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Abstract

The methanol fuel cell is an interesting energy technology, capable of converting the
chemical energy of methanol directly into electricity. The technology is specifically
attractive for small mobile applications such as laptops, smartphones, tablets etc.
since it offers almost instantaneously recharging by simply replacing the methanol
liquid. The technology is currently being developed for hearing instruments in
order to ease the handling of the device for users complaining about difficulties
replacing the very small batteries in the hearing instrument. The technology has
already been demonstrated by the Danish Technological Institute; however, for
the technology to become more widely adapted, the power density of the fuel cell
must be increased.

It is well known that a considerable part of the energy from the methanol is
lost in the fuel cell during the conversion due to poor kinetics. The kinetics can
however be improved by using a superior catalyst. Therefore, the aim of this the-
sis is to identify new catalyst material for methanol fuel cells. By analysing the
performance of the standard catalysts (PtRu and Pt) currently being applied in
methanol fuel cells as anode and cathode respectively, a benchmark is defined.
This benchmark is used to compare catalysts for the different reactions taking
place in a fuel cell such as hydrogen oxidation, methanol oxidation and oxygen re-
duction. In addition, different phenomena in the fuel cell such as CO poisoning of
the hydrogen oxidation and methanol poisoning of the oxygen reduction are stud-
ied. Consequently, promising new candidates for replacing the standard catalyst
are identified. One of these, Pt5Gd, exhibits improved oxygen reduction reac-
tion activity even in the presence of methanol, thus making Pt5Gd an interesting
candidate to replace the Pt catalyst in the methanol fuel cell cathode.

Having identified a potential new catalyst material, a fabrication method is
needed. Because the catalytic properties of the catalyst material is inherent in
the surface of the catalyst, the surface to volume ratio for the material must be
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as high as possible, which usually can only be achieved by making the mate-
rial as nanoparticles. However, the problem of Pt5Gd and other Pt alloys with
lanthanides or early transition metals is that these materials are very difficult to
synthesise chemically, especially in the more technological relevant nanoparticulate
form. Therefore, a second objective of this thesis has been to investigate different
synthesis routes. The thesis is able to demonstrate for the first time, chemical syn-
thesised carbon supported metallic PtxGd, PtxY and PtxTb alloy nanoparticles.
The synthesised nanoparticles are more active than Pt nanoparticles, but not as
active as expected for these materials. Thus, the synthesis route is promising but
needs further optimisation.



Dansk Resumé

Metanol brændselscellen er en interessant energiteknologi, der kan konvertere den
kemiske energi fra metanol direkte til elektricitet. Teknologien kan især finde
anvendelse inden for mindre mobile enheder, såsom bærbare computere, smart-
phones, tablets osv., da teknologien kan tilbyde næsten øjeblikkelig genopladning
af disse enheder ved blot at udskifte metanolvæsken. Teknologien bliver i øjeb-
likket udviklet til anvendelse i høreapparater for at gøre brugen af disse lettere for
de mange brugere, der har problemer med at udskifte de meget små batterier i
hørerapparaterne. Teknologien er allerede blevet demonstreret af Teknologisk In-
stitut, men for at teknologien kan blive mere udbredt, er det nødvendigt at forøge
den elektriske effekt per volumen.

Det er velkendt, at en stor del af energien fra metanolen går tabt i energikon-
verteringen på grund af dårlig reaktionskinetik, der imidlertid kan forbedres ved
at bruge bedre katalysatorer. Formålet med denne afhandling er derfor at forsøge
at finde og fremstille nye katalysatorer til metanol-brændselsceller. Afhandlin-
gen analyserer indledningsvis, hvordan metanol-brændselscellen til hørerapparater
præsterer, og hvilke energitab den har. Denne analyse bliver efterfølgende brugt
til at finde et sammenligningsgrundlag for brændselscelle reaktioner så som brint
oxidation og metanol oxidation på anoden, plus ilt reduktion på katoden. Sam-
menligningsgrundlaget er basseret på aktiviteterne for katalysatorerne Pt og PtRu,
som er standard katalysator til henholdsvis katoden og anoden, i disse reaktioner.
Derudover bliver fænomener, så som CO forgiftning af brint oxidation og metanol
forgiftning af ilt reduktion studeret. Dette grundlag bliver brugt til at lede efter
lovende alternative til Pt og PtRu katalysatorer. En af disse er Pt5Gd, som havde
en højere aktivitet for ilt reduktion reaktionen sammenlignet med Pt både med
og uden metanol tilstede. Dette betyder, at Pt5Gd er en lovende materiale til at
erstatte Pt som katode katalysatoren i metanol-brændselsceller.

De katalytiske egenskaber af en katalysator sidder i overfladen og der er derfor
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nødvendigt at fremstille katalysatoren i en form med så høj overflade til volumen
ratio som muligt, hvilket i de fleste tilfælde betyder at materialet skal fremstilles
som nanopartikler. Pt5Gd er et lovende materiale, men for at bruge det i en brænd-
selscelle er det nødvendigt at finde en fabrikations metode til at lave legeringen
som nanopartikler. Dette er særdeles vanskeligt både for Pt5Gd og andre inter-
essante Pt legeringer med lanthanider eller tidlige overgangsmetaller, og især at
fremstille legeringerne som nanopartikler ved hjælp af kemisk syntese. En stor del
af denne afhandling undersøger derfor, de mulige syntese metoder for at fremstille
disse legeringer. Kemisk fremstillede metalliske PtxGd, PtxY og PtxTb nanopar-
tikler supporteret på karbon, bliver demonstreret for første gang. De syntetiserede
nanopartikler var mere aktive end Pt for ilt reduktion, men ikke så aktive som for-
ventet for disse materialer. Dette viser at syntese metoden er lovende, men kræver
yderligere optimering.
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1
Introduction

Today’s hearing instruments use disposable zinc-air batteries, which require re-
placement ranging from once a week to daily. The frequency of replacement de-
pends on specific characteristics of the hearing aid, counting the size of the battery,
the capacity of the device as well as its application. The usage of zinc-air bat-
teries is undesirable as numerous hearing aid users face difficulties replacing their
batteries [1]. At the same time, many users also prefer less visible hearing instru-
ments, which require smaller batteries that in turn make exchanging the batteries
even more difficult. Therefore, The Danish Technological Institute and partners
have since 2010 tried to develop an alternative to the disposable batteries used in
hearing instruments. The requirements for such a technology are:

• The cost must be the same as the total cost of using batteries for the entire
life-time of the hearing aid.

• The alternative cannot take up more space inside the hearing aid than the
combined space of battery and battery lid.

• The recharging procedure must be simple and also easy to perform for people
with lower dexterity.

• The recharging time should be comparable to that of exchanging the batter-
ies.

As a result Direct Methanol Fuel Cell (DMFC) was chosen as a suitable alternative
as the refuelling can be performed in a simple and fast manner, where the liquid
fuel is replaced using a docking station that contains a pump and fuel reservoir.
This makes for a more simple recharging process where the actual hearing aid is
placed in a docking station as opposed to separating the battery from the device for
recharging. In addition the recharging can be performed as fast as the liquid can
be replaced. The concept is shown in Figure 1.1. Since the start of its development
in 2010 the size of the DMFC plus fuel tank has been miniaturised to the point
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CHAPTER 1. INTRODUCTION

where it now can fit inside the hearing aid and provide enough power for about
24 hours of operation for a medium sized hearing aid. However, to power larger
and more powerful hearing instruments and the new smarter hearing instruments
with wireless communication, DMFCs with a higher power density are required.

Figure 1.1: Hearing aid with build-in DMFC placed on a docking station that is replacing the
fuel. Image courtesy of DTI.

This thesis aims at improving the miniaturised DMFC by DTI, which for the
rest of the thesis will be referred to as µ-DMFC, by furthering the understanding
of how they function and which losses are limiting the performance. Then this
knowledge will be used to test new catalyst and finally synthesise new catalyst for
the DMFC. Before analysing the µ-DMFC performance it is necessary to introduce
some concepts. In the remaining part of this chapter a literature study is performed
for fuel cells, catalysts and synthesis of catalysts, which is relevant for the other
chapters of the thesis. First the general concepts of fuel cells and specifically
proton exchange membrane fuel cells will be introduced followed by the specifics
for the DMFC.

1.1 Fuel Cells
A fuel cell is a device that converts chemical energy directly into electricity and
exhibits many similarities to batteries; both are comprised of an anode and cathode
where oxidation and reduction takes place respectively, separated by a membrane
or electrolyte. The fuel cell works by oxidising a fuel on the anode side of the device
into ions and electrons, which are then passed to the cathode side of the device
through a membrane and external circuit respectively. At the cathode a reduction
takes place to balance the overall reaction. The main difference between batteries
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1.1. FUEL CELLS

and fuel cells is that in the case of batteries, the anode and cathode participate
in the reaction and is also the fuel. In a fuel cell, the anode and cathode does
not react but only facilitates the reaction with the fuel. This is an important
distinction; since increasing the capacity of a battery requires more cells or larger
cells containing more anode/cathode material is needed. In comparison the size
of the of the fuel cell depends on the maximum power required while increasing
capacity can be accomplished by scaling the size of the fuel tank rather than the
fuel cell itself [2, 3].

1.1.1 Proton Exchange Membrane Fuel Cells

Several types of fuel cell exist e.g.: Proton Exchange Membrane Fuel Cell (PEMFC),
Direct Methanol Fuel Cell (DMFC), Phosphoric Acid Fuel Cell (PAFC), Alkaline
Fuel Cell (AFC), Molten Carbonate Fuel Cell (MCFC), Solid Oxide Fuel Cell
(SOFC) etc. [2]. The different fuel cell types have different advantages/disadvan-
tages, but the only one of them that operates around room temperature is the
DMFC [2], which is important as it is not possible to have the fuel cell running
at elevated temperatures (>80°C) inside the hearing aid. Besides most of the
alternative fuel cell technologies uses gases as fuel and it is not practical for a
miniaturised fuel cell to have a pressure tank inside a hearing aid. The DMFC is
a variant of the PEMFC since it uses the same membrane, but a different fuel i.e.
methanol instead of H2. Therefore the PEMFC will be explained first in general
terms and the specifics of the DMFC will follow. The Proton Exchange Membrane
Fuel Cell (PEMFC) is named after the type of membrane that is used in the fuel
cell. The membranes are based on perfluorosulfonic acid ionomers, which is proton
conducting if humidified. The conductivity increases with relative humidity and
temperature. The relative humidity is most important for the conductivity and
therefore normally only fully humidified gasses are used. The PEMFC run on H2
and O2 gasses, which are fed to the anode and cathode respectively. The PEMFC
function by oxidising H2 on the anode side into protons and electrons, which is
also known as the hydrogen oxidation reaction (HOR):

H2(g) −−→ 2 H+ + 2 e− (1.1)

The protons travels through the proton exchange membrane whereas the elec-
trons go through an external circuit to the cathode where oxygen is reduced into
water, which is also known as the oxygen reduction reaction (ORR):

1
2O2(g) + 2 H+ + 2 e− −−→ H2O (1.2)
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CHAPTER 1. INTRODUCTION

Figure 1.2: Illustration of how a PEMFC works. H2 enter from the left and is oxidized to
protons and electrons. The electron passes through an external circuit to the cathode and the
protons go through the membrane. On the cathode O2 is reduced to water.

The generated water then evaporates and is carried away in the O2 gas stream.
The reaction is also shown in Figure 1.2. The thermodynamic open circuit voltage
(OCV) for galvanic cell, which is when no external current is running, is given
as [4]:

U◦ = −∆G(T )
zF

(1.3)

Where U° is the standard cell potential, ∆G(T ) is the temperature dependant
change in Gibbs free energy for the reaction, z is the number of electrons trans-
ferred in the reaction and F is Faradays constant. In case of the hydrogen fuel
cell with the half-cell reactions (1) and (2), the standard cell potential at 25 ℃
is 1.23V. Drawing a current from the cell will decrease the cell voltage due to
different losses. The cell voltage under operating conditions is [2]:

U(I) = U◦(T )− Jρd− ηanode(J, T )− |ηcathode(J, T )| − ηtransport(J, T )

Where U(J) is the cell voltage for a given current density, U°(T ) is the ther-
modynamic OCV cell potential for a given temperature, ρ is the resistivity of the
membrane, d is the thickness of the membrane, ηanode and ηcathode is the overpo-
tential for the anode and cathode reaction respectively for a given temperature
and current, and ηtransport is the overpotential from transport losses. The over-
potential for the cathode is due to slow kinetics of the oxygen reduction reaction.
The overpotential depends on the catalyst used, loading of the catalyst, temper-
ature and pressure, which makes it difficult to talk about a general overpotential
for ORR. Neyerlin, Gasteiger et al found that the overpotential could be described
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under different experimental condition using the same equation and some fitted
kinetic parameters [2, 5]:

|ηORR| =
2.303RT
αcF

log
(

J

rfJ∗0

(
PO2

P ∗O2

)γ
exp

[
−Ereva

RT

(
1− T

T ∗

)])
(1.4)

Where R is the gas constant, T is the temperature, αc is the cathodic transfer
coefficient, J is the current density, rf is the roughness factor i.e. the ratio between
catalyst surface area and electrode surface area, J∗0 is the catalyst exchange current
density measured under reference conditions, PO2 is the partial pressure of oxygen,
P ∗O2

is the partial pressure of oxygen under reference conditions, γ is the reaction
order, Erev

a is the activation energy at zero overpotential, T ∗ is temperature for
reference conditions. The different losses in eq. 1.1.1 are plotted in Figure 1.3. The
ORR overpotential was calculated using eq. 1.4 and assuming ambient conditions
at 25 °C, a roughness factor of 400 (corresponding to 0.5 mg/cm2 and 80 m2/g)
and using the kinetic data for Pt/C reported in [2, 5]. The potential losses from
ohmic drop and transport resistance was adjusted to show similar overpotential
as in [2]. The overpotential from anode kinetics was neglected since it was lower
than 3 mV, even with very low Pt loadings of 0.05 mg/cm2 [6], which is an order of
magnitude lower than for the cathode. Figure 1.3 shows that the most significant
loss in a H2-PEMFC is the ORR kinetics. The ORR kinetics and catalyst will be
discussed further in Section 1.3.3.

Figure 1.3: Losses in a H2 -PEMFC. The figure was adapted from fig 19 in [2], to show the losses
at 25 ℃ and ambient pressure. The ηORR was calculated using equation 1.4 applying the kinetic
parameters from [2, 5] calculated for ambient pressure and temperature assuming a roughness
factor of 400. Ohmic and transport resistances were selected to achieve similar potential losses
as in [2].
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1.1.2 Direct Methanol Fuel Cells
The Direct Methanol Fuel Cell (DMFC) is a variant of the PEMFC where the
DMFC instead of H2 runs on a mixture of methanol and H2O. The DMFC works
by oxidizing the methanol into CO2 on the anode side:

CH3OH + H2O −−→ CO2(g) + 6 H+ + 6 e− (1.5)
Then, similarly to the PEMFC, the protons pass through the membrane and the
electron through an external circuit to the cathode side. On the cathode side O2
is reduced to water, the exact reaction as for PEMFC seen in eq. 1.2.

Figure 1.4: Illustration of how a DMFC functions. A methanol/water mixture is fed to the
anode side, where the methanol and water reacts to form CO2, protons and electrons. The CO2
leaves through the exit stream. The protons go through the membrane and the electrons are
collected in an external circuit. On the cathode side O2 is reduced to H2O.

The thermodynamic standard potential of the cell can also be calculated for
a DMFC using equation 1.3 which is 1.21 V at 25 °C [7]. The performance of
a DMFC can be calculated similar as for the PEMFC in Figure 1.3. The ORR
kinetic losses are the same as in a PEMFC and can be calculated from equation 1.4
applying the kinetic data from [2,5], and assuming that the DMFC is running at 80
°C, with ambient air and 0.5 mg/cm2 Pt catalyst loading, with an electrochemical
surface area (ECSA) of 80 m2/g Pt. The anode kinetic losses from the methanol
oxidation reaction (MOR) is approximated from the average Tafel curve from
Figure 27 in [2] assuming 1 M methanol and a catalyst loading of 1 mg/cm2 with
an ECSA of 80 m2/g PtRu. The ohmic drop and methanol crossover is calculated
assuming a Nafion 117 membrane that is 183 µm thick. The overpotential from
methanol crossover was approximated using the work of Thomas et al. [8] and
their equation:

|ηcrossover| =
2.303RT
αcF

log
[

1 + J

Jcrossover

]
(1.6)
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Where ηMethanol is the potential shift due to methanol crossover and 2.303RT/(αcF )
is the Tafel slope, J is the cell current density and JCrossover is the methanol
crossover current density which for Nafion 117 at 80 °C is about 0.12 A/cm2 [8].
The ideal DMFC performance is plotted on Figure 1.5. Contrary to the H2
PEMFC the anode kinetic loss is quite significant for the DMFC and larger than
the kinetic loss on the cathode. The methanol crossover is mainly causing losses at
low current densities (<0.05 A/cm2) and then becomes negligible at high current
densities (0.5 A/cm2). The ohmic losses are much higher than for the PEMFC in
Figure 1.3 which is due the thicker membranes (183 µm) used in DMFCs compared
to the H2-PEMFC (25 µm). Thicker membranes are used to reduce the methanol
crossover, but increase the ohmic losses. The ohmic losses are mainly a problem
at high current densities, where in this case the ohmic loss is 8% at 0.5 A/cm2.
However at low current densities (0.05 A/cm2) the ohmic loss is (<1%), which
is less than the loss from methanol crossover (3%). Since the µ-DMFC for hear-
ing instruments is designed to operate at the low current densities, the methanol
crossover is a greater problem than the ohmic resistance.

Figure 1.5: Shows the ideal DMFC performance adapted from Figure 28 in [2]. ORR kinetics
(red) are based on kinetic data from [2,5] and calculated for 80 °C, ambient air and 0.5 mg/cm2

catalyst loading with ECSA of 80 g/cm2. MOR kinetics (red) are calculated using the average
Tafel curve in Figure 27 from [2] assuming 1 M methanol and 1 mg/cm2 catalyst loading with
ECSA of 80 g/cm2. The ohmic loss (dark cyan) is based on a Nafion 117 (183 µm thick)
membrane. The methanol crossover (purple) is based on data [8] for the Nafion 117 membrane
at 80 °C and 1 M methanol. The values are taken at 0.05 and 0.5 mA/cm2 respectively.

The data used to calculate the losses shown in Figure 1.5 stems from an active
DMFC, whereas the µ-DMFC is a passive DMFC. The difference between an active
and passive DMFC is whether the fuel is supplied actively with pumps and where
the DMFC is possibly heated and pressurised, or the fuel is supplied by diffusion.
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The active DMFC is more efficient, but requires external components to function,
whereas the passive DMFC only need the fuel cell and fuel tank. Because of the
strict space limitations in a hearing aid it is only possible to use passive DMFC
inside it. The passive DMFC have more losses due to mass transport limitations,
which can be caused by limited diffusion of fuel, too much or too little water at
the anode and cathode [9]. Therefore controlling the generation, diffusion and
evaporating is quite impotent and is also referred to as water management.

1.2 µ-DMFC for hearing instruments
In the last section it was established how the PEMFC and DMFC work and their
main potential losses in an ideal fuel cell. Having introduced the general concepts
of the fuel cell, the current design of the µ-DMFC developed by DTI, can be
presented.

(a) µ-DMFC (b) MEA

Figure 1.6: design of the µ-DMFC a) and the MEA inside the µ-DMFC b).

The different parts of the µ-DMFC are seen on Figure 1.6a, which main com-
ponents are a fuel tank and a DMFC power pack. The main layers in the DMFC
power pack are part of the membrane electrode assembly (MEA) shown in Figure
1.6b. The MEA consist of a membrane separating two catalyst layer. The cat-
alyst on the anode is carbon supported PtRu nanoparticles and on the catalyst
on the cathode is carbon supported Pt nanoparticles. The size of the anode and
cathode is 6.3x6.3 mm and 6.0x6.0 mm respectively. To achieve good electrical
conductivity and reactant/product transport the catalyst layers are fabricated on
a substrate consisting of a micro porous layer (MPL) which is on top of a gas dif-
fusion layer (GDL). The GDL have larger pores than the MPL and the function of
these layers are mainly to control the water management. Water is needed to keep
the membrane fully humidified, which is required to sustain the high conductivity.
Water is also part of the anode reaction and is required to completely oxidize the
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methanol and at the same time water is generated from the ORR on the cathode.
Ideally water would be created on the cathode, pass through the membrane and
used on the anode side. Unfortunately some of the water will also leave through
the MPL and GDL in which case it must evaporate, otherwise droplets will form
in the GDL blocking the gas transport of oxygen to the cathode. Another problem
is methanol crossover, as stated in Section 1.1.2, which reduces the performance
of the cathode and wastes fuel. The most effective way of reducing methanol
crossover is by using lower concentrations on the anode side [2, 8]. However, this
is not a possibility with the µ-DMFC, because of the small volume, which in turn
requires concentrated methanol in the fuel tank to operate for 24h per charge.
To reduce the problem of methanol crossover, methanol vapour feed [10] is used
instead of a liquid feed to the anode. The vapour feed works by having a perfo-
rated film together with a membrane to separate the anode from the concentrated
fuel, in this case by a Nafion 117 membrane. Only a tiny amount of methanol
will permeate the membrane and will continue in vapour form to the anode. A
cathode plate is placed on top of the MEA to act both as a current collector and
to control the air flow to the cathode. The assembly is closed with a gasket and
a lid. In addition there is a valve for refuelling and ventilation holes for the CO2
exhaust, though neither is shown in the figure. The fuel cell is connected to the
hearing aid via a DC-DC converter in order to supply a voltage of at least 1V for
the hearing aid. The DC-DC converter requires at least 350 mV to function and
the hearing aid requires between 1.5-8 mW power during operation.

1.3 Catalysts
As stated in the previous section the DMFC uses PtRu/C and Pt/C catalysts
for the anode and cathode respectively. In this section it will be defined what a
catalyst is and how catalyst catalyses the different fuel cell reactions. A catalyst
is a material that increases the reaction rate of an otherwise favourable but slow
reaction by providing an alternative reaction path with a lower energy barrier. A
great example, but unrelated to fuel cells, is the ammonia synthesis where nitrogen
and hydrogen reacts to form ammonia. The overall reaction is:

N2(g) + 3 H2(g) −−→ 2 NH3(g)

The overall reaction is favourable and the change in Gibbs free energy for the
reaction is negative, meaning that the reaction could happen spontaneously. How-
ever, this is not the case because that there are several steps in the reaction and
the first step that occur, is the splitting the molecular nitrogen into atomic ni-
trogen, which is very unfavourable. The dissociation of nitrogen only happens at
very high temperatures and at these temperatures, it is practically impossible for
nitrogen and hydrogen to form ammonia [11]. Alternatively, the reaction can be
catalysed on iron in what is known as the Haber-Bosch process [11]. Instead of
having atomic nitrogen, the nitrogen and hydrogen gases are dissociated on the
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iron surface, forming bonds with iron instead. Then on the iron surface, the ni-
trogen and hydrogen reacts to form ammonia that subsequently desorbs from the
surface making space for more nitrogen and hydrogen to react. In this case the
iron facilitates the reaction thus making iron a catalyst for this reaction.

1.3.1 Hydrogen oxidation reaction and CO poisoning
PEMFC have an energy barrier associated with the electrochemical reactions, sim-
ilar to that of the ammonia example. In order to overcome this, an overpotential
is needed for the reaction to proceed. The higher the overpotential, the lower the
cell voltage is. To put it simply in order to achieve high electrical efficiency, good
catalysts must be used. The hydrogen oxidation reaction (HOR), is the reaction
taking place on the anode side of a fuel cell and is shown in equation 1.1. This
reaction can be catalysed almost perfectly by Pt; the overpotential for the reaction
is so low that it is difficult to measure [6]. Only about 0.05 mg/cm2 Pt is needed
for the anode in a H2-PEMFC to achieve an anode overpotential of less than 3
mV [6], which is about an order of magnitude lower Pt loading than used on the
H2-PEMFC cathode. Therefore there is little focus on the HOR reaction and cat-
alyst in the case where pure H2 is used. However, since most H2 is produced from
reforming hydrocarbons the H2 contains trace amounts of CO. CO is poisonous
for the HOR and trace amounts of CO as little as 10 ppm can significantly de-
grade the performance of the fuel cell [2,12,13]. A selective CO oxidation catalyst
can be placed in the gas feed to reduce the CO concentration, but for application
with a varying power demand the gas flow will fluctuate making it difficult to
get below 10 ppm CO [2]. It is possible to mitigate the CO poisoning by adding
about 2% O2 to the H2 feed, which is known as air bleed [14]. The membrane
however, tend to degrade due to increased H2O2 formation [15]. Alternatively, a
CO tolerant catalyst could be developed and it has also been reported that alloy-
ing Pt with Ru [16–18], Sn [19], Mo [20, 21], Ni, Fe and Co [22, 23] improves the
CO tolerance. The CO poisoning is due the strong adsorption of CO on the Pt
surface which blocks the surface and lowers the catalytic activity by reducing the
number of available sites. The HOR only has a little overpotential, less than 3 mV
in an optimized fuel cell [6], which mean the anode potential should be close to
the equilibrium potential for HOR. The equilibrium potential between hydrogen
evolution reaction (HER) and HOR is also called the reversible hydrogen electrode
(RHE) and this electrode is commonly used as a reference electrode when work-
ing with fuel cell catalysts. The electro oxidation of CO (CO oxidation reaction,
COR) requires a much higher overpotential than for HOR since OH is required in
the reaction. The OH comes from water activation (10) and starts at potentials
around 0.4-0.45 V vs RHE [7,24]. The OH is used to oxidise the CO (11).

H2O + ∗ −−→ H+ + e− + ∗OH (1.7)
∗CO + ∗OH −−→ CO2(g) + H+ + e− + 2 ∗ (1.8)
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Bifunctional alloy such as PtRu can perform reaction 1.7 and 1.8 at lower potentials
since Ru can activate water at lower potentials than Pt [25, 26]. However the CO
oxidation still takes place at potentials above 0.3-0.4V which is much higher than
the HOR operating potentials at 0-20 mV vs RHE [2]. CO tolerant catalyst work
by lowering the CO bond strength and thereby lowering the CO coverage, the same
mechanism driving non-bifunctional alloys such as Pt-Fe, Pt-Ni, Pt-Co works. The
Pt-Ru is the best CO tolerant alloy since it has the highest residual activity in the
low potential range 0-0.2V vs RHE [27]. The CO overpotential is marginal when
using 0.2 mg/cm2 PtRu on the anode [2]. However, due to instability of the PtRu
alloy, Ru tend to leach out, crossover and degrade the cathode [28–30]. Therefore
a better CO tolerant catalyst is needed.

1.3.2 Methanol oxidation reaction
The methanol oxidation reaction (MOR) is the electro oxidation of methanol and
water into CO2, protons and electrons which occur on the anode in a DMFC. The
overall reaction is shown in equation 1.5. There are several reaction routes with
different intermediates that form the overall reaction in eq. 1.5 which is shown in
Figure 1.7. The intermediates, reaction route and limiting steps, depend on which
metal surface the reaction is taking place on [31]. The reaction path on Pt, shown
with green, red and blue arrows, consists of seven steps. The first steps are the
dehydrogenation of methanol [7]:

CH3OH + ∗ −−→ ∗CH2OH + H+ + e− (1.9)
∗CH2OH −−→ ∗CHOH + H+ + e− (1.10)
∗CHOH −−→ ∗COH + H+ + e− (1.11)
∗COH −−→ ∗CO + H+ + e− (1.12)

The stars denote sites on the Pt surface. The adsorption of methanol can be
observed at low potential 0.05 V vs RHE, which is close to the open circuit poten-
tial for methanol oxidation 0.02 V vs RHE [7]. The dehydrogenation of methanol
starts at 0.1-0.2 V vs RHE seen by adsorbed CO on the surface and the onset po-
tential is structure dependent [7]. The next steps in the reaction are the oxidation
of the adsorbed CO molecules, which is the same reaction shown in equation 1.7
and 1.8 in the previous section. At about 0.4 V vs RHE, CO2 can be observed,
which suggest that reaction 1.7 and 1.8 takes place. The intensity of CO2 increases
with overpotential until around 0.7 V vs RHE where water start competing with
methanol for surface sites [7]. However, since anode potentials above 0.5 V have
no practical use in real DMFC applications, the mechanism at higher potentials
is not important for this thesis. The limiting steps can be summarised as fol-
lows: At lower potentials, 0.02-0.3 V vs RHE, the limiting step is the adsorption
and dehydrogenation of methanol, reaction 1.9-1.12. Between 0.3-0.7 V vs RHE
the reaction is limited by the activation of water eq. 1.7 and the oxidation of
CO equation 1.8. At potentials above 0.7-0.75 the adsorption of methanol is the
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limiting step. The reaction is not exclusively going through the CO intermedi-
ate as a parallel pathway through HCOOH and HCHO intermediates have been
reported [7].

Figure 1.7: Possible reaction intermediates and reaction routes for the electro oxidation of
methanol. The green arrows shows the reaction path on Pt, which is not rate limiting. The red
arrow shows the rate limiting step on Pt. The figures was adapted from [31].

The high overpotential for MOR on Pt is mainly due to the high potential
needed to activate water and the strong adsorption of CO. Ru, on the other hand,
activates water easily but methanol does not adsorb on Ru below 60 °C [7, 32].
When combining the two elements in an alloy, the methanol can be dehydrogenated
on Pt sites and water activated on Ru sites and then CO and OH can react at lower
potentials than for Pt, which is also known as the bifunctional mechanism [7,33].
The reaction in equation 1.7 and 1.8 then becomes:

H2O + ∗Ru −−→ H+ + e− + ∗RuOH (1.13)
∗
PtCO + ∗RuOH −−→ CO2(g) + H+ + e− + ∗Pt + ∗Ru (1.14)

Where * denotes a free site on the metal and the subscript denotes which metal
the species is adsorbed on. The specific activity, measured at constant potential
of either 0.4 or 0.5 V vs RHE, increases by several orders of magnitude for PtxRu
alloys compared to Pt [7,32,34]. Bulk alloys of PtxRu shows an order of magnitude
higher activity compared to Pt(111)/Ru surface alloys [7, 34], meaning that Ru
surface atoms are not sufficient and that the bulk alloy is required for achieving
the highest activity. The MOR is highly temperature dependent, and raising the
temperature from 25 °C to 60 °C can increase the specific activity with an order of
magnitude [32]. In addition, MOR activity also depends on whether the electrolyte
is acidic or alkaline as MOR shows higher activity in alkaline electrolytes than in
acidic [2, 35].

1.3.2.1 Measuring the activity of MOR catalysts

The Pt-Ru bifunctional catalyst for MOR was discovered in 1975 [33] and since
then the Pt-Ru system have been optimised, alternative catalysts have been re-
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ported and new or improved catalysts are reported every year. However the
method for measuring the MOR activity can vary notably from paper to pa-
per, making comparison difficult. The methods vary between cyclic voltamme-
try [36, 37], potentiostatic at various potentials [36, 38, 39], the ratio between the
MOR peak current in the anodic and cathode sweep [36] and DMFC measure-
ments [40]. Although the various methods might provide different insights into
the reaction mechanism, the relevant parameter when comparing catalysts for
MOR in a DMFC, is the steady-state activity. The cyclic voltammetry and poten-
tiostatic techniques can show very different results for MOR activity. Gasteiger et
al [32,41] showed that the relative MOR activity between sputter cleaned Pt and
PtRu was very different depending on whether the cyclic voltammetry or poten-
tiostatic technique were used. At lower concentrations (5 mM) Pt was more active
compared to PtRu on the short timescale (<2 min) whereas on the long timescale
(>5 min) PtRu is more active than Pt [41]. Similar behaviour was observed for
higher concentrations (0.5 M) but in this case the performance degradation was
much faster (<10 s) [41]. For a clean surface the limiting step is the dehydro-
genation of methanol on the short timescale, and the CO oxidation on the long
timescale [7, 32, 41, 42]. Therefore, is potentiostatic measurements better for de-
termining the long term activity, which is relevant for the DMFC [32, 41, 43–45].
In this thesis the focus will be on relating the DMFC performance with MOR
catalyst activity.

1.3.3 Oxygen reduction reaction
The oxygen reduction reaction (ORR) takes place on the cathode of both the H2-
PEMFCs as well as on DMFCs. The overall reaction is the reduction of oxygen to
water:

O2(g) + 4 H+ + e− −−→ 2 H2O (1.15)

Pt is the best pure element catalyst for this reaction, but still has an overpotential
of 300 mV for high current densities (>0.2 A/cm2) as also seen on Figure 1.3 for
a typical H2-PEMFC. According to the theoretical model developed by Rossmeisl,
Nørskov and co-workers, the reaction steps on Pt are [46,47]:

O2 + H+ + e− + ∗ −−→ ∗OOH (1.16)
∗OOH + H+ + e− −−→ ∗O + H2O (1.17)
∗O + H+ + e− −−→ ∗OH (1.18)
∗OH + H+ + e− −−→ H2O + ∗ (1.19)

The changes in free energy compared to the final state for the different reaction
steps are plotted in Figure 1.8a, based on density functional theory (DFT) calcula-
tions. The figure was adapted from [48] where the calculation was made at 0.9 V vs
RHE on a Pt(111) surface. The overall reaction 1.15 is down in energy, but there
are two of the reaction steps eq. 1.16 and 1.19 where the change in free energy
∆G1 and ∆G4 respectively is positive as seen in Figure 1.8a. Positive changes in
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free energy limit the reaction, and the step with the most positive change in free
energy is the overpotential determining step. The change in free energy for the
three intermediates in the ORR reaction is plotted in Figure 1.8b as a function
of the change in free energy for the OH intermediate. The lines are regression
lines based on calculated binding energies for different surfaces from [49–51]. It
turns out that the change in free energy of the different intermediates scales with
each other. This is known as scaling relations and the consequence is that it is
impossible to change ∆G1 and ∆G4 individually since the OOH*, O* and OH*
intermediates bind through the oxygen atom and thus changing the O binding
energy affects all of the intermediates. If a catalyst was optimised to reduce the
binding towards the OH* intermediate, thus having ∆G4 be equal to or lower than
zero, then the OOH* binding energy would be lowered as well, increasing the ∆G1
and making the reaction in eq. 1.16 the limiting step instead of eq. 1.19. Because
of the scaling relations, the optimal binding energy to the intermediates is when
∆G1 is equal to ∆G4, also shown in Figure 1.8b with a dashed line. The catalysts
for ORR can be divided into two categories; the ones that bind to weakly too O2,
meaning ∆G1 is potential determining, and the ones that binds OH too strongly,
in which case ∆G4 determines the overpotential. This is contrary to bifunctional
catalyst like PtRu for the MOR, where the binding energy can be optimized for
the two intermediates CO and OH individually since they bind to different atoms
on the surface.

Figure 1.8: a) Change in Gibbs free energy from the final state for different reaction interme-
diates in the ORR. The overall reaction goes down in free energy, but for to intermediates the
free energy change is positive namely for ∆G1 and ∆G4. The energy changes was calculated at
0.9V vs RHE for Pt(111) and the figure is adapted from [48]. b) Shows how the change in free
energy for the different intermediates scales with each other. The dashed lines shows the free
energy level of O2 and H2O, and the horizontal line shows the optimal free energy of the different
energies. The figure was adapted from [49] where the lines are regression lines calculated using
data from [50,51].

In Figure 1.9 the ORR activity enhancement over Pt versus the difference in
OH binding energy from a Pt surface is plotted for a number of very active ORR
catalysts. The data stems from [48, 49, 52–55]. It is seen that there is a trend
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in activity following the dashed lines. The dashed lines forms sort of a volcano
and therefore this type of plot is called volcano plot. The top of the volcano is
placed at the optimal binding energy towards OH i.e. when ∆G1 is equal to ∆G4.
The catalysts of the left side are limited by ∆G4, meaning that OH is binding
too strongly. The catalysts on the right side of the volcano are limited by ∆G1,
meaning that the binding towards OOH is too weak. The most active catalyst on
the plot is the Pt3Ni(111) which shows about an order of magnitude higher activity
than Pt. Pt is placed on the strong OH binding side and the ideal catalyst should
have a OH binding energy about 0.1 eV lower than for Pt.

Figure 1.9: hows a volcano plot for the ORR where the enhancement factor in activity over
Pt is plotted against the difference in OH binding energy compared to a Pt surface. Data
from: (red circles) sputter cleaned polycrystalline bulk alloys [48,49]; (purple hexagons) vacuum
annealed alloys [52]; (green diamonds) vacuum annealed single crystal alloy [53]; (blue triangle)
Pt monolayer on single crystals [54,55]. Figure adapted from [49].

1.3.3.1 Pt Alloys as improved ORR catalysts

The alternatives to Pt is rather limited since the environment inside a PEMFC is
very acidic (pH = 0) and only a few elements like Pt, Au and other noble metals are
stable under these conditions. The alternative is to alloy Pt with another metal
to slightly change the OH binding energy. The most active alloy surface is the
Pt3Ni(111) [53], but it is difficult to synthesise nanoparticles with the Pt3Ni(111)
facets. Most Pt3Ni nanoparticles are therefore only slightly more active than Pt
(about a factor two [56]). In cases where the morphology of the Pt3Ni nanoparticles
could be controlled and the (111) facets favoured, large increases in mass activity
was observed (up to 17x) [56–58]. Similar to Ni, other late transitions metals also
form Pt alloys that are very active towards ORR [59–63]. The disadvantage of Pt
and late transition metal alloys are that the less noble metal tend to leach out,
thus lowering the activity over time [3,64–66] and the leach out metal may in term
damage the membrane performance [67]. The instability of the second metal have
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also been used to form active catalytic structures by synthesising nanoparticles rich
on the second metal, which form a active/stable structure after acid treatment [68,
69]. Electrochemical treatment have also been used to form hollow nanoparticles
by utilizing the Kirkendall effect, and which resulted in more active nanostructures
[66, 70, 71]. Some groups also report that the Pt- late transition metal alloys can
be stabilised in certain structures such as the Pt-Ni nanoframe [72] or by doping
the octahedral structure with Mo [58].

