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Summary 
 

This piece of work is concerned with the characterization, development, and 

optimization of the liquid-feed direct methanol fuel cell (DMFC), which is based on the 

concept of the polymer electrolyte fuel cell (PEFC). The central themes throughout the 

thesis are the terms “methanol crossover” and “mass transport”. Thus, this work deals 

with the implications of the operating conditions on the DMFC efficiency; the potential 

of radiation-grafted membranes to reduce the methanol crossover were explored and 

experimental methods to study in situ mass-transport limitations in PEFC’s were 

developed. 

 

A major part of the thesis is devoted to characterize various radiation-grafted 

membranes based on FEP (fluorinated ethylene propylene copolymer) films under 

DMFC operating conditions. The implications of different membrane properties such as 

thickness, degree of grafting (DG), and degree of cross-linking (DC) on the DMFC 

performance were investigated. An emphasis was put in this connection on the methanol 

permeability across the membranes. It was found that the methanol crossover and the 

membrane’s conductivity scaled with the DG for constant thickness and constant DC. 

While the influence of the DC on the methanol crossover was only small, the methanol 

permeability across the membrane could be significantly reduced by increasing the 

thickness of the membrane.  

 

The operating conditions of the cell strongly influence the polarization characteristics 

and the methanol crossover across standard membranes (Nafion 117) as well as across 

radiation-grafted membranes. Both are predominantly controlled by the cell temperature 

and the anodic methanol concentration. The power performance of MEA’s based on 

radiation-grafted membranes was as good as those made with Nafion 117 membranes. 

However, lower methanol crossover could be achieved with thick radiation-grafted 

membranes under identical operating conditions. Finally, a long-term durability test of 

600 hours was carried out at high temperature with a MEA, which was based on a 

radiaton-grafted membrane. A fairly stable cell performance with only slight 

degradation over time could be demonstrated. 



 

The methodical aspects of characterizing PEFC’s are adressed in a separate chapter. 

Two novel in situ methods were developed that give further insights in the processes 

involved in operating PEFC’s. One method allows to visualize the gas-liquid 

distribution within the flow field during operation of the cell, whereas the second 

method gives in situ information about the local current distribution. Finally, the 

combination of both methods allowed to obtain simultaneously information about the 

state of the flow field and the current distribution. With the aid of these methods, the 

effects of the operating conditions on the two-phase and current distributions of 

DMFC’s were investigated. The occurance of gas-liquid distributions could be shown 

for both sides of a DMFC, i.e., in the anodic and the cathodic flow channels. 

Furthermore, the current distribution of a DMFC was found to be highly sensitiv to the 

oxygen concentration.  



 

Zusammenfassung 
 

Die vorliegende Arbeit beinhaltet die Charakterisierung, Entwicklung und Optimierung 

der flüssig gespiesenen, auf der Polymerelektrolyt Brennstoffzellentechnologie 

basierenden Direktmethanol-Brennstoffzelle (DMBZ). Als thematischer „rote Faden“ 

leiten die Schlagworte „Methanoldurchtritt“ und „Massentransport“ durch die Arbeit. 

Im Rahmen dieser Themenblöcke wurden die Auswirkungen der Betriebsbedingungen 

einer DMBZ auf ihre Effizienz hin untersucht, das Potential strahlengepfropfter 

Membranen den Methanoldurchtritt zu vermindern ausgelotet und neuartige in situ 

Messmethoden für die Charakterisierung von Massentransporten in Polymerelektrolyt-

Brennstoffzellen entwickelt.  

 

Ein wesentlicher Teil der Arbeit behandelt die Charakterisierung strahlengepropfter, auf 

FEP (Tetrafluorethylen-Hexafluorpropylen-Copolymerisat) basierenden Membranen 

unter DMBZ-Bedingungen. Der Einfluß verschiedener Membranparameter wie Dicke, 

Propf- und Vernetzungsgrad wurde hinsichtlich des Leistungsverhalten einer DMBZ 

untersucht. Zusätzlich wurde besondere Aufmerksamkeit der Methanolpermeabilität der 

Membranen gewidmet. Eine generelle Zunahme des Methanoldurchtritts sowie der 

Protonenleitfähigkeit der Membranen wurde mit steigendem Propfgrad bei ansonsten 

„konstanten“ Membranparametern (Dicke und Vernetzungsgrad) festgestellt. Hingegen 

zeigte die Variation des Vernetzungsgrads einer Membrane nur geringe Auswirkungen 

auf den Methanoldurchtritt. Eine deutliche Reduktion des Methanoldurchtritts konnte 

allerdings durch dickere Membranen erreicht werden.  

 

Die Strom-Spannungs Charakteristik einer DMBZ sowie auf die Methanolpermeabilität 

der Membrane hängen zudem stark von den Betriebsbedingungen ab. Die 

Betriebstemperatur und die anodische Methanolkonzentration stellen dabei die größten 

Einflußgrößen dar. Das Leistungsverhalten von Membran-Elektrodenheiten basierend 

auf strahlengepfropften Membranen waren weitestgehend identisch zu solchen, die auf 

Nafion 117 Membranen basierten. Mit strahlengepfropften, dicken Membranen konnte 

jedoch ein deutlich niedriger Methanoldurchtritt und damit geringerer Methanolverlust 

bei gleichen Betriebsbedingungen erreicht werden. In einem 600 Stunden umfassenden 



 

Langzeittest einer strahlengepfropften Membrane konnte eine nur geringer Degradation 

unterworfene Zellenleistung demonstriert werden. 

 

Die methodischen Aspekte der Charakterisierung von Polymerelektrolyt-

Brennstoffzellen werden in einem separaten Kapitel behandelt. Zwei neuartige in situ 

Messmethoden wurden entwickelt, die es erlauben zusätzliche Einblicke in die Prozesse 

der Polymerelektrolyt-Brennstoffzelle zu erlangen. Mit der einen Meßmethode ist es 

nun möglich die Zweiphasen Verteilung (Gas – Flüssigkeit) im Flussfeld einer im 

Betrieb befindlichen Brennstoffzelle zu visualisieren, mit der anderen in situ 

Meßmethode kann die örtliche Stromverteilung erfasst werden. Die Kombination dieser 

beiden Methoden erlaubt es nun gleichzeitig eine visuelle Information über den Zustand 

des Flussfeldes und über die örtliche Stromverteilung zu bekommen. Mit Hilfe dieser 

Anordnung wurde der Einfluß der Betriebsbedingungen auf die 

Gas-Flüssigkeitsverteilung im Flußfeld einer DMBZ und deren Rückkopplung auf die 

Stromverteilung der Zelle hin untersucht. Dabei konnte unter anderem festgestellt 

werden, daß eine Zweiphasenströmung sowohl im anodischen, wie auch im 

kathodischen Strömungsverteiler auftritt. Zudem wurde eine hohe Sensitivität der 

Stromverteilung hinsichtlich der lokalen Sauerstoffkonzentration festgestellt. 
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Chapter I 2 Characterization and Development of the DMFC 

1 The Incentives for Fuel Cell Development 

Global background 

Over the last 30 years, the world population has grown by about one billion people 

every 12 to 14 years. By 2012 a world population of approximately seven billion is 

projected, i.e., in less than half a century mankind will have doubled [1]. Interlinked 

with it is the rapid growth of the world energy consumption as illustrated in Figure 1. In 

2000, the total amount of primary energy consumed by about 6 billion people was 

approximately 416 EJ [2]. However,  is somehow misleading as about two 

thirds of the total world primary energy is consumed by only about one third of the 

world population [3]. If the economies of countries at the economic take-off, such as 

China, meet the aspiration of similar standards of living as in the industrialized nations 

the world energy demand will increase even faster.  

Figure 1

Figure 1: Global consequences of the growing world population [2]. 

 

Unfortunately, the production of energy is, up to the present day, strongly linked to the 

emissions of greenhouse gases (GHG), which is primarily carbon dioxide (CO2). The 

emissions of CO2 from fossil fuel combustion, which accounts for the majority of the 

anthropogenic CO2 emissions, increased between the years 1971 to 1999 by over 50% 

from approximately 14.3 Gt CO2 in 1971 [4] to about 23.2 Gt CO2 in 1999 [5]. 

Therefore, the increase of the carbon dioxide concentration in the atmosphere over the 

past 300 years (see Figure 1) can mainly be related to anthropogenic CO2 emissions [3].  
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Because of our limited resources of fossil fuels, which will be depleted in the range of a 

hundred or a few hundred years [3], the concerns for global warming, and, more 

affecting the individual person, local environmental pollution, such as ozone, have lead 

to turn the sustainable development into an integral aspect of energy-related issues. In 

1987 the Brundtland Report [6], also known as Our Common Future, provided a key 

statement on sustainable development, defining it as “development that meets the needs 

of the present without compromising the ability of future generations to meet their own 

needs”. Finally, under the Kyoto Protocol [7], the European Union (EU), besides other 

nations, committed to reduce its GHG emissions by 8% from 1990 levels by the years 

2008 to 2012. Most of the other industrialized nations of the world made similar 

commitments, although the exact percentage of reduction varies from country to 

country. 

 

Strategies to reduce energy & GHG emissions 

In general, GHG emissions can be reduced by three different strategies, including 

(i) reducing the energy consumption, 

(ii) rising the efficiency of energy use, and 

(iii) on the long term, replacing fossil fuels with renewable energy sources. 

Besides the improvement of conventional technologies, e.g., of heat turbines, new 

processes are sought which allow to convert the chemical energy of a fuel clean and 

highly efficiently into electricity.  

 

For a long-term reduction of the GHG emissions, however, parts of the primary energy 

which are based on fossil fuels have to be replaced by renewable energy sources. 

However, the share in the global total primary energy supply (TPES) of the “new 

renewable” energy sources that include geothermal, wind, solar, etc. was only about 

0.5% in 1999. In addition, the hydropower accounted for about 2.3% and the 

“conventional renewables”, which include combustible renewables and waste, had a 

share of approximately 11.1% in the world TPES [5]. Therefore, the introduction of 

considerable amounts of “new renewables” into the energy portfolio will probably only 

be possible on the long-term, as illustrated in . The predictions given by the 

International Energy Agency for the year 2020 [5] forecasts even a decreasing share of 

Figure 2
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renewable energy resources, which include the “conventional” plus the “new” 

renewables, to in total about 10% of the world TPES. This decreasing share of 

renewables in the world TPES is caused by the expected rapid growth of the world 

energy consumption. 
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Figure 2: Replacing fossil fuels by renewables. The transfer from fossil fuels to 
renewable energy sources can only be on the basis of a smooth transition. 

 

Fuel cells for transportation & stationary applications 

Employing a significant amount of “new renewable” energy to the electrical grid 

requires storage systems to compensate for seasonal, monthly, or even daily fluctuations 

of the energy supply of “new renewable” energy sources, such as wind or solar energy. 

Moreover, energy reserves must be maintained to ensure that load can be met in case of 

an unexpected failure of a plant or the load changes in ways not estimated. In general, 

electricity can be converted into some other form in which it can be stored such as: 

• Potential energy, e.g., pumped hydroelectric systems. 

• Kinetic energy, e.g., spinning flywheels. 

• Thermal Energy, e.g., hot fluids. 

• Chemical Energy, e.g., batteries, production of hydrogen by hydrolysis. 

Nevertheless, these storage systems have to be highly efficient to preserve the 

advantages of renewable energy sources. 

 

The fuel cell technology may have the potential to provide highly efficient and clean 

energy converters for stationary [8] as well as for mobile applications [9, 10]. Therefore, 
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fuel cells are on the one hand a technology that has the potential to improve the 

efficiency of energy use. On the other hand, fuel cells provide systems that allows to 

supply electricity efficiently on demand because they could be operated decentralized 

and can follow fast load changes [11]. The latter may help to introduce a bigger share of 

“new renewables” in the electrical grid. 

 

In most industrialized nations, a major source of CO2 emissions comes from the 

transportation sector, which, for instance, accounted for 26% of the total CO2 emissions 

in the EU-15 countries in the mid-1990s (17% in the early 1980s) [12]. Furthermore, 

transport is the second-fastest growing area of fuel emissions (electricity and heat is the 

largest-emitting sector) on a global level [4] and thus its impact on the total emissions 

will increase further in future.  

 

Electric vehicles with fuel cells as electric power sources may help to abate the adverse 

effects of the consistently-growing demand for the service of mobility because of their 

inherent low emissions (at least locally) of the electrochemical conversion process and 

the potential for high efficiencies of fuel cell systems [13]. 
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2 Introduction to Fuel Cells 

The principle of fuel cells 

Fuel cells are highly efficient, electrochemical converters that transfer the chemical 

energy of a fuel together with oxygen directly into electricity and heat. The appealing 

simplicity of the fuel cell, which excludes any further conversion steps of energy, is 

illustrated in Figure 3 together with the conventional electricity production, e.g., of gas 

turbines. 

 

Mechanical
Energy

Chemical
Energy

Heat

Electricity
+ Heat

Thermal Engine (e.g. gas turbine)

Electrochemical Conversion
(fuel cell)  

Figure 3: The principle of fuel cell technology compared to conventional energy 
production. 

 

Fuel cells are similar to batteries because of the electrochemical principle. In contrast to 

batteries, the fuel cell does not store its fuel within the housing but can work 

continuously as long as fuel is supplied, much like a conventional combustion engine. 

Therefore, the fuel cell needs not to be recharged like a battery but the fuel tank has to 

be refueled from time to time, which is considerably faster than recharging a battery. 

One of the main advantages of fuel cells is their potential to produce high quality 

electricity at high electrical efficiencies and low emissions [14]. Furthermore, the 

efficiency of a fuel cell theoretically rises under part load conditions, which is contrary 

to conventional energy production [13]. In addition, fuel cells are not limited by 

Carnot’s theorem and thus efficiencies above 70% could theoretically be achieved. 
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The types of fuel cells 

The different types of fuel cells together with their characteristics are summarized in 

 and classified, most commonly, by the type of electrolyte used in the cells. In 

general, there are five different types of fuel cells, which include the solid oxide fuel 

cell (SOFC), molten carbonate fuel cell (MCFC), phosphoric acid fuel cell (PAFC), 

alkaline fuel cell (AFC), and polymer electrolyte fuel cell (PEFC). A brief description 

of each of these fuel cell types follows in the order of Table 1. Further details on the 

various fuel cells can be found in one of the textbooks on fuel cells, e.g., in references 

[14-16]. 

Table 1

Table 1: The types of fuel cells [16, 17].  

 

Type Operating Temperature Fuel Applications
(Electrolyte) [°C]

Solid Oxide (SOFC) 600 - 1000
Hydrogen

Carbon monoxide
Reformate

Utility

Molten Carbonate (MCFC) 600 - 700 Hydrogen
Reformate Utility

Phosphoric Acid (PAFC) 120 - 250 Hydrogen
Reformate Small utility

Alkaline (AFC) 65 - 220 Hydrogen Aerospace

Polymer Electrolyte (PEFC) < 120
Hydrogen
Reformate
Methanol

Motive
Small Utility

Portable  
 

SOFC: This type of fuel cell has the highest operating temperature among the various 

sorts of fuel cells, which ranges from 600 to 1000°C. The electrolyte consists of a solid, 

nonporous metal oxide, which is usually Y2O3-stabilized ZrO2 and, at these operating 

temperatures, conducting to oxygen ions. Because of the high operating temperature, a 

wide range of carbonaceous fuels can be supplied to SOFC’s and high-grade heat is 

available. Therefore, SOFC’s are mainly considered for stationary applications and to 

be used by utilities. 

 

MCFC: Similar to the SOFC, the MCFC operates at high temperature (600-700°C). 

Consequently, the electrode kinetics are fast and noble metals are not needed. The 
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electrolyte is usually a combination of alkali carbonates, which is immobilized in a 

ceramic matrix of lithium aluminate. The melting point of the electrolyte is at around 

480°C and thus a highly conductive molten salt with carbonate ions as charge carriers is 

formed at operating temperature. High-grade heat is available, which predestines the 

MCFC for stationary applications and for the use by utilities, too. 

 

PAFC: The electrolyte of the PAFC consists of concentrated phosphoric acid, which is 

held typically at an operating temperature of 195°C. This operating temperature allows, 

on the one hand, to compensate for the relatively poor ionic conduction of phosphoric 

acid at low temperature and, on the other hand, to tolerate impurities in the hydrogen 

gas. 

AFC: The AFC features high specific power and energy density when used as 

hydrogen / oxygen fuel cell. In addition, less cost-intensive catalysts such as Ag-based 

catalysts could be used. However, concentrated potassium hydroxide is used as the 

electrolyte, which does not reject CO2. Therefore, the choices on fuels and oxidants are 

limited to those that do not contain CO2 and where CO2 cannot be produced from. 

Therefore, the AFC is usually operated on H2 / O2, which, in principle, restricts its range 

of possible applications to those in the aerospace. 

 

PEFC: The PEFC consists of a proton-conducting membrane, which requires at present 

sorbed water to achieve adequate conductivities. Therefore, the operating temperature is 

usually limited to less than 120°C. Because of the relatively low operating temperature 

noble metal electrocatalysts are required and the CO tolerance of the PEFC is limited to 

the low ppm level (< 100 ppm [18]). The direct methanol fuel cell (DMFC) directly 

converts methanol together with oxygen to electricity. The DMFC is usually based on 

the PEFC, i.e., in principle the cell assembly is the same.  

 

The short introduction into the different fuel cell types above made clear that the 

operating temperature has a major impact on possible applications for a specific type of 

fuel cell. Normally, some start-up time is needed to reach high operating temperatures. 

Consequently, those types of fuel cells requiring a high operating temperature are best 

suited to stationary applications. In contrast, fuel cells with an inherent low operating 

temperature, such as the PEFC, are better for rapid and frequent start-ups and 
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shut-downs and therefore are best suited for mobile / portable applications or for energy 

on-demand systems. Especially the PEFC with its high power density may meet best, 

among all other fuel cell types, the stringent space and weight requirements imposed on 

a fuel cell employed in mobile (cars) or portable (battery-replacement) applications [9, 

10, 19]. In the following, a more detailed description of this type of fuel cell will be 

given. 
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3 The Polymer Electrolyte Fuel Cell 

The “electrochemical heart” of the PEFC is the membrane electrode assembly (MEA) 

consisting of a solid polymer electrolyte (membrane), which is sandwiched between two 

electrodes (Figure 4). The membrane is an electronic insulator with high 

proton-conductivity and serves as barrier for the reactants. Usually, it is based on a 

fluorinated backbone with a thickness between 25 and 200 µm. At present, the proton 

conductivity of the perfluorosulfonated membranes is a function of its water content, 

and thus good hydration of the membrane must be maintained.  

 

The electrodes are made of a porous carbon support (backing) that serves as substrate 

for the electrochemical active layer as illustrated in . Furthermore, the porous 

backing enables the electronic connection between the flow field† and the 

electrochemically active layer and regulates the flow of the reactants to and the removal 

of the products off the electrochemically active layer.  

Figure 4

Figure 4: Schematic drawing of the PEFC. The fuel can be hydrogen, 
hydrogen-rich gas, or methanol, the oxidant is oxygen (in practice derived from air). 
The cathodic reaction product is water only; if methanol is used as fuel, carbon dioxide 
is produced at the anode additionally. 

 

e-
e-

anodic
current collector

cathodic
current collector

porous
backing

porous
backing

electro-active
layer

electro-active
layer

membrane
(electrolyte)  

 

In operation, hydrogen ions and electrons are produced at the anode, as schematically 

shown in Figure 4, by the oxidation of the fuel, which is in the simplest case hydrogen. 
                                                 
† For simplicity, the flow field and the current collector are depicted as a single component in Figure 4. 
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−+ +→ eHH 222      (1) 
 

The protons are transported through the membrane, while the electrons have to flow via 

the external circuitry, where they can deliver power to an external device, to the 

cathode. At the cathode, oxygen is reduced with the electrons and the protons to water.  

 

OHeHO 222
1 22 →++ −+        (2) 

 

The H2-fuelled PEFC 

Using hydrogen as fuel for portable or vehicular applications, the only emission on site 

will be water. In principle, hydrogen would be the ideal fuel for a fuel cell because it 

permits a fast and highly efficient cell reaction and, in addition, the reaction 

mechanisms are, compared to others, relatively well understood. However, there are 

three major drawbacks for hydrogen to use as fuel in the transport or portable sector  

(i) the capacity to produce hydrogen is limited, 

(ii) there is currently no hydrogen infrastructure, and  

(iii) the energy density of hydrogen is low. 

The latter is illustrated in Figure 5, where the volume and weight of various hydrogen 

storage systems are compared for the same energy equivalent with those of diesel fuel, 

gasoline, methanol, and ethanol [20]. The data are normalized to the base case diesel 

fuel, i.e., the values of diesel fuel are equal to 100%.  
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Figure 5: Volumes and weights of different fuels compared with those of hydrogen 
storage systems for the same equivalent energy. The data are normalized to those of 
diesel fuel [20]. 
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Among the three different possibilities to store hydrogen, liquefied, gaseous, or stored 

in metal hydrides, liquid hydrogen may be the only “effective” method of storing 

hydrogen with relatively high specific energy and energy density. However, liquefaction 

consumes about 30% of the energy of hydrogen [13] and the storage of liquid hydrogen 

causes high boil-off losses. Therefore, on board storage of carbonaceous fuels is 

presently favorable, if large ranges or long periods of uninterrupted operation are 

required, e.g., in cars. 

 

The Reformate-fuelled PEFC 

Because the storage of a sufficient amount of hydrogen causes space and weight 

problems, hydrogen could be derived from on board reformation systems using a 

primary carbonaceous fuel, such as, methanol. However, the additional reformer system 

presents problems of space, complexity, dynamics, cost, and overall system efficiency. 

In addition, the fuel cell has to operate on a reformate, which is primarily hydrogen but 

also contains carbon dioxide, nitrogen, and carbon monoxide. As mentioned in the 

section before, the PEFC is extremely sensitive to CO and thus the CO content needs to 

be lowered to 10-100 ppm to avoid serious deterioration of the cell performance [18].  

 

The DMFC 

In contrast to reformate-fuelled fuel cells, a carbonaceous fuel, methanol, is as mixture 

with water directly used as the anodic reactant in the DMFC akin to the H2-fuelled 

PEFC. The advantages of a liquid-feed DMFC are that a humidification system, which 

is required for any vapor-feed PEFC, is not needed and, compared to reformate-fuelled 

PEFC’s, a bulky and heavy reformation system can be avoided. Furthermore, the 

repetitive pitch per cell may be reduced considerably because the aqueous methanol 

solution may serve as coolant [21].  

 

At present, however, the DMFC is still at an ‘infant stage’ [22] and its main 

disadvantages are its high price (because of its multiple noble metal loadings compared 

to the H2-fuelled PEFC) and its relatively poor power density (in the range of 100 to 

200 mW cm-2, see Chapter III, pp. 37). The reasons lay in a number of challenging 

problems.  
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These mainly include 

(i) enhancing the sluggish kinetics of the methanol oxidation, 

(ii) reducing the methanol permeation across the membrane, and 

(iii) improving the mass transport limitations at the anode and cathode. 

 

 



Chapter I 14 Characterization and Development of the DMFC 

4 Structure of the Thesis 

Scope of the thesis 

Although numerous studies have focused on the liquid-feed, high temperature† DMFC, 

as yet, the processes involved in operating DMFC’s remain unclear. Large discrepancies 

are reported in terms of polarization characteristics, the optimum in operating 

conditions, and the degree and the effect of the methanol crossover.  

 

Therefore, this work is devoted to a great deal to characterize the DMFC on a sound 

standing, consistent, experimental basis. The implications of the operating conditions on 

the DMFC performance and efficiency are identified on the basis of this data bank, 

approaches for improving the DMFC characteristics derived, two novel in situ methods 

for the characterization of mass-transfer related phenomena developed, and the potential 

of radiation-grafted membranes to reduce the methanol crossover are explored. In the 

following a short overview on the contents of the thesis is given. 

 

Overview of thesis content 

Chapter II deals with the fundamentals of the DMFC. The thermodynamics and the 

kinetics of DMFC’s that are based on the PEFC concept are presented and the basics of 

the electrochemical components used in DMFC’s are described. 

 

The challenges of realizing DMFC’s will be outlined in Chapter III and the strategies to 

bypass those troubles are expounded on the basis of a review of past and recent work in 

these areas. From these insights, approaches to improve the DMFC are derived. 

 

Detailed experimental information about the effects of operating conditions on the 

polarization characteristics, the methanol crossover, and its consequences on the overall 

cell efficiency of “state of the art” DMFC’s is provided in Chapter IV. Furthermore, the 

potential of radiation-grafted membranes to improve the DMFC polarization 

characteristics and to lower the methanol crossover will be discussed in detail. 

 

                                                 
† High temperature means close to or above 100°C. 

 



Chapter I  15 Why Go Fuel Cell? 

The subsequent chapter, Chapter V, is devoted to methodical aspects of characterizing 

PEFC’s. In the first part, a new type of method for the characterization of PEFC’s will 

be introduced, which allows to visualize in situ the gas-liquid distribution within the 

flow field. This section is identical in part to a scientific article that is submitted to the 

journal Fuel Cells, Wiley-VCH, Weinheim (Germany) for publication. In the following 

section, a second novel in situ method is illustrated, which allows to measure the current 

distribution over the active area of a PEFC. The principle of measurement, experimental 

implications, proof of concept, and the impact of the operating conditions on the current 

distribution of a DMFC will be highlighted. This section is identical for the most part to 

a scientific paper that is prepared for publication. Finally, this chapter will conclude 

with a section that introduces the unique combination of these two in situ methods. 

 

In the last chapter, Chapter VI, the overall conclusions of this work will be drawn and 

fields for further work identified. 

 

This thesis is drafted in a way which allows the reader to extract only that part of work 

that is of interest, i.e., each chapter is designed as quasi standalone. It has been tried to 

minimize redundancies to the most possible extent but repetitions were made where 

they improved the understanding. 
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1 Introduction 

In alkaline electrolytes the carbonate formation is a serious problem, particularly at the 

current densities regarded as commercially attractive [1]. Therefore, an acidic 

electrolyte is necessary which allows to reject the CO2 produced by the electro-

oxidation of methanol (Equation 1). Considerable advances in the development of direct 

methanol fuel cells (DMFC) were made by the introduction of a proton-conducting 

membrane (solid polymer electrolyte), which acts as an acidic medium and as a barrier 

for reactants / products between the anode and the cathode (Figure 1). Thus, the 

“electrochemical heart” of the DMFC consists of a proton conducting membrane, which 

is sandwiched between two porous electro-catalytic electrodes, each consisting of a 

porous backing and an active layer (Figure 1).  

 

porous backing porous backing

membrane
active
layer

active
layer

e e 

Figure 1: Expanded 
consists of a solid pol
electrodes (each consistin

Figure 1

 

Separated by the memb

electrode / electrolyte. An

), where the me

protons.  

 

anod
view of the membrane elect
ymer electrolyte onto eith
g of a porous backing and an

rane two different half-cell

 aqueous methanol solution

thanol is oxidized to carbo

→+ COOHOHCH 23
cathod
 

rode assembly (MEA). The MEA 
er side porous electro-catalytic 
 active layer) are attached. 

 reactions occur at the interface 

 is fed to the anode (left side of 

n dioxide, six electrons and six 

−+ ++ eH 662    (1) 



Chapter II  19 The Fundamentals of the DMFC 

Consequently, the anode is the negative electrode of the cell. The protons are 

transported through the membrane, while the electrons have to flow via the external 

circuitry, where they can deliver power to an external device, to the cathode. The 

half-cell reaction on the cathode side (Equation 2) is the electrochemical reduction of 

oxygen. Therefore, the cathode corresponds to the positive electrode of the cell. 

OHeHO 222
3 366 →++ −+     (2) 

The overall cell reaction is thus identical to the catalytic combustion of methanol with 

oxygen to water and carbon dioxide. 

OHCOOOHCH 2222
3

3 2+→+    (3) 

Because all these electrochemical conversions are isothermal, the limitation of Carnot’s 

theorem, which is intrinsically combined with the conventional energy conversion 

devices (i.e., heat engines), does not apply for fuel cells. 

T
To

Carnot −= 1η      (4) 

where T refers to the absolute temperature of the isothermal expansion, whereas To is 

the lower temperature and referes to the absolute temperature of the isothermal 

compression. 

 

This chapter aims to provide an overview of the DMFC fundamentals. However, it is 

only based on a few excellent text books [1-3], literature with a special focus on fuel 

cells [4, 5] and scientific reviews of the DMFC [6-8], which can be consulted for further 

details. 
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2 Thermodynamics 

Under reversible conditions, the maximum electrical work available from a chemical 

reaction is described by the change of the Gibbs free energy ∆G. At a constant pressure 

and temperature, ∆G is related to the enthalpy change ∆H and to the entropy ∆S by the 

Gibbs-Helmholtz equation 

STHG ∆−∆=∆      (5) 

where T denotes the absolute temperature. Under these conditions, i.e., reversible 

conditions, the change of the Gibbs free energy of the electrochemical reaction is related 

to the reversible cell potential, the electromotive force E 

EFzG −=∆          (6) 

where z is the number of electrons transferred in the reaction and F is the Faraday’s 

constant. The change with the temperature of the electromotive force E can be derived 

at a constant pressure from Equations 5 and 6. 

zF
S

T
E

constp

∆
=

∂
∂

= .

     (7) 

Furthermore, the Gibbs free energy depends on the chemical potential µi of species i that 

participate in the cell reaction and therefore, ∆G can be written as a function of the 

activities ai: 

∑∑ ℜ+∆==∆
i

ii
o

i
ii aTGG lnυµυ      (8) 

where ∆Go represents the standard-state Gibbs free energy, ℜ is the ideal gas constant, 

and υi refers to the stoichiometric factor of component i, which is positive for oxidized 

and negative for reduced species. The electromotive force, which is the difference 

between the electrode potentials ε of the two half-cell reactions, can thus be related to 

the activities of the reactants and products by a general form of the Nernst equation. 
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where the subscripts red and ox denote the respective half-cell reaction and aeduct and 

aproduct refer to the activities of the educt and the product, respectively. νeduct and νproduct 

refer each to the corresponding stoichiometric factor of the educt or the product and E° 

is the reversible cell potential at standard-state conditions. 

 

The standard thermodynamic data for the overall DMFC reaction (Equation 3) are 

summarized in Table 1 together with the data corresponding to the cell reaction of the 

H2-fuelled fuel cell. Because ∆S is negative, the reversible cell potential declines for 

both reactions with increasing temperature. Furthermore, almost identical reversible 

potentials (E°) are calculated from the thermodynamic quantities at standard-state 

conditions for both fuel options (Equation 6). In reality however, the open circuit 

voltage of the DMFC is significantly lower than 1.21 V and is more in the range of 

0.75 V (cf. Chapter IV). This deviation from the theoretically reversible potential can be 

attributed to kinetic losses at both electrodes.  

 

Table 1: Thermodynamic quantities at standard state conditions (T = 298 K, 
p = 1.013 barabs) for the DMFC reaction and the H2-fuelled PEFC reaction.  

quantity 
)(2222

3
)(3 2 solsol OHCOOOHCH +→+  )(222

1
2 solOHOH →+   

∆G o -702 -237 kJ mol-1 

∆H o -726 -286 kJ mol-1 

∆S o
 -80 -163 J mol-1 K-1 

E° 1.21 1.23 V 
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3 Kinetics 

The reversible potential of each half-cell reaction can be calculated from Equation 6, 

which leads to an anodic reversible potential εox of 0.016 V and for the cathode εred of 

1.229 V under standard-state conditions. Methanol, in principle, should be 

spontaneously oxidized when the anode potential is above 0.016 V, with respect to the 

normal hydrogen electrode (NHE). Likewise, oxygen should be immediately reduced 

when the cathodic potential is below 1.229 V vs. NHE. In reality however, the reactions 

occurring at the electrodes are more complex and involve additional reactions (see 

section 3.3: Oxygen Reduction Reaction, p. 28), which cause the electrode potentials to 

deviate from their ideal thermodynamic values.  

 

Therefore, a substantially lower open circuit voltage† (OCV) is measured in practice as 

shown in . Furthermore, the cell voltage steadily decreases with an increase of 

the current production. The drop in the cell voltage U as a function of the current 

density i can be related to several processes: 

Figure 2

ohmdiffcdiffaactcacta iRUU −−−−−= ,,,, ηηηηo    (10) 

where U o is the OCV, ηa,act and ηc,act refer to the activation overpotentials of the anode 

and cathode, respectively. ηa,diff and ηc,diff represent diffusion or concentration 

overpotentials and the last term of Equation 10 describes the voltage drop due to ohmic 

losses Rohm, which are caused by the various ohmic resistances of the cell.  

 

The various sources of deviation from the reversible cell voltage (see Equation 10) are 

reflected in the polarization characteristic of a cell, i.e., in the current-voltage curve as 

illustrated in Figure 2. 

                                                 
† The cell voltage at zero current density. 
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Figure 2: Characteristic current-voltage curve of a DMFC and its attributed losses 
by region. The reversible cell voltage at standard-state conditions (dashed line) is 
plotted for comparison. 

Figure 2

 

Mainly, three different regions can be allocated in current-voltage curves, which 

essentially can be attributed to a single source of deviation as described below. 

(i) Because of activation losses, a large drop of the cell voltage can be noted in 

 at low current density.  

(ii) The cell resistance and thus ohmic losses mainly predominate the shape of 

the polarization curve at medium current densities, which results in a more 

or less linear behavior.  

(iii) Mass transport limitations of the reactants to the active sites become more 

evident at high current density and cause the steep decrease of the cell 

voltage. 

 

3.1 Contributions to the Electrode Overpotential 

A simple redox reaction of the form 

RedezOx
b

f

k

k

−+      (11) 

where kb and kf are the rate constants for the backward and the forward reaction, 

respectively. Ox and Red refer to the oxidized and reduced species participating in the 

redox reaction. The processes which are involved in such a reaction are several and 

include at least the following: 
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(i) Transport of species Ox to the surface. 

(ii) Adsorption of Ox on the surface. 

(iii) Charge transfer according to Equation 11. 

(iv) Desorption of the species Red from the surface. 

(v) Transport of Red off the surface. 

The steps (ii) to (iv) are usually summarized to the activation overpotential, while the 

processes (i) and (v) contribute to the diffusion or concentration overpotential. 

 

Generally, the rate constants kb and kf depend on the free activation energy ∆Gact and a 

quantitative relation can be derived from chemical kinetics.  









ℜ
∆

−∝
T

Gk actexp      (12) 

By convention, the current, which generally describes the reaction rate of an 

electrochemical reaction, is positive when it flows from the electrode into the solution 

and vice versa. The net current density of an electrode is then given by the summation 

of the anodic current density iox and cathodic current density ired, which can themselves 

be related to the rate constants of the backward and forward reaction and the 

concentrations of the oxidized cox and reduced species cred, respectively. 

