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1
Introduction

The depletion of fossil resources combined with the strongly increasing demand for
energy in the developing countries and environmental concerns about carbon dioxide
emissions related to the use of non-renewable energy resources are the major factors
that stimulate the development of alternative energy systems based on renewable
energy. Major effort is being put into the development of the hydrogen economy. The
use of hydrogen as an energy carrier enables reduced green house gas emissions,
improved air quality and improved energy efficiency and security. Currently,
hydrogen is mainly used in petroleum refineries for the production of clean
transportation fuels and in the production of chemicals such as ammonia and
methanol. Hydrogen is mainly produced by conversion of non-renewable feedstock,
mostly natural gas. In the future, hydrogen may be produced from water by
electrolysis using electricity generated from renewable energy sources such as wind,
solar, geothermal, and hydroelectric power, but in principle also from nuclear energy.
Alternatively, a renewable feedstock such as biomass can also be made to produce
hydrogen by gasification. Finally, direct water splitting by photocatalysis may once
offer a direct route to obtain hydrogen from water.
Fuel cells are electrochemical devices that convert a fuel with the aid of oxygen
(oxidant) directly into electrical energy with high efficiency without being limited by
the Carnot cycle. If hydrogen is used as fuel, the end products of this electrochemical
conversion of clean hydrogen are electricity, water and heat; fuel cells do not emit
other gases at the point of operation. A typical fuel cell using hydrogen as fuel as
shown in Fig. 1.1 consists of an anode that catalyzes hydrogen oxidation and a
cathode that reduces the oxidant (oxygen, either pure or from air). The two
compartments are separated by an electrolyte. The anode and cathode generally
contain electrocatalysts to speed up the electrode reactions. The electrons produced in
these reactions flow through an external circuit to create electricity. The electrolyte
being an ionic conductor facilitates the transfer of ions generated during the oxidation
or reduction processes. The electrolyte also serves as a physical barrier to prevent
mixing of the fuel and the oxidant. Depending on the choice of the electrolyte
material, the operating temperature of the fuel cell varies. Accordingly, fuel cells are
typically classified according the electrolyte material that is employed. Table 1.1 lists
the most common types of fuel cells, their operating temperature, electrode and
electrolyte materials and the electrode reactions. Based on the type of fuel, operating
1

temperature, size and efficiency fuels cells can be used in stationary applications or in
mobile and portable applications. High temperature fuel cells are often fed with other
fuels than hydrogen, such as reformed hydrocarbon, gasified biomass or gasified coal.
In such cases, the product gas contains CO2 as well.

1.1 The proton exchange membrane fuel cell (PEMFC)
Among the fuel cell technologies, proton exchange membrane (also polymer
electrolyte membrane) fuel cells (PEMFC) are considered to become an economically
viable power source for cars and portable devices, owing to their low operating
temperature, short warm-up time and high power density. PEMFC are generally
operated below 100 °C with clean hydrogen and oxygen or air and water. PEMFC
(Fig. 1.1) consists of a solid polymer membrane as an electrolyte sandwiched between
porous carbon electrodes containing platinum electrocatalysts. The carbon electrodes
or the backing layers are generally known as the gas diffusion layers (GDL), which
distribute the fuel and oxidant to the catalyst surface. The product obtained by joining
the two electrodes and the membrane together is called a membrane electrode
assembly (MEA).

Fig. 1.1: Schematic of a PEM fuel cell
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Bipolar plates are plates containing flow channels to evenly distribute and remove the
reactants and products to and from the GDL. The MEA, as shown in Fig. 1.1, is
sandwiched between the bipolar plates. These plates are generally made of
mechanically rigid, electrically conductive and corrosion resistant materials such as
carbon, graphite or stainless steel. Along with providing an electrically conductive
path for electron flow when several MEAs are stacked in series, the bipolar plates also
give the fuel cell its shape and structure. Bipolar plates contain coolant flow fields as
well, to remove waste heat produced by the fuel cell reaction.
The most commonly used proton exchange membrane, Nafion®, consists of
perfluorosulfonic acid (PFSA) ionomer, which has to be hydrated for better proton
conduction. Humidifying the gas feeds is a common way to hydrate the membrane.
The need to humidify the membrane limits the PEMFC temperatures to below 100 °C
under ambient pressure. The thickness of the Nafion® membrane typically varies from
25-175 μm with conductivities in the range of 0.1 S/cm. While the thinner membranes
increase the hydrogen crossover, thick membranes reduce the ionic conductivity.
Platinum facilitates the hydrogen oxidation reaction (HOR) at the anode according to
HOR:

H2 → 2H+ + 2e-

E0 = 0 V vs. SHE

(1.1)

(SHE – standard hydrogen electrode)
The proton produced in this reaction migrates through the membrane towards the
cathode, while the electrons flow through the external circuit creating an electric
current. At the cathode, the migrated hydrogen ions combine with the reduced oxygen
and the electrons to form water according to
ORR:

1
2

O 2 + 2H+ + 2e- → H2O

E0 = 1.23 V vs. SHE

(1.2)

The overall electrochemical reaction of the PEMFC is given by
1

Overall reaction: H2 (g) + O 2 (g) → H2O (l)
2

E0 = 1.23 V vs. SHE

(1.3)

The low operation temperature of PEMFC requires active Pt electrocatalysts. The
hydrogen oxidation reaction is relatively facile, and only requires Pt loadings of 0.05
mg/cm2. Typically, catalyst stability can be an issue, in case of fuel starvation as well
as when the hydrogen contains contaminants such as CO, which is often present in
trace amounts in the hydrogen feed stream generated by steam reforming or partial
oxidation of hydrocarbons. In this case, PtRu have shown to be more CO resistant and
an alternative approach is to remove CO catalytically from H2 streams. The rate of the
3

oxygen reduction reaction (ORR) at the cathode is most critical. Typically, oxygen
reduction electrocatalysts contain nanometer-sized Pt particles (~ 2-3 nm) highly
dispersed on a carbon support (~ 30-40 nm particles) to achieve a high Pt surface area
(~ 100 m2/g). The carbon support should be electrically conductive, resistant to
corrosion and maintain the carbon-catalyst-ionomer structure over the period of
operation. On the cathode side, Pt is the most active element for the ORR, but still the
rate is rather sluggish in acidic media and, accordingly, requires high Pt loading of at
least 0.4 mg/cm2 in state-of-the-art carbon-supported Pt catalysts (Pt/C).
Fuel Cell
Type

Electrolyte
Used

Catalyst

Polymer
Electrolyte

Proton
Exchange
Membrane

Pt on anode
and cathode

Direct
methanol

Proton
Exchange
Membrane

Pt- Ru on
anode, Pt
on cathode

Potassium
Hydroxide

Nonprecious
metals

Phosphoric
Acid

Phosphoric
Acid

Pt on anode
and cathode

Molten
Carbonate

Lithium /
Potassium
Carbonate

Nonprecious
metals

Yittria
Stablized
Zirconia

Nickel on
anode and
perovskite
oxide on
cathode.

Alkaline

Solid
Oxide

Operating
Temp., °C

Electrode Reaction
Anode: H2=2H++2e-

60-140

1

Cathode: O2+2H++2e-=H2O
2

30- 80

Anode :
+
OH+H
CH3
2O=CO2+6H
3

Cathode: O2+6H+ +6e-=3H2O
2

Anode: H2+2OH-=H2O +2e150-200

1

Cathode : O2+H2O+2e-=2OH2

Anode: H2 =2H++2e180-200

1

Cathode: O2+2H++2e-=H2O
2

650

Anode: H2+CO32=H2O+CO2+2e1

Cathode: O2+CO2+2e-=CO322

Anode: H2+O2-=H2O+2e1000

1

Cathode: O2+2e-=O22

Table 1.1: Types of fuel cells

1.2 Challenges for ORR electrocatalysts
Commercial implementation of PEMFCs for mobile applications requires bringing
down the current high costs of this technology. A major contributor is the catalyst cost
and this is especially valid for the ORR electrocatalysts because of the high metal
loadings. Besides the rather slow rate of oxygen reduction, Pt catalysts also suffer
4

from limited stability under PEMFC operating conditions [1-4]. Even with high Pt
loading, the activation overpotential for the ORR is still about 0.4 V at low current
densities (< 100 mA/cm2). A reasonable target for automotive applications is 0.2
gPt/kW, implying that the required amount of Pt in the cathode compartment should
be reduced to less than 0.1 mgPt/cm2, with a maximal associated 40 mV loss in cell
voltage [5]. This requires more active and stable catalysts with lower Pt content.
Although research is also being directed towards the use of non-precious metals based
electrocatalyst for the ORR, they are yet to match the performance and stability of
standard Pt/C catalysts [6, 7]. An alternative approach is to structure the Pt catalyst in
such way that high mass based activities are obtained, such as nanostructured thin
films, Pt monolayers, core-shell catalysts, controlled crystal face orientation catalysts
etc. [8-20]. In these cases, Pt is typically alloyed with non-noble transition metals
such as Co, Ni, Cu, Cr and Fe. A large number of studies are available that point to
enhanced ORR activity as compared to standard Pt/C catalysts [1, 21-30].
Deactivation of the electrocatalyst is primarily influenced by the loss in
electrochemical surface area for Pt catalysts. Pt dissolution at high potential in view
of the low pH and elevated temperature followed by particle sintering due to Oswald
ripening, coalescence and particle migration characterize the surface area and mass
activity loss [1, 24, 31-34]. For alloys, the dissolution of the non-noble metal also
contributes to deactivation of the catalysts [24, 25, 34-37]. Additionally, carbon
support corrosion also plays a role [1, 34, 38].

