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Abstract

The proton exchange membrane fuel cell generates electricity from hy-
drogen and oxygen (from air) through electrocatalytic reactions in an
electrochemical cell. The Pt/C catalyst, commonly used in PEM fuel
cells, is very sensitive to impurities that can interact with the active
catalyst sites and limit fuel cell performance. Unfortunately, most hy-
drogen is currently produced from fossil sources, and inevitably contains
impurities.

The subject of this thesis is the effect of hydrogen impurities on
the operation of a PEM fuel cell using a Pt/C anode. The impurities
studied are carbon monoxide (CO), carbon dioxide (CO2), and selected
hydrocarbons. Particular focus is given to the interaction between the
impurities studied and the anode catalyst. The main method used
in the study involved performing cyclic voltammetry and mass spec-
trometry, simultaneously. Other electrochemical techniques are also
employed.

The results show that all the impurities studied adsorb to some ex-
tent on the Pt/C catalyst surface, and require potentials comparable
to that of CO oxidation, i.e., about 0.6 V, or higher to be removed
by oxidation to CO2. For complete oxidation of propene, and toluene,
potentials of above 0.8, and 1.0 V, respectively, are required. The un-
saturated hydrocarbons can be desorbed to some extent by reduction,
but oxidation is required for complete removal. Adsorption of ethene,
propene, and CO2 is dependent on the presence of adsorbed or gaseous
hydrogen. Hydrogen inhibits ethene and propene adsorption, but fa-
cilitates CO2 adsorption. Adsorption of methane and propane is very
limited and high concentrations of methane cause dilution effects only.

The adlayer formed on the Pt/C anode catalyst in the presence of
CO2, or moderate amounts of hydrocarbons, is found to be insufficiently
complete to notably interfere with the hydrogen oxidation reaction.
Higher concentrations of toluene do, however, limit the reaction.

Keywords: Fuel Cell, Hydrogen Impurities, Carbon Monoxide, Carbon Dioxide,
Ethene, Propene, Methane, Propane, Toluene, Electrochemically Active Surface
Area, Cyclic Voltammetry, Mass Spectrometry
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Sammanfattning

Polymerelektrolytbränslecellen genererar elektricitet fr̊an vätgas och
syrgas (fr̊an luft) genom elektrokatalytiska reaktioner i en elektrokemisk
cell. Den platina-baserade katalysator som oftast används i dessa brän-
sleceller är känslig mot föroreningar, d̊a dessa kan interagera med kata-
lysatorns aktiva yta, och därmed begränsna bränslecellens prestanda.
Tyvärr produceras dagens vätgas huvudsakligen fr̊an fossila källor och
inneh̊aller därför oundvikligen föroreningar.

Denna avhandling behandlar hur olika vätgasföroreningar p̊averkar
katalysatorns aktivitet och bränslecellens drift. De föroreningar som
studeras är kolmonoxid (CO) och koldioxid (CO2), samt ett antal min-
dre kolväten. Störst fokus ligger p̊a hur dessa föroreningar interagerar
med anodens Pt/C katalysator. Den metod som huvudsakligen används
är cyklisk voltammetri kombinerat med masspektrometri, men flera
elektrokemiska metoder har använts.

Resultaten visar att alla undersökta föroreningar adsorberar p̊a
Pt/C katalysatorns yta i större eller mindre utstreckning. För att
avlägsna det adsoberade skiktet genom oxidation till CO2 krävs po-
tentialer jämförbara med CO oxidation, dvs ca 0.6 V, eller högre. Full-
ständig oxidation av propen eller toluen kräver potentialer högre än
0.8 V respektive 1.0 V. De omättade kolvätena kan delvis avlägsnas
genom reduktion, men fullständig avlägsning kräver oxidation. Närvar-
on av väte, i gasform eller adsorberat p̊a katalysatorn, hämmar adsorp-
tionen av eten och propen, men främjar CO2 adsorption. Metan och
propan adsorberar i mycket begränsad utstreckning p̊a Pt/C katalysat-
orns yta. De prestandaförluster som uppst̊ar av höga koncentrationer
av metan förklaras av utspädning av vätgasen.

Det adsorberade skiktet som bildas när Pt/C katalysatorn expon-
eras för CO2 eller m̊attliga koncentrationer av studerade kolväten, är
inte tillräckligt heltäckande för att märkbart p̊averka vätgasreduktionen.
Däremot kan höga koncentrationer av toluen begränsa reaktionen.

Nyckelord: bränslecell, vätgasföroreningar, kolmonoxid, koldioxid, eten, propen,
metan, propan, toluen, elektrokemisk aktiv yta, cyklisk voltammetri, masspek-
trometri

ii



List of Appended Papers

This thesis is a summary of the following studies, appended at the end
of the thesis.

I R.W. Lindström, K. Kortsdottir, M. Wesselmark, A. Oyarce, C.
Lagergren, and G. Lindbergh,
“Active area determination of porous Pt electrodes used in polymer
electrolyte fuel cells: temperature and humidity effects.”
Journal of the Electrochemical Society 157, B1795–B1801 (2010).

II K. Kortsdottir, C. Dominguez Fernandez, and R.W. Lindström.
“Influence of hydrogen and operation conditions on CO2 adsorp-
tion on Pt and PtRu catalyst in a PEMFC.”
Electrochemistry Letters 2, F1–F3 (2013).

III K. Kortsdottir, R.W. Lindström, T. Åkermark, and G. Lindbergh.
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Chapter 1

Introduction

The world today faces the threat of global warming, with potentially
disastrous consequences. The current increase in global average tem-
perature amounts to 0.85◦C compared to pre-industrial levels [1]. In
order to keep the increase well below 2◦C, and preferably limit it to
1.5◦C, as decided by the Paris Agreement in December 2015, a reduc-
tion of the 1990 green house gas (GHG) emissions by 80–95% must
be achieved by 2050 by developed countries as a group [2, 3]. In order
to reach these targets, the efficiency of current technologies must be
improved and more efficient ones adopted. Fossil fuel usage must also,
eventually, be phased out, and replaced with carbon neutral, alterna-
tive fuel. The International Energy Agency (IEA) has found [4] that
hydrogen has the potential to contribute to significant energy-related
CO2 emission reductions, given that the hydrogen can be produced
with a low carbon-footprint. The most efficient way to utilise hydrogen
is in fuel cells. Fuel cells are typically operated at around or above
50% electric efficiency, while conventional internal combustion engines
(ICEs) run at only about 14–30% energy efficiency depending on the
fuel and load cycle [5].

In order for low temperature proton exchange membrane (PEM)
fuel cells to reach these high efficiencies, the hydrogen gas supplied must
be very pure. However, hydrogen purity differs considerably, depending
on how the hydrogen is produced. A large majority of today’s hydro-
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gen is produced from fossil sources, and therefore, inevitably contains
some impurities, including CO, CO2, ammonia, and small hydrocar-
bons (HCs). The different production techniques are described in some
detail in section 1.3. Hydrogen impurities can easily reach the anode
catalyst and interfere with the hydrogen oxidation reaction (HOR). In
order to mitigate any problems that may arise from the presence of
these impurities, it is important to understand their effects on the op-
eration of the fuel cell. Therefore, the studies presented in this thesis
explore the effect of carbon oxides and selected HC impurities in the
hydrogen feed on the operation of a PEM fuel cell, with focus on the
interaction between these impurities and the anode catalyst.
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1.1 The Proton Exchange Membrane Fuel Cell

Fuel cells convert chemical energy into electrical energy. This is achieved
by separating the half-cell reactions with an electrolyte that is ioni-
cally conducting but electronically insulating. The electrons are then
transferred between the anodic and cathodic half-cells through an ex-
ternal circuit, producing an electrical current. The reduction reaction
takes place at the cathode, and the oxidation at the anode. In a hydro-
gen/oxygen fed fuel cell with an acidic electrolyte the half-cell reactions
are

Anode : H2 −→ 2 H+ + 2 e− (1.1)

Cathode :
1

2
O2 + 2 H+ + 2 e− −→ H2O (1.2)

giving the overall reaction:

1

2
O2 + H2 −→ H2O (1.3)

1.1.1 The Building Blocks

The PEM fuel cell operates at moderate temperatures (25–90 ◦C), and
uses a proton conducting membrane as electrolyte. The electrodes con-
sist of active catalyst layers coated either on each side of the membrane,
or on the gas diffusion layers (GDLs) placed on each side of membrane.
The schematics and working principle of a PEM fuel cell are shown in
figure 1.1.

Membrane. The polymer membrane separates the reaction gases
from each other, conducts protons from the anode to the cathode, and
provides electronic insulation between the two electrodes. The mem-
brane usually consists of a fluorinated polymer backbone with sulfonic
acid groups on sidechains, e.g. Nafion. The sulfonic acid sidechains
create a network of hydrophilic proton conducting channels in an oth-
erwise hydrophobic material, allowing effective transport of protons,
and water, through the membrane.

3



Figure 1.1: The operating principle of a PEM fuel cell, showing the
structure of the catalyst layer on the right.
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Gas Diffusion Layers. The GDLs typically consist of a porous car-
bon structure, i.e. cloth or paper. The GDLs disperse the reactant
gases over the electrodes and conduct electrons between the active cat-
alytic sites and the current collectors, or bipolar plates when the cells
are connected serially to make a fuel cell stack.

Active Layers. PEM fuel cells usually use Pt-based catalysts on
both electrodes. The Pt catalyst is stable and has a high activity to-
wards both electrode reactions, but it is, unfortunately, very expensive.
For the electrochemical reactions to proceed, the catalytic sites must be
accessible for reactants, electrons and protons. The active layers, there-
fore, contain a mixture of catalytic particles and ionomer. To ensure
good ionic conductivity between the active layer and the membrane,
the ionomer is usually a similar polymer as that used in the membrane.
Only surface atoms can be utilised in the electrochemical reactions.
Therefore, the catalyst normally consists of Pt nano-particles deposited
on an electron conducting medium, typically high surface carbon. This
gives a catalyst with a high surface area to volume ratio. A sketch
of the active layer structure is shown within the circle on the right in
figure 1.1.

1.1.2 The Membrane Electrode Assembly

The membrane electrode assembly (MEA) can be made by two different
methods. The catalyst can either be applied directly onto the mem-
brane or applied onto the GDL. Each technique has its pros and cons.
Applying the catalyst directly onto the membrane ensures good pro-
ton conductivity between catalyst layer and membrane, while applying
the catalyst onto the GDL, thereby creating a gas diffusion electrode
(GDE), ensures good electrical conductivity between the GDL and the
catalyst. Generally, the final assembly requires hot-pressing to obtain
optimal performance of the MEA. In some cases when using a bare
membrane and GDEs a small amount of ionomer solution must be
sprayed on the electrode to ensure good contact between the electrode
and the membrane.

5



1.1.3 Efficiency

In contrast to conventional ICEs, fuel cells are not limited by the Carnot
efficiency. Instead, the theoretical electrical efficiency, η, of a PEM fuel
cell is controlled by the Gibbs free energy of reaction. The efficiency is
defined as

η =
∆G◦

r

∆H◦
r

=
−nFE◦

∆H◦
r

(1.4)

which converts to

ηreal =
−nFEcell

∆Hr
(1.5)

in a running fuel cell. ∆Gr is the Gibbs free energy of the reaction,
∆Hr is the reaction enthalpy, n is the number of electrons transferred
per water molecule formed, F is Faraday’s constant, and E is the cell
voltage. Assuming no heat recovery, the theoretical maximum of the
fuel cell efficiency is 83% at room temperature. According to equation
1.5, all potential losses in the system result in decreased efficiency, these
are reviewed in the next section.

