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1. Introduction 

1.1. Background 
World primary energy demand was 10.7 Gtoea in 2003 [ 1], up 94 % from 5.5 Gtoe in 
1971 [ 2] and expected to rise by 58% to 16.3 Gtoe by 2030 [ 3]. At the same time, 
fossil fuel resources, especially oil, are limited and geographically unevenly 
distributed, and there is pressure to combat anthropogenic climate change by reducing 
greenhouse gas emissions. This creates a need to increase the share of renewable 
energy sources (hydro, wave, tidal, geothermal, solar and wind power, and biomass) 
and improve the efficiency of end use technologies. Fuel cells are an energy 
conversion technology well suited for the future, since they have high efficiency, low 
emissions and can use fuels from renewable sources. 

Fuel cells are electrochemical devices that transform the chemical energy of the fuel 
directly into electricity and heat. The operating principle of fuel cells is similar to 
primary batteries, except that in fuel cells reactants are stored externally. 

The main benefit of fuel cells is high efficiency. Fuel cells are not heat engines, but 
the energy conversion process is fundamentally different, and thus Carnot’s efficiency 
limitation does not apply. Furthermore, fuel cell efficiency is not strongly dependent 
on the device size and contrary to heat engines, does not suffer from operating on 
partial load but actually improves. High efficiency even on partial load and separation 
of conversion and storage functions make fuel cells an attractive power source for 
numerous applications.  

Other often quoted benefits of fuel cells are fuel flexibility, low emissions, low noise 
and footprint, and scalability. However, fuel flexibility and scalability on the extremes 
depend to some degree on the fuel cell type, and emissions on the fuel. The optimal 
fuel for fuel cells is hydrogen, which produces only water as exhaust and can be 
derived from fossil or renewable sources or produced via electrolysis, but also many 
others, both from fossil and biological sources can be used.  

The strongest advocate of the introduction of fuel cells is the automotive industry 
seeking to replace internal combustion engines as vehicle power sources with a more 
efficient and environmentally friendly option. Other viable application areas are 
mobile electronics, backup power systems, distributed energy generation, combined 
heat and power production, power systems for remote locations, and military and 
space applications. 

From technology perspective fuel cells are ready for market introduction. However, 
fuel cell applications will compete with batteries, internal combustion engines and 
other established power sources in a saturated market, where successful market 
penetration requires economical viability. Currently, the price of fuel cells is not yet 
competitive in most applications. 

                                                
a toe = ton of oil equivalent, 1 toe ≈ 41.8 GJ = 11.6 MWh 



 10 

1.2.  Motivation and objectives 
The main outstanding issues with fuel cell technology that impede widespread market 
penetration are the high cost compared to conventional technologies and establishing 
long term durability and reliability. Currently, vehicle power trains based on internal 
combustion engines cost $25-$35/kW, whereas current price of fuel cells is close to 
$1000/kW and high volume cost estimate with 2004 technology was $110/kW [ 4]. 
Fuel cell power trains need to cost less than $50/kW to be competitive against internal 
combustion engines in vehicle applications [ 5]. U.S. DOE target cost for vehicle fuel 
cells is $45/kW by 2010, with a power train life span of 5000 hours [ 4].  For 
stationary applications, competitive price lies in the range of $400-$750/kW with 
$1000/kW acceptable for initial applications [ 6]. However, required system life time 
is over 40 000 hours, which has not yet been demonstrated [ 5]. 

Lowering price per watt can be done either by improving performance using current 
materials or developing cheaper materials and components, or both. In this thesis, the 
emphasis is on improving performance, and thus material development will not be 
discussed further than mentioning that cheaper ion conductors, catalysts and 
manufacturing methods are needed. 

In many cases, improving fuel cell performance is a process of trial and error. Some 
areas of fuel cell systems are very complex and theoretical understanding is not 
complete. Investigating these areas may yield knowledge that enables development of 
more efficient, stable and durable fuel cell devices.  

This thesis is concentrated on one of the less studied but crucial components of 
polymer electrolyte membrane fuel cells, the porous transport layer. The goal of the 
studies summarized here was to increase knowledge on the operation of porous 
transport layers and their performance determining properties. 

1.3. Outline of this thesis 
This thesis begins with an introduction to fuel cells in chapter  2. The history of fuel 
cells and a brief overview of different fuel cell types are given. The fuel cell type 
relevant for this thesis, polymer electrolyte membrane fuel cell is presented in detail 
in chapter  3, covering main functional components, theory of operation, cell 
performance, loss mechanisms and efficiency. The role of water and heat management 
and mass transport in cell performance is emphasized. 

Chapters  5 to  10 summarize and review the publications listed above. Each chapter 
provides an introduction into the topic and an overview of methods and experimental 
setup. The most important results are reviewed and discussed. To support chapters  5 
to  10, the fuel cell test station used for most of the experimental work described in the 
publications is described in chapter  4. Conclusions on the results presented in 
previous chapters are presented in chapter  11, in which the significance of the results 
is discussed in a broader perspective and some suggestions for further studies are 
given. 
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2. Fuel cells 

2.1. Description in a nutshell 
In the simplest form, a fuel cell consists of two electrodes separated by an electrolyte, 
which prevents reactants from directly mixing. The fuel is oxidized on the anode 
while oxidant species are reduced on the cathode. An ion, product of either anode or 
cathode reaction depending on the fuel cell type, passes through the electrolyte to the 
other side of the cell, while electrons travel through the external circuit, producing 
electric current. Transported ions and electrons react with the other reactant species, 
forming reaction product and heat. 

2.2. History of fuel cells and current trends 
The journey of the fuel cell from the discovery of the theoretical basics to the 
threshold of commercialization has been a long one. A Swiss chemist Christian 
Friedrich Schönbein (1799-1868) described the operational principle of fuel cells in 
the Philosophical Magazine in January 1839 [ 7], and a Welsh lawyer and scientist Sir 
William R. Grove fabricated the first prototype cells, or gas batteries, as he referred to 
them. Grove’s papers on the subject appeared in the Philosophical Magazine in 
February 1839 and December 1842 and in the Philosophical Transactions in 1843.  

 
Figure 1: William Grove's prototype fuel cell 

Grove’s gas battery consisted of platinum strip electrodes surrounded by tubes 
containing hydrogen and oxygen in a dilute solution of sulfuric acid and water. This 
design, illustrated in Figure 1, was published in the Philosophical Magazine in 
January 1839 [ 7]. He experimented also with other electrolytes, but was plagued by 
inconsistent cell performance. Grove also experimented with other fuels, e.g. 
camphor, essential oils, ether and alcohol [ 8]. 
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The first major breakthrough in fuel cellb technology was achieved in the 1890s by a 
German-born British scientist Ludwig Mond and his assistant Charles Langer, who 
introduced improved porous electrodes [ 9]. Porous electrodes were already patented 
by M. Vergnes [ 10], but they suffered a performance loss when the platinum catalyst 
became wet.  

Mond and Langer attempted to build the first practical fuel cell device, which would 
operate on air and industrial coal gas. Their cell operated at 2.8-3.5 mA cm-2 at 0.73 V 
with cells of 700 cm2, covered with 0.35 g of platinum foil and 1 g of platinum blackc. 
Furthermore, they recognized the large losses at the oxygen electrode, and the roles of 
internal resistance and concentration polarization as loss mechanisms [ 11].  

Sulfuric acid was the dominant electrolyte in the 19th century. In the latter half of the 
century, much attention was given to direct coal fuel cells which worked at higher 
temperatures with molten salts, such as sodium nitrate and potassium and sodium 
hydroxide, as electrolyte [ 11]. In the 1890s, William White Jacques used phosphoric 
acid as the electrolyte for the first time. 

Although fuel cell research in Germany during the 1920s laid foundations for 
carbonate cycle and solid oxide fuel cells, the next significant contribution to fuel cell 
technology was made by a British engineer, Dr. Francis T. Bacon. He began 
experimenting with alkali electrolytes and cheap porous nickel electrodes in the early 
1930s. Potassium hydroxide performed as well as acid electrolytes and was less 
corrosive to the electrodes. Over the next twenty years, Bacon made sufficient 
progress to demonstrate a practical 5 kW hydrogen-oxygen fuel cell stack in August 
1959 [ 12]. The system provided 700 mA cm-2 at 38 bar pressure and temperature of 
200 °C and could be used to power a forklift or a welding machine. Later that same 
year, Allis-Chalmers Manufacturing Co. demonstrated a tractor powered by a 15 kW 
fuel cell stack. The design was based on Bacon’s patents, which had been obtained by 
Pratt & Whitney Aircraftd, but operated at lower temperature and pressure. 

The space race in the 1950s and 1960s promoted the development of fuel cells. In 
search of an improved energy source for on-board electricity, NASA chose fuel cells 
to power space missions and funded over 200 research projects awarded to industry 
and universities [ 13]. General Electric developed the first polymer electrolyte 
membrane fuel cells (PEMFCse) for Gemini space missions. The first mission 
utilizing fuel cells was Gemini V in 1965 [ 14]. Gemini V doubled the space flight 
record of Gemini IV mission, thanks to the fuel cell system, which outperformed the 
battery systems used on previous missions. 

Initially, sulfonated polystyrene membranes were used for electrolytes, but they were 
replaced in 1966 by Nafion® ionomerf, which proved to be superior in performance 
and durability to sulfonated polystyrene. However, the Apollo space missions and 
subsequent Apollo-Soyuz, Skylab and Space Shuttle missions utilized fuel cells based 
on Bacon’s design and alkaline potassium hydroxide electrolyte, developed by Pratt & 
Whitney Aircraft.  

                                                
b Depending on the source, the term ‘fuel cell’ is attributed both to Mond and Langer (1899), and 
Jacques. 
c A fine black powder of platinum; used as a catalyst in chemical reactions 
d Later UTC Fuel Cells, a part of United Technologies Corporation.  
e PEMFC is also known as proton exchange membrane fuel cell, polymer electrolyte fuel cell (PEFC), 
and solid polymer fuel cell (SPFC).  
f Nafion® was developed for the chlor-alkali industry in 1962 by Walter Grot of E.I. du Pont de 
Nemours and Company. Source: http://en.wikipedia.org/wiki/Nafion, quoted 2006-08-02 
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Despite their success in space programs, fuel cell systems were limited to space 
missions and other special applications, where high cost could be tolerated. It was not 
until the late 1980s and early 1990s when fuel cells became a realistic option for 
wider application base. Several pivotal innovations drove the cost of fuel cells down, 
making development of PEM fuel cell systems viable. The most notable improvement 
was the invention of thin-film electrodes, which lead to reduction of platinum loading.  

In the last two decades, driving forces for fuel cell research and development have 
been the automotive industry and distributed energy generation sector, and more 
recently portable electronics manufacturers. Due to limited reserves of fossil fuels, 
environmental concerns and imposed limitations on pollutant and greenhouse gas 
emissions, vehicle manufacturers are looking for a clean and efficient replacement for 
the internal combustion engine. The interest in using fuel cells to power portable 
electronics, e.g. laptop computers, has increased with the increasing requirements for 
higher energy density, specific energy and longer operational time.  

In most applications, fuel cells are entering a saturated market and thus need to 
outperform the competition. Although the technology is mature enough for 
commercial introduction, the price is still too high for market penetration. Therefore, 
current research aims at lowering the cost to competitive level by replacing expensive 
materials and improving performance. 

2.3. Fuel cells types 
Fuel cells are a family of technologies that share the principle of electrochemical 
oxidation of the fuel and spatial separation of oxidation of fuel and reduction of 
oxidant. Fuel cell types are usually characterized by their electrolyte, temperature of 
operation, transported ion and fuel. A summary of fuel cell types with respective 
electrolyte materials, transported ions and operating temperatures are presented in 
Table 1. Characteristic features of different fuel cell types are discussed below, with 
the exception of polymer electrolyte membrane fuel cell, which is discussed in detail 
in chapter  3. 

From the fuel cell types listen in Table 1, molten carbonate fuel cells and solid oxide 
fuel cells are classified as high temperature fuel cells, the rest are low temperature fuel 
cells, even if the operating temperature of phosphoric acid and alkaline fuel cells 
exceeds 200 °C. 

Alkaline fuel cells are very efficient and cheapest to manufacture, but the electrolyte 
is sensitive to carbon dioxide and therefore oxidant air has to be scrubbed before use, 
or pure oxygen used, which makes operating AFCs expensive. The primary fuel is 
hydrogen, but also the use of low alcohols and sodium borohydride has been studied 
[e.g.  15  16]. AFCs are used in applications that require high performance regardless 
of price, e.g. space and military applications. 

Phosphoric acid fuel cell was the first commercial fuel cell type. Owing to operating 
temperature closer to 200 °C, in PAFCs platinum catalyst is less sensitive to carbon 
monoxide in the fuel, but still requires noble metal catalysts to enhance oxygen 
reduction reaction on the cathode, and corrosion tolerant materials because of highly 
corrosive electrolyte. PAFCs have been used mostly for stationary electricity and heat 
production, but the interest has waned, since the potential for cost reduction is 
considered low. 
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Table 1: Summary of electrolyte materials, transported ions and operating temperatures of 
common fuel cell types. 

Fuel cell type Electrolyte material Transported 
ion 

Operating 
temperature 

Polymer electrolyte 
membrane fuel cell 
(PEMFC) 

Cation conducting polymer membrane H+ 20-80 °C 

Direct 
methanol/ethanol 
fuel cell 
(DMFC/DEFC) 

Cation conducting polymer membrane H+ 20-80 °C 

Direct formic acid 
fuel cell (DFACF) 

Cation conducting polymer membrane H+ 20-80 °C 

Direct borohydride 
fuel cell (DBFC) 

Aqueous alkaline solution (e.g. KOH), 
Anion or cation conducting polymer 
membrane 

OH- or Na+ 20-80 °C 

Phosphoric acid 
fuel cell (PAFC) 

Molten phosphoric acid (H3PO4) H+ 150-200 °C 

Alkaline fuel cell 
(AFC) 

Aqueous alkaline solution (e.g. KOH) OH- <250 °C 

Molten carbonate 
fuel cell (MCFC) 

Molten alkaline carbonate (e.g. NaHCO3) CO3
2- 600-700 °C 

Solid oxide fuel 
cell (SOFC) 

O2- conducting ceramic oxide (e.g. Y2O3-
stabilized ZrO2) 

O2- 600-1000 °C 

 

Direct methanol, ethanol and formic acid fuel cells are closely related to polymer 
electrolyte membrane fuel cells. The main difference is the fuel which these cell types 
utilize instead of neat hydrogen or hydrogen rich gas. The cathode side is often 
identical to that in PEMFCs, but the anode is modified to accept liquid fuels and 
tolerate more carbon monoxide, which is sometimes created as a byproduct in fuel 
oxidation. The prime attraction of these fuel cell types is the high energy density and 
easy handling of the fuel compared to hydrogen. These cell types are still in 
development phase, often afflicted by fuel permeation to the cathode side, although 
there are some DMFC applications already available on the market. 

There are three variants of the direct borohydride fuel cell, which employ different 
electrolytes. The PEMFC subtype uses a cation conducting polymer membrane, and 
the mobile ion is Na+, whereas AFC subtypes utilize either anion conductive polymer 
membranes or immobilized KOH and the charge carrier in the electrolyte is OH-. 
DBFCs with KOH electrolyte have an advantage over ordinary AFCs, since the waste 
product, NaBO2, prevents the CO2 poisoning of the electrolyte, and thus removing the 
need for CO2 scrubbing. Like direct ethanol and formic acid fuel cells, direct 
borohydride fuel cells are still in the development phase. 

The focus of molten carbonate fuel cell development has been on larger stationary or 
marine power plants, where slow start-up time and large footprint are not an issue. 
Thanks to relatively high operating temperature, electrode reactions do not require 
noble metal catalysts. In addition to many common fossil and renewable fuels that can 
be reformed internally, MCFCs can use also carbon monoxide as a fuel. However, 
high operating temperature and corrosive electrolyte require expensive materials for 
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cell components for mechanical stability and sufficient life time. Furthermore, 
carbonate forming reaction at the cathode needs a source of carbon dioxide, which is 
usually provided by recycling from anode exhaust gas. 

Solid oxide fuel cells utilize a ceramic oxygen ion conductive electrolyte and operate 
at high temperature. Therefore, there is no need for noble metal catalysts and carbon 
monoxide can be used as a fuel. High operating temperature also allows using various 
hydrocarbons as fuels and using waste heat for cogeneration or in steam turbines. 
High operating temperature also has drawbacks. Thermal expansion has to be 
controlled carefully and corrosion of metal components is a challenge. SOFCs are best 
suited for stationary and distributed power generation, either in heat and power 
cogeneration or hybrid systems with gas turbines.  

