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Abstract

The polymer electrolyte membrane fuel cell (PEMFC) converts the chemical energy
of hydrogen and oxygen (air) into usable electrical energy. At the cathode (the posi-
tive electrode), a considerable amount of platinum is generally required to catalyse
the sluggish oxygen reduction reaction (ORR). This has implications regarding the
cost in high-power applications, and for making a broad commercialisation of the
PEMFC technology possible, it would be desirable to lower the amount of Pt used
to catalyse the ORR.

In this thesis a number of techniques are described that have been developed in
order to investigate catalytic activity at the cathode of the PEMFC. These method-
ologies resemble traditional three-electrode research in liquid electrolytes, includ-
ing cyclic voltammetry in inert gas, but with the advantage of performing the ex-
periments in the true PEMFC environment.

From the porous electrode studies it was seen that it is possible to reach mass
activities close to 0.2 gPt/kW at potentials above 0.65 V at 60 ◦C, but that the mass
activities may become considerably lower when raising the temperature to 80 ◦C
and changing the measurement methodology regarding potential cycling limits and
electrode manufacturing.

The model electrode studies rendered some interesting results regarding the
ORR at the Pt/Nafion interface. Using a novel measurement setup for measuring on
catalysed planar glassy carbon disks, it was seen that humidity has a considerable
effect on the ORR kinetics of Pt. The Tafel slopes become steeper and the activity
decreases when the humidity level of the inlet gases decreases. Since no change in
the the electrochemical area of the Pt/Nafion interface could be seen, these kinetic
phenomena were ascribed to a lowered Pt oxide coverage at the lower humidity
level, in combination with a lower proton activity.

Using bi-layered nm-thick model electrodes deposited directly on Nafion mem-
branes, the behaviour of TiO2 and other metal oxides in combination with Pt in
the PEMFC environment was investigated. Kinetically, no intrinsic effect could be
seen for the model electrodes when adding a metal oxide, but compared to porous
electrodes, the surface (specific) activity of a 3 nm film of Pt deposited on Nafion
seems to be higher than for a porous electrode using ∼4 nm Pt grains deposited on
a carbon support. Comparing the cyclic voltammograms in N2, this higher activity
could be ascribed to less Pt oxide formation, possibly due to a particle size effect.

For these bi-layered films it was also seen that TiO2 may operate as a proton-
conducting electrolyte in the PEMFC.

Keywords: fuel cell, humidity, model electrodes, Nafion, oxygen reduction, PEMFC,
platinum, polymer electrolyte, thin film evaporation, titanium oxide
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Sammanfattning

I polymerelektrolytbränslecellen (PEMFC) omvandlas den kemiska energin hos vät-
gas och syrgas (luft) direkt till användbar elektrisk energi. På katoden (den positiva
elektroden) krävs betydande mängder platina för att katalysera den tröga syrere-
duktionsreaktionen (ORR). Detta inverkar på kostnaden för högeffektsapplikatio-
ner, och för att göra en bred kommersialisering av PEMFC-teknologin möjlig skulle
det vara önskvärt att minska den Pt-mängd som används för att katalysera ORR.

I denna avhandling beskrivs ett antal tekniker som utvecklats för att under-
söka katalytisk aktivitet på katoden i PEMFC. Metodiken liknar traditionella tre-
elektrodexperiment i vätskeformig elektrolyt, med cyklisk voltammetri i inert gas,
men med fördelen att försöken utförs i den riktiga PEMFC-miljön.

I försök med porösa elektroder visades att det är möjligt att nå massaktiviteter
nära 0.2 gPt/kW för potentialer över 0.65 V vid 60 ◦C, men massaktiviteterna kan
bli betydligt lägre om temperaturen höjs till 80 ◦C, och om potentialsvepgränser
och elektrodentillverkningsmetod ändras.

Försök med modellelektroder resulterade i intressanta resultat rörande ORR i
gränsskiktet Pt/Nafion. Genom att använda en ny metodik för att mäta på ka-
talyserade plana elektroder av vitröst kol (glassy carbon), var det möjligt att se
att gasernas fuktighet har en betydande inverkan på ORR-kinetiken hos Pt. Tafel-
lutningarna blir brantare och aktiviteten minskar när inloppsgasernas fuktighets-
grad minskar. Eftersom den elektrokemiska arean hos Pt/Nafion-gränsskiktet in-
te ändrades, ansågs dessa kinetiska effekter bero på en lägre täckningsgrad av Pt-
oxider vid lägre fuktigheter, i kombination med lägre protonaktivitet.

Genom att använda Nafionmembran belagda med nm-tjocka tvåskiktsmodell-
elektroder undersöktes hur Pt i kombination med TiO2 och andra metalloxider ver-
kar i PEMFC-miljön. Kinetiskt sett hade tillsatsen av metalloxider ingen inre påver-
kan på aktiviteten, men vid jämförelse med porösa elektroder tycks den specifika
ytaktiviteten vara högre hos en 3 nm film av Pt på Nafion än för en porös elektrod
baserad på ∼4 nm Pt-korn belagda på ett kolbärarmaterial. Jämför man de cyklis-
ka voltammogrammen i N2, kan den högre aktiviteten tillskrivas en lägre grad av
Pt-oxidbildning, vilket i sin tur kan bero på en storlekseffekt hos Pt-partiklarna.

Försöken med dessa tvåskiktselektroder visade också att TiO2 kan verka som
protonledande elektrolyt i PEMFC.

Nyckelord: bränslecell, fuktighet, modellelektroder, Nafion, PEMFC, platina, poly-
merelektrolyt, syrereduktion, tunnfilmsförångning, titanoxid
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Chapter 1

Introduction

Fuel cells are excellent devices for converting chemical energy into useful
electricity. In principle, no moving parts are needed and the theoretical con-
version efficiency is far higher than any practical combustion process based
on the Carnot cycle.

There are several fuel cell technologies available, the choice of electrolyte
being the governing design factor. High temperature fuel cells, e.g. molten
carbonate and solid oxide fuel cells, which operate at temperatures between
600 ◦C and 1000 ◦C are generally considered for stationary power genera-
tion, for instance replacing gas turbines for producing electricity from nat-
ural gas. The high operating temperature, however, results in long start-up
times and therefore lower temperatures are desired for mobile (laptops and
mobile phones) and traction (cars and trucks) applications.

The most viable low temperature fuel cell technology today is perhaps
the polymer electrolyte membrane fuel cell (PEMFC). The technology is al-
ready partly on its road to commercialisation, with a vast spectrum of op-
erating systems and demonstration projects going on globally: submarines,
space shuttles, backup power for mobile phone stations, cars and city buses,
as well as smaller portable systems providing power for laptops and mobile
phones, just to mention a few. These show that the polymer fuel cell may be
successfully implemented for electric power generation in various applica-
tions. In fact, for space shuttles, submarines and backup power for mobile
phone stations, the PEMFC technology is already a commercial product, al-
beit the systems produced are in small series. However, for most other appli-
cations there are still a few obstacles yet to be overcome before a broad com-
mercialisation will be possible. This is mainly due to the fact that the cost of
a fuel cell system, compared to other alternatives such as batteries or small
diesel-electric generators, is too high today by around roughly one order of
magnitude. The system cost will indeed be lowered by mass production, but
for at least two of the components, the polymer electrolyte membrane and
the catalyst used for oxygen reduction, also scientific breakthroughs may
have to be necessary.

The relatively low temperatures of the PEMFC today, generally below
100 ◦C, result in expensive catalysts having to be used in order to increase
the rate of the chemical reactions, especially the oxygen reduction reaction
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2 CHAPTER 1. INTRODUCTION

(ORR) on the cathode, where large amounts of platinum need to be used.
Much effort has been put into decreasing the platinum amount in the elec-
trode, but current projections still indicate up to around 10.000 SEK (€1000)
of platinum cost in the fuel cell system of an ordinary car. Even with other
electrolyte materials, that allow operation up to 200 ◦C, platinum or alloys
containing platinum, is still the only really viable oxygen reduction cata-
lyst known today in acid media. Considerable research has been made on
oxygen reduction on various materials, but there are still vast areas to be ex-
plored, both in terms of finding more active catalysts, as well as deepening
the understanding of the oxygen reduction reaction within the polymer fuel
cell.

This thesis concerns evaluating catalysts and catalytic activity for the
ORR in the PEMFC, and a toolbox of methods has been developed to mea-
sure and evaluate electrocatalytic behaviour of catalysts of various mor-
phologies. Both model electrodes and “real” porous electrodes have been
investigated, always with the aim to perform the measurements in an envi-
ronment as close to real fuel cell running conditions as possible. The main
focus is generally on the catalyst/ionomer interface, and therefore the ef-
fort has been to perform the work in such a way so that any “macro” effects
such as the porous structure of electrodes, the polymer membrane, water
management and thermal gradient effects etc. may be excluded.

The work was performed at Applied Electrochemistry, School of Chemi-
cal Science and Engineering, KTH (the Royal Institute of Technology), Stock-
holm, Sweden, during the period February 2003 to May 2007. Nearly all
of the work was done in close collaboration with two groups at Chalmers
University of Technology, Gothenburg, Sweden: Teknisk Ytkemi (TYK) and
Kompetenscentrum för Katalys (KCK).



Chapter 2

Theoretical Background

2.1 The polymer electrolyte fuel cell

The polymer electrolyte membrane fuel cell (PEMFC) converts hydrogen
and oxygen (or air) to electricity, heat and water. There are also variants
of PEMFCs using a hydrocarbon instead of hydrogen as fuel, for instance
the direct methanol fuel cell (DMFC), but they are not treated further in this
thesis. The overall chemical reaction of the PEMFC is

H2(g) +
1
2

O2(g) → H2O(l) (2.1)

∆G for this reaction at standard conditions is −237 kJ/mol, rendering a
standard cell voltage for the reaction of 1.23 V at 25 ◦C. ∆H for the reaction is
−286 kJ/mol and this means the highest possible conversion efficiency of a
PEMFC is ∆G/∆H = 83 % at standard conditions. However, for various rea-
sons, among which the sluggish oxygen reduction reaction (ORR) is a major
contributor, efficiencies above 60 % are rarely observed in an operating cell.

The operating principle of a PEMFC is shown in Figure 2.1. The reacting
gases, H2 and O2, are kept separated by the membrane and react at the an-
ode and cathode, respectively. The electrons and protons are produced at the
anode from hydrogen, the electrons then perform electrical work through
an outer circuit and return to the cathode to produce water when reacting
with oxygen and protons. The protons reach the cathode via the membrane.
Dividing the overall chemical reaction of Equation 2.1 into the separate elec-
trode reactions we get the hydrogen oxidation reaction (HOR) for the anode:

H2 → 2H+ + 2e− E0 = 0 V vs SHE (2.2)

(SHE = Standard Hydrogen Electrode). For the cathode, the main topic
of this thesis, we get the oxygen reduction reaction (ORR):

1
2

O2 + 2H+ + 2e− → 2H2O E0 = 1.23 V vs SHE (2.3)

There is also a possibility of another electrode reaction at the cathode,
with an incomplete reduction resulting in hydrogen peroxide. This will be
dealt with in Section 2.4.