1.3 Carbon corrosion
Besides the instability of the active metal phase in electrocatalysts, the carbon support
is also susceptible to corrosion. The rate of corrosion depends on the operating
temperature and the potential [39]. As an example, the most widely used carbon black
supports such as Vulcan XC 72R and Ketjen black are susceptible to corrosion at
potential higher than 0.9 V at 80 °C [40]. This condition is often not achieved if the
PEMFC is used as a stationary power generator, where it is operated under steadystate conditions with the potential limits in the range 0.6-0.85 V. However, mobile
applications involve cathode potential ranges in excess of this range at 80 °C during
startup and shutdown. Under such conditions, the standard carbon supports corrosion
rate is significant, leading to large voltage degradation. Graphitization of carbon
blacks is considered to increase corrosion resistance, while structures such as carbon
nanotubes and nanofibres are also found to resist corrosion [41-43]. Several reports
reveal that the corrosion of carbon support reduces the integrity of the catalyst layer
and enhances Pt dissolution [1-3, 44-46]. At the same time, Pt is found to catalyze
carbon oxidation [39].

5

1.4 Scope of this thesis
In order to develop new improved catalytic components for PEMFC technology, it is
necessary to acquire a better knowledge on the durability of the electrocatalysts.
Based on current insights from literature in the field of ORR catalyst development,
PtM (M = Co, Ni, Cu, Cr, Fe, etc.) alloys are known to exhibit enhanced ORR
performance compared to the state-of-the-art Pt/C catalyst. Besides higher ORR
activity also improved stability has been reported [47, 48]. Yet, the results are not
unequivocal and so far clear understanding is lacking. This is mainly due to the
complex structure of the supported catalyst, the contribution of carbon support
corrosion, which may also induce catalyst degradation, the effect of the catalyst
preparation method and the severity of the test conditions.
This thesis is devoted to the study of the stability of unsupported and carbonsupported non-noble metal-alloyed Pt electrocatalysts for the oxygen reduction
reaction relevant to PEM fuel cell development. The investigations can be broadly
divided in three parts, namely (i) the durability of electrodeposited Pt alloys of Ni, Cu
and Co, (ii) the durability of carbon-supported Pt alloys and (iii) the durability of the
carbon support itself.
The first part concerns studies of the stability of model ORR catalysts (Pt, PtCo, PtNi
and PtCu) at room temperature (Chapters 2-5) and at 80 °C (Chapter 6). The catalytic
layers were electrodeposited on a gold rotating disc electrode so as to exclude
possible deactivation effects associated with the use of a carbon support. The
composition of the catalyst layer was varied from pure Pt via Pt-rich to non-noble
metal rich compositions. The aim was to relate the stability of the alloys with respect
to the performance loss to the PtM alloy composition at different intervals of potential
cycling experiments. The alloy formation (XRD), electrocatalytic activity (CV, RDE),
the bulk composition (EDS), the surface and subsurface composition (depth-profiling
XPS) and the particle size (TEM) were determined to follow the evolution of the
structure and performance at room temperature.
During the investigations it became apparent that minute amounts of chlorine, leached
from the reference electrode, could have a negative impact on catalyst activity. To
study this in more detail, the influence of chloride ion impurity on the ORR activity,
potential stability and the Ni metal dissolution rate of PtNi alloys were evaluated in
some detail by contaminating the electrolyte with known quantities of Cl- (Chapter 3).
As will become evident from Chapters 2-5, the partly dealloyed electrocatalysts show
improved stability as compared to pure Pt. Dealloying is not complete and the nonnoble metal content of the room temperature voltage cycled electrocatalysts is in the
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order 15-20 atom%. As PEM fuel cells are typically operated at elevated temperature,
Chapter 6 explores the durability of these alloys at 80 °C.
Chapter 7 is dedicated to the stability under potential cycling of carbon black
supported PtCo, PtNi and PtCu alloys at 80 °C. The effect of the annealing
temperature on alloy formation and the respective changes in the alloy structure are
discussed. Attempts are made to differentiate the influence of particle size and nonnoble alloying metal loss on the ORR activity and durability of the electrocatalysts.
The corrosion stability of various commercially available carbon supports (Vulcan
XC-72, Ketjen black EC300J, Sibunits: 619P, 29PVR, 1562P) is the subject of
Chapter 8. The corrosion current, the evolution of CO2 (online electrochemical mass
spectrometry), the formation of electroactive oxygen species on carbon and the
carbon weight loss was examined as a function of time.
Finally, in Chapter 9, a general discussion is presented on the stability of non-noble
metal promoted Pt electrocatalysts for the oxygen reduction reaction in PEM fuel
cells.
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2
Oxygen reduction kinetics on electrodeposited PtCo as
a model catalyst for PEMFC cathodes: Stability as
function of PtCo composition

PtCo catalysts with composition varying between Pt80Co20 to Pt10Co90 were prepared
by electrochemical underpotential co-deposition. The bimetallic catalysts were
subjected to 1000 electrochemical cycles in 0.5M HClO4 at room temperature. The
activity and stability of these electrodes for oxygen reduction was determined, in
conjunction with the characterization of these catalysts with EDS, XRD, XPS and
TEM. Although Pt-rich electrodes had better activity in the initial stages of potential
cycling, Pt with higher Co atomic ratios led to higher stability and higher ORR
activity after electrochemical cycling. Pt10Co90 has turned out to be the best electrode
among the alloys considered, in terms of ORR activity and stability, which is linked to
a higher concentration of Co on the surface.

11

2.1 Introduction
The technical status of the PEM fuel cell today is such that it can be successfully
applied in vehicles, micro CHP systems as well as portable applications, offering
relatively high conversion efficiency without harmful emissions. Major hurdles that
hinder mass-market introduction are cost and durability, especially for its application
in transport. When the focus is at reducing cost and improving durability, the PEMFC
cathode deserves special attention [1]. Especially when clean hydrogen is used as
fuel, the platinum loading at the cathode is the highest, while at the same time most
degradation mechanisms take place at the cathode, such as platinum dissolution,
particle growth and carbon corrosion [2]. In addition, operating the fuel cell at higher
voltages for the sake of improving the cell efficiency is only viable when alternative
catalysts are found that are able to reduce oxygen at a lower overpotential [3].
Alloying Pt with transition metals like Co, Ni, Cr, Mn, and Fe has proved to be a
better alternative for supported Pt catalysts in terms of electrocatalytic activity and
cost [4-7]. Mukerjee et al. investigated various Pt bimetallic alloys supported on
carbon and found a two-three fold increase in the ORR activity for the alloy catalysts
under PEMFC operating conditions [8].
PtCo bimetallic catalysts have been studied exhaustively during the last decade, as it
is one of the most promising catalytic compositions for oxygen reduction. It was
reported that Pt alloyed with Co on a carbon support yields better catalytic activity
than pure Pt, where Pt:Co ratios of 1:1 to 3:1 are most studied [3, 9-11]. Few reasons
for the high catalytic activity for these alloys are ascribed to the modification of the
electronic structure of Pt on alloying with Co and the ‘structural effect’ on Pt even
though the exact cause is still unclear [8, 12]. Non-noble metal-rich alloy catalysts
with a Pt monolayer / skin on the surface or Pt enriched nanoparticles shell with a
bimetallic core are gaining interest nowadays owing to their unusually high catalytic
activity with less Pt content [6, 13-16]. Very recently, a study has been published in
which alloy catalysts with a wide variety of Pt:Co of 9:1 to 1:9 compositions were
electrodeposited on a carbon sub-layer and tested for their activity in a PEMFC [17].
Catalysts with a high Pt content were shown to be the most active in this report.
To succeed commercially as an alternative for supported Pt catalysts, the stability of
these alloy catalysts has to be examined without bringing down the performance. One
of the difficulties in drawing ultimate conclusions is the complex structure introduced
in the form of catalyst support in the system being investigated. It was reported that
the Pt ORR activity depends on the method of preparation, the microstructure, particle
size and shape [18, 19]. Indeed, model catalysts are often employed to reduce this
complex nature of the system and to study the catalytic behavior and the interactions
between the metal particles exclusively [6].
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The aim of the present work is to deposit unsupported PtCo bimetallic alloys with
various Pt:Co ratio through electrodeposition and study the ORR activity and stability
of alloys in comparison to pure Pt prepared with the same procedure. The alloy
electrodes were stressed through many potential cycles and the ORR activity and the
change in the Pt:Co ratio was investigated at regular intervals using EDS and XPS.