The field of fuel cells is very active and it is difficult to provide a comprehensive list 
of cell types and possible fuels that are under development. Many fuel cell types, e.g. 
biological fuel cells and zinc-air fuel cells were omitted, and many potential fuels, for 
example dimethyl ether, acetaldehyde and 2-propanol were left unmentioned. 

2.4. Theory of operation 

2.4.1. Theoretical cell voltage 
In a hydrogen-oxygen fuel cell, PEMFC for example, hydrogen is oxidized at the 
anode and oxygen reduced at the cathode. Anode, cathode and total cell reactions are 
presented in equations 1, 2 and 3, respectively.  

 −+ +→ eHH 222        (1) 

 OHOeH 22½22 →++ −+       (2) 

 OHOH 222 ½ →+        (3) 

The phase of water produced in the cell reaction depends on the conditions under 
which the reaction occurs.  

Standard potential E0 for the cell reaction, i.e. the potential at standard temperature 
and pressure (STP) when no current is drawn, is obtained by dividing the Gibbs’ 
energy change of the reaction at STP, ∆G0 by the Faraday constant F (96 485.3 C mol-

1) and the number of electrons transferred in one reaction z, 

 
zF

G
E

0
0 ∆−=         (4) 

Assuming that water is produced as liquid in equation 3, ∆G0 equals -237.1 kJ mol-1 
and z equals 2, and thus the standard potential is 1.229 V. If product water is in 
gaseous form, the corresponding potential is 1.18 V. 

For a reaction outside STP conditions, the potential is given by the Nernst equation 
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EE       (5) 

Where R is the universal gas constant, T is the temperature, ai and νi are the activity 
and stoichiometric coefficient of species i respectively. For dry air (21% oxygen, 79% 
inert gases) on the cathode instead of neat oxygen at a temperature of 298.15 K, 
equation 5 yields for liquid product 
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Real PEM fuel cells do not achieve the theoretical open circuit potential given by 
equation (5) due to mixed potentials caused by hydrogen diffusion through the 
membrane and platinum oxidation on the cathode. 

2.4.2. Polarization behavior 
Polarization of a fuel cell is defined as the drop from open circuit voltage as a result of 
drawing electric current. Voltage drop is caused by various current and mass 
transport-induced losses, often called overpotentials. The total sum of overpotentialsg, 
η, is defined as the difference of the real voltage E and the theoretical one, Et. 

 tEE −=η         (6) 

Typical fuel cell polarization curve, voltage as a function of current density, is 
outlined in Figure 2. Additionally, the figure includes also a power density curve. 

 
Figure 2: Characteristic polarization and power density curves of a fuel cell. (Picture: Matti 

Noponen) 

At low current density, region I in Figure 2, the shape of the polarization curve is 
governed by the activation overpotential, which arises from the kinetics of charge 
transfer reactions across interfaces and represents the magnitude of activation energies 
when reactions propagate at the rate required by the current. It depends on the type of 
reactions and catalyst materials, electrode microstructure, reactant activities, 
electrolyte material (acidic/alkaline), temperature and current density. 

Activation overpotential of hydrogen oxidation is negligible compared to the 
overpotential associated with ORR at the cathode, which is larger by several orders of 
magnitude [ 17]. Thus, anode activation overpotential is often neglected in 
calculations. 

                                                
g To be more exact, the total sum of overpotentials averaged over the electrode area, since 
overpotentials may vary over the electrode area. 
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After the rapid drop due to activation overpotential, see region II in Figure 2, fuel cell 
polarization exhibits pseudolinear behavior as the current density increases. In this 
region, the shape of the curve is governed by the ohmic overpotential or IR-loss, 
which arises from the resistance of fuel cell components. Bulk materials and 
interfaces between components display an intrinsic resistance to electron flow, and 
electrolyte materials offer resistance to transport of ions, which carry the current in 
the electrolyte phase.  

The magnitude of ohmic overpotential, ηIR, is proportional to current and cell 
resistance, and can be expressed as 

 jrIRIR ==η         (7) 

where I and R are the total current and cell resistance, respectively. Alternatively, 
ohmic loss can be expressed in terms of area or volume specific current density and 
resistance, j and r, respectively. This approach is useful when calculating 
contributions to IR-loss from individual components. 

Resistance of rigid bulk material depends mainly on material properties, but bulk 
conductivity of pliable materials and contact resistance are also affected by surface 
properties and contact pressure between the components. Electrolyte conductivity 
depends primarily on temperature and for some electrolyte types, water content. The 
largest single contributor to cell resistance is usually the electrolyte resistance to ionic 
current. 

Measuring fuel cell resistance is not entirely straightforward, since ohmic loss has to 
be separated from other overpotentials. Furthermore, electrical current is carried by 
ions in the electrolyte, and therefore ordinary resistance measurement methods which 
rely on imposing a potential difference over a sample and observing electronic current 
are not usable. However, there are methods to measure fuel cell resistance, which are 
discussed further in chapter  5. 

At large current density, region III in Figure 2, the shape of the curve is determined by 
the mass transfer overpotential. When current density reaches a certain level, 
sluggishness of mass transfer processes starts to limit the supply of reactants to the 
electrodes, and cell voltage begins to decrease rapidly with increasing current 
demand. Mass transfer overpotential can be viewed as an activation energy required to 
drive mass transfer at the rate needed to support the current. 

Polarization behavior of electrochemical RedOx systems due to activation and mass 
transfer overpotentials can be represented by the current-overpotential equationh, in 
which current density j is expressed as a function of overpotential η. 
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j0 is the exchange current densityi, α the charge transfer coefficient for the cathode 
reaction, and cred and cox, and b

redc  and b
oxc  represent the electrode concentrations of 

                                                
h This equation is often, and misleadingly, called the Butler-Volmer equation. The historical Butler-
Volmer equation ignores mass transport, i.e. electrode and bulk concentrations are assumed equal, and 
thus describe polarization behavior only due to activation overpotential. This is a good approximation 
when current is less than 10% of the maximum current set by mass transport limitations. 
i For a RedOx system, j0 is the absolute value of anodic and cathodic currents in equilibrium, when total 
current is zero, j = ja + jc = 0 ↔ |ja| = |jc| = j0. 
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the RedOx pair species on the electrode surface and in the bulk, respectively. The first 
term in equation 8 is the anodic and the latter cathodic current density. In a case where 
the overpotential is large, |η| >> RT/zF, one of the terms becomes insignificant, 
depending on the sign of the overpotential. 
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Although equation 8 appears relatively simple, situation is complicated by the fact 
that both concentrations and different overpotentials are not constant everywhere on 
the electrode surface. Local variations in temperature, reactant flow velocity and 
concentration in the flow channel, transport layer properties (material porosity, pore 
size distribution, permeability, thickness, presence of inert species etc.), humidity 
conditions, and so on have an effect on reactant concentration on the electrode surface 
and magnitude of overpotentials. Therefore, an accurate description of fuel cell 
polarization using equation 8 must take into account both local variations in operating 
conditions and species transport by convection and multicomponent diffusion. If 
liquid water is present, mass transport in both phases should be considered. Causes 
and effects of local variations in operating conditions are discussed further in chapter 
 3.4. 

In addition to overpotential listed above, actual fuel cell voltage is often decreased by 
reactant diffusion through the electrolyte and presence of impurities. These react on 
the electrodes, creating so called mixed potentials and decreasing cell performance. 

2.5. Fuel cell efficiency 
High electrical efficiency is one of the attractive properties of fuel cells. Since the 
energy conversion process is electrochemical in nature, fuel cells are not bound by the 
Carnot law of efficiency heat engines are subject to. Therefore, the same equation for 
efficiency cannot be used, but there are several defined efficiencies for fuel cells that 
make up the total efficiency. 

The reversible efficiency, ηrev, is defined as the ratio of the maximum electrical 
energy from the cell reaction to the reaction enthalpy. This represents the theoretical 
upper limit for electrical fuel cell efficiency. 

 
H

G
rev ∆−

∆−=η         (10) 

PEMFC reaction with liquid product has a reversible efficiency of 83% and 95% with 
gaseous product. There are also reactions with reversible efficiency over 100%. For 
example, for the formation of carbon monoxide from carbon and oxygen ηrev is 123%. 
These reactions convert the thermal energy taken from the surroundings into electrical 
energy. However, technical difficulties prevent the use of many theoretically 
promising fuel-oxidant pairs. 

When electrical energy is drawn from a fuel cell, cell voltage drops due to various 
losses. Voltage efficiency ηV takes into account these losses and is defined as ratio of 
the actual cell voltage to the theoretical voltage. 
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Often, mass transport problems force to supply fuel cells with more fuel than 
consumed in the cell reaction. Fuel or current efficiency ηI is defined as the ratio of 
actual current to theoretical current, which can be calculated from Faraday’s equation 
using the actual molar flow of fuel. 
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where I is the current drawn from the cell and H2nɺ  the molar flow rate of hydrogen. 
Furthermore, a small fraction of the fuel diffuses through the electrolyte, further 
decreasing fuel efficiency and generating mixed potentials, which decrease cell 
voltage. Fuel efficiency is closely related to the stoichiometric factor λ, which is used 
to describe the amount of excess fuel fed into the cell. Stoichiometric factor is defined 
as 

 
I

nzF H2ɺ=λ         (13) 

Total efficiency of a fuel cell, ηtotal, is calculated as the product of reversible, voltage 
and current efficiencies, equations 10 to 12. 
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IVrevtotal nH
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== ηηηη       (14) 

In the nominator of equation 14 is the electrical power of the fuel cell and in the 
denominator the rate at which chemical energy is fed into the cell. 

For complete fuel cell systems, also the power consumed by auxiliary devices must be 
taken into account. System efficiency ηsystem takes into account the parasitic losses by 
auxiliary devices, Paux, which decrease efficiency. 
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Efficiency of fuel cell systems can be increased by combining them with gas turbines. 
Estimated electrical efficiencies of such fuel cell power plants can reach up to ca. 70% 
and total efficiency even higher if waste heat is used for e.g. space or service water 
heating. 
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3. Polymer electrolyte membrane fuel cells 

3.1. Overview 
Polymer electrolyte membrane fuel cells utilize a proton conducting polymer 
(ionomer) membrane as the electrolyte, and hydrogen and oxygen as fuel and oxidant, 
respectively. Hydrogen molecules are oxidized on the anode and protons are carried 
through the electrolyte membrane to the cathode. Electrons stripped from hydrogen 
molecules travel to the cathode via the external circuit creating electrical current. On 
the cathode, oxygen, protons and electrons react forming water and heat. The 
operating principle is illustrated in Figure 3. 

 
Figure 3: The operating principle of the polymer electrolyte membrane fuel cell. (Picture: 

XCellsis) 

The schematic structure of a PEM fuel cell is presented in Figure 4. The main 
functional component, the membrane electrode assembly (MEA), with porous 
transport layersj (PTLs) on each side, is sandwiched between bipolar platesk. Bipolar 
plates feature flow channels for reactant delivery and PTLs enable transport of 
reactants into the areas under the flow channel ridges. Functions and material 
requirements of each component are discussed in detail in the following subchapters. 

Theoretical output voltage of a unit cell is ca. 1.2 V, but due to the overpotentials, it 
drops to ca. 0.7 V when current is drawn. For applications, unit cells are connected in 
series to increase output voltage. Electrical interconnection between the cells is made 
by bipolar plates, hence the name. An integrated assembly of series-connected unit 
cells is often called a fuel cell stack. A cross section of a stack is shown at the bottom 
of Figure 4. There exists a multitude of different unit cell and stack structures and 
designs for different applications and purposes.  

                                                
j Porous transport layers are also known as gas diffusion backings (GDBs) and gas diffusion layers 
(GDLs). However, some authors call a part of the electrode the ‘gas diffusion layer’. 
k In unit cells, bipolar plates are often referred to as flow field plates or current collectors. 
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Figure 4: Cross section schematic of a PEM unit cell and a PEMFC stack. 1. MEA 2. porous 

transport layers 3. bipolar plates 4. reactant flow channels 5. coolant channels 

The operating temperature of PEMFCs is restricted to between freezing and boiling 
points of water, since common electrolyte membranes need to be humidified to 
maintain proton conductivity, and full humidification is achieved only by contact with 
liquid water. Fuel cells can operate in temperatures below freezing, due to internal 
heat production, but freezing water may damage the membrane or other components 
when the fuel cell does not operate. Operating temperature range can be expanded 
beyond the normal range by pressurizing the system or by utilizing so-called high 
temperature membranes that maintain conductivity at higher temperatures. 

Characteristic benefits of polymer electrolyte membrane fuel cells include fast startup, 
quick load following, and ease of electrolyte handling, low corrosion and system 
robustness due to solid electrolyte. Furthermore, it is possible to utilize waste heat 
from larger PEMFC systems, for example for service water heating in residential 
systems. 

Low operating temperature involves also drawbacks. Presence of liquid water, 
required by the ionomer, complicates mass transfer – Water may flood parts of the 
system, rendering them inaccessible to oxygen, while scarcity of water lowers the 
proton conductivity of the ionomer. Furthermore, catalysts commonly utilized in 
PEMFCs are sensitive to even very low concentrations of carbon monoxide in the 
normal operating temperature range. Additionally, low operating temperature makes 
expulsion of waste heat problematic, if the ambient temperature is high. Increasing 
operating temperature beyond the boiling point of water would alleviate all these 
problems, since in addition to simplifying mass transfer and heat removal, platinum 
catalyst is more tolerant to carbon monoxide and reaction kinetics are more facile in 
higher temperature, and waste heat is more valuable. 

PEMFC technology as such is almost ready for applications, but there are still issues 
to be solved before PEM fuel cells can successfully rival conventional technologies. 
Probably the most important outstanding question is cell durability and lifetime, 
which have not yet been demonstrated. Furthermore, the current price of both 
catalysts and ionomer materials is too high for competitiveness outside niche markets. 
Manufacturing and assembly cost per unit can be expected to decrease with mass 
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production and advanced manufacturing methods, while catalyst and ionomer cost is 
more dependent on material development. 

Polymer electrolyte membrane fuel cells are envisioned to replace internal 
combustion engines (ICEs) as vehicle power sources and to compete with 
conventional technologies in backup power systems, residential combined heat and 
power (CHP) devices and consumer electronics. Motivation for vehicle applications 
lies in the high efficiency even on partial load and low emissions at the time of use. 
Backup power systems have traditionally been based on either diesel engines, which 
are noisy and polluting, or batteries, which are bulky. Fuel cell devices generally 
produce less noise than ICEs and surpass batteries in energy storage density after a 
given capacity.  

3.2. PEMFC components 

3.2.1. Ionomer membrane 
A solid proton conducting ionomer membrane is used as the electrolyte in PEM fuel 
cells. The electrolyte conducts protons from anode to cathode electrode and prevents 
mixing and direct combustion of reactants. Most of the fuel cells utilize 
perfluorosulfonic acid (PFSA) polymer membranes, which consist of perfluorovinyl 
ether groups terminated with sulfonate groups incorporated onto 
polytetrafluoroethylene (PTFE) backbone. The most common membrane material is 
Nafion®. Other similar materials are for example Flemion® and Aciplex® (Asahi Glass 
Co. Ltd.), and GORE-SELECT® (W.L. Gore & Associates, Inc.). Main differences 
between these membranes are the lengths of monomer chains in the backbone and 
side chains [ 18]. Thickness of common membranes varies approximately between 15 
and 200 µm, depending on the material and intended operating conditions.  

Ionomer membranes for PEM fuel cells have to have high chemical and physical 
durability, high proton conductivity, and preferably low price. Current PFSA 
membranes are chemically and physically stable, but their conductivity depends 
strongly on the degree of humidification. Furthermore, best humidification is achieved 
by contact with liquid water, and therefore operating temperature is limited to the 
range where water exists in liquid form. Under very dry conditions or at temperatures 
above boiling point membranes lose absorbed water and conductivity drops 
drastically. Fully humidified, conductivity of common membranes can reach values 
from 1 to 10 S m-1 [ 18]. 

Current PEMFC membrane research concentrates on two main themes, high 
temperature membranes and alternatives to expensive PFSA materials, which are 
partially overlapping. High temperature membranes are the subject of intensive 
research and development efforts. A review of high temperature PEM fuel cells, 
including new ionomer materials, was published by J. Zhang et al. [ 19]. 

