrane is characterized by 
diffusion with boundary conditions obtained by the water sorption isotherm reported in 
[14]. The data are fitted in polynomial form 
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( VIII-3 )

 
were aw represents the water vapor activity aw = pw/psat. Coefficients ki are taken as k0 = 
0.3, k1 = 10.8, k2 = -16.0, k3 = 14.1 for aw<1 and k0 = -30.412, k1 = 61.978, k2 = -25.960, 
k3 = 3.7008 for 1 < aw <2.5. 
 
The model is formulated isothermal, that is, both air streams are assumed at cell 
temperature through out the channels. Colder fresh air due to a cold inlet and cooling due 
to evaporation is not considered. Both assumptions may be good approximations since 
the fresh air in the considered system is heated up in the compressor. Compared to a non-
isothermal model this model will predict slightly higher humidification. 
 
The resulting set of equations has been solved by low order finite difference schemes. In 
order to avoid the calculation of the cells water balance by applying a full cell model it 
was assumed that all product water leaves the cell with the exhaust air stream. Thus the 
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water streaming into the humidifier area with the exhaust air is governed by the sum of 
product water and the resulting humidity of the moistened fresh air. Since the initially 
amount of water in the fresh air is unknown, an iterative procedure was applied until 
convergence was achieved [13]. 
 

3.3 Characterization 

Polarization curves were recorded in constant current mode by increasing cell 
current density in steps of 29 or 36 mA cm-2 (corresponding to 4 or 5A total cell current).  
 
The standard operating conditions are given in Table VIII.1. If not otherwise stated, these 
operating conditions apply to all reported experiments in this Section. 
 
Table VIII.1. Standard operating conditions. 

Parameter Value 
Stack Temperature StackT  70°C or as given 

Hydrogen Dew Point 
2D,HT  dry 

Hydrogen Pressure 
2Hp  1.5 bar (abs) 

Hydrogen Stoichiometry 
2Hλ  1.2 

Air Dew Point D,airT  dry 
Air Pressure airp  1.5 bar (abs) 

Air Stoichiometry airλ  1.8 or as given 
 

4 Results and Discussion 

4.1 Sizing of the Humidification Area 

Since the internal humidifier is a passive element there is no possibility to regulate 
it according to the actual operation. The section should hence be as small as possible to 
have a minimum impact on the weight, volume and cost of the stack, but should be big 
enough to ensure sufficient humidification of the process air under a range of operating 
conditions.  
 
Due to optimization of the cell geometry and gas ducting, the flows of incoming and 
exiting air in the humidification section are in co-flow. For the sizing of this section, 
model calculations for the water transport through the membrane in the humidification 
section have been made based on the amount of water produced in the active area. The 
calculations are not trivial, as the humidity of the membrane and the water content in both 
gas streams change along the flow coordinate.  
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The parameter of interest to be calculated is the dew point of the air when leaving the 
humidification section and entering the active area. The dew point of the air stream in this 
location is dependent on current density, air stoichiometry, air pressure, cell temperature, 
nature and thickness of the membrane employed, and the relation of the sizes of the 
active area and the humidification section.  
 
Calculated dew points of the air leaving the humidification section as function of the size 
of the humidification area (HA) and the air stoichiometry are shown in Figure VIII.4. 
Calculations have been performed for a current density jR = 368 mA cm-2 (50 A cell 
current; jR = expected rated current density for the portable system), a Nafion® 112 
membrane and a cell temperature of 70 °C. 
 

Figure VIII.4. Model calculations of dew point of air leaving the humidification section as function of 
the size of the humidification area HA (as fraction of active area) for the given air stoichiometries. 
Calculated for air pressure of a) 1 bar and b) 1.5 bar. Current density jR = 368 mA cm-2, no water-
loss to anode, temperature of 70 °C. 

 
As it can be seen in Figure VIII.4, the dew point of the humidified air increases with 
increasing area of the humidification section and decreasing air stoichiometry. The 
influence of the pressure is considerable since at 1 bar (absolute) either very low 
stoichiometries (< 1.8) or prohibitively high area fractions (> 20%) are necessary for 
achieving an air dew point higher than 55 °C. This implies that, from the humidification 
point of view, not surprisingly, an optimized system should be operated at maximum 
tolerable air pressure allowed by other system boundary conditions, such as parasitic 
power consumption in the BOP. 
 
Assuming that a dew point > 55 °C is necessary for stable operation of the cell at a 
temperature of 70 °C, and that the air pressure supplied by a portable system is only 
moderately above ambient, a humidification area fraction of 16 % (corresponding to 
22 cm2) was chosen. This area fraction includes some security with respect to 
inaccuracies of the model and deviations in operating conditions during operation of the 
final system with respect to pressure and temperature. The real cell is neither isothermal 
nor isobar, and loses some water to the anode (in the active area). Therefore the 
calculated values are expected to be best cases.  
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4.2 Characterization of Cell Performance 

The functionality and modularity of the internal humidification concept was tested 
first in single cell and in a 5-cell stack. In order to evaluate and characterize the 
performance of the humidification concept, measurements with the 5-cell stack were 
carried out with variations of the relevant parameters, cell temperature and air 
stoichiometry. 
 
The dependence of stack performance as function of the operating temperature is shown 
in Figure VIII.5.  

 
Figure VIII.5. Current density-voltage characteristics of a 5-cell stack operated at the indicated 
temperatures, otherwise standard operating conditions as given in Table VIII.1. Inset: Stack voltage 
as function of temperature at jR =368 mA cm-2.  

 
The performance of the stack increases with increasing temperature up to 70 °C. Above 
this temperature the performance decreases drastically. This is because humidification of 
the incoming air is less efficient at higher temperatures. With increasing temperature the 
saturation pressure of the air reaches a level where the water that is transported through 
the membrane is not sufficient to saturate the air stream. Furthermore, because of the co-
flow architecture of the humidification unit not all the product water can be used to 
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humidify the fresh air. Consequently, the humidity of the exhaust air always remains at 
least as high as in the internally humidified air. 
 
Figure VIII.6 shows calculations of the dependence of the dew point of the internally 
humidified air as a function of cell temperature [13]. 

 
Figure VIII.6. Modelled dependence of the dew point of the internally humidified air on the cell 
temperature; calculated for: λair= 1.8, pair = 1.5 bara, current density j =368 mA cm-2. From [13]. 

 
The dew point of the humidified air, limited by the diffusion coefficient of water in the 
membrane of the humidification section, reaches a maximum at a cell temperature of 
about 70°C to decrease at higher temperatures. When the temperature rises above 70 °C, 
the difference between cell temperature and dew point of the internally humidified air 
increases. Consequently, dehydration of the membrane in the active area occurs. Due to 
the increased membrane resistance the cell performance decreases. At 70°C the 
difference between the calculated dew point of the humidified air and the stack 
temperature is only 1°C, while at 80°C stack temperature the difference is 24°C. 
 
Another critical parameter is the air stoichiometry. The dependence of the stack 
performance in the range between λair = 1.6 to 2.4 is shown in Figure VIII.7.  
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Figure VIII.7. Current density-voltage characteristics of a 5-cell stack operated at the indicated air 
stoichiometries, otherwise standard operating conditions as given in Table VIII.1. Inset: Stack 
voltage as function of air stoichiometry at jR =368 mA cm-2. 

 
In Figure VIII.7 it can be seen that the stack voltage decreases slightly when the air 
stoichiometry is increased. In conventional cells operated with externally humidified air, 
the opposite behavior is observed (see Section VI). In this internally humidified cell a 
reversed behavior is observed because the dew point of the humidified air decreases 
when its stoichiometry increases. Therefore at higher stoichiometries the portion of the 
membrane which suffers from dehydration increases, increasing ohmic losses due to the 
increased membrane resistance. Model calculations of the dependency of the dew point 
of the internally humidified air show that the dew point of the internally humidified air 
decreases from 69 °C to 62 °C when the stoichiometry of the air is increased from 1.6 to 
2.4, respectively (see Figure VIII.8). Therefore the performance of the cells decreases 
because the reduction of mass transport resistance with higher air stoichiometries is 
outweighed by the higher membrane resistance. 
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Figure VIII.8. Modeled dependence of the dew point of the internally humidified air on the air 
stoichiometry; calculated for Tcell= 70°C, pair= 1.5 bara, and current density j =368 mA cm-2. From 
[13]. 

 
The modularity of the internal humidification concept was verified in a 42-cell stack. The 
stack has a volume of 5.150 L and a weight of 6.8 kg. At 1300 W the power density is 
252 W/L and the specific power 198W/kg respectively. The stack was integrated in the 
1kW-PowerPac System [15] and successfully operated under various environmental 
conditions. 
 