2.2 Experimental
2.2.1 Electrode preparation
PtCo alloys were deposited on a homemade 7 mm diameter Au rotating disc electrode
(RDE) by electrodeposition of Pt and Co following the procedure as described by
Mallett et al [20]. Using this method, the Pt:Co ratio can be tuned by changing the
deposition potential in the range of 0 to 100 atomic % of Co. The polished Au
substrate was cleaned electrochemically in 0.5M H2SO4 by scanning between 0 V and
1.7 V vs. RHE. The catalyst layers were then grown from a solution consisting of 25
g/l cobalt chloride, 1.5 g/l chloroplatinic acid and 30 g/l sodium chloride. The pH of
the electrolyte was maintained at 2.5 at 20 oC by the addition of HCl and NaOH. Pt
thin films were also prepared using the same procedure but without cobalt chloride for
comparison with PtCo alloys. The three-electrode cell used for electrodeposition
consists of a platinized Pt foil as counter electrode and a saturated calomel electrode
(SCE) as reference electrode.
The electrolytic bath was completely saturated with argon to remove the dissolved
oxygen before the deposition of the catalysts. Galvanostatic electrochemical codeposition of PtCo thin films was carried out with current densities varying between
280 and 1000 μA/cm2 depending on the desired composition of Pt and Co; the
deposition time was fixed constant at 550 s. This method resulted from a separate
study, aimed at the reproducible deposition of PtCo electrodes. Galvanostatic
deposition was found to yield a higher reproducibility than potentiostatic deposition.
At the same time, galvanostatic deposition during a predetermined period leads to a
constant electrode thickness at a given PtCo composition. An experimentally
established relation between deposition current density and deposition potential
allowed the tuning of the Pt:Co composition by setting the deposition current density.
This relation is shown in the Results section.
2.2.2 Structural characterization
X-ray diffraction studies were carried out to study the degree of alloying and
crystallite size distribution. XRD measurements were performed on a Rigaku
Geigerflex Powder Diffractometer, using Bragg-Brentano parafocussing geometry,
with Copper K-α radiation (wavelength = 1.54 Å), at 40 kV and 30 mA. A diffracted
beam monochromator is positioned at the detector side, eliminating the Cu-Kβ
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radiation. The scans were carried out with a step size of 0.02 in 2θ and a dwell time of
10 s. Lattice parameters were calculated from the diffraction angle (2θ) using Braggs’
law and Scherrer formula was used to obtain the mean crystallite size of the fresh
catalysts.
2.2.3 Electrochemical characterization
Cyclic voltammograms of the alloys were recorded at room temperature between 20
mV and 1.3 V vs. RHE at a scan rate of 50 mVs-1 under Ar atmosphere. The ORR
activity of the deposited alloys were studied at room temperature through
hydrodynamic voltammetric measurements by employing a rotary system in the
potential range of 200 mV to 1.1 V vs. RHE in positive direction with a scan rate of 5
mVs-1. The electrochemical cell was flushed with O2 for 45 minutes before the
experiment and the flow was maintained during the course of experiments to obtain
an O2 saturated solution. The rotation speed of the disc electrode for each ORR
experiment was 1000 rpm. While the limiting current is depending on the rotation
speed of the disc electrode, it was determined that in the current range of interest,
where the current is not influenced significantly by diffusion, higher rotation speeds
had no influence on the current measured. Both the CV and RDE experiments were
conducted in 0.5 M HClO4, where a SCE was used as the reference electrode and a Pt
foil as a counter electrode. The half-wave potential E1/2, the potential at which the
current is 50% of the limiting current, is used as a measure for the over-potential for
oxygen reduction on a particular electrode.
2.2.4 Stability studies
The electrodeposited bimetallic electrodes were subjected up to 1000 electrochemical
potential cycles to examine the stability in terms of real platinum surface area, ORR
activity and the change in the composition of Pt and Co in the electrode. The
potential cycling was interrupted in between to record the CV and RDE
voltammograms. CV and RDE voltammograms of all the catalysts were recorded after
1, 15, 65 and 1000 potential cycles. The elemental composition of all the electrodes
after each CV and RDE experiments were measured with EDS. All the potential
cycling experiments were carried out at room temperature and ambient pressure.
2.2.5 Elemental analysis
Pt and Co atomic percentages of all the alloy catalysts were determined by EDS and
XPS.
The bulk compositions of all the electrodes were determined with a SEM Philips XL30-FEG (field emission gun) equipped with EDS. This EDS has a Si (Li) detector,
which is cooled by liquid nitrogen. The detector is positioned a few millimeters away
from the surface of the sample to be analyzed. At least six different individual spots
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were focused and measured for their composition on every sample. It was found that
the Pt and Co were homogeneously distributed over all the particles taken for
measurement with a maximum of 1% error.
High-resolution elemental analysis on the surface of the catalysts was carried out on a
Kratos AXIS Ultra X-ray Photoelectron Spectrometer, equipped with a
monochromatic Al Kα X-ray source and a delay-line detector (DLD). Spectra were
obtained using the aluminium anode (Al Kα = 1486.6 eV) operating at 150 W, with
survey scans at a constant pass energy of 160 eV and with region scans at a constant
pass energy of 40 eV. The surface of the catalysts was etched for few seconds with insitu ion beam sputtering using purified argon to remove the surface impurities. During
sputtering the sample was rotating, the pressure was increased to 3 x 10-8 mbar Argon,
while the emission current was set to 15 mA with beam energy of 4 kV. For a limited
number of compositions the elemental composition was examined as a function of the
sample depth by applying in-situ XPS ion beam sputtering. In this method, the surface
was sputtered to remove subsequent layers, followed by the characterization of the
resulting surface. This sputtering and elemental analysis steps were carried out several
times to get the elemental depth profile, in order to examine the homogeneity of the
catalyst layer in terms of Pt:Co composition, before and after the electrochemical
cycling.
2.2.6 Particle size analysis
The effect of particle size on the ORR activity for selected catalysts before and after
potential cycling was analyzed with a transmission electron Tecnai-Sphera
microscope (FEI Company) with an electron acceleration voltage of 200 kV. The
catalysts were scratched from the Au substrate, dispersed in ethanol and grounded
well. The dispersed particles were then mounted on a carbon coated Cu grid (200
mesh) and dried at room temperature before introduction into the sample holder to
remove the ethanol.

2.3 Results and discussion
2.3.1 Characterization of fresh catalysts
As described in the experimental section, electrodes could be deposited most
reproducibly by galvanostatic deposition. Fig. 2.1 shows the relation between the
deposition current density and the resulting deposition potential. As can be seen from
1b, the deposition potential is almost constant during the PtCo composition.
EDS analysis for the bulk electrode and XPS analysis for the surface of the electrode
under various PtCo deposition potentials is shown in Fig. 2.2. From the XPS data, for
Pt75Co25 and Pt10Co90, the average composition of Pt and Co over the depth of the
catalyst layer was used for comparison. For other catalysts only the surface Pt and Co
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composition was taken, as no depth profile was made for these catalysts. The
elemental compositions measured using these techniques were highly comparable
with very minimum difference.
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Fig. 2.1: (a) Relation between current density and deposition potential (b) Pt:Co
compositions can be altered by galvanostatic deposition: 1-Pt, 2-Pt80Co20, 3-Pt75Co25,
4-Pt60Co40, 5-Pt30Co70, 6-Pt10Co90
Fig. 2.3 shows the depth profile of freshly deposited Pt75Co25 catalyst. It was found
that the distribution of Pt and Co was homogeneous throughout the bulk of the
catalyst with a very slight Pt enrichment on the top surface layer, as long as the Au
substrate was fully covered by electrodeposited PtCo.