3



4 CHAPTER 2. THEORETICAL BACKGROUND
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Flow field plate / current collector

Gas backing

Porous electrode (Anode)
Proton exchange membrane
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e- e-

Flow field plate / current collector

Gas backing
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H+

Figure 2.1: Schematic drawing of an operating PEMFC

Both electrodes are thin (10 µm), porous structures consisting of a mix of
catalyst particles, dispersed on larger carbon particles, polymer electrolyte
and gas pores. This means that there are three phases present in the elec-
trodes, an electronic conducting (the carbon), an ion conducting (the poly-
mer) and a gas conducting phase (the pores).

For the HOR in the anode, carbon-supported platinum is usually used
as catalyst. Compared to ORR, the HOR is very fast and platinum loadings
as low as 0.017 mg/cm2 have been reported without any negative impact on
performance [1]. However, practical loadings are usually higher, typically in
the range of 0.1–0.4 mg Pt/cm2. It should also be noted that if the hydrogen
used originates from reformed hydrocarbons, trace impurities of CO may
poison the Pt severely, lowering performance; in addition to increasing the
Pt loadings one then also introduces Ru in the anode to remedy the CO-
poisoning effect.

The ORR is a sluggish reaction and typically the major contributor to
the efficiency loss in an operating PEMFC. Loadings may reach as high
as 0.6 mg/cm2 , but this still renders voltage losses in the order of several
hundreds of mV in an operating PEMFC (at typical current densities of 1–
2 A/cm2).

The membrane, >15 µm thick, serves both as a gas divider and proton
conductor. Common materials for membranes used today are different types
of sulfonated polymers such as Nafion, Dow and Gore membranes, with
conductivities in the range of 0.1 S/cm. All these membrane materials de-
pend on water for proton conduction. If the membrane becomes too dry
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the resistance increases, resulting in low energy efficiency. This means the
humidity of the gases in the cell must be relatively high. It may however
not be too high, since water is also produced in the cell, and insufficient
transport of water away from the electrodes and gas backings will cause
flooding, and in the end result in lowered performance. Another effect of
the humidification need is that the operating temperature is limited to the
boiling point of water, at higher temperatures the membranes dry out. This
relatively low operating temperature, 40–80 ◦C, poses cooling problems in
some applications (e.g. increases the size of the radiator in a car), for which a
more suitable operating temperature would perhaps be around 150–200 ◦C,
and the high demands on water management increases the overall system
cost. Also, turning on and off the fuel cell at freezing temperatures (i.e. in
a car during winter time in Sweden) puts extra demands on water manage-
ment. If a new ion-conducting material could be found, operating without
the need for humid conditions, a big step would be taken towards fuel cell
commercialisation.

The membrane together with the two attached electrodes is called the
membrane-electrode-assembly (MEA). Outside the MEA, to collect the cur-
rent produced, and to provide transport for the reacting species and heat,
layers (>200 µm) of porous carbon material are placed. The term “gas diffu-
sion layer” (GDL) is frequently used but is somewhat deceiving since liquid
water will also have to be transported here if the current densities become
high enough. The term gas backing will be used henceforth in this work.

Finally the MEA and gas backings are clamped between current collec-
tors of an electron-conducting material, steel or graphite. At the surface of
the current collectors there are also channels, with widths in the mm range,
to provide transport of reacting species. For larger systems several fuel cells
are placed in series into a fuel cell stack, in which the current collectors are
made into mm-thin plates, with gas channels on both sides. Since one plate
serves as current collector at both the anode and the cathode of two different
cells these plates are called bi-polar plates.

Even though the MEA is the most important component of a PEMFC,
both the gas backings and the design of the gas channels are crucial for the
operation of the fuel cell, especially at higher current densities. It should also
be noted that it is not the material characteristics of the different components
themselves, but rather the interplay between electrode structure, activity of
the catalysts and polymer conductivity, as well as water and thermal trans-
port of the gas backing and cell house, that govern the final performance of
the system.

2.2 Platinum in acid media

2.2.1 Fundamentals

Platinum, atomic number 78, is a precious metal, roughly three times more
expensive than gold. Not only the high price, normally fluctuating around
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Figure 2.2: Left: TEM picture of commercial ETEK 10 % Pt dispersed on Vulcan XC72
(Provided by Kjell Wikander, TYK, Chalmers). Right: Schematic picture of a catalyst-
support particle.

or above 1000 USD per troy ounce (€25 per gram), is an issue, but also the
supply of the precious metal, since the total amount of platinum available
on earth may end up being a limiting factor for broad commercialisation of
fuel cell vehicles. An often cited figure and goal for the maximum platinum
usage for fuel cell in vehicles is 0.2 g Pt/kW at 0.65 V cell voltage [2]. Still,
only the platinum in a PEMFC system producing 100 kW, the power typi-
cally needed for a car, would then cost €500, and for commercial MEAs of
today the Pt usage is several times higher!

Platinum bulk metal forms a face-centred-cubic (fcc) crystal structure, re-
sulting in surfaces generally based on the 110, 100 or 111 crystal planes, all
with somewhat different electrochemical behaviour. The electrocatalytic re-
actions take place on the available surface of platinum, and one generally
aims for the largest surface-to-mass ratio possible. This is done by synthe-
sising small particles in the single nm-range and then dispersing them onto
larger carbon support particles. In this way large surface areas are achieved.
For instance, given the density of 21.3 g/cm3 for bulk platinum, 3 nm spher-
ical particles have a theoretical mass specific area of 47 m2/g. To maximise
the area one would like to have as small Pt particles as possible, but stability
constraints and synthesis methods usually limit the size to a few nanome-
ters. In addition, a smaller particle size is not always beneficial for the cat-
alytic mass activity since other effects such as different lattice constants at
smaller sizes, edge effects or different governing crystal planes for smaller
particles may lower the activity when decreasing the size of the catalyst
particles. A TEM (transmission electron microscopy) picture together with
schematic drawing of nm-platinum grains dispersed on a carbon-support
particle is shown in Figure 2.2.
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Figure 2.3: Cyclic voltammogram in nitrogen for a polycristalline Pt film in a PEFC. 100 %
RH, 60 ◦C (Data from Paper 4, Figure 4)

2.2.2 Platinum electrochemistry

Even though platinum is considered a noble metal it is not at all inert in
the voltage window of an operating fuel cell. This is due to the interac-
tion with water, something that is readily seen by performing cyclic voltam-
metry in an inert atmosphere, for an example cf. Figure 2.3. Below 0.4 V
vs RHE (the reversible hydrogen electrode) various hydrogen adsorption-
desorption peaks appear, the peak positions somewhat depending on the
governing crystal plane. The integrated peak charges may be used to assess
the electrochemically active platinum surface, since a fully covering mono-
layer is supposed to correspond a charge of 210 µC/cm2 for a poly-crystal-
line Pt surface [3].

At potentials above 0.8 V platinum is oxidised. Several different types of
oxides and multi-layered oxide films may be produced depending on sweep
conditions [4]. Generally one may write:

Pt + xH2O → Pt-OxHy + (2x− y)H+ + (2x− y)e− (2.4)

It has also been shown by non-electrochemical methods that the creation and
removal of these oxide films may cause structural changes of the platinum
crystal close to the surface, and that there are hysteresis effects present re-
garding the structural changes when performing cyclic voltammetry [5]. The
oxidation of platinum will normally create a mixed potential at oxygen/plat-
inum electrodes in the presence of water, making it troublesome to experi-
mentally observe the reversible potential for oxygen reduction in practical
systems [6].
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2.2.3 Stability and corrosion of platinum

Sadly, platinum is not as stable as one may wish for a guaranteed good
long-term stability of the PEMFC. Depending on operating environment and
potential it may be dissolved into the electrolyte, either through a two- or
four-electron reaction scheme [7]. In general, the dissolution of platinum is
believed to occur through several oxidation-reduction steps involving plat-
inum oxides, and the corrosion rate depends both on potential limits and
sweep rates when performing potential cycling [7][8]. For the two-electron
reaction pathway, being more prominent during slow cathodic scans, the
following two steps have been proposed [7]:

Pt + 2H2O → PtO2 + 4H+ + 4e− (2.5)

followed by
PtO2 + 4H+ + 2e− → Pt2+ + 2H2O (2.6)

The solubility of 3 nm platinum particles in 0.5 M sulphuric acid at 80 ◦C
has been measured to be 0.1 µM at 0.9 V and 1.5 µM at 1.1 V, i.e. the solubil-
ity increases with potential and similar, but somewhat higher, solubilities at
higher temperatures have also been reported for platinum foils [9].

The dissolved Pt-ions may precipitate at other places in the electrode
giving rise to Oswald ripening, which may be an explanation of why sin-
tering, in the form of Pt-particle growth resulting in lowered surface area,
is frequently reported for PEMFC cathodes [10]. Two other explanations of
the sintering phenomenom have also been put forward: (i) migrating and
coalescing Pt nanoparticles on the carbon support surface [11], and (ii) de-
composition of the carbon support narrowing the distance between the Pt
particles (cf. Section 2.3.3) during PEMFC operation [12], or a combination
of all these phenomena.

For good catalyst stability typically potentials above 0.9 V during long
times should be avoided, as well as multiple cycling between lower operat-
ing potentials and this level. For practical PEMFC systems this means that
the number of starts and stops will have an impact on the system life time,
and that some kind of load-levelling (e.g. hybridisation with a battery sys-
tem) may be preferable depending on the application. However, the stability
has been reported to be improved by alloying Pt with a transition metal such
as Cr, Ni, Co [13].

2.3 Carbon as support material in the PEMFC

2.3.1 Fundamentals

Carbon is used as a catalyst support, in both the anode and cathode, to form
the porous structure of the electrodes and to conduct electrons and heat. A
common choice of catalyst support material is Vulcan XC-72 (Cabot, BET
specific surface 235 m2/g), but there are many other carbon supports avail-
able. Important features are the specific surface, resistance to corrosion, the
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Figure 2.4: Cyclic voltammogram in nitrogen for Vulcan XC-72 carbon mixed with Nafion
in a PEFC. 100 % RH, 80 ◦C (Data from Paper 2, Figure 3)

adhesion properties of the catalyst particles to the support (sintering preven-
tion) and the interaction with the polymer, i.e. the resulting structure and the
distribution of the different phases (electron, molecule and ion transport) in
the electrode.

2.3.2 Carbon electrochemistry

Performing cyclic voltammetry in inert atmosphere on carbon usually re-
veals a redox peak centered around 0.6 V vs RHE, the exact position and
broadness depends on the carbon type. These peaks are normally attributed
to active surface groups, such as quinione [14]. An example of a cyclic volt-
ammogram (CV) of Vulcan is shown in Figure 2.4. It is also noteworthy that
the current density for a CV of carbon is generally not constant below 0.4 V,
something that may have to be taken into consideration when assessing the
active platinum surface area of carbon-supported platinum catalysts.