3.2.2. Electrodes 
Electrochemical reactions in PEM fuel cells take place on the electrodes, which are 
manufactured directly onto the membrane, hence the term membrane electrode 
assembly or onto the porous transport layersl. PEMFC electrodes are very thin, only 

                                                
l Due to the lack of established terminology, catalyzed porous transport layers are sometimes called gas 
diffusion electrodes. 
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ca. 10 µm, thinner than in other fuel cell types, and thus power density in PEMFC 
electrodes is higher compared to other fuel cells. 

Kinetics of oxygen reduction reaction (ORR) in acidic environment at the cathode are 
relatively slow under normal operating temperatures, and therefore PEMFC electrodes 
have high effective area and contain noble metal catalysts. High effective area is 
attained by creating a highly porous three-dimensional structure, where the ionomer 
and catalyst are in contact with each other and accessible to the gas phase and electron 
conductor (a.k.a. three phase boundary), and the actual electrochemical reaction takes 
place on the catalyst surface.  

Porosity is an essential property of a high performance electrode. Pores allow 
transport of reactants onto three phase boundary sites and removal of reaction product 
water. Porous structure is achieved by the preparation method or by adding a pore 
forming agent, which is later removed, into the mixture in the manufacturing phase.  

Typically, a PEMFC electrode consists of a mixture of ionomer and platinum black 
suspended on carbon black particles (Pt/C catalyst). Average catalyst loading on an 
electrode is usually between 0.1 and 0.4 mg cm-2 for both anode and cathode.  

Highest performance is achieved with platinum catalyst when using neat hydrogen, 
but unfortunately platinum is sensitive to carbon monoxide, which is often present in 
reformed fuel feeds. Even very small amounts of CO in the fuel stream, 5 to 10 ppm, 
cause a notable performance loss by blocking reaction sites on platinum surface [ 20]. 
CO tolerance can be improved by using alloyed and nonalloyed bi- and trimetallic 
catalysts, anode side air bleed, reconfigured anodes, and increasing operating 
temperature. Platinum alloy catalysts, of which PtRu alloy is the most common, 
enhance CO tolerance by facilitating CO oxidation. Under normal operating 
conditions, PtRu alloy catalysts can tolerate up to 100 ppm and nonalloyed PtRu 
catalyst up to 150 ppm of CO in the fuel stream, respectively [ 21  22]. 

Air bleed, i.e. injecting a small amount (1 to 6%-vol) of air into the fuel stream for 
oxidation of CO on the catalyst surface can improve CO tolerance [ 23], but selectivity 
for CO oxidation is low. Reconfigured anodes contain a secondary catalyst layer on 
the porous transport layer, which is specific for CO oxidation [ 24]. When used with 
air bleed, carbon monoxide is chemically oxidized into carbon dioxide before it 
reaches the electrochemical catalyst layer. With air bleed, reconfigured anodes with 
platinum catalysts electrodes can tolerate up to 100 ppm CO, and PtRu electrodes up 
to 300 ppm [ 25]. 

Carbon monoxide adsorption onto platinum surface decreases dramatically as 
temperature is increased [ 26]. An analysis of free energy for CO and H2 adsorption 
suggests that CO tolerance increases by a factor of 20 when operating temperature is 
elevated to higher than 100 °C [ 27]. At 125 and 200 °C normal Pt/C catalyst tolerates 
0.1 and 3% CO in the fuel stream, respectively, with no significant performance loss 
[ 27]. 

In addition to improving tolerance to impurities, current research efforts aim at 
decreasing noble metal loading in the electrodes. This is pursued by both increasing 
catalyst utilization ratio for existing catalyst materials, and developing new, noble 
metal free catalysts. 
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3.2.3. Porous transport layers 
Porous transport layers have numerous functions in a PEM fuel cell. As the name 
suggests, they act as a conduit for reactant species, reaction products, electric current 
and heat. Furthermore, they provide mechanical support for the MEA, ensuring a 
sufficient electrical and thermal contact between the MEA and the PTL under the flow 
channels. 

The porous nature of the PTL materials provides the reactants access to the parts of 
the electrodes that are under the flow channel ridges, and a passage for reaction 
product water from the electrode to the flow channel. Reactant transport is usually 
driven by diffusion and in some cases by convection and water removal by capillary 
action. Electric current passes trough the PTLs when electrons travel from the cathode 
to the anode electrode via an external circuit, and heat produced in the cathode 
reaction leaves the MEA mainly by conduction though the PTLs. 

These functions set various requirements on PTL materials. Transport of reactants and 
reaction products calls for high permeability and suitable water management 
properties; the ratio of hydrophilic and hydrophobic pores has to be balanced to allow 
passage of species in both gaseous and liquid phases. Contact with the electrodes and 
mechanical compression require both chemical and mechanical durability, and high 
electrical and thermal bulk conductivity and low contact resistances are necessary to 
minimize ohmic losses and temperature differences inside the cell. Additionally, the 
material should be inexpensive in order to improve economic competitiveness of fuel 
cell systems. Many of these properties are interconnected and thus best performance is 
often achieved by carefully balancing different properties instead of optimizing one. 

Traditionally, PEMFC porous transport layers have been made of carbon cloth, paper 
or felt treated with PTFE or similar fluorocarbon to increase hydrophobicity, i.e. to 
ensure that water does not fill all the pores. [ 28  29]. Many PTLs feature a 
microporous layer of carbon black and PTFE on one or both sides to improve water 
management properties [ 30  31]. If the electrodes are manufactured onto the PTL, Pt/C 
catalyst is bound onto the microporous layer or directly onto the PTL substrate by 
ionomer or ionomer/PTFE solution [ 32].  Instead of carbon cloths or papers, the use 
of metal webs, sinters, foams and micromachined thin films for PTLs has been 
suggested. Details of PTL materials, characterization and cost estimates are given in 
the literature [ 33  34  35] and in publication V. 

Porous transport layers are a critical component in cell water management, and 
experiments and modeling have shown that majority of mass transfer losses occur due 
to limited oxygen diffusion through the cathode side PTL, especially when liquid 
water is present [ 36  38]. Diffusion of reactants and removal of excess water are 
affected by PTL porosity, pore size distribution and ratio of hydrophobic and 
hydrophilic pores, gas permeability and material thickness. It has been suggested that 
liquid is transported in micropores by capillary action, while gases diffuse through the 
hydrophobic macropores [ 38  39], which makes careful balancing of various properties 
crucial for high performance.  

Reactant transport processes and water management are very complex and 
interconnected phenomena, which depend on operating conditions and cell geometry 
and assembly as well as PTL properties. An adequate link between PTL properties 
and fuel cell performance has not been established. Water management is discussed 
further in chapter  3.3. 
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3.2.4. Flow field plates 
Flow field plates feature flow channels for reactant distribution over the active cell are 
and water removal, and provide an electrical interconnection between the porous 
transport layers and outer components. Furthermore, flow field plates conduct heat 
and provide mechanical support for more flexible cell components, such as PTLs and 
the MEA.  

Flow field plates in a fuel cell stack are often referred to as bipolar plates, because 
they act as an anode side plate for one unit cell and cathode side plate for another, 
separating reactants and connecting adjacent cells electrically. Similarly, flow field 
plates of a single cell are sometimes called monopolar plates. A simple flow field 
plate is shown in Figure 5. 

 
Figure 5: A simple flow field plate with a serpentine flow channel. Gas inlet and outlet are located 

on the opposite face of the plate. 

Electrical and thermal properties have an effect on cell operation and performance. 
For minimizing ohmic losses in the flow field plate, electrical conductivity of the bulk 
material should be as high as possible and contact resistance between the flow field 
plate and adjacent components should be low. Electrical resistance of a flow field 
plate should be lower than 1 µΩ m2 [ 34]. Thermal conductivity of bipolar plates 
determines the maximum area of unit cells, when passive cooling is used. For more 
efficient heat removal, coolant channels can be integrated into bipolar plates [ 40]. 

Chemical durability and low gas permeability are basic requirements for all flow plate 
materials. Flow field plates are exposed to a harsh chemical environment, and 
preventing hydrogen leaking and permeation to air channels is essential for fuel 
efficiency, cell performance and safety.  

Besides performance, also economic aspects will play a role in the success of a flow 
field plate material. Bulk material should be readily available, inexpensive and lend 
itself to mass production techniques, e.g. injection molding. Additionally, low density 
will lead into lower stack weight, which is desirable from application manufacturers’ 
point of view. 

Common flow field plate materials include graphite, graphite composites, and 
stainless steel and other metals [ 41]. Resin-impregnated graphite has low gas 
permeability, and good electrical and thermal conductivity, but is expensive and 
unsuitable for mass production, e.g. injection molding or other melt processing 
methods. Flow channels have to be machined, which increases manufacturing costs. 
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Metallic materials are usually cheap, mechanically durable and flow channels can be 
stamped onto the plate, but often suffer from corrosion and high contact resistance 
due to oxides forming on the surface [ 42]. Therefore, coatings or surface treatments 
are necessary [ 43  44  45]. Composite flow field plate materials, which are being 
actively researched [e.g.  46  47  48  49], are a promising candidate due to suitability for 
melt processing, low gas permeability and sufficient conductivity. 

A vital factor for flow field plate performance is flow channel geometry. Channel and 
ridge width, channel depth, surface properties and overall geometry all have an effect 
on reactant distribution and water removal. A myriad of different channel 
configurations exist, e.g. parallel, serpentine, spiral and interdigitated geometries with 
their single and multiple channel variations. There are also channelless designs that 
utilize a metal net or foam for reactant distribution [ 50  51]. There, the functions of 
flow fields and porous transport layers are combined into one component. 
Furthermore, reactant supply by natural convection and forced convection both need 
different flow field geometries. Several experimental and modeling performance 
studies have been published, for example by Birgersson and Vynnycky [ 52] or Yan et 
al. [ 53]. 

3.2.5. Other components 
In addition to the core components introduced above, a number of other components 
are needed to make a functional unit cell or fuel cell stack. An exploded view of a 
simple unit cell is provided in Figure 6. 

 
Figure 6: An exploded view of a unit cell. 1) MEA 2) PTL 3) Gasket 4) Flow field plates 5) 
Current collectors 6) Insulator 7) End plate. Clamping bolts are omitted from the figure. 

Gaskets, either separate or integrated into other components, prevent leaks and 
accidental mixing of reactants. Common gasket materials include PTFE, VDF, EPDM 
and other thermoplastic polymers that can endure the harsh conditions in a fuel cell.  

If connecting current leads directly into flow field plates is unfeasible, separate 
current collector plates are used. They are placed at both ends of the cell or stack and 
have terminals for current leads. Corrosion resistant, high conductivity materials are 
suitable for current collector plates. 

Single cells and fuel cell stacks are held together by the end plates and clamping bolts 
or similar structures. They provide mechanical support and exert the required 
compression for sealing and electrical and thermal contact between the components. 
High rigidity is required from the end plates, since buckling under stress will lead into 
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uneven compression, which in turn causes problems with gas tightness and electrical 
and thermal contact between components. In order to reduce the number of 
components, the functions of the end plates and current collectors are sometimes 
combined. The end plates are made of a rigid, conducting material, and current leads 
are connected into them. This requires insulating the clamping bolts from the end 
plates at least at one end to prevent short circuiting the cell. 

To facilitate thermal management, cooling plates are often integrated into fuel cell 
stacks. They are sandwiched between bipolar plates that have been divided in two 
parts and feature channels for coolant circulation, see Figure 4. Alternatively, cooling 
plates can be made of high conductivity materials and feature cooling fins for heat 
removal outside the flow field area. With this arrangement, efficiency of heat removal 
is highly dependent on the thermal conductivity of the plate material. 

On system level, more components are needed. The number and type depend on the 
system in question, but common components are reactant lines and storage units, 
reactant humidification systems, compressors or blowers, valves, pressure and flow 
controllers and control electronics, heating and cooling systems, and power 
conditioning units. If the fuel contains impurities or needs to be reformed, a separate 
fuel handling unit will be needed for extracting the hydrogen from the carrier.  

Compressors supply the cell or stack with reactants, hydrogen and air or oxygen, and 
the control system takes care of flow and pressure control, purging, fuel recycling and 
so on. Before introduction the reactants into the stack, they are routed through a 
humidification subsystem it the reaction product water is not enough to keep the 
membranes well humidified. Reaction product water can be recycled for this purpose. 

Heating and cooling systems maintain the stack temperature within the design 
specifications. At startup, the system can be heated externally until internal heat 
production can maintain the temperature, and during normal operation excess heat is 
removed through the cooling system. Excess heat can be expelled or used for reactant 
heating and humidification, or in external systems, e.g. space or service water heating. 

The exact number and type of required auxiliary devices depends on the systems and 
application. For portable systems, the size and number of external systems is 
minimized by utilizing passive control where possible, but for large systems active 
controls are often more practicable. 

3.3. Water management 
Water management is one of the key issues for PEM fuel cells for achieving high 
performance, since it has an effect on both ionomer conductivity and reactant 
transport. Furthermore, these two effects compete with each other: Ionomer 
conductivity is maintained only under ample humidification, but presence of liquid 
water in the electrode and porous transport layers obstructs reactant transfer from the 
flow channels to the electrodes. Mass transfer problems caused by flooding are 
usually more severe in the cathode side, due to water production in cathode reaction, 
slower diffusion of oxygen and oxygen dilution by other inert species. Optimum 
performance is achieved by carefully balancing the amount of water inside the cell. 

Water is produced in the cathode reaction and introduced into the cell with reactants if 
they are externally humidified. Water is transported in the flow channels and removed 
from the cell with the gas streams, either as vapor or liquid, depending on the 
concentration of water in the gas stream. Water can also permeate through the 
membrane by electro-osmotic drag, diffusion and hydraulic permeation. Electro-
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osmotic drag stands for the water flux from anode to cathode which arises from 
protons carrying water molecules along through the membrane. Diffusion and 
hydraulic permeation fluxes are driven by concentration and pressure gradients, 
respectively. The direction of these fluxes is usually from cathode to anode, but can 
vary in magnitude and direction over the active electrode area. Thinner membranes 
lead into larger diffusion and hydraulic permeation fluxes. Water fluxes inside a PEM 
fuel cell are illustrated in Figure 7. 

 
Figure 7: Water transport through the membrane in PEMFCs. 

The direction and magnitude of local water flux depends on the local conditions, i.e. 
current density, temperature, reactant flow conditions, water concentration, 
component properties and cell geometry. These factors also have an effect on current 
density distribution in a cell, and these two are closely connected. Current density 
distribution is discussed further in chapter  3.4. 

The objective of water management is to ensure sufficient ionomer humidification 
throughout the active area, while removing excess water that might obstruct reactant 
diffusion. Water removal from the cell can be actively controlled by regulating cell 
temperature, reactant flow rates and humidification. Passive control methods are 
based on cell design, i.e. flow channel geometry, flow directions, PTL material 
selection, MEA thickness etc. Active control methods require additional equipment 
and require power, thus reducing system efficiency. However, active controls can 
respond to changing external conditions better than passive control methods. 

3.4. Current density distribution 
Current density distribution, i.e. current production profile over the electrode area in 
PEM fuel cells is not homogeneous but distributed. Main causes for current density 
distribution are local variations in ohmic resistance and reactant transport, which in 
turn are caused by local variations in material properties and operating conditions [ 54 
 55].  

Variation of ohmic resistance is caused by variations in ionomer hydration conditions 
and contact pressure between components. Local hydration conditions depend on the 
amount of liquid water in contact with the ionomer, which in turn depends on 
electrode and PTL properties, local temperature, and flow conditions in the flow 
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channels. Changes in contact pressure have an effect on the electrical and thermal 
contact between the components and bulk conductivities of PTLs, which changes the 
ohmic resistance and temperature profiles in the cell. Transport of the reactant to the 
electrodes is controlled by the flow conditions in the flow channels and the properties 
and water content of the porous transport layers and the electrodes. Local variations in 
mass transport arise from changes in local conditions, for example temperature, and 
material properties, such as PTL permeability and thickness, which are different under 
the flow channel and under the flow field plate ridge. 

Current density distribution occurs on three different scales. On the microscopic level, 
current production is uneven due to distribution of three phase boundary sites in the 
electrode and differences in reactant diffusion into the catalyst particle agglomerates. 
On millimeter scale, current production is uneven due to differences in mass transfer 
conditions and ohmic resistance. For example, diffusion path from the flow channel to 
the electrode is longer under the flow field plate ridge than under the channel, and 
permeability in the PTL under the ridge is lower due to compression. Similarly, 
contact resistance between the electrode and the PTL is higher under the channel than 
under the ridge. On cell level, reactant concentration drops and water concentration 
changes along the flow channel, reducing reactant supply to the electrode and 
changing humidification conditions, creating a cell level current density distribution. 
All these effects are interconnected and the severity increases with average current 
density. 