( )oxfredbredox ckckzFiii −=+=     (13) 

Furthermore, the rate constants depend on the driving force and consequently, are 

related to the electrode overpotential, the composition of the solution at the electrode-

electrolyte interface, and the temperature. A correlation between the net current density 

i of a reaction and the overpotential η can be derived from Equation 12 and Equation 13 

and is frequently called Butler-Volmer-Equation.† 

( )
















ℜ

−
−−








ℜ

=
T

Fz
T
Fzii ηαηα 1expexpo    (14) 

                                                 
† A complete derivation of the Butler-Volmer-Equation can be found in one of the electrochemistry 

textbooks, e.g., in reference [9]. 
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where α is a kinetic parameter of the charge transfer reaction that may be termed 

“apparent transfer coefficient” [3] and io is the exchange current density. The latter 

strongly depends on the composition at the electrode-electrolyte interface and on the 

temperature. If the reaction conditions are known, the overpotentials can be calculated 

as a function of the current density according to Equation 14. Based on the three 

different regions, which can be observed in a current-voltage curve (see Figure 2), the 

various losses are discussed in the following. 

 

Activation overpotential 

The activation overpotential is the difference between the actual electrode potential and 

its equilibrium potential under redox reaction conditions if any concentration gradients 

between the bulk and the electrode-electrolyte interface can be excluded. In 

Equation 14, the best measure of the degree of the kinetic limitations is given by the 

exchange current density. The latter is determined when the redox reaction is at its 

equilibrium potential, i.e., η is equal to zero and the currents for the oxidation and the 

reduction reaction are equal in magnitude to each other and to io. At a fixed current 

density, a small activation overpotential is obtained for a large value of io, which 

frequently is referred to as a fast reaction. Therefore, io is an important measure for the 

characterization of electrocatalysts for redox reactions. 

 

The methanol oxidation reaction on Pt-based catalysts is at least three to four orders of 

magnitude slower than the electro-oxidation of hydrogen† [6]. In addition, the exchange 

current density of the oxygen reduction reaction is about five orders of magnitude 

smaller compared to the io of the hydrogen oxidation reaction. Therefore, high 

activation overpotentials are obtained for the anode and the cathode of a DMFC, which 

explains the steep decrease in  at low current density. Figure 2

 

Diffusion overpotential 

If the mass transport of the reactants to the electrode-electrolyte surface limits the 

reaction rate, then the concentrations of the reactants at the electrode-electrolyte 

                                                 
† The exchange current density on smooth platinum is for the hydrogen oxidation reaction about 

8 10-4 A cm-2 [10]. 
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interface approach zero. The relation between the diffusion overpotential ηdiff and the 

current density i can then be expressed by 









−

ℜ
=

L
diff i

i
Fz
T 1lnη      (15) 

where iL is the limiting current density, which is the current density at a reactant 

concentration of zero at the electrode-electrolyte interface. The limiting current density 

describes the transport of the reactants to the electrode-electrolyte interface. 

 

Ohmic resistance 

The limited proton conductivity of the electrolyte, the resistances inherent in the 

electrodes and bipolar plates plus any contact resistances sum up to an overall resistance 

of a cell Rohm. The latter causes a voltage drop according to Ohm’s law whose effect can 

best be seen in Figure 2 by the more or less linear decrease of the cell voltage with an 

increase of the current density. 

 

In contrast to Equations 1 and 2, the actual reaction mechanisms of the half-cell 

reactions are much more complex and involve several intermediates. An introduction 

into the methanol oxidation and oxygen reduction reaction will be given in the 

following. 

 

3.2 Methanol Oxidation Reaction 

The electro-oxidation of methanol to carbon dioxide (Equation 1) involves the transfer 

of six electrons. However, it is unlikely that these six electrons are transferred 

simultaneously. On the contrary, the reaction mechanism of the methanol electro-

oxidation on a Pt surface is believed to take place through a sequence of electron 

transfer steps as schematically depicted in Figure 3 [1, 6, 11].  
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Figure 3: Possible pathways of the electro-oxidation of methanol on a Pt-surface in 
a sulphuric acid electrolyte [6, 8, 11, 12]: (a) methanol adsorption; (b) deprotonation; 
(c) CO electro-oxidation. 

 

In principle, the electro-oxidation of methanol (Figure 3) can be summarized in three 

separate processes: 

(a) Methanol adsorption on the Pt catalyst. 

(b) Sequential proton and electron stripping, which includes several adsorbed 

intermediates, leading to adsorbed carbon monoxide (preferred intermediate).  

(c) Oxidation of the adsorbed CO species with Pt-OH, which comes from the 

dissociation of water (the oxidation of the Pt-(CHO)ads with Pt-(OH)ads occurs 

only at small rates). 

 

The rate limiting step in the methanol electro-oxidation is the oxidation of the adsorbed 

CO species that inhibit the adsorption of further intermediates on these active sites [1]. 

For the oxidation of the adsorbed CO species oxygenated species arising from the 

dissociation of water are needed. However, the dissociation of water on Pt only takes 

place at a significant rate for potentials greater than 0.45-0.5 V (vs. NHE) [1, 8, 13]. 
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Secondary materials such as Ru can enhance the overall reaction rate. However, the 

nature of the promoting metals is, as yet, not too well understood. For Pt-Ru catalysts it 

is known that the water discharging with the formation of Ru-OH groups is possible at 

considerably lower electrode potential (0.2 V vs. NHE) [6]. Moreover, the Pt-C bond 

may be weaker in Pt-Ru alloys than at pure Pt at low potentials [14]. Furthermore, Ru 

seems to increase the activity of Pt at high potentials (above 0.45 V vs. NHE) by 

promoting the formation of Pt-(OH)ads [15].  

 

3.3 Oxygen Reduction Reaction 

In the overall reaction at the cathode, the oxygen reduction reaction (ORR) is written as 

a direct reduction in a four-electron step to water (in an acidic medium). Under 

thermodynamic equilibrium conditions (298 K, 1.013 barabs) a cathodic potential of 

1.229 V should be obtained. 

OHeHO 22 244 −+ ++    E° = 1.229 V (16) 

In practice, an electrode potential around 1 V is measured, which basically expresses the 

various reaction pathways possible for the ORR at metal surfaces. The various possible 

reactions of the ORR are summarized in  as given in reference [16] and are 

based on a modified scheme as proposed by reference [17]. 

Figure 4

Figure 4: Reaction scheme for the ORR [16, 17]. 
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In principle, oxygen can be electrochemically reduced either on a direct pathway to 

water (Equation 14) with the rate constant k1 or H2O2 may be produced as intermediate 

with a rate constant k2 along the sequential pathway. Subsequently, the adsorbed 
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hydrogen peroxide can be electrochemically reduced to water with the rate constant k3, 

desorbed (k5), or catalytically decomposed on the electrode surface (k4) [16].  

 

The thermodynamic equilibrium potential of the reduction of oxygen to H2O2 is, for 

instance, 0.695 V vs. NHE. Therefore, a mixed potential will be, most probably, 

obtained in an ORR and may explain the cathodic potential of about 1 V at OCV of a 

H2 / O2 fuel cell. However, the cathodic potential is even lower under DMFC 

conditions. Because of the methanol crossover through the electrolyte an additional 

reaction occurs at the cathode, probably the combination of the two half-cell reactions 

of the DMFC (see Equation 3, p. 20) [18], which further reduces the cathodic potential. 

The negative effects of the methanol crossover on the overall cell efficiency will be 

discussed in section 5 of this chapter (p. 32). 
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4 DMFC Efficiency 

The maximum efficiency of an electrochemical energy converter is given by its thermal 

efficiency ηth, which is defined as the ratio of the maximum amount of useful energy to 

the total energy that was needed. 

H
G

th ∆
∆

=η      (17) 

Therefore, the ratio of the Gibbs free energy change of the reaction ∆G to its enthalpy 

change ∆H represents the maximum efficiency that can be achieved by an ideal 

electrochemical converter. From Equation 17, a ηth of 83% (liquid product water) and 

97% (gaseous product water) is calculated for the H2 / O2 fuel cell and the DMFC, 

respectively. In practice however, the efficiency of an electrochemical energy 

conversion is lower because of the losses discussed in the kinetic section of this chapter 

(section 3, pp. 22) just before. Conveniently, the fuel cell efficiency ηfc can be related to 

the voltage efficiency ηV and thus to the practically observed cell voltage. Therefore, ηfc 

can be expressed by  

othVthfc U
U

ηηηη ==      (18) 

Equation 18 may be of use for the H2 / O2 fuel cell to describe the overall cell 

efficiency. Applied for the DMFC however, the considerable methanol losses to the 

cathode would be ignored, which of course affects the cell efficiency. Therefore, a fuel 

efficiency ηfuel has to be added to Equation 18, which is a measure for the amount of 

fuel that is used to produce electrical work per the total amount of fuel needed. 

ii
i

nn
n

overxyelectricitoverx

yelectricit
fuel +

=
+

=
−− &&

&
η     (19) 

where and correspond to the amount of fuel that is used to produce 

electrical work and to the quantity of methanol that is lost to the cathode, respectively. 

Equation 19 can also be written in terms of a current density ratio because the mole flux 

is directly proportional to the corresponding current density. i is then the macroscopic 

yelectricitn& overxn −&
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current density that is withdrawn from the cell and ix-over is the methanol leakage current 

density that would be produced by the total oxidation of all permeated methanol†. 

Therefore, the overall cell efficiency of a DMFC can be expressed by 

ii
i

U
U

overx
othDMFC +

=
−

ηη     (20) 

Because the thermal efficiency of the DMFC is close to one, ηth was not taken into 

account for the calculation of an overall cell efficiency throughout this work. When 

comparing efficiencies with the H2 / O2 fuel cell, the effect of the thermal efficiency on 

the overall cell efficiency should, however, be considered.  

                                                 
† ix-over is a fictive current! 
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5 The Electrochemical Components of the DMFC 

The solid polymer electrolyte 

The “electrochemical heart” of the DMFC is the MEA consisting of the membrane 

sandwiched between the electrodes as schematically illustrated in  (p. 18). The 

membrane serves as electrolyte, which provides the proton conductivity, simultaneously 

functions as electrical insolator, and acts as a barrier for the reactants. Usually, the 

polymer electrolyte is based on a fluorinated backbone, which may be cross-linked and 

has side chains with sulfonic acid groups attached. The hydration of the membrane leads 

to a dissociation of the sulfonic acid groups, i.e., into H+ and immobilized SO3
- 

covalently bonded to the polymer side chains. The proton conductivity of 

perfluorosulfonated membranes, such as Nafion (for further details on Nafion 

membranes see Chapter IV, section 3, pp. 72), is a function of its water content and thus 

a good hydration of the membrane must be guaranteed. Fortunately, the liquid-feed 

DMFC, which is the object of this study, ensures the full hydration of the membrane as 

was shown in the literature by measuring in situ the membrane resistances at various 

operating conditions and electrical loads [19-21].  

Figure 1

 

The free miscibility of methanol and water results in a methanol uptake of the 

membrane in addition to the uptake of water [22]. However, it is highly undesirable to 

have methanol transport across the membrane for operating a DMFC because it would 

be spontaneously oxidized at the cathode and additionally cause a depolarization of the 

cathode. Therefore, the methanol crossover affects the overall cell efficiency in three 

ways:  

(i) All methanol permeated to the cathode is lost fuel because it is oxidized to 

CO2,  

(ii) the cell voltage is lowered considerably because a mixed potential is 

established at the cathode, and  

(iii) additional oxygen has to be supplied to the cathode because of the extra 

oxygen needed due to the cathodic oxidation of the permeated methanol. 

Detailed information about the membrane structure and its behavior under DMFC 

operating conditions will be given in Chapter IV (pp. 49). 
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Electrodes 

The electrodes have to fulfill two principal tasks:  

(i) Providing a high electrochemically active surface area to lower the effective 

current density per active surface area and  

(ii) enabling a high mass flow of the reactants to the active area while effectively 

removing the reaction products.  

 

Usually, a gas / liquid diffusion electrode consists of several layers of different function. 

A porous carbon support (backing) acts as the electronic connection between the flow 

field and the electrochemically active area. In addition, the backing serves as gas / liquid 

diffusion layer, which may contain PTFE to adjust its wetting properties. Carbon papers 

or woven carbon cloths are commonly used as backing materials with a thickness in the 

order of 300 µm. A carbon / PTFE layer is spread onto its surface to fill the pores of the 

backing before applying the electrochemically active area. Typically, the 

electrochemically active area consists of highly dispersed precious alloys, which are 

deposited on high surface area carbon. PTFE and / or Nafion solution is used as binder 

as well as wetting agent. The incorporation of Nafion into the electrochemically active 

area is important to extent the three-phase boundary (see Figure 5), i.e., to increase the 

interfacial area, where electronic and ionic conductivity and access of the reactants is 

simultaneously present. In this way, the three-phase boundary can be extended into the 

active layer, therefore, more catalyst particles are ionically connected and consequently, 

higher catalyst utilizations can be achieved. 

 

Pt / C
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Figure 5: Schematical illustration of the three-phase boundary where the 
electrochemical reaction takes place.  
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1 Introduction 

Compared to other types of fuel cells (cf. Chapter I), the direct methanol fuel cell 

(DMFC) is currently still at an “infant stage” [1] because of its high cost and relatively 

low power density in the range of 100 to 200 mW cm-2. At present, the cost of a DMFC 

system is mainly determined by its high catalyst loadings, which consist primarily of 

noble metals, and the use of DuPont’s Nafion membranes† [2, 3]. Furthermore, the 

power density of a DMFC is relatively poor because of a number of unresolved 

challenges in view of the catalyst design, the electrolyte development, and the process 

engineering.  

 

This chapter intends to identify the challenges that are combined with the realization of 

DMFC’s and aims to give an overview of the various research programs that have been 

undertaken to tackle those. Although these problems are largely interconnected, they 

can basically be distinguished into two separate areas: 

(i) Difficulties that are directly related to the electrochemistry of the DMFC, 

e.g., the methanol oxidation or the methanol crossover. They will be 

discussed in section 2 of this chapter 

(ii) Problems that arise from the technical realization of the DMFC (see 

section 3), e.g., mass-transfer limitations. 

 

This differentiation draws the outline of this chapter. First the fundamental questions of 

the DMFC will be addressed. A brief overview of the activities in the development of 

electrocatalysts to enhance the methanol oxidation in an acidic medium will be given 

(section 2.1). In addition, the work, which has been done to minimize the effect of the 

methanol crossover (advanced solid polymer electrolytes and methanol tolerant 

electrocatalyst for the oxygen reduction reaction), will be summarized in section 2.2. 

The following section, Process Engineering, deals with the technological aspects of the 

DMFC and summarizes the most important findings in this area.  

                                                 
† For details on Nafion membranes see Chapter IV, section 3: , pp. 72. Nafion 117
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2 Electrochemistry 

2.1 Methanol Oxidation 

The sluggishness of the DMFC performance is, among others, the result of the relatively 

poor kinetics of the methanol oxidation, which is much more complex than its half-cell 

reaction suggests. As outlined in the previous chapter within the Kinetics section 

(Methanol Oxidation Reaction, Figure 3, p. 27) the oxidation of methanol on a Pt 

surface is a multi-step process, which demands at last the oxidation of CO species, 

which are adsorbed on the Pt surface.  

 

Unfortunately, Pt is not a sufficiently active catalyst for the methanol oxidation to be 

commercially useful. Therefore, there has been an intensive search for more active 

materials over the past years. Such catalysts should allow for the oxidation of methanol 

at low overpotential and thus must have the ability to simultaneously adsorb methanol 

and water at low potentials [4]. Because platinum appears to be one of the most efficient 

catalysts for the sequential deprotonation of methanol in an acidic medium, various 

alloy combinations with Pt have been studied. Intense effort were devoted to the 

development of binary Pt alloys containing Ru, Rh, Re, or Sn, e.g., references [5, 6]. 

Among these binary alloys Pt-Ru and maybe Pt-Sn seem to be the most promising 

catalysts for the methanol oxidation [7-9].  

 

Temperature dependence studies on Pt-Ru catalysts in 0.5 M methanol suggest that the 

rate limiting step at ambient temperature is either the methanol adsorption or the 

sequential electron and proton stripping, while at higher temperature the reactions which 

involves adsorbed OH species become rate limiting [10]. Therefore, ternary alloys were 

investigated, which were based on the Pt-Ru system. The third component should add 

the functionality to either weaken the bonding of the adsorbed CO-species or to improve 

the oxidation of the methanolic residues [11]. Various elements such as Os [12], Mo 

[13], Rh, Ir, W, and Sn, e.g., references [14, 15], were studied in combination with Pt-

Ru. As yet, enhanced activity of ternary alloys could be shown for the Pt-Ru catalyst in 

combination with Mo [13], Os [12], and W [15] compared to the binary Pt-Ru catalyst. 
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Recently, quaternary catalysts such as Pt-Ru-Os-Ir [16, 17] have also been suggested as 

catalysts for the methanol oxidation. It has been claimed that the performance of 

Pt47Ru29Os20Ir4 is significantly superior to Pt-Ru catalyst with an atomic ratio of 1:1 

[17]. 

 

Though, all these catalysts screenings are encouraging, however, one should note most 

of these investigations were carried out with an liquid electrolyte in half-cell 

measurements. Thus, the superior performance of some catalyst alloys compared to 

Pt-Ru has still to be proven in cell tests. 

 

2.2 Methanol Crossover 

Proton-conducting membranes 

At present, membranes based on fluoropolymers containing sulfonic acid groups, such 

as Nafion (registered trademark of E.I. DuPont de Nemours & Co., Inc. for 

perfluorocarbon sulfonate membranes) are most commonly used in DMFC’s. The 

chemical structure of Nafion is depicted in , where the value of m is equal to 

one [18] and k varies from about 5 to 12 depending on the equivalent weight (EW) of 

the Nafion membrane [19].  

Figure 1

Figure 1: Schematic diagram of the structure of Nafion. The value of m may be as 
low as 1 [18] and the value of k ranges between 5 and 12 [19]. 
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The morphology of the perfluorosulfonate membranes and their proton transport 

mechanism have been the subject of many studies. From rheological investigations of 

Nafion and X-ray diffraction patterns, Yeo et al. [20] suggested that most of the sorbed 

water exists in aqueous ion clusters within the membrane, which are, as first proposed 

by Gierke et al. [21] interconnected by channels. This picture of an ion-cluster-network 
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model, as illustrated in , has become a well-accepted feature of Nafion, 

confirmed by other researchers, e.g., in reference [22].  

Figure 2

Figure 2: Cluster-network model of Nafion [21]. Channels interconnect the 
aqueous ion clusters. 
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Unfortunately, these membranes are quite permeable to methanol, which can well be 

understood by the cluster-network model ( ), leading to methanol crossover to 

the oxygen/air cathode. Unfortunately, this causes lost fuel and depolarizes the cathode. 

In addition, more oxygen is needed to be supplied to the cathode to maintain effective 

reaction conditions. In consequence, the overall efficiency of a DMFC system is 

lowered considerably. Therefore, it is a major concern to develop solid polymer 

electrolytes with low methanol permeation.  

 

Up to the present day, various strategies have been followed to minimize the methanol 

permeation across the membrane. Mostly, the methanol crossover has been tried to 

minimize by increasing the thickness of the Nafion membrane. Thus, Nafion 117, which 

has a nominal thickness of 7 mils and an average equivalent weight of 1100 g mol-1, or 

even thicker membranes are commenly used in the DMFC [23, 24]. Alternatively, 

increasing the equivalent weight of the Nafion membrane can minimize the methanol 

crossover as reported by Narayanan et al. [23] and Ren et al. [25]. 

 

Furthermore, it has been tried to modify Nafion by various methods to lower the 

methanol crossover. Among other things, the surface modification of Nafion by plasma 

etching [26], the coating of Nafion with a metallic layer [26-28], the doping with Cs+-

ions [29], the in-situ polymerization of Nafion with poly(1-methylpyrrole) [30], and 
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membranes based on recast Nafion containing different additives, such as, silica [31, 

32], aerosil [33], or molybdophosphoric acid [33] have been proposed. Other 

approaches included the synthesis of novel membranes based on acid-base polymer 

blends [34, 35], zeolites [36], or acid-doped polybenzimidazole [37-40]. Moreover, 

radiation-grafted membranes based on fluorinated, partly- and non-fluorinated polymer 

substrates were prepared with the objective to improve the DMFC performance [41].  

 

So far, present research has been focused on finding more advanced barrier materials to 

lower the fuel crossover. It is important to realize that the permeation rates of methanol 

to the cathode could mostly be reduced. However, the mechanical properties, the 

chemical stability, or the conductivity of the membrane was also severely affected by all 

methods proposed [26-41] and thus, there is still a lack of optimized membranes for use 

in the DMFC. 

 

Methanol-tolerant electrocatalysts for the oxygen reduction reaction (ORR) 

Ideally, the cathodic half-cell reaction, i.e., the ORR, of a DMFC and the one of a 

H2-fuelled PEFC would be identical. In fact, the catalyst (Pt) employed at present for 

the ORR of a DMFC is mostly similar to the one used for the H2-fuelled PEFC. In 

reality however, the cathodic half-cell reaction of a DMFC differs significantly from the 

ORR occurring in the H2-fuelled PEFC because of the methanol permeation across the 

membrane. The latter arises from the permeability of all currently available solid 

polymer electrolytes towards methanol (see discussion above: Proton-conducting 

membranes).  

 

Unfortunately, platinum catalysts are active at cathodic potentials towards of both 

oxygen reduction and methanol oxidation. Therefore, a mixed potential occurs at the 

cathode, resulting in a lower cathodic potential and thus reducing the overall cell 

performance. Besides the development of new proton-conducting membranes with a 

significantly lower methanol crossover, an alternative or maybe additional approach is 

the development of electroactive materials, which are selective for the ORR. That 

means the methanol permeation across the membrane is not hindered but 

electrocatalysts are used on the cathode, which “simply” do not oxidize methanol. In 
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this way, a mixed potential could not be established and thus neither the cell voltage 

would be reduced nor would fuel losses occur. 

 

Various materials have been investigated as methanol tolerant electrocatalysts for the 

ORR such as heat-treated transition metal macrocycles [42-44] or molybdenum-

ruthenium based chalcogenides [45-47]. So far, all these catalysts are significantly less 

active for the ORR than Pt catalysts. However, in the presence of methanol their 

overpotential of the ORR is less affected than that of a Pt catalyst. Therefore, these 

catalysts may be superior to Pt catalysts for the ORR in the presence of methanol. 

However, those investigations were carried out in half-cell measurements comprising an 

liquid electrolyte. If the methanol tolerant electrocatalysts can give superior 

performance in the DMFC has not been proven yet. 
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3 Process Engineering 

3.1 Mass-transport 

In addition to the slow kinetics of the methanol oxidation and the problem of methanol 

crossover, the performance of the DMFC is affected by mass-transport limitations. On 

the oxidation of methanol, the reaction product is carbon dioxide, which is evolved as a 

gas in the cell leading to a two-phase flow at the anode. On the cathode side, the 

two-phase flow develops from liquid water as reaction product and air as oxidant. Water 

droplets may accumulate within a channel of the flow field and flood it partly, thus 

blocking the channel from the supply with air. In addition, the supply of a liquid fuel at 

the anode leads to a higher swelling of the membrane of a DMFC. Therefore, excessive 

amounts of water are transported across the membrane to the cathode by diffusion and 

electro-osmosis presumably making the water removal at the cathode of a DMFC even 

more important than in a H2-fuelled PEFC [48].  

 

Little attention has been paid to the degree and the effect of two-phase flows on the 

performance of a DMFC up to the present. On the anode, gas bubbles within the 

electrode superimpose physical processes, such as micro convection, to the 

electrochemical processes and thus interfere with the operation of the electrode. Some 

progress has been made by improving the characteristics of the backing and the 

diffusion layer in terms of composition, structure, and thickness [49-52]. 

 

Furthermore, large amounts of carbon dioxide may accumulate in the channels of the 

flow field and hinders the supply of reactants to the electrode already in the flow field. 

However, the two-phase distribution in the flow channels cannot be easily measured 

with standard electrochemical methods, e.g., current-voltage curves, and depends on the 

interaction of numerous parameters, such as flow field and electrode design, material 

properties, and operating conditions. Because of this rather complex system, visual 

information of product-rich areas in the flow field is highly desirable to obtain during 

operation of the DMFC. Recent investigations have been focused on this topic [53-55]. 

Unfortunately, the two-phase flow is difficult to study in situ because the cell design 

(see Figure 4, Chapter I, p. 10) prevents us from any visual access. If the cell design is 
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modified to allow for visual access, then, the experimental method, however, may 

change the temperature, pressure, or current distribution and cause unwanted feedbacks 

on the two-phase distribution in the flow channels as was reported by Argyropoulos et 

al. [53]. Thus, the effect of CO2 clusters on the performance of a DMFC remains, at 

present, uncertain (cf. Chapter V, pp. 133). 

 

In this context, the design of the flow field was explored in a few studies [52, 56, 57]. 

Optimized mass transport in the channels (anodic and cathodic) of a flow field is an 

important electrochemical engineering issue. On one side the supply of the reactants 

(fuel and oxidant) across the active area of the cell has to be considered to ensure a most 

homogeneous current density and temperature distribution. On the other side an optimal 

pressure drop along the flow field has to be utilized to remove reaction products, i.e., 

water at the cathode side or CO2 at the anode side, and at the same time has to allow 

minimal power losses in the auxiliary mass flow components, such as pumps or 

compressors. Usually, the flow field patterns, which are employed in DMFC’s, consist 

of one or more channels in serpentine configuration and are adopted from the H2-fuelled 

PEFC’s. A different approach for the design of the anodic flow field is an interdigitated 

design [52, 56], which forces the flow through the backing layer. It could be shown that 

this pattern can enhance the mass transfer characteristics significantly, however, these 

beneficial effects are only observed at high current densities, i.e., at a low cell voltage 

(below 0.4 V) [56]. 

 

3.2 Operation parameters 

Different applications, such as portables or on the other hand vehicular applications 

require different power densities, which result in different operating temperatures and 

DMFC designs. In addition, the design of the cell is also dependent on the DMFC type; 

a vapor-feed DMFC requires a different system design as a liquid-feed DMFC [58, 59].  

 

The DMFC performance strongly depends on operating parameters (see Chapter IV) 

such as: 

• methanol concentration, 

• cell temperature, 
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• pressure, and 

• methanol and air stoichiometry. 

 

At present, it is very difficult to compare the polarization characteristics of DMFC’s 

reported in the literature mainly because of different operating conditions. However, 

some general remarks can be made: 

 

In general, the highest power densities, which are in the range between 100 to 

200 mW cm-2 have been observed in the presence of a 0.5 to 2 M anodic methanol 

concentration and were always obtained at temperatures close to 100°C or above [4, 60-

62]. If air is used as oxidant, lower methanol concentrations are preferable to reduce the 

effects of the methanol crossover on the cathode polarization. At ambient conditions 

and with air as oxidant, the power density of a DMFC goes currently down to less than 

one-tenth of that at high temperature [11]. 

 

A high cathodic backpressure of 3 bar or higher is desirable to enhance the ORR in the 

presence of methanol. In addition, high cathodic backpressure may be necessary to 

prevent the membrane from drying out if the DMFC is operated at high temperature 

(close to or above 100°C). On the other side, the water removal at the cathode of a 

DMFC is a critical issue because excessive amounts of water permeate through the 

membrane if a liquid aqueous methanol solution is supplied to the anode. Therefore, 

balance must be maintained between suitable ORR rates and a sufficiently humidified 

membrane. Typically, backpressures up to five bars are applied on the cathodic 

compartment, e.g., references [4, 60-62].  

 

Generally, high airflow rates, i.e., high air stoichiometries of 5 to 60, result in a better 

performance of a DMFC, especially, if high methanol concentrations are used on the 

anode. So far, most polarization characteristics† published in the literature are measured 

from the point of view to achieve highest power density. That means somewhat 

“unrealistic” air stoichiometries of 10 or higher were used to achieve the high power 

densities frequently reported [4, 60-62].  

                                                 
† Not to say all. 
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4 Conclusions 

As outlined in the sections 1 to 3 of this chapter, there are various challenges to 

overcome before the cost and the power density of a DMFC will be competetive to the 

other fuel cell types. At present, stack costs of 30 $ kW-1 or below are the technical 

targets for the H2-fuelled PEFC for automotive applications [63]. About this cost target 

would also apply to the DMFC. Because of the very high noble metal loadings of the 

DMFC, which are usually at least four times higher than in the H2-fuelled PEFC, this 

cost target will be even more difficult to reach for the DMFC. Furthermore, high power 

densities, i.e., 200 to 300 mW cm-2, have to be reached at high cell voltage (around 

0.5V) and under realistic operating conditions, primarily at a low air stoichiometry of 2 

or below. 

 

Clearly, improving the methanol oxidation reaction, i.e., the activity of the catalyst 

towards the methanol oxidation has to be raised and the noble metal loading has to be 

reduced. Furthermore, diminishing the methanol crossover to the cathode is essential to 

achieve. The latter has been focused on in Chapter IV. 

 

With a reduction of the kinetic and ohmic limitations, the effects of mass-transport 

limitations on the DMFC performance are getting more important. However, there are 

only few diagnostic methods, such as, current-voltage curves and AC-impedance, 

available to study such effects. All of these methods do only give an integral 

understanding of the processes occuring in the cell but do not allow to assess 

mass-transfer phenomena locally. Therefore, there is a lack of in situ diagnostic 

methods that allow to map the processes occurring in the DMFC. This problem will be 

addressed in Chapter V.  
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1 Introduction 

Direct methanol fuel cells (DMFC) using solid polymer electrolytes could provide an 

attractive alternative to fuel cells operating on hydrogen derived from on board 

reformation systems using a primary fuel such as methanol. Besides functioning as an 

acidic electrolyte, the membrane separates the fuel from the oxidant gas and allows 

operating the DMFC with high-pressure differentials across the membrane. Today, 

membranes based on fluoropolymers containing sulfonic acid groups, such as Nafion 

(registered trademark of E.I. DuPont de Nemours & Co., Inc. (Wilmington, USA) for 

perfluorocarbon sulfonate membranes) are most commonly used in DMFC’s. However, 

these membranes are quite permeable to methanol, leading to methanol crossover to the 

oxygen/air cathode, which causes losses in terms of fuel and depolarization at the 

cathode. In consequence, the overall efficiency of a DMFC system is lowered 

considerably. Furthermore, commercially available proton-conducting membranes are a 

significant cost factor for fuel cell stacks and thus the material cost of polymer 

electrolytes has to be decreased from presently about 600 US$ m-2 to as low as 

20 US$ m-2 [1]. Therefore, it is a major concern to develop inexpensive polymer 

electrolytes with low methanol permeation. 

 

Up to the present day, various strategies have been followed to either minimize the 

methanol permeation across the membrane or to reduce the cost of the polymer 

electrolyte. Among other things, the surface modification of Nafion by plasma etching 

[2], the coating of Nafion with a metallic layer [2-4], the doping with Cs+-ions [5], the 

in-situ polymerization of Nafion with poly(1-methylpyrrole) [6], and membranes based 

on recast Nafion containing different additives, such as, silica [7, 8], aerosil [9], or 

molybdophosphoric acid [9] have been proposed. Other approaches included the 

synthesis of novel membranes based on acid-base polymer blends [10, 11], zeolites 

[12], or acid-doped polybenzimidazole [13-16]. Moreover, radiation-grafted membranes 

based on fluorinated, partly- and non-fluorinated polymer substrates were prepared with 

the objective to improve the DMFC performance [17].  
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Although promising results were shown for some of the strategies mentioned before, an 

improved cell performance could not be demonstrated yet. The reduction of the 

methanol permeation across the membrane was most often targeted. However, the 

mechanical properties, the chemical stability, or the conductivity of the membrane were 

also severely affected by all methods proposed [2-17] and thus there is still a lack of 

optimized membranes for use in the DMFC. 

 

Based on the experience gained for the preparation of radiation-grafted membranes for 

the hydrogen polymer electrolyte fuel cell (PEFC) at the Paul Scherrer Institut (PSI), 

e.g., references [18, 19], a characterization study was started to learn about the effects of 

various PSI-membrane properties on the DMFC performance. The results of this 

characterization study as well as the cell data obtained for the “state of the art” 

membrane, Nafion 117, mostly used in the DMFC literature, will be presented within 

this chapter. Furthermore, the effects of different operating conditions on the 

polarization characteristics, the methanol crossover, and its consequence on the overall 

cell efficiency will be highlighted. 

 

This chapter will start with a detailed description of the experimental setup, the 

electrochemical components, and an overview of the different operating parameters. In 

the following, the cell performances obtained for the various types of membranes will 

be discussed separately: In section 3, the cell data obtained for membrane electrode 

assemblies (MEA’s) based on Nafion 117 will be shown and compared to data available 

from the literature where possible. Additionally, the effect of operating parameters on 

the DMFC performance will be discussed. The cell data obtained for MEA’s based on 

in-house prepared membranes will be presented in section 4 and the effect of various 

membrane properties on the polarization characteristics and the methanol permeation 

across the membrane will be discussed. In the last section, section 5, the experimental 

results obtained for MEA’s based on Nafion 117 will be compared with the cell data 

obtained for MEA’s based on the in-house developed membranes. Finally, we will 

conclude this chapter with a summary of the achievements in this area. 
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2 Experimental 

For a thorough investigation of the DMFC behavior and characterization of various 

polymer electrolytes in the DMFC, new testing facilities were planned and installed. 

The technical layout was similar to test benches used for PEFC’s operating on hydrogen 

and was designed for unattended operation. A detailed description of the experimental 

set-up will be given within this experimental section. Hereon, the cell hardware and the 

cell assembly will be introduced and their benefits and limits discussed. The 

experimental section will conclude with an overview of the various process variables 

and cell parameters which may affect the DMFC performance. The parameters chosen 

to vary will be discussed in short.  

 

2.1 DMFC Testing Facility 

For the investigation of the DMFC behavior under variable load and operating 

conditions, new testing facilities were installed. The test stands were dimensioned for 

small-scale single cells of 30 cm2 active area and enable well-defined operation of 

liquid-feed DMFC’s up to a temperature of 120°C at a pressure of 3 bars absolute. 

Furthermore, the test stands allow controlling and monitoring of all relevant process 

parameters, such as temperatures, pressures, reactant flows, the oxidant humidification, 

or the electrical load of the cell. In addition, the CO2 content of the effluent gas stream 

at the cathode is monitored as a measure for the methanol permeation across the 

membrane for a precise membrane characterization in the DMFC. The design of the 

testing facilities installed for this purpose is given in Figure 1 as a schematic diagram.  