Carbon itself has very low activity for oxygen reduction for practical
PEMFC cathode potentials, but at lower potentials it has some activity for
incomplete (2-electron) reduction of oxygen to peroxide, cf. Section 2.4.1.
However, the carbon support may have an additional role to play regard-
ing catalytic activity. Generally, for small (single nm) distances, electrons
may be shared between the catalyst and the support, resulting in catatyst-
support interaction and a possible altering of the catalytic properties of the
catalyst particles. In the case of carbon it has indeed been reported to donate
electrons to platinum at nm distances [15], but the effect of this regarding
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catalytic activity for ORR has been hard to quantify.

2.3.3 Stability and corrosion of carbon supports

Carbon is not thermodynamically stable at higher potentials in the fuel cell
environment, something that may be problematic for long-time durability
of the electrodes. Typically one may generalise the complete electrochemical
oxidation of carbon as

C + 2H2O → CO2 + 4H+ + 4e− E0 = 0.207 V vs SHE (2.7)

The rate of corrosion is however usually slow, but at high potentials
(above 0.9 V vs RHE) CO2 evolution is readily measurable, especially at el-
evated temperatures. It has also been reported that platinum catalyses the
carbon oxidation [16]. Further, it has been shown that the carbon corrosion
rate increases with the level of humidification, and that the surface chem-
istry of the carbon support influences the rate, since graphitised carbons
generally show greater stability [17].

Due to the effects of carbon corrosion on long-term performance of the
PEMFC there is currently much effort put into research on catalyst supports,
primarily on carbon, but also on alternative materials. An example is the
Magneli phases (titanium sub-oxides, trade name Ebonex), that have been
reported to work as platinum support material in oxygen-reducing elec-
trodes in acid environment [18].

2.4 The electrochemical reduction reaction of oxy-
gen in the PEMFC

We now start to address the oxygen reduction reaction (ORR) more pro-
foundly. Rewriting Reaction 2.3 for a single oxygen molecule one gets

O2 + 4H+ + 4e− → H2O (2.8)

This is a four-electron reaction, including the transfer of four protons and the
cleavage of an O-O bond. The equilibrium potential depends on tempera-
ture and the activity of the reacting species according to the Nernst equation:

Eeq = 1.23 +
RT
4F

ln
aO2 a4

H+

aH2O
(2.9)

Among all the possible intermediates that may be produced on the path
towards a complete 4-electron reduction, one, hydrogen peroxide, is a stable
compound that may be produced in some cases, depending on catalyst, po-
tential and environment. The incomplete 2-electron reduction to hydrogen
peroxide is written as

O2 + 2H+ + 2e− → H2O2 E0 = 0.68 V vs SHE (2.10)
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The hydrogen peroxide produced by this reaction may later be reduced
to water by the following reaction

H2O2 + 2H+ + 2e− → H2O E0 = 1.77 V vs SHE (2.11)

When measuring activity for the ORR one typically records E vs I data by
cyclic voltammetry, or by keeping either potential or current constant during
constant steps in time while recording the other (“stair-step” methods). The
data is then plotted E vs I or E vs log I in what is generally called polarisation
plots.

The reason for sometimes plotting E vs log I is that straight lines, gener-
ally called Tafel lines or Tafel slopes, may be observed in some parts of the
plots (Tafel lines are often observed in electrochemical polarisation plots, at
least for small potential windows of a few hundred mV).

Tafel lines have a theoretical base stemming from the Butler-Volmer (BV)
equation which expresses the current variation with overpotential according
to

i = i0

[
exp

(
αaFη

RT

)
− exp

(
−αcFη

RT

)]
(2.12)

At high absolute values of the overpotentials (�25 mV), one of the terms
above becomes small enough to be neglected, and the equation may be ap-
proximated by a straight line in the E-log I plot, a Tafel line. The BV equa-
tion was originally derived for single electron outer-sphere reactions, i.e. not
multi-electron reactions with internal bond splittings. An observed Tafel line
however may be an indication of one of the electrochemical steps being rate
determining, and that this rate-determining step (rds) is governed by the BV
equation.

2.4.1 The ORR on platinum in acid

Extensive research has been made on the oxygen reduction kinetics during
the last forty years, and since Pt for long was the most active catalyst known,
most work has been dedicated to this catalyst. Prior to the invention of the
PEMFC, the phosphoric acid fuel cell (PAFC) gained much interest, and with
this application in mind, much work has been done in liquid electrolytes,
typically H2SO4, H3PO4 and HClO4.

It is difficult to review results on ORR in the literature; there is vast
amount of papers published during the past 15 years, and many results are
hard to compare due to differences in experimental techniques, sometimes
seemingly similar experiments report contradictory results. Also, due to
lack of experimental details, it may be hard to decide what curves to com-
pare, since hysteresis (i.e. when one records different currents depending
on sweep direction, even though the sweep rate is slow enough to minimise
capacitive effects) is often found when recording polarisation curves on plat-
inum. This is due to the changing coverage of platinum oxide with potential
and possible build-up of peroxide concentrations [19] or contamination on
the surface by trace organic impurities present in the electrolyte.
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Studies on bulk platinum in liquid electrolytes normally report two dif-
ferent Tafel slope regions, one lower slope (around 60 mV/decade) at low
current densities/high potentials, and one steeper, close to doubled, Tafel
slope for higher current densities/low potentials. The lower slope has been
ascribed to ORR on a platinum oxide-covered surface, and the steeper slope
to ORR on “bare” platinum [19].

Pt size and surface structure dependence

Differences in oxygen reduction activity for the different crystal facets of
the Pt bulk crystal has been studied in liquid electrolytes. The results are
somewhat orthogonal, Kadiri et al. [20] reported no differences in HClO4
whereas Markovic [21] has reported the activity to decrease in the sequence
(011) > (111) > (100) in HClO4. The differences may be explained by the dif-
ferent cycling protocols used: Kadiri’s activity was measured after 1 minute
at 1.0 V vs SHE, i.e. on oxidised platinum, whereas Markovic used a proto-
col that reduced the platinum crystal (while evolving hydrogen), starting the
sweep from a clean Pt surface. For other liquid electrolytes than HClO4 it is
readily seen that adsorption of the anion of the acid is lowering the activ-
ity for oxygen reduction, and that the effect is different for different crystal
surfaces [20][22].

Regarding differences in activity between terrace and step sites in tran-
sition regions between different facets Maciá et al. could not see the higher
activity that one would expect considering a stronger O2 adsorption in ultra-
high vacuum (UHV), and proposed that the step sites are less active due to
stronger anion (and also OH) adsorption on these sites [23].

The specific (surface) activity for ORR on Pt has been shown to decrease
when decreasing the particle size, and this typically results in optimum mass
activities for particle sizes between 2 and 4 nm [24]. This particle size effect
has both been attributed to a different fraction of the varied crystal planes
when lowering the particle size [25], as well as being linked to the lower
activity of atoms at the edges and corners, in turn related to the above-
mentioned lower activity of step sites [23] (Geometrically, the relative num-
ber of atoms at corner and edges at the surface increases as the particle size
decreases).

ORR Dependence on activities of reacting species and operating condi-
tions

Reaction orders, i.e. how the reaction rate changes in an electrochemical re-
action, may be defined in two different ways. Either by keeping the electrode
or the overpotential fixed. In the following the first definition will be used,
i.e. the reaction order when changing the partial pressure Px of species x is
defined as

m =
(

d logi
d logPx

)
E

(2.13)



2.4. THE ELECTROCHEMICAL ORR IN THE PEMFC 13

Using the other reaction order definition, m = (d logI/d logPx)η, i.e. at a
constant overpotential, usually renders lower reaction orders than m defined
by Equation 2.13.

In both Nafion (in equilibrium with H2SO4) [24] as well as liquid electro-
lytes [26], one typically sees an ORR activity dependence on proton activity.
The reaction order has been found to be around 1.5 for low current densities
and around 1 for higher currents, the change in reaction order at low cur-
rent densities is supposed to be due to changes in Pt-oxide coverage, rather
than an altered intrinsic activity [26]. However, comparing activities in nor-
mal and deuterated phosphoric acid indicated little impact on activity for
the heavier hydrogen isotopes, something that should imply that hydrogen
atoms are presumably not involved in the rate-determining step for ORR on
platinum [27].

Regarding the dependence on oxygen activity, Parthasarathy et al. [28]
and Beattie et al. [29] reported, for platinum microelectrodes in Nafion, oxy-
gen reaction orders close to one, and similar results have been reported for
liquid electrolytes [21]. For real fuel cell MEAs the reaction order may be
somewhat lower than one [30][31]. The reaction order also decreases some-
what at lower humidities [30]. The reaction order being lower than one in-
dicates that there may be other adsorption processes competing with oxy-
gen adsorption on the oxygen surface. For example, in TFMSA (trifluoro-
methanesulfonic acid, liquid electrolyte), Ross et al. found deviations from
reaction order one to be due to impurities [32].

Due to the fact that the oxide coverage on the platinum surface stems
from the interaction with water one would expect the water activity, i.e. rel-
ative humidity of the incoming gases in a PEMFC, to have an impact on
the ORR activity, since this should alter the surface of the catalyst. Murthi
et al. [33] studied the impact of water activity on the ORR for two different
concentrations of TFMSA: lowering the water activity increased the ORR
activity and showed one single steep Tafel slope around 120 mV/decade for
platinum nano-particles on carbon supports. The better ORR activity was
ascribed to lower coverage of OH species at lower water activities. How-
ever, in real fuel cell experiments, it is common to see lower kinetic ORR
activity at lower relative humidities [34][30]. Possibly, this could be due to
an altered proton activity in the electrolyte at changed humidity conditions,
but it could also be connected to the lower permeability of oxygen in the
Nafion electrolyte at lower humidities [35].

When it comes to ORR activity dependence on temperature, there does
not seem to be a clear picture in literature, probably due to the challenging
task of distinguishing purely kinetic effects among all other effects such as
varying species activities, adsorption effects, mass transport, solubility, pro-
ton activity etc. when varying temperature. Typically, no dramatic effects
are seen in the ORR currents measured in Nafion in the temperature inter-
val between 303 and 343 K, although small changes in the Tafel slopes may
be observed, and these in turn render changes in the interpolated exchange
current densities [29].
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Intermediates

Using rotating ring-disc electrodes the production of the possible interme-
diate hydrogen peroxide may be monitored in liquid electrolytes. Generally
it seems that the hydrogen peroxide is only detected at potentials far lower
than any viable operating PEMFC cathode potential. Typically, hydrogen
peroxide starts to be detected at potentials lower than 0.4 V, where hydrogen
is started to be adsorbed [36]; Markovic et al. [22] proposed that the change
of mechanism or pathway for oxygen reduction is due to the inability of
the oxygen molecules to adsorb onto the hydrogen-covered surface, thus in-
hibiting the splitting of the oxygen-oxygen bond. However, Murthi et al. [33]
reported peroxide formation in TFMSA already at potentials as high as 0.6 V,
i.e. not in the hydrogen-adsorption region, indicating that peroxide indeed
may be an intermediate in the general pathway for oxygen reduction.