-0.6
Deposition potential, V vs RHE

Current density, A/cm2

a

EDS
XPS

-0.7

-0.8

-0.9

-1.0
10

20

30

40

50

60

70

80

90

100

At.% Co

Fig. 2.2: Elemental compositions of freshly deposited Pt and PtCo bimetallic alloys
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Fig. 2.4 presents the XRD patterns of fresh Pt and PtCo alloys. On referring to JCPDS
database, the diffraction peaks at 2θ = ~ 40 and 47 º is assigned to fcc(111) and
fcc(200) of Pt. However, the diffraction peaks of Pt shifts towards higher angles for
the PtCo alloys with the peak shift increases with increase in Co content. This peak
shift is attributed to the Pt lattice contraction promoted by the alloying of smaller Co
atoms with Pt. The broader diffraction peaks for the Co-rich alloys indicate the
formation of nano-crystalline phase. Hence the lattice parameter and the crystalline
size listed in Table 2.1 could be calculated only for Pt, Pt75Co25 and Pt50Co50 The high
intensity peaks at 2θ = ~ 38 and 44.5 º belongs to Au substrate.
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Fig. 2.3: XPS depth profile of fresh Pt75Co25 deposited on Au
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Fig. 2.4: XRD patterns of fresh catalysts
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Cyclic voltammograms of Pt, Pt80Co20, Pt75Co25, Pt50Co50, and Pt25Co75 catalysts
immediately after preparation are shown in Fig. 2.5. The potential range between 20
and 400 mV in both forward and reverse scan reveals that these Pt based alloy
catalysts have a comparable hydrogen adsorption/desorption charge, irrespective of
the Pt:Co ratio. The oxide reduction peak does however vary significantly with the Co
composition without a clear relation between the alloy composition and the size and
position of the Pt oxide reduction peak. The leaching of Co from the catalyst surface
during the first electrochemical cycle leads to a well- defined Pt surface even for Corich catalysts.
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Pt10Co90 appeared to show a marked difference between the 1st and the 2nd scan as
shown in Fig. 2.6a. Pt10Co90 has two very distinct peaks, one at 650 and the other at
950 mV at the anodic sweep of first CV, which was not observed for other
compositions. These peaks correspond to the dissolution of excess Co compounds
from the as-prepared surface of the catalyst. The area under the HUPD of both cycle 1
and cycle 2 corresponds to a platinum surface area which is even higher than which is
present in all other Pt:Co alloy compositions. The dissolution of Co from the surface
during the first CV does not expose any additional Pt to the surface, which was
evident from the presence of similar hydrogen oxidation region in the anodic portion
of both the CVs. The Co dissolution peaks disappeared during the second CV and the
profile resembles that of the pure Pt surface. The presence of excess Co on the fresh
electrodeposited surface of Pt10Co90 was found by the XPS depth profile study on the
sample as shown in Fig. 2.6b. The surface of the as-prepared catalyst consists of
nearly 97 atom % cobalt. Upon sputtering, the amount of Co tends to decrease from
97 atom % to around 90 atom % and then the bimetallic atomic composition remains
homogeneously dispersed. These observations from the CVs and XPS indicate that
although Co is abundant in the fresh catalyst, it dissolves so rapidly from the surface
and subsurface layers in just one CV scan.
2.3.2 ORR activity of fresh catalysts
RDE studies were carried out to obtain the ORR activity for various PtCo
compositions. Fig. 2.7a shows the anodic sweeps of all the catalysts under oxygen
atmosphere measured after 15 potential cycles. The ORR activity profile after 15 CVs
was taken as this better represents a fresh fuel cell catalyst that has been in fuel cell
operation for a short time, i.e. the effects of surface impurities and excess cobalt being
present after preparation are being excluded.
Fig. 2.7a depicts a prominent reduction in the overpotential for the ORR by alloying
Co with Pt as claimed by many researchers in terms of enhancement factors [5, 9, 10,
21]. Depending on the Co percentage, a reduction of around 50 to 200 mV in the
overpotential was achieved for the ORR compared to pure Pt catalyst at the half-wave
potential E1/2. The results indicate that during the initial cycling the catalysts with ca.
25 atom% and 20 atom % Co has better electrocatalytic activity than the others. The
exception is Pt10Co90, which shows the same and even better activity as that of
Pt75Co25 and Pt80Co20 respectively. In contradiction to these observations, Saejeng et
al. observed a very low performance for their electrodeposited Pt:Co alloy with 10:90
atomic ratio when used in the PEMFC cathode [17]. The difference in the
performance of these two studies can be attributed to the different electrodeposited
procedures adopted and the introduction of support material. The observed
contradiction emphasizes further the critical roles of catalysts preparation conditions
and the support materials on the performance.
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2.3.3 Influence of cycling on ORR activity
Fig. 2.7b shows the oxygen reduction activity of all the catalysts as anodic sweeps
under oxygen atmosphere measured after 1000 potential cycles.
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Fig. 2.8: Polarization curves of (a) Pt75Co25 and (b) Pt10Co90 during potential cycling;
Conditions: 5 mV/s, 20 °C, oxygen saturated 0.5M HClO4, 1000 rpm
It is a known that Co or any other non-noble metal alloyed with Pt will dissolve at a
faster rate than Pt under fuel cell conditions [3, 22]. It is often reported that the dealloying of non-noble metal might increase the ORR activity of bimetallic alloys [5,
23]. So it is very important to study the stability of alloying elements in the catalysts
at regular intervals and equate them with their performance. As can be concluded
from comparing Fig. 2.7, Pt-rich bimetallic electrodes could not retain their initial
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higher ORR activity after 1000 potential cycles. Fig. 2.8 compares the stability of
Pt75Co25 with Pt10Co90 under cycling conditions. For Pt75Co25, Table 2.2, a negative
shift of around 220 mV is measured when comparing the half-wave potential for
oxygen reduction of a fresh electrode to that after 1000 cycles. While this shift is
much higher than for pure platinum (135 mV), the oxygen reduction activity of
Pt75Co25 after 1000 cycles is still higher than that of pure Pt.
XRD parameters

Pt:Co EDS composition

Electrode

a, nm

Crystallite
size, nm

1CV

15CV

65CV

1000CV

Pt

0.390

6

-

-

-

-

19

10

6

2

Pt80Co20
Pt75Co25

0.385

4.5

27

19

11

2

Pt50Co50

0.380

4

42

28

17

6

Pt25Co75

-

-

72

47

31

8

Pt10Co90

-

-

89

60

42

15

Table 2.1: Structural parameters and elemental composition of the catalysts during
potential cycling
Co-rich bimetallic catalysts show greater stability after 1000 CVs as the shift of the
half-wave potential is around 100 mV. The higher activity and stability shown by
Pt10Co90 in Fig. 8b right from the initial cycles is interesting in both the research and
economic point of view as the platinum content is very low while still offering a
higher activity than all the other alloys. A comparable effect was reported by Strasser
et al. for Pt25Cu75, which had a higher activity than other Pt-rich bimetallic catalyst
[24]. The author reported about the formation of Pt-enriched nanoparticles shell and a
Cu core by the leaching of Cu from the surface during potential cycling. The primary
reason for the higher activity of de-alloyed Cu-rich Pt-Cu nanoparticles was believed
to be due to the modified geometric and electronic properties of the Pt-enriched
nanoparticles. Further studies such as surface composition analysis in the likes of
formation of Pt skin monolayer or the Pt shell-Co core particle ensembles are needed.
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2.3.4 Influence of potential cycling on electrode composition
The CV profile of the bimetallic catalyst after 1000 potential cycles is shown in Fig.
2.9. The striking difference between Pt10Co90 and all other compositions was the high
Pt oxidation and Pt oxide reduction charge while the charge associated with hydrogen
adsorption was lower than or equal to other samples. Connecting this to the
exceptional activity of Pt10Co90 as noticed in Figs. 2.4 and 2.5, the high catalytic
activity of Pt10Co90 might be linked to the enhanced oxygen adsorption on this
composition in comparison to all the other compositions.
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Fig. 2.10 shows the change in CV profile of Pt75Co25 as the result of potential cycling.
The electrochemical active surface of Pt in the catalyst decreases with an increase in
number of cycles, which is attributed to the leaching of platinum from the catalyst as
well as agglomeration of Pt particles and particle growth. The dissolution of platinum
ions during the anodic sweep from the catalyst surface and redeposition on a different
particle while reversing the potential would increase the particle size, which process is
referred to as Ostwald ripening. However, Cobalt that is easily soluble in this
environment will not redeposit and hence does not contribute to the Ostwald ripening
process. The CVs also expose the distinct appearance of the strong and weak HUPD
peaks of Pt with potential cycling. This could be due to the complete dissolution of
the non-noble alloying metal from the surface of the catalyst layer. Increasing the
number of cycles shifts the platinum oxide reduction peak potential towards high
potentials thus suggesting an increase in the average particle size of Pt [25]. The
active Pt surface area of all the electrodes could not be calculated accurately due to
noise/distortion in the hydrogen adsorption/desorption region in the CV scans.
However, from the CV profiles it can be roughly presumed that the surface area of the
catalysts is not differed much.