1.3.3.2 PtxM alloys for the oxygen reduction reaction

At CINF/CAMD, DTU, computational screening was used to identify other promis-
ing bimetallic alloys for the ORR. The screening first identified Pt3Y and Pt3Sc
alloys as potential candidates [48]. In the screening, the main parameters were the
difference in O binding energy compared to Pt and the heat of formation of the al-
loy. The assumption was that the more negative the heat of formation, the higher
diffusion barrier, which lowers the leaching of the less noble metal. The connection
between heat of formation and diffusion barrier have recently been shown in cal-
culations by Vej-Hansen et al. [73], where the diffusion barrier was calculated for
different Pt3X, Pd3X and Al3X alloys. The screening by Greeley et al. [48] found
that Pt3Sc and Pt3Y has a heat of formation that is about 0.9-1 eV more negative
per atom than the late transition metals such as Pt3Ni, Pt3Co, Pt3Cu and Pt3Fe.
The Pt3Y alloy turned out to be very active when tested electrochemically and
was about 5 times more active than Pt measured at 0.9 V vs RHE. The activity
enhancement was predicted under the assumption that the surface consisted of a
single Pt monolayer on top of the alloy, which would lower the oxygen binding
energy due to a ligand effect. However angle resolved x-ray photoelectron spec-
troscopy (AR-XPS) later showed the overlayer to be around 1 nm thick [74], which
makes a ligand effect unlikely. It has therefore been proposed that the overlayer
is under a compressive strain, which would lower the OH binding energy and in-
crease the activity [49,74,75]. Several more PtxM catalysts have since been found:
Pt5Y [74], Pt5Gd [75], Pt5La and Pt5Ce [?,49], Pt5Ca and Pt5Sr [76], and Pt5Ln
where Ln is the lanthanide series [76]. The most active are the Pt5Tb, Pt5Gd and
Pt3Y, which shows a 5-6 time enhancement over Pt [48,75,76].

Most of the studies have been performed on sputter cleaned polycrystalline al-
loy disks, produced by standard melt techniques by Mateck (Germany), which are
useful for studying trends in activity. However, nanoparticles are technologically
more relevant for the fuel cells and it is thus necessary to make these very activity
surfaces on nanoparticles. At our laboratory, the PtxY and PtxGd alloys have also
been tested in nanoparticulate form. The nanoparticles were produced in a UHV
chamber by sputtering, then aggregated, size-selected and finally placed on a sub-
strate [77–79]. The specific activity and mass activity as a function of particle size
are shown in Figure 1.10. It is seen that the activity increases with size and that
the very active nanoparticles are 6 nm or larger. The smaller ones (2-4 nm) have
similar activity to the same sized Pt nanoparticles. The strain of the overlayer was
also measured using Extended X-ray Absorption Fine Structure technique and for
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the 9 nm PtxY and PtxGd, the average strain in the overlayer were -2.1% and
-2.2% respectively [78, 79], which shows that the activity enhancement is due to
a strain effect. The stability of the nanoparticles was also tested by accelerated
stress test where the electrode with catalyst was cycled 10000 times between 0.6
and 1.0 V vs RHE. The PtxGd nanoparticles retain about 30-50% of their original
activity and interestingly the decrease in activity was accompanied by a decrease
in compressive strain [79].

Figure 1.10: ORR specific activity a) and mass activity b) of mass selected Pt (black), PtxY
(red) and PtxGd (blue) nanoparticles measured at 0.9V vs RHE. The specific activity and mass
activity increases with size for the PtxY and PtxGd nanoparticles and the high activity are seen
for alloy nanoparticles larger than 6 nm. The figure was adapted from [79].

1.3.3.3 Benchmarking of ORR catalysts

Comparing the catalytic activities of different catalysts can be challenging since
different groups measures the activity in slightly different ways, which can have
a large impact on the result. Most new ORR catalyst are analysed using the
rotating disk electrode (RDE) [80, 81], which is a fast method compared to fuel
cell testing. Activities measured with RDE are not necessarily the same as if
measured in a fuel cell, but trends in activity seen from RDE measurements are
also seen in fuel cell testing [82] and RDE measurements are therefore good for
comparing catalysts. Several papers have been published that describes how to
perform the measurements correctly [82–87]. However, there is still a large variance
in the way activities are measured. Parameters such as temperature; scan rate;
correction for ohmic drop; and subtraction of capacitive currents change from
paper to paper. In Figure 1.11 a comparison between some of the most active
nanoparticles reported in literature [56–58, 60, 62, 68, 69, 71, 72, 78, 79, 88–93] is
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shown. The different catalysts have been measured with different scan rates, which
affect the activity and thus potentially could change the ranking of the catalysts. I
will come back to how the activity is affected in Section 4.2. The PtxY and PtxGd
nanoparticles performs well in comparison and ranks 3rd and 5th in mass activity
and 1st and 4th in specific activity. These materials are clearly interesting if they
can be produced on a large scale.

Figure 1.11: Mass activity a) and specific activity b) for a selection of the most active nanopar-
ticles for ORR. The figure was made with data from [56–58, 60, 62, 68, 69, 71, 72, 78, 79, 88–93].
In cases where either the mass activity or specific activity was not specified at 0.9 V vs RHE
it has either been found from digitised data in supporting information found in [92]; converting
between mass activity and specific activity using specified electrochemical surface area [56, 72];
or in the case of [71, 89] using extrapolated data by Baldizzone et al [93]. Note that the mass
activities of Pd5Au@PtML and Au@Pt3Fe/C have been normalised to Pt mass and not precious
metal (PM) like the rest. The figure is an updated version of Figure 1 in [94] which is included
in Appendix B

1.3.3.4 Methanol poisoning of the oxygen reduction reaction

In a DMFC it is practically impossible to avoid at least some methanol crossover.
Methanol poisons the ORR by a parasitic MOR current that reduces the effective
reduction current, since the total current is a sum of the ORR and MOR cur-
rents [95]. The methanol poisoning is different from other ORR poisons like halide
anions, cations and different sulphur compounds that poisons the ORR by blocking
sites on the Pt catalyst [95]. Methanol can also block sites on Pt by dehydrogena-
tion into CO, which then blocks the surface. CO can however also be oxidised on
a Pt surface in the potential range of the cathode [34]. To reduce the effect of
methanol poisoning it is necessary to reduce the MOR current without reducing
the ORR current. Catalyst such as Ru, RuxSey and RuxMoySeO4 are practically
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not poisoned by methanol since methanol does not adsorb [96–99]. However, none
of the catalysts can compete with Pt in methanol free conditions, where they re-
quire an additional overpotential of about 100 mV [96]. Measurements in active
DMFC have shown that for high current densities (>100 mA/cm2), the overpo-
tential induced from methanol poisoning is less than 20 mV, which is much smaller
than the overpotential from using the methanol tolerant catalyst with poorer ki-
netics. Pt is thus used as cathode catalyst despite of methanol poisoning. The
methanol tolerant catalyst could find use in special cases where the DMFC is
using more concentrated fuel and the methanol crossover is difficult to control,
but this is more of a DMFC design issue. Alternatively to completely methanol
tolerant catalyst, it has been reported that catalysts such as Pt-Ni [100, 101] and
Pt-Co [102], provides a higher ORR activity also in the presence of methanol. This
type of catalyst seem as a more promising replacement for Pt cathode catalyst in
the DMFC than Ru, RuxSey and RuxMoySeO4.

1.3.4 Catalyst performance in the DMFC

The most common way to test DMFC performance and fuel cells in general is
to measure the cell voltage while drawing a specific current with a load box.
The load box is basically an electronic controlled adjustable resistor that changes
value in order to draw the specified current. While this type of measurement
shows the performance at close to real application conditions it does not show
the performance of the individual components. Impedance spectroscopy is used to
identify the ohmic and polarisation resistances, which shows the different losses in
the fuel cell [103–105], but it can however be very difficult to interpret. Another
approach is to add a reference electrode, which makes it possible to measure the
absolute potential of the anode and cathode. The overpotential as a measure of
catalytic activity can be calculated from the absolute potential as well as other
contributions such as mass transport limitations, ohmic resistance etc. In any
case, electrode potentials reveal the real conditions in the fuel cell, which can
then be used to set up more realistic half-cell measurements of the catalyst. A
reference electrode can be made by simply extending the membrane out of the
MEA and connecting it to reference electrode in an electrolyte, but this reference
potential might be skewed by fringe effects at the edge of the MEA. Hinds et
al [106] showed an alternative design where the reference electrode is connected
via a Nafion tube, which is connected through one of the electrodes to avoid fringe
effects. Alternatively to a build-in reference electrode, the cathode can be used
as reference electrode by flushing it with hydrogen, which makes it possible to
measure the anode potential isolated and then by subtracting the anode from the
full cell potential, the cathode potential can be calculated [8, 103].

19



CHAPTER 1. INTRODUCTION

1.4 Prior work in the chemical synthesis of PtxM
alloy nanoparticles

In the previous section the importance of the catalyst and the possible gains when
using alloy catalyst were described. However, a requirement for using these alloy
catalyst in the DMFC is that they can be chemically synthesised as nanoparticles.
Possible synthesis routes are discussed later in the thesis. First a selection of
synthesis attempts by others will be presented. For future reference the PtxM
alloys are where M is defined as an early transition metal, lanthanide or alkali
earth. Ln refers to the lanthanides throughout the thesis.

The problem of forming the alloy nanoparticles lies mainly in reducing the
yttrium or lanthanide precursors. The most common precursors are found in
the 3 + oxidation state, which is difficult to reduce because of this very negative
standard reduction potential, and have a much different reduction potential than
that for Pt precursors. The standard reduction potential for Y +

3 is -2.38V whereas
Pt +

2 has a standard reduction potential of +1.18V, which is a larger difference than
for other ORR Pt alloys with Ni or Co that have a standard reduction potential
of -0.257 V and -0.28 V respectively [107]. The very different reduction potential
makes challenging to reduce both precursors at the same time. In addition, yttrium
and lanthanides forms very stable oxides making it difficult to synthesize alloys
with these elements if oxygen is present in any form.

A popular way of making nanoparticles is the water-in-oil micro emulsions tech-
nique [108, 109]. The idea is to have small droplets of water with water-soluble
precursors and reducing agents surrounded by oil. The particles size is then con-
trolled by size of the water droplets. This method has also been employed with
Pt, YCl3 and GdCl3 salts in the paper by Luo et al [110] who report the forma-
tion of Yttrium/Gadolinium oxide decorated Pt nanoparticles. They did report
improved ORR activity of up to 60% for the oxide decorated Pt particles over Pt
particles, although the alloy was not formed. The increased mass activity could
be explained by the particles very small size (2.3 nm) and by a slight compression
of the Pt lattice (0.19 – 0.27%). The method does not seem suitable to form the
PtxM alloy nanoparticles. It might be that oxide formation is too favourable in
the presence of water, but if the micro emulsions could be done without water, it
might be possible to form the metallic alloy.

Lux et al [111, 112] have demonstrated 25 nm Pt2Pr and Pt2Ce nanoparticles
by cyanide complexing. K2[Pt(CN)6] was complexed with Ln(NO3)3 (where Ln
is either Pr or Ce) to form a HLn[Pt(CN)6]2 complex, which then can be quickly
reduced in H2 at 800-1000 °C (shock reduction technique) to Pt2Ln. The measured
XRD structure was mainly an MgCu2 Laves phase that is well known for Pt2Ln
alloys. The synthesised catalyst was also tested for the ethanol oxidation reaction
but was not more active than PtRu, which might be related to the very large size
of the synthesised nanoparticles.

Yan et al [113] report the formation of stable Gd@Au core-shell nanoparticles
using alkalide reduction. In this technique crown-ether is complexing with NaK
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metallic alloy to form an alkalide where NaK metal is stabilized in a K+, Na-
state. The alkalide then have the reduction power corresponding to that of a free
electron (-3 V) which is enough to reduce the yttrium/lanthanide precursors. The
synthesis is a two-step synthesis where the metallic Gd particles are formed and
then subsequently gold is formed on top of them. There is no direct evidence of
metallic Gd in the paper, but they do display an TEM image showing a core-
shell structure and EDX of the particles, which show that they contain both Au
and Gd. XRD measurements shows two phases, one that is clearly an Au phase
and a HCP phase which is attributed to nano Gd. Although there is no direct
evidence of metallic Gd, this method would be interesting for forming Pt@Gd
core-shell nanoparticles that later can be annealed to create a Pt5Gd alloy. The
group have also reported formation of metallic Gd and Dy nanoparticles using this
method [114,115].

It has recently been reported that Pt3Gd could be formed under solvother-
mal conditions. Dipankar et al [116] reports the formation of Pt3Gd from an
in-situ experiment where 0.5M H2PtCl6 · 3H2O and GdCl3 · 6H2O was mixed in
a 1:1 molar ratio in ethanol. The solution was put in a sapphire reactor, which
was pressurised to 250 bar and heated to 250 °C while X-ray scattering measure-
ment was performed. From the scattering experiment an atomic pair distribution
function was calculated. Pair distribution function for different structures were
simulated and the best fit to the measured data was the Pt3Gd structure.

Finnally, a high temperature reduction method has been reported by Erdmann
et al [117,118] and Bronger [119] in which PtxM alloys can be formed by annealing
Pt powder with yttrium/lanthanide oxides or fluorides under a ultrapure H2 [117,
118] or NH3 [119] flow. The resulting product was in most cases a powder that
was characterised using x-ray diffraction techniques. The structures and lattice
constants are in agreement with the reported XRD measurements from arc-melted
alloys [120–122]. The structures for the Pt2Y and Pt3Y also match the reported
one for the active ORR catalyst by Stephens et al [74]. The Pt5M structures
however differs from reported active ORR catalyst Pt5Y [74] and Pt5Ln [75, 76].
Erdmann [117, 118], Bronger [119] and Krikorian [120] reports a orthorhombic
structure for both Pt5Y and Pt5Ln alloys whereas the ORR active Pt5Y was a
cubic structure [74] and the ORR active Pt5Ln structures are hexagonal structures
[75,76]. Interestingly the orthorhombic and hexagonal Pt5Ln structures have very
similar a lattice constants.

All of the mentioned methods have been conducted bottom up meaning that
the alloy particles have been formed by one atom at a time. Another approach is a
top down method where a bulk alloy is broken down into alloy nanoparticles. One
way of doing this is by using laser ablation where a pulsed laser break down a bulk
material into nanoparticles in a solution [123, 124]. This method is already being
offered commercially by companies like Strem and Nanograde although there have
been no reports of formation of PtxM nanoparticles from laser ablation. Another
top down method is cathodic corrosion where nanoparticles are formed in a alkaline
electrolyte by applying very cathodic (-10 V) pulses on a bulk wire. The method
has been demonstrated to make alloy nanoparticles, including Pt [125] and PtxRh
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alloy [126]. The idea would be to produce the PtxM alloy using standard melt
techniques as a wire and then use either laser ablation or cathodic corrosion to
make the alloy nanoparticles.

1.5 Thesis outline
The purpose of this chapter was to explain the motivation behind making µ-
DMFC a possible replacement for batteries in hearing instruments. Next the
different concepts used in the thesis was introduced, including fuel cells in general
and in particular the DMFC and the µ-DMFC. Then as this thesis is focused
on the catalyst side of the DMFC, the different catalytic reactions in a fuel cell
were presented. In addition a new class of catalysts, the PtxM alloys, were also
introduced including reported synthesis methods for forming the alloys.

The goal of the thesis is to find new active catalyst for the DMFC and methods
to produce them as nanoparticles. This is achieved in six chapters, starting with
Chapter 2 where the common experimental techniques for the other chapters are
presented. In Chapter 3 the performance of the µ-DMFC is measured and the main
performance losses are identified. Chapter 4 looks at the catalytic activity from
a different perspective than Chapter 3, namely by making RDE experiments ap-
proach the condition of the fuel cell, whereas in Chapter 3 the activity is extracted
from the fuel cell measurements. Pt5Gd is identified as a potential replacement for
the DMFC cathode catalyst in Chapter 4, but to use it in a DMFC the catalyst
must be made in a nanoparticulate form. This is attempted in Chapter 5 where
several synthesis routes are attempted, but only one that is the high temperature
reduction, is successful in forming a PtxM alloy. The synthesis method is studied
in details in Chapter 6 and the whole thesis is concluded in Chapter 7.
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2
Methods

This chapter explains the general techniques used in chapters 3-6. Specific tech-
niques for a chapter will be introduced in the beginning of their respective chapters.
The general electrochemistry and the rotating disk electrode method in particular
will be presented in this chapter. Powder x-ray diffraction, x-ray photoelectron
spectroscopy and electron microscopy will be introduced along with a description
of the data analysis performed in Chapters 3-6.

2.1 Electrochemical measurements
All of the electrochemical experiments were performed with a three-electrode
setup. A drawing of the setup is shown in Figure 2.1. The sample is placed
on the Working Electrode (WE) where the reaction happens. The Counter elec-
trode (CE) will perform some reaction to balance the charge transfer. It is not
necessarily of importance which reactions are taken place on the CE or which po-
tential the CE has. The important potential is the potential of the WE compared
to some known reference potential and thus a third electrode is required. The ref-
erence electrode (Ref) provides a well-known and stable reference potential, which
is then used to measure the absolute potential of the WE. The potential of the
Ref depends on the chemistry inside the reference electrode. The electrodes are
connected to a potentiostat, which is capable of performing numerous techniques,
but basically it either controls the potential between WE and REF or the current
between WE and CE while measuring both the potential and current.

2.1.1 The rotating disk electrode method
Electrochemical experiments involving gaseous reactants in a liquid electrolyte are
difficult to perform since the solubility of gasses is very low. The rotating disk
electrode (RDE) method enables control of the mass flow of reactants towards the
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Figure 2.1: Drawing of the three-electrode setup. The setup consists of three electrodes in
an electrolyte where WE is the working electrode, CE is the counter electrode and Ref is the
reference electrode. The electrodes are connected to a potentiostat which can either control the
potential difference between the WE and Ref or current between WE and CE and at the same
time record the current and potential.

electrode, which can be controlled by the rotation speed of the electrode. The
setup is shown in Figure 2.2a and consist of a rotator that rotates the sample in
the liquid half-cell. A Pt wire functions as counter electrode while a luggin capil-
lary with an Hg|Hg2SO4 reference electrode serve as reference. The temperature
is controlled by flowing heated or cooled water through the jacket of the cell. Dif-
ferent nanoparticles samples for the RDE setup are shown in Figure 2.2b. In order
to perform measurements on nanoparticles a thin film with nanoparticles must be
form on the glassy carbon in the RDE tip. The preparation of nanoparticles is
described in Section 2.1.1.3.

Prior to performing the experiments the glass cell was cleaned in piranha (98%
H2SO4 (Merck, Emsure) and 30% H2O2 (Merck, Emsure), 3:1 v/v) for 12-24 hours
and then the cell was cleaned five times in 18.2 MWcm Millipore water at 86 °C to
remove possible traces of piranha. The electrolyte, either 0.1 M HClO4 or 0.5 M
H2SO4, was prepared from 70% HClO4 Merck Suprapur and 96% H2SO4 Merck
Suprapur respectively.

2.1.1.1 Preparation of polycrystalline Pt disk electrodes

A polished polycrystalline 99.99% Pt disk from Pine Instruments with a diameter
and thickness of 5 mm was used for the polycrystalline Pt experiments. The disk
was prepared by annealing it with a butane torch for 5 min and immediately after
placed under a glass bell jar with an Ar atmosphere. The disk subsequently cooled

24



2.1. ELECTROCHEMICAL MEASUREMENTS

(a) RDE setup (b) Samples for RDE setup

Figure 2.2: The rotating disks setup a) which consist of a temperature controlled cell with
a bobble tube, luggin capillary with reference electrode, Pt wire as counter electrode, and a
working electrode mounted in a RDE tip that is connected to the rotator. b) Shows samples for
the RDE setup. The sample is placed in a RDE tip either by changing disk or by depositing on
the disk. Nanoparticles are deposited from a dispersion of nanoparticles in a solvent.

down for 3 minutes and then a droplet of Millipore (18.2 MWcm) saturated with
H2 was put on the surface. The disk was then put on a piece of pre cleaned
polypropylene film from Chemplex, placed face down. The disk was then mounted
in a changedisk rotating ring disk electrode (RRDE) tip from Pine instruments.
The electrode was inserted into the electrolyte under potential control at 0.05V
vs RHE and then cycled between 0.05 and 1V vs RHE at 50 mV/s until the CV
was stable.

2.1.1.2 Preparation of polycrystalline Pt alloy disk electrodes

The polycrystalline Pt5Gd disk cannot be flame annealed since the treatment
would likely destroy the alloy. Instead, the Pt alloy was sputter-cleaned in a UHV
chamber for 40 min at 0.5 keV. Immediately after removing the disk from the
UHV chamber a droplet of Millipore (18.2 MWcm) water saturated with H2 was
placed on the surface. The disk was then transferred to the electrochemistry lab
where it was placed face down on a pre-cleaned polypropylene film from Chemplex.
The disk was then mounted in a Changedisk RRDE tip from Pine Instruments.
The electrode was inserted into the electrolyte under potential control at 0.05V
vs RHE. The electrode was cleaned by cycling in N2 saturated 0.1 M HClO4 at
50 mV/s for several hundreds of cycles. Even though special care was taken in
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keeping the sample clean, it is extremely difficult to keep it clean, due to longer
duration between annealing and mounting compared to flame annealing, because
the sample had to be transferred from another lab.

2.1.1.3 Preparation of glassy carbon electrodes with nanoparticle

The glassy carbon electrodes with nanoparticles were prepared by drop casting
ink with nanoparticles onto the glassy carbon. The nanoparticle dispersion was
inspired by the recipe of Garsany et al [84] and consisted mainly of Millipore
water and absolute ethanol (99.8%, Fluka, puriss. p.ap, ACS Reagent). The ratio
between ethanol and water determines the success of the drop casting. The ratio
must be optimised for every catalyst, but in general 1.4 g of water was used with
4.8 g of absolute ethanol for the Pt/C catalyst and 0.7 g of water to 5.8 g of ethanol
for the PtRu/C catalyst. In addition, 7.5 mg of PVP (2% in ethanol) and 20 mg of
Nafion solution was added. The ink was sonicated in a sonic horn for 5 min when
prepared and for 1-2 min before deposition. The glassy carbon disks were polished
before deposition using Buehler MicroPolish™ 0.05 µm alumina particles on a
Buehler MicroCloth PSA and then sonicated in both isopropanol and water. The
ink was deposited while the glassy carbon electrode was placed on an analytical
balance to measure the mass of the ink droplet in order to calculate the Pt mass
on the electrode.

2.1.1.4 Determining the RHE potential

The potentials for the RHE scale was found by measuring a CV between -.02 to 0.3
V vs RHE at 20 mV/s and 1600 RPM in a H2 saturated electrolyte. The measured
potential was then corrected using this value and the following equation:

URHE = UHg|Hg2SO4 − UOCV,H2 (2.1)

Where URHE is the corrected potential, UHg|Hg2SO4 is the measured potential vs
Hg|Hg2SO4 and UOCV,H2 is the OCV value for Pt in H2. The measured potentials
ranged from-0.725 to -0.717 V at 23 °C and from -0.711 to -0.704 V at 60 °C, with
respect to the Hg/Hg2SO4 reference electrode.

2.1.1.5 Ohmic resistance

The ohmic resistance was measured by using potentiostatic impedance spectroscopy
from 100 kHz to 10 Hz with 10 mV pulse. The ohmic drop value was found from the
fitted high frequency intercept from the impedance measurement. The potentials
were compensated for ohmic drop using the following formula:

UCompensated = UMeasured − IROhmic (2.2)

Where UCompensated is ohmic drop compensated potential, UMeasured is the
measured potential, I is the measured current and ROhmic is the ohmic resistance.
The typical Ohmic resistance in 0.1 M HClO4 ranged from 24–33 W at 23 °C, and
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from 17 to 22 W at 60 °C. The typical Ohmic resistance in 0.5 M H2SO4 ranged
from 7 to 8 W at 23 °C and from 4 to 5 W at 60 °C.

2.1.1.6 Hydrogen oxidation reaction and CO poisoning

The measurements were performed at both 23 °C and 60 °C and in both 0.1 M
HClO4 and 0.5 M H2SO4. The RHE potential and Ohmic drop compensation was
determined in each case. CO poisoning experiments were performed by bobbling
a CO/H2 mixture (either 100 ppm CO in H2 or 2% CO in H2) at 2500 rpm. To
ensure reproducibility it was necessary to perform a number of cycles at 100 mV/s
between 0 and 0.8V vs RHE before each experiment. After the pre-treatment one
of two experiments were performed either a potentiostatic or a CV experiment. For
the potentiostatic experiments the potential was held at 0.1 V vs RHE until the
electrode was completely poisoned, then the potential was stepped by 0.05V every
5 minutes through the potential reached 0.8 V vs RHE. The CV experiments were
performed with the same pre-treatment as for the potentiostatic experiment, and
then the potential was held at 0.1 V until the electrode was completely poisoned
and subsequently the CV started at 1 mV/s up to 0.8 V vs RHE.

2.1.1.7 Oxygen reduction reaction and methanol poisoning

The ORR experiments were performed in O2 saturated 0.1 M HClO4 at 1600
rpm, 23 °C and 50 mV/s unless stated otherwise. The ORR measurements were
analysed in different ways depending on the sample, but in all cases the RHE
potential scale was used and mass transport correction applied, which was derived
from the relationship between measured current density J , kinetic current density
JKin and mass transport limited current density JLim [80]:

1
J

= 1
JKin

+ 1
JLim

The bulk polycrystalline samples were compensated for RHE potential, ohmic
drop and mass transport limitations. The nanoparticles were compensated for
RHE potential, ohmic drop, mass transport limitations and capacitive currents
unless stated otherwise. Activity values was measured at 0.9 V vs RHE and nor-
malised either to geometric area in case of the bulk disks; CO stripping determined
surface area in case of the nanoparticles; or Pt mass also in the case of nanopar-
ticles.

2.2 Powder x-ray diffraction
Powder x-ray diffraction (PXRD) was used to determine crystal structures and
crystallite/particle sizes of synthesised nanoparticles. In the following text I will
shortly explain the technique and then focus on the data treatment. The data
treatment was performed using the software HighScore Plus from PANalytical,
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which is the same company that manufactured the diffractometer used in the ex-
periments. In order to understand the data analysis, it is necessary to understand
how the software fits the measurements and how the software calculates the crys-
tallite size. The following description of the technique and data refinement is
based on material from the Microstructural Characterization of Materials book by
Brandon Kaplan [127] and the documentation included for the software [128].

PXRD is used to measure crystal structures and their properties such as lat-
tice parameters, crystallite size, strain etc. Generally, the technique is based on
inelastic scattering with the crystal lattice where a well-defined radiation wave
of sufficiently small wave lengths (x-rays, neutrons or electrons) is transmitted
towards a crystal lattice at an angle and the wave is the in elastically scattered
on the lattice and reflected in a direction. This is shown in Figure 2.3. When
the incoming wave is in phase with the scattered wave positive interference occurs
which amplifies the wave. The condition for this is given by Braggs equation [127]:

nλ = 2δ sin θ

Where n is an integer, λ is the wavelength of the radiation, δ is the distance
between the lattice planes and θ is the angle between the incoming wave and the
lattice plane. Whenever the Bragg condition is fulfilled the incoming wave is inter-
acting with a specific lattice plane in the crystals thus causing a given reflection.
However not all reflections, are allowed as some reflections causes destructive in-
terference that cancel out the scattered wave. Whether a reflection is allowed or
not depends on the crystal class and lattice type.

Figure 2.3: Drawing of a crystal lattice with lattice planes separated by a distance d. The
incoming x-ray with vector x is scattered when interacting with atoms in the lattice and that
scattered x-ray have a vector y. Drawing adapted from [127].

2.2.1 PXRD Setup and measurements
An Empyrean diffractometer from PANalytical with a spinner stage was used for
the experiments. The powder samples were placed on zero background plates and
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packed to achieve uniform height over the sample. The measurements were re-
peated twice for each sample to monitor time dependent changes in the sample
and increase measurement statistics. It was observed that powder samples contain-
ing dry chloride salts grew during the measurements due to hydration of the salt.
Prior to measuring samples, a LaB6 standard was measured using the same optics.
The standard measurement was used to determine instrumental broadening of the
diffraction peaks.

2.2.2 Size broadening and data analysis using HighScore
Plus

The data treatment was done using the program HighScore Plus from PANa-
lytical, which includes many different methods for analysing PXRD data. The
program was mainly used for identifying the different crystal phases in the sam-
ples and to perform structure fit to determine the composition and particle size of
the samples. The particle size was determined from the crystallite size, which for
nanoparticles usually is assumed to be the same. The crystallite size is related to
the peak broadening, however other effects contribute to the peak broadening too.
The different contributions to the peak broadening must therefore be identified in
order to determine the crystallite size. These include the instrumental and micro
strain broadening. The instrumental broadening, which comes from optics, sample
position, detector position and more, can usually be determined by measuring a
standard. For these measurements a LaB6 standard was measured in the setup
using the same optics and sample holder prior to the experiments. Micro strain
broadening is more difficult to determine since it is convoluted with the size broad-
ening. However, since the two broadenings have different dependencies on the θ
angle it is possible to separate the effects. The broadening from crystallite size
described by the Scherer equation [127] is:

βsize = Kλ

L cos θ (2.3)

And for microstrain (mean lattice distortion) [127] the broadening can be de-
scribed as:

βstrain = Cε tan θ (2.4)

Where K is the shape factor, λ is the x-ray wavelength, θ is the Bragg angle.
βsize is the full width at half maximum (FWHM) broadening from crystallite size
given by βsize = βobs − βstd where βobs is the observed broadening and βstd is the
instrumental broadening. βstrain is the broadening from strain where the instru-
mental broadening have been subtracted. ε is the micro strain and C is a constant
depending on the assumptions made on ε.

If the broadening, due to size effects and the microstrain, is known, then the
size and micro strain can be determined from 2.3 and 2.4 respectively. However,
this is seldom the case and further analysis has to be performed in order to deduce
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the different broadenings. One way to separate the size and microstrain dependent
broadening is to utilize their different dependencies on the Bragg angle, which is
also seen on equation 2.3 and 2.4. A simple way of achieving this is to construct a
so-called Williamson-Hall plot [129] where it is assumed that the total broadening
is a sum of the different contributions. By combining equation 2.3 and 2.4 the
following relation can be obtained:

βtot cos θ = Cε sin θKλ
L

(2.5)

By plotting βtot cos θ as a function of θ and performing a linear regression
on the points. The microstrain can be determined from the intersection Cε and
the crystallite size from the slope Kλ/L. The Williamson-Hall method is most
applicable when many reflections are present, in cases with only few reflections
e.g. for a FCC structure like Pt, which only have 5 reflections in the 15-90 ° 2θ
range, it is difficult to achieve a meaningful regression line.

Both the Williamson-Hall method and the Scherer equation depends on a pre-
cise description of the peaks or peak broadening, which in the ideal case is simple,
but when taking the instrumental factors into account becomes more difficult.
Diffraction peaks are, when using an x-ray source, shaped like a Voight function
which is a convolution of a Gaussian and Lorentzian function. Since calculating
the convolution of the Gaussian and Lorentzian part of the peak is computational
heavy an approximation is used instead which is called a Pseudo-Voight function:

Gjk = Γ C
1
2
0

Hkπ

[
1 + C0X

2
jk

]−1 + (1− Γ) C
1
2
1

Hkπ
1
2
e−C1X

2
jk (2.6)

Where C0 = 4, C1 = 4 ln 2, Hk is the full-width at half-maximum (FWHM) of
the kth bragg reflection, Xjk = (2θj − 2θk)/Hk and Γ determines the mix between
the Lorentzian and Gaussian component. The mixing can be 2θ dependent and is
described in terms of shape parameters (Γ1-Γ3):

Γ = Γ1 + Γ22θ + Γ3(2θ)2 (2.7)
The three shape parameters can be refined from the standard measurement.

In addition, the instrument can also cause asymmetry in the peaks, but this asym-
metry can be described as a asymmetry function convoluted with the peak func-
tion [128]. The Finger, Cox & Jephcoat asymmetry function [130] was used to
describe the asymmetry of the diffraction peaks for these measurements. The
asymmetry parameters can also be determined by fitting the profile to a standard
measurement. When the shape and asymmetry parameters are known the line
profile described by equation 2.6 can be fitted to the sample measurement and the
peak broadening extracted.

2.2.2.1 Rietveld refinement

Rietveld refinement is different from the other methods presented since Rietveld
refinement requires the crystal structure to be known, as the PXRD curve is
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simulated from the structure. Subsequently the fit is performed by changing the
structural parameters. The simulated spectrum is calculated from the following
equation [128]:

yiC = yiB +
∑
p

k2,p∑
k1,p

GpikIk

Where yiC is the net intensity of the pattern at point i, yiB is the background
at point i, p is the phase, k1,p to k2,p is the range of valid reflections of phase p
that contribute to the intensity of point i, Gpik is the normalized profile function
eq. 2.6 for a given reflection k in phase p at point i. Ik is the intensity of the peak
for reflection k in phase p. The intensity is given as [128]:

Ik = SMkLk|Fk|2PkAkEk
Where S is the scale factor, Mk is the multiplicity, Lk is the Lorentz po-

larisation factor, Pk is a factor from preferred orientation, Ak is the absorption
correction, Ek is the extinction correction, and Fk is the structure factor described
by [128]:

Fk =
n∑
j=1

fj exp
[
2πi(hT

k rj − hT
kBjhk)

]
Where fj is the scattering factor of atom j, hk, rj and Bk are matrices rep-

resenting the miller indices, atomic coordinates and anisotropic thermal vibration
parameters respectively. The matrices denoted by a T superscript are transposed.
The FWHM can also be described in terms of a Caglioti function [131], which is
the description used in the Rietveld refinement:

Hk =
√
U tan2 θ + V tan θ +W (2.8)

Where U , V andW are parameters, which all must be refined from the standard
and then depending on the type of analysis some of them are refined for the
samples. In case of a size analysis, U and W are refined with the constraint that
Uobs − Ustd = Wobs −Wstd. Inserting the constraints into 2.8 yields:

Hk =
√

(Wobs −Wstd) tan2 θ + (Vstd − Vstd) tan θ + (Wobs −Wstd)

Which can be reduced to:

hK =
√
Wobs −Wstd

√
tan2 θ + 1 =

√
Wobs −Wstd sec θ (2.9)

By inserting 2.9 into 2.3 the angle dependence cancel out and the expression
for crystallite size only depends on the fitted parameter W :

L = λ√
Wobs −Wstd

(2.10)
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2.2.2.2 Data treatment

The data was loaded into a file containing instrument calibration made from a
standard measurement with LaB6. The calibration contains the θ dependent in-
strumental broadening. The repeated measurements were summed and then a
constant background was determined for the summed signal. Peaks were in part
obtained by an algorithm in the program and by manually adding any additional
peaks. The peak form was fitted to equation 2.6 where Γ is known from the
calibration. Having fitted the profile function, it was possible to determine the
crystallite size, assuming that all the fitted peaks were from the same phase, using
the Williamson-Hall plot eq. 2.5. To determine the phases in the sample a search
program was executed, which found structures matching the fitted profile. The
relevant phases were added to the structure model and the program performed a
structure refinement.

The structure model was used in the structure/Rietveld refinement. The
Rietveld refinement simulated the spectrum from the structure model and the
changed parameters in the structure model to fit the simulated pattern to the
measured pattern. First the zero-shift, which was due to a slight sample displace-
ment, and lattice parameters were determined. It was easier to determine, if either
the zero shift or the lattice constant for at least one of the phases were known,
otherwise the fitting might not have found the right values. To fit the zero shift
and lattice parameters i.e. the peak positions, the program needed to describe the
peak shape and broadening reasonable well. This was achieved by entering the
shape and asymmetry parameters, determined in the standard measurement, and
a reasonable guess for peak broadening parameters eq. 2.8. Having determined
the zero shift and lattice parameters the crystallite size was determined by a "size-
only" fit, where the constraints that Uobs−Ustd = Wobs−Wstd and V = Vstd were
applied. The U and W parameters were fitted for each phase and then the size
was determined from equation 2.10.

An example of a Rietveld refinement is shown in Figure 2.4, where the same
PXRD measurement of Pt nanoparticles is refined in two different ways: In the
first case, seen in Figure 2.4c, the spectrum was refined for the crystallite size of
a single Pt phase. In the second cases, seen in 2.4d, two Pt phases were refined
and allowed to have different crystallite sizes. The refinement in 2.4d describes the
measurement much better than the refinement in 2.4c, which also can be seen in
Figure 2.4a and 2.4b. These figures display the difference between the measured
and simulated spectrum. The difference is an order of magnitude larger in 2.4a
than in 2.4b. While the measurement cannot be described by a single size, but
there is no guarantee that it makes physical sense to describe it with two; it is
always possible to add more phases to a model, and at some point it is possible
to make a perfect fit to the data, at least from a mathematically perspective. The
simple interpretation of the measurement is that the size distribution is so broad
that it does not make sense to talk about one size. The example showed that it
is not always possible to determine the size from the peak broadening. In cases
where PXRD cannot be used to determine the particle size, other techniques can
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be used instead. The Small Angle X-ray Scattering technique is presented in the
next section, which can be used to measure the size distribution of nanoparticles.

Figure 2.4: Shows two different Rietveld refinements of the same PXRD measurement of Pt
nanoparticles. The spectrum in c) was refined with a single phase whereas the spectrum in d) was
refined using two Pt phases. The difference between the simulated spectrum and the measured
spectrum is shown in a) and b). It is clear that the difference is much larger in a) than in b).

2.3 Small angle x-ray scattering
In addition to PXRD, Small Angle X-ray Scattering (SAXS) was used to measure
the size of nanoparticles. SAXS, as the name implies, measures the x-ray scattering
at small angles compared to PXRD where the scattering is measured at wider
angles. PXRD probes the electron density at length scales corresponding to the
lattice spacing whereas SAXS probes the electron density on a 1-100 nm length
scale [132,133]. This enables SAXS to measure particle and pore sizes in materials.
Monodisperse nanoparticles give rise to oscillations in the intensity, which is size
dependent and decays with the scattering vector. Simulated spectra for a 20 nm
particle with different Gaussian size distributions are shown in Figure 2.5, which
is adapted from [132]. In the monodisperse case (relative standard deviation =
0%), oscillations is found in the intensity, but as the relative standard deviation
increases the oscillations disappear, since the measured signal is a sum of different
oscillations depending on the particle size. A real measurement is shown in Figure
2.5b for Pt/C nanoparticles, which will be properly introduced in Chapter 6. No
oscillations are visible in the figure because the particles are polydisperse. The
size distribution can be found by performing a Fourier transform [132,133].

The SAXS measurements were performed on the same diffractometer as the
PXRD measurements, however using a special vacuum pumped stage. The Pt/C
samples were measured as well as the carbon support. The carbon support mea-
surement was subtracted from the Pt/C measurements. The analysis was per-
formed by Solveig Røgild Madsen, DTI, using the EasySAXS program from PAN-
alytical.
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(a) Simulated SAXS spectrum of 20 nm par-
ticles

(b) Measured SAXS spectrum of Pt/C

Figure 2.5: a) Simulated SAXS spectrum for 20 nm particles with different Gaussian dis-
tributions. The periodicity in the signal disappears as the standard deviation increases. The
figure was adapted from [132]. b) Shows a SAXS measurement of a Pt/C sample, which will be
presented in Chapter 6. The measurement was performed by Solveig Røgild Madsen, DTI.