 

Cathode gas processing 

The layout of the cathodic measurement and control technology is similar to the design 

of hydrogen test stands as shown in Figure 1. The flow rate of the oxidant, air or 

oxygen, is regulated by mass flow controllers of the 5850s series from Brooks 

Instrument B.V. (Veenendaal, The Netherlands), which were dimensioned for an oxidant 

flow equivalent to a stoichiometry of 2 at a current density of 1 A cm-2. The mass flow 

controllers are directly connected to the in-house gas supply. Pressure regulators 

positioned in upstream to the mass flow controllers compensate for any pressure 
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fluctuations on the in-house gas lines. Downstream to the mass flow controllers, the 

oxidant is humidified by bubbling through a heated water vessel (Trabold & Co AG, 

Bern, Switzerland). The oxidant is then fed through a heated gas pipe to the fuel cell to 

prevent condensation.  
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Figure 1: Schematic diagram of the DMFC test stand. The measurement and 
control technology is indicated in the following manner: First letter: F flow, 
T temperature, P pressure, C concentration. Second letter: I indicator. Third letter: 
C controller. 

 

Downstream to the fuel cell, the gas is cooled to room temperature by an air cooler and 

subsequently, the condensate is collected in a liquid separator (F.33 8MY, Bachofen 

AG, Uster, Switzerland). Hereon, the gas is expanded to ambient pressure by a pressure 

controller in upstream configuration of the 5860s series from Brooks Instrument B.V.. 

The CO2 concentration of the cathode gas stream is monitored by an IR sensor obtained 

from Vaisala Oy (GMM 12B, Helsinki, Finland), whose in- and outlet are protected by 

particle filters (7 micron, Swagelok Co., Solon OH, USA) to prevent the incorporation 

of particles into the sensor head. Additionally, the inlet temperature of the gas into the 

IR sensor is monitored to compensate for temperature effects on the concentration 

signal. At last, the gas is fed to the in-house exhaust gas line. On the cathode side, all 

tubing and fittings (Swagelok Co.) were made of stainless steel 316.  
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Anodic loop 

In contrast, all tubing and fittings were made of PFA (Swagelok Co.) to prevent any 

corrosion in the anodic loop, which may occur because of the use of deionized water 

and methanol. Consequently, all other materials in contact with the anodic feed were 

made of titanium, PTFE, PP, graphite, or other non-corroding materials. The only 

exception was the pump head (ZP-181, Micropump USA, Vancouver WA, USA) of the 

gear pump, which was made of stainless steel 316. As shown in Figure 1, the aqueous 

methanol solution is conveyed by a gear pump (propulsion: ISM 405, Ismatec SA, 

Glattbrugg-Zürich, Switzerland) from tank 1 to the DMFC anode. The gear pump has a 

nominal flow range of 0-250 ml min-1 at equivalent pressures at in- and outlet. The 

maximum pressure at the outlet of the pump head is 6 bars. Since the DMFC is operated 

at variable pressures and thus the flow rate varies at a constant pump speed, the exact 

flow rate has to be either calibrated by a speed-pressure-flow rate diagram or the pump 

speed has to be controlled by measuring the flow rate. In the realization of the test 

stands a combination of both methods was used. At a flow rate lower than 15 ml min-1, 

the flow rate was regulated by the speed of the pump, which was calculated from the 

speed-pressure-flow rate diagram. At an operating point requiring a flow rate exceeding 

15 ml min-1, the flow rate was measured by a pelton wheel flow meter from Kobold-

Messring GmbH (DPL, Hofheim-Ts., Germany) and the pump speed was computer-

controlled via a PID software tool. A flow heater (Heat Systems, Marienheide, 

Germany) was used to preheat the methanol-water mixture prior feeding it to the fuel 

cell.  

 

A recirculation of the aqueous methanol solution combined with a dosing of the 

consumed methanol was omitted for the sake of a reproducible methanol concentration. 

In addition, the accumulation of any by-products, which may or may not occur in such 

an anodic loop, was avoided in that way. Therefore, the feed is cooled by an air cooler 

to ambient temperature downstream to the DMFC. For safety, the feed temperature after 

the cooler is monitored to avoid damaging the following backpressure controller. The 

pressure over the DMFC anode is controlled by a backpressure controller of the type 

FDV.-31 KP Z from KNF-Neuberger AG (Balterswil, Switzerland). At last, the water-

methanol-carbon dioxide mixture is fed to a wastewater tank (tank 2 in Figure 1). The 
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wastewater tank also serves as gas-liquid separator and thus is connected to the in-house 

exhaust gas line. 

 

Measurement & Control 

A 150 W programmable electronic load from Hewlett-Packard (mainframe HP 6050A; 

load module HP 60501B, Palo Alto CA, USA) allows operating the cell in constant 

current / voltage / resistance mode. Because only limited current can be drawn by the 

electronic load when operated at voltages below 3 V, a DC power supply (RAX 5-35K, 

Kepco Inc., Flushing NY, USA) with a constant voltage output of about 3 V is 

connected in series to the fuel cell and the electronic load to raise the voltage level. The 

voltage of the cell is measured separately with shielded sensing cables, which are 

connected to a 20-channel armature multiplexer plug-in module (HP 34901A) installed 

in a mainframe (HP 34979A), both from Hewlett-Packard. Furthermore, the plug-in 

module was also connected to a number of thermocouples for the monitoring of system 

temperatures. All heaters were controlled by temperature controllers of the model Jumo 

dTron 16.1 from M.K. Juchheim (Fulda, Germany). All thermocouples were of the K 

type (NiCr – Ni). 

 

The control software was based on LabView from National Instruments and allowed to 

fully control the test benches. All devices were connected to the control computer by a 

GPIB, RS-232, or a RS-485 interface. Via the latter, the temperature controllers were 

linked to an interface card (AT-485/2, National Instruments, Austin TX, USA) of the 

control computer. A master-slave protocol (Modbus) was used for the communication 

to the temperature controllers. The flow rate and the pressure of the oxidant are 

controlled by a programmable controller (WMR 12, Westphal Mess- und Regeltechnik, 

Ottobrunn, Germany), which is connected to the GPIB interface card (PCI-GPIB, 

National Instruments) of the control computer. On the same bus, the multiplexer and the 

electronic load are also linked to the control computer. Finally, the pumps are controlled 

via the RS-232 interface and are connected in series, which allowed a quasi-bus 

topology of the pumps.  

 

A number of safety features are included into the design of the test stands to enable 

unattended operation of the DMFC test benches. Among other things, the automatic 
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shutdown of a test bench in case of major leakages or an overflow of its wastewater 

tank, a polarization protection of the fuel cell, an inherently safe flow heater, a dry run 

protection of the pump at flow rates exceeding 15 ml min-1, etc. were implemented into 

the technical layout of the testing facilities.  

 

2.2 Cell Hardware 

The DMFC tests were performed in single cells of the conventional filter press type 

with an active area of 30 cm2. The MEA was sandwiched between two flow-field plates, 

which were clamped together by outer stainless steel plates of grade 316 L as illustrated 

in Figure 2. The latter were 15 mm thick and pressed together by 12 screws with the 

flow-field plates and the MEA in between. The flow-field plates were made of graphite 

(Diabon NS 2, SGL Carbon Group, Meitingen, Germany), which featured high 

temperature resistance and low electrical resistivity.  

 

endplate
flow-field

plate
PTFE
gasket

electrode
membrane

 

Figure 2: Schematical drawing of the fuel cell arrangement. 

 

A single flow channel was machined in serpentine configuration into the graphite plates 

for the supply of the reactants and the removal of the products. Its structure and the 

dimensions of the flow channel are depicted in Figure 3. The cross-section of the flow 

channel was one by one millimeter with a one-millimeter gap between two adjacent 

channels. Moreover, the flow-field plates were quite thick (each 15 mm) to compensate 

for the deflection of the endplates and thus, to accomplish a homogenous pressure 

distribution over the active area. PTFE gaskets of about 0.25 mm thickness were used 

for sealing the cell.  

 



Chapter IV 59 Solid Polymer Electrolytes 

The choice of a single channel configuration for the anode and, as the mirror image of 

, also on the cathode was based on the following considerations. On the 

oxidation of methanol, carbon dioxide is evolved as a gas in the cell. The carbon 

dioxide may accumulate in the flow field and block the active sites from the supply of 

reactants. Therefore, a single channel flow field was chosen to enable a forced liquid 

flow through all parts of the flow field and thus, avoiding the accumulation of any gas 

clusters. Very little has been published on the effect of the flow field on the DMFC 

performance. Only recently, some research groups have picked up on this subject [20-

22] and as a first summary, they all favored a forced flow configuration on the anode. 

Different thoughts lead to the choice of this flow field structure for the cathode. In the 

DMFC, excessive amounts of water permeate through the membrane to the cathode and 

thus the cathode electrode and flow channels are highly flooded (as shown later in this 

chapter, pp. 82). In a multi-channel flow field, water may accumulate in one of the 

channels and block this channel for the supply of oxidant. Consequently, part of the 

active area would suffer from oxygen depletion resulting in a lower cell performance. 

For these reasons, the single channel configuration was chosen as flow field for the 

anode and the cathode.  

Figure 3

Figure 3: Schematic of the flow field used for the characterization of the DMFC on 
the anode as well as on the cathode. The flow field comprises a single channel in 
serpentine configuration. The channel was one millimeter wide and one millimeter 
deep. The distance between two flow channels was one millimeter (see detail Z on the 
right side). 
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A typical pressure distribution obtained for one of the experimental cells with a pressure 

measuring film (Super Low, Fuji Photo Film Co., Tokyo, Japan) is shown in Figure 4. 

The pressure distribution was measured at room temperature in a cell including the 

MEA and all gaskets. All screws were tightened with a torque of 4 Nm. In general, the 
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intensity of the gray coloration of the image in Figure 4 indicates the degree of contact 

pressure in a certain area. The dark areas in Figure 4 equal regions of high contact 

pressure while light areas show zones of relatively low pressure. Not surprisingly, the 

highest pressure is obtained in the sealing area where the gaskets and the membrane 

overlap as shown in Figure 4. Moreover, the serpentine structure of the flow field can 

nicely be seen. Obviously, the pressure onto the electrode is small along the flow 

channels. However, the gray coloration along the webs is moderately uniform and 

indicates a reasonably homogeneous pressure distribution over the entire active area as 

depicted in Figure 4. From the gray intensity of , a contact pressure exceeding 

2.5 MPa is found in the sealing area, while a lower pressure of about 2 MPa is applied 

to the active area. 

Figure 4

Figure 4: The pressure distribution in the experimental cell (active area 30 cm-2). 
Dark colors indicate high pressure, bright areas low pressure. 

 

 

 

2.3 Electrochemical Components 

Membrane 

The “electrochemical heart” of the DMFC is the MEA consisting of the membrane 

sandwiched between the electrodes. The membrane serves as electrolyte, which 

provides the proton conductivity, simultaneously functions as electrical isolator, and 

acts as a barrier for the reactants. Usually, the polymer electrolyte is based on a 

fluorinated backbone, which may be cross-linked and has side chains with sulfonic acid 

groups attached. The hydration of the membrane leads to a dissociation of the sulfonic 

acid groups, i.e., into H+ and immobilized SO3
- covalently bonded to the polymer side 

chains. The proton conductivity of perfluorosulfonated membranes, such as Nafion, is a 

function of its water content and thus a good hydration of the membrane must be 
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guaranteed. Fortunately, the liquid-feed DMFC, which is the object of this study, 

ensures the full hydration of the membrane as was shown in the literature by measuring 

in situ the membrane resistances at various operating conditions and electrical loads 

[23-25].  

 

The free miscibility of methanol and water results in a methanol uptake of the 

membrane in addition to the uptake of water [26]. However, it is highly undesirable to 

have methanol transport across the membrane for operating a DMFC because it would 

be spontaneously oxidized at the cathode and additionally cause a depolarization of the 

cathode. Therefore, the methanol crossover affects the overall cell efficiency in three 

ways: (i) All methanol permeated to the cathode is lost fuel, (ii) the cell voltage is 

lowered considerably because of the formation of a mixed potential at the cathode, and 

(iii) more oxygen has to be supplied to the cathode because of the additional oxygen 

needed at the cathode due to the oxidation of permeated methanol. 

 

In this study, various polymer electrolytes were characterized in the DMFC. As a 

commercially available standard, which is mostly used in the DMFC literature, MEA’s 

based on Nafion 117 were investigated. In addition, MEA’s based on in-house 

developed membranes of different thickness, degree of cross-linking, and degree of 

grafting were studied under realistic DMFC operating conditions. A more detailed view 

of the structure of these membranes will be given each in its own chapter, i.e., for 

Nafion 117 in section 3.1 and for the PSI-membranes in section 4.1.  

 

Electrodes 

The electrodes have to fulfill two principal tasks: (i) to provide a high electrochemically 

active surface area and (ii) to enable a high mass flow of the reactants to the active area 

while effectively removing the reaction products. Usually, a gas / liquid diffusion 

electrode consists of several layers of different function. A porous carbon support 

(backing) acts as the electronic connection between the flow field and the 

electrochemically active area. In addition, the backing serves as gas / liquid diffusion 

layer, which may contain PTFE to adjust its wetting properties. Carbon papers or woven 

carbon cloths are commonly used as backing materials. A carbon / PTFE layer is spread 

onto its surface to fill the pores of the backing before applying the electrochemically 
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active area. Typically, this layer consists of highly dispersed precious alloys, which are 

deposited on high surface area carbon. PTFE and / or Nafion solution is used as binder 

as well as wetting agent. The incorporation of Nafion into the electrochemically active 

area is important to extent the three-phase boundary and thus, to achieve high catalyst 

utilizations.  

 

Throughout these measurements, commercially available electrodes with an active area 

of 30 cm2 were used in the cell tests. Pt-Ru electrodes were used on the anode with 

platinum and ruthenium loading of about 1 and 0.5 mg cm-2 (atomic ratio 1:1), 

respectively. On the cathode, platinum electrodes were used with a metal loading of 

about 4 mg cm-2. The electrodes were employed in the MEA’s “as received”. 

 

2.4 Parameters & Process Variables 

Process variables 

The characterization of the DMFC is a very open field, which leaves at present all 

degrees of freedom to the experimenter. Different applications, such as portables or on 

the other hand vehicular applications require different power densities, which result in 

different operating temperatures and DMFC designs. In addition, the testing facilities 

and the design of the cell are also dependent on the DMFC type. A vapor-feed DMFC 

requires a different fuel processing as a liquid-feed DMFC as well as a different cell 

design [27, 28]. Therefore, this characterization study is restricted to only one part, 

nevertheless, highly interesting area of the DMFC: the high-power, liquid-feed DMFC.  

 

Even with the focus on the high-power, liquid-feed DMFC the process variables, which 

may affect the DMFC performance, are numerous as summarized below: 

• Cell temperature TCell, 

• methanol concentration cMeOH, 

• oxidant (air or oxygen), 

• pressure p, 

• degree of humidity (temperature of dew point, TDew) of the oxidant, 

• anode and cathode inlet temperature (TMeOH and TOx), and 

• methanol and air stoichiometry (λMeOH and λair). 
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Table 1

Table 1

Table 1

Table 1: Overview of the various process variables, which may affect the DMFC 
performance. The numbers refer to the quantity of meaningful variations for the 
respective variable. Other signs used: “+” all combinations of these two variables were 
investigated; “o” the interplay of these two parameters was only investigated for one 
temperature / pressure / concentration; “-” not studied. 

 summarizes all these parameters and in its diagonal, the number for meaningful 

variations of the specific parameter is given, e.g., four different cell temperatures or 

three different methanol concentrations. The numbers in Table 1 show clearly that 

numerous experiments (1152) have to be done to fully characterize a single MEA-type 

not accounting for any experiments to be performed for the sake of reproducibility. For 

the characterization of various polymer electrolytes in the DMFC, this would mean a 

lifework. Therefore, only specific process variables were selected and their effect on the 

performance of the DMFC was studied. The selection made is indicated by the signs in 

, where “+” means that all variations of this parameter combination were 

investigated, “o” states that the interplay of these two parameters was only investigated 

for a single temperature, pressure, or concentration, and “-“ indicates that this parameter 

combination was not studied. Furthermore, Table 1 shows only the parameter 

combinations, which were studied on Nafion based MEA’s. For the characterization of 

membranes with different properties  includes still too many parameters. 

Therefore, the two process variables with the largest effect on the DMFC performance 

were determined from the study of Nafion based MEA’s. Only these two were varied in 

the characterization study of radiation-grafted membranes. 

 

TCell cMeOH Oxidant p TDew TMeOH TOx λMeOH λOx

TCell 4 + - + o o o o o

cMeOH + 3 - + o o o o o

Oxidant - - 2 - - - - - -

p + + - 2 o o o o o

TDew o o - o 3 o o o +

TMeOH o o - o o 1 o o o

TOx o o - o o o 1 o o

λMeOH o o - o o o o 2 +

λOx o o - o + + o + 4  
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Additional parameters 

Generally, the DMFC can be operated in two different flow configurations, such as co- 

or counter flow as illustrated in . In co-flow, the methanol concentration and 

thus the methanol permeation across the membrane, decreases with the oxygen 

concentration along the flow channels (the structure of the flow field is given in 

Figure 3). At the highest methanol concentration, the highest oxygen concentration is at 

the cathode and thus the methanol crossover may be compensated best. However, if the 

methanol crossover is high and the air stoichiometry low, total oxygen depletion on the 

cathode may occur close to the outlet, which may result in a very inhomogeneous 

current distribution. 

Figure 5

Figure 5: The principal flow concepts in fuel cells.  

 
Co-flow Counter-flow

 

 

In contrast to co-flow, the counter flow mode could result in a more homogeneous 

current distribution over the active area at low air stoichiometry. At the oxidant inlet, 

the methanol concentration and thus the methanol crossover may be the lowest and 

consequently, less oxygen is consumed. That is why, the distribution of oxygen and thus 

the current distribution over the active area may be more homogeneous in counter flow 

mode at a low air stoichiometry. A discussion of its effect on the current distribution 

over the electrode area will follow in Chapter V (pp. 161). 

 

Since the objective of this study is to characterize DMFC’s under realistic operating 

conditions, i.e., at a low air stoichiometry, the counter flow operation was chosen for all 

DMFC tests. Moreover, the inlet of the aqueous methanol solution was in all cell tests at 

the bottom of the flow field and thence the outlet was at the top.† 

                                                 
† This measure was taken to avoid clogging of CO2 in the last channel of the flow field. In addition, liquid 

water may be easier removed from the cathodic flow field with the help of gravity. 
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Especially for portable applications, the position of the cell, e.g., upright or horizontal, 

is as an additional parameter, which has to be considered. The cell position may affect 

the cell performance because (i) the CO2 removal from the cell may be more or less 

effective or (ii) the cathode flooding is affected, which limits or enhances the oxygen 

transport to the active sites. For no other reason as for consistency with earlier 

investigations and comparable results to literature data, the upright position was chosen 

for this characterization study. 

 

2.5 Cell Assembly & Operation 

MEA Hot-pressing & Cell Assembly 

Different to Nafion membranes, the PSI-membrane was coated with a small amount of 

Nafion solution (EW 1100, Solution Technology, USA) prior assembling the MEA by 

hot pressing the electrodes onto the membrane. The impregnation procedure was the 

following. The membranes were dried under vacuum for about an hour at 120°C prior to 

immersing the membrane in a 0.5% Nafion solution for another hour. Afterwards, the 

membrane was allowed to dry at ambient temperature and subsequently, transferred to 

an oven at 120°C. For at least two hours, the Nafion layer was allowed to cure at this 

temperature before the membranes were hot pressed. 

 

In contrast to the Nafion membranes, the PSI membranes were hot pressed in their dry 

state while Nafion 117 membranes were hot pressed in their fully swollen state. A frame 

made of reinforced PTFE (Maag Technic, Dübendorf ZH, Switzerland) was used for 

precisely positioning the electrodes and to avoid a compaction of the backing structure 

during the hot pressing of the MEA. A schematic drawing of the positioning device is 

shown in Figure 6. It consists of two plastic foils of about 0.25 mm thickness, which are 

glued together at the edge of one side. Two diagonally opposite corners position an 

electrode, while the second electrode is put into the correct position by the other two 

corners. In this way, the force is lead over the plastic frame after a fully compaction of 

the MEA, while the membrane is not jammed between the plastic foils. Therefore, 

MEA’s could be produced with precisely lined up electrodes while the membrane was 

less subjected to mechanical stresses during the hot pressing procedure.  
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Slightly different temperatures were chosen in the hot pressing procedure for the Nafion 

and the in-house developed membranes. For the latter, a temperature of about 115°C 

was sufficient to reach adhesion of the electrodes on the membrane, while for Nafion 

based MEA’s higher temperatures (120-125°C) were needed. However, the heat was 

applied for an equal period of time (3 minutes) for all MEA’s, just as the pressure, 

which was always within the range of 35 to 40 bars. The latter was determined by a 

pressure measuring film with a range from 1 to 5 MPa (Medium, Fuji Photo Film Co.).  

 

      

Electrode

Membrane

Reinforced PTFE Frame

 

Figure 6: Centering device for hot pressing MEA’s. The frame was made of 
reinforced PTFE to avoid compaction of the electrodes during the hot pressing 
procedure. The geometry of the centering device minimizes the mechanical stress 
applied on the membrane during the hot pressing. 

 

After hot pressing, the MEA was allowed to cool to ambient temperature and assembled 

in the cell hardware. All screws were tightened with a torque of about 4 Nm resulting in 

a contact pressure of about 2 MPa in the active area as measured by a pressure 

measuring film. As depicted in , higher contact pressure is obtained in the 

sealing zone, which on the one hand ensures a gas-tight cell but on the other hand 

makes high demands on the mechanical stability of the membrane. Because of the 

enormous swelling of the membrane when in contact with liquids, the membrane is 

highly subjected to mechanical stress at the interface gasket / active area. Moreover, the 

experimental cells use PTFE gaskets, which further increase the demands on the 

membrane. Because of the inflexibility of this material it will not compensate for any 

swelling or drying of the membrane during operation. 

Figure 4
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Start-up procedure 

After assembling the MEA in the cell hardware, the cell was installed in the testing 

facility. At open circuit voltage (OCV), the supply of the reactants was started at room 

temperature and ambient pressure. A mixture of methanol (pro analysis GC grade, 

Merck, Dietikon ZH, Switzerland) and deionized water of a methanol concentration of 

0.5 M and air were used as the reactants for the anode and the cathode, respectively. 

The flow rate of the aqueous methanol solution was constant at 12 ml min-1 as well as 

the airflow rate, which was held constant at 200 mlN min-1.  

 

As soon as the OCV of the cell stabilized, which was usually within the first hour, the 

cell was set to potentiostatic operation at 0.3 V and heated to 90°C. Likewise, the 

aqueous methanol solution and the air were fed to the cell preheated at 90°C. 

Furthermore, the pressure on the anode and the cathode was adjusted to equal pressure 

of 3 barabs to avoid on the one hand the vaporization of methanol at the anode side and 

on the other hand a pressure difference between anode and cathode side, which may 

affect the membrane’s lifetime. While the anodic supply was continued in the constant 

flow mode, the air supply was set to a stoichiometry of 2. However, the minimum 

airflow rate was 200 mlN min-1, which corresponds to an air stoichiometry of 2 at a 

current density of 200 mA cm-2 for cells of this size. This airflow rate of 200 mlN min-1 

is required by the IR sensor used to determine the CO2 concentration in the effluent 

cathode stream.  

 

The only difference in the start-up procedure between Nafion based MEA’s and MEA’s 

based on PSI-membranes was the air humidification. Nafion MEA’s were fed with 

almost dry air (dew point 35°C), while air with a dew point of 60°C was supplied to 

cells equipped with PSI-membranes. The latter was done for no other reasons as for 

consistency with previous measurements. All cells were operated continuously under 

these conditions for at least 12 hours before collecting data. 

 

Operation 

The DMFC was characterized at the different operating conditions by galvanostatic 

driven polarization curves and simultaneously measuring the methanol permeation 

across the membrane. Data of the polarization curves were recorded starting from the 
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OCV and increasing incrementally the current of the cell until the cell voltage dropped 

below a given cut-off value. The current increments were 2 A, however, the first current 

interval was subdivided into four steps to account for the activation overvoltage regime. 

Thus, the polarization curve was measured with a higher resolution in this regime. Each 

data point of the polarization curves and the corresponding methanol crossover curves 

was measured at the end of an equilibration time of 6 minutes per single current step. 

Additionally, the membrane resistance (Rmembrane) was determined in situ by the current 

pulse technique, explained in detail in reference [29]. The membrane resistance was 

determined before and after measuring a polarization curve at a current density of 

400 mA cm-2.  

 

The polarization curves are subject to some experimental errors due to 

• the measurement of the cell current (up to 6 A: 0.1% ± 80 mA, above 6 A: 0.1% 

± 350 mA), 

• the measurement of the cell voltage (better 1 mV), 

• variations in the fuel supply (gas: ± 2%, liquid: ± 1 ml), 

• pressure fluctuations (gas: ± 0.5%, liquid: ± 50 mbar), 

• variations in the methanol concentration, and 

• the precision of the temperature measurement (± 1 K). 

While all these errors are small, there is no obvious way of estimating their impact on 

the polarization curves quantitatively. 

 

Determination of the methanol crossover 

Since the methanol permeation rate across the membrane is an important factor not only 

affecting the DMFC performance but also the efficiency of the DMFC system, the 

methanol leakage rates across the membrane were determined by monitoring the CO2 

concentration in the effluent cathode stream [30-32]. It was assumed that methanol 

which permeates across the membrane to the cathode is completely oxidized to CO2 at 

the cathode† and that the membrane is impermeable for any CO2. 

                                                 
† In practice, methanol is not completely oxidized at the cathode. However, it is neglected here because it 

is in the range of a few percent of the total methanol crossover [7] and thus comparable to the accuracy of 

the IR-sensor [33]. 
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There are two experimental indications, which support the latter assumption:  

• First, no CO2 bubbles (permeated through the membrane from the cathode) are 

observed in the anodic fuel outlet at OCV up to a temperature of 120°C, an 

anodic flow rate of 6 ml min-1 and high CO2 concentrations at the cathode (6 

vol.%). Therefore, all CO2, which permeates through the membrane, must be 

dissolved in the aqueous methanol solution. The resulting CO2 flux across the 

membrane (Nafion 117, FEP 25, and FEP 75) calculated from the solubility of 

CO2 in water at 120°C and 3 bar [34] can therefore be at most 5.5 10-7 mol s-1. 

This CO2 flux would correspond to an experimental error of about 10% at a 

methanol leakage current of 3 A (equals to 100 mA cm-2 for a 30 cm2 active 

area). 

 

• Second, if the aqueous methanol solution is supplied at a constant flow rate and 

the current load of the cell is incrementally increased, the methanol 

concentration at the anode is reduced. Simultaneously, the CO2 concentration at 

the anode raises steadily with the current load of the cell. Nevertheless, a 

decrease of the methanol crossover is experimentally determined as depicted in 

 by the squares.  Figure 7

Figure 7

 

Of course, one may argue that the methanol crossover data may also include attributes 

from anodic CO2. However, if the membrane is permeable to carbon dioxide, this 

method† should result in a virtual increase of the methanol leakage when the methanol 

concentration at the anode is held constant while increasing the current load of the cell. 

Nevertheless, in the experiment such a behavior could not be observed as illustrated in 

 by the triangles. Because of this experimental finding, the experimental error 

ignoring the permeability of the membrane towards CO2 is small and thus is not taken 

into account. 

 

In the following, methanol leakage rates will be presented in current densities (e.g., 

Figure 7) that correspond to the current produced by total electro-oxidation of the 

permeated methanol at the cathode. In terms of molar flux across the membrane, a 

                                                 
† The measurement of the cathodic CO2 as a measure for the methanol crossover. 

 



Chapter IV 70 Characterization and Development of the DMFC 

methanol leakage current density of 200 mA cm-2 is equivalent to a specific molar 

methanol flux of 1.24 mmol h-1cm-2, i.e., 37 mmol h-1 for an active area of 30 cm2. 
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Figure 7: Experimental support for the assumption of an CO2 impermeable 
membrane (see text above). Experimental conditions: TCell = 100°C, Nafion 117. 

 

Water permeation measurements 

For a further assessment of a membrane’s characteristic, the water flux across the 

membrane was measured. Therefore, the DMFC was operated at a constant current and 

the entire water of the cathode effluent was collected over a certain period. An equal 

backpressure of 3 barabs was applied on the anode and cathode compartment as under 

“normal” experimental conditions. The schematic of the experimental setup is given in 

. The cathode effluent was cooled to ambient temperature and subsequently the 

water was removed in a water separator. Because the volume of the water separator was 

limited, the accumulated water was drained partly into a separate vessel at regular 

intervals (each time 10 ml). Any water, which was left in the cathode effluent, was 

trapped in an adsorber filled with a drying agent (CaCl2). In addition, the outlet of the 

‘water collector’ was connected to the adsorber to prevent water losses of the vessel 

during the measurement. The methanol leakage across the membrane was determined 

by measuring the CO2 concentration of the cathode effluent stream using an IR sensor 

(in Figure 8 indicated as CI). Water was collected for at least 5 hours at high current 

density and up to 50 hours at low current density to accumulate sufficiently large 

amounts of water to minimize the experimental error. The amount of water collected in 

such a measurement was determined by the mass difference of the water collector and 

the adsorber before and after the measurements, respectively. 

Figure 8
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Figure 8: Experimental setup used for the measurement of the water permeation 
across the membrane.  

 

The measurements were corrected for the water electrochemically produced due to the 

charge passed and the methanol leakage determined. Presumably, Reaction 1 and 

Reaction 2 take place at the cathode of a DMFC. Reaction 1 is the reduction of oxygen 

occurring at the cathode of a DMFC, whereas Reaction 2 is a combination of the two 

electrochemical half-processes and probably describes the recombination of oxygen and 

methanol at the cathode [35]. 

 

4 H+ + O2 + 4 e-    2 H2O    (1) 

CH3OH + 3/2 O2    2 H2O + CO2 (2) 

 

Reaction 1 allows calculating the water produced from the cell current passed, whereas 

the water produced by methanol crossover is given by Reaction 2. The latter is 

calculated from the CO2 concentration in the cathode effluent stream. 
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3 Nafion 117 

Typically, Nafion 117 is used as electrolyte in most DMFC research reported in the 

literature, e.g., references [28, 36, 37]. Studies employing thinner membranes of the 

Nafion series, such as Nafion 115 or Nafion 112, revealed a strong dependency of the 

methanol crossover on the membrane’s thickness [31, 32]. At a sufficiently high oxidant 

stoichiometry an increase of the cell voltage at a fixed current density can be noted for 

thinner membranes as Nafion 117, however, the methanol permeation across thinner 

membranes is significantly higher [31]. The latter overbalances the comparable small 

gain in polarization characteristics that can be achieved by the use of thinner 

membranes in the DMFC. Furthermore, the equivalent weight of the membrane affects 

both the current-voltage curve and the methanol crossover [31, 36]. However, a higher 

equivalent weight reduces both the methanol permeation across the membrane as well 

as the polarization characteristics. For this reason, Nafion 117 was mostly employed in 

the literature and therefore, it was used to assess the cell hardware, the electrodes, and 

the operating conditions. Furthermore, the effects of various process variables on the 

cell performance were investigated with Nafion 117 because of its availability at large 

scale with only minimal property variations. Besides, the Nafion data served as an 

internal standard to compare the results obtained with MEA’s based on radiation-grafted 

membranes (see section 4 and 5 of this chapter). In the following, the Nafion 

membranes will be introduced and the knowledge of this membrane will be summarized 

in short. The cell results obtained with MEA’s based on Nafion 117 will be given within 

this section, compared to data from the literature where possible and discussed.  

 

3.1 Introduction to Nafion 

In the late sixties, the Nafion series was developed by the DuPont Company for use as 

separators in electrochemical processes. The Nafion membrane features an 

extraordinary high chemical stability combined with high temperature stability and 

good processibillity [38]. Nafion membranes are made by copolymerizing sufonyl vinyl 

ether with tetrafluorethylene (PTFE) to form a polymer DuPont calls XR Resin [38]. 

This high-molecular-weight polymer can be melted or extruded into various forms such 

as sheets or tubes. By hydrolyzing the sulfonyl fluoride group to the ionic sulfonate 
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form, the XR Resin is converted into Nafion. The chemical structure of Nafion is 

depicted in Figure 9, where the value of m may be equal to one [39] and k varies from 

about 5 to 12 depending on the equivalent weight (EW) of the Nafion [40].  
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Figure 9: Schematic diagram of the structure of Nafion. The value of m may be as 
low as 1 [39] and the value of k ranges between 5 and 12 [40]. 

 

The morphology of the perfluorosulfonate membranes and their proton transport 

mechanism have been the subject of many studies. From rheological investigations of 

Nafion and X-ray diffraction patterns, Yeo et al. [41] suggested that most of the 

absorbed water exists in aqueous ion clusters within the membrane, which are, as first 

proposed by Gierke et al. [42], interconnected by channels. This picture of an ion-

cluster-network model, as illustrated in , has become a well-accepted feature 

of Nafion, confirmed by other researchers, e.g., in reference [43].  

Figure 10

Figure 10: Cluster-network model of Nafion [42]. Channels interconnect the 
aqueous ion clusters. 
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Protons migrate through the membrane, if a current is drawn from the cell. From 

Figure 10, the electro-osmotic drag of water molecules becomes obvious, as most of the 

water exists in aqueous ion clusters and thus are dragged with the protons to the 
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cathode. Surely, the size of the clusters depends on the temperature, which affects the 

swelling of the membrane. 

 

In this section, the DMFC characteristics of MEA’s based on Nafion 117 are reported. 

These membranes have a nominal thickness of 7 mils, i.e., about 175 µm, an average 

equivalent weight of 1100 g mol-1, and an average density of 1.9 kg m-3 at ambient 

temperature in the dry condition [44]. Prior to the use in the DMFC, the membrane was 

boiled in a solution of concentrated nitric acid and deionized water (50 / 50 by volume) 

at a temperature of 90°C for two hours to remove impurities and to exchange any 

sodium ions with protons. Afterwards, the membrane was washed free of acid by 

boiling it repeatedly in deionized water. The membrane was stored in deionized water at 

room temperature before use in the DMFC. 

 

3.2 Cell Performance of Nafion Based MEA’s 

The effect of the different process variables given in Table 1 on the DMFC performance 

was evaluated with MEA’s based on Nafion 117 membranes. In general, a good 

reproducibility of the cell data was obtained. This indicates that the properties of the 

electrodes and the membrane vary only marginally over different batches. The key 

results of this extensive survey are presented within this subsection. If not stated 

otherwise, the data were obtained at the following standard operating conditions: The 

aqueous methanol solution was supplied preheated at cell temperature to the anode at a 

constant flow rate of 12 ml min-1. The DMFC was operated with air at a stoichiometry 

of 3. However, a minimum airflow rate of 200 mlN min-1 was required, resulting in 

higher stoichiometric values for current densities below 130 mA cm-2. The air was 

humidified at 35°C and fed preheated at cell temperature to the cathode. An equal 

backpressure of 3 barabs was applied on the anode and cathode, respectively. 

 

Cell temperature 

First, the effect of a variation of the cell temperature on the DMFC performance was 

evaluated. At constant operating conditions, polarization curves were recorded in the 

range between 90 and 120°C and simultaneously the methanol crossover was measured. 