E1/2 loss,
mV

Half-wave potential, E1/2, mV
Electrode
Pt
Pt80Co20
Pt75Co25
Pt50Co50
Pt25Co75
Pt10Co90

1CV

15CV

65CV

1000CV

760
±20
900
±20
900
±20
820
±15
800
±20
920
±20

770
±20
900
±20
900
±20
840
±15
810
±20
915
±20

725
±25
835
±20
860
±20
805
±20
795
±15
885
±20

625
±20
680
±20
685
±15
735
±15
700
±20
840
±25

140
±25
220
±20
220
±20
110
±20
100
±20
75
±25

Table 2.2: Electrochemical data of the catalysts during the durability tests
Table 2.1 and 2.2 shows the change in elemental composition as determined by EDS
and the oxygen reduction activities as given by the half-wave potential E1/2 during the
durability tests. All the bimetallic catalysts loose their Co rapidly during the initial CV
cycles. Pt80Co20 loses almost half of its original Co content after 15 CVs and the rest
of the catalysts loose about 30 atom % of its Co. The bimetallic catalysts other than
Pt80Co20 (which lost about two-third of Co) lost almost 60 atom % Co of initial
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composition after 65 cycles. Pt80Co20 has only 6 atom % Co left after 65 cycles, while
Pt75Co25 has 11 atom % after 65 cycles. This difference might help Pt75Co25 to have
30 mV more positive half-wave potential. Interestingly, all the catalysts show a
negative shift of 30 to 60 mV after 65 CVs other than Pt25Co75, which shows a shift of
only 5 mV; hence a better stability for dynamic potential scans. After 1000 potential
cycles, platinum-rich alloys end up with trace amounts (2 atom %) of Co while Corich alloys end up with a Co composition between 10 and 15 atom %. The
consolidated amount of Co in these catalysts present after 1000 CVs might explain
their enhanced stability as shown in Fig. 2.7 and 2.8.
2.3.5 XPS depth profiles
The XPS depth profile of Pt75Co25 and Pt10Co90 after 1000 CVs was evaluated by the
same procedure as mentioned for the fresh electrodes. The absence of cobalt on the
surface and from the underlying layers of Pt75Co25 is clearly observed in Fig. 2.11a.
But after 600s of sputtering, exposing the core of the PtCo electrode, the amount of
Co raises until an atomic ratio of Pt:Co of 3:1 as present in these electrodes before
potential cycling, is reached. This substantiates the dissolution of Co from the
bimetallic electrode surface during cycling, resulting in a Pt-rich layer. This Pt-rich
layer in turn protects the Co from the bulk of the alloy from further dissolution. As
there is no Co present in the subsurface layers after 1000 cycles, the electrode surface
will have the properties that resemble that of pure platinum, with the concomitant
decrease in oxygen reduction activity. The average amount of Co present in this
electrode after dissolution studies was ~ 9 atom % and is not exactly matching the
result from EDS which shown only 2 atom %.
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Fig. 2.11: XPS depth profile of (a) Pt75Co25 and (b) Pt10Co90 after 1000 CVs
The depth profile of Pt10Co90 shown in Fig. 2.11b was quite different to that of
Pt75Co25 with respect to the Co content. Pt10Co90 still has a significant amount of Co
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left on the surface as compared to the bulk of the electrode. The amount of Co in the
alloy tends to increase from 10 atom % on the surface to 35 atom % as the sputtering
continues towards the bulk of the electrode. This presence of Co on the surface of
Pt10Co90 helps the alloy to retain its ORR activity and enhanced stability as compared
to other bimetallic alloys considered. The average Co composition for this sample is
almost comparable with that of the EDS and the amount is 17 atom % from XPS
study and 15 atom % from EDS analysis.

Fig. 2.12: Pt 4f XPS spectra before and after sputtering (a) Pt75Co25 (b) Pt10Co90 after
1000 CVs

Fig. 2.13: Co 2p XPS spectra before and after sputtering (a) Pt75Co25 (b) Pt10Co90
after 1000 CVs
The core level spectrum of Pt 4f7/2 was used to estimate the shift in binding energy as
a result of alloying with respect to pure platinum. Fig. 2.12, 2.13 and Table 2.3
summarize the binding energies computed by standard peak fittings for Pt, Co
metallic and Co oxides from Co 2p3/2 spectra for both fresh and cycled Pt75Co25 and
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Pt10Co90. Co 2p spectra acquired before and after sputtering the fresh Pt75Co25 and
Pt10Co90 yielded Co 2p3/2 spectrum, which contain contributions of metallic cobalt,
with a peak between 778.1 eV and 778.4 eV as well as of oxidic cobalt, with a peak
between 780.1 eV and 780.9 eV. The ratio of oxidized versus metallic cobalt was
higher on the surface than and after sputtering.
The shift in binding energy of Pt 4f7/2 for Pt after alloying with transition metals like
cobalt is interesting as it helps in correlating the change in the electronic structure of
Pt vis-à-vis catalytic activity [18, 26, 27]. The Pt 4f7/2 spectrum of fresh Pt75Co25
before sputtering shows a strong peak with a binding energy of 71.2 eV, which is
representative for pure metallic platinum thus suggesting Pt enrichment on the surface
as shown in Fig. 2.3. After sputtering however, the peak position of Pt 4f7/2 is shifted
to 71.6 eV, i.e. in the bulk of the catalyst; platinum has a higher interaction with
cobalt than on the surface. As expected, the position of Pt 4f7/2 core level spectrum of
fresh Pt10Co90 shifts to an even higher binding energy of 71.8 eV on both the surface
and bulk of the electrode indicating a strong electronic interaction of Pt and Co.
Cobalt being more electropositive than Pt will donate its electrons easily and so the
binding energy of Pt should shift towards lower binding energy. But here in the bulk
of these alloys, a positive shift in the binding energy of Pt 4f7/2 for Pt is observed
hinting to a loss of electrons from platinum. Similar observations were reported by
Wakisaka et al. [26] for the unsupported Pt58Co42 alloy, by Duong et al. [28] for a
commercially available unsupported Pt3Co alloy and by Toda et al. for Pt alloyed with
Co, Ni and Fe [27]. This kind of behavior was also confirmed by Mukerjee et al. with
in situ XANES for alloys of Pt with transition metals. The investigation revealed high
Pt 5d-orbital vacancies for the alloys than for Pt/C catalyst [18].
EDS
Electrode

Pt75Co25
fresh
Pt75Co25
1000 CVs
Pt10Co90
fresh
Pt10Co90
1000 CVs
pure Pt foil

XPS

BE Pt4f7/2

at%
Pt

at%
Co

at%
Pt

at%
Co

Before
sputter.

After
sputter.

73

27

74

26

71.1

98

2

91

9

9

91

11

85

15

83

BE Co2p3/2
Before sputtering

After sputtering

Metal

Oxides

Metal

Oxides

71.3

778.1

780.9

778.4

780.4

71.1

71.4

-

-

778.5

780.7

91

71.8

71.8

778.4

780.1

778.4

780.2

17

71.1

71.6

778.4

781.7

778.8

781.9

71.2

Table 2.3: EDS and XPS data of Pt75Co25 and Pt10Co90 before and after potential
cycling
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At the surface of cycled Pt75Co25, a binding energy shift of Pt 4f7/2 to 70.9 eV was
obtained which might suggests that there is no Co left on the surface. The positive
shift in the position of Pt 4f7/2 for to 71.5 eV in the bulk of cycled Pt75Co25 indicates
the interaction of Pt and Co in the core of the electrode. Also in the case of cycled
Pt10Co90, metallic Pt is the dominant species at the surface and a measurable platinumcobalt interaction is measured in the core with Pt 4f7/2 binding energy of 71.0 eV at
the surface and 71.7 eV in the bulk. But in contrast to Pt75Co25, both metallic and
oxidized cobalt are present on the surface of the Pt10Co90. Based on the XPS depth
profile measurements, the electronic interaction among Pt and Co enhances the
stability of Pt10Co90 even after 1000 potential cycles thus making it favorable for ORR
activity.
2.3.6 Effect of particle size on ORR activity
The transmission electron micrographs and particle size distribution for freshly
prepared and cycled Pt, Pt75Co25 and Pt10Co90 electrodes are given in Fig. 2.14-2.16.
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Fig. 2.14: TEM micrograph and particle size distribution of fresh and 1000 CV
scanned Pt
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The particle size and the standard deviation of freshly prepared Pt, Pt75Co25 and
Pt10Co90 was found to be 4.5 ± 1.24 nm, 4.7 ± 1.57 nm and 2.9 ± 1.06 nm
respectively. These values are in close agreement with the crystallite size of the
catalysts measured with XRD (Table 2.1). The particle sizes of Pt and Pt75Co25 were
found to be similar but as discussed earlier, the performance of Pt75Co25 in the initial
stage of potential cycling was far superior when compared to pure Pt. At the same
time, Pt10Co90 has a far smaller average particle size than Pt75Co25, which does not
translate into an activity far higher or lower than that of Pt75Co25. The role of Co as an
alloying element with Pt to the improved ORR activity can therefore not be associated
to a particle size effect.
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Fig. 2.15: TEM micrograph and particle size distribution of fresh and 1000 CV
scanned Pt75Co25
The particle size of Pt, Pt75Co25 and Pt10Co90 becomes almost similar (~ 5 nm) after
1000 potential cycles with a standard deviation of ~ 2.2 nm. The particle size analysis
show a broad distribution of 2 – 15 nm for cycled catalysts, a substantial increase
from 2 – 9 nm of the fresh catalysts. But on comparing the ORR activity, the
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performance of Pt10Co90 is far better than Pt and Pt75Co25. Thus, the enhanced activity
and stability of Pt10Co90 seems more related to the presence of Co (Fig. 2.11) on the
subsurface of the electrode after 1000 potential cycles, rather than on a difference in
particle size.
2.3.7 Effect of Co dissolution to use in fuel cells
Leaching of Co from the cathode catalyst layer during the operation of the fuel cell
can lead to the diffusion of Co into the electrolyte membrane and also to the anode
side of the MEA [3, 22, 29]. The exchange of protons by cobalt ions will result in an
increase of membrane resistance, while deposition of Co on the anode will lead to a
decrease in hydrogen oxidation activity.
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Fig. 2.16: TEM micrograph and particle size distribution of fresh and 1000 CV
scanned Pt10Co90
This work shows the rapid dissolution of Co from the alloy catalysts during initial
potential cycles. To prevent the detrimental effects of dissolved cobalt on membrane
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and anode, pre-leaching of Co from the catalyst before incorporating them into the
fuel cell electrode seems mandatory.
Pre-leaching can be performed by treating the bimetallic catalyst in aqueous acid
solution as reported by Gasteiger et al. who noticed a very sharp decrease in the
dissolution of Co from a multiple pre-leached PtCo/C catalyst compared to a fresh unleached one [3]. The pre-treatment of the catalyst was carried out with 0.5M H2SO4 at
90 °C. Lee et al. pre-treated his Pt shell-Co core catalyst with 20% H2SO4 and
observed a significant decrease in the Co dissolution and a higher ORR activity [13].
Ball et al. pre-leached their carbon supported PtCo alloys in 0.5M H2SO4 at 90 °C for
24 h before making the MEA and found that pre-leached catalysts lost their activity
compared to their unleached analogues [29].
The present work shows that high Co loading catalyst might be pre-leached while still
offering a large performance gain compared to Pt.

