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Abstract
Polymer electrolyte fuel cells (PEFC) convert chemical energy into electrical
energy with higher efficiency than internal combustion engines. They are
particularly suited for transportation applications or portable devices owing to their
high power density and low operating temperature. The latter is however
detrimental to the kinetics of electrochemical reactions and in particular to the
reduction of oxygen at the cathode. The latter reaction requires enhancing by the
very best catalyst, today platinum. Even so, the cathode is responsible for the main
loss of voltage in the cell. Moreover, the scarce and expensive nature of platinum
craves the optimisation of its use.

The purpose of this thesis was to better understand the functioning of the porous
cathode in the PEFC. This was achieved by developing physical models to predict
the response of the cathode to steady-state polarisation, current interruption (CI) and
electrochemical impedance spectroscopy (EIS), and by comparing these results to
experimental ones. The models account for the kinetics of the oxygen reduction as
well as for the transport of the reactants throughout the cathode, i.e. diffusion of
gases and proton migration. The agglomerate structure was assumed for the descrip-
tion of the internal structure of the cathode. The electrochemical experiments were
performed on electrodes having a surface of 0.5 cm2 using a laboratory fuel cell.

The response of the cathode to various electrode compositions, thickness, oxygen
pressure and relative humidity was experimentally investigated with steady-state
polarisation, EIS and CI techniques. It is shown that a content in the cathode of 35-
43 wt % of Nafion, the polymer electrolyte, gave the best performance. Such
cathodes display a doubling of the apparent Tafel slope at high current density. In
this region, the current is proportional to the cathode thickness and to the oxygen
pressure, which, according to the agglomerate model, corresponds to limitation by
oxygen diffusion in the agglomerates. The same analysis was made using EIS.
Moreover, experimental results showed that the Tafel slope increases for decreasing
relative humidity. For Nafion contents lower than 35 wt %, the cathode becomes
limited by proton migration too. For Nafion contents larger than 40 wt %, the
cathode performance at high current density decreases again owing to an additional
mass transport. The latter is believed to be oxygen diffusion throughout the cathode.
The activity for oxygen reduction of catalysts based on iron acetate adsorbed on a
carbon powder and pyrolysed at 900°C in ammonia atmosphere was also
investigated. It was shown that the choice of carbon has a tremendous effect. The
best catalysts were, on a weight basis, as active as platinum.

Keywords:
polymer electrolyte fuel cell, cathode, mass transport, porous electrode,
modelling, agglomerate model, electrochemical impedance spectroscopy,
current interrupt, transient techniques, non-noble catalysts
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Sammanfattning
Polymerelektrolytbränsleceller (PEFC) förvandlar kemisk energi till elektrisk energi
med en högre verkningsgrad än förbränningsmotorer. De är särskilt lämpliga i
fordon eller bärbara tillämpningar på grund av sin höga effekttäthet och låga
driftstemperatur. Den sistnämnda utgör dock en nackdel för de elektrokemiska
reaktionernas kinetik och i synnerhet för syrereduktion vid katoden. För att höja
syrereduktionens hastighet måste den bästa katalysatorn användas, idag platina.
Trots detta står katoden för det huvudsakliga spänningsfallet i cellen. Dessutom är
platina ett kostsamt material med begränsad tillgänglighet vilket innebär att dess
användning måste optimeras.

Syftet med avhandlingen var att öka förståelsen för den porösa katodens beteende i
PEFC. Detta möjliggjordes med hjälp av fysikaliska modeller som simulerar
katodens respons vid steady-state polarisationskurvor, strömbrytning (CI) och
elektrokemisk impedansspektroskopi (EIS) samt genom att jämföra teoretiska och
experimentella resultat. Modellerna tar hänsyn till syrereduktionskinetik samt
reaktanternas transport genom elektroden, d.v.s. gasdiffusion och protonmigration.
Katodens inre struktur beskrivs i modellerna som agglomerat. Elektrokemiska
experiment genomfördes på elektroder med en yta av 0.5 cm2 i en laboratorie-
bränslecell.

Katodens sätt att reagera vid olika elektrodsammansättningar, tjocklek, syrgas
partialtryck och relativ fuktighet undersöktes experimentellt med steady-state, EIS
och CI tekniker. Det framgick att bäst prestanda erhålls när andelen
polymerelektrolyt i katoden, Nafion, ligger mellan 35 och 43 viktsprocent. Då visar
katoden en tydlig fördubbling av den synbara Tafellutningen vid hög strömtäthet.
I detta område är strömmen proportionell med katodens tjocklek och syrgastryck,
vilket, enligt agglomeratmodellen, stämmer överens med begränsning p.g.a långsam
syrediffusion i agglomeraten. Samma analys gjordes med EIS. Dessutom visade de
experimentella resultaten att Tafellutningen ökar med minskad relativ fuktighet.
Utöver det blir en katod som har en Nafionhalt lägre än 35 viktsprocent begränsad
p.g.a protonmigration. När Nafionhalten  överstiger 40 viktsprocent försämras
katodens prestanda vid hög strömtäthet. Detta tyder på en ytterligare
masstransportbegränsning som visar flera tecken på att vara långsam syrediffusion
genom elektroden. Järnacetat adsorberat på olika kolpulver och pyrolyserat vid
900°C i ammoniakatmosfär undersöktes som katalysator för syrereduktion. Studien
visar att kolet har en väldig effekt. De bästa erhållna katalysatorer var lika aktiva,
per vikt, som platina.

Nyckelord:
Polymerelektrolytbränslecell, katod, masstransport, porös elektrod,
modellering, agglomeratmodell, elektrokemisk impedansspektroskopi,
strömbrytning, transienta tekniker, icke ädelmetalkatalysator
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1. Foreword
This thesis is the result of my work at KTH, Tillämpad Elektrokemi, between April
1998 and March 2003. The work was done within the MISTRA programme “ Fuel
Cells and Batteries for a Better Environment ”. This programme involves the major
Swedish universities and was initially supported by Ericsson, Volvo and Höganäs.
In the course of the programme, Ericsson left and ABB and other companies
entered the programme.
Prior to the launch of this programme, only one PhD student, Kristine Dannenberg,
had been doing research on polymer electrolyte fuel cells (PEFC) at this laboratory
since 1995. With the MISTRA programme, three PhD students started to work on
polymer fuel cells at Tillämpad Elektrokemi. Since then, low temperature fuel cells
became a hip subject and no less than eight students are presently working on PEFC
and direct methanol fuel cells. Despite the cross-university aspect of the MISTRA
programme, my specific work did not involve people from other Swedish
universities. This isolation was largely compensated for by much cooperation with
colleagues from Tillämpad Elektrokemi, a stay at INRS, Montréal (professor Jean-
Pol Dodelet), and in my late studies, a project with Yann Bultel from ENSEEG,
France, who was guest researcher at our laboratory for two months.

This thesis is directed to people interested in fuel cells or porous electrodes, from a
modelling and/or an experimental point of view, who have a background in physical
chemistry and electrochemistry. The thesis is structured as follows: Chapter 2 is
fairly descriptive and goes through the basics of fuel cells and the kinetics of
irreversible electrochemical reactions. Chapter 3 is concerned with the
mathematical treatment of the fundamental laws describing the transport of
reactants in the porous cathode and their coupling to electrochemical kinetics.
People that are either very, or very little, acquainted with such modelling may skim
through the basic laws and assumptions of the model and go on to chapter 5 that
presents the modelling results. Table I of paper IV and Table 5.1 are a digest of the
modelling results and the pivot of this thesis. The understanding or awareness of
these Tables is a requisite in order to follow the discussion of the experimental
results contained in papers III, V and VI (chapter 6 of the thesis). Chapter 4 is
concerned with the experimental methods, the electrode fabrication and the
synthesis of non-noble catalysts of type FeN/C. The first half of chapter 6 reports
the electrochemical investigation of cathodes based on platinum deposited on
Vulcan (Vulcan is a commercial carbon powder) and the analysis of these data
using the steady-state and dynamic models, as well as the electrochemical
investigation of the iron-based catalysts. The second half of chapter 6 is concerned
with the structural, ex-situ, investigation of the Pt/Vulcan cathodes and of the iron-
based catalytic powders.
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2. Introduction
2.1 Why study fuel cells?

The role fuel cells may play in a futuristic, sustainable and clean production of
energy is briefly exposed. An overview of the required techniques and possible
scenarios for a switch to sustainable development has been presented for example
by Dell et al and Conte et al.1,2 By sustainable is meant energy which can be
harnessed to provide the world with a large share of the energy demand without
modification of its flux (solar, wind) or/and stock (coal, crude oil). The tremendous
growth of the human population and economy from the 19th century on has banned
many energy resources from that definition since the regeneration rates of energy
feedstocks have become negligible compared to their consumption rates, while the
stocks cannot last for ever under such a burden. In 1998, coal, gas and crude oil
supplied 80 % of the total primary energy in the world.1 The concept of cleanness of
an energy is by far and large restricted by the very same factors. For instance,
carbon dioxide, directly harmless to people, is fiercely debated to be responsible for
the global warming of the planet's climate.

Fuel cells are electrochemical engines that directly convert chemical energy into
electrical energy and may be classified as low (0-100°C) or high-temperature (600-
1000°C) fuel cells. As opposed to batteries, fuel cells enable the fuel to be stored in
a separate tank, and the fuel is supplied on demand. The efficiency of fuel cells can
be far superior to that of combustion engines, particularly at low loads, which
makes low-temperature fuel cells attractive for urban traffic. This advantage is
reinforced by the zero tailpipe emission of hydrogen (H2)-fed fuel cells. Low-
temperature fuel cells are also suitable for medium-size power plants for buildings
and town areas. In these applications, both electricity and heat are profitable
products and this demand is best met with fuel cells since the ratio of electrical-to-
heat energy can be tuned via the cell voltage. The major advantage of fuel cells is
their high efficiency. Why is efficiency so important? Though a shortage of oil and
natural gas is not expected to occur before the end of this century, their prices will
hopefully increase long before that, making renewable energies progressively more
competitive.3 Thus, techniques related to sustainable energies ought to be developed
now. The energy produced by these new techniques can be converted, stored and
distributed in the form of hydrogen (H2). Thus, H2 is the product of primary energy
sources and one does not want to squander it. Fuel cells are the most efficient
device to convert H2 into electricity, and this is why they are interesting. Low-
temperature fuel cells require either pure H2 or methanol, while high-temperature
fuel cells can also operate on natural gas or reformed H2. Although hydrogen can be
produced from non-renewable or renewable energies, in the long term, the latter
option is the only acceptable one. The former option can be a short-term means to
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introduce fuel cells on the market. Hydrogen can be reformed from oil, natural gas
or methanol, but such fuels then contain high levels of carbon monoxide (CO)
which poisons low-temperature fuel cells, and more important, is very dangerous
for people as well. This poisoning detracts from such fuel cells their essential
advantage, i.e. their high efficiency. Hydrogen can be produced by electrolysing
water. Any kind of electricity can be used, but the assessment of the well-to-wheel
sustainability and cleanness of the cycle involves the process by which the
electricity is to be produced. It can be a coal or nuclear plant, hydro-electricity, from
biomass combustion, solar or wind electricity. Nuclear energy presents the
advantage of being CO2-free but produces burdensome radioactive wastes. The
coupling of hydrogen technology to renewable energies can be particularly fruitful.
Solar and wind energies are typical examples of a fluctuating energy production
which invariably does not match the energy demand. This temporary mismatch can
be smoothed away by storing the excess energy in the form of H2 through water
electrolysis. On demand, the H2 can later be reconverted to electricity using fuel
cells. To conclude, hydrogen allows for a distributed production of energy with
efficient plants down to the kilowatt level. Hydrogen could be produced anywhere
in the world where water and some source of energy coexist in order to split the
water into H2 and O2. Fuel cells represent the most effective alternative to convert
hydrogen into electricity. In the long-term, fuel cells will help build a sustainable
production of energy only if they are fed with a fuel, most probably hydrogen,
which is produced from sustainable energies.

The most difficult market to penetrate will probably be that of transportation
(especially cars) because of the low price of internal combustion engines and
because the development of low-temperature fuel cells will ultimately be bound to
the platinum availability. The target of component costs for polymer electrolyte fuel
cells (PEFC) lies at about 50 $ kW-1. Today, the most expensive component is the
polymer membrane. At a price of 500 $ m-2 (Nafion from Dupont) and assuming a
power density of 0.3 W cm-2, it gives a material cost for Nafion of 167 $ kW-1. Its
cost could decrease to 50 $ m-2 for a large scale production.4 Indeed, this decrease is
a prerequisite for the commercialisation of fuel cells if no other suitable polymers
are developed. Unlike the cost of other components, the platinum (Pt) cost will
likely increase with rising production of fuel cells. Today, 75 % of the Pt production
and 94 % of its reserves are located in South Africa.5 Assuming a Pt loading in the
electrodes of 0.2 mg cm-2 and a power density of 0.3 W cm-2, the Pt cost reaches 14
$ kW-1 (Pt costs 21 $ g-1, Dec. 2002). For the sake of comparison, a fuel cell
powered car requires ten times more Pt than internal combustion engines (30
against 1-3 g). If the entire annual production of Pt (0.17 Gg in 2000) were allocated
to fuel cell engines, about 6 millions of them could be produced. But Pt has other
end-users, essentially jewellery, which will compete for the Pt too. The identified
world reserves of Pt are 66 Gg in year 2000.5 The platinum required for a stack can
be decreased only by improving the electrodes, changing or modifying the catalyst,



4

or operating at higher temperature. The latter suggestion requires the development
of new polymer membranes. Stringent measures will probably be adopted to reach a
high recycling rate of the Pt contained in fuel cell engines.6 Last, the cost of bipolar
plates and peripherals based on graphite composites or stainless steel is expected to
decrease to 60 $ m-2 for a large scale production4 yielding a cost of 20 $ kW-1

assuming a power density of 0.3 W cm-2. Thus, the target of 50 $ kW-1 for the
material cost for PEFC commercialisation seems reachable.

2.2 Scope of this thesis

The incentive of this thesis resides in the understanding of the electrochemical
performance of the cathode in the polymer electrolyte fuel cell (PEFC). What does
performance in this context mean? The electrical power density of a fuel cell (in W
per cm2 of electrode and membrane package) is equal to the cell voltage times the
current density. The cell voltage is determined by the performance of the anode, of
the cathode and of the polymer electrolyte membrane. It is maximal at rest (about
one volt in practice) but decreases when a current is produced. This decrease is the
lumped effect of irreversible losses occurring in the electrodes and in the polymer
electrolyte. The practical objective is then to build a cell that produces as high a
current density as possible at a given voltage, both for efficiency and power density
targets. Each of the three mentioned components can be developed and studied
separately from each other. In this thesis, the focus is on the cathode. Currently,
much work is being dedicated to understanding and improving the anode tolerance
to poisons such as carbon monoxide, present in reformed hydrogen. In such
systems, the anode and cathode equally limit the cell performance. However, in the
long term, pure hydrogen will have to be used in most applications; the anode
reaction becomes then very fast and the cathode is by far the major source of losses
due to the slow kinetics of the oxygen reduction reaction (ORR). The understanding
of the cathode functioning is thus an important task for optimising current cathodes
but also for providing guidelines for the incorporation of new materials.

The goal of this study is to puzzle out which processes affect the cathode
performance in the PEFC; how several processes simultaneously limiting the
cathode may be distinguished and how values for physical parameters describing
the kinetics of the O2 reduction reaction (ORR) and the transport of the reactants
can be obtained from electrochemical experiments. In order to reach these goals, the
following practical tasks were dealt with:

•  development of models based on physical laws describing the rate of electron
transfer at the catalyst-electrolyte interface, transport of reactants and products
in and out of the porous cathode

• experimental investigation of thin-film cathodes, processing of the experimental
data with models in order to yield kinetic and mass-transport parameters

• investigation of non-noble catalysts for the ORR in acidic medium.
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2.3 Cell reactions and components

Figure 2.3-a depicts the construction of a polymer electrolyte fuel cell (PEFC). The
main components are the polymer electrolyte membrane (label 1), the anode (2) and
the cathode (3). When the cell does not produce any current, each electrode takes on
an equilibrium potential which depends of the gas it is surrounded by. For an O2/H2

fuel cell, the difference between the electric potentials of the electrodes (cell
voltage) is about 1.2 V at equilibrium. When the cell delivers a current, the overall
reaction is

O  H 2 H O2 2 2+ →2 cell (1)

The overall reaction (1) is split into two half-cell reactions occurring separately at
the electrodes. The way the overall reaction is split depends on the nature of the
electrolyte. In the PEFC, which is a low-temperature fuel cell based on an acid
electrolyte, protons (H+) are the charge carriers and the two half-cell reactions are

2 H   4 H  4 e2
+ -→ + anode, negative pole (2)

O 4 H 4 e 2 H O2 2+ + →+ − cathode, positive pole (3)

1
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Fig. 2.3-a Scheme of a single-cell fuel cell. 1 membrane electrolyte, 2 anode,

3 cathode, 4 anode gas-backing, 5 cathode gas backing, 6 anode

current-collector, 7 cathode current-collector, 8 sealing, 9 gas channels.