Uneven current production profile can decrease cell life time or cause component 
failure due to local hot spots [ 56], or create dead zones where current production is 
significantly below the average. This leads into less efficient use of catalyst material 
and cell area, and thereby into suboptimal performance. The methods which can be 
used to optimize current density distribution and thereby cell performance are 
substantially the same that are used for water management, since the distribution of 
liquid water in the cell has a significant effect on the resulting current production 
profile. Current density distribution measurements, which are discussed further in 
chapter  5, are a valuable tool in improving fuel cell performance. 
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4. Fuel Cell Test Station 
For the experiments described in Publications I, II and III, the same base components 
of the fuel cell test station were used. The test station was a commercial one, 
GlobeTech GT-100 Fuel Cell Test Station, consisting of a gas control unit 
(GlobeTech, Inc., incorporated into ElectroChem Inc.m) and an electronic load unit 
(Scribner Associates, Inc.n). A PC acts as a system controller and data logging unit. A 
block diagram of the test station is presented in Figure 8. The test station was 
augmented with auxiliary components and devices as required by different 
experiments.  

The gas control unit feeds hydrogen, and air or oxygen, into the fuel cell. Reactant 
flows are controlled by MKS Type 1179A Mass-Flow® Controllers (MKS 
Instruments, Inc.). The gas control unit has bubble type humidifiers for each reactant 
gas, which can be bypassed if dry reactants are desired. Furthermore, the gas control 
unit is equipped with back pressure regulators for controlling reactant pressure in the 
fuel cell. Reactant gases are supplied from pressurized cylinders. Additionally, 
nitrogen from a pressurized cylinder is used for purging gas lines. 

The load unit is a Scribner Series 890 Fuel Cell Load Unit (Scribner Associates, Inc.), 
rated for 100 watts. The unit acts as the electronic load either in galvanostatic, 
potentiostatic or constant power mode. A temperature control system, which consists 
of a thermocouple, PID controller and two electric heating cartridges, is integrated 
into the unit. The unit also features a built-in current interruption circuit, which 
enables measuring the ohmic resistance of the fuel cell, which is discussed further in 
chapter  5. 

The test station is controlled by a PC running FuelCell® software (Scribner 
Associates, Inc.) for system control and data logging. The PC communicates with the 
load unit via a GPIB interface and the load unit transmits the control signals to the gas 
control unit. 

Base measurement procedures and practices are based on the operational experiences 
and accumulated knowledge of the Advanced Energy Systems fuel cell group at the 
Helsinki University of Technology, and are detailed elsewhere [ 57  58  58  60]. Detailed 
descriptions of operating conditions, e.g. cell and humidification temperatures, 
reactant pressures and auxiliary systems and devices for each experiment are 
presented in their respective chapters. 

                                                
m Electrochem, Inc., 400 W. Cummings Park, Woburn MA 01801, USA 
n Scribner Associates, Inc., 150 E. Connecticut Avenue, Southern Pines, North Carolina 28387, USA 
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Figure 8: Block diagram of the test station 
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5. Current Interruption Measurements 

5.1. Background 
Resistance measurement is an important performance analysis and diagnostic tool 
which can be applied on an operating fuel cell. High resistance after cell assembly 
may be an indication of improper alignment of components, leading into high 
electrical contact resistances. Increasing or decreasing resistance during cell operation 
is usually an indication of changes in water management, since the conductivity of the 
ionomer membrane is dependent on its hydration state. Complementing the voltage 
measurements of unit cells in a fuel cell stack with resistance measurements yields 
more information on the operation of the stack and its individual cells and possible 
problems than voltage measurements alone. However, measuring fuel cell resistance 
is not trivial, since fuel cells contain both protonic and electronic conductors. 
Furthermore, different overpotentials overlap, making it difficult to distinguish ohmic 
losses from other overpotentials difficult. 

The current interruption method, which has been discussed in several publications [ 61 
 62  63  64], for measuring fuel cell resistance is based on the fact that different 
overpotentials dissipate at different rates after current interruption. In a PEMFC, 
ohmic overpotentials dissipate in less than 0.5 ns, whereas the dissipation of 
electrochemical overpotentials takes significantly longer, at least 10 ns [ 63]. By 
rapidly interrupting the current and observing the resulting voltage transient, the 
magnitude of ohmic losses can be estimated from the difference of potentials 
immediately before and after the current interruption. The principle is illustrated in 
Figure 9. 

 
Figure 9: The principle of resistance measurement by current interruption method. The current 
is interrupted at t0. Ohmic losses dissipate almost instantaneously and voltage increases rapidly 
(∆Vohmic = RI).  After that, electrochemical losses start to dissipate. At t1, the current is switched 

back on. Ohmic losses set in very rapidly and electrochemical losses at a slower rate. 

Implementing the current interruption method requires the use of a fast switch to 
interrupt the current for a brief moment. Alternatively, an auxiliary current pulse can 
be fed into the system under scrutiny. The resulting voltage transient is similar to that 
in Figure 9 but inverse, i.e. voltage drops rapidly when the pulse is applied. This 
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approach has been found to give more accurate results at higher currents [ 63  64], 
where rapid interruption of current is difficult to implement. 

In practice, measuring the rapid transient accurately is complicated. Due to the 
inductances of the measured system and the measurement equipment, and the 
nonideal electronic components, the voltage signal is obscured by noise, and an 
overshoot and oscillations immediately after the current interruption. These 
disturbances are present also in high-quality devices and circuits built for current 
interruption measurements [ 63]. An example of a recorded voltage transient is 
presented in Figure 10. The equipment used was not optimized for current interruption 
measurements and thus the voltage transient is notably slower than that mentioned in 
reference [ 63].  

 
Figure 10: Real voltage transient from a current interruption measurement. DC components 

have been subtracted from the voltage signal. 

Post-interruption overshoot and oscillations last notably longer than the dissipation of 
ohmic losses, see Figure 10. Therefore using a voltage value recorded after the 
voltage has stabilized would probably lead into overestimation of resistance, since 
some of the electrochemical losses have dissipated by that time. In this work, an 
estimate for the voltage value after the current interruption was obtained by the 
following procedure: A linear fit was made into the voltage data after the oscillations 
had decayed and the line was extrapolated back to the moment of current interruption. 
The ohmic loss was calculated as the difference between this value and the averaged 
voltage before the current interruption. While not accurate, linear extrapolation will 
yield better results than using a voltage value recorded either during the overshoot and 
oscillations or at a later time, when also some electrochemical losses have dissipated. 
While the transient is exponential in nature after the initial rapid change, linear 
extrapolation was used because the overshoot and oscillations obscured the area of the 
transient which is critical for accurate exponential fit. With specialized equipment, the 
disturbances can be controlled better and exponential fits can be used in stead of 
linear ones for improved accuracy [ 63]. 

An alternative method for measuring cell resistance is electrochemical impedance 
spectroscopy (EIS), which is based on concurrent observation of cell voltage and 
current when steady state is perturbed by a small AC signal applied to the system, and 
subsequent study of phase difference. For interpretation, an equivalent circuit is fitted 
to EIS data or a set of differential equations describing the system is used, which 
makes EIS less straightforward than the current interruption method. On the other 



 34 

hand, EIS yields also other information in addition to cell resistance. Current 
interruption data can also be analyzed using the same methods as for EIS data, if the 
data is Fourier-transformed into the frequency domain [ 65]. 

In Publication I, the current interruption method was applied to a fuel cell stack, a 
successful measurement series demonstrated and error sources are discussed. The 
method was first mentioned by D. Webb and S. Møller-Holst [ 66], but no results were 
presented. The method used here is an improvement on the previous work of the 
author [ 60], and is faster, simpler and provides more accurate results.  

5.2. Experimental setup 
The experiments were carried out using the test station described in chapter  4 and a 
commercial four-cell fuel cell stacko, each cell having an active area of 25 cm2. The 
cathode side flow channels were open to surrounding air, enabling air supply both by 
free convection and the use of an external fan. Figure 11 is a picture of the stack. 

 
Figure 11: The stack used in current interruption measurements. 

The current interruption function was provided by the load unit and the voltage 
transients were recorded using a TDS-320 digital oscilloscope. The anode end of the 
stack was connected to ground through the load unit, and therefore the oscilloscope 
had to be disconnected from ground. Otherwise connecting the counter probe, which 
is grounded through the oscilloscope, in the middle of the stack would have created a 
parallel path to ground, severely distorting the results. Therefore, the oscilloscope was 
powered through an isolating transformer. 

The stack was operated without external heating and fed with dry hydrogen at 
constant stoichiometry of 1.5. Ambient temperature and relative humidity were ca. 22 
°C and ca. 20%, respectively. When operating on free convection, measurement series 
were carried out at 100, 150 and 200 mA cm-2. For forced convection, a fan was 
placed under the stack and air flow directed into the flow channels using a cardboard 
housing. The fan operated at a constant power of 1.2 W. Compared to the case of free 
convection, the forced air flow provided some additional cooling. With forced 
convection, measurements were carried out at 50 mA cm-2 steps from 100 to 400 mA 
cm-2. During the experiments, stack temperature was observed with a thermocouple 
sensor located in the flow field plate at the cathode end of the stack. Individual cell 
voltages were monitored with an Agilent 34970A data logger. 

                                                
o BCS # 25-4-29X, BCS Fuel Cells, Inc., 2812 Finfeather Road, Bryan, TX  77801 USA 
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At each current density for both free and forced convection cases, the stack 
temperature and voltage were allowed to stabilize, after which a sequence of 
measurements were performed. First, a full stack voltage transient was recorded, 
followed by voltage transient measurement from each unit cell. Last, a second full 
stack transient was recorded in order to check for possible changes in the state of the 
stack conditions. Stack and unit cell voltages, and stack temperature were also 
recorded during the transient measurements. If any of the recorded quantities changed 
in a notable way, the data was discarded and the measurement sequence was repeated. 

5.3. Results and discussion 
Measured ohmic losses and unit cell voltages under forced convection are presented 
in Figure 12. As current density was increased from 100 to 400 mA cm-2, the ohmic 
loss in the middle cells of the stack increased compared to end cells. At maximum 
current density, resistance of the 3rd cell from the anode end of the stack was 21% 
higher than that of the 1st cell. However, measurement of unit cell voltages reveals 
that the performance of cell 3 was equal to that of cell 2 and second to only cell 1. 

The most likely reason for uneven ohmic loss profile was uneven temperature 
distribution in the stack. Temperature of the middle cells was probably higher than at 
the ends of the stack, which led into increased evaporation, convection and reaction 
rate. Improved water removal could not be compensated by water production on the 
cathodes, which caused incipient drying out, but on the other hand facilitated oxygen 
diffusion to the electrode compensating for the increase in ohmic loss. Reliance on 
voltage data only would not have revealed that cells in the middle of the stack were 
actually on the verge of drying out. 

 
Figure 12: Ohmic losses (left) and unit cell voltages (right) measured from the stack under forced 

convection. 

Figure 13 presents the comparison of full stack resistance measurements before and 
after the unit cell measurement sequence against the sum of unit cell resistances under 
forced convection. Measurements indicate a good agreement between the individual 
readings and full stack measurements, which further supports the applicability of the 
current interruption method for unit cell resistance measurements. 

Some features of Figure 13 warrant further discussion. The curve of the sum of unit 
cell resistances seems to be smoother than that of full stack measurements, which 
contains more scatter. This scatter is probably explained by the extrapolation process. 
When the measured voltage transient is larger, as it is with the full stack compared to 
a unit cell, also the overshoot and oscillations are more pronounced. This will add 
uncertainty to the extrapolation and thus cause scatter in the resistance calculation 
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results. This uncertainty in full stack measurements will probably increase with stack 
size. 

 

 
Figure 13: Comparison between full stack resistance measurements and sum of unit cell 

measurements. 

Examining the raw voltage transients recorded with the oscilloscope revealed that the 
post-interruption transient and subsequent oscillations last 3 to 4 µs, which is 
considerably more than the time scale for the dissipation of fastest electrochemical 
losses. Therefore, extrapolation of voltage back to the moment of current interruption 
is necessary, and was implemented when analyzing data from the experiments. 
Specialized low inductance circuits are needed to cut the duration of perturbations 
after the current interruption. 

Pre-interruption voltage average as well as post-interruption linear fitting was 
performed over a period of 20 µs. Conservative estimates for sampling rate and 
standard deviation, 2 MHz and 5 mV, respectively, give a standard error of the mean 
of less than 2 mV for ohmic loss. As a relative error, that is less than 10% even in the 
worst case.  

Another error source is the linear extrapolation. As discussed by Büchi et al. [ 63], the 
extrapolation should be done by fitting a logarithmic curve to the transient, but due to 
the amount of noise and oscillations, a linear fit was used instead. Based on the results 
presented by Büchi et al. [ 63] and Büchi and Scherer [ 64], transients display 
logarithmic behavior during the first microsecond after the current interruption, 
whereas the fit used here starts 2 to 3 µs later. Judging from their data, a linear fit 
exaggerates ohmic loss by some millivolts. Furthermore, the error is systematic and 
thus comparing ohmic losses of different unit cells should be feasible. 
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6. Measurement of current density distribution in a  
free-breathing PEMFC 

6.1. Background 
Current density distribution in fuel cells is seldom uniformly distributed throughout 
the active area, and furthermore, there are often differences in the current density 
distribution from cell to cell in a fuel cell stack. Uneven current production stems 
from the varying reactant availability and contact pressure distribution, humidity and 
temperature profiles across the electrode surface. The causes of uneven current 
density distribution and common solutions are discussed in detail in chapter  3.4. 

Uneven current density distribution leads to uneven power production distribution, 
which leads into suboptimal use of active area and larger cell size. Furthermore, 
uneven power production distribution may create hot spots or other phenomena 
harmful to power density or lifetime. Larger PEMFC systems often use auxiliary 
devices, e.g. humidifiers and blowers, to keep the system performance optimal. 
However, with small devices, system mass and footprint are paramount, making the 
use of auxiliary devices undesirable. Minimizing the number of system components 
requires the introduction of passive control methods for reactant delivery and 
temperature and humidity control. This can be accomplished with careful cell design 
and selection of materials. 

Oxygen transport in free-breathing fuel cells occurs by diffusion and convection. 
Diffusive transport is driven by concentration gradients, while the driving forces of 
convective transport are the buoyancy effects caused by heating and concentration 
changes, i.e. density changes of air in the cathode flow channels. Of these two, 
convective transport is clearly dominating over diffusion under common operating 
conditions [ 67]. Convective mass transport is strongly dependent on the temperature 
difference between the cell and ambient air. Higher temperature difference improves 
oxygen transport by increasing air flow rate, but also enhances water removal due to 
increased evaporation and convection, which may lead into drying out.  

Several methods for measuring the current density distribution in an operating fuel 
cell can be found in the literature. They are based on either a segmented current 
collector on one side of the cell or on sensing the magnetic field produced by electric 
current using e.g. Hall sensors. Segmentation of the current collector can be achieved 
in a variety of methods, e.g. by embedding conducting elements or Hall sensors in a 
non-conducting frame [ 68  69  70  71  72  73  74  75  76], or by a printed circuit board 
approach [ 77]. Each approach has their benefits and disadvantages.  

In publication II, an apparatus for measuring the current density distribution in a free-
breathing fuel cell is presented. The device is based on the segmented current 
collector approach and will be discussed in detail in the next subchapter. To the 
knowledge of the authors, publication II was the first paper presenting current density 
distributions measured from a free-breathing fuel cell.  

6.2. Experimental setup 
For current density distribution measurements described in publication II, the fuel cell 
test station described in chapter 3.1 was augmented with a special cell with a 
segmented cathode current collector. The anode side components of the cell, an end 
plate, current collector and single channel serpentine graphite flow field plate, were 
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taken from a commercial 25 cm2 cell by GlobeTech. Cathode side components were 
in-house production. GORE PRIMEA® Series 5510 MEAs and ®SIGRACET GDL 10 
H PTLs by SGL Carbon AG were used in the experiments. 