Figure VIII.9 shows the current density-voltage and current density-power curves for the 
42-cell stack. In order to quantify the efficiency of the internal humidification concept, 
the performance of the stack with external humidification of the process air is shown.  
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Figure VIII.9. Current-voltage characteristics of a 42-cell stack at 65°C. Gas stoichiometries: H2=1.2, 
air= 1.8; gas pressures: H2 = 1.3 bara, air = 1.4 bara; (○)internal humidification (■)external 
humidification (air dew point = 55°C). The dashed line at 1300 W shows the operating point in the 
1kW-PowerPac at full load. 

 
The performance of the stack with internal humidification of the process air at a power of 
1300 W (rated power for the portable system) is only 4% lower as compared to the 
performance obtained with external humidification of the air. This is considerably less 
that what expected from operation with dry air and no fuel humidification, since, as 
shown in Section VII, Chapter 3.2, 10-15% power losses at higher pressure, hydrogen 
humidification and stoichiometry have been observed. 
 

5 Conclusions 

A concept for the internal humidification of the process air in each cell of a stack directly 
using the product water of the electrochemical reaction at the cathode has been developed 
and verified. The air is humidified by transfer of product water through the membrane in 
a separate section of each cell and allows therefore for operation on dry air at relative low 
pressures of < 1.5 bara up to 70 °C with conventional, commercial available 
electrochemical components. The size of the humidification section for these conditions 
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can be limited to considerably less than 20 % of the active area, limiting the increase of 
volume and weight of the stack.  
 
The performances of the cells using this internal humidification concept still show a 
dependency on the operation conditions because of the fixed size of the humidification 
area. The dew point of the humidified air is mainly limited by the diffusion coefficient of 
water in the membrane. Operating parameters such as cell temperature and air 
stoichiometry have therefore a direct influence on the dew point of the internally 
humidified air, and consequently on the performance of the cell.  
 
The modularity of the concept was successfully demonstrated by application in a 42-cell 
stack, which was finally integrated in a 1kW- system. The concept of the internal 
humidification makes the system less complicated and easier to control, since no external 
humidification device is needed. Its biggest advantage, from the system point of view, is 
the passive nature of the concept since no additional controls or media loops are needed. 
 
The PowerPac cell design was also used for the fuel cell system of the PAC-Car [16]. 
The PAC-Car is a fuel cell powered vehicle developed in a project lead by the ETH 
Zurich in collaboration with the Paul Scherrer Institut and industrial partners. In 2005, 
PAC-Car II set a new world record in fuel efficient driving during the Shell Eco-
marathon in Ladoux (France) on June 26.  
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Section IX 
 

Anode Induced Inhomogeneities – CO Poisoning 
 

1 Introduction 

If pure hydrogen is used as the fuel, the anodic contribution to the overall cell 
polarization is minimal over the entire polarization curve. This is because of the high 
electrochemical activity of hydrogen on platinum (see Section III). However, if reformate 
gas containing CO (even in the ppm range) is used as fuel, anodic polarization losses can 
increase to significant levels.  
 
Despite substantial work directed towards improving CO tolerance through specially 
developed electrocatalysts [1-7], only scarce literature on the subject of determining the 
spatial and time dependent CO poisoning of the catalyst over the active area can be found 
[8]. This is disappointing because, in analogy to oxygen partial pressure diminishment 
along the oxidant channel, during operation with CO containing fuel, significant 
variations in CO concentration along the fuel channel can evolve. Therefore, knowledge 
of local properties is of importance for effectively designing electrodes and planning 
operating condition strategies to manage CO poisoning.  
 
In this Section, transient and steady state catalyst poisoning, when introducing CO into 
the anode is investigated. The investigations are carried out monitoring integral and local 
cell performance in order to obtain information on the local progress of CO poisoning 
and correlate the findings with the integral cell response. The transient poisoning 
progress of the anode was monitored by analyzing the composition of the exhaust fuel 
gas via mass spectrometry.  
 
In order to study internal air-bleeding effects caused by permeated oxygen from the 
cathode to the anode, membrane thickness was varied. 
 
The results presented in this Section where obtained with platinum as anode catalyst and 
CO/H2 as the fuel. This combination was chosen as a model system due to the well 
known CO-Pt surface chemistry, and, on the other hand, due to the easy catalyst surface 
characterization of a single-metal catalyst.  
 
The CO/H2 fuel used in the experiments is a model reformate gas and was chosen in 
order to isolate effects caused by CO only, given that a real reformate gas contains 
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hydrogen diluted with N2 and CO2 (besides traces of CO). N2 is an inert gas for the fuel 
cell and causes only mass transport effects. However, conversely to the cathodic potential 
losses caused by the change of pure oxygen to air (see Section VI), Bhatia et. al. have 
shown that dilution of hydrogen to levels up to 40% with inert gases such as N2 does have 
practically no influence on cell performance [9]. 
 
CO2 on the contrary, has been reported to polarize anode performance through the 
formation of CO via the surface equivalent of the water gas shift reaction [10]:  
 

2 2CO 2Pt H Pt CO H O Pt+ − ⎯⎯→ − + +  ( IX-1 )
 
Nevertheless, it has been reported that a few ppm CO (<10 ppm) cause higher 
polarization losses than 25% CO2 in the fuel feed [9]. 
 

2 Experimental 

For the reported investigations in this section, the semi-segmented cell described in 
Section V has been used.  
 
The investigated CO concentrations in the CO/H2 fuel were of 10, 50 and 100 ppm. 
 
CO transient effects on cell performance were recorded in constant voltage mode with the 
cell voltage hold at a constant value (between 600-700 mV, depending on membrane 
thickness) in order to obtain the same initial cell current density of 390 mA cm-2 
(corresponding to 80 A total cell current) for all cells.  
 
Cell polarization curves were recorded after steady state operation with CO contaminated 
fuel was attained. Polarization curves were recorded in constant current mode by varying 
total cell current in steps of 24 mA cm-2 (corresponding to 5A total cell current).  
 
Both reactant streams were fed fully humidified in order to keep the conductivity of the 
polymer electrolyte membrane uniform over the entire active area. Consequently, each 
segment of the cell can be seen as a probe for monitoring local anode activity as a 
function of time, CO concentration and membrane thickness. 
 
The measurements were carried out under the standard operating conditions given in 
Table IX.1. If not stated otherwise, these operating conditions apply to all reported 
experiments in this Section.  
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Table IX.1. Standard operating conditions. 

Paremeter Value 
Cell Temperature CellT  70°C 

Hydrogen Dew Point  
2D,HT 70°C 

Hydrogen Pressure  
2Hp 2 bar (abs) 

Hydrogen Stoichiometry 
2Hλ  2 

Air Dew Point  D,airT 70°C 
Air Pressure airp  2 bar (abs) 

Air Stoichiometry airλ  4.0 
 
 
The membrane electrode assemblies were prepared using commercial E-Tek Elat A7 gas 
diffusion electrodes with uniform catalyst loading of 0.6 mg cm-2 and Nafion® 111, 112 
and 117 membranes.  
 
The catalyst surface available for CO adsorption (PtCO) has been determined by chemical 
adsorption of CO on platinum (see Section V). With the chemical adsorption method the 
metal dispersion (in %, Mdisp) can be obtained. Mdisp gives the relative amount of metal 
on to which CO adsorbs to total metal. For the E-Tek Elat A7 electrodes with a Pt loading 
of 0.6 mg cm-2, a metal dispersion of Mdisp = 12.57 % was determined. PtCO can then be 
determined with equation ( IX-2 ): 
 

CO L EL dispPt P × A  × M=  ( IX-2) 
 
PL is the platinum loading in mole cm-2, AEL the geometric surface of the electrode in cm2 
(205 cm2). For the E-Tek electrode Elat A7 electrode with a Pt loading of 0.6 mg cm-2 the 
catalyst available for CO adsorption is PtCO = 7.9 ×10-5 mol/electrode of 205 cm-2. 
 

3 Results and Discussion 

3.1 Transient CO Poisoning Effects 

CO entering the cell adsorbs on the catalyst surface thereby blocking the access for 
hydrogen to the catalyst. As a result, a diminishment in effective catalyst active area takes 
place, decreasing cell performance.  
 
Transient integral cell response to CO poisoning of the anode catalyst has been studied 
monitoring cell current density decay as a function of time at constant cell voltage. In 
Figure IX.1, results are shown for CO concentrations in the fuel feed of 10, 50 and 
100 ppm.  
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Figure IX.1. Cell current density transient decay as a result of CO in the fuel stream. Constant cell 
voltage operation. Nafion® 112. CO concentrations of 10, 50 and 100 ppm, otherwise standard 
operating conditions as given in Table IX.1. 

 
After a relatively fast initial current decay, in the final stage a more and more pronounced 
asymptotic behaviour with diminishing CO concentration is observed. The time needed to 
reach 90% steady state current density losses t0.9, see Figure IX.1, for a CO concentration 
in the anode feed of 100 ppm is of 47 min; for 50 ppm of 91 min and for 10 ppm of 
237 min. In this context it is interesting to compare the catalyst available for CO 
poisoning with the amount of CO fed to the cell.  
 