The electrons produced at the anode side travel to the cathode side through an
external circuit connecting the electrodes. It is this current times the residual cell
voltage which represents the electric power delivered by the cell. Gases enter the
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cell via gas channels machined in the current collectors (labels 6,7). Fuel cells are
generally not dead-end reactors and surplus H2 and O2 are evacuated together with
the produced water. Porous gas backings (labels 4,5) are inserted between the
current collectors and the electrodes in order to evenly disperse the gases. The
polymer electrolyte (label 1) is a cation exchange membrane having a good
conductivity for protons. Usually, gases at both electrodes are humidified prior to
the cell inlet because of the strong dependence of the membrane conductivity on its
water content. Graphite or stainless steel are suitable materials for the current
collectors. Finally, the electrodes (2,3) contain a carbon powder and a catalyst,
usually Pt, finely dispersed onto carbon. The Pt/C powder is impregnated with a
proton-conducting polymer at some stage of the electrode fabrication. Table 2.3
summarises the functions of each component of a PEFC. Most of the components
are multifunctional, especially the electrodes.

component number
on Fig.2.3-a

typical
thickness/ µm

functions

polymer electrolyte
membrane

1 20-100 transport protons
separate H2 & O2 gases

cathode (anode) 3 (2) 2-20 produce current
transport electrons, H+, O2 (H2)
and heat

cathode (anode)
gas backing

5 (4) 100-500 distribute gases
transport heat and electrons

cathode (anode)
current-collector

7 (6) same as backings +
mechanical support

Table 2.3 The functions of the components of a polymer electrolyte fuel cell

These electrodes have a certain depth. Thus, for the electrochemical reactions to
proceed well in their entire volume, they must display good transport properties for
all species involved in the electrochemical reactions (2) & (3). Such electrodes are
called porous electrodes or gas diffusion electrodes (GDE). The concepts of
irreversible losses and cell efficiency are now shortly reviewed. When the cell
delivers current, its potential becomes lower than the rest potential because of
irreversible losses occurring in its various components. These losses mean that the
chemical energy is partly converted into heat instead of electric energy. Thus, the
efficiency of the chemical-to-electrical energy conversion is directly proportional to
the cell voltage. What are these irreversible losses? The organised flows of protons
and electrons imply potential drops across the membrane, across the current
collectors and electrodes, as well as a potential drop at the interfaces between the
catalyst and the electrolyte due to slow electron transfer. Moreover, the
consumption of hydrogen and oxygen may lead to depletion of reactants at the
electrodes, hampering the pace of the electrochemical reactions.
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2.4 Electron transfer across the catalyst-electrolyte
      interface: ORR kinetics

The cathode is the main source of energy losses in a PEFC due to the slow kinetics
of the oxygen reduction reaction (ORR). The ORR involves four electrons (reaction
3) but it is most improbable that this reaction occurs in a single step; so the true
reaction mechanism is much more complex than the net reaction balance (3). In this
work, the focus is not on gaining understanding on the precise mechanism of the
ORR, but on how this reaction interacts with  reactant transport in the porous
cathode. Therefore, a simple approach for the kinetics of the ORR is adopted. The
rate at which O2 is reduced onto a catalyst is steered by the difference between the
electric potential of the catalyst, E, and the equilibrium potential of the ORR, Eth. In
simple words, one has to pay a toll price in the form of potential loss in order to get
a current. In this work, the current density of the ORR per unit surface of catalyst,
is,F, is assumed to obey a Tafel law, being first order in oxygen concentration
according to experimental results obtained by, for instance, Parthasarathy et al,7

yielding the following form
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[2.4]

where i0 is the exchange current density, αr the cathodic transfer coefficient of the
ORR, E the electric potential of the cathode, η the overpotential, c the O2

concentration at the catalyst surface, c* the O2 concentration at rest, and the
superscript 0 indicates the standard state. By convention, the current is chosen to be
negative for a reduction reaction. Note that this equation cannot predict a current
identically zero because the rate of the reversal reaction is neglected. This
assumption is valid when the overpotential is larger than about 50 mV in absolute
value, which will always be the case in the simulation and experimental works. In
order to express a reaction rate, one can always choose between the electrode
potential, E, and the overpotential, η, as a variable. When using η, one has to pay
attention to the fact that the thermodynamic potential Eth depends on c*. Equation
2.4 says that, as long as O2 diffusion is fast, that is c equals c*, the current density
increases exponentially with E (or η). In such a regime, the potential has to be
decreased by a value equal to b = RT·log(10)/αrF in order to increase the current
density by a factor ten; b is called the Tafel slope.
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2.5 Issues in the development of materials and their incor-
      poration into PEFC cathodes during the last ten years

This section reviews the investigations undertaken by the scientific community
during the last decade with the objective of either improving the cathode
performance or decreasing its cost. The invention of thin-film electrodes by the
group at Los Alamos National Laboratory in the early 90's became the ground for
renewed research on PEFC and on such electrodes worldwide.8-10 These electrodes
enabled the Pt loading to be decreased from 4 to 0.1 mg cm-2 without cutting down
their performance. A first progress was achieved by impregnating commercial
electrodes of that time with a solution of Nafion in order to extend the catalyst-
electrolyte contact and improve the proton-conducting path throughout the
electrode.11 The fabrication was then completely rethought, and the electrodes were
formed on the polymer membrane rather than on the gas backing.8-10

The following is a short description of the preparation method. The catalyst
(platinum nanoparticles dispersed on high-surface carbon powder), a solution of
Nafion, an additional solvent (glycerol, propanol...) and water are thoroughly mixed
using ultrasound to form the electrode ink. The electrodes are formed by painting or
spraying the ink on both sides of the membrane, and the solvents are evaporated.9

Next, the membrane and the electrodes may be hot-pressed (120-150°C, 70-90
bars),8 though it is not mandatory in order to obtain good performance at short
times, e.g. 100 h operation.9 However, it might be determining for the long-time
performance of such electrodes.10 Finally, an option in the procedure is to exchange,
prior to fabrication, the protons of the solubilised Nafion and of the Nafion
membrane by another cation, e.g. sodium or tetrabutylammonium.8-10 This operation
improves the thermoplastic properties of Nafion, thereby allowing the temperature
of the hot-pressing stage to be raised to 200°C. Nafion is then exchanged back to
the proton form when the membrane-electrode-assembly (MEA) is ready. Initially,
these electrodes were believed to be compact and pore-free. Later on, they were
shown to possess a pore system representing about 35 % of the electrode
volume.12,13 It is fortunate that some porosity is procured by the fabrication method
since it promotes fast transport for the reacting gases and for the produced water.

Thus, the keys for achieving good performance with such electrodes reside in the
construction of (i)  a large interface area between the platinum/carbon (Pt/C) and the
polymer electrolyte, (ii) a good percolation of the solid and polymer phases
throughout the electrode, and (iii) a pore system so as to minimise the average
distance between the Pt/C surface and the nearest polymer-pore interface. The first
criterion determines the cathode kinetics, the second the transport of electrons and
protons, and the third the transport of O2 from the gas phase to the surface of
catalytic particles. Figure 2.5-a shows the "recipe triangle" where each vertex A, B,
C corresponds to a constituent of the thin-film cathodes. Any recipe involving these
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three constituents can be represented by a single point, D, in the triangle. The length
of the segment DDA is proportional to the weight percentage of component A in the
cathode. The same is true for DDB and DDC. The length of the three segments end
to end is always equal to the triangle median, representing 100 %. Thus, there are at
least five degrees of freedom in the cathode recipe; three for the choice of catalyst,
carbon and polymer and two more for the proportion of each material in the
cathode.
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Fig. 2.5-a Ternary diagram for the cathode. Each triangle base represents 0 wt %

of a material and the opposite vertex 100 wt % of the same material.

According to this, previous works are classified as investigations on (a) catalysts for
the ORR, (b) carbon supports, (c) polymer electrolytes in the cathode, (d) the ratio
of catalyst on the carbon support, and (e) the amount of solid phase (catalyst/C) and
of polymer electrolyte. They are all reviewed except for (d).

(a) catalysts for the ORR: the catalyst must not only enhance as much as possible
the rate of the ORR but must also be capable of withstanding the acidic
environment of PEFC for long periods. The choice of catalytic materials for the
cathode, and even for the anode, is therefore stringent. Up to now, only noble
metals, essentially platinum and ruthenium, or alloys thereof have been
demonstrated on a large scale. Since the ORR in acidic media is a slow reaction, a
large catalyst area is desirable. On the other hand, Pt is expensive. Thus, one wants
as high a surface area as possible per given weight of catalyst. This is achieved by
producing catalyst particles as small as 2-5 nm using either the colloidal method,
the sputtering method, or by electrodeposition. With the conventional colloidal
method, Pt is deposited on a high-surface carbon powder prior to the electrode
fabrication. The sputtering method has been investigated by, for instance, Haug et
al.14 Usually, several thin Pt layers are intercalated between Nafion-carbon layers.
The layers of Pt and Nafion-carbon must be as thin as possible in order to ultimately



10

resemble the continuous Pt-carbon-Nafion mixture obtained with the thin-film
method. Eventually, the only potential advantage of the sputtering method is to
produce smaller Pt particles than obtained by the other methods. In the
electrodeposition method, the carbon-Nafion electrode is formed first. Then, Pt is
deposited by current pulses from e.g. a chloroplatinic acid solution (H2PtCl6);

15

alternatively, the Nafion in the electrode is ion-exchanged from the proton form to a
Pt-cation form (e.g. Pt(NH3)4

2+).16 The activity for the ORR of Pt alloyed with other
metals has also been investigated. It was proposed that the rate-limiting step of the
ORR consists of the breaking of the O-O bond via a dual catalytic site.17,18

Assuming this, an optimal spacing should exist between the Pt atoms. Varying the
Pt-Pt interdistance is made possible by alloying Pt with other metals. Mukerjee et al
showed that the alloying of Pt with a non-noble transition metal could increase the
exchange current density for the ORR two to threefold.19,20 The transition metals Ni,
Cr and Co present in the binary alloys showed only small dissolution after tests of
1200 h in a PEFC.20  Ternary alloys for the ORR have also been investigated. The
fine tuning of the amount of each element can yield countless catalysts. New
experimental strategies resembling those used in the biochemical and
pharmaceutical industries have been developed to screen the activity of a large
number of samples. For example, Chen et al investigated the activity for the ORR
of about 700 different ternary alloys obtained by choosing among five elements (Pt,
Ru, Os, Ir and Rh).21

Unfortunately, Pt and other noble metals are expensive and scarce. Therefore, it is
of interest to find non-noble catalysts for the ORR having a catalytic activity and a
stability approaching those of Pt. N4-metal macrocycles, following a heat treatment
at temperatures spanning from 500 to 1000°C were proven to be good catalysts for
the ORR in acidic medium.22-26 The best electrocatalytic activity is obtained after
pyrolysis at 500-700°C, but their longevity is markedly enhanced after pyrolysis at
800°C or more. Lefèvre et al recently showed that there are mainly two catalytic
sites; they were labelled FeN2/C and FeN4/C.27,28 The former was shown to be the
most active and its concentration on the carbon support increased with increasing
pyrolysis temperature up to 700°C. Regardless of the exact active site, three
elements are essential, namely C, N and a metal (e.g. Fe or Co). The nitrogen
precursor may be ammonia (NH3), acetonitrile (CH3CN), or N-containing molecules
such as metal macrocycles or polymers. The metal precursor can be a macrocycle,
an oxide or a salt. Increasing the metal content on the carbon support increases the
activity of the resulting catalyst until the available nitrogen atoms adsorbed on the
carbon support are all coordinated with the metal. The saturation occurs at about 2
wt % metal when the metal precursor is a porphyrin and at about 0.5 wt %  for FeII

acetate.28,29 Beside the activity and longevity of a catalyst for the ORR, its
selectivity for the latter reaction is another aspect of interest; i.e. is the ORR the
only catalysed reaction, or is the pace of any thermodynamically possible reaction
also enhanced? It is known that Pt is not a selective catalyst. This disadvantage does
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not really matter in H2/O2 PEFCs owing to the low permeation rate of hydrogen
across the membrane. On the contrary, when the anode fuel is gaseous or liquid
methanol, non-negligible quantities of methanol cross the membrane and oxidise at
the Pt/C cathode, resulting in lowered cathode performance and lowered fuel
utilisation. The aforementioned non-noble catalysts of the type MNx/C, where M is
a transition metal, were proven very selective for the ORR.23,30 Beside such
catalysts, Alonso-Vante et al studied the activity of chalcogenides of the type
(Ru1–xMox)SeOz for the ORR in acidic medium.31 Reeve et al studied the suitability
of  amorphous transition metal sulfides of the type MxRuySz formed on a carbon
powder, where M was Mo, Rh, Re or W, as catalysts for the cathode in a direct
methanol fuel cell.32,33 These catalysts were proven much more selective than Pt for
the ORR. These characteristics can be capitalised upon by using thinner polymer
membranes, hence decreasing the ohmic drop across the membrane.

(b) carbon supports: the choice of the carbon support has several facets. First,
carbon provides the cathode with electron conductivity. The latter, in state-of-the-
art electrodes, lies in the range of 50-400 S m-1,34,35 which is a sufficient value;
hence the electron conductivity will rarely be the key parameter for the carbon
selection. Second, the interaction of the carbon with the polymer determines to a
large extent the morphology, pore system and total porosity of the electrode. Third,
as a support for the finely dispersed Pt particles, the carbon powder should have a
high specific area. The larger the area, the larger the inter-distance between Pt
particles, and the smaller the risk for the particles to coalesce with time. Wilson et
al showed that the Pt surface had decreased from 100 to 50 m2 g-1 after 4000 h of
operation in a PEFC.36 However, a too large specific area of the carbon powder may
result in Pt particles being located in very narrow pores of the carbon; such pores
cannot be filled with the macromolecules of the proton-conducting polymer, hence
these particles cannot participate in the electrochemical reaction. A simple model
was developed by Zook et al predicting how polymer chains pack with spherical
carbon particles and the size of the resulting aggregates.37 Fournier et al
investigated various graphites and carbon blacks having specific areas in the range
of 20 to 1500 m2 g-1 as supports for Pt and tested these catalysts in a PEFC.38 The
best performances were obtained with Vulcan XC 72 and HS 300 (a graphite), both
having a medium specific area in the range of 250-300 m2 g-1. As a matter of fact,
Vulcan XC 72 has become the default carbon for the PEFC application. Vulcan
consists of spherical carbon particles having a size of about 30-50 nm.

(c) polymer electrolytes in the cathode: several authors have reviewed the
development of new proton-conducting polymers for the PEFC.39-41 Despite the
satisfactory properties of existing membranes (Nafion, Flemion, Aciplex, Gore-
Select), their high cost, limited operating temperature and/or the requirement of
high humidification to obtain good conductivity are incentives to look at new
materials. Especially, raising the operation temperature to about 150°C would mean
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much for the CO tolerance of the anode when methanol or reformed hydrogen is
used, and would also enhance the ORR kinetics. The required properties for the
polymer are (i) high proton conductivity, (ii) good mechanical strength, (iii)
chemical stability under PEFC conditions, (iv) low permeability to reactants, and
(v) low cost. Note that (iv) is valid for the membrane only, while the reversed
property is desired for the polymer incorporated in the electrodes. Perfluorinated
polymers (C-F bonds only) are currently the only materials used on a
(pre)commercial scale for the PEFC application. Their conductivity is based on the
strongly acidic sulfonic group SO3H, where SO3

- is fixed to the polymer chain,
while H+ can jump from group to group. Figure 2.5-b presents the general structure
of Nafion.

CF2 CF2( ) CF CF2( )
y

OCF CF2( ) O(CF ) SO H2 2 3z

CF3
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A concern when testing  innovative proton-conducting membranes is the adaptation
of the MEA fabrication to the new polymer. Which proton-conducting polymer
should be used in the thin-film electrodes and how is the interface between the
electrode and the membrane realised? There are two possible strategies. Either the
new polymer is available in a solution form with viscous properties appropriate for
electrode fabrication; a single polymer can then be used in the electrodes and in the
membrane; or the new polymer is present in the membrane only and a Nafion
solution is chosen for the electrode fabrication. The latter strategy is easy to
implement, but contains a large drawback. Because the nature of the polymers is
different in the electrodes and in the membrane, the contact between them may turn
out poor resulting in a non-negligible interfacial resistance. The latter approach may
be adopted to conduct initial testing of new membranes for PEFCs.42-44 The
longevity of such MEAs, however, is more doubtful. Moreover, the beneficial
properties of a new polymer membrane cannot be fully capitalised upon, e.g. the
upper limit of the operating temperature will still be set by the Nafion present in the
electrodes. In the long run, the nature of the polymer in the electrodes and in the
membrane should not differ. Besse et al compared the performance of MEAs
fabricated from (i) sulfonated polyimide membrane (SPIm) and electrodes
containing either Nafion or SPI (introduced in solution form), and (ii) a full-Nafion
MEA.45 It came out from the study that the interfacial resistance between the SPI
membrane and the electrodes containing Nafion was as large as the bulk resistance
of the membrane!