 



Chapter IV 75 Solid Polymer Electrolytes 

The result of this study is shown exemplarily for a methanol concentration of 0.5 M in 

.  Figure 11

Figure 11: The effect of the cell temperature on the polari
(Figure 11a), the methanol permeation across the membrane (F
membrane resistivity as shown in the Figure 11c. The cell data 
standard operating conditions and a methanol concentration of 0.5 

 

In general, a better polarization characteristic can be observed when increasing the cell 

temperature. Most notably at current densities above 100 mA cm-2, the cell voltage is 

shifted to higher potentials with an increase of the cell temperature. At 270 mA cm-2, 

the cell voltage increases from around 0.4 V at 90°C to almost 0.5 V at 120°C while the 

OCV rises in the same temperature range from about 740 mV to approximately 790 mV 

at 120°C as shown in Figure 11a. However, the improvements of the polarization 

characteristics get smaller for each temperature rise. While for the first temperature 

increment from 90 to 100°C the polarization characteristics improved considerably (at 

200 mA cm-2 from around 450 mV to almost 500 mV), the improvement was smaller 

for the next temperature step, and a further increase of the cell temperature above 110°C 

resulted in no significant improvement of the polarization curve for the operating 

conditions chosen.  
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Unfortunately, the methanol permeation across the membrane is directly proportional to 

the cell temperature. As depicted in b, the methanol leakage current density, 

ix-over, steadily increases with a temperature rise of the cell. While the methanol leakage 

current density at OCV and 90°C (round data points in Figure 11b) is around 

100 mA cm-2, the methanol crossover at 120°C is 60 % higher, i.e., about 160 mA cm-2 

(triangles in Figure 11b). The shape of the methanol leakage curves derives from the 

methanol depletion at the anode of the DMFC with increasing current load. Please 

recall, the DMFC is operated at the standard operating conditions with a constant flow 

rate of the methanol-water mixture, i.e., the methanol stoichiometry is variable along the 

polarization curve.  

Figure 11

Figure 11

 

In general, some measurement artifacts are included in the method used to measure the 

methanol permeation across the membrane. As shown in Figure 11b, the methanol 

crossover slightly increases in the range between zero to 33 mA cm-2 (cell current). 

Because the measurements of the polarization curves were always started from 

potentiostatic operation at 0.3 V, the difference in the CO2 concentration of the effluent 

gas stream was highest between operation at 0.3 V and OCV (starting point of the 

current-voltage curve). Therefore, the delay-time of the CO2-sensor to reach full signal 

for the starting point of the current-voltage curve was the longest and thus the 

measurement interval (6 min) was too short to reach full signal for the first data point. 

Moreover, a deviation of a single point from the general trend of a methanol permeation 

curve can sometimes be noted, e.g., the data point at 130 mA cm-2 of the methanol 

leakage curve measured at 120°C ( b). This sudden drop of the methanol 

leakage can be explained by the experimental set-up. The CO2 sensor was located after 

the backpressure controller on the cathodic loop. Any regulations of the backpressure 

controller increase or decrease the airflow rate through the valve until the set point of 

the pressure is reached. However, if the tuning takes too long, the airflow rate through 

the backpressure controller (and thus through the CO2 sensor) is not equal to the airflow 

rate through the mass flow controller, which is located before the cell, at the end of the 

six minutes interval. Therefore, the methanol permeation data calculated from the 

momentary CO2 concentration and the momentary airflow as obtained by the mass flow 

controller explains this measuring error. 
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As depicted in Figure 11c, the membrane resistivity, ρmembrane, decreases linearly with an 

increase of the cell temperature. The values of the cell resistivities are derived from a 

frequency distribution of all measurements at each temperature and the most frequent 

values are plotted in Figure 11c. These data are in a quantitatively good agreement to 

values reported in the literature [24, 25]. In contrast to the H2-fuelled PEFC, the 

membrane is fully hydrated under liquid-feed DMFC operating conditions and thus its 

membrane resistance remains nearly constant over the entire polarization range (data 

not shown). In the literature the membrane resistivity was reported to be constant up to 

a current density of 1 A cm-2 under DMFC operating conditions [24]. 

 

Methanol concentration 

Another key variable to enhance the DMFC performance significantly is the anodic 

methanol concentration. In Figure 12, the polarization curves and the corresponding 

methanol crossover are depicted at a cell temperature of 110°C for a methanol 

concentration of 0.5, 1, and 2 M, respectively. Under the standard operating conditions 

(see p. 74), the best polarization characteristic is found at a methanol concentration of 

0.5 M. Higher anodic methanol concentrations result in a drastic decrease of the cell 

voltage, e.g., the OCV is lowered by about 100 mV (2 M). Simultaneously, the 

methanol permeation across the membrane increases almost linearly with the increase of 

the anodic methanol concentration as illustrated in Figure 12b. At OCV, the methanol 

leakage current density at 0.5 M is around 130 mA cm-2, 240 mA cm-2 at 1 M, and 

560 mA cm-2 at 2 M methanol concentration, respectively.  

 

In addition, the effect of the air stoichiometry may be foreseen from the polarization 

curves at 1 and 2 M methanol concentration as depicted in a. The latter was 

recorded at a three times higher airflow rate as the polarization curve obtained at 1 M 

methanol. The methanol permeation across the membrane is roughly doubled for the 

2 M-methanol concentration compared to the data obtained for 1 M (see Figure 12b). 

However, the effective air stoichiometry, which takes the methanol crossover into 

account (Equation 2, p. 70), is still higher for the polarization curve recorded at 2 M. 

Therefore, the polarization curves recorded for 1 and 2 M methanol concentration 

intersect at “higher” current density (at about 70 mA cm-2) in a. Both 

polarization curves terminate at 130 mA cm-2, presumably, because of oxygen depletion 

Figure 12

Figure 12
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at the cathode. At this current density, the air stoichiometry is about 1.1 for the 1 M-

polarization curve and approximately 1.7 for the 2 M-polarization curves.  
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From Figure 13, a slight shift to higher current densities at a fixed cell voltage can be 

noted with an increase of the air stoichiometry. At a cell voltage of 0.5 V, the current 

density is shifted from about 210 mA cm-2 at λair equals to two to around 260 mA cm-2 

for air stoichiometries of five or higher. Moreover, the current-voltage curves obtained 

for the different air stoichiometries are in a good agreement up to a current density of 

about 130 mA cm-2. The higher airflow shows its beneficial effect only in the higher 

current density region and results in a 10 to 20 mV raise only. However, the yield is 

small and thus, does not compensate for the additional energy required to supply the 

extra airflow.  
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Figure 13: Variation of the air stoichiometry at 100°C, a methanol concentration of 
0.5 M and standard conditions. 

 

A different picture is drawn, if the DMFC is operated at a higher methanol 

concentration. As shown in Figure 12 by the intersection of the polarization curves 

measured for a 1 and 2 M methanol concentration, a higher airflow improves the 

polarization curve significantly because of the higher methanol permeation across the 

membrane. However, even with a three times higher airflow, the polarization 

characteristic at 2 M is significantly lower in the potential range of interest (≥ 0.4 V) 

than the one obtained for the 0.5 M aqueous methanol feed as illustrated in Figure 12.  
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Methanol stoichiometry 

So far, all cell data presented were measured with a constant flow rate of the aqueous 

methanol solution and thus the methanol stoichiometry is large in the low current 

density range, e.g., at a methanol concentration of 0.5 M and an anodic flow rate of 

12 ml min-1, the methanol stoichiometry is about 19 at a current density of 

100 mA cm-2. However, methanol depletion occurs for low methanol concentrations at 

high current densities. Under the same operating conditions as just mentioned before, 

the methanol stoichiometry is at a current density of 500 mA cm-2 just about 4. 

Therefore, the stoichiometric operation of the anodic feed is a necessity and can 

generally be realized in two ways:  

(i) By varying the methanol concentration at a constant flow rate. 

(ii) by regulating the flow rate at a constant methanol concentration.  

 

The latter was investigated and the cell results are shown in Figure 14. Unfortunately, a 

minimum flow rate of 6 ml min-1 was required in these experiments to maintain a 

constant inlet temperature of the aqueous methanol solution. Therefore, the effect of a 

stoichiometric supply of the aqueous methanol solution can be seen in Figure 14, for a 

methanol stoichiometry of 7 not until a current density of about 130 mA cm-2. Likewise, 

stoichiometric operation of the anodic feed is introduced for a methanol stoichiometry 

of 5 and 3 not until a current density of 200 and 330 mA cm-2, respectively. In addition, 

the cell data for a constant anodic flow rate of 12 ml min-1 (gray triangles) are included 

in Figure 14, which is used under standard operating conditions. All cell data shown in 

 were obtained at a methanol concentration of 0.5 M and an air stoichiometry 

of 3.  

Figure 14

Figure 14

Figure 14

 

Interestingly, no significant improvement of the polarization curves can be observed up 

to a current density of about 330 mA cm-2 as depicted in a. Solely an earlier 

mass transport limitation can be noted in the polarization curve obtained for low 

methanol stoichiometries, such as 3. Furthermore, it seems that a methanol 

stoichiometry of 7 helps to avoid early mass transport limitations and extends the 

polarization curve to slightly higher current densities (see a unfilled triangles).  
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of 5 at 530 mA cm-2 in Figure 14b, are related to the flow rate control of the testing 

facility. At these points, the regulation of the flow rate is switched from a constant-

speed control to PID control (cf. section 2.1: anode loop, p. 56). Presumably, the flow 

rate was slightly too high under PID control because the flow meter has the highest 

error at low flow rate (at 15 ml min-1 about 16%). Thus, the methanol stoichiometry was 

slightly too high at this point. 

 

A different approach to regulate the methanol stoichiometry is to vary the methanol 

concentration. However, the dynamic change of the methanol concentration in the 

anodic feed was not implemented into the technical layout of the testing facilities and 

thus two polarization curves obtained for 0.5 and 1 M may serve as an indication for the 

effect of a variation of the methanol concentration. Current-voltage curves of the two 

methanol concentrations are given in  at a cell temperature of 90°C. At higher 

cell temperature and an air stoichiometry of 3, polarization curves could not be 

measured for cell current densities above 130 mA cm-2 at methanol concentrations of 

1 M or higher because of oxygen depletion (cf. this section: Methanol concentration).  

Figure 15

Figure 15: Cell data measured at 90°C and standard conditions for a 0.5 and 1 M 
methanol concentration, respectively. 
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Once more, the current-voltage plot obtained for the 1 M-methanol concentration is well 

below the one measured at 0.5 M in the current density region between 0 and 

270 mA cm-2. However, the curves intersect where a methanol stoichiometry of 7 is 

reached for a methanol concentration of 0.5 M and a flow rate of 12 ml min-1 (at about 

 



Chapter IV 83 Solid Polymer Electrolytes 

270 mA cm-2). At higher current densities, an anodic feed with a 1 M-methanol 

concentration results in a superior polarization performance.  

 

Dew point of air 

As a further parameter, the impact of the air humidification on the polarization 

characteristics was studied. The results of this study are summarized in Figure 16, 

which shows cell data obtained for a variation of the dew point of air between 35 and 

90°C at the standard operating conditions (corresponding to a mole fraction of water in 

air of 1.9 and 23.4 %, respectively). In addition, the humidification study was carried 

out for different air stoichiometries and its result is given in Figure 16a for an air 

stoichiometry of 2 and in Figure 16b the data are shown for an air stoichiometry of 7. A 

minimum airflow rate of 200 ml min-1 was required to maintain a constant air 

temperature at the cathode inlet. Therefore, effects of an air stoichiometry of 2 and 7 

cannot be seen in a and b until a current density of 200 and 

60 mA cm-2, respectively. 

Figure 16 Figure 16

Figure 16

 

Fortunately, air humidification is not an issue for operating a DMFC as shown in 

Figure 16a. The supply of air saturated with water at 60 or 90°C leads even to a 

decrease of the polarization curve at an air stoichiometry of 2, which is likely related to 

a flooding of the cathode side. This is supported by in situ measurements of the 

gas-liquid distribution in the cathodic flow field. These studies revealed that parts of the 

cathodic flow channels are severely flooded (cf. Chapter V, section 2: In situ 

Visualization, pp. 135). If the membrane would dry out at high air stoichiometry such as 

7, the polarization curves for the low (35°C; circles in ) and the high air 

humidification (90°C; triangles in Figure 16) should differ considerably. However, the 

current-voltage plots measured at the three different degrees of humidification are in 

good agreement at an air stoichiometry of 7 as illustrated in Figure 16b. Therefore, we 

allow to conclude that the membrane is not dried, even at an air stoichiometry of 7. 
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Figure 17: Water fluxes across a Nafion 117 membrane at different cell 
temperatures and methanol concentrations. The DMFC was operated at standard 
conditions and an air stoichiometry of 3 for the 1 M-methanol feed. The data shown for 
the 0.5 M methanol concentration are obtained for an air stoichiometry of 2. 
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Furthermore, an increase of the water flux across the membrane can be noted in 

 by two ways. A temperature rise results in a higher water crossover, as seen by 

comparison of the data obtained at the same methanol concentration in  

(compare circles with circles or triangles with triangles) or by an increase of the 

methanol concentration. The latter can be seen in Figure 17 by comparison of the 

unfilled or filled data points. These observations are not too unexpected as from liquid-

uptake studies in Nafion 117 an increase of the water uptake of the membrane with 

higher temperature is known [26, 45]. In addition, a stronger swelling of the membrane 

is reported when methanol is present in the equilibrating solution [26]. A higher liquid 

uptake will probably result in a higher liquid content of the micro-pores and thus, more 

water is transported to the cathode due to the electro-osmotic drag.  

 

From the data reported in Figure 17, the water drag coefficients (number of methanol 

molecules per proton) at the different operating conditions may be calculated. At high 

current density, the water flux across the membrane may be mainly driven by the 

electro-osmotic drag. If one assumes that the electro-osmotic drag coefficient is 

independent of current density, then the water flux plotted vs. the current density should 

yield a straight line crossing the origin. As illustrated in , except for the data 

obtained at a cell temperature of 110°C and a methanol concentration of 1 M (filled 
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triangles in Figure 17), the curves show this linear dependence at high current density. 

Since the water permeation across the MEA is not exclusively driven by the 

electro-osmotic drag but also by diffusion, a water flux across the MEA can be 

determined at zero current. The water drag coefficients calculated from the experimental 

data shown in Figure 17 are summarized in Table 2. 

 

Table 2: Water drag coefficient obtained from the data reported in Figure 17. 

TCell / cMeOH 90°C 110°C

0.5M 5.1 6.4

1M 6 -  
 

From the water measurements two conclusions can be drawn: (i) the membrane 

conductivity will be maintained at a high level even at high current densities and 

operating temperatures above 100°C, however, (ii) with the penalty of a significant 

water loss to the cathode presumably resulting in severe flooding of its electrode 

structure at high current density. The latter may be illustrated in the following armchair 

experiment.  

 

Figure 18 summarizes the various water flows occurring in the cathodic porous 

electrode structure of a DMFC. Besides the water permeation across the membrane 

 water is electrochemically produced due to the oxygen reduction because of the 

charge passed through the cell m  and the methanol crossover  (cf. Section 2 

of this chapter: Water permeation measurements, p. 70). 
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110°C, because at a higher cell temperature the methanol crossover limits a further 

improvement of the polarization curve. In principle, the same finding applies to the 

effect of the methanol concentration on the DMFC performance (Figure 12). An 

increase of the methanol concentration from 0.5 M to 1 M lowers the polarization curve 

because the methanol crossover is doubled.  

 

The increase of the methanol crossover with a temperature rise as well as with an 

increase of the methanol concentration can be well explained by the cluster-network 

model shortly introduced in section 3.1. Because methanol is miscible with water and 

both molecules are of comparable size and similar physical properties, e.g., dipole 

moment, the aqueous ion-clusters also include methanol molecules, which are also 

dragged by protons to the cathode if charge is passed through the cell. In addition, the 

concentration gradient between the anode and cathode compartment accounts for the 

methanol crossover at OCV. Since the methanol is oxidized at the cathode, the 

concentration gradient across the MEA is determined only by the anodic methanol 

concentration. Thus, a higher methanol concentration results in a higher concentration 

gradient across the MEA resulting in a higher methanol flux to the cathode. The latter 

can be seen by comparison of the methanol leakage rates at OCV given in Figure 12b. A 

doubling of the methanol concentration amounts to a doubling of the methanol leakage 

at OCV. The cell temperature affects the swelling of the membrane and thus the cluster 

size. However, larger aqueous ion-clusters allow larger methanol diffusion to the 

cathode and increase the number of methanol molecules dragged by protons as seen in 

b. The latter could also be shown in the measurements of the water fluxes 

across the membrane. The water drag coefficient increased with a cell temperature rise 

as well as with an increase of the methanol concentration. 

Figure 11

 

A high air stoichiometry improves the polarization characteristic as depicted in 

Figure 13. However, the yield in power is small compared to the extra energy needed to 

supply air at the higher stoichiometry. This may be demonstrated on the basis of the 

following example. The best a technical compressor can achieve is described by an 

isentropic compression: 

ss wmP &= ,     (3) 

 



Chapter IV 89 Solid Polymer Electrolytes 

where Ps refers to the power,  to the mass flow of air, and wm& s describes the energy 

needed to compress isentropic one kilo of gas. Under the experimental conditions used 

in this work, i.e., a pressure of 3 barabs and air, ws is calculated to 1.1 10-5 J kg-1. Since 

the compressor power is directly proportional to the mass flow of air, any variation in 

airflow directly affects the power demand of the compressor. An example may illustrate 

that an increase in air stoichiometry is hard to justify. An air stoichiometry of 2 requires 

for this size of cell an airflow of 400 mlN min-1 (. 8.6 10-6 kg s-1) at a current density of 

400 mA cm-2. Likewise, an airflow of 600 mlN min-1 (. 1.3 10-5 kg s-1) is needed for an 

air stoichiometry of 3 at the same current density. According to Equation 3 and our 

operating conditions, this would mean the cell voltage has to be at least 40 mV higher at 

the stoichiometry of 3 compared to the stoichiometry of 2 to justify the higher airflow. 

Therefore, a low air stoichiometry is needed for operation of a DMFC at low methanol 

concentration (0.5 M). If the DMFC is operated at a higher methanol concentration, an 

increase of the airflow through the cell would probably result in a more significant rise 

of the cell voltage. However, a methanol concentration of 1 M doubles the methanol 

flux across the membrane compared to a 0.5 M aqueous methanol feed as illustrated in 

b and thus the operation of the DMFC with a concentration of 1 M is only 

suitable at higher current density (above 300 mA cm-2, see Figure 15).  

Figure 12

 

In principle, the supply of methanol at a constant stoichiometry can be realized by 

regulating either the methanol concentration of the aqueous solution or its flow rate. 

The latter was shown in Figure 14. While the effect of the methanol stoichiometry on 

the polarization curve is small, reducing the methanol stoichiometry can minimize the 

methanol permeation across the MEA. Eventually, using an even more diluted aqueous 

methanol solution, such as 0.25 M and adjusting the flow rate if high current density is 

required can further minimize the methanol crossover. The other possibility, varying the 

methanol concentration in the anodic feed as suggested by Narayanan et al. [46], 

requires (i) a very accurate and fast methanol dosing to the anodic feed and (ii) the rapid 

change of the methanol concentration present in the cell / stack to allow for dynamic 

operation of the DMFC. Therefore, ‘just’ regulating the anodic flow rate and keeping 

the methanol concentration at a constant level is most probably the easier way to realize.  
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The measurement of the water flux across the MEA (Figure 17) confirmed the 

observation of the adversely effect of air humidification on the DMFC performance as 

depicted in Figure 16. Furthermore, the water permeation measurements yielded that the 

water flux increases considerably with an increase of either the cell temperature or the 

methanol concentration.  

 

For benchmarking of the electrochemical components and the cell hardware, the cell 

results given in  were compared to the best cell data available in the literature 

so far. At a cell temperature of 90 and 110°C, the cell voltage at a current density of 

200 mA cm-2 is given for two references [24, 47] and for this work in Figure 19.  

Figure 11
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conditions were used by Narayanan et al. [47]. Air supplied at a stoichiometric flow rate 

of 60 compensated the adverse effect of the 1 M methanol solution and thus, a cell 

voltage of 0.54 V could be achieved. Unfortunately, both authors do not report the 

reasons for these ‘extreme’ operating conditions. In contrast to these energy demanding 

operating conditions, the cell results of this work are obtained at an air stoichiometry as 

low as 3.  

 

A few research groups have also measured the methanol permeation across Nafion 117. 

While the methanol leakage data presented in this work are in reasonable agreement 

with data presented by Valdez et al. [48] at OCV, the decay of the methanol leakage 

with current density is different. However, the methanol crossover depends on the 

methanol stoichiometry (Figure 14) and thus is influenced by the anodic flow rate, 

which unfortunately is not stated in reference [48]. The methanol crossover measured 

by Dohle et al. [49] is in complete disagreement to the values reported in this study. A 

methanol leakage current of around 90 mA cm-2 is given in reference [49] for a DMFC 

at OCV operating on a 1 M aqueous methanol solution at 85°C. For comparison, a 

methanol leakage of about 230 mA cm-2 was measured in this work at OCV. One 

explanation for the very low methanol crossover reported by Dohle et al. may be the 

PTFE-loading of his electrodes (5% on anode and 30% on cathode), which may affect 

the methanol leakage.  

 

By the same author, water fluxes across a MEA based on Nafion 117 were measured 

[50]. Once more, the water drag coefficient found by Dohle results in lower values as 

found in this work. At 110°C and a methanol concentration of 1 M, a water drag 

coefficient of 4.3 is reported in reference [50], which is even lower as the one of 

approximately 5.1 reported here for a methanol concentration of 0.5 M at 90°C. A 

substantially lower water drag coefficient was also found by Ren et al. [35]. At a 

methanol concentration of 1 M and 90°C, a water drag coefficient of 3.7 was 

determined. Once more, the electrode structure and its PTFE loading of the anode as 

well as of the cathode play a role in the water transport from the anode to the cathode 

and may account for these variations of the water drag coefficient. Unfortunately, 

neither the PTFE-loading of the electrodes used in this work nor the PTFE-loading of 

the electrodes used in reference [35] are known. Therefore, this lack of information 
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prevents us from evaluating the effect of the electrode hydrophobicity on the water 

crossover. 

 

3.4 Summary & Conclusions 

The cell tests based on Nafion membranes allowed assessing the behavior of the 

electrochemical components and the cell hardware under various operating conditions. 

The cell results obtained showed a reasonably good agreement with cell data published 

and are the benchmark for the characterization study of radiation-grafted membranes 

reported in the following section.  

 

In contrast to the literature, the DMFC was operated at low air stoichiometry. Thus, best 

DMFC performance was obtained at low methanol concentration (0.5 M). Moreover, 

this study pointed out the process variables with the most relevance to the polarization 

characteristic as well as to the methanol crossover. These parameters were the cell 

temperature and the methanol concentration of the anode feed. Therefore, the effect of 

these two variables on the DMFC performance was chosen to investigate in the 

characterization study of radiation-grafted membranes.  

 

A variation of the other process variables, such as air humidification, showed only a 

minor improvement of the DMFC performance or a variation of a specific parameter 

(e.g., airflow) is just out of question in practice. However, introducing a stoichiometric 

operation of the anode flow makes a significant improvement in reducing the methanol 

crossover. Unfortunately, maintaining a constant inlet temperature for the anode feed is 

difficult and thus for the sake of reproducible cell results the stoichiometric supply of 

the anodic fuel will not be considered in the following characterization study of 

radiation-grafted membranes. 
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4 Radiation-Grafted Membranes 

The cell performance of several radiation-grafted membranes based on poly(tetrafluor-

ethylene-co-hexafluorpropylene) (FEP) was explored over a wide graft level range 

under DMFC operating conditions. The main goals of this characterization study can be 

summarized as follows:  

(i) Evaluation of the polarization characteristic and methanol permeation across 

FEP based membranes,  

(ii) correlation of these findings with their membrane properties, and  

(iii) determination of the membrane with the best properties for use in the DMFC 

under the operating conditions investigated here. 

 

This section is drafted in the following way: 

A general description of the preparation of radiation-grafted membranes will be given in 

the next section (section 4.1) to introduce the reader to the key parameters affecting the 

properties of radiation-grafted membranes. This introduction to FEP membranes will be 

followed by the presentation of their cell results and discussion in section 4.2. At last, 

the findings of section 4.2 will be summarized and the main conclusions are drawn.  

 

4.1 Preparation of Radiation-Grafted Membranes 

Starting from commercially available FEP-foils, ion-conducting polymer films were 

prepared by the radiation-grafting technique, e.g., reference [51]. A schematic of the 

process including the sulfonation and swelling of the membrane is depicted in 

Figure 20. The key steps of this process are the following:  

(i) Irradiation of the polymer substrate by an electron-beam to generate free 

radicals within the polymer as illustrated in b.  Figure 20

(ii) Upon immersion of the membrane in a solution of styrene and 

divinylbenzene, a radicalic polymerization is initiated by these radicals to 

form cross-linked polystyrene in the membrane as depicted in Figure 20c.  

(iii) At last, the polystyrene is sulfonated and the membrane swollen with water 

as shown in Figure 20d.  
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With this procedure, an ion-conducting polymer of similar morphology to Nafion, in the 

broadest sense, is obtained. The material consists of two parts, an inert, hydrophobic 

FEP-backbone and highly hydrophilic, proton-conducting, sulfonated polystyrene side 

chains. 
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If the polymer base film does not swell in the grafting solution, the grafting process 

occurs by a grafting front mechanism as illustrated in Figure 21.  

 
Thickness

(a) (b) (c) (e)(d)

 

Figure 21: Grafting front mechanism. Illustration according to reference [19]. 

Figure 21

Figure 21

 

Because the base material cannot swell, grafting starts only at its surface ( a), 

which is in good contact with the grafting solution. The grafted surface region can then 

swell and thus the monomer can diffuse further into the polymer base material and can 

react (b). The two grafting fronts continue until they meet (c). Since ions should be 

conducted from one side of a membrane to the other when used as a solid polymer 

electrolyte in a fuel cell, the proton conductivity is determined by this middle layer (see 

d). Thus, it is highly desirable to proceed until a homogeneous grafting level is 

achieved throughout the thickness (e) [18, 19]. Unfortunately, the grafting front 

mechanism as well as an inhomogeneous grafting over the membrane area may affect 

the reproducibility of this characterization study. At present, these variations are 

unknown. 

 

For this study, FEP foils of two thicknesses (25 µm (FEP 25) and 75 µm (FEP 75)) were 

used as starting materials to prepare differently cross-linked membranes with varying 

degree of grafting (DG). The degree of cross-linking (DC) of a membrane is given by 

the styrene-to-divinylbenzene ratio by volume (S/DVB) of its grafting solution. Its 

effect on the cell performance was studied on membranes based on FEP 25. Three 

differently cross-linked FEP 25 membranes were investigated: low cross-linked FEP 25 

membranes with a styrene-to-divinylbenzene ratio of 9 to 1 (S/DVB = 9:1), a medium 

cross-linkage of a styrene-to-divinylbenzene ratio of 8 to 2 (S/DVB = 8:2), and highly 

cross-linked FEP 25 membranes were prepared from a grafting solution with a styrene-

to-divinylbenzene ratio of 7 to 3 (S/DVB = 7:3). Membranes based on FEP 75 were 
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only investigated low cross-linked (S/DVB = 9:1).  summarizes the various 

membrane types and their range of the DG, which were tested in the DMFC. 

Table 3

Table 3 Overview of the different membranes investigated. 

 

In the following section, the cell performances obtained for the different membranes as 

given in Table 3 will be shown and the effect of the DG and DC on the DMFC 

performance will be highlighted. 

 

Polymer Substrate Degree of Cross-linking 
[S/DVB] 

Degree of Grafting 
[wt%] 

FEP 25 9 / 1 8, 10, 12, 15, 17, and 21 

FEP 25 8 / 2 10, 12, 14, and 19 

FEP 25 7 / 3 16 

FEP 75 9 / 1 8, 13, 15, 19, 22, and 23 
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4.2 Characterization of FEP-Membranes in the DMFC 

Let us shortly recall the findings of section 3: The highest impact on the DMFC 

performance was found to be the cell temperature and the methanol concentration. All 

other process variables had only a minor effect on the cell performance or their large 

variation is just out of question looked at from a technical point of view, e.g., the 

airflow. Therefore, the cell data of each MEA were obtained at operating temperatures 

of 90, 100, and 110°C each at a methanol concentration of 0.5 and 1 M, respectively. 

All MEA’s were investigated with air as oxidant humidified at 60°C at a stoichiometry 

of 2 (the minimum airflow was 200 mlN min-1). The flow rate of the aqueous methanol 

solution at the anode was held constant and was about 12 ml min-1 (at a current density 

of 200 mA cm-2 a flow rate of 12 ml min-1 of a 0.5 M aqueous methanol solution is 

equivalent to a stoichiometry of about 9.7). An equal backpressure of 3 barabs was 

applied on the anode and cathode compartment. Subsequently, the standard operating 

conditions will refer to this set of process variables. 

 

In the following, the cell data will be presented in three large blocks. Preceding these, 

however, the reproducibility of the cell results will be considered because of its utmost 

importance on all considerations and discussions. Afterwards, the cell results will be 

presented by the membrane type, starting with the low cross-linked FEP 25 membrane. 

 

Reproducibility 

A major goal of this characterization study was to establish a reliable data source for the 

performance of FEP based membranes under DMFC operating conditions. Therefore, at 

least two MEA’s of each membrane batch were prepared and tested in the DMFC to 

gain confidence in the cell data. In addition, the DMFC performance of membranes with 

similar properties but of different batches was randomly checked. Exemplarily for all 

cell tests, Figures 22 to 24 shall demonstrate the reproducibility of the cell data obtained 

for the different membrane types. Any data measured at a cell temperature of 100°C 

were omitted in these Figures to improve the clarity of the diagrams. In the following, 

the reproducibility of the low cross-linked membranes will be discussed first.  
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As shown in Figure 22, the cell data of two different low cross-linked membrane 

batches of similar DG (12 wt%) result in close polarization characteristics and similar 

methanol permeation. The variation of the cell voltages over the entire current density 

range is only 20 mV at maximum as shown in Figure 22a. The methanol leakage data 

obtained for the different membrane batches are given at a cell temperature of 110°C in 

b. As shown, the methanol crossover curves agree nicely over the measuring 

range and vary only around 10 to 20 mA cm-2. 

Figure 22

Figure 22 Reproducibility of the cell data obtained from MEA’s based on FEP 25 
membranes with a DG of 12 wt%. The data are given at a methanol concentration of 
0.5 M and the standard operating conditions. 
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The polarization curves and the methanol leakages of low cross-linked FEP 75 

membranes with a DG around 22 wt% are given in Figure 23 for different membrane 

batches. Once more, a good reproducibility can be noted for the polarization curves 

(Figure 23a) as well as for the methanol permeation across the membrane (Figure 23b). 

Except for the deviation of the polarization curves at high current density and 90°C, a 

close agreement and a variation of 20 mV at most can be found for the current voltage 

plots of FEP 75 membranes. In addition, the methanol crossover of both MEA’s agrees 

reasonably as shown in b. Solely, the methanol leakage data at 90°C differ by 

about 20 mA cm-2 in the low current density region. The reason for this deviation of the 

methanol leakage data is presently not known but might be related to some 

Figure 23
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measurement artifact. However, the methanol leakage data at 110°C are in a good 

agreement, as shown by comparison of the filled data points in Figure 23b. 
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Figure 23 The reproducibility of cell performance data obtained for FEP 75 
membranes. The polarization and methanol leakage curves are shown for a membrane 
with a DG of about 22 wt% at a cell temperature of 90 and 110°C. The data are given at 
a methanol concentration of 0.5 M and the standard operating conditions. 

 

A comparison of the DMFC performance obtained from MEA’s made of medium cross-

linked membranes with a DG of 14 wt% is shown in Figure 24. The data are given for 

MEA’s based on the same membrane batch. Unfortunately, the polarization curves of 

these MEA’s differ quite considerably. At a current density of 200 mA cm-2 and a cell 

temperature of 110°C a difference of 50 mV can be found in the current-voltage curves, 

as shown in Figure 24. Additionally, the methanol permeation data of these membranes 

(Figure 24b) vary notably. Since other cell tests of medium cross-linked membranes 

show the same disagreement in the polarization curves and in the methanol crossover, 

although different electrode batches were used, an effect of the electrodes on these 

results is unlikely. Therefore, only the better of both cell tests performed per single 

membrane batch will be given in the following for membranes of medium DC. 

 

The reproducibility of the cell results was exemplarily shown in Figures 22 to 24 each 

for a certain membrane type. A good agreement of the cell results can be found for low 

cross-linked membranes as demonstrated in Figures 22 and 23 and was found to be 
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about the same as obtained within single membrane batches. The reproducibility of the 

polarization curves of these membranes under DMFC operating conditions is in the 

same range as in the H2-fuelled PEFC. In contrast, the medium cross-linked membranes 

showed only poorly reproducible cell data as depicted in Figure 24. Presumably, the 

higher cross-linkage of the membrane resulted in inhomogeneous membrane properties 

within a single membrane batch. Therefore, the variation of the cell data has to be beard 

in mind, when interpreting the cell results of medium cross-linked membranes: Only the 

better data set available for the same DG are given in the following figures. 
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Figure 24 Cell data of MEA’s based on the same membrane batch of medium 
cross-linked FEP 25 membranes (DG=14 wt%). The cell temperatures are indicated in 
the legend. The data were measured at a methanol concentration of 0.5 M and the 
standard operating conditions. 

 

Cell data of high cross-linked membranes were not presented here because a complete 

data set could not be obtained for this membrane type. All attempts to assemble MEA’s 

based on high cross-linked membranes resulted in cracks in the membrane either during 

hot pressing the MEA or during the start-up of the cell. Therefore, cell data of high 

cross-linked membranes will not be shown in the following. 

 

Membrane resistivity 

The degree of grafting of a membrane is determined as the weight ratio of polystyrene 

to the base material (cf. Preparation of Radiation-Grafted Membranes, p. 93). Because 

the content of the sulfonic acid groups in a membrane depends on the polystyrene 
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available within the membrane, the degree of grafting is an indication for its 

conductivity. A high DG translates into a higher polystyrene content in the membrane 

and thus an increased number of sulfonic acid groups are available within the 

membrane. Therefore, a higher DG results in a better conductivity and thus lower 

membrane resistivity (and unfortunately brittle membranes). On the other hand, a low 

DG gives membranes of good mechanical properties but of high membrane resistivity. 

Therefore, the membrane resistivity was measured in situ by the current-pulse technique 

[29] to gain further information about the membrane.  

 

In Figure 25, the membrane resistivities of the three different membrane types are given 

for approximately similar DG (13±1 wt%) as a function of the cell temperature. For the 

standardization of the data, a thickness of 35 and 90 µm was used, which was measured 

with a thickness measuring gauge in the fully swollen state at room temperature for the 

FEP 25 and FEP 75 membrane, respectively. Henceforth, these thicknesses will be 

assumed for all calculations of resistivities, no matter of which DG the membranes are. 