The superoxide ion (O−
2 ) was recently detected by Shao et al. [37] by us-

ing surface-enhanced infrared reflection absorption spectroscopy with at-
tenuated total reflection (ATR-SEIRAS). Even though this was done in basic
electrolyte at pH=11 the authors propose, supported by results from density
functional theory (DFT) calculations, that the same result is to be expected
in any aqueous electrolyte. The first electrochemical step, and possibly the
rate-determinng one, could therefore be

O2 + 2M + e− → O−
2ad

(2.14)

(The 2M being two free, adjacent, sites on the platinum surface). The authors
could, however, not detect O−

2 in HClO4, but they proposed this was due to
a much faster protonation of the O−

2 ion in protonic media.
But, since the reaction order of H+ has been shown to be one, the follow-

ing rds has also been suggested (the Damjanovic mechanism [38]):

O2ad + H+ + e− → HO2ad (2.15)

Intermediates of this type however seem to be hard to detect experi-
mentally. Using electrochemical impedance spectroscopy, adsorbed species
have been seen, indicating a second electrochemical step [24] for platinum
in Nafion, but the exact nature of these adsorbed species is yet to be deter-
mined.

Quantifying the ORR kinetics on Pt

For moderate overpotentials, for which hydrogen peroxide and a possible
change in mechansim have not been observed, the above knowledge about
oxygen reduction is perhaps best condensed into the following equation [39]

i = K1[O2](1−Θad)xexp
(
−βFE

RT

)
exp

(
−γrΘad

RT

)
(2.16)

This expression, assuming the addition of the first electron to O2ad to be
the rds, also includes the inhibiting effect of the coverage, Θad, of OH and
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other species on Pt; x is either 1 or 2 depending on the site requirements of
the adsorbates, r is the rate of change of the “apparent” standard free en-
ergy of adsorption with the surface coverage of adsorbing species, β and
γ are symmetry factors, assumed to be close to 1/2. It should be noted
that the coverage itself depends on potential. Even though the expression
above looks complicated enough, one may argue that higher order terms
may probably have to be added to the Butler-Volmer factor, since the electro-
chemical reaction takes place so far from the reversible potential [40]. Also,
since the possible dependence on the proton activity is not included, a factor
[H+] may be added, resulting in:

i = K2[O2][H+](1−Θad)xexp
(
−βFE

RT
− γrΘad

RT
+O

(
E2

))
(2.17)

Finally, it should be noted that most of the results reviewed on ORR here
were made on different kinds of Pt model systems; when moving to the
complex world of the PEMFC cathode additional effects may come into play.
Typically the surface will be a mix of different crystal planes, with transition
regions and “defects” between them, and the already-mentioned Pt-size ef-
fect will result in different kinetics of particles of different grain size. There
are also possible effects from the interaction with the support material. In
addition, effects of cross permeation of gases through the membrane, un-
even species and heat transport, and corrosion of platinum and the carbon
support, may also have impact on the polarisation behaviour of the PEMFC
cathode.

2.4.2 Alternative catalysts for the ORR

Due to the high price/low activity ratio of platinum for the ORR much ef-
fort is continuously put into finding other catalyst candidates, the literature
is vast and swiftly expanding. Two recent reviews by Gasteiger [2] and An-
tolini [13] cover much of the latest activities on the perhaps most promising
alternative – platinum alloys.

By alloying platinum with a transition metal such as Cr, Ni or Co, ac-
tivity gains have been reported both in single crystal plane half-cell studies
and in running fuel cells with “real” porous electrodes. A number of dif-
ferent explanations for the increased activity have been proposed, including
decreased nearest neighbour Pt-Pt distance on the surface, surface roughen-
ing and various effects resulting in decreased OHad coverage. In phosphoric
acid cells (PAFCs) these catalysts typically increase the mass activity for ORR
of platinum by 2–3 times, and PAFC power plants of today use ternary Pt-
alloys. Similar gains have been seen in PEMFCs as well. However, leaching
of the non-noble metal atoms has been identified as a problem for this type
of catalysts; the leached metal ions may not only cause structural changes to
the catalyst but may also poison the electrolyte. The latter phenomenon may
be more severe for the PEMFC where the number of H+ in the electrolyte is
less than a tenth compared to PAFCs. Nevertheless, Pt-alloys are believed
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to be a feasible path towards the needed 4-fold increase in mass activity for
broad fuel cell commercialisation.

Apart from the platinum alloys there are numerous literature findings
of other catalysts showing promising activity for ORR, but none superior to
platinum, and commonly with low stability in the harsh PEMFC cathode en-
vironment. Many alternative catalysts are noble metal based, but there are
also non-noble metal examples [41]. Among these, the most prominent is an
interesting group of catalysts obtained when heat treating a transition metal
complex on carbon in a nitrogen-containing atmosphere. These complexes,
“organic macrocycles”, with a catalytic site resembling the active centre of
hemoglobin, contain no noble metal. However, the lower activity (per vol-
ume) than for Pt will demand thicker electrodes, in turn imposing mass-
transport issues. Therefore, apart from suffering from low durability, the ac-
tivity still needs to be increased by at least one order of magnitude to make
this approach feasible.

2.5 Some experimental considerations when eval-
uating ORR in the PEMFC

2.5.1 Choice of potentials

Looking at what is known about platinum and the PEMFC cathode one may
now close this chapter by proposing some general guidelines for the choice
of potentials for catalyst evaluation in the PEMFC. Even though platinum-
based catalysts are generally in mind here, the following should be applica-
ble to other catalysts as well.

As already mentioned, both carbon supports and platinum may corrode
at high potentials, especially above 1.0 V, and one should therefore avoid
numerous cycling or long potential holds above this potential, unless it is
desired to study corrosion stability explicitly. However, organic (and other)
“impurities” may also be oxidised and removed at high potentials, result-
ing in a “cleaner” surface with higher ORR activity, and more well-resolved
peaks when performing cyclic voltammetry in inert gas. It is therefore hard
to state any exact potential limit, it will depend on the purpose of the exper-
iment.

For the lower potential limit, no corrosion is assumed to occur electro-
chemically, but if going below 0 V in hydrogen or inert gas, hydrogen evo-
lution will occur which may result in mechanical corrosion of the catalyst
(e.g. a platinum film could be loosened from a surface by the hydrogen bub-
bles). However, also hydrogen evolution may result in “activation” of the
samples by removing impurities on the surface. If oxygen is present too low
potentials may result in peroxide formation, which in turn may corrode the
electrode or the polymer electrolyte.

It should also be pointed out that, when evaluating ORR activity and
comparing different samples, the open circuit potential (OCP) of the whole
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fuel cell is generally not a good starting potential for catalyst evaluation. This
is due to the fact that the OCP is dependent on several different factors such
as hydrogen permeation and the amount of catalyst loading in the electrode,
and it will vary between different electrodes. Since platinum is covered to
various degrees by adsorbed OH-species in the potential window of typi-
cal OCPs (0.95-1.05 V), this will result in an ill-defined starting state of the
surface before the potential sweep.

In some of the work in this thesis the samples were “activated” by fast
cycling between 0.05 and 1.15 V in inert gas, as well as cycling in hydro-
gen below 0 V. After this, the ORR evaluation was made in a smaller po-
tential window in several cycles at slower sweep rates, typically between
1 and 0.5 V. The fast cycling between 0.05 and 1.15 V in inert gas (nitrogen)
also provided cyclic voltammograms with hydrogen adsoprtion/desorption
peaks for platinum surface evaluation.

2.5.2 Reference electrodes

Reference electrodes in fuel cells are a complicated matter since the solid
electrolyte and the need for humidification pose constraints on how the cell
may be designed. The simplest solution is to use the anode (counter elec-
trode) also as reference electrode and assume that it is not polarised at all
(since the hydrogen/platinum electrode is very fast). This is acceptable if the
current densities are fairly low (<50 mA/cm2), but for higher current densi-
ties some other solution is needed to get a true reference potential. However,
if one only wishes to benchmark catalysts against each other it may suffice
to use the same type of anode (typically a commercial one), and assume that
the anode is similarly polarised in all experiments.

Placing an additional platinum electrode in the same compartment as the
anode will provide a non-polarised hydrogen electrode reference, but then
problems may occur with uneven potential distribution in the membrane,
making correction for the IR-drop troublesome. Problems may also arise
when studying transient behaviour (impedance spectroscopy or fast cyclic
voltammetry) [42].

In this thesis the counter electrode was used as reference electrode for all
experiments.
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Chapter 3

Experimental work and
development of techniques

All fuel cell experiments for this thesis were made using the same labora-
tory fuel cell, developed in-house prior to this work. The experimental cell
is shown in Figure 3.1. The experimental work and results presented are all
based on catalysts produced by two different groups, Teknisk Ytkemi (TYK)
and Kompetenscentrum för Katalys (KCK). Papers 1–3 deal with samples
from TYK, these catalysts were synthesised using wet-chemistry methods
(such as microemulsion etc.), resulting in carbon-supported catalysts, suit-
able for porous electrode testing. The samples from KCK, however, covered
in Papers 4–6, were made using physical deposition methods, resulting in
thin film model electrodes. The description of the experimental work of the
thesis is hence divided into two main categories: porous and model elec-
trode testing. At the end of this chapter also two different ways to lower the
impact of hydrogen permeation through the membrane are described.

3.1 Porous electrode studies

The recipe for producing a porous PEMFC electrode from a catalyst powder
is quite simple:

1. Mix (magnetic stirring and ultra sound) the catalytic powder with the
ionomer solution (e.g. 5 wt. % Nafion dissolved in various solvents) to
form an electrode “ink”.

2. Apply a well-defined amount of the ink rendering a known electrode
loading, either directly onto the membrane, or to some other flat sur-
face (and hot-press it in a later step to attach the electrode layer to the
membrane).

3. Let it dry, the remaining catalyst/carbon powder thus forming a poro-
us structure.

4. Apply a counter and reference electrode to the membrane and evaluate
the catalytic activity in the fuel cell.

19
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Figure 3.1: Experimental cell used for the fuel cell experiments in the thesis

However, there are numerous ways in which this could be done, and
great caution needs to be taken as to all points above. An important pa-
rameter is the powder/Nafion ratio in the ink, which will affect the porous
structure of the electrode considerably; too much ionomer will hinder elec-
tron transport, whereas too little will hamper proton conduction within the
porous structure. In this work a Nafion content of around 40 wt. % was
used. This Nafion content is frequently used in literature for Vulcan-based
catalysts, since it will wet most of the catalyst but still enable the carbon
phase to percolate the structure [43]. For steps 2–4 two different routes were
followed, either the somewhat cumbersome spraying method (Paper 1), or
the pipette method (Papers 2 and 3).

3.1.1 The spraying method — conventional porous electrode
testing

This is the porous electrode manufacturing method used in Paper 1, where
a number of Pt catalysts synthesised by various methods were compared.
A novel meso-porous carbon was also tested as support material. The elec-
trode testing method was not developed as part of this work, but was copied
from earlier work of colleagues at the department [34][43].