Fig. 2.5-b

Structure of the

NafionTM polymer
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Finally, though the properties of the polymer itself are primordial, the preparation of
the electrode ink requires the polymer to be dissolved. Thus, the solvent too may
play a significant role in defining the electrode morphology and porosity. Uchida et
al showed that, upon mixing Nafion with water and an organic solvent, the mixture
may turn into, depending on the dielectric constant of the solvent, one of the three
states: (i) solution, (ii) colloids, and (iii) precipitates.46

(e) the amount of solid phase (catalyst/C) and of polymer electrolyte: the effect of
the amount of proton-conducting polymer in the electrode on its electrochemical
and/or structural properties has been studied by several authors.12,47-50 Electrodes
free of polytetrafluoroethylene were optimized by Paganin et al, Passalacqua et al
and Uchida et al.12,49,50 An interesting approach was adopted by Uchida et al in
studying both the electrochemical performance and the pore system of the
electrodes.12 Ex-situ investigations of the electrodes may help in explaining the
electrochemical performance of the cell. A problem shared by all the referred
investigations is the impossibility of discerning losses caused by the anode, the
cathode and the membrane since only the cell voltage was recorded. The ink
composition was moreover changed simultaneously in the anode and in the cathode.
If one longs for a more detailed understanding, the iR drop across the membrane
should be measured by current interrupt and a reference electrode should be used,
or, at least, the anode composition should be fixed while varying the cathode
composition. The omission of such precautions inevitably results in speculative
discussions and in difficulties to ascertain which properties change while changing
the ink composition. Only a semi-empirical equation, consisting of a Tafel law and
a resistance R, was used in order to evaluate the data. The parameter R is a lump
variable standing for any possible limitation. In Pt/C-Nafion electrodes, it was
recognised that the key parameter is the percentage of Nafion relative to the total
weight of the electrode.49,50 Using this parameter, the results obtained by various
authors could be compared despite the varying loadings, and it came out that the
optimal content of Nafion lay in the range of 30-40 wt %.50



14



15

3. Modelling the Porous Cathode
3.1 Why model porous electrodes?

This question bears two sides: why model and why porous electrodes. Porous
electrodes have a wide range of applications and are encountered in almost any
technical electrochemical system owing to the high reaction rate per electrode area
they may reach. Elevated reaction rates are obtained through a true electrode surface
reaching up to one to three orders of magnitude that of the geometric area. The
issues of having as high a reaction rate as possible per geometric area are, on the
one hand, to reduce the cost of electrochemical devices by minimising the size and
number of ancillary components (current collector, bipolar plates, gaskets) for a
given rate of energy or chemicals production and, on the other hand, to allow the
system to reach the high power densities required for transportation or portable
applications. In fuel cells in particular, a subfamily of porous electrodes is
encountered, namely gas diffusion electrodes (GDE). These electrodes are designed
to allow good access for gas, either because it is a reactant or a product of the
reactions occurring in the electrodes. Why model such electrodes then? As
understood from chapter 2, various processes occur simultaneously in these
electrodes when they produce current. At low current density, the electrochemical
kinetics is the only limiting process. As the current density increases, one or several
mass-transport processes start to limit the electrode performance as well. The spatial
extension of porous electrodes in a volume implies that the reaction rate may not be
uniform throughout the electrode. The limitations caused by mass transport can be
drastic and result in poor performance of the electrode at high current density
despite good electro-catalytic activity. In other terms, electrodes containing the
same amount of catalyst can give huge variations in performance at high current
density. It is therefore important to understand and optimise the porous cathode in
the PEFC so that it performs optimally. The practical complexity of these electrodes
implies that their electrochemical response is complicated too. In most cases, one
can only measure the total electrode potential and the total current density which
represent average values across the electrode. The thinness of the electrodes (up to
0.5-1 mm depending on applications, 2-20 µm in PEFCs) prohibits the
measurement of the potential profile throughout the electrode. Thus, in order to try
to understand something about the experimental results, models that relate the total
current density to the total electrode potential have to be developed and confronted
with experimental data. The models can be used to:

(i)    Test the validity and versatility of the model in describing the steady-state and
        dynamic behaviour of the electrode under various experimental conditions.
(ii)   Extract parameters through the fitting of the model to experimental data.
(iii)  Give directions to the practical work, optimise the electrodes.
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Previous modelling works on porous electrodes are now reviewed. A more detailed
review of steady-state and dynamic models can be found in papers II and IV,
respectively. The focus is on models for the cathode in the PEFC. Any model
requires two premises regarding the electrode geometry and the assumed kinetics
and transport processes taking place in that geometry. The most commonly assumed
geometries can be divided into four types (Fig. 3.1). In the cylindrical pore model
(model A), the pore is filled with electrolyte into which reactants and ions are
transported while the pore wall is made of the solid phase. If the pore is infinitely
long (if length is much larger than radius), the problem is reduced to a single
dimension. The steady-state response of that model has been investigated by de
Levie 

51 and the dynamic response to a sinusoidal perturbation (electrochemical
impedance spectroscopy) has been investigated for example by de Levie, Keddam
et al and Cachet et al.51-53 Next, the homogeneous model (model B) describes the
electrode as a continuous superimposition of the electrolyte and solid phases.
Compared to the previous model, the equations are simplified. An effective
conductivity for the electrons and ions based on a unit volume of the electrode is
defined rather than a conductivity based on the pure electrolyte and solid phases
separately. The model is also one-dimensional as long as the structural units of the
electrode are much smaller than the electrode thickness, or smaller than the
penetration depth of the electrical signal inside the electrode. The steady-state
response of the homogeneous structure (model B) has been investigated by, for
instance, Bernardi and Verbrugge, Springer et al, Perry and Newman, and Eikerling
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and Kornyshev.54-57 The response of the homogeneous structure to electrochemical
impedance spectroscopy (EIS) has been investigated for the PEFC cathode by
Springer et al, Eikerling et al and Bultel et al.58-60 Next, the agglomerate structures
(models C and D) consist of a large number of agglomerates that build up the
electrode. The choice of the geometry for the agglomerates (cylindrical or spherical)
does not substantially modify the model predictions. Each agglomerate is made of a
pore-free, homogeneous mixture of solid and electrolyte phase. The agglomerates
are surrounded by gas pores, which is the specificity of that model against models A
and B. The agglomerate structure has been applied to the PEFC cathode at steady
state by Perry and Newman, Broka and Ekdunge, Gloaguen and Durand, and
Iczkowski and Cutlip.56,61-63 Few works have dealt with the dynamic response of the
agglomerate models. Springer and Raistrick treated the local impedance of the
cylindrical agglomerate with thin film (model C) and applied it to the PEFC
cathode.64 Lagergren et al investigated the transient response of the agglomerate
model to a current interrupt and its application to the cathode in molten carbonate
fuel cells.65

3.2 The conceptual difference between
       flat and porous electrodes

If one considers an infinitesimal area of a flat electrode, only one value can be
attributed to any physical variable. On the contrary, in a porous electrode, the value
of any physical variable may depend on the locus y inside the electrode. Equation
2.4 is primordial when considering the variables of interest for the PEFC cathode.
Obviously, the O2 concentration, c, and the electric potential, E, may change with
the locus y. The local electric potential of the electrode can be defined as

E y y ys L ref( ) ( ) − ( ) − =  φ φ φ∆ [3.2-1]

where φs and φL are the potentials in the solid and electrolyte phases, respectively,
and ∆φref is the potential difference across the interface for a reference electrode.
∆φref  is a constant and can be chosen to be zero. So, we end up with at least three
variables: φs, φL and c. The gradients of these three variables are the driving forces
for the motion of electrons, protons and oxygen, respectively. Figure 3.2 presents
typical profiles of potentials and current that are calculated with the steady-state
model to be described in the next section (the O2 concentration was assumed
uniform here). The figure can be used qualitatively so far. Both the electrolyte and
solid phase potentials increase from left to right because of the proton and electron
flows, respectively. At each locus y, the driving force for the ORR is the
overpotential η(y) = E(y)-Eth. Thus the lower the local potential E, the larger the
current density per unit volume of electrode, iv(y). If the transport of electrons,
protons and oxygen is fast, the cathode will behave as a flat electrode. If one of the
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aforenamed transports is slow, either the variable E or c will be non-uniform and the
performance becomes limited by both the kinetics and mass transport.
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Fig. 3.2 Left: calculated electric potentials along the cathode thickness, assu-

ming fast O2 diffusion. Right: corresponding profile of current density.

Thickness L =10 µm, total current 0.6 A cm-2, σeff,L=0.2 S m-1 and

σeff,s = 0.5 S m-1. Eth is the equilibrium potential (when current is off).

Figure 3.2 is a good starting point to describe the goals of the models. Assume the
potential profiles of Fig. 3.2 were those of a real PEFC cathode. What can be
experimentally measured? Only the total electrode potential and total current
density. What are these variables and how are they related to the local variables
iv(y), φs(y) and φL(y)? The total current density, jtot, is the sum of all the local
currents, that is, the integral of iv along y. The measured (so-called total) electrode
potential, Etot, is the difference between the potential in the solid phase at the
backing (y=0) and that in the electrolyte at the interface between the electrode and
the membrane (y=L)

E y y Ltot s L ref =  φ φ φ=( ) − =( ) −0 ∆ [3.2-2]

When one records only a couple (Etot, jtot) measured at steady state, it is impossible
to know whether the porous electrode behaves as a flat or as a porous electrode. So,
the problem is: how to know whether the volumetric current iv is uniform in a real
cathode or not, and if not, what is (are) the type(s) of mass transport causing this
non-uniformity? The practical implication of such a piece of information is obvious:
when one knows which mass transport limits the cathode, one can modify the
electrode fabrication in order to improve this specific mass transport.
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3.3 The agglomerate model at steady state

The agglomerate geometry is a priori more appropriate than the other simple
geometries because the existence of a pore system in thin-film electrodes has been
proven.12,13 The ability of the agglomerate model at explaining experimental results
obtained on PEFC cathodes is discussed in papers III and V-VI. In general, the
steady-state performance of a fuel cell is the main criterion for stationary
applications. In transportation applications however, fuel cells are submitted to load
variations and are practically never at steady state. However, steady state is a good
thing to start with. If the performance of an electrode is poor at steady state, it can
hardly be better under dynamic conditions. Moreover, the dynamic models often
require the steady-state solution because the transient signal either starts or revolves
around a steady-state operating point. Mathematically, the goal of the steady-state
model is to calculate the total cathode potential, Etot, as a function of the overall
current density, jtot, in order to plot the characteristics Etot = f(jto t), called the
polarisation curve.

Assumed geometry of the cathode
The geometry assumed for the models is the spherical agglomerate structure (model
D in Fig. 3.1). The cathode is made of many agglomerates surrounded by gas pores.
Each agglomerate comprises a pore-free, homogeneous mixture of catalyst/carbon
and proton-conducting polymer. No film covering the agglomerates is considered in
the thesis since no experiments gave any indication of its existence.

Assumptions regarding the calculations
(i)    The models are concerned solely with the phenomena occurring throughout
        the cathode, that is along the y-axis in Fig. 3.3.
(ii)   The models are isothermal.
(iii)  Throughout the cathode, the agglomerate size is uniform, as well as the ratios
        of catalyst to carbon and carbon to polymer and the transport parameters of
        the species.
(iv)  The electric potential, E, is assumed to be uniform in each agglomerate.
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Laws for describing mass transport
The potentials in the solid and electrolyte phases are assumed to follow Ohm’s law

∂φ
∂ σ

s tot

y

j j
 =  

eff,s

( )−
[3.3-1]

∂φ
∂ σ

L

y

j
 =  

eff,L

−
[3.3-2]

where j (negative scalar) is the proton flow at a position y, σeff,s and σeff,L the
effective conductivities of the solid and electrolyte phases, respectively. At any
position y in the cathode, the sum of the electron and proton flows is equal to the
total current density jtot. Thus, the scalar (j-jtot) in Eq. 3.3-1 represents the electron
flow. Equations 3.3-1 and 3.3-2 are combined to express the gradient of the
overpotential η, and it is the lump variable η which is numerically solved.
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Owing to the charge balance, the gradient of the proton flow is equal to the
volumetric current, iv.

∂
∂

j

y
i i iv v v F =   ,  and at steady - state,  = , [3.3-4]

iv,F is the current produced by the ORR (Faradaic current) and is thus calculated
using the Tafel law (Eq. 2.4). Thus, the programme calculates the profiles of η and j
for a given current density jtot. All variables j, jtot and iv are negative scalars. Last,
the total potential of the electrode, Etot, requires the separate knowledge of φs and φL

(Eq. 3.2-2). They can be easily obtained from the profile of η and j by using 3.3.1-2
and arbitrarily setting φS(y=0)=0. The transport of O2 and other gases is now dealt
with. In the agglomerate model, O2 invariably undergoes a transition from the gas to
the polymer phase. This process is described by an equilibrium between O2 within
the polymer at the agglomerate surface and O2 gas surrounding the agglomerate
(Henry's law). Spherical diffusion and consumption of O2 inside the agglomerates
yield
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where the second term represents the O2 consumption in the elemental volume
delimited by the spheres of radius r and r+dr, A is the surface of catalyst per unit
volume of carbon + catalyst and ε1 is the volume fraction of polymer in the
agglomerate. The boundary conditions for the above equation are
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where cO2,g is the O2 concentration of the gas phase and the superscript * indicates
the equilibrium state, i.e. for jtot = 0. The first boundary condition expresses that
there is no flux at the centre of the agglomerate and the second one embodies
Henry's law. The second boundary condition is modified in the presence of a
polymer film (paper II). Equation 3.3-5 is solved analytically for the steady state,
yielding the following expression for the volumetric current density in the cathode

  =  i Ai
F

RT
Effv F

r
, exp− −( ) −( ) −



0 1 2 11 1ε ε

α
η

[3.3-7]

with Eff1, the effectiveness factor for O2 diffusion in the agglomerates, defined as
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The steady-state, analytical solution for Eff1 as a function of η is found in paper II.
Finally, we have to describe the transport of O2 throughout the electrode depth, i.e.
in the gas phase. Ternary diffusion of O2, H2O and N2 (to simulate air) is
considered. The Stefan-Maxwell equations are used.66
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where P is the total pressure, Ni the flux of species i and Di-j the binary diffusion
coefficient of species i-j. The expression of each flux at steady state is as follows
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where εdrag is the drag coefficient, i.e. the number of water molecules dragged per
proton. The membrane is assumed to be a wall for water, that is all water exits via
the cathode backing. The above equations are also valid in the cathode backing by
setting j = 0. The ternary diffusion problem was analytically solved in the backing
(paper II). This analytical solution can therefore directly give the boundary values
for all ci,g at the back of the cathode layer (at y=0) for a given current jtot. The
system of differential equations made up by Eqs. 3.3-3, 3.3-4 and 3.3-9 was solved
using the Newton-Raphson method. In papers II to V, it was assumed that the
electric potential in the solid phase is uniform, both for the modelling study and
when fitting the models to experimental data. This assumption is based on the
relatively high conductivity for electrons of the carbon compared to that of the
polymer for protons. The calculated effect of a limited electron conductivity on the
steady-state response of the cathode will be mentioned in section 5.1. The
implication of limited electron conduction on the dynamic behaviour of the cathode
is more complex and will not be discussed.
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3.4 The dynamics of the agglomerate model: current
      interrupt and electrochemical impedance spectroscopy

The practical meaning of current interrupt (CI) and electrochemical impedance
spectroscopy (EIS) is sketched by Fig. 3.4. Before current interruption, the cathode
is run at a given potential, Est, or current density, jst, for a time sufficient to reach the
steady state, then the current is instantly shut off and drops to zero. The electrode
potential rises first instantly after current interruption by a value called the iR drop.
The origin of the iR drop will be explained in the experimental section 4.1. It can
simply be said here that the iR drop is not related to the cathode as long as its
electron conduction is sufficient. On the contrary, the potential relaxation following
the current interrupt is characteristic for the cathode and is determined by all the
kinetic and mass-transport processes limiting the latter at steady state.
Electrochemical impedance spectroscopy consists of applying a small sinusoidal
perturbation to the total electrode current or potential about a steady-state value.
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Why model current interrupt and electrochemical impedance spectroscopy?
Because the various processes limiting the electrode at steady state will relax at
different characteristic times or characteristic frequencies, and this will be reflected
in the relaxation curve of the electrode potential or in the real and imaginary values
of the electrode impedance. The fundamental difference between steady-state and
transient electrochemical techniques is the appearance of the time variable in the
latter. It implies sink and/or source terms in the transport equations, as well as
storage of charges at the interface between the solid and the electrolyte phases,
inducing a non-Faradaic current called the double layer current. In contrast to the
Faradaic current, the double layer current does not involve the transfer of electrons
across the interface between the solid (Pt/C) and the electrolyte phases. Assuming
that the electron density per unit area of the solid phase, Q (C m-2), is proportional
to the electrode potential, E, one can write

Fig. 3.4

Scheme of the technique

of current interrupt and

electrochemical impe-

dance spectroscopy.
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Q Q C E Edl =   +  0 0−( ) [3.4-1]

where Cdl is the double layer capacitance (Farad m-2) which is assumed independent
of E in this work. Deriving Eq. 3.4-1 with respect to time, we obtain

i C
dE

dts dl dl,  =  [3.4-2]

where is,dl is the double layer current per unit area of the interface area and t is the
time. Note that the double layer current occurs not only on the catalyst surface, but
on all surfaces of the solid phase. In the PEFC cathode, it means that Cdl is a lump
constant representing the surface shaped by Pt and by carbon. For the remainder of
this work, the subscript dl means double layer, and F Faradaic. At short times
following a current interruption, the double layer current exactly balances the
steady-state Faradaic current and it is a process inherent to transient techniques.
Finally, before getting into details, a comment about a strategic choice. For either
CI or EIS, the experiment can be performed for a given steady-state current, jst, or
for a given electrode potential Est. It was chosen to have a galvanostatic control of
the cathode for reasons explained in section 2 of paper IV. The dynamic models
require only one additional parameter as compared to the steady-state model,
namely the volumetric double layer capacitance, AdlCdl, of the electrode. Adl is the
specific surface of the solid phase (catalyst/C) in contact with the polymer
electrolyte per unit volume of the solid phase. It is to be noted that Adl ≠A since the
two stand for the whole surface and for the catalyst surface, respectively.