As shown in section 3.2 (Water crossover, p. 84), the Nafion membrane tends to swell 

more in the presence of an increased methanol concentration and thus the membrane 

resistivity is lowered. Therefore, the membrane resistivities obtained at a methanol 

concentration of 1 M are included in  in addition to the data obtained at 0.5 M 

to study the effect of the methanol concentration on the membrane resistivity.  

Figure 25

 

Once again, a larger scatter of the cell resistivities can be noted for the data of the 

medium cross-linked membrane while the membrane resistivities of MEA’s based on 

low cross-linked membranes show only a marginal variation, which is within the 

experimental error. Furthermore, a higher membrane resistivity can be noted for an 

increased cross-linking (S/DVB = 8:2, squares) of the membrane. An increase of the 

thickness of low cross-linked membranes does not affect the membrane resistivities as 

shown in Figure 25. Please note, resistivities are given in Figure 25, i.e., the membrane 

resistance of low cross-linked membranes is at the same DG about three times higher 

for the FEP 75 membrane as for the FEP 25 membrane. The slightly lower membrane 

resistivity of the FEP 75 membrane compared to the low cross-linked FEP 25 

membrane may be related to the higher DG or to the thicknesses assumed for 

calculating the resistivities (see paragraph before). The membrane thickness was 
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measured at room temperature in the swollen condition. However, the membrane’s 

thickness after hot pressing the MEA and assembling it in the cell is an uncertainty for 

which the variations in the membrane resistivities may be accounted for.  
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Figure 25: The membrane resistivity of low and medium cross-linked FEP 25 and 
FEP 75 membranes as function of the cell temperature. The membranes are of a similar 
DG around 13 wt% (±1 wt%). The error bars indicate the scatter in the experimental 
data of a single experiment. The membrane resistivities are given at a 0.5 M aqueous 
methanol feed (unfilled data points) and at 1 M (filled data points), respectively. 

 

In general, a lower membrane resistivity is found for the methanol concentration of 1 M 

as shown in Figure 25. The decrease of the membrane resistivity is presumably related 

to a stronger swelling of the membrane, which increases its proton conductivity. 

However, it seems the higher methanol concentration affects especially the higher cross-

linked membrane, which is surprising because the higher cross-linkage shall prevent 

excessive swelling of the membrane. On the other hand, the large difference may also 

be related to a better bonding of the membrane to the electrodes during operation 

(although stable cell performance, i.e., constant power output, was observed at the end 

of the start-up procedure). This process is known to happen in the H2-fuelled PEFC 

when the MEA is not hot pressed and may take up to several days [52]. The cell data 

were first obtained at a methanol concentration of 0.5 M starting from 90°C. 

Subsequently, the data at the higher methanol concentration were measured. The latter 

would be in agreement with the speculation that the surface of the membrane changes 

with a higher content of the cross-linking agent [53] and thus an intimate bonding of the 

MEA may not be reached in the hot pressing process.  
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In this characterization study, membranes based on FEP polymer films with different 

thickness, DC, and DG were investigated. The various membranes studied are 

summarized in Table 3 (p. 96) and their cell performances are given in Figure 26 and 

 for a 0.5 and 1 M aqueous methanol feed, respectively. The general trends 

found for radiation-grafted membranes based on FEP polymer foils will be exemplarily 

illustrated based on these two Figures.  

Figure 27

 

All cell data shown in Figure 26 are given for a methanol concentration of 0.5 M and a 

cell temperature of 110°C. Because of the better cell performance, cell data obtained 

with a 1 M aqueous methanol feed are depicted for a cell temperature of 90°C in 

Figure 27. In the “a” figures of Figure 26 and Figure 27, the cell performances of 

MEA’s based on FEP 75 membranes (S/DVB = 9:1) are displayed. The cell data 

obtained for FEP 25 membranes (S/DVB = 9:1) are given in the “b” figures and the cell 

characteristics of medium cross-linked FEP 25 membranes (S/DVB = 8:2) are depicted 

in the “c” figures. The insets in these figures show the data measured for the methanol 

permeation of each membrane. 

 

Low cross-linked FEP 25 membranes 

As depicted in Figure 26b, the best polarization curve could be obtained for a low cross-

linked FEP 25 membrane with a DG of 12 wt% at a 0.5 M aqueous methanol feed. - 

Please note the data shown for the membranes with a DG of 8 and 21 wt% were 

obtained at a higher minimum airflow (300 mlN min-1), i.e., the air stoichiometry was 3 

at a current density of 200 mA cm-2. - MEA’s based on FEP 25 membranes with a 

higher DG, 17 or 21 wt%, have a higher methanol permeation as shown in the inset of 

b, which is likely to be the cause for the reduction of the cell voltage 

compared to the polarization curve obtained for the best MEA (DG=12 wt%). The 

slightly lower membrane resistivity of the membrane with a DG=17 wt% 

(ρmembrane = 11 Ω cm, resistivity data not shown) compared to the membrane resistivity 

of the best membrane (DG=12 wt%, ρmembrane = 13 Ω cm) does not compensate the 

adverse effect of the increased methanol permeation across the membrane. On the other 

hand, the lowest grafted FEP 25 membrane (DG=8 wt%) reduces the methanol 

crossover up to a current density of 430 mA cm-2 as shown in the inset of Figure 26b 

Figure 26
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(circles). However, its membrane resistivity was considerably higher 

(ρmembrane = 20 Ω cm) resulting in a somewhat sluggish polarization curve.  

 

At a 1 M aqueous methanol fuel feed, an increase of the DG of a membrane worsens its 

polarization curve considerably as seen in Figure 27b. The lowest grafted membrane 

shows the best polarization curve, because of its lower methanol permeation as depicted 

in Figure 26b. Please note, the methanol permeation data of the membranes with a DG 

of 12 and 17 wt% are constant up to a current density of 200 mA cm-2 as plotted in the 

inset of Figure 27b, because of the limited range of the CO2 sensor. At low cell current 

density, the CO2 concentration of the effluent stream is higher than the maximum range 

of reading of the CO2 sensor. At a current density around 270 mA cm-2, the airflow rate 

is raised for the first time from the minimum air flow rate of 200 mlN min-1 and thus the 

CO2 concentration was diluted. Therefore, a sudden rise of the methanol crossover was 

measured for the membrane with a DG=12 wt% as seen in the inset of Figure 27b 

(triangles). Because the cell data of the membranes with a DG of 8 and 21 wt% were 

measured at a higher minimum airflow (300 mlN min-1) the effective CO2 concentration 

in the gas stream was lower. Therefore, a kink in the polarization curves of these 

membranes was not observed. 

 

Similar to Nafion membranes best polarization characteristics are obtained at an 

aqueous methanol feed of 0.5 M. Furthermore, the methanol permeation across low 

cross-linked FEP 25 membranes directly scales with the DG. On the other hand, the 

membrane resistivity decreases with increasing DG. Therefore, an optimum in the 

polarization characteristics is obtained for a DG of 12 wt%, which represents the best 

compromise between the adverse effect of the methanol crossover and the membrane’s 

proton conductivity. Since the methanol crossover is twice for doubling the methanol 

concentration of the anode feed as shown in the section before (section 3.2: Methanol 

concentration), the optimum polarization curve is shifted to lower DGs in the cell 

voltage range of interest (≥ 0.4 V). 

 

Medium cross-linked FEP 25 membranes 

A further possibility to limit the methanol losses to the cathode may be by increased 

cross-linking of the membrane. In this way, the swelling of the membrane should be 

 



Chapter IV 105 Solid Polymer Electrolytes 

reduced, which should result in a reduction of the methanol permeation across the 

membrane. However, as reported before in the subsection Reproducibility (p. 97) of this 

section, the cell performances of MEA’s based on medium cross-linked FEP 25 

membranes were difficult to reproduce. Therefore, only the best cell data obtained for 

these membranes are shown in the Figure 26c and Figure 27c.  

 

Once more, there is a trade-off between methanol permeation across the membrane 

(inset of Figure 26c) and the membrane resistivity (data not shown) at a 0.5 M 

methanol-water mixture. The methanol permeation across medium cross-linked 

membranes directly scales with the DG as depicted in the inset of Figure 26c. However, 

the membrane resistivities decrease with increasing DG from 48 Ω cm (DG=10 wt%) to 

22 Ω cm (DG=14 wt%) to 20 Ω cm for the membrane with a DG=19 wt%. Combining 

the effects of the membrane resistivity and of the methanol crossover leads to an 

optimum in the polarization characteristics for a MEA based on the membrane with a 

DG of 14 wt%.  

 

A comparison of the low cross-linked FEP 25 membranes (Figure 26b) with the 

medium cross-linked FEP 25 membranes ( c) shows comparable polarization 

characteristics of the best MEA’s but a slightly reduced methanol leakage across 

medium cross-linked FEP 25 membranes as shown by comparison of the insets of these 

figures. 

Figure 26
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Figure 26: The effect of the degree of grafting on the polarization curves and the 
methanol permeation across the membrane (insets) at a cell temperature of 110°C and a 
0.5 M methanol feed. In Figure 26a, the polarization curves and the methanol 
permeation across the membrane are given for low cross-linked FEP 75 membranes, in 
Figure 26b, the data are shown for low cross-linked FEP 25 membranes, and in Figure 
26c, the cell data are given for medium cross-linked FEP 25 membranes. The star in the 
legends indicates a higher minimum airflow of 300 mlN min-1. 
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Figure 27: The effect of the degree of grafting on the polarization curves and the 
methanol permeation across the membrane (insets) at a cell temperature of 90°C and a 
1 M aqueous methanol feed. In Figure 27a, the polarization curves and the methanol 
permeation across the membrane are given for low cross-linked FEP 75 membranes, in 
Figure 27b, the data are shown for low cross-linked FEP 25 membranes, and in Figure 
27c, the cell data are given for medium cross-linked FEP 25 membranes. The star in the 
legends indicates a higher minimum airflow of 300 mlN min-1. 
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Surprisingly, the polarization curves of the medium cross-linked FEP 25 membranes do 

not scale with the DG at a methanol concentration of 1 M as shown in Figure 27c. 

Presumably, the high membrane resistivity of the lowest grafted FEP 25 membrane 

overbalances its reduced methanol permeation as indicated from the measurements at 

0.5 M (Figure 26c) and thus the MEA based on the membrane with a DG=14 wt% 

shows the better polarization characteristics. Once more, the close match of the 

methanol leakage currents at low current density as depicted in the inset of Figure 26c is 

a measurement artifact and is related to the maximum CO2 concentration of the 

IR-sensor. Nevertheless, the methanol leakage can be estimated from the measurements 

at a methanol concentration of 0.5 M. Assuming a linear scaling of the methanol 

crossover with the methanol concentration at the anode, which was shown for the 

Nafion membrane in section 3.2 of this chapter, a methanol crossover between 200 and 

270 mA cm-2 would be obtained at 1 M for the lowest and highest grafted membrane, 

respectively. These values are in good agreement with the polarization curves measured 

at 1 M. As shown for the current-voltage curve of the highest grafted membrane in 

c (triangles down), data could not be obtained for higher current densities as 

70 mA cm-2. Assuming a methanol crossover of about 270 mA cm-2, the air 

stoichiometry would be a little lower than one at the next data point (at 133 mA cm-2) of 

the polarization curve. Therefore, oxygen depletion occurred at the cathode at higher 

current load of the cell resulting in a voltage drop below the cut-off value of 0.2 V.  

Figure 27

Figure 27

 

Eventually, the methanol crossover data could be validated in that way. At a constant 

current, the airflow is reduced stepwise while monitoring the cell voltage. When the cell 

voltage becomes instable, an air stoichiometry of one is likely reached and the methanol 

leakage current may be estimated from the airflow and the charge passed through the 

cell.  

 

FEP 75 membranes 

The cell data obtained for the differently grafted FEP 75 membranes are shown in 

a for a 0.5 M and in a for a 1 M aqueous methanol fuel feed. 

Unfortunately, the cell data of MEA’s based on the FEP 75 membrane with a 

DG=8 wt% could not be obtained because of its high membrane resistivity (560 Ω cm; 

Figure 26
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corresponding to a voltage loss of about 420 mV at 5 A) and thus are not included in 

a and a.  Figure 26

Figure 26

Figure 26

Figure 27

Figure 27

Figure 27

 

As depicted in Figure 26a, an optimum in polarization characteristics can be achieved 

for the highest grafted FEP 75 membrane (DG=23 wt%, diamonds in Figure 26a) at a 

0.5 M aqueous methanol fuel feed. However, the methanol permeation across FEP 75 

membranes also increases with the DG as shown in the inset of Figure 26a and is 

highest for the highest grafted FEP 75 membrane. Furthermore, the methanol leakage 

across the membranes with a DG=23 wt% is considerably higher than the methanol 

crossover of the lower grafted FEP 75 membranes. Nevertheless, the methanol leakage 

of a FEP 75 membrane is lower than the methanol leakage of a FEP 25 membrane of 

similar DG as seen by comparison of the insets of the plots in  and . 

For that reason, the MEA’s based on FEP 75 membranes give comparable polarization 

characteristics to MEA’s based on FEP 25 membranes, although they have an inherent 

higher membrane resistance. The membrane resistivities measured for MEA’s based on 

FEP 75 membranes varied between 8 Ω cm (DG=23 wt%) to 18 Ω cm (DG=13 wt%) at 

a cell temperature of 110°C and are in the same range as the cell resistivities obtained 

for low cross-linked FEP 25 membranes (cf. Membrane resistivity of this section, 

p. 100).  

 

An increase of the methanol concentration to 1 M affects the polarization curves and the 

methanol permeation data of the FEP 75 membranes considerably as depicted in 

Figure 27a. The methanol permeation across the lowest grafted FEP 75 membrane 

(DG=13 wt%; triangles up) is only slightly increased as seen by comparison of the 

insets of a and a because of the lower cell temperature of 90°C. Once 

again, the methanol leakage data of the highest grafted membrane are too low at a 

current density below 200 mA cm-2 because of the limited range of the CO2 sensor. As 

expected, the polarization curves of these membranes are highly dependent on the DG at 

a methanol concentration of 1 M as shown in Figure 27a. The best polarization 

characteristics of FEP 75 membranes can be obtained for MEA’s based on the lowest 

grafted membranes (DG of 13 or 15 wt%). The polarization characteristic of the highly 

grafted FEP 75 membrane shows a steep voltage drop in the low current density region 

(≤ 200 mA cm-2) because of oxygen depletion at the cathode. Up to a current density of 
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200 mA cm-2, the airflow was constant at 200 mlN min-1, which corresponds to an air 

stoichiometry of 2 at a current density of 200 mA cm-2. However, the methanol 

crossover is highest in this range (about 200 mA cm-2 as calculated from methanol 

leakage data measured at a methanol concentration of 0.5 M) and thus the effective air 

stoichiometry for the DMFC is close to one at 200 mA cm-2.  

 

Overall cell efficiencies 

For a better comparison of the different membranes, the efficiency of a cell along its 

polarization curve was calculated. In contrast to the H2-fuelled PEFC, the voltage 

efficiency cannot be used by itself to describe the cell efficiency of a DMFC because 

the methanol losses to the cathode are not taken into account. Therefore, the overall cell 

efficiency was defined as 

fuelvoltageoverall ηηη = ,    (1) 
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where ηvoltage refers to the voltage efficiency and ηfuel is the fuel efficiency, which 

accounts for the methanol losses through the membrane per produced electricity. U is 

the actual cell voltage, U° refers to the thermodynamic cell voltage at standard state 

conditions,  is the molar methanol flux that contributes to the production of 

electricity,  is the methanol mole flux across the membrane, i is the actual cell 

current density, and i

.electrn&

overxn −&

x-over is the methanol leakage current density. The principal trends 

of fuel, voltage and overall efficiency are plotted in Figure 28. The fuel efficiency 

increases with higher current load of the cell because the methanol concentration at the 

anode is diminished and thus less methanol is lost to the cathode. Because of the reverse 

trends of fuel and voltage efficiency an optimum in the overall efficiency is obtained 

(Figure 28). 
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Figure 28: Schematic of the efficiency curves. The reverse trend of fuel efficiency 
and voltage efficiency results in an optimum of the overall efficiency. 

 

This optimum in overall cell efficiency is reported in Figure 29 as function of the DG 

for all membrane types at a methanol concentration of 0.5 M. The efficiencies at 90, 

100, and 110°C are given in Figure 29a to c, respectively. Additionally, the 

power density at the best overall cell efficiency of each membrane is depicted in the 

corresponding bar chart of Figure 29. 

Figure 29
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Best overall cell efficiencies as function of the degree of grafting for the 
brane types at a methanol concentration of 0.5 M. The data in the “a” 
en at a cell temperature of 90°C; in the “b” Figure at 100°C; and in the 

110°C. The overall cell efficiency was calculated according to Equation 1. 
the power density at the maximum cell efficiency of each membrane is 
e bar chart.  
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The various trends of  are summarized below: Figure 29

Figure 29

• As shown in Figure 29, overall cell efficiencies around 30% can be obtained for 

the FEP 75 membranes at all cell temperatures. Moreover, the DG of FEP 75 

membranes hardly affects the cell efficiency and the power density in the range 

between 15 to 22 wt%. However, the cell temperature does affect the power 

density but not the overall cell efficiency as seen by comparison of the black 

bars and squares in .  

 

• The thinner membranes show more clearly an optimum of the DG with respect 

to the overall cell efficiency. At 90°C, the best overall cell efficiency is obtained 

for FEP 25 membranes at a DG of 12 wt% for a low cross-linked membrane and 

a similar efficiency is achieved for a medium cross-linked FEP 25 membrane at 

a DG of 14 wt%.  

 

• Furthermore, Figure 29 shows that a DG above 15 wt% of low cross-linked 

FEP 25 membranes adversely affects the overall cell efficiency at high 

temperature as shown by the circles in Figures “b” and “c”. Moreover, a shift of 

the optimum of the overall cell efficiency to lower DG’s can be noted for low 

cross-linked FEP 25 membranes at 110°C. Although the best overall cell 

efficiency of low and medium cross-linked FEP 25 membranes is in close 

agreement, the highest power density at maximum cell efficiency is observed for 

the low cross-linked FEP 25 membrane in Figure 29 at all temperatures.  

 

• The optimum in overall cell efficiency for the medium cross-linked FEP 25 

membrane is around 14 wt% at all temperatures. The high membrane resistance 

measured for a low DG counterbalances the reduced methanol crossover and 

thus, even at high temperature, the membrane with a DG of 14 wt% shows the 

best compromise between methanol crossover and membrane resistance. The 

power density obtained at maximum overall cell efficiency is comparable to 

those obtained for the FEP 75 membranes. However, their overall cell efficiency 

is about 4% lower than the best value obtained for the FEP 75 membrane.  
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In general, the FEP 75 membrane shows the best overall cell efficiency at all three cell 

temperatures as depicted in Figure 29. The advantage in the overall cell efficiency of the 

thicker membrane can be attributed to a lower methanol loss to the cathode (Figure 26 

and Figure 27), which decreases the adverse effect of the methanol on the cathode 

overvoltage and thus compensates for the inherent higher membrane resistance of a 

thicker polymer electrolyte. For the same reason, the thicker membranes have clear 

advantages at low current density (part load region) as illustrated in Figure 30. While 

the thinner membrane shows a clear optimum in its overall cell efficiency, the curve of 

the FEP 75 membrane basically remains constant over almost 200 mA cm-2 at 

maximum cell efficiency. Surely, the latter is highly desirable to design an efficient 

DMFC system. 
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Figure 30: Trends of the overall cell efficiency illustrated for a thin and a thick 
membrane, which have a comparable power performance. The data are given at a cell 
temperature of 100°C and a 0.5 M aqueous methanol feed.  

 

Water flux across FEP membranes 

For the Nafion membrane, high water fluxes across the MEA were measured (cf. 

section 3.2: Cell Performance of Nafion Based MEA’s, pp. 74). However, the methanol 

crossover and the water flux across the membrane are dependent variables if charge is 

passed and thus the water crossover of the FEP membranes may be different from the 

one measured for MEAs based on Nafion 117. 

 

The water permeation across two FEP-membranes of similar DC (S/DVB = 9:1) and 

DG (FEP 25: DG=12 wt%; FEP 75: DG=15 wt%), but different thickness is shown in 
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Figure 31

Figure 31

Figure 31 Water flux across two different FEP membranes under standard DMFC 
operating conditions at a cell temperature of 90°C and an aqueous methanol feed of 
0.5 M. The dashed line refers to the amount of water fully saturated air stream can 
absorb at a pressure of 3 barabs. The air was fed humidified with water at 35°C to the 
cathode. 

. The water fluxes were measured at a cell temperature of 90°C and a 0.5 M 

aqueous methanol feed. The water crossover data were corrected for the water 

produced, both calculated from the charge passed and from the methanol permeation 

measurement. 

 

Surprisingly, very similar water fluxes were obtained for both membranes as shown in 

. At OCV, the water flux across both membranes corresponds closely to the 

amount of water a fully saturated air stream can absorb. Similar to Nafion, the water 

fluxes across the MEA’s increase linearly with the charge passed resulting in about two 

molecules of water dragged to the cathode per single proton. The latter indicates 

hydration shells of similar size for both FEP membranes. A comparison with the water 

fluxes across MEA’s based on Nafion 117 membranes will be given in the next section 

of this chapter. 
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At OCV, water crossover to the cathode occurs only due to a concentration gradient. 

Therefore, a thicker membrane should decrease the amount of water permeating across 

the membrane. However, the membrane’s thickness is probably not the parameter which 

limits the water flux across the membrane at OCV. Even a five time higher airflow at 
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OCV resulted in higher but still similar water fluxes across both membranes (data not 

shown) and corresponded again well with the amount of water absorbed by a fully 

saturated air stream. Therefore, either the structure of the cathode electrode limits the 

water flux across the membrane or the interface membrane/electrode may regulate the 

water flux.† The latter may be similar for both membrane types because of similar DC 

and DG of the membranes. However, because both explanations are possible, the 

similar water fluxes cannot be attributed solely to either of the two explanations 

described before at the current state of knowledge.  

 

Long-term experience with PSI-membranes 

All observations discussed so far in this chapter were based on short-term cell 

investigations, i.e., an operation time of about 80 hours per cell test. The long-term 

behavior of the components used here at cell temperatures in the range from 90 to 

110°C is unknown. Therefore, a long-term test of a MEA based on a FEP 25 membrane 

(DG = 12wt.%, low DC) was initiated to explore the potential lifetime of the 

components used here. The cell was operated continuously for almost 600 hours (about 

150 hours at 90°C and 450 hours at 110°C) at a constant cell voltage of 0.3 V. At 

different operating times current-voltage curves were taken as a measure for the cell 

performance (see Figure 32a). In addition, the membrane resistivity was measured 

(Figure 32b) to unveil membrane degradation.  

 

The first polarization curve measured at a cell temperature of 110°C (operating time: 50 

hours) serves as a standard for subsequent current-voltage curves. This standard is given 

in Figure 32a (round data points) together with two polarization curves measured at 

runtimes of 170 and 540 hours, respectively. Unfortunately, the cell was operated twice 

for about an hour at a cell temperature of 150°C in the period between 70 and 150 hours 

of runtime. As a consequence, the polarization characteristics measured at a runtime of 

170 hours (triangles in a) is slightly (10 to 20 mV) shifted to lower cell Figure 32

                                                 
† Please note, the different methanol fluxes across these membranes are not contradictory, because the 

methanol is oxidized at the interface membrane/cathode electrode and thus the structure of the cathode 

electrode does not play a role for the methanol crossover. 
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voltage at the same current density as seen in a by comparison of the 

current-voltage curves measured at 50 and 170 hours. 

Figure 32

Figure 32: 
DC); (a) po
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4.3 Summary 

Radiation-grafted, cross-linked membranes were successfully short-term tested in the 

DMFC at 90, 100, and 110°C. In principle, similar polarization characteristics can be 

obtained by either of the three membrane types. Cell data of the fourth membrane type, 

the high cross-linked FEP 25 membrane, could not be shown here. Unfortunately, the 

brittleness of this membrane type prevented us from obtaining any cell data.  

 

In the voltage region of interest (0.4 – 0.6 V), significant differences in the polarization 

characteristics could not be achieved for MEA’s based on FEP membranes. 

Nevertheless, the variation of the membrane properties affects considerably the 

methanol crossover. Only minor methanol retention can be realized by increased cross-

linking of the membrane. However, an increased cross-linking of the membranes results 

in a lower reproducibility of the data and thus might be an indication for 

inhomogeneous membrane properties. Tripling the membrane's thickness, however, 

decreases significantly the methanol permeation. Therefore, the OCV of these 

membranes is considerably higher (around 40 mV) as seen by comparison of the 

current-voltage plots in a and b.  Figure 26 Figure 26

 

The potential lifetime of FEP 25 membranes (DG = 12 wt.%, low DC) was explored 

under DMFC operating conditions. Only minor degradation of the cell performance was 

found within 600 hours of operation (150 hours at 90°C and 450 hours at 110°C). The 

losses in polarization characteristics occurred mainly within the first 200 hours of 

operation - most likely because of two thermal runaways. However, this test has to be 

regarded as “feasibility study” as these results have not been reproduced yet. 

 

A water drag coefficient of about two was found for a low cross-linked FEP 25 

membrane with a DG of 12 wt% at 90°C and a 0.5 M aqueous methanol feed. The same 

value was also obtained for a low cross-linked FEP 75 membrane with a DG of 15 wt% 

under the same conditions. There are two possible explanations for this observation; 

either the cathode limits the water flux or the interfaces membrane / electrode regulate 

the transport of water to the cathode. Because both explanations are likely, the similar 

water fluxes cannot be attributed solely to either of the two explanations described 

before at the current state of knowledge. 
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The best overall cell efficiency of about 31% was found for a FEP 75 membrane with a 

DG of 15 wt% at an aqueous methanol feed of 0.5 M. Furthermore, FEP 75 membranes 

are superior in their overall cell efficiency to any FEP 25 membrane because of their 

low methanol losses to the cathode.  
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5 Comparison of FEP-Membranes with Nafion 117 

In the following, the cell performance obtained for MEA’s based on FEP membranes 

are compared with the cell data measured for MEA’s based on Nafion 117 under the 

same operating conditions. Since MEA’s based on FEP 75 membranes show 

comparable polarization characteristics to MEA’s based on FEP 25 membranes but 

significantly lower methanol permeation, only FEP 75 membranes are compared to 

Nafion 117 in Figure 33. These data are given for a methanol concentration of 0.5 M 

because of the heavily increased methanol crossover at higher methanol concentrations 

for the Nafion as well as for the FEP membranes. This higher methanol crossover 

results in poor polarization characteristics at an air stoichiometry of two. For the same 

reason, the data are given at a cell temperature of 100°C in  because at this cell 

temperature, the best compromise between methanol crossover and power density was 

found (cf. Overall cell efficiencies in section 4.2, p. 110).  

Figure 33

Figure 33

Figure 33

 

Only the “extreme” examples of MEA’s based on FEP 75 membranes (DG of 15 and 

23 wt%) are included in . The best polarization curves of FEP 75 membranes 

were obtained for the membrane with a DG=23 wt% with the disadvantage, however, of 

a high methanol permeation across the membrane (inset of a). On the other 

side, the MEA’s based on the FEP 75 membrane with a DG=15 wt% show a fair 

polarization characteristic but significantly reduced methanol crossover. For these 

reasons, the cell data of the MEA’s based on these FEP 75 membranes were included in 

 in addition to the Nafion data. 

Figure 26

 

Fortunately, the MEA’s based on FEP 75 membranes (DG=23 wt%, circles) can 

achieve the same polarization characteristics as MEA’s based on Nafion 117 (gray 

triangles). However, the methanol permeation across the highly grafted FEP 75 

membrane is only slightly reduced compared to the data obtained for Nafion 117 as 

shown in the inset of Figure 33. On the other hand, the polarization curve of the lower 

grafted FEP 75 membrane (DG=15 wt%) is about 20 mV below the polarization curve 

obtained for Nafion 117 at a current density of 200 mA cm-2. However, the methanol 

flux across the low grafted FEP 75 membrane is only half of the methanol permeation 
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across the Nafion 117 at low current density. In addition, the water flux across the FEP 

75 membrane is lower than for Nafion as depicted in Figure 34, and the ohmic 

resistances of both membranes are in the same range as shown in . Therefore, 

the question arises why the polarization curve of the FEP 75 membrane with a DG of 

15 wt% does not show a superior performance to the one of the Nafion 117 membrane. 

Figure 35
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Figure 36

Figure 36: Methanol concentration of permeate as calculated from the CO2 
concentration of the effluent cathode stream and the water flux measurements. The data 
are valid for a methanol concentration of 0.5 M at the anode and a cell temperature of 
90°C. 

 may answer that question. The methanol concentration of the “permeate” was 

calculated from the water flux across the MEA as depicted in Figure 34 and from the 

methanol crossover as given in the inset of Figure 33. Except at very low current 

density, the methanol concentration of the “permeate” is essentially the same for both 

membranes as shown in Figure 36. Only at OCV and very low currents, the calculated 

methanol concentrations of the “permeates” differ for the Nafion and the FEP 

membrane, respectively. However, the experimental error is highest in this region and 

thus the strong deviation of the methanol concentration curves in this region may be not 

too meaningful.  
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However, if the methanol concentration and not the absolute amount of “permeate” is 

the decisive factor for the mixed potential established at the cathode, which is suggested 

in reference [54], then the similar polarization characteristics measured for the FEP 75 

membrane and the Nafion 117 can be explained. Similar has been concluded in the 

literature. Arico et al. [55] reported that the methanol present at the cathode causes only 

a minor Pt site-blocking effect besides establishing a mixed potential. A similar 

conclusion was drawn by Ren et al. [24] who suggested from the similarity of IR-

corrected polarization curves of MEA’s based on differently thick membranes (Nafion 

112, 115, and 117) that the cathode is highly tolerant to variations in the methanol flux. 

Likewise, Küver et al. [56, 57] concluded that variations of the methanol flux across the 

membrane do not necessarily change the cathode depolarization. Therefore, Figure 36 
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may give a plausible explanation for the similarity of the polarization curves obtained 

for these membranes.  

 

Cell efficiency 

The relative insensitivity of the cathode to the methanol flux does not indicate, however, 

that the overall cell efficiency is unaffected. Therefore, the overall cell efficiency 

(ηoverall) of both membrane types was calculated from Equation 1 (p. 110) and is given 

as function of the charge passed in a. Generally, a higher overall cell 

efficiency is obtained for the low grafted FEP 75 membrane compared to Nafion 117. 

The highest overall cell efficiency of about 31% was obtained for the FEP 75 membrane 

at a current density around 270 mA cm-2. However, the best overall cell efficiency of 

Nafion 117 is only two percentages below the one of the FEP 75 membrane. 

Nevertheless, the FEP 75 membrane has a clear advantage over the Nafion 117 

membrane in the part load region as shown in a. For a better understanding of 

the curve shape of the overall efficiencies, the trends of the voltage efficiency ηvoltage 

and the fuel efficiency ηfuel of the low grafted FEP 75 membrane and Nafion 117 are 

depicted in Figure 37b. From there, it is clear that the overall efficiency is mainly 

affected in the part load region by the fuel efficiency.  

Figure 37
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6 Conclusions 

The cell tests based on Nafion membranes allowed assessing the behavior of the 

electrochemical components and the cell hardware under various operating conditions. 

The cell results obtained showed a reasonably good agreement with the cell data 

published. Moreover, the cell tests based on Nafion membranes pointed out the process 

variables with the most relevance to the polarization characteristic as well as to the 

methanol crossover. These parameters were the cell temperature and the methanol 

concentration of the anodic feed. A variation of the other process variables, such as air 

humidification, showed only a minor effect on the DMFC performance. Introducing a 

stoichiometric operation of the anodic fuel supply may make a significant improvement. 

However, maintaining a constant inlet temperature for the anodic feed was difficult with 

the current testing facilities. 

 

The characterization study of radiation-grafted membranes revealed that similar 

polarization characteristics can be obtained by any of the three FEP based membrane 

types. Unfortunately, the brittleness of the fourth type, the highly cross-linked FEP 25 

membrane, prevented us from obtaining any cell data for this membrane. In the voltage 

region of interest (0.4 – 0.6 V), huge differences in the polarization characteristics could 

not be achieved for MEA’s based on FEP membranes. Nevertheless, the variation of the 

membrane properties affects the methanol crossover considerably. Only minor methanol 

retention can be realized by increased cross-linking of the membrane. In addition, the 

cell tests based on higher cross-linked membranes had a significantly lower 

reproducibility which might be an indication for inhomogeneous membrane properties. 

Tripling the membrane's thickness, however, decreased the methanol permeation 

significantly. 

 

A comparison of MEA’s based on Nafion 117 and on FEP 75 membranes showed under 

the same operating conditions that similar polarization characteristics can be achieved. 

Although the methanol and water flux across the FEP 75 membrane (DG=15 wt%) is 

decreased considerably (by about 50%) compared to Nafion 117, a similar methanol 

concentration of the “permeate” was calculated for the Nafion and the FEP 75 

membrane. The latter could explain well the identical polarization characteristics of 
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both membranes. However, the overall cell efficiency of MEA’s based on the FEP 75 

membrane (DG=15 wt%) is higher in the part load region than data obtained from 

MEA’s based on Nafion 117. Furthermore, the effect of the methanol crossover on the 

overall efficiency was highlighted and finally, an overall efficiency of roughly 31% was 

shown for MEA’s based on the FEP 75 membrane with a DG=15 wt%. 

 

Based on this extensive characterization study, it seems that the methanol concentration 

could be the decisive factor for the depolarization of the cathode and not the absolute 

amount of permeate. Furthermore, it appears that the water and methanol flux across the 

membrane are coupled, which results in similar methanol concentrations of the 

“permeate” for different membranes. Then, the depolarization of the cathode is the 

same, even for membranes with minimized methanol flux. However, if the ratio of 

methanol to water flux is fixed, it will be difficult to minimize the mixed potential 

established at the cathode of a DMFC by membranes of similar proton conductivity 

mechanism to Nafion. Nevertheless, the membrane does influence the water flux to the 

cathode and can minimize the losses of methanol to the cathode.  
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7 Outlook 

The challenges in realization of the DMFC are numerous and highly interconnected. 

Many new interesting subjects arose in the course of this study and may serve as guides 

for future work. As demonstrated, advances in the DMFC may be approached on very 

different areas. Therefore, future studies should be also concerned with work on a wide 

basis, which may include the following issues. 

 

Surely, the water permeation mechanism of PSI-membranes deserves further attention. 

The issues that could be addressed are:  

(i) What does limit the water flux across the membrane and 

(ii) how does the DG or the DC affect the water permeation.  

Presumably, the development and validation of ex situ measurements of water and 

methanol flux across a membrane would be of great help for precise characterization of 

the membrane’s properties.  

 

This study showed clearly that thick membranes are advantageous for use in the DMFC. 