The method is shortly described here. First, holes for the electrodes are
cut into sheets of common overhead (transparency) films. These masks are
then put on both sides of a Nafion membrane and attached by hot-pressing.
These Nafion membranes, sandwiched between overhead film masks, are
then put on a 95 ◦C heating board. Several consecutive layers of electrode
ink are then spray painted by an air brush to form the porous electrode struc-
tures, with the catalyst to be tested on one side of the Nafion membrane,
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and with an ink based on a commercial catalyst on the other side. For each
side the overhead film mask is removed, and the area close to the electrode
“hole” in the mask cut out and weighed prior to and after removal of the
spray painted electrode layer, thereby determining the electrode loading.
Finally, the whole MEA is lightly hot-pressed to consolidate the electrode
structure.

Even though this method works fine to make state-of-the-art fuel cell
electrodes, it has some drawbacks when it comes to performing extensive
catalyst testing:

1. The catalyst ink needs to be well mixed and have a viscosity suitable
for spraying.

2. Quite a lot of catalyst ink is wasted in the spraying process, at least
ca. 25 ml of ink needs to be prepared.

3. The catalyst loading cannot be controlled or measured until the over
head films are removed and weighed, thus making it hard to achieve
the same loading when examining a large array of samples.

4. The many steps of hot-pressing and cutting of overhead films are quite
time consuming.

5. The air brush is difficult to clean and since it is made of steel it may
contaminate the ink with metal ions in the spraying step.

Given the above drawbacks a new testing method for catalysts was therefore
developed — the pipette method.

3.1.2 The pipette approach — enabling better loading con-
trol

This approach was used in Paper 2 to evaluate different Pt catalysts of vary-
ing nm grain sizes produced using the phase transfer method (PTM), and in
Paper 3 to evaluate two platinum oxide catalysts for oxygen reduction.

The underlying ideas behind this method come from the much used
“thin-film”-method used for carbon-supported catalyst testing in liquid el-
ectrolytes. In this method a small amount of ink (tens of µl’s), is pipetted
onto a flat, non-active surface, such as a glassy carbon disk. The disk is then
mounted on a rotating disk rod, immersed in liquid electrolyte, and stan-
dard rotating disk electrode (RDE) measurements are then performed. If the
layer gets too thick (>1 µm) mathematical modelling needs to be applied in
order to correct for the mass transport limitations in the layer, but by proper
methods it is possible to prepare thinner layers. The method may also be
combined with a ring electrode to detect peroxide [36]. However, the oper-
ating environment is now different from the PEMFC, and using this method
one may not be able to fully judge the catalyst candidate.

The idea of the pipette method, used in Papers 2 and 3, was therefore
to mimic the thin-film method and simply apply the catalyst ink onto the



22 CHAPTER 3. EXPERIMENTAL

membrane by pipetting rather than spraying, thereby avoiding most of the
flaws of the latter application method. Control of loading is now made via
the amount of pipetted ink. Control samples of the same volume are also
pipetted, at the same time, onto a different substrate. After drying these are
weighed in order to avoid possible errors in loading due to changes in ink
density caused by solvent evaporation etc. Also, for convenience and repro-
ducibility a commercial counter/reference electrode is hot pressed onto the
other side of the membrane. To summarise the pipette method:

1. Prepare ink as in the spraying method.

2. Put membranes on a 95 ◦C heating board.

3. Pipette a small amount, a “dot”, of ink directly onto the membrane,
and, at the same time, pipette the same volume to control “dots” on
small, pre-weighed, pieces of overhead film.

4. Let dry for 15 min.

5. Weigh the control samples and assume the that the loading of the elec-
trodes on the membranes is the same.

6. Hot press commercial counter/reference electrodes to the other side
(covering the whole dot area).

There are, however, some possible pit falls using this approach. Com-
pared to the spraying method, the electrode will now probably have a less
uniform constitution, and therefore evaluation and comparison between dif-
ferent samples at higher current densities will be hazardous since mass-
transport limitations will depend very much on how the electrode “dot” was
dropped and smeared out from the pipette to the membrane, something that
will vary between all samples. Also, the correction for the IR-drop may be
troublesome if the current density distribution is not homogeneous in the
electrode. However, for lower current densities at higher potentials these
issues are of less importance.

3.2 Model electrode studies

3.2.1 Why model electrodes?

Porous electrodes have some drawbacks when it comes to catalyst testing.
Firstly, as already mentioned, porous electrodes have a complex morphol-
ogy, where transport of reaction species, electrons and heat, need to be pro-
vided for all catalytic sites; how this works is of crucial importance for the
activity of the electrode. When testing a new catalyst deposited on a carbon
support in a porous electrode, one usually uses the same recipe for the elec-
trode ink as is known to work for a commercial catalyst, and an activity com-
parison is made using the commercial catalyst as benchmark. If the same
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carbon support is used, and there is no reason to suspect that the synthesis
method has altered the surface behaviour of the support to a large extent,
this may be acceptable. However, one should always remember that the
electrode ink composition and electrode manufacturing process may have
to be optimised also for the new catalyst, otherwise one may risk ruling out
active catalysts due to bad electrode structure, not due to low catalytic ac-
tivity. Optimising the ink recipe is not only a tedious task, it will also need
considerable amounts of catalytic material to be synthesised.

Secondly, porous electrodes are heterogeneous structures, implying that
a homogeneous potential and mass transport distribution may never be as-
sured, making more fundamental catalytic studies hard to perform. There-
fore such kinds of experiments are usually carried out using bulk metals,
either as rotating disk electrodes in liquid electrolytes or micro electrodes
made from cut metal wires. However, since operating fuel cell catalysts are
likely to be in the size of nm grains in order to increase the surface-to-mass-
ratio, bulk catalyst research may miss important features that may occur
when reducing the particle size to the nm domain, and, in the case of micro
electrodes, one may also be limited to the materials that may be forged into
µm wires. Also, as mentioned before, liquid electrolyte experiments do not
provide the same operating environment as in the PEMFC.

A third problem of traditional carbon-supported catalyst testing is also
that the local morphology regarding catalyst composition, grain size, par-
ticle-to-particle distance will vary depending on the synthesis method, thus
making it hard to compare catalytic behaviour when wanting to vary only
one of these parameters.

Given the above drawbacks of both porous electrode testing and tradi-
tional bulk metal model electrode testing, a number of nm model electrode
testing methodologies were developed in this thesis work. All model elec-
trode samples in the following were made by KCK, using the physical de-
position method of thermal evaporation. For a short description of thermal
evaporation, please cf. Figure 3.2

3.2.2 Planar model electrodes on glassy carbon disks

Planar, mechanically rigid and thermally stable electron-conducting support
materials, such as glassy carbon, are convenient to use when it comes to
model catalyst manufacturing, since the mentioned properties allow much
flexibility regarding manufacturing techniques (e.g. thermal evaporation,
sputtering etc. in combination with lithographic techniques) and post man-
ufacturing characterisation (such as atomic force microscopy — AFM, scan-
ning tunneling microscopy — STM, scanning electron microscopy — SEM
etc.). However, the flat surface is challenging to characterise electrochemi-
cally in the PEMFC environment. Traditionally, these flat model electrodes
(on the mm scale) are characterised in “half cells”, using rotating disk elec-
trodes (RDE) in liquid electrolytes, posing constraints if wanting to investi-
gate catalytic behaviour at elevated temperatures or lowered humidity for
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Figure 3.2: Graphical description of thermal evaporation for manufacturing catalytic films
(Picture supplied by Björn Wickman, KCK)

PEMFC applications.
In Paper 4 a new method for electrochemical characterisation, in the

true PEMFC environment, of flat model catalytic surfaces on glassy car-
bon disks (6 mm in diameter) is tested. The key idea was to introduce a
porous, Nafion-containing, non-electronic conducting layer on top of the
catalyst surface. The flat sample is then simply used as an electrode in a
fuel cell, with the porous layer providing species transport in the lateral
direction. Modelling work was also done in order to estimate the current
densities when mass transport limitations in the layer may arise. Three dif-
ferent kinds of electrochemical surfaces were tested in the study: one solid
Pt film on glassy carbon, one clean glassy carbon disk and a model electrode
surface consisting of a glassy carbon disk covered with 13 nm Pt disks.

The model electrode surface was manufactured (at KCK) using the meth-
od of colloidal lithography nanofabrication, where an electrostatic self-as-
sembly of polystyrene nanoparticles on a Pt film is combined with Ar etch-
ing to produce the surface morphology, see Figure 3.3. This is a fast and
relatively simple method to prepare nanostructures, with great flexibility in
the choice of materials. In addition, by varying the size of the polystyrene
particles and the particle and surface charges, morphological parameters
such as nanoparticle size shape and separation may be varied. In this study
polystyrene particles with a diameter of 23 nm were used, that after etching
rendered Pt particles in the size of 13± 8 nm. In a way, the model electrode
surface in this case may be thought of as a traditional Pt/Carbon support
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Figure 3.3: Schematic of the colloidal lithography fabrication procedure (Paper 4)

catalyst flattened out on a planar surface.

The porous ion-conducting film (to be put on top of the electrode sur-
faces) was made by spraying an ink consisting of Nafion solution mixed
with TiO2 (anatase) powder, to work as a pore former, on top of the Nafion
membrane, using the same technique as described in the “spraying method”
for porous electrode testing. Limited optimisation work had to be done in
order to find the right ink composition, but there is probably much room for
improvement of the ink recipe used in Paper 4. As counter electrode a com-
mercial GORE 56 series MEA was used. One side of this MEA was sprayed
with Nafion solution and later hot-pressed onto the Nafion membrane. The
reason for using the commercial MEA was primarily to get a reproducible
counter/reference electrode, but also the extra electrode layer helped lower-
ing the hydrogen permeation from the counter electrode side during oxygen
reduction measurements, as described in Section 3.3.2. A schematic picture
of the measurement cell setup is shown in Figure 3.4.

Finally, to test the novel measurement setup, a number of measurements
to compare cyclic voltammograms in N2 and oxygen reduction currents for
the three surfaces were conducted. The results were then compared to the
morphology of the model catalyst surface, seen from SEM pictures. The
humidity was also varied.
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Figure 3.4: The novel experimental setup for the planar model electrode studies (Paper 4)

3.2.3 Thin films directly deposited onto Nafion membranes

Although the work in Paper 4 was fruitful for testing flat surfaces on solid
supports in the PEMFC, some problems were identified during the progress
of the work. Firstly, further optimisation of the preparation of the porous
layer has to be made in order to reach full reproducibility, especially impor-
tant when comparing activities between several samples, and, secondly, me-
chanical delamination of the catalyst films from the carbon surface during
gas evolution etc. sometimes occurred. Most probably these problems could
have been solved by changing the ink recipe and, for instance, using sput-
tering instead of physical evaporation during film manufacturing. However,
inspired by some papers in literature (using sputtering) [44] it was decided
to try another method for catalyst research for the PEMFC: direct deposition
of the model catalyst onto the polymer membrane.

In Paper 5, and the subsequent Paper 6, this method for model catalyst
research is tested. Thin layers (≥1.5 nm) are deposited on Nafion 117 mem-
branes. (Note: the thickness of these layers is denoted for a supposed homo-
geneous bulk layer of the deposited material, not taking into account pos-
sible later oxide formation, or heterogeneous morphology.) Counter elec-
trodes (commercial MEAs) are then added to the opposite side by hot-pres-
sing, and after sandwiching between gas backings the whole compiled MEA
is run in a fuel cell, with the thin film as working electrode. The measure-
ment setup is depicted in Figure 3.5.