2.4 Conclusion
An overview of the measured elemental composition and oxygen reduction activity
for all samples is given in Table 1. It shows that PtCo alloys with widely varying
composition show a widely varying activity and stability for oxygen reduction.
Platinum-rich alloys show a high initial activity, but lose a large part of this enhanced
activity when exposed to potential cycling. The loss of cobalt from the top layers of
the catalysts is likely to be the cause of this loss in activity.
Pt10Co90 electrodes showed superior activity and stability compared to all other
compositions. In contrast to platinum-rich alloys, measurable Co is still present in this
electrode surface even after 1000 potential cycles. As the particle size as well as the
platinum surface area did not vary significantly amongst different compositions, the
likely explanation of the enhanced activity is the change in electronic structure as long
as Co is present on the surface or subsurface of the catalyst. XPS data suggest a clear
positive shift in the binding energy of platinum when cobalt is present in sufficient
amounts.
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Appendix I
Contamination as a possible source of lower ORR
activities during durability tests
As the ORR activity of Pt and PtCo alloys measured after 1000 CV scans was
extremely low, the possibility of contamination of the surfaces was considered. On the
one hand, unknown organic impurities whose source is unclear but may relate to the
cleanliness of glassware is considered, on the other chloride ion leakage from the
saturated calomel reference electrode (SCE) used in our studies. The cyclic
voltammograms did not show any evidence of organic contamination. Accordingly,
we remeasured the ORR activities of the PtCo alloys using a reversible hydrogen
electrode (RHE). As may be expected, a substantial improvement in the ORR activity
was obtained in such case, by which the lower activities by use of the SCE can be
traced to the presence of minute amounts of chlorine leakage. The results obtained
with the RHE are discussed briefly in this appendix.
The cyclic voltammograms, normalized to the real surface area, of the catalysts after
15 CV scans are shown in Fig. AI.1a. A slight variation in the hydrogen
adsorption/desorption region in the CV profiles is noticed for the alloys as compared
to a pure Pt electrodeposit. The higher surface oxygen coverage and the presence of a
Pt oxide reduction peak at more negative potentials than for pure Pt are due to the
smaller particle size of the alloy electrodeposits. These observations are well
supported by the TEM and XRD measurements (Chapter 2). However, the CV scans
of the alloys in Fig. AI.1b looks quite similar after 1000 CV scans. This could be due
to the formation of Pt-enriched catalyst surface following extensive Co dissolution as
evidenced by XPS measurements (Chapter 2).
The electrochemical active surface area (ECSA) of Pt was calculated for all the
samples from the CVs. The ECSA of the catalysts was determined by calculating the
total charge under the hydrogen desorption region in the CV, using a value of 210
μCcm-2 for a monolayer hydrogen coverage on polycrystalline Pt. The ECSA of the
fresh catalysts increases with increasing Co content (Table AI.1). The loss in the
ECSA was found to be most substantial during the initial potential scanning. After 15
scans the rate of ECSA loss decreased. All the catalysts retained about 55-60 % of
their initial ECSA after 1000 CV scans suggesting that the surface area loss between
15 and 1000 CV scans does not depend on the initial concentration of Co in the
catalysts.
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The ORR activities of the catalysts measured after 15 and 1000 CV scans are shown
in Fig. AI.2. The absolute ORR activities of the alloys are higher than that of Pt. An
increase of about 30-50 mV and 50-100 mV over Pt was obtained for the alloys in
term of half-wave potential (E1/2) after 15 and 1000 CV scans, respectively (Table
AI.1).
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Fig. AI.1a: CVs of Pt and PtCo alloys after 15 CV scans. Conditions: 50 mV/s, 20°C,
0.5 M HClO4
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Fig. AI.1b: CVs of Pt and PtCo alloys after 1000 CV scans. Conditions: 50 mV/s,
20°C, 0.5 M HClO4
The surface area normalized ORR activities of the catalysts calculated at 0.95 V are
listed in Table 1. A 2-3 times higher specific activity was evident for the alloys in
comparison to pure Pt, which implies that the activity improvement is not only due to
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an increase of the ECSA. This difference in the specific activity was noted between
the alloys after 15 CV scans. The alloys retained their improved specific activity even
after 1000 CV scans with Pt10Co90 exhibiting an exceptionally high activity.
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Fig. AI.2a: Polarization curves of Pt and PtCo alloys on RDE after 15 CVs.
Conditions: 5 mV/s, 20 °C, oxygen saturated 0.5 M HClO4, 1000 rpm
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Fig. AI.2b: Polarization curves of Pt and PtCo alloys on RDE after 1000 CVs.
Conditions: 5 mV/s, 20 °C, oxygen saturated 0.5 M HClO4, 1000 rpm
The Pt:Co composition of the alloys was measured by EDS after 1000 CV scans and
the results are given in Table AI.1. All the alloys retained about 15 atom% of Co,
which is different from what was observed in the experiments with the SCE. In that
case, the final Co concentration was lower and varied from 2-15 atom % depending
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on the initial alloy composition. With the SCE, the loss in the E1/2 was about 220 mV
for Pt75Co25. In the present case with the RHE, the loss is less than 100 mV. The
activity decrease with the SCE was also observed for Pt and the other PtCo alloys.
Thus, care has to be taken when choosing the reference electrode, because chlorine
will poison both the platinum and accelerate the non-noble metal dissolution.
Despite this difference, the investigations in chapter 2 and here allow to conclude that
PtCo alloys display enhanced activity and especially Co-rich PtCo alloys are more
stable during potential cycling than the others. The present data following up on our
work in Chapter 2 validate the higher durability of the Pt10Co90.