1.1.4 Overpotentials

The theoretical equilibrium cell voltage calculated from reactions 1.1
and 1.2 is around 1.2 V, depending on temperature. The open cell
voltage of a real fuel cell is, however, around or below 1.0 V. This dif-
ference is due to overpotentials in the system. Overpotentials is the
term used for potential losses in fuel cells. They can be divided into
three parts, activation polarisation, ohmic losses, and concentration
polarisation. Activation polarisation is connected to the kinetics of the
electrode reactions and occurs at low current densities. Ohmic losses
are a combination of electron and proton transfer resistance in the fuel
cell system, including interfacial resistance between different parts in
the fuel cell system, and potential losses due to proton conduction in
the active layer ionomer and the membrane. These losses are directly
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Figure 1.2: An example of a polarisation curve of a fuel cell.

dependent on the current density running through the cell and appear
as a linear region in an E vs I polarisation plot. Concentration po-
larisation appears due to mass transport limitation in the system. It
occurs at high current densities, when reactants are no longer supplied
fast enough for the reaction to continue, driving the overpotential up
without substantial increase in current density. Figure 1.2 shows an
example of a polarisation curve where these regions are marked.
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1.2 Electrocatalytic Activity of Pt

Pt is the most common electrocatalyst used in PEM fuel cells. It has
a very high activity for both the HOR and oxygen reduction reaction
(ORR). Although alloying Pt with other metals, such as PtCo, PtCr,
PtNi etc., has been shown to increase activity towards the ORR [6],
durability issues, such as leaching, are encountered, and their usage is
limited in application. In addition to the HOR, and ORR, Pt is also an
active catalyst for many other reactions, including the electrocatalytic
reduction of organic species, especially in acidic media.

1.2.1 Reactions with Water

In acidic aqueous electrolyte and in the absence of other reactive species,
the following electrochemical reactions take place on the Pt electrode
surface

Pt + H2O −→ PtOH + e– + H+ (1.6)

PtOH −→ PtO + e– + H+ (1.7)

PtO + 2e– + 2H+ −→ Pt + H2O (1.8)

Pt + e– + H+ 
 PtH (1.9)

These reactions can be assigned to the reaction peaks in the cyclic
voltammogram (CV) shown in figure 1.3, which depicts a typical Pt
CV recorded in 0.5 M H2SO4 [7]. The CV is produced by sweeping the
electrode potential linearly between two potential values and recording
the current response. The CV features well-defined reaction peaks with
a small double layer charge. Reactions 1.6, 1.7, and 1.8, occur in the
oxide growth region, while both directions of reaction 1.9 take place
in the hydrogen region. These regions are marked in the figure. The
appearance of the reaction peaks differs somewhat between different
electrolytes, and depend on the type of Pt catalyst. This can affect the
positions and the relative size of the two peaks.

A corresponding CV recorded in a single cell fuel cell setup, at 30 ◦C
and 90 % relative humidity (RH), is shown in blue in figure 1.4. The
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Figure 1.3: A typical CV of a clean polycrystalline Pt electrode in
N2-saturated 0.5 M H2SO4, recorded at a sweep rate of 50 mV s−1.
Reproduced from [7] with permission of the PCCP Owner Societies.
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fuel cell has Pt/C electrodes, and a solid Nafion polymer electrolyte,
and is fed with humidified gases. Although this CV has similar charac-
teristics to the one recorded in aqueous acidic electrolyte (figure 1.3), it
shows significant differences. This CV is significantly thicker in the dou-
ble layer region, which is characteristic of the carbon catalyst support.
The reaction peaks are also not as well defined as in acidic aqueous
electrolyte. Another difference is the onset potential of the hydrogen
evolution reaction (HER), which occurs at significantly higher poten-
tials in the fuel cell CV, than in acidic electrolyte (figure 1.3). This
shift is believed to be due to deviation from standard conditions in the
inert nitrogen flow, along the removal of hydrogen from the vicinity of
the catalyst surface by the flowing nitrogen, which pushes the reaction
equilibrium towards increased hydrogen evolution [8]. Both phenomena
give rise to a positive shift in the on-set potential of the HER.

Electrochemically Active Surface Area

The electrochemically active surface area (ECSA) is an important prop-
erty of an electrode. It is a measure of the amount of catalyst available
for electrochemical reactions. Due to the complex porous structure of
the active layer of an electrode, its catalytic properties cannot be rep-
resented by geometric area alone. The ECSA is expressed in units of
area (cm2) per geometric area of electrode, or per mass unit of catalyst.

The generally accepted method of estimating the ECSA of Pt based
catalysts is recording a CV of the electrode and measuring the charge
of the hydrogen adsorption (QH,ads in figure 1.3) or desorption peaks
(QH,des). This method utilises the idea that hydrogen adsorbs as a
monolayer with a 1:1 ratio, i.e., one hydrogen atom to each electro-
chemically active Pt atom.

This method was originally defined for smooth Pt electrodes in
aqueous acidic electrolyte at room temperature. The peak area from
the double layer to the minimum just before the onset of hydrogen
evolution is assumed to correspond to 77 % of a full monolayer of ad-
sorbed hydrogen, which is then assumed to correspond to 210 µC cm−2

on polycrystalline (pc) Pt [9, 10].
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Estimation of the ECSA using the area of the hydrogen adsorption
or desorption peaks is a fairly accurate method in aqueous electrolyte.
At these conditions the charges are practically unaffected by increasing
temperature [11–16]. In fuel cells, however, these peaks are highly
dependent on operating conditions, as will be discussed in section 3.1.1.

1.2.2 Reactions with CO

CO is a well known fuel cell poison. The origin of its poisonous be-
haviour lies in its interaction with the Pt catalyst. CO is strongly
adsorbed on Pt at potentials relevant to a fuel cell anode, where it dis-
places hydrogen and effectively blocks the catalyst. This can be seen
by the complete suppression of the hydrogen peaks in the red curve in
figure 1.4, which features a CO stripping cyclic voltammetry (SCV).
Adsorption of CO on a Pt electrode is considered to be of a chemical
nature

Pt + CO −→ Pt−CO (1.10)

or, when the catalytic site is occupied by adsorbed hydrogen,

Pt−H + CO −→ Pt−CO +
1

2
H2 (1.11)

Removal of CO requires oxidation, which, as indicated by the position
of the oxidation peak, requires potentials above 0.6 V.

The nature of the CO adlayer formed on Pt in aqueous electrolyte
has been the subject of a number of studies and is believed to consist of a
mixture of linear-, bridge- and multi-bonded CO(ads) [17–20]. Linear-
bonded is thought to be the favoured bonding orientation [21], but
preference in adspecies formed has been found to be dependent on the
type of Pt electrode and its condition [17,20].

As a result of the preference for linear-bonded CO over multiply
bonded, adsorption on Pt electrodes occurs at a ratio of approximately
1:1, i.e., one CO(ads) molecule per electrochemically active Pt site. CO
stripping can therefore serve as an alternative method to hydrogen ad-
sorption for estimating the ECSA of Pt electrodes. It takes advantage
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of the strong adsorption of CO on Pt, and assumes a complete elec-
trochemical oxidation of CO to CO2, involving a two-electron charge
transfer for each CO(ads) molecule.

Pt−CO + H2O −→ CO2 + 2H+ + 2e– (1.12)

The ratio between adsorbed CO molecules and H atoms has been found
to be approximately 0.9 [10].

1.2.3 Reactions with CO2

In an effort to use electrochemistry to transform CO2 into more useful
HCs, or other organic species, numerous studies have, in the past, been
focused on understanding the electrochemical reduction of CO2 on Pt.

The studies show that CO2 is reduced and adsorbed on Pt elec-
trodes at potentials within the hydrogen region [21–29]. The result-
ing adspecies have been shown to be similar to those formed by CO
adsorption, i.e. linear-, bridge-, and multi-bonded COads, with some
differences in ratios compared to CO adsorption [18,30]. Some studies
have also suggested the formation of −COOH and −COH adsorbates
from CO2 [24,31,32]. The adsorption is generally believed to take place
via the reverse water gas shift (RWGS)

CO2 + H2 
 Pt−CO + H2O, (1.13)

a surface equivalent thereof

CO2 + 2Pt−H 
 Pt−CO + H2O, (1.14)

or by an electrochemical mechanism

CO2 + 2H+ + 2e– + Pt −→ Pt−CO + H2O. (1.15)

Adsorption of CO2 is believed to be self-poisoning, due to blockage of
the reaction sites by adsorbed CO [29].
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1.2.4 Reactions with Organic Species

The reactions of organic species with Pt in aqueous electrolyte have
been studied in some detail. These studies generally focus on using
organic species as coatings, or as fuel for fuel cells, and not as potential
catalyst poisons as in this thesis.

Niedrach and co-workers [33–37] conducted a series of studies on
direct hydrocarbon fuel cells in the 1960’s. More recent studies have
also been conducted on propane direct fuel cells [38, 39].

The group of Baltruschat [40–55] have studied the electrochemi-
cal interaction of Pt electrodes and several organic species, including
alkenes, and aromatics. Similar to the studies presented in this thesis,
Baltruschat and his group/co-workers have employed mass spectrom-
etry (MS) combined with electrochemistry, cyclic voltammetry (CV)
in particular. These studies have resulted in proposed mechanisms
for the adsorption and desorption reactions of organic species on Pt,
which have been valuable in the analysis of the results presented later
in this thesis. Below follows a short review of the interaction between
Pt electrodes and organic species relevant to the studies presented in
this thesis.

Unsaturated Hydrocarbons

Adsorption of unsaturated HCs generally takes place via the carbon-
carbon double bond (C−−C) [47,56,57], or, in the case of aromatics, the
aromatic ring [46,58–60].

The electrochemical behaviour of alkenes, ethene in particular, on
Pt electrodes in liquid electrolyte has been previously studied [37, 47,
48,53,57,61]. The studies have shown that the formation of adspecies is
dependent on electrode potential, crystal orientation and temperature
[53]. Potential dependent reaction schemes proposed for ethene [53],
and propene [52], are reproduced in figures 1.5, and 1.6, respectively.
The adspecies formed differ in chemical structure, and electrochemical
behaviour. Some of the adspecies formed are reductively desorbable, via
hydrogenation, in their original form, fragmented, or even dimerised,
while others are only desorbed by oxidation at medium to high electrode
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Figure 1.5: The proposed mechanism of ethene adsorption on Pt in
acidic aqueous electrolyte. Reproduced from [53] with permission from
Elsevier.

potentials [44, 48, 52, 53]. At medium to high potentials, depending on
temperature, ethene adspecies have been shown to contain oxygen [43,
47,53]. Propene is also believed to form oxygen containing adspecies at
similar conditions [52]. These oxygen-containing adspecies are believed
to fragment either during adsorption or during the reductive potential
scan, indicated by the release of methane as a reduction product [47,52].
The remaining part of the adspecies has been shown to be similar to
adsorbed CO (or CO2(ads)) [62].