Assumed geometry of the cathode
Identical to that of steady state, the spherical agglomerate model

Assumptions regarding the calculations
The same as for steady state, plus the following assumptions

(i)  Good electron conduction, i.e. φs independent of the location y in the cathode.
(ii)  Infinitely fast diffusion of gases in the backing and in the electrode.

Laws for describing mass transport: current interrupt
Ohm's law for proton transport (Eq. 3.3-2) and the charge balance (Eq. 3.3-4) are
still valid but iv is now the sum of a Faradaic and a double layer current density

i i iv v F v dl =   +  , , [3.4-3]

with i A iv dl dl s dl, , =  1 11 2−( ) −( )ε ε [3.4-4]

and iv,F is still defined by Eqs. 3.3-7 and 3.3-8. The boundary conditions for η are
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These boundary conditions mean that neither protons nor electrons flow in or out of
the cathode, by virtue of the current interruption. Diffusion and consumption of O2

in the agglomerates are described by Fick's second law for spherical diffusion.

ε
∂
∂

∂
∂

∂
∂

ε α η
1

2

2
0 12 1c

t
D

c

r r

c

r

Ai

nF

F

RT

c

ceff
r= +







 −

−( ) −





 exp * [3.4-6]

A difference from the steady-state case is that there is no analytical solution for the
oxygen concentration, and Eff1 has to be calculated from Eq. 3.3-8 using the
numerically computed O2 concentration in the agglomerates. The boundary
conditions on the O2 concentration are unchanged (Eq. 3.3-6).

Laws for describing mass transport: electrochemical impedance spectroscopy
The basic equations are identical to those required to treat the case of a current
interrupt, but instead of working with time, one now works with the frequency of
the perturbation. Each variable of the system (O2 concentration, current, potential) is
now a complex number which is written as the superposition of its steady-state
solution (subscript st) and a perturbation term having a given frequency, ω.

u u r y u r y i tst a= , , , exp( ) + ( ) ( )ω ω , Eff Eff y Eff y i tst a1 1 1= , ( ) + ( ) ( ), , expω ω

j j j i ttot st a= + ( ) ( )ω ωexp , η η η ω ω= st ay y i t( ) + ( ) ( ), exp [3.4-7]

where i is the unit of imaginary numbers, ω  the angular frequency of the
perturbation, t the time, jtot the total current density (Faradaic and capacitive) while
jst is the total steady-state current density. The subscript “a” characterises the
amplitude of the perturbed variables. The variable change u = cr was made. The
electrode impedance is defined as
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where the two vertical lines define the modulus of complex numbers and ϕ is the
phase angle between the current and the potential. The components comprised in the
definition of Z are pointed out in Fig. 3.4. If the electrode behaves as a resistance, Z
is a real number and the phase angle is 0, while if the electrode behaves as a
capacitance, Z is a purely imaginary number and the phase angle is π/2. For
mathematical reasons, it is much easier if one can linearize the exponential terms.
Therefore, the applied perturbation is chosen small enough  so that
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where the overline ∼ denotes the perturbation term.



25

The objective of the impedance model is to calculate Z for a range of frequencies ω.
The two main equations are derived from Eqs. 3.4-6, 3.3-2 & 3.3-4. The diffusion
equation (Eq. 3.4-6) is transformed by splitting up u and η into their steady-state
and perturbation terms (Eq. 3.4-7), yielding
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with the following boundary conditions on ua
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q being defined by Eq. 8 of paper II. This differential equation on ua can be solved
analytically, and consequently it yields an analytical solution for Eff1,a (Eq. 13 of
paper V). The amplitudes of the local Faradaic and double layer currents are then
easily expressed from the expressions of iv,F (Eq. 3.3-7) and iv,dl (Eq. 3.4-4) that
yield
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i A C iv dl a dl dl a, ,  =    1 11 2−( ) −( )ε ε ω η [3.4-13]

Splitting up η into a steady-state and a perturbation term in Eqs. 3.3-2 and 3.3-4
gives the differential equation to be solved numerically.
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This equation is solved setting any non-zero amplitude ηa at y = 0, and developing it
throughout the electrode. In order to calculate the electrode impedance, Z, the
amplitude of the current, ja, has to be calculated. This is done applying Ohm's law at
y = L, which yields:
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4. Experimental Methods
4.1 Electrochemical techniques: What is measured?
      What is controlled?

Steady-state polarisation curve of the cathode
Instruments can only measure a voltage difference between two electron-conducting
materials. Thus, the potential at y=L in the electrolyte cannot be measured (Eq. 3.2-
2). To overcome this, a reference electrode is added, defined by no current flowing
through it. Hence, its potential is equal to the thermodynamic potential of any redox
couple present in its vicinity. In PEFCs, the reversible hydrogen electrode (RHE) is
commonly used as a reference electrode. The meaning of the voltage measured
between the cathode and the RHE, Emeasured, can be clarified by fictively introducing
the potential in the electrolyte at the cathode-membrane interface, φL(y=L), and in
the vicinity of the reference electrode, φL(Ref).

E y

y y L y L

measured s s

s L L L s L

= =( ) − ( )

= =( ) − =( )( ) + =( ) − ( )( ) − ( ) − ( )( )
φ φ

φ φ φ φ φ φ

0

0

Ref

Ref Ref Ref
[4.1]

It comes out from this that the measured potential, Emeasured, and the cathode
potential, Etot (Eq. 3.2-2), differ by the term φL(y=L)-φL(Ref). This is the iR drop in
the membrane electrolyte between the cathode and the RHE. φL(y=L) and φL(Ref)
are two different things since the RHE cannot be placed close to the cathode (the
electrolyte is a solid polymer and there is no H2 there). Instead, the RHE is placed
aside the anode. The iR drop is a priori unknown and current-dependent; it is some
value comprised between 0 and 100 % of the total iR drop across the membrane.
Figure 4.1-a schematically shows the potential losses in the system.
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Scheme for sources of potential loss
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As may be seen from Eq. 4.1, an experimental method must be implemented in
order to measure φL(y=L) - φ L(Ref) simultaneously as one carries out the
polarisation curve. This is done with the current interrupt (CI) technique. Instantly
shutting off the current during a short period, typically 100 µs, will not affect the
steady-state operation of the cathode. Immediately after the CI, the cathode
potential still remains at its steady-state value because of the double layer current
(section 5.2). On the contrary, any iR drop in the polymer membrane vanishes
instantly. Thus, the rise of the measured voltage in the microsecond following the
current interruption is a measure of φL(y=L) - φL(Ref). The measurement of the
polarisation curves of the cathode was performed as depicted below.
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Fig. 4.1-b Scheme of the programme run to record polarisation curves.

The voltage between the cathode and the RHE was monitored by a potentiostat from
Princeton Applied Research (PAR) 273A and by the headstart software. The voltage
is decreased by small steps ∆E of 5 or 10 mV. After each step, the voltage is held
constant for 72 or 152 s prior to the recording (relaxation period). The current
density is then sampled ten times in the span of 8 seconds. Between each of the ten
data points, a current interrupt is performed. This procedure yields a sweep rate of
the voltage of 0.6 mV s-1. Electrodes of 0.5-1 cm2 were employed, with flow rates of
H2 and O2 much larger than their consumption rate in order to maintain constant O2

and H2 concentrations over the electrode surfaces. The iR-drop value is extracted
from the relaxation curves following each CI by the headstart programme. A linear
regression of the curve is made between two points in time specified in the
programme (usually 30 and 40 µs). Figure 4.1-c shows that the restrained precision
of ±1 mV in the potential measurement may fictitiously yield an iR drop of a few
mV at low current. For currents lower than 10 mA cm-2 the iR drop is so small that
the iR correction should be skipped. At 1 A cm-2, the method overestimates the iR
drop by only 10%, which is a fairly good result. Another technique, electrochemical
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Fig. 4.1-c Close-up of the potential relaxation after CI. Estimation of the iR drop
according to the built-in method in potentiostat 273A. Linear regression
defined by two experimental points in time.

impedance spectroscopy, is commonly used for measuring iR drop. This method is
however not valid unless the iR drop is strictly linear with current density (Fig. 14,
paper IV). Unfortunately, this is not necessarily the case in PEFC.

Current-interrupt experiments
Current-interrupt experiments (CI) as a technique for investigating the cathode
response as such were performed with an EG&G potentiostat 273A and a Nicolet
transient recorder. The current interruption is performed from the front panel of the
potentiostat. The cell is run galvanostatically for at least 30 min prior to CI. A few
seconds prior to CI, the electronic box regulating the cell and pipe temperatures is
shut off in order to lower the electronic noise during the recording of the potential
relaxation. The latter signal is recorded with the transient recorder which is coupled
to the electrometer monitor of the potentiostat.

Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) was performed under galvanostatic
control at frequencies ranging from 50 kHz to 5 mHz. The amplitude of the ac
current was always 5 % that of the dc current density. Prior to each impedance
spectrum, the cell is run under galvanostatic control for 1 h. The equipment
consisted of a Solartron frequency response analyzer 1255 and a Solartron
potentiostat 1287. In initial experiments, EIS was performed between the cathode
and the reference electrode (RHE) but an inductive loop and a slight difference at
high frequencies, between the spectrum of the cathode against the RHE and the cell
spectrum, indicated a malfunctioning of the reference electrode while performing
EIS. Therefore, the cell voltage was measured both for the EIS and CI experiments,
instead of that of the cathode vs. the reference electrode. The results then include
also the anode overpotential. Up to moderate current densities however, the latter
should not affect the results owing to the fast kinetics of the anode when fed with
H2 (linear region, no Tafel slope). Moreover, the Pt loading and ink composition at
the anode were kept constant.
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Rotating disc electrode to study FeN/C-type catalysts
The electrochemical investigation on these catalysts was entirely performed at
Institut National de la Recherche Scientifique (INRS). The rotating disc electrode
(RDE) has been used since long at this laboratory in order to rapidly screen the
activity of catalysts for the ORR in sulphuric acid (H2SO4). The experimental set-up
and typical curves obtained with the RDE technique are seen in Fig. 4.1-d and 4.1-e,
repectively. The electrolyte is H2SO4 of pH unity, saturated with O2. The voltage
between the cathode and the reference electrode, a saturated calomel electrode
(SCE), is cycled at a sweep rate of 10 mV s-1.

Oxygen

Counter electrode
Pt foil

Standard calomel
electrode (SCE)

Rotating axle

Potentiostat

CE

WE

Ref

Bubbler

1

1: thin-film cathode on
    glassy carbon

The exact procedure for depositing the cathode on the RDE tip is described in paper
VII. It resulted in the deposition of 0.2 mg of the catalyst powder on the RDE tip. A
first cycle was performed with the electrode being stationary and a second cycle
with the electrode rotating at a rate of 1500 rotations per minute. The rotation
enables us to certify that the reduction peak (Fig. 4.1-e) is characteristic for the
ORR. The peak potential for the ORR, Vpr, results from an interplay between
kinetics and mass transport of O2. An analytical expression relating Vpr to the
kinetic parameters of the ORR and to the diffusion parameters of O2 was found in
the literature (Eq. 3 in paper VII). This equation states that a tenfold increase in the

Fig. 4.1-d

Experimental

setup of the rotating disc

electrode (RDE).

Fig. 4.1-e

Cyclic voltamperograms

obtained with the carbon RC1.

The designation of the catalysts

is explained in section 4.4.
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standard reaction rate of the ORR, k°, raises Vpr by a value equal to the Tafel slope,
b, if the other parameters (especially αr) remain constant. Thus, the variation in
peak potential between two different catalysts is related to the change in k0 as
∆Vpr = b∆(log10 k

0). The value of the peak potential was taken as a measure of the
electro-catalytic activity. Thus, the RDE technique was mostly used in a static
mode, which might first appear paradoxical. The underlying problem is that the
mathematical formula to correct polarisation curves for limitation by O2 diffusion in
the electrolyte cannot be applied since no well-defined limiting current was seen in
the present case (e.g. Fig. 4.1-e).

4.2 The cell design and the fuel cell station

The fuel cell used in all studies but in paper VII is described in paper I. In the
course of this thesis, a second version of that cell was designed having enlarged
current collectors (2 to 7 cm2) for improved heat removal. The cell house is made of
a polymer, polyether-etherketone. An important advantage of this design is the
ability to control accurately the clamping pressure between the electrodes and the
ease of installing in the polymer frame probes isolated from the current collectors to
measure various electric potentials (paper I). The test station including the
humidifiers and the control of the temperatures is described in papers I and III.

4.3 Cathode fabrication for fuel cell measurements

Preparation of cathodes based on Pt/C catalyst
A detailed description of the fabrication method is given in papers III and V-VI.
The electrodes are fabricated according to the thin-film method and sprayed directly
onto the membrane. During the spraying, the membrane is held at 70°C to evaporate
the solvent rapidly. In order to obtain several small electrodes (0.5 cm2) destined for
electrochemical investigation, a mask made of an overhead slide is placed on top of
the membrane (Fig. 4.3).
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Fig. 4.3 Scheme of the spray facility.
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The ink deposited on the mask in the vicinity of the electrodes is then used to
estimate the ink loading. Large electrodes were also produced, allowing to perform
gas or mercury porosimetry measurements. The cathode ink is made of 20 wt % Pt
on Vulcan XC-72 from E-TEK, and a 5 wt % Nafion solution. Isopropanol is added
so that the Pt/C concentration in the ink is about 5 wt %. In paper III, the membrane
was ion-exchanged from the proton to the sodium form, and the Nafion solution
from the proton to the tetrabutylammonium form prior to the spraying. The hot-
pressing was made at 200°C and 50 bars for 3 min. The MEA was then exchanged
back to the proton form by boiling in H2SO4. In papers V and VI, the fabrication
procedure was simplified and neither the Nafion membrane nor the Nafion solution
was ion-exchanged. The hot-pressing procedure was performed at 120-130°C and
50 bars for 1 min.

Preparation of cathodes based on FeN/C-type catalysts
The support consists of a 1 cm2 uncatalysed ELAT backing onto which the cathode
ink is deposited with a pipette. The ink is prepared by ultrasonic mixing of catalyst
powder, water and a 5 wt % Nafion solution. The water and solvents of the Nafion
solution are then evaporated. The procedure resulted in a loading of catalytic
powder (mainly C, N and Fe) of 1.9 mg cm-2 at the cathode and of an equal amount
of Nafion. To give an idea of magnitude, this means that the iron loading is about 4
µg cm-2 with the usual Fe loading of 0.2 wt % on carbon. The electrodes were hot-
pressed onto a Nafion membrane in proton form at 140°C and 170 bars for 40 s.