Electrode

Pt
Pt75Co25
Pt50Co50
Pt25Co75
Pt10Co90

Co atom % by
EDS
15CV
(SCE)
19
28
47
60

1000C
V
13
15
15
17

ECSA, cm2
15CV
3
3.39
3.8
4.5
4.4

1000
CV
1.8
1.7
2.05
2.57
2.48

Half-wave
potential, E1/2,
mV
1000C
15CV
V
912
814
940
860
944
866
961
891
950
916

Specific
activity@0.95V,
μA/cm2
1000C
15CV
V
112
26
263
60
283
67
300
60
309
178

Table AI.1: Elemental composition and electrochemical data of the catalysts during
the durability studies
In order to form a more clear idea about the effect of chloride on the ORR activity and
the non-noble metal dissolution, PtNi alloys was systematically investigated with
RHE and known chloride levels in the electrolyte. These results will be discussed in
the next chapter.
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3
Influence of chloride ions on the stability of PtNi alloys
for PEMFC cathode
The dependence of the rate of Ni dissolution from PtNi alloys on the chloride
concentration was studied electrochemically in 0.5 M HClO4 at room temperature.
Electrodeposited PtNi catalysts were subjected to extensive potential cycling between
20 mV and 1.3 V at various Cl- concentrations and the cyclic voltammograms (CV)
response and the oxygen reduction reaction (ORR) activity of the catalysts were
determined at different intervals. Energy dispersive X-ray spectroscopy (EDS) and
inductively coupled plasma spectroscopy (ICP) analyses were carried out to
determine the elemental composition of the alloys and the amount of dissolved Ni at
different stages of the potential cycling. It was found that the presence of Cl- increases
the rate of Ni dissolution and by this accelerates the dealloying process relative to
potential cycling in chlorine-free solutions. Dealloying is most pronounced during the
initial stages of potential cycling. Already a small amount of Cl- is sufficient to
dissolve the majority of the non-noble metal from the alloys. Even so, under oxygen
reduction conditions, the blockage of Pt surface by Cl- is less pronounced for the
alloys than for pure Pt catalysts, leading to marginally improved ORR activity for the
PtNi alloys at low Cl- concentrations. From a practical point of view, the effect of
chloride ion leakage from a commercially available saturated KCl reference
electrode on the electrocatalytic activity was also investigated.
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3.1 Introduction
Air is the most practical and feasible oxidant for the proton exchange membrane fuel
cell (PEMFC) cathode and, accordingly, impurities in air will be of major concern for
the long-term performance of PEMFC systems. Airborne impurities such as SO2,
NO2, H2S, and NO have already been identified as poisons for the Pt catalyst with
irreversible damage to the cell performance even if present in minute quantities [1-4].
Similarly, anions like chloride that are introduced into the membrane and electrode
assembly (MEA) through the water-cooling systems/humidifiers or residual Cl- from
catalysts prepared using chloride precursors can contaminate the Pt surface [3, 5-9].
The adsorption of halide ions on Pt surface increases in the order of F- < Cl- < Br- < I[4, 10, 11]. Platinum single-crystal studies have revealed the strong adsorption of
chloride ions to the Pt crystal surface planes, thus hindering the oxygen reduction
reaction (ORR), especially in electrolytes without strongly adsorbing anions such as
HClO4 [12-14]. Studies have shown that the adsorption of anions on Pt surfaces
occurs even at impurity concentrations of less than 10-6 M [10, 11, 15]. Schmidt et al.
reported an increased H2O2 production with the addition of chloride ions, which could
severely degrade the membrane [6]. Yadav et al. found that the dissolution of Pt under
potential cycling depends on Cl- concentration [16]. In general, the loss of active Pt
surface area for the ORR, a change in the reaction pathway, enhanced H2O2 formation
and an enhanced Pt dissolution are some of the major known impacts of chloride ions
in PEMFC.
To study the kinetics of the catalysts under different conditions, electrochemical
experiments with a liquid electrolyte are frequently used to model the real systems.
Commercially available reference electrodes, which are invariably a part of these
electrochemical cells, often contain chloride-bearing species. These anions could leak
into the bulk electrolyte and interfere with the working electrode depending on the
operating temperature, working potential and ion concentration.
Platinum alloyed with Co, Ni, Cu and other transition metals are generally found to
have enhanced ORR activity over pure Pt/C [17-21]. It has been proposed that this
enhancement is due to the formation, upon leaching, of alloy particles with a Pt-skin
or Pt-shell, with distinctly different electronic properties compared to those of pure Pt
[22-27]. Strasser et al [25] found that the Pt-Pt interatomic distance in the Pt-rich shell
on top of a Pt-Cu alloy core is shorter than one would expect based on the
composition of this shell, leading to a compressive strain that leads to an enhanced
ORR activity. The formation of Pt-OH intermediates, which are considered to block
the active Pt site for ORR, is generally found to be delayed in Pt alloys, thus
enhancing the ORR activity [28]. In this work, we will show that chloride ions have a
large negative impact on the ORR activity of both Pt and PtNi alloys and at the same
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time accelerate the dissolution of Ni from PtNi alloys. Electrodeposited Pt, Pt75Ni25
and Pt10Ni90 (atomic ratios) were exposed to electrolytes containing chloride at
various concentrations under potential cycling. EDS, ICP and XPS were employed to
monitor the changes in the Pt:Ni atom ratio in the catalyst layer and in the electrolyte.
As the anion impurities from standard reference electrodes such as saturated calomel
electrode (SCE) or Ag/AgCl electrode could interfere with the electrochemical
measurements and affect the Pt ORR activity [29] from a practical point of view, the
consequence of chloride ion leakage from the reference electrode is also investigated.

3.2 Experimental
PtNi alloys were electrochemically deposited from a solution containing 1.5 g.l-1
H2PtCl6.6H2O (Merck), 25 gl-1 NiCl2.6H2O (Merck) and 30 gl-1 NaCl (Merck) at
pH 2.5 on a finely polished Au rotating disk electrode (RDE). The catalysts were
deposited galvanostatically during a fixed time of 550s. The current of 300 and
900 μAcm-2 was applied respectively to deposit Pt75Ni25 and Pt10Ni90. For
comparison, pure Pt was deposited at 300 μAcm-2 for 500 s from a solution of 1.5
gl-1 H2PtCl6.6H2O (Merck) at 2.5 pH. Prior to deposition, the Au RDE was
electrochemically cleaned in 0.5 M H2SO4 (Merck) by potential scanning between
0 and 1.7 V until a stable cyclic voltammogram (CV) was obtained. The
electrochemical cell was flushed with Ar for about 45 minutes before the catalyst
deposition. As the catalyst precusors contain chloride ions, as a precautionary step,
the electrode was washed with copious amount of deionized water to remove the
likely inclusion of chloride in the catalyst layer.
3.2.1 Electrochemical characterization
The electrolytes with Cl- concentrations of 10-3 M and 10-4 M in 0.5 M HClO4 were
prepared from concentrated HCl (32%) and HClO4 (65%) (both from Sigma-Aldrich)
by adding the required amount of HCl to 0.5M HClO4. For all the electrodes (Pt,
Pt75Ni25 and Pt10Ni90), the potential was scanned between 20 mV and 1.3 V in blank
0.5 M HClO4, 10-3 M HCl in 0.5M HClO4 and 10-4 M HCl in 0.5M HClO4 separately
at room temperature under argon atmosphere. A three-compartment electrochemical
cell was used with the working electrode and the reference electrode compartments
separated by a glass frit.
As the current work deals with the effect of Cl- impurities, care was taken not to use
calomel and other types of reference electrodes that can leak chloride ions. Instead, a
reversible hydrogen electrode (RHE) was constructed from a Pt wire that was kept
under a saturated hydrogen atmosphere. A platinized platinum flag was used as a
counter electrode.
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The electrodes were initially scanned for 15 CVs to ensure a stable surface. The
electrodes were again scanned for 1000 potential cycles to validate their
electrochemical stability and modification in their ORR activity under Clcontamination. Hence, the ORR activity of the alloys at room temperature was
determined by recording the polarization curves between 0.2 and 1.1 V at a rotation
speed of 1000 rpm under oxygen-saturated electrolyte after the completion of 15 and
1000 CVs respectively.
3.2.2 Elemental analysis
Energy dispersive X-ray spectroscopy (EDS) was carried out for all the fresh alloys
using a Quanta 3D FEG instrument (FEI Company) to check the Pt:Ni atom ratios
initially, so as to tune the deposition conditions to the desired elemental ratio. Various
spots were selected on the catalyst layer and the concomitant atom % of Ni and Pt
were averaged. The change in the Pt:Ni ratio for the alloys after 15 and 1000 potential
cycles was also monitored. Likewise inductively coupled plasma (ICP) analysis was
performed on the electrolyte to deduce the amount of Pt and Ni dissolved from the
alloys during the initial dealloying in both blank HClO4 and 10-4 M HCl added
HClO4.
Surface compositions of selected samples were analyzed using a Kratos AXIS Ultra
X-ray photoelectron spectrometer (XPS), equipped with a monochromatic Al Kα Xray source and a delay-line detector (DLD). Spectra were obtained using the
aluminum anode (Al KR) 1486.6 eV) operating at 150 W, with survey scans at a
constant pass energy of 160 eV and with region scans at a constant pass energy of 40
eV. Depth profiles were obtained by sputtering, while rotating the sample, using an
Argon pressure of 3 × 10-8 mbar Argon, while the emission current was set to 15 mA
with beam energy of 4 kV. Moreover, the presence of Cl- on the Pt surface before and
after exposing to chloride environment was also evaluated using XPS. The electrodes,
after exposure to 15 potential scans, were held at 0.95 V for a few seconds to prevent
any adsorbed Cl- to escape from the surface. Then the electrode was carefully
removed form the electrochemical cell with the potential of 0.95 V still applied. The
electrode was cleaned gently with deionized water and then transferred quickly to the
vacuum chamber for XPS measurements.
3.2.3 Effect of Cl--containing reference electrode
To substantiate the influence of chloride ions leaked from a Cl--containing reference
electrode, a few experiments were conducted on PtNi alloys at room temperature and
at 80 °C. A commercially available reference electrode (Red Rod Technology from
Radiometer Analytical) saturated with KCl and stable in the acidic environment up to
100 °C was used for this purpose. The reference electrode used has a double junction
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and was placed in a separate compartment in the electrochemical cell to minimize Clcontamination. The resultant CVs and the spectroscopic results were compared to
those of the above-described experiments.

