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Abstract 

The polymer electrolyte fuel cell converts the chemical energy in a fuel, e.g. hydrogen or 
methanol, and oxygen into electrical energy. The high efficiency and the possibility to use fuel 
from renewable sources make them attractive as energy converters in future sustainable energy 
systems. Great progress has been made in the development of the PEFC during the last decade, 
but still improved lifetime as well as lowered cost is needed before a broad commercialization can 
be considered. The electrodes play an important role in this since the cost of platinum used as 
catalyst constitutes a large part of the total cost for the fuel cell. A large part of the degradation in 
performance can also be related to the degradation of the porous electrode and a decreased 
electrochemically active Pt surface.  

In this thesis, different fuel cell reactions, catalysts and support materials are investigated with the 
aim to investigate the possibility to improve the activity, stability and utilisation of platinum in the 
fuel cell electrodes.  

An exchange current density, i0, of 770 mA cm-2
Pt was determined for the hydrogen oxidation 

reaction in the fuel cell with the model electrodes. This is higher than previously found in 
literature and implies that the kinetic losses on the anode are very small. The anode loading could 
therefore be reduced without imposing too high potential losses if good mass transport of 
hydrogen is ensured. It was also shown that the electrochemically active surface area, activity and 
stability of the electrode can be affected by the support material. An increased activity was 
observed at higher potentials for Pt deposited on tungsten oxide, which was related to the 
postponed oxide formation for Pt on WOx. An improved stability was seen for Pt deposited on 
tungsten oxide and on iridium oxide. A better Pt stability was also observed for Pt on a low 
surface non-graphitised support compared to a high surface graphitised support. Pt deposited on 
titanium and tungsten oxide, displayed an enhanced electrochemically active surface area in the 
cyclic voltammograms, which was explained by the good proton conductivity of the metal oxides. 
CO-stripping was shown to provide the most reliable measure of the electrochemically active 
surface area of the electrode in the fuel cell. It was also shown to be a useful tool in 
characterization of the degradation of the electrodes. In the study of oxidation of small organic 
compounds, the reaction was shown to be affected by the off transport of reactants and by the 
addition of chloride impurities. Pt and PtRu were affected differently, which enabled extraction 
of information about the reaction mechanisms and rate determining steps.  

 

Key words: Fuel cell, model electrodes, oxygen reduction, methanol oxidation, formic acid 
oxidation, hydrogen oxidation, CO oxidation, degradation, tungsten oxide, carbon support 



 

Sammanfattning 

Polymerelektrolytbränslecellen omvandlar den kemiska energin i ett bränsle, exv. vätgas eller 
metanol, och syrgas  till elektrisk energi. Den höga verkningsgraden samt möjligheten att använda 
bränsle från förnyelsebara källor gör dem attraktiva som energiomvandlare i framtida hållbara 
energisystem. En enorm utveckling har skett under det senaste årtiondet men för att kunna 
introducera polymerelektrolytbränslecellen på marknaden i en större skala måste livstiden öka och 
kostnaden minska. Elektroderna har en central del i detta då den platina som används som 
katalysator står för en stor del av kostnaden för bränslecellen. En stor del av 
prestandaförsämringen med tiden hos bränslecellen kan också relateras till en degradering av den 
porösa elektroden och en minskad elektrokemiskt aktiv platinayta.  

I denna avhandling studeras olika bränslecellsreaktioner samt olika katalysatorer och 
supportmaterial med målet att undersöka möjligheten att förbättra platinakatalysatorns aktivitet, 
stabilitet och utnyttjandegrad i bränslecellselektroder. 

Utbytesströmtätheten, i0, för vätgasoxidationen i bränslecell bestämdes till 770 mA cm-2
Pt genom 

försök med modellelektroderna. Denna var högre än vad som framkommit tidigare i litteratur, 
vilket visar att de kinetiska förlusterna på anoden är mycket små. Katalysatormängden på anoden 
borde därför kunna minskas utan några större potentialförluster så länge masstransporten av 
vätgas är tillräcklig. Den elektrokemiskt aktiva ytan, aktiviteten och stabiliteten hos elektroden 
visade sig kunna påverkas av supportmaterialet. Platina deponerad på volfram oxid hade en högre 
aktivitet vid höga potentialer vilket relaterades till den förskjutna oxidbildningen på ytan. 
Elektroder med platina på volframoxid och iridiumoxid var mer stabila än elektroder med platina 
på kol. Det var även platina på ett icke grafitiserat kol med låg yta jämfört med platina på 
grafitiserade kol med en hög yta. Platina på metalloxidskikt av volfram och titan visade en högre 
elektrokemiskt aktiv yta i de cykliska voltamogrammen än platina på kol, vilket förklarades med 
att båda metalloxiderna har en bra protonledningsförmåga. CO-stripping gav det säkraste måttet 
på den elektrokemiskt aktiva ytan i en elektrod i bränslecell. CO-stripping visade sig även vara 
användbart för karaktärisering av degraderingen av en elektrod. Oxidationen av små organiska 
föreningar påverkades av borttransporten av intermediärer samt av kloridföroreningar. Pt aoch 
PtRu påverkades olika vilket gjorde det möjligt att få fram information om reaktionsmekanismer 
och hastighetsbestämmande steg.  

 

Nyckelord: Bränslecell, modellelektroder, syrgasreduktion, metanoloxidation, myrsyraoxidation, 
vätgasoxidation, CO oxidation, degradering, wolfram oxid, kolsupport 
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Chapter 1 

Introduction 

Today the vast majority of the energy systems are based on fossil fuels. With increasing 
population and living standard in the world there is a steadily increasing energy demand. Fossil 
fuels are finite resources and the consumption of them is contributing to the global warming by 
increasing the amount of CO2 in the atmosphere and the incentives to develop new sustainable 
energy systems based on renewable resources are strong. Among other alternatives, fuel cells 
have the potential to meet the requirements of a sustainable energy system as energy converters 
in several applications. The theoretical efficiency for converting chemical energy to electricity is 
much higher than The theoretical efficiency for converting chemical energy to electricity is much 
higher than for combustion processes which are limited by the Carnot cycle and it is possible to 
use fuel from renewable sources. The prospects of the fuel cell to play an important role in the 
future energy systems have lead to a massive research on fuel cells during the last decades. 
Associated with the intense research there has been a fast development of new materials. 
 
The idea to the first part of this work stems from this development, or more specific from the 
development of direct methanol fuel cells (DMFC). The idea was to investigate if methanol 
oxidation could be introduced as anode reaction in the electrowinning of metals and thereby 
lower the cell potential and so the energy consumption. The knowledge gained and the materials 
developed in the research of fuel cells were used as starting point for the study. The impact of 
various parameters as well as feasible operating modes for methanol oxidising anodes in the 
industrial process were studied. The work was summarised in a licentiate thesis, “Methanol and 
Formic Acid Oxidising Anodes in Zinc Electrowinning”. In this doctoral thesis no aspects of the 
electrowinning process will be discussed and the focus will be on the electrochemical reactions.  
 
There are several types of fuel cells, operating in different temperature ranges and thereby using 
different electrolyte and electrode materials. Molten carbonate and solid oxide fuel cells, are high 
temperature fuel cells, operating at 600 to 1000 °C. The high working temperature enables the 
use of non noble metal catalysts as well as a broader choice of fuel with a better tolerance for 
impurities. The long start up time and the possibility to use the waste heat make them suitable for 
stationary power and heat generation. For portable applications and automotive propulsion low 
temperature fuel cells are more suitable. The polymer electrolyte fuel cell is perhaps the most 
promising of the low temperature fuel cells. They can use either hydrogen or hydrocarbon such 
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as methanol as a fuel. The latter is mainly considered for low power portable application because 
of their simplicity and low efficiency whereas as the polymer electrolyte fuel cell fed with 
hydrogen can cover a wider range of applications. Several commercially available polymer 
electrolyte fuel cell products can be found today, mainly in the lower power range and many 
more are close to commercialisation. Almost every car producer has a fuel cell car prototype, but 
still there are several obstacles to overcome before mass production of fuel cells for cars can 
become reality.  
 
The obstacles are related to the efficiency, cost and the life time of the fuel cell. For automotive 
applications the target concerning durability is more than 5000 h and the cost needs to be 
reduced by at least one order of magnitude. Among other components, the catalyst and 
membrane play a decisive role in order to reach these targets. The membrane needs to be 
improved in terms of stability but the development of membranes operating at higher 
temperatures without humidification is also of crucial importance. With higher operating 
temperature the platinum catalyst may be reduced or even replaced by alternative non noble 
metal materials. The platinum cost represents a large part of the total cost of the fuel cell stack 
and the catalyst layer degradation can be severe which affects the durability of the fuel cell. 
Numerous studies have examined the possibility to lower the platinum content in the electrodes. 
Different approaches used, include better platinum utilisation and better stability and activity of 
the platinum when combined with other materials in alloys or support catalyst interactions. 
Completely platinum free catalysts have also been explored.  
 

In this thesis different fuel cell reactions are examined. The focus has been both on reaction 
mechanisms and catalyst activity and stability with the overall goal to gain knowledge in order to 
improve the performance of the electrodes. Measurements have been carried out in both fuel 
cells and liquid electrolyte with the intention of making the measurements at conditions relevant 
for the application. The concept of the electrochemically active surface area has been an essential 
issue throughout the work. Different types of electrodes have been used, both model electrodes 
and electrodes more similar to be used in the application. The work has been performed at 
Applied Electrochemistry, School of Chemical Science and Engineering, KTH. All work with the 
model electrodes in the polymer electrolyte fuel cell was made in collaboration with 
Kompetenscentrum för Katalys (KCK) at Chalmers University of Technology, Gothenburg, 
Sweden. Another group at Chalmers, Teknisk Ytkemi (TYK), prepared the carbon supported Pt 
catalyst in the degradation study of the different carbon types, paper V. This study was planned 
to be continued with further measurements in a deeper study, however the time was not enough 
within the work of this thesis to do so. 
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Chapter 2 

Theoretical Background 

2.1  The polymer electrolyte fuel cell 
In the polymer electrolyte fuel cell (PEFC), chemical energy is converted into electrical energy 
and heat. The theoretical efficiency for converting chemical energy to electricity is much higher 
than for combustion processes which are limited by the Carnot cycle. The principle of a PEFC is 
shown in figure 2.1. The fuel enters the flow field pattern, diffuses through the gas diffusion layer 
(GDL) and oxidises at the catalyst surface in the catalyst layer. The protons produced are 
transported through the membrane and the electrons are forced through the external circuit. via 
the current collectors. On the other side of the membrane oxygen enters and reacts with the 
protons and electrons in the reduction into water.  

 

Figure 2.1. Schematic figure of a polymer electrolyte fuel cell. 

The fuel may be hydrogen or a hydrocarbon which both will be discussed in this thesis. Both 
anode reactions result in about the same theoretical standard cell voltage around 1.2 V at 25 °C. 
However, the overpotential for the methanol oxidation is considerably higher than it is for 
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hydrogen oxidation, making the cell potential for methanol-fed fuel cell more than 0.5 V lower 
than the hydrogen fed. The oxygen reduction is also a sluggish reaction and results in  
polarisation losses. For the hydrogen fed fuel cell the efficiency is often not more than 60% and 
for the methanol it is considerably lower.  

The membrane in the centre of the fuel cell is fundamental in the operating principles of the fuel 
cell. First of all it separates the reactants from reacting directly with each other. Secondly, it 
enables proton conduction and last, it is electronically insulating. The most commonly used 
materials today are different sulfonated polymers such as e.g. Nafion. They need to be humidified 
in order to conduct protons. At the same time, too much water can cause flooding on the 
cathode side where water is produced. This makes it difficult to optimise and handle the water 
balance in the fuel cell and the temperature of the fuel cell cannot exceed the boiling point of 
water.  Large efforts are therefore made to find new membranes which are not dependent on 
water and can manage higher temperatures. 