Therefore, even thicker membranes than FEP 75 should be investigated. Furthermore, it 

may be of interest to explore the potential of PSI-membranes at low operating 

temperature. The latter would be required for most applications in the mobile sector. 

 

Furthermore, the effect of the electrode structure on the water flux and the methanol 

permeation across the membrane would be worth studying. The effect of the PTFE 

content of the backing, its porosity, and the amount of pore filler on the liquid / gas flux 

on the one hand and on the ohmic resistance on the other hand is surely an interesting 

research field of high potential. Eventually, the methanol crossover to the cathode can 

be diminished by the structure, porosity, and hydrophobicity of the anode electrode. In 

contrast, the cathode electrode may be designed to ease the flooding of the electrode or 

to prevent the permeation of excessive amounts of water. 

 

In section 4.2 (Medium cross-linked FEP 25 membranes), a method to estimate 

methanol crossover data from the airflow was discussed in short. In practice, this 
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method would be of great help because the validation of methanol crossover data would 

be possible. Furthermore, it would allow to estimate the methanol crossover even if 

other measuring instruments are not available.  

 

This work has illustrated that the operating conditions have great impact on the DMFC 

performance. Because the supply of a liquid at variable flow rates but at constant 

temperature makes high demands on the dynamics of the heater, the impact of the 

methanol stoichiometry on the DMFC performance has been mostly forgotten in the 

literature. Therefore, it would be worth exploring the potential of the methanol 

stoichiometry. First results indicated that a stoichiometric operation of the methanol 

flow reduces the methanol crossover but results in a somewhat limited polarization 

curve in the high current density range.  
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1 Introduction 

Direct methanol fuel cells (DMFC’s) have recently attracted renewed attention because 

a complex fuel processing as it is required for reformate-fuelled PEFC’s can be avoided 

and maintaining an adequate water content of the membrane is intrinsincally given. 

Thus, humidifaction problems of vapor-feed PEFC systems can be circumvented. Their 

operating temperature in the range between room temperature to 130°C suits this type of 

fuel cell particularly well for portable power sources and vehicular applications. Despite 

the appealing simplicity of a DMFC system (see just before), however, the 

electrochemical conversion of an alcohol of low molecular weight with oxygen to 

carbon dioxide and water is demanding [1]. In addition to the hassles of the 

electrochemical oxidation of methanol and the higher demands on the polymer 

electrolyte (cf. Chapter IV), a gas-liquid two-phase flow has to be managed on the 

anode side and on the cathode side of a DMFC (see discussion later in this chapter).  

 

On the oxidation of methanol, the reaction product is carbon dioxide, which is evolved 

as a gas in the cell leading to a two-phase flow at the anode. On the cathode side, the 

two-phase flow develops from liquid water as reaction product and air as oxidant. Water 

droplets may accumulate within a channel of the flow field and flood it partly, thus 

blocking the channel from the supply with air. In addition, the supply of a liquid fuel at 

the anode leads to a higher swelling of the membrane of a DMFC. Therefore, excessive 

amounts of water are transported across the membrane to the cathode by diffusion and 

electro-osmosis, presumably making the water removal at the cathode of a DMFC even 

more important than in a H2-fuel cell [2].  

 

Surprisingly, little attention has been paid to the degree and the effect of two-phase 

flows on the performance of a DMFC up to the present. In general, processes occurring 

at gas-evolving electrodes differ significantly from those taking place at electrodes 

without gas evolution. On the anode, gas bubbles within the electrode superimpose 

physical processes, such as micro convection or mass transport limitations, to the 

electrochemical processes and thus interfere with the operation of the electrode. On the 

one hand, gas bubbles shield the active sites from the supply of reactants. However, the 
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growth of gas clusters at the boundary layer, on the other hand, may also cause a 

beneficial micro flow in the electrode, which enhances the transport of reactants to the 

electrochemical active sites [3]. Furthermore, large amounts of carbon dioxide may 

accumulate in the channels of the flow field and may hinder the supply of reactants to 

the electrochemically active area already in the flow field [4-6]. 

 

The effect of the degree of bubble coverage on the operation of electrolyzers has been 

extensively studied in the past, e.g., [7-10]. However, these studies apply only in part on 

the operation of DMFC’s. In the DMFC, adhering gas bubbles only affect the supply of 

reactants to the active sites but do not prevent the catalyst from contact with the solid 

polymer electrolyte. Therefore, gas-covered electrode surfaces of DMFC’s are still 

electrochemically active but are limited by mass transport in contrast to systems with 

liquid electrolytes which are adversely affected by mass transport and variation in the 

ohmic resistance of the electrolyte. Unfortunately, the impact of the two-phase flow on 

the performance of a DMFC cannot be easily assessed with standard electrochemical 

methods, e.g., polarization curves. Therefore, a thorough investigation of this rather 

complex system asks for additional "real-time" and in situ methods to give a better 

understanding of mass transport related phenomena in DMFC’s.  

 

In the following, two novel in situ methods will be presented, which allow to 

characterize the mass transfer in DMFC’s in detail. The first gives visual information 

about the gas-liquid distribution in the flow channels and allows to observe the 

accumulation of gas clusters in the flow field of a DMFC. This method will be 

introduced in section 2 where the principle of measurement and the experimental setup 

will be explained. In the experimental part of this section, the effect of operating 

conditions, such as flow rate and flow direction, on the carbon dioxide distribution will 

be discussed. The second in situ method, which is introduced in section 3, allows the 

“real-time” mapping of the current distribution (CD) over the entire electrode area. The 

effect of the operating conditions, e.g., air stoichiometry, on the CD will be outlined 

within this section. In the following section, the combination of these two in situ 

methods will be highlighted and first results of these measurements will be given. At 

last, this chapter will conclude with a summary and interesting areas for future work 

will be addressed. 
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2 In situ Visualization 

2.1 Introduction 

Optimized mass transport in the flow field channels (anodic and cathodic) of a bipolar 

plate is an important electrochemical engineering issue. On one side the supply of 

reactants (fuel and oxidant) across the active area of the cell has to be considered to 

ensure a most homogeneous current density and temperature distribution. On the other 

side an optimal pressure drop along the flow field has to be utilized to remove reaction 

products, i.e., water at the cathode side or CO2 at the anode side of a DMFC, and at the 

same time it has to allow minimal power losses in the auxiliary mass flow components, 

such as pumps or compressors. 

 

However, the two-phase distribution in the flow channels cannot be easily measured and 

depends on the interaction of numerous parameters, such as flow field and electrode 

design, material properties, and operating conditions. Because of this rather complex 

system, visual information of the reactant / product distribution in the flow field is 

highly desirable to obtain during the operation of the DMFC to optimize the mass 

transport in the flow field.  

 

In the past, various strategies have been followed to visualize in situ two-phase flows. 

An ultrasonic doppler method was used by Hilgert [11] to characterize the gas flow in a 

bubble column. However, the spatial resolution of this method is too low to resolve the 

two-phase distribution occurring in filigree structures such as flow fields. Others 

employed optical methods such as high-speed camera systems to investigate two-phase 

flows [3-6]. While the latter have clear advantages in simplicity and spatial / temporal 

resolution, the optical methods have the disadvantage that the cell has to be modified to 

allow optical access. However, this modification can affect, for instance, the current 

distribution across the electrode and thus may result in unwanted feedbacks on the 

two-phase distribution in the flow channels as was reported by Argyropoulos et al. [4]. 

 

A different approach to access in situ the two-phase distribution in a DMFC is neutron 

radiography. As described below, neutron radiography is well suited to visualize the 
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two-phase flow of a gas and a liquid in situ and in “real time“. In the past, this method 

was already applied in fuel cell research by Bellows et al. [12] to determine the water 

gradient across the polymer electrolyte in an operating H2-fuel cell. According to their 

studies, the water diffusivity in the membrane may be higher than commonly assumed. 

Others used neutron radiography to determine either the gas velocity [13] or the void 

fraction in various media and applications, e.g., [14-16].  

 

Within this section, the principle of measurement will be explained, the various detector 

systems available introduced and the experimental setup described. In the experimental 

part, the consequences of the flow direction and the flow rate on the gas-liquid 

distribution in anodic flow fields of a DMFC will be addressed. At the end, the current 

limitations of this method will be outlined, further improvements discussed, and an 

outlook for future investigations will be given. In addition, the experimental 

observations will be summarized and their impact on DMFC systems will be 

considered. 

 

2.2 Experimental 

Principle of measurement 

In principle, neutron transmission radiography is similar to X-ray radiography, and is 

complementary to the nature of information supplied. However, the interaction 

mechanisms of neutrons and X-rays with matter are significantly different. While X-

rays interact with the electron cloud surrounding the nucleus of an atom, neutrons 

interact with the nucleus itself. Therefore, neutrons are particularly sensitive to some 

light elements (e.g., hydrogen) that have a much higher interaction probability with 

neutrons than with X-rays. In contrast, the interaction probability of neutrons with 

metals is comparatively lower and thus allows quite high penetration depths into the 

material. A general overview of the mass attenuation coefficients of thermal neutrons, 

low energetic and high-energetic X-rays is given in Figure 1 for various elements. 

 

In general, three different processes can occur if neutrons interact with matter: 

(i) Neutrons can get absorbed, i.e., the intensity of the neutron beam is reduced 

but its direction remains unchanged. 
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(ii) A scattering of the neutron beam can occur, i.e., its intensity as well as its 

direction of the neutron beam is changed. 

(iii) Neutrons can only be refracted. 

The mass attenuation coefficient as plotted in Figure 1 summarizes all these processes 

and gives a measure for the reduction of the flux density by a specific element. 

 

The combination of high sensitivity to hydrogen and the relatively low neutron 

attenuation of metals, as seen in Figure 1, goes very well with the materials used in 

polymer electrolyte fuel cells (PEFC’s). Because thermal neutrons are used, which have 

very low energy (2 - 100 meV), negative effects such as damages of the electrochemical 

components can be avoided. In addition, the experimental setup of the neutron 

radiography is analogous to the X-ray radiography and thus allows the investigation of 

large samples. Therefore, neutron radiography is an in situ method of high potential for 

the fuel cell research. 
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Figure 1: Comparison of the attenuation coefficients of X-rays [17] with the 
attenuation coefficients of thermal neutrons at various elements [18]. 

 

Figure 2 shows the principle of the neutron radiography. The neutron beam is guided by 

a collimator to the fuel cell, attenuated by the elements with high neutron attenuation 

coefficients and finally, the transmitted neutrons are collected by a detector system. The 

result is a two-dimensional image of the object with light areas indicating sections of 

lowest neutron attenuation. The dark areas show regions of highest neutron attenuation. 
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Figure 2: The principle of measurement of neutron radiography. 
 

Experimental setup at the neutron source 

The fuel cells were investigated at the neutron radiography facility (NEUTRA) of the 

Paul Scherrer Institut (PSI). A schematic diagram including the outer dimensions of the 

experimental setup at NEUTRA is shown in Figure 3. The whole radiography facility is 

contained in a heavy concrete shielding that encloses an area of 2.2 by 2.5 m2 for the 

setup of the radiography measurements. A fuel cell test bench was placed next to the 

sample holder (indicated in Figure 3 as position 2) to operate the fuel cell under 

controlled conditions. Both the CCD-camera system as well as the fuel cell test bench 

were remotely controlled from the outside. Fortunately, the useful beam diameter is 

large (Ø 35 cm) and thus allows the investigation of fuel cells of technical interest.  

 

2.
5 

m

2.2 m

Detector Position 2 Position 1

Neutrons

Collimator

Radiation Shielding
Target Shielding

 

Figure 3: Experimental setup at NEUTRA. A neutron beam is extracted from the 
neutron source (not shown) and guided in a collimator to one of the two measuring 
stations (position 1 or 2). The schematic illustrates the experimental setup for 
measurements at position 2. The entire area is enclosed in a radiation shielding for 
safety. 
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In general, experiments can be performed at two different positions in the beam line as 

illustrated in Figure 3.† Position 1 is the closest to the target block and thus has the 

highest specific neutron flux but also the highest divergence of the beam. The latter is 

described by the L/D-ratio, where L is the distance between the point of measurement to 

the orifice of the beam and D is the diameter of the orifice (about 2 cm). The second 

position is located at the end of the collimator. Therefore, this position features a 

quasi-parallel beam with the detriment of a lower specific neutron flux.  

summarizes some properties in addition to the assets and drawbacks of both positions. 

Table 1

Table 1: Pros and cons of the two different measuring position available at 
NEUTRA. The neutron flux is normalized to a proton beam of 1 mA strength [19]. 

 

Position 1 Position 2

• Relatively spacious
• Quasi-parallel beam (L/D = 550)
• Lowest gamma background

• Very limited amount of space
• Divergent beam (L/D = 200)
• Higher gamma background

+

-

• Highest neutron flux 
  (1.6 107 cm-2 s-1 mA-1)

• Lower neutron flux 
  (3 106 cm-2 s-1 mA-1)

 
 

Unfortunately, both positions have their drawbacks (see Table 1). While position 1 

allows shorter exposure times because of its higher neutron flux, position 2 has the 

better image quality (larger L/D-ratio). Furthermore, position 2 facilitates the 

installation of a bulky experimental setup inside the shielded area. In the following, 

measurements performed at both positions are shown and their profit and loss for 

visualization of two-phase flows are discussed. 

 

Detector systems 

The “real-time” visualization of two-phase flows in PEFC’s makes high demands on the 

neutron detector system. The width of a flow channel, which is usually in the order of 

                                                 
† In principle, measurements can also be done in a mid-position at NEUTRA, which is usually called 

position 2. Because this position is not of interest for these investigations, the original position 3 is 

renamed in this work to position 2 for consistency. 
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one millimeter, requires neutron radiography images with a high spatial resolution (see 

section 2.3, Evaluation of the method). In addition, the flow rate in the channels 

demands to obtain the images in a continuous process at very short exposure times 

(better than 1 s) to resolve time-dependent processes. An example may illustrate the 

latter:  

 

Assuming the same flow rate to active-area ratio as used in Chapter IV†, i.e., to keep the 

stoichmetric factor constant at a fixed current density, gives an anodic flow rate of 

40 ml min-1 for an active area of 100 cm2. The latter corresponds to a superficial 

velocity in the flow channel of about 0.7 m s-1 (one channel, area of channel 

cross-section: 1 mm2). Furthermore, the total channel length of such a single-channel 

configuration is presumably in the order of 5 m (50 channels, each 10 cm long with a 

gap between two adjacent channels of 1 mm). Therefore, the average residence time of 

the liquid is calculated to about 7 s. This example illustrates that time-dependent 

processes can only be observed in the DMFC if the exposure time is at most in the order 

of one second.  

 

Unfortunately, the requirement of a low exposure time does not match very well the 

demand of high-resolution images. In fact, a high-resolution image requires typically an 

exposure time of several seconds to a few minutes rather than the tenth of a second. 

Because of this trade-off between time and spatial resolution the appropriate neutron 

detector is not obvious to choose. Therefore, among the various detectors available for 

neutron radiography [13], a digital camera system and the imaging plate technique were 

chosen for evaluation. While the first allows observing time dependent processes, 

images at a higher spatial resolution can be obtained by imaging plates. 

 

Generally, the CCD-camera systems consist of five components (see Figure 4) (i) the 

CCD-camera (DV434, Andor Technology, Northern Ireland) (ii) a lens (NOKT 43 mm 

F 1.2, Nikon, Japan), (iii) a mirror, (iv) a scintillator, and (v) a light-tight box.  

 

                                                 
† Usually, an anodic flow rate of 12 ml min-1 was used in Chapter IV. 

 



Chapter V  141 Characterizing Mass Transfer Phenomena 

scintillator

mirror
lens

CCD-camera

light-tight box  

Figure 4: Schematic of the CCD-camera system [20]. 

 

A neutron sensitive scintillator emits light on the penetration of neutrons, which is 

reflected to the camera by a mirror and focused on the CCD-chip using a lens 

(Figure 4). Because of the indirect imaging method, the highly sensitive CCD-chip of 

the camera is protected from damages by neutrons. Furthermore, all components are not 

only enclosed in a light-tight box but also the electronics is shielded from radiation 

(neutron and γ-radiation). The information stored in the CCD-chip is read out from the 

camera to a connected computer (not shown in Figure 4). Further details are dispensed 

at this point and allowed to refer to references [20, 21] for a comprehensive discussion 

of the digital camera system.  

 

In contrast to the CCD-camera system, the imaging plates are directly exposed to the 

neutron radiation. Imaging plates are two-dimensional neutron detectors† that are based 

on the mechanism of photostimulated luminescence. Gd (Gd2O3) is employed as 

neutron converter material, while BaFBr:Eu2+ is used as an agent for the 

photostimulated luminescence. The nuclear reactions of neutrons with Gd produce 

γ-rays plus internal conversion electrons. The latter excite the BaFBr:Eu2+. After 

transferring the imaging plate to an imaging plate scanner, this information is extracted, 

based on the principle of de-excitation by a laser and simultaneously recording the 

photostimulated luminescence emissions. Detailed insights into imaging plates, further 

aspects of their use, and the current status of development can be found in references 

[22-24].  

 

 

                                                 
† They are also available for X-, β-, γ-rays, and ultraviolet light. 
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The use and the limitations of these two neutron detector systems for the investigation 

of two-phase flows in DMFC’s will be illustrated in the following. 

 

Digital image analysis 

Usually, digital image processing deals with arrays of numbers called picture elements 

or pixels (px) that are obtained by dividing images in horizontal grids. In mathematical 

terms, an image is represented by a two-dimensional array A of the type m × n.  
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The location of each number in the array is described by its row number m and column 

number n. The pixel value corresponds to the degree of grayness at this location. Both 

neutron detectors generate grayscale images of 16 bit dynamic range, i.e., each array 

element includes a number between 0 (black) and 65536 (216, white). Unfortunately, the 

gray color range of interest is fairly small in these studies and thus the images have to 

be post-processed as described below. 

 

In a first step, the images have to be normalized to the “open beam” to compensate for 

fluctuations of the neutron flux during the measurement. Subsequently, the interesting 

range of gray colors has to be determined, cut out and scaled by some useful factor. For 

a qualitative evaluation of the images, “referenced” images may be necessary, i.e., 

intensity ratio images calculated from images of two different operating conditions. 

Each image of a series is divided by a reference image, which is, of course, the flow 

field at open circuit voltage (OCV) because all flow channels are then liquid filled. If 

the state of the flow field has not changed compared to the reference image, the division 

of these two images is calculated to one for each pixel. In other words, any change in 

the state of the flow field will result in the intensity-ratio image in values unequal one in 

the region that has changed. By defining some meaningful threshold, the pixels below 

or above (depends on definition) this threshold refer to the gas-filled areas of the flow 

field. A qualitative analysis of the void fraction of the whole flow field area can be 

 



Chapter V  143 Characterizing Mass Transfer Phenomena 

given by summation of the gray colors of these pixels.† This number can now be related 

to the total amount of pixels that refer to the entire area of the flow channels‡.  

 

However, the comparison of various flow fields is difficult because of the large error of 

the image analysis. The error derives from the algorithm itself and its source is 

illustrated in Figure 5. In principle, the histogram of a “referenced” image consists of 

two overlapping Gaussian distributions that originate from the noise-induced error. The 

curve with a mean value of about one derives from the liquid-filled channels plus the 

graphite matrix (no changes), and the second distribution with a mean value greater than 

one emerges from the gas-filled channels.  

 

x

f(x
)

liquid/
matrix

gas

to ta l

th re s ho ld

 

Figure 5: Typical histogram of a “referenced” image with gas-filled channels. The 
envelope is indicated with “total” in the diagram and consists basically of two Gaussian 
distributions derived from the liquid-filled and gas-filled channels, respectively. The 
threshold is indicated by the dotted line. 

 

As easily seen in Figure 5, the threshold method results in pixel counts that include 

parts of the matrix, but also exclude a considerable amount of pixels that refer to 

gas-filled channels. As long as the Gaussian distribution that refers to the liquid / matrix 

does not change significantly, i.e., as long as the same cell is used, this algorithm will 

                                                 
† Counting only the number of pixels above or below to the threshold (depends on definition) assumes 

that all these channels are completely gas-filled. By summation of their gray colors, partly gas-filled 

channels are taken into account, too. 
‡ The number of pixels that refer to the total area of the flow channels cannot be counted from the 

reference image (completely liquid-filled flow channels) because of the small dynamic range and the 

limited spatial resolution. Therefore, this number is calculated from the spatial resolution of the image 

and the dimensions of the flow channels. 
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result in consistent results. Most probably, this algorithm will prevent us, however, from 

comparing different cell designs because of the variations of the Gaussian distribution 

representing the liquid / matrix. Results of such a comparison are given in the 

subsection Flow field (p. 157), where their significance is discussed.  

 

Advanced image analysis has a large potential to improve the accuracy of its results to a 

great extent and is currently under development [25]. Various strategies are followed, 

which include, e.g., pattern recognition, etch-detection, noise filters, and fitting 

Gaussian distributions. All of them target the accuracy of discrimination between 

liquid-filled channels, gas-filled channels, matrix and the reduction of the noise-induced 

error. 

 

Cell design 

The exposure time is a crucial point for “real-time” investigations by neutron 

radiography and is greatly influenced by the materials used. Therefore, appropriate 

materials have to be chosen according to their neutron attenuation coefficient and 

dimensioned as thin as possible.  shows the thermal neutron attenuation 

coefficient of various elements. Thus, it gives a first hint, which components of the fuel 

cell that have to be dimensioned with care. Particularly critical components are the 

current collectors and the flow-field plates for these investigations. In many cases, the 

latter consist of graphite and the current collectors are usually made of copper. 

Fortunately, the neutron attenuation of aluminum is literally low and thus sufficiently 

thick endplates can be used to guarantee a homogenous pressure distribution. 

Figure 1

 

Two different designs of fuel cell housings have been investigated by neutron 

radiography. One fuel cell housing was based on the “conventional” design of fuel cells 

used in the laboratory. It consisted of endplates made of aluminum, current collectors 

made of 1 mm thick gold-coated copper, and graphite (Diabon NS 2, SGL Carbon 

Group, Meitingen, Germany) based flow-field plates. The endplates and the flow-field 

plates had each a thickness of 15 mm and 5 mm, respectively.  

 

The second fuel cell housing was optimized for low neutron attenuation and easier 

installation in the neutron beam. The cell housing also consisted of aluminum endplates 
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(each 15 mm) and current collectors made of gold-coated copper (1 mm). However, 

thinner flow-field plates (each 2.5 mm) were used to minimize their neutron attenuation. 

Besides, a graphite material (BMA 5, SGL Carbon Group) with a polymer filler of 

lower H-content (PVDF) compared to the cell described just before was chosen to 

further minimize the neutron attenuation. The cell design was also slightly modified for 

easier implementation into the experimental setup at the neutron source. In most cell 

designs the manifolds are positioned at the edges of the active area. However, this 

position is not useful for these investigations because parts of the active area are 

blocked by the feed lines and thus cannot be visualized. The latter is illustrated in 

Figures 8 and 11 by the black strip crossing the images in the upper half. In addition, the 

vibration of the tubing causes plentiful trouble in the digital image analysis and affects 

the significance of its result considerably. To avoid this problem the manifolds were 

positioned in some distance to the active area.  

 

Both, the fuel cell based on the “conventional” approach as well as the “optimized” fuel 

cell, have been designed for an active area of 100 cm2. To avoid any misunderstanding 

the cell design based on the “conventional” approach is referred to as type I in the 

following and the “optimized” cell design is called type II.  

 

Flow-field design 

Two different flow-field structures were analyzed in the flow visualization studies. The 

anodic structure of both flow-field designs is illustrated in Figure 6 and is the mirror 

image of the flow-field design used at the cathode side, respectively. A flow field 

comprising seven flow channels in serpentine configuration (Flow field A; Figure 6a) 

was chosen for the evaluation of its CO2 management capabilities under DMFC 

conditions. The width of a channel was 1.5 mm and the depth was about 0.8 mm. In 

addition, the gas-liquid two-phase distribution was studied in a flow field of parallel 

design (Flow field B, b). A main channel supplied the reactants to 50 small 

channels starting perpendicular from it. The reaction products were collected in the 

second main channel and removed from the cell through the manifold. The outer 

dimensions of the small channels were 1 mm in width and 1 mm in depth. The in- and 

outlets of the reactants/products were positioned at the utmost end of each main 

channel. 

Figure 6
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As mentioned before, both flow fields were of similar size and designed for an active 

area of 100 cm2. The active area was of quadratic shape, i.e., the dimensions were 10 by 

10 cm2. 

 

   

(a) (b) 

Figure 6: Schematic of the flow fields investigated in the visualization studies. The 
flow field in (a) (Flow field A; fuel cell type I) comprises seven flow channels in 
serpentine configuration. The cross-section of a channel is 1.5 × 0.8 mm2 
(width × depth). The structure of the flow field schematically depicted in (b) (Flow field 
B; fuel cell type II) consists of 50 parallel channels, which are interconnected at each 
end by two main channels. The cross-section of the 50 channels is 1 × 1 mm2 
(width × depth), respectively; the cross-section of the main channel is 1.5 × 1 mm2 
(width × depth). 

 

2.3 Investigation of Two-phase Flows in DMFC’s 

As mentioned before, the observation of a gas-liquid two-phase flow in filigree work 

such as the structure of a flow field of a fuel cell makes high demands on the detector 

system. Therefore, two different topics were addressed in the radiography imaging of 

two-phase flows in DMFC’s. On the one side, the use of the two neutron detector 

systems and the benefits of both locations in the beam line for visualization of the 

processes occurring in the flow fields of DMFC’s were evaluated. Moreover, strategies 

were developed to analyze the images qualitatively. On the other side, the gas 

distribution in the anodic flow field was studied as function of anodic operating 

conditions, i.e., the flow rate and the flow direction.  

 

Evaluation of the method 

The performance of the two neutron detector systems was tested at position 2 (see 

) with the fuel cell housing of type I and the flow field A (Figure 6a). The Figure 3
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potential range of spatial resolution was explored with the imaging plate technique 

because of its higher spatial resolution (up to 50 µm px-1) compared to the CCD-camera 

system. The survey revealed that a resolution of at least 500 µm px-1 is required to 

visualize the two-phase flows in the flow fields.† Fortunately, this resolution is just 

within the range of the spatial resolution of the digital camera system whose highest 

resolution is 200 µm px-1. Since the imaging plate technique prevents us from observing 

transient processes like the flow of gas bubbles in a liquid (the plate has to be changed 

manually after exposure), “real-time” measurements can only be done by the CCD-

camera system. Therefore, all measurements, which are shown in the following, were 

carried out with the CCD-camera system.  

 

At the same position (position 2), the exposure time needed to obtain an image of 

suitable quality‡ could be reduced from 25 s with the imaging plate technique to as low 

as 1 s with the CCD-camera system. However, between the exposures of two images an 

interval of 0.5 seconds was required to read out an image from the camera, which 

results in a frame rate of about 0.7 frames per second (fps). Appropriate gray-scaled 

images were obtained as described in the section Digital image analysis (p. 142). 

Examples of such processed images are shown in Figure 8 (p. 149) for a DMFC 

operating at different current loads. The spatial resolution of these images is 

270 µm px-1 and the exposure time was one second, i.e., each image shows an averaged 

process over one second. 

 

The advantage of position 1, the higher neutron flux, allowed to reduce the exposure 

time required for images of suitable quality by a factor of two to 0.5 s. Furthermore, the 

higher γ-background did not affect the image quality significantly. Only a minor 

increase of “white spots” (white areas in the image caused by γ-radiation) could be 

noted in the images recorded at position 1. However, the study revealed that the fuel cell 

housing of type I is less appropriate for measurements at position 1. The design of this 

fuel cell housing prevents us from locating the fuel cell close to the scintillator screen 

because the gas / liquid supply lines were connected to the fuel cell in such a way that 

                                                 
† The state of the channel (width 1 mm) is then given by only two pixels at a resolution of 500 µm px-1. 
‡ Quality is used here in the sense of sufficient dynamic range for later post-processing. 
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same space was needed between the scintillator screen and the tubings. Therefore, the 

radiography images obtained for the fuel cell housing of type I have a higher blurring, 

which is characterized by a reduced sharpness of the edges and limited spatial detail.  

 

The effect of image blurring is schematically illustrated in . Neutrons are 

emitted completely at random, thus neutron radiation at the aperture is diffuse and needs 

to be collimated. However, because of the characteristic of a nonpoint source, 

radiography images have an inherent blurring independent from the detector system. As 

easily seen from Figure 7 the blurring depends on the distance x of the sample from the 

scintillator screen and the L/D ratio (see Table 1, p. 139).  

Figure 7

Figure 7: Schematic diagram illustrating the effect of blurring. 
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The inherent blurring U is independent of detector properties and can easily be 

calculated according to the intercept theorems to 

D
L

xU = ,     (2) 

where L is the distance of the sample from the aperture and D refers to the aperture 

diameter (~2 cm at NEUTRA)†. For the fuel cell housing of type I, x was approximately 

8 cm, which results in an inherent blurring of 0.4 mm at position 1. Since the channel 

width was only 1.5 mm of the “A” flow field, a qualitative analysis of the images is not 

meaningful at position 1 and thus only the radiography images of the “A” flow field 

obtained at position 2 (U ≈ 0.15 mm) will be shown in the following. Because of the 

                                                 
† Typically, L is given as the distance between the aperture and the image plane. Because x is small the 

distance between aperture and sample is approximately L [26]. 
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modified design, the fuel cell housing of type II could be placed closer to the image 

plane (x ≈ 3 cm) resulting in an inherent blurring of 0.15 mm at position 1. Therefore, 

results will be given for the “B” flow field at position 1 in the following. 

 

Flow direction 

In contrast to vehicular applications, there is no fixed orientation of most portable 

products. Therefore, the fuel cell has to be able to operate - at least under stand-by 

conditions - in virtually any orientation and thus gravitation may play a role in the 

liquid-gas distribution in the flow field.  

 

In the following study, this topic was addressed on the basis of two different flow 

directions and was studied on the flow field of type “A” (Figure 6a). In Figure 8a, the 

methanol-water mixture was fed into the flow field from the bottom. The inlet of the 

aqueous methanol solution was at the bottom of the left side and the outlet was located 

at the diagonally opposite side at the top of the right side (see the schematic of 

a). The images given in b depict the gas-liquid distribution in the flow field if 

the flow direction is reversed. Consequently, the outlet of the reaction products was at 

the bottom as illustrated in the sketch of Figure 8b (left side).  

Figure 

8 Figure 8

Figure 8: The effect of flow direction on the gas-liquid distribution in the anodic 
flow field of a DMFC (a) removal of the CO2 with the help of buoyant force (at the 
outlet) (b) against buoyancy. The arrows in the schematics indicate the anodic flow 
direction. Liquid-filled channels result in dark regions; gas filled areas are bright. The 
experimental conditions were: TCell = 45°C, cMeOH = 0.5 M, and constant fuel flow 
(QMeOH = 24 ml min-1, Qair = 2 lN min-1). 
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In principle, both flow directions have areas of similar size for the given flow-field 

structure ( a) where gas has to be transported against buoyant force. Most 

probably these regions will be areas of high gas accumulation. However, in the flow 

direction of Figure 8b, the removal of the carbon dioxide through the manifold from the 

cell is against buoyancy. Therefore, the removal of carbon dioxide from the cell could 

be less efficient and could lead to a higher gas accumulation in the anodic flow field. 

All other operating parameters were essentially the same for both cases (see caption of 

 for operating conditions).  

Figure 6

Figure 8

Figure 8

Figure 8

 

The experimental procedure to obtain the images shown in  was as follows: 

Prior to measuring a polarization curve, the DMFC was operated for several minutes at 

OCV. Meanwhile neutron radiography images of the anodic flow field were taken to 

ensure a completely liquid-filled flow field as illustrated in the images at OCV of 

Figure 8. Dark areas of the flow field indicate regions that are filled with liquid (high 

neutron attenuation). In contrast, gas filled channels have about the same neutron 

attenuation as the background noise and thus are indicated as bright areas (low neutron 

attenuation) in the neutron radiography images. Please note, the bright areas in the 

images at OCV of Figure 8 refer only to webs. Starting from a completely liquid-filled 

flow field and OCV, the polarization characteristic of the cell was measured and neutron 

radiography images of the flow field were taken along the polarization curve. Samples 

of these images are exemplarily given in  at different load conditions of the cell 

(OCV, 8 and 12 A corresponding to 0, 80, and 120 mA cm-2, respectively) and for both 

flow directions.  

 

As shown by the uniform darkness of the images at OCV of Figure 8, a complete filling 

of the flow field could be achieved for this anodic flow rate (24 ml min-1) for both flow 

directions. As soon as the DMFC is operated under a current load, carbon dioxide is 

produced and thus light areas can be seen in the images of Figures 8a and b at a current 

of 8 and 14 A. As expected, light areas are noted in Figure 8 where gas has to be 

removed against buoyancy, i.e., gas clusters accumulate in the upward serpentines of the 

flow field. However, the gas accumulation in the flow channels was quite similar for 

both flow directions as seen by visual comparison of the images in Figure 8.  
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In addition to the gas-liquid distribution on the anode side, liquid water can be observed 

in the cathodic flow field as indicated by the darkest areas (highest neutron attenuation 

because of liquid water on both sides) in the images of Figure 8. Especially in 

Figure 8b, the flooded parts of the cathodic flow field can be seen very clearly and the 

locations of these areas are exemplarily indicated in Figure 9. Furthermore, the different 

pattern of the cathodic flow field (mirror image of anodic flow field) allows attributing 

dark areas indicating liquid to either the anodic or the cathodic flow field by their 

pattern. In the course of this study, liquid water has been observed in the cathodic flow 

field even at the highest cell temperature (110°C) investigated at a pressure of 3 barabs 

(data not shown). This observation is in consistency with the water crossover 

measurements as was reported in Chapter IV (p. 84). In Chapter IV it was concluded on 

the basis of a mass balance between the water actually removed from the cell and the 

water that could be removed by a fully saturated air stream that liquid water has to be 

carried out off the cell in addition to the water saturated air stream.  

 

 

Figure 9: Regions of water accumulation on the cathode side. Cathodic liquid 
water is identified by its lower degree of grayness, i.e., these areas are darker. 

 

However, if liquid water is present in the cathodic flow field even at high temperatures, 

such as 110°C (at 3 barabs), then the design of the cathodic flow field is of outmost 

importance for the DMFC. Any droplet in a cathodic flow channel will increase the 

pressure drop of this channel and thus block this channel from the supply with air. With 

time oxygen depletion will occur and consequently this channel will only be filled with 

non-reactive nitrogen. Therefore, the active sites that are supplied with oxygen from this 

channel will not be able to contribute to the overall cell performance. In Chapter IV, this 
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problem was avoided by using a flow field comprising a single channel in serpentine 

configuration. Nevertheless, for any application where the pressure drop of the flow 

field results in a higher energy demand of the compressor a single channel flow field is 

unacceptable. 