2.4 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is used to measure the chemical compo-
sition and state of a conducting surface. The technique is based on the emission
of photoelectrons from the surface when eradiated with x-rays. The process takes
place when a monochromatic x-ray of energy hνX−ray hits an electron in a bound
state with energy Eb where after the electron is emitted with the kinetic energy:

Ekin = hνX−ray − (Ebφ)

Where h is Planck’s constant, νX−ray is the frequency of the x-ray and φ is
the work function, which is the energy required to transfer the electron from the
Fermi level EF to the vacuum level Evac. The process is also shown for Cu2p
in Figure 2.6a. The mean free path of an electron versus the electron energy is
plotted in Figure 2.6b. It is seen that there is a large range where the mean
free path is less than 20 Å, signifying that only electrons emitted from the initial
20 Å will reach the detector, which is why XPS is surface sensitive. The XPS
instrument measures the kinetic energy of the emitted electrons, but the software
is able to calculate the binding energy of the electrons from the measured kinetic
energy. The binding energy of orbitals changes from element to element and the
measured peak positions can thus be used to fingerprint the chemical composition
on the surface. The intensity of the peaks depends on the cross-section of the
electron, which changes for orbitals and elements. It is therefore necessary to
know sensitivity when quantifying the amounts of the different elements.
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(a) XPS Process (b) Mean free path of an electron

Figure 2.6: The excitation of a 2p photoelectron from Cu. A x-ray with energy hνX−ray is
exiting an electron with a binding energy Eb that then leaves with a kinetic energy Ekin. The
figure was adapted from [127]. b) The mean free path for an electron with certain energy. It is
seen that in the energy range 10-2000 the mean free path is less than 2 nm which is what makes
the XPS technique surface sensitive. The figure was adapted from [11].

2.4.1 Sample preparation and data analysis
The XPS method was used to measure powder samples of nanoparticles. The
nanoparticles were attached to a two-sided adhesive carbon tape, which was placed
on a piece of Al foil. The samples were prepared immediately before loading them
in the machine. The data analysis was done in the Thermo Advantage software.
The software controls the XPS and converts the measurement into a binding energy
spectrum. For each sample a survey spectrum was recorded to determine which
peaks are present and thus which elements are present. Detailed spectra were
subsequently recorded for the most intense peak of the species present which were
Pt4f, Y3d, C1s, and O1s. The peaks were quantified using a Shirley background
and integrating the peaks. The sensitivity factor for Y3d on the equipment had
previously been determined by Paolo Malacrida [134], and additional sensitivity
factors were found in the XPS software database. In cases where peaks were
overlapping, the individual peaks were determined by fitting, using the build-in
fitting functionality in the software package. The fitting was done with as few
peaks as possible to describe measurement i.e. reducing the difference between
measurement and the fit, to the apparent noise level for the measurement.

2.5 Electron microscopy
Electron microscopes offer nanometre resolution and in some cases even atomic
resolution, which allow us to visualise nanostructures that would not be visible in
optical microscopes due to a fundamental limit in resolution of about 0.5 µm when
using visible light [127]. Electrons have a much smaller wavelength and therefore
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it is possible to visualise nanometre structures. The electrons can interact with
matter in different ways as illustrated in Figure 2.7. Backscatter electrons are
backscattered after having interacted with electrons of the elements in the sample
and thus have mass contrast. Secondary electrons are scattered inside the sample
but eventually escapes and hit the detector. As more electrons escape close to
edges, these have higher intensity and this adds topography to the image. The
incoming electrons will also inelastic scatter with the electron in the sample and
thereby ionize the atom. In the following relaxation of the atom either x-rays or
Auger electrons can be emitted. The energy of the Auger electron corresponds
to the difference in energy between the excited core electron, the electron that
relaxes to the core level and the emitted electron. Different elements will emit
Auger electrons with different energies, thereby allowing for the element to be
identified. The emitted x-rays will also have characteristic energies depending on
the element, and the emitted x-rays can thus be used to identify the elements in
the sample. Elemental identification using this method is called Energy-Dispersive
X-ray (EDX) spectroscopy. Electrons can also transmit through the sample if the
sample is thin enough. There are generally two kinds of transmitted electrons;
those that pass through without interacting with the sample (called bright field)
and the diffracted electrons (called dark field).

Figure 2.7: Shows the principle of electron microscopy. An incoming beam of electrons interact
with the sample and different types of electron beams leave the sample.

2.5.1 Scanning electron microscopy
Scanning Electron Microscopy (SEM) was used to visualise large nanoparticles and
to determine the average elemental composition of the sample using EDX. The
samples, nanoparticulate powder, were dispersed on a Cu TEM grid. The SEM
images shown in Chapter 5 were recorded using a secondary electron detector. For
the elemental composition two or three images were recorded at different positions
with a low magnification 2.5 k in order to get the average composition over a
large area. The spectra was analysed in the EDX detectors software where the
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peaks were assigned to different elements, and the composition was determined
from fitting the spectrum. The resulting values are based on the average value of
the 2-3 measurements per sample.

2.5.2 Transmission electron microscopy and scanning trans-
mission electron microscopy

Both Transmission Electron Microscopy (TEM) in Bright Field (BF) mode and
Scanning Transmission Electron Microscopy (STEM) with High Angle Annular
Dark Field (HAADF) were used to characterise nanoparticles. In both cases the
nanoparticles samples were dispersed on a Cu TEM grid. The TEM images were
recorded at 80 kV in a FEI Tecnai T20 G2 and the STEM at 300 kV in a FEI
Titan Analytical 80-300ST TEM.
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3
Catalyst performance in the DMFC

The goal of my PhD project was to develop new catalyst for a µ-DMFC in order
to increase the power density of the µ-DMFC. To develop the right catalyst it
is important to know where the losses are in the µ-DMFC and how the catalyst
performs. It is quite tedious and time consuming to test new catalyst in a fuel cell
and performance gains/losses can also be related to how the design and assembly
of the fuel cell and thus it can be difficult to extract the kinetic performance from
the measurement. Catalyst for the ORR and MOR may alternative be tested in
liquid half-cells, but it can be difficult to mimic the conditions from the DMFC in
the liquid half-cell.

This chapter examines the performance of the µ-DMFC and the catalytic per-
formance of the electrodes used in the DMFC. To achieve this it is necessary to
measure the absolute potential of the anode and cathode in the DMFC, since it
makes is possible to measure the overpotential of the anode and cathode. In addi-
tion the operating potentials of the electrodes are relevant for designing half-cell
experiments, so the catalyst can be tested in the half-cell under realistic conditions.
For these measurements a modified version of µ-DMFC, presented in Section 1.2,
is fabricated where it was possible to connect the DMFC to a reference electrode.
In addition the half-cell measurements of the anode electrode will also be explored,
to determine how the performance relates to the anode in the DMFC.

3.1 Experimental setup and fabrication of fuel cells
DMFCs and fuel cells in general are mostly measured with what is called a load
box. The load box is basically an adjustable resistor, which the load box changes
automatically in order to draw a specified current. The load box can simulate
the real usage of the fuel cell and measure the overall performance; however it is
not good for diagnostics and probing the individual components of the fuel cell.
Using a potentiostat/galvanostat it is possible to measure the anode and cathode
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potential individually, if a reference electrode is used. In addition impedance
spectroscopy can be performed with a potentiostat to determine the ohmic and
polarisation resistance of the fuel cell.

3.1.1 Fabrication of fuel cell and setup
This is the procedure for producing the modified version of the µ-DMFC presented
in Section 1.2, where the design is explained and the different layers are also shown
in Figure 1.6.

The first step in the fabrication of the µ-DMFC is the fabrication of the elec-
trodes. The electrodes were made with HiSPEC 13100 70% wt. loading Pt/C
and HiSPEC 12100 75% loading PtRu/C catalyst from Johnson Matthey. The
catalyst was dispersed in inks based on isopropanol, polyvinylpyrrolidone (PVP)
and Nafion solution. The inks were sonicated using a sonic horn before deposition.
The deposition was performed on a gas diffusion layer consisting of a carbon cloth
with a thin microporous layer on top by using a robot-controlled airbrush. The
loadings were 14.6 mg/cm2 PtRu/C and 3.53 mg/cm2 Pt/C for the anode and
cathode respectively. The anode and cathode electrodes were punched out in sizes
of 0.63 x 0.63 mm and 0.60 x 0.60 mm respectively. The casing for the fuel cell was
custom made and consisted of two parts, a fuel tank and a power pack where the
DMFC was placed. The power pack was assembled first; a Nafion 117 membrane
was placed in the bottom of the power pack, which is where the inlets to the fuel
tank are, and enclosed by placing a perforated plate on top. Next, a carbon cloth
followed by the anode electrode, which was placed on top. The membrane Nafion
117 was placed on top of the anode catalyst layer and then the cathode catalyst
layer was placed on top of that. After the cathode a carbon cloth was added
followed by the cathode plate, which was followed by a gasket. The whole power
pack was hot pressed together. The fuel tank was welded together with the power
pack and cables were consecutively welded to the anode and cathode connections.
The fuel cells were fabricated by Torsten Lund-Olsen from DTI.

An important distinction in this design compared to the one presented in Sec-
tion 1.2, was the longer membrane, which was used in order to have some extra
membrane that could be led out of the DMFC as seen in Figure 3.1a, where the
membrane is protrudes from the cathode side. This is not an optimal design be-
cause fringe electric fields on the edge of the MEA can affect the potential. A
more optimal design would be that of Hinds et al [106], where the connection to
the membrane is made through the electrode. This was also attempted, but not
successful as the µ-DMFC is too small for that kind of procedure and thus the
design with the extended membrane was used instead. The cell was placed in
Millipore water prior to use to ensure the membranes were hydrated. The setup
is seen in Figure 3.1b where the very small cell is placed close to one of the inlets
in the glass cell where the extended membrane goes into the glass cell filled with
0.5 M H2SO4 electrolyte. An Hg|Hg2SO4 reference electrode is also placed in the
cell. The WE is connected to the cathode, the CE to the anode and the Ref to
the Hg|Hg2SO4 reference electrode. The µDMFC was placed inside a small plastic
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holder with venting holes. In cases where H2 gas atmosphere is needed on the
cathode, the gas is fed through the small venting holes in plastic casing.

(a) µ-DMFC with reference electrode (b) Setup for measuring µ-DMFC

Figure 3.1: Shows µ-DMFC with extended membrane a) and the µ-DMFC connected to a
reference electrode via a cell with 0.5 M HClO4. The small red and black cables are welded to
the cathode and anode respectively. The large red cable (WE) is connected to the cathode and
the blue cable (CE) is connected to the anode. The white cable is connected to a Hg|Hg2SO4
reference electrode.

3.1.2 Measurements of anode and cathode potentials
Before measuring the DMFC, the reference potential was calibrated by flowing
H2 over the cathode while measuring the open circuit voltage (OCV) of both the
anode and cathode as seen in figure 3.2a. The potential of the cathode drops
considerably when the H2 flows and then it reach a somewhat stable potential as
seen on the insert. The average cathode potential is then used to calculate the
potential vs RHE for the anode and the cathode. Figure 3.2a further shows that
the anode potential decreases when the H2 flows over the cathode. This is due to
H2 leaking to anode and since the methanol is in a gaseous phase H2 will compete
with methanol for adsorbing on the anode catalyst. Figure 3.2b shows how the
I-V curves were recorded for both the anode and cathode. The experiment was
recorded using a Staircase Galvanostatic Electrochemical Impedance Spectroscopy
(SGEIS) technique, where the experiment would run at constant current for 15
min and then the impedance spectroscopy would start measuring from 100 kHz to
5 mHz with an amplitude of 1 mA. The measurements were done in steps of 2 mA
and the potential was extracted after 15 min at each current. The potential never
reaches a stable plateau for the final current, which is when the mass transport
resistance starts, and it is not possible to increase the current without the cell
going to zero as seen at the end time om figure 3.2b.
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(a) OCV (b) Galvanostatic

Figure 3.2: Shows a) the open circuit potential of the anode (black) and cathode (red) while
the cathode is breathing air and while H2 is flowing over the cathode (60-140s). The open circuit
potential, while H2 is flowing, was used to calculate the zero point of the RHE scale. b) Shows
a galvanostatic experiment where the anode and cathode potential is measured for different cell
currents. The cell currents are shown in the top graph. The points mark the values used in the
I-V curve for the DMFC measurements and are recorded after 15 min for each current.

3.1.3 Half-cell measurements of DMFC anode electrodes
The electrodes used for the anode in the DMFC were also tested outside of the
fuel cell in a liquid half-cell setup. The setup shown in Figure 3.3a and 3.3b
consist of two glass half-cells that can be put together. The electrode was placed
in between the two glass pieces, using a metal clamp to keep the pieces together.
0.5 M H2SO4 was added to cell on the catalyst side of the electrode. A platinum
mesh was used as counter electrode and the electrolyte was purged with Ar prior
to measurements. An Hg|Hg2SO4 reference electrode was used and was connected
to the main chamber via a porous frit. Lastly the right part of the cell was filled
with gas, either Ar, CO or H2 depending on the experiment.

3.1.3.1 Determining the RHE potential

The potentials for the RHE scale was found by measuring the OCV while flowing
H2 on the backside of the electrode for 1 min and then using the average value.
The measured values where in the range -0.706 - -0.709 V vs Hg|Hg2SO4. The
measured potential was then corrected using this value and equation 2.1

3.1.3.2 Ohmic resistance

The ohmic resistance was measured by using galvanostatic impedance spectroscopy
from 100 kHz to 1 Hz with 1 mA pulse. The ohmic drop value was found from
the fitted high frequency intercept from the impedance measurement. As the
value changed slightly at high current densities, the impedance measurements
were performed for each methanol oxidation current measured. The ohmic drop
compensation was calculated using the equation 2.2.
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(a) Picture of setup (b) Drawing of setup

Figure 3.3: Shows a picture a) and a drawing b) of the H-cell setup. The H-cells consist of two
halves that are put together with the fuel cell electrode in between them. The catalyst is facing
the electrolyte side and the gas diffusion layer the gas side.

3.1.3.3 Electrochemical surface area measurement from CO stripping

The electrochemical surface area (ECSA) was measured using CO stripping. A
reference CV was first recorded while Ar was flowing on the backside. The CV
was recorded with 85% online ohmic drop compensation, since the larger current
densities, due to the high catalyst loading caused significant potential shifts. The
CO stripping was recorded at 1-5 mV/s depending on the catalyst loading, since
the large capacitive current from the high loading combined with the residual
resistance in some cases caused severe potential shifts. The CO stripping cycle
were performed by keeping the potential at 0.05 V vs RHE for 30 min. Gas
was changed to CO for 5-10 min and then changed back to Ar. The stripping
cycle was performed at same scan speed as the reference cycle and the area was
calculated from the integrated CO stripping peak area using a line as background,
and assuming a CO stripping charge of 420 µC/cm2 [135].

3.1.3.4 Methanol oxidation reaction

Methanol oxidation reaction activity was measured by changing the electrolyte, 0.5
M H2SO4 , to one containing 0.5 – 2M methanol. The electrolyte was flushed with
Ar prior to the experiment and Ar was flowing on the backside on the electrode
for the duration of the experiment. It was attempted to measure the MOR activ-
ity potentiostatically, however the large currents and residual ohmic drop made it
difficult to predict the uncompensated potential. Therefore the galvanostatic tech-
nique was applied, for the same current densities as for the DMFC measurements.
It was observed that the ohmic drop could change at higher current densities. The
galvanostatic technique was therefore combined with the impedance technique for
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the MOR measurements. At each current the potential was first recorded for 5
minutes and then the impedance measurement was performed as in Section 3.1.3.2.

3.2 Fuel cell measurements
The measurements presented in this section are mainly focused on two supposedly
identical cells that have been prepared in the same manner described in Section
3.1.1 and using the same anode and cathode electrode material. The cells are
named cell A and cell B where cell A is representative of a well-constructed cell
which is able to deliver minimum 420 mV continually while drawing 8 mA. Cell
B is an example of a substandard cell that initially was able to deliver above 420
mV, but after a day the performance degraded and after a week the cell could
only deliver 274 mV continuously at 8 mA. However, long term measurement
have shown that the µ-DMFCs are stable and only degrade about 2.8% per 1000
hours [1], and thus making the major degradation of Cell B unusual. In the
following measurements, the operating potentials of the functional cell will be
identified as well as the main losses of both cell A and B.

Figure 3.4a shows the anode and cathode potential vs RHE for Cell A (green)
and Cell B (red) compared to the average potential measured for five well-constructed
cells including Cell A (purple). The measurements were done galvanostatic as
described in Section 3.1.2. The anode and cathode potentials were measured si-
multaneously. However, due to different electrode areas for the anode (0.63 x
0.63 cm) and cathode (0.6 x 0.6 cm), the anode and cathode points are slightly
shifted from each other on the current density scale. The figure shows that Cell
B has a larger anode (40-80 mV) and cathode (110-120 mV) overpotential com-
pared to cell A. The anode potential for Cell A is close to the average value of the
well-constructed cells for lower current densities (<30 mA/cm2), and the cathode
potential is slightly higher than the average value, and thus Cell A is represen-
tative for the well-constructed cells. For all cells the anode potential increases
sharply with current density. The anode is thus setting the limit for maximum
current density that can be drawn continuously. The standard deviation for the
anode potential (purple) is increasing for higher current densities (>30 mA/cm2),
which is due to different limiting current densities for the different cells. In Figure
3.4b the cell potential and cell power density is plotted as a function of the anode
current density for cell A and B. The peak current density is achieved around
25 mA/cm2 for both cells, but the maximum current density is almost doubled
for cell A compared to cell B. Comparing Figure 3.4a and 3.4b reveals that the
maximum in power density is due to the sharp increase in anode overpotentials for
both cells around 30 mA/cm2. If the anode potentials increased less with current
density, then the cells would have a higher maximum power density as seen for
the average power density of the well-constructed cells.

Staircase Galvanostatic Impedance Spectroscopy (SGEIS) was used to measure
the impedance spectra of the DMFCs in order to determine their ohmic losses.
The impedance spectra of cell A and B are seen in Figure 3.5a together with the
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Figure 3.4: Shows the performance of two DMFCs: Cell A and Cell B compared to the average
value of five well constructed cells. a) The anode and cathode potential plotted for different
current densities. b) Shows the cell potential and power density as function of the cell current
density (anode). The black lines are the potentials and the blue the power densities.

spectra of two standard DMFCs without the reference electrode modification. The
two extra cells (C and D) were measured to determine if the reference electrode
modification would change the impedance spectrum. From Figure 3.5a it is evident
that the overall spectra of cell B, C and D are quite similar and at the high
frequency range, seen in the insert, all four cells show similar spectra. All spectra
were recorded while drawing 8 mA from the cells. The spectra consist of a general
shift in impedance, R0, as well as four arcs, which are all marked in the figure.
The negative arc, arc 4, is only observed for the unmodified cells, which could
be due to lower frequency limit, meaning that if the limit was set even lower,
the negative arc might also become visible for the modified cells. The spectra
can be compared with the spectrum of an active DMFC seen in Figure 3.5b,
which was adapted from [136]. Evidently arc 1, 3 and 4 are also observed in the
Figure 3.5b. In the paper by Lai et al 2008 [136] and 2007 [137], they attribute
the different arcs: Arc 1 is related to the interfacial impedance, Arc 3 to an
electrochemical reaction and arc 4 to an anodic reaction involving adsorbed CO.
Arc 1 has also been observed by other groups [103, 138, 139] and the negative
loop is likewise observed elsewhere too [103, 103, 138, 140, 141]. The purpose of
the impedance measurements was not to completely model the DMFC, although
interesting differences are seen in the spectra between the well performing cell A
and the others. Instead, impedance measurements were used to identify the ohmic
losses, which from the insert in Figure 3.5a appear to be no more than 0.5 Ωcm2

for the sum of ohmic and interfacial resistance, which corresponds to an internal
resistance of the cells of less than 1.3 Ω. This small resistance has little impact on
the performance of the cells; as at the highest current draw in these measurements,
12 mA, the ohmic loss would be 15.6 mV which is about 1% of the theoretical cell
potential.
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(a) Nyquist plot of µ-DMFCs (b) Nyquist plot of an active DMFC [136]

Figure 3.5: a) Impedance spectra of µ-DMFC at 8 mA where cell A and B are modified with
reference electrode and cell C and D are standard cells with similar performance as cell B. Four
arcs are visible in the spectra. b) Impedance spectrum of an active DMFC adapted from [136]
shown for comparison with a). The spectrum shows some of the same features as in a). The
small arc 1 is present in both a) and b) as well as arc 3 and the negative arc 4.

3.2.1 Fitting of cathode potential data
To determine the losses due to ORR kinetics and methanol crossover the cathode
potential data from the two cells was fitted to the model in equation 1.4 and 1.6.
It is assumed that the kinetics can be described by equation 1.6 using the kinetic
data from [2,5] with a roughness factor calculated from the electrode loading. The
fitting is shown in Figure 3.6a and 3.6b for cell A and B respectively. The blue
expected kinetics curve is calculated from equation 1.6 at 25°C with an ambient
air partial O2 pressure of 21.17 kPa and roughness factor of 2118 corresponding
to a loading of 3.53 mg/cm2 Pt with an ECSA of 60 m2/g. The fitted roughness
factor was 588, which is 28% of the expected value. This may be interpreted in
two ways: Either that only 28% of the cathode catalyst material is being utilised,
or the catalysts activity is only 28% of the Pt/C in [5], or a combination of the
two. The fitted methanol crossover current density was 40 mA/cm2, which is
comparable to the measurements of Thomas et al [8], who measured the methanol
crossover through a Nafion 117 membrane at 60-120 °C. Extrapolating from their
data by means of linear regression, the methanol crossover should be 49 mA/cm2

at 25 °C and 1 M methanol. The overpotential of the cathode in cell B seen in
Figure 3.3b, is too high to fit the roughness factor as it would be unrealistic low
3, and it is likewise unrealistic that methanol crossover alone can explain it as
that would correspond to at crossover current of 5700 mA/cm2. It is more likely
a combination of methanol crossover and mass transport limitations. In case of
a mechanical failure where concentrated methanol could travel to the cathode,
that would severely poison the cathode and the methanol liquid could also start
blocking the O2 transport if a methanol layer is formed on top of the catalyst
layer. The fit shown in figure 3.6b assumes the same kinetics as fitted in figure
3.6a and then fits the methanol crossover to fit the measurement.
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Figure 3.6: Shows the cathode potential of cell A and B in a) and b) respectively. The potentials
are plotted with fitted kinetics with and without methanol crossover and the expected kinetics
calculated from the catalyst loading.

3.2.2 Fitting of anode potential data
The anode potential data from the fuel cell measurements shown in Figure 3.1
were also fitted. To describe the anode potential, a model consisting of a kinetic
part and a concentration limitation part from [142] was used:

UAnode = U◦Anode + ηMOR + ηConc

= U◦Anode + 2.303RT
αAF

(
log
[
J

J0

]
− log

[
Jlim − J
Jlim

])
(3.1)

Where U◦Anode is the thermodynamic reversible potential of methanol oxidation,
ηMOR is the overpotential due to MOR kinetics; ηConc is the overpotential due to
concentration limitations of reactants, R is the gas constant, T is the temperature,
αA is the anodic transfer coefficient, F is Faradays constant, J is the current
density, J0 is the exchange current density, and Jlim is the limiting current density,
proportional to reactant concentration. The temperature was fixed at 298.15 K.
To verify the kinetic data a simpler model was also employed which only consisted
of the kinetic overpotential [142]:

UAnode = U◦Anode + 2.303RT
αAF

log
[
J

J0

]
(3.2)

The fitted data is shown in Figure 3.7a and 3.7b for cell A and B respectively.
Two models were applied for the data from cell A to determine the effect of the
transport limiting term in eq. 3.1 on the fitted kinetic parameters. Model 1
includes both kinetics and mass transport limitations and is described by equation
3.1. The second model is purely kinetics, eq. 3.2, and is only fitted in the 5-20
mA/cm2 range, where the points fit a Tafel line. The two models result in different
exchange current densities which are seen from the black and yellow line in Figure
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3.7a. Evidently model 2 have a higher overpotential for MOR of about 26 mV
at 20 mA/cm2 compared to model 1. The fitted parameters are shown in Table
3.1, in which the transfer coefficient changes from 0.79 in cell A to 0.55 in cell B,
corresponding to a change in Tafel slope from 75 to 106 mV/dec. The transfer
coefficient should be the same in all cases and thus the difference could suggest that
the fitted parameters are not only describing the kinetics. Because of the different
Tafel slopes it is not possible to compare the exchange current densities directly
however, the activities will be discussed further in Section 3.3, and compared to
catalyst kinetic date. The limiting current density is similar for the two cells and
the values match the experimental observations that the cell potential of the two
cells would approach zero, when the current density was increased further.

Cell A Cell B Average of well-constructed cells
Model 1

J0 [mA/cm2] 3.6E-4 0.0026 3.24E-3 ± 4.46E-3
αA 0.79 0.55 0.68 ± 0.1

JLim [mA/cm2] 30.42 32.63 41.16 ± 6.72
Model 2

J0 [mA/cm2] 0.0021 0.0097 ± 0.0064
αA 0.62 0.54 ± 0.06

Table 3.1: Shows the fitted values and standard deviation in fitting from the fitting shown in
figure 3.7 plus the average fitted values of cells not shown. Model 1 is based on equation 3.1 and
model 2 on equation 3.2.

Figure 3.7: Shows the anode potential for cell A and B on a) and b) respectively. Model 1 is
based on equation 3.1 and model 2 on equation (3.2.

3.2.3 Losses in the µ-DMFCs
By combining the results of fitting the anode and cathode in Section 3.2.1 and
3.2.3 it is possible to visualise the main losses in cell A and B shown in Figure 3.8a
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and 3.8b respectively. The figures show that the two largest losses in the two cells
are the kinetics of MOR and ORR. Both cells are also limited by a low limiting
current density of about 30-32 mA/cm2, which limits the max power density of the
cell. Methanol crossover is also an issue for both cells although it is not as big a
problem in a well-constructed cell (cell A) than in a substandard cell (cell B). The
performance of the cells could be improved by using a more methanol tolerant ORR
catalyst, however, the methanol crossover is not severe enough to justify using Ru
and RuxSey type catalyst, because the kinetic overpotential penalty for using these
catalyst [2,96], is larger than the overpotential from methanol crossover. Alterna-
tively the DMFCs could use a more active MOR and ORR catalyst, which would
result in a higher cell potential. However, to gain significantly higher power den-
sities, the cells need to operate at higher current densities than cell A and B. The
limiting max current density is related to the methanol and water concentrations
at the anode, and one or both are limited. It should be noted that these cells with
reference electrodes are built slightly different with the membrane being extended
out through the cathode. The piece of membrane outside the cell can act as a
source or drain of water and explains why the water management is sub optimal
on these cells. Ideally, these measurements should have been performed without
extending the membrane and rather having the reference electrode contact to the
membrane inside the fuel cell assembly. That is however difficult to achieve when
the fuel cells are so small.

Figure 3.8: Shows the qualitative losses in cell A and B on a) and b) respectively. The filled
areas are based on the fitting performed in figure 3.6 and 3.7.

3.3 Measurements on fuel cell electrodes
To measure the activity of the catalyst on the anode electrodes, the electrodes
was measured in a H-Cell as shown in Figure 3.3, using the procedure described
in Section 3.1.3. In half-cells measurement of MOR, the experiment is either done
with potential cycling or potentiostatic at 0.4 - 0.6 V vs RHE [7,32,35,45]. These
procedures are not practical in a liquid electrolyte with a high loading where high
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ohmic resistance and high currents in turn makes it difficult to control the poten-
tial. Rather, the measurements were done galvanostatic using the same current
densities as for the DMFC measurements. A commercial DMFC anode from Alfa
Aesar with 4 mg/cm2 loading of PtRu/C catalyst was measured galvanostatic.
The ohmic drop compensated potential vs RHE is shown in Figure 3.9a. Here, the
red points have been compensated using the ohmic resistance measured at OCV,
while for the black points the ohmic drop was measured for each point during the
experiment, and the potentials have been corrected with the resistance measured
at each current. The difference between the two corrections is seen at high current
densities above 35 mA/cm2. The two dataset were fitted to the Tafel equation 3.2,
showing that for the point corrected data the fitted curve passes through all of the
points, whereas for the other dataset the Tafel equation does not fit. The ohmic
restances measured at different currents are shown in Figure 3.9b, demonstrating
that the resistance is more or less stable until about 35 mA/cm2 and upon which
starts to decrease slightly. The difference between the highest and lowest resis-
tance is less than 3%, but the impact on the measurement is quite significant as
seen in Figure 3.9a.

Figure 3.9: Shows galvanostatic measurements of MOR with 2 M methanol in 0.5 M H2SO4 at
room temperature. a) The red points have been compensated for ohmic drop by using the ohmic
resistance measured with GEIS at OCV. The black line has been compensated for ohmic drop
by using ohmic resistance measured during the experiment. b) Shows the fitted ohmic resistance
from the GEIS measurements.

The Tafel slope for the point corrected measurement from Figure 3.9a is dis-
played in Figure 3.10 (black points) together with a linear regression (black line).
The linear regression fits very well with a R2 value of 0.999 and a slope of 117.9 ±
1.2 mV/dec, which is close to the expected 120 mV/dec thus indicating a transfer
coefficient α close to 0.5 [143–145]. The Alfa Aesar 4 mg/cm2 PtRu anode mea-
sured in the H-cell (black) is compared to 14.6 mg/cm2 PtRu anodes measured
in the DMFCs and normalised to Pt mass. The mass activities of the Alfa Aesar
electrode are in between the measurements of unmodified DMFC cells and DMFC
cells with build-in reference electrode. The data from the H-Cell and DMFC Cells
are not directly comparable since the measured potential in the DMFCs are not

50



3.4. SUMMARY

only related to kinetics and because the evaporation membrane in the DMFCs
makes it difficult to define the methanol concentration at the anode. In addition,
data from measurements of thin film nanoparticulate electrodes with the anode
catalyst in 0.5 M methanol in 0.1 M HClO4 [45] was also added for comparison.
The anode potential in the DMFC was around 0.4V vs RHE in the measurements
as seen in Figure 3.7a and thus comparison of activity should be done at 0.4 V
vs RHE. At this potential the mass activity of cells with reference electrodes, the
Alfa Aesar electrode and the catalyst measurement are all within a factor of two
of each other.

Figure 3.10: Tafel slope (black line) of the point corrected MOR measurement of a Alfa Aesar
4 mg/cm2 PtRu DMFC Anode in 2 M methanol in 0.5 M H2SO4 at room temperature. The
H-Cell data is co-plotted with the current densities normalised to mass vs anode potential for
the DMFC (green and blue triangles) and liquid half-cell (0.5 M methanol in 0.1 M HClO4)
measured activity of the catalyst used in the electrodes [45]

3.4 Summary
The aim of this chapter was to measure performance of the DMFCs, the anode
and cathode electrodes, in order to both determine the losses in the DMFCs and
the conditions in which DMFC catalysts should be tested. The performance of
the µ-DMFC was measured for a well-constructed and poor cell. It was possible
to measure the absolute potential of the anode and cathode by extending the
membrane out of the fuel and into a reference cell with a reference electrode.
From the anode and cathode measurement is was seen that the anode was limiting
the maximum power density as the anode potential increased suddenly around
30-48 mA/cm2 in galvanostatic measurements. Impedance measurements were
performed on both cells and showed that the ohmic resistance was close to identical

51



CHAPTER 3. CATALYST PERFORMANCE IN THE DMFC

about 1.3 W for the two cells. The operating potentials of the anode and cathode
electrodes in the DMFC were approximately 0.4 V vs RHE and 0.9 V vs RHE for
the anode and cathode respectively, thus establishing that activity measurements
of catalysts should be performed at these potentials. The losses were mainly due to
kinetics where about 56% of the theorectical potential is lost. Only 2% of the cell
potential was lost to methanol crossover, for the well-constructed cell and ohmic
losses were about 1% for all of the cells.

The measured cathode potentials were fitted to a kinetic model with methanol
crossover, demonstrating that for the well-constructed cell the cathode only exhib-
ited 28% of the expected activity, which can be explained by either the catalyst
utilization or the catalyst being less active than expected in the model. The fitted
crossover current density was 40 mA/cm2, which is reasonable compared to lit-
erature measurements of methanol crossover for the membrane used. The model
was also applied to the cathode data of the poor functioning cell, but fitted values
were not realistic, which suggest more than kinetics and methanol poisoning to be
limiting the cathode.

The anode potential data was likewise fitted to a model consisting of a kinetic
term and concentration-limited term. The model fitted the poor working cell
best, but in both cases the limiting current density was fitted to 41 mA/cm2

in average. Anode electrodes were measured for MOR in an H-cell setup. The
measurement was highly depended on ohmic drop compensation because the ohmic
resistance in the electrolyte changed at high currents. The ohmic compensated
measurements could be fitted to the Tafel equation and had a Tafel slope of 118
mV/dec, which suggest a transfer coefficient α of 0.5. The activities of the H-Cell
measurements were compared to the DMFC anode measurements, both normalised
to mass activity, and at 0.4 V vs RHE the mass activities were within a factor of
two of each other.
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4
Catalyst activity in a rotating disk electrode setup

The rotating disk electrode (RDE) is a fast and easy method for measuring the
activity of catalysts compared to fuel cell testing. However, there is a large variance
in how the activity is measured in the RDE setup, which makes it difficult to
compare catalysts reported in the literature. This chapter will examine how RDE
experiments should be performed to achieve a comparable benchmark of catalysts,
for the HOR in presence of CO, ORR, and ORR in the presence of methanol. In
addition, the Pt5Gd ORR catalyst will be tested for both HOR in the presence of
CO and ORR in the presence of methanol. The Pt5Gd catalyst has a 5x higher
ORR specific activity than Pt [75] because of its weaker binding energy towards OH
[75,79]. It is expected that it also binds CO more weakly and that might make it
an excellent catalyst for HOR and ORR under poisoning conditions. This chapter
therefore starts by establishing a procedure for measuring the CO poisoning of
HOR on Pt and PtRu. Then Pt5Gd will be tested using this procedure. This
will be followed by measurements showing how different experimental parameters
change the activity for ORR, which will be used for establishing a benchmark for
Pt ORR activity. Finally, the influence of methanol on the ORR will be studied
and also used to compare the ORR activity of Pt and Pt5Gd in the presence of
methanol.

4.1 CO poisoning of the Hydrogen Oxidation Re-
action

The CO poisoning of the HOR is related to the MOR through the oxidation of CO
and the high overpotential required to start the oxidation. The difference though
is that for a H2-PEMFC that is suffering from CO poisoning the goal is to keep
the CO coverage as low as possible so the remaining sites can oxidise H2 whereas
in MOR the CO is an intermediate and thus cannot be avoided. Thus the HOR,
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will ideally run with a slight overpotential of 20-40 mV [2] and the MOR with an
overpotential of 300-500 mV [2]. PtRu is the best catalyst both for CO poisoned
HOR and for the MOR but for different reasons; PtRu improves the MOR due
to a lower water activation potential than for Pt, while the weakened CO binding
energy and thus lower coverage makes it great for CO poisoned HOR [146–149]. A
catalyst that has a lower CO binding energy and thus is more CO tolerant could
prove a good MOR catalyst and increase the kinetics of the final step in the MOR
where adsorbed CO and OH reacts to form CO2. The less bound the CO, the
faster it will reach an adsorbed OH molecule.

The HOR on Pt poly is shown in Figure 4.1a in both 0.1 M HClO4 and 0.5
M H2SO4 at 60 °C and different rotation speeds. This measurement and the fol-
lowing were all performed at 60 °C to mimic the real conditions since H2-PEMFC
operates at around 80-90 °C and because the CO poisoning is temperature de-
pended [150]. 60 °C was chosen as the limit since evaporation of the electrolyte
becomes a problem at higher temperatures [81]. The figure shows the mass trans-
port limiting current shows that the limiting current is higher in 0.1 M HClO4
than in 0.5 M H2SO4. This have been quantified in Figure 4.1b where a Levich
plot was constructed from the limiting current density measured at 0.2 V vs RHE
using the Levich equation:

Jlim = 0.62nFD 2
3 ν−

1
6 c0ω

1
2 = Bc0ω

1
2 (4.1)

Where Jlim is the limiting current density, n is the number of electrons, F is
faradays constant, ν is the viscosity, c0 is the solubility of H2 in the electrolyte, ω is
the rotation speed and B is a constant. From the Levich plot Bc0 was determined
to be 7.9 × 10-2 mA cm−2 rpm− 1

2 and 8.7 × 10-2 mA cm−2 rpm− 1
2 for 0.5 M

H2SO4 and 0.1 M HClO4 respectively. The data for the 0.5 M HClO4 is close to
those reported by Gasteiger et al [151], which is also evident in Figure 4.1 where
their data is co-plotted (dotted line).

RDE setups are in general not suited for HOR measurements since the HOR
reaction has so little overpotential on Pt that it cannot be observed in a RDE
experiment because of mass transport limitations [6]. When the HOR is CO
poisoned the overpotential becomes sufficiently large, enabling the HOR reaction
to be measured. The CO poisoning on polycrystalline Pt and Pt/C nanoparticles
are shown in Figure 4.2 in 0.1 M HClO4 saturated with either 100 ppm CO in H2
(dashed) or 2% CO in H2 (solid) at 60 °C, 2500 rpm and 0.1 V vs RHE. Seemingly,
it takes longer time to reach a plateau when using 100 ppm CO instead of 2% and
in the case of Pt/C the poisoning is so slow that a plateau is not reached within an
hour. Ideally, CO poisoning would be measured with a realistic CO concentration;
however, the low gas saturation concertation in the liquid electrolyte combined
with the low concentration of CO in the gas makes the poisoning too slow for
RDE experiments. Instead 2% CO in H2 was used to establish the HOR in the
presence of CO benchmark, since a steady-state is reached within 15 min for both
extended surfaces and nanoparticles.

The experiments can either be performed with potential cycling or potentio-
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(a) HOR anodic sweep on Pt (b) Levich plot

Figure 4.1: a) HOR on Pt poly in H2 saturated 0.1 M HClO4 (black solid) and 0.5 M H2SO4
(red dashed) at 60 oC and different rotation speeds. For comparison measurements performed
by Gasteiger et al [151] on Pt poly (red dotted) in 0.5 M H2SO4 at 60 °C were also added. b)
Levich plot constructed using the limiting current density in a) at 0.2 V vs RHE. The dashed
lines are regression lines.

Figure 4.2: CO poisoning of HOR on a polycrystalline Pt disk (black) and Pt/C nanoparticles
(red) measured in 0.1 M HClO4 saturated with either 100 ppm CO in H2 (dashed) or 2% CO in
H2 (solid) at 60 °C and 2500 rpm.
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Figure 4.3: Figure 4.3 Potentiostatic experiment with a Pt disk at 60 °C, 2500 rpm in 2%
CO/H2 saturated 0.1 M HClO4. The potential is held at 0.1 V vs RHE until the current density
becomes stable, and then the potential is stepped 50 mV every 5 minutes until the current density
reaches the limiting current density.

static. In the CV the onset of the CO oxidation and poisoning can be seen where
the potentiostatic measurement shows the remaining HOR current under poison-
ing conditions. The potentiostatic experiment is depicted in Figure 4.3 where the
applied potential is shown at the top and the measured current density at the
bottom. The experiment starts at an oxidizing potential in orderto keep the sur-
face free of CO, next the potential is stepped down to 0.1 V vs RHE to poison
the surface. The potential is held at 0.1 V until the current density is stable (15
min) and then the potential is stepped 50 mV every five minutes until the current
density reach the limiting current density at 0.8 V vs RHE. The measured current
density is the last point before each potential step.