The flow field plate was made of PVC plastic, with 13 parallel channels open to 
ambient air machined into it. The cross section size of each channel was 3 mm by 3 
mm. 48 gold plated stainless steel current collector segments were embedded into the 
flow field plate to form ridges between the channels. The size of each segment was 1 
mm by 10.5 mm and they were arranged in 4 (vertical) by 12 (horizontal) pattern. 
Small gaps existed between the current collector segments and the PVC ridges. They 
allowed air flow between adjacent channels, but since the main gradients driving mass 
transport are in the vertical direction, mass transport between channels was assumed 
negligible. Each current collector segment was connected to a 0.1 Ω resistor for 
current measurement. Unlike the current collector, the PTLs and the MEA were not 
segmented. The cathode side current collector is shown in Figure 14 and details about 
the structure in Figure 15. 

 
Figure 14: The segmented cathode current collector plate with end plate and current wires. 

 

 
Figure 15: Detailed schematic sections of the segmented cathode current collector plate. 

Individual height control of each current collecting segment allowed device 
calibration for every measurement series. Before starting the experiment, the cell was 
operated at a low average current density, less than 50 mA cm-2, and the current 
density of each segment was measured. If notable deviations from the average were 
detected, they were corrected by adjusting the position of the segments in question. At 
low average current density, mass transport was expected not to cause local 
differences in current production and thus complicate the calibration procedure. 

For demonstrating the measurement system, current density distributions were 
mapped at four temperatures (ambient, 45, 60 and 75°C) and two average current 
densities (100 and 200 mA cm-2). Ambient temperature, in this case, means that the 
cell was not heated externally. However, heat produced by the cell reaction 
maintained the cell slightly above the ambient air temperature. At each measurement 
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point, the cell was heated to the desired temperature and allowed to stabilize at 100 
mA cm-2 for 15 minutes. Current density distribution was recorded for 15 minutes, 
followed by a polarization curve measurement.  

The cell was not actively humidified. The hydrogen fed into the cell was dry, and the 
only water sources were the ambient air and reaction product water. Due to these 
conditions, humidity on the cathode side increased towards the top of the cell, due to 
water production on the cathode electrode. On the anode side, which was humidified 
only by water diffused from the cathode, hydrogen humidity increased towards the 
outlet, which was near the segment (12,1). 

6.3. Results and discussion 
Figure 16 to Figure 18 present current density distributions measured at ambient 
temperature, 60°C and 75°C at an average current density of 100 mA cm-2. This 
measurement series illustrates many aspects of mass transfer in free-breathing fuel 
cells.  

In Figure 16 to Figure 18, numbers on the x- and y-axes represent the location of 
current collector segments, x-axis being horizontal and y-axis vertical. The arrow in 
the figures indicates the direction of air flow, thus pointing towards the top of the cell. 
Hydrogen inlet was located near the (1,4) segment. During the measurements, 
ambient temperature and humidity varied between 25.2 to 28.5°C and 48.2 to 50.3%, 
respectively.  

At ambient temperature, see Figure 16, the average current density in the bottom part 
of the cell is three times higher than in the top part, and 50% above the average. At 
60°C, Figure 17, the current density distribution shows a more uniform quality, with 
an observable drop near the hydrogen inlet. At the highest temperature, 75°C, see 
Figure 18, the distribution is very different (Note the different viewing angle). The 
majority of the current is produced in the upper corner of the cell, away from the 
hydrogen inlet, and the lower part is nearly dead. 

 
Figure 16: Current density distribution at ambient temperature (ca. 27 °C), at an average 

current density of 100 mA cm-2. 
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Figure 17: Current density distribution at 60 °C, at an average current density of 100 mA cm-2. 

 

 
Figure 18: Current density distribution at 75 °C, at an average current density of 100 mA cm-2. 

 

Together with polarization and resistance curves, shown in Figure 19 and Figure 20, 
respectively, current density distribution graphs provide enlightenment on the 
conditions at different parts of the cell. At ambient temperature the cell is heated only 
by the cell reaction. The small temperature difference between the cell and ambient 
air, combined with concentration gradients in the flow channels, is not enough to 
provide sufficient amounts of oxygen to the upper parts of the cell. Oxygen transport 
was further impeded by liquid water accumulation in the flow channels, which is 
evident from the polarization curve and was confirmed by visual inspection. Thus, the 
current density is highest at bottom of the cell. Resistance measurements indicate that 
the cell does not suffer from drying out under these conditions. At 60°C, buoyancy 
effect of air in the flow channels is strong enough to keep the oxygen concentration 
relatively uniform along the flow channel, thus the current density distribution is 
smooth. However, the corner of the (1,4) segment is producing less current than other 
parts of the cell, which is an indication of beginning drying out of the cell. Dry 
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hydrogen was fed into the cell near the segment (1,4) which lead into local drying out 
the water vapor accumulation in the flow channel cannot compensate for. 

At 75°C, the current density distribution is very different. Most of the current is 
produced in the top part of the cell, away from the hydrogen inlet. Increased cell 
resistance, see Figure 20, is an indication of severe drying out. High operating 
temperature leads into enhanced mass transport, i.e. increased air flow in the channels 
and evaporation, resulting in membrane drying out. Water vapor content of air is at 
maximum at the upper part of the flow channel due to accumulation of reaction 
product water, thus the top part of the cell was better humidified, and produced more 
current than the bottom part. The effect of feeding dry hydrogen into the cell is clearly 
visible: The area close to the hydrogen inlet is nearly dead, even if it is located at the 
top part of the cell, despite water diffusion from the cathode to the anode. 

 
Figure 19: Polarization curves at ambient temperature, 45, 60 and 75 °C. 

 

 
Figure 20: Cell resistance as a function of average current density at ambient temperature, 45, 60 

and 75 °C. 

 

The results presented here and in publication II are naturally quantitatively valid only 
for the hardware used, but they demonstrate on qualitative level the problematics of 
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oxygen transport and water management in free-breathing fuel cells. At low 
temperatures the performance limiting factor is oxygen transport. The upper part of 
the cell suffers from oxygen starvation, thus the lower part performs better. At 60°C, 
the temperature difference between the cell and the surrounding air is large enough to 
drive a sufficient amount of air through the cathode channels to provide oxygen for 
the cathode reaction. At the same time, water removal is balanced with water 
production, keeping the membrane adequately humidified everywhere in the cell. 
Under these conditions, the current density distribution is the most uniform. At the 
highest temperature water removal is excessive, rendering most of the cell area 
useless and creating very high local current densities in certain locations. Current 
density distribution is mainly caused by the local variations in membrane 
conductivity, not the concentration of reactants as in the first case. It was thus 
concluded that 60°C was the optimal operating temperature among those tested. 

The effect of varying contact force between the current collector segment and the 
porous transport layer can be seen in Figure 16 and Figure 17. Segments (6,1) and 
(8,1) had better contact to the PTL than surrounding segments. Since current seeks the 
path of least resistance, higher current was measured from those segments, with lower 
results for adjacent segments. In the graphs this can be seen as peaks in corresponding 
locations with depressions around them. 

The current density distribution mapping device has been used in the laboratory of 
Advanced Energy Systems to further study the effect of operating conditions [ 78] and 
cell orientation as well as the driving forces of free convection [ 67]. Furthermore, 
measurement methods utilizing this device for measuring overpotential distributions 
have been developed [ 79]. 

The results described above are based on the assumption that the effect of non-
segmented MEA and PTLs was minor. However, later studies [ 80] have shown that 
the use of common electrodes with segmented current collectors will significantly 
affect the current density distribution under potentiostatic operation due to variations 
in contact resistance between the current collectors and the PTL. While the results and 
conclusions above are most probably qualitatively correct, care must be taken when 
interpreting data from current density distribution measurements where common 
electrodes and PTLs have been used.  
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7. Titanium sinter as porous transport layer  

7.1. Background  
Implementing passive control systems can be used to reduce fuel cell system weight 
and size by reducing the number of auxiliary systems needed. For example, air fans or 
blowers and humidification systems can be dispensed with if oxygen is supplied to the 
cathode side by free convection. In this approach, cathode channels are open to 
surrounding air, or the whole cathode structure is channelless. These so called free-
breathing cathode structures are simpler and thus cheaper to manufacture than 
traditional forced convection flow field plates with machined flow channels. 

Implementing channelless cathode structures with traditional PTL materials is 
challenging. Flexible carbon cloths and papers need supporting ridges for maintaining 
sufficient electrical and thermal contact with the electrode. More rigid PTL materials 
would make large cathodes open to surrounding air possible. In the literature, the use 
of metal foams, sinters and nets as porous transport layers, flow fields or both has 
been suggested [ 50  51  81  82  83]. Benefits of these materials include unchanged 
porosity under compression due to high rigidity, and high thermal and electrical 
conductivity. 

Metal foams, sinters and nets can also be used for replacing PTL and flow channel 
structures in forced convection cells, either in channelless structures which are 
simpler to manufacture than current channel structures, or channels can be 
manufactured directly on the PTL. Rigidity also enables the use of higher 
compression in cell assembly to ensure electrical and thermal contact between the 
components. 

In publication III, the applicability of titanium sinter as porous transport layer for 
PEMFCs was evaluated. Testing was carried out in a forced convection cell, and 
special emphasis was given to contact resistance issues. 

7.2. Experimental Setup 
The test station used for the experiments was described in chapter  4. 0.5 mm thick 
titanium sinter PTLs were fitted into a 25 cm2 commercial single cell, either on the 
anode or cathode side. Commercial carbon paper was used as a reference material for 
performance comparison. In addition to untreated titanium sinter, titanium sinters with 
two coating materials, platinum and carbon, were tested. Coating thicknesses were 5 
and 10 nm for platinum and 10 nm for carbon. Coatings were prepared by evaporation 
method. The porosity of the titanium sinter was 32% according to a mercury intrusion 
porosimetry measurement. 

The effect of PTL materials was investigated by recording polarization curves in 
galvanostatic mode, accompanied with resistance measurements by built-in current 
interruption feature of the test station. Curves were measured following a 20 minute 
stabilization period at 100 mA cm-2. Cell temperature was 50 °C. The flow rates of 
hydrogen and oxygen consisted of constant base flows of 26 and 62 cm3 min-1, 
respectively, and variable flows of 10 and 25 cm3 min-1 per ampere, respectively. If 
air had been used instead of oxygen, the flow rate would have corresponded to a 
stoichiometric factor of ca. 1.5. However, pure oxygen was used instead of air, giving 
a stoichiometric factor of 7.2. Excessive oxygen flow rate was used in order to 
achieve water removal conditions corresponding to operation on air.  
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Each PTL material was tested on both anode and cathode side of the cell, with 
commercial carbon paper PTL of the other side. For reference, a polarization curve 
was recorded when carbon paper PTL was used on both sides of the cell. 

7.3. Results and discussion 
Polarization curves recorded when uncoated titanium sinter was used as PTL on one 
side of the cell are presented in Figure 21. For reference, a polarization curve 
measured with a conventional carbon paper PTL assembled in the cell is also shown. 
It is clearly evident that using a titanium sinter as PTL on either side of the cell gave 
rise to a notable performance loss compared to conventional PTLs. Performance loss 
was more severe when titanium sinter was on the cathode side. 

 
Figure 21: Polarization curves recorded when using an uncoated titanium sinter as PTL on one 
side of the cell. “Anode” and “cathode” indicate the side the sinter was on, and “paper” refers to 

the reference measurement with carbon paper on both sides of the cell. 

Explanation to performance loss was provided by resistance measurements, see Figure 
22. Resistance curves show that the total cell resistance was ca. five times higher 
when titanium sinter was used as a PTL. Since the bulk conductivity of titanium sinter 
is high, the most likely cause for high resistance lies in contact resistance between the 
sinter and the electrode, and the sinter and the graphite flow field plate.  

If high resistance was the only reason for performance drop when using a titanium 
sinter PTL, IR-compensatedp polarization curves would overlap. However, this is not 
the case in Figure 22: While the IR-compensated “anode” curve closely follows the 
reference curve, the “cathode” curve still exhibits a performance loss, although cell 
resistances are equal in both cases.  

This is probably due to mass transport problems caused by accumulation of liquid 
reaction product water in the pores of titanium PTL. This assumption is supported by 
the fact that performance loss that can not be explained by resistance increase 
occurred only when titanium sinter PTL was on the cathode side. Cathode reaction 
produces water, while water is supplied to the anode side only by diffusion through 
the membrane. Furthermore, dynamic viscosity of hydrogen is lower and diffusivity 
higher due to smaller molecule size. Thus, hydrogen transport in the sinter on the 
anode side is less impeded by loss of porosity than that of oxygen on the cathode. 
                                                
p The voltage of IR-compensated polarization curves is compensated by the measured ohmic loss.  
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Figure 22: IR-compensated polarization curves recorded when using an uncoated titanium sinter 

as PTL on one side of the cell. “Anode” and “cathode” indicate the side the sinter was on, and 
“paper” refers to the reference measurement with carbon paper on both sides of the cell. 
“Comp” and “res” refer to  IR-compensated polarization curves and resistance curves, 

respectively. 

In the titanium sinter, both oxygen transport towards the electrode and removal of 
both liquid and gaseous water to the flow channels takes place in the pores. Water 
accumulation in the pores thus obstructs oxygen transport, rendering parts of the 
electrode inaccessible to oxygen. For carbon papers and cloths, a different mechanism 
has been suggested by Amphlett et al. [ 84]. Gaseous species, both reactants and 
reaction products, diffuse along the macropores in the material, while liquid water is 
transported by capillary forces in the micropores in the carbon fibers. Therefore, 
titanium sinters are more prone to flooding than conventional PTL materials, which 
are treated with non-functionalized fluorocarbons to increase hydrophobicity. 

In order to reduce contact resistance, platinum and carbon coatings on the titanium 
sinter PTLs were tested. IR-compensated polarization curves recorded when coated 
titanium sinter PTLs were on the cathode side of the cell are shown in Figure 23. 
“Pt5”, “Pt10” and “carbon” refer to 5 nm platinum coating, 10 nm platinum coating 
and 10 nm carbon coating, respectively. Platinum coating on the titanium sinter 
lowers the cell resistance ca. 60%, but carbon coating does not have a notable effect. 
Platinum seemed to bond well with the titanium surface, while the electrical 
connection between the carbon coating and the sinter was poor. Either the 
conductivity of carbon layer was low, or the contact resistance between the carbon 
coating and the electrode was high. Still, the total resistance of the cell in the case of 
platinum coating remains twice as high as in the reference case. Furthermore, since 
titanium sinters were coated only on the side towards the electrode, resistance drop 
would indicate that the contact resistance between the sinter and the electrode is 
significantly higher than that between the sinter and the graphite flow field plate. 
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Figure 23: IR-compensated polarization curves recorded when using coated titanium sinters as 
PTL on the cathode of the cell. “Pt10”, “Pt5” and “carbon” indicate the coating material and 
thickness, 10 nm platinum, 5 nm platinum and 10 nm carbon, respectively. “Comp” and “res” 

refer to IR-compensated polarization curves and resistance curves, respectively. 

A certain difference in polarization behavior between experiments using uncoated and 
coated titanium sinters on the cathode side warrants further discussion. Evidence of 
flooding discernible in Figure 22 is not present in Figure 23. This would indicate that 
coatings on the titanium sinter improved water removal from the cathode, probably by 
altering the surface properties of the sinter towards lesser hydrophilicity. 
Hydrophobicity helps keep the electrode surface free of liquid water. To this end, 
conventional PTL materials are often treated with PTFE or similar fluorocarbons. 

Performance of titanium sinter PTLs tested here was inferior to conventional carbon 
paper PTLs in a forced convection PEMFC due to high contact resistance and mass 
transport problems. However, in special applications, such as free-breathing fuel cells 
with large cathode area, where current density is low and high rigidity of the PTL is 
desirable titanium sinters may be feasible. 

Coating PTLs with platinum conflicts with the current trend of lowering the noble 
metal content of fuel cell electrodes, but the amount of platinum required for 10 nm 
loading (0.2 mg m-2) is still several orders of magnitude lower than that of low 
platinum load electrodes (~1 g m-2). Material cost for 10 nm platinumq coating is ca. 
$8.5 m-2, while the price of conventional porous transport layers and titanium sinters 
is ca. $1000 m-2 [ 85]. However, the vacuum deposition method used for platinum 
coatings is very expensive. With a cost effective coating process, additional cost of 
platinum coating may be tolerable at least for certain applications. 