On each side of the membrane the porous electrodes are attached. They consist of ionomer and 
carbon supported catalyst particles in a porous structure. The structure of the catalyst layer is of 
vital importance for the performance of the fuel cell, the catalyst needs to have contact with an 
electronic and a proton-conducting medium as well as with the reactants. This three-phase 
interface needs to be as large as possible in order to obtain a high electrochemically active surface 
area. Since all carbon supports interact differently with the ionomer, an optimisation of the 
carbon to ionomer ratio is needed for each type of carbon in order to obtain a good performance 
with the electrode. To obtain a good performance there needs to be a percolating network of 
ionomer and carbon throughout the entire thickness of the electrodes, to ensure proton and 
electron conduction, but also gas pores for transportation of reactants. The electrode should 
therefore not be too thick. The structure of the catalyst and its interaction with the support is 
also important for the activity and stability of the catalyst layer. The carbon support is used in 
order to utilise the catalyst better with finely dispersed catalyst particles. The particles should 
however not be too small since it has been shown that the activity for oxygen reduction reaction 
as well as methanol and CO oxidation starts to decrease when the particles becomes too small 
[see e.g. 1]. In addition small particles seem to degrade faster than larger particles. The support 
may also have other beneficial effects in addition to serving as electron conductor, which will be 
discussed in the next section about oxygen reduction. 

2.2  Oxygen reduction  
The sluggish oxygen reduction reaction is the largest single contributor to the potential loss of 
the fuel cell. Therefore numerous studies have been devoted to the search for a more active 
catalyst than platinum. No clear breakthrough has been made although many new alternatives 
show promising results.   

Catalyst 
It is difficult to find a more active catalyst for ORR than platinum. The high activity is related to 
the balance between the relatively strong adsorption of O2 on two adjacent Pt sites, enabling the 
breaking of the O=O bond, and a rather weak adsorption of the oxygen species produced in the 
reduction reaction [2]. This is often illustrated in so called volcano plots where activity is plotted 
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against some variable related to the adsorption properties of the catalyst, for instance the position 
of the d-band center.  Platinum alloys of different transition metals such as Co, Ni, Cr, Fe, Mn, 
V, W and Ti etc. have been extensively studied for improving the ORR activity, [3-8]. The 
enhancement of ORR activity has been attributed to various mechanisms, including both 
electronic and geometric changes of the Pt structure, affecting the adsorption strength of 
reactants and intermediates [4,3,9,10]. However, the metallic form of these transition metals is 
not very stable in the acidic PEFC environment and some dissolution of the alloys can occur [8]. 
Metal oxides are generally more stable in the fuel cell environment and have been investigated 
both as support and combined with Pt in the catalyst layer in order to increase the stability of the 
electrode and the activity for ORR [11-18].  The advantage of using a metal oxide as catalyst 
support instead of carbon is a higher oxidation resistance, but additional effects such as better 
adhesion of the platinum and higher ORR activity on the alternative support material could be 
achieved. An increased ORR activity of a non-alloy, or catalyst on support, can be explained by a 
spill-over mechanism of reactants or intermediates between the two materials or by the 
adlineation mechanism, where new sites with enhanced activity is created in the interfacial area 
between the two materials[19,20]. The difference between Pt on a support and a Pt alloy are 
sometimes subtle and the effects of Pt on a support could be similar to the ones of an alloy.  
Recently there has been a strong development of Pt monolayer catalysts, with a very good Pt 
utilisation, improved activity and good stability [21]. The improved activity may be related to a 
change in the Pt-Pt distance, shift of the d-band center or an increased repulsion of OHad on Pt. 
One example of these types of electrodes is the Pt core-shell catalyst, in which a Pt monolayer is 
deposited onto a non noble metal core shell nanoparticle [22]. A promising type of catalyst for 
ORR which is not based on rare earth metals is the transition metal-N-C catalyst, with main 
focus on the transition metals, Fe and Co. These catalysts can be prepared in several different 
ways, resulting in different constellations [23-26]. To place the catalytic site in a polymer structure 
seems to increase the stability as well as activity of the catalyst but a lot of work is still to be done 
before acceptable activity and stability can be reached [see e.g. ref 27]. The particle size effect on 
the oxygen reduction reaction has also been discussed widely and there is an optimum particle 
size with an electrochemically active surface area as large as possible, around  3.5 nm, before the 
surface activity starts to decrease [28,29]. 
 

 Mechanism 
The oxygen reduction is a multielectron multistep reaction and it can occur in a direct 4-electron 
pathway, 

4 4 3                         0 1.23              (2.1) 

or proceed through the hydrogen peroxide formation and further reduction. 

 2 2            0 0.68     (2.2) 

H O  2 3 2e 2H O                          1.77     (2.3) 

The complete reaction mechanism and the rate determining steps are unclear, but the importance 
of the serial pathway via hydrogen peroxide has recently been shown to be more important than 
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previously believed [30,31]. However, a simplified, reasonable expression for the current density, 
assuming the first electron transfer as rate determining, can be given by [9], 

1 Θ exp   (2.4) 

where n is the number of electrons, k is the rate constant, CO2 concentration of O2, Θad is the 
total surface coverage by spectator species, x is the number of Pt sites required for the 
adsorbates, i is the observed current density, E is the applied potential, β and γ are the symmetry 
factors (assumed to be 1:2), and r is the rate of change of the apparent standard Gibbs energy 
with the surface coverage of adsorbing species. 

2.3  Hydrogen oxidation 
The hydrogen oxidation and reduction reaction is perhaps the most fundamental electrocatalytic 
reaction with significance for a wide range of applications.  It has therefore been extensively 
investigated throughout the years, but still many questions remain concerning the reaction 
mechanism, adsorbed intermediate, exchange current density etc.. In the fuel cell, hydrogen 
oxidation contributes very little to the polarisation under normal operating conditions and has 
therefore gained less attention than the sluggish oxygen reduction.  However, the high sensitivity 
of Pt for impurities and especially CO, have led to an intense research for CO-tolerant catalyst, 
since hydrogen produced by reformation of hydrocarbons will contain CO.  

 Catalyst 
Today, Pt or PtRu is normally used as anode catalysts in the fuel cell. PtRu is a well known CO-
tolerant catalyst, but ruthenium is not stable in the alloy, especially at high current densities [32]. 
Ruthenium is also a rare earth metal and it would be preferable to find alternative anode catalysts. 
Alloys of Pt and Ni, Co, Mo, Fe, Sn have all shown better CO tolerance than Pt [33]. Non Pt 
based catalysts have also been studied and involve catalysts based on transition metal carbides, 
e.g. WC, transition metal oxides, e.g.TiO2, and different alloys [34]. 

Mechanism 
The total reaction for hydrogen oxidation in acid environment is shown below: 

2 2 2    E0 = 0 V   (2.5) 

This reaction can be divided into a number of steps as follows: 
Chemisorption of hydrogen as atoms 

2 2     Tafel reaction  (2.6) 

or chemical/electrochemical adsorption of hydrogen 

 Heyrovsky reaction           (2.7) 

Followed by the oxidation and desorption of the adsorbed hydrogen atom 

   Volmer reaction (2.8) 
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The adsorption of hydrogen is often considered as the rate-determining step in both the Tafel-
Volmer and in the Heyrovsky –Volmer mechanism. Several studies performed recently in liquid 
electrolyte, conclude that the Tafel-Volmer mechanism is rate determining at low potentials while 
a change to the Heyrovsky –Volmer mechanism occurs at higher potentials [35-38].  However, 
most of these stidies are principally based on the same experimental values. Other previously 
performed studies apply the Tafel –Volmer mechanism as operating at all potentials [39-41]. The 
structure sensitivity of the hydrogen reactions is shown by Markovic et al. who report different 
mechanisms on different Pt crystal faces [42]. In all experiments performed in liquid electrolyte a 
compensation for the limited mass transport of hydrogen is needed, which has been done with 
several different approaches. The resulting exchange current density ranges from 1 to 470 mA 
cm-2, close to 25 °C in liquid electrolyte on carbon supported Pt particles [35,39,40,42]. Attempts 
have been made to determine the exchange current density in fuel cells with values of  i0 from 
100 to 600 mA cm-2 at 80 °C and 100 %RH [43,44]. 

2.4  Oxidation of organic compounds  
The main advantages of using small organic compounds as fuel in fuel cells are that no reformer 
is needed which reduces the complexity of the fuel cell system and that the liquid fuel is easy to 
handle. However, the low efficiency due to the slow kinetics makes them most suitable for low 
power, portable, applications. Methanol has for a long time been considered as a promising fuel 
in fuel cells whereas formic acid only recently has been discovered as a fuel and not only as an 
intermediate in methanol oxidation. Formaldehyde, which also is an intermediate in the oxidation 
of methanol to carbon dioxide, is not considered as a potential fuel because of its toxicity. Formic 
acid has a lower energy density than methanol but due to faster kinetics of formic acid oxidation 
it is still a competitive alternative to methanol oxidation. Formic acid is also less toxic and has a 
lower vapour pressure than methanol which makes the handling of the chemical easier. 
Vielstich´s chapter in Encyclopedia of Electrochemistry [45] is an excellent review of carbon 
monoxide, formic acid and methanol oxidation. 

Catalyst 
State-of-the-art catalyst for methanol oxidation in fuel cells is today platinum-ruthenium. 
Platinum is active for adsorption of methanol and also the cleavage of C-H-bonds but rather high 
potentials are needed to oxidise CO. By adding ruthenium the potential for CO oxidation could 
be lowered significantly, which is attributed to the ability of ruthenium to adsorb water at low 
potentials [46]. Ruthenium has also an electronic effect on the bond strength between adsorbates 
and the platinum surface. This effect is probably of minor importance for the improved 
performance of the PtRu catalyst [47]. Several studies have been made on the optimal Pt:Ru ratio 
and the results have varied significantly depending on the reaction conditions such as 
temperature, potential and methanol concentration [45].  

The present anode catalyst loading in the fuel cell varies between 2 and 8 mg cm-2 and in order to 
reduce the cost and improve the efficiency, alternative catalysts are necessary. Numerous of 
binary catalysts, other than PtRu, have been investigated, but non with clearly superior activity or 
stability than PtRu [48,49]. Ternary and quaternary catalysts have also shown promising results 
but not enough to rule out PtRu as state-of-the-art catalyst for methanol oxidation. The catalytic 
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activity of Pt can be improved with ad-atoms of Ru, Ge, Sn, Pb etc. as well as combined with 
metal oxides, which has been well reviewed by Watanabe in chapter 6 in Handbook of fuel cells 
[33]. 

PtRu is also one of the top candidate catalysts for formic acid oxidation but pure Pt and PtPd as 
well as Bi- and Sb-modified Pt have shown good qualities for formic acid oxidation [50-53]. 
Tripkovic explains the enhanced effect of ruthenium on formic acid oxidation with the removal 
of CO from platinum sites, giving more reactive sites for the direct pathway [53]. Pd increases the 
catalytic activity of Pt and promotes the direct oxidation of formic acid [51].  The catalytic 
enhancement of Pt by Bi and Sb is believed to be caused by an electronic effect on the bond 
strength between adsorbates and the catalyst surface. Sb is though not as good as Bi for COads 
oxidation [54,55]. 

2.4.1  Methanol oxidation 

The complete oxidation of methanol to form carbon dioxide involves six electrons and one water 
molecule (Eq.3).  

 6 6        0.016     (2.9)
  

Several intermediates, both surface-adsorbed and bulk products, have been detected through 
spectroscopic methods, but still there are many steps in the mechanism that are not fully 
understood. The most frequently detected adsorbed species are formate and CO whereas CO2, 
formic acid, formaldehyde, methylene glycol and methyl formate have been detected in the 
solution [56,57]. The proportions and amounts of different intermediates and products have 
varied a lot in different studies, to a great extent depending on reaction conditions. This has been 
used as an indication that several pathways exist and that the rate determining step varies with 
reaction conditions. Type of catalyst, temperature, potential and electrolyte are some of the 
factors that seem to affect the dominating reaction path and rate determining step. 