4.1.1 CO poisoning on polycrystalline Pt
The CO poisoning was measured on a polycrystalline Pt disk to verify that the CO
poisoning was similar to those reported in literature. This is depicted both as CV
and potentiostatic points in Figure 4.4a. The blue line and points were measured
in 0.5 M H2SO4 whereas the black line and points were measured in 0.1 M HClO4.
Evidently the potentiostatic measurements follow the CVs, and that the CVs have
similar onset but different poisoning in the cathodic sweep. The Pt surface is
poisoned faster in 0.1 M HClO4 than in 0.5 M H2SO4 which may be related to the
stronger anion adsorption of H2SO4 where HClO4 is hardly adsorbed [152]. The
CV for Pt in 0.5 M H2SO4 was also compared to data reported by Gasteiger et
al [16]. The CVs are similar although the onset of CO oxidation is slightly different.
The difference in onset potential might be due to our measurement being done
after potential cycling. We added pre potential cycling to our procedure in order
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(a) CV of CO poisoned HOR on Pt poly (b) Potentiostatic CO poisoned HOR on Pt
poly

Figure 4.4: a) CO poisoned HOR on Pt Poly in 0.1 M HClO4 (black) or 0.5 M H2SO4 (blue)
saturated with 2% CO in H2 at 60 °C, 2500 rpm and 1 mV/s. Measurement on Pt Poly in 0.5 M
H2SO4 by Gasteiger et al [16] was included for comparison. CVs were recorded after holding the
potential at 0.1 V vs RHE for 15 min. b) Shows potentiostatic measurements of CO poisoning
of HOR on Pt poly performed under the same experimental conditions as for a).

to have reproducible CVs as we observed that repeating the experiment did not
necessarily result in the same CV unless the pre cycling was applied. The onset
of the oxidation occurs at potentials much higher than seen for an HOR anode.
Therefore, the more relevant data is the steady-state residual HOR under CO
poisoning, plotted in Figure 4.4b, which was recorded under the same conditions
as for Figure 4.4a. The current densities for Pt in 0.1 M HClO4 and in 0.5 M
H2SO4 are the same. The measured current densities are so low that it could
be noise although we still assign the activity to HOR. The Pt disks surface area
is too small to produce significant HOR currents under these conditions, but the
measurements did show that the Pt surface was poisoned as expected.

4.1.2 CO poisoning on Pt/C and PtRu/C nanoparticles
The CO poisoning of HOR measurements were also performed for Pt/C and
PtRu/C nanoparticles, which is shown in Figure 4.5, measured under the same
conditions as for the polycrystalline Pt disks. While the figure shows the onset of
CO oxidation for Pt/C to be similar to that of polycrystalline Pt, the half way
potential in case of PtRu/C is about 250-300 mV lower than for Pt/C, consistent
to what has been reported in literature [16,17].

The potentiostatic measurements shown as points on the plot follows the CVs,
but the points for PtRu/C show a larger standard variation, which is due to
difference in PtRu loading of 14 and 18 µg/cm2 respectively for the measurements.
When normalising the data to either the electrochemical surface area or Pt mass
the standard deviation becomes insignificant, this is seen in Figure 4.6a and 4.6b
respectively. Both in the case of specific and mass activity PtRu/C have an order
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Figure 4.5: CO poisoning of Pt/C (black) and PtRu/C (red) nanoparticles in 0.1 M HClO4
saturated with 2% CO in H2 at 60 °C, 2500 rpm and 1 mV/s. The CVs was recorded after holding
the potential at 0.1 V vs RHE for 15 min. The catalyst loading was 13 and 14 µg/cm2 for the
Pt/C and 14 and 18 µg/cm2 for the PtRu/C. The points show potentiostatic measurements with
5 min per potential.

of magnitude higher residual activity than for Pt/C.

(a) Normalised by electrochemical surface
area

(b) Normalised by Pt mass

Figure 4.6: CO poisoning of HOR on PtRu/C (red) and Pt/C (grey) measured potentiostatic
with 5 min at each potential. The measurements were performed in 0.1 M HClO4 saturated with
2% CO in H2 at 60 °C and 2500 rpm. a) is normalised by the surface area determined from CO
stripping and b) is normalised by Pt mass.

4.1.3 CO tolerance of Pt5Gd
The Pt5Gd alloy is a highly active catalyst for ORR showing 5x improvements
over Pt [75]. The enhancement is due to a core shell structure with an alloy
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Figure 4.7: CVs of polycrystalline Pt (dashed black) and Pt5Gd (solid blue) in N2 saturated
0.1 M HClO4 at 23 °C and 50 mV/s.

core and a compressed Pt shell where the compression of the overlayer reduces
the OH binding energy thereby increasing the ORR activity [75, 79]. Since the
compressed overlayer reduces the OH binding energy it might also reduce the CO
binding energy. Therefore the CO poisoning on Pt5Gd was studied. The Pt5Gd
sample was sputter-cleaned in a UHV chamber prior to experiments as described
in Section 2.1.1.2. After mounting the sample in the cell, the sample was cycled
until the CV was stable. A stable Pt5Gd CV is shown in Figure 4.7 together with
the polycrystalline Pt it will be compared to. The cyclic voltammetry experiment
is shown in Figure 4.8a. Prior to the CV, the potential was held at 0.1 V vs RHE
until the current density was stable. The CV was performed at 1 mV/s. Pt and
Pt5Gd have the same onset around 0.35-0.4 V vs RHE, but the oxidation process
is faster for Pt5Gd as it reaches the limiting current density faster than Pt. This
indicates that Pt5Gd have higher kinetics for oxidising CO once OH are present.
In the cathodic sweep Pt5Gd is poisoned slower, which might indicate a lower
CO binding energy compared to Pt. The potentiostatic measurement is shown in
Figure 4.8b. It appears that Pt5Gd might be slightly better in the low potential
range since it has a higher current density than Pt. The difference is however,
insignificant for practical applications. The measurement could indicate a slightly
lower CO binding energy. Overall Pt5Gd, is not more CO tolerant than Pt.
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Figure 4.8: Cyclic voltammetry and potentiostatic measurements of polycrystalline Pt and
Pt5Gd in 100 ppm CO/H2 saturated 0.1 M HClO4 at 60 °C and 2500 rpm. a) Shows a CV
after potentiostatic CO poisoning at 0.1 V vs RHE recorded at 1 mV/s. Pt and Pt5Gd have the
same onset of oxidation (0.35-0.4 V vs RHE), but the oxidation process is faster for Pt5Gd and
similar the poisoning seen in the cathodic sweep is slower than for Pt. b) Shows potentiostatic
measurements of Pt and Pt5Gd.
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(a) Anodic sweep (b) Specific activity

(c) Average specific activity

Figure 4.9: a) Anodic sweep of Pt poly in O2 saturated 0.1 M HClO4 at 23 °C, 1600 rpm and
different scan speeds. b) Specific activity which were extracted from the data in a). Average
specific activity on polycrystalline Pt at different scan speeds. The measurements were performed
by Maria Escudero-Escribano, CINF.

4.2 Oxygen reduction reaction in a RDE setup
The RDE method is a fast way of measuring ORR and requires less preparation
than measuring ORR activity in a fuel cell and the method is preferred in ORR
catalyst development. It is important to understand how the RDE method differs
from fuel cell testing. ORR measurements are different in a RDE setup compared
to the measurements in the fuel cell because of the low solubility of gasses in liquid
electrolytes which gives mass transport limitations although the mass transport
can be controlled by the rotation speed. A polycrystalline disk was used a bench-
mark in these measurement. The sample was prepared as described in section
2.1.3.1. The ORR was measured by performing a CV in O2 saturated electrolyte
at 1600 rpm. The anodic sweep from the measurements is shown in Figure 4.9a,
and has been compensated for ohmic drop and shift of the RHE scale. The CVs
consist of a kinetic region (0.75-0.95 V vs RHE), and a mass transport limited
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region (0-0.7 V vs RHE). Evidently the kinetic region shifts to lower potentials for
lower scan speeds, which means that the activity decreases. The mass transport
corrected specific activity is shown in Figure 4.9b, which shows that activity in-
creases with scan speed, which likewise is evident on the average values shown in
Figure 4.9c. The activity at the highest scan speed (2.1 mA/cm2) is roughly twice
as high as for the activity at the slowest scan speed (1.2 mA/cm2).

The average activities are similar to what have been reported by others [153].
It is not clear what the origin of the increased activity with scan speed is, but since
it is visible on the untreated data as well, it not due to the corrections. There are
several possible explanations for the different activities, including contamination
of the surface, adsorption of O and OH intermediates, or time dependent surface
effects [82]. The same measurements were also performed on carbon supported
Pt. The catalyst was TEC10F60TPM, a 60% wt. Pt/C from Tanaka Kikinzoku
Kogyo (TKK). The specific activity for different scan speeds and corrections are
shown in Figure 4.10a. While all bars have been corrected for mass transport
limitation, the grey bars have no additional corrections, the red bars have been
compensated for ohmic drop, and the blue bars have been corrected for both ohmic
drop and subsequently for background capacitive currents. The difference between
the background corrected bars and the others increase with scan speed, which is
due to the capacitive currents JDL increases with scan speed JDL = CDLdU/dt
where CDL is the double layer capacitance [4]. At low scan speeds (5 mV/s) the
difference in activity from the background correction is so small that one could
argue that using it introduces more error than not correcting it. At higher scan
speeds (50 mV/s and 100 mV/s) the difference is significant and the scan speed
trend depicted in Figure 4.9c is only seen for the background corrected bars. The
background correction is thus necessary for scan speeds higher than 5 mV/s. The
mass activities are shown in Figure 4.10b.

Gasteiger et al. [82] showed that RDE experiments performed at 60 °C and
at scan rates of 5 and 20 mV/s show the same ranking of Pt/C catalyst as fuel
cell testing in a H2-PEMFC, and absolute values within a factor of two of the fuel
cell testing. Lower scan speeds measurement resemble the fuel cell more, but are
difficult to perform with low surface area electrodes in liquid electrolytes as the
electrolyte always contains a finite amount of contaminants and the slower the
scan rate the more can attach to the surface. For that reason, and experiment
time considerations, it is favourable to perform the experiments at higher scan
rates. RDE measurements are also mostly used to compare activities to other
catalysts that also have been measured with RDE. Therefore the absolute activity
in the fuel cell is not important for the comparison, as long as the same ranking
of the catalyst is seen in both RDE and fuel cell experiments. The problem,
however, is that group’s use widely different scan rates (5 – 100 mV/s) and do not
always apply the corrections, which makes it difficult to perform a fair ranking of
catalysts. This problem also applies to the ranking shown in Figure 1.11 where the
reported activities were measured using different scan speeds. To illustrate how
the scan rates changes the ranking, I have tried to calculate a "correction factor" to
normalise the activities to measurements performed at 50 mV/s. The "correction
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(a) Normalised by ECSA (b) Normalised by mass

(c) Normalisation factor for scan rate

Figure 4.10: a) Mass transport corrected specific activity of Pt/C 60% wt. from Tanaka in O2
saturated 0.1 M HClO4 at 23 °C and 1600 rpm. The grey bars have no further correction, the
red bars have also been compensated for ohmic drop and the blue bars have been compensated
for ohmic drop and capacitive currents. b) Shows the same as a) but normalised to Pt mass.
c) Shows the factor that has to be applied to convert activity data measured at different scan
speeds normalised to 50 mV/s. The factor is based on the blue curves in a). Measured by Amado
Andres Velazquez-Palenzuela, CINF
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Figure 4.11: Show a ranking of catalysts reported in literature. This plot is a normalised
version of Figure 1.11 using the same data as for figure 1.11 and applying the "correction factor"
from Figure 4.10c.

factor" was calculated using the data from the blue bars in Figure 4.10a, and is
depicted on figure 4.10c. The normalised activity ranking is shown in Figure 4.11,
where it is observed that the ranking have changed. For the mass activity the third
and fourth place are switched and for the specific activity the first, second and
third place are switched. This illustrates how big a difference the scan speed has
on activity although I would not say that the normalised ranking is more correct
since it is not known how the activity of the literature data changes with scan
rate.

4.3 Methanol Poisoning of ORR in a RDE setup
RDE measurements show that Pt5Gd and other of the PtxM alloys show a 5-6
times activity enhancement over Pt [48,75,76]. A similar enhancement is expected
to be seen in a H2-PEMFC if the alloys can be made as active in a nanoparticulate
form. However, it is more difficult to predict how the alloys would perform in a
DMFC cathode, since at least some methanol crossover to the DMFC cathode will
occur. DMFC measurements are cumbersome because the catalyst material would
have to be made as nanoparticles in order to build a DMFC, and all the steps would
likely have to be optimized for the new catalyst. It is much simpler and faster to
test it in a RDE setup, if the methanol poisoning conditions can be mimicked.
There are several reports of methanol poisoning of ORR RDE experiments in
literature [95, 96, 98] where methanol concentration as low as 10 mM is severely
impeding the ORR. In this section I will investigate how different experimental
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Figure 4.12: RDE measurements of polycrystalline Pt in O2 saturated 0.1 M HClO4 at 23
°C, 1600 rpm, 50 mV/s and different concentrations of methanol. a) Shows the ohmic drop
compensated RDE measurements where it is seen that the kinetic region is moving to lower
potential i.e. higher overpotential for increasing methanol concentration. b) Shows the specific
activity normalised to geometric area. The activity @ 0.9 V vs RHE decreases with increasing
methanol concentration. The potential shift is also shown, which is calculated from the initial
activity at 0.9 V vs RHE.

parameters affect the methanol poisoning of the RDE experiment.
Polycrystalline Pt was prepared as described in section 2.1.3.1 and measured

in O2 saturated 0.1 M HClO4 at 23 °C, 1600 rpm and 50 mV/s. The measure-
ment is shown in Figure 4.12a (black line). Following the initial measurement,
methanol was added to the cell and the ORR measurement repeated. The fig-
ure shows the half way potential moving to lower potentials when increasing the
methanol concentration, and that the shift from zero to 10 mM methanol is 93
mV. The calculated specific activity is shown in Figure 4.12b where the black line
weas measured before adding methanol and then as methanol is added the curves
shift to the left towards lower potentials. One way of quantifying the methanol
poisoning is the decrease in specific activity at 0.9 V vs RHE. However, for higher
concentrations of methanol, in this experiment 10 mM, the kinetic region is shifted
below 0.9 V vs RHE. This is seen in Figure 4.12b where the lines for the lower
concentrations 0-5 mM are fairly straight lines, but the 10 mM line (green) is de-
viating from that behaviour at about 0.87 V vs RHE. Thus the potential shift can
be so severe that it is not possible to compare activity due to the narrow potential
width of the kinetic region in a RDE experiment. Another way of quantify the
poisoning is by using the potential shift of the initial activity. In this case the
potential shift is defined as at change in potential from 0.9 V vs RHE where the
activity is the same as for the methanol free experiment. This is shown in Figure
4.12b where the dashed line marks the initial activity level and the crossing with
the methanol poisoned measurements marks the

Figure 4.13 shows the temperature effect on the potential shift from methanol
poisoning. It is seen that the potential shift increases with temperature and con-
centration. This can be explained since measured current in a linear combination
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Figure 4.13: RDE measurements of polycrystalline Pt in O2 saturated 0.1 M HClO4 at 1600
rpm. a) Shows the average potential shift for different methanol concentrations and at different
temperatures measured at 50 mV/s. b) Shows the average potential shift as function of methanol
concentration and scan rates at 23 °C.

of MOR and ORR currents [95] and that MOR and ORR have different temper-
ature dependence. The activity of ORR increases slightly with temperature. We
have measured an activity increase of 10-25% on Pt disks and nanoparticles when
increasing the temperature from 23 °C to 60°C and other have reported up to
about 50% increase for polycrystalline Pt disks [83]. Additionally MOR have been
found to be more temperature dependent where the MOR peak current increase
by a factor of four when increasing the temperate from 18 °C to 60 °C [154] (num-
bers extracted from digitized data). In a RDE measurement, the ORR is mass
transport limited with a limiting current whereas the MOR is not. Because the
measurement is more sensitive to the MOR, the potential shift will be as tem-
perature sensitive as the MOR. This is also seen comparing the points with 10
mM methanol in Figure 4.13, where raising the temperature from 23 °C to 30 °C
increases the potential shift by 14.3 ± 6.5 mV.

The effect of scan rate on the potential shift from methanol poisoning is shown
in Figure 3.15b. It is seen that the scan rate mainly has an effect for the higher
concentrations of 100 mM and higher and scan rates at 50 mV/s where the potential
shit is significantly higher than at the lower scan rates. At the lower concentrations
the difference in potential shift for different scan rates is within the statistical error.
MOR activity takes time to stabilise for a potential, and it often seen that MOR
activity measurements from cyclic voltametry gives widely different results than
potentiostatic measurements [41, 45] thus, a methanol poisoning potential shift
measured in RDE would likely be different than a steady-state measurement.

4.3.1 Methanol poisoning on carbon supported Pt nanopar-
ticles

The methanol poisoning was additionally measured on a high surface area carbon
supported Pt to determine which effect the surface area has on the potential shift
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Figure 4.14: a) Average potential shift per electrochemical surface area from methanol poison-
ing on TKK 60% wt. Pt/C for different methanol concentrations and different temperatures. b)
CV in O2 saturated 0.1 M HClO4 with 5 mM methanol at 37 °C, 1600 rpm and 50 mV/s.

from methanol poisoning. The catalyst used was TEC10F60TPM, a 60% wt.
Pt/C from Tanaka Kikinzoku Kogyo (TKK). The measurements were corrected
for ohmic drop and background capacitive currents. The potential shift per area
is plotted in Figure 4.14a. It was necessary to normalise to the electrochemical
surface area because the potential shift seems to scale with surface area. The
temperature effect is more striking for the nanoparticles where the potential shift
per area increase by about 100 mV/cm2 when going from 23 °C to 30°C, in only
1 mM methanol. Interestingly, at higher methanol concentrations the change is
much smaller, only 20-33 mV. The difference might be an artefact from the RDE
measurement since peak MOR current is close to the kinetic region of the ORR
measurement. Therefore some ORR currents will be on the right side of the MOR
peak and some on the left side. Depending on the MOR peak current and the
initial activity at 0.9 V vs RHE, the potential shift can be quite different, based
on which side of the MOR peak the potential of the initial activity is shifts to.

The potential shift was also measured for nanoparticles at 37 °C. However,
due to very high MOR currents, it was not meaningful to quantify the potential
shift as seen in Figure 4.14b where the peak MOR current is more than twice the
limiting ORR current. It seems that methanol poisoning can only be measured
for a limited range of parameters in a RDE setup. The surface area, methanol
concentration and temperature must be kept low, meaning that a low MOR current
is a prerequisite to get meaningful results. This also shows that it is not possible
to measure the methanol poisoning quantitatively in a RDE setup, since the result
depends on so many conditions and these conditions are not transferable to the
DMFC. Rather the RDE method can be used to qualitatively show if one catalyst
is more methanol tolerant than another, if both are measured under the exact
same conditions.
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Figure 4.15: a) Potential shift from methanol poisoning of ORR for polycrystalline Pt5Gd
(red circles) and Pt (black squares). b) Anodic sweep of MOR measured in N2 saturated 0.1 M
HClO4 with different concentrations of methanol and measured at 23 °C and 50 mV/s.

4.3.2 Methanol poisoning on polycrystalline Pt5Gd
RDE measurements in a clean electrolyte have shown that Pt5Gd is five times
more active than Pt [75], but it is not known if it retains its activity enhancement
in the presence of methanol. I therefore tested this using the method just shown.
The polycrystalline Pt5Gd disk was sputter-cleaned in a UHV chamber prior to
experiments as described in section 2.1.3.2. After mounting and electrochemically
cleaning, the ORR activity was measured in pure electrolyte to assure that the
activities reported in [75] could be reproduced, which showed that the cell and
sample were in good conditions. Methanol was subsequently added and the ORR
measurements were repeated. A comparison of potential shifts for polycrystalline
Pt5Gd (red circles) and Pt (black squares) is shown in Figure 4.15a. Evidently
Pt5Gd has a larger potential shift than Pt for all concentrations. To explain this,
the MOR was measured using the same methanol concentrations in N2 saturated
electrolyte. Figure 4.15b shows that the MOR peak is larger for Pt5Gd (solid lines)
than for Pt (dashed lines), which suggest that Pt5Gd is more active for MOR than
Pt at high potentials and that this is what give rise to the additional potential
shift for Pt5Gd.

Figure 4.15a indicates that Pt5Gd is more sensitive to methanol poisoning
and losses more activity than Pt. However, Pt5Gd started with a much higher
activity than Pt, how the activity compares after methanol poisoning is thus a more
relevant measure. This is shown in Figure 4.16a where the average specific activity
is measured before/after adding 1 mM methanol to the electrolyte. The activity
measurement before, which is the line above the filled areas shows that Pt5Gd
is about five times more active than Pt as expected. The active measurement
after adding 1 mM methanol, which is the line below the filled areas, shows that
poisoned Pt5Gd though having lost activity still is more active than Pt, both
before/after poisoning the Pt. Figure 4.16b shows the poisoning with 10 mM
methanol and in this case the activity of Pt5Gd drops below the activity of the
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Figure 4.16: a) Average specific activity of Pt5Gd (red) and Pt (grey) measured in O2 satu-
rated 0.1 M HClO4 at 23 °C, 1600 rpm and 50 mV/s. a) Specific activity before/after adding
1 mM methanol. The clean measurements are shown in dark red and black whereas the poi-
soned measurements are shown in red and grey. b) Specific activity before/after adding 10 mM
methanol. The top line in the filled areas are the before measurement and the lines below are
the after measurements.

clean Pt, but still retain an activity enhancement of 2-3 times over Pt poisoned
with the same methanol concentration. These measurements suggest that it could
be advantageous to use Pt5Gd instead of Pt as DMFC cathode. As mentioned
in Section 1.3.3.4 alloys such as Pt-Ni [100, 101] and Pt-Co [102] also provide
improved ORR activity in the presence methanol. An comparison of Pt5Gd, Pt-
Ni and Pt-Co alloys ORR activity in the presence of methanol would be interesting.
However, as shown in this section, the methanol poisoning in a RDE setup is very
dependent on the experimental conditions, and thus the data for Pt5Gd presented
in this work is not comparable to the data for Pt-Ni [100, 101] and Pt-Co [102]
presented in literature.

4.4 Summary
In this chapter it was studied how to perform RDE measurements of HOR in the
presence of CO, ORR, and ORR in the presence of methanol in order to make
reproducible benchmark measurements of catalyst activity that are relevant for
fuel cells. Two methods of measuring CO poisoning were presented. One method
measures the onset of the CO poisoning from cyclic voltammetry in a RDE setup.
The other measures the residual current density during poisoning and under po-
tentiostatic conditions i.e. the CO tolerance. The most relevant method for fuel
cell testing was the potentiostatic method where the residual current density was
measured. An activity benchmark was performed for polycrystalline Pt, Pt/C and
PtRu/C nanoparticles. These methods were also applied for comparing the CO
tolerance of Pt with that of Pt5Gd. Pt5Gd showed the same onset of CO oxida-
tion as Pt, but had faster kinetics once this onset potential was reached. Under
potentiostatic conditions the Pt5Gd showed a slightly higher residual activity but

69



CHAPTER 4. CATALYST ACTIVITY IN A ROTATING DISK ELECTRODE
SETUP

not enough for practical applications.
ORR measurements were performed in a RDE setup both for polycrystalline

Pt and carbon supported Pt nanoparticles. The measurements showed that the
ORR activity is dependent on scan speed and when increasing the scan speed
from 5 to 100 mV/s the average activity increased by 75%. Similar increase was
observed for carbon supported Pt, if ohmic drop and background subtraction of
capacitive currents were applied. Using the data from Pt/C measurements, a
normalisation factor was calculated and applied to the literature data shown in
figure 1.11, which showed a different ranking after applying the normalisation.
Showing that scan rate, ohmic drop and other corrections are important for the
measured ORR activity, and the variation in experimental conditions in literature
makes it difficult to compare data.

Methanol poisoning in a RDE setup was studied to see if the RDE method
could be used to measure the methanol tolerance of catalysts in a DMFC. I found
that the poisoning to be very depended on several experimental parameters such
as temperature, electrochemical activity surface area and methanol concentration.
Since the measured current is a linear combination of ORR and MOR currents
and since ORR is mass diffusion limited whereas MOR is not, the MOR current
can easily dominate the experiment. Therefore the MOR current must be kept
low by keeping the temperature, surface area and methanol concentration low. It
was not possible to construct the experiment to measure the methanol tolerance
quantitatively. Instead catalyst could be compared qualitatively if measured under
the same conditions. The methanol tolerance of Pt and Pt5Gd were measured
under the same conditions. The measurements show a larger potential shift from
methanol poisoning on Pt5Gd than on Pt, which was due to better MOR kinetics of
Pt5Gd at high potentials. Even though Pt5Gd is poisoned more by methanol than
Pt, it also has a much higher initial activity than Pt. Comparing the activity of
Pt5Gd and Pt after methanol poisoning, Pt5Gd retain a 2-3x activity enhancement
over Pt with 10 mM methanol. That makes Pt5Gd a potential replacement for Pt
as DMFC cathode.
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Possible routes for the synthesis of PtxM alloy

nanoparticles

In the previous chapters it has been established that PtxM alloys (where M are
early transition metals or lanthanides), and in particular Pt2Gd, Pt5Tb and Pt3Y
alloys, are much more active (up to 5-6 fold increase) than Pt for the oxygen re-
duction reaction [48, 75, 76]. Additionally, in the presence of methanol the Pt2Gd
alloy retains the activity enhancement over Pt, making it an ideal candidate for
a DMFC cathode catalyst. So far, the work on PtxM alloys has been studied in
model systems, i.e. Ar-sputter-clean polycrystalline electrodes, sputter-deposited
thin-films and mass-selected nanoparticles. However, in order to use these promis-
ing materials in a DMFC, the catalyst must be produced in nanoparticulate form,
which is more technologically relevant. PtxY and PtxGd nanoparticles [78, 79]
prepared on a small scale (80 – 270 ng) using physical synthesis methods in ultra
high vacuum (UHV), have shown high activity and stability. However it is not
economically viable to scale up these methods for fuel cell production. Instead, a
chemical synthesis route must be found. As discussed in Section 1.4 the chemical
synthesis is difficult because of the very different standard reduction potential of
Pt and M precursors. Several routes of chemical synthesis of PtxM alloy nanopar-
ticles were explained in Section 1.4. In this work I have chosen to focus on the
solvothermal/supercritical fluid and high temperature annealing. This chapter will
provide a brief description of the experimental setups, followed by a presentation
of the results of the different synthesises.

5.1 Experimental description of synthesis tech-
niques

Three setups were used for the synthesis experiments. First, a supercritical fluid
flow reactor located at DTI; second, a supercritical fluid pulse reactor located
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(a) Phase diagram of water [155] (b) Dielectric constant for water [158,159]

Figure 5.1: Phase diagram of water adapted from [155]. b) Dielectric constant for water
shown for different pressures and temperatures. It is seen that the dielectric constant changes
more rapidly around the super critical point of water (217.8 bar, 374 °C). Figure was adapted
from [158,159]

at Aarhus University; and third high temperature reduction performed at CINF,
DTU. In this section, the concept of supercritical fluid synthesis will be explained,
followed by a description of each experimental setup. The experimental setups
where used for the synthesis described in Section 5.2-5.3 and Chapter 6.

5.1.1 Supercritical fluid synthesis

Synthesis with supercritical fluids (SCF) takes advantage of the special properties
of fluids above the supercritical point. The phase diagram of water is shown in
Figure 5.1a, which was adapted from [155]. It can be seen that the supercriti-
cal point is at 374 °C and 217.8 bar. Above the supercritical point the interface
between liquid and vapour phases disappears, thus resulting in a fluid with prop-
erties (density, viscosity and diffusivity) in between that of the liquid and vapour
phase [156,157]. The polarity of solvents depends on the dielectric constant of the
solvent, and the dielectric constant changes with temperature and pressure. Ap-
proaching the supercritical point, the dielectric constant can dramatically; this can
change the polarity of a solvent from polar to non-polar. This is shown in Figure
5.1b where the dielectric constant is plotted versus temperature for two different
pressures. The figure was adapted from [158,159]. In a polar liquid, such as water,
inorganic salts are soluble. For supercritical water, however, the polarity decreases
to the level of non-polar solvents thus making inorganic salts insoluble, which re-
sults in a supersaturation of the salts, causing crystallization [156,157, 159]. This
process can be utilized to form nanoparticles which have been demonstrated for
both metals and metal oxides [160].
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5.1.2 Supercritical flow synthesis of PtxM nanoparticles
Solvothermal synthesis using SCF has been performed in autoclaves until Adschiri
et al [161] demonstrated SCF flow synthesis. Their apparatus consisted of two
containers with precursor solution and pure solvent respectively. The content of
the containers was pumped into pressurised tubes in different streams. The pure
solvent was heated in its stream and then mixed with the cold precursor solution.
The combined stream continues into the heated reactor after which the stream is
cooled and then passes through a back pressure regulator. The idea was to initiate
the reduction of the precursors at the mixing point with the hot solvent, because
of the rapid heating and the change to supercritical phase. The particles were
then formed inside the heated reactor, subsequently the particle solution could be
collected after the solution exit through the back pressure regulator. Adschiri et al
have demonstrated [159, 161] that the morphology and size of the particles could
be controlled by choosing the right temperature, concentration and reaction time.

Supercritical flow system used for the synthesis was based on the same concept
as Adschiri et al [161]. The setup was developed at the DTI and is similar to the
machine designed at Aarhus University by Hald and others [162, 163]. A basic
diagram of the machine is shown in Figure 5.2. The machine has four inlets where
the two in the top are used for precursor solution and support material; the third is
used for pumping preheated solvent; and the fourth is not used for this synthesis.
The flows of precursor and support materials are mixed first. The loading on the
support particles can be controlled by the solution concentration or ratio between
the flows. The material flow is then rapidly heated by mixing it with preheated
solvent prior to entering the reactor. The temperature of the combined flow is
called the mixing temperature (Tmix) and is controlled by the temperature of the
preheated solvent and the solvent flow to precursor/support flow ratio. The hot
mixture then continues through the heated reactor tube with temperature Treactor.
The nanoparticles are formed in the hot reactor tube which is kept at supercritical
fluid conditions. It has been observed that the average particle size increases with
increasing reactor temperature [164, 165]. After leaving the reactor, the flow is
passed through a cooler to reach room temperature. Finally, the product liquid
leaves the system by passing through a pressure regulator that keeps the system
at a constant pressure. The product which consists of suspended nanoparticles in
solvent, is ultimately collected. The synthesis experiment at DTI was performed
together with Christian Kallesøe from DTI.

5.1.3 Synthesis of PtxGd and PtxY nanoparticles in a su-
percritical pulse reactor

The disadvantage of the formally described SCF flow system design is that the
reaction time inside the reactor is dependent on the flow rate and length/diameter
of the reactor tube. In addition, the mixing temperature is dependent on the flow
rate and, as result the reaction time can therefore only be changed in a small
interval without changing the reactor. To enable, a longer reaction time, another
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Figure 5.2: Schematics of the SCF flow system at DTI.

type of SCF reactor was used. This type of reactor is called a pulse reactor and
was developed and build by Eltzholtz et al at Aarhus University [166]. A diagram
of the pulse reactor is shown in Figure 5.3b. The reactor works by sending a pulse
of precursor solution into the heated reactor for a specified duration. The volume
of the reactor is so small compared to the heater that the solvent is rapidly heated
this achieving a shock heating [166]. A second pulse of pure solvent is sent into the
reactor to push the formed nanoparticles out. Hereafter the process is repeated as
many time as required for making the desired amount of product. The advantage
of this system is that any reaction time can be selected; however, consequently
stalling the synthesis is slow due to the long reaction time and small volume of
the reactor. The volume of the reactor is kept small to ensure rapid heating
of the precursors. The pulse reactor synthesis experiments were performed at
Aarhus University with the help of Muhamed Aref Hasen Mamakhel from Aarhus
University.

5.1.4 High temperature reduction of Pt with YCl3 or Y(C5H5)3

At CINF it has been demonstrated that it is possible to form Pt5M alloys by
depositing metallic Y on top of a Pt substrate in a UHV setup and then anneal
it at a high temperature [167]. The alloy formation starts at 400-500 °C [168].
Extensive work has also been done using labile Y organometallic precursors with
Pt nanoparticles to form PtxY alloy nanoparticles. The idea is to let the pre-
cursor thermally decompose on the nanoparticles surface and then anneal them
at high temperature (above 400-500°) to form the alloy [169]. An alternative to
an organometallic precursor is to use halides or oxides, given that it has been
reported that PtxM alloys can be formed above 1200 °C in a very pure hydrogen
atmosphere when fluorides and oxides are used as precursors [117–119]. However,
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(a) Pulse reactor at Aarhus University (b) Schematics of Pulse Reactor

Figure 5.3: Image of the pulse reactor setup at Aarhus University a) and schematics of setup
b). The setup consists of three pneumatic pumps each connected to an inlet container A-C. The
pumps inject a pulse of precursor solution into the reactor D, where the reaction takes place over
a selected period, and then solvent is pumped to move the product out of the reactor through a
cooler E and then through the back pressure regulator F.

fluorides are significantly more difficult to reduce than other halides, which could
indicate that the reduction/alloying can be performed with chlorides at a lower
temperature. The thermodynamics of this will be derived in Section 6.1. Two
experiments were designed and performed with Brian Peter Knudsen, CINF, one
with an organometallic precursor Tris(cyclopentadienyl)yttrium(III) Y(C5H5) and
one with anhydrous YCl3. Precursors were mixed with pre-dried/reduced (200 °C
in H2) unsupported Pt particles (HiSPEC 1000) in a 3:1 weight ratio inside a
glovebox. The powder mixture was then put in a crystal glass reactor, sealed, and
connected to the synthesis setup which is shown in Figure 5.4a and 5.4 b.

The setup consists of two instrument 5.0 gas bottles with H2 and Ar gases
from Linde Gas. The gas flow is controlled by a reduction valve on each of the gas
bottles. The gas line from each gas bottle is split in two lines connected to two
three-way valves that enable changing between Ar and H2 gas. One of the two
valves is connected directly to the reactor, and the other through a Schlenk line.
The Schlenk has four ports, which can change between vacuum and gas. One port
is used for the reactor and one is used as exhaust through an oil trap to avoid back
diffusion of air and moisture. The last two ports are not used for this synthesis.

Before opening the ports on the reactor, the gas lines are flushed with both
Ar and H2. During the synthesis a constant flow of H2 is flowing through the
reactor. The reactor is heated inside a temperature controlled tube furnace that
was programmed to heat the reactor to 900 °C in 90 minutes and then hold at
900 °C for 360 minutes before shutting off. The atmosphere inside the reactor
was changed to Ar after the reactor had cooled down. Next, the reactor was
disconnected from the setup and one of the ports was opened, allowing air slowly

75



CHAPTER 5. POSSIBLE ROUTES FOR THE SYNTHESIS OF PTXM
ALLOY NANOPARTICLES

(a) Setup (b) Schematics of setup

Figure 5.4: a) Picture of setup, which consisted of a sealed glass reactor, placed inside a tube
furnace, connected to a pure H2 flow, and an exhaust through an oil trap. A yellow product
is observed just above the furnace inside the reactor tube, corresponding to the organometallic
precursors that sublimates and then condenses on the glass. b) Schematics of setup, which is
explained in the text.

to diffuse into the reactor and passivate the nanoparticles. During the synthesis
with the organometallic precursor a yellow deposit was observed inside the glass
reactor just above the furnace as seen in Figure 5.4b. This is due to sublimation
of the precursor that condenses on the glass wall outside the furnace. To maintain
the amount of precursor in the reactor a gently tapping on the glass wall was
performed in order to cause the deposit to fall to the bottom of the reactor where
it melted.

The experimental procedures and synthesis setup were presented in this section.
In the following sections the results of these synthesise will be presented.

5.2 Synthesis of PtxM nanoparticles using solvo-
thermal techniques

The SCF synthesis of PtxM nanoparticles was inspired by the work of Dipankar
et al [116], who reported that Pt3Gd intermetallic compound could be synthesized
under similar synthesis conditions as in the SCF reactors. They enclosed, an
ethanol solution containing 0.5 M of H2PtCl6 · 3H2O and GdCl3 ·H2O in a special
designed reactor for in-situ synchrotron experiments. While performing X-ray
scattering experiments the reactor was pressurised to 250 bar, the temperature
raised to 250 °C, and x-ray scattering measurements were performed in-situ. From
the scatter data an atomic pair distribution function (PDF) was calculated, which
describes the probability of finding two atoms with certain spacing and can be
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Tmix Treactor Precursor Flow Support Flow Pressure
257 ℃ 450 ℃ 10 mL/min 10 mL/min 300 bar
300 ℃ 450 ℃ 10 mL/min 10 mL/min 300 bar
350 ℃ 450 ℃ 10 mL/min 10 mL/min 300 bar
385 ℃ 450 ℃ 5 mL/min 5 mL/min 300 bar

Table 5.1: Experimental settings on the SCFS machine for the syntheses. The solvent tem-
perature was kept at 500 °C throughout the experiments and the solvent flow was adjusted to
maintain the mixing temperature.

used to identify both crystalline and non-crystalline substances. From the PDF
analysis, they could observe the formation of particles that could be fitted to a
Pt3Gd structure. Given that similar conditions are possible to reproduce with
the SCF systems, we aimed to imitate the literature results in both the SCF flow
system and the pulse reactor.

5.2.1 Supercritical flow synthesis of PtxY/C nanoparticles
As mentioned in the beginning in Section 1.4, one of the major challenges in
synthesising PtxM alloys is the large difference in reduction potential between
Pt precursors and M precursors. As a consequence, the early reduction of the
Pt precursor is highly favoured in any synthesis aiming to co-reduce Pt and M,
especially when the synthesis takes places at elevated temperatures. The highly
favoured early reduction of Pt precursor thus, becomes one of the major issues to
avoid. Given that the reactor heating rate is restricted, Pt reduction would start
at lower temperatures before the reduction of M takes place, resulting in pure Pt
nanoparticles. The M metal would be reduced on the surface of the Pt, leading to
a non-stable configuration since the M metal would be oxidized as soon it comes
in contact with water or air. Alternatively, the SCF flow systems rapid heating of
the precursors might be a big advantage for this synthesis since its configuration
favours the co-reduction. In any case, we anticipated that high temperatures are
needed to reduce the YCl3 precursor. Therefore, to favour reduction the rector
temperature was set to 450 °C, which was the maximum temperature possible at
the time. To heat the precursor solution more rapidly the mixing temperature
was increased gradually from 257°C, which is just above the supercritical point
for ethanol, to 385 °C, which was the maximum achievable mixing temperature
for the experiment. The mixing temperature was determined by the ratio between
precursor flow and solvent flow. To reach the highest mixing temperature the
precursor flow was reduced and the solvent flow set to maximum. In all of the
experiments the solvent temperature was set to 500 °C. The experimental settings
are shown in Table 5.1.