The catalyst surface available for CO adsorption determined by chemical adsorption of 
CO on platinum is PtCO = 7.9 ×10-5 mol/electrode. 
 
The cumulative amount of CO (COcum) fed to the cell can be calculated from data in 
Figure IX.1 by current integration, since the stoichiometry is constant. The intersection 
point between PtCO and COcum gives the equivalent time teq (see Figure IX.2) needed to 
theoretically reach full coverage of the catalyst surface of the electrode with a CO 
monolayer. This applies if all CO fed to the cell is adsorbed; therefore, steady state 
performance should be achieved within this time.  
 
Steady state operation is reached when the anodic excess overpotential ηCO has reached 
values above 150 mV to electrooxide CO [11]. Under the assumption of a homogeneous 
current density distribution, and hence, uniform ηCO along the channel, it can be 
calculated if electrochemical CO oxidation at time teq can occur. ηCO is obtained from the 
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difference in cell potential between operation with pure hydrogen and CO contaminated 
fuel at the current density value at time teq.  
 
These calculations have been made for the three investigated CO concentrations. The 
results are exemplarily shown for a CO concentration of 50 ppm in Figure IX.2. For CO 
concentrations of 10 and 100 ppm the same qualitative behaviour was observed (see 
Table IX.2). 
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Figure IX.2. Cell current density transient and cumulative mol COcum entering the cell at 50 ppm CO. 
The horizontal line gives the calculated moles of Pt atoms (Ptsites/CO) available for CO adsorption on 
the surface of the catalyst per electrode. Nafion® 112. Standard operating conditions as given in 
Table IX.1 

 
As it can be seen in Figure IX.2 (and Table IX.2) steady state performance is attained 
only after a considerably longer time than the calculated time teq theoretically needed for 
a full CO monolayer coverage. Furthermore, the calculated values for ηCO at teq are well 
below those needed for electrochemical CO oxidation (ca. 150 mV [12]).  
 
Table IX.2. Time teq to reach theoretical full catalyst surface coverage with a CO monolayer, cell 
current density j at time teq, corresponding anode CO overvoltage ηCO and time t0.9.  

CO in H2 10 ppm 50 ppm 100 ppm 
teq / min 198 45 16 

j @ teq / mA cm-2 260 186 250 
ηCO @ teq / mV 45 +/- 5 80 +/- 5 50 +/- 5 

t0.9 237 91 47 
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The above observations raise the following questions: 
 

1) Does CO poisoning of the anode proceed uniformly along the fuel channel? 
 
2) Is the CO concentration in the cell reduced by a mechanism other than 

electrochemical (internal air bleeding with permeated oxygen from the cathode)? 
 
3) Why is there an asymptotic decay in cell current density until steady state is 

attained? 
 
 
From the above results on integral cell transient response to CO poisoning no satisfactory 
answers to these questions can be given. For this reason, investigations of local cell 
response to transient CO poisoning and analysis of the exhaust fuel stream are needed to 
shed light into the time and location dependent processes. 
 
Figure IX.3 shows the transient integral and local current density decay as a function of 
time for poisoning of the anode catalyst with 50 ppm CO. For a better overview, only the 
transient current decay recorded in the segments located at the in- and outlet of the fuel 
stream path are shown (segments 1 and 8, located at 3% and 97% from the beginning of 
the fuel channel, respectively). The two horizontal lines represent PtCO calculated for the 
inlet segment (lower line) and for the complete electrode (upper line). 
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Figure IX.3. Cell and local (fuel in- and outlet segments 1 and 8) current density transients and 
cumulative mol COcum entering the cell at 50 ppm CO. The horizontal lines give the calculated (see 
text) moles of Pt atoms (PtCO) available for CO adsorption in the segment located at the fuel inlet 
(lower line) and in the complete electrode (upper line). Nafion® 112. Standard operating conditions as 
given in Table IX.1 
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As it can be seen, complete poisoning of the inlet segment does not complete within the 
time calculated (ca. 2 min) for formation of a complete CO monolayer on the local 
surface of the catalyst. Comparison of the transient response between the in- and outlet 
segments shows that the poisoning, or CO coverage, of the complete electrode does not 
proceed uniformly with time. In the initial CO poisoning phase, adsorption of CO occurs 
primarily in the region close to the fuel inlet. This implies a progressive diminishment in 
CO concentration along the channel.  
 
Furthermore, CO concentration in the fuel can be additionally reduced along the channel 
by means of CO oxidation with permeated oxygen from the cathode. If this is the case, 
CO2 will be detected in the exhaust fuel before local anodic overpotential is high enough 
to electrooxidize CO.  
 
Differences in local CO poisoning are hence expected to increase with diminishing CO 
concentration in the fuel. This is illustrated in Figure IX.4.  
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Figure IX.4. Local (fuel in- and outlet segments 1 and 8) current density transients as a result of CO 
poisoning. Nafion® 112. CO concentrations of 10, 50 and 100 ppm, otherwise standard operating 
conditions as given in Table IX.1 

 
For the 50 and 100 ppm CO concentrations the differences in transient response and 
steady state current density between the segments located at the fuel in- and outlet are 
relatively small, compared to the case of 10 ppm CO, where the segment located at the 
outlet of the fuel channel remains practically unaffected. 
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In order to investigate if CO concentration is further diminished along the channel by 
means of an internal air bleeding process with permeated oxygen from the cathode, the 
time dependent mass balance of CO/CO2 in the cell was analyzed by monitoring the 
composition of the exhaust fuel stream with mass spectrometry.  
 
N2 concentration was also monitored since the presence of N2 in the exhaust fuel is 
indicative for air permeation, and consequently oxygen permeation, through the 
electrolyte membrane.  
 
The net changes in species concentration, obtained after subtraction of the background 
signal, and integral cell current density decay as a function of time are shown for a CO 
concentration of 50 ppm in Figure IX.5. The stepped signal profile registered in the mass 
spectrometer is a measurement artefact due to the pulsed regulation of the pressure 
regulator.  
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Figure IX.5. Cell current density transient and CO, CO2 and N2 net concentration signals in the 
exhaust fuel stream as a function of time. 50 ppm CO. Nafion® 112. Standard operating conditions as 
given in Table IX.1 

 

As it can be seen, CO, CO2 and N2 species are detected in the exhaust fuel stream. The 
increase in N2 concentration is due to a decrease in dilution as the volumetric fuel flow 
decreases with decreasing cell current density, since the fuel stoichiometry was kept 
constant. The absolute permeated N2 is independent on current density and was 
calculated to be of 500 +/- 50 µmol min-1. Under the assumption of a similar permeation 
rate for oxygen in Nafion®, a permeation rate of 100 µmol min-1 has been estimated. 
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As it has been shown above, CO poisoning of the anode catalyst and, consequently, the 
increase in anode polarization does not proceed uniformly along the fuel stream path. As 
a result, CO2 can be formed locally as soon as local anode polarization is high enough to 
electrochemically oxidize CO. In the inset in Figure IX.5 it can be seen that CO and CO2 
are both detected in the exhaust fuel stream ca. 5 min. after introduction of CO in the cell 
(i.e. when decay in local current density in the inlet segment is registered).  
 
After 5 min. local current density in the inlet segment has decreased to ca. 300 mAcm-2 
(Figure IX.6). The corresponding local anodic overpotential is determined to be of 
30 mV, using as reference the local polarization curve at the inlet segment obtained under 
operation with pure hydrogen. At this low anodic overpotential no electrochemical 
oxidation of CO to CO2 can occur. 
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Figure IX.6. Detail of cell and local (fuel in- and outlet segments 1 and 8, located at 3% and 97% 
from the beginning of the fuel channel, respectively) current density transients . 50 ppm CO. Nafion® 
112. Standard operating conditions as given in Table IX.1 

 
The delay time of 5 min. is composed on the one hand by the dead volume between cell 
inlet and mass spectrometer. On the other hand, it is possible that CO2 is not detected 
before because of the pulsed regulation of the pressure regulator. Either way, local anodic 
polarization has not reached the necessary values to electrooxidize CO to CO2 at the time 
when CO2 is detected in the exhaust fuel. Consequently, CO2 detected shortly after CO 
introduction in the cell is formed due to chemical oxidation of CO with permeated 
oxygen from the cathode.  
 
The exhaust gas analysis shows that a small amount of CO contained in the fuel feed 
leaves the cell unadsorbed and another small fraction has been chemically oxidized to 
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CO2. Considering that oxygen permeates at a rate of about 100 µmol min-1, it can be 
calculated that the selectivity for CO chemical oxidation is below 1%. Once steady state 
operation has been attained, a balance between CO entering the cell and the sum of 
unadsorbed/unreacted CO and formed CO2 establishes. This is shown for a CO 
concentration of 50 ppm in Figure IX.7.  
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Figure IX.7. Balance between CO flowing into and exiting the cell as CO2 or unadsorbed/unreacted 
CO per time unit as a function of time. 50 ppm CO. 