Thin-film model working electrode (WE)

Proton exchange membrane

Porous counter/reference electrode (CE/RE)

Figure 3.5: Measurement setup for thin film model electrodes on Nafion membranes.

By depositing consecutive layers of different materials the idea was to try
to gain information on the nm level on how the local morphology and mix-
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ing (and possible alloying) between different materials influenced the per-
formance for oxygen reduction, cyclic voltammetry in nitrogen was also per-
formed. The samples were ex-situ characterised by SEM, TEM and XPS (X-
ray photoelectron spectroscopy). However, for convenience, TEM character-
isation was generally done on the same layers deposited on TEM-windows,
since these were found to render very similar results compared to the Nafion
samples.

In a preliminary study (not published), the behaviour of 3 nm layers of
Pt, Ir, Au and TiOx was investigated to evaluate the concept. Following
this, a study of bi-layers of Pt combined with Ir, Au or TiOx in thicknesses
1.5 + 1.5 nm or 3 + 3 nm was conducted, and the results of the Pt/TiOx layers
were published in Paper 5. Finally, due to the interesting behaviour of Pt +
metal oxides, a deepened study of bi-layered metal oxides of TiO2, Ta2O5
and ZrO2 in combination with Pt was published in Paper 6.

3.3 Lowering hydrogen permeation

Hydrogen permeating from the anode to the cathode in a PEMFC will be ox-
idised at the latter electrode, giving rise to a mixed potential and thus low-
ering the OCP of the cathode (and the cell). Hydrogen permeation, when
using 100 % H2 has been reported as high as 17 · 10−12 mol cm−1s−1, cor-
responding to a oxidation current for a Nafion 117 membrane of around
0.2 mAcm−2 [35], for a thinner membrane it may be as high as 1 mA cm−2.
Since the measured current always is the sum of all currents at the cathode,
this means that kinetic evaluation of the ORR activity in the sub-mA current
region will be strongly influenced by the hydrogen oxidation current, unless
special means are taken in order to reduce the hydrogen permeation.

Two different ways to lower hydrogen permeation were used through-
out this thesis work. The first, by using diluted hydrogen on the counter
electrode side, has been used before in literature, whereas the second, a
hydrogen-oxygen “filter” is probably indigenous to this work.

3.3.1 Using diluted hydrogen at the counter/reference elec-
trode

By lowering the partial pressure of hydrogen at the counter electrode side
the hydrogen permeation through the membrane will be lowered as well.
Moreover, if one assumes a diffusion mechanism through the membrane ac-
cording to Fick’s law, the lowered permeation flow will be proportional to
the decrease in partial pressure. I.e. if lowering the H2 partial pressure 20
times by using 5 % H2 in an inert gas such as argon at the counter electrode
(CE), the hydrogen oxidation current will be 20 times lower on the working
electrode (WE) side as well. However, one must be aware that mass trans-
port limitations due to hydrogen depletion will now occur at lower current
densities on the CE side, and one must make sure that the current densities
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on the WE are not higher than what the CE may support, or without being
strongly polarised if the CE is also used as reference. The easiest way to test
this is to run the cell using hydrogen or inert gas on the WE side and sweep
from 0 V vs RHE towards positive potentials (i.e. hydrogen evolution on the
WE) and see at what current density the polarisation deviates from a linear
behaviour. Typically one will see a deviation at about >100 mA/cm2 (In ad-
dition the value of the linear slope also gives a good upper limit estimation
of the cell resistance).

Also, if the CE is also used as reference electrode, one must correct the
potentials if these are to be presented vs RHE (reversible hydrogen elec-
trode), which is the potential for a (non-polarised) 100 % H2 electrode at the
operating conditions. The correcting potentials is calculated via the Nernst
equation resulting in:

E5 % H2 − ERHE = −RT
2F

ln 0.05 (3.1)

At 80 ◦C this results in the value of E5 % H2 = 0.0456 V vs RHE, which is
also easily measured/checked by measuring the OCP for a 5 % H2 / 100 %
H2 cell.

This method for lowering the H2 permeation is used in Papers 2–6 for
the cyclic voltammetry measurements in N2, and in Papers 4–6 also for the
oxygen reduction measurements.

3.3.2 Double membrane MEA with a hydrogen/oxygen filter
layer

When measuring on electrodes with very low loading further reduction of
the hydrogen oxidation, more than can be achieved by lowered hydrogen
partial pressure, may be desirable. The ideal solution would be to use the
same gas compositions at both electrode sides, with a separate hydrogen
chamber for the reference electrode. However, in the case of oxygen reduc-
tion, the counter electrode reaction would be oxygen evolution from water,
and this may pose problems when investigating lowered humidity condi-
tions. Also, as in the case with the reference electrode, placement in a sepa-
rate compartment may also be challenging at lower humidities.

Instead a kind of hydrogen/oxygen filter was used in Papers 4–6 to re-
duce the amount of hydrogen reaching the WE side. The operating principle
of the filter is to introduce a layer of Pt/C-Nafion, i.e. catalytic and ion con-
ducting, in the middle of the electrolyte membrane so that when hydrogen
permeating from the CE side meets permeating oxygen from the WE side in
the layer they react and form water, cf. Figure 3.6. In practice, in this the-
sis, the filter layer was made by spraying Nafion solution on top of a GORE
5620 commercial MEA, and then hot pressing it onto a Nafion membrane.
This kind of counter electrodes was also used in Papers 2 and 3, but in these
cases rather for the convenience of using reproducible counter electrodes.
Since the Pt loadings in Papers 2 and 3 were higher, there was lees need for
lowering hydrogen during the ORR measurements.
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Pt-Nafion catalytic/ion conducting layer
2H2 + O2              2H2O

H2 O2
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H+

H2 O2

H+

Figure 3.6: The double membrane hydrogen/oxygen filter. Oxygen and hydrogen react in
the layer to form water, thus reducing the amount of permeating species.

There are some possible drawbacks of this method that need mention-
ing. Firstly, the total cell resistance will increase due to the resistance of an
extra membrane and the layer itself, but since this method is primarily to
be used for low-loading electrodes the current densities will be moderate
and the increased IR drop will be of less importance. Secondly, hydrogen in
excess in the layer will result in a mixed potential close to 0 V vs RHE, pos-
sibly resulting in hydrogen peroxide formation, something that may cause
degradation of the MEA. However, if the thicknesses of the membranes are
matched correctly to ensure that oxygen is in excess in the layer (something
that is desired anyway in order to oxidise as much hydrogen as possible)
this may be avoided.

To have an idea of how the thicknesses should be matched it suffices to
know that hydrogen permeates roughly twice as fast in Nafion as to oxygen
[35], but to form one water molecule twice as many hydrogen molecules are
also needed. This means that the membrane on the oxygen side needs to be
roughly equal or thinner than the other membrane and, as a rule of thumb,
perhaps not more than half the thickness should be used. However, if only
5 % H2 is used this figure may be increased by a factor 20.



30 CHAPTER 3. EXPERIMENTAL



Chapter 4

Results and Discussion

4.1 Catalyst evaluation in porous electrodes

4.1.1 Various Pt/Vulcan catalysts and a novel support

In Paper 1 the fuel cell performance of a number of different Pt catalysts was
tested. The Pt catalyst particles were synthesised by two different methods,
either microemulsion or direct impregnation. The carbon support was gen-
erally Vulcan, but also a novel mesoporous carbon support was evaluated.
All electrodes were made using the spraying method. In short, the following
conclusions could be drawn:

• Using two different synthesis methods it was indeed possible to reach
levels similar, and superior, to the performance of a commercial cata-
lyst.

• The best catalyst, synthesised by the microemulsion method, reached
0.21 gPt/kW. A deepened discussion on this figure, comparing with the
results of Paper 3 is to be found in Section 4.4.

• The microemulsion produced catalysts with higher activity than the
direct emulsion method, something that was to be expected since the
former is supposed to result in smaller catalyst particles (with a higher
specific surface area) of a more homogeneous size distribution.

• Using the same synthesis method for the catalyst, but depositing on
the mesoporous carbon support, gave much lower performance.

• The mesoporous carbon support showed not only much lower perfor-
mance, but also much higher cell resistance.

Due to the lack of cyclic voltammetry measurements in inert gas and post-
testing morphological characterisation, deeper conclusions from the study
were not possible to draw. The polarisation plots had somewhat different
local Tafel slopes for different samples, something that could be due to fun-
damental differences between the catalysts. However, it has to be mentioned

31
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that the lower sweep limit depended on current rather than potential, result-
ing in different potential sweep windows for the samples. Also, the open cir-
cuit time before starting the sweeps at 1.05 V was not rigorously controlled
either, something that may have resulted in different Pt-oxide coverages at
the start of the sweeps.

The inferior performance of the mesoporous carbon support is hard to
comment on further since the ink recipe was not optimised in any way for
this catalyst. The large cell resistance indicates possible bad percolation of ei-
ther the Nafion or the carbon phase within the electrode structure. However,
it seems less likely that the ten-fold lower mass activity could be remedied
by ink optimisation only, this may simply not be a good catalyst support
material.

4.1.2 Pt/C catalysts by the Phase Transfer Method

Using the experience from Paper 1 the catalyst testing methodology was
improved to include cyclic voltammetry in inert gas and post-testing mor-
phological evaluation. Therefore Paper 2 presents, from an electrochemical
point of view, a more rigorous investigation of a new set of catalysts. In ad-
dition the pipette method was used for electrode preparation, and the cell
temperature was raised to 80 ◦C. A number of different Pt/Vulcan catalysts,
synthesised by the Phase Transfer Method (PTM), were tested. The initial
idea was to try to see differences in catalytic activity depending on the cat-
alyst particle size, since the initial TEM characterisation of these catalysts
showed different mean particle sizes, with quite homogeneous size distri-
butions. However, after performing the electrochemical measurements and
the post testing TEM characterisation of the electrodes, the following con-
clusions could be drawn:

• All samples showed, normalised as to Pt mass, almost identical activity
for oxygen reduction, with identical Tafel slopes in the whole potential
window.

• All samples (except one) had similar (∼30 m2/gPt) electrochemical sur-
face areas, evaluated from the CVs in N2.

• Post testing TEM pictures showed that all particles had grown to sim-
ilar particle sizes (within the same error margins) .

Even though it was not possible to study the size dependence on ORR due to
the particle growth, the study showed that the pipette method, and that the
methodology as a whole, including cyclic voltammetry in N2, was working
for Pt/C catalyst evaluation. It was also quite astonishing to discover that
the sintering of the sub-3 nm Pt particles occurred so swiftly, in only a few
hours time without extensive cycling above 1 V vs RHE. Increasing the ad-
hesion of the Pt particles to the carbon support could possibly increase the
corrosion resistance.
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4.1.3 Pt oxides on Vulcan

In Paper 3 the same methodology as in Paper 2 was used to evaluate the
activity of two Pt-oxide samples: Sr3NiPtO6 and Sr3CuPtO6, deposited on
Vulcan. Promisingly high activity for the ORR had been reported previ-
ously for Sr3NiPtO6 in H2SO4 at room temperature, and the main purpose
of the study was to confirm the activity of this catalyst also in the PEMFC.
Once again a commercial Pt/C catalyst was used to benchmark the novel
catalysts, to summarise the results:

• The CVs in N2 of the oxides resembled to a large extent those of pure
Pt/C, in the case of Sr3NiPtO6, the CV could be interpreted as Pt/C
with one tenth of the Pt area of the commercial benchmark, when nor-
malised to Pt mass. For the Sr3CuPtO6 sample the H peaks were too
small to be evaluated.