Ideally, the experiments should have been carried out using the same precursor
concentration as [116]. However, to reduce corrosion of the supercritical reactors
from chloride salts, the precursor solution concentration was reduced one order
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(a) PXRD spectra of temperature series

Tmix Size #1 Size #2
[℃] [nm] [nm]
257 3.0 22.7
300 2.8 20.4
350 2.6 17.6
385 2.6 15.3

(b) Crystallite size from Rietveld
refinement

Figure 5.5: Figure 5.5 – PXRD spectra of attempted PtxY synthesis with different vertical
temperatures. The peak positions fits to pure Pt phase. No alloy phase is observed. The PXRD
measurements were performed by Patricia Hernandez-Fernandez, DTI

of magnitude. As a result, the concentration of H2PtCl6 · 6H2O and YCl3 · 6H2O
was 0.0138 M, whereas Dipankar et al [116] used 0.5M.

5.2.1.1 Characterisation of synthesised PtxY/C nanoparticles

The synthesized particles were washed similar as the synthesized Pt/C particles.
After being washed and dried, the particles were subjected to PXRD analysis.
The XRD spectra for the temperatures series are shown in Figure 5.5a where only
peaks attributed to the Pt phase are observed. Rietveld refinement of the data
shows a broad size distribution where two Pt phases with different crystallite size
were required to describe the XRD pattern as explained in Section 2.2.2.2. From
the refinement the ratio between the two sizes is observed to be around 1:1. The
crystallite sizes seen in Figure 5.6b show an inverse relation with the mixing tem-
perature. This seems counterintuitive, but could be tentatively explained by the
fact that the reaction time in the reactor is correlated to the mixing temperature
by the solvent flow. To reach the high mixing temperatures the solvent flow needs
to be doubled, which corresponds to an overall flow rate increase of about 50%,
which causes the reduction of the reaction time by a factor of two. Given that the
particle size is dependent on both the reactor temperature and the reaction time,
the increase in mixing temperature causes the reaction time to decrease as does
the particle size. The XRD refinement also suggests that a considerable fraction of
particles are rather small ( 3nm), which is too small for active alloy nanoparticles
reported in [78].

The synthesised particles were also measured using XPS to evaluate if any yt-
trium were present in the surface layers and if the element was in metallic state,
suggesting alloying with Pt. The XPS spectrum of the Y3d peak is shown in
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(a) As prepared (b) After acid wash

Figure 5.6: XPS spectra of the product of the flow synthesis performed at 385 °C after water
wash a) and b) after acid wash. Only Y3d peaks attributable to oxidized Y can be observed in
a). The blue curve in the top is the residue from the fitting. XPS measurements were performed
by Kenneth Brian Haugshøj, DTI.

Figure 5.6a, where Y3d3/2, Y3d5/2 and Si2s peaks are observed. The Si contami-
nation could originate from the glassware used for preparing the precursors or the
glassware used to clean the product. The binding energy of Y3d5/2 in metallic
state has been measured at CINF and is 156 ± 0.2 eV for both sputter cleaned
polycrystalline alloy disks and UHV prepared nanoparticles [74,78], which is 2 eV
lower than seen in Figure 5.6a The high binding energy of Y could be caused by
the presence of oxidized yttrium in the electrocatalyst, namely as oxide, hydroxide
or chloride, and suggests that the alloy was not formed. To verify if the alloys was
actually formed, we acid-treated the nanoparticles since yttrium oxides/hydrox-
ides/chlorides are dissolved at low pH. Thus, the particles were acid treated in
0.1 M HClO4 for 10 minutes and then diluted in water and centrifuged to recover
the acid-treated particles. The XPS spectrum of the acid-treated sample is shown
in Figure 5.6b, showing no yttrium signals. Only the Si2s peak, also detected in
Figure 5.6a, was present in the acid-leached catalyst.

In conclusion, the SCFS synthesis of PtxY alloy nanoparticles was not suc-
cessful. Two hypotheses can be proposed to explain the negative results. First,
yttrium oxide has a huge heat of formation ( -1800 kJ/mol) whereas the alloy
has -386 kJ/mol, and it is therefore more thermodynamically favourable to form
the corresponding oxide when oxygen or water is present. Also, synthesises were
performed with absolute alcohol (99.8%), which contains 0.2% water and hydrated
chloride salts. From thermodynamics considerations, it is very difficult to reduce
the yttrium chloride instead of oxidizing it. However Dipankar et al [116] mea-
sured a Pt3Gd alloy structure using also absolute ethanol and hydrated chloride
salts. The authors reported that the alloy formation was clearly detected after
40s and the complete conversion happened after 60s. We note that the reaction
time for the flow reactor is 5 s for the lowest mixing temperature and the reaction
time decreases at the mixing temperature increases. Consequently, we proposed as
second hypothesis that the reaction time in the reactor was too short to facilitate
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H2PtCl6 · 6H2O YCl3 · 6H2O GdCl3 · 6H2O
5.2 mM 6 mM
5.2 mM 12 mM
5.2 mM 60 mM
5.2 mM 120 mM
5.2 mM 60 mM

Table 5.2: Concentration of precursor solutions for hydrated synthesis in pulse reactor

alloy formation.

5.2.2 Pulse reactor

The pulse reactor experiments were divided into two sections, depending on whether
hydrated or anhydrous solvents and precursors were used.

5.2.2.1 Synthesis with hydrated precursors

The experiments focused mainly on PtxY, but a single PtxGd synthesis was also at-
tempted to examine if any difference between the two used precursors, YCl3 · 6H2O
and GdCl3 · 6H2O could be observed. All experiments were performed with a reac-
tor temperature of 250 °C and a pressure of 300 bar. The reaction time, 60 s, was
selected based on the results from the in-situ study [116] and also as a compromise
with the total synthesis time, since only a tiny volume ( 1.5 mL) is introduced
in the reactor at each pulse/cycle. The experiments were performed for different
H2PtCl6 · 6H2O/YCl3 · 6H2O ratios. We anticipated that only a fraction of the
YCl3 · 6H2O could react and thus an excess of such precursor was added. The
precursors were mixed in absolute ethanol and the same solvent was used in the
solvent pump. The precursor concentrations are listed in Table 5.2.

The products from the synthesis were measured with PXRD to determine if
any PtxM alloy phases were formed. The measurements are shown together in
Figure 5.7b for the purpose of comparison. The four synthesises using the yttrium
precursor does not show any other peaks than those associated with pure Pt in a
FCC structure. Likewise the experiment with gadolinium precursor exhibited the
Pt FCC peaks but also additional peaks from a second phase, which matches the
structure of Gadolinium bis(hydroxo)chloride Gd(OH)2Cl. This suggests that the
gadolinium precursor was partially oxidized, which could be expected since hy-
drated lanthanide chlorides upon continuous heating losses some water molecules,
followed by formation of hydroxochlorides and oxychlorides, and finally formation
of oxides [170–172]. This behaviour severely hinders the reduction with hydrated
precursors. As a plausible solution, the experiments were repeated with anhydrous
precursors (PtCl4, YCl3 and GdCl3) and anhydrous ethanol (30 ppm water).
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Figure 5.7: PXRD pattern of the different synthesises carried out using the pulse reactor. The
platinic acid amount is kept constant while the hydrous YCl3 and GdCl3 amount are varied
as seen on the plot. A Pt phase is the only crystallographic structure present in all spectra,
whereas diffraction peaks attributable to Gadolinium bis(hydroxo)chloride are observed when
Gd-precursor is used.

PtCl4 YCl3 GdCl3
4.9 mM 5.9 mM
2.4 mM 11.9 mM
5.1 mM 118.8 mM
5.1 mM 120.2 mM

Table 5.3: Concentrations of precursor solutions used for anhydrous pulse reactor experiments

5.2.2.2 Synthesis with anhydrous precursors and solvent

The precursor solution was prepared by weighing and mixing the salts inside a
glovebox with Ar atmosphere. The salts were then put in sealed containers and the
anhydrous ethanol was added outside the glovebox using a syringe. The bottles
with precursor solution and solvent were connected to the pulse reactor setup.
However, since the pumps were not powerful enough to pump the solution through
a syringe tube, the containers were not completely sealed. N2 was therefore flowed
into the containers to keep them water/air free. The exact concentrations of
precursors in the different synthesises are listed in Table 5.3.

The synthesis products were measured using PXRD and is plotted in Figure
5.8. The main peaks can be explained by a Pt FCC phase. We noted that in
the XRD pattern of the second synthesis sample (red line in the middle) there
are additional peaks, albeit very small. The weak signal makes it impossible to
identify which phase the peaks are associated with. Since the additional peaks
only appear in one of the samples it is most likely that these peaks correspond to
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Figure 5.8: PXRD spectra for the synthesis performed in the pulse reactor with anhydrous
precursors and ethanol. All the peaks in the different spectra can be attributed to a single Pt
phase.

a contamination. The PXRD measurements of the GdCl3 synthesis (not shown)
also reveal the presence of a pure Pt phase as only crystallographic structure in
the catalyst.

In conclusion, none of the supercritical fluid synthesis methods were success-
ful in synthesising PtxGd or PtxY alloy nanoparticles. This is puzzling since a
successful synthesis of Pt3Gd nanoparticles was reported using very similar condi-
tions [116]. Anhydrous conditions did not change the outcome of the experiment,
but from the reported experiment, anhydrous conditions should not be necessary.
A possibility is that the product is not stable enough to survive outside the reactor
and thus cannot be measured ex-situ. Without understanding how it was possible
to form Pt3Gd nanoparticles in the in-situ experiments, it is difficult to reproduce
the conditions ex-situ.

5.3 Pt3Y nanoparticles synthesised by high tem-
perature reduction

The high temperature reduction synthesis was partly based on the work by Erd-
mann et al [117, 118] and Bronger [119], who showed that PtxM alloys could be
formed from Pt and M oxides or fluorides reduced in H2 or NH3 at high tempera-
tures as described in Section 1.4. Their work, and thermodynamic considerations,
explained in Section 6.1, led us to attempt the PtxY synthesis using unsupported
Pt and YCl3. In addition to the chlorides, prior work by Brian Peter Knudsen,
CINF, [169] suggested that PtxY also could be synthesised using a organometallic
precursor, Y(C5H5)3 , Tris(cyclopentadienyl)yttrium(III) (YCp3). In this section
the results of the synthesis with unsupported Pt, and YCl3 and YCp3 respectively,
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(a) Product from synthesis (b) Lumps found in product

Figure 5.9: a) Product from the organometallic synthesis, which is a crude black powder with
some small shining particles in it. b) Small lumps found amongst the product powder of the
organometallic synthesis.

will be presented. The experimental procedure was explained in Section 5.1.4 The
synthesis with unsupported Pt nanoparticles and YCp3 resulted mainly in a pow-
der (Figure 5.9a) with some small lumps Figure (5.9b). The lumps were examined
with XPS and consisted mainly of C and Y and we thus suspect they are yt-
trium carbide, which will be shown in the characterisation in Section (5.3.2). The
synthesis with unsupported Pt and YCl3 resulted in a grey powder, not shown.
Characterisation of the two synthesis is presented in the next sections.

5.3.1 PXRD characterisation of product
The product powder was crushed and measured using PXRD. The XRD spectra
of the synthesized nanoparticles are plotted together with the spectra of the as-
received unsupported Pt and the XRD measurement of the polycrystalline Pt3Y
alloy disk used in the electrochemical experiments [48, 74] in Figure 5.10. The
peaks of the synthesized nanoparticles samples are shifted compared to the Pt
nanoparticles, and the width of the peaks has decreased significantly, which suggest
that the Pt particles have alloyed with Y and grown in size. To identify the alloy
phase, the XRD spectra were compared with the spectra of different PtxY alloys
measured at CINF Pt5Y, Pt3Y and Pt2Y. The best match was the Pt3Y alloy
whose spectrum is plotted in the figure (green line). The main features of Pt3Y
polycrystalline are present in both synthesized samples. The spectrum of poly
Pt3Y also contains a number of lines that are not attributable to the Pt3Y phase
(blue dashed lines) and interestingly several of these can also be observed in the
sample synthesized with the organometallic precursor. The most likely phase for
the peaks is the Pt2Y phase. It is not possible to confirm if the product of the
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Figure 5.10: XRD spectrum of the product of the syntheses with YCl3 and Y(C5H5)3 as well
as the Pt black precursor. The spectrum of the Pt3Y phase from [48, 74] is used as reference.
The peak position of the most pronounced peaks are also shown for Pt (ICSD: 64923) and Pt3Y
(ICSD: 649857) [118]. The Pt peaks are only visible in the Pt black spectrum whereas Pt3Y
peaks are visible in the three other spectra.

synthesis with chlorides (red line) also contains the Pt2Y phase, since it shows
so many other lines that can be explained by yttrium chlorides, oxychlorides;
platinum and yttrium silicides. Three phases describes most of the peaks: Pt3Y
(ICSD: 649852 [120], YOCl (ICSD: 60586 [173]) and Pt4Si4 (COD: 9008940 [174]).
The crystallite sizes were determined from Rietveld refinement. The size of the
unsupported Pt was 6.9 nm whereas the crystallite size in the synthesized particles
from organometallic precursor was 67 nm. It was not possible to make a good
Rietveld refinement for the YCl3 synthesis but from the peak broadening it appear
to have grown significantly.

5.3.2 XPS characterisation of samples
The samples were acid washed in 0.1 M HClO4 to remove leftover precursor and
oxides, which makes easier to detect metallic Y inside of the nanoparticles using
XPS, as expected from the creation of a Pt-skeleton structure [78]. The two
samples were measured with XPS by Paolo Malacrida, CINF and from survey
scans the most interesting features were the Pt4f, Y3d, C1s and O1s peaks. The
Pt4f and Y3d peaks from organometallic synthesis are plotted in Figure 5.11a.

The shapes of the peaks suggest that there could be two species of Pt: a
metallic Pt species (A, marked in grey) with a Pt4f7/2 of 71.2 eV, within the range
of 70.6-71.3 eV reported values in the NIST XPS database [175]; and a second
Pt species (B, marked in red), most likely PtO, albeit the corresponding binding
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energy (72.1 eV) is a bit lower than the range reported in the NIST XPS database
(72.4-74.6 eV).

The Y3d peak are plotted in Figure 5.11b and to achieve a good fit three
doublets were fitted. The doublet with the lowest binding energy (Y3d A, blue),
has a Y3d5/2 peak position of 155.3 eV, which is significantly lower than the
average values for metallic yttrium found in the NIST XPS database [175]; and
measured at CINF using PtxY model samples [74,78] ( 155.7 eV and 156±0.2 eV,
respectively). The XRD measurements of the polycrystalline Pt3Y disk and the
synthesised nanoparticles are quite similar and thus the downshift of the Y3d peak
could be related to the Pt3Y phase.

The Y3d B doublet in Figure 5.11b (red) is attributed to an Y oxide since the
peak position of Y3d5/2 156.6 eV is within the range of reported binding energy
of yttrium oxide 156.4-158.6 eV, according to the NIST XPS database [175]. As
previously stated the product of the organometallic synthesis consisted of a powder
(Figure 5.9a) and small lumps (Figure 5.9b). The small lumps were also measured
by XPS and the main composition was Y, O and C . The position of the Y3d peak
(Figure 5.11b insert) coincides with the position of the Y3d C doublet (grey) in
Figure 5.11b and it is thus likely that this peak is related to yttrium carbide.

The XPS measurements of the sample prepared in the synthesis using YCl3 are
shown in Figure 5.11c and 5.11d. The Pt4f peak shown in Figure 5.11c is broader
than the obtained in the organometallic synthesis shown in Figure 5.11a. The
peak is described by three doublets: metallic Pt (A, grey); a second one, shifted
up in binding energy (B, red); and a third, one shifted down in binding energy
(C, blue). The corresponding Y3d spectrum is plotted in Figure 5.11d show that
Y3d doublets alone cannot explain the obtained signal Therefore two Si2s peaks
were added to describe the measurement. The presence of Si in the sample is
likely because the peaks necessary for the fitting are located at 151.6 eV and
153.9 eV, which are close to the position of Si 150.6±0.1 eV and SiO2 154.7±0.5
eV [175]. Additionally, the existence of a PtSi phase fits with the XRD results
shown in Figure 5.10. Permyakova [176] studied several Pt-Si alloys prepared by
arc-melting and observed a similar Si2s peak 154 eV for Pi0.5Si0.5 and 153-154
eV for Pt0.8Si0.2 (see Figure 4.6 in [176]). Based on this it is likely that a PtSi
alloy was formed in the synthesis with YCl3. Given that no Pt-Si alloys were
observed in the product of the organometallic synthesis, it is assumed that the
Pt-Si alloying is made possible by a reaction between the YCl3 and the SiO2 that
the reactor is made of. Besides the two Si2s peaks, Figure 5.11d depicts two Y3d
doubles in the XPS spectrum. The first doublet (Y3d A, green) is likely metallic Y
since the Y3d5/2 peak is at 155.6 eV. The second doublet (Y3d B, purple) could be
yttrium oxide, yttrium chloride or yttrium oxo-chloride. The Y3d5/2 peak position
of 158.7 eV is in between what is reported for oxides (156.4 – 158.6 eV) and halides
(158.3-159.1 eV) in [175]. The fitted XPS peak position are summarised in Table
5.4.
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Figure 5.11: Detailed XPS scan of the Pt4f peak a) and Y3d peak b) of the catalyst obtained in
the synthesis using Y(C5H5)3 , and the Pt4f peak c) and Y3d peak d) of the synthesized product
when using YCl3. In a) the Pt4f peak have been fitted with two doublets where the A doublet
(grey) fits metallic Pt and the B doublet (red) is another chemical state. In b) the Y3d peak
was fitted using three doublets to achieve a good fit. Doublet Y3d A is attributed to metallic Y;
doublet Y3d B is likely an oxide; and doublet Y3d C is attributed to yttrium carbide. In c) the
Pt4f peak is broader compared to a) and is described by three doublets where one shifted up in
binding energy (B red) and one is shifted down in binding energy (C blue) compared to metallic
Pt (A grey). In d) the Y3d peak is convoluted with what are likely Si2s peaks. The Y3d part
of the peak is described by two doublets where one is metallic Y (Y3d A green) and the other
(Y3d B purple) could be a yttrium chloride. Measurements were performed by Paolo Malacrida,
CINF.
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Pt/C + YCp3 (900 °C) Pt/C + YCl3 (900 °C)
Pt4f7/2 Pt4f5/2 Pt4f7/2 Pt4f5/2

Pt4f A (Metal) 71.2 74.5 71.1 74.4
Pt4f B 72.1 75.2 72.1 75.5
Pt4f C 69.8 72.9

Y3d5/2 Y3d3/2 Y3d5/2 Y3d3/2
Y3d A (Metal) 155.3 157.3 155.6 157.7
Y3d B (Oxide) 156.6 158.8
Y3d C (Carbide) 157.9 159.0
Y3d D (Chloride) 158.7 160.7

Si2s
Si2s A 151.6
Si2s B 153.9

Table 5.4: Fitted peak positions in eV of the XPS spectra on Figure 5.11

5.3.3 SEM and EDX analysis of the synthesised samples
prepared from YCp3

The XPS measurements of the catalysts synthesized using YCl3 and the organometal-
lic precursor confirmed that both methods were successful in making metallic yt-
trium in the form of PtxY alloy. At the same time, it is also seen that by-products
are formed in both syntheses, which remain on the nanoparticles surface. In order
to gain insights into the distribution of the synthesis products in the catalyst, elec-
tron microscopy analyses were performed. The organometallic synthesis product
was measured both as-prepared and after acid-wash using SEM and SEM-EDX
by Erik Wisaeus, DTI. Characteristic SEM images of the as-prepared sample are
shown in Figure 5.12a and 5.12b. As observed, the sample mainly consists of
smooth spheres that from EDX consist of mainly Y and C. This suggests that
the thermal decomposition of the Y(C5H5)3 precursor creates yttrium carbides
that form large spheres. Both the large (1-2 µm) and small (100-200 nm) spheres
appear to be yttrium carbide. Interestingly, no Pt was detected when performing
EDX on the as-prepared sample so it is assumed that the Pt3Y alloy is completely
covered with yttrium carbide.

Figures 5.12c-d show SEM images of the sample after acid wash, revealing a
signal for Pt and Y, which supports the presence of a Pt-Y alloy since there is
no carbide and yttrium and yttrium oxide is not stable in acid. It is observed
from Figure 5.12c that the particles are rougher than the as-prepared in Figure
5.12a, which is likely to be a result of acid leaching. A SEM-EDX mapping was
performed in the rectangular area highlighted in 5.12c. The signals from C Kα1,2,
O Kα1, Y Lα1 and Pt Mα1 are also shown in Figure 5.12c. As a result, the carbon
is concentrated on the left side of the area, and from the image it is possible to
distinguish between the area with and without carbon. From Figure 5.12c and
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(a) SEM image of as prepared sample (b) SEM image of as prepared sample

(c) SEM image and EDX mapping of acid washed sample. The EDX mapping was performed
inside the marked box in the image

(d) SEM image and EDX mapping of acid washed sample. The EDX mapping was performed
inside the marked box in the image

Figure 5.12: SEM images and EDX mapping of the organometallic synthesis product before
acid wash a,b) and after acid wash c,d). Images are curtesy of Erik Wisaeus, DTI
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5.12d it appears that the Pt3Y alloy is covered with carbon species. Similarly,
the examination of Figure 5.12d suggests that the Pt3Y alloy is protruding from
a carbon structure. From the images it is seen that the Pt3Y alloy has grown into
large agglomerates and that the precursor decomposes into large carbides that
cover the alloys.

5.4 Summary
PtxY/C nanoparticles were attempted synthesized in a supercritical flow system
in order to reproduce the solvothermal synthesis of Pt3Gd reported in literature,
but no alloy was detected, resulting in pure Pt catalysts. It was also investigated
if PtxY or PtxGd could be synthesized in a supercritical pulse reactor under both
hydrated and anhydrous conditions, as this reactor type offered longer reaction
times which were closer to the reported synthesis. However, this synthesis proce-
dure did not result in alloy formation either and therefore this type of synthesis
was abandoned , leading to the quest of new techniques for carrying out this
task. A high temperature reduction/annealing synthesis was attempted where Pt
nanoparticles were mixed with either a organometallic precursor (Y(C5H5)3 ) or
a halide (YCl3), subsequently reduced in H2 at high temperatures (900 °C). Pt3Y
was formed using both precursors, but different by-products were also formed de-
pending on the precursor used. When using YCl3, YOCl and PtSi structures were
formed as a biproduct. The YOCl could be removed with acid but the PtSi alloy
stayed on the catalyst. XPS analysis confirmed that the Y was in a metallic state.
In contrast, when using the organometallic precursor an almost pure Pt3Y struc-
ture was formed and it was confirmed by XPS that the Y was metallic. However, a
large fraction of the Y was also in another oxidation state, more likely as yttrium
carbide, YC2. This was checked with SEM analysis, which showed large spheres
containing mainly Y and C according to SEM-EDX. The alloy was only visible in
SEM-EDX after acid wash. It is speculated that in the case of the organometallic
synthesis, the resulting particles grow and merge into huge agglomerates that are
covered by YC2 generated from the precursor decomposition, hindering their use
for electrocatalysis purposes. In conclusion, we have developed synthesis methods
that are capable of forming Pt3Y alloys. However, the resulting nanoparticles are
excessively large and the surface is covered with by-products that block Pt sites for
the electrocatalysis, even after treatment in acid. Therefore, this method requires
optimization to synthesize suitable active electrocatalysts. This is the topic of the
next chapter.
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6
High temperature synthesis of PtxM alloy

nanoparticles

In Chapter 5 different synthesis routes for PtxM nanoparticles (where M is an early
transition metal, alkali earth or lanthanide) were explored. The most promising
was the formation of Pt3Y particles from high temperature annealing of unsup-
ported Pt nanoparticles with either Y(C5H5)3 or YCl3. In this chapter the high
temperature annealing synthesis method will be studied in detail. The chapter
is divided into five sections. First, I examine the thermodynamics of the high
temperature reduction. Section 6.2 studies the effect of annealing on the Pt/C
seed nanoparticles. Section 6.3 and 6.4 investigate the high temperature synthesis
of PtxY/C from a commercial Pt/C mixed with either Y(C5H5)3 or YCl3 respec-
tively. In addition the synthesis of other PtxM alloy nanoparticles like PtxGd/C
and PtxTb/C is included in Section 6.4.2. The final section provides a summary,
which additionally contains suggestions for an improved synthesis setup.

6.1 Thermodynamics of high temperature reduc-
tion in H2

To better understand the conditions under which the synthesis of PtxM nanoparti-
cles is possible, the thermodynamics of different reduction reactions were studied.
It is well known that lanthanides and early transition metals form very stable
oxides, which could drive the synthesis reaction towards oxide formation, and it
is therefore interesting to study the sensitivity of these reactions towards oxygen
and water. In Chapter 5 it was postulated that it is easier to form PtxM alloys
from chlorides than fluorides and oxides, which was based on the reduction of M
chlorides, fluorides and oxides into M metal. In this section it will be studied which
halides are easiest to reduce in order to form PtxM alloys. Finally, the trends in
reduction for the lanthanide series, Y and Ca will also be discussed.

91



CHAPTER 6. HIGH TEMPERATURE SYNTHESIS OF PTXM ALLOY
NANOPARTICLES

Alloy TReduction ∆H ∆S Range Ref
[K] [kJ/mol] [J/(mol K)] [K]

Pt5Y 1200 -385.97 -5.4 1100-1600 [179,180]
Pt3Y 1350 -386.83 -19.6 1300-1700 [179,180]
Pt5Gd 1200 -438 -51 1073-1373 [179,181]
Pt2Gd 1400 -412 -60 1373-1673 [179,181]
Pt5Tb 1200 -442 -44 1073-1373 [179,181]
Pt3Tb 1300 -425 -46 1273-1573 [179,181]
Pt5Ca 1200 -231.5 -25.5 1200-2133 [178]

Table 6.1: Thermodynamic data for select PtxM alloys adapted from [117,118,178–181]

6.1.1 Thermodynamic data for PtxM alloys

The formation of PtxM alloys have been studied in literature for bulk systems
both by mixing metals at high temperature [177,178] and by reducing metal oxides
[117, 179–181]. Table 6.1 lists reduction temperatures for select PtxM alloys from
M-oxides in H2 using data from [117,178]. The formation enthalpy and entropy are
also listed in Table 6.1 using data from [179–181]. The formation entropy/enthalpy
was measured by reducing oxides at different temperatures and then determining
the equilibrium constant from the partial pressure of water vapour, which were
measured using Galvanic cells [179–181]. The enthalpy values for Pt5Y and Pt3Y
(-385.97 kJ/mol and -386.83) are close to the values calculated using DFT (-356
kJ/mol and -380 kJ/mol) by Ulrik Grønbjerg Vej-Hansen at DTU Physics [182].

The program HCS Chemistry 6.1 was used to perform the thermodynamic
calculations in this section. The program contains a large database of thermody-
namic data for a large number of compounds. Unfortunately it does not contain
the PtxM alloys. The values from Table 6.1 have therefore been used together with
additional values from the literature [179]. The program calculates the Gibbs free
energy of a compound at different temperatures, and by subtracting Gibbs free
energy of the different reactants and products, the change in Gibbs free energy
from the reaction can be calculated. To do this for a compound, the program needs
the standard enthalpy and standard entropy of the material as well as a function
describing the temperature dependent specific heat capacity. Table 6.1 list the
change in enthalpy for alloys from its composing elements at standard conditions,
which per definition is the standard enthalpy of the alloys. It is not obvious from
the table data what the standard entropy and specific heat capacity function are,
but that can be calculated as will be shown in the following. The main criteria for
the missing parameters in the program, is that the change in Gibbs free energy
that the program calculates should be the same as the experimental reported val-
ues. The data in Table 6.1 is based on experiments where Pt is mixed with oxides
of the M metal (where M is an early transition metal or lanthanide). The mixture
was heated under a very pure H2 flow to form the following reaction [118,180,181]:
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xPt + 1
2M2O3 + 3

2H2(g) = PtxM + 3
2H2O(g) (6.1)

The equilibrium constant, K, of the reaction can be determined from the ratio
between partial pressure of product gas, PH2O, (water vapour) and reaction gas,
PH2

, (H2) [180,181]:

K =
(
PH2O

PH2

) 3
2

The change in Gibbs free energy for the reaction, ∆Gr, is related to the equi-
librium constant by the equation [11]:

K = e−
∆Gr
RT (6.2)

Where R is the gas constant and T is the temperature. The change in Gibbs
free energy for the reaction is determined by the difference in Gibbs free energy
between the reactants and products:

∆Gr = GPtxM + 3
2GH2O −

(
xGPt + 1

2GM2O3
+ 3

2GH2

)
(6.3)

The Gibbs free energy of the compounds in the reaction can also be described as
the change in Gibbs free energy from the elemental substances to the compounds:

∆GH2O = GH2O −
(
GH2

+ 1
2GO2

)
∆GM2O3

= GM2O3
−
(

2GM + 3
2GO2

)
∆GPtxM = GPtxM − (xGPt +GM) (6.4)

By substituting these expressions into equation 6.3 the following expression is
derived:

∆Gr =
(
∆GPtxM + xGPt +GM

)
+ 3

2

(
∆GH2O +GH2

+ 1
2GO2

)
+
(
xGPt + 1

2

(
∆GPtxM + 2GM + 3

2GO2

)
+ 3

2GH2

)
Which can be reduced to:

∆Gr = ∆GPtxM + 3
2∆GH2O −

1
2∆GM2O3

By looking up ∆GH2O and ∆GM2O3
in a thermodynamic data table, the change

in Gibbs free energy for the alloy ∆GPtxM can be determined. This is what was
done in the papers [179–181], which is the source of the data in Table 6.1.
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∆GPtxM = ∆Gr −
3
2∆GH2O + 1

2∆GM2O3

The ∆Gr was measured at several temperatures in [179–181] and a linear de-
pendence on temperature is reported, suggesting a near constant enthalpy and
entropy in the measured temperature range:

∆GPtxM = H0 − TS0

The Gibbs free energy for the alloy GPtxM can then be determined by inserting
∆GPtxM in equation 6.4 and write out the expression with enthalpy and entropy
terms:

H0 − TS0 = HPtxM − TSPtxM − xHPt + TxSPt −HM + TSM

This can be separated into an expression for enthalpy and entropy:

HPtxM = H0 + xHPt +HM (6.5)
SPtxM = S0 + xSPt + SM (6.6)

The enthalpy in equation 6.5 is temperature dependent, but the programme
only needs the standard enthalpy, and since the standard enthalpies for Pt and
M per definition is zero, the standard enthalpy is equal to H0. The program
also needs the standard entropy, which can be calculated from equation 6.6 where
SPt(25 °C) and SM(25 °C) is found in the programs database. The specific heat
capacity, CP , at constant pressure can be calculated from the following equation:

CP (T ) = T

[
dS

dT

]
P

(6.7)

The program uses the function in equation 6.8 to describe the specific heat
capacity using four constants. The constants can be determined by fitting the
function in eq. 6.8 to the calculated specific heat capacity in eq. 6.7 using the
entropy from 6.6 and the database values for SPt(T ) and SM(T ).

CP (T ) = A+ 10−3BT + 105CT−2 + 10−6DT 2 (6.8)
The calculated specific heat capacity for Pt5Y is shown in Figure 6.1a together

with the fitted parameters for function (6.16). The points marked with red were
ignored in the fit, since these points cannot be described by the function (6.16).
The fitted values were used in all calculations performed with the program. The
values are listed in Appendix A. To check for self-consistency the fitted values were
used to calculate the change in Gibbs free energy for creating Pt5Y alloy from Pt
and Y2O3 in H2. The calculated change is shown in Figure 6.1b together with the
experimental values [180], which the thermodynamic values were determined from.
The figure shows a good overlap between the calculated line and the experimental
points, and I will thus use this method to calculating changes in Gibbs free energy
for all of the alloys.
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Figure 6.1: Specific heat capacity for Pt5Y calculated using eq. 6.7 (black and red points).
The dashed red line is fitted using eq. 6.8. Red points are ignored in the fit. b) Calculated
change in Gibbs free energy from forming Pt5Y from oxides (red line) calculated using the HCS
6.1 programme and the fitted data from a) and the measured experimental values from the
experiment [180] (black squares).

6.1.2 PtxM alloys and M oxides
The most stable and common form of early transition metals and lanthanides is
oxides. Therefore the reactions between the PtxM alloys and the corresponding
M oxides will be studied first. Focus is on the Pt-Y system since the Pt3Y alloy
was formed using this synthesis method as shown in Section 5.3. By using the
thermodynamic data shown in Table 6.1 and Appendix A, it was possible to cal-
culate ∆G for forming Pt5Y and Pt3Y from oxides. This is depicted in Figure
6.2a and 6.2b where the reaction from Pt and Y2O3 to Pt5Y is shown as a black
line; the reaction from Pt and Y2O3 to Pt3Y as a red line; the reaction from Pt5Y
and Y2O3 to Pt3Y as a blue line. Evidently, all reactions have positive changes
in ∆G within the temperature range displayed, which is wider than the practical
range for making nanoparticles, as the nanoparticles agglomerate at elevated tem-
peratures. The ∆G is normalised differently in Figure 6.2a compared to 6.2b, by
moles alloy molecule and moles water molecule respectively. The normalisation is
important as it changes which reaction is most favourable. In Figure 6.2a it seems
that forming Pt3Y is most favourable but only by forming Pt5Y first. In Figure
6.2b on the other hand it is most favourable to form Pt5Y. It is therefore not
clear which normalisation that tells which reaction is most favourable. Rather,
the reaction conditions that favour the different reactions can be calculated by
using the equilibrium constant, which can be determined from eq. 6.2.

Reaction (6.1) is valid in the case of a M2O3 oxide, but not all oxides of the
M metals of interest form a M2O3 oxide. Instead eq. (6.1) can be written more
generally as:

xPt + 1
2MyOz + z

y
H2(g) = PtxM + z

y
H2O(g) (6.9)

The gas phase equilibrium this reaction is:
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Figure 6.2: Calculated change in Gibbs free energy for forming; Pt5Y from Pt and Y2O3
(black); Pt3Y from Pt and Y2O3 (red); and Pt3Y from Pt5Y and Y2O3. The plots are either
normalized per mole alloy molecule a) or per mole H2O molecule b)

K =
(
PH2O

PH2

) z
y

⇐⇒
PH2O

PH2

= K
y
z (6.10)

The ratio between partial pressure of water vapour and hydrogen that allows
reaction 6.9 to proceed can be seen from eq. 6.10. This is plotted in Figure 6.3b
for the three reactions in Figure 6.2. Partial pressures of water higher than the
limit from eq. 6.10 oxidise the alloys (white area), while partial pressures of water
lower than the limit for the different reactions causes reduction and formation of
the alloys. Therefore, according to Figure 6.3b, it is only possible to form the
Pt5Y alloy in the red area; in the blue area both Pt5Y and Pt3Y can form; and
in the green area both Pt5Y and Pt3Y can be formed and it is also favourable to
convert Pt5Y into Pt3Y. In other words, Figure 6.3b shows the tolerance for water
in the different reactions. Furthermore, the figure exhibit trends similar to those
in Figure 6.2b, meaning that the ∆G normalized to moles of water, shows which
reaction is most favourable and thus have the largest water tolerance. This is also
evident from eq. 6.10. The three reactions have a different alloy to oxide ratio and
thus also a different alloy to water ratio. This is important for the reaction time,
which will be described in the end of the section. The tolerance towards oxygen
for the different reactions can also be extracted using the same procedure as for
water. The reaction for oxidising the alloys with oxygen is:

PtxM + z

y
O2(g) = xPt + 1

y
MyOz (6.11)

The gas equilibrium for the reaction is:

KO2
=
(

1
PO2

) z
y

⇐⇒ PO2
= K−

y
z (6.12)

The partial pressure of oxygen limit from eq. 6.12 for the oxidation/reduction of
Pt5Y is plotted in Figure 6.3a. The area above the limit (white) favours oxidation
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Figure 6.3: a) Oxygen tolerance of Pt5Y at different temperatures. In the white area oxidation
is favoured and in the red reduction is favoured. b) Shows the water tolerance for different
reactions that forms PtxY alloys. In the white area all of the alloys are unfavourable. In the red
area Pt5Y can be formed. In the blue and the green region both Pt5Y and Pt3Y can be formed,
but in the green region it is also favourable to convert Pt5Y to Pt3Y.

of the alloy, whereas the area below (red) favours the reduction of the alloy. From
the plot it seems unlikely that the alloy would be stable under ambient conditions
in air, but from experiments it is known that the alloy is stable in air except
for a few monolayers that are oxidised. The likely explanation for this is that
oxygen is kinetically limited by the surface oxide from diffusing into the alloy.
Moreover, when the Pt overlayer is formed, it will too protect the alloy from
oxidation. At elevated temperatures, diffusion increases in the Pt alloys, making
oxidation possible. The onset of the oxidation of the alloys in O2 was measured by
Erdmann [117] for a number of Pt alloys with alkali earth, early transition metals
and lanthanides. The onset was in the range 330-660 °C where Pt3Sr had the
lowest onset and Pt3Mg the highest. The most relevant alloy in the study for this
thesis was the Pt5Tb with an onset temperature of 450 °C. This suggests that any
oxygen present under synthesis conditions can oxidize the formed alloy.