 
The results confirm the hypothesis of an “internal air bleeding” process. For the 
Nafion® 112 membrane it accounts for a CO oxidation of a few ppm. CO tolerance is 
therefore slightly increased by this process. Hence, it can be expected that CO tolerance 
will depend on membrane thickness.  
 
The findings allow to answers the above formulated questions:  
 
1) Transient poisoning of the anode catalyst and, consequently, CO electrooxidation, does 
not proceed uniformly along the channel. The necessary local anodic polarization to 
electrochemically oxidize CO is reached first in the regions close to the fuel inlet. Hence, 
a progressive diminishment in CO concentration along the channel occurs. 
 
2 + 3) This process is enhanced by oxygen permeation from the cathode to the anode, 
resulting in an additional diminishment in CO concentration along the fuel channel. 
Therefore, the time needed to reach steady state operation in the areas of the cell further 
down in the fuel stream path increases along the channel, resulting in an asymptotic cell 
current decay. Differences in local CO poisoning, and therefore CO tolerance, are hence 
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expected to depend on membrane thickness. This is analyzed and discussed in 
Chapter 3.3. 
 
Due to the non-uniform poisoning of the catalyst, the downstream regions of the fuel 
channel are constantly exposed to reduced CO concentrations as compared to the 
upstream regions. Consequently, depending on the initial CO concentration in the fuel 
and the CO concentration diminishment in the cell, local steady state performance can 
vary along the channel. This aspect is discussed in the following Chapter. 
 

3.2 Steady State Operation with CO Contaminated Fuel 

As a consequence of the progressive diminishment in CO concentration along the 
channel, differences in local cell performance arise, which is illustrated in Figure IX.8. 
Shown are integral and local polarization curves obtained under operation with pure 
hydrogen and CO/H2 fuel mixtures with CO concentrations of 10, 50 and 100 ppm. For a 
better overview, only local polarization curves recorded at the fuel in- and outlet are 
shown.  
 
As it can be seen in Figure IX.8a, when the cell is operated with pure hydrogen as the 
fuel, local polarization curves at the fuel in- and outlets do not differ substantially from 
the integral polarization curve (which is an average of all local performances). The inlet 
current is slightly lower because it is located further down the air stream path (see 
Section VI). 
 
Conversely, when the cell is operated with CO/H2 fuel, differences in local cell 
performance vary depending on overall CO concentration, see Figure IX.8b-d. For the 
cases of 50 and 100 ppm CO, only small differences in local cell performance are 
observed, where for the case of 10 ppm CO the local polarization curves show strong 
location dependence.  
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Figure IX.8. a-d) Integral and local polarization curves for the segments 1 and 8. Cell operated with 
a) pure hydrogen or b-d) CO/H2 fuel with CO concentrations of 10, 50 and 100 ppm (b, c and d, 
respectively). Nafion® 112. Standard operating conditions as given in Table IX.1. 

 
Consequently, in Figure IX.8b, it can clearly be seen that the local CO overvoltages vary 
depending on their location along the fuel channel. The segment located at the fuel inlet 
(segments 1) shows a strong increase in local anode polarization with local current 
density, while the segment at the end of the fuel channel shows a diminished increase. 
Local anodic CO overvoltage in this region exceeds 100 mV only at relatively high local 
current densities (> 900-1000 mA cm-2). 
 
As it is shown in Figure IX.8c, for the case of 50 ppm CO in the fuel feed only small 
differences in local CO overvoltage along the fuel channel result. This is because the 
reduction in CO concentration through local CO electrooxidation and internal air 
bleeding plays only a minor role. Higher CO concentrations and thicker membranes will 
therefore result in smaller differences in local CO overvoltage.  
 
The local stationary anodic excess overvoltages ηCO along the channel which result 
during steady state operation at 220 mV cell voltage with 10, 50 and 100 ppm CO are 
shown in Figure IX.9. 
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Figure IX.9. Distribution of local stationary anodic CO overvoltage ηCO as a function of the fuel 
channel length Lnorm. Cell operated with CO/H2 fuel with CO concentrations of 10, 50 and 100 ppm. 
Nafion® 112. Standard operating conditions as given in Table IX.1 

 
For the cases of 50 and 100 ppm CO in the fuel feed a relatively smooth decrease in local 
stationary anodic excess overvoltage ηCO is observed. For the case of 10 ppm CO, drastic 
differences in local stationary anodic ηCO evolve: the differences in stationary ηCO 
between in and outlet are for 100 ppm CO of 20%, 50 ppm CO of 30% and for 10 ppm 
CO of 60%.  
 

3.3 Influence of Membrane Thickness 

It has been shown that the initial CO concentration in the fuel is progressively 
diminished along the channel due to local CO electrooxidation and internal air bleeding 
with permeated oxygen. Under identical operating conditions the permeation of oxygen 
depends only on membrane thickness [13].  
 
Since different membrane thicknesses (and consequently different electrolyte resistances) 
are compared, only relative changes in performance with reference to data obtained under 
operation with pure hydrogen with the corresponding membranes can be analyzed. 
 
Figure IX.10a-d shows a comparison of relative power losses as function of cell current 
density calculated for cells with different membrane thicknesses operated with CO 
concentrations of 100, 50 and 10 ppm.  
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Figure IX.10. Relative power density losses in cells operated with different membranes and CO 
contaminated fuel in concentrations of a) 100ppm CO, b) 50ppm CO and c) 10 ppmCO. With 
reference to the corresponding values obtained with pure hydrogen. Standard operating conditions 
as given in Table IX.1 

 
As it can be seen in Figure IX.10a, thickness of the membrane does not influence relative 
cell power output losses in cells operated with 100 ppm CO in the fuel feed. This is 
because the differences in oxygen permeation when operating the fuel cell with thinner 
membranes does not significantly reduce CO concentration in the cell. 
 
The situation changes when lowering inlet CO concentration, as it can be seen in Figure 
IX.10b and c, where differences in CO tolerance increase with decreasing overall CO 
concentration and membrane thickness. For 10 ppm CO very significant differences are 
observed. 
 
The effects of variations in the extent of the internal air bleeding on local cell 
performance are shown for a CO concentration of 10 ppm in Figure IX.11, where a 
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comparison of local polarization at the beginning and end of the fuel channel in cells 
operated with different membrane thicknesses is shown.  

Figure IX.11. Operation with 10 ppm CO in the fuel: local CO overvoltage as a function of current 
density in cells with different membranes at a) the fuel inlet segment 1 and b) the fuel outlet segment 
8. Calculated with reference to operation on pure hydrogen with the corresponding membrane. 
Standard operating conditions as given in Table IX.1 

 
As it can be seen in Figure IX.11a, even with only 10 ppm CO inlet concentrations, local 
CO overvoltage at the beginning of the fuel channel is independent on membrane 
thickness. Conversely, local CO overvoltage at the end of the fuel channel is a strong 
function of membrane thickness, as it can be seen in Figure IX.11b. 
 

4 Conclusions 

Transient and steady state CO poisoning effects have been studied for different CO 
concentrations in the fuel feed and different membrane thicknesses.  
 
Through locally resolved current density measurements and mass spectrometric 
monitoring of the anode exhaust gas, information on the local progress of CO poisoning 
of the anode catalyst has been obtained.  
 
The results showed that the transient CO poisoning of the anode catalyst and consequent 
local polarization increase is not uniform along the fuel channel. The upstream regions in 
the fuel channel suffer a higher initial poisoning and consequent anodic polarization 
increase than the downstream regions. As a consequence, the onset for CO 
electrooxidation occurs first in the regions close to the fuel inlet, diminishing CO 
concentration in the fuel along the channel.  
 
This process is enhanced by oxygen permeation from the cathode to the anode, resulting 
in an additional diminishment in CO concentration along the fuel channel through an 
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internal air bleeding. Therefore, the time needed to reach steady state operation in the 
downstream regions increases along the channel, resulting in an asymptotic cell current 
decay.  
 
In order to investigate the additional influence of the internal air bleeding, membrane 
thickness was varied. The results showed that transient and steady state local CO 
poisoning degree does not only depend upon location along the fuel channel, initial CO 
concentration in the fuel but also on membrane thickness. Steady state CO tolerance in 
cells operated with 10 and 50 ppm CO increased with decreasing membrane thickness.  
For the case of 100 ppm CO, membrane thickness does not influence CO tolerance, since 
at this high initial CO concentration differences in oxygen permeation do not 
significantly reduce CO concentration in the fuel anymore. 
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Section X 
 

Inhomogeneities at Stack Level 
 

1 Introduction 

In previous chapters, current density inhomogeneities on the level of single cells have 
been discussed. However, for real applications, single cells are connected in series in 
order to obtain useful output voltages. Therefore, a PEFC stack comprises of a number of 
single cells, all connected electrically in series with a parallel supply of reactant gases 
and coolant. In an ideal fuel cell stack, each of the components of the repeating unit in a 
fuel cell stack, i.e. every single cell, as well as the operating conditions for all cells 
should be identical throughout the complete stack. All cells would then have equal 
performances.  
 