 

                                                
q World spot price for platinum: $39.26 per gram (2006-04-25) 
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8. Porous transport layer characterization 

8.1. Background 
Despite their multiple functions in a PEM fuel cell and the fact that their properties 
are crucial for high performance, porous transport layer properties remained a poorly 
characterized and understood subject until recent years. Especially in the case of 
uncatalyzed PTLs, the number of studies in open literature was limited at the time of 
writing publication IV [ 31  86  87  88  89  90  91  92  93  94  95  96  97  98  99]. Many of these 
papers discuss the effect of certain properties of PTLs, e.g. PTFE content, on fuel cell 
performance under various operating conditions. However, they do not provide a solid 
link between the physical properties of a PTL material and performance in a fuel cell. 
There are also a number of studies on catalyzed PTLs 
[ 51  100  101  102  103  104  105  106  107  108], but in that case establishing a connection 
between PTL properties and performance is even more challenging, since the effect of 
the PTL substrate is difficult to differentiate from the effect of the electrode structure. 
In the last two years, the general interest in PTL properties and performance and 
consequently the number of papers published on the subject has increased.  

Traditionally PTL performance testing has been carried out by recording polarization 
curves and electrochemical impedance spectra. While applicable, this approach is 
very time consuming, since especially electrochemical impedance spectroscopy (EIS) 
requires equilibrium conditions in order to produce reliable results. Furthermore, 
testing performance at several compression pressures by polarization curve scans 
multiplies the testing time by the number of pressure points. In publication V, a faster 
method for PTL performance characterization is described and the dependence of 
performance on various physical properties of PTL materials is studied. 

8.2. Experimental setup and methods 
In situ PTL testing was carried out using cell hardware built at the KTH in Stockholm, 
Sweden. In the cell, clamping pressure on the current collectors is independent of 
sealing pressure and is exerted by a pneumatic piston. Active area of the cell is 7.1 
cm2 and current collectors are cylindrical, with spiral flow channels.  The cell and a 
schematic cross section of the device are presented in Figure 24. The cell is described 
in detail in [ 109] and [ 110]. 

Cell temperature during in situ testing was 60°C. Reactants were fed into the cell at 
excessive rates in order to keep the oxygen concentration uniform throughout the 
active area. Stoichiometric factor λ was 5.5 for hydrogen and 4.3 for air. For oxygen, 
same flow rate was used as for air in order to maintain similar water removal 
conditions. Reactant gases were humidified, hydrogen at 60°C, and air and oxygen at 
48 or 60°C in order to investigate PTL performance under both one and two phase 
conditions. All testing was carried out at atmospheric pressure. 
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Figure 24: On the left, a photograph of the cell used for PTL testing. On the right, a schematic 

cross section of the cell. (Figure: Jari Ihonen) 

Two carbon cloth and four carbon paper PTL materials were subjected to an array of 
in situ and ex situ tests. The goal of in situ testing was to investigate the effect of 
clamping pressure on cell performance and find the optimal clamping pressure for 
both one and two phase conditions. The experiments consisted of variable clamping 
pressure and cathode dew point experiments in galvanostatic mode and polarization 
curve measurements. Polarization curve measurements were carried out at low and 
high humidity regions at various clamping pressures using both oxygen and air as the 
cathode reactant. Variable cathode dew point tests were run in galvanostatic mode, 
unlike Mathias et al. [ 33], to maintain constant water removal conditions, which 
depend on heat production and flow rate and stoichiometry. Additionally, 
electrochemical impedance spectroscopy was used to investigate cell operation.  

Physical properties of PTL materials, e.g. electrical and thermal conductivity, porosity 
and pore size distribution, gas permeability, and surface wetting properties were 
investigated by ex situ. The main goal was to investigate the dependence of PTL 
performance on the physical properties, and secondly, provide values of physical 
properties for modeling purposes. The procedures used for ex situ measurements are 
detailed in publication V. 

8.3. Results and discussion 

8.3.1. In situ testing 
The traditional approach, recording polarization curves, was applied to one of the PTL 
materials, GORE™ CARBEL™ CL. Polarization curves recorded at various 
clamping pressures and two different cathode humidifier set points are illustrated in 
Figure 25. The curves are IR-compensated to better highlight the effect of clamping 
pressure on mass transport, caused by the loss of porosity. The effect of clamping 
pressure on cell resistance is discussed later. 

For the set of operating conditions and hardware used, the highest IR-compensated 
voltage at high current densities under both low and high humidity conditions was 
obtained when clamping pressure was 9.7 bar. Therefore, the optimal clamping 
pressure lies between 4.3 and 18.1 bar. The increase in mass transfer overpotential is 
clearly distinguished when the difference in cell voltage between polarization curves 
measured with oxygen and air (∆UO2-air) are plotted. At low current densities, j < 400 
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mA cm-2, ∆UO2-air behaves uniformly at all clamping pressures, but displays variations 
at higher current densities. This is an indication that the mass transfer overpotential is 
significant at current densities higher than 400 mA cm-2. Furthermore, the fact that the 
behavior of ∆UO2-air is similar for both low and high cathode humidity indicates that 
the mass transport overpotential stems from the loss of porosity under the ridges of 
the current collectors rather than flooding of the electrode. 

 
Figure 25: IR-compensated polarization curves and cell voltage difference between 

measurements using oxygen and air.  PTL material: CARBEL™  CL. a) one phase conditions, 
cathode humidifier dew point 48 °C b) two phase conditions, cathode humidifier dew point 60 °C 

The results derived from polarization curve measurements were corroborated by 
variable clamping pressure tests at constant current. The IR-corrected voltage reached 
the maximum at ca. 10 bar for both low and high cathode humidity. However, the 
optimal cell voltage was obtained at ca. 20-25 bar for high humidity conditions, and 
significant mass transport problems were detected only close to 30 bar. For low 
humidity, optimum clamping pressure was clearly higher, over 28 bar. 

A possible explanation for this behavior is the improved thermal conduction with 
increasing clamping pressure. This allows more efficient heat removal from the MEA, 
which lowers the temperature difference between the MEA and current collectors. 
Since the absolute humidity is constant, decreased MEA temperature leads into 
increased relative humidity near the MEA, resulting in improved humidification and 
lower membrane resistance. On the other hand, also mass transport overpotential 
increases with clamping pressure, due to loss of porosity under the flow field ridges. 
This counteracts the beneficial effect of improved electrical and thermal contact, and 
at the optimal clamping pressure, these opposing effects are balanced. The exact point 
of balance depends on the materials and operating conditions, but in general the 
optimal clamping pressure is higher for low humidity conditions, because the 
decreased temperature on MEA surface is less likely to lead into flooding.  

As a further example of information obtained by variable clamping pressure testing, 
cell voltage and resistance measured using ®SIGRACET GDL 10 BC and 30 BB 
carbon paper PTLs at constant current density are presented in Figure 26a and Nyqvist 
plots for 30-BB at various clamping pressure levels from the same measurement in 
Figure 26b. 30-BB is recommended for low to intermediate humidity operation, while 
more rigid 10-BC is targeted for intermediate to high humidity region. As expected, 
10-BC outperformed 30-BB under two phase conditions. Best performance with 30-
BB was reached already at a clamping pressure of 12 bar, above which performance 
degraded due to loss of porosity and flooding. Decrease in cell resistance and increase 
in mass transport overpotential are clearly visible also in the Nyqvist plots, see Figure 
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26b.  For 10-BC, performance improved monotonously with increasing clamping 
pressure, and optimum point, which is above 25 bar, was not reached in the test.  

 
Figure 26: a) Cell voltage and resistance as a function of clamping pressure at 1 A cm-2 under two 

phase conditions for ®SIGRACET GDL 10 BC and 30 BB materials. b) Nyqvist plots for 
®SIGRACET GDL 30 BB at various pressures. 

Variable dew point method was found to be the fastest way to study PTL performance 
under one and two phase conditions. As an example, Figure 27a illustrates cell voltage 
and resistance at constant current of 1 A cm-2 at various cathode dew point 
temperatures when using ®SIGRACET GDL 30 BB PTL, and Figure 27b shows the 
cell voltages when operating on air and oxygen as a function of cathode dew point 
with ®SIGRACET GDL 10 BC. 

Under one-phase conditions 30 BB performs well, but cell voltage begins to drop 
steeply when approaching two phase conditions, i.e. ca. 55°C, because liquid water 
accumulates in the PTL and obstructs oxygen diffusion. Improved humidification is 
seen to decrease ohmic losses but that is not enough to counteract the detrimental 
effect of flooding. 

For 10-BC, the dew point sweep was performed also when operating on oxygen. 
Comparing the voltages recorded at various cathode dew points when operating on air 
and oxygen reveals the effect of improved membrane humidification and the fact that 
flooding occurs mainly in the PTL, not in the electrode. Cell voltage on air increases 
due to improved humidification when cathode dew point temperature approaches 
50°C and drops slowly after that because of flooding. On neat oxygen, voltage rises, 
again due to improved membrane humidification, until cathode dew point reaches ca. 
60°C and stays on that level at higher dew points. If the electrode was covered by 
liquid water, oxygen diffusion to the electrode would be obstructed which would 
appear as voltage drop also in the IR-compensated voltage curve measured on neat 
oxygen. Therefore, it can be concluded that flooding occurs in the PTL. 

Measuring the exhaust gas temperature confirmed the temperature difference between 
the PTL and the current collector. Temperature difference between the exhaust gas 
and current collector for both anode and cathode side, and cell resistance are 
presented as a function of clamping pressure in Figure 28. The existence of the 
temperature difference is an indication that the PTL surface is at higher temperature 
than the current collector, and the fact that temperature difference decreases with 
increasing clamping pressure is a further confirmation on the explanation provided 
when discussing the results in Figure 26. 
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Figure 27: a) Cell voltage and resistance as a function of cathode humidifier dew point measured 

using ®SIGRACET GDL 30 BB and air.  Clamping pressure 31.3 bar. b) Cell voltage as a 
function of cathode humidifier dew point, measured using ®SIGRACET GDL 10 BC and oxygen 

and air. Clamping pressure 28.4 bar. 

Gases are flowing in channels in which one wall, the PTL, is at higher temperature 
than the other three. Therefore, depending on heat transfer properties, the temperature 
difference between the PTL and the current collector should be two to three times 
higher than that between the exhaust gas and current collector. Thus, the temperature 
of the PTL under the flow channel can be expected to be at least 3 to 6°C higher than 
the temperature of the current collector. If heat flux from the PTL to the current 
collector is assumed to be 0.7 W cm-2, the heat transfer coefficient of the PTL-current 
collector junction is in the order of 1.7 to 3.3 kW m-2 K-1. However, the PTL 
temperature is based on a best-guess estimate, and thus heat transfer coefficient is 
only suggestive.  

Exhaust gas temperature measurements can also be used to detect the onset of PTL 
flooding. Reaction product water accumulates in the cathode air stream, and therefore 
flooding starts near the outlet location. Flooding decreases local current density and 
heat production, thus decreasing PTL temperature, which can be observed as a 
decreasing temperature difference between the exhaust gas and current collector. An 
example is presented in Figure 29. Between 45 and 57°C, the temperature difference 
between the exhaust gas and current collector drops drastically as the end of the flow 
channel begins to flood. Above 57°C the temperature difference is seen to increase 
again as the current density distribution evens out, due to flooding reaching the whole 
area of the cell. 

While polarization curve scans are applicable to PTL performance characterization, 
they are very time consuming, especially if electrochemical impedance spectroscopy 
is applied. EIS requires steady equilibrium conditions, which are reached only after 10 
to 20 minutes. Furthermore, current density sweeps change the water and heat 
production and thus the water management conditions, and may change the kinetics of 
electrode reactions. Many of these drawbacks can be avoided by variable clamping 
pressure and humidifier dew point testing, which provide a faster method to 
characterize PTL performance in fuel cells. 

Measurement of exhaust gas temperatures is a challenging task due to low heat 
capacity of gases. Temperature probes must be installed in the gas outlet channels 
without any contact to channel walls or other solid material, otherwise thermal 
conduction will distort the measurement results. 
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Figure 28: Temperature difference between the exhaust gas and current collector and cell 

resistance as a function of clamping pressure at 1 A cm-2 and 60 °C cathode humidifier dew point.   
PTL material: GORE™ CARBEL™  CL 

 
Figure 29: Temperature difference between the exhaust gas and current collector and cell 

resistance as a function of clamping pressure at 1 A cm-2 and 60 °C cathode humidifier dew point.   
PTL material: ®SIGRACET GDL 30 BB 

8.3.2. Ex situ testing 
Pore size distributions measured from uncompressed PTL samples by mercury 
intrusion porosimetry are presented in Figure 30. While there are notable differences 
in pore size distributions, they could not be linked with PTL performance in a fuel cell 
under two phase conditions. Most PTL materials had a microporous layer (MPL), 
which has very different structure than PTL substrate material, on one or both sides. 
However, samples without the MPL could not be obtained for most materials, and 
therefore achieved porosity values are a combination of PTL substrate and MPL 
porosities. For further research, pore size distributions should be measured from both 
plain and MPL containing samples in order to differentiate the effect of the MPL. 

Interestingly, all measured porosities were lower than those given by PTL 
manufacturers. However, this may be a reflection of different measurement 
procedures. 
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Figure 30: Pore size distributions in uncompressed PTL samples measured by mercury intrusion 

porosimetry. 

Measured in-plane permeability at 1 bar compression and through-plane permeability 
varied in the range from 3.3⋅10-11 to 5.2⋅10-13 m2 and 1.8⋅10-11 to 9.6⋅10-14 m2, 
respectively. While an exclusive and unambiguous dependence of performance on 
PTL permeability was not found, due to the number and interdependent nature of the 
phenomena, it can be concluded from the results that an in-plane permeability in the 
range of 10-12 m2 is sufficient for fuel cell operation. 

Wetting properties of PTL materials were investigated by measuring the contact angle 
with deionized water. Results ranged from 145 to 154°, and the two materials that 
performed best under two phase conditions scored the lowest and highest contact 
angles. Therefore it can be concluded that the wetting properties of PTL surfaces are 
not deciding factors for performance in a fuel cell. 

Porosity, pore size distribution and wetting properties all affect the water management 
properties of PTLs. The phenomena controlling these properties are interdependent 
and it is difficult to deduce PTL performance in a fuel cell based on ex situ 
measurement results. Furthermore, water management properties depend also on 
qualities that are very difficult to measure, e.g. the distribution of PTFE and the 
wetting properties of micro and macropores inside the PTL substrate. 

Measured thermal resistance and electrical contact resistance for ®SIGRACET GDL 
10 BC and CARBEL™ CL as a function of clamping pressure are presented in Figure 
31. Bulk conductivities usually fall in the range of 50-200 S cm-1 [ 33], which would 
correspond to less than 1 mΩ cm2 in resistance per unit area and is small compared to 
electrical contact resistance. Similar values were obtained for electrical bulk 
resistance in other tests. Obtained values of electrical contact resistance for one 
PTL/current collector interface, 5-15 mΩ cm2, agree well with results published by 
Mishra and coworkers [ 99]. However, the work here and by Mishra et al. ignore the 
effect of compression on bulk conductivity, increasing uncertainty of the results. 

Measured heat transfer coefficient from the PTL to the current collector range from 
0.7 to 1.4 kW m2 K-1, corresponding to thermal resistance of 7 to 15 K cm2 W-1, in the 
clamping pressure range of 3 to 10 bar. These values contain contributions from both 
bulk and two interfaces between the PTL and current collectors. If interface 
resistances are ignored, this corresponds to thermal conductivity of 0.2-0-4 W m-1 K-1, 
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close to the value reported by Vie [ 111]. However, thermal conductivity that low is 
unrealistic for a material that consists of graphitized carbon fibers. Thermal and 
electrical conductivities of porous materials are interrelated and the fact that the 
electrical bulk conductivity of PTLs is about 5-10% of the conductivity of solid 
graphite, it can be assumed that the same applies also for thermal conductivity. That 
gives a thermal conductivity of ca. 5-10 W m-1 K-1, which corresponds to less than 1 
K cm2 W-1 for normal PTLs. Similar to electrical resistance, interfaces are the 
dominating source of thermal resistance, with thermal resistance of ca. 3-7 K cm2 W-1. 
This value agrees well with the thermal resistance value calculated from exhaust gas 
temperature data, but there is large uncertainty due to the method used here. 
Measurement of contact resistance is discussed further in chapter  9. 

 

Figure 31: Thermal resistance and electrical contact resistance as a function of clamping 
pressure for ®SIGRACET GDL 10 BC and CARBEL™ CL. Resistance values include the bulk 

resistance and two contact resistances (PTL-current collector). 