The oxygen and water tolerance are related. This can be seen by calculating
the equilibrium for the gas phase reaction of oxidizing hydrogen into water:

H2(g) + 1
2O2(g) = H2O(g)

The gas phase equilibrium can then be written as:

KH2O =
P 2

H2O

P 2
H2
PO2

⇐⇒
PH2O

PH2

=
√
KH2OPO2

(6.13)

The water tolerance is found by substituting 6.12 into 6.13. It is seen that the
water tolerance is related to the oxygen tolerance by the gas phase equilibrium
constant for oxidising hydrogen:
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PH2O

PH2

=
√
KH2OK

− y
z

O2
(6.14)

It is clear that the water and oxygen concentrations are crucial for the success
of the synthesis. The calculations so far have been performed for equilibrium
conditions. However, it is not certain that equilibrium will be reached within the
timescale of the synthesis. The synthesis is performed with a flowing H2 gas with
a known trace amount of O2 and H2O in it. Even assuming that all O2 molecules
will react with an alloy until the equilibrium is reached, the amount of oxidized
alloy will depend on the flowrate of the gas and the time of the synthesis. The
flux of O2 can be calculated using the ideal gas equation:

nO2
=
PO2

V (Q, t)
RT

=
PO2

Qt

RT

Where nO2
is moles of oxygen, PO2

is the partial pressure of oxygen in the feed
gas, V (Q, t) is the volume, R is the gas constant, Q is the flow rate, and t is the
time. The amount of converted alloy then becomes:

nox = z

2ynO2
= z

2y

(
PO2

Qt

RT
−
P ◦O2

Qt

RT

)
The equilibrium partial pressure of oxygen P ◦O2

seen in Figure 6.3a is 10-20
orders of magnitude lower than the trace amounts of oxygen in the feed gas,
which is in the ppb range for H2 instrument 6.0 gases. Thus, the term with the
equilibrium pressure may be disregarded. The ratio between alloy and oxidized
alloy can then be written as:

nox

nPtxM
=

z
2y

PO2
Qt

RT
wPt
xmPt

Where wPt is the Pt weight and mPt is the Pt atomic mass. The time it will
take to completely oxidize the alloy can then be written as:

t = 2y
xz

wPtRT

mPtPO2
Q

The oxidation time is plotted in Figure 6.4a for three different flow rates. The
amount of Pt is 0.1 g and the flow rate is measured at 25 °C. Evidently, based
on the chosen flow rates, it would take at least a week to completely oxidize all
of the alloy material for O2 concentrations of 2 ppm which is the concentration
in a HiQ Hydrogen 5.0 from Linde Gas. The time scale of the synthesis shown
in Section 5.3 is maximum 6-8 hours at high temperatures and thus far from the
time it takes to oxidise the product. Therefore is instrument 5.0 gas pure enough
for the synthesis of PtxY alloys.

The minimum time of synthesis from oxides can also be calculated using a
similar approach as for O2. If the reaction is not kinetically limited then the
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Figure 6.4: Time it would take to completely oxidize Pt5M alloy made from 0.1 g Pt for
different flow rates calculated at 25 °C. b) Minimum time it would take to make the alloy from
0.1 g Pt plus yttrium oxide in a hydrogen atmosphere at different temperatures. It is assumed
that the reaction is only mass transport limited, where the maximum mass flux of product gas is
calculated from equilibrium partial pressure of water and a H2 flow rate of 6 L/hour (measured
at 25 °C).

reaction rate will be limited by how fast the product gas can be removed. In
Figure 6.3b the equilibrium partial pressure of water is calculated for different
reduction reactions for making the alloy. In a mass transport limited situation the
equilibrium pressure will also be the maximum partial pressure and the maximum
reaction rate will depend on how much water can be removed at the maximum
partial pressure. Thus the amount of product gas can be written as:

nH2O =
PH2OV

RT
=
PH2OQt

RT

The amount of water can be related to the amount of alloy molecules formed:

wPt

xmPt
= nPtxM = z

y
nH2O = z

y

(
PH2OQt

RT

)
The minimum time can then be deduced:

t = y

xz

wPtRT

mPtP ◦H2OQ

The minimum time is plotted in Figure 6.4b for three different reactions to
form either Pt5Y or Pt3Y. The flow rate is 6 L/hour and calculated at 25 °C,
and the amount of Pt used is 0.1 g. It can be seen that Pt5Y reduction becomes
practical around 1000 °C and Pt3Y around 1200 °C. It should be noted that the
minimum reduction time scales with Pt and the flow rate. If either is changed
by for instance an order of magnitude, the minimum will also change by an order
of magnitude. This means the minimum time can be reduced by increasing the
flow rate although at some point the reaction will be kinetically limited and then
increasing flow rate beyond this point will not matter.
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Figure 6.5: Comparison of ∆G for forming different Pt5M alloys from Pt and MyOz in H2.
The ∆G has been normalized to moles of H2O.

The focus has so far been on the PtxY alloys, but the same methodology
can also be applied on other PtxM alloys. In Figure 6.5 the ∆G is plotted for
forming different Pt5M alloys from Pt and MyOz alloys in H2. The ∆G has been
normalized to moles H2O in the reaction to keep the same trend as would be seen
for equilibrium partial pressure of H2O in the reaction. Evidently, the alloy with
an alkali metal has the highest ∆G making it the most difficult to reduce. It is
also seen that all lanthanide alloys have a lower ∆G than for forming Pt5Y making
them easier to form. There is also a clear trend for the lanthanides, with early
lanthanides being the easiest to form from oxides.

6.1.3 Halides
It is possible to form PtxM alloys from M oxides, but the reaction temperature is
quite high (>1000 °C) and the process is slow. The alternative to oxides is to use
halides, which was demonstrated in Section 5.3 where Pt3Y was formed from Pt
and YCl3 in a H2 flow at 900 °C. To learn more about the halide system, ∆G is
calculated for the following reaction:

xPt + MHalide3 + 3
2H2(g) = PtxM + 3 HHalide(g)

The ∆G for forming Pt5Gd from different halides is plotted in Figure 6.6a.
It is seen that the alloy formation from halides in general has a lower ∆G, thus
making it easier to form the alloys. There is also a general trend among the halides
in which GdI3 is the easiest to reduce and GdF3 is the hardest. To determine how
difficult it is to form the alloy from halides in a H2 flow, the gas phase equilibrium
equation for this reaction is used:
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Figure 6.6: a) The ∆G for forming Pt5Gd from different precursor normalized by moles gas
phase product. It can be seen that the ∆G is smaller when forming the alloy from halides than
oxides. b) Equilibrium partial pressure of the product gas involved in the reaction. The reaction
with HCl, HBr and HI product gasses all have a very high equilibrium partial pressure at lower
temperatures (500 °C – 900 °C) compared to HF and H2O.

KHCl = (PHCl/P )3

(PH2
/P ) 3

2
(6.15)

This expression is not easily solved, but since PH2
≈ P = 1 bar for most

relevant values of PHCl eq. 6.15 can be approximated as:

KHCl = P 3
HCl ⇐⇒ PHCl = 3

√
KHCl (6.16)

The error of this approximation reaches 10% when the PHCl increases beyond
0.0322 bar. The error becomes negligible for PHCl below 0.01 bar. The approxi-
mated equilibrium partial pressure of different product gasses is plotted in Figure
6.6b. In general the halides have a much higher equilibrium partial pressure of
the product gas than for the oxides meaning that it is easier to form Pt5Gd alloy
from halides than oxides, since the reaction can tolerate a much higher product
gas concentration. There is also a trend in the halides in which GdF3 is the most
difficult to reduce and then it becomes easier through the halide series. The tem-
perature region of interest for this synthesis is 500-900 °C and in this region there
is a negligible difference between using GdCl3, GdBr3 and GdI3. All have a PHCl
in this temperature range so high that the approximation in 6.16 begins to break
down. From a practical perspective, removing percentage or per mille level of HCl
gas is relative easy, and the synthesis can thus be performed with halides at much
lower temperatures than for oxides.

In the synthesis performed in Section 5.3, it was speculated that the precursor
was in a liquid state, which facilitated transport of precursor to the Pt nanoparti-
cles. It is therefore important to look at the melting temperature of the different
precursors. In Table 6.2 the melting temperature of different gadolinium precur-
sors is listed. GdCl3 not only has the lowest melting point of the precursors on
the list, it is also easy to reduce as seen in Figure 6.6b, and finally it is easy to
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Precursor Melting point
GdF3 1232 ℃(1505 K [183])
Gd2O3 2425 ℃(2698 K [184]
GdCl3 602 ℃(875 K [185])
GdBr3 770 ℃(1043 K [186])
GdI3 930 ℃(1203 [184])

Table 6.2: Shows the melting point for different gadolinium precursors [183–186].

procure. Similar calculations have been performed for PtxY and PtxTb alloys,
which also found chlorides to be the best choice of precursor among halides and
oxides.

Having found that chlorides are the best choice of halide precursor for this
synthesis, the same analysis that was performed for the lanthanide oxides can be
applied on the lanthanide chlorides. Figure 6.7a shows a comparison of equilib-
rium partial pressure of HCl gas for reactions forming Pt5M alloys using different
chlorides as precursors. In the plot the precursors with the highest equilibrium
pressure of HCl at lowest temperature is easiest to reduce. It is clear that the
easiest alloy to form is Pt5Dy from DyCl3. However, all of the lanthanide alloys
have a sufficiently high equilibrium partial pressure (>1‰) of HCl in the relevant
temperature range (500-900 °C), that it should be possible to synthesise all of
them from chlorides. Pt5Ca is much more difficult to form from chlorides than
the other alloys, which is similar behaviour as for oxides. It seems that Pt5Ca and
likely other Pt alkali metal alloys are more difficult to form than the Pt lanthanide
and early transition metal alloys.

Figure 6.7b shows the equilibrium partial pressure of HCl gas for different re-
actions between PtxY alloys and chlorides. In the white region it is not favourable
to form the alloy from chlorides. In the red region Pt5Y can be formed; in the blue
region both Pt5Y and Pt3Y be formed; and in the green region both Pt5Y and
Pt3Y can be formed and it is also favourable to convert Pt5Y into Pt3Y. Because
the equilibrium partial pressure of HCl is so high for all three reactions in the
temperature region of interest (500-900 °C), it would be realistic to have a partial
pressure of HCl where both Pt5Y and Pt3Y alloy particles can be formed at the
same time. If the reaction was mass transport limited, the partial pressure would
approach the highest allowed value, which would be the transition to Pt5Y alloy.
When Pt is fully converted into Pt5Y, the reaction no longer takes place, which
would force the partial pressure down to the equilibrium value for transforming
Pt5Y to Pt3Y. Whether the reaction is mass transport limited or kinetic limited
will determine if Pt5Y and Pt3Y are formed at the same time or Pt3Y is formed
after Pt5Y is formed.

In summary, the thermodynamic calculations showed that although the syn-
thesis is sensitive to O2 and H2O from a practical perspective, it should be possible
to avoid oxidation when using instrument 5.0 gas or purer in the timescale of the
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Figure 6.7: a) Equilibrium partial pressure of product HCl gas for reactions forming different
Pt5M alloys from chlorides. b) Equilibrium pressure of product HCl gas for reactions forming
PtxY alloys. In the white area it is not favourable to form the alloy; in the red area only the
Pt5Y alloy is formed; in the blue area both the Pt5Y and Pt3Y are formed; and in the green
area both alloy can be formed but it is also favourable to change Pt5Y into Pt3Y.

synthesis. It was also shown that precursors of M halides, namely chlorides, bro-
mides and iodides can be reduced to form PtxM alloys in the 500 - 900 °C range
of interest for the synthesis. Based on the thermodynamics of the reduction and
melting temperature, YCl3, GdCl3 and TbCl3 are the best precursors to form
PtxY, PtxGd and PtxTb alloys respectively from halides, and these will therefore
be used in section 6.4.

6.2 Annealing of Pt/C seed particles
As discussed in section 1.3.4.2 the particle size of the alloy is crucial to achieve
the mass activity gains reported for cluster source fabricated nanoparticles [78,79].
Therefore the choice of Pt seed particles can determine the success of the synthesis.
The size distribution of the synthesised alloy nanoparticles will depend on the size
distribution of the carbon supported Pt (Pt/C) seed particles and the stability
of these particles under high temperature annealing. We were able to procure
commercial Pt/C nanoparticles with a specified size of 6.6 nm and 50% wt. loading
Pt from Tanaka Kikinzoku Kogyo (TKK) and these were used for all the synthesis
experiments in this chapter.

The Pt/C nanoparticles were characterised both as received and after anneal-
ing at 900 °C to see how the nanoparticles behave under similar conditions as the
alloy synthesis. The annealing was performed with a H2 flow and the sample was
heated in a 25 min. ramp to 200 °C, held for 60 min. then ramped up to 900°C
in 70 min., and finally held at 900 °C for 60 min. The sample was allowed to
decrease in temperature to 500 °C for 50 min. where after the heating stopped,
allowing the sample to cool down slowly. The as received and annealed samples
were measured with PXRD, and the measurements and Rietveld refinements are
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Figure 6.8: PXRD measurement and Rietveld refinement of a) as received Pt TKK 50% wt.
Pt/C and b) same catalyst after being annealed for 60 minutes at 900 °C in H2.

shown in Figure 6.8a and figure 6.8b for the two samples respectively. Besides the
Pt phase, a graphite phase is also present, which stems from the support, suggest-
ing that the support material is a graphitized carbon. The Rietveld refinement
(red line) describes the measurement of the as received sample well, although some
intensity is missing for the (111) reflection at 39-40 °. The extra intensity for the
(111) peak could suggest some preferred direction for the crystallites in the (111)
direction. This has been included in the fitting and the preferred orientation in
the (111) direction was fitted to 0.96 where 1 is no preferred orientation and 0
is complete preferential growth. The crystallite size was determined to 6.8 nm
from the peak broadening by assuming spherical particles and no micro strain.
The Rietveld refinement for the annealed sample was more complicated since the
peaks associated with Pt could not be described by a single phase. Instead, two
phases were used with different peak broadenings. While this provided a better
description, some intensity for the (111) peak was missing and a preferred orienta-
tion was thus added to the refinement. The preferred orientation did not give any
meaningful value for the Pt phase with the broader peaks, but for the narrower
Pt phase, the refinement gave the same value as for the as received sample. The
sizes from the refinement of the annealed sample do not have a physical meaning
since it is not known if the size distribution can be described by two sizes. The
simple interpretation is that the size distribution is quite broad.

The size distribution of the Pt/C was investigated further by use of small
angle x-ray scattering (SAXS). For the measurement a sample of the support
material was prepared by taking some of the annealed Pt/C and dissolving the
Pt in Aqua Regia solution (3:1 HCl 37% and HNO3 65%). The solution was then
diluted with distilled water and centrifuged to rinse the carbon support. The dried
carbon support, as received Pt/C and Pt/C annealed at 900 °C were measured in
powder form in the SAXS setup at DTI by Solveig Røgild Madsen. The signal
from the carbon support was subtracted from the two other samples, and the size
distribution calculated from the inverse Fourier transform. The calculated size
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distribution is shown in Figure 6.9a. There is a clear difference in size distribution
between the two samples. The as received sample has a lower peak position than
the annealed sample and also a more narrow distribution. For the annealed sample,
most of the distribution lies at smaller radii, suggesting that many particles have
not grown. The distribution does however continue to radii much larger (>30 nm)
than for the as received sample (<10nm). The as received sample shows ripples
and negative values in the size distribution for larger radius sizes, which is likely
an artefact from the Fourier transform, also known as Fourier Ripples. The size
distribution for the annealed sample also contains what could be ripples at larger
radii (>10 nm), from the plot it is not possible to see if it is an artefact or not. The
effect of Fourier Ripples can be avoided by changing the boundaries of the inverse
Fourier transform, since the Fourier Ripples are dependent on the integration
limits. The cumulative distribution in Figure 6.9b is constructed by integrating
the distributions shown in Figure 6.9a. An indication of the uncertainty in the
data and Fourier transform is found from changing the integration boundaries of
the transform and observing changes in the cumulative distribution. The software
used for the data treatment (EasySAXS) calculates the radii at 20%, 50% and
80% of the integral denoted r20%, r50% and r80% respectively. The r20% and r50%
values (3.3 nm and 4.4 nm respectively) change very little whereas the r80% is
in the range 11 nm to 30 nm. This suggests that the cumulative distribution is
stable for 0 to around 50% whereas the distribution around 80% is quite sensitive
to the boundaries of the inverse Fourier transform. The cumulative distribution
shows that 75% percent of the volume of the as received particles are in the range
6-12 nm diameter particles we are aiming for, and after annealing this number
drops to 50%. Most of the distribution loss for the annealed particles is spread
to larger particles, which may have the higher specific activity, but in turn a poor
mass activity due to their size. Only 5% of the annealed Pt particles’ volume is
used for smaller particles that do not form as active alloy nanoparticles [78, 79].
The surface to volume ratio was calculated from the SAXS data, and was found
to drop from 0.7181 to 0.5273 for as received to the annealed sample, which is a
loss of 27% of the surface per mass.
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Figure 6.10: XPS measurement of the annealed (900 °C) Pt/C 50% wt. catalyst. The C1s
peak is plotted in a) and the Pt4f peak in b).

Figure 6.9: a) Fourier transformed SAXS measurements of TKK Pt/C 50% wt. as received
and after annealing to 900 °C. b) Shows the cumulative distribution calculated by integrating
a). Measurement performed by Solveig Røgild Madsen, DTI

The annealed Pt/C nanoparticles were also measured using XPS, thus creating
a reference for the C1s and Pt4f peaks when measuring the alloy nanoparticles.
The peaks are shown in Figure 5.10a and Figure 5.10b for the C1s and Pt4f peaks
respectively. The Pt4f7/2 peak position is slightly higher (71.4 eV) than expected
(71.1 eV) which could just be a small shift in the instrument. The C1s peak
position was 284.7 eV.

The as received and annealed Pt/C was additionally characterized electrochem-
ically. The average values are based on experiments performed by Amado Andres
Velazquez-Palenzuela (CINF) and myself. The electrochemical surface area was
determined by means of CO stripping to be 25±1.5 and 21±0.2 for the as received
and annealed Pt/C respectively. This is a decrease of 16% which is lower than
expected from the SAXS measurements. The specific activity (1.0±0.2 mA/cm2
and 1.32±0.09 mA/cm2) and mass activity (0.27±0.04 A/mgPt and 0.28±0.02
A/mgPt) were also measured for the as received and annealed samples respec-
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tively.

6.3 PtxY/C synthesis in quartz reactor using
organometallic precursor

The synthesis using organometallic precursors was not treated thermodynamically
in Section 6.1 since cyclopentadienyl Yttrium(III) (YCp3) decomposes easily, the
reaction is thus not between Pt and YCp3 at the alloying temperature, but rather
some species that YCp3 decomposes into. The thermodynamic data for YCp3
in literature [187], were determined from heat of combustion at low temperatures
(<100 °C) and may not be valid in the alloying region (>500 °C). Section 5.3
demonstrated that Pt3Y nanoparticles could be synthesised using YCp3 and it was
also demonstrated that some Y-C compound, likely YC2, was formed during the
synthesis. It is not known if the Pt3Y was formed from YC2 or some other YCxHy
species, and not knowing which reactions that take place, makes it impossible
to construct a thermodynamic model. Instead, the experiments from Section 5.3
were repeated with a commercial Pt/C to see if electrochemical active PtxY/C
nanoparticles could be formed.

The experimental conditions were kept the same as in Section 5.3. 200 mg of
TKK Pt/C 50% wt. were mixed with YCp3 in a 1:3 Pt to YCp3 weight ratio inside
a glovebox. The Pt/C was pre dried by heating it in H2 at 200 °C for one hour.
The mixture was put into a quartz reactor and sealed. The sealed reactor was
taken from the glovebox and connected to the synthesis setup (reactor and setup
are shown in Figure 5.4, Chapter 5). The gas lines were purged prior to connecting
them to the reactor, and then a flow of H2 was started through the reactor and a
heating program started. The program consisted of three temperature levels; first
the reactor was heated to 200 °C in 25 min. and held for one hour; then it was
heated to 900 °C in 70 min. and then held for one hour; finally the temperature
was lowered to 500 °C and held for 50 min after which the heating program ended.

6.3.1 Characterisation of PtxY/C nanoparticles made from
YCp3 at 900 °C

The resulting powder was measured using PXRD both as prepared and after acid
wash in 1M H2SO4. The PXRD measurements are shown in Figure 6.11 together
with the PXRD measurement of the annealed Pt/C. The PXRD results are quite
different from the results in Section 5.3 where mainly Pt3Y was formed and no
Pt peaks visible. In Figure 6.11 the Pt peaks (marked A) are also visible in
the spectrum for the alloy nanoparticles (marked B), meaning that Pt had not
been fully alloyed. The Pt3Y phase is clearly present from the peaks (marked
C), but another PtxY alloy phase is also present, which possibility could be the
Pt2Y phase that matches several of the peaks. Another interesting point is that
the Pt2Y phase have peaks around 20 ° marked E and F for the as prepared
and acid washed sample respectively, and that the ratio between the E and D
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(graphite from the support), and F and D are different, which suggest that some
of the Pt2Y phase was removed during the acid wash. The latter also matches
experiments performed with polycrystalline Pt2Y which was found to be unstable
during ORR measurements in acidic electrolyte [49, 74]. An unexpected peak is
observed around 36 ° (marked G) in the as prepared sample, but almost disappears
in the acid washed sample (marked H) which suggests that the phase is unstable
in acid. From the elements that are present, the most likely phase that describes
the peaks is Y18Pt50.56Si15.44 which means that the precursor is also reacting
with the glassware.

Figure 6.11: PXRDmeasurements of the annealed Pt/C seed particles as well as the synthesized
PtxY/C particles using Y(C5H5)3 shown both as prepared and after acid wash in 1M H2SO4.
The reference peak positions for Pt (black square), Pt3Y (blue circle) and Pt2Y (green triangle)
are shown at the top. A marks Pt’s (111) and (002) reflections which are hardly visible in the
synthesised sample at peak position B where the observed Peak matches the (113) reflection of
either Pt5Y or Pt2Y. C marks the main Pt3Y peaks. D is a reflection from the graphitised
carbon support. The peak at position E could be either Pt5Y or Pt2Y. It is observed that the
F peak decreases compared to the D peak after acid wash.

The synthesised samples were also measured using XPS as seen in Figure 6.12.
The survey for the as prepared sample (Figure 6.12a) contains Pt, Y, C and O,
which is as expected for a carbon supported PtxY measured on carbon tape. The
C1s and Pt4f in Figure 6.12b and 6.12c respectively show little difference compared
to the same peaks measured on the annealed Pt/C sample seen in Figure 6.10. The
Pt4f7/2 peak have the same position (71.4 eV) as the annealed Pt/C and the C1s
is only shifted -0.2 eV compared to the annealed Pt/C sample. The Y3d peaks
for the as prepared sample are shown in Figure 6.12d, and from the spectrum, it
can be seen that there is at least two Y3d doublets, one large and a smaller one
at lower binding energies. The sample was measured again after being washed
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twice in 1 M H2SO4, referred to as "2x acid wash", once more leaving it in 1 M
H2SO4 for five days, and then washing one last time in 1 M H2SO4 referred to
as "4x acid wash". By comparing the three Y3d spectra, it is clear that there is
at least four different species. The as prepared sample contains; a doublet likely
related to Pt3Y with an Y3d5/2 peak at 155.3 eV; a doublet with a Y3d5/2 peak
at 157.6 eV which based on the results from Section 5.3 are likely to be yttrium
carbide; a doublet with a Y3d5/2 peak at slightly lower binding energy 157 eV
which is likely to be an oxide; and finally a fourth doublet that was added because
it is present in the acid washed samples describing metallic Y with a Y3d5/2 peak
at 156.4 eV. From the fitting it is clear that most of the Y3d peak stems from
yttrium carbide and yttrium oxide. The acid wash did remove the oxide, but only
some of the carbide and even after the additional acid wash there is still some
yttrium carbide remaining as seen in Figure 6.12e. In Figure 6.12e depicts more
than one metallic Y3d doublet where one has the usual Y3d5/2 peak at 156.4 eV
and the other at 155.4 eV. This fits with the XRD results where other PtxY alloy
phases were observed besides Pt3Y. The fitted Y3d carbide peak normalized to
the Pt4f peak is shown for all three samples in Figure 6.12f, and it is seen that
the initial acid wash removes most of the carbide compared to the second, harsher
acid treatment removes a little which suggest that the remaining yttrium carbide
is stable in acid.

STEM measurements were performed by Brian Peter Knudsen, CINF on the
acid washed sample. A general view is presented on Figure 6.13a, and to clean up
the image a Fourier band-pass filter of 3-40 pixels was applied and the result is
displayed in Figure 6.13b. The same filter was applied to Figure 6.13c and 6.13e,
and the results are shown in Figure 6.13d and 6.13f respectively. The general view
image shows many large nanoparticles with edged shapes. Taking a closer look
at the particles in Figure 5.13d and 5.13f reveals a numerous tiny holes. It is
not known whether these low intensity areas are actual holes in the particles or
areas with lighter elements that causes a lower intensity in STEM. The intensity
is proportional to the atomic mass squared so lighter elements like Y which weigh
less than half of Pt will have ¼ the intensity of Pt, and thus the holes can be areas
with a more Y or Si rich alloy.

6.3.2 Temperature series using organometallic precursor
The initial experiment with Pt/C and YCp3 at 900 °C showed in contrary to what
was seen with unsupported Pt and YCp3 the formation of other PtxY phases than
Pt3Y and that Pt was not fully converted. XPS measurement showed formation
of yttrium carbide which could not be completely removed with acid treatment.
A good alloy electro catalyst should have only a single phases and no carbide on
the surface. To achieve this, the YCp3 concentration was doubled to convert the
remaining Pt as the shift from unsupported Pt to carbon supported Pt provides
much more surface area to react with and more precursor is thus needed. To avoid
the carbide formation and the more yttrium rich phases, a temperature series was
performed, hypothesising that the carbide formation and alloy formation were
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Figure 6.12: XPS measurements of synthesized particles from Pt/C and Y(C5H5)3 at 900 °C.
a) Survey scan for the as prepared sample. The C1s, Pt4f and Y3d peaks for the as prepared
sample are plotted on b), c) and d) respectively. e) Shows the fitted Y3d peak after 4 times of
acid wash. f) Fitted Y3d peaks assigned to yttrium carbide shown as prepared, after 2 and 4
times acid wash respectively. Measurements performed by Paolo Malacrida, CINF.
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(a) Origninal (b) With bandpass filter

(c) Origninal (d) With bandpass filter

(e) Origninal (f) With bandpass filter

Figure 6.13: STEM images of PtxY nanoparticles made from Pt/C and Y(C5H5)3 at 900 °C.
a),c),e) are the original images and b),d),f) are made by applying a band pass filter between 3-40
pixels to the originals. Measurement by Brian Peter Knudsen, CINF.
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temperature dependent. The lowest temperature for alloy formation is around
500 °C since this is where the Pt becomes mobile, which have been observed in
previous experiments performed at CINF [168]. The series was performed with
doubled YCp3 amount from 900 °C to 500 °C in steps of 100 °C.

6.3.2.1 PXRD measurements of temperature series with organometal-
lic precursors

The resulting products were measured with PXRD and is shown in Figure 6.14a
and 6.14b for the as prepared sample and the sample after two times acid wash
in 1 M H2SO4 respectively. The synthesis performed at 500 °C resulted mainly
in Pt and some other phase that could be removed in the acid wash. The (022)
reflection from Pt at 67.5 ° marked A in Figure 6.14a and F in Figure 6.14b can
be seen for all temperatures except at 900 °C, meaning that for temperatures
lower than 900 °C the Pt is not fully converted. Since no alloy was formed at
500 °C an extra step was added at 550 °C to see when the alloy formation is
initiated. At 550 °C the Pt3Y phase starts to appear, which can be seen from
the peak marked B and C on the as prepared samples and G and H on the acid
washed samples. The Pt3Y phase peaks increases when raising the temperature
from 550 °C to 600 °C, then decreases a bit at 700 °C to rise again at 800 °C.
At 900 °C for the as prepared sample, the (111) reflection of Pt3Y (marked B) is
present, but the other reflections (marked C and H) are not seen and the peak
seen at 38.2 ° could thus stem from another phase formed at 900 °C. Another
peculiarity of the 900 °C sample is the presence of sharp, well defined peaks in
the as prepared sample, which either disappear or broaden and convolute into
large broad features after acid wash. One explanation could be that the phases
formed at 900 °C are unstable, corrodes in the acid and their peaks thus broaden
as the crystallites corrodes/shrinks. Besides the formation of Pt3Y, at least one
other phase is present too. Looking at the peaks around 39-46 ° for the samples
prepared at 600° or higher, peaks are found that fits with either the cubic structure
of Pt2Y or Pt5Y, whose peaks are quite close to each other. However since the
peaks start appearing at higher temperatures than the Pt3Y peaks, which can be
seen by comparing peaks B with D, it seems more likely that is the more yttrium
rich phase Pt2Y. The Y18Pt50.56Si15.44 phase is also changing with temperature,
and the phase scales down with temperature and is not visible below 700 °C. The
phase is not stable in acid and comparing peaks E with peaks J it is seen that the
peak intensity decreases after acid wash.

A general temperature trend for the different structures exists, in which alloy-
ing increases with temperature and the more yttrium rich phases become more
favourable at higher temperatures, although the ratio in peak intensity between
the Pt3Y and Pt2Y is different at 700 °C compared to at 600 °C and 800 °C,
suggesting that temperature is not the only factor in the alloying process. Other
factors could include the mixing of precursors, which is done in a mortar, poten-
tially making it difficult to mix the same way each time. Additionally the YCp3
precursor was enclosed in 1g ampoules and since 500 mg was used for each ex-
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Figure 6.14: Shows PXRD measurements of synthesized PtxY/C nanoparticles prepared using
Pt/C and Y(C5H5)3 at different temperatures where a) shows the as prepared particles and b)
after acid wash in 1M H2SO4. The points in the top mark the reference peak position of Pt (black
square), Pt3Y (blue circle) and Pt2Y (green triangle). A and F mark the (022) Pt reflection
on the as prepared and acid washed samples respectively. The peak intensity decreases with
temperature, but is visible up till 900 °C. B, C, G and H marks Pt3Y peak positions which are
visible from 550 °C and up. D and I mark the position of Pt (111), Pt5Y (113) and Pt2Y (113)
peak position. E and J show the position of the major peak for the Y18Pt50.56Si15.44 phase.

periment, a new ampoule was opened for every second experiment. While the
ampoules with YCp3 had the same batch number, it is unknown if there was a
variation in the batch and as soon as the ampoules were opened any air/water
leakage in the glovebox could potentially oxidize the precursor.

6.3.2.2 XPS measurements of temperature series with organometallic
precursors

The samples were also measured with XPS and analysed in a similar manner to
that for Figure 6.12. A comparison of the surface composition, excluding C and O
is shown in Figure 6.15a for the acid washed samples, depicting more yttrium car-
bide than metallic yttrium for all temperatures. The yttrium carbide layer further
makes it difficult to see the metallic yttrium inside the nanoparticles, especially at
900 °C where mostly carbide is measured. The fitted yttrium carbide peak nor-
malised to the C1s peak is shown for different temperatures in Figure 6.15b. The
carbide peak evidently decreases with temperature and shifts to higher binding
energies, which could indicate that there is more than one carbide species present,
formed at different temperatures. However, none of them could be completely
removed in acid treatment.

6.3.2.3 Electrochemical characterisation of synthesis with organometal-
lic precursors at 700 °C

Comparing the relative peak intensity of the different phases seen in the PXRD
measurements in Figure 6.14, the sample prepared at 700 °C is the one with most
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Figure 6.15: a) Composition of XPS signal (excl. O and C), calculated from fitted XPS peaks
for the acid washes samples. b) Fitted Y3d doublet associated with yttrium carbide for the
sample synthesised at different temperatures.

Pt3Y phase compared to the Pt and Pt2Y phases, thus making it the best candi-
date as an active electrocatalyst and thus this sample was tested electrochemically.
The electrodes for the electrochemical measurements were prepared as discussed
in Section 2.1.1.3. The CVs in N2 are shown in Figure 6.16a where the synthesised
sample is plotted together with the as received Pt/C. The current is normalised to
geometric area and the loading on the alloyed sample is higher (21 µg/cm2) than
for the reference sample (15 µg/cm2). From the CVs it seems that the alloyed
sample has the same H adsorption/desorption peaks although supressed. Since
the loading is higher, but the H adsorption and desorption smaller, it is clear that
the alloyed sample has less electrochemical active surface area (ECSA), which is
also confirmed by the CO stripping shown in Figure 6.16b. The ECSA was deter-
mined to 7.5 ± 0.35 m2/g which is considerably lower than the as received Pt/C
(25 ± 1.5 m2/g) and annealed Pt/C (21 ± 0.2 m2/g), suggesting that the loss
of surface area is due to surface blocking and not particle agglomeration and this
is also consistent with the XPS measurements showing yttrium carbide on the
surface. The ORR activity was measured in O2 saturated 0.1 M HClO4 at 1600
rpm and 50 mV/s. The specific activities of the PtxY/C and the as received Pt/C
are plotted in Figure 6.16c where some gain in specific activity can be observed.
The gain in specific activity is within the error of the measurements of both the
as received Pt/C and annealed Pt/C as seen in Figure 6.16d. However, the mass
activity of the alloyed sample is significant lower than the Pt/C reference, which
is due to the large loss of surface area.

In summary PtxY alloys can easily be formed from the YCp3 precursor. How-
ever, the current method provides little control as to which PtxY phases are
formed, and in addition corrosion resistant yttrium carbide is formed on the sur-
face, blocking a large part of the surface. The alloys showed some activity en-
hancements but far from the expected gains of the alloys. As no further routes
were available for continuing the synthesis with YCp3, the focus was shifted to
chlorides instead, which is the topic of the next section.
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Figure 6.16: a) PtxY/C sample prepared with Pt/C and Y(C5H5)3 at (700 °C) in N2 saturated
0.1 M HClO4 at 50 mV/s. b) CO stripping cycle measured on the sample where the grey area
is the integrated CO stripping charge used in the calculation of electrochemical surface area
(ECSA). c) Mass transport, ohmic drop and capacitance corrected specific activity of the sample
compared to the as received Pt/C catalyst. The measurement was performed in O2 saturated
0.1 M HClO4 at 1600 rpm and 50 mV/s. d) Comparison between the specific and mass activity
of the sample compared to the as received Pt/C and the Pt/C annealed to 900 °C in H2.
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6.4 PtxM/C synthesis with MCl3 in quartz reac-
tor

Alternatively to using organometallic precursors for making PtxM alloys, chlorides
and other halides can also be used as seen in section 5.3 and 6.1. The advantage
of using halides as precursors are that they are much cheaper and that left-over
precursor can be easily removed with either water or acid, thus overcoming the
problem of surface blocking seen when using organometallic precursors. There-
fore, the experiment seen in Section 5.3 with unsupported Pt and anhydrous YCl3
was repeated, though using Pt/C instead of unsupported Pt, keeping all other
parameters the same. The dry powders were mixed with a mortar inside a glove-
box and thereafter placed in a quartz reactor. The reactor was placed in a tube
furnace and hydrogen was flowed through the reactor throughout the synthesis.
The temperature program consisted of a 90 min. heating ramp to 900 °C and then
kept at 900 °C for six hours. Following the synthesis the reactor was allowed to
cool down slowly. Close to room temperature, the gas lines were closed and the
reactor slightly opened, to allow slow diffusion of air into the reactor to passivate
the nanoparticles.

6.4.1 Characterisation of synthesis with MCl3 prepared at
900 °C

The resulting powder was measured with PXRD both as prepared and after double
acid treatment in 1 M H2SO4. The spectrums are shown in Figure 6.17 together
with the spectrum of annealed Pt/C. The as prepared sample contains mainly
YOCl and PtSi but after acid wash the PtxY phases becomes visible. Most of the
intensity in the acid washed sample stem from the PtSi phase, but Pt3Y and Pt2Y
phases can also be seen. Small peaks from a Pt phase is also present, meaning that
Pt was not fully converted. This was also observed when using the organometallic
precursors, which suggest that it is a recurring problem when using the carbon
supported Pt and the additional surface area and volume available.

The synthesised sample was also analysed using XPS, and a survey of the as
prepared sample is shown in Figure 6.18a, showing the presence of Pt, Y, C, O
and Cl on the surface. After the acid wash (Figure 6.18b) the Cl peaks disappear
and the Y3d peaks diminishes, which means that there was plenty of YCl3 left
after the synthesis and this could be removed in the acid wash. The Pt4f peak
is plotted before (Figure 6.18c) and after acid wash (Figure 6.18d), and both
are quite broadened compared to the Pt/C in Figure 6.10b and the PtxY from
organometallic precursors in Figure 6.12c. Each of the Pt4f peaks are fitted as
two doublets where the lower binding energy doublet is metallic Pt with a Pt4f7/2
binding energy of 71.3 eV and 71.4 eV for the as prepared sample and acid washed
respectively. The higher binding energy doublet is shifted 1.1 eV and 0.6 eV for
the as prepared and acid washed samples respectively. Pt oxides are in average
shifted 2.9 eV [175], which make PtO unlikely. There is few reports on PtxSi, but
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Figure 6.17: PXRD measurements of the synthesised sample with YCl3 prepared at 900 °C
both as prepared and after acid wash in 1 M H2SO4. The sample is compared to the annealed
Pt/C at 900 °C. The reference peak positions for Pt (black squares), Pt3Y (blue circles), Pt2Y
(green triangle) and PtSi (purple diamonds) are shown at the top. Only reference peaks with a
relative intensity larger than 10% are shown. The as prepared sample has more peaks than after
acid wash. These have been identified as mainly YOCl.

one report state an 1.3 eV upshift of Pt4f for Pt2Si and 1.6 eV shift for PtSi [188].
It is possible the higher binding energy Pt4f is related to the PtSi alloy although
the shift is smaller than that reported in literature [188]. In Figure 6.18e, the Y3d
peak of the as prepared sample is plotted and fitted using two Y3d doublets and
one Si2s singlet. The main peaks are likely yttrium chloride or yttrium oxochloride
since the binding energy of the Y3d5/2 peak 158.5 eV is in the range of what is
reported for yttrium halides (YI3: 158.3 eV, YF3: 159.1 eV) [175] and yttrium
oxides 156.4-158.6 eV [175]. The most intense phase in the PXRD measurement
was YOCl. The figure also shows a lower binding energy Y3d peak, but since it is
in the tail of the other peak its binding energy cannot be accurately determined.
Finally, there is also a signal at lower binding energies, which is likely one or more
Si2s peaks. The Y3d peak for the acid washed sample is shown in Figure 6.18f
where most of the peak at higher binding energy has disappeared. The peak is
fitted with three Y3d doublets and two Si2s singlets. The Y3d B doublet (green)
and Y3d C doublet (purple) are quite visible in the spectrum, whereas the Y3d A
peak was added because of the small jump in intensity around 155 eV which could
be a Y3d peak or noise. The peak position of the Y3d5/2 peak, in the Y3d A and
Y3d B peaks suggest that peaks are related to metallic Y. The two Si2s peak are
similar to what was observed in Section 5.3.

The acid washed sample was also measured using STEM by Brian Peter Knud-
sen, CINF. A general view is presented in Figure 6.19a, where both small particles
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Figure 6.18: XPS measurement of PtxY/C sample made from Pt/C and YCl3 at 900 °C both
as prepared a), c), e) and after acid wash in 1 M H2SO4 b), d), f). Survey scans are shown in a)
for the as prepared sample and b) after acid wash. The Pt4f peaks are shown for the as prepared
sample c) and acid washed d). The Pt4f peaks were fitted using two doublets where Pt4f A
(grey) is metallic Pt and Ptf4 B (brown) is another species. The Y3d peaks are plotted before
e) and after f) acid wash, and besides the Y3d peak signals from Si2s peaks are also observed.
Measured by Paolo Malacrida, CINF
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and large agglomerates are seen. Figure 6.19b shows two nanoparticles on the
original image and after applying a band pass filter between 3-40 pixels. Both
particles have a crystalline core, although different, or different planes. The shells
of the two particles also appear crystalline, but with a different crystal structure/-
plane than seen in the core. The shell thickness is approximately 0.7 nm for the
small particle and 2.7 nm for the large particle. A different crystal structure is
likewise seen on the particles in Figure 6.19c. The structure appears to be full
of holes, presumably lighter elements than in the surrounding atoms. Comparing
this structure with different planes in PtxY structures, the most similar was the
(111) plane in the Pt3Y structure, shown in Figure 6.19d. Other structures were
also observed as seen in Figure 6.19e and 6.19f. The particle in the middle in
Figure 6.19e does not appear to have a shell since the crystal structure appears
to continue to the edge of the particle. Several of the particles appear to have
"holes" similar to those observed for the nanoparticles prepared with YCp3, seen
in Figure 6.13d and 6.13f.