It is today generally accepted that methanol oxidation can proceed via two different pathways. 
One pathway goes via adsorbed CO and the other via the soluble species, formaldehyde and 
formic acid. Both pathways give carbon dioxide as final product. The initial dehydrogenation step 
gives rise to different adsorbed species that determines through which pathway the methanol 
oxidation proceeds [56,58-60]. Housmanns et al. [56] use this as starting point in their study, in 
which they have gathered results from many mechanistic studies on methanol oxidation, and 
used this knowledge together with detection of important intermediates with on-line 
electrochemical mass spectrometry (OLEMS) to propose a complete reaction scheme. The 
reaction scheme is an extension of the scheme suggested by Cao et al. [59] but also includes many 
of the steps in the reaction mechanism that Lamy et al. [61] proposed.  A reproduction of the 
reaction scheme for methanol oxidation on platinum as suggested by [56] is given in figure 2.1. 
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Figure 2.1 Reaction mechanism of methanol oxidation on platinum [18].The dots (•) under the atoms 

represents Pt-sites and assign to which atom the Pt is bonded. 

It has been shown both experimentally [56,62,63] and by calculations [64] that the requirements 
of the reactive sites differ between the two pathways. Whereas the indirect pathway needs at least 
3 neighbouring Pt atoms, the direct path through formic acid is less structure sensitive and 
requires only 1-2 metal atoms [62,64]. The pathway via CO starts with adsorption through the 
carbon atom, leading to the formation of hydroxymethyl (1). The carbon is then further 
dehydrogenated to hydroxyl-methylene in step 2. Step one and two have in some studies been 
suggested to be rate determining on platinum [e.g. Ref 65]. It is uncertain if the dehydrogenation 
continues with step 3 or 4. However, both steps will end up with the formation of adsorbed 
carbon monoxide. Linearly bonded CO is the most common form of CO, but also bridge- and 
triple-bonded CO have been detected. The oxidation of carbon monoxide has been a subject for 
a large number of investigations. Carbon monoxide does not form carbon dioxide on platinum 
until hydroxides are adsorbed, which is above 0.5 V vs NHE in acidic solutions and ruthenium is 
often added to lower the oxidation potential of CO. 

The pathway via soluble species starts with adsorption through the oxygen and the cleavage of 
O-H-bond to form methoxy (8). Dehydrogenation then leads to the formation of formaldehyde 
(9) which can desorb into the solution. It is then questioned if formaldehyde can be oxidised to 
formic acid on the surface, or if it is a bulk reaction leading to the formation of formic acid 
[56,59]. In this reaction scheme, the formic acid formation is believed to proceed in a bulk 

17 

18



CHAPTER 2 THEORETICAL BACKGROUND 
 

10 
 

reaction. When formaldehyde desorbs it is immediately hydrated to methylene glycol (10) [56,57]. 
Methylene glycol can either adsorb directly on the surface (11) or form formic acid (12), which 
also can adsorb on the surface (13). The adsorbed specie in both reaction 11 and 13 is formate. 
The oxidation of formate can also proceed via two parallel pathways, one via CO and the other is 
directly forming CO2. However, some recent studies have shown that formate is stable on the 
surface and consequently has a minor role in the methanol oxidation [64,66]. This implies that 
the original reaction mechanism in figure 2.1 is simplified and two additional routes should be 
added, (17) and (18). This will be further discussed in the following section about the formic acid 
oxidation. 

2.4.2  Formic acid oxidation 

Formic acid oxidation has been extensively studied during the years, both as intermediate in 
methanol oxidation and more recently as fuel in fuel cells.  The reaction mechanism is mainly 
suggested to occur via three parallel routes, indirect via COads, direct to CO2 and one via formate 
as intermediate. This is a more complex reaction route compared to the formic acid oxidation 
given in the reaction scheme for methanol oxidation. The total reaction is given in eq.2.10 and 
the different pathways in figure 2.2.  

2 2        0.25            (2.10) 

 

 

Figure 2.2 Reaction mechanism of formic acid oxidation on platinum, similar to ref [67]. 

It has been shown with spectroscopic methods that formate (HCOO) is an abundant 
intermediate on the surface [56,60,68,69] at higher potentials whereas CO has been observed in 
high concentrations a low potentials on the surface [68]. In some previous studies no 
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discrimination was made of the direct and the formate pathway. Due to the abundance of 
formate on the surface, this pathway was believed to be dominating [56,60,68,69]. However, 
results from recent studies indicate that formate does not easily oxidise to CO2 and the direct 
path without any stable adsorbed intermediates appears as the dominating path [64], but the path 
via COads becomes more important at higher potentials, which also often is suggested for the 
methanol oxidation [68]. Even if the indirect CO pathway becomes more important at higher 
potentials and at higher temperatures, Chen et al. found that it contributed to less than 5% at 80 
°C and 0.75 V [68]. Questions still remain about the formic acid oxidation mechanism and no 
consensus has been reached about the formate being an active intermediate or a spectator in the 
formic acid oxidation reaction [67].  

2.5  Catalyst layer degradation  
The catalyst layer degradation includes the chemical and structural changes of the porous catalyst 
layer. It is often divided into carbon corrosion, i.e. the support corrosion, and the loss of 
electrochemically active Pt. The role of the ionomer is however not discussed that often even 
though it impacts highly on the three phase interface for the electrochemical reaction as well as 
the mass transport conditions and the ion/electron conductivity in the catalyst layer. The interest 
for the degradation issues has increased during the last years, most likely due to the fact that the 
fuel cells are getting closer to commercialisation. Fuel cell degradation is well reviewed in the 
papers by Borup et al. [70] and Zhang et al. [71] and several other reviews can be found from the 
last couple of years [72-74]. 

Since the Pt catalyst needs to be in contact with the carbon support as well as the ionomer to be 
electrochemically active, it is difficult to discriminate between the degradation of each component 
with conventional electrochemical methods. In addition, Pt can catalyze the corrosion of carbon 
whereas the corrosion of carbon leads to increased loss of electrochemically active Pt. In order to 
study the catalyst layer degradation some accelerated degradation tests is needed and also 
methods to quantify the degradation, both in terms of performance and the actual physical 
change of each component. It is always preferable to perform the tests under conditions that best 
resemble the ones in a fuel cell under operation. The more similar the test is to the actual 
operating conditions, the more valid is the measured response. However, for practical reasons 
and in order to better identify the contribution of each component to the degraded performance, 
simplified accelerated degradation tests are needed. 

 

2.5.1  Carbon corrosion 

The carbon corrosion in the phosphoric acid fuel cell (PAFC) has been widely investigated in the 
past. The gas diffusion electrodes are very similar in the PAFC and the PEFC, but the former is 
using graphitised carbon as catalyst support due to the more corrosive environment ( i.e. higher 
temperature and more acidic). It is only during the last five years, that it has been realised that 
non-graphitised carbon may not meet the durability requirements of the PEFC, which has led to 
a massive increase in the literature of studies of alternative carbon supports as well as non carbon 
supports. The total reaction for the electrochemical carbon corrosion is given below: 
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2 4 4   E298 K= 0.207 vs RHE  (2.11) 

 

The reaction is thermodynamically possible in the operating potential of the PEFC cathode but 
the slow kinetics makes the carbon corrosion insignificant during normal operation of the fuel 
cell, at least in a short term perspective. However, the potential can, during start up and shut 
down and also due to fuel starvation, increase up to 1.5-1.8 V vs RHE [75-78] which accelerates 
the carbon corrosion.  The oxidation of carbon to carbon dioxide proceeds through the 
formation of oxygen containing surface groups. The surface oxides can be seen as intermediates 
but it has also been mentioned that they build up a protective layer from further oxidation on the 
carbon [79]. The formation of surface oxides can result in decreased conductivity, increased 
hydrophilicity of the catalyst layer as well as a weakened interaction between carbon support and 
catalyst particle [72]. The complete oxidation of carbon to CO2 results in loss of active Pt surface, 
a changed pore structure and morphology of the catalyst layer which affects the conductivity as 
well as mass transport of reactants [80,81]. Many factors impact on the corrosion of the carbon in 
the fuel cell environment such as potential, humidity, temperature, platinum contact, structure 
and surface area of the carbon etc. [70,72]. 

The carbon corrosion has been studied in various types of accelerated degradation tests with 
different methods for quantifying the carbon corrosion and characterising the effect of it. 
Simulations of start and stop modes as well as fuel starvation have been made in fuel cells and 
considerable losses in electrochemically active surface area as well as cell performance were found 
[77,78,82-84].  Other common methods to accelerate the carbon corrosion are potential cycling, 
potential steps, potentiostatic holds as well as thermally induced corrosion. Different methods 
have been used to quantify the carbon corrosion, such as measuring the decrease in weight, the 
CO2 formation, the corrosion current as well as the increase in the double layer capacitance (i.e. 
formation of surface oxides). To further visualize the morphology changes caused by the carbon 
corrosion, scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are 
two commonly employed spectroscopic methods. X-ray photoelectron spectroscopy (XPS) has 
also been used to determine the change of the surface groups and oxidation state of the carbon 
surface during corrosion [71].  

2.5.2  Loss of electrochemically active surface 

The loss of electrochemically active surface area can be a result of several different mechanisms 
such as: platinum agglomeration, platinum detachment or platinum poisoning. The first one, 
agglomeration, is believed to be the most important mechanism for the loss of active Pt surface. 
Small particles of nano-size always tend to agglomerate in order to lower their high surface 
energy. The mechanism for particle growth has been a subject of numerous studies and can 
mainly be divided into Pt dissolution and re-precipitation onto larger particles, often called 
Ostwald ripening, and the coalescence of small Pt particles in the close vicinity of each other. The 
dissolution of the Pt particles is important in the agglomeration into larger Pt particles but the 
dissolved Pt can also be transported away from the carbon support and precipitate in the 
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membrane or be washed out. The carbon corrosion can of course also cause detachment of the 
Pt particles and loss of electrochemically active surface area.  

The dissolution of Pt has apparently a central part in the loss of electrochemically active surface 
area and the potential has a large impact on the dissolution of Pt. The Pt dissolution can occur 
via the dissolution of platinum oxide or from metallic platinum [85]: 

 

PtO 2H  Pt  H O    log Pt  7.06– 2 pH  (2.12) 

 

PtO 4H 2e   Pt 2H O      E 0.84 0.12 pH 0.03log Pt  V  (2.13) 

 

Pt  Pt 2e    E 1.12 0.029log Pt   V  (2.14) 

 

The dissolution accelerates during potential sweeps and with increasing potential up to 1.1 V 
when Pt-oxide is formed which protects from further oxidation. [85,86]. As can be seen from the 
equations above the dissolution rate also depends strongly on the concentrations of Pt ions. The 
most commonly used degradation test is therefore potential cycling often between 0.6 and 0.9 V 
or 0.6 and 1.2 V. With the higher potential limit the carbon corrosion starts to become significant 
and the loss of electrochemically active surface area is a combination of Pt dissolution and 
carbon corrosion. Except for the electrochemical methods other commonly used methods for 
characterising the Pt degradation are, TEM, SEM, XPS and X-ray diffraction (XRD). 

The Pt poisoning has been studied for a very long time on the anode side since it is well known 
that the fuel can contain several contaminants with the main focus on carbon monoxide. 
Investigations of the effect of contaminants from air, such as nitrogen and sulphur compounds, 
have also been conducted [e.g.87]. Components within the fuel cell system could also give rise to 
contaminants such as metal ions from the bipolar plates etc. [88]. The Pt poisoning has mainly 
been studied by electrochemical methods but gas chromatography has also been applied [89]. 