Studies in aqueous acidic electrolyte [40–42, 45, 46, 60, 63, 64] have
shown that small aromatics, such as benzene and toluene readily ad-
sorb on Pt electrode surface, both in the hydrogen region, and in the
double layer region. The adsorption has been suggested to take place
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Figure 1.6: The proposed mechanism of propene adsorption on Pt
in acidic aqueous electrolyte. Reproduced with permission from [52].
Copyright 2003 American Chemical Society.

with the aromatic ring parallel to the electrode surface [58–60], at least
at low coverages. Some of the adsorbed toluene can be desorbed at
low potentials, around the hydrogen evolution. Most of the adsorbed
toluene that is reductively desorbable is hydrogenated to methylcy-
clohexane during reduction, but a minority can desorb unreacted as
toluene [40, 60]. Adsorbed toluene can also be desorbed by oxidation.
The oxidation proceeds through a partially oxidised intermediate [40],
likely a quinone species, similar to benzene oxidation [42, 45, 65]. High
potentials, positive of Pt oxidation, are required for the complete oxi-
dation of toluene to CO2 [40, 60].

Saturated Hydrocarbons

Similar to their unsaturated counterparts, saturated HCs have been
shown to adsorb on pc Pt electrodes in acidic aqueous electrolyte [37,
66]. Saturated HCs are less reactive than unsaturated HCs, and are
therefore not adsorbed to the same extent. Analogous to unsaturated
alkenes, the saturated adspecies could be oxidised during a positive po-
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tential sweep. Methane is oxidised in a single peak that occurs in the
double layer region, while ethane, and longer chain alkanes, oxidise in
a double peak, where the first appears at the same potential as that for
methane, and the second occurs at higher potentials. The size of the
first oxidation peak increases with temperature, indicating increased
dissociation at elevated temperatures [35–37]. Similar to unsaturated
HCs, saturated HCs are believed to incorporate oxygen during adsorp-
tion [66–69].
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1.3 Hydrogen Production

Before describing the effect of impurities on fuel cells, it is of interest to
review the main hydrogen production techniques and what impurities
can be expected. Almost all of today’s hydrogen is produced from
fossil fuels. Steam reforming of natural gas, the leading technology,
accounts for about 48% of the total global production. Another 30% is
produced as a by-product of oil refinery processes and 18% from coal.
The remaining 4% has other sources, mainly water electrolysis, but also
as a by-product of other reactions. [4]

Natural Gas
48%

Oil refinery

30%

Coal

18%

Other (Electrolysis)

4%

Figure 1.7: Today’s sources of hydrogen [4].

A very small part of today’s hydrogen production is actually used to
power fuel cells. The great majority of hydrogen is used in the chemical
industry and oil refineries [4, 70, 71]. These applications may not have
the same demands on hydrogen purity as the low temperature fuel cells
considered in this thesis.
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1.3.1 Hydrogen Production from Fossil Sources

Natural Gas

Natural gas consists mainly of gaseous HCs. Methane is the main com-
ponent, with typical concentrations of 75–99% [72]. Other typical com-
ponents, present in smaller amounts, are higher HCs, such as ethane,
propane, butane, and pentane, along with some amount of nitrogen,
CO2, and hydrogen sulfide, H2S. Traces of other species may also be
present. [72–74]

Steam Methane Reforming. While there are other ways to pro-
duce hydrogen from natural gas the most common way is by steam
reforming (SR), which is, currently, also the most economical method.
Since natural gas consists mainly of methane, SR of natural gas is of-
ten referred to as steam methane reforming (SMR). The main reaction
involved is

CH4 + H2O −→ CO + 3H2 (1.16)

SMR is normally carried out in a large-scale reactor operating at about
20–30 bar and 600–850 ◦C, using a nickel based catalyst [75–78]. Higher
HCs are reformed along with methane, but sulfur compounds are poi-
sonous to the catalyst and are generally removed upstream of the re-
actor [73,79,80]. The SMR process is often followed by water gas shift
(WGS) reactors, where CO is shifted to CO2, while simultaneously
producing additional H2,

CO + H2O 
 CO2 + H2. (1.17)

After the WGS reactions, the hydrogen rich gas stream contains con-
siderable amounts of CO2 and, unfortunately, around 0.5–1 % CO [81].
Further purification is therefore necessary, and is accomplished by ,e.g.,
preferential oxidation (PrOx) or pressure swing adsorption (PSA).

SMR is highly endothermic and requires heat, usually supplied by
burning some of the feed gas. SMR is expected to continue to be
a leading production technique [4, 79], likely combined with carbon
capture and storage (CCS) to counteract the release of CO2.
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Partial Oxidation. Natural gas can also be reformed into a hy-
drogen rich gas by partial oxidation (PO). Contrary to SMR, PO is
exothermic, but, if air is used as an oxygen source, the resulting gas
mixture is considerably diluted by nitrogen.

CH4 +
1

2
O2 −→ CO + 2H2 (1.18)

PO can be performed either non-catalytically or by using a catalyst.
Non-catalytic PO operates at temperatures of 1100-1500◦C [77]. Oxy-
gen and natural gas are mixed, preheated and ignited in a burner. [78]

Similar to SMR, catalytic PO utilizes Ni-based catalysts. The pro-
cess can be operated at lower temperatures (700-800◦C) than the non-
catalytic PO [78]. Catalytic PO is efficient, and selective, and could
be feasible at a tanking station, but the technology is not yet commer-
cial [81].

Autothermal Reforming

Autothermal reforming (ATR) of HCs is basically a combination of
PO and SR, taking place in the same reactor. It has the advantage
of being self sufficient with regards to heat. The heat required for the
endothermic SR reaction is released by the exothermic PO reaction.
Either gaseous and liquid HCs can be used as feed fuel, but as liquid
HCs are easier to handle and readily available at the next gas station,
as, e.g., diesel or gasoline, they appear to be the obvious choice. Diesel
and gasoline, are complex mixtures of HCs in the range of C10 to C17,
and C4 to C12, respectively. Due to the complexity of the fuel, mul-
tiple complex reactions are involved, but the overall reaction can be
generalised as

CxHy +
x

4
O2 +

x

2
H2O −→ xCO +

(
x+ y

2

)
H2 (1.19)

The resulting reformate is a mixture of hydrogen, CO2, CO and N2.
It can also contain up to a few percent methane, and minor amounts
of higher HCs [82–84]. These higher HCs can include alkanes, alkenes
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and even aromatics. The above list of products is not exhaustive; the
exact composition of the reformate depends not only on the fuel used,
but also on the reactor design, the catalyst used, operating conditions
etc.

Oil Refineries

A significant amount of hydrogen is produced in oil refineries. However,
since hydrogen is necessary for the various processes that take place in
the refineries, most, if not all, of this hydrogen is used on-site. This
hydrogen source is thus of limited interest to fuel cells, and will not be
further described here.

Coal

Coal is, by far, the most abundant of fossil fuels on Earth, but the
coal supply varies considerably in composition and structure, depending
on its origin and geological age [85]. To produce hydrogen, coal is
gasified by heating to high temperatures in the presence of steam. In
the absence of oxygen the general reaction is

C + H2O −→ CO + H2. (1.20)

This reaction is highly endothermic and is therefore usually paired with
coal combustion in air to provide heat. The resulting gas mixture then
contains CO, H2, CO2, and N2, along with various other impurities,
such as methane and higher HCs, particulates, SO2, H2S, COS, NOx,
NH3, Na, K, and Hg. This list is not exhaustive and minor or trace
amounts of several other impurities are also common. The amount of
impurities, including CO and several others, tends to be higher in hy-
drogen produced from coal gasification than that of hydrogen produced
by SMR of natural gas. [86–88]

Due to coal diversity, gasification and subsequent cleaning must be
adjusted to the reserves available to each gasification plant. Hydrogen
production from coal via gasification has become increasingly popular
in the recent decades, and is expected to continue to have a significant
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contribution to hydrogen production in the future, especially as CCS
technologies mature.

1.3.2 Other Hydrogen Sources

Water

Hydrogen can be produced by splitting water into its constituents, H2

and O2. This can be accomplished in several ways. Electrolysis is
the common method, but thermal-, nuclear-, and solar-powered water
splitting is also possible, although these techniques are not as mature.

Water Electrolysis. In electrolysis, an electric current is used to
drive a reaction that is not spontaneous. The overall reaction for water
electrolysis is

H2O −→ H2 +
1

2
O2 (1.21)

but the electrode reactions differ slightly depending on the electrolyte.
The types of electrolysers currently used commercially are alkaline

and PEM. The alkaline process is a mature technology where two nickel
based electrodes are immersed in alkaline electrolyte (typically 20-30%
KOH) [89]. A diaphragm separates the two electrodes to avoid mixing
of the product gases, while still allowing OH– and H2O to flow between
the chambers. Unfortunately, the diaphragm is not completely imper-
meable to the product gases, and some mixing occurs. The alkaline
systems suffer from considerable ohmic losses and typically operate at
1.8–2.4 V.

PEM electrolysers employ a solid polymer membrane as electrolyte.
These systems offer higher current densities, and experience less cross-
over of product gases, and lower ohmic losses than the more mature
alkaline systems. The operating voltage of PEM electrolysers is in the
range of 1.8–2.2 V. The main drawbacks are the need for noble catalysts
due to the acidic environment, and a limited durability compared to
alkaline systems. [89]

Water electrolysis offers the possibility to produce hydrogen with-
out production of greenhouse gases, but only if the electricity used is
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produced from renewable sources. The cost of producing hydrogen by
electrolysis depends highly on the price of electricity.

Hydrogen produced by water electrolysis is considered pure. How-
ever, the materials used to separate the electrodes from one another are
not completely impermeable to the product gases, and some crossover
of gases from one compartment to the other occurs. This results in
oxygen, or water, impurities in the hydrogen, and vice versa. [89]

By-product Hydrogen

Hydrogen is produced as a by-product in several types of chemical
plants, including chlor-alkali plants. This by-product hydrogen is often
discarded or burnt for heat, unless it can be used as chemical feedstock
in a nearby chemical plant. By-product hydrogen can be relatively
pure, although, depending on the process, various impurities can be
present and cleaning may be necessary. In hydrogen from chlor-alkali
plants, the main impurity is NaOH [90], along with Cl2, and Hg.

Biomass

Biomass has the advantage of being renewable if harvested in a re-
sponsible way. It can be treated in a similar way as coal and gasified
to produce hydrogen [91]. The adaptation from coal is fairly straight-
forward, but the thermal efficiency of biomass gasification is lower than
that of coal due to the higher water content, which needs to be vapor-
ised in the process [92]. Reformate hydrogen produced by biomass
gasification contains similar impurities as coal gasification, in some-
what different concentrations, depending on the type of biomass. A
number of demonstration plants exist around the world, but hydrogen
production by biomass gasification is not yet commercialised [91].

Biogas

Similar to biomass, biogas is a renewable source. It can be produced
from organic matter of various sources, e.g., manure, sewage, or food
waste. Biogas can be treated similarly to natural gas and can thus
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be used as feedstock for SMR or PO, perhaps with modified cleaning
processes.