 

The visual impression of similar gas fractions for both flow directions Figure 8 is 

validated by the qualitative analysis of the gas clusters in the flow field as plotted in 

, which shows the void fraction of gas, ΘChannel, as function of the current. The 

data were computed as described in the section Digital image analysis of this chapter. 

For clarity, a completely liquid-filled flow field, i.e., at OCV, corresponds to a ΘChannel 

of zero in Figure 10. Vice versa, a ΘChannel of 100% refers to a flow field whose 

channels are solely gas-filled. The error bars in  refer to the average deviation 

at each data point. Unfortunately, this range is large because of the blurring (see above, 

Evaluation of the method) and the low contrast between the matrix of the flow field and 

the liquid / gas-filled channels. Furthermore, the algorithm currently used for the 

qualitative analysis of the images causes an additional error. As outlined in the section 

Digital image analysis (p. 142), the “signal” of to the liquid-filled channels / matrix and 

the “signal” that corresponds to the gas-filled channels have both a Gaussian 

distribution that overlap (see Figure 5, p. 143). Thus, this method of image analysis (by 

defining a threshold) will result in a systematic error (see discussion in the section 

Digital image analysis, p. 142). 

Figure 10

Figure 10

Figure 10: Void fraction of gas in the flow channels as function of the cell current. 
The diagram shows the qualitative analysis of Figure 8. A completely liquid-filled flow 
field corresponds to a ΘChannel of zero or vice versa solely gas-filled channels refer to 
100%. The error bars indicate the average deviation per single data point. 
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As nicely illustrated in , an increase of the current results in a steadily gain of 

the void fraction of gas in the flow channels. Nevertheless, the void fractions agree well 

within the bounds of accuracy of the image analysis for both flow directions (circles 

refer to Figure 8a and squares to Figure 8b). The latter leads one to suppose that this 

specific pattern of a flow field seems to be insensitive to the flow direction of the anodic 

feed.  

Figure 10

 

Flow rate 

An effective gas removal from the flow field could be a critical issue for DMFC’s, 

especially, if the flow rate of the aqueous methanol solution is varied. The latter is, for 

instance, of importance if a stoichiometric supply of the aqueous methanol solution is 

introduced to lower the methanol crossover as discussed in Chapter IV, section 3.2, 

methanol stoichiometry (p. 80).  

 

At the same operating conditions as in Figure 8a, i.e., the supply of the aqueous 

methanol solution from the bottom, the same cell temperature and airflow, images at 

OCV, 8, and 12 A of the anodic flow field are given at various flow rates in Figure 11. 

The image series (a) to (d) refer to an anodic flow rate of 36, 24, 12, and 6 ml min-1, 

respectively. All images were obtained in the flow configuration as illustrated in the 

sketch on the left side of Figure 11, which is identical to the flow direction of Figure 8a.  

 

As easily to be seen from the radiography images of , a complete liquid-filling 

of the flow field of type A at OCV is difficult to achieve for flow rates below 

12 ml min-1. In addition, large parts of the flow field are gas-filled at low anodic flow 

rates under current load. These areas are mainly where gas has to be removed against 

the buoyant force. Moreover, a significant dependence of the gas fraction in the 

channels on the anodic flow rate can be noted by comparison of the images in the (a) to 

(d) series of Figure 11. A steady decrease of the gas fraction in the flow channels can be 

noted with an increase of the flow rate. Again, this visual impression is confirmed by 

the qualitative analysis of the image series given in Figure 11 and its result is plotted in 

.  

Figure 11

Figure 12
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There are two effects, which contribute to the reduced void fraction of gas in the flow 

channels at increased flow rates. Surely, an increase of the anodic flow rate increases 

the pressure drop over the entire flow field (theorem of Hagen-Poiseuille). 

Consequently, the pressure drop in a flow channel because of capillary forces becomes 

less important and thus the supply with liquid of each channel is more homogeneous. 

Therefore, gas can be removed more easily from the channels. However, quantifying the 

amount of CO2 that is removed by this forced flow is difficult because  

(i) the pressure distribution over the flow field is hard to assess experimentally 

and 

(ii) modelling the pressure distribution is challenging because of the two-phase 

flow and the electrochemical processes involved. 

Moreover, CO2 is removed from the cell absorbed in the liquid phase. At higher flow 

rates more carbon dioxide can be absorbed in the liquid phase in a certain period of time 

and reducing in this way, the void fraction of gas in the flow field, too.  
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Figure 12: Void fraction of gas in the flow channels as function of the cell current at 
different anodic flow rates. The data are derived from a qualitative analysis of the image 
series of which examples are presented in Figure 11. A completely liquid-filled flow 
field corresponds to a ΘChannel of zero. The error bars indicate the average deviation per 
single data. 

 

However, there is currently no possibility to calculate the amount of carbon dioxide that 

is actually absorbed by the liquid phase in the flow field. Only the carbon dioxide 

absorbed in the liquid under equilibrium conditions can be calculated at present, which 

may or may not apply for the conditions predominant in an anodic flow field of a 
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DMFC†. Therefore, the quantity of gas that is removed from the cell by either the forced 

flow or by absorption in the liquid phase cannot be clearly attributed to either of them. 

Unfortunately, this lack of information prevents us from determining the length of stay 

of carbon dioxide in the flow field, which would be another useful characteristic for a 

flow field’s carbon dioxide management ability.  

 

In general, it is to conclude that the anodic flow rate has a large impact on the CO2 

content present in the flow field on the anode side. This may, for instance, be of 

relevance if a DMFC system is operated with a stoichiometric supply of the 

methanol-water mixture. In that case, the dynamics of the DMFC on large load demands 

may be rather slow because a considerable part of the flow field is gas-filled, which 

imposes mass-transport limitations on the load response of a DMFC. On the other side, 

the beneficial effect of gas-filled channels has also to be considered. The methanol 

permeation across the membrane will be significantly lower in parts of the anodic flow 

field that are gas-filled because of the phenomenon of a lower uptake of the membrane 

from a gas phase widely known as Schroeder’s paradox [27]. In addition, the methanol 

concentration gradient across the membrane is significantly lower at anodic gas-filled 

areas.  

 

Both, Schroeder’s paradox and the lower methanol concentration gradient, will result in 

a reduced methanol concentration of the permeate and thus the cathodic potential could 

be less impaired. Surely, however, a lower methanol crossover will improve the DMFC 

efficiency considerably (cf. Section 4 of Chapter IV). Therefore, one might think about 

increasing the carbon dioxide content in the anodic flow field under part load conditions 

to lower the methanol crossover. However, if the gas is used as a barrier to limit the 

methanol permeation across the membrane, then the gas distribution in the flow field 

should be most homogeneous. Since buoyancy seems to be the driving force for the 

accumulation of gas clusters the cell should be operated in a horizontal position with the 

cathode side on top. In that way, a thin gas layer should develop above the liquid. 

                                                 
† The degree of the saturation of the liquid phase with CO2 will also depend on the pattern of the flow 

field and its size. Both determine the average residence time of a gas bubble in the cell and its size and 

thus influence the degree of saturation reached in the cell. 
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Flow field 

From the two studies above (Flow direction and Flow rate) we have learned that the 

pressure drop across the flow field and buoyancy affects the CO2 distribution most. 

Both can also be influenced by the pattern of the flow field. Therefore, the void fraction 

of gas in the channels of a second flow field with different flow-field pattern (flow field 

B, Figure 6b) was investigated. In this study, the anodic flow field was fed from the 

upper left manifold and the outlet was at the bottom of the right main channel (as 

indicated in Figure 6b). Neutron radiography images of flow field B were obtained in 

the same way as with flow field A and subsequently analyzed to quantify the void 

fraction of gas at the different currents. In Figure 13, results of this study are plotted 

exemplarily together with the results obtained for the flow field A under similar 

operating conditions. 
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Figure 13: Consequences of anodic flow field patterns on the void fraction of gas in 
the channels at different currents. The circles refer to flow field A (Figure 6a); the 
triangles show data for the flow field B (Figure 6b). The error bars indicate the average 
deviation per single data point. 

 

Surprisingly, large deviations of the void fraction of gas present in the anodic flow field 

between both types of flow fields cannot be observed in Figure 13. - However, 

Figure 13 is somewhat misleading. So far, the void fraction of gas, as given in 

Figure 13, is computed from 2-D information. Precisely, it is calculated from pixel 

counts and therefore, does not take the channel depth into account, i.e., the void fraction 

of gas is a ratio of areas not of volumes. However, the total channel volume of the B 

flow field is about 11% larger than that of the A flow field, which would lead, if 

corrected for the total volume of the channels, to curves that would agree even better.  
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Unfortunately, any differences or agreements between the two curves in Figure 13 are 

not too meaningful because the error of the image analysis is large. A sensitivity 

analysis of the algorithm used revealed, not surprisingly, that the results highly depend 

on the threshold value. However, the use of different cell designs changes the variance 

of the Gaussian distributions, which directly affects the result of the image analysis (cf. 

Digital image analysis, p. 142). Unfortunately, there is no obvious way of estimating 

this error qualitatively. Therefore, only comparisons within the same flow field are 

possible at this time, i.e., the comparison of void fractions at various operating 

conditions. The comparison of different flow fields causes inconsistent results. 

Therefore, all computed void fractions have to be regarded as qualitatively, but not 

quantitatively correct within the same flow field.  

 

2.4 Present Limitations 

Although this experimental method opens up exciting possibilities not only for DMFC 

but also for the H2-PEFC research [28], this technique is currently limited by two 

problems:  

(i) An increase of the spatial resolution will facilitate the qualitative analysis of 

the images to a great extent. In addition, its accuracy would be improved 

considerably.  

(ii) A further reduction of the exposure time is necessary to observe fast 

processes in the flow channels more clearly. 

 

Therefore, the investigation of PEFC’s by neutron radiography is mainly limited by the 

performance of the neutron detector system. At present, high-resolution images can best 

be obtained by the image plate technique, but the exposure time is quite long and thus 

the processes occurring in the flow fields are averaged over about 20 seconds. 

Therefore, only a flow distribution in its steady state can be observed by the imaging 

plate technique.  

 

The CCD-camera system is the method of choice because it allows the observation of 

time-dependent processes. The minimum exposure time required to obtain an image of 

suitable quality was about one second for the fuel cell of type I and approximately 0.5 s 
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for the type II fuel cell. However, the spatial resolution (about 250 µm px-1) is a factor 

of five lower than the best resolution achievable by the imaging plate technique. In 

addition, the read-out rate from the camera to the computer is slow (~0.5 s per image) 

and prevents us from observing fast processes. Unfortunately, both limit the accuracy of 

the image analysis and allow us to regard its results only as qualitatively correct at 

present. That is why different flow fields can currently not be compared.  

 

A higher frame rate would allow us to average the results over more images and a 

higher spatial resolution would enable us to distinguish better between the channel and 

its web. In addition, more pixels would describe the state of a channel in an image with 

a higher spatial resolution and therefore, the effect of the noise-induced error could be 

minimized. Ideally, the CCD-camera system should be able to obtain high-resolution 

images (50 µm px-1 or better) at very high frame rates (10 fps or better). Maybe these 

limitations are eliminated in future: The increase of the neutron flux of the neutron 

source at PSI [29] as well as further advances on neutron detector systems will improve 

the experimental conditions to observe gas evolution patterns and water condensation in 

the flow channels in a better temporal and spatial resolution. 

 

2.5 Conclusions & Outlook 

The results obtained so far have shown promising use of the neutron radiography for the 

investigation of DMFC’s. At present, a sufficient† spatial resolution of the neutron 

radiography images is achieved; a reduction of the exposure time could be realized by 

the minimization of the neutron attenuation of the fuel cell (type B) and the blurring 

could be reduced by slightly modifying the cell design.  

 

The consequences of the flow direction and the flow rate on the gas-liquid distribution 

in the anodic flow field of DMFC’s were explored. Fortunately, the flow field of type A 

was completely insensitive to the two different flow directions. The latter can be 

explained by the similar size of the areas where gas has to be removed against 

buoyancy. Variations of the anodic flow rate revealed that the carbon dioxide content in 
                                                 
† Sufficient means that flow fields can be analyzed but one has to keep in mind that the accuracy is 

probably not very large.  
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the flow channels drastically depends on it. While at low current densities the gas 

accumulations may be used as barrier to minimize the methanol crossover to the 

cathode, large gas clusters may impose mass transport limitations on the anode at high 

current densities. However, the latter is still an effect whose impact on the cell 

performance is unknown. Although the methanol concentration in the gas phase is fairly 

low, methanol is surely transported from the liquid to the gas phase. Unfortunately, 

modeling the mass transport of methanol from the liquid phase through the gas phase to 

the active layer is under the highly undefined conditions of an operating DMFC a 

challenging task in which no one has yet succeeded.‡  

 

The combination of visual information of the state of the anodic flow field and the 

current produced in areas of high gas accumulation could give a first hint on the 

importance of gas-filled channels. Therefore, a combination of this method with the in 

situ measurement of the CD of PEFC’s, which is discussed in the next section, is highly 

desirable. In this way, the impact of the formation of carbon dioxide clusters in anodic 

flow fields of DMFC’s can be investigated more thoroughly. A first outlook on the 

combination of these two in situ methods will be given in the last section of this chapter.  

                                                 
‡ To the author’s knowledge 

 



Chapter V  161 Characterizing Mass Transfer Phenomena 

3 Current Distribution in the DMFC 

3.1 Introduction 

While the benefits of polymer electrolyte fuel cells (PEFC’s) as power sources for 

portable or mobile applications have widely been demonstrated in the past, the cost of 

the fuel cell system remains still the key hindrance for the commercialization of PEFC’s 

[30]. Thus, most research effort is focused today on designing less costly and more 

efficient fuel cell systems. Besides the development of new materials, which either 

allow to simplify the fuel cell system or “simply” reduce the cost of a fuel cell stack, the 

optimization of the electrochemical activity over the whole electrode area is of prime 

importance to reach an optimum performance of each cell in a stack [31].  

 

As inhomogeneities in fuel cell performance cannot be identified by the measurement of 

integral values like the cell voltage or cell current alone, real-time mapping of the 

current distribution (CD) covering the whole electrode area is highly desirable. For this 

purpose, a wide range of approaches has already been suggested, mainly applied to 

hydrogen-powered fuel cells [31-34] or to electrolysers [35, 36]. However, all of these 

methods suffer either from unknown interferences† of the diagnostic method with the 

processes occurring at the electrodes or cannot be implemented for measurements in 

fuel cell stacks. 

 

Recently, Wieser et al. [37-39] presented a new method using a magnetic loop array for 

locally resolved measurement of currents in large scale PEFC’s. A flow-field plate, 

which was divided into 40 electrical isolated segments, was used to avoid any lateral 

currents. The current sensors, consisting of Hall sensors fixed in the air gap of annular 

softmagnetic ferrites, were placed around a gudgeon of each flow-field segment. The 

latter was mounted in a mainframe, which was sealed gastight. The advantages of this 

method are:  

                                                 
† Because of corrosion, different pressure / temperature distribution, segmentation of the electrode, etc. 
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(i) No modifications on the membrane electrode assembly (MEA) are necessary 

(transversal currents within the backing are small and hence can be ignored, 

if the segment is sufficiently large [37]).  

(ii) A combination of high spatial and time resolution can be achieved. 

(iii) In principle, the integration into fuel cell stacks is possible.  

However, the installation of Hall sensors into the flow-field plate makes any 

maintenance difficult and the investigation of several flow field structures pricey.  

 

Therefore, a new method was sought which has the advantages of a magnetic loop array 

and allows an easy and highly adjustable implementation. This section will deal with 

our experience on a novel and simple to realize method for real-time current mapping of 

PEFC’s. The principle of measurement and the feasibility of this approach will be 

discussed in the following subsection Technology of Measurement. Hereon, the impact 

of the operating conditions such as air stoichiometry or anodic flow rate on the CD of 

DMFC’s will be shown in the subsection 3.3 and its consequences on technical cell will 

be considered. This section will conclude with a discussion of the methodical and 

experimental results and give an outlook on future improvements.  

 

3.2 Technology of Measurement 

A schematic of the experimental setup used to map the CD of PEFC’s is depicted in 

Figure 14 and consists of the fuel cell and external circuitry for measuring the current. 

The different components of the experimental setup are described below in detail.  

 

The fuel cell employed is of the conventional filter-press type consisting of a MEA 

sandwiched between two flow-field plates, which are clamped together by outer 

stainless steel plates. One of the flow-field plates is divided into electrical isolated 

sections, which themselves are electrically isolated against the stainless steel plate. The 

current flows through these segments are each measured by its own current sensor and 

connected to the same electrical load. For the other flow-field plate, the stainless steel 

plate serves as current collector, which is also connected to the electrical load. A 

20-channel armature multiplexer plug-in module (HP 34901A) installed in a mainframe 
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(HP 34970A), both from Hewlett Packard (Palo Alto CA, USA), served as data 

acquisition unit to record the signal of each current sensor.  
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Figure 14: Experimental setup of the current distribution measurements. [40] 

 

Current sensors 

In contrast to the open-loop Hall effect sensors, that were used by Wieser et al. [37-39], 

closed-loop Hall Effect current sensors were used in this work for mapping the CD over 

the electrode area. These consist of five basic components (Figure 15), such as Hall 

generator, magnetic core, amplifier, driver circuit, and some windings around the 

magnetic core. The principle of measurement of “compensated” Hall Effect current 

sensors is shortly summarized in the following. 

 

 

Figure 15: Block diagram of a closed-loop Hall Effect current sensor (within the 
dashed box) [41]. 
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The magnetic field generated by the primary current, Ip, results in an output voltage of 

the Hall generator, which is proportional to the magnetic field and thus to IP. This signal 

is boosted by an amplifier and fed to the driver circuit, which creates a canceling 

magnetic field that will drive the core to near zero flux. Therefore, the resultant 

secondary current, Is, is a direct measure for the strength of the magnetic field being 

cancelled. This secondary current is measured using a resistor, RS, which generates a 

voltage signal, VS. The correlation between the primary current and the voltage being 

measured is then given as: 

 

PSS I
N

RV 1
= ,          (3) 

 

where Vs refers to the voltage being measured and N states the number of turns of the 

coil [42].  

 

In contrast to the open-loop Hall Effect current sensors used by Wieser et al., the 

additional space needed for the electronics of the closed-loop Hall Effect sensors 

prohibit the integration of the sensors into the flow-field plate. Nevertheless, useful 

information could not be obtained by an integration of closed-loop Hall Effect current 

sensors. Only the open-loop Hall Effect current sensors allow to measure the current 

and the temperature distribution over the active area. Despite these drawbacks, 

however, there are several reasons for using closed-loop Hall Effect current sensors. 

The advantages of those sensors are  

(i) high accuracy,  

(ii) superior linearity, and 

(iii) low temperature drift.  

 

Furthermore, the installation of the current sensors outside the flow-field plate 

simplifies greatly any maintenance and calibration (no attention has to be paid to 

temperature effects on the current sensors because they can be held at ambient 

temperature). Therefore, the method illustrated in Figure 14 goes well with the demands 

of accuracy, low maintenance, and simplicity imposed on any diagnostic tool of 

practical importance. 
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In principle, shunt resistors could be used for this approach as well. However, the 

current sensors have the advantage of an inherent lower resistance (virtually zero) 

compared to shunts. The latter is important for the accuracy of these measurements, 

which may be illustrated by the block diagram in Figure 16. 

 

RL

RS RS
IS,1 IS,2

ILI1 I2

III III

A B

 

Figure 16: Simplified block diagram of a segmented fuel cell. I1 and I2 represent the 
current of each segment and IL is the leakage current from one segment to the other. The 
current flows measured for each segment are indicated with IS,1 and IS,2. The resistance 
RL refers to the lateral resistivity within the backing and RS represents the resistance in 
the outer circuitry. It is assumed here that RS is identical for all segments. 

 

Generally, the different segments can be replaced by single current sources with a 

current I, e.g., I1 and I2 for the segments 1 and 2. Because only the flow-field plate but 

not the diffusion layer is divided into electrically isolated sections, a leakage current 

from one segment to the other can occur. The latter is represented by the leakage current 

IL and the corresponding resistance RL in Figure 16. Finally, each circuit of a segment 

has an inherent resistance Rs that is the summation of all contact resistances, cable 

resistances, and additionally includes the resistance of the current sensor. Using the 

mesh current analysis, the following relationship of dependence can be derived from the 

example given in Figure 16. 

2
21

+

−
=

S

L
L

R
R

III      (4) 

As easily seen from Equation 4, the leakage current from one segment to the other is 

strongly influenced by the resistances inherent in the different circuits. Assuming a 

constant resistance of the diffusion layer RL, it can be derived from Equation 6 that the 

leakage current depends on the resistances of each circuit. However, typical shunt 
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resistances are in the range of 100 mΩ compared to about 6 mΩ of the total circuit 

realized in this approach with current sensors. Therefore, lateral currents within the 

diffusion layer can best be minimized by using current sensors.  

 

The considerations made above are only valid for small areas around the isolation layer 

between two adjacent segments. For an analysis on segment level or across the entire 

active layer, mutual interactions can be obtained by superposition. For a basic 

estimation, the model represented by the equivalent circuit is sufficient (Figure 16) and, 

at the same time, a coherence between leakage current and circuit reasistance can be 

derived without complex network analysis. 

 

Commercially available closed-loop Hall Effect current sensors (LA 25-NP, LEM, 

Switzerland), that are designed for a primary current of 5 A at full scale, were chosen 

for the realization. Considering an active area of 30 cm2 divided into nine segments of 

equal size (about 3.3 cm2), a current density of 1.5 A/cm2 can be measured at maximum 

per segment. For an application in the DMFC, which is subject of this study, this current 

range should be sufficient, even considering a highly inhomogeneous CD over the 

electrode area. 

 

Each sensor was calibrated to increase its precision in the low current range. In this 

way, the maximum relative error was within 1% over the entire measuring range as 

summarized in  (without calibration the relative error was at a primary current 

below 1 A in the range of a few percentage). Furthermore, any temperature effects can 

be safely ignored because the current sensors are installed outside the fuel cell and held 

at ambient temperature.  

Figure 17
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Figure 17: Relative Error of each current sensor (labeled as channels) as function of 
the primary current. 

 

Flow field 

The flow-field plates were made of graphite (Diabon NS 2, SGL Carbon Group, 

Meitingen, Germany), which featured high temperature resistance and low electrical 

resistivity. Two different flow-field structures were used on the anode side and the 

cathode side, respectively. While the anode flow-field comprised a parallel structure 

(Figure 18a) already known from the previous section In situ Visualization for the 

supply of the reactants and the removal of the products, a single flow channel was 

machined in serpentine configuration into the graphite plate used at the cathode (

b). Moreover, both flow-field plates were quite thick (15 mm) to compensate for the 

deflection of the endplates and thus to accomplish a homogeneous pressure distribution 

over the entire active area. The latter was experimentally verified for the segmented cell 

using a pressure measuring film (Super Low, Fuji Photo Film Co., Tokyo, Japan) [40]. 

Figure 

18

 

In this study, the anodic flow-field plate (Figure 18a) was segmented to avoid lateral 

currents in the graphite plate. The aim was to build a flow-field plate, which equates the 

“normal” flow-field plates in every respect. Therefore, the segmented flow-field plate 

must have identical physical properties, such as, thermal diffusivity, electrical 

resistivity, or mechanical characteristics. These constraints were met using the same 

graphite material (as already mentioned in the paragraph before) and embedding the 

segments in a resin of suitable properties.  
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Three graphite bars of suitable size were made and glued together with the 

two-component epoxy resin. PTFE spacers were used to guarantee gaps of equal width. 

In this way, a thickness of the isolation layer of as low as 0.3 mm could be achieved. 

Therefore, negative effects of the non-conducting material on the electrochemical 

processes can be neglected. After curing these for six hours at 120°C, the glued plate 

was milled again into three bars perpendicular to the bonding surface and glued together 

with the spacer technique in the same way as described above. At last, the pattern of the 

flow-field was milled into the surface, resulting in a graphite plate comprising nine 

electrically isolated segments, each covering an active area of 18 × 18 mm2. The 

segmented flow-field plate in its final form is displayed in Figure 19, where the arrows 

indicate the position of the splices. 

 

 

Figure 19: Segmented flow-field plate comprising a parallel flow pattern. The 
arrows indicate the locations of the bonding layers. 

 

Contacting 

Gold-coated copper sheets (thickness 1 mm) used as current collectors contacted each 

segment from the back. For precise positioning, these were attached on a silicon foil 

(thickness 0.5 mm), which served as gasket and as electrical isolation to the endplate. In 

this way, the cell could be assembled much the same as “normal” laboratory cells are 

put together.  

 

An issue of utmost importance is the balance of the resistances inherent in the outer 

circuitry of each segment. The assumption of negligible lateral currents in the electrode 

is only valid for a quasi-isotropic flow-field plate (see discussion in Current sensors of 
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this section). However, any scatter in the contact resistances of the external circuitry or 

the cable resistances will result in an anisotropic flow-field plate or, metaphorically 

speaking, will create a flow-field plate of variable thickness. A 1 mΩ higher resistance 

of one segment compared to the others already results in an about 5% too low current 

reading for this segment [40]. Therefore, special attention has to be paid to match the 

overall resistance of each single circuit. The latter can be easily achieved by inserting 

trimming resistors into the respective circuit. In this way, the difference between the 

channel resistances could be compensated to about ±0.1 mΩ, which corresponds to a 

relative deviation from the average resistance of a single circuit of better than ±1%. 

 

Electrochemical components & start-up procedure 

In this study, a MEA consisting of a Nafion 117 membrane (E.I. DuPont de Nemours & 

Co., Inc., Wilmington, USA) and commercially available electrodes were used. Pt-Ru 

electrodes were employed on the anode with platinum and ruthenium loading of 1 and 

0.5 mg cm-2, respectively. On the cathode, electrodes based on a platinum catalyst were 

used with a precious metal loading of about 4 mg cm-2. The MEA was hot pressed prior 

assembling in the cell hardware. A more detailed overview of the electrochemical 

components and the cell assembly is given in the experimental section of Chapter IV 

(pp. 60) and thus details are dispensed at this point.  

 

Prior the measurement, the DMFC was operated potentiostatically at a cell voltage of 

0.3 V and a cell temperature of 90°C for at least 12 hours. An aqueous methanol 

solution of 0.5 M was fed preheated at cell temperature to the anode at a constant flow 

rate of 12 ml min-1. Dry air was supplied at a stoichiometry of 3 to the cathode. An 

equal backpressure of 3 barabs was applied on the cathodic as well as on the anodic 

compartment. The latter ensured the supply of the aqueous methanol solution as liquid 

to the anode. 

 

3.3 The effect of operating conditions on the CD of a DMFC 

For the evaluation of this method, the effect of the air stoichiometry, the anodic flow 

rate, and the anodic methanol concentration on the CD of a DMFC was investigated. 

The results of this survey will be presented in the following. If not stated otherwise, the 
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data were obtained in the following manner, subsequently referred to as standard 

operating conditions.  

 

An aqueous methanol solution was supplied preheated at cell temperature to the anode. 

The cell temperature was 110°C, which was also the inlet temperature of the air at the 

cathode. An equal pressure of 3 barabs was applied on the anodic and cathodic 

compartment. The cell was operated in counter-flow mode with air as oxidant. 

 

Air stoichiometry 

The airflow is one of the most important factors affecting the efficiency of a fuel cell 

system [43]. It is even more important for a DMFC than for a H2-fuel cell system 

because these usually operate at high pressure (3 barabs and higher) and at high air 

stoichiometries (most often in the range between 5 and 60, e.g., [44, 45]). Both, of 

course, increase considerably the parasitic energy demand of a compressor. However, 

understanding the phenomena involved in lowering the air stoichiometry is the basis to 

improve the DMFC performance at low air stoichiometry.  

 

In principle, a single cell can be operated at constant cell voltage or under constant 

current conditions. However, in a fuel cell stack of the conventional filter press type a 

cell will always have to work under constant current conditions because the charge 

passing through each cell of the stack is the same, regardless if the stack itself is 

operated potentiostatically or galvanostatically [46]. Therefore, all CD’s were measured 

under constant current conditions.  

 

Furthermore, two different modes of fuel supply can be chosen (a) the feed of the 

reactants at a constant flow rate or (b) supplying the fuel stoichiometrically. In 

principle, stoichiometric operation of the cell is the one of technical relevance. 

However, the inlet temperature of the anodic fuel was, unfortunately, difficult to control 

for varying flow rates and thus constant flow rate conditions were chosen for the anode 

side (see discussion Chapter IV, p. 80). Whereas on the cathode side a constant inlet 

temperature of the air could be managed at varying flow rates and thus the 

stoichiometric supply of the oxidant was chosen for the cathode side. 
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Under these conditions, the DMFC was operated with a 1 M aqueous methanol solution 

at a constant flow rate of 14 ml min-1 and different air stoichiometries (from 3 to 9). The 

corresponding current distribution of the DMFC at a constant cell current of 10 A 

(330 mA cm-2) is plotted in Figure 20 as function of the air stoichiometry. The current 

density of each segment is given as the deviation from the average current density 

(which is the one measured in polarization curves) at the respective air stoichiometry. 

The symbols correspond to the location of the segment in the flow field plate as 

indicated in the legend of . In horizontal direction, the type of symbol refers to 

its horizontal position; in vertical direction, the filling of the symbol corresponds to its 

vertical location.  

Figure 20

Figure 20

 

As easily to be seen in Figure 20, the CD of the DMFC highly depends on the air 

stoichiometry. In general, the inhomogeneity of the current distribution increases with 

decreasing air stoichiometry. At an air stoichiometry of 3, the segments close to the inlet 

of air (filled symbols) produce about three times as much current as segments located 

close to the outlet (open symbols). Middle segments (in vertical direction, dotted 

symbols) are basically unaffected by the air stoichiometry and show an almost constant 

current density of about 330 mA cm-2 (corresponding to a relative deviation from the 

average current density of 0% in ) for all air stoichiometries. 

 

The enormous inhomogeneity of the current distribution at low air stoichiometry may 

surprise at first glance because at the lowest air stoichiometry still three times as much 

air is supplied as needed by the cell reaction. However, for the calculation of the air 

stoichiometries as given in Figure 20, the methanol crossover (approximately 

200 mA cm-2 at a current density of 330 mA cm-2, cf. Chapter IV, p. 77) was not taken 

into account. Therefore, the effective air stoichiometry is considerably lower as given in 

Figure 20. That means the air stoichiometries of 3, 4, 5 etc., as given in Figure 20, 

correspond to an effective air stoichiometry of 1.9, 2.5, 3.1, etc., respectively. The latter 

may explain the high inhomogeneity of the current distribution at low air 

stoichiometries.  
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Figure 20: Current distribution vs. air stoichiometry at a cell current of 10 A, a 
methanol concentration of 1 M, a flow rate of 14 ml min-1 (corresponding to an anodic 
stoichiometry of 13.6), and standard operating conditions (see p. 170). The current 
density of each segment is given as the deviation from the average current density at the 
respective air stoichiometry.  

 

Material inhomogeneities & flow rate 

The impact of material inhomogeneities and the effect of the anodic flow rate on the CD 

were tested the following way:  

(i) The cell was rotated 180°, i.e., the flow direction is kept the same but the 

segments that were close to the inlet before are now at the outlet and vice 

versa.†  

(ii) The anodic flow rate was reduced by a factor of two to demonstrate its effect 

on the CD. 

The effect of the rotation of the cell as well as the impact of the reduction of the anodic 

flow rate on the CD is together illustrated in . Figure 21

 

                                                 
† The flow-field patterns on the anode and cathode side are rotationally symmetric (see ). Figure 18
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Figure 21: Current distribution as function of the air stoichiometry at a cell current 
of 10 A, a methanol concentration of 1 M, an anodic flow rate of 7 ml/min 
(corresponding to an anodic stoichiometry of 6.8), and standard operating conditions. 
The cell was rotated 180°. The current density of each segment is given as the deviation 
from the average current density at the respective air stoichiometry. 

 

As easily to be seen by comparison of Figures 20 and 21, the segments that showed a 

negative deviation from the average current density in Figure 18 are better than the 

average in Figure 21 and vice versa. Only the segments in the middle (in vertical 

direction) show somehow unexpected behavior. Probably, their performance can be 

related to the lower anodic flow rate, which may result in an unequal liquid supply of 

each channel. In neutron radiography studies of such a parallel flow field (the data were 

not shown in section 2) it could be observed that gas clusters mostly accumulated in the 

middle at low anodic flow rates [28]. Although this may apply here, the actual 

gas-liquid distribution in the anodic flow field is not known. Nevertheless, these effects 

are not very large except for the deviation at an air stoichiometry of 3. Because of the 

experimental results plotted in Figure 21, it is concluded that major effects of material 

inhomogeneities such as catalyst distribution, contact resistances, or temperature 

gradients on these CD’s can be excluded.  

 

Finally, the comparison of Figures 20 and 21 seems to reveal a dependency of the CD 

on the methanol crossover. Cutting the anodic flow rate in half decreases the methanol 

stoichiometry by a factor of two (from 13.5 to 6.75) and thus affecting the methanol 
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crossover (cf. discussion and results of Chapter IV, section 3.2, pp. 80). Presumably, 

there are three effects that all influence the methanol crossover: 

(i) As shown in section 2 of this chapter (see Figure 12, p. 155), the gas content 

in the anodic flow channels is higher at a lower anodic flow rate. Therefore, 

a larger area of the membrane may be in contact with vapor on the anode 

side, which would reduce the methanol crossover in these areas (cp. 

discussion on p. 156). 

(ii) Decreasing the anodic flow rate means also to lower the pressure drop across 

the flow field. This may result in a less efficient removal of carbon dioxide 

off the electrode structure. Consequently, a gas layer would develop between 

the liquid phase and the membrane and thus the methanol crossover to the 

cathode side would be limited. 

All these reasons will result in a lower methanol crossover and therefore, less oxygen 

will be consumed by the parasitic methanol oxidation on the cathode side. 

Consequently, the dependency of the CD on the air stoichiometry would be smaller.  

 

Methanol Concentration 

Generally, the methanol crossover can also be reduced by lowering the anodic methanol 

concentration. The resulting CD is depicted in Figure 21 at a methanol concentration of 

0.5 M, a current of 6 A, and otherwise constant operating conditions (compared to 

Figure 20). Please note that in Figure 22 the values of the CD for an air stoichiometry of 

two are additionally included in contrast to Figure 21 and Figure 20.  
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Figure 22: Current distribution vs. air stoichiometry at a cell current of 6 A, a 
methanol concentration of 0.5 M, a flow rate of 14 ml min-1 (corresponding to an anodic 
stoichiometry of 11.2), and standard operating conditions. The current density of each 
segment is given as the deviation from the average current density at the respective air 
stoichiometry. 

 

So far, effects based on material inhomogeneities can be excluded and the influence of 

the flow rate and the methanol concentration was explored. Therefore, the general 

pattern of the deviation of each segment from the average current density can be 

explained in the following way.  