2.5.3  Ionomer degradation 

During fuel cell operation, hydrogen peroxide are produced and can decompose into radicals, 
which are known to attack and chemically degrade the membrane.  This could also happen to the 
ionomer in the catalyst layer. The conditions in the membrane and the catalyst layer differ and 
not much work has been done in the area of ionomer degradation. The degradation in the 
ionomer could be lower than in the membrane due to the vicinity to Pt catalyst, taking care of the 
radicals, but it could also be higher due to the high water content leading to higher dissolution of 
the ionomer. In addition to the chemical degradation, the varying local conditions of temperature 
and humidity may over time result in an inferior ionomer film around the Pt catalysts. Impedance 
spectroscopy has been used to measure the change in ionomer resistance in order to study the 
degradation of the ionomer [90]. XPS has also been employed to measure the decrease in fluorine 
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content of the catalyst layer before and after 300h of fuel cell operation [91]. However, small 
changes of the ionomer structure are difficult to detect whereas they still can have a significant 
impact on the electrochemically active surface area. Further development of the characterisation 
of catalyst layer morphology, including the ionomer and its interface to Pt, is therefore needed.
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Chapter 3 

Experimental Methods 

3.1  Experimental Setup 
All experiments in this work have been carried out either in a fuel cell or in liquid electrolyte. A 
thermostated three electrode glass cell was used for tests in liquid electrolyte and can be seen in 
figure 3.1. To avoid any reactions with dissolved oxygen, nitrogen was bubbled through the 
solution. A platinum basket was used as counter electrode and a Hg/Hg2SO4 electrode saturated 
with K2SO4 was used as reference electrode. However, all potentials from the liquid electrolyte 
experiments will be referred to the normal hydrogen electrode. The fuel cell experiments were 
mainly performed in a laboratory fuel cell developed in-house [92], see figure 3.2. The PEEK 
(polyether-etherketone) fuel cell has cylindrical graphite current collectors, 30mm in diameter, 
with spiral-patterned gas channels and a clamping force of 380 N over the current collectors was 
used. Commercial porous ELAT electrodes (30% Pt on Vulcan XC-72) with a loading of 0.5 mg 
Pt cm-2 were used as counter and reference electrode and the potential from fuel cell 
measurements will be referred to the reversible hydrogen electrode. 

 

Figure 3.1 Thermostated three electrode glass cell with a rotating disc electrode used for 
measurements in liquid electrolyte. 
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Figure 3.2 Experimental cell used for fuel cell experiments in this thesis. 

3.2 Different types of electrodes 
 

Thin model electrodes  
The thin model electrodes used in papers I-III were prepared at Kompetenscentrum för Katalys 
(KCK) at Chalmers. They were made by thermal evaporation of the catalyst layer directly on a 
gas diffusion layer (GDL). Different thicknesses of metal oxides and platinum were deposited 
onto the GDL and the amount was measured with a quartz crystal microbalance sensor located 
in the chamber. The microporous layer of the GDL consists of carbon black particles of ~100 
nm size, resulting in a high roughness of the GDL. This results in a much higher surface area for 
metal deposition than the geometric one. Except for the Teflon added to reduce the 
hydrophilicity of the microporous layer, the structure is similar to a fuel cell electrode but it does 
not contain any ionomer. The model electrode can therefore be seen as a thin slice of a porous 
electrode. Due to the low catalyst loading the impact from water and heat production is low as 
well as the iR-drop. The two-dimensional structure of the catalyst layer in addition to the low 
loading makes the mass transport conditions of the electrode very good. The model electrodes 
were mainly made for measurements in fuel cell but could also be used in liquid electrolyte. Since 
no ionomer is present in the structure the Pt particles need to be in contact with the Nafion 
membrane in order to get access to protons and become electrochemically active. Due to the 
morphology of the GDL only a fraction of the Pt particles will be contacted by the membrane 
and become electrochemically active. SEM pictures of the gas diffusion layer and samples with 
3nm Pt, 10nm WOx and 3nm Pt on 10 nm WOx are shown in figure 3.3. It can be seen that Pt 
forms isolated particles of 3-5 nm size whereas WOx, similar to the other investigated metal 
oxides, wets the surface well and forms fully covering films on the carbon support. 
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Figure 3.3 SEM images of thin model electrodes of the GDL(Carbel), 3nm Pt, 10nm WOx and 3nm Pt 
on 10nm WOx on GDL. 

In order to prepare MEA:s for the fuel cell a circular disc of the model electrode was punched 
out and placed onto a membrane with a conventional porous counter electrode on the other side. 
The MEA was further hot pressed at 1MPa and 135 °C. To enable a better Pt utilisation and 
obtain a higher electrochemically active surface area, the thin model electrode could be sprayed 
with Nafion solution prior to hot pressing. This did however reduce the mass transport to the 
electrode. For measurements in liquid electrolyte a current collector made of a thin gold thread 
was connected to the carbon fibers of the GDL of the circular model electrode disc. In order to 
improve the wetting of the electrode, since the micropouros layer is hydrophobic, it was 
necessary to spray the platinum electrodes with Nafion solution prior to the test in liquid 
electrolyte. 

Porous pipetted electrodes 
Pipetted porous electrodes were used both in paper VI and VII in liquid electrolyte and in paper 
IV and V in fuel cell measurements. The advantages of using this type of electrodes in fuel cell 
measurements in comparison to conventional sprayed electrodes are that only a small amount of 
ink is needed, the loading is well determined and it is a fast way to prepare electrodes. In liquid 
electrolyte pipetted electrodes are often used for screening new catalysts for fuel cells. The 
purpose of using the porous pipetted electrodes in liquid electrolyte was in this study to see if the 
same type of porous electrodes used in fuel cells also could be used in the liquid electrowinning 
environment.  An ink was prepared by mixing the catalyst carbon with Nafion solution ( Nafion 
in isopropanol) and also water when preparing ink for liquid electrolyte measurements. The ink 
was then pipetted onto a Nafion membrane placed on a heat board at 95 ºC or onto a glassy 
carbon rotating disc electrode. At the same time the same amount of ink was pipetted onto small 
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pieces of transparency film to be used for determining the loading of the electrodes. After drying, 
the transparency film pieces were weighed with and without the pipetted control electrodes, 
which gave a fairly accurate value of the loading. The rotating disc electrode where directly, after 
drying, used as working electrode in the liquid electrolyte measurements. The fuel cell electrode 
on the membrane was hot pressed at 1MPa and 135 °C with a conventional porous counter 
electrode on the opposite side. When mounting the membrane electrode assembly (MEA) into 
the fuel cell a GDL (Sigracet BC20) was placed between the pipetted electrode and the current 
collector. 

Rotating disk electrodes  
By using rotating electrodes the mass transport to the electrode surface can be controlled and gas 
bubbles are hindered from attaching to the surface. The rotating disc used as substrate for the 
porous electrodes was a commercial glassy carbon and the preparation method of the porous 
electrodes was described in the previous section. The Pt and PtRu rotating disc electrodes were 
made by Permascand AB. Titanium metal was coated with Pt and PtRu with a loading of 60 g/m2 
and 5 g/m2, respectively. The resulting electrode surfaces were not completely smooth but 
somewhat rough from the deposition of the noble metals. Discs with an area of 1 cm2 were 
punched out and placed into titanium holders suitable for an electrode rotator 616 from EG&G.  

Flag electrodes  
In the study of methanol oxidation for use in zinc electrowinning it was found unlikely that the 
porous electrodes could be used in the larger scale and the demanding conditions in the zinc 
electrowinning tankhouse. One alternative electrode was therefore studied, with enhanced active 
surface area compared to the metallic coated electrodes but with much higher stability compared 
to the porous electrodes. The base material of the flag electrodes was a titanium fibre structure, 
TySAR® (Electrosynthesis Co.Inc., USA.) which was coated with platinum by Permascand AB. 
A piece of 3x4 cm2 of the electrode material was spot welded onto a titanium sheet of the same 
size with a titanium rod as current collector. Henceforth these high surface area electrodes will be 
referred to as Pt-TySAR® electrodes. 

 

Figure 3.4 Different types of electrodes. a) Flag electrode - Pt-TySAR® electrode, b) MEA with a thin 
model electrode and c) rotating disc electrode (RDE). 
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3.3  Electrochemical characterisation 

3.3.1  Cyclic voltammetry 

Cyclic voltammetry in an inert environment is a commonly applied technique to characterise the 
electrode surface and the interface to the electrolyte. The potential is swept between two 
potentials, often the potentials for oxygen evolution and hydrogen evolution, meanwhile the 
current response is measured. The response will mainly be characteristic for the investigated 
material but also to some extent depend on the electrolyte. A sweep rate between 50 and 500 
mVs-1 is often used and at lower sweep rates there is a risk of poisoning due to adsorbates 
building up on the surface. By choosing a high upper sweep limit and a low lower sweep limit, 
impurities that adsorbs on the surface may be avoided, and they are either oxidised or reduced 
away from the surface. There are different types of responses to the applied potential sweep, the 
charging of the double layer and the pseudo capacitance charging. The former is rather fast and 
the not varying with sweep rate. The pseudo capacitance charging is the electrochemical 
adsorption/desorption and changes of the surface state due to faradaic reactions and can be 
dependent on sweep rate. The charge needed to form or remove a film is determined by the 
integral of the current over the start and end potential of film formation. A typical cyclic 
voltammogram for Pt in fuel cell is shown in figure 3.5.  

 

 

Figure 3.5 Cyclic voltammogram of 3nm Pt deposited on the GDL sprayed with Nafion.The 
voltammograms were recorded in 0.5M H2SO4 at room temperature at a scan rate of 200 mV s-1. 

The electrochemically active surface area (ECSA) in fuel cells is often determined by the 
underpotential deposited hydrogen (HUPD) charge seen in cyclic voltammograms. The area over 
the two cathodic peaks, from the double layer charge to the minimum just before the onset of 
hydrogen evolution is assumed to correspond to 77% of a full monolayer of adsorbed hydrogen 
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on polycrystalline platinum, which averaged over the three crystal base planes corresponds to 
about 210 µC cm-2 (1,2). However this method is originally defined in liquid electrolyte at room 
temperature, conditions that differ a great deal from the conditions in a fuel cell. 

Cyclic voltammetry can also be used in the presence of reactants. These measurements can give 
adequate information about the reaction on different electrodes whereas the impact of different 
parameters also can be studied. With a low sweep rate, ~1mV s-1, the system can be assumed to 
be close to steady state, with negligible contribution from pseudo capacitance charging. The 
sweep limits are then chosen after the examined reaction. 

Cyclic voltammetry was applied as a standard method for all work in this thesis in both liquid 
electrolyte and in fuel cell. In general several cyclic sweeps were performed until no changes 
occurred in the observed cyclic voltammogram and the potential was normally swept between 
hydrogen evolution and oxygen evolution. Specific details concerning the cyclic voltammetry 
performed can be found in the appended papers. 

3.3.2  COstripping 

Another commonly used method for determining the ECSA is stripping of an adsorbed CO 
monolayer. The charge of the CO oxidation peak is generally taken to be equivalent to two 
electrons per CO molecule, which results in a charge about twice that of the HUPD peak. CO-
stripping curves were recorded in the potential window between 0.05 and 1.2 V, at a sweep rate 
of 20 mV s-1. After a cycle in humidified N2 gas, the potential scan was stopped at 0.15 V and the 
gas flow shifted to CO-containing gas (2% CO balanced with Ar) for CO adsorption during 2 
minutes. Thereafter the inlet gas was shifted back to nitrogen for 5 minutes, to flush out 
remaining CO in the cell, before the subsequent stripping.  

3.3.3  Potentiostatic and galvanostatic measurements 

In the study of oxidation of organic compounds both potentiostatic and galvanostatic 
measurements were made. This was done in order to study the stability of the electrodes since 
they were going to operate for a longer period of time and it is known that some deactivation 
occurs during the oxidation of methanol. The potentiostatic tests were performed at two 
different potentials, 0.5 V and 0.7 V vs NHE, since different mechanisms were supposed to be 
dominating in the different potential regions. 

3.3.4  iRcorrection 

Two methods were used for determining the total resistance of the fuel cell: the high frequency 
resistance in electrochemical impedance spectroscopy and potential scan at low potentials in a 
symmetrical H2 cell. The first method was used for the thin model electrodes whereas the second 
method was used for the porous pipetted electrodes. However, the impedance spectroscopy was 
shown to be unsuitable for the samples with metal oxides between the Pt and the gas diffusion 
layer. iR-correction with the symmetric H2 cell was suitable for electrodes with higher loadings 
since the polarisation losses of the hydrogen oxidation reaction could be assumed to be negligible 
compared to the ohmic losses. 
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3.4  Accelerated degradation tests 
Different accelerated degradation tests were discussed in section 2.5. Before any degradation test 
can be applied it is necessary to determine a starting point. Depending on what type of 
information the degradation test should give this is more or less important. All fuel cell electrodes 
need some sort of activation to improve their performance. What happens during this activation 
is not very clear. The humidification of the membrane and the ionomer plays an important role 
but also the Pt catalyst may undergo changes, possibly due to the removal of impurities but also 
changes in structure. Since all the different components may be best activated in completely 
different ways it is difficult to find one method that results in the best performance of the cell as 
well as of all of the different components. Different methods for activation were tested in this 
work and involved both cycling and potentiostatic holds, within the range of 0.6-0.9 V vs RHE, 
in nitrogen and in oxygen over night. The differences were not large and it was decided to use a 
method previously used in other studies, consisting of 2000 cycles between 0.6 and 0.9 V vs RHE 
in oxygen [93]. 