1.3.3 Future Trends in Hydrogen Production

The IEA [4] recently published a graphical outlook on hydrogen gen-
eration for the US, Japan, and EU, until year 2050. A summary of
the data is shown in figure 1.8. It shows that natural gas and coal
are expected to remain major sources of hydrogen. Both sources are
expected to be used mostly in combination with CCS. Electrolysis is
expected to significantly increase its share and biomass is also expected
to contribute. This outlook from the IEA is somewhat similar to that
released earlier by the U.S. Department of Energy (DoE), and shown in
figure 1.9. Both figures reveal the expectation of biomass gasification
becoming an important future source of hydrogen.

Natural Gas

37%

Coal

33%

Electrolysis

22%

Biomass

8%

Figure 1.8: Future sources of produced hydrogen expected for year
2050. The percentages were calculated by combining the forecast data
for the different countries/regions published by the IEA [4].
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Figure 1.9: An overview of future expected hydrogen sources as pre-
dicted by the DoE. Source: US Department of Energy.
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1.3.4 On-board Hydrogen Production

One of the problems regarding the hydrogen economy today, is the
lack of infrastructure for the distribution of hydrogen, in particular if
hydrogen is to be used for power in the transport sector. One way of
ensuring access to hydrogen is by producing it on-board from a more
readily available source. The most easily accessible sources are liquid
or gaseous HCs, or water and electricity. Electrolysis of water does not
make sense as it would be smarter to simply use the electricity directly.
Reforming of hydrocarbons could be an option if the system can be
kept small enough.

PowerCell Sweden AB have developed a relatively compact 3 kW
system, the PowerCell PowerPac, that combines an ATR and a PEM
fuel cell [93]. The system runs on diesel that is reformed by the ATR
to produce a hydrogen rich gas mixture that serves as a fuel for the
fuel cell. As evident from the previous sections, several clean-up steps
are required in the system to purify the hydrogen before it is fed to the
fuel cell anode. This system can be used, e.g., as an auxiliary power
unit (APU) in trucks, or as an electricity source in boats. Typically,
the system is used to supply power to household appliances, and enter-
tainment systems.

For mobile applications, it is of importance to keep the system rea-
sonably compact. This necessitates optimization with regards to space,
including limiting the clean-up steps between the reformer and the fuel
cell. In these systems it is especially beneficial to gain information on
the lesser studied hydrogen impurities, some of which are the topic of
this thesis.
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1.4 Hydrogen Purity

From the above description of hydrogen production techniques, the
reader will have noted that hydrogen purity varies considerably depend-
ing on production method and the subsequent cleaning steps. Even
after purification, reformate hydrogen generally contains traces of nu-
merous impurities. These typically include CO, CO2, CH4, higher HCs,
H2S, and NH3. Hydrogen produced by electrolytic processes is, how-
ever, generally relatively pure. An attempt is made in table 1.1 to
provide an overview of the hydrogen impurities typically present in
hydrogen produced by different methods.

Table 1.1: An overview of possible impurities in hydrogen from various
sources. The data was collected from multiple references [76, 83, 86–
90, 94]. This table is only meant to give an idea of possible impurities
based on the hydrogen source, and it does not list every single impurity.

Production technique Impurities

SMR of Natural Gas CO, CO2, CH4, higher HCs, H2S,
NH3

Coal gasification CO, CO2, CH4, higher HCs, NH3,
SO2, NOx, Na+, K+, Hg

By-product (chlor-alkali) NaOH, Cl2, Hg
Water electrolysis H2O,O2

ATR of liquid HCs N2, CO, CO2, CH4, higher HCs,
NH3,H2S

To insure that the hydrogen fuel is pure enough to be used in fuel
cells, standards for the quality of hydrogen have been established. The
standard for hydrogen intended for fuel cells is very strict when it comes
to impurities. The exact specifications of the hydrogen fuel standard,
ISO 14687-2, which is identical to SEA J2719, are listed in table 1.2.
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Table 1.2: Current standards for the quality of hydrogen fuel intended
for fuel cells. ISO 14687-2 and SEA J2719 are identical. [95]

Component Chemical
formula

Limit Unit

Hydrogen, min H2 99.97 %
Total non-hydrogen 300 ppm

Argon Ar 100 ppm
Carbon dioxide CO2 2 ppm
Carbon monoxide CO 0.2 ppm
Helium He 300 ppm
Formic acid HCOOH 0.2 ppm
Formaldehyde HCHO 0.01 ppm
Ammonia NH3 0.1 ppm
Nitrogen N2 100 ppm
Oxygen O2 5 ppm
Water H2O 5 ppm
Particulates 1 mg kg−1

Total sulfur 0.004 ppm
Total halogenated
compounds

0.05 ppm

Total HC content excl.
methane

2 ppm

Total methane,
nitrogen, and argon

CH4, N2,
Ar

100 ppm
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1.5 Impurities in PEM Fuel Cells

1.5.1 Impurity-Induced Degradation of PEM Fuel Cells

Any compound that does not take part in the fuel cell reactions can
be regarded as an impurity. In this sense, anything that dilutes the
gas streams (other than water) is an impurity. The effect of different
impurities differs considerably, both in severity and what parts of the
fuel cell are affected. Some impurities, such as CO and S-species, have
been found to be harmful to the fuel cell performance even at trace
concentrations [96], while others, such as N2 and CH4 have a limited
or no effect on the fuel cell, other than dilution, even at high concen-
trations. [97, 98]

Some species adsorb on the catalyst particles, blocking the catalytic
sites to the intended reactants, sometimes referred to as poisoning of
the catalyst. CO and S-species are examples of impurities that poison
the catalyst in this way. If the poisoning can be reversed, by desorption
of the impurity, at conditions that are possible to reach in an operating
fuel cell stack, the poisoning is considered reversible.

Other catalyst poisons can interfere with the chemistry of the elec-
trochemical reactions when they adsorb on the catalyst. Some metal
cations, e.g., Co +

2 , and Al +
3 , can affect the ORR by shifting the equi-

librium towards peroxide (H2O2) formation [99]. The peroxide breaks
down into radicals that attack the ionomer causing membrane degra-
dation and, possibly, membrane failure.

Another possible effect of impurities occurs when the protons in
the ionomer and/or the membrane are replaced by other, less mobile
cations. This type of contamination is typical for alkaline metal ions
(M+) or ammonium (NH +

4 ), and causes a decrease in proton conduc-
tivity. This effect can sometimes be reversed by flushing with a proton
containing medium, but can also be permanent. [99–102].

Yet another type of degradation occurs when impurities adsorb and
deposit on fuel cell components, typically on the carbon components,
such as the GDL or the catalyst support. These deposits can block
the porous material, restricting gas flow in the fuel cell. NaCl is one
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example of an impurity that has this behaviour. These deposits also
create a long term source of the impurity. [103]

The effect of specific impurities is not necessarily limited to one
type of mechanism described above. NaCl, e.g., not only blocks porous
material, its ions cause problems of their own. Na+ can migrate into
the ionomer/membrane exchanging protons and limiting conductivity,
and Cl– can adsorb on the active sites of the catalyst, partially blocking
catalytic sites from the electrode reaction. [103]

1.5.2 Hydrogen Impurities in PEM Fuel Cells

When it comes to hydrogen impurities affecting the anode of the PEM
fuel cell, CO and sulfur species are perhaps the best known poisons.
Both have been extensively studied. As discussed in section 1.2, CO
is strongly adsorbed on the Pt catalyst and only oxidised at high po-
tentials that are difficult to reach at the anode of a fuel cell. CO
concentrations in the ppm range are sufficient to cause severe problems
on a Pt anode [96] and ppb concentrations of H2S suffice to cause fuel
cell degradation [94]. CO-poisoning is typically mitigated by alloying
Pt with Ru. This facilitates the adsorption of OH groups necessary for
the electrooxidation of adsorbed CO. Another common technique is air
bleed, where small amounts of oxygen are introduced into the hydrogen
feed and react with the adsorbed CO. One of the risks involved in air
bleed is formation of H2O2 as oxygen reacts with hydrogen [104, 105].
Unfortunately, the typical mitigation strategies for CO poisoning, air
bleed or alloying the Pt catalyst with Ru, do not help against sulfur
impurities [106, 107]. Studies investigating CO and H2S impurities si-
multaneously have shown that H2S is a stronger catalyst poison than
CO and that the latter is eventually displaced by the former [108].

Ammonia (NH3) is formed in the reforming process if N2 is present.
Short term exposure to NH3 (< 200 ppm) has been shown to be recov-
erable, while long-term exposure causes unrecoverable losses to the fuel
cell performance. It is believed that NH3 converts to NH +

4 that can,
similar to other cations, migrate into the ionomer and replace protons,
which causes an increase in proton transport resistance [100, 106, 109].
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Although membrane and ionomer contamination is the main reason
for performance losses due to ammonia, catalyst poisoning can also
occur [100].

Reformate hydrogen contains around 25% CO2 prior to purification
[96]. Purification techniques such as PSA are capable of removing CO2

along with other impurities to give high purity hydrogen, but they may
not always be applicable, especially not in mobile or compact systems.

In PEM fuel cells, CO2 in the hydrogen feed is often simply con-
sidered a dilutant. Studies have, however, shown that 25 % CO2 in the
hydrogen feed causes performance losses that cannot be explained by
dilution alone [97, 110]. As mentioned in section 1.2.3, the reason for
these performance losses is generally accepted to be the formation of
adsorbed CO [29,111–114].

According to thermodynamic calculations, a mixture of 20–25 %
CO2 in H2 would give rise to about 15–100 ppm of CO through the
RWGS reaction [28, 115, 116]. In reality, the effect of CO2 is less than
expected from the predicted CO concentration, likely due to the self-
poisoning mentioned in section 1.2.3.

As mentioned in section 1.2.4, studies in aqueous electrolyte have
shown that unsaturated, and saturated, HCs can absorb on Pt, and
are therefore potential fuel cell poisons. A limited number of studies
have been performed on these species in a fuel cell environment, some
of which have been published alongside or after our studies were per-
formed. Most fuel cell studies on HC impurities have been more-or-less
limited to fuel cell performance studies, focusing on steady state op-
erations, with no effort of analysing the interaction with the catalyst.
The results of these studies will be discussed together with the results
presented in chapter 3.
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1.6 Scope of this Thesis

The aim of this thesis is to gain a better understanding of the influence
of impurities in the hydrogen gas feed of a PEM fuel cell, with focus on
the interaction between impurities and the catalyst. This has mostly
been achieved by mass spectrometry coupled with cyclic voltammetry
(MSCV), as described in section 2.3.3. The combination of MS and
CV is not a new approach; it has been employed in aqueous electrolyte
by several groups. This combination had, however, not been used in
studies performed directly in a PEM fuel cell prior to our studies. At
the beginning of our studies, performing SCV directly in a fuel cell
was not widespread either. A few studies [117–122] had used CO SCV
directly in the fuel cell, and one group [97, 113] had performed CO2

SCV in a PEM fuel cell, but to our knowledge, stripping studies of
other species had not been performed in a PEM fuel cell environment.

The impurity concentrations studied are significantly higher than
the maximum allowed values according to the hydrogen standard listed
in table 1.2. It is, however, common practise to use higher concen-
trations of contaminants to simulate accelerated tests, and higher con-
centrations are also of interest in situations where reformate hydrogen
is produced on-board, and is therefore not restricted by the hydrogen
standard.