However, in a real stack, location in the stack as well as small structural differences due 
to manufacturing tolerances may create a non-identical distribution of operating 
conditions at single cell level. Differences in water management (e.g. stochastic 
accumulation of liquid water), under-average reactant supply (below the set 
stoichiometries for the stack) and/or different coolant supply are some of the possible 
non-uniformities that can be encountered at single cell level, translating into performance 
differences. These differences are very often not only observed for single cells, but for a 
group of cells located adjacent to each other. Hence, the question arises: why do cells in a 
stack show sometimes a coupled behaviour?  
 
To address this question, investigations at stack level are needed. Classically, in order to 
ensure proper operation of the complete fuel cell stack, the performance of each 
individual cell is monitored by measuring its voltage. An unexpected decrease in cell 
voltage is then an indication for anomalous behaviour. Nevertheless, measuring cell 
voltage provides only limited information about the effects giving rise to performance 
changes and endows practically no particulars about coupling phenomena between 
individual cells. 
 
Locally resolved investigations of current density distribution [1-4], impedance 
spectroscopy [5], liquid water distribution [6], and gas composition analysis [7] among 
others, provide information to understand local phenomena and performance in single 
cells. However, local diagnostic work at stack level has only scarcely been investigated. 
Recently, Kim et. al. presented some experimental and modeling work on the electrical 
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coupling of cells in a stack [8]. They studied two types of anomalies: a partially inactive 
cell and a resistive bus plate with limiting in-plane conductivity. However, for their 
investigations they monitored only the individual cell voltages.  
 
In this Section, investigations on coupling phenomena between adjacent cells in a stack 
are presented. The investigations have been carried out through measurement of local 
current density in adjacent cells in a stack in order to study two types of anomalies: i) air 
starvation at single cell level and ii) thermal anomaly, as encountered at peripheral cells 
in a stack.  
 

2 Experimental 

For the purpose of the presented studies, 2- and 3-cell stacks, modified by implementing 
a second, independent reactant and coolant supply, were used. A detailed description of 
the modified stacks is given in Section V. 
 
Table X.1 gives an overview of the investigated cases of air starvation and thermal 
anomalies realized with 1+1 and 1+2-cell stacks. 
 
Table X.1. Overview of the studied cases with the status and working conditions of the cells in the 
indicated stacks. 

Cell 1 Cell 2 Cell 3 Case Stack Anomalous 
cell 

Emulated 
Anomaly Operating condition varied 

0 1+1 1&2 air 
starvation λair λair - 

1 1+1 1 air 
starvation λair

all 
constant - 

2 1+2 1 air 
starvation λair

all 
constant 

all 
constant 

3 1+1 1 thermal 
losses 

coolant 
temperature

all 
constant - 

 
 
The cells were operated under the standard conditions (exceptions given in Table X.1) as 
given in Table X.2. The reactant gases were fed fully humidified in order not to induce 
humidification related changes in the current density distribution.  
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Table X.2. Standard operting conditions. 

Paremeter Value 
Cell Temperature  CellT * 70°C 

Hydrogen Dew Point  
2D,HT 70°C 

Hydrogen Pressure  
2Hp 2 bar (abs) 

Hydrogen Stoichiometry 
2Hλ  2 

Air Dew Point  D,airT 70°C 
Air Pressure airp  2 bar (abs) 

Air Stoichiometry airλ  4.0 
*Water inlet and outlet temperature difference of less than 1°C 
 
The reported measurements were carried out in constant current mode at an average 
current density j  of 390 mA cm-2 (corresponding to 80 A total stack current).  
 
The membrane electrode assemblies were prepared using Nafion® 112 membranes and 
commercial E-Tek Elat A7 gas diffusion electrodes. Both gas diffusion electrodes, at 
anode and cathode, had a uniform catalyst loading of 0.6 mg cm-2 and Nafion® 
impregnation of 0.6 mg cm-2. 
 

3 Results and Discussion 

3.1 Case 0 – Verification of Experimental Setup 

For the verification of the experimental setup a base case experiment (case 0, see 
Table X.1) with a 2-cell stack (1+1) was carried out monitoring cell voltage and current 
density distribution in both cells. In the 1+1-cell stack, both cells can be operated as 
stand-alone cells with respect to reactant and coolant supply. Consequently, when the 
operating conditions in both cells are varied equally, changes in performance are 
expected to be identical for both cells.  
 
For case 0 an air starvation anomaly throughout the whole stack was emulated by 
reducing air stoichiometry in the two independent air supply streams simultaneously. 
Figure X.1 shows, for both cells, changes in cell voltage as a function of the air 
stoichiometry (a) and net variations in current density as a function of the normalized air 
channel length for the given air stoichiometries (b). In case 0, cells 1 and 2 are denoted as 
anomalous cells. The changes in cell voltage and local current density are shown with 
reference to values obtained at an air stoichiometry of 4.0 in both cells.  
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Figure X.1. 1+1-cell stack. a) Changes in cell voltage of cell 1 and 2, plotted as a function of the air 
stoichiometry; b) changes in local current density in cell 1 and 2; plotted as a function of the 
normalized air channel length Lnorm. Air stoichiometry in cells 1 and 2 of λair = 1.2. 

 
As it can be seen in Figure X.1, changes in cell voltage as well as in current density 
distribution in both cells are practically identical, validating the experimental setup. 
Reduction of air stoichiometry translates into a decrease in cell voltage. This is on the one 
hand due to the reduced oxygen partial pressure (Nernstian thermodynamic effect), which 
in addition also results in an increase in overall mass transport overpotential. On the other 
hand, as it has been discussed in Section VI, reducing oxygen partial pressure leads to the 
evolution of a non-uniform current density distribution, which results in an overall 
increase of the activation overpotential [1,4]. 
 

3.2 Case 1- Emulation of Air Starvation - Coupling to an Adjacent Cell 

The experimental setup allows for measurement of local current density only in 
peripheral cells in the stack. For this reason, in order to study the propagation of changes 
in local current density to an immediate adjacent cell, a first experiment was carried out 
using a 1+1-cell stack (see Table X.1). The starvation of air at single cell level in the 
stack was emulated by gradually reducing air stoichiometry in one cell only (anomalous 
cell), while keeping the working conditions of the adjacent cell unaltered (coupling cell). 
Figure X.2a shows changes in cell voltage in the anomalous and coupling cells as a 
function of the air stoichiometry of the anomalous cell.  
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Figure X.2. 1+1-cell stack. a) Changes in cell voltage of the anomalous cell 1 and coupling cell 2; 
plotted as a function of the air stoichiometry in the anomalous cell 1; b) changes in local current 
density in the anomalous cell 1 and coupling cell 2; plotted as a function of the normalized air 
channel length Lnorm for an air stoichiometry λair = 1.2 in the anomalous cell 1. 

 
The results in Figure X.2a show that the performance of the anomalous cell follows the 
expected behaviour when the air stoichiometry is reduced: a decrease in cell voltage. But 
also the second cell in the stack, the coupling cell, shows qualitatively exactly the same 
performance behaviour as the anomalous cell, even though the operating conditions are 
kept constant. Hence, a clear coupling between the cells takes place.  
 
The question arises as to why the adjacent cell shows a coupled decrease in cell voltage? 
An examination of Figure X.2b clarifies this behaviour. Here, changes in local current 
density in the anomalous and coupling cells along the air channel length are plotted for an 
air stoichiometry λair = 1.2 of the anomalous cell. The voltage coupling of the cells has an 
electronic origin: the changes in local current density in the anomalous cell (Figure X.2b) 
create a non-uniform feed of current into the bipolar plate. Due to the finite in-plane 
conductivity and thickness of the bipolar plate, the non-uniform distribution of current is 
homogenized only to a certain extent; hence, the current density pattern of the anomalous 
cell is impressed onto the adjacent cell (Figure X.2b). Changes in local current density in 
the coupling cell lead to a decrease in cell voltage because a current profile is impressed 
onto the coupling cell, which would not arise from its distribution of overpotentials 
(resistances). Consequently, the current takes a path through the electrochemical part of 
the cell which is non-optimal from the resistances point of view, leading to an increase in 
the sum of overpotentials. 
 
For quantification of the propagation of changes in local current density a coupling factor 
Cf was calculated. Cf is defined as the quotient between the sum of the deviations in local 
current density in the coupling cell with respect to the corresponding changes in the 
anomalous cell for air stoichiometries ≤  2.0. Above this air stoichiometry the induced 
changes in cell voltage and local current density are small (< 10mV, < 30mA cm-2 
respectively), consequently the relative changes carry a comparatively high error. The 
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induced voltage changes in the coupling cell with respect to the changes in the anomalous 
cell where calculated in the same way.  
 