The accelerated degradation tests are, as mentioned before, a balance of several aspects such as 
time consumption, resemblance of the actual operating conditions and possibility to identify the 
individual degradation phenomena. In order to accelerate the Pt degradation a cycling test in 
nitrogen with 1000 cycles between 0.6 and 1.2 V vs RHE was adopted. This was supposed to 
accelerate the catalyst degradation as well as some carbon corrosion. When examining the carbon 
corrosion, the first test used was the recommended potentiostatic hold at 1.2 V vs RHE for 100h 
[94]. This should correspond to the high potential excursions from 30.000 starts and stops 
expected during the life time of a car [94]. This was later changed to a test at 1.4 V vs RHE for 
3h. Most of the tests were performed in nitrogen atmosphere. 
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Chapter 4 

Results and Discussion 

4.1  Hydrogen oxidation 
The polarisation losses from the hydrogen oxidation reaction (HOR) on the anode side are very 
small. However it would be of great importance if the Pt loading on the anode side could be 
lowered. To acquire the true kinetic parameters of the HOR in the fuel cell is therefore of great 
significance. However, the fast kinetics of the reaction makes it difficult to study since the mass 
transport often impacts on the results. Most of the studies of HOR kinetics have been performed 
with rotating disc electrodes in liquid electrolyte in which the limited mass transport always needs 
to be corrected for. Our attempt with this study was to obtain a value for the exchange current 
density at fuel cell relevant conditions. As already mentioned in the experimental part 3.2, the 
mass transport conditions in the thin model electrodes are extremely good which makes this 
system suitable for kinetic studies. Samples with different amounts of platinum, corresponding to 
1.5, 3 and 6 nm (mean thicknesses on a flat surface) were used in order to obtain samples with 
different electrochemically active surface areas situated on the same geometric area. Polarisation 
curves were conducted in pure hydrogen on both the cathode and the anode side.  

The non iR-corrected polarisation curves for HOR, displayed as geometric current density versus 
potential, are shown in figure 4.1a. All electrodes reach a limiting current. This limiting current 
should not be diffusion limited since i) The three samples with different loadings, but with Pt 
deposited on the same area (exposed area), obtain different limiting currents per unit area 
(geometric). ii) calculations of the diffusion of hydrogen through the GDL yields that the 
concentration difference between the gas channel (bulk) and the Pt-membrane interface is less 
than 1%. Since the Pt, in these electrodes, is not covered by an ionomer film, no further 
transport barriers are expected. The only step in the HOR which is not potential dependent is the 
dissociative adsorption of hydrogen in the Tafel step and the HOR was therefore suggested to 
follow the Tafel-Volmer mechanism with the Tafel step as the rate determining step. The dip in 
current density when increasing potential is proposed to be an effect of adsorption of impurities 
on platinum or small variations in the interaction of platinum, Nafion, and water. Since the 
adsorption rate is limiting the current density, even small variations in accessible Pt surface sites 
will have a great impact on the current density.  
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Figure 4.1 Hydrogen oxidation reaction on 6 nm (······· ), 3 nm (- - - -) and 1.5 nm (——) Pt. a) non-iR-
corrected geometric current density b) iR-corrected specific current density (i.e. current divided by the 
ECSA) versus potential  at 80 °C, 90% RH and 1 mV s-1. The inset in figure 3b displays the specific 
current densities for the same electrodes at low overpotentials and 10 mV s-1. 

The curves in figure 4.1a were iR-corrected by the high frequency intercept from impedance 
spectroscopy. The iR-corrected curves at 1mV/s are displayed in figure 4.1b in specific current 
density (i.e. current divided by the electrochemically active surface area). All samples reached a 
limiting current density of roughly 1600 mA cm-2

Pt, which is higher than what has been measured 
before [95]. An exchange current density could be calculated from the slope at low 
overpotentials, by deriving an expression for the current density from the rate equations shown 
below, similar to Vogel [39] and Chen et al.[30].  
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By assuming that the Volmer reaction is at equilibrium, an expression for θ is obtained, which 
can be inserted in the expression for the current density of the Tafel step, making it potential 
dependent. Introducing the terms i0 for the Tafel reaction and idiff and assuming a surface 
coverage, θ, close to the equilibrium coverage at low overpotentials, the expression for the 
current density can be linearised: 

    (4.3) 

The Volmer step is generally considered as very fast in the literature, however it may be an 
oversimplification assuming that the Volmer step is at equilibrium at low overpotentials. If idiff 
(diffusion limiting current density) is much higher than i0, the second term in the denominator 
becomes negligible, which was assumed since the mass transport rate was very high.  The 
resulting exchange current density was 770 mA cm-2

Pt. This is higher, but in the same range as in 
other recent publications on HOR [43,96]. It is however difficult to compare values for i0 from 
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literature since they depend on the expression derived for the current density which in turn 
depends on the mechanism as well as the made assumptions.  The high exchange current density 
would enable a lowering of the anode catalyst loading without encountering too high voltage 
losses if better mass transport of hydrogen could be ensured. 

4.2  Platinum on metal oxides 
Both an increased activity and stability has been observed for Pt when combined with some 
different metal oxides. In this study thin model electrodes with varying amounts of metal oxides 
and platinum deposited on the gas diffusion layer (GDL) were investigated.  

In paper II, an increase in electrochemically active surface area was seen when Pt was deposited 
on 10 nm or thicker layers of titanium and tungsten oxide compared to Pt deposited on the 
GDL. This resulted in a better performance in the oxygen polarisation curves compared to Pt 
deposited on a 3 nm layer of the metal oxides. Still, the performance did not correspond to the 
high electrochemically active surface area seen in the cyclic voltammograms, see figure 4.2. The 
proton conductivity of titanium and tungsten oxide was suggested to explain the discrepancy of 
the polarisation curves and cyclic voltammograms. Pt sites could be seen as electrochemically 
active in the cyclic voltammogram due to the access of protons but yet be blocked for oxygen 
adsorption and reduction through the metal oxide. 

  

Figure 4.2 Polarisation curves in oxygen at 3nm Pt,  3Pt on 10nm TiOx and on WOx at 20 mV/s. The 
inset shows the cyclic voltammograms in nitrogen at 100 mV/s. Tcell =80◦C, 90% RH. 

4.2.1  Activity 

Cathode 
The activity of an electrode may be improved by better utilisation of the catalyst or a true 
catalytic effect. Pt on tin oxide displayed an improved performance due to an increased 
electrochemically active surface area compared to  Pt. No further investigations were however 
made with this electrode due to bad stability. All samples with tungsten oxide displayed a 
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different slope in the polarisation curves compared to  Pt, figure 4.3a. Above 0.75 V when Pt 
starts to adsorb oxygen species and the polarisation curve of Pt bends off, the electrodes with 
tungsten oxide displays a straighter Tafel slope. This is supposed to be a result of the oxide 
formation which is shifted to higher potentials on the Pt tungsten electrodes. All samples with 
tungsten oxide have the same appearance in the oxide formation region of the cyclic 
voltammogram, but the difference to  Pt on the GDL becomes most clear when comparing with 
3 nm Pt on 3 nm tungsten oxide, figure 4.3b. 

 

Figure 4.3 a) Pt on 3, 10 and 20nm tungsten oxide and  Pt  added as reference, polarisation curves in 

oxygen at 20 mV/s. b)  Cyclic voltammograms in nitrogen at 100 mV/s on  3 nm Pt, 3 nm Pt on 
3nmWOx and  3 nmWOx. Tcell =80◦C, 90% RH. 
 

Anode 
The increased electrochemically active surface area due to the proton conductivity of WOx did 
motivate a study of the possibility to use PtWOx as anode. The hydrogen oxidation was 
examined by potential sweeps in pure hydrogen on both WE and CE/RE. No beneficial effects 
of the PtWOx electrodes were seen at low overpotentials, most likely due to high resistance of 
the WOx films. The resistance was difficult to compensate for since impedance gave the 
response from the whole electrode surface in contact with the membrane. The fact that WOx 
acts both as proton and electron conductor makes the impedance spectra even more difficult to 
interpret. In addition the inclusion and exclusion of hydrogen in the formation of tungsten 
bronzes will change the proton and electron conductivity with changing potential. However, 
samples with WOx did obtain a higher limiting current density than  Pt, which may imply that a 
higher electrochemically active surface area for hydrogen oxidation is accomplished with Pt on 
WOx. The oxidation of CO which is commonly present in reformate feed was also studied. 
Figure 4.4 shows that the oxidation of CO started at lower potentials with PtWOx than on Pt 
which is in accordance with other studies [97]. 
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Figure 4.4 CO-stripping on 3 nm Pt (dashed) and 1.5 nm Pt on 10 nm WOx (solid). Black line are the 
CO-stripping curves and the grey lines are the base voltammograms. The voltammograms were 
recorded in a single cell fuel cell at 80 °C and 90% RH at a scan rate of 20 mV s-1. 

4.2.2  Stability 

The structure of the thin model electrode is completely different from the catalyst layer in a 
porous electrode and it can be questioned if the degradation occurs in a similar way in this type 
of electrode as in porous electrodes. Effects on the electrochemically active surface area such as 
Pt sintering or Pt loss should however be measurable and are assumed to be representative for a 
carbon supported Pt catalyst. A test consisting of 1000 cycles between 0.6 and 1.2 V vs RHE was 
applied on the thin model electrodes. This resulted in a reduced electrochemically active surface 
area and a lowered performance in the polarisation curves for all electrodes but to a lesser extent 
on the electrodes with tungsten oxide, figure 4.5. 

 

Figure 4.5 Pt on 3, 10 and 20nm tungsten oxide and  Pt  added as reference. Polarisation curves in 
oxygen at 20 mV/s,  before and after accelerated degradation tests (ADT. Tcell =80◦C, 90% RH. 
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Another interesting metal oxide in terms of stability is iridium oxide. Nevertheless, iridium is a 
noble metal, as expensive as platinum, and the improvements needs to be extensive in order to 
motivate the use of iridium. With 3 nm platinum on 3nm iridium oxide the degradation is much 
slower than for  Pt and the performance is the same on Pt on iridium oxide after 2000 cycles as it 
is for  Pt after 1000 cycles, figure 4.6.a. The appearance of the cyclic voltammogram of Pt on 
iridium oxide changed a lot in the oxide formation region when cycling, which in the literature is 
attributed to an increased wetting of the oxide structure with time [98]. In order to study if the 
degradation was different if the catalysts were better covered with ionomer, Nafion solution was 
sprayed onto the electrodes before hot pressing the MEA. The polarisation curves are shown in 
figure 4.6.b and it can be seen that the performance loss is smaller on Pt on iridium oxide 
compared to  Pt after up to 2000 cycles but after that Pt performs better than Pt on iridium 
oxide.  

 

Figure 4.6 Polarisation curves in oxygen of 3Pt and 3Pt10IrOx a) without Nafion and b) Nafion 
coated activated and after each following 1000 cycle between 0.6 and 1.2 V vs RHE. Cell temperature 
80 °C, Relative humidity 90%, scan rate 50mV/s. 
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In order to better characterise the degradation, CO-stripping was performed in addition to the 
cyclic voltammograms after each period of 1000 degradation cycles, figure 4.7. First it can be 
noted that the charge under the CO oxidation peak initially is much higher on Pt than on Pt on 
iridium oxide. The difference in performance between the two samples is not that large and the 
CO-stripping charge may not be a good measurement of the electrochemically active surface area 
of Pt on iridium. Still, the CO-stripping peak may give information of the degradation of the 
electrode. The CO-stripping peak decreases with increasing number of degradation cycles of the 
electrode, similar to the performance. The shape of the CO stripping peaks is however different 
for the two types of electrodes. For Pt on iridium oxide there is a decrease in the main peak and a 
growth of a second peak at higher potentials with increasing number of cycles. The onset of the 
oxidation is also shifted to higher potential for each 1000 cycle period.  Pt does only display a 
decrease in the main peak meanwhile it is shifted to higher potentials. This is similar to 
observations made in a degradation study performed with other Pt model catalysts [99]. 