6.4.2 Temperature series with Pt/C and YCl3
The temperature effect of reducing YCl3 on Pt/C was also studied. The temper-
ature was reduced from 900 °C in steps of 100 °C per experiment to determine
the lower limit for the reduction temperature. The precursor amount was also
increased to 1:10 Pt:YCl3 weight ratio in order to increase the Pt conversion.

6.4.2.1 PXRD measurements of temperature series with Pt/C and
YCl3

The resulting powder was measured with PXRD as seen in Figure 6.20a and 6.20b
for the as prepared sample and the sample after double acid wash in 1 M H2SO4.
The series was stopped at 700 °C since only a minor part of the Pt was converted
into alloy, and an extra temperature point was added at 750 °C, which it is above
the melting point of YCl3 (721 °C [189]). There does not seem to be any difference
in crystal phases measured for the samples prepared at 700 °C and 750 °C after acid
wash as seen in Figure 6.20b. Looking at the measurements of the as prepared
samples in Figure 6.20a, most of the peaks are associated with either yttrium
oxychlorides or platinum silicide. The relative intensity of the phases changes
with temperature, which can be seen from the main peaks of the three phases
marked peak A, B and C. At 700 °C the most prominent phase is the YOCl (C)
phase but as temperature increases, the Y2Cl6O12 phase increases relative to the
YOCl phase and dominates at 900 °C. The PtSi phase intensity increases with
temperature too. The yttrium oxychlorides are removed in the acid wash and not
seen in Figure 5.20b. At 800 °C in the acid washed sample the Pt3Y appears
(peak D), but there is still some Pt not alloyed (peak E). In the acid washed
sample prepared at 900 °C there is mostly PtSi.
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(a) Oveview (b) Core/Shell particles

(c) Alloy nanoparticles (d) Pt3Y(111) plane

(e) Other particles (f) Another alloy structure

Figure 6.19: STEM images of PtxY/C particles prepared with Pt/C and YCl3 at 900 °C after
acid wash. a) Shows an overview. b) Shows particles with a core shell structure and widely
different shell thicknesses. c) Shows particles with a periodic "hole" structur,e which could be a
lighter element such as Y, and the structure looks similar to the (111) plane of Pt3Y seen in d).
e) and f) Particles with structures different from Pt and are thus likely alloy particles. Measured
by Brian Peter Knudsen, CINF
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Figure 6.20: PXRD on samples synthesises from Pt/C and YCl3 at different temperatures.
The as prepared samples are shown in a) and b) is after acid wash in 1 M H2SO4. Reference
peak positions for Pt (black square), Pt3Y (blue circle), Pt2Y (green triangle), PtSi (purple
diamond), Y2Cl6O12 (dark cyan hexagon) and YOCl (pink stars) are shown at the top. Only
reference peak positions with relative peak intensity larger than 10% are shown. A, B and C
mark the position of the main peak of the Y2Cl6O12, PtSi and YOCl phases respectively. Their
relative intensities changes with temperatures where Y2Cl6O12 becomes stronger than YOCl at
higher temperatures and PtSi becoming clearly visible at 900 °C. D shows the main Pt3Y peak
visible at 800 °C after acid wash. However, Pt peaks are still visible, which can be most easily
seen from peak E. At 900 °C after acid wash b) the PtSi phase F is much more intense than the
Pt and PtxY phases G.

6.4.2.2 XPS and EDX measurements of temperature series with Pt/C
and YCl3

The surface of the acid wash samples was examined using XPS and analysed in
similar manner to that used in Figure 6.18. The data is summarised in Figure
6.21a where surface composition from XPS, excluding C and O of the different
samples is plotted. At 900 °C most of the XPS signal ( 72%) is Si, which is not
observed elsewhere in the XPS spectra for the lower temperature samples. The
sample prepared at 800 °C has the most metallic Y and a Pt:Y ratio of 14.6.
Comparing this value to the particles prepared by cluster source deposition, which
had a Pt:Y ratio of 3-5 as prepared, 14-15 after ORR measurements and 16-17
after stability test [78], the ratio of the acid treated sample is identical to that
of the electrochemical tested cluster source particles. It is expected that the as
prepared PtxY/C nanoparticles form a Pt overlayer when exposed to acid, but it
is not known if that overlayer is identical to the one formed during cycling in an
electrochemical experiment. The samples prepared at 700 °C and 750 °C have a
Pt:Y ratio of over 21 which is significantly higher than the ORR and stability tested
nanoparticles prepared by magnetron sputtering in a cluster source [78] and they
were thus expected to be as active. The bulk composition of the samples after acid
wash was also measured using SEM-EDX, and the composition excluding C and
O is plotted in Figure 6.21b. The sample prepared at 900 °C is mainly composted
of Si, while the sample prepared at 800 °C still has Si present although it was not
observed with PXRD or XPS for the acid washed sample. The sample prepared at
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(a) XPS (b) EDX

Figure 6.21: Surface composition of the acid washed samples from XPS excluding the signal
from C and O. The Pt to metallic Y ratio is written on the columns. b) Bulk composition
excluding C and O measured with SEM-EDX by Erik Wisaeus, DTI.

750 °C does not contain any Si; however, there is not enough Y for a Pt5Y phase,
which was also seen in the PXRD measurement in Figure 6.20.

6.4.2.3 Electrochemical measurements of PtxY/C sample prepared from
YCl3 at 800 °C

From the PXRD, XPS and SEM-EDX measurements, the sample prepared at 800
°C was the most promising and thus chosen for electrochemically testing. The CV
of the measured sample is shown in Figure 6.22a (green solid line) together with
the as received Pt/C (black dashed line) and the PtxY/C made from YCp3 (red
dashed). The Pt loading was 13.5 µg/cm2, which is slightly lower than the others
in the figure. The sample exhibits the same features (H and OH adsorption/des-
orption) as the Pt/C electrode although supressed. The electrochemical surface
area (ECSA) was determined from CO stripping to be 19 ± 4 m2/g, which is
similar to that of annealed Pt/C (21 ± 0.2 m2/g). The specific activity, plotted in
Figure 6.22c, is slightly higher than the PtxY/C synthesised using YCp3 and the
as received Pt/C. The average specific activity plotted in Figure 6.22d is likewise
higher for the sample synthesis using YCp3 though the large standard deviation
makes it impossible to determine whether it statistically has a higher specific activ-
ity than the other samples. However, for the mass activity a noticeable difference
exists between the PtxY/C synthesises from YCp and YCl3. Because the synthe-
sised alloy has a larger electrochemical surface area when using YCl3, the mass
activity is several times higher than when using the YCp3. Unfortunately the im-
provement in mass activity over Pt/C and annealed Pt/C are within the standard
deviation.
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Figure 6.22: Electrochemical characterisation of synthesised sample from Pt/C and YCl3 pre-
pared at 800 °C. a) CV in N2 saturated 0.1 M HClO4 at 50 mV/s. b) CO stripping cycle (10
mV/s). c) ;ass transport, ohmic drop and capacitance corrected specific activity of the sample
(green), Pt/C as received (black) and synthesises nanoparticles using organometallic precursor
(red). d) Comparison of the average specific and mass activities of the different samples.
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(a) XPS (b) EDX

Figure 6.23: Figure 6.24 – a) Bulk composition excl. C and O from SEM-EDX. The SEM-EDX
measurements were performed by Erik Wisaeus, DTI. b) PXRD measurements of synthesised
samples from YCl3, GdCl3 and TbCl3. (High Flow) designates the sample with increased H2
( x8) during synthesis. The reference peak positions of Pt2M (green triangle), PtSi (purple
diamond), Pt3Y (blue circle) and Pt (black square) are shown at the top. Only peaks with
relative peak intensity larger than 10% are shown. The Pt2M phase is calculated from Pt2Y,
but since Pt2Gd and Pt2Tb have the same structure and their lattice parameters only differs
slightly the peaks position should be close to each other.

6.4.3 Synthesis of other PtxM alloys and the effect of flow
rate

To analyse the importance of the melting point, the YCl3 was replaced with GdCl3
and TbCl3, both having a lower melting point (602 °C [185] and 582 °C [189])
than YCl3. They should accordingly to the thermodynamic calculations, be just
as easily reduced to Pt5M alloys as YCl3. Another important parameter is the
flow rate, since if the reaction is mass transport limited, by removal of product gas,
increasing the flow rate would increase the reaction rate as seen in Figure 6.4a.
Therefore the flow rate was increased for the Pt/C + YCl3 by about a factor of
eight, approximated by counting the number of bobbles formed per time in the oil
trap, through which the exhaust gases exits. The products were acid washed twice
in 1 M H2SO4 and then measured with SEM-EDX and PXRD. The SEM-EDX
results are shown in Figure 6.24a where the bulk composition excluding C and
O is plotted for the different samples. Evidently, all samples prepared at 800 °
contains a Si amount comparable to the Gd and Tb content. Moreover the PtxY/C
sample prepared at eighth times higher H2 flow than the other synthesises, have
much more Si than Y. This is also seen from the PXRD measurements in Figure
5.24b where the PtSi structure is seen for the high flow sample. Besides the PtSi
phase, the PtxY phases and specifically the Pt3Y phase, have higher intensities
than the sample prepared with a lower flow rate as seen in Figure 6.20b. Another
interesting point is that the same PtxGd/C amount seems to be present in the
two samples prepared at 700 °C and 800 °C. Finally, all the PtxGd and PtxTb
samples contain a Pt phase, meaning that none of them were completely alloyed.

In conclusion, the Y, Gd and Tb precursors are too reactive to be used in
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the quartz reactor. In most of the synthesised samples platinum and/or yttrium
platinum silicides were observed. Even at lower temperatures where no or lit-
tle silicides were observed, silicides could be formed by increasing the H2 flow
rate. At the same time, it was not possible to completely convert Pt without also
forming silicides. This is contrary to the experiment performed in section 5.3 for
unsupported Pt, where Pt3Y was formed without silicides or remaining Pt phases.
This suggests that a balance exist where the alloy can be formed without form-
ing silicides although this balance have proven difficult to find when using carbon
supported Pt. The obvious solution is to replace quartz.

6.5 Summary and outlook
In this chapter a thermodynamic model was made for the synthesis of PtxM alloys.
The model was used to predict the reduction of M2O3 oxides to PtxM alloys. It
showed that the formation of oxides is favourable at all practical temperatures
and partial pressures of oxygen for this synthesis. However, based on the time it
would take to oxidise all of the alloy material in the reactor, it was found that
instrument 5.0 purity gas could be used. The gas contains 2 ppm of O2 and
with that concentration it would take a week to completely oxidise all of the alloy
material and as the synthesis takes 6-8 hours, instrument 5.0 gases is sufficient
for the synthesis. The water tolerance is better than for oxygen and is in range
of 1-1000 ppm in the temperature range of interest. The model showed that it
was possible to make PtxM alloys from M2O3 oxides and Pt by reducing it in H2.
However, for the synthesis to practical, it has to be done in a matter of hours.
Achieving that with the oxides requires the synthesis to be performed at 1000 and
1200 °C for the Pt5Y and Pt3Y respectively. Increasing the flow rate of H2 could
reduce the synthesis time, though only to the point where the reaction becomes
kinetically limited and that point is unknown. Finally, the model showed that
lanthanide oxides are easier to reduce than yttrium oxide and that synthesis with
calcium oxide is less tolerant to water and oxygen.

Chapter 5 proved that Pt3Y could be made from YCl3, and the model was also
applied on halides. The result found that halides are easier to reduce in case of
chlorides, bromides and iodides, while fluorides are just as or even more difficult
than oxides to reduce. In case of gadolinium halides, the iodide followed by bromide
and chloride, was the easiest to reduce. All three of them were able to tolerate per
mile or higher levels of product gas in the 500 °C – 900 °C range. However, GdCl3
has the lowest melting point, which might be practical for the synthesis, making it
more mobile. GdCl3 is in addition more widely available which makes it a better
choice for the synthesis. Comparing the different lanthanide chlorides, all were as
easy to reduce as GdCl3, and YCl3 was similar to the lanthanide chlorides. The
model predicts that CaCl2 cannot be reduced in a reasonable time (< 24 hours)
below 1000 °C, and so this synthesis is not suited for making Pt5Ca alloys.

The choice of Pt seed particles for the high temperature synthesis is important
since the alloy particles needs to be at least 6-8 nm in order for big activity
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enhancements to be seen. The best candidate was found to be a commercial Pt/C
catalyst from Tanaka, and the particles size of this candidate was determined from
PXRD before after annealing to 900 °C. The as received particles were found to
be 6.8 nm in average, while the annealing caused a particle size distribution that
too broad for the size to be determined from PXRD. Therefore, the particles were
also measured using SAXS, which showed that 75% of the as received particles
were in the desired 6-12 nm range, but after annealing that number dropped to
50%. However, only 5% of the particles were less than 6 nm after annealing,
meaning that the rest were large agglomerates, positively enhancing the specific
activity although causing the mass activity to suffer. SAXS showed that the
surface to volume ratio decreased by 27% after annealing. The particles were also
tested electrochemically and had an ECSA of 25±1.5 and 21±0.2 m2/g before and
after annealing respectively. The specific activity for the as received and annealed
sample was 1.0±0.2 mA/cm2 and 1.32±0.09 mA/cm2 respectively, and the mass
activity was 0.27±0.04 A/mgPt and 0.28±0.02 A/mgPt respectively. These were
the benchmark values that the synthesised nanoparticles were compared to.

The synthesis using the organometallic precursor Tris(cyclopentadienyl)yttrium(III),
that resulted in a Pt3Y alloy in Chapter 5, was repeated with carbon supported Pt
instead of unsupported Pt, to make catalytic active nanoparticles. The synthesis
was done using the same experimental conditions as in Chapter 5 but the results
came out different. Instead of a single Pt3Y phase, the synthesis resulted in a mix
of different PtxY, Pt and Y18Pt50.56Si15.44 phases. The Y18Pt50.56Si15.44 was
not visible in the PXRD spectrum after acid wash. XPS showed metallic yttrium,
but the dominant yttrium species was yttrium carbide, which could only partly
be removed with acids. A temperature series was performed and the alloy phases
were visible in the PXRD spectra down to 550 °C. Judging from the PXRD spec-
tra synthesises performed at 600-700 °C had the purest Pt3Y phase. All of the
synthesises had a Pt phase, showing that Pt was not fully alloyed. The amount of
Y18Pt50.56Si15.44 phase decreased with temperature and was not visible below
700 °C. XPS measurements showed that all samples prepared above 500 °C had a
carbide signal, and that the carbide signal was larger than that of metallic yttrium.
The sample prepared at 700 °C was measured electrochemically and had an ECSA
of 7.5 m2/g, which suggest that most of the surface is not accessible. The spe-
cific activity was in average larger than that of the as received and annealed Pt/C,
however within the statistical error. The mass activity was significantly lower than
for the Pt/C, which is due to less surface area. It seems that an yttrium carbide
layer is covering the alloy nanoparticles and that this layer is difficult to remove.
The synthesis with organometallic precursor therefore does not seem promising.

Chapter 5 demonstrated that Pt3Y could be made from YCl3 and unsupported
Pt. This was repeated in this chapter with the carbon supported Pt. The synthesis
resulted in mainly three phases: YOCl, Y2Cl6O12, and PtSi, where YOCl and
Y2Cl6O12 could be removed in acid wash. After acid wash PtSi and different
PtxY phases were observed in the PXRD spectra. XPS showed yttrium chloride,
silicon, but also metallic yttrium. The sample was measured using STEM and the
images showed crystalline particles, some of them clearly being alloys, which was
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seen from the mixture of heavier and lighter atoms. One of the structures could
be Pt3Y, but it was not possible to positively identify it. A temperature series was
performed, and while little alloy was formed below 800 °C; all of the samples had
a Pt phase. XPS showed only Si on the surface of the 900 °C sample whereas EDX
showed Si in both the 900 °C and 800 °C sample. The 800 °C sample was measured
electrochemically and the surface area was within the error of the annealed Pt/C.
The specific average activity was higher than the Pt/C and PtxY/C prepared with
organometallic precursor, although within the statistical error. The average mass
activity was also higher than for the other samples, but still within the statistical
error. The large spread in activity measurements was due to the Pt/C being more
difficult to work with compared to other commerical Pt/C nanoparticles we have
in our lab. The variance could likely be decreased if the ink formulation for the
catalyst was optimised. Since GdCl3 and TbCl3 have a lower melting point than
YCl3, the synthesis was performed with these thus making it possible to lower
the synthesis temperature to 700 °C. The thermodynamic model showed that the
synthesis could be slowed down by a low gas flow, and the gas flow was therefore
increased by a factor of eight at 800 °, which resulted in more alloy but also the
formation of PtSi.

The synthesis works when using chlorides but the reactor setup needs to be
optimised. The quartz reactor setup has several drawbacks besides the reactivity
with the precursors. One is that rubber tubing is used for the gas lines and since
the tubing is not impermeable to air and moisture, the background level of O2
and H2O becomes higher than specified for the gas bottle. The same problem
exists with the glass-to-glass sealing of the reactor, which isn’t completely leek
tight either. This makes the concentration of O2 and H2O uncontrolled. Another
material than glass, is needed for the reactor, as the chlorides clearly react with
the glass. Steal reactors are not much better since Pt could form alloys with the
3d metal and the chlorides will also likely attack the reactor. The reactor material
should be inert for the reaction. One option could be yttria as yttria is more
stable than yttrium chloride and Pt will only react very slowly with yttria, when
the temperature is below 1000 °C. Another alternative reactor material is carbon
as it does not seem that the Pt nor YCl3 have reacted with the carbon support of
the Pt. This synthesis is very promising but will need some optimisation in order
to make the very active PtxM nanoparticles.
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Conclusion and Outlook

The µ-DMFC for hearing aids seems to be a promising technology that has a
chance of being realised in commercial products and possibly pave the way for
using DMFCs in other products. The success of this technology requires more
power dense DMFC and possibly lower catalyst loading, if it is to be scaled up
for more power demanding electronics. This thesis tries to aid by furthering the
understanding of the electrochemical processes in the DMFC, how the catalysts
work, how to make improve on these for the DMFC, and finally how to produce
the catalyst in the quantities needed for fuel cell production.

7.1 The µ-DMFC and its electrochemistry
To determine the losses in the DMFC, a µ-DMFC with build-in reference electrodes
was constructed and measured. The two major losses were the anode and cathode
kinetics, which even with high catalyst metal loading of 14.6 and 3.53 mg/cm2,
lost 56% of the potential to kinetics. Only about 1% and 2% of the potential
went to ohmic drop and methanol crossover for the fully working cell. The µ-
DMFCs were limited by mass transport on the anode, which limited the maximum
steady state current density to 30-32 mA/cm2. This is lower than for a standard
cell without reference electrode and thus the reference electrode might change
the cell behaviour. To better understand the kinetics of the DMFC, a method
was developed to measure DMFC electrodes outside of the DMFC. By placing
the electrode in a so-called H-cell it was possible to measure the activity in a
liquid half-cell. This was demonstrated for the methanol oxidation reaction. The
measured kinetics had a Tafel slope of 118 mV/dec, suggesting a transfer coefficient
α of 0.5.

The oxygen reduction reaction (ORR) was studied in a rotating disk electrode
(RDE) setup to determine which parameters affect the activity measurement. The
measurement was performed both on polycrystalline Pt extended surfaces and on
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carbon supported Pt nanoparticles. The effect of scan rate was observed for both
type of samples, if the measurements were corrected for ohmic drop and possible
background capacitive currents. The activity increased drastically by 75% when
changing the scan rate from 5 to 100 mV/s. The scan rate and corrections are
important, since papers about ORR catalyst, report measurements performed at
various scan rate and not always with corrections, which makes it very difficult to
compare results.

The ORR was also studied in the RDE setup in the presence of methanol to
test which experimental parameters affected the results. The poisoning effect was
found to be very depended on experimental parameters such as methanol con-
centration, electrode surface area and temperature. It was not possible to get
meaningful results if either of these parameters were too high. The consequence
of this is that methanol poisoning cannot be measured quantitatively in a RDE
setup, but only used for qualitatively comparison of catalysts if the experimen-
tal conditions are identical. The methanol poisoning on polycrystalline Pt and
Pt5Gd was compared and Pt5Gd was found to have a larger potential shift from
methanol poisoning. This could be explained by better MOR kinetics at high
potentials. However, the more important comparison examines which catalyst is
more active in the presences of methanol. Evidently, the activity Pt5Gd decreased
more than the activity of Pt in the presence of methanol, but still retained an
activity enhancement of 2-3x over Pt at the same methanol concentration. This
makes Pt5Gd a possible replacement for Pt as a DMFC cathode catalyst.

7.2 Synthesis of PtxM alloys
To use Pt5Gd as a DMFC cathode, the alloy must be chemically synthesised as
nanoparticles. This thesis list several possible routes, emphasising two of these.
The first route was a solvo-thermal synthesis of Pt3Gd, which was attempted
for the synthesis of Pt5Y/C and Pt5Gd/C. The method was to rapidly heat Pt
and Y chloride salts in ethanol under pressure. The method was attempted in
a supercritical fluid flow system but resulted in only Pt nanoparticles. The flow
reactor had a very short reaction time of <5s, which might have been too short for
the reaction. The synthesis was therefore repeated in a pulse reactor, which was
not limited by a short reaction time. Attempts with the same precursors, solvent,
temperatures, pressure and time as reported in the litterature, did not yield any
alloy nanoparticles. Finally, the synthesis was attempted with anhydrous solvents
and precursors, which did not produce any alloy either. It was surprising that
the method did not work as the reported experimental conditions were accurately
reproduced. As another more promising method was found the solvo-thermal
synthesis was abandoned.

The other method was the high temperature reduction and annealing of Pt
nanoparticles with either an organometallic precursor, Tris(cyclopentadienyl) yt-
trium(III), or a chloride in a pure H2 flow. Experiments with unsupported Pt with
either precursor yielded Pt3Y nanoparticles. The crystallite size was 60-70 nm,
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SEM images revealed that the product was large agglomerates in the hundreds of
nm range. XPS measurements showed metallic yttrium and yttrium carbide for
the organometallic synthesis, and yttrium chloride, metallic yttrium and silicon for
the chloride synthesis. Although, the synthesis was successful in making metallic
Pt3Y, the particles were not suitable as an electro-catalyst, since the particles were
too large and covered with either carbide or silicon oxide.

To synthesise a more suitable electro-catalyst, the syntheses were repeated with
carbon supported nanoparticles but with a different result. Rather than a single
Pt3Y phase, a mixture of Pt, PtxY and platinum yttrium silicides phases were
observed. XPS measurements showed that the nanoparticles were covered with a
yttrium carbide that could not be removed in acid wash. This was also evident
from electrochemical experiments where the measured surface area 7.5 m2/g was
much lower than the expected value of 21 m2/g. The alloy nanoparticles showed
a higher average specific activity than the as received Pt/C, although within the
statistical error; however, the mass activity was significantly lower than for the
Pt/C, which is likely because of the lower surface area. It seems unlikely that the
organometallic synthesis can be used to form active electro catalysts without a
way to remove the carbide covering the surface.

A thermodynamic model was developed to explain the synthesis. It showed that
yttrium/lanthanide halides except for fluorides can be reduced in H2 to form PtxM
alloys from about 500 °C. Although other halides could be used, chlorides were
chosen due to their lower melting point and since they are more widely available.
The chloride based synthesis was also attempted with carbon supported nanopar-
ticles and resulted in a mixture of PtxY, Pt, YOCl, Y2Cl6O12, PtSi phases, where
YOCl and Y2Cl6O12 could be removed in acid wash and PtSi could not. A tem-
perature series showed that silicides are less likely to form at lower temperatures
and that the lowest temperature for forming alloys from the chloride precursor was
at 800 °C. The chloride based alloy catalyst had a surface area close to the an-
nealed Pt/C and an average specific activity higher than Pt/C and organometallic
based PtxY/C although still within the statistical error. Synthesis with GdCl3
and TbCl3 were attempted to but also resulted in a mixture of phases. The lim-
itation seems to be the reactor and the mixing of precursors. The glass reactor
reacts with precursor and thus must be replaced. The poor mixing of precursor
requires a much higher amount of yttrium precursor than stoichiometric, which is
why more yttrium rich phases can be formed while the Pt is not fully alloyed. The
synthesis is very promising but a new setup must be built in order to successfully
make the very active alloy nanoparticles.

7.3 Outlook
The µ-DMFC with reference electrode measurements could be improved if the ref-
erence electrode setup could be made with less intrusion than the current version,
which has a membrane flap protruding from the cathode plate. The current ver-
sion is not capable of producing current densities as high as an unmodified cell,
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which is likely related to the reference electrode design. One alternative could be
to use a µ-reference electrode, which are commercially available with diameters as
small as 500 µm, and by using these it might be possible to connect a reference
electrode to the cell without changing the water balance inside the cell. The cell
measurements did also produce a lot of impedance, which if fitted to a physical
model, could provide some insight into the functionality of the cell components.

The methanol poisoning experiments in a RDE setup was not able to quanti-
tatively determine the methanol poisoning, due to the mass transport limitations
in the RDE setup. An alternative could be to measure the ORR activity in an
H-Cell like setup, where the O2 is supplied through the gas diffusion layer, thus
the measurement can be made without transport limitation of O2. This would
show the actual methanol poisoning of the electrode. In general the H-Cell setup
could be used to provide a link between the fuel cell measurements and the RDE
measurements. However, the H-cell must be redesigned to place the reference
electrode very close to the working electrode, to avoid the very high ohmic drop
reported in this thesis.

The reactor for the synthesis can be improved in several ways where the most
important is to replace the glass with an inert material for the reactions. This is
difficult since yttrium and yttrium chloride will react with most materials when
heated. One option could be to use yttrium oxide as this is a more stable form
of yttrium than yttrium chloride. and therefore should be stable. Alternatively,
carbon could be used since the yttrium chloride does not seem to react with the
carbon support of the Pt nanoparticle. It is also important to devise a better mix-
ing of the precursors as the melted yttrium chloride does not seem to distribute
evenly on the high surface area carbon supported Pt particles. If the mixing pro-
cedure could be improved, the precursor amount could be reduced, which should
also help avoid the more yttrium rich phases.
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A
Appendix A - Fitted thermodyanamics data for

PtxM alloys

Table A.1 shows the fitted values used in thermodynamic calculations in Section
6.1. The values were calculated using equation 6.5-6.8 from litterature data [178–
181].
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APPENDIX A. APPENDIX A - FITTED THERMODYANAMICS DATA FOR
PTXM ALLOYS

H0 S0 A B C D
[kJ/mol] [J/(mol K)] [J/(mol K)]

Pt5Y -386 247.5 164.8 -3.03 -9.66 17.38
Pt5La -437 217.1 158.1 13.83 -8.88 9.58
Pt5Ce -426 232.2 156.4 24.30 -10.08 5.92
Pt5Pr -444 230.1 148.2 33.75 0.63 4.54
Pt5Nd -435 229.2 144.9 41.06 2.69 2.35
Pt5Sm -414 246.7 175.1 7.70 -22.25 13.87
Pt5Eu -333 236.0 142.8 40.76 5.56 0.09
Pt5Gd -438 225.2 145.6 22.93 11.34 9.74
Pt5Tb -442 237.5 154.0 16.52 -2.07 12.60
Pt5Dy -438 235.1 181.2 -40.22 -17.46 39.45
Pt5Ho -445 236.2 179.6 -37.12 -12.64 37.62
Pt5Er -444 237.6 168.8 -8.62 -9.84 20.70
Pt5Tm -433 235.2 164.3 -1.61 -10.71 16.98
Pt5Ca -232 224.2 137.1 56.19 7.70 -7.84
Pt3Sc -414 135.7 119.3 -22.20 -13.01 23.00
Pt3Y -387 150.1 108.5 1.17 -5.67 10.46
Pt3Tb -425 152.2 101.8 14.90 -2.37 7.74
Pt3Dy -424 148.9 122.9 -33.06 -11.64 31.38
Pt3Ho -442 143.9 123.4 -33.19 -8.80 30.80
Pt3Er -442 143.0 94.8 19.55 9.62 5.47
Pt3Tm -443 141.9 106.3 4.97 -5.03 9.19
Pt3Yb -414 127.7 99.8 19.64 2.25 4.30
Pt2La -384 88.2 70.5 24.70 -0.06 -2.51
Pt2Ce -394 93.3 68.5 35.53 -1.13 -6.31
Pt2Pr -396 96.4 60.7 30.08 17.57 -1.07
Pt2Nd -416 82.4 59.7 48.67 9.07 -8.64
Pt2Eu -296 108.1 58.2 47.29 11.59 -10.41
Pt2Sm -399 96.8 87.8 17.89 -13.58 2.08
Pt2Gd -412 91.4 65.7 23.05 12.50 1.46

Table A.1: Fitted thermodynamic parameters for different PtxM alloys used in thermodynamic
calculations in HCS Chemistry 6.1
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A B S T R A C T

We present up-to-date benchmarking methods for testing electrocatalysts for polymer exchange
membrane fuel cells (PEMFC), using the rotating disk electrode (RDE) method. We focus on the oxygen
reduction reaction (ORR) and the hydrogen oxidation reaction (HOR) in the presence of CO. We have
chosen our experimental methods to provide the most optimal compromise between the ease of carrying
out the measurements and for ensuring comparability with PEMFC conditions. For the ORR, the effect of
temperature, scan rate, Ohmic drop correction and background subtraction on the catalyst activity is
investigated, both on a polycrystalline Pt disk and two different commercial Pt/C catalysts. To benchmark
the CO tolerance of HOR catalysts, cyclic voltammetry and chronoamperometry are used, on
polycrystalline Pt and commercial catalysts consisting of Pt/C and PtRu/C. We recommend the optimal
conditions for obtaining a benchmark of ORR activity and CO tolerance of HOR catalysts.

ã 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Low-temperature fuel cells, in particular Proton Exchange
Membrane Fuel Cells (PEMFCs) could take a pivotal role in a future
society based on sustainable energy. They convert chemical energy
efficiently into electricity; should the hydrogen be derived from
splitting water, they would emit negligible CO2 emissions. PEMFCs
can be used complementary to batteries for powering zero CO2

emission vehicles. One of the chief advantages of using PEMFCs in
automobile applications, over batteries, is the high energy density.
For long range vehicles (�500 km range) the PEMFC energy storage
system can be made about six times lighter than for a similar
advanced Li-ion battery system [1,2]. Analysis of zero emission
vehicles suggest that fuel cell vehicles are more economically
viable for the longer range vehicles whereas for urban transport
(�160 km range) batteries are the better choice [1–3]. Another
practical advantage is that it is much faster to refuel hydrogen than
it to recharge a similar sized battery. However, the high cost of
PEMFCs, together with their relative limited lifetime compared to
competing technologies is hindering wide adaption of this

technology [4]. Part of the high cost is due to the high Pt loading
necessary at the cathode (0.4 mgPt/cm2), where the oxygen
reduction reaction (ORR) takes place [4–7]. To reduce costs, the
Pt loading should be reduced by increasing the activity of the ORR
catalyst. Tremendous progress has been made in improving the
activity for the ORR in the last decade [8–31].

Scalable Pt-alloy catalysts are now implemented in PEMFC’s
with activity and stability that exceed performance targets set by
the DOE for 2020, listed in Table 1 [31]. However, even when the
DOE targets are obtained, it would still only be possible to produce
17.4 million fuel cell vehicles a year (assuming 12.5 g per 100 kW,
and using worldwide production of platinum in 2012: 218,000 kg
[33]). In comparison, �87.4 million vehicles were produced
worldwide in 2013 [34]. Moreover, although state-of-the-art
alloys often perform well in accelerated degradation tests
[27,28,31], it is not clear how well they will perform over the
long term in PEMFCs [35].

It is worth bearing in mind that should the Pt-loading in
PEMFC’s be decreased by an order of magnitude, they will reach a
similar level to the amount currently used in advanced catalytic
converters [3,6]. This means that a catalyst is required with a stable
activity of around 1.6 A/mg mass activity at 0.9 V, when measured in
a fuel cell. Fig. 1 shows the specific activity (a) and mass activity (b)
of a selection of some of the most active ORR catalysts. We have

* Corresponding author.
E-mail address: ifan@fysik.dtu.dk (I.E.L. Stephens).
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normalised the mass activity to the total mass of precious metal, as
opposed to the total mass of Pt only (for example a metal like Au
has a similar cost to Pt, and a metal like Pd may currently be
cheaper, but has similar supply limitations to Pt). The comparison
of these different data is sometimes challenging, especially as
different experimental conditions have been applied, including (a)
temperature (b) scan rate (c) correction of Ohmic losses (d)
subtraction of background capacitive currents. Several articles
have addressed some of these parameters, in order to develop
more meaningful benchmarks [5,36–40]. However, given that this
is a rather fast moving field, we take the view that there is a need
for an updated overview of how these different parameters affect
the measured catalyst activity.

The anode of low-temperature PEMFCs, where the oxidation of
hydrogen takes place, can operate with much lower Pt loadings
than the cathode (where the ORR occurs), when pure H2 is used.
Loadings as low as 0.05 mg/cm2 can be used in a fuel cell and still
drive currents on the order of A/cm2 at negligible over potential
[4,41]. Indeed, on Pt/C, due to the ultra-fast kinetics of hydrogen
oxidation, in combination with the low solubility of H2 in liquid

electrolytes, rotating disk electrode (RDE) based techniques grossly
underestimate the activity of the catalyst by orders of magnitude
[42–47].

The majority of H2 produced today is derived by reforming fossil
fuels. This is because the high purity grade H2 produced from
electrolysis is expensive, due to the greater energy input required
to produce it. Reformate hydrogen contains trace amounts of CO;
the HOR activity of Pt is significantly degraded when CO
concentrations as low as 10 ppm are present in the anode feed
gas [4,48,49]. In automotive applications, the varying reformate
gas flows due to varying power demands, makes it difficult to
achieve CO content in the <10 ppm range [4] resulting in
substantial performance losses induced from CO poisoning. One
strategy to mitigate the effect of CO is to air-bleed the anode [50],
by feeding the reformate H2 with �2% O2; this oxygen oxidises the
CO to CO2 [4]. A major disadvantage of using air-bleed is the
increased production of H2O2 which degrades the membrane [51].
Another solution to CO poisoning is to develop CO-tolerant HOR
electro catalysts for low-temperature fuel cells that could be fed
with impure hydrogen produced by reforming of hydrocarbons.
This has been achieved by alloying Pt with other metals such as Ru
[52–54], Sn [54,55], Mo [56,57], Fe, Co and Ni [58,59]. Pt–Ru
exhibits the most superior performance of these catalysts due to its
higher activity at low potentials 0–0.2 V vs RHE [60]. At more
positive potentials, above 0.3–0.4 V vs RHE, i.e. in the post-ignition
region, the CO-tolerance of this catalyst is by virtue of the
bifunctional electrooxidation of CO to CO2:Ru activates water and
Pt activates CO [61–63]. However, for fuel cell applications, the
activity below 0.3–0.4 V vs RHE, i.e. in the pre-ignition region, is of
much greater relevance. Under such conditions, even Pt-Ru is
unable to oxidise CO; on the other hand, the Pt-surface atoms will

Table 1
–Summary of DOE targets for catalyst in automotive applications from the Fuel Cell
Technologies Office Multi-Year Research, Development, and Demonstration Plan [32].

2020 Target

Pt group metal total content (both electrodes) 0.125 g kW�1

Pt group metal total loading 0.125 mg cm�2

Loss in initial catalytic activity (mass activity) <40%
Catalyst support stability (mass activity loss) <10%
Mass activity @ 0.9 V vs RHE 0.44 A mgPt�1

Fig. 1. Showing a) mass activity and b) specific activity at 0.9 V vs RHE for a selection of nanoparticulate catalysts reported in literature. Data adapted from [10,14–18,20–29].
In cases where either the mass activity or specific activity was specified directly at 0.9 V vs RHE it has either been found from digitized data in supporting information found in
[20]; converting between mass activity and specific activity using specified electrochemical surface area [21,27]; or in the case of [14,16] using extrapolated data by Baldizzone
et al. [28]. Note that the mass activity of Pd5Au@PtML and Au@Pt3Fe/C have been normalized to Pt mass and not precious metal (PM) like the rest.
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exhibit significantly weakened interaction with CO, resulting in
lower coverages of CO at the surface of the catalyst [63–66]. In turn,
hydrogen can adsorb onto the surface and hence be oxidised. It
turns out that Pt–Ru tends to suffer from poor stability: the Ru
crosses over to the cathode where it degrades the ORR perfor-
mance [67–70]. Consequently, there is a need for a catalyst that is
both more stable than Pt–Ru and is able to function in 50–100 ppm
CO, without the need for air-bleeding. Testing the CO tolerance in a
rotating disk electrode (RDE) setup is more appealing for catalyst
development, both because the catalyst can be tested without the
influence of the other components of the fuel cell, and because the
electrode preparation is less complex and more easily reproduc-
ible. There are generally two main approaches to evaluate the CO
poisoning using RDE experiments: (i) to measure the onset of the
hydrogen oxidation reaction (HOR) when the electrode has been
poisoned by CO beforehand [52,60], or (ii) to start with a CO-free
electrode, hold it at an anode relevant potential and then poison it
with CO during HOR [58,59].

Herein, we will assess the effects of different experimental
parameters on the activity of commercial Pt/C catalysts, using the
thin film rotating disk electrode method [71,72]. We will also show
the effect of temperature, scan rate and Ohmic drop correction on
flame-annealed polycrystalline Pt electrodes. In addition, we will
study the HOR in the presence of CO, evaluating the methods
described above, using extended surfaces of smooth polycrystal-
line Pt, as well as Pt/C and PtRu/C commercial nanoparticulate
catalysts. All of the catalyst materials under investigation can be
sourced easily from standard suppliers. In our discussion, we will
make recommendations for key experimental parameters, with
the aim of finding the best compromise between ensuring (a) that
the experiments can be performed easily in a reproducible manner,
over a relatively short time frame, and (b) that the measurements
are relevant for fuel cell operating conditions.