At a realistic heat production rate of 0.7 W cm-2 and a channel/ridge ratio of 1:1 this 
would correspond to a 2-5 K drop across the electrode-PTL interface, if all heat is 
assumed to leave the electrode by conduction evenly through both sides of the cell. 
This is significant for water removal and MEA humidification – A temperature 
change from 60 to 65°C increases the pressure of saturated water vapor by 25%. 
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9. Inhomogeneous compression of PEMFC porous 
transport layers 

9.1. Background 
When a fuel cell with traditional flow channels on bipolar plates is assembled, flow 
channel ridges exert a pressure onto the porous transport layers, but areas under the 
flow channels remain uncompressed. While PTL under the ridge is compressed to 
gasket thickness, PTL under the channel retains most of its original thickness and 
intrudes into the flow channels, as illustrated in Figure 32. 

 
Figure 32: PTL deformation under compression. PTL under the ridges is compressed to gasket 
thickness, while the parts under the flow channels remain uncompressed and intrude into the 

channels. 

Inhomogeneous compression of the porous transport layers has several effects on fuel 
cell operation. PTL intrusion into flow channels decreases the effective cross section, 
increasing pressure loss in the channels. Furthermore, PTL compression under the 
ridges reduces porosity, which decreases permeability and thus hinders oxygen access 
to the electrode under the ridge and water removal from under the ridges. 

Contact resistance between the PTL and electrode under the channel is higher than 
under the ridge, due to the pliable nature of PTL materials and lack of compression. 
Lower contact pressure under the channels has been observed experimentally [e.g. 
110]. As a result, there are lateral currents in the electrode as the current pursues a 
path of least resistance and crosses over to the PTL where contact resistance is lower, 
i.e. under the ridge. Uneven current density distribution may create unfavorable hot 
spots due to ohmic heating where local current density is high. Current density 
distribution is further distorted by the changes of PTL bulk conductivity induced by 
compression. Compression increases the number of contact points between the carbon 
fibers in the PTL, thus increasing conductivity. Similarly to electrical current, also 
heat flux is affected by changes in thermal contact resistance. 

Despite their various functions and importance for fuel cell operation, porous 
transport layers have received little research attention until recent years. There are few 
previous studies on PTL properties under compression. There are a few studies on 
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PTL gas permeability under compression [ 87  94  112  113  114  115  116], and it has also 
been considered in some models [ 117  118]. Variations in bulk electrical conductivity 
of the PTL under compression have been modeled by Meng and Yang [ 117] and by 
Pharoah et al. [ 121], but experimental studies are scarce. Typically electrical 
conductivity has been roughly estimated from values based on uncompressed samples 
[ 99  109]. Thermal bulk conductivity of PTLs has been experimentally determined in 
publication IV and more recently, by Khandelwal and Mensch [ 119]. They also 
determined the thermal contact resistance between the PTL and metal plate. However, 
the effect of compression on thermal bulk conductivity was not considered in 
publication IV or by Khandelwal and Mench [ 119]. 

The importance of electrical contact resistance between the PTL and other 
components has been discussed by many authors [ 33  42  74  80  99  109  110  120  121], 
but few experimental results have been published [ 99  110  120]. Furthermore, all 
authors have ignored bulk conductivity of the PTL, which is affected by compression. 

Fuel cell modelers have so far seldom taken these effects into account. Sun et al. 
[ 122] and Zhou et al. [ 123] considered the effect of inhomogeneous compression of 
the porous transport layers, but Sun et al. ignored contact resistance and Zhou et al. 
the effect of compression on bulk conductivity of PTLs. Typically, PTL thickness, 
permeability and contact resistance between the PTL and electrode, if considered at 
all, are assumed uniform all over the cell area.  

Goal of this work was to experimentally evaluate porous transport layer properties 
and contact resistance between cell components as a function of compression. 
Obtaining accurate values for these properties would enable improving existing 
computer models and thereby optimizing fuel cell structure for higher performance. 
Measured properties were PTL intrusion into the flow channel, in-plane gas 
permeability, in- and through-plane electrical conductivities, and contact resistance 
between the current collector and PTL, as well as PTL and electrode. All properties 
were measured as a function of PTL compressed thickness instead of compression 
pressure, since unlike compression pressure, compressed thickness can be controlled 
without special equipment. Values were successfully obtained for all properties except 
for contact resistance between the electrode and PTL.  

9.2. Experimental methods and setup 

9.2.1. PTL material 
Porous transport layer material used in all experiments was SGL ®SIGRACET GDL 
10 BA (by SGL Carbon AG). The material is a carbon paper, wet proofed with 5%-wt 
PTFE solution. The material has no microporous layer and the porosity is 88% [ 124]. 

9.2.2. PTL intrusion into flow channel 
For measuring the intrusion into flow channel, a PTL sample was placed between two 
rigid metal plates and compressed to desired thickness set by clearance gages. One of 
the plates had a groove in the middle, which functioned as the flow channel. Bottom 
of the groove had an opening in the middle, through which a probe attached to a dial 
gage came into contact with the PTL surface. Prior to assembly, dial gage was zeroed 
to plate surface. Thus, PTL intrusion into the groove could be measured. The 
experiment was repeated with several groove widths, ranging from 0.6 to 2 mm. 
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9.2.3. Gas permeability under compression 
For gas permeability measurement, a circular PTL sample was centered between two 
rigid metal plates and compressed to desired thickness set by clearance gages. The top 
plate had a gas inlet in the middle. The flow of dry air, which entered the PTL sample 
in the center and then permeated radially through the sample until the edge, was 
controlled by a Brooks 5850S mass flow controller. Pressure difference between the 
inlet and outlet was measured with a tube manometer for several air flow rates and 
sample thicknesses. Gas permeability of the sample for each thickness was calculated 
by Darcy’s equation, using measured pressure differences and set flow rates. 

9.2.4. PTL through-plane electrical conductivity 
Through-plane conductivity of the PTL material was determined by measuring the 
resistance of a stack of PTL samples (up to 6) compressed between two graphite 
current collector plates, see Figure 33, by four point probe method. The thickness of 
the PTL sample stack was controlled by clearance gages. 

 
Figure 33: Resistance measurement setup. 

To eliminate contact resistance between the PTL samples, all PTL surfaces at PTL-
PTL interfaces were vacuum evaporation coated with a 150 nm layer of silver, which 
has been shown to reduce contact resistance significantly [ 125  126], but not affect the 
bulk conductivity [ 127]. If the PTL-PTL contact resistance is assumed negligible, the 
measured resistance can be expressed as 

 cbulkPTLgrmeas RRnRR ⋅+⋅+⋅= 22 ,       (1) 

where Rmeas, Rrg, RPTL,bulk, Rc, and n are the measured resistance, bulk resistance of the 
graphite, bulk resistance of the PTL, the contact resistance of the PTL-graphite 
interface, and number of PTL samples in the stack. When Rmeas is plotted as a function 
of n, the slope of the graph gives the bulk resistance of PTL material, RPTL,bulk. Rgr was 
measured with the four point probe method, and Rc was obtained with a method 
presented in chapter  9.2.6.  
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9.2.5. PTL in-plane electrical conductivity 
The apparatus used for in-plane electrical conductivity measurement is presented in 
Figure 34. Both ends of a rectangular PTL sample were clamped under graphite 
current collectors. Thickness of the PTL under the current collectors was controlled 
by clearance gages, and the distance between the current collectors could be adjusted. 
The part of the PTL not under current collectors was compressed to desired thickness 
by a plastic plate. Resistance of the system was measured by four point probe method 
for each sample thickness at several distances between the current collectors. Since 
contact resistances between the PTL sample and current collectors remained constant, 
the difference of the two resistance values gave the contribution from the bulk PTL 
material. Bulk conductivity was calculated from the result using equation 2. 
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where σx,h is the bulk conductivity of the PTL sample at thickness h, x2 and x1 are the 
distances between current collectors, R2 and R1 are measured resistance values, and w 
is the sample width. In order to increase accuracy, all measurements were conducted 
at several current collector separations and the results averaged for each PTL 
thickness. 

 
Figure 34: In-plane conductivity measurement set-up. a) top view  b) cross section 

9.2.6. Contact resistance between PTL and current c ollector, and 
PTL and electrode 

Instead of using equation 1 and measured graphite conductivity to calculate contact 
resistance between the PTL and current collector, the apparatus in Figure 33 was 
implemented as a 3D model in COMSOL Multiphysics 3.2, a commercial PDE solver 
software, and contact resistance was determined by simulation. Conductivity of the 
graphite current collectors was only an order of magnitude higher than that of PTLs, 
and the thickness was an order of magnitude higher. Therefore, the bulk resistance of 
graphite current collectors was comparable to PTL resistance, and thus current profile 
through the current collector could not be assumed constant. Measured potential 
differences were used as boundary conditions at current lead connectors and 
determined bulk conductivity of PTL material and graphite were used, and the 
potential profile was solved in the model. The potential profile and measured current 
were used to calculate the contact resistance between the PTL and current collector. 
Beginning from an initial guess, the contact resistance was varied until the simulated 
current was equal to the measured one. 
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Since the ionomer membrane between the electrodes in an MEA is an electric 
insulator, the device in Figure 33 could not be applied for determining contact 
resistance between the PTL and the electrode. Instead, the apparatus for in-plane 
conductivity, see Figure 34, was used. The measurement procedure was similar to that 
of PTL in-plane conductivity, but the PTL sample was replaced with a MEA sample 
of similar dimensions. Pieces of PTL of exactly the same size as the current collectors 
were placed under the current collectors, between the current collector and the MEA. 
Resistance of the system was again measured at various current collector separations 
and the measurement system was implemented in COMSOL Multiphysics 3.2. Since 
contact resistance between the current collectors and PTL was known from the 
previous experiment, the only unknown quantity, contact resistance between the PTL 
and electrode could be solved by simulation. 

9.3. Results and discussion 
Figure 35 gives the thickness of PTL under the channel at various channel widths as a 
function of gasket thickness i.e. steel gage thickness in the figure. Intrusion depth is 
the difference of PTL thickness under the channel and gasket thickness. Even at 
maximum compression, the PTL under the channel was compressed only 8% of the 
original thickness. When the PTL under the ridges was compressed to 250 µm, PTL 
thickness under the channel changed only by ca. 3%.  Intrusion depth into the channel 
depends on the type and properties of the PTL material, but all pliable materials 
exhibit this behavior to some extent. 
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Figure 35: Thickness of PTL (SGL ®SIGRACET GDL 10 BA) under the flow channel as a 

function of the thickness of the compressed part of the PTL (gage thickness).  

 
Large local differences in thickness lead into local variations in mass transport 
properties. Oxygen and water transport is hindered under the ridges due to loss of 
permeability caused by compression. Furthermore, low compression leads into low 
contact pressure between the PTL and the electrode under the channel, which 
increases electrical and thermal contact resistance. Additionally, PTL intrusion into 
the channel decreases channel cross section, affecting the velocity of the reactant flow 
and increasing pressure loss in the flow channels. 

Measured in-plane gas permeability of ®SIGRACET GDL 10 BA PTL as a function 
of compression is presented in Figure 36. Permeability decreases by an order of 
magnitude when the PTL is compressed to 250 µm, 66% of the original thickness, but 
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decreases slowly afterwards. These values agree well with results in the open 
literature, e.g. [ 33]. ®SIGRACET GDL 10 BA porosity given by the manufacturer is 
88%, and at 66% thickness (250 µm), approximately 39% of the pore volume is lost, 
giving a porosity of ca. 82%.  

 
Figure 36: In-plane gas permeability of SGL ®SIGRACET GDL 10 BA as a function of thickness. 

As shown above, PTL permeability under the channel can be an order of magnitude 
higher than that under the ridge, and reactant flow velocity and pressure loss increase 
due to PTL deformation. This has a notable effect on mass transport especially on the 
cathode side, and should be taken into account in computer models if more realistic 
description of operating conditions is desired.  

Measured electrical conductivity of ®SIGRACET GDL 10 BA in in- and through-
plane directions is given in Figure 37. In-plane conductivity was three to four times 
higher than through-plane conductivity, probably due to orientation of carbon fibers in 
the material. Most fibers are aligned in the in-plane direction and have relatively few 
contact points with fibers above and below at low compression. The number of 
contact points increases with compression, as well as the quality of existing contacts. 
Through-plane conductivity was very low at lowest compression for the same reason. 
The in-plane values were smaller than previously reported, from 5000 to 23000 S m-1 
[ 33  73 ]. However, obtained through-plane conductivity in normal compression range 
(up to 66%) agreed with those previously reported, from 300 to 1400 S m-1 [ 33 
 80   124  128]. Some of the difference can probably be attributed to structural 
differences between PTL materials, but majority to overestimation of contact 
resistance, which leads into overestimation of bulk conductivity. 

Area specific contact resistance values for the interface between the graphite current 
collector and the PTL are presented in Figure 38. The values were obtained by 
simulation using measured conductivity values and error limits were obtained by 
repeating the simulation and varying the values for measured quantities within their 
respective error limits. Contact resistance is strongly dependent on compression. As 
PTL is compressed from 92% to 66% of the original thickness, contact resistance 
decreases by an order of magnitude, due to increase in contact quality and actual 
contact area.  
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Figure 37: In- and through-plane electrical conductivity of SGL ®SIGRACET GDL 10 BA as a 

function of thickness. 

 
Figure 38: Area specific contact resistance between the current collector and SGL ®SIGRACET 

GDL 10 BA as a function of thickness. 

Contact resistance between fuel cell components is discussed in many publications. 
Reported values for contact resistance between the current collector and PTL under 
moderate compression (0.5-2 MPa) fall in the range of 1 to 50 mΩ cm2 [ 33  42  73 
 80  110  120  121 ]. Based on these results, the significance of contact resistance has 
been often overestimated. Large variation of results can probably be explained to 
some extent by differences in material properties, but more probably the cause is 
ignoring the contribution from the bulk of PTL and current collector.  

Resistance contributions from bulk PTL material, PTL-current collector interface and 
bulk current collector are comparable. Using the values measured in publication V for 
through-plane conductivity of PTL at 250 µm, bulk resistance of the PTL is ca. 1.7 
mΩ cm2, and contact resistance between the PTL and current collector was ca. 1 mΩ 
cm2. For the graphite used in the experiments, the bulk conductivity was ca. 70000 S 
m-1. Therefore, the resistance of a 5 mm current collector is approximately 0.7 mΩ 
cm2, which is close to both PTL bulk resistance and PTL-current collector contact 
resistance. 
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Measuring contact resistance between the electrode and the PTL was not successful, 
probably due to numerical problems in the simulation model. However, contact 
resistance at that interface is probably higher than that between the PTL and current 
collector due to the ionomer content in the electrode. Therefore, it can be expected 
that electrical and thermal contact between the electrode and PTL under the channel is 
poor compared to that under flow channel ridges. This produces lateral currents in the 
electrode, as current searches for the path of least resistance. Thus, realistic current 
density distribution is probably very different from those given by models that ignore 
the deformation of porous transport layer under compression and resulting variations 
in mass transport and electrical and thermal contact between cell components [ 129]. 
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10. The effect of NaCl on PEMFC performance 

10.1. Background 
Laboratory PEM fuel cells typically use high purity reactants, which are not 
economically viable for real world applications. In the near future, affordable 
hydrogen will be manufactured from hydrocarbons or biomass by reforming, 
gasification or biological methods, while ambient air is used as the oxidant. In 
addition to a wide range of temperature and humidity conditions, fuel cells will be 
exposed to a number of impurities carried by the reactants. Before full 
commercialization of PEM fuel cells is possible, effects of different contaminants 
must be determined and ways to mitigate the harmful effects found. 

Depending on the type and quantity of the contaminant species, time of exposure, and 
the side of the cell it is present in, i.e. anode or cathode, impurities may affect one or 
more components in the cell. Catalyst poisons, for example carbon monoxide, adsorb 
onto the catalyst surface and block reaction sites interfering with the electrode 
reactions, or alter reaction pathways by inhibiting or promoting certain reactions. 
Other impurities attack the ionomer, increasing resistance to the current carrying ion 
or induce ionomer degradation. In addition to affecting electrochemical operation, 
impurities may also cause corrosion or other surface changes in flow field plates, 
PTLs, pumps, fittings and other hardware. 