3.3 Results and Discussion
3.3.1 Electrochemical behavior in blank 0.5M HClO4
The hydrogen adsorption/desorption profiles of the PtNi alloys after 15 CVs were
clearly different from that of pure Pt (Fig. 3.1a), suggesting that alloying Ni to Pt
influences the adsorption of hydrogen on Pt. Note that, contrary to what the literature
leads one to expect (see Introduction), there is no difference in the Pt-OH onset
potential between Pt and its Ni alloys. This could be a particle-size effect: the Pt
electrodeposit has somewhat larger crystallites (4.5 ± 1.2 nm) than the alloys (3.4 ±
1.3 nm, and 3.6 ± 0.9 nm, respectively, for Pt75Ni25 and Pt10Ni90 as determined by
TEM [30]). Thus, the cathodic shift in the Pt-OH onset potential to be expected for
smaller particles [31] could be compensated for by the alloy effect.
The ORR polarization curves of the catalysts after 15 CVs, normalized to the
geometric surface area (0.2826 cm2), are shown in Fig. 3.2a. It has to be noted,
however, that the electrodeposits are quite porous, so that the measured (kinetic)
current has to be normalized to the electrochemical active Pt surface area (ECSA) to
arrive at the specific ORR activity. ECSA values were calculated by integrating the
area under the Hupd region of the CVs and they vary between 3 and 6.5 cm2 for the
present catalysts. The thus obtained values for the specific ORR activities are
collected in Table 3.1. It is seen that at this stage the PtNi catalysts are 3-4 times more
active than their Pt-only counterpart. Again, this is in contrast to the literature position
that Pt alloys are better ORR catalysts than Pt because of the Pt-OH onset potential
shifting to higher potentials, which is clearly not the case here. We surmise that
subsurface Ni here accelerates the rate-determining step in the ORR, rather than
freeing up more sites to perform the reaction on (see further below).
The cyclic voltammograms of the present catalysts after 1000 cycles are presented in
Fig. 3.1b. Clearly, the leaching of Ni has now progressed to a stage that the hydrogen
adsorption/desorption profiles of Pt and of PtNi are quite similar. However, in the Ptoxide region small differences are still observed. In particular, the Pt-OH onset
potential of Pt10Ni90 is somewhat cathodic to that of Pt itself. This cannot now be a
particle size effect, as the aged Pt and Pt10Ni90 electrodeposits have crystallites of
approximately the same size (5.3 ± 2.2 and 5.1 ± 2.3 nm, respectively; for aged
Pt75Ni25 a value of 4.4 ± 2.3 nm was found [30]).
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The ORR polarization curves after 1000 CVs are shown in Fig. 3.2b. The derived
values of the specific ORR activities are given in Table 3.1. It is seen that both Pt and
its Ni alloys have deactivated to a considerable extent. For Pt this is not so usual, and
it is presumably due to a change in morphology. Comparison of Figs. 3.1a and 3.1b
shows that extensive potential cycling has a distinct influence on the structure of the
platinum surface. The sharp weakly adsorbed hydrogen oxidation peak around 0.15
V, present in the fresh platinum, becomes much smaller after 1000 CVs. This sharp
peak can be assigned to Pt (110) [32]. At the same time, a peak at the cathodic limit of
the CV scan, which is generally attributed to the oxidation of adsorbed molecular
hydrogen, becomes apparent in the platinum electrode after 1000 CVs. Such peak is
visible in Pt (100) single crystal electrodes as well. When looking closely to the ORR
sweep of the platinum electrode after 1000 CV scans in Fig. 3.2b, and comparing
them to those in single crystal electrodes as published in [33], the observed ORR does
well correspond to that on Pt (100). From both [32] and [33] it is known that the ORR
activity on Pt (100) is far lower than that on Pt(111) and Pt (110). The observed
change in the hydrogen adsorption profile, the profile of the ORR and the decreased
activity match indicate a structural change upon extensive potential cycling.
As to the deactivation of the PtNi electrodeposits, they also may have suffered from
some morphology change, but this is not so readily apparent from the CVs after 15
and 1000 CVs, and the main cause for the deactivation will have been extensive Ni
leaching. Still, they are about twice as active as Pt, after 1000CVs, and again, this is
not due to an anodic shift of the Pt-OH onset potential. Thus, the effect of Ni in the
present case appears to remain an effect on the ORR itself, rather than on the
availability of Pt active sites. It is noted that similar results have been obtained for
PtCo and PtCu electrodeposits [30].
3.3.2 Electrochemical behavior in HCl-containing 0.5M HClO4
Addition of a small amount of HCl (10-4 M) to the electrolyte leads to a substantial
change in the hydrogen adsorption/desorption behavior of Pt. The CV after 15 cycles
is shown in Fig. 3.3a. The emergence of two sharp, highly reversible peaks instead of
one is commonly observed for Pt in the presence of strongly adsorbing anions [10].
For the alloys, such a distinct Hupd region in the CV profiles does not emerge (Fig.
3.3a), indicating the continued presence of subsurface Ni, despite the strong Ni
leaching in Cl-containing electrolyte (see below, Table 3.2). On the other hand, the
shrinkage of the Hupd region and the increase in the double-layer region that is a
hallmark of Pt under chloride-ion adsorption [10] was observed for both Pt and the Pt
alloys with Pt showing the largest effect.
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The formation of the oxygen layer begins at the lowest potential for Pt10Ni90, followed
by Pt75Ni25 and Pt itself. This implies that the suppression of Pt-OH formation by
adsorbed chloride increases in the same sequence. We believe that this effect is
mainly due to subsurface Ni influencing the subtle balance in the competition
between OHad and Clad for the Pt surface [14], with Ni leading to a relative favoring
of OH over Cl. An additional effect could be the formation of NiClx species in
solution, which would lower the effective Cl- concentration, and, hence, the Cl
surface coverage. That such an effect may play a role is shown in Fig. 3.3c: upon
changing the Ni-containing electrolyte for a fresh one, an anodic shift of the Pt-OH
onset potential is observed.
Addition of a larger amount of HCl (10-3 M) to the electrolyte leads to an, on the face
of it, simpler picture, see Fig. 3.4a. The Hupd region still shows a difference between
Pt and its Ni alloys, indicating that some subsurface Ni still survives after 15 cycles in
this medium, but the Cl- concentration is now so large that Clad dominates over OHad
to quite high potentials, thus almost obliterating the differences between Pt and PtNi
in the oxide region.
Turning now to the ORR activity of the stabilized electrodes (after 15 CVs), a
comparison between Figs. 3.2a, 3.5a, and 3.6, already shows, as expected, the
enormous decrease in performance in the presence of chloride ions, due to their
blocking of active sites [14]. The various values of the specific activity are collected
in Table 3.1. Note that the potentials at which these values are quoted are different for
the different chloride concentrations.
From Figs. 3.5a and 3.6, in the presence of chloride, the hysteresis in ORR between
anodic and cathodic sweeps tends to decrease considerably. In the absence of chloride
(Fig. 3.2a), the hysteresis in the ORR sweeps is caused by strongly adsorbed OH
species, which themselves show irreversible adsorption, i.e. the adsorption takes place
at a higher potential than desorption. In the anodic scan, the potential range in which
the surface is devoid of strongly adsorbed OH extends to higher potentials, and results
in a higher ORR activity.
In the presence of chloride, its adsorption strongly inhibits the formation of adsorbed
hydroxyl ions (as discussed above). While the irreversibility of the adsorption of OH
species is associated with the formation of platinum oxide at higher potential, the
nature of the adsorbed chloride does not change with potential, and does not show any
hysteresis effect. Combining both effects, in the presence of chloride the effect of its
adsorption dominates, leading to the virtual absence of hysteresis in the ORR activity.
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HCl + 0.5 M HClO4; 50 mV/s scan rate
From Table 3.1 it can be inferred that in the 10-4 M HCl case the advantage in specific
ORR activity of PtNi over Pt has been reduced to about a factor of 1.5. That is,
although (Fig. 3.3a) the respective electrodes differ in their affinity of Cl and OH, the
combined affect of these two adsorbates almost cancels out the ORR performance
difference noted in Cl-free electrolyte. In the 10-3 M HCl case the differences in
specific activity have become even smaller, as Cl adsorption dominates.