4.4 Synthesis of FeN/C-type catalysts

In paper VII, we investigated the effect of the carbon support on the activity of
FeN/C-type catalysts prepared from the pyrolysis of FeII acetate (Fe2+(CH3COO-)2)
and carbon in ammonia atmosphere. The catalysts were synthesized according to
two procedures (Fig. 4.4). In procedure NT (non-treated), iron acetate is adsorbed
on the as-received carbon. A given weight of FeII acetate is added to a suspension of
carbon in water. This solution is stirred for two hours and then dried. The resulting
powder is placed in a quartz tube. The pyrolysis is performed in NH3:H2:Ar, with a
first temperature raise to 400°C, withholding at that level for one hour, then a
second temperature raise to 900°C and withholding at that level for one hour as
well. The single difference between procedure NT and procedure T is that the
carbon is pre-treated prior to the adsorption of iron acetate in the latter procedure.
This pre-treatment consists of taking the carbon alone and performing the pyrolysis
described in procedure NT. The steps following this are then identical in both
procedures. The catalysts at their different stages of preparation are named as:



33

Carbon NT Carbon NT FeAc XK Carbon T Carbon T FeAc XK

Non-treated carbon Final catalyst obtained

by procedure NT

Treated carbon, i.e. after

1st pyrolysis of procedure T

Final catalyst obtained

by procedure T

XK means X times 1000 ppm weight Fe on C, e.g. 2K means 2000 ppm wt Fe = 0.2
wt % Fe on carbon. It is the nominal Fe loading, i.e. the Fe loading after the
adsorption step.

Procedure NT

Procedure T

NH  + H 
+ Argon

3 2

FeAc d. water

gas
out

gas
in

Quartz tube & boat

Oven at 400°C, 1h
Then     900°C, 1h

adsorption of FeAc
on carbon NT

pyrolysis of
carbon NT+FeAc

pyrolysis of
carbon NT

adsorption of FeAc
on carbon T

pyrolysis of
carbon T+FeAc

FeAc d. water

stirred for 2h,
dried at 75°C

NH  + H 
+ Argon

3 2

Oven at 400°C, 1h
Then     900°C, 1h

Fig. 4.4 Synthesis procedure for non-noble catalysts.
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5. Modelling Results
5.1 Steady state

The steady-state response of the agglomerate model for the PEFC cathode was
investigated in paper II. Unless otherwise stated, the parameter values used to
compute all curves presented in this chapter are the base-case values (Table II of
paper II). First, we describe the results obtained when assuming fast diffusion in the
gas phase of the cathode and of the backing, and good electron transport. The
results are summed up in Table 5.1. When the kinetics of the ORR is the single
limitation, the polarisation curves display a Tafel slope (Fig. 5.1-a). This kinetic
regime is always true at low current density. At larger current, the cathode
performance is further limited by proton migration or/and diffusion of O2 in the
agglomerates, defining three cases of mass transport, labelled A, B and C. A striking
result is that limitation by either O2 diffusion in the agglomerates (case A) or by
proton migration throughout the cathode (case B) leads, at high current density, to
an apparent slope being the double of the kinetic Tafel slope (Fig. 5.1-a). Thus, the
double Tafel slope is ambivalent since it may result from either migration or
diffusion limitation. In the case of combined limitation by proton migration and O2

diffusion in agglomerates (case C), a quadruple Tafel slope appears.
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Fig. 5.1-a Steady-state polarization curves calculated for limitation by

A/ O2 diffusion in agglomerates (σL →∞); B/ by proton migration

(D→∞), and C/ by both transports (base-case parameters).

However, the ambiguity of such a double Tafel slope can be unveiled by studying
the rate order with respect to the O2 concentration of the current density in the
region of double Tafel slope. With a Tafel law for the ORR kinetics being first
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order with respect to the O2 concentration, the rate order is still unity for a diffusion
limitation, while it is only half-order for limitation by proton migration (Table 5.1).
The explanation for this is as following: in the former case, an increase in O2

concentration improves both the kinetic and the diffusion properties, while, in the
latter case, solely the kinetics is improved. These two limiting transports can also be
distinguished by varying the electrode thickness, L. For diffusion limitation, the
total current density is proportional to the thickness, while it is independent of it for
migration limitation. This is explained as follows: in the former case, an equal
amount of current is produced at any place in the cathode. On the contrary, when
the electrode is limited by proton transport, there is a limited penetration depth of
the proton flow into the electrode, and the cathode region situated beyond this depth
limit does not produce any current.

Cathode controlled by Tafel kinetics
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Table 5.1 Asymptotic solutions for the agglomerate model

(valid when limitation due to transport in the gas phase is neglected

and when there is no film covering the agglomerate)

These possibilities were experimentally exploited in order to reveal the meaning of
the double Tafel slope (paper III) by varying the O2 pressure and by fabricating
electrodes of various thicknesses. The effect on the calculated polarisation curves of
slow diffusion of O2 in the gas phase was also investigated (paper II). Assuming
thicknesses of 300 and 10 µm and porosities of 40 and 30 %, respectively, for the
backing and the cathode, the model predicted negligible limitation by gas diffusion
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up to a current of 0.7 A cm-2 (Fig. 7 in paper II). Unexpectedly low porosities must
be assumed to calculate a substantial drop of O2 pressure throughout the
backing/cathode for an air cathode at 90°C. It was highlighted in paper II that the
drop of O2 concentration throughout the backing is linear, even for ternary diffusion
of O2/N2/water vapour (Fig. 8 in paper II). An analytical expression for the
concentration at the backing-cathode interface was derived and a limiting current
density could consequently be defined (Eq. 20 in paper II). Therefore, an
experimental polarisation curve can in theory be corrected for diffusion limitations
in the backing. However, the correction formula depends on the order of the current
density with respect to the O2 concentration. As we have seen previously, that order
can be unity or half-order for limitation by diffusion in the agglomerates or proton
migration, respectively. Thus, the correction formula depends on the type of mass-
transport limitation occurring in the porous cathode (Eqs. 21 and 22 in paper II).
Finally, a modification of the model enabled us to predict polarisation curves where
the effective proton conductivity, σeff,L, was assumed to increase exponentially with
the rise of water vapour pressure at the interface backing-cathode. The increase of
σeff,L with current density resulted in a better performance of the cathode when the
backing had poor diffusion properties than when it had good diffusion properties
(Fig. 10 in paper II).

It is now discussed how resistance to the electron motion in the cathode affects the
simulated polarisation curve. These results are not contained in any of the papers.
For limitation solely by electron conduction, it is clear that the results will be
similar to those of limitation by proton migration since the equations are rigorously
identical. The polarisation curve will display a double Tafel slope and will have the
same behaviour with regard to the O2 concentration and to the electrode thickness.
The only difference is that the profile of volumetric current in the electrode will be
mirrored about a line passing through the cathode centre. Most of the current will
now be produced close to the backing side instead of close to the membrane side in
the case of low conduction for protons. For simultaneous limitation by proton
migration and electron conduction, the cathode performance will decrease sharply
because the most accessible region to protons (close to the membrane) is the worst
accessible to electrons, and vice-versa. Their interplay can thus be tremendous for
the cathode performance, as instanced in Fig. 5.1-b, curve (3). In order for the
electron conduction to limit the cathode, the electron conductivity, σeff,s, must be of
the same order as the proton conductivity. With an electron conductivity of 4 S m-1,
there is almost no limitation due to the transport of electrons up to 1 A cm-2; and
with an electron conductivity of 44 S m-1 there is rigorously no limitation caused by
the latter. Last, for limitation by proton migration, electron conduction and O2

diffusion in the agglomerates, the performance would be even worse than in the
preceding case. The profile of local current density in the cathode would display a U
shape. Limited diffusion in the agglomerates would simply dump the values of local
currents where they are highest, i.e. close to the membrane and close to the backing.
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Fig. 5.1-b Effect of limited electron conductivity in the cathode on its polarisa-

tion curve. Limiting case Deff→∞, σeff,L=4.4·10-2
 S m-1, other parameters

= base-case (Table II of paper II), no limitation in the gas phase.

1/ σeff,s = 44 S m-1, 2/ σeff,s = 4.4 S m-1, 3/ σeff,s = 0.4 S m-1.

How relevant is limitation by electron conduction for state-of-the-art cathodes? The
electron conductivity of thin-film electrodes has been experimentally investigated
by Fischer et al and by Lundblad 34,35 and by us in paper VI. Fischer et al found the
electron conductivity to be between 50 and 160 S m-1 for various fabrication
procedures. Lundblad found the electron conductivity of thin-film electrodes
containing 60 wt % Pt/Vulcan to lie in the range of 80 to 400 S m-1 depending on
the thickness and heat treatment. On the basis of the aforementioned calculations,
such values for the electron conductivity are large enough to neglect limitation by
electron transport. The electron conductivity should however be checked whenever
changing the electrode fabrication or the type of carbon used.
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5.2 Current interrupts

In the previous section, it was exposed how mass transports of various natures may
equally lead to a double Tafel slope at high current density. It is a limitation of
steady-state measurements to yield a lump response, i.e. a single potential and a
single current density are known to the experimenter, while the number and degree
of mass-transport limitations inside the electrode are unknown. With current
interrupts (CI), time is an additional variable that gives supplementary information.
In this section, the main outcomes of the current-interrupt model presented in paper
IV are reported. It is investigated how limitation by diffusion in the agglomerates,
proton migration throughout the cathode, and limitation by both phenomena may be
distinguished with the current-interrupt technique. Limitation by diffusion in the gas
phase and by electron conduction is neglected. Thus, we are looking at the mass-
transport cases that were labelled A, B and C in section 5.1.

Figures 5.2-a and b present how the potential relaxes with time after a current
interruption (time zero) for limitation by diffusion of O2 in the agglomerates (case
A), or by proton migration (case B). The corresponding curve for case C (diffusion
and migration) is seen in paper IV, Fig. 7. These curves were calculated with the
base-case parameters (Table II in paper II) and the steady-state curves
corresponding to these dynamic simulations are seen in Fig. 5.1-a. Let us start with
case A (Fig. 5.2-a). Each curve corresponds to a given steady-state current prior to
the current interrupt. At long time (>0.5 s), the curves are superimposed because
they are under kinetic control, i.e. the O2 concentration in the agglomerates has
already relaxed at such times. In this case, the potential increases by a Tafel slope
(V) per time decade (paper IV). The relaxation of the O2 concentration occurs at
medium times (10-3 to 10-1 s, inset in Fig. 5 of paper IV) and induces a slope steeper
than the Tafel slope, in volt per time decade. At short times, all curves display a
plateau, meaning that the cathode potential and the O2 concentration remain
unchanged by the current interrupt in this time delay. This implies that the double
layer current has exactly the same value as the steady-state current. A simple
parallel can be drawn between the curve of E vs. log10 j at steady state, and the
curve of E vs. log10 t after a current interrupt (CI). At longer times, the curves of
potential relaxation display a Tafel slope (correspondence with low current on
polarisation curves), while, at medium times, there is a slope steeper than the Tafel
slope for CI performed at large current (correspondence with double Tafel slope on
polarisation curves). Figure 5.2-b depicts the curves obtained for case B (limitation
by proton migration) after CI at various current densities. The superimposition of
the curves at longer times (>0.1 s) is again observed and corresponds to a kinetic
control of the potential relaxation. At short times, there is again a plateau, which,
however, ends at a much earlier stage compared to case A (at 1 A cm-2 the plateau is
situated at times shorter than 1 µs). This effect is due to the sharp gradient of
potential in the electrolyte phase built up at steady state. The junction between the
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plateau at short time and the Tafel slope at long time does not lead to a slope steeper
than the Tafel slope for this case, contrary to what happened in case A. The curves
of potential relaxation corresponding to case C are shown and discussed in paper IV
(Fig. 7). Briefly, it was shown that in a first stage the potential and the O2

concentration relax simultaneously, and in a second stage the latter relaxes alone.

The effect of changing the cathode thickness or the O2 solubility on the relaxation
of the cathode potential was also studied in paper IV for the three cases A, B and C.
Briefly, the results are as follows: the thickness does not affect the calculated
relaxation curves corresponding to case B but does so for the curves corresponding
to case A. The O2 solubility, c* (proportional to the O2 pressure in the gas), affects
all three cases A, B, C. For an identical increase ∆c*, the curves of all three cases are
translated along the axis of potential by a vector d at longer times. At short times,
the translation is either of a vector d (case B) or 2d (cases A and C), see paper IV.
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Fig. 5.2-a Predicted relaxation curves of the cathode potential
for case A (limitation by O2 diffusion in agglomerates).
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5.3 Electrochemical impedance spectroscopy

The objectives of electrochemical impedance spectroscopy (EIS) are essentially the
same as those of  the CI method. The response of the agglomerate model for the
PEFC cathode is reviewed for the cases of limitation by O2 diffusion in the
agglomerates (case A), proton migration throughout the cathode (case B), and both
limitations (case C). Before presenting the results, the Tafel impedance is defined.
The usual impedance of a porous electrode, Z, is defined by Eq. 3.4-8. This
impedance is not well suited to study electrodes displaying an exponential increase
of the current with potential, i.e. a Tafel slope and the multiples of it that can result
from mass-transport limitations. Instead, an innovative impedance, the Tafel
impedance, was defined in paper IV as being the ratio between the perturbation of
the potential and that of the logarithm of the current.

Z
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j

E

j
jt st= =

~

~

~

~

−

−( )
−( )

log
[5.3]

Splitting up the current j into a steady-state and a perturbation term, and using the
Taylor development of the logarithm function around unity leads to the second part
of Eq. 5.3. Consequently, the Tafel impedance is simply equal to the conventional
impedance Z times the steady-state current density, jst. The advantage of using Zt

instead of Z for Tafel kinetics is shown in detail in paper IV.

The spectra obtained for limitation by diffusion in the agglomerates (case A) at
various current densities are presented in Fig. 5.3-a. This figure is a Nyquist plot of
Zt and shows the imaginary part of Zt against its real part. The frequency is an overt
parameter of the plot: each point of the spectrum corresponds to one frequency, and
by varying the frequency one eventually obtains the complete spectrum. At low
frequency, the cathode approaches a steady state and Zt is a real number (right side
of the spectrum) while at high frequency, the impedance converges to the origin of
the axes. The dimensions of the spectrum increase with increasing current density.
At low current density, the Nyquist plot is a perfect semicircle with a diameter equal
to  RT/(αrF). This semi-circle is specific for Tafel kinetics, and there is no mass-
transport limitation owing to the low current. For sufficiently large current, the
spectrum eventually converges to another semicircle with a diameter of exactly
2RT/(αrF). The spectra in-between are either perfect semicircles or slightly
compressed along the vertical axis, depending on the value of capacitance, AdlCdl.
The doubled diameter corresponds to the double Tafel slope seen on polarisation
curves for case A. This doubling was expected since, by definition of the Tafel
impedance, the low frequency, real number of Zt senses the derivative of the
polarisation curve when it is drawn in the semi-logarithmic scale, Etot vs. log10 jtot.
Thus, the diameter of the semicircle is exactly equal to the Tafel slope, or to the
double Tafel slope, but for a constant log(10). This constant arises because the
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present definition of Zt is based on the natural logarithm, not on the base-ten
logarithm. This choice is a matter of taste and has no meaningful implication on the
results. Figure 5.3-b displays the family of impedance spectra simulated at various
current densities for limitation by proton migration throughout the cathode (case B).
At 1 mA cm-2, the Nyquist plot of Zt is restricted to the semicircle specific for
kinetic control. There is however a very short 45° branch at high frequency, close to
the origin of the axes. If the cathode is even remotely affected by proton migration,
such a line appears. This 45° branch extends with increasing current density.
Eventually, the Nyquist plot reaches a shape that is independent of the current
density. Then, the real part of Zt at low frequency is equal to 2RT/(αrF), which is
the double of the diameter of the kinetic semicircle.
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This corresponds to the double Tafel slope seen on the polarisation curves predicted
for case B. The results obtained for simultaneous limitation by diffusion in the
agglomerates and proton migration are now commented (case C). The spectra (Fig.
12 in paper IV) have shapes similar to those observed for case B, but with the
difference that the real part of Zt at low frequency approaches the value of
4RT/(αrF). This latter corresponds to the quadruple Tafel slope seen on the
polarisation curves predicted for case C. The effect of a change in the electrode
thickness and in the oxygen pressure on the impedance of the three cases A, B and
C was also investigated in paper IV. To summarise, varying these parameters does
not provide the experimenter with meaningful  information about the processes
limiting the electrode. It can be concluded that electrochemical impedance
spectroscopy (EIS) is a powerful method in the present case since it can, in theory,
separate case A from case B at a glance: the 45° branch is specific for migration
limitation, be it alone or in combination with other transport limitations.

5.4 Connection of the results obtained using the
      steady-state, EIS and CI techniques, and the
     parameter groups accessible by each of them

The parameters that can be accessed using each technique, the qualitative features
specific for each case of mass-transport limitation, A, B and C, as well as their
dependence on the cathode thickness and on the O2 pressure are gathered in Table I
of paper IV. The parameters indicated in this table are those accessible by the
electrochemical techniques when assuming that the electrode thickness, L, its
porosity, ε2, and the volume fraction of polymer in the agglomerates, ε1, are
obtained from non-electrochemical techniques.

With steady-state measurements, the Tafel slope, b, and the exchange current
density, Ai0, are accessed by fitting the Tafel law to the region of low current
density of the polarisation curve. Then, the rest of the curve can be fitted to yield
the parameters Deffc

*/λ2, σeff,L, or σeff,LDeffc
*/λ2 for the cases A, B and C, respectively.

With the current-interrupt technique, the whole curve has to be fitted at once.
Possibly, if at longer times a well-defined Tafel slope (in V/decade time) is seen,
one can fit it separately and access the Tafel slope, b, as well as the ratio Ai0/AdlCdl.
The fitting of the whole curve yields the parameters Ai0, AdlCdl, Deff/λ

2, c* and σeff.
This is a quite large number of parameters to fit if one fears the electrode is limited
by both diffusion and migration. All the more since the computing time of the
model is quite long. Indeed, for every time step, the profile of potential throughout
the cathode, as well as the profile of O2 concentration in each agglomerate have to
be computed, e.g. if the electrode thickness is split in 200 nodes and the
agglomerate radius in 30 nodes, 6000 variables have to be computed for every point
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in time. Another practical problem is that commercial oscilloscopes allow for a
constant time step only. This provides the experimenter with an unnecessarily large
number of data. For example, if one wants to record the potential relaxation in the
span of 1 µs to 1s, one million points are necessary. The data may be processed
afterwards in order to reduce the number of data points. Sometimes, a compromise
has to be found between a short timebase and the longest time one wants to reach
because the number of recordable data points may be limited.

Using electrochemical impedance spectroscopy, one can access the Tafel slope, b,
and the double layer capacitance, AdlCdl, from spectra performed at low current
density. At larger current density, the parameters Deff/λ

2, c*, σeff,L and AdlCdl can be
accessed. However, the parameters Deff/λ

2 and c* cannot be accessed by a single
impedance spectrum; one must perform a set of spectra at various current densities.
The reason for this is explained in detail in paper IV. Shortly, this problem arises
since the impedance does not depend any longer on the values of Deff/λ

2 and c*

when the semi-circle having a doubled diameter is reached (see the analytical
solution for this case in Table I of paper IV). It means one must record spectra at
current densities where they shift from the kinetic semi-circle to the diffusion,
doubled semi-circle. Going one step further, it means that one must perform EIS at
currents where the polarisation curve shifts from a Tafel to a double Tafel slope. On
the contrary, the effective conductivity can be accessed by a single spectrum if
proton migration is a process limiting the cathode. Though the Nyquist plots of Zt

for cases B and C eventually become independent of σeff,L at large current, the
imaginary and real part of Zt taken separately as a function of ω do depend on the
value of σeff,L. Surprisingly, the exchange current density, Ai0, does not affect the
impedance, regardless of the type of mass transport being considered. This is a
feature specific for galvanostatic control. The mathematical reason for this is
explained in paper IV (appendix). It is merely positive news since it reduces the
number of parameters to be fitted, while Ai0 can easily be obtained from steady-
state polarisation curves.

To summarize, a significant advantage of EIS compared to the CI technique is the
fast computing which originates from the linearisation of the equations owing to the
small perturbation. The computing time is an important criterion when the model is
to be fitted to experimental data. Impedance also proves to be a good qualitative
technique since the 45° branch is characteristic for proton migration only and not
for O2 diffusion in the agglomerates.
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6. Experimental Results
6.1 Electrochemical steady-state response
     of Pt/Vulcan cathodes

This section is a summary of the results presented in papers III and VI. The results
obtained with a "standard" cathode recipe (40 wt % Nafion) are reviewed  first
(paper III); then the results obtained while spanning the Nafion content from 10 to
70 wt % are presented (paper VI). Table 6.1 is a list of the cathodes that were
studied in the various papers, the corresponding ink recipes, and the kinetic and
transport parameters that were accessed by steady-state or EIS methods. In this
section, the results obtained on cathodes A-C are reviewed as well as the steady-
state results obtained on the cathodes D-I. Cathode J was investigated by transient
techniques (CI and EIS) and the corresponding results are discussed in the next
section together with the results obtained from EIS on the cathodes D-I. The
catalyst for all these cathodes was 20 wt % platinum on Vulcan XC-72 (E-TEK).

Method
→

Materials characterisation Polarisation curve EIS Pol. curve
or EIS

Cathode
↓

Nafion
wt %

Pt+C
wt %

Thickness
µm

Ai0

A m-3
Tafel
slope

mV/dec

2nd Tafel
slope

mV/dec.

c*

mol m-3
Deff/λ

2

s-1
Deffc

*/λ2

mol m-3 s-1

A 40 60 22.0     9 -67 -114 -- --   13.0
B 40 60 18.0 180 -77 -166 -- --   19.0
C 40 60   4.7 275 -84 -156 -- --   33.0
D 10 90   3.4   23 -81 -- 2.5 1.0     2.5 (*)
E 30 70   7.6 345 -81 -- 1.9 1.6     3.0 (*)
F 36 64   7.7 369 -81 -152 6.8 9.7   66.0 (*)
G 43 57   7.4 208 -81 -- 3.6 5.4   19.0 (*)
H 50 50   6.1 215 -81 -- 6.0 0.5     3.0 (*)
I 70 30   9.8 255 -81 -- -- -- --
J 30 70 10.0   87 -78 -- 3.2 14   45.0

Table 6.1  The cathodes studied in the various papers, their thickness and the

kinetic and mass-transport parameters obtained from electrochemical techniques.

Experiments performed under pure O2, Tcell = 50°C, relative humidity varying in the

range of 74 to 90 %. Parameters in bold were obtained at PO2=1atm+2bars.

Otherwise, PO2=1atm. In the last column, (*) means Deffc
*/λ2 comes from the product

of c* and Deff/λ
2, both estimated from EIS.

First, the use of the current-interrupt method to correct polarisation curves for the
iR drop is discussed. Figure 6.1-a shows two iR-corrected polarisation curves
(+ signs) of cathode A, recorded at different operating conditions. Along with these
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Fig. 6.1-a Importance of the iR correction. Polarisation curves of electrode A,

non corrected (x) and iR corrected (+). Pure H2 and O2.

a/ Tcell=40°C, Thum,a= Thum,c= 55°C, Tpipe=70°C, Pc=1.6 atm,

b/ Tcell=70°C, Thum,a=75°C, Thum,c=35°C, Tpipe=82°C, Pc=2.2 atm,

curves, the non-iR-corrected curves (x signs) are presented. The corresponding
curves of iR drop as a function of the current are seen in Fig. 6 of paper III. These
measurements demonstrate that the iR correction is a necessity if one wants to study
the behaviour of the cathode since the second Tafel slope is invisible on the non-
corrected curves. In the following text, the term polarisation curve refers to the iR-
corrected curve.

The polarisation curves in Fig. 6.1-a display two distinct Tafel slopes each. The
slope observed at low current density is the kinetic Tafel slope. At high current
density, the curves display a second Tafel slope that has a value about twice that of
the kinetic Tafel slope. The steady-state agglomerate model predicts a doubling of
the Tafel slope for either control by kinetics and oxygen diffusion in the
agglomerates, or kinetics and proton migration (section 5.1). Thus, one can deduce
that either diffusion or migration limited the performance of cathode A, but not both
phenomena together. The observation of a second Tafel slope also indicates two
things: (i) the experimental setup behaves as a one-dimensional system; i.e. the
current density over the surface of the cathode is uniform; and (ii) O2 diffusion in
the hypothetical polymer film surrounding the agglomerates as well as in the gas
phase is not limiting the cathode reaction under these experimental conditions.
Henceforth, the term second Tafel slope is used to describe the experimental
phenomenon, while the term double Tafel slope is reserved for describing the
modelling result.
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An ambiguity still remains since it is unknown whether O2 diffusion in the
agglomerates or proton migration throughout the cathode causes the second Tafel
slope. In order to unveil the origin of the latter, the effects of varying the cathode
thickness, the O2 pressure and the ambient humidity were investigated (paper III).
Figure 7 of paper III shows the polarisation curves of the cathodes B and C, 18 and
4.7 µm thick, respectively. Two Tafel slopes are again clearly seen on each curve,
with ratios of about two (Table II in paper III). Secondly, the current density
obtained with cathode B is about four times larger than that obtained with cathode
C, both in the regions of Tafel and second Tafel slopes. This ratio is to be compared
to the thickness ratio of 3.6. Consequently, if the second Tafel slope is due to mass
transport, the limiting mass-transport phenomenon can only be slow O2 diffusion in
the agglomerates. Proton migration is ruled out since it would lead to a current
independent of the thickness in the region of double Tafel slope (Table 5.1). The
curves were fitted by our agglomerate model. The resulting parameters are seen in
Table 6.1. Next, changing the O2 concentration in the cathode gas was made either
by increasing the total pressure but keeping a constant fraction of O2 in the cathode
gas, or by diluting O2 in N2 at a constant total pressure. Nitrogen is an inert gas that
does not intervene in the reactions. The results are seen in Figs. 8 and 9 of paper III.
All curves show again two Tafel slopes, and the ratios of these two slopes range
from 1.7 to 2 (Table II of paper III). The current density increases linearly with the
partial pressure of O2 in both the regions of kinetic Tafel slope and second Tafel
slope. Thus, if the second Tafel slope arises because of slow mass transport, the
limiting mass-transport phenomenon can only be O2 diffusion in the agglomerates.
This confirms the previous result obtained with cathodes having different
thicknesses. The curves were fitted to our agglomerate model and the resulting
parameters are seen in Table II of paper III.

Finally, the effect of humidity of the ambient gas on the performance of the cathode
was investigated. The curves obtained for a relative humidity spanning from 34 to
90 % are presented in Fig. 6.1-b. Each polarisation curve still displays the simple
Tafel-second Tafel slope behaviour; the ratio of these two slopes being about two,
independently of the humidity (Table II of paper III). However, it is striking that the
values of both the Tafel and second Tafel slopes increase with decreasing relative
humidity. The conclusion is that the relative humidity affects not only mass
transport but also the ORR kinetics. The simple approach that was assumed in this
work to describe the ORR kinetics cannot predict such effects of the water; its effect
can only be experimentally noticed and taken into account by letting the Tafel slope
take the value necessary for obtaining a good fit. The curves were fitted to the
model (solid lines), yielding the parameter group Deffc

*/λ2 as a function of relative
humidity (Table II of paper III). The latter increases with increasing relative
humidity, in accordance with previous works obtained on O2 transport in Nafion
polymers.67,68
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Tcell=50°C, Thum,c=Thum,a =47°C, Tpipe=52°C, pure O2 & H2.

After the detailed study of a "standard" cathode, the results concerning the effect of
the cathode composition (relative amount of Pt/Vulcan to Nafion) on its
performance are presented (paper VI). Figure 6.1-c presents the polarisation curves
of the cathodes D-I, based on a Nafion content spanning from 10 to 70 wt %. For an
easier comparison of the kinetics of the different cathodes, the curves were
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normalised to a Pt loading of 0.1 mg cm-2. Actually, the loading was in the range of
0.1 to 0.14 mg cm-2, but for the 10 wt %-Nafion cathode (0.05 mg Pt cm-2). The
primary information of this figure is that the second Tafel slope behaviour is
observed only for the cathodes containing 36 and 43 wt % Nafion. Cathodes with
Nafion contents less than 30 or more than 50 wt % display steeper slopes at high
current, indicating thereby additional mass-transport limitations. It is difficult with
steady-state curves to know what type of mass transport is responsible for the
degradation of the performance. Therefore, electrochemical impedance
spectroscopy was performed on these electrodes and the results are presented in the
next section. However, looking at the region of kinetic Tafel slope of these curves,
one can already say that the kinetics of the various cathodes is almost constant with
Nafion content when the latter is in the range of 30 to 70 wt %.

6.2 Transient electrochemical techniques
      to characterise Pt/Vulcan cathodes

Current interruption (CI) and electrochemical impedance spectroscopy (EIS) were
applied to a cell having a cathode containing 30 wt % Nafion (cathode J) with the
purpose of testing the appropriateness of the models at describing the transient
response of such a cathode (paper V). The cell voltage was recorded instead of that
of the cathode vs. RHE for reasons explained in section 4.1. The experiments were
performed under various relative humidities of gas and under two different partial
pressures of O2. For all the experimental conditions, the steady-state behaviour of
each cathode was also recorded (Fig. 1 of paper V).

The polarisation curves of cathode J do not show a second Tafel slope at high
current densities. The slope is steeper than a second Tafel slope. This indicates that
an additional mass transport limits the 30 wt %-Nafion cathode (J) compared to the
40 wt %-Nafion cathodes (paper III). This change in Nafion content might at a first
glance be regarded as small, but a change from 40 to 30 wt % Nafion implies a
sensible decrease of the weight ratio of Nafion to Pt/C from 0.67 to 0.43. The
percolating path required for protons to be transported across the cathode might
therefore be hampered by such a compositional change.

Figure 6.2-a presents the relaxation curves of the cell potential of cathode J after
current interruption. The curve corresponding to 400 mA cm-2 displays a steeper
slope than the other curves in the time region 1-10 ms. This was predicted by the
agglomerate model and should correspond to the relaxation of the O2 concentration
in the agglomerates. The short time region could not be recorded because of
instrumental limitations. The shortest time base was 1 µs but the maximum number
of data points was 3.5 104. Here, a time base of 50 µs was chosen. The model was
fitted to the experimental curves (solid lines) and the kinetic and transport
parameters obtained from these fittings are seen in Table II of paper V.
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Figure 6.2-b presents the Nyquist plots (-imaginary vs. real part) of the Tafel
impedance for the cell containing cathode J. At low current densities (1 and 10
mA cm-2), the spectra are semi-circles corresponding to purely kinetic limitation.
The diameter of these semicircles is directly related to the value of the Tafel slope.
At 400 mA cm-2, the real part of Zt at low frequency had quadrupled compared to
the one at low current density (0.18 against 0.04 V). This result is characteristic for
simultaneous limitation by O2 diffusion in the agglomerates and proton migration
throughout the cathode. However, the spectra at 400 mA cm-2 could not be properly
fitted by the model since the branch at high frequency has an angle lower than the
45° predicted by the model. The parameters obtained from these fittings are seen in
Table III of paper V. It was concluded that the cathode investigated in paper V is
limited by both O2 diffusion in the agglomerates and by proton migration
throughout the cathode.

Accidentally, the experimental investigation of paper V unveiled a curious effect
caused by low humidity. Looking at the Nyquist plots obtained at the current
density of 400 mA cm-2 under various relative humidities (Fig. 6.2-c), an additional
loop at low frequency is observed (right-hand side). The latter is magnified with
decreasing relative humidity. This loop can therefore neither be attributed to
limitation by O2 diffusion in the gas backing, nor to diffusion in a hypothetical
polymer or water film surrounding the agglomerates. It is proposed that this low-
frequency loop is characteristic for water transport in the membrane. If the anode
and cathode gases are well humidified, the profile of water concentration across the
membrane is almost flat, and independent of the current density. The membrane
then behaves as a simple resistance. On the contrary, if the incoming gases are
poorly humidified, a steep profile of water concentration may be created due to the
water produced by the ORR at the cathode side. The local conductivity of the
membrane is then a function of the position inside the membrane and the latter does
not behave as a simple resistance An EIS model for the membrane, based on the
theory of concentrated solution for the species H+, H2O and RSO3

- is being
developed at our laboratory. First results show that the response of such a system
can yield either a capacitive or an inductive arc. The steady-state response of such a
model has been presented by Dannenberg et al.69

To conclude, the results presented in paper V showed that the dynamic models were
on the whole successful in describing the experimental results. The parameters
obtained from the fitting of the models to the experimental data have reasonable
values and are congruent with their expected behaviour. For example, Table III of
paper V shows that the group Deff/λ

2 increases with increasing relative humidity, in
agreement with previous work showing that the diffusion coefficient of O2 increases
with increasing humidity in Nafion membranes.67,68



52

The impedance model was thereafter applied to investigate the changes occurring to
the cathode when its composition is modified (paper VI). Figure 6.2-d presents the
plots of -Im(Zt) against the frequency of the perturbation, for a steady-state current
density of 1 mA cm-2 and for cells containing cathodes with various Nafion
contents. The Nyquist plots corresponding to these curves would be perfect semi-
circles characteristic for kinetic control, owing to the low current-density. The solid
lines are the fittings and they yield values for the Tafel slope, b, and for the double
layer capacitance, AdlCdl (Table II of paper VI). The shift in the frequency of the
peak in Fig. 6.2-d is due to a change in AdlCdl. In figure 8 of paper VI, we plotted
the double layer capacitance obtained from EIS and from small current pulses in N2

as well as the exchange current density, Ai0, obtained from polarisation curves
against the Nafion content. These values display the same trend with the Nafion
content, which was expected since all these parameters depend on the degree of
wetting of the Pt/Vulcan powder by Nafion. The biggest change occurs between 10
and 30 wt % Nafion where both Ai0 and AdlCdl increase by a factor 5-10. Thus, a
poor wetting of the 10 wt %-Nafion cathode is the reason for its poor kinetics for
the ORR. The kinetics of all other cathodes is much faster and does not vary much
from one to another.
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Fig. 6.2-d Effect of the Nafion content on the cell impedance at 1 mA cm-2.

Imaginary part of  Zt vs. frequency. Cells containing the cathodes D-I

having 10 (.), 30 (+), 36 (x), 43 (∇), 50 (o), and 70 wt% of Nafion (∆).

Next, the behaviour of the cathodes at high current density is dealt with. Figure 9 of
paper VI shows the Nyquist plots of Zt recorded at 100 mA cm-2 for the cathodes D-
I. The smaller the arcs, the better the cathode. The parameters obtained from the
fitting of the EIS data are seen in Table II of paper VI. It was possible to fit the
spectra with our agglomerate model up to current densities of 100-200 mA cm-2.
The fitting is good for the cathodes containing 36 and 43 wt % Nafion, acceptable
for the 30 wt %-Nafion cathode. The 70 wt %-Nafion cathode was not fitted
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because of the shoulder at high frequency (left). This shoulder did not vary with the
current density and existed also when performing EIS in N2. Thus, it is neither
related to the kinetics of the ORR, nor to the transport of reactants. The parameter
values obtained from electrochemical techniques are discussed together with the
results from the materials characterisation done on these cathodes in section 6.4.

There is a discrepancy between the value of Deffc
*/λ2 estimated by EIS on cathode E

and that estimated by EIS on cathode J, although these cathodes have a common
composition of 30 wt % Nafion (Table 6.1). This difference is believed to be due to
the roughness of cathode J that was observed on a SEM picture. Cathodes D-I were
very even; thus the parameters obtained with cathode E are certainly more reliable
than those obtained from cathode J.

6.3 Electrocatalytic activity of FeN/C-type catalysts

The values of the peak potential for the ORR, Vpr, obtained with the RDE method
on catalysts based on ten different carbons and two preparation procedures are
reported in Tables III and IV of paper VII. The carbons are commercial or
developmental products. The Vpr values of the catalysts based on a loading of 0.2 wt
% iron (Fe) on carbon lie in the range of -220 to 388 mV vs. SCE, corresponding to
a variation in the exchange current density of six decades or so! The main factors
steering the activity of these catalysts are unveiled by comparing the
electrochemical results with the data obtained from the ex-situ materials
characterisation in section 6.5 (x-ray photoelectron spectroscopy, neutron activation
analysis and gas porosimetry). It can already be concluded that the carbon support
plays a fundamental role in the formation of the catalytic sites.

Figure 6.3 presents the variation of the electrocatalytic activity (peak potential for
the ORR) of three of these catalysts with their nominal iron loading. If all the iron
atoms were incorporated into active sites, the peak potential Vpr should increase
linearly in this semi-logarithmic plot, according to Eq. 3 of paper VII. Obviously,
this is not the case for an Fe loading larger than 0.2-0.5 wt %. The curves display a
bell shape and the activity reaches a maximum at about 0.1-2 wt % Fe on carbon.
Upon further loading, the activity may level off, decrease slowly (RC1 T, Vulcan T)
or dramatically (RC1 NT). Such a decrease is probably due to the deactivation of
the active sites by inactive Fe atoms.

Figures 3 and 4 of paper VII present the polarisation curves of fuel cells whose
cathode contained each of the synthetised catalysts (nominal loading of 0.2 wt % Fe
on carbon). The curve corresponding to a Pt/Vulcan cathode is shown for
comparison. Note that, on a weight basis, the best iron-based catalysts are as active
as platinum! It is a rightful question to ask oneself whether the activity measured
with RDE is congruent with that in the fuel cell.
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Fig. 6.3 Effect of the iron loading on carbon on the activity for the ORR of

the resulting catalyst. Two different carbons (Vulcan and RC 1)

and two different preparation procedures (NT and T)

Again one can make use of Eq. 3 of paper VII. It stipulates that Vpr is related to
log(k0) by a linear relation (k0 being the reaction rate at standard potential). On the
other hand, the Tafel law applied to the polarisation curve of the fuel cell says that,
for a given cathode potential, the current is proportional to the exchange current
density, k0. Thus, the plot of log(jst) read on the polarisation curves of the fuel cell at
low current density against the value of Vpr obtained from the RDE technique
should yield a linear relation. Such a plot is shown in Fig. 7 of paper VII. The match
is not perfect but the relation is qualitatively valid for values of activities covering
several decades. Note that the linear relation is obtained mathematically only if the
Tafel slope (or coefficient αr) is rigorously identical for all catalysts, which might
not have been strictly the case experimentally.
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6.4 Materials characterisation of Pt/Vulcan cathodes

The results presented in this section are a summary of the findings coming from
papers III and VI. Here, it is the cathode structure that is investigated. The materials
characterisation is intended to give information independently of the
electrochemical results. It is investigated whether the cathode displays an
agglomerate structure, what size the agglomerates have and how they are packed to
form the cathode. The agglomerate sizes in the cathodes D-E and H-I were
measured from electron microscopy and gas porosimetry (paper VI).

Cathode
Nafion
content
wt %

Porosity
100*ε2

%

Electron
conductivity, σeff,s

S m-1

Agglomerate
size, d

nm
A 40 35 -- 220 (BET)
B 40 28 -- --
C 40 27 -- --
D 10 64 169 159 (SEM)
E 30 52 388 172 (SEM)
F 36 32 -- --
G 43 32 -- --
H 50 13 362 234 (SEM)
I 70 10 90 263 (SEM)

Table 6.4 Cathodes investigated in papers III and VI, their composition

and the properties determined by materials characterisation.

The sizes obtained from these two methods were congruent and they increased with
increasing Nafion content (Table 6.4). Gas and Hg porosimetry gave also
information about the pore-size distribution. The latter was compared for a blank
Pt/Vulcan powder and for a cathode containing 40 wt % Nafion (Fig. 3 of paper III).
This figure shows that the amount of gas pores decreased when adding Nafion,
independently of the pore size. Moreover, the pores up to 10 nm size present in the
blank powder were completely filled by Nafion in the case of the cathode. This
result sustains the soundness of assuming the agglomerates to be pore-free; the
latter assumption being the ground for the mathematical models. Table 6.4 also
reports values for the overall porosity and the electron conductivity. The overall
porosity decreases with increasing Nafion content. The decrease is very sharp in the
region 30-50 wt % Nafion. Figure 3 of paper VI maps how the volume of the
cathode is distributed between the pores, the Pt/C phase and the polymer phase for a
Nafion content ranging from 10 to 70 wt %. Next, the electron conductivity first
increases with increasing Nafion content and then decreases sharply for a Nafion
content above 50 wt %. The underlying factor steering the electron conductivity is
the volume fraction of Pt/Vulcan in the cathode (Fig. 6 of paper VI). Electron
conductivities reported in Table 6.4 certainly overestimate values in wet cathodes
owing to the Nafion expansion. One may however assume that in wet cathodes the
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electron conductivity is at least of a few S m-1; value required to neglect limitation
by electron conduction (section 5.1). Thus, electron conductivity is probably not the
cause for the varying performance of the various cathodes (Fig. 6.1-c). In an attempt
to explain the latter, the parameters obtained from EIS fittings (Table II of paper VI)
for cathodes D-H are compared to the agglomerate size, porosity and volume
fractions of the various phases of the cathodes. Figure 10 of paper VI focuses on the
local diffusion of O2 in the agglomerates. It compares the parameter group Deff/λ

2

obtained from EIS with the scalar ε1
a/d2 obtained from electron microscopy and

weighing (according to Bruggeman's law, Deff= Dε1
a where D is the true diffusion

coefficient, ε1 the volume fraction of Nafion in agglomerates). Deff/λ
2 increases with

increasing Nafion content up to 36 wt % and decreases sharply above 43 wt %. The
latter decrease is unexpected since the parameter ε1

a/d2 estimated by ex-situ methods
increases steadily with the Nafion content. We interpreted this discrepancy between
the two curves for Nafion contents above 43-50 wt % as a limit for the validity of
the agglomerate model. This assumption is reinforced by the fact that the proton
conductivity estimated by EIS also decreases sharply for Nafion contents larger than
43 wt % (Fig. 11 of paper VI). The latter effect cannot be supported by any
reasoning and it is believed that the model was compelled to lower the conductivity
in order to fit somehow the experimental curves.

So, why is our agglomerate model not valid for Nafion contents equal to or larger
than 50 wt %? The poorer performance of the 50 and 70 wt %-Nafion cathodes
indicates that an additional process of mass transport limits the performance of
these electrodes. This process is not taken into account in the present EIS model.
Conduction of electrons can be ruled out as a limiting factor owing to the high
values of electron conductivity obtained even for the 70 wt %-Nafion cathode. The
single other transport we can think of is slow diffusion of O2 throughout the
cathode. This explanation is sustained by the sharp decrease of the overall porosity
between the 43 and 50 wt %-Nafion cathodes (32 to 13 % porosity). With 13 %, the
pore system may not percolate through the cathode. Some pores may have a dead
end or be isolated from the rest of the pore system. In such a structure, O2 would be
enforced to diffuse throughout the cathode partly in Nafion and partly in the gas
phase, resulting in much slower diffusion compared to a purely gas-phase path.
Though we have no steady-state model at hand to calculate the effect of a non-
percolating gas phase, such an effect can be roughly tested by assuming
unexpectedly low values for the gas-phase diffusion coefficients in the steady-state
agglomerate model (paper II). Polarisation curves obtained doing so are presented
in Fig. 12 of paper VI. The calculated curves match well with the experimental
curves of the cathodes containing 50 and 70 wt % Nafion when assuming a
diffusion coefficient for O2 being, respectively, 3 and 4 decades smaller than the
gas-phase diffusion coefficient. Thus, the existence of a non-percolating pore
system for cathodes containing more than 43-50 wt % Nafion is a sound
explanation for the poorer performance of such electrodes.
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6.5 Materials characterisation of FeN/C-type
      catalytic powders

In contrast to the case for the previous section, it is the blank catalytic powders
(without Nafion) that are investigated here, in their state following the fabrication
procedure. Thus, the powders investigated ex situ had neither been operated as
catalysts, nor been in contact with Nafion or sulphuric acid. A qualitative and
quantitative analysis of the elements present on the surface of the powders (first
atomic layers) was performed by x-ray photoelectron spectroscopy (XPS) for all 19
catalysts obtained from ten different carbons and two preparation procedures. The
narrow scans were systematically recorded for the core levels of C1s, N1s, O1s and,
from case to case, for S2p and Na1s. N2-gas porosimetry was also performed on all
catalysts. The results are contained in Tables I, II, V-VII of paper VII. The
cumulated sum of experimental results is quite huge, so one will not look into the
details of each catalyst but try to extract the main features corroborating the
structure or the chemical analysis of this family of catalysts to their electrochemical
activity for the ORR.

It is known that the catalytic sites obtained from the high-temperature pyrolysis of a
carbon, a metal precursor and a nitrogen precursor involve the metal, carbon and
nitrogen. Thus, there should be a relation between the amount of nitrogen atoms
present on the carbon powder and the activity of the catalysts for the ORR. Figure 8
of paper VII presents the relation between the catalytic activity (RDE peak
potential, Vpr) and the surface concentration of nitrogen measured by XPS. This
figure presents two linear parts. The increase of catalytic activity with increasing N
concentration was expected since N is an integral component of the active site. The
vertical line drawn for the catalysts devoid of nitrogen indicates that another factor
steers their activity then. Which? Figure 10 of paper VII gives the answer to the
question: it shows that the activity of the catalysts devoid of nitrogen is steered by
the amount of oxygen atoms present on the surface of the catalysts. For the catalysts
having 0.5 atomic % nitrogen or more, there is no correlation between the activity
and the surface concentration of O since the sites FeN/C are much more active than
the sites involving oxygen. The latter is believed to be an iron oxide.

The narrow scan spectra of N1s and O1s were studied in detail. Figure 9 of paper VII
shows N1s spectra for four catalysts. The N1s spectra were deconvoluted into three
peaks having different energies, each of them corresponding to N bound with C in a
certain configuration. The peaks were ascribed to pyridinic, pyrrolic and graphitic
nitrogen.29,70 These different functionalities are schemed in Fig. 6.5-a. Graphitic and
pyridinic nitrogens are both included in a six-membered ring. Graphitic nitrogens
may correspond to several configurations, therefore yielding a broad peak. Pyrrolic
nitrogen is included in a five-membered ring. Arguments were reported supporting
that only pyridinic nitrogen is involved in the active site of such catalysts.29
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However, since the percentage of pyridinic nitrogen to the total N atoms is quite
constant (36±10%) for the catalysts investigated in paper VII, it makes sense too to
plot the electrocatalytic activity simply as a function of the overall N concentration
(Fig. 8 of paper VII).

N
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N N
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Another issue of paper VII was to investigate whether the surface area of the
carbons played a role or not in the activity of these catalysts. Figure 6.5-b shows the
double layer capacitance (measured from the surface of the cyclic voltammograms
obtained by RDE) as a function of the surface area obtained by gas porosimetry.
The surface area was split into the area formed by all pores (BET area) and into the
area formed by the pores having a size in the range of 1.7-300 nm (labelled SA).
The underlying reason to exclude pores smaller than 1.7 nm is that such pores are
unlikely to be filled by the electrolyte. Thus, catalytic sites situated in these pores
will probably not participate in the electrochemical reaction. This assumption is
sustained by Fig. 6.5-b. Since many carbons have a specific double layer
capacitance of about 0.1 F m-2, 71 the plot of the double layer capacitance (in F g-1)
against the carbon area wetted by the electrolyte (in m2 g-1) should yield a line
whose slope is about 0.1 F m-2. Such a line is drawn in Fig. 6.5-b. The surface area
SA seems more suited than the BET area for giving an estimation of the true wetted
area since most of the catalysts are situated on or not far from the 0.1 F m-2 line if
one considers the former area. Thus, this graph simply shows that the carbons
having a very large BET area will not necessarily perform much better than carbons
with a medium BET area because all of the area is not necessarily wetted by the
electrolyte. The catalysts PTCDA T and RC1 NT have an unexpectedly large value
of double layer capacitance. This might be due to pseudo-capacitance, i.e. a
capacitance originating from molecules adsorbed on the surface and being
reversibly reduced and oxidised when performing the cyclic voltammograms.

Another question arising from paper VII is whether it is N or Fe that limits the
number of active sites for these catalysts. A nominal Fe loading of 0.2 w t  %
corresponds to 2.1 1019 atoms Fe per gram of carbon. In order to calculate the
corresponding number of nitrogen atoms present on the surface per gram of carbon,

Fig. 6.5-a
Nitrogen functionalities in
carbon materials. Inside
brackets, the range of bin-
ding energy of each N1s

peak measured in paper VII.
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one has to estimate a value for the surface occupied by an atom of carbon. In a
graphite sheet, it occupies the surface s = 0.025 nm2. The total number of nitrogen
atoms per gram of carbon is then calculated as follows

Total N =  
at. % N

100
BET

s
⋅ [6.5]

where at. % N is the atomic percentage of nitrogen measured by XPS. The ratio
BET/s represents the number of surface carbons per gram of carbon. To give an
idea, with a BET area of 200 m2 and s=0.025 nm2, only 1.6 % of the carbon atoms
are situated at the surface. Using Eq. 6.5, one can compare the total numbers of N
and Fe atoms for all catalysts (Fig. 6.5-c). Since the most active site is FeN2/C,27

catalysts situated above the horizontal line in Fig. 6.5-c are predicted to have a
surplus of N atoms, while those situated below should have a surplus of Fe atoms.
This graph shows that, already with a Fe-loading of 0.2 wt %, most of the carbons
are expected to lack nitrogen atoms in order to coordinate all Fe atoms.
Surprisingly, some of the carbons situated below the horizontal line have a good
activity too (Vpr value inside brackets). Moreover, figure 6.3 shows that the activity
of Vulcan T and RC1 T increased up to a loading of 0.5 and 1 wt % Fe,
respectively, in contradiction with what would be expected from Fig. 6.5-c.

Two sources of error may explain this discrepancy: either the amount of N atoms is
underestimated, or the amount of Fe atoms is overestimated. For the former source
of error, the calculation of the total number of nitrogen atoms is based on the s-
value, which is of course uncertain. These carbons are not organised graphites and
the s-value might be smaller, thereby increasing the calculated number of nitrogen
atoms. On the other hand, the results of Fig. 6.5-c take into account all nitrogen
atoms, while it has been reported that only pyridinic nitrogens can build active
sites.29 Pyridinic nitrogen represents only 36±10 % of all nitrogen atoms in the
present study. For the second source of error, some iron atoms are possibly lost
during the pyrolysis, or part of the Fe atoms are incorporated into the bulk of the
carbon and cannot participate in building active sites. According to the values of
bulk concentration in Fe measured by Neutron Activation Analysis (Table I of
paper VII), no more than 25 % of the Fe atoms initially deposited on the carbon
powder are lost during the pyrolysis (biggest loss when Ketjenblack, Acetylene
Black, Vulcan or Black Pearls is used). Whether the Fe atoms detected by NAA are
all situated on the surface of the carbon or wrapped into the carbon structure is
impossible to know at the present time. The reason for this is that, with such low
amounts of Fe atoms, x-ray photoelectron spectroscopy cannot quantify the surface
concentration of Fe. The conclusion is that these simple calculations are not
conclusive at determining whether N or Fe atoms limit the synthesis of active sites
at an Fe loading of 0.2 wt % on carbon.
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7. Conclusions
Modelling results

Not all modelling results of paper II are new. de Levie anticipated the arising of a
double Tafel slope at high current density by virtue of limitation by ion migration or
reactant diffusion in the electrolyte of a cylindrical pore.51 These results were shown
by Perry et al to apply also to the agglomerate model.56 In the latter work, it was
also highlighted that the current density, in the regime of double Tafel slope, is first
and half-order with respect to the O2 concentration for limitation by O2 diffusion in
the agglomerates and by migration of ions, respectively. Thus, varying the O2

concentration is a means for unveiling whether an experimental double Tafel slope
arises because of migration or diffusion limitation. This effect can also be achieved
by varying the electrode thickness (paper II); a possibility that was not discussed by
Perry et al. It is more conclusive than the change in O2 concentration since the rate
order with respect to the thickness is unity and zero for diffusion and migration
limitations, respectively. The main novelties in paper II are the inclusion of slow
diffusion in the gas phase of the cathode and of the backing, and the presence of a
polymer film covering the agglomerates. Paper II is also a support for the
readability of paper III, the latter being the application of the model results to define
the experiments; and paper II also sets the ground for the dynamic models.

In paper IV, the model was extended to two transient techniques, namely the
current-interrupt technique (CI) and electrochemical impedance spectroscopy (EIS).
This paper contains original results since the response of the agglomerate model to
transient techniques has barely been studied previously, especially when it comes to
the CI technique. The definition of an innovative impedance based on a logarithmic
scale for the current perturbation (so-called Tafel impedance) brings an elegant
parallel between the various multiples of the Tafel slope caused by mass-transport
limitations at steady state and the magnitude of the Tafel impedance at low
frequency. EIS is powerful at distinguishing limitation by diffusion in the
agglomerates from migration limitation since the 45° branch at high frequency in
Nyquist plots is exclusively characteristic for migration. The CI technique results in
a slope at medium times larger than the Tafel slope (in V per time decade), which is
a tag specific for diffusion limitation. These results are complementary to the
steady-state analysis where the only means to unveil the cause for an apparent
double Tafel slope lies in the various orders of the reaction rate with respect to the
O2 pressure or to the cathode thickness. In practice, the distinction between a half
and unit order (O2 pressure) can be tricky and requires a good control of the
experimental set-up and a reliable iR-correction method. Thus, the potential
straightforwardness of EIS and CI at separating migration from diffusion limitations
in a porous electrode is convenient for a fast and qualitative diagnostic.
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Beside these qualitative results yielded by the EIS and CI models, the groups of
physical parameters that can be quantified when these models are fitted to
experimental data were sorted out. If EIS is performed under galvanostatic control,
the exchange current density Ai0 cannot be estimated for mathematical reasons. For
both the EIS and CI methods, the parameters Deff/λ

2 and c* can be estimated
separately instead of the lump group Deffc

*/λ2 at steady state. However, EIS requires
recording spectra at current densities where the polarisation curve shifts from a
Tafel slope to a double (quadruple) Tafel slope since the impedance is eventually
independent of these parameters in the region of double (quadruple) Tafel slope. On
the contrary, the ionic conductivity can be estimated from a single impedance
spectrum. With CI, a single curve of potential relaxation recorded at high current
density can be fitted by the model to yield the kinetic and mass-transport
parameters. Thus, such a curve contains more information than a single impedance
spectrum. However, the fitting of such a curve will be difficult owing to the larger
number of parameters to be fitted simultaneously and to the time-consuming
calculations intrinsic to the CI model. When choosing between the CI and the EIS
techniques, the model associated to the latter is less time-consuming and thus more
appropriate to fitting and quantitatively evaluating experimental data. Finally, it was
highlighted in paper IV that the resistance obtained by EIS and CI are
fundamentally two different things. In order to correct a polarisation curve for iR
drop, CI is a priori the only possible method. In the particular case where the iR
drop is proven or known to be linear with the current density, EIS can be used. In
other cases, EIS will estimate incorrect values of the iR drop. In PEFCs and in
liquid-electrolyte fuel cells the resistance is prone to vary with the current density
owing to water management and to obstruction of the electrolyte pathway by gas
bubbles, respectively.

Experimental results

In paper III, it was unveiled that the polarisation curves of a cathode containing 40
wt % of Nafion show a simple Tafel slope-second Tafel slope behaviour up to
1 A cm-2, with a ratio close to two between these slopes. This result obtained on a
PEFC cathode had not been reported previously. The current density in the region
of the second Tafel slope increased linearly with O2 concentration and with the
cathode thickness, corresponding well to the model predictions for limitation by O2

diffusion in the agglomerates. However, the possibility that a change in the
mechanism of the ORR be responsible for the doubling of the Tafel slope cannot be
completely ruled out since it would also lead to a reaction-rate order being unity in
O2 concentration and in cathode thickness (see discussion section of paper III). If
the latter hypothesis is true, it means there is no mass-transport limitation when a
double Tafel slope is experimentally observed. Microelectrodes and rotating disc
electrodes (RDE) are sometimes preferred to gas diffusion electrodes (GDE) for



63

investigating the electrochemical kinetics of various reactions. In the case of PEFC,
the observation of a Tafel slope along one or two decades of current density
ascertains that porous cathodes can equally be used for investigating the kinetics of
the ORR. Such a result is usually not obtainable by RDE or microelectrodes
because of O2 diffusing through a thick barrier of liquid electrolyte.

In paper III, another novel result was presented, namely the dependence of the Tafel
slope on the humidity of the O2 gas. Results revolving around that had only been
anticipated by Springer et al.58 In Fig 10 c of this reference, the low-frequency
resistance measured by EIS, Rlf, was plotted as a function of the electric potential
(0.8 to 0.9V) in a semilogarithmic plot. The slope relating log10(Rlf) to the potential
is actually the Tafel slope. It increased from -70 to -160 mV/dec. when switching
from a "normal" humidification (gas saturated in water) to a dry cathode gas. The
corresponding polarisation curves were however not shown. Hence, the increase of
the kinetic and second Tafel slopes with decreasing humidity were not shown. The
latter result, though concise, is difficult to explain. The Tafel slope varies
continuously with the humidity, suggesting that the reaction mechanism also
changes steadily with humidity. Possibly, an intermediate species involved in the
rate determining step has an energy level depending on the humidity, e.g. protons.

In paper IV, the dynamic agglomerate models were compared to experimental data
obtained on a 30 wt %-Nafion cathode. The steady-state behaviour of such a
cathode, and hence its dynamic behaviour, turned out to be more complex than that
of a 40 wt %-Nafion cathode. The EIS and CI data could be well fitted by the
models up to current densities of only 100-200 mA cm-2. This limitation may find
its origin in the parasitic response of the anode. On the whole, the experimental
results were in accordance with the agglomerate model and provided a stronger
proof for the suitability of the agglomerate structure at describing PEFC cathodes.
The set of parameters obtained from EIS and CI compared well with those obtained
from steady-state polarisation curves and had expected behaviour with respect to
changes in humidity and O2 partial pressure.

In paper VI, the structural changes as well as the electrochemical steady-state and
dynamic responses of PEFC cathodes having different compositions (10 to 70 wt %
Nafion) were investigated. By doing so, the agglomerate model was given an even
stronger test. It was shown that, for any of the investigated compositions, Pt/C and
the Nafion polymer did mix homogeneously, supporting thereby the assumption of
the existence of agglomerates made of a pore-free blend of Pt/C and polymer. The
mass-transport properties of the cathode are enhanced up to a Nafion content of
about 40 wt %, a value beyond which they decrease sharply. This result is not new,
but the various techniques employed in paper VI gave further insights.
Electrochemical data could be satisfactorily fitted by the agglomerate model that
includes O2 diffusion in the agglomerates and proton migration, up to 43 wt %
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Nafion. The decrease in performance upon further Nafion loading was ascribed to
slow O2 transport throughout the cathode. This hypothesis ties in well with the
sharp decrease of the overall porosity when the Nafion content exceeds 30 wt %.

At the end of this thesis, it is interesting to compare the effective values obtained for
the transport parameters in the multiphase media (electron and proton conductivity
through the cathode and O2 permeability in the agglomerates) to their values in pure
carbon and Nafion reported in the literature. The electronic conductivity, σs, of the
carbon powder (Vulcan) is unknown but that of graphite is about 8·104 S m-1. If one
applies Bruggeman's law (σeff = σεa) with a = 2 and ε=εs=0.3 (Fig. 3 in paper VI) it
yields σeff,s=7·103 S m-1. The values of electron conductivity measured  ex situ were
in the range of 90 to 400 S m-1 (paper VI). Such values are smaller than 7·103 S m-1

but Vulcan certainly has a true conductivity smaller than that of graphite because of
contact resistances between the carbon particles and because these particles are not
well-structured graphite. Next, the proton conductivity in bulk Nafion is expected to
lie at 0.3 S m -1 at 70 % RH according to literature data (paper II). Applying
Bruggeman's law to the proton conductivity, σL, with ε2=0.3, yields σeff,L=4·10-2

S m-1 (Table II of paper II). In paper VI, the effective proton conductivity of the 36
and 43 wt %-Nafion cathodes was found to be in the range of 6 to 26·10-2 S m-1

(Table II of paper VI). Thus, the calculated and measured effective values for the
proton conductivity compare well with each other. Finally, if one takes the diffusion
coefficient of O2 in Nafion to be 5⋅10-11 m2 s-1 and the Henry coefficient to be 25,
Bruggeman's law yields an effective permeability Deffc

*=1⋅10-11 mol m-1
 s-1 (Table II,

paper II). The effective O2 permeability in the agglomerates was found to be in the
range of 13-30·10-14 mol m-1 s-1 at about 90% RH and PO2=1 atm (paper III, 40 wt%-
Nafion cathode) and 66·10-14 mol m-1 s-1 (assuming λ=100 nm) at PO2=1 atm+2bars
at about the same RH (paper VI, 36 wt%-Nafion cathode). Such values are 1-2
decades lower than those predicted by Bruggeman's law.

In paper VII, the role of the carbon support on the activity of Fe-based catalysts for
the ORR was investigated. The choice of carbon support resulted in values of the
exchange current density for the ORR varying by five decades! Superior activity
was correlated to the ability of the carbon support to adsorb nitrogen in sufficient
amounts during pyrolysis. This was an expected result since the active sites are
known to involve Fe, N and C atoms. On the other hand, the relation between the
carbon morphology and its ability to adsorb nitrogen is unknown. For catalysts
having a low content of N on their surface, it was shown that their restrained
activity is steered by the O surface concentration. An iron oxide is believed to be
responsible for this limited activity for the ORR. Finally, the surface area of the
carbon specimens was not a determining factor for the resulting activity, as long as
the specific area exceeded 200 m2g-1. Carbons with the extremely high area of 2000
m2g-1 did not show spectacular activity.
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Suggestions for future work

Modelling: in the present CI and EIS models, diffusion in the gas phase was
assumed to be fast. The models could in the future be extended to include such
limitations which, in practice, are believed to occur in thin-film electrodes
containing high Nafion contents or in the backing and possibly in the electrodes
when operated at high temperature and high humidity.
It would also be desirable to build a model for a porous electrode where the
expression for the kinetics of the reaction can easily be modified. This would enable
the same programme code to be used for any reaction. For instance, it would be
interesting to see whether the results obtained concerning the double and quadruple
Tafel slopes and various reaction rate orders also are applicable to kinetics having a
reaction rate order with respect to the reactant being different from unity.

Experimental: it was previously mentioned that there is still a possibility for the
second Tafel slope being caused by a change in the reaction mechanism, not by O2

diffusion in the agglomerates. A possible way to confront these two hypotheses
would be to study how the region of the second Tafel slope changes with
temperature. The activation energy (magnitude of current increase for a given
temperature raise) could indicate whether the process is of a kinetic or diffusion
nature.

The utilisation of Pt can hardly be increased. With Pt particles of 2-3 nm, already
half of the atoms are surface atoms. According to the values of double layer
capacitance obtained on porous cathodes, most of the Pt/C surface is wetted by the
polymer. The activity per gram of Pt can be increased by alloying Pt with transition
metals or significantly increasing the operation temperature.

On the other hand, much can be done on alternative catalysts free of Pt. These
catalysts have yet not demonstrated long life time in acidic media, but there is no
theoretical limitation preventing this from being achieved. Their catalytic activity is
promising and equals that of Pt on a weight basis. The structure and mass transport
occurring in porous cathodes based on such catalysts has not yet been the subject of
many works, leaving space for improvements and better understanding.

Last, state-of-the-art cathodes can still be improved by enhancing their mass-
transport properties. The diffusion properties at the agglomerate level seem to be
improved with increasing Nafion content. So does the proton conductivity. Today,
these advantages are however more than counterbalanced by the decreasing quality
of the pore system with increasing Nafion content. The latter phenomenon could be
impeded by adding appropriate chemicals to the ink composition, such as a pore
former or larger carbon particles in order to sustain a sufficient porosity.
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8. List of Symbols

A catalyst specific area per unit volume of  carbon + catalyst / m-1

Adl carbon + catalyst specific area per unit volume of carbon + catalyst / m-1

b Tafel slope / V per decade of current
Cdl double layer capacitance per unit area of carbon + catalyst / F m-2

c oxygen concentration in polymer electrolyte / mol m-3

ci,g concentration of species i in the gas phase / mol m-3

D oxygen diffusion coefficient in polymer electrolyte / m2 s-1

Di-j binary diffusion coefficient in gas phase for a pair (i,j) / m2 s-1

E local electric voltage across the solid-electrolyte interface, E=φs-φL-∆φref/ V vs. Ref.
Eth thermodynamic potential of the O2-H2O equilibrium / V vs. Ref.
Etot total electric potential of the porous cathode, defined by Eq. 3.2-2 / V vs. Ref.
F Faraday's constant / C mol-1

i unit of imaginary numbers (a root of -1)
i0 exchange current density of the ORR on a smooth catalyst surface / A m-2

is current density per unit surface of catalyst / A m-2

iv volumetric current density in the cathode / A m-3

j local proton current density throughout the cathode / A m-2

jtot total current density of the cathode (Faradaic + double layer) / A m-2

L cathode thickness / m
log Neperian or natural logarithm
log10 logarithm function, base ten
n number of electrons per O2 molecule consumed (n=4)
r radial coordinate in the agglomerates / m
R gas constant / J K-1 mol-1

T electrode temperature / K
t time / s
Vpr potential of the peak characteristic for ORR measured by RDE / V vs. SCE
y coordinate in the active layer / m
Z impedance / Ω m2

Zt Tafel impedance / V

Greek

η overpotential of the ORR, η=E-Eth / V
ε1 volume fraction of polymer electrolyte in agglomerates
ε2 volume fraction of pores in the cathode
λ radius of the agglomerates / m
φ electric potential in a single phase / V
σ conductivity / S m-1

αr cathodic transfer coefficient of the ORR
ω angular frequency / rad s-1
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Subscripts

a complex amplitude of a variable for electrochemical impedance spectroscopy
dl double layer
eff effective value of a variable for a multiphase medium
F Faradaic
L electrolyte phase (proton conducting polymer)
s solid phase (carbon + catalyst)
st steady state (the bias value for EIS, the value prior to shutting off current for CI)

Superscripts

* at equilibrium with the inlet gas
0 standard condition

Abbreviations

CI current interruption
EIS electrochemical impedance spectroscopy
GDE gas diffusion electrode
MEA membrane electrode assembly
ORR oxygen reduction reaction
PEFC polymer electrolyte fuel cell
RH relative humidity of gas
RHE reversible hydrogen electrode
RDE rotating disc electrode
SCE standard calomel electrode
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