With the given thickness, geometry, and conductivities of the bipolar plate, changes in 
the local current density of the anomalous cell propagate to an immediate adjacent cell 
for air stoichiometries  2.0 by a C≤ f of 0.64 +/- 0.02; the induced change in cell voltage 
in the coupling cell is in the order of 0.59 +/-0.04 of the changes in the anomalous cell. 
These relatively strong Cf factors result from the relatively low thickness (3.1 mm) and 
low in-plane conductivity of the bipolar plate (100 s cm-1). Thicker bipolar plates and/or 
plates with higher in-plane conductivities would yield lower Cf. 
 

3.3 Case 2 - Emulation of Air Starvation - Coupling to non-
Adjacent Cells 

In the previous Chapter, it has been shown that a strong coupling phenomenon between 
immediate adjacent cells in a stack takes place when the local current density is strongly 
disturbed in one cell. Logically the question arises as to how far and to which extent this 
anomaly will propagate further into the stack? To answer this question an experiment 
with a 3-cell stack was performed (1+2-cell stack, see Table X.1), in which the air 
starvation anomaly was emulated in the first cell, while keeping the working conditions 
of the two adjacent cells constant. Again the cell voltage of each cell was simultaneously 
recorded while measurement of local current density was realized in the peripheral cells 
of the stack; these being cell 1 and cell 3, correspondingly.  
 
The changes in cell voltage also spread significantly to cell 3 as it can be seen in Figure 
X.3a. Again, the reason for the changes in cell voltage is due to the propagation of 
changes in local current density originating in the anomalous cell and passed over first to 
the immediate adjacent cell 2 and then to cell 3, as it can clearly be seen in Figure X.3b. 
Because the experimental setup does not allow for measuring the local current density in 
cells located in the middle of the stack, the current density pattern registered in the 
anomalous cell in the 1+1 stack is shown to illustrate the diminishment in the coupling 
amplitude to a non-immediate adjacent cell. 
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Figure X.3. 1+2-cell stack. a) Changes in cell voltage of the anomalous cell 1 and coupling cells 2 and 
3, respectively; plotted as a function of the air stoichiometry in the anomalous cell 1; b) changes in 
local current density in the anomalous cell 1 and coupling cells 2 and 3; plotted as a function of the 
normalized air channel length Lnorm for an air stoichiometry λair = 1.2 in the anomalous cell 1 (data 
for the coupling cell 2 were obtained in a 1+1-cell stack). 

 
The coupling factors Cf of cell voltage and local current density changes induced by the 
anomalous cell 1 onto the coupling cells 2 and 3 as a function of the air stoichiometry are 
shown in Figure X.4a and Figure X.4b. The data is shown for air stoichiometries ≤  2.0. 
For cell 2 in Figure X.4b, the values obtained from the measurements in the 1+1-cell 
stack are shown. 

Figure X.4. Coupling factors Cf as function of the air stoichiometry in the anomalous cell 1: a) for 
changes in cell voltage in the coupling cells 2 and 3; b) for changes in local current density in the 
coupling cells 2 and 3. Calculated with reference to the corresponding changes in the anomalous 
cell 1. 

 
The changes in local current density originating in the anomalous cell propagate to an 
immediate adjacent cell by a coupling factor Cf = 0.64 +/-0.02 and to a second cell by a 
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Cf = 0.40 +/- 0.04. As for the changes in cell voltage, an immediate adjacent cell couples 
to the changes in the anomalous cell with a Cf = 0.59 +/-0.04, while the coupling factor 
for the voltage changes in the second cell are in the order Cf = 0.32 +/-0.05. From these 
values a quadratic relation in the attenuation of changes in local current density passed 
from cell to cell becomes apparent for the investigated bipolar plate properties. Therefore, 
the performance of cells located in fourth position adjacent to an anomalous cell is not 
expected to be affected significantly, since the coupled changes in local current density 
would be in the order of a few per cent only. From the relation in the propagation of 
voltage changes, it can also be calculated that a fourth cell adjacent to an anomalous cell 
will show practically no changes in cell voltage. As outlined in the previous chapter, the 
extent of coupling is dictated by the bipolar thickness and in-plane conductivity. 
 
In order to reduce coupling effects, thicker plates of the same material could be 
employed. This of course is unwanted because it would increase stack weight and 
volume. Alternatively, the in-plane conductivity of the plate material needs to be 
increased to reduce coupling effects. This reasoning shows that not only the bipolar plate 
through-plane conductivity is of high importance, but also its in-plane conductivity for 
optimization of performance and reliability of a PEFC stack. 
 
 

3.4 Case 3 - Emulation of Thermal Losses -  

A commonly encountered phenomenon in fuel cell stacks is that the performance of 
cells located in the periphery of the stack (i.e. first or last cell) may differ from the 
average performance of the rest of the cells. These cells can experience increased thermal 
losses because of their peripheral location in the stack which makes them more 
susceptible to temperature variations which could affect their performance in relation to 
other cells in the stack.  
 
To investigate the propagation of performance changes originating from a thermally 
anomalous cell to an immediate adjacent cell, experiments with a 1+1-cell stack were 
carried out. To emulate increased thermal losses in a peripheral cell, the inlet temperature 
of the coolant liquid in cell 1 (anomalous cell) was gradually decreased, while keeping 
the inlet coolant temperature of the adjacent cell 2 (coupling cell) constant. Table X.3 
gives the temperature of the coolant in both cells, measured at the inlet and outlets of 
each cell. Such big differences in working temperature between the peripheral cells and 
the set temperature for the stack are not likely to be encountered in reality, but were 
chosen in order to maximize the observable effects.  
 
With the experimental setup used for the presented case, thermal losses in cell 1 can be 
emulated as originating from the periphery of the stack because the coolant temperature 
in the external side of cell 1 can be controlled independently (see Section V). To account 
for possible thermal losses in cell 2 (in the 1+1-cell stack both cells are obviously 
peripheral cells) an external heating device, set to the temperature of cell 2, was placed 
on the supporting metallic endplate, to simulate for the presence of a continuing stack 

 182



Section X  Inhomogeneities at Stack Level 

behind cell 2. Heat transport from cell 2 to cell 1 through the bipolar plate causes an 
increase in coolant temperature in cell 1. However, the temperature of cell 2 remains 
practically constant as it can clearly be seen from its inlet and outlet coolant temperatures 
(see Table X.3) because additional heat is fed in by the external heating  
 
Table X.3. Inlet and outlet coolant temperature from the cells 1 and 2 in the 1+1-cell stack for case 3. 

Location of coolant 
temperature measurement 

Cell 1 
Coolant temperature / °C 

Cell 2 
Coolant temperature / °C 

Inlet 
Outlet 

71 
71 

72 
72 

Inlet 
Outlet 

61 
67 

72 
72 

Inlet 
Outlet 

51 
64 

72 
71 

Inlet 
Outlet 

41 
60 

72 
71 

Inlet 
Outlet 

30 
56 

72 
70 

 
 
As it can be seen in Figure X.5a, the anomalous cell experiences evident performance 
changes depending on its working temperature. Conversely, and very surprisingly indeed, 
the performance of the adjacent cell is not affected at all by the anomaly in the working 
temperature of the anomalous cell. Obviously, the question arises as to how this can be 
possible, considering the substantial changes in cell voltage observed in the anomalous 
cell.  
 

Figure X.5. 1+1-cell stack. a) Changes in cell voltage in the anomalous cell 1 and coupling cell 2; 
plotted as a function of the coolant inlet temperature Tinlet of the anomalous cell 1; b) changes in local 
current density in the anomalous cell 1 and coupling cell 2; plotted as a function of the normalized 
air channel length Lnorm for an inlet coolant temperature Tinlet = 30°C in the anomalous cell 1. 

 

 183



Section X  Inhomogeneities at Stack Level 

Figure X.5b gives an explanation to this question. It can be seen that, even for the lowest 
experimentally realized operating temperature in the anomalous cell (inlet and outlet 
coolant temperatures of 30°C and 56°C respectively, see Table X.3), changes in local 
current density in the anomalous cell are relatively small (< 25mA cm-2); consequently, 
induced changes in local current density in the adjacent cell are minor. Variations in local 
current density registered in the anomalous cell depend upon location of the segments 
with respect to the coolant in- and outlets. The reactant gases were fed fully humidified in 
order not to induce humidification related changes of the membrane resistance and 
therefore to exclude any influence on the local current density. In the case of low 
humidification of the reactant gases, changes in cell temperature will affect the local 
water content of the membrane (i.e. its conductivity) and as a consequence bigger 
changes in local current distribution will evolve, which can propagate to adjacent cells. 
 