The HCs studied in this thesis have, to some extent, been previously
studied in aqueous electrolyte. The results of these studies were de-
scribed in some detail in section 1.2. While aqueous electrolyte studies
can give valuable information on the possible interaction of HC species
with a Pt electrode, they have an entirely different perspective, and,
also a very different reaction environment. Aqueous electrolyte studies
often use single-crystal or pc Pt electrodes, compared to the porous,
carbon supported Pt/C electrodes used in PEM fuel cells. The solid
polymer electrolyte with immobile acid groups is also very different
from the aqueous electrolyte with free mobility of ions. The reactants
in the fuel cell are humidified gases, while in aqueous electrolyte the
reactants are usually dissolved in the electrolyte. Studies in aqueous
electrolyte are also often performed at room temperature, but PEM fuel
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cells generally run at elevated temperatures, typically around 60–90 ◦C.
The studies presented in this thesis show that temperature, and,

to a lesser extent, humidity, affect the interaction of contaminants and
the electrode catalyst. Further, the presence of gas phase hydrogen is
shown to be extremely important for the interaction between impurities
and the catalyst.
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Chapter 2

Experimental

2.1 MEA Preparation

The MEAs used in the studies presented in this thesis varied to some
extent. The earlier studies employed a commercial Nafion membrane
with a working electrode that was made using an in-house mixed cata-
lyst ink applied directly onto the pretreated membrane. This electrode
was then covered with a commercial GDL and hot-pressed together
with a commercial counter GDE. The catalyst inks were made by mix-
ing the catalyst with an ionomer solution and solvents. The ink was
then applied directly onto the membrane either using a pipette, or a
handheld spray brush. The fabrication of these MEAs is described in
detail in Paper III. Although the pipette method provides a good way
to make electrodes with a well controlled amount of both catalyst and
ionomer, the drawbacks are the lack of control of the geometry, thick-
ness and uniformity of the resulting electrode. Spray brushing gives
more control of the geometry of the electrode and a more uniform cat-
alyst distribution. However, if the spray brushing is done by hand,
variations are inevitable and the exact amount of catalyst is not always
easy to control. In order to minimize the variation in electrode shape
and thickness, later studies employed commercial MEAs, where only
the final assembly and hot-pressing were performed in-house. A more
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detailed description of the MEAs used in the different studies is found
in each of the papers appended at the end of this thesis.
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Figure 2.1: General experimental setup, showing the main gas pipes,
placement of valves, mass flow controllers and humidifiers, along with
connections to the potentiostat and mass spectrometer.

36



2.2 Experimental Setup

The general experimental setup used is shown in figure 2.1. It includes
three humidification bottles, one for the combined counter and refer-
ence electrode (or cathode, where applicable) and two for the working
electrode (or anode, where applicable). This setup made is possible to
quickly change the inlet gas of the working electrode from clean to con-
taminated, without giving rise to much delay in the cell response. The
gas flows were regulated on a dry basis at room temperature, before
entering the humidifiers. The total gas flow was therefore dependent
on humidity, and on cell temperature. Some of the impurities studied
are soluble in water to some extent, and, therefore, a dry stream of
impure gas was mixed with an appropriately humidified carrier gas to
reach the desired concentration and humidity before entering the cell.

The general setup used remained similar throughout the entire work
of the thesis. However, some of the components used in the setup, such
as potentiostats, fuel cell hardware, flow controllers and mass spectrom-
eters, differ between the studies. The actual types used for each study
are described in the relevant papers appended at the end of this the-
sis. The fuel cell setup was generally run at temperatures of 25–80 ◦C,
with the inlet gases humidified to 40–90 % RH and a dry gas flow of
50–100 ml min−1.
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2.3 Experimental Methods

The main experimental techniques used in this work are cyclic voltam-
metry and mass spectrometry. Other techniques used include electro-
chemical impedance spectroscopy and other electrochemical measure-
ments, such as potential sweeps, and steady state operation. Below
follows a short description of the methods used, and how they can be
useful when studying impurities in the hydrogen feed of a fuel cell.

2.3.1 Cyclic Voltammetry

CV was briefly mentioned in section 1.2.1. The technique gives infor-
mation about the surface reactions occurring during the potential scan.
Electrochemical reactions give rise to current responses that produce
peaks in the resulting CV. The CV of platinum and its surface reac-
tions in inert media was described in section 1.2.1. Using pure hydrogen
on the combined counter and reference electrode induces crossover of
hydrogen through the membrane to the working electrode, causing a
positive current that shifts the CV from the centre of the graph, and
possibly deforming it. To avoid this problem, all CVs recorded in inert
gas were performed using 5 % hydrogen balanced with argon on the
combined counter and reference electrode. The potential shift induced
by this dilution (−0.045 V) has been corrected for in all figures. CV is
useful for studying the interaction of foreign species with the catalyst
surface. The difference between the CVs recorded in the presence and
absence of the foreign species are then studied. This way CV can give
valuable information on how the species interact with the catalyst, that
steady state operation cannot.

Stripping Cyclic Voltammetry

SCV is a variation of CV, where a preadsorbed adlayer is stripped from
the electrode during the potential scan. In a fuel cell environment this
involves first establishing a stable CV of the electrode in humidified
inert gas, typically done by repeatedly cycling the potential until a
stable CV has been obtained. This is then followed by a potentiostatic
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hold at the desired adsorption potential, during which the species to
be studied are introduced into the gas stream for a certain amount
time, noted adsorption time. Before the SCV can be recorded, the
system must then be purged of any non-adsorbed species. The purging
is accomplished by simply running humidified inert gas through the cell
for some time. The foreign species that remain adsorbed on the catalyst
surface are stripped from the surface by a positive or a negative sweep
in potential. This results in a peak in the CV that corresponds to an
oxidation or reduction, respectively, of the adspecies. An example of a
CO SCV, performed in a fuel cell at 30 ◦C and 90 %RH, was shown in
figure 1.4 in section 1.2.2.

Depending on the species studied, and the potential window used,
one or more cycles may be necessary to remove the adlayer. In some
cases the electrode surface is not fully recoverable, leading to a loss
in ECSA. SCV is useful when studying impurities as it can give infor-
mation on whether a particular impurity will adsorb on the catalyst
surface, how rapidly, and how strongly. By varying the conditions dur-
ing adsorption and subsequent stripping, further information can be
found. Typical variations are adsorption potential, adsorption time,
cell temperature and humidity.

Peak Charge Estimation

The charge transfer associated with the peaks in a CV can be of interest,
e.g., for estimating the amount of electrons needed to oxidise, or reduce,
an adspecies, or estimate the ECSA. The charges are estimated by the
integral of the current density within the peak as a function of time.
To isolate the charge of the reaction itself a baseline is needed. For
oxidation of adspecies the baseline is normally the CV of the clean
electrode, while for other reactions, such as the adsorption or desorption
of hydrogen, an estimation of the double layer charge is used as the
base. Figure 2.2 shows an example of the peak areas used to estimate
the charges of CO oxidation and hydrogen desorption on a Pt anode in
a fuel cell environment at 30 ◦C and 90 % RH.

39



C
ur

re
nt

 d
en

si
ty

 / 
m

A 
(m

g 
Pt

)−1
 

Potential / V vs DHE

 15

 10

  5

0

−5

−10

−15
0 0.2 0.4 0.6 0.8 1.0 1.2

QH,des

QH,des

QCO,ox

Figure 2.2: An example of peak charge estimation, using the SCV from
figure 1.4

40



2.3.2 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is an experimental tech-
nique capable of separating the effects of different phenomena in the
system. A small, typically sinusoidal, perturbation is introduced into a
system otherwise operated either potentiostatically, or galvanosatically.
Potentiostatic operation is usually preferred, as small perturbations of
the current can give rise to large potential responses. The sinusoidal in-
put will result in a current (or potential) response in the system, which
will have an altitude and a phase difference from the input signal. The
impedance, Z, is then calculated as

Z =
F (v(t))

F (i(t))
(2.1)

where F (v(t)) and F (i(t)) denote the Fourier transform of the poten-
tial, and current density, respectively, as a function of time. Altering
the frequency of the perturbation will affect different processes in the
system. A high frequency will not give feedback from slow processes as
only fast processes will respond. EIS can therefore separate the effects
of processes with different time constants, such as ohmic resistance and
electrochemical reactions with differing kinetics.
The results are usually presented in Nyquist plots, where the negative
imaginary part, − ImZ, is presented as a function of the real part,
ReZ. A couple or more frequency values are sometimes marked in the
figure. An example is shown in figure 2.3, which depicts a Nyquist plot
of EIS results recorded in a symmetrical H2/H2 fuel cell. The origin
of some of the processes behind the semi-circle shape are shown in the
figure. These include ohmic resistance (RΩ), due to membrane and
overall system resistance, electrode porosity (ε), and charge transfer
resistance (Rct). EIS results can either be analysed using an equiva-
lent circuit model, which is often fairly simple, or compared to a more
complex physical model. In this work the results were analysed with
respect to physical models previously developed at the department.
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2.3.3 Mass Spectrometry

MS is used to identify chemical species. The sample to be analysed
is ionised by an ion source followed by the separation of ions by their
mass to charge ratio (m/z). In the early days, the separation was
accomplished by introducing the ions into a stable magnetic field were
the m/z caused the ionised particle to travel in a circular path, where
the radius of the circle was directly dependent on the m/z. Since it
has proven difficult to keep a magnetic field stable over a prolonged
period of time the technique has been further developed and today’s
mass spectrometers use an electric field, tuned to only let a single m/z
value through at each time. By sweeping this value through a range of
values, a mass spectrum of the sample is obtained.

The Hiden mass spectrometer used in some of the studies is equipped
with two separate detectors, a Faraday detector and a secondary elec-
tron multiplier (SEM). The SEM allows the detection of species at a
significantly lower concentration than the Faraday detector, but on the
downside, it has an upper concentration limit and is slower.

MS is a powerful technique, but the analysis of the results is not
always straight forward. Even if the sample consists of a single species,
ions of more than one m/z signal will appear. This is mainly due to
fragmentation of the molecule, or ion, but also from double ionisation.
Argon, for example, will give two peaks in its spectrum, a main peak
at m/z = 40, representing the singly charged ion, and a smaller peak at
m/z= 20, representing the doubly charged ion. More complex molecules
will partially fragment, or fall apart, in the mass spectrometer. Water
(H2O), e.g., will give a main peak at m/z = 18, representing the ionised
molecule, a smaller peak at m/z = 17, where the water molecule has lost
a H atom, and an even smaller one at m/z = 16, where both H atoms
have been lost. The spectrum also contains contributions from isotopes.
For the larger hydrocarbons the fragmentation is more complex. As an
example, the mass spectra of a few simple alkanes and alkenes is shown
in figure 2.4.

From the above discussion it is clear that the same m/z signal can
be found, not only from molecules with the same molecular weight, but
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Figure 2.4: Examples of mass spectra for a few simple alkanes and
alkenes. Data from NIST [123]
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also from molecules that produce fragments of the same weight. This
can cause problems during experiments that monitor changes with time,
such as with MSCV or other transient techniques. Without fragmenta-
tion it would, however, not be possible to distinguish between different
molecules of the same molecular weight.

During MSCV, one or more m/z signals are monitored over time,
simultaneously to recording a CV. This entails rapidly repeating the
measurements over time. It should be noted that switching between
the Faraday detector and the SEM, and even between different masses
using the same detector, causes delays in measurements as the mass
spectrometer equilibrates. It is therefore important to avoid measuring
too many m/z signals at once. In order to achieve optimal measurement
frequency, only one m/z signal was monitored during each run, and the
experiment repeated for each m/z signal.