The shift in potential due to the changes in the Pt structure and/or size has been widely 
discussed in the literature [99-102]. It was first found that CO was oxidised at higher potentials 
on smaller particles, but it is not necessarily only the particle size but also the structure of the Pt 
that induce the shift to higher potentials. For particles with less defects or few neighbouring Pt 
sites it is more difficult to adsorb OH- closely to the CO sites which is needed for the CO 
oxidation. It is known that both Pt agglomeration and Pt dissolution occur upon potential cycling 
which is consistent with the lowered CO desorption charge seen in figure 4.7. The shift in 
potential is more difficult to predict since Pt agglomerates are expected to oxidise CO at lower 
potentials whereas smaller particles oxidise CO at higher potentials. The positive shift may then 
be explained by the decrease in Pt particle size or by less defects being present on the Pt particles 
after cycling. The formation of a second peak for PtIrOx could possibly be related to the 
formation of small nanoparticles due to detachment/dissolution and redeposition in the catalyst 
layer.  

 

Figure 4.7 CO-stripping of a) 3Pt10IrOx and b) 3Pt, 1) activated and after  2)1000, 3)2000 and 4) 
3000 potential cycles between 0.6 and 1.2 V vs RHE. Cell temperature 80 °C, Relative humidity 90%, 
scan rate in 20mV/s. 
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A shift to higher potentials can of course also occur due to changed reaction conditions such as 
lower temperature or lower humidity, parameters that should not be affected in this degradation 
test. Actually, the polarisation curves of Pt in figure 4.6b displays a higher loss at higher current 
densities which could be related to an increased resistance of the cell or a limited mass transport 
of oxygen. The positive shift of the CO stripping peak may then, at least partly, be related to 
changes in the Nafion film closely to the Pt surface.  

The different suggested theories need to be complemented by physically characterisation 
methods in order to interpret the changes in the CO stripping curves to physical changes of the 
catalyst. However, the results demonstrate the possibility to use CO-stripping as a method to 
characterise the catalyst degradation.  

 

4.2.3  Electrochemically active surface area 

As mentioned before, the high electrochemically active surface area seen in the cyclic 
voltammograms of  3Pt10WOx and 3Pt10TiOx compared to  Pt did not correspond to the 
activity for oxygen reduction in the polarisation curves. This was explained by the proton 
conductivity of titanium and tungsten oxide. Pt sites could be seen as electrochemically active in 
the cyclic voltammogram due to the access of protons but yet be blocked for oxygen adsorption 
and reduction through the metal oxide. 

However, this theory could of course be questioned and other possible explanations have been 
evaluated: 

 A thicker metal oxide layer may have a smoothening effect on the GDL, enabling a better 
contact between the Pt particles and the membrane when hot pressing the membrane.  

 The Pt dispersion may be better on the metal oxide compared to on the GDL.  
 The metal oxides make the support material less hydrophobic which improves the 

wetting of the electrode. 

Below follows some arguments for and against the different theories. It is assumed that a 3 nm 
layer of the metal oxide not completely covers the whole carbon surface. It may also at least 
partly be rather thin, so that the metal oxide does not exhibit the same properties as the bulk 
material.  

 Samples with 3nm Pt on 10 nm tin oxide displayed no increase whereas 3 nm Pt on 10 
nm zirconium oxide displayed an increase in electrochemically active surface area, figure 
4.8. However, in the literature there are studies showing that zirconium oxide can be 
proton conducting [17]. This may rule out the theory of the smoothening effect. In 
addition the roughness factor of the GDL is rather high which can be seen in the SEM 
pictures of the thin model electrode in figure 3.3. 
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Figure 4.8 Cyclic voltammograms of 3Pt10TiOx (dashed), 3Pt10ZrOx (dotted) and 3Pt10SnOx (solid). 
The voltammograms were recorded in a single cell fuel cell at 80 °C and 90% RH at 200 mV s-1. 

 Nafion coated electrodes with 3nm Pt on 3 nm and 10 nm tungsten oxide displayed 
roughly the same electrochemically active surface area, figure 4.9. This shows that the 
dispersion is the same irrespective of thickness of the metal oxide layer.  

 

Figure 4.9 Cyclic voltammograms of 3Pt (dashed) and 3Pt10WOx (solid) with Nafion coating. The 
voltammograms were recorded in a single cell fuel cell at 80 °C and 90% RH at 200 mV s-1. 

 

 The wetting of the electrode is completely different for 3nm Pt on the GDL and 3 nm Pt 
on tungsten oxide in liquid electrolyte, seen as a very low electrochemically active surface 
area of Pt in figure 4.10. The situation may be similar in the fuel cell resulting in a better 
wetting of the electrode with metal oxides. 
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Figure 4.10 Cyclic voltammograms of 3Pt (dashed) and 3Pt10WOx (solid) after 10 cycles (grey) and 
150 cycles (black) without Nafion. The voltammograms were recorded in 0.5M H2SO4 at room 
temperature at a scan rate of 200 mV s-1. 

The above arguments do only describe how an increase in the electrochemically active surface 
area could be possible but do not explain the discrepancy between polarisation curves and active 
area in cyclic voltammograms. The low current density could be argued to be caused by the 
resistance of the metal oxide layer. The resistance of the metal oxide films is however not large 
enough to explain the deterioration in the polarisation curves compared to platinum. This could 
be seen in figure 4.3a in the polarisation curves with Pt on different thicknesses of WOx. Still the 
most plausible explanation to the increased ECSA is given by the proton conductivity of TiOx 
and WOx. 

4.3  Electrochemically active surface area in fuel cells 
The determination of the electrochemically active surface area (ECSA) is an important matter in 
fuel cell measurements and is often used in the characterisation of the electrode combined with 
other measures. In, for example, degradation studies, evaluation of new catalyst and kinetic 
measurements, an accurate measure of the ECSA is essential. It is important to determine the 
ECSA of the electrode at relevant conditions, i.e. at the same conditions as those of the studied 
reaction. The determination of ECSA by HUPD as well as CO-stripping charge originate from 
liquid electrolyte measurements, but are today also commonly used in fuel cell measurements. It 
can however be questioned if these techniques can be applied in the same way in the fuel cell 
since the environmental conditions are quite different from the liquid electrolyte.  The impact of 
temperature and relative humidity on the ECSA determined by the HUPD and CO-stripping charge 
was therefore studied in paper IV. All results in paper IV are based on measurements with 
porous electrodes, but similar results have also been obtained with the thin model electrodes but 
not in any systematic study. The temperature was shown to have a great impact on the HUPD 
charges, with a negative shift of adsorption potential with increasing temperature as well as a 
decrease in the first desorption peak in the anodic scan, seen in figure 4.11 for the thin model 
electrode. The hydrogen evolution starts at higher potentials than in liquid electrolyte and does 
not vary with temperature.  
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Figure 4.11 Cyclic voltammograms in nitrogen at 200 mV/s on 3Pt at different temperatures and fully 
humidified inlet gases. 

The shift to higher potentials is argued to be caused by the deviation from standard conditions in 
the inert nitrogen atmosphere resulting in a more positive equilibrium potential. This effect is 
dynamic and causes a variation in the equilibrium potential due to the evolution and 
consumption of hydrogen during the potential sweep, as previously suggested by Schneider et al. 
[103]. Further, mass transport from the electrode surface facilitates an increase in the hydrogen 
evolution potential. Biegler et al. [104] found that the onset of hydrogen evolution in liquid 
electrolyte started at more positive potentials for a smooth polycrystalline platinum electrode 
compared to a rough platinum black electrode. An additional positive shift in the onset potential 
of the hydrogen evolution could also be revealed on the smooth electrode upon stirring heavily, 
confirming that the hydrogen evolution was indeed mass transport controlled. Using a segmented 
fuel cell at room temperature, Schneider et al. [103,105] showed that the onset of hydrogen 
evolution in nitrogen humidified gas flow is dependent on the flow rate and on the position in 
the cell along the flow channel. The onset potential shifted more negatively with no flow or when 
it was measured deeper into the cell, leading to a simultaneous appearance of a well defined 
second desorption. This evidences that the off transport of evolved hydrogen counteracts the 
electrode reaching its equilibrium, since the removal of evolved hydrogen by inert gas must be 
compensated for by the formation of hydrogen, causing an increase in the hydrogen evolution 
current, and consequently in the overlap of the hydrogen evolution and the HUPD region.  

Figure 4.12 shows how the inert gas flow affects the HUPD charges of a thin model electrode in 
contact with the Nafion membrane with and without extra Nafion sprayed onto it. The lower 
potential for hydrogen evolution on the Nafion coated electrodes demonstrates how the limited 
mass transport affects the equilibrium for hydrogen evolution. The mass transport conditions of 
the uncovered electrode are much better which results in a higher potential for hydrogen 
evolution due to off transport of hydrogen. Even when the inert gas flow is switched off, the 
potential for hydrogen evolution does not change. However a peak appears in the anodic scan, 
similar as at low temperatures. This peak may be attributed to desorption of hydrogen, remaining 
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on the surface when there is no inert flow. It could also originate from the oxidation of the, in 
the hydrogen evolution, produced hydrogen remaining in the vicinity of the Pt surface. The 
current profile in the cathodic sweep as well as the potential for hydrogen evolution is however 
unaffected by changes in the inert flow rate sweep leading to the assumption that there is no 
accumulation of hydrogen in the vicinity of the Pt. There is still an overlap between hydrogen 
adsorption and evolution but possibly more hydrogen remains on the surface in the anodic scan.  
A negative shift of the hydrogen evolution has however been observed for porous electrodes 
when stopping the gas flows into the cell. The effect of humidity on the HUPD charges is 
significantly smaller than that of temperature. Still, the HUPD peaks become more pronounced and 
the charges are increasing with increasing relative humidity.  

 

Figure 4.12 The impact of nitrogen flow on Nafion coated and uncoated 3Pt. Scan rate 200 mV/s, 
Tcell =80◦C and 90% RH.The current densities are normalised to their ECSA measured with nitrogen 
flow. 

A summary of the results from the CO-stripping measurements can be seen in figure 4.13. The 
influence of humidity on the CO stripping peak charge is similar to that of the HUPD peaks. It 
decreases with decreasing relative humidity, especially at higher temperatures. A shift to higher 
potential under dryer conditions is also seen. The low water content reduces the amount of active 
species to be adsorbed and may also lead to blocking of the Pt sites by hydrophobic domains in 
the Nafion ionomer which makes less active area available in the electrode. Similar to 
experiments in sulphuric acid solution, the CO stripping potential is shifted negatively with 
temperature [106-109], whereas the peak charges for the COad oxidation are almost independent 
of temperature. This is in strong contrast to the HUPD charges and may be explained by the 
overlap with hydrogen evolution. With increasing temperature the HUPD peaks are shifted 
negatively while the onset for hydrogen evolution is constant. 
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Figure 4.13 The dependence of the CO monolayer oxidation charges on temperature and humidity 
(subtracted from the corresponding base CV) and peak potentials for the CO stripping peak. The 
symbols are related to relative humidity as follows: 90 % RH () 60 % RH () and 40 % RH (), 
filled symbols are the charge densities and unfilled are the peak potentials.  

To conclude, the charges from CO-oxidation and possibly also HUPD without any nitrogen flow, 
are considered to give the most accurate measure of the electrochemically active surface area in 
the fuel cell. However if the ECSA is used only for comparison of electrodes, the HUPD from 
standard cyclic voltammetry can be used even though it may not give the true value of the ECSA. 