2. Experimental

The experiments were performed in an electrochemical cell
using the rotating disk electrode method [36,37,73,74]. All
glassware, including the cell, were cleaned prior to experiments.
The glassware were cleaned first in piranha (98% H2SO4 (Merck,
Emsure) and 30% H2O2 (Merck, Emsure), 3:1 v/v) for at least 24 h
and then cleaned several times in 18.2 MV cm Millipore water at
85–90 �C to remove possible traces of the cleaning solution. The
electrochemical cell consisted of a working electrode which was
mounted on a Pine Instruments rotator, a platinum wire (Chempur
99.9%, 0.5 mm diameter) to act as counter electrode, and an Hg/
Hg2SO4/K2SO4 (0.6 M) reference electrode (Schott Instruments)
connected to the cell via a Luggin capillary. The electrolytes, 0.1 M
HClO4 and 0.5 M H2SO4, were prepared from 70% HClO4 Merck
Suprapur and 96% H2SO4 Merck Suprapur respectively. The ORR
experiments were performed in 0.1 M HClO4 electrolyte whereas
the HOR/CO tolerance experiments were performed in both 0.1 M
HClO4 and 0.5 M H2SO4. The samples; a 5 mm polycrystalline Pt
disk, or glassy carbon disk, were mounted in a changeable rotating
ring disk (RRDE) tip from Pine Instruments. Two tips were used: a
standard one made of Teflon and one made of Polyether ether
ketone (PEEK), which has a lower thermal expansion constant than
Teflon. The PEEK RRDE tip was used only for the high temperature
CO poisoning experiments, together with a gas purged wheel
bearing assembly from Pine Instruments to prevent O2 entering the
cell. The electrochemical measurements were performed using a
VMP2 multi-channel potentiostat (Bio-Logic Instruments) com-
puter-controlled using EC-Lab software. The gasses used were
supplied by AGA with Instrument 5.0 purity for Ar, N2 and O2

gasses; Instrument 4.5 for the H2 gas; Instrument 3.7 for the CO

gas; Instrument 100 ppm CO in H2 gas and Instrument 2% CO in H2

gas.

2.1. Preparation of Polycrystalline Pt Electrodes

A polished 5 mm polycrystalline 99.99% Pt disk from Pine
Instruments was used to carry out the polycrystalline electrode
experiments. In order to prepare the disk, the following treatment
was performed: it was annealed in a butane flame (using a hand
held burner typically used for grilling foods) for 5 minutes; within
1 second of the flame being removed, the disk was covered with a
glass vessel, through which a stream of Ar was flown. After
3 minutes in this reducing atmosphere, by which time the
electrode would have reached room temperature, the Pt electrode
surface was then covered with a droplet of ultrapure water
(18.2 MV cm), saturated with H2. The disk was then placed face
down on a piece of polypropylene film [75] from Chemplex; the
film was cleaned beforehand by sonicating it in several washes of
ultrapure water. The disk was subsequently mounted from the film
onto a changeable Teflon RRDE tip from Pine Instruments. The
prepared electrode was inserted into the electrolyte under
potential control at 0.05 V vs reversible hydrogen electrode
(RHE). The electrode was then cycled in a nitrogen-saturated
0.1 M HClO4 solution from 0.05 to 1.0 V vs the RHE at 50 mV s�1

until the CV was stable, typically after 10–20 cycles.

2.2. Preparation of Carbon Supported Nanoparticle Electrodes

Three commercial carbon-supported catalysts were chosen for
carrying out the ORR and the CO-tolerance benchmarking
analyses: TEC10F60TPM from Tanaka Kikinzoku Kogyo (TKK) (Pt/
C, average particle size 2.9 nm with a 58.2% wt. Pt loading); HiSPEC
13100 from Johnson Matthey (JM) (Pt/C, average particle size
4.6 nm with a 70% wt. Pt loading; and HiSPEC 10100 from JM (PtRu/
C, average particle size 2.8 nm with 40% wt. Pt and 20% wt. Ru
loading). The particle size and catalyst loading are as specified by
the supplier. The electrodes was prepared similar to ref. [5,37,38]
by ultrasonic dispersing catalyst into an ink consisting of mainly
water and absolute ethanol (99.8%, Fluka, puriss. p.a., ACS Reagent),
but also small amounts of polyvinylpyrrolidone (PVP) from
Sigma–Aldrich was added to help disperse the nanoparticles in
the ink and Nafion1 perfluorinated resin solution (Sigma–Aldrich,
5% wt.% in mixture of lower aliphatic alcohols and water) was
added to improve adhesion to the glassy carbon. The exact
composition must be optimized for each catalyst. Nonetheless, in
general we used 1:4 water to ethanol weight ratio for the Pt/C
catalysts and 1:8 water to ethanol weight ratio for the PtRu/C
catalyst. Each ink had the following composition: 4 mg catalyst,
7.5 mg PVP (2% in ethanol) and 20 mg Nafion solution. The
concentration of catalyst in the ink corresponded to a loading of
14–30 (Pt) mg cm�2 on the glassy carbon when depositing 10 mL of
ink. The glassy carbon disks were polished beforehand using
Buehler MicroPolishTM 0.05 mm alumina particles on a Buehler
MicroCloth PSA and then ultra-sonicated twice in both isopropanol
and deionized water. The electrodes were prepared by first
mounting the polished and cleaned glassy carbon disk in the
tip, and then drop casting the ink on a glassy carbon disk, while
measuring the mass of the droplet to accurately calculate the Pt
mass on the electrode. We tried different procedures for depositing
and drying the catalyst ink on the glassy carbon, including covering
the as-prepared electrode with a glass beaker; rotating the
electrodes [38]; and a mild heat treatment at 40–45 �C in air.
The quality of the films was evaluated on the basis of (a) the visual
criteria specified by Garsany et al. [37] (Fig. 2 in their paper); (b) by
comparing the electrochemical active surface area (ECSA) deter-
mined from CO stripping to the ECSA specified by the supplier of
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the catalyst; (c) finally from the CV in O2, where we ensured that
the film would reach the diffusion limited current density plateaux
at 0.7 V vs RHE [37]. In our own experience, the rotation method
resulted in the best films on the Teflon RDE tips [38]. In contrast, on
the PEEK tips, it was challenging to confine the inks within the area
of the disk, due to the lower hydrophobicity compared to the Teflon
tip; consequently for the PEEK tips we used the stationary drop
cast method. The as-prepared electrodes were cleaned with
ultrapure water before being inserted into the electrolyte under
potential control. Before the ORR and the H2/CO oxidation
experiments, the electrodes were pre-conditioned by cycling in
N2 at 100 mV/s until the CV was stable. For Pt/C catalysts, the
potential never exceeded 1 V vs RHE to minimize corrosion of the
support and roughening the surface [76] and for PtRu/C, it never
exceeded 0.8 V vs RHE, to avoid dissolution or irreversible
oxidation of Ru atoms [77,78].

2.3. RDE Measurements

Experiments were performed at both room temperature, i.e.
23 �C, and at 60 �C. Although fuel cells are often operated as high as
90 �C, [4] the maximum temperature we use in our experiments is
60 �C to avoid problems with electrolyte evaporation, as the vapour
pressure of water increases drastically above this temperature [72].
The temperature of the electrochemical cell was controlled using a
heated water jacket. For each experiment, the Ohmic resistance
and RHE potential were measured at both temperatures. The
Ohmic resistance was determined from the fitted high-frequency
intercept measured using electrochemical impedance spectrosco-
py [79]. The measured Ohmic resistance in 0.1 M HClO4 ranged
from 24–33 V at 23 �C, and from 17 to 22 V at 60 �C. The measured
Ohmic resistance in 0.5 M H2SO4 ranged from 7 to 8 V at 23 �C and
from 4 to 5 V at 60 �C. The Ohmic drop compensation was done by
either online Ohmic drop correction or in the post treatment of the
data. In case of the online Ohmic drop correction, 85% correction
was applied resulting in a residual uncompensated contribution of
<5 V. The RHE potential was measured by bubbling H2 over the Pt
electrode in the electrolyte at 1600 rpm and measuring the mean of
the intersection value whilst voltametrically cycling the electrode
from �0.02 to 0.3 V vs RHE at 20 mV/s. In 0.1 M HClO4, 0 V RHE

ranged from �0.725 to �0.717 V at 23 �C and from �0.711 to
�0.704 V at 60 �C, with respect to the Hg/Hg2SO4 reference
electrode.

ORR measurements were performed by bubbling O2 in the cell,
while cycling between 0.0 and 1.0 V vs RHE at different scan rates,
namely 5, 20, 50 and 100 mV s�1, until a stable limiting current was
obtained. In the case of the nanoparticulate catalysts, a CV was also
recorded in N2 using the same parameters to enable the
subtraction of background capacitive currents at a later point.

The electrochemical active surface area (ECSA) was determined
by the electrooxidation of a CO adlayer. CO was adsorbed on the
surface by bubbling CO in the cell for 3–5 min, while holding the
electrode at 0.05 V vs. RHE. Afterwards, the electrolyte was purged
with Ar for 15 minutes while maintaining potential control. Finally
the potential was scanned anodically between 0.05 V and 1.0 V vs
RHE at 10 mV/s. The integral of the stripping peak was converted to
electrode area using the value, 420 mC/cm2 [80] which we chosen
for the sake of consistency with our earlier works [25,29,81],
although the exact value is somewhat arbitrary, as it could easily
vary by up to 40%. We implicitly assume that the coverage of *CO is
independent of surface structure and alloying. However, it turns
out that *CO and *H coverage depends on both alloying and surface
orientation [11,82–85]; in particular, on alloys the ECSA might be
artificially lowered for alloys by this effect.

CO poisoning experiments were performed by bubbling a CO/H2

mixture gas (either 100 ppm or 2% CO in pure H2) in the cell. All CO
poisoning experiments were performed at 60 �C while rotating at
2500 rpm. Prior to each experiment, the surface was pre-
conditioned by first cycling at 100 mV s�1 between 0 and 0.8 V
vs RHE for 21 cycles and then the potential was held at 0.8 V vs RHE
for 30 s to electro-oxidize the CO adsorbed on the surface. After this
pre-treatment, the experiments were carried out. We chose to
study the CO poisoning behaviour of the Pt-based catalysts by
performing two different types of experiments, namely potential
staircase and cyclic voltammetry. In the case of the potential
staircase experiments, this was accomplished by holding the
potential at 0.1 V vs RHE while bubbling with the CO containing H2

gas. The duration of poisoning at 0.1 V depends on the concentra-
tion of CO in the gas. For the 100 ppm CO, the potential was held for
30 min in the case of the polycrystalline Pt disk, and for at least one
hour for the nanoparticulate catalysts. The long deposition time for
the 100 ppm CO mixture is due to transport limitation of gaseous
species in RDE in combination with only a very small fraction
(100 ppm) of the gaseous species reaching the electrode are CO.
Using the 2% CO, a constant time of 15 min was used for all of the
samples. After the initial poisoning at 0.1 V, the potential was
stepped by 0.05 V for 5 min at each step up to 0.8 V vs RHE. For the
CO poisoning cyclic voltammetry measurements, first the surface
was pre-treated as described earlier and then the potential was
held at 0.1 V vs RHE for 5 min while bubbling the CO-containing
gas. The potential was then cycled up to 0.8 V vs RHE at 1 mV s�1.

3. Results and discussion

3.1. Oxygen Reduction Reaction

3.1.1. Oxygen Reduction Reaction on Polycrystalline Pt
Polycrystalline Pt provides a useful benchmark of oxygen

reduction activity. It is often used as an activity reference for model
surfaces [36,86,87]. It is simpler to prepare than a single crystal
surface, but at the same time, its low roughness factor means that it
is more sensitive to the presence of impurities than thin films of
Pt/C. The attainment of the benchmark activity value of oxygen
reduction on polycrystalline Pt is a clear sign that the cell and the
electrolyte are clean, and that the electrochemical methods have
been performed appropriately. Even so, the specific activity of

Fig. 2. a) Cyclic voltammogram in O2-saturated 0.1 M HClO4 at 23 �C on
polycrystalline Pt, 1600 rpm at different scan speeds. b) Kinetic current density
for the ORR for polycrystalline Pt measured in O2 saturated 0.1 M HClO4 at 23 �C,
1600 rpm and different scan speeds. Only the anodic cycle has been plotted.
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polycrystalline Pt is dependent on both the correct preparation
(in particular the annealing) of the surface and a number of
experimental parameters such as scan rate, Ohmic drop correction
etc. All ORR experiments have been performed in 0.1 M HClO4,
since perchlorate anions weakly adsorb, if at all on Pt surfaces. In
contrast, in H2SO4 based electrolytes, sulphate anions adsorb
strongly on the surface and interfere with the ORR [88–90]. For
polycrystalline Pt in 0.05 M H2SO4 the activity is lowered by a factor
of four compared to in 0.1 M HClO4 [87] (Table 2).

The cyclic voltammograms in O2 on polycrystalline Pt is shown
on Fig. 2a for different scan speeds. The data shown have been
corrected using Eq. (1) where EWE vs REF is the measured potential,
ERHE the measured potential of the reversible hydrogen electrode,
I is the current and R is the Ohmic drop resistance.

EWE;Corrected ¼ EWEvsREF � ERHE � IR (1)

From the voltammogram in oxygen, it is possible to compare
extended surfaces with similar roughness and diffusion limited
current density, jd. However, a more universal comparison can be
made from calculating the kinetic current density, jk, by applying
the mass-transport correction using the relation shown in Eq. (2)
[91]. For rough surfaces and nanoparticulate catalysts, the current
should be normalized to the active surface area instead of the
geometric area. The polycrystalline Pt disk used in this experiment
have been polished before experiments, as described above, and
CO stripping experiments showed slightly lower stripping charge
density 349 � 9 mC/cm2 than what reported in the literature
[36,82,92], which suggest the surface is not rough. The data for the
Pt disk have been normalized using the geometric area.

1
jk
¼ 1

j
� 1
jd

(2)

In the literature, there here is a large spread in used scan rate:
5 mV/s [5,15,22], 10 mV/s [18,20,21], 20 mV/s [5,8,11,12,27,36],
50 mV/s [19,25,87], 100 mV/s [93]. This makes it difficult to
compare both data from different papers and to compare RDE
experiments with fuel cell performance. Fig. 2b shows the kinetic
current density for one experiment at different scan rates. The j
values have been corrected by mass-transport effects, electrolyte
resistance [94], converted to the RHE scale and normalized to the
geometric surface area. Clearly, the specific activity increases with
increasing scan rate. It is unclear whether this is due to sometime
dependent reconstruction of the surface, possibly related to the
adsorption of OH, O and other reaction intermediates, or due to
contamination of the surface from impurities [5].

At low scan rates, the CV’s in N2 and O2 become less
reproducible and donot stabilize when the concentration of
contamination in the electrolyte is high [5]. For the ORR activity
reported here, with only the anodic cycle shown (by convention in
these type of studies, the data are taken from the anodic cycle [72],
although similar trends would be observed from the cathodic
cycle). The mean values for the catalytic activity reported in Fig. 3
are in agreement with the literature [87], for experiments
performed under the same nominal experimental conditions.

The effect of temperature was also measured by raising the
temperature in the electrochemical cell to 60 �C, and calibrated
using the RHE potential and Ohmic drop resistance as these
changes with temperature. The resulting ORR activity can be seen
on Table 2. The average activity increases but is still within the
error of the measurement performed at 23 �C, in agreement with
Vliet et al. experiments [94]. Notably, Gasteiger and co-workers
reported similar observations [5] when measuring the ORR on
Pt-based catalysts in a fuel cell; at a constant cell iR-free potential
on the RHE scale, the catalytic activity remains almost constant.

3.1.2. Oxygen Reduction on Pt/C Nanoparticles
For practical fuel cells applications, the mass activity of Pt

nanoparticles on high surface area support is more important than
the specific activity. To obtain a benchmark for Pt/C, two
commercial catalysts were chosen: TEC10F60TPM, a 60% wt. Pt/C
from Tanaka Kikinzoku Kogyo (TKK) and HiSPEC 13100, a 70% wt.
Pt/C from Johnson Matthey. The specific activity and mass activity
for the TKK 60% Pt/C are shown in Fig. 4a and b, respectively. The
activity is shown without corrections (grey columns), with online
Ohmic drop correction (red column) and with both Ohmic drop
and capacitance corrections (blue column). The difference in
average activity between the background subtracted column and
the others increases with scan speeds, due to the capacitive
contribution to the current density jDL = CDLdE/dt which increases
linearly with scan rate dE/dT and depends on the double layer
capacitance CDL [91]. At 5 mV s�1, the background subtraction only
changes the activity by 5%; for such low scan speeds the
subtraction is not necessary, as reported by Gasteiger et al. [5].
At higher scan rates, such as 50 50 mV s�1 the background

Table 2
–Shows the mean values for the specific activity and mass activity for ORR measured at 0.9 V vs RHE, at 1600 rpm, from the anodic sweep. The average was calculated from at least
2 measurements, and the error bars correspond to the standard deviation. All data have been corrected for both Ohmic drop resistance and capacitive currents.

Material Temperature Specific Activity (mA/cm2) at Mass Activity (A/mgPt) at

5 mV/s 20 mV/s 50 mV/S 100 mV/s 5 mV/s 20 mV/s 50 mV/s 100 mV/s

Pt Poly
23 �C 1.2 � 0.2 1.7 � 0.2 1.9 � 0.2 2.1 � 0.3
60 �C 2.0 � 0.2

TKK 60% Pt/C
23 �C 0.4 � 0.02 0.51 � 0.02 0.58 � 0.01 0.61 � 0.01 0.22 � 0.01 0.28 � 0.01 0.32 � 0.01 0.34 � 0.02
60 �C 0.73 � 0.02 0.41 � 0.02

HiSPEC 13100 Pt/C 0.26 � 0.02 0.32 � 0.02 0.35 � 0.02 0.36 � 0.03 0.16 � 0.01 0.19 � 0.01 0.21 � 0.01 0.22 � 0.02

Fig. 3. Average kinetic current density based on four measurements for the ORR
measured on polycrystalline Pt at 0.9 V vs RHE, at 1600 rpm, 23 �C and at different
scan speeds. The error bars shows the standard deviation.
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subtraction increases the activity by �60%, and hence is more
significant [87]. Comparing the trend in Figs. 3 and 4, only the
background subtracted column increases with scan rates as seen
for the polycrystalline Pt disk in Fig. 3 and thus the background
subtraction is significant for higher scan rates including at 50 mV/s.
An implicit assumption in the background correction is that the
capacitive currents in the absence of O2 are identical to those in the
presence of O2. Impedance spectroscopy measurements per-
formed at our laboratory on Pt-based single crystals confirm this
notion: there are only minor changes in the presence of O2 [95,96].

Fig. 4 shows that the mean value of the activity is up to 40%
higher with Ohmic drop correction. The mean values of the activity,
calculated with Ohmic drop correction and background subtrac-
tion are listed in Table 2. The TKK 60% wt. Pt/C catalyst was also
tested at 60 �C and 50 mV/s; the specific activity was
0.73 � 0.02 mA/cm2 compared to 0.58 � 0.01 mA/cm2 at 23 �C. This
corresponds to a 26% increase in activity; it is more significant than
for polycrystalline Pt, where the activity difference was within the
error. Comparing to the ORR activities reported by Mayrhofer et al.
[36] at 0.9 V vs RHE, the trend is the same where the activity
increases with temperature.

Gasteiger et al. [5] also showed that the activity measured using
the RDE method at low scan rates of 5 or 20 mV/s and at 60 �C, are
within a factor 2 of the ones measured for the MEA in the fuel cell.
The activity difference observed between 23 �C and 60 �C are
negligible in comparison to the difference between RDE measure-
ments and MEA measurements. Therefore, we conjecture that the
RDE measurements performed at room temperature and below

20 mV/s are comparable to MEA measurements. However, from a
practical perspective, by carrying out the measurements at 50 mV/
s, it takes a shorter time to reach a stable electrochemical response.
Moreover, model experiments, such as those performed on single
crystals, mass selected nanoparticles or polycrystalline extended
surfaces, are usually conducted at 50 mV/s [11,90,97–99]. The
reason for this is that the electrolyte will always contain some
contaminants; the low electrode surface area/electrolyte ratio in
model experiments increases the propensity for the contamination
of the electrode. Consequently, we take the view that the
measurement should ideally be performed at 23 �C, using a scan
rate of 50 mV/s; during the data processing we first apply an Ohmic
drop correction, if online Ohmic drop compensation was not used,
and then perform a background subtraction.

3.2. Hydrogen Oxidation Reaction and CO tolerance

3.2.1. Hydrogen Oxidation Reaction
The cyclic voltammogram in H2 on a polycrystalline Pt disk is

shown in Fig. 5a. The experiment was performed at 60 �C, because
the limiting current is temperature dependent [100] as well as the
CO poisoning [52] and to be able to compare to literature data
[52,100]. The reaction was measured at different rotations speeds
(400, 900, 1600, 2500 and 3600 rpm) in both 0.1 M HClO4 (black
lines) and 0.5 M H2SO4 (dashed red lines). The dotted line is data
adapted from [100] which was measured using the same
experimental parameters as the solid red line. Fig. 5b shows a
Levich plot using the data from Fig. 5a measured at 0.2 V vs RHE in
both 0.1 M HClO4 (black points) and 0.5 M H2SO4 (red points). The
dashed lines in Fig. 5b shows a linear fit to the data points. To verify

Fig. 4. a) specific and b) mass activity for TKK 60% Pt/C measured in O2 saturated
0.1 M HClO4 at 23 �C, 1600 rpm and different scan speeds. The different colours
indicate different data treatment: First column (grey) have been normalized by
ECSA or Pt mass; second column (red) same normalization plus the measurement
was performed with 85% online Ohmic drop correction; third column (blue) have in
addition been background corrected by subtracting the N2 CV.

Fig. 5. –a) Hydrogen oxidation reaction on a polycrystalline Pt disk (anodic sweep)
at 60 �C, 20 mV/s for different rotations speeds, in either 0.1 M HClO4 (black solid
line) or 0.5 M H2SO4 (red dashed line). The dotted line is data adapted from [100]. b)
Levich plot using the limiting current measured at 0.2 V vs RHE using the data from
a). The dashed lines shows a linear regression on the data points.
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that the correct limiting current was obtained, the Levich equation
[91] was used:

id ¼ 0:62nFD2=3v�1=6c0v1=2 ¼ Bc0v1=2 (3)

In Eq. (3) n is the number of electrons in the process, F is the
faraday constant, D is the diffusion constant, n is the viscosity of the
electrolyte, c0 is the solubility of H2 in the electrolyte and v is the
rotation speed and B is a constant. From the slope of the Levich plot
in Fig. 5, we determined the Bc0 to for 0.5 M H2SO4 to be
7.9 � 10�2mA cm�2 rpm�1/2 and for 0.1HClO4 it was 8.7 � 10�2mA
cm�2 rpm�1/2 .Our data correspond closely to those of Gasteiger for
0.5 M H2SO4 at 62 �C, [100] both in terms of the Bc0 constant and by
the fact that the data overlap each other on Fig. 5.

Measurements of the hydrogen oxidation reaction activity on Pt
are not possible when using a rotating disk setup in liquid
electrolyte because of mass transport resistance, which will lead to
an underestimation of the catalytic activity by 1–2 orders of
magnitude [44–47]. However, introducing even trace amounts of
CO causes a decrease in catalytic activity, and hence a large shift in
potential, or overpotential for the HOR, at any given current
density, in comparison to pure H2. This decrease in activity can also
be measured using the RDE method. In this study, we focus on the
HOR on Pt and Pt–Ru catalysts during CO poisoning conditions.

3.2.2. CO Poisoning on Polycrystalline electrodes
Platinum is the most active pure-metal catalyst for the HOR.

However, concentrations as low as 10 ppm CO in the H2 gas can
severely degrade the performance of the fuel cell [4,48,49]. We
recommend that the poisoning procedure be benchmarked both
on pure Pt and a commercial Pt–Ru catalyst. Although pure Pt
based catalysts would not be used in real fuel cells running on
CO–H2 gas mixtures, they provide an useful benchmark for the
measurement procedure: should the pure Pt based catalysts
exhibit higher than expected CO-tolerance, this would constitute a
clear sign that the measurement was not being performed
adequately (this could be induced by high amounts of O2 in the
cell). For real applications, the concentration in the fuel feed might
be as high as 50–100 ppm [4]. At the outset, we tried to measure H2

oxidation in the presence of 100 ppm CO. However, the poisoning
process was impractically slow. This is shown clearly in Fig. 6,
which is a chronoamperometric plot for a smooth polycrystalline
Pt disk and a Pt/C nanoparticulate catalyst, at 0.1 V vs RHE, whilst
bubbling either 100 ppm or 2% of CO in H2 in the cell. The electrode
was pre-conditioned beforehand as explained in Section 2.3. Each
of the catalysts starts with a similar geometric current density of
�4.5 mA/cm2. On polycrystalline Pt, the current density diminishes
rapidly to �0.1 mA/cm2 after 30 minutes in 100 ppm CO, after

which time it decreases somewhat more slowly. On the other hand,
even after 1 hour, the Pt/C catalysts still retain a current density of
2.1 mA/cm2. This can be explained by the low amount of CO
molecules that reach the surface. The surface atom density of Pt
(111) is �1.5 �1015 atom cm�2; the flux of reactants to surface can
be approximated by dividing the limiting current density by the
charge of 2 electrons as it is a two electron reaction taking place
which yield a flux of 1.38 � 1016 reactants cm�2 s�1; only
1/10000 molecules are CO in a 100 ppm CO/H2 mixtures which
makes the flux of CO molecules 1.38 � 1012 CO molecules cm�2 s�1.
We estimate the poisoning time by dividing the surface atom
density by the CO molecule flux, yielding �18.1 min for the
polycrystalline Pt disk surface. For the nanoparticles, we estimate a
similar number by multiplying the poisoning time for a smooth
surface with the roughness factor, i.e. the real surface area divided
by the geometric area, 1.74 cm2/0.196 cm2; this yields a poisoning
time of 2.7 hours. This crude calculation offers an explanation of
the slow poisoning observed in Fig. 6; on this basis, we conclude
that it is impractical to use 100 ppm CO in H2 to study CO
poisoning. Instead, we recommend the use of 2% CO in H2 to
achieve fast poisoning of both the nanoparticles and the
polycrystalline Pt disk.

During the development of the experimental procedure, we
observed that repeating the same measurement several times did
not yield the same result. For this reason, we developed a pre-
treatment for a polycrystalline Pt disk, as represented in Fig. 7. The
upper part of the figure shows the applied potential and the lower
part shows the resulting measured current density. The pre-
treatment involves cycling the electrode 21 times between 0.0 and
0.8 V vs RHE (not shown in the figure) in the gas mixture of 2% CO
and H2, followed by 30 s at 0.8 V vs RHE to oxidize all CO from the
surface, at which point the actual measurement commences. From
time, t = 0 to 900 s, the potential is held at 0.1 V vs RHE; the
potential is then increased in 50 mV increments, with 300 s at each
potential. Clearly, the current density drops three orders of
magnitude within 30 s, after which time it is changes little. Upon
the beginning of each potential step, there is an initial spike in the
current which could be artefacts from the potentiostat, double
layer charging or H2/CO oxidation; we define the steady state
current density as the value immediately before the following

Fig. 6. –Geometric current density measured at 0.1 V vs. RHE for a polycrystalline Pt
disk and a TKK 60% Pt/C catalyst at 60 �C and 2500 rpm in 0.1 M HClO4, saturated
with either 100 ppm CO in H2 or 2% CO in H2.

Fig. 7. –The upper part shows the applied potential and the lower part the
measured geometric current density on a polycrystalline Pt disk. Before
measurement the disk was cycled 21 times between 0 and 0.8 V vs. RHE at
100 mV/s then the potential was held at 0.8 V vs. RHE for 30 s before stepping down
to 0.1 V vs RHE for 15 min followed by steps of 50 mV at 5 min intervals. The
measurement was performed in 0.1 M HClO4 saturated with 2% CO in H2 at 60 �C and
2500 rpm.
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potential step. There is no significant change in the current density
from 0.1 V to 0.55 V vs RHE; however, from 0.55 V onwards, the
initial spike is much more pronounced, and there is a slight
improvement in the steady state current density over the previous
value. However, at 0.7 V vs RHE, the steady state current increases
by an order of magnitude. At 0.75 V, the steady state current
density is close to the limiting current density.

Fig. 8 shows a combination of the potentiostatic experiment
(points showing the steady-state current density from Fig. 7) with
cyclic voltammetry of a polycrystalline Pt disk recorded at 1 mV/s
after being completely poisoned (15 min). The Figure also shows a
digitized CV showing the same experiment by Gasteiger et al. [52].
The difference between the two experiments is that this was
performed in 0.1 M HClO4 at 60 �C whereas the other was
performed in 0.5 M H2SO4 at 62 �C. Although the onset of the
oxidation and the anodic going scan are rather similar, the
behaviour in the cathodic sweep is different; this may be due to
sulphate anion adsorbing strongly on Pt and perchlorate anion
adsorbing weakly, if it all [88]. There is also a good relation
between the CV recorded at 1 mV/s and the steady-state points, in
agreement to previous studies by Gasteiger et al. [52]. The
potential required for significant current densities, i.e. >0.1 mA/
cm2, depends on the CO partial pressure, as demonstrated by
Gasteiger et al. [52] and Schmidt et al. [101]. Even so, for fuel cell
relevant applications, it is more relevant to look at the steady-state
current densities at less negative potentials, in particular below

0.2 V. These are plotted in Fig. 9 for the polycrystalline Pt disk in 2%
CO in H2, in either 0.1 M HClO4 (blue) or 0.5 M H2SO4 (red) at 60 �C
and 2500 rpm. The data used in Fig. 9 are performed under the
same condition as Fig. 7. Fig. 9 shows that there is no significant
difference in current densities between 0.1 M HClO4 and 0.5 M
H2SO4. We would like to emphasise that although we tentatively
assign the data on Fig. 9 to hydrogen oxidation, the currents are
negligible, on the order of the noise level.

3.2.3. CO Poisoning on Pt/C and PtRu/C nanoparticles
CO poisoning experiments were also performed on commercially

available nanoparticulate Pt/C. The TKK 60% Pt/C catalyst, that
yielded the best results for the ORR (see Section 3.1.2), was also
benchmarked for CO tolerance. The best CO tolerant commercial
catalysts are Pt–Ru alloys, and for this benchmark we chose JM
HiSPEC 10100 with a 40% wt. Pt loading. Fig.10 shows a combination
of cyclic voltammetry and steady state current densities for the Pt/C
nanoparticles, similar to the experiments described in the previous
section for polycrystalline Pt. The experiments were performed in
0.1 M HClO4 saturated with 2% CO in H2 at 60 �C and 2500 rpm. The
solid lines were recorded after holding the potential at 0.1 V vs. RHE
for 15 min and the points show the steady-state current after 5 min.
The steady state points follow the CV for Pt/C nanoparticles, while for
PtRu/C the average steady state current lie in between the two
measurements. This shows that both the CV and the steady state
measurements yield similar results at low overpotentials, in
agreement with the literature [101]. The onset for the rapid post-
ignition increase in current density, to values above 0.5 mA/cm2,
occurs at much lower potentials on the PtRu/C catalyst. Indeed the
half-wave potential, i.e. the potential at half the current density of
the limiting current density, is 250–300 mV lower for the PtRu/C
compared tothe Pt/C. This is consistent to reports for polycrystalline
PtRu alloys [52] and also nanoparticulate PtRu/C [53]. The greater
magnitude of the error bars on the PtRu/C catalyst can be attributed
to the fact that the current density has been normalised to the
geometric, rather than microscopic surface area, and the fact that a
different loading was used in the two different measurements. The
difference is, however, only present when normalizing to geometric
area. On the contrary, the error bars are negligible for the PtRu/C in
Fig. 11(a) and (b), where the steady state current density has been
normalized by either electrochemical surface area (11a) or Pt
mass (11b).

The steady state current densities of Pt/C (Fig. 11a) are small,
and very close to those of polycrystalline Pt, in Fig. 9. On the other

Fig. 8. –H2–CO electrooxidation on Polycrystalline Pt in 2% CO in H2 saturated
electrolyte either 0.1 M HClO4 (black solid line) or 0.5 M H2SO4 (blue dashed line and
red dotted line) at 60 �C, 2500 rpm and 1 mV/s after 15 min at 0.1 V vs RHE. The
points indicate the average steady-state value from holding the potential 5 min at
each of the points. The dotted red line is data adapted from [52].

Fig. 9. –Steady-state current densities of polycrystalline Pt disk in 2% CO in H2

saturated 0.1 M HClO4 (blue) or 0.5 M H2SO4 (red) measured at 60 �C and 2500 rpm.
The potential was held for 15 min at 0.1 V vs RHE before the first measurement and
the potential was then stepped up in 50 mV increments, with 5 minute at each
interval. Each measurement is taken immediately before the potential step.

Fig. 10. –CV at 1 mV/s of HiSPEC PtRu/C (red dashed lines) and TKK 60% Pt/C (black
solid lines) in 2% CO in H2 saturated 0.1 M HClO4 at 60 �C and 2500 rpm. The points
shows the average steady state current density. The loading was 12 and 13 mgPt/cm2

for Pt/C, and 14 and 18 mgPt/cm2 for PtRu/C. The larger difference in loading is visible
for the PtRu/C as there is a clear difference in onset where the sample with higher
loading starts earlier.
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hand, at 0.10–0.35 V, PtRu/C shows an order of magnitude higher
current density, both in terms of specific activity, as shown on
Fig.11 a, and mass activity, as shown in Fig.11b. In the post-ignition
region, above 0.45 V, the apparent activity for hydrogen oxidation
is highly dependent on the catalyst loading [101]. However, since
this region is largely irrelevant for technological applications, we
will not peruse upon it any further.

4. Conclusions

In order to compare ORR data it is important that the
measurements follow the same experimental procedures. In this
study we have shown a benchmark for different commercially
available catalysts as well as polycrystalline Pt electrodes
measured under different conditions. We observed that there
was a small increase in the ORR specific activity 26% for the Pt/C
catalyst when increasing the temperature from 23 �C to 60 �C. The
same measurement was performed on a polycrystalline Pt
electrode but in that case the increase was insignificant compared
to the experimental error. It was also shown how Ohmic drop
correction, capacitance and scan rate have a major impact on the
measured activity. Our recommendation is to correct for Ohmic
drop and to measure at either 20 mV s�1 or 50 mV s�1.

The experimental conditions for best benchmarking CO
poisoning during HOR were also investigated utilizing both cyclic
voltammetry, potentiostatic and galvanostatic measurements.
We found that potentiostatic poisoning at relevant anode

potentials (0.1–0.35 V vs RHE) provides the most optimal
conditions for benchmarking the CO tolerance of different
electrocatalysts. We showed that there is no significant difference
between using 0.5 M H2SO4 and 0.1 M HClO4 as electrolyte for CO
tolerance experiments. The PtRu/C benchmark exhibits an order
of magnitude higher steady state current density for hydrogen
oxidation than Pt/C. This method enables rapid catalyst evalua-
tion and will facilitate the future development of new CO-tolerant
materials for hydrogen oxidation.
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Probing the nanoscale structure of the catalytically
active overlayer on Pt alloys with rare earths
Anders F. Pedersena,*, Elisabeth T. Ulrikkeholma,*, María Escudero-Escribanoa,b,
Tobias P. Johanssona, Paolo Malacridaa, Christoffer M. Pedersena, Martin H.
Hansenc, Kim D. Jensena, Jan Rossmeislc, Daniel Friebeld, Anders Nilssond, Ib
Chorkendorffa, Ifan E. L. Stephensa,e**

aDepartment of Physics, Center for Individual Nanoparticle Functionality, Building 312, Tech-
nical University of Denmark, 2800 Lyngby, Denmark
bDepartment of Chemical Engineering, Shriram Center, 443 Via Ortega, Stanford University,
Stanford, CA 94305, USA
cDepartment of Chemistry, Univeristy of Copenhagen, Universitetsparken 5, 2100, Copenhagen,
Denmark
dSLAC National Accelerator Laboratory, 2575 Sand Hill Road, MS31, Menlo Park, CA 94025,
USA
eMassachusetts Institute of Technology, Department of Mechanical Engineering, 77 Massachusetts
Avenue, Cambridge, MA 02139 USA

*These authors contributed equally to this work.
**Corresponding author.
Email address: ifan@fysik.dtu.dk (Ifan E. L. Stephens)

PtxY and PtxGd exhibit exceptionally high activity for oxygen reduction, both
in the polycrystalline form and the nanoparticulate form. In order to understand
the origin of the enhanced activity of these alloys, we have investigated thin films
of these alloys on bulk Pt(111) crystals, i.e. Y/Pt(111) and Gd/Pt(111). These
surfaces exhibit a 4-fold improvement over Pt(111). We observe the formation of a

XV



APPENDIX C. APPENDIX C - PAPER 2 ABSTRACT

thick Pt overlayer after the electrochemical measurements, both on Y/Pt(111) and
Gd/Pt(111). Using surface sensitive X-ray diffraction we revealed that crystalline
closely packed Pt overlayers were formed. The diffraction experiments showed
that the strain and crystallinity of the overlayers are strongly dependent on the
electrochemical treatment, and in general show lateral compression.
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Relating direct methanol fuel cell performance to
measurements in a liquid half cell
Christoffer M. Pedersena,b, Elisa A. Paolia, Oskar Tyneliusa, Torsten Lund-Olesena,
Jan H. Halesa,b, Leif H. Christensena, Ifan E. L. Stephensb, Ib Chorkendorffb

aDepartment of Physics, Center for Individual Nanoparticle Functionality, Building 312, Tech-
nical University of Denmark, 2800 Lyngby, Center for Nano- and Micro technology, Danish
Technological Institute (DTI), Gregersenvej, DK-2630 Taastrup, Denmark
bCenter for Individual Nanoparticle Functionality, Department of Physics, Building 312, Tech-
nical University of Denmark (DTU), DK-2800 Lyngby, Denmark

In this study we try to establish how liquid half-cell measurements of catalysts
for a Direct Methanol Fuel Cell (DMFC) should be performed in order to achieve
comparable measurements to that performed in a DMFC. To accomplish this,
DMFC measurements are compared to liquid half-cell experiments. The potential
of the anode and cathode electrodes in the DMFC is measured to establish the
operating potentials of the DMFC electrodes, which is done by using a specially
designed DMFC with a reference electrode. The potential measurements are used
to calculate the activity of the catalyst in the electrodes. In addition, measure-
ments of liquid half-cell experiments using both the rotating disk electrode (RDE)
and high loading catalyst electrodes on gas diffusion layers are performed to com-
pare the catalyst activity in the different experiments. It is seen that the activity
of the methanol oxidation reaction (MOR) in the anode is comparable in all three
types of experiments. Contrary, the oxygen reduction reaction (ORR) activity de-
pends on the type of experiment, especially in the case where methanol is present.
RDE measurements of methanol poisoning of ORR shows both, a much larger
activity loss compared to the DMFC measurements, and that the RDE experi-
ments are more sensitive to the experimental conditions than for the DMFC. The
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measurements shows that the MOR activity in the DMFC can be predicted from
liquid half-cell experiments, whereas RDE measurements of ORR in the presence
of methanol does not show the real impact in a DMFC, but rather can be used for
qualitative comparison of catalyst under the exact same experimental conditions.
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