The above discussed limitations when using mass spectrometry in
transient experiments, along with the similarities in the spectra of some
species, can make it difficult to distinguish between different species,
especially those with similar building blocks. This is even more so when
dealing with gas mixtures where the interesting species are only present
in trace quantities. For instance, in a highly humidified gas mixture
with trace amounts of methane, the main methane peak coincides with
the minor water peak at m/z = 16, but luckily, water does not give
a signal at m/z = 15, where a secondary peak appears for methane.
Choosing the optimal m/z signals to monitor during an experiment is
thus of great importance.
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2.4 Experimental Procedure

Prior to any actual experiments, each MEA was activated according to
the procedure described in Paper III. SCV was generally performed at
various adsorption potentials to see if and at what potentials the cho-
sen impurity would adsorb. The experiment was repeated at different
conditions for interesting adsorption potentials, to investigate the effect
of temperature and humidity. The effect of hydrogen on the adsorption
was investigated by replacing the inert carrier gas with 5% H2 balanced
with Ar when trace impurities were studied and with 100% H2 when
high concentrations of impurities were studied.

MSCV was performed for most species to try to address the mecha-
nisms of the reactions taking place. EIS experiments were performed in
symmetrical H2/H2 cell where one side was contaminated with toluene,
and also in a O2/H2 cell with and without propene contaminated H2

feed. The short time effects (0.5–2h) of running a fuel cell on con-
taminated hydrogen were investigated for some impurities and more
extended operation was tested with propene (a few days). More de-
tailed descriptions of the actual experiments performed can be found
in the relevant papers appended at the end of this thesis. All poten-
tials in this thesis are reported with respect to a dynamic hydrogen
electrode (DHE), i.e., the combined counter and reference Pt/C elec-
trode in contact with hydrogen, placed on the opposite of the electrode
studied, corrected for the hydrogen dilution previously mentioned (5 %
H2 in Ar), where applicable.
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Chapter 3

Results and Discussion

3.1 Carbon Monoxide

CO is a well-known catalyst poison in PEM fuel cells. It is present in
trace amounts in hydrogen produced from hydrocarbon sources, and,
as described in section 1.2, it is also a known/suspected intermediate
in the adsorption and desorption of CO2 and some organic species,
including hydrocarbons.

The adsorption and oxidation of CO in a PEM fuel cell is stud-
ied, by SCV, in paper I. Exposing the Pt/C fuel cell anode to 2 % CO
at low potentials, results in displacement of adsorbed hydrogen and
a complete suppression of the hydrogen adsorption/desorption peaks,
analogous to behaviour in acidic electrolyte, described in section 1.2.2.
The CO-adlayer formed is desorbable only by oxidation at potentials
above 0.5 V, with peak potentials of 0.6–0.8 V depending on tempera-
ture. Figure 3.1a depicts CVs and CO SCVs recorded at a Pt/C fuel
cell anode at temperatures of 25–80 ◦C and 90 % RH. The figure shows
the complete suppression of the hydrogen desorption peaks due to CO
adsorption and the changes in the ad-layer oxidation peak potential
with temperature.
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Figure 3.1: Effect of cell temperature on the shape of the CV of the
Pt/C catalyst in a PEM fuel cell, along with a CO stripping CVs at
the same conditions, a) CVs, b) charge of Hdes and COox peaks as a
function of temperature, c) ECSA calculated from the peak charges in
(b). Recorded at a scan rate of 20 mV s−1, and 90 % RH.
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3.1.1 ECSA Estimation in a PEM Fuel Cell

As explained in section 1.2.1, the hydrogen adsorption peaks are gener-
ally used to determine the ECSA of a Pt catalyst in liquid electrolyte.
In a fuel cell environment, however, both the size and the shape of the
hydrogen adsorption/desorption peaks are significantly affected by the
change in temperature. This is clearly seen in figure 3.1a, were the two
hydrogen peaks visible at low temperatures are marked by I and II.

The hydrogen evolution peak appears at higher potentials in the fuel
cell environment in our studies, than in similar experiments performed
in liquid electrolyte [11, 16]. This causes the onset of the hydrogen
evolution to be very close to hydrogen adsorption/desorption peak I,
already at low temperatures. Increasing the cell potential induces a
negative shift in the peak potentials of the hydrogen peaks, causing
an increased overlap between the peaks and hydrogen evolution with
temperature. As the temperature increases, hydrogen desorption peak
I of the hydrogen gradually disappears, and peak II is reduced. Overall,
the charge of the hydrogen peaks decreases by more than 50 % as the
cell temperature is increased from 25–80 ◦C, while keeping the RH at
90 %. Decreasing the humidity of the feed gases causes an increased
ohmic resistance, and distorts the CV, resulting in a shift in the peak
potentials. Decreasing the humidity while keeping the temperature
constant causes a decrease in the hydrogen desorption peak charge, but
this effect is much smaller than that caused by changes in temperature.

By stopping the flow of nitrogen over the electrode, thus allowing an
equilibrium amount of hydrogen gas to accumulate in the gas channels,
peak I of the hydrogen desorption peak reappears, as was suggested by
Schneider et al. [8]. Lowering the nitrogen gas flow rate in our cell from
140 to 25 mL min−1 on a dry room temperature basis was not sufficient
to resolve peak I. It was found necessary to stop the flows completely for
it to reappear. In stopped flow, the size of the peak is highly dependent
on the lower potential sweep limit, the lower the limit, the larger the
peak. This is likely due to excess hydrogen from the hydrogen evolution
reaction readsorbing on the catalyst surface within the potential limits
of the desorption peak.
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Similar to the hydrogen adsorption/desorption peaks, the CO strip-
ping peak potential is shifted towards lower potentials with increased
temperature. However, in contrast to the hydrogen peaks, the charge of
the CO stripping peak remains relatively constant as the temperature
increases. Figure 3.1b shows the charges of the hydrogen desorption
peaks along with that of the CO oxidation peak as a function of tem-
perature. In figure 3.1c the peak charges have been translated to an
estimate of the ECSA using the value 210 µC cm−2 for the hydrogen
desorption peaks [9,10], and assuming a 1:1 ratio between the number
of adsorbed H atoms and CO molecules, and a two electron transfer for
the oxidation of each CO molecule to CO2. The ECSA estimated from
the charge of the CO stripping peak is very similar to that estimated
from the hydrogen desorption peaks at 25 ◦C. Altering the relative hu-
midity of the inlet gases has a similar effect on the CO-oxidation peak
as on the hydrogen desorption peaks, the peak potential is shifted posi-
tively with decreased humidity, and the peak charge is slightly reduced.
These observations lead us to believe that the ECSA of a porous Pt/C
fuel cell electrode is affected by humidity, likely due to catalytic sites
losing contact with ionomer as the water content decreased.

A noteworthy example of the usefulness of CO stripping over hydro-
gen desorption for ECSA estimation, is for corroded Pt/C electrodes.
The carbon support of these electrodes tends to deform with time
resulting in a thickening of the double layer and the appearance of
quinone/hydro-quinone peaks in the CV. These features of the CV can
make the hydrogen peaks very difficult to distinguish, whereas the CO-
oxidation peak is more defined. The interested reader is referred to
figure 7 in paper I and reference [124] for a deeper discussion.
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3.2 Carbon Dioxide

Reformate hydrogen contains up to 30 % CO2, if not removed by purifi-
cation steps, such as PSA. As explained in section 1.2.3, CO2 can give
rise to adsorbed CO-species, via a RWGS reaction or an electrochemical
reaction, when it comes into contact with the fuel cell catalyst.

The effect of exposing Pt/C and PtRu/C catalysts to CO2 is studied
in paper II. Exposure in inert gas or in the presence of hydrogen resulted
in a partial coverage of the catalyst by adspecies. The formation of
the adlayer was slow and the charge of the subsequent oxidation peak
on the Pt electrode reached a maximum only after around 30 min of
exposure to 20 % CO2 balanced with N2 at 0.1 V. On PtRu, it took
even longer, about 60 min of exposure, to reach a maximum in the
subsequent oxidation peak charge. For consistency, 30 min of exposure
was chosen as a standard for both electrodes. As expected, a higher
concentration of CO2 results in a more complete adlayer coverage and
a larger oxidation peak during the subsequent SCV.

Figure 3.2 depicts the CO2 SCVs recorded on Pt/C and PtRu/C
electrodes at 40–80 ◦C and 90 % RH. CO SCVs recorded at 80 ◦C and
90 % RH are included for reference. The figure shows that the peak
potential of the oxidation of the adlayer formed by CO2 on Pt appears
at slightly lower potentials than that formed by CO. This shift indicates
that CO2 forms a less strongly bonded adspecies than CO on Pt/C.
CO2 has been shown to form adsorbed CO on a Pt catalyst surface in
aqueous electrolyte [18,27,29], and this shift could therefore indicate a
different bond orientation distribution. A larger faction of the CO(ads)
formed from CO2 is believed to be multiply bonded, compared to that
formed from CO adsorption. [29,125].

In agreement with previous studies in aqueous electrolyte, described
in section 1.2.3, the adsorption of CO2 was found to be favoured at low
potentials where the catalyst is covered by a monolayer of hydrogen.
This indicates, as suggested for aqueous electrolyte [29], that adsorbed
hydrogen plays a significant role in the formation of a CO2 adlayer
on both Pt/C and PtRu/C catalysts. Similar to CO (figure 3.1a and
paper I), an increase in temperature or humidity resulted in a negative
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Figure 3.2: SCV of CO2 on (a) Pt/C and (b) PtRu/C for various
temperatures adsorbed in the presence (red) and absence (blue) of H2.
The RH was kept at 90 %. A CO stripping curve at 80 ◦C is shown in
green for comparison. The difference in peak charge density imposed
by the presence of H2 is shown in (c).
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shift in peak potential on both catalysts. Increased humidity resulted
in a slight increase in the stripping peak charge on Pt/C, but had no
significant effect on PtRu/C.

The largest difference between the two catalysts was when hydrogen
was used as a carrier gas during exposure. As can be seen in figure
3.2, the charge of the subsequent oxidation peak was increased by the
presence of gaseous hydrogen during exposure for both electrodes. The
effect on the Pt/C electrode was moderate, while the effect on PtRu/C
was significant. The different effect of the presence of gaseous hydrogen
on the two catalysts suggests that the mechanisms differ somewhat
between them. The stronger effect of hydrogen and minor effect of
humidity for PtRu/C catalyst suggests that hydrogen is involved in
the adsorption reaction, presumably via the the RWGS reaction or its
surface equivalent.
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3.3 Unsaturated Hydrocarbons

Unsaturated HCs can be present both in the atmosphere [126–128], and
in reformate hydrogen [129,130]. They can therefore come into contact
with the fuel cell electrodes, where, in agreement with liquid electrolyte
studies, they can adsorb on Pt catalyst particles. The adlayer formed
by unsaturated HCs can require potentials of about and above 1 V to
be removed by oxidation. Since PtRu/C electrodes are unstable at such
potentials, the adsorption studies of unsaturated HCs were performed
using Pt/C electrodes only. This section is a summary of papers III,
V, and IV. It also includes some results that have not been published
yet.