The drastic voltage changes in the anomalous cell are due to changes in the activation 
overpotential and membrane conductivity. Since the temperature of the adjacent cell is 
kept constant (see Table X.3) and the electronic coupling of the cells is minimal, as a 
result, the voltage of the adjacent cell remains practically unchanged. Finally, attention 
has to be drawn to the fact that, without measurement of local current density in both 
cells, an explanation for this phenomenon would not be that straightforward. 
 
The findings of the above experiment with a 1+1-cell stack were confirmed in an 
experiment carried out with a 3-cell stack (1+2) emulating thermal losses in cell 1. As 
expected, also in this experiment no propagation of performance changes due to a thermal 
anomaly in cell 1 to the adjacent cells was observed.  
 

4 Conclusions 

In a fuel cell stack, individual cells may show an anomalous behaviour with reference 
to their stand-alone performance because of differences in the operating conditions at 
single cell level: These differences can arise due to variations in manufacturing 
tolerances, differences in reactant flow and temperature as well as location in the stack.  
 
In this work, the use of a technical cell in combination with the measurement method 
opened the exciting possibility to perform studies of local current density on the coupling 
behaviour of individual cells in a stack. 
 
Two types of anomalies, as encountered in real applications have been studied. For the 
selective emulation of anomalies, 2- and 3-cell modified stacks were used. The 
modifications consisted in the implementation of a separate independent media supply, 
dividing the cells in the stack in two groups. 
 
An air starvation anomaly and a thermal anomaly at single cell level in the stack were 
emulated by independently changing the operating conditions of one cell in the stack. The 
effects of these anomalies on the anomalous cell and on the adjacent cells were monitored 
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recording cell voltage and measuring current density distributions of peripheral cells in 
the stack.  
 
Through inclusion of local current density measurements the nature of the coupling 
between adjacent cells was found. The coupling has an electronic character and takes 
place via the common bipolar plate. Performance changes originating from anomalies 
inducing considerable variations in local current density, such as air starvation, can 
therefore propagate even to non-immediate adjacent cells through the stack. In the 
performed experiments a quadratic relation in the attenuation of the changes in local 
current density passed from cell to cell has been observed. Hence, a complete 
homogenization of the local current changes originated in an anomalous cell does not 
take place in the common bipolar plate via in-plane currents due to its finite conductivity 
and thickness. As a consequence, a local current density profile is impressed onto the 
coupling cells, which would not arise from their distribution of overpotentials under their 
individual working conditions. Consequently, the current takes a path through the 
electrochemical part of the cell which is non-optimal from the resistances point of view, 
leading to an increase in the sum of overpotentials and ultimately a decrease in cell 
voltage. 
 
Introduction of a thermal anomaly in a single cell showed drastic changes in cell 
performance. Surprisingly at first, the adjacent cells did not show a coupling behaviour. 
Nevertheless, through measurements of the current density distribution the reason for the 
absence of a coupled behaviour was found. Since the thermal anomaly, under the studied 
operating conditions did no influence current density distribution considerably, a 
complete rearrangement of the slightly non-uniform feed of electrons into the common 
bipolar plate occurred. Therefore, the current density pattern in the adjacent cell was not 
substantially disturbed, leaving its individual performance unchanged.  
Consequently, anomalies which do not induce considerable changes in local current 
density in an anomalous cell do not propagate throughout the stack. 
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Section XI 
 

Synopsis & Future Work 
 

1 Conclusions 

 
Locally Resolved Current Density Measurements 
 
Due to the nature of the operating principle of PEFCs as flow-through reactors, during 
operation a significant non-uniform distribution of local operating conditions along the 
reactant distribution channels can evolve.  
 
When, as it is commonly performed, integral polarization curves are made for 
characterization of cell performance, no local information is available and the 
interpretation of performance changes is difficult if not impossible.  
 
Therefore, in order to obtain in-situ information on the local performance of the cell, 
locally resolved current density measurements were carried out. Through these 
investigations, information on the influence of overall operating conditions on the local 
state of operation of the cell could be obtained, including reactant and impurities 
distribution effects and local hydration state of the polymer electrolyte.  
 
 
Hardware 
 
A full scale operational cell has been modified to serve as an investigation tool to 
perform studies of fundamental and technical relevance.  
 
In order to minimize the influence of the measuring device, the semi-segmented plate 
principle was chosen. This method allowed conserving the advantages of unmodified 
electrochemical components and flow field plates in combination with a least invasive 
measurement system.  
 
The use of a technical cell in combination with the chosen measurement method opened 
the exciting possibility to include local current density measurements in individual cells 
in a stack. 
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Cathode Induced Inhomogeneities 
 
In a complete fuel cells system, in order to minimize the parasitic power consumption of 
the air compressor, low air stoichiometries are highly desirable. For this reason, the 
effects of decreasing air stoichiometry on integral and local cell performance were 
investigated. The results showed an increase in current density inhomogeneity with 
increasing mass transport overpotential as the air stoichiometry is reduced. As a 
consequence, parts of the cell with current densities above average carry higher thermal 
loads, resulting in predisposed regions for accelerated degradation.  
 
High air stoichiometries are no satisfactory solution to homogenize the current density 
distribution; therefore, an alternative approach with redistribution of the cathode catalyst 
was developed. Special care was devoted in maintaining the average catalyst loading and 
electrochemical active area constant to compare performance changes. A wide parameter 
space with respect to catalyst gradients, current densities and air stoichiometries was 
experimentally investigated. 
 
Homogenization of the current density for air stoichiometries below 2.0 was 
demonstrated with along-the-channel increasing catalyst loadings. The gradient of the 
catalyst loading determined the air stoichiometry range for homogenization of the current 
density distribution. For relatively lower air stoichiometries steeper profiles showed best 
results, while smoother profiles are better suited for higher air stoichiometries. Previously 
reported performance improvements in terms of power output obtained with catalyst 
redistribution could not be confirmed. However, it seems possible that the reported 
improvements were due to other factors such as differences in the properties of the 
catalyst layer.  
 
The experimental results on current density distribution and cell performance were 
further corroborated by modelling calculations.  
 
 
Membrane Induced Inhomogeneities 
 
The effects of local ohmic resistance in the electrolyte on current density inhomogeneities 
were investigated varying membrane thickness and humidification level of the reactants. 
 
The investigations carried out with fully humidified reactants and different membrane 
thicknesses showed that the current density distribution depends mainly upon the relative 
contribution of the membrane resistance to the sum of local resistances, since changes in 
mass transport resistance due to oxygen losses through permeation and catalytic 
combustion of permeated hydrogen are minimal. 
 
Humidification of the reactants is however also a burden for the fuel cell system. For this 
reason, changes in cell performance when operated with dry reactants were analyzed.  
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At high dry air stoichiometries, the current density distribution is dominated by changes 
in the ohmic resistance of the membrane. The upstream regions of the cell show 
performance decrease due to dehydration of the membrane as dry air enters the cell, 
while the downstream regions show an increased performance.  
 
At low air stoichiometries, oxygen mass transport dominates the current density 
distribution, as in the case of full humidification of the reactant streams.  
 
 
Internal Humidification Concept 
 
Considering the findings in Section VII and taking into account that humidification of the 
reactant streams is a heavy burden for the fuel cell system, a new concept for the internal 
humidification of the process air was presented. The concept comprises the use of 
conventional commercially available electrochemical components and direct utilization 
of water produced at the cathode during operation. Fresh process air is humidified in each 
cell by exchange of product water with exit air over a section of the membrane.  
 
Modelling calculations to determine the optimum size of the humidification section were 
carried out in order to have a minimum impact on weight, volume and cost of the stack.  
 
The performances of cells using this internal humidification concept still showed a 
dependency on the operating conditions due to the passive nature of the humidifier. Cell 
temperature and air stoichiometry have a direct influence on the dew point of the 
internally humidified air and, consequently on the performance of the cell.  
 
The concept was tested and characterized in the laboratory in short stacks and in the field 
with a 42-cell stack with a nominal power of 1.3 kW. The stack was integrated in a 1kW 
net power portable system, the PowerPac. With this concept, less than 4 percent power 
losses at nominal load as compared to external humidification of the process air were 
achieved.  
 
 
Anode Induced Inhomogeneities 
 
Transient and steady state effects of CO in the anode stream where investigated 
monitoring local current density decay and analyzing the time dependent mass balance of 
CO/CO2 in the exhaust fuel with mass spectrometry. CO concentrations of 10, 50 and 
100 ppm were investigated.  
 
Through locally resolved current density measurements, the transient CO poisoning of 
the catalyst was found to proceed non-uniformly along the channel. CO poisoning occurs 
preferentially in the upstream regions of the fuel channel. Consequently, the onset for CO 
electrooxidation is reached first in the regions close to the fuel inlet. As a consequence, 
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CO concentration in the fuel is diminished along the channel. The downstream regions 
are therefore exposed to lower CO concentrations.  
 