• The oxygen reduction polarisation plots showed about one tenth of
the mass activity of Pt for Sr3NiPtO6 compared to Pt/C. For Sr3NiPtO6
currents were much lower.

• Post-testing characterisation by XRD (X-ray diffraction) of the elec-
trodes showed that both samples had disintegrated to Pt/C during the
fuel cell experiments.

I.e., in short, the samples showed some activity, but it was all due to pure
Pt, stemming from the decomposed Pt-oxides. However, the robustness of
the methodology was once again demonstrated. The study also is a good
example of why real fuel cell experiments, in combination with post-testing
characterisation methods, are important when performing PEMFC catalyst
research.

4.2 Evaluation of model catalysts on glassy carbon

Using the novel cell setup for planar electrode evaluation, the electrocat-
alytic properties of a homogeneous Pt film and nm Pt disks on glassy carbon
were evaluated and compared in Paper 4. The prime result was the demon-
stration of the measurement setup itself — comparing the electrochemical
data of the catalysts regarding activity and active area they correspond well
to ex-situ morphological data. However, some interesting features were
found:

• The electrochemically active area of the Pt/Nafion interface seems not
to be altered when varying the humidity, something that one might
have believed, since the hydrophilic, proton-conducting regions of the
Nafion membrane surface have been found to increase with humidity
in other studies.

• The (local) Tafel slope of the oxygen reduction curves increases when
the humidity is lowered, and the activity goes down.
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In Paper 4 it was suggested that a lowered Pt-oxide formation at lower hu-
midities explains the results, i.e. that a surface less covered by oxides render
higher Tafel slopes. Since the activity was higher for higher humidities, in
spite of the unchanged active area, it is also suggested that the Pt-oxides are
involved somehow in raising the activity. However, in light of the literature
review in Section 2.4 this latter suggestion is probably not correct. A more
reasonable explanation is that at lower humidities the surface is, indeed,
less covered by oxides, raising activity, but that this is more than counter-
balanced by a lowered surface activity due to a lower proton activity, caused
by a lowered humidity level. The shift in the CVs of the Hdsp/Hads peaks to-
wards lower potentials with lower humidity may be an indication of this. In
total, considering Equation 2.17, a lower humidity thus results in a lowered
oxygen reduction activity, with a higher Tafel slope.

4.3 Screening of thin film model catalysts — TiO2

as an ion conductor

Papers 5 and 6 deal with nm thin catalytic films of Pt-TiOx directly deposited
on Nafion membranes. Preliminary work, prior to these publications, was
also performed, and is shortly reviewed here. Figure 4.1 shows the oxygen
reduction polarisation curves of four different films, 3 nm of Pt, Ir, Au and
TiOx (in fact deposited Ti, later oxidised to TiOx). The plot clearly shows
the superior activity of platinum for oxygen reduction (well documented in
literature) compared to the other metals.

The next step was to test bi-layered films of either 3 + 3 nm or 1.5 + 1.5 nm
of Pt combined with Ir, Au or TiOx. Typical cyclic voltammograms and ORR
curves for the 1.5 + 1.5 nm samples are shown in Figure 4.2, the results for the
3 + 3 nm samples were very similar. Pt/Ir and Pt/TiOx both show promis-
ing activity compared to pure Pt, with Pt/Au performing much worse. It
was also seen for Pt/Au and Pt/Ir that changing the deposition order of
the metals had little effect. This could possibly be explained by reorgani-
sation/alloying of these bi-layers when put into the fuel cell environment.
Even though Pt/Ir showed promising activity, questions could be raised
about whether a Pt/Ir catalyst, Ir being a noble metal as expensive as Pt,
really would constitute a feasible catalyst alternative. Therefore it was de-
cided to concentrate on the Pt/TiOx system.

In Paper 5 the impact of the deposition order of bi-layered Pt/Ti thin-film
catalysts is investigated. To summarize the results of Paper 5:

• Depositing Ti prior to Pt results in higher ORR activity.

• The CVs in N2 of Pt/Ti/Nafion resemble those of pure platinum, and
the increase in the Hads/dsp area matches the increased ORR activity.

• Depositing Ti after Pt lowers ORR activity, especially at higher current
densities.
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Figure 4.1: Polarisation curves for oxygen reduction of 3 nm of Pt, Ir, Au and TiOx (Same
experimental details as in Paper 5)

• The CVs in N2 of Ti/Pt/Nafion also resemble those of pure platinum,
but do not show higher Hads/dsp area.

The conclusions from this, supported by morphological TEM characterisa-
tion, were therefore that the ORR activity increase of Pt/Ti/Nafion was due
to a more dispersed deposition of Pt on Ti than directly onto the Nafion
membrane, resulting in a higher surface area, i.e. that the added TiOx caused
no change in the intrinsic catalytic activity of Pt. When using the other depo-
sition order, with Ti on Pt, the lowered activity was attributed to a blocking
of the transport of reacting species or electrons to the Pt particles. Also, quite
interestingly, this interpretation of the data would imply that the TiOx lay-
ers, up to 3 nm thick, between the Nafion membrane and the Pt layer, have
no hampering effect regarding proton conduction to the platinum particles.

The study of metal oxides deposited as a spacer layer between the Nafion
membrane and 3 nm thin Pt film was deepened in Paper 6. It was found that
ZrO2 and Ta2O5 block proton transport already at deposited thicknesses of
the base metal of 1.5 nm, whereas up to 18 nm of deposited Ti, now charac-
terised by XPS to form TiO2 when exposed to air, showed no increase in cell
resistance, compared to a cell without the TiO2 layer; 20 nm of Pt however
showed large cell resistance and therefore much lower ORR performance,
due to proton blocking. In later experiments it has been found by XRD
spectroscopy that the formed TiO2 layers are mostly amorphous, but with
a small amount of anatase present.

The reporting of hydrated TiO2 being able to conduct protons is not novel
in literature (cf. the introduction of Paper 6), and it has been suggested that
the proton conduction occurs within hydrated nano-pores of the material.
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Figure 4.2: Cyclic voltammograms in nitrogen (top) and oxygen reduction curves (bottom)
of bi-layered films of Pt and Ir, Au or TiOx, compared to pure Pt (Same experimental details
as in Paper 5)
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However, Papers 5 and 6 are among the first papers demonstrating the con-
ducting behaviour within the PEMFC.

In light of these results, and since there are a number of ways in which
one might think of using the ion conduction capabilities of TiO2 practically
in fuel cell applications, more research on TiO2 and ion conduction may be
justified. As an example one could think of blocking layers placed on top
of the polymer membrane (i.e. as in Papers 5 and 6) to decrease the cross
permeation of species, as already demonstrated by Liu et al. [45] for DMFCs.
Another application could be as a part of the electrolyte in the electrodes to
increase durability; possibly TiO2 might be more resistant to, for instance,
peroxide attacks than the polymer electrolyte. Finally, mixing TiO2 powder
with a binder of some kind could make it possible to manufacture a whole
membrane based on TiO2 as the sole ion conductor. However, due to the
reported connection between relative humidity and ion conductance, this
kind of fuel cell would still be likely to be dependent on humidification for
operating.

4.4 Mass and specific activities of Pt for the ORR

4.4.1 Porous vs model thin-film electrodes

We now compare the mass and surface (specific) activity of a porous elec-
trode in Paper 2, based on the commercial ETEK 20 % Pt-Vulcan XC-72 cata-
lyst, and two model catalysts, 3 nm Pt on Nafion and 3 nm Pt/1.5 nm TiO2 on
Nafion from Paper 6. In both these studies, the experiments were all made in
100 % RH at 80 ◦C. For the ORR measurements also the same sweep param-
eters were used: a 15 min hold at 1.0 V vs RHE followed by a slow -1 mV/s
scan. Using cyclic voltammetry in N2, the electrochemically active area of
Pt was assessed from the integrated hydrogen desorption peak charges, as-
suming 210 µC/cm2

Pt. In Figure 4.3 the polarisation curves in oxygen are
shown, both normalised to mass, and to the Pt area. The potentials for the
model electrode measurements were corrected for the lower hydrogen con-
centration used at the anode and are given vs RHE. The porous electrode
data was corrected for the IR-drop.

Looking at the mass activities (Figure 4.3, top), the immediate observa-
tion is that all electrodes have similar mass activities at higher potentials, but
that the porous electrode gradually reaches higher mass activities, compared
to the model electrodes, when going down in potential. For the slope of the
curves one observes slightly lower slopes for the porous electrode above
0.7 V, but in the region 0.6-0.7 V the slopes and curvatures of the curves are
all quite similar. Also, as already discussed in Paper 6, the mass activity
when adding the 1.5 nm TiO2 layer is increased by approximately a factor
two, due to the better Pt dispersion.

Regarding the specific (surface) activities (Figure 4.3, bottom), the activ-
ity ranking between the electrodes is now quite different. Here both the
two model electrodes have close to identical activities, and the activity of
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Figure 4.3: Comparing the ORR activity between a porous electrode and two model elec-
trodes; -1 mV/s negative scan after a 15 min hold at 1.0 V vs RHE, 100 % RH, cell temper-
ature 80 ◦C. The data for the porous electrode is from a commercial 20 % Pt/Vulcan XC-72
ETEK catalyst (Paper 2). The model electrodes are thin film catalysts deposited on Nafion
117 membranes (Paper 6). Top: Mass activities. Bottom: Surface (specific) activities.
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Figure 4.4: Comparing the CVs of a porous and a model electrode. 100 % RH, cell temper-
ature 80 ◦C. The data for the porous electrode is from a commercial 20 % Pt/Vulcan XC-72
ETEK catalyst (Paper 2). The model electrode is a 3 nm thin Pt film deposited on a Nafion
117 membrane (Paper 6). Due to different scan rates the capacitance, normalised to Pt area,
is used for the vertical scale (rather than the current density).

the model electrodes is higher than for the porous electrode in the whole
potential region. In the region 0.6-0.7 V the activity of the model electrodes
is approximately twice that of the porous electrode. To explain the higher
activity of the model electrodes we turn to the cyclic voltammetry data in
nitrogen, shown in Figure 4.4. Here the CVs of the porous and of the 3 nm
Pt/Nafion samples are shown. The data is shown as the capacitance (nor-
malised to Pt area) vs potential (This had to be done since different scan
rates were used for the porous and the model electrodes, 100 mV/s and
200 mV/s, respectively. Given that no effects occur due to mass transport
or kinetic limitations at the surface, these capacitance values will then be
scan rate independent).