The electrode potentials required to oxidise ethene adspecies are
comparable to that of CO (see figure 3.1a), while higher potentials are
required for the complete oxidation of propene, and even more so for
toluene, which requires potentials > 1 V. These results are in line with
previous studies in liquid electrolyte [40,52,53]. It should be noted that
the concentration of toluene (0.3 %) during exposure, was considerably
higher than that of ethene and propene (100 ppm), which may affect
the adlayer formation. Decreasing the concentration of toluene down to
300 ppm resulted in similar SCVs, although a slightly longer exposure
time was needed to reach the same level of hydrogen desorption peak
suppression.

It should be noted that due to the difference in base CVs, the pos-
sibility of the difference in electrodes and cell setup equipment used in
the studies having some influence on the results cannot be completely
excluded. The systems are, however, similar and the trends should,
therefore, be the same.

3.3.1 The Effect of Adsorption Potential

In agreement with liquid electrolyte literature [52, 53], the adsorption
of ethene and propene, in a fuel cell environment, was found to be
highly potential dependent. The SCVs of Pt/C electrodes after expo-
sure to ethene, propene, and toluene, at various potentials are shown
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in figure 3.3, along with the charge of the adlayer oxidation peak as
a function of adsorption potential. Adsorption of ethene and propene
occurs within a limited potential window, while toluene is adsorbed in
a wider potential range. Within the hydrogen adsorption/desorption
region, adsorption of ethene and propene is limited, while exposure to
toluene causes a significant suppression of the hydrogen peaks. This in-
dicates that displacement of adsorbed hydrogen by ethene and propene
is limited or even negligible, while at least a partial displacement of ad-
sorbed hydrogen by toluene occurs. Unfortunately, due to the overlap
of the hydrogen evolution and the hydrogen desorption peak discussed
in section 3.1.1, it is difficult to achieve a reliable estimation of the hy-
drogen coverage at the potential selected for adsorption, which in turn
could give an estimate of the possible displacement.

During exposure to ethene or propene in an inert atmosphere, the
current evolution was highly dependent on the electrode potential. This
is shown in figure 3.4. At low potentials (0.12–0.15 V), where the
catalytic sites are mostly occupied by adsorbed hydrogen, a reduc-
tive current was seen during exposure. In line with studies in liquid
electrolyte [52,53], this was found by MS to be connected to the hydro-
genation of ethene to ethane, and propene to propane, implying that
the alkenes react with the adsorbed hydrogen to form alkanes.

As figure 3.4 shows, an oxidative current was seen during exposure
at higher potentials. This current increased with increased potential
during exposure to ethene or propene, and was somewhat accompa-
nied by a m/z = 44 mass signal (not shown), which likely originates
from CO2. However, the shape of the current signal did not corre-
spond exactly to the mass signal, although this was potential depen-
dent. Therefore, the oxidative current is likely due to partial oxidation
during adsorption, which leads to complete oxidation at sufficiently
high potentials. This observation is in agreement with previous studies
that have suggested the formation of oxygen-containing adspecies at
medium potentials [52,53].

Exposure to propene gives rise to a m/z = 44 signal at all potentials,
but this is most likely due to the mass spectrum for propene, which
according the NIST database of mass spectra [123], has an intensity of
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potentials. Recorded at 80 ◦C and 90 % RH.
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Figure 3.4: Current evolution on a Pt/C electrode during exposure to
ethene and propene at various potentials. Recorded at 80 ◦C and 90 %
RH.

0.1 at this m/z. The oxidative current signal at increased potentials is
highest in the beginning of the exposure before settling, which is also
indicative of partial oxidation during adsorption. The shape of the mass
signal at 0.25 V in the beginning of the propene exposure period (not
shown) indicates that the partial oxidation may be accompanied by the
release of small amounts of CO2, although this does seem unlikely, as
no further release of CO2 is detected until at potentials of > 0.4 V.

3.3.2 Oxidation and Reduction of Adspecies

Ethene adspecies are oxidised in single oxidation peak with a peak
potential of just above 0.6 V, while the oxidation of propene shows a
double peak, with a first maximum at around 0.5–0.7 V, depending
on the electrode potential during exposure, and a second at just above
0.8 V (see figures 3.3 and 3.5). Toluene oxidation is slow, with a gradual
increase in oxidative current until reaching a maximum at > 1 V. Fig-
ure 3.6 shows the positive and negative SCVs of ethene, propene, and
toluene, along with the evolution of the m/z = 44, that corresponds to
CO2, during the potential sweep. Figure 3.6c reveals that the gradual
current increase during toluene oxidation is not associated with release
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of CO2, and the oxidation is believed to proceed through an adsorbed
intermediate. This is in agreement with what has been seen in aqueous
electrolyte [40]. Complete removal of adsorbed toluene requires several
cycles, while the ethene and propene are removed in a single cycle.

The shape of the ethene adlayer oxidation peaks, as seen in fig-
ure 3.6a corresponds well with the release of CO2. Both propene and
toluene, however, show a gradual increase in oxidative current which
is not accompanied with detection of CO2, see figures 3.6b, and 3.6c.
The onset of the propene oxidation peak is just below 0.4 V, while the
m/z = 44 signal does not start rising until around 0.5 V. For toluene
the corresponding potential values are about 0.4 V for the onset of the
oxidation peak, and just below 0.9 V for the mass signal. The poor
resolution of the mass spectrometer used in the toluene experiments
could, however, be somewhat misleading and it is possible that CO2

is released at lower potentials. After the initial current increase, the
mass signal for m/z corresponds well with the oxidation peak in the
SCVs, indicating that the CO2 is the only oxidation product and that
the oxidation of the adspecies is complete.

All unsaturated HCs could be removed to some extent by reduction.
A reductive sweep following ethene or propene exposure at low poten-
tials (0.12–0.15 V), did not yield any detectable products, although, as
visible in figure 3.6, some reduction of the subsequent oxidation peak
was seen. This absence of detectable species is believed to be due to
instantaneous reduction of the species that would otherwise be reduced
during the reductive sweep already during exposure.

At higher potentials, propene adspecies were found to be more eas-
ily desorbed by reduction than both toluene and ethene species. The
results for ethene and propene are shown in figure 3.7. Ethene reduc-
tion was complex and, in line with aqueous electrolyte studies [53], it
appeared to give rise to three different species, methane, ethene and
butane. The different species were released at somewhat differing po-
tentials. Methane was released first, followed by the larger species.
Desorption as ethane was not detected, although not excluded.

Acidic aqueous electrolyte studies postulate that, similar to ethene,
propene can be adsorbed dissociatively resulting in methane release
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during the subsequent reductive scan [52]. A m/z = 15 signal was
indeed detected during the reductive sweep following propene adsorp-
tion. However, as figure 3.7b shows, it coincides perfectly with the
other m/z signals, which can all be explained by propane formation.
Therefore, we see no reason to assume that the m/z = 15 signal, which
was attributed to methane in the case of ethene, arose from any other
specie than propane during reduction of propene adspecies. Methane
formation cannot be excluded, but propane was concluded to be the
only product detected from propene reduction, and its formation was
found to begin already at potentials of 0.2 V.

Toluene was also found, to some extent, to be reductively des-
orbable. Numerous sweeps to very low potentials were required, and
attempts to detect the desorption products were unsuccessful.

3.3.3 Effect of Gaseous Hydrogen on Hydrocarbon Ad-
sorption

For both ethene and propene, competition with hydrogen for adsorption
sites resulted in minor amounts of adspecies formed. In the presence of
gaseous hydrogen, ethene adsorption was negligible, and propene ad-
sorption was significantly reduced. This can be seen from the reduction
in the size of the oxidation peaks in figure 3.8. These results imply that
100 ppm ethene in the hydrogen feed of a fuel cell will not have a neg-
ative effect on the operation of a fuel cell. This conclusion has later
been supported by another study, that showed a very limited effect of
adding 5 % ethene to the hydrogen feed of a PEM fuel cell [131]. The
authors of that study claimed that the potential losses seen were solely
due to dilution.

The effect of gaseous hydrogen on propene adsorption was not as
prominent as on ethene. While propene adsorption was somewhat sup-
pressed by hydrogen, as indicated by the significant decrease in the size
of the subsequent oxidation peak shown in figure 3.8b, some adsorption
still occured. Further studies were thus deemed necessary.

Polarisation curves recorded in a fuel cell running on pure oxygen
and hydrogen, pure or contaminated with propene, are shown in fig-
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ure 3.9. Cells with both Pt/C (3.9a) and PtRu/C (3.9b) anodes were
tested. These results have not yet been published, but they show that
for 100 ppm propene in the hydrogen feed, although it may adsorb on
the catalyst, the adlayer formed is not complete enough to influence
the HOR. EIS curves were also recorded, and they show the same re-
sults, i.e., this concentration of propene does not appear to affect the
operation of a PEM fuel cell within the time frame of the study (24 h).
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Figure 3.9: Polarisation curves recorded in a fuel cell using (a) Pt/C
anode, and (b) PtRu/C, running on pure oxygen and hydrogen, pure
(blue), or contaminated (red) with 100 ppm propene, at 80 ◦C and 90 %
RH. The polarisation curves at beginning of life (BOL) are shown in
grey.

Pure adsorption studies with toluene in the presence of hydrogen
were not performed. However, toluene was seen to adsorb on the cat-
alyst surface in the presence of gaseous hydrogen during experiments
such as symmetric H2/H2 cell polarisation, and EIS experiments. The
results are shown in figure 3.10. The result of the symmetric cell ex-
periments showed that the lower concentration (300 ppm) had a limited
effect, while the higher (0.3 %) had a significant effect on cell perfor-
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mance, mostly in the form of increased charge transfer resistance. The
performance losses could be somewhat reversed by running the cell on
pure H2. This can be seen in figure 3.10a, by the continuous improve-
ment by number of curves following the one recorded in continuous flow
of toluene contaminated hydrogen.
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Figure 3.10: Symmetric cell, clean and toluene contaminated H2 on
Pt/C anode side, (a) Polarisation curves, and (b) EIS at 0 and approx-
imately 50 min of exposure, recorded at 80 ◦C and 90 % RH. #1 and
#5 in (a) denote the order of the potential sweeps in pure hydrogen
after continuous exposure to contaminated H2.

The high concentrations used in this study are unlikely to occur
in hydrogen fed to fuel cells, and, therefore, the effect of toluene and
similar compounds is not expected to pose problems during fuel cell
operation. Studies on toluene as a hydrogen impurity by other groups,
performed before [132], and around the same time [133–135] as ours,
have reached a similar conclusion, that toluene concentrations of 2–
60 ppm do not have a significant effect on fuel cell performance. Stud-
ies on toluene [136–139] and propene [139,140] as an air impurity have,
however, suggested that toluene, and propene, at concentrations as low
as 1–50 ppm for toluene, and 20 ppm for propene, in air cause significant
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losses in cell performance. These results are not surprising considering
the high potentials required to fully oxidise toluene and propene ad-
species. The losses caused by introducing toluene or propene into the
air feed of a fuel cell were found to be fully recoverable by switching
the cathode gas feed to pure air [139,140].
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3.4 Saturated Hydrocarbons

Saturated HCs are known impurities in reformate hydrogen, especially
methane [94]. The possibility of using existent gas lines to store and
carry hydrogen as well as natural gas and making use of a separation
unit at end location, also makes methane interesting as a hydrogen
impurity [141,142]. Since chain length appears to be a factor in alkene
adsorption, propane was chosen as an interesting additional specie to
study. Methane was studied at high concentrations (10–70 %), while
propane was studied at the same concentration as propene and ethene
(100 ppm). A part of these results are presented in paper VI, but the
remainder is yet unpublished.