On the anode side impurities are usually introduced into the cell with the fuel or 
originate from cell components. Hydrogen rich fuel streams made by reforming 
hydrocarbons such as natural gas, methanol, diesel or gasoline often contain at least 
small amounts of carbon monoxide and dioxide, sulfur compounds, hydrocarbon 
residues and other possibly harmful species. Fuel impurities often poison the catalyst, 
decreasing cell performance by altering reaction kinetics. For some impurities the 
effect is reversible and performance can be restored, but for other contaminants the 
degradation is permanent. The most studied fuel impurity is carbon monoxide, which 
is present in most reformed fuel streams [ 130  131  132  133  134  135  136  137  138  139]. 
Other investigated contaminants include carbon dioxide [ 139  140  141  142], hydrogen 
sulfide [ 143  144  145], ammonia [ 141  146  147  148], and hydrogen peroxide [ 149]. 

Contaminants in the atmosphere have both natural and anthropogenic sources, the 
most important being vehicle and industry exhausts from combustion of fossil fuels. 
In addition to exhaust gases, also fine particles and some naturally occurring species 
may have an adverse effect on fuel cell performance. Although air impurities are 
present in majority of fuel cell operating environments, their effect on fuel cell 
performance has received less attention than fuel impurities. 

Previously, many groups have investigated the effect of some common contaminants 
found in vehicle exhausts: CO, CO2, NO2 and SO2 [ 150  151  152  153]. Moore et al. 
included also some common chemical warfare agents in their study [ 154]. Mepsted 
carried out an extensive study on the effects of common exhaust gas components and 
other contaminants from internal combustion engines, and used several different MEA 
types in his experiments [ 155]. Okada has discussed theoretically the effect of cation 
presence in a PEM fuel cell [ 156  157]. 

There are several approaches for mitigating the harmful effects of fuel and oxidant 
impurities, scrubbing or using high purity hydrogen carriers and optimizing the 
reforming process being the most obvious. In mitigation of the effect of air impurities 
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air filtering has been preferred over contaminant tolerant catalysts. Mechanical and 
chemical filtering can be used to lower the contaminant content of air down to 
tolerable levels [ 152  155  158  159]. 

To a great extent, studies on fuel impurity mitigation have concentrated on increasing 
tolerance to carbon monoxide. Operation at higher temperature, between 120 and 
150°C, would decrease CO adsorption onto the catalyst surface [ 27  133  160  161]. On 
the other hand, it would require ionomers that maintain proton conductivity at higher 
temperature and low humidity, which are developed actively, see for example [ 162 
 163]. CO tolerance can also be improved by alloying the platinum catalyst with other 
materials, which promote oxidation of adsorbed CO. Currently, the most common 
catalyst alloys for CO-tolerant anodes are Pt/Ru and Pt/Ru-based ternary alloys [ 164 
 165  166  167  168  169]. CO oxidation can also be promoted by air bleed, i.e. mixing 
some oxygen into the fuel stream [ 23  168  170  171  172]. This involves some losses in 
fuel conversion to electricity due to direct chemical reaction between H2 and O2, but 
that is only of the order of a few percent [ 23] and performance benefits usually 
outweigh the losses. Similar addition of O2 into the fuel stream can be achieved by 
injecting oxygen evolving compounds, e.g. hydrogen peroxide, into the fuel 
humidification system [ 173  174]. The beneficial effect of an air bleed can be 
enhanced by adding a CO selective catalyst layer between the flow channel and the 
electrode [ 24  25  175  176]. 

Publication VI concentrates on the effect of sodium chloride in the cathode side on 
PEMFC performance. NaCl from sea water is present in the atmosphere as aerosol on 
coastal areas, and is used as deicer on roads, which makes it a very relevant air 
impurity considering fuel cell powered vehicles. Harmful effects of metal anions on 
Nafion® conductivity are well documented [ 156  157  177  178  179  180  181  182  183] 
and chloride ions are a known catalyst poison, see e.g. [ 184  185], but studies of the 
effect of NaCl on PEMFC performance are scarce in the open literature. 

10.2. Experimental methods and setup 
The effect of NaCl on fuel cell operation was studied by injecting NaCl solution into 
cathode air stream of an operating PEM fuel cell and observing cell performance by 
several methods. These methods included polarization and high frequency resistance 
(HFR, 8 kHz) measurements at intervals to monitor performance change in time, and 
cyclic voltammetry in order to detect signs of catalyst poisoning. Furthermore, the 
effect of NaCl on Pt/C electrode was studied for reference in ex situ test. A single Pt/C 
electrode was prepared on glassy carbon and immersed in a H2SO4 solution, and 
cyclic voltammograms were recorded. Subsequently, NaCl was added into the 
solution and another set of voltammograms was recorded. 

Fuel cell experiments were conducted using a 25 cm2 cell with double sided E-TEK 
ELAT® porous transport layer on the anode side, E-TEK ELAT® v2.22 on the cathode 
and a Nafion® 112 membrane with thin film electrodes prepared following the Los 
Alamos National Laboratory standard procedure [ 186]. Platinum loading was ca. 0.2 
mg cm-2 for both electrodes. 

Cell temperature was 80°C and anode and cathode reactant humidification 
temperatures were 105°C and 85°C, respectively. Reactant flow rates were constant, 
500 cm3 min-1 (NTP) for dry hydrogen and 2100 cm3 min-1 (NTP) for dry air at a total 
pressure of 2.9 bar(a). These flow rates correspond to stoichiometric factors of 2.9 and 
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5.1 for hydrogen and air, respectively, at a current density of 1 A cm-2. The chosen 
operating conditions are similar to those used in automotive applications. 

1 M NaCl solution was prepared using ACS reagent grade NaCl and deionized water. 
The solution was injected into cathode side air stream at 1 cm3 min-1 from a 
pressurized reservoir and flow rate was controlled by a needle valve downstream from 
the reservoir. The flow rate was chosen so that it did not initially cause flooding in the 
cell. 

The cell was operated at a constant voltage of 0.6 V during the NaCl injection test and 
average current density was recorded. After stopping NaCl injection, the cell was 
operated on neat air to study recovery from NaCl-induced performance loss. During 
the experiment, polarization and resistance curves were recorded at intervals. Cyclic 
voltammograms were recorded before the NaCl injection and after the recovery 
period. 

10.3. Results and discussion 
Current density vs. time curve recorded at constant voltage during the NaCl injection 
test is presented in Figure 39. NaCl injection was started at t = 0 h and continued until 
t = 99.2 h. Polarization and resistance curves, which are presented in Figure 40, were 
recorded at times indicated in Figure 39.  

 
Figure 39: Current vs. time curve recorded at constant voltage (0.6 V) while injecting 1.0 M NaCl 

into the cathode air stream at 1 cm3 min-1, and recovery on neat air. Polarization curves were 
recorded at a) 1.1h b) 53.4h c) 71.6h d) 99.2h e) 167.3h 

Onset of performance degradation is delayed ca. 24 h despite the fact that the injected 
NaCl solution contains enough Na+ to replace every proton in the membrane in every 
15 seconds. The delay leads to the conclusion that sodium ions are transported to the 
MEA by diffusion in liquid, since diffusion in solid phase would be much slower and 
convective transport faster. Diffusion through graphite parts in the PTLs can not be 
ruled out as a secondary transport mechanism, since NaCl was seen to diffuse through 
graphite flow field plates, making them a long term NaCl source. After the initial 
onset of performance degradation, the rate of current density decay was ca. 4 mA cm-2 
h-1 and was nearly linear after the first 30 hours. The plateau from 35 to 45 h was 
caused by NaCl pump malfunction. 
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Figure 40: IR-compensated polarization and high frequency resistance curves recorded before, 

during and after the NaCl injection test. The polarization curves were recorded at a) 1.1 h b) 53.4 
h c) 71.6 h d) 99.2 h e) 167.3 h. 

An interesting feature can be seen in the polarization curves in Figure 40a, IR-
compensated by the measured HFR values, see Figure 40b. Polarization curves here 
do show indications of other loss mechanisms than ohmic overpotential – The curves 
overlap at low current densities, thus the activation overpotential was not affected, 
and curves do not bend down at higher current densities, which would be an 
indication of mass transport overpotential. Still, IR-compensation by the measured 
HFR values does not suffice to restore the current density – voltage curves back to the 
initial level. 

Probable explanation for this phenomenon is the inclusion of contributions from both 
H+ and Na+ conductivity in the membrane into measured HFR. Mobility of Na+ in the 
membrane is lower than that of H+; therefore the measured HFR increases as sodium 
ions replace protons. However, the increase in real resistance experienced by protons 
is steeper since the number of available acid sites is constant and the ratio of protons 
to sodium ions decreases. Fuel cell performance depends only on H+ conductivity, 
since they are the only species that can carry current through the membrane. While 
sodium ions have the same electrical charge as protons, they are not reduced at the 
cathode, because the reduction potential of Na+ is 2.71 V, which is outside the 
operating conditions of a PEM fuel cell.  

If assumed that only the ohmic overpotential is increased by NaCl injection, the 
resistance experienced by protons can be calculated from the measured polarization 
curves. This is done by finding a resistance values that would make all IR-
compensated polarization curves overlap with the first one. The least squares method 
was used obtain the resistance values (Rcalc) presented in Figure 41a, which contains 
also the measured HFR values for reference. Polarization curves in Figure 41b are IR -
compensated by Rcalc values and match the original curve well. This indicates that 
ohmic loss is the primary loss mechanism affected by NaCl injection.  

Measured HFR increased by ca. 29% during the experiment, while Rcalc after the NaCl 
injection was 138% higher than the original HFR. However, fuel cell performance 
dropped only by 33%, despite the large decrease in proton conductivity.  
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Figure 41: Calculated total resistance for polarization curves a) - e) in Figure 39, divided into 

measured HFR and contribution from other sources. b) Polarization curves from Figure 39, IR-
compensated with the calculated resistance values (Rcalc). 

The assumption that ohmic loss is the only overpotential affected by the presence of 
NaCl, was supported by cyclic voltammetry after the NaCl injection test. Although 
the ex situ single electrode tests in H2SO4 solution containing NaCl indicated that Cl- 
adsorbs onto the Pt catalyst and changes adsorption/desorption behavior of hydrogen, 
cyclic voltammograms from the fuel cell did not have any indication of chloride 
presence on the catalyst surface, see Figure 42. 

 
Figure 42: Cyclic voltammograms of cathode side electrode before and after NaCl injection test. 

Scan rate 10 mV s-1, scan range 0.1 – 1.4 V vs. SHE. 

Furthermore, recovery from NaCl was investigated by operating the cell continuously 
after stopping the NaCl injection for ca. 60 hours. Cell performance kept dropping for 
the first 10 hours after switching off the NaCl pump, indicating that the NaCl already 
in the cell did not flush out instantly. After that cell voltage stabilized and did not 
change significantly during the next 50 hours. 

As a conclusion, the major effect of NaCl contamination in a PEM fuel cell is the 
replacement of protons by sodium ions in the ionomer. This increases the protonic 
resistance of the membrane, thus decreasing performance, and performance loss is 
irrecoverable under normal operating conditions. Presence of NaCl in the cathode side 
did not affect activation or mass transport overpotential. However, these results apply 
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only to the hardware and operating conditions used in this work and results may be 
different under other conditions. Furthermore, the injection rate of NaCl was five to 
six orders of magnitude larger than those likely to occur naturally. Still, proton 
replacement by sodium ions can be expected to occur under all relevant operating 
conditions, and exposure of PEM fuel cell systems to NaCl should be minimized in 
order to avoid performance loss. 
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11. Summary and conclusions 
The work in this thesis concentrates on investigating the limiting factors of PEMFC 
cathode performance. PEMFC cathode is a major contributor to cell losses, which are 
connected to oxygen reduction reaction, oxygen transport and water management. 
Furthermore, the cathode is exposed to impurities in the surrounding atmosphere. 
Oxygen transport and water management issues as well as the effect of air impurities 
are included in this study. The activation overpotential of oxygen reduction reaction is 
an electrochemical issue, involving catalyst and electrode development, and thus 
outside the scope of this thesis.  

The main goal was to gain a better understanding of the effect of physical properties 
of cell components on mass transfer on the cathode and on cathode performance. The 
study on the effect of air impurities concentrated on one common impurity relevant 
for transportation applications of PEM fuel cells. Additionally, new measurement and 
analysis methods were developed. 

Essential part for fuel cell operation and the focal point of this work was the porous 
transport layer. Properties of the cathode porous transport layer affect the 
transportation of oxygen and electric current as well as water management. Despite 
their evident importance, porous transport layers have received little research 
attention. In publication IV, an improved characterization method for porous transport 
layer performance under one and two phase conditions was presented, and correlation 
between the physical properties and cell performance was investigated. However, no 
clear correlation was found. During the work, the variations in contact pressure and 
contact resistance between cell components, which create current density and 
temperature variations, were observed and suggestive values for previously poorly 
known material properties, such as thermal conductivity and electrical contact 
resistance, were obtained. Furthermore, analysis of experimental results confirmed 
that the flooding of PEMFC cathode side begins in the porous transport layer, not in 
the electrode. Additionally, the performance of several porous transport layer 
materials was compared under different operating conditions.  

Porous transport layer investigation continues in publication V. The focus was on the 
effect of inhomogeneous compression on porous transport layer caused by the 
channel-ridge structure of flow field plates, and the physical properties of porous 
transport layer materials under compression. New methods were developed for 
measuring the electrical bulk conductivity of the PTL and contact resistance at the 
PTL-flow field plate interface as a function of compression. Results include values for 
previously poorly known physical property parameters. Previous studies were found 
to overestimate the contribution from contact resistance at the interfaces because 
current collector resistance and the effects of compression on bulk conductivity of 
PTL are ignored.  

Uneven contact pressure distribution between cell components stems from the 
pliability of porous transport layers. A rigid porous transport layer material would 
alleviate the problem and make possible the construction of free-breathing fuel cells 
with large open cathode area without additional support structures. In publication III, 
titanium sinter was studied as an option. Mechanical properties of titanium sinters are 
acceptable and material cost is affordable, but its water management properties are 
lacking and contact resistance between the sinter and other components is high. 
However, titanium sinters might have potential for some applications, especially if the 
problem with high contact resistance can be solved. 
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Publication VI presents a study on the effect of sodium chloride in the cathode air 
stream on PEM fuel cell performance. Sodium chloride was chosen due to its 
presence in the atmosphere offshore and in coastal regions, and its use as a road 
deicer. Thereby, the effect of sodium chloride was investigated under operating 
conditions that are relevant for automotive PEMFC applications. The presence of 
NaCl in the cathode was found to cause an irreversible performance loss due to proton 
replacement by sodium ions in the ionomer. Chloride ions were not observed to harm 
PEMFC performance. 

New measurement methods were developed during this work. In publication I, the 
application of current interruption method for resistance measurement of a unit cell in 
a fuel cell stack is presented. Combined with unit cell voltage measurement, 
resistance measurements facilitate locating and identifying performance problems. In 
publication II, an apparatus for measuring current density distributions from a free-
breathing PEMFC is introduced. Current density distribution measurements enable 
studying the effect of ambient conditions on fuel cell performance and efficient use of 
active cell area. Furthermore, the device can be used in developing passive control 
methods for free-breathing fuel cells. 

As a result of this effort, new methods for PEM fuel cell and porous transport layer 
performance analysis and characterization were developed, and insight was gained on 
current density distribution in free-breathing fuel cells. This information is useful for 
developing more efficient passive control methods and free-breathing PEM fuel cells. 
The effect of porous transport layer properties on water management and mass and 
charge transport in the cathode is now understood better. Furthermore, values for 
previously poorly known material parameters were obtained, enabling modelers to 
develop more accurate models that take local phenomena into account. The effect of a 
common air impurity, sodium chloride, on PEM fuel cell performance was 
investigated and the action of the impurity on cell components was determined. This 
information can be used by automotive companies that have to consider the effect of 
air impurities on the performance of fuel cell power sources in vehicles. 

Based on the work here, the following topics were found to warrant further research. 
The relation between the physical properties of porous transport layers and fuel cell 
performance is not established. Insight into gas and liquid transport process in the 
porous transport layer is needed. New testing and characterization methods are needed 
to better understand the critical processes and parameters of porous transport layers, 
especially in the presence of liquid water. 

As a result, fuel cell models often include parameter values for porous transport layer 
and other properties that are based on estimations and best guesses. To improve 
accuracy, these parameters should be determined and applied into the models. 
Furthermore, models should take into account the local variations in material 
properties and contact pressure between components. These create local variations in 
reactant, water, heat and charge transport, which lead into emergence of current 
density distribution. Including local phenomena into computer models would provide 
new insight into fuel cell operation. 

Before commercialization, the effect of various air impurities on PEM fuel cell 
performance and durability should be investigated. Many operating environments 
contain harmful compounds, and therefore development of impurity tolerant catalysts 
and other materials, as well as filtering methods should be pursued. 
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