 

Because of the flow pattern used on the cathode side (single channel in serpentines, see 

b), the oxygen concentration is approximately identical in segments of the 

same vertical location. Furthermore, the oxygen concentration decreases from the inlet 

to the outlet, i.e., oxygen depletion may occur at loci close to the outlet (filled symbols 

in ). Increasing the air stoichiometry influences the segments differently 

depending on their location in the flow field: 

Figure 18

Figure 20

• Segments close to the inlet profit from a high oxygen concentration and from a 

good water removal off the electrode structure at low air stoichiometry. At very 

high airflow, however, the membrane will start to dry and thus the performance 

of these segments will be limited.  

• Segments close to the outlet of air will mainly profit from a higher air 

stoichiometry because of a local increase of the oxygen concentration. 
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Furthermore, these segments will profit up to a certain air stoichiometry from a 

better water removal off the electrode.† 

Although all these considerations are likely, the anodic gas-liquid distribution and its 

impact on the anode performance is an uncertainty, which also could affect the CD of a 

DMFC. Therefore, it is highly desirable to obtain visual information of the state of the 

flow field simultaneously with the measurement of the CD to explore the effect of 

carbon dioxide in the anodic flow field on the cell performance.  

 

3.4 Conclusions 

A novel approach to measure in situ the current distribution of PEFC’s has been 

developed and the proof of concept could be given. The principle of measurement is 

based on measuring the current flow externally through different areas of a flow-field 

plate. The advantages of this method can be summarized as follows: 

(i) High accuracy, 

(ii) low cost,  

(iii) relatively simple to realize,  

(iv) easy to maintain, and  

(v) capable of real-time current mapping. 

 

Furthermore, it has already been proven that this method can be “upscaled” to fuel cells 

of technical interest and is adjustable to different cell designs [46], which shows its high 

flexibility. Even the integration into fuel cell stacks should be possible although 

challenging [40]. 

 

From the CD measurements it is concluded that the current distribution of a DMFC 

seems to depend highly on the distribution of the oxygen concentration present in the 

cathodic flow field. This dependency could be mainly related to the methanol crossover 

and thus can be influenced by a number of measures such as less methanol-permeable 

membranes or the operating parameters, e.g., the air stoichiometry, the anodic methanol 

concentration, or the anodic flow rate. Consequently, higher homogeneity of the CD can 

                                                 
† Surely, at some point the membrane will be dried in these segments, too. 
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be achieved for the flow field patterns and electrochemical components used here at 

either high air stoichiometries such as 7, a low methanol concentration (0.5 M) on the 

anode side, or a low anodic flow rate.†  

 

Unfortunately, a reduction of the anodic flow rate also imposes higher gas loads on the 

anodic flow channels (cf. section 2.3, Investigation of Two-phase Flows in DMFC’s of 

this chapter). Therefore, it is not clear if the methanol crossover is just reduced by a 

smaller concentration gradient across the membrane or if carbon dioxide layers limit the 

methanol transport to the membrane. Therefore, visual information of the state of the 

flow channels in addition to the knowledge of the current distribution will greatly 

improve the understanding of the phenomena involved in operating a DMFC. First 

results of the combination of both in situ methods will be given in the next section of 

this chapter.  

 

Improving the CD homogeneity does involve cell design issues as well. The flow-field 

pattern on the cathode side has, of course, a high impact on the distribution of the 

oxygen concentration over the active area. A cathodic flow field comprising a single 

channel in serpentine configuration avoids any channel flooding, however, as these 

studies nicely illustrated results in a highly inhomogeneous CD at an air stoichiometry 

of two to three. Therefore, the cathodic flow field has to be designed very carefully 

because, among others, membrane drying effects, the flooding of the cathodic channels 

(cf. the section In situ Visualization of this chapter), and high oxygen depletion along a 

channel have to be considered. 

 

3.5 Outlook 

Methodical improvements 

On the basis of today’s knowledge, some improvements can be made on the methodical 

side, which may include the following:  

• A further decrease of the resistance inherent in each channel down to 2 mΩ is 

possible and increases the accuracy of measurement: Decreasing the resistance 
                                                 
† Each compared to the baseline, which is a methanol concentration of 1 M and an anodic flow rate of 

14 ml min-1. 
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of each circuit will further decrease the lateral currents from one segment to the 

other occurring within the backing and thus it will further increase the accuracy 

of measurement. The latter is even more important, if a “quasi-segmented” 

approach is used as described in the next section of this chapter and it would 

increase the accuracy of measurement considerably. 

 

• Increasing the resolution, i.e., the number of channels: Increasing the number of 

channels may be a tedious task for cells with small active area, e.g., 30 cm2 and 

may be even counterproductive because then lateral currents from one segment 

to the other may not be ignored anymore. However, the nine channels currently 

available give only limited information for fuel cells of technical interest. 

 

• Implementing a higher channel read-out (20 kHz per channel or higher): A 

higher channel read-out is required if one likes to tackle the CO2 poisoning in 

fuel cells. At the moment, the bottle neck is the data acquisition, which is too 

slow (1 Hz scan rate). In addition, the signals are scanned sequentially. Both will 

limit the significance of the experimental results. 

 

Besides the combination of this method with the in situ visualization of the state of the 

flow field, this method opens up the exciting possibility to combine it with impedance 

spectroscopy. At present, impedance spectroscopy can only access integral cell values 

such as cell current or cell voltage, which limits its analysis to an average of the whole 

cell. However, the combination of impedance spectroscopy with this method of 

measuring the CD would allow to obtain local information by impedance spectroscopy.  

 

In principle, the experimental setup as illustrated in  remains the same for the 

locally resolved impedance spectroscopy measurements, except that the electronic load 

is replaced by an impedance spectrum analyzer. With a data analyzer that is able to 

record simultaneously all signals of the current sensors in addition to the total cell 

current and the cell voltage at a frequency of at least 20 kHz per channel the phase shift 

per single channel can be computed. Furthermore, the impedance of the whole cell 

would also be obtained and eventually, effects that were seen in these data can be 

Figure 14
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related to the local impedance data. So far, preparatory work has been done and no 

contraindications for such a combination have been found [47].  

 

Recommendations for future studies 

This work has to be regarded as a basis for future studies, which could be concerned 

with the following questions:  

(i) What is the influence of water droplets in cathodic flow fields on the cell 

performance? 

(ii) What are the important parameters for an optimized cathodic flow pattern? 

(iii) Does co-flow mode have any effects on the CD of a DMFC? 

(iv) Can advanced membranes, that feature lower methanol and lower water 

crossover, improve the CD of a DMFC? 

(v) What are the consequences of other anodic flow patterns on the CD of a 

DMFC? 

 

So far, it was illustrated by the data in Figures 20 to 22 that employing a cathodic flow 

field comprising a single channel in serpentine configuration results in a highly 

inhomogeneous CD. However, how does an optimized cathodic flow-field pattern that 

allows a homogeneous CD at low air stoichiometry have to look like? In principle, 

multi-channel flow patterns, as used for H2-fuel cells, provide a better distribution of the 

reactants and at the same time lower the pressure drop over the flow field considerably. 

Either would be highly desirable for any technical application.  

 

As seen in section 2 of this chapter, In situ Visualization, liquid water occurs in the 

cathodic flow channels even at a cell temperature of 110°C at 3 barabs. However, a 

partial flooding of a channel will change the pressure distribution within a multi-channel 

flow field considerably (see discussion at the beginning of this chapter) and thus will 

alter the flow of the reactants. In the worst case, one channel will be blocked from the 

supply with air and with time this channel will be filled with non-reactive nitrogen. 

Although this effect is likely to occur, the degree and the impact of the cathodic channel 

flooding on the performance of a DMFC is unknown. If the flooding of the cathode 

leads to a severe deterioration of the cathodic performance, various strategies, such as 
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hydrophobic web walls, could be followed to facilitate the water removal from the flow 

field. 

 

In this context, the consequences of co-flow conditions on the CD are surely worth 

exploring. In co-flow mode the methanol concentration decreases along the flow 

channel together with the oxygen content. In this way, the highest oxygen concentration 

would be available on the cathode side where the highest methanol crossover is to be 

expected and thus the effect of methanol crossover may better be compensated. 

Presumed that a depletion of methanol along the anodic flow channels occurs, the 

co-flow mode could lead to a more homogeneous CD. Therefore, the operation of 

DMFC’s in co-flow mode could be advantageous over the counter-flow mode.  

 

The effect of different membrane types on the CD may be interesting to study. In 

Chapter IV, lower methanol and lower water permeation across radiation-grafted 

membranes could be shown (p. 114). Presumably, either will lead to a more 

homogeneous CD. On the other side, the lower water crossover could also add another 

difficulty to the operation of a DMFC, because parts of the membrane (at the air inlet) 

could be dried. Therefore, the investigation of the impact of water crossover on the CD 

of DMFC will give further insights in the mass transport phenomena involved in 

operating a DMFC. 

 

Up to the present day, little is known about the influence of various anodic flow field 

patterns such as multi- or interdigitated channels on the CD of DMFC’s. Especially flow 

fields comprising interdigitated channels, which shall provide a better mass transfer to 

the catalytic sites on the anode [48], may prove to be particular critical on their impact 

on the CD. It may be supposed that a homogeneous fuel distribution in interdigitated 

flow fields will be a challenging task, in which knowledge of the CD will be of great 

use. Since the distribution of the cathodic oxygen concentration overlays any other 

effect, studies that deal with the impact of the anodic flow field on the CD should use 

pure oxygen as oxidant. 
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4 Combination of In situ Methods 

4.1 Introduction 

In the previous sections, In situ Visualization and Current Distribution in the DMFC, 

the effect of carbon dioxide clusters present in the anodic flow field on the DMFC 

performance could not be answered. It was shown in the in situ visualization studies 

(Section 2) that large parts of the anodic flow field can be gas filled. Furthermore, the 

current distribution measurements (Section 3) revealed large variations of the current 

density over the electrode area. Although each method on its own allows characterizing 

the DMFC more thoroughly than standard electrochemical methods, e.g., 

current-voltage curves, the information of these methods is still an integral value that 

can only be attributed to some extent to the one or the other effect. Therefore, it is 

necessary to combine different in situ methods to get further insights in the cell 

processes. This section will describe the experimental effort to explore the mass transfer 

limitations imposed by CO2 clusters in the anodic flow field on the performance of a 

DMFC. First experimental results will be shown herein, conclusions drawn, and 

recommendations for future work will be given. 

 

4.2 Experimental 

Principle of measurement 

As stated before, the current distribution and the in situ visualization measurements 

could be combined to one powerful method to gain further insights into mass transfer 

related phenomena. However, the technology to measure the current distribution has to 

be modified for this combination. The fairly thick flow-field plates (each 15 mm) used 

for the current distribution studies would prevent us from obtaining a neutron 

radiography image of a flow field at a short exposure time. On the other side, the thin 

graphite flow-field plates used in the in situ visualization studies do not allow to divide 

them into electrical isolated sections with all the requirements a segmented flow-field 

plate has to fulfill (cp. discussion on pp. 167).  

 

The solution was a “quasi-segmented” approach of the flow-field plate whose principle 

is schematically depicted in . Since dividing the graphite plate into separate Figure 23
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sections was not possible, a thin flow-field plate based on graphite material (Sigracet 

BMA5, SGL Carbon Group, Meitingen, Germany) of low conductivity (100 µΩm [49]) 

was chosen. Similar to the CD method introduced in section 3, this graphite plate was 

contacted by 9 current collectors, which, in principle, present the individual segments. 

 
electrode

flow-field plate

current collectorsx

D

 

Figure 23: Schematic of the “quasi-segmented“ flow field.  

Figure 23

 

However, this method heavily relies on the thickness D of the graphite plate, its 

electrical conductivity ρ, and the gap x between two adjacent current collectors (see 

). The conductivity of the graphite plate has to be low because the gap 

between two “segments” basically serves as “electrical isolation”. In contrast to the 

earlier experiments outlined in section 3 of this chapter, the resistance RL (see Figure 

16) in this approach is significantly lower. In addition to the diffusion layer, lateral 

currents can also occur in this approach within the flow-field plate, which of course 

increases the leakage current from one “segment” to the other. Therefore, a high 

resistance of the graphite plate helps to minimize these leakage currents. For the 

graphitic material and the dimensions chosen (x = 2 mm, D = 1.5 mm) in this approach 

RL is about 4 mΩ.  

 

Nevertheless, this approach will result in less accurate measurements of the current 

distribution compared to those of section 3 of this chapter because lateral currents 

within the flow field cannot completely be avoided, i.e., a “blurring” of the current 

distribution will be seen. A calculation based on the block diagram depicted in 

Figure 16 (p. 165) may illustrate this “blurring”. 

 

Assuming that the current produced by segment 2 is half of that of segment 1, 

I2 = 0.5 I1. Then we can calculate according to Equation 4 the leakage current IL from 

segment 1 to segment 2 and the actually measured currents IS,1 and IS,2 as given in 
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Equation 5. Furthermore, the actual values for the resistances are used, i.e., RS and RL 

are equal to 6 and 4 mΩ, respectively. 
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Equation 5 illustrates that the leakage current cannot be ignored and thus the error of 

this method is large. Consequently, the measured CD will be smoothed because of the 

leakage current. That means it has to be kept in mind, on the one hand, that small 

differences between two segments in the CD already indicate a significant difference. 

On the other hand, the values of the CD have to be regarded only as qualitative 

information.  

 

Unfortunately, the error cannot be estimated from the calculation presented in 

Equation 5 because:  

(i) The leakage current is only considered to one adjacent segment. However, in 

this approach each segment has at least two neighboring segments (see the 

next section for details on the technical layout). Therefore, the error will be 

even larger in practice. 

(ii) The assumptions made for Equation 5 represent a “worst case scenario”. It is 

assumed that the entire current of each segment only occurs at the edge of 

adjacent segments as depicted in a. In reality, of course, a current 

distribution (Figure 24b) is more likely to occur and consequently, the 

current gradient across the “electrical isolation” is considerably smaller than 

assumed. Therefore, the leakage currents from one segment to the others will 

be considerably smaller. 

Figure 24

 

However, an estimation of the error is not obvious and cannot be given here because the 

current distribution of each segment and the contact resistances are unknown. 
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As illustrated in the schematic of , the DMFC was operated in co-flow mode 

with horizontal flow channels. The inlet of the aqueous methanol solution (0.5 M) and 

of air was at the upper left side and the outlet was located on the diagonally opposite 

side. Dry air was supplied to the cathode at a constant flow rate of 2 lN min-1 

corresponding to an air stoichiometry of six at a current density of 200 mA cm-2. Similar 

to the CD measurements reported in section 3 of this chapter an equal backpressure of 

3 barabs was applied on the anodic as well as on the cathodic compartment. The cell 

temperature and the supply temperatures of the reactants were constant at 70°C.  

Figure 26

Figure 26

 

Experimental results 

For a qualitative evaluation of the data, the neutron radiography images were 

segmentally analyzed with the algorithm described in Section 2 of this chapter (Digital 

image analysis, p. 142). Figures 26a to 26c display the gas fractions θseg,x present in the 

anodic channels for each segment x as function of the current density. Below each 

gas-fraction diagram the corresponding relative deviations from the average current 

density per segment are summarized (Figures 26d to 26e).  

 

In general, the diagrams in Figure 26 refer to the three different vertical locations in the 

flow field. The symbols correspond to the location of the segment in the flow-field as 

indicated in the legend of . In vertical direction, the type of symbol refers to its 

vertical position; in horizontal direction, the filling of the symbol corresponds to its 

horizontal location. The location of a segment is coded in its two-digit number 

consisting of row and column number, e.g., the segment in the upper right edge is 

segment 13 (row 1, segment 3). 

 

The segmental analysis of the neutron radiography images revealed that, in principle, 

the gas content increases vertically from the inlet to the outlet. The latter can be seen by 

comparison of Figures 26a to 26c. The only exception from this general trend is 

segment 11 (filled triangles in Figure 26a), which has a significantly higher gas content 

than the other two segments of the first row.  
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deviation from the average current density as to be seen by comparison of Figures 26d 

to 26f. The segments in the middle row (Figure 26e) perform about average, while all 

segments in row 3 (Figure 26f) have a negative deviation from the average current 

density. 

 

Discussion 

Nevertheless, it is not possible from Figure 26 to correlate the CD to the degree of gas 

content in the segments. In segment 11, for instance, more than 60 percentage of its 

channel area is gas-filled at a current density of 150 mA cm-2. Nevertheless, this 

segment performs better than the average as illustrated in Figure 26d. Something similar 

is also observed for the segments of the middle row (squares). Although the channels of 

all three segments are filled with gas to about the same degree, segment 21 has a 

significantly better performance than the others. Again in row 3, the segment with the 

highest gas content within row 3, segment 31, performs about as well as the other two 

segments of this row as to be seen in Figure 26f. 

 

From the experimental findings of Section 3, however, these CD data could be related to 

the cathodic air distribution. Presumably, the pressure drop over the cathodic flow field 

is too low to guarantee a homogeneous distribution of air. Therefore, the segments 

closest to the inlet of air (row 1, Figure 26d) have the best air supply and thus have the 

best performance. In contrast, the segments in row 3 are furthermost from the inlet of 

air. Therefore, less air may be supplied, and consequently, the segments of row 3 

perform inferior to the segments in row 1.  

 

This hypothesis would also explain the performance drop of the segments in row 1 and 

the performance increase of the segments in row 2 and 3 observed at current densities 

above 180 mA cm-2 as plotted in Figures 26d to 26f. If the supply of air to the channels 

is not homogeneous, which is also supported by the observation of liquid water in the 

cathodic flow field, then oscillations in the cathodic air distribution are possible. The 

latter could be caused by the formation of additional liquid water in the cathodic flow 

field and / or by the removal of liquid water from a cathodic flow channel. Both would 

result in drastic changes of the pressure distribution in the cathodic flow field and thus 

would affect the air distribution over the active area. Unfortunately, cathodic water 
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removal or the formation of additional liquid water in the cathodic flow field is difficult 

to observe under a current load. If only one flow field is liquid-filled the location of the 

liquid can be attributed neither to the cathodic nor to the anodic flow field.  

 

Although the accumulation of carbon dioxide in the anodic flow channels was observed 

in these investigations the liquid distribution within the diffusion layer is unknown. 

Therefore, the impact of carbon dioxide on the CD remains an open question. 

Presumably, any effects of large CO2 clusters in the anodic flow channels on the anodic 

performance could be better observed at a higher current density such as 500 mA cm-2. 

Unfortunately, only low current densities could be studied here because the cells used 

were dramatically limited in their cell performance. The latter is illustrated in Figure 27, 

which gives a comparison of the polarization curves as obtained with a cell of 30 cm2 

(single-channel flow field, cf. Chapter IV) and the cell used here. Both cells were 

operated at the same temperatures / pressure and the identical electrochemical 

components were used.  
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Figure 27: Comparison of the polarization characteristic of different cell sizes. The 
cell temperature and pressure were essentially the same (100°C, 3 barabs) and identical 
electrochemical components were used in both cells. The flow pattern of the small-scale 
cell was a single-channel flow field, whereas a parallel flow pattern was used in the 
large cell. 

 

As easily to be seen from Figure 27, the scale up from laboratory single cells of 30 cm2 

size to cell with an active area of technical interest leads to inferior performance of the 

large-scale cell. Since identical electrochemical components were employed in both 

cells the difference in the polarization characteristic must originate from the different 

flow patterns. However, the reason for this difference is unknown so far. Inferior 

 



Chapter V  191 Characterizing Mass Transfer Phenomena 

performances of large scale cells are also reported in the literature, e.g., in reference [4], 

about the effect, however, one can currently only speculate. Some experimental results 

suggest that the lower cell performance is related to the lower pressure drop of 

multi-channel flow fields [50]. Therefore, these flow patterns are hindered by the mass 

transport into the diffusion layer and thus to the catalytic sites. 

 

4.4 Conclusions and Outlook 

The results obtained so far have shown promising use of the combination of neutron 

radiography with the CD measurements for the investigation of DMFC’s.† The 

consequences of the accumulation of carbon dioxide clusters in the anodic flow field of 

a DMFC on its CD were explored. At present, a correlation between product-rich areas 

in the anodic flow field and low current production in these areas could not be observed 

within the current density range. However, the gas-liquid distribution within the 

diffusion layer is unknown and may account for the insensibility of the CD on CO2 

clusters. Furthermore, these investigations could only be carried at low current density 

and thus any mass transport limitations imposed by the anodic carbon dioxide clusters 

may not be observed. Nevertheless, the general trend of the CD could be related to the 

oxygen distribution on the cathode side.  

 

For future investigations, there are two major tasks: 

(i) Improving the CD method for the application in the “quasi-segmented” cell 

approach. 

(ii) Increasing the cell performance of large-scale cells. 

 

Basically, an improvement of the CD method means to lower the resistances inherent in 

the outer circuitry. In this way, the lateral current occurring within the flow-field plate 

will be minimized and thus the accuracy of measurement in this “quasi-segmented” 

approach will increase considerably. A reduction of the ohmic resistance of the outer 

circuitry by 4 mΩ to 2 mΩ in total should be possible.  

 
                                                 
† It can also be applied on H2-fuel cells and may give information on inhomogeneities during start up or 

shut down of the cell. 
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The cell performance of the large-scale cell has to be improved so that these 

investigations can be performed at higher current densities. Unfortunately, nothing has 

been published on the essential scale up factors for anodic flow patterns of DMFC’s so 

far. Therefore, a fundamental understanding of the mass transfer phenomena involved in 

the processes occurring in anodic flow fields has to be developed. The latter will 

hopefully allow to come up with either improved operating parameters or a better 

anodic flow pattern, which allows operating the large scale cell at a higher current 

density, e.g., at 500 mA cm-2. 
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5 Conclusions on DMFC Cell Design 

Based on the experimental results of sections 2, 3, and 4 the following conclusions can 

be summarized:  

(i) Two-phase flows occur on the anode as well as on the cathode side of a 

DMFC.  

(ii) Increasing the anodic flow rate minimizes the gas-content in the anodic flow 

channels. 

(iii) The CD of the DMFC is for the components used highly inhomogeneous at 

air stoichiometries of technical interest, i.e., at an air stoichiometry of two or 

three.  

(iv) The methanol crossover seems to be the key factor that influences the CD of 

a DMFC. Therefore, it can be influenced by optimizing the anodic operating 

conditions, e.g., the flow rate or the methanol concentration. 

(v) A correlation between gas-filled flow channels and a low current production 

in these areas could not be observed within the range of measurement 

(0-200 mA cm-2). 

(vi) The scale up from an active area of 30 cm2 to 100 cm2 results in severe 

performance losses. 

Because of these six issues, the scale up of DMFC’s from small-scale single cells to 

technical systems will differ significantly from that of H2-fuel cells.  

 

Considerations on the design of flow-field patterns 

This work showed that special attention has to be paid to the design of the anodic flow 

pattern. Up to the present day, little is known about the influence of anodic flow 

patterns comprising multi- or interdigitated channels on the performance of DMFC’s. It 

seems that a parallel flow field is considerable inferior to a single channel flow field. 

About the effect, however, one can currently only speculate. Experimental results (data 

were not shown) suggest that the lower performance of the parallel flow field is related 

to its lower pressure drop and thus the mass transport into the diffusion layer and 

therefore to the catalytic sites is impaired [50]. Consequently, flow fields comprising 

interdigitated channels, which shall provide an even better mass transfer to the catalytic 
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sites on the anode [48] may be the proper pattern for anodic flow fields of technical 

interest.  

 

The choice of a flow pattern for the cathode side may be even more challenging than on 

the anode side for any cell of technical relevance. Because of the occurrence of water 

droplets in the cathodic flow field, a flow field comprising a single-channel is surely the 

most desirable. However, because of its inherent high-pressure drop, such a flow field is 

just not applicable in any technical realization. Therefore, multi-channel flow fields 

have to be used in a technical application using a DMFC. A blocking of the cathodic 

flow channels by liquid water could be anticipated or at least minimized by coating the 

channel walls with a hydrophobic layer and thus facilitate the water removal from the 

channels. 

 

Considerations on the operating conditions 

Minimizing the methanol permeation across the membrane for a given polarization 

characteristic is one of the biggest tasks in realizing DMFC’s. As shown in section 3 of 

this chapter and also extensively discussed in Chapter IV, the methanol crossover not 

only affects the efficiency of a DMFC but, as shown in this chapter, also leads to 

significant inhomogeneities of the CD. However, reducing the anodic methanol 

concentration and lowering the anodic flow rate have both the potential to improve the 

CD of a DMFC greatly. Therefore, the stoichiometric supply of the aqueous methanol 

solution at a low methanol concentration is a necessity for operation of a DMFC system.  
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1 Conclusions 

Operating parameters 

The cell results obtained showed a reasonably good agreement with published 

polarization characteristics (see p. 90, Chapter IV). The process variables with the most 

relevance to the polarization characteristic as well as to the methanol crossover were the 

cell temperature and the methanol concentration of the anode feed. As shown in 

Chapter IV, an aqueous methanol concentration of 0.5 M and high temperature (110 or 

100°C) resulted in all cell tests in the best polarization characteristics. Furthermore, 

introducing a stoichiometric operation of the anodic fuel supply can improve the overall 

cell efficiency significantly (pp. 80).  

 

FEP based membranes 

The characterization study of radiation-grafted membranes revealed that similar 

polarization characteristics are obtained by any of the three FEP based membrane types 

(pp. 106). In the voltage region of interest (0.4–0.6 V), huge differences in the 

polarization characteristics could not be achieved for FEP based MEA’s. However, the 

variation of the membrane properties affected the methanol crossover considerably. 

Only minor methanol retention could be realized by increased cross-linking of the 

membrane. In addition, the cell data of the medium cross-linked membranes 

(styrene / DVB = 8 / 2) were less reproducible, which could be an indication for 

inhomogeneous membrane properties. Unfortunately, it turned out that the mechanical 

properties of the highly cross-linked (styrene / DVB = 7 / 3) FEP 25 membrane were 

insufficiently and thus prevented us from obtaining any cell data for this membrane. 

Tripling the membrane's thickness (FEP 75), however, reduced the methanol 

permeation significantly. A comparison of MEA’s based on Nafion 117 and FEP 75 

membranes showed that similar values along a current-voltage curve could be achieved 

under the same operating conditions. However, the methanol and water flux across the 

FEP 75 membrane is significantly lower (about half) compared to Nafion 117 (p. 121). 

Thus, the overall cell efficiency (best value 31%) of MEA’s based on the FEP 75 

membrane (DG=15 wt%) is higher, especially in the part load region. 
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Methanol crossover 

Based on water and methanol permeation measurements presented in Chapter IV 

(pp. 121), it seems that the methanol concentration is the decisive factor for the 

depolarization of the cathode in these studies, i.e., for the components used here, and 

not the absolute amount of permeate. Furthermore, it appears that the water and 

methanol flux across the membrane are coupled, which results in similar methanol 

concentrations of the permeate for different membranes. Therefore, the depolarization 

of the cathode because of the methanol crossover is the same (if it is dependent on the 

methanol concentration of the permeate), regardless what membrane is used. The 

membrane however, does affect the flooding of the cathode considerably and can 

minimize the losses of methanol to the cathode. Therefore, the membrane does 

influence the overall cell efficiency of a DMFC greatly (see Chapter VI, section 5, 

pp. 120). 

 

Furthermore, the current distribution measurements (section 3 of Chapter V, pp. 161) 

were for the electrochemical components used in this work highly inhomogeneous at air 

stoichiometries of technical interest, i.e., at an air stoichiometry of two or three. It seems 

that the methanol crossover is the key factor, which affects the current distribution of a 

DMFC (see pp. 173). Therefore, optimizing the anodic operating conditions, e.g., the 

flow rate or the methanol concentration, can influence it significantly. 

 

Mass transport 

From the water permeation measurements, which were presented in Chapter IV, p. 85, 

and the in situ visualization data illustrated in Chapter V, p. 151, it is to conclude that 

two-phase flows occur on the anode and on the cathode side of a DMFC. On the anode 

side, a direct relation between the gas content in the channels of the flow field and the 

flow rate was observed (p. 152). Increasing the anodic flow rate minimized the void 

fraction of gas in the flow channels. However, a correlation between gas-filled flow 

channels at the anode and a low current production in these areas, see pp. 186, could not 

be observed within the current density range of measurement (0-200 mA cm-2). 

 

In addition, the scale up from an active area of 30 cm2 to 100 cm2 resulted in severe 

performance losses, which could be related to anodic mass-transfer limitations [1]. 
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2 Recommendations for Future Work 

The challenges in realization of the DMFC are numerous and can roughly be classified 

in problems, which are related to the electrochemistry itself and in challenges that arise 

from the technical realization of the DMFC. Though all of these require very focused 

research it should be borne in mind that they all are interconnected at large. Thus, 

advances in the DMFC can be achieved on very different areas as was illustrated 

throughout this work. Consequently, future studies should be concerned with research 

on a broad basis, which may include the following topics: 

 

2.1 Electrochemical Components 

Solid polymer electrolytes 

Surely, the water permeation mechanism of PSI-membranes deserves further attention. 

The issues that could be addressed are:  

(iii) What is the limiting cause that restricts the water / methanol flux across the 

membrane? 

(iv) How does the degree of grafting / cross-linking of a membrane affect the 

water permeation?  

Presumably, the development and validation of ex situ measurements for the water and 

the methanol flux across a membrane would be of great help for precise characterization 

of the membrane’s properties.  

 

This work showed clearly that thick membranes are advantageous for use in the DMFC. 

Thus, even thicker membranes than FEP 75 membranes should be investigated in the 

DMFC. Because the preparation of thick FEP membranes could be difficult, it would be 

of interest to explore the potential to stack thin FEP based membranes as known from 

Nafion membranes [2] to achieve a thick solid polymer electrolyte. On the other hand, it 

may be of interest to explore the potential of PSI-membranes at low operating 

temperature. The latter would be required for most applications in the mobile / portables 

sector. 
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Electrodes designed for the DMFC 

The effect of the electrode structure on the water flux and the methanol permeation 

across the membrane would be worth studying. The effect of the PTFE content in the 

backing, its porosity, and the amount of pore filler on the liquid / gas flux on the one 

hand and on the ohmic resistance on the other hand is surely an interesting research 

field of high potential. Eventually, the methanol crossover to the cathode can be 

diminished by the structure, porosity, and hydrophobicity of the anode electrode. In 

contrast, the cathode electrode may be designed to ease the flooding of the electrode or 

to prevent the permeation of excessive amounts of water. 

 

2.2 Process Engineering 

Operating conditions 

Minimizing the methanol permeation across the membrane for a given polarization 

characteristic is one of the biggest tasks in realizing DMFC’s. As shown in section 3 of 

Chapter V and also extensively discussed in Chapter IV, the methanol crossover not 

only affects the efficiency of a DMFC but, as shown in Chapter V, also leads to 

significant inhomogeneities of the current distribution. However, reducing the anodic 

methanol concentration and lowering the anodic flow rate have both the potential to 

improve the current distribution of a DMFC greatly. Therefore, the average 

stoichiometric supply of the aqueous methanol solution at a low methanol concentration 

is a necessity for operation of a DMFC system and would be surely worth to explore. 

First results were promising (Chapter IV) and indicated that a stoichiometric operation 

of the methanol flow can reduce the methanol crossover. 

 

Flow-field patterns 

Chapter V showed that special attention has to be paid to the design of the anodic flow 

pattern. Up to the present day, little is known about the influence of anodic flow 

patterns comprising multi- or interdigitated channels on the performance of DMFC’s. It 

seems that a parallel flow field is considerable inferior to a single channel flow field. 

About the cause, however, one can currently only speculate. Experimental results (data 

were not shown) suggest that the lower performance of the parallel flow field is related 

to its lower pressure drop and thus the mass transport into the diffusion layer and 
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therefore to the catalytic sites is impaired [1]. Consequently, flow fields comprising 

interdigitated channels, which shall provide an even better mass transfer to the catalytic 

sites on the anode [3] may be the proper pattern for anodic flow fields of technical 

interest.  

 

The choice of a flow pattern for the cathode side may be even more challenging than on 

the anode side for any cell of technical relevance. Because of the occurrence of water 

droplets in the cathodic flow field as illustrated in Chapter V, a flow field comprising a 

single-channel is surely the most desirable. Because of its inherent high-pressure drop, 

however, such a flow field is just not applicable in any technical realization. 

Furthermore, the experimental results of the current distribution measurements showed 

that a single-channel flow field results in highly inhomogeneous current distributions. 

However, how does an optimized cathodic flow-field pattern for the DMFC, which 

allows a homogeneous current distribution at low air stoichiometry, has to look like? In 

principle, multi-channel flow patterns, as used for H2-fuel cells, provide a better 

distribution of the reactants and at the same time lower the pressure drop over the flow 

field considerably. Either would be highly desirable for any technical application. A 

blocking of the cathodic flow channels by liquid water could be anticipated or at least 

minimized by coating the channel walls with a hydrophobic layer and thus facilitate the 

water removal from the channels.  

 

2.3 Diagnostic methods 

On the basis of today’s knowledge, some improvements can be made to the method of 

measuring the current distribution:  

• A further decrease of the resistance inherent in each channel down to 2 mΩ is 

possible and increases the accuracy of measurement; decreasing the resistance of 

each circuit will further decrease the lateral currents from one segment to the 

other occurring within the backing and thus it will further increase the accuracy 

of measurement. The latter is even more important, if a “quasi-segmented” 

approach is used and would increase the accuracy of this approach considerably. 
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• Increasing the resolution, i.e., the number of channels: Increasing the number of 

channels may be a tedious task for cells with small active area, e.g., 30 cm2 and 

may be even counterproductive because then lateral currents from one segment 

to the other may not be ignored anymore. However, the nine channels currently 

available give only limited information for fuel cells of technical interest. 

 

• Implementing a higher channel read-out (20 kHz per channel or higher): A 

higher channel read-out (because of the fast process) is required if one likes to 

tackle the CO poisoning in reformate-fuelled fuel cells. At the moment, the 

bottleneck is the data acquisition, which is too slow (60 Hz scan rate). In 

addition, the signals are scanned sequentially. Both will limit the significance of 

the experimental results. 

 

Besides the combination of this method with the in situ visualization of the state of the 

flow field (see Chapter V, section 4, pp. 182), this approach of current distribution 

mapping opens up the exciting possibility to combine it with impedance spectroscopy. 

At present, impedance spectroscopy can only access integral cell values such as cell 

current or cell voltage, which limits its analysis to an average of the whole cell. 

However, the combination of impedance spectroscopy with this method of measuring 

the current distribution would allow to obtain local information by impedance 

spectroscopy. So far, preparatory work has been done and no contraindications for such 

a combination have been found [4].  

 

The cell performance of the large-scale cell has to be improved so that these 

investigations can be performed at higher current densities. Unfortunately, nothing has 

been published on the essential scale up factors for anodic flow patterns of DMFC’s so 

far. Therefore, a fundamental understanding of the mass transfer phenomena involved in 

the processes occurring in anodic flow fields has to be developed. The latter will 

hopefully allow to come up with either improved operating parameters or a better 

anodic flow pattern, which allows operating the large scale cell at a higher current 

density, e.g., at 500 mA cm-2. 
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