4.4  Degradation of the catalyst layer and the influence of 
carbon support 

In addition to alternative support materials, such as the metal oxides discussed above, there is a 
strong ongoing development of different types of carbon support, such as carbon nanotubes, 
carbon nanofibres etc. It is well documented in the literature that graphitised carbons corrode 
less than non-graphitised carbons and that low surface area carbons corrode less than high 
surface area carbons [109-112]. However a graphitised carbon often also implies a low surface 
area and it can be difficult to distinguish between the effects of surface area and carbon structure. 
This is of special importance when trying to elucidate the mechanism for carbon corrosion in the 
PEFC. In this study, the impact of carbon surface area and carbon type, i.e. carbon black and 
graphitised carbon, on the degradation of the electrode in a fuel cell was investigated. Three types 
of carbon supports were investigated, high (HSG) and medium (MSG) surface area graphitised 
carbon and low surface area non-graphitised carbon (LSNG). Comparison was made with 
standard E-tek catalyst with Vulcan XC support. Thin model electrodes were also used to 
investigate different types of accelerated degradation tests. 
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The difficulty of finding an appropriate accelerated degradation test was discussed in the 
introduction. In this study, different protocols for degradation tests were examined, starting with 
the suggested support stability test of 100h at 1.2 V vs RHE. Tests were performed with both a 
porous pipetted electrode and a thin model electrode with 3nm Pt. There is a clear increase in the 
double layer capacitance and the quinone/hydroquinone peaks with time, but there is also a 
continuous increase in performance of the electrode. This is illustrated in figure 4.14 where cyclic 
voltammograms and polarisation curves before and after degradation are shown for the thin 
model electrode. The activated electrode response is curve 1 whereas both curve 2 and 3 are 
taken after 100h at 1.2 V vs RHE. The difference between 2 and 3 is the nitrogen flow which was 
extremely low during the degradation test of curve 3, and caused leakage of air into the fuel cell. 
It is therefore suggested that oxygen increases the formation of surface oxides at this potential, 
which is in contrast to results found in the literature where no difference in carbon corrosion was 
seen between nitrogen and oxygen atmosphere[113]. In addition there is a clear correlation 
between the increase in double layer capacitance and the improved performance. All these tests 
also show that Pt is rather stable at these high potentials as often assumed in the literature. 

 

 

Figure 4.14 Cyclic voltrammograms in nitrogen and polarisation curves in oxygen on thin model 
electrodes with 6μg Pt cm-2. Before (1) and after ADTs consisting of 100h at1.2 V, in nitrogen (2) and 
with oxygen present (3). Cell temperature 80 °C, Relative humidity 90%, scan rate in nitrogen 100 
mV/s and in oxygen 50mV/s. 
 

Since the carbon corrosion caused by this degradation test was not that severe, potentiostatic 
tests were performed at higher potentials when evaluating the different carbon supports. After 3h 
at 1.4 V vs RHE the performance is lowered on all four different electrodes mainly at higher 
current density. The high surface graphitised carbon electrode performed worst. However, after 
leaving the cell at rest for 12 h, without any gas flow or heating, the performance was regained 
and even improved for the E-tek and the low surface non-graphitised carbon electrodes. The 
high surface graphitised carbon electrode did not recover its performance and the structure of the 
catalyst layer seemed to have collapsed. Figure 4.15a and b shows the polarisation curves and 
cyclic voltammograms of non-graphitised low surface carbon and the medium surface graphitised 
carbon electrode. Due to the high double layer capacitance, CO-stripping was found to be a 
better method for electrochemically active surface area determination than the HUPD charge. The 
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CO-stripping peaks, seen in figure 4.15c and d, moved to higher potentials and also became 
broader after the degradation test. This could be a sign of low humidity and is in accordance with 
publications on the humidity dependence of the CO oxidation [107]. At 1.4 V it is possible for 
water to oxidize which may dry out the electrode and change the structure of the ionomer. By 
waiting and re-humidifying, the ionomer seems to recover its former structure and the CO-
stripping peaks are shifted back again. Baumgartner et al. did also observe a reversible 
degradation of the electrode in their degradation test with cell reversal which they correlated to 
drying of the electrode [114]. For the high surface graphitised electrode the amount of ionomer 
may have been too low in relation to the high surface area which could make the changes in the 
percolating ionomer structure difficult to regain. The increase in double layer capacitance is 
however irreversible and could partly explain the improved performance after the ADT. 
According to Kinoshita an oxidised carbon surface can become proton-conductive and in that 
way make more of the Pt electrochemically active which may explain the improved performance 
[115]. The oxidised carbon surface increases the hydrophilicity of the catalyst surface which may 
affect the wetting of the surface of both water and Nafion. The orientation of the ionomer has 
been shown to be affected by the oxidation state of the surface [80,116,117], so that their 
hydrophilic parts turn towards the oxidised surface which may give rise to channels with good 
proton conduction in the vicinity of the catalyst surface. 

 

 

Figure 4.15 Polarisation curves in O2, cyclic voltammetry in N2 and CO-stripping curves before and 
after 3 h at 1.4V and after 12 h at rest in room temperature for a) and c) Etek (0.50 mgPt cm-2) and for 
b) and d) LSNG (0.49 mgPt cm-2). Temperature 80 °C, Relative humidity 90%, scan rate in oxygen 
50mV/s, in nitrogen 100 mV/s and for CO-stripping measurements 20 mV/s. 

a b

d
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In order to make a more complete evaluation of the different carbon supports, potential cycling 
test were also conducted. Figure 4.16 shows polarisation curves in oxygen of the four different 
porous electrodes, before and after a cycling degradation test. 1000 cycles between 0.6 and 1.2V 
do not have any larger impact on the performance of the electrodes, though the current densities 
are lowered in the whole potential region for graphitised carbon electrodes. For E-tek there is no 
deterioration of performance except at very high current densities. The low surface area carbon 
(LSNG) does on the contrary display an increased activity for oxygen reduction at potentials 
below 0.9 V. When studying the cyclic voltammograms and CO-stripping curves in the inset of 
figure 4.16, recorded prior and after the cycling degradation test, it appears as if the electrodes 
have lost large amounts of ECSA. Despite an ECSA loss of more than 50% on E-tek according 
to the CO-stripping curve, the performance in the polarisation curve is hardly changed. LSNG 
do also display a lowered ECSA but an improved performance after the cycling test.  

 

Figure 4.16 Polarisation curves in oxygen and CO-stripping curves followed in the inset before and 
after 1000 cycles between 0.6 and 1.2 V for a) E-tek (0.50 mgPt/cm2), b) LSNG (0.43 mgPt/cm2), c) 
MSG (0.54 mgPt/cm2)  and d) HSG (0.34 mgPt/cm2). Temperature 80 °C, Relative humidity 90%, 
Scan rate in oxygen 50mV/s, in CO and in nitrogen 20 mV/s. 
 

The activation procedure used in these tests may not be sufficient to reach the best performance 
of the cathode and the improved performance could be more an effect of time than of the 
cycling itself. This shows that it is difficult to evaluate and predict the activity for oxygen 
reduction in a porous electrode by the electrochemically active surface area and that there are 
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several factors, in addition to ECSA, that impact on the cathode performance. The interface of 
platinum, carbon, Nafion and water is a complex matter and more investigations are needed in 
order to better understand how it impacts on the oxygen reduction activity. However, accelerated 
degradation tests with cycling or potential step measurements are still most similar to the fuel cell 
operating conditions, and with a prolonged test it would probably be possible to see a 
degradation of the performance. 

To summarise the carbon support evaluation, no permanent deterioration in performance was 
seen with the potentiostatic degradation tests used, except for the graphitised high surface area 
carbon electrode. The Pt stability may however be slightly worse for the graphitised electrodes, 
seen from the cyclic degradation test. It is known that Pt needs defects as anchoring sites on the 
carbon support and it is therefore possible that the Pt particles detach and move more easily on a 
graphitised carbon surface. On the other hand there is no clear relationship between the 
electrochemically active surface area and performance in this degradation test and there may be 
the change of other properties contributing to the lowered performance. 

4.5  Oxidation of organic compounds 
The study of methanol oxidation as anode reaction in the zinc electrowinning brought up some 
issues regarding the reaction mechanism of formic acid and methanol oxidation. Chloride 
impurities present in the industrial process electrolyte was shown to be the major source for the 
very low activity for methanol oxidation. Chloride is known to adsorb on platinum and poison 
the surface and several groups have studied the effect of chloride on methanol oxidation, mainly 
on Pt, and most have come to the conclusion that Cl- adsorption is predominant over methanol 
[118-121], while other say it is a competitive adsorption [122]. The chloride ion adsorbs in a wide 
potential range and affects hydrogen adsorption as well as oxide formation. The reduced oxide 
formation, blocks the oxidation of CO to CO2 [52,123]. Horanyi et al. pointed out that a 
significant time interval is required to attain a steady state between the irreversible adsorption of 
methanol and the reversible adsorption equilibrium of the chloride [122]. However, all studies 
agree on that chloride adsorption inhibits the methanol oxidation.  

To find out what levels of chloride that could be acceptable and still achieve sufficient activity for 
methanol oxidation, potentiostatic experiments were performed with different chloride 
concentrations on Pt and PtRu rotating disc electrodes, figure 4.17 and 4.18.  

With increasing chloride concentration the current decreases but the shape of the curves were the 
same, indicating that the deactivation rate was the same, irrespective of chloride content. When 
comparing figure 4.17 and 4.18, it can be seen that the PtRu surface is much more sensitive to 
chloride impurities than the Pt surface. Even an addition of 10-6 M Cl- resulted in a significant 
reduction of the activity on PtRu whereas 10-5 M Cl- was needed to have some effect at all on the 
activity of Pt. There are several possible explanations for the sensitivity towards chloride 
impurities for methanol oxidation on PtRu. The first direct explanation would be that chloride 
adsorbs more strongly on PtRu than on Pt which leads to a larger loss of active surface area. 
However, no literature was found concerning the subject.  
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Different dominating pathways or rate determining steps on Pt and PtRu could also result in 
different behaviour towards chloride impurities. It is suggested that the direct pathway via soluble 
intermediates is dominating on both Pt and PtRu at the potentials used in this study [56,59,68]. 
The low activity for methanol oxidation on PtRu in the presence of chloride could then be 
explained by the importance of readsorption. The readsorption is dependent on a high active 
surface [124], and the available Pt sites for adsorption and dehydrogenation is limited by the 
presence of Ru on a PtRu catalyst. The chloride adsorption would then lead to an even smaller 
surface area for readsorption and consequently a lower activity.  

Chloride also inhibits the adsorption of oxygen species, making the complete oxidation of CO to 
CO2 on the surface difficult [52,121,122]. Even if the pathway via soluble species is dominating, a 
larger part of the current on PtRu, compared to the current on Pt, could come from the indirect 
pathway via COads. This would cause a lower activity on PtRu in the presence of chlorides. To 
sum up, according to literature and results in this study, chloride most likely hinders adsorption 
of methanol, dehydrogenation of methanol, oxidation of COads and readsorption of soluble 
intermediates but no definite explanation for the low activity on PtRu in comparison to Pt can be 
given. The fact that the influence of chlorides on methanol oxidation was different on Pt and 
PtRu would be interesting to investigate further from a mechanistic perspective. 

 

Figure 4.17. Potentiostatic tests at 0.7 V in a 
RDE-cell on platinised titanium with 1M 
methanol and increasing chloride 
concentrations: 10-6 M,  10-5 M, 10-4 M, 10-3 M, in 
1.6 M H2SO4 (- - - ), temperature 30°C.  

 

Figure 4.18. Potentiostatic tests at 0.7 V in a 
RDE-cell on platinum ruthenium with 1M 
methanol and increasing chloride 
concentrations: 10-6 M,  10-5 M, 10-4 M in 1.6 M 
H2SO4 (- - - ), temperature 30°C. 

The behaviour of formic acid oxidation in the presence of chlorides was also studied, figure 4.19. 
First of all it can be seen that PtRu had a high activity for formic acid oxidation with current 
densities about 4 times higher than in methanol at the same concentration. For Pt, the current 
density was only slightly higher in formic acid. This implies that a sufficient part of the current 
comes from the indirect pathway via CO, otherwise it would probably not have been so 
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beneficial to use PtRu. With a chloride content of 10-4 M, the PtRu electrode gave the highest 
current response during potentiostatic tests at 0.7 V vs NHE. As mentioned in the introduction 
the direct pathway is believed to be dominating on both Pt and PtRu but the importance of the 
CO path increases on PtRu at higher potentials making the PtRu catalyst much more active 
towards formic acid oxidation than the Pt catalyst [51,53]. Even though an addition of 10-4 M  Cl- 
lowers the activity for formic acid oxidation on PtRu to a large extent, PtRu is still more active 
than Pt. In formic acid the response to the chloride addition is quite similar for Pt and PtRu, 
which rules out that chlorides would adsorb more strongly on PtRu. 