Figure 3.11 shows the SCV curves of 30 % methane (3.11a) and
100 ppm propane (3.11b) on a Pt/C catalyst in a PEM fuel cell envi-
ronment. The figures reveal that adsorption of both species is limited,
and longer exposure times are required compared to unsaturated HCs.
This is to be expected as C−−C double bonds are much more active
than C−C single bonds. Potential dependency was similar to that of
ethene and propene, described in section 3.3. A negligible amount of
adspecies formed at potentials where the Pt/C catalytic sites are oc-
cupied by adsorbed hydrogen. The propane adlayer oxidation peak
charge was somewhat greater than that for methane. Similar to the
unsaturated HCs, methane and propane adspecies can be removed by
reduction. Using MSCV, CO2 was confirmed as the oxidation product
of propane adspecies.

Polarisation curves were recorded in a fuel cell fed with clean or
methane contaminated H2 on the anode, and clean O2 on the cathode.
Methane dilution was found to have a similar effect as nitrogen dilution.
The polarisation curves are shown in figure 3.12. Two different dilu-
tion strategies were used, the first (figure 3.12a) involved keeping the
stoichiometry between hydrogen and oxygen constant, resulting in an
increase of the total gas flow on the anode side from 84–280 mL min−1,
while keeping the cathode gas flow constant at 50 mL min−1. In the
second strategy (figure 3.12b), the total gas flow on the anode was
kept constant at 98 mL min−1, while decreasing the stoichiometry of
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Figure 3.11: CV of Pt/C, recorded at 80 ◦C and 90 % RH, after exposure
to a) 30% methane or b) 0.1% propane, at 0.2 V. Adsorption time was
varied as shown in the figure. Base CVs are shown in grey.

hydrogen. The first strategy resulted in a continuous decrease in fuel
cell performance as the dilution increased, while in the second, fuel
cell performance was less affected by the dilution at low and medium
current densities, whereas mass transport limitations were seen at high
current densities. This effect likely originates from increased crossover
of gases induced by the substantial increase of flow rate, which causes
a decrease in cell voltage. The effect could be replicated by keeping the
anode flow constant and increasing the cathode gas flow rate, which
also resulted in a voltage drop, similar to that from hydrogen dilution.
Any losses in potential during dilution by methane were instantaneously
recovered upon switching the feed gas to pure hydrogen.

The adsorption of methane and propane was found to be dependent
on cell temperature. At temperatures of 60 ◦C and lower, adsorption
was negligible, while exposure at 80 ◦C, resulted in a visible oxidation
peak in the subsequent stripping curve. This indicates that the adsorp-
tion of alkanes on the Pt/C catalyst has a somewhat high activation
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Figure 3.12: Polarization curves at different concentrations of methane
in the hydrogen feed of a fuel cell operating at 70 ◦C and 80% RH
using using (a) constant H2/O2 stoichiometry (1.2 and 0.45 respec-
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anode gas flow contaminated with methane and (b) at constant an-
ode and cathode gas flows (b), 98 and 50 mL min−1 respectively. The
stoichiometry of the anode was accordingly decreased from 1.4–0.56
between 0 % and 70 % methane concentration.
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energy.
The results on dilution of hydrogen by methane agree with previous

studies, that low concentrations of methane in the hydrogen feed have
no effect on PEM fuel cell performance and that methane acts mainly
as an inert dilutant. [98, 143,144]
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Chapter 4

Conclusions

The interaction of COx and HC impurities, and Pt/C, and in some
cases PtRu/C, electrodes in a working PEM fuel cell environment have
been studied, using mainly CV, coupled with MS when possible. Com-
bined with other electrochemical methods the results have been used to
evaluate the effect of these compounds, as impurities in the hydrogen
feed, on the operation of PEM fuel cells.

Adsorption and stripping of CO has been used to estimate the
ECSA of PEM fuel cell electrodes. Comparison of the CO stripping
peak charge to the hydrogen desorption peak charge at various condi-
tions, lead us to the conclusion that the CO stripping method gives a
more reliable estimation of the ECSA of a Pt/C electrode in a fuel cell
environment. This is especially true at elevated temperatures, where
the hydrogen adsorption/desorption peaks significantly underestimate
the ECSA. If CO stripping is not possible, CV at room temperature
with minimal inert gas flow can give an acceptable approximation of
the ECSA of a PEM fuel cell electrode.

CV, in particular when coupled with MS, is a valuable tool for
studying on the interaction of impurities with the electrode catalyst,
but it is very important to consider the presence of other, non-inert
gases. Gaseous hydrogen, which is not generally present during CV ex-
periments, has a significant effect on the adsorption of hydrocarbons,
in particular for species that reach maximum adsorption in the dou-
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ble layer potential region, where the Pt catalytic sites are otherwise
unoccupied. For instance, we were able to foresee that toluene and
propene might be a problem on the cathode side of a fuel cell, due to
the high potentials required for oxidation, even though we did not test
it directly. Other studies [136–140] have confirmed that both propene
and toluene give rise to potential losses when present in the cathode
air feed of a PEM fuel cell, even at very low concentrations, 1 ppm
for toluene, and 20 ppm for propene. We were also able to conclude
that the studied concentration of ethene was harmless to the fuel cell
catalyst, at least in the short term. We reached this conclusion since
the adsorption of ethene in the presence of hydrogen was negligible. It
has later been verified that ethene impurities have a limited effect at
concentrations of up to 5 % [131].

Similarly to ethene, propene adsorption was also significantly re-
duced in the presence of hydrogen, but as it was not negligible, we
found a need to test it further. These further tests led us the conclusion
that the propene adlayer formed in the presence of gaseous hydrogen is
not complete enough to interfere with the HOR, and thus, the presence
of 100 ppm propene impurities in the hydrogen feed is harmless to the
operation of a PEM fuel cell.

Further, high concentrations (0.3 %) of toluene were found to cause
considerable limitations in a symmetric H2/H2 fuel cell. These limita-
tions were somewhat reversible by running the cell in pure hydrogen.
EIS experiments revealed that the effect was due to increased charge
transfer resistance, and that lower concentrations of toluene did not
have the same effect. Increase of charge transfer resistance due to
the presence of 300 ppm toluene was found to be minimal. Similar
to propene, an incomplete adlayer of toluene is likely formed on the
Pt/C electrode, when exposed to low concentrations of toluene in the
presence of hydrogen.

Adsorption of CO2 on Pt/C and PtRu/C electrodes was also found
to be dependent on the presence of gaseous hydrogen, more so on
PtRu/C than Pt/C. The effect was, however, opposite to that on HCs,
adsorption of CO2 was increased in the presence of hydrogen, especially
on PtRu/C. The results indicate that the mechanism for the adsorp-
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tion of CO2 on PtRu/C may differ somewhat from that on PtRu/C.
We concluded that the governing mechanism on PtRu/C is the RWGS,
while an electrochemical mechanism is of importance on Pt/C.

MSCV gives further insight into the mechanisms of the interaction
between the fuel cell catalyst and the impurities. Analysis of the des-
orption products can aid in identifying the properties of the adspecies.
For instance, the presence of methane or another small HC in the ex-
haust of fuel cell which has been exposed to a larger HC, can be seen
as indicative of dissociative adsorption. At the same time, detection of
the original species, or its hydrogenated counterpart, serves as an indi-
cation that adlayer consists of more or less complete molecules, perhaps
with the double bond transformed into a single bond during adsorption.

Overall, the results of this work indicate that the limit of maxi-
mum 2 ppm of total HCs as dictated by the ISO 14687-2 standard for
hydrogen fuel for PEM fuel cell applications for road vehicles may be
unnecessarily strict with regards to catalyst poisoning, and could be
somewhat relaxed.
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4.1 Outlook

The results presented for toluene show the significance of impurity con-
centration and it may therefore be of interest to investigate higher con-
centrations of the alkenes studied, and, if the higher concentrations give
rise to limitations in fuel cell performance, identify the tolerance lim-
its. This applies to propene in particular since its adsorption is stronger
than that of ethene, and it is also less studied.

This thesis has been limited to the interaction of impurities with
the catalyst, but other types of effects cannot be excluded. Hydrocar-
bons are a known source of coke formation in the reformer, where they
can deposit as C on the catalyst. They could possibly have a similar
effect in fuel cells. This would result in blockage of catalytic sites and
loss of ECSA. The risk of this occurring would increase with increased
temperature. Another possible effect is for the foreign species to mi-
grate into the membrane and interfere with its structure, possibly even
to act as a solvent for the ionomer. Of the species studied, toluene is
the most likely to cause this type effect.

Alkene chain length appears to be a factor. Therefore, extending
the study to butene, perhaps even pentene, may be of interest. The
position of the double bond will likely affect the adsorption process and
the study would need to either consider the different isomers, or be
limited to terminal alkenes. The effect of functional groups would also
be of interest, in particular those containing oxygen, such as aldehyde
or acid groups, as these can form in the hydrogen production process.

It would perhaps have been interesting to attempt to quantify the
amounts of evolved products. The different products indicate different
adsorbates, and quantification could both give a better understanding
of the nature of the adsorbate and the extent of adsorption. Estimating
the number of electrons involved in the full oxidation of the adlayers
would also have made it possible to verify the assumption that CO2

was the only oxidation product.
Last, the MSCV methodology used in this thesis is not limited to

organic impurities, but could also be used for other types of impurities
that interact with the catalyst, either on the anode or cathode.
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[31] J. Sobkowski and A. Czerwiński. The comparative study of CO2 +
H(ads) reaction on platinum electrode in H2O and D2O. J. Electroanal.
Chem. Interfacial Electrochem., 65(1):327–333, 1975.

[32] T. Iwasita, F.C. Nart, B. Lopez, and W. Vielstich. On the study
of adsorbed species at platinum from methanol, formic acid and re-
duced carbon dioxide via in situ FT-ir spectroscopy. Electrochim. Acta,
37(12):2361–2367, 1992.

[33] L.W. Niedrach. The performance of hydrocarbons in ion exchange mem-
brane fuel cells. J. Electrochem. Soc., 109(11):1092–1096, 1962.

[34] L.W. Niedrach. Galvanostatic and volumetric studies of hydrocarbons
adsorbed on fuel cell anodes. J. Electrochem. Soc., 111(12):1309–1317,
1964.

[35] L.W. Niedrach, S. Gilman, and I. Weinstock. Studies of hydrocarbon
fuel cell anodes by the multipulse potentiodynamic method. J. Elec-
trochem. Soc., 112(12):1161–1166, 1965.

[36] L.W. Niedrach. Studies of hydrocarbon fuel cell anodes by the multi-
pulse potentiodynamic method. J. Electrochem. Soc., 113(7):645–650,
1966.

[37] L.W. Niedrach and M. Tochner. Studies of hydrocarbon fuel cell an-
odes by the multipulse potentiodynamic method. J. Electrochem. Soc.,
114(1):17–22, 1967.
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