This process is enhanced by an internal air bleeding process with permeated oxygen from 
the cathode to the anode. This mechanism could be confirmed analyzing the time 
dependent mass balance of CO/CO2 in the exhaust fuel: CO2 was detected in the exhaust 
fuel before local onset for CO electrooxidation in the preferentially poisoned upstream 
region was attained. 
 
The additional influence of oxygen permeation on CO tolerance was investigated varying 
membrane thickness. The results showed that CO tolerance of the cell depends upon 
initial CO concentration and membrane thickness.  
 
For the cases of 100 and 50 ppm CO either no or only small influence of membrane 
thickness on CO tolerance was observed. Conversely, for the case of 10 ppm CO a strong 
dependence on membrane thickness was observed. Power losses at a cell current density 
of 390 mA cm-2 decreased from 60 % obtained with Nafion® 117, to 15 % with 
Nafion® 112 and to only 7 % with Nafion® 111. 
 
 
Inhomogeneities at Stack Level 
 
The use of a technical cell in combination with the measurement method opened the 
possibility to perform studies on the coupling behaviour of individual cells in a stack. For 
selective introduction of anomalies in the operating conditions of an individual cell, 2- 
and 3-cell stacks were modified separating the cells in two groups, each one having an 
independent media and coolant supply. Two anomalies as encountered in “real” stacks 
were emulated: i) air starvation at single cell level and ii) thermal anomaly, as 
encountered in peripheral cells in a stack. The results showed that performance changes 
originating from anomalies inducing considerable variations in local current density can 
propagate throughout the stack even to non-immediate adjacent cells. The coupling has 
an electronic nature and takes place via the common bipolar plate. As a consequence, a 
local current density profile is impressed onto the adjacent cells which would not arise 
from their individual distribution of overpotentials. Consequently, the current takes a path 
through the electrochemical parts of the cell which is non-optimal from the resistances 
point of view. This leads to an increase in the sum of overpotentials and ultimately to a 
coupled decrease in cell voltage.  
 
Consequently, anomalies which do not induce considerable changes in local current 
density are confined to the anomalous cell.  
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2 Recommendations for Future Work 

2.1 Electrochemical Components 

 
General considerations 
 
The existence of gradients in the PEFC calls for optimized components with matched 
properties for the local conditions. In this context, the following suggestions are given for 
future investigations.  
 
Tailored Water Management 
 
The local dehydration effects of the polymer membrane caused by the flow of dry 
reactants could be minimized by tailoring water management in the cell. To achieve this, 
the hydrophobicity and/or porosity of the backing layer could locally be adapted in order 
to decrease the permeation of product water.  
 
Another possible approach to tailor water management is through the design of flow field 
patterns, layout of reactants and coolant ducting. The effects of co- and counter-flow in 
combination with thermal gradients along the channel on the local water management in 
the cell are certainly an interesting research field of high potential.  
 
Tailored Anodes 
 
This work showed clearly that local CO poisoning of the anode is not uniform along the 
channel. Therefore, an analogous approach to the tailored cathodes seems feasible. The 
parameter to match to the local CO poisoning degree in this case is the composition of the 
catalyst. In the regions where CO is preferentially adsorbed, a Pt/Ru catalyst would be 
better suited in order to minimize local Poisoning, while in the less CO poisoned regions 
a Pt catalyst can be used. Through the utilization of a Pt/Ru catalyst in the upstream 
regions, the onset for electrochemical CO oxidation will be reached at lower anodic 
overpotentials, diminishing CO concentration along the channel more effectively. This, in 
combination with the use of thin membranes could enhance CO tolerance of PEFCs.  
 
Tailored Cathodes 
 
In Section VI a concept for homogenization of the current density distribution was 
presented. Through catalyst redistribution a homogenization of the current density 
distribution and therefore of the thermal load over the active is obtained. 
 
However, locally reducing catalyst loading in order to reduce current generation implies 
that for the same local current generation, higher specific current densities per gram 
catalyst result. 
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Hence, this question arises: Which is the limiting degradation factor? 
 
Is it degradation of:  
 

1) the membrane due to higher thermal loads? 
2) the catalyst due to higher specific current densities? 
3) or can it also be the GDL?  

 
Therefore, the implications of homogenizing the current density by catalyst redistribution 
on the time of life of the cell is surely a field which needs further attention.  
 

2.2 Diagnostic Method 

The use of a technical cell with a meander type flow field design bore big 
difficulties in terms of implementation of the measuring technique and in the accuracy 
and resolution of the measuring method. Also local inclusion of other characterization 
methods proved to be technically too difficult due to spatial and mechanical stability 
issues.  
 
In order to improve the accuracy, spatial and parameter resolution, the construction of a 
“model cell” with simplified flow fields and a high edge to area ratio is suggested. Such a 
cell should fulfil the following criteria:  
 
Accuracy 
 
The accuracy of the method can be increased by minimizing lateral currents between 
adjacent segments. This is of high importance due to the non-segmentation of the flow 
field plate. This can be achieved by further decreasing the resistance of the connections 
from the common node to the individual segments. Furthermore, adjacent segments with 
considerable different positions along the channel need to be avoided. 
 
Spatial resolution 
 
The spatial resolution can be increased by increasing the number of segments along the 
channel. In a technical cell, increasing the number of segments is difficult due to spatial 
and mechanical stability issues.  
 
Parameter resolution 
 
Implementation of different methods for locally resolved measurements of multiple 
parameters such as current density, gas composition, thermal gradients and water 
distribution. This would greatly help the correlation of experimental results with 
modelling efforts.  
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Furthermore, inclusion of multiple in situ investigation methods would open the exciting 
possibility to locally analyze degradation phenomena and correlating the findings with 
local and finally overall operating conditions.  
 
Stack compatibility 
 
This work showed that individual cells in a stack can influence the performance of other 
cells in a stack. Therefore, in order to further exploit the potential of locally resolved 
investigations at stack level, compatibility of the “model cell” with a stack is highly 
desirable. 
 
The above given criteria can best be met by constructing a cell with a high edge to area 
ratio. Such a cell would allow easy access and implementation of the necessary 
instrumentation to gather information on multiple parameters. 
 

2.3 Profitability & Applicability 

Finding the optimum layout of components and operating conditions for the PEFC 
is one of the research tasks at a fundamental level. However, “real world application” of 
these findings is not always feasible. A clear example is the stoichiometry and 
humidification level of the reactants, which are limited by efficiency issues of the 
complete fuel cell system.  
 
Another example is the use and manufacture of tailored electrochemical components. It 
would be of interest to know if the advantages gained by optimizing electrochemical 
components and operating conditions are superior to the costs of their manufacture and 
applicability. Also of interest would be to know if the optimizations are beyond the 
requirements for real applications. 
 
Hence, the suggestion is given to perform profitability studies in parallel to fundamental 
studies in order to keep in mind how fundamental research is linked to the final 
applications. Especially today as PEFC technology is at the doors of commercialization. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 195



Section XI  Synopsis & Future Work 

 

 196



Appendix   

 

Appendix 
 
[1-4] 
 
 

List of Peer-Reviewed Publications 
 
 
 
[1] M. Santis, S. A. Freunberger, M. Papra, A. Wokaun, F. N. Büchi, "Experimental 

investigation of coupling phenomena in polymer electrolyte fuel cell stacks", J. 
Power Sources, 161, 2006, 1076-1083. 

[2] M. Santis, S. A. Freunberger, A. Reiner, F. N. Büchi, "Homogenization of the 
current density in polymer electrolyte fuel cells by in-plane cathode catalyst 
gradients", Electrochim. Acta, 51, 2006, 5383-5393. 

[3] M. Santis, D. Schmid, M. Ruge, S. Freunberger, F. N. Büchi, "Modular Stack-
Internal Air Humidification Concept-Verification in a 1 kW Stack", Fuel Cells, 4, 
2004, 214-218. 

[4] S. A. Freunberger, M. Santis, I. A. Schneider, A. Wokaun, F. N. Büchi, "In-Plane 
Effects in Large-Scale PEFCs", J. Electrochem. Soc., 153, 2006, A396-A405. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 197



Appendix   

 
 
 

Curriculum Vitae 
 
Personal 

 

Date of Birth:   February, 12, 1974 

Place of Birth:   Guatemala City, Guatemala 

Marital Status:   Single 

Nationality:   Guatemala 

 

 

Education 

 

1978-1992   Austrian School in Guatemala, Guatemala 

10/1992   Matura 

1994-2001   Student of Industrial Chemistry, Faculty of Chemistry,  

    Chemical-and Process Engineering, Biotechnology,  

    Graz University of Technology, Graz, Austria 

06/1999-10/2000  Diploma thesis with Prof. Dr. J. O . Besenhard, Head of  

    Institute for Chemical Technology of Inorganic Materials 

06/2001   Diploma in Industrial Chemistry 

2002-2006 PhD thesis with Prof. Dr. A. Wokaun, Head of Research 

Department General Energy, Paul Scherrer Institut, 

Villigen, Switzerland 

 

 198