 

Figure 4.19. a) Potentiostatic tests in a RDE-cell with 1M formic acid at 0.7 V with PtRu and Pt on Ti 
in pure 1.6 M H2SO4 and  in 1.6 M H2SO4 polluted with 10-4 M Cl-, Temperature 30˚C. b) Enlargement 
of the three curves in the lower part in a). 

In the literature it has been mentioned that the rotation of the electrode ( i.e. the mass transport ) 
could have an impact on the deactivation rate of the electrodes during methanol oxidation 
[68,125,126]. Tests were therefore performed potentiostatically at 0.7 V with and without 
rotation. In figure 4.20, results with the two metal-coated electrodes are shown. The deactivation 
rate was decreased significantly on PtRu on titanium when the electrode was not rotated.  For the 
platinised titanium the difference between the tests with a rotating electrode and a stationary 
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electrode was very small. The higher deactivation rate of the PtRu electrodes when the electrodes 
were rotated is most likely attributed to the convection of the soluble intermediates, 
formaldehyde and formic acid. With a low concentration of the soluble intermediates at the 
electrode surface, the current from the readsorption and further oxidation of these intermediates 
decreases. The pathway through the soluble intermediates is therefore suggested to be 
dominating on the PtRu.  

The fact that Pt was unaffected by the mass transport conditions does not necessarily mean that 
the pathway via soluble intermediates is less important on Pt than on PtRu. On the contrary, the 
deactivation of Pt is not faster than on PtRu, which probably would be the case if the path via 
COads was dominating on Pt, since the oxidation of COads is more difficult on Pt than on PtRu. 
Another important aspect is the strong adsorption of sulphate ions on Pt which reduces the 
amount of available Pt-sites. According to the mechanism in figure 2.1, the path via CO requires 
several neighbouring Pt sites whereas only one Pt site is needed in the pathway via soluble 
species. This suggests that the pathway through soluble intermediates is dominating on both Pt 
and PtRu electrodes, which is in accordance with other studies [56,58,59].  

 

Figure 4.20 Potentiostatic tests at 0.7 V in synthetic electrolyte on Pt and PtRu on titanium with and 
without rotation. The rotation rate was 1500 rpm. T = 30°C. 
 

To explain the difference in mass transport dependence of Pt and PtRu, the rate limiting steps 
need to be included. At the higher potentials used in this study, the adsorption of methanol is 
often considered as rate limiting on Pt and PtRu [127-129].  If the adsorption or the first 
dehydrogenation step limits the reaction rate to a larger extent on PtRu than on Pt, this would 
make PtRu more dependent of readsorption of soluble species than Pt. With a high methanol 
concentration, Pt can generate the same current density in the first steps (step 8-9, figure 2.1) of 
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the path via soluble intermediates as PtRu generates in the complete oxidation to CO2 (step 1-7, 
figure2.1). Several results in this study can also be used to verify the slow dehydrogenation on 
PtRu. For example when comparing the potentiostatic curves in figure 4.18 and 4.19, the 
electrodes show a much higher activity for formic acid oxidation compared to methanol 
oxidation. The increase in activity is highest on the PtRu electrodes. The dehydrogenation is 
therefore assumed to be rate limiting on both electrodes, but the adsorption or dehydrogenation 
is believed to limit the rate on PtRu to a greater extent. Considering the dependency of 
readsorption on PtRu, and the high activity for formic acid on PtRu, formic acid is most likely 
produced in a bulk reaction and not in a surface reaction, which is in accordance with the 
mechanism suggested by Housmanns [56]. 
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Chapter 5 

Conclusions 

Thin Pt electrodes with different loadings prepared in order to study the hydrogen oxidation 
kinetics showed upon a higher limiting current than previously had been measured. Due to the 
extremely good mass transport conditions in these electrodes and the fact that different limiting 
currents were observed for samples with different loading situated on the same geometric area, 
the limiting current was believed not to be limited by mass transport. Instead it must be restricted 
by a chemical reaction, the Tafel adsorption step. By deriving an expression for the current 
density from the Tafel-Volmer mechanism with the Tafel step as rate determining, an exchange 
current density of 770 mA cm-2

Pt was determined from the slope at low potentials in the 
polarisation curves. This is slightly higher than previously measured and implies that it should be 
possible to decrease the catalyst loading of the anode without encountering too high potential 
losses. Consequently, the anode and cathode should be optimised in completely different ways. 
The focus on the anode side should be to improve the mass transport conditions and not so 
much on increasing the electrochemically active surface area since the Nafion added in order to 
increase the ECSA most likely also give rise to mass transport limitations 

Metal oxides used as support to platinum in the model electrodes were shown to be able to affect 
the electrochemically active surface area, activity and stability of the electrodes. An increased 
active area was seen for Pt deposited on tin, probably related to a better dispersion of Pt. An 
increased active area was also seen for Pt on TiOx and WOx for layers of the metal oxide thicker 
than 10nm. However, the oxygen reduction activity did not correspond to the increased active 
area. In my view the most possible explanation for this is the proton conductivity of the metal 
oxides, which enables the transport to and adsorption of protons onto platinum sites whereas the 
metal oxide may block the transportation and adsorption of oxygen. The polarisation curves of 
samples with different thicknesses, as well as the cyclic voltammograms, indicate that the electron 
conductivity does not affect these measurements to a large extent. The activity for oxygen 
reduction was higher on PtWOx than on Pt at higher potentials which is suggested to be due to a 
postponed oxide formation on PtWOx electrodes seen in the cyclic voltammograms. The 
oxidation of carbon monoxide was shifted to lower potentials for the PtWOx electrodes, 
indicating that they may be more CO tolerant if used as anode with hydrogen from reformate. 
However, the activity for hydrogen oxidation was difficult to investigate due to difficulties in 
determining the resistance at the potential of relevance for fuel cells. The stability of the 
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electrodes seemed to be improved by the addition of WOx and even more by IrOx, which was 
seen as a smaller deterioration in the polarisation curves compared to  Pt after potential cycling 
degradation tests. The change in the polarisation curves did correspond quite well to the change 
in electrochemically active surface area in the cyclic voltammograms. This indicates that the Pt 
stability may be improved when deposited on the metal oxide, though the cause for the improved 
stability has not been fully investigated.  

The study of the active area determination of the electrodes in the PEFC brought up an issue of 
great importance for all measurements made in fuel cell. It was shown that CO-stripping is less 
affected by and better defined at various fuel cell conditions than the HUPD. Since the onset 
potential for hydrogen evolution is positively shifted with the inert nitrogen flow, an overlap 
between the two reactions of hydrogen adsorption and evolution cannot be avoided. CO 
stripping is proposed to give the most accurate measure of the electrochemically active area in a 
fuel cell. If the HUPD area is used, a relatively good estimation can still be achieved with zero flow 
rate of the inert gas. If used for comparison within a study at similar conditions and not as an 
absolute value, the active area determined by HUPD charge from cyclic voltammetry in nitrogen 
flow can still be applied. 

In the evaluation of different carbon supports in terms of stability, the development of 
degradation tests and the methodology to characterise the degradation was of equally importance. 
The commonly used potentiostatic hold at 1.2 V vs RHE mainly resulted in an increased 
performance in the oxygen reduction polarisation curves that was correlated to an increase in the 
double layer capacitance and the quinone/hydroquinone peaks. After a degradation test at higher 
potential, 1.4 V vs RHE for 3h, the performance was lowered, most likely due to drying of the 
electrode. However, the degradation was not permanent and the activity could in general be 
regained. Potential cycling degradation tests showed that a lower electrochemically active surface 
area does not necessarily correlate to a lowered performance. The response of the degradation 
tests was different for the graphitised and non-graphitised carbon supports. The electrodes based 
on graphitised carbon displayed a larger loss in performance than the ones based on non-
graphitised carbon in the potential cycling tests. The electrodes based on non-graphitized carbon 
were improved by the potentiostatic test whereas nothing happened to the low surface 
graphitised electrode. The high surface area graphitised electrode did however seem to collapse 
after the potentiostatic degradation test possibly due to the collapse of the ionomer structure 
when drying. Conclusions are difficult to draw about the stability since the used degradation tests 
were not efficient enough. However based on the potential cycling degradation test, which may 
be considered as a more realistic test than the potentiostatic one, it may be better to use a non-
graphitised carbon support with a low surface area instead of graphitised carbon support in order 
to obtain the best overall stability and performance of the electrode. 

From the impact of different parameters on the methanol and formic acid oxidation on Pt and 
PtRu electrodes some conclusions about the reaction mechanism may be drawn. The activity for 
formic acid was much higher than for methanol oxidation at 0.7 V vs RHE, especially on PtRu. 
This implies that the dehydrogenation step in the methanol oxidation is slow especially on PtRu. 
The fact that PtRu is much more active than Pt for formic acid oxidation would also mean that 
the indirect route via CO account for an essential part of the current. Experiments with methanol 
oxidation on Pt and PtRu revealed a higher sensitivity towards chlorides on PtRu, possibly 
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explained by lowering the amount of Pt sites adjacent to each other making the first step in the 
indirect route difficult. However, for the methanol oxidation the deactivation rate of the PtRu 
electrodes was influenced by the rotation rate whereas the deactivation rate of the Pt electrodes 
was unaffected by the rotation rate. The pathway through soluble intermediates should therefore 
be dominating on the PtRu electrodes and the dehydrogenation of adsorbed methanol to be the 
rate limiting step. The high sensitivity for chlorides on PtRu may then be due to difficulties to 
readsorb the soluble intermediates when chlorides also adsorb on the active sites. The impact 
from chlorides was larger for the formic acid oxidation than for methanol oxidation which 
further strengthen that the CO-route is important in formic acid oxidation since it is more 
structure dependent. The insights in the reaction mechanism of formic acid and methanol 
oxidation from this study may be used in the optimization of electrodes for different applications, 
depending on potential range. In addition the impact from chlorides would be interesting to 
investigate further in a mechanistic perspective. The large impact from chlorides on the 
performance, even at lower concentration, should also be of great importance when introducing 
methanol fuel cells on a large scale, since it put high demands on the purity of methanol. 

Some conclusions concerning the methodologies used in this thesis work may also be extracted.  

The thin model electrodes with the catalyst deposited on the GDL turned out to be suitable for 
many different types of investigations. The possibilities to evaluate kinetics of fuel cell reactions 
in the fuel cell environment were shown in paper I. This was only a shorter study, but further 
investigations of the hydrogen oxidation at various temperatures in order to determine the 
activation energy would be of great interest. 

The ability to introduce several materials within the electrode without changing the structure of 
the electrode to any larger extent makes the model electrodes well suited for investigations of 
new materials directly in the fuel cell, which was shown in paper II and III.  However, one 
drawback is the lack of possibility to physically characterise the electrode after fuel cell 
measurements, especially in terms of stability studies.  

CO-stripping was not only shown to be the best method for determining the electrochemically 
active surface area of the porous electrode in the fuel cell (paper IV), but it was also shown to be 
useful in characterising the catalyst layer degradation in paper V and in the study of thin model 
electrodes with PtIrOx. 

To vary the experimental conditions and use different types of catalysts and electrodes was 
shown to give valuable insights in the reaction mechanism for methanol oxidation in paper VI 
and VII. 

In conclusion, in this thesis, it has been shown that the electrochemically active surface area can 
be modified in many different ways by the support material. The support material can have a 
large impact on the activity and the stability of the electrode. The high i0 for the hydrogen 
oxidation, opens up for a reduction of the catalyst loading on the anode, if an electrode structure 
with good mass transport conditions can be designed. This shows that there are still many 
components that can be elaborated in order to improve the performance and reduce the Pt 
content of the PEFC electrodes, which hopefully will be helpful in turning polymer electrolyte 
fuel cells into viable alternatives for energy conversion.  
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