Two observations may be deduced from Figure 4.4; firstly, the hydrogen
adsorption/desorption peaks are slightly shifted towards higher potentials
for the 3 nm Pt model electrode, and secondly, the Pt-oxidation/reduction
peaks also seem to be shifted towards higher potentials. The first observa-
tion may be an indication of a different governing crystal plane of the model
catalyst, and the latter observation would indicate that the model catalyst
surface is less covered by Pt oxides in the region 0.7-1.0 V. Hence, the change
in oxide surface coverage once again explains, in a similar way as the data
from Paper 4 was reinterpreted in Section 4.2, why we see different specific
activities between the porous and the model electrodes — higher Pt-oxide
coverage results in lower ORR activities.
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The reason for the change in Pt-oxide formation and a possibly differ-
ent governing crystal plane are probably due to morphological differences
between the samples, the Pt catalyst in the porous electrode is shaped into
∼4 nm sized crystallites (Paper 2), whereas, according to the TEM character-
isation in Paper 6, the Pt catalyst in the 3 nm model electrode are more to
be seen as (roughly) 5-10 nm “flakes”, 3 nm thick, (at least prior to the elec-
trochemical measurements). As mentioned in Section 2.4, larger Pt particles
are known to show higher specific activity.

Regarding the similar curvature of the Tafel plots in the region 0.6-0.7 V
(Figure 4.3) observed for all electrodes, these may be interpreted as the “real”
kinetics of an essentially bare platinum surface in each case, i.e. assuming
Θad to be close to zero in Equation 2.17. The bend of the curve could how-
ever also be interpreted as an onset where mass transport limitations start to
occur, even though the geometric current densities differ by more than one
order of magnitude between the two electrode types. However, even in this
case it is unlikely that it would be possible to construct an electrode structure
with much better mass transport properties than those of the model elec-
trodes. Hence it should be possible to use these observed current densities
as a measure for an upper boundary for the catalytic activity of nm sized Pt
particles for ORR in the 0.6-0.7 V region, since specific currents higher than
this will be hard to surpass using catalysts based on solely Pt.

4.4.2 Pt-usage demands for the ORR in the PEMFC – How
much is needed?

As mentioned in Section 2.2.1, a frequently mentioned goal for the platinum
usage in fuel cell vehicles is 0.2 gPt/kW at 0.65 V cell voltage [2]. The exact
figure may of course be discussed, but a Pt usage much higher than this
will definitely be problematic for the introduction of the PEMFC technology
in vehicle traction applications. Comparing with our results we see that
the mass activity for the porous electrodes in Figure 4.3 (and Paper 2) is
found to be 3.4 A/mgPt at 0.65 V, which corresponds to 0.45 gPt/kW. This
means that even though not assuming any other energy losses but the ORR
kinetics, and no Pt usage at the anode, it would still be desirable to more
than double the mass activity of the catalysts of Paper 2. Since we observed
an almost doubled specific activity for the model catalyst in Figure 4.3 a
justified question is: Could the cited Pt usage goal for traction PEMFCs be
reached using these more active model catalyst surfaces instead?

To answer that question we start by making the calculation looking at
the surface activity. The specific activity of the 3 nm Pt/Nafion sample is
0.02 A/cm2

Pt at 0.65 V. To then meet the Pt usage goal this figure implies that
the surface area of such a Pt catalyst needs to reach almost 40 m2/gPt, which
would correspond to 3.5 nm spherical Pt particles (assuming the bulk den-
sity of Pt of 21.3 g/cm3) with a 100 % wetting of the catalyst surface by the
electrolyte. However, a grain size of 3.5 nm for the Pt crystallites is smaller
than the Pt-grain size found in Paper 2, which was already found to have
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lower specific activity than the model catalyst. A catalyst with an even lower
grain size may render even lower specific activities, due to the particle size
effect. I.e. the answer to the question is: Not likely (unless the inner core of
the particles are made of something else than platinum).

It should be stressed, however, that making extrapolations of this kind
towards smaller nm-shaped particles may be hazardous. As an example it
suffices to mention Paper 1, where actually a higher mass activity is found
for the same ETEK catalyst than in Paper 2, and for the best catalyst (KAT04)
0.21 gPt/kW is reached. The less accurate control of the actual loading dur-
ing the electrode manufacturing process (spray painting instead of pipet-
ting) could be a reason for this, underestimating the actual loading, another
reason could be the slightly higher humidification saturation in Paper 1 – a
cell temperature of 60 ◦C with a humidification temperature of 65 ◦C com-
pared to 80 ◦C and 81 ◦C, respectively, in Paper 2 (The level of humidifi-
cation has a strong influence on the ORR kinetics, as seen in, for instance,
Paper 4.). However, the lower operating temperature, 60 ◦C, and the less
harsh testing protocol, avoiding potential cycling above 1 V vs RHE, are also
likely to result in less sintering of the particles in the electrochemical envi-
ronment, rendering smaller particles and larger surface area during the ORR
experiments. But, as mentioned before, the lack of post-characterisation and
surface assessment data in Paper 1 make further conclusions regarding par-
ticle morphology hard to draw from this study; more experiments would be
needed in order to determine the true cause of the different mass activities.
One observation however, is that in Paper 2 no large changes in areas for
the Hads/Hdsp peaks occurred when performing the first round of 50 cyclic
voltammetry scans in N2 before the ORR measurements, but when compar-
ing with CVs after the ORR measurements the surface areas seemed to have
decreased slightly. Since (roughly) the same potential region was used for
the ORR measurements in both Paper 1 and Paper 2, this indicates that if
the lowered mass activity were due to a more severe Pt-particle sintering
this may have been caused rather by the higher temperature than the poten-
tial cycling.

One may always argue regarding what testing protocol to use when test-
ing catalysts. The goal of Paper 1 was to test a number of depositing tech-
niques in order to see whether we could match the activity of a commercial
catalyst, hence the testing protocol was kept simple using only slow scan
voltammetry in oxygen below the OCP. In Paper 2 the initial goal was to
investigate possible size effects of Pt/C catalysts, and for this CV data in ni-
trogen was necessary. In addition, the increased number of potential cycles
in Paper 2 could render a better prediction regarding the long-term perfor-
mance of the catalysts, simulating an elevated number of starts and stops.
The higher temperature of 80 ◦C is also a more likely operating temperature
for a fuel cell in transport applications.

In conclusion, the above discussion indicates that reaching the exact fig-
ure for the platinum usage target of 0.2 gPt/kW at 0.65 V for Nafion-based
systems at 100 % RH, using pure nm-shaped platinum catalysts solely, will
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be challenging. At 60 ◦C the goal may be within reach regarding initial
performance, but for long-term performance, including an elevated num-
ber of starts and stops, it may be harder to achieve, especially at higher
temperatures. However, it is possible that higher platinum loadings in the
range of 0.5 gPt/kW could be acceptable for transport applications with high
demands regarding lower particle emissions, noise and fuel consumption
(taxis could be one example). Also, there is a vast amount of literature on Pt-
alloys, such as Pt-Co and Pt-Ni, reporting to render mass activity increases of
Pt in the range of 2-3 times (cf. Section 2.4.2). Given that low Pt-mass MEAs
are also proven to be durable during long-term operation, mass production
of hydrogen fuelled PEMFC vehicles may one day become a reality.



Chapter 5

Conclusions

Within the scope of this thesis a number of techniques have been developed
in order to investigate catalytic activity at the cathode of the PEMFC. It has
been demonstrated how both carbon-supported catalysts, as well as model
catalysts on planar surfaces or directly deposited on Nafion membranes,
may be evaluated directly in the PEMFC environment.

In the porous electrode studies it was seen that different mass activities
may arise in the PEMFC for different operating conditions, even though the
same catalyst is used. For 60 ◦C and over-saturated humidity conditions,
mass activities close to 0.2 gPt/kW at potentials above 0.65 V were seen in
Paper 1, whereas less than half that activity could be seen at 80 ◦C in Paper 2,
even for the same commercial benchmark catalyst. A conclusion from this
is that one should be very careful when comparing mass activities from dif-
ferent studies in literature, especially when operating conditions and mea-
surement protocols differ. It also clearly justifies catalyst research in the true
operating PEMFC environment, since it seems that making interpolations
from activity measurements at lower temperatures may be very hazardous.
Paper 3 stands as an example of this, the decomposition of the promising
Sr3NiPtO6 was not reported in the literature that originally motivated this
study.

In continuation it has also been shown that fundamental catalyst research
using model electrodes in the PEMFC environment is motivated and may
give valuable insights into the ORR in the PEMFC. The results of Paper 4,
where it was seen, using planar model electrodes on glassy carbon, that the
humidity has a considerable effect on the ORR kinetics, is one such exam-
ple. Even though the kinetic effect found, i.e. that the Tafel slopes become
steeper and the activity decreases when the humidity level of the inlet gases
decreases, had been reported previously in literature, Paper 4 showed that
the lower activity was not due to a considerable change in the active Pt sur-
face area.

Depositing nm-thick films directly on polymer electrolyte membranes
turned out to constitute an interesting model system for fuel cell research.
Using bi-layered nm-thick model electrodes deposited directly on Nafion,
the behaviour of TiO2 and other metal oxides in combination with Pt in the
PEMFC environment was investigated in Papers 5 and 6. Interestingly TiO2
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was shown to conduct protons at a thickness of up to 18 nm of the orig-
inally deposited Ti film, whereas using Zr and Ta as base metals blocked
proton transport, also thicker layers of Pt (20 nm) rendered a high cell resis-
tance. Kinetically however, no intrinsic effect could be seen for the model
electrodes when adding TiO2.

Finally, comparing the specific (surface) activities, at the same experi-
mental conditions, it was seen that the model electrodes directly deposited
on Nafion in Paper 6 show higher surface activities than the porous elec-
trodes in Paper 2. However, this higher surface activity did not also imply
higher mass activities. The higher specific activity was ascribed to less Pt-
oxide formation for the model electrode seen by cyclic voltammetry in inert
gas, in turn possibly linked to the Pt-particle morphology and the particle-
size effect, i.e. that larger Pt particles generally show higher surface activi-
ties.

In conclusion, throughout this work, cyclic voltammetry measurements
in inert gas within the PEMFC, preferably combined with ex-situ character-
isation, has been shown to be an indispensable tool for interpreting oxygen
reduction activities.



List of Symbols and Constants

Symbol Unit Description
[X] mol/dm3 Concentration of species X
ax - Activity of species X
E V Pontential versus SHE, if nothing else stated
i A/m2 Current density
i0 A/m2 Exchange current density
Ki (dep. on eq.) Chemical rate constant of a reaction i
m - Reaction order
Px Pa Partial pressure of species X
T K Temperature
αa - Symmetry factor - anodic direction
αc - Symmetry factor - cathodic direction

∆G kJ/mol Change in Gibbs free energy of a reaction
∆H kJ/mol Change in enthalpy of a reaction
η V Overpotential

Θx - Surface coverage of species X

Table 1: Mathematical symbols used throughout the thesis

Constant Value Unit Description
R 8.31 J/mol K Molar gas constant
F 96485 C/mol Faraday’s constant

Table 2: Symbols for constants used throughout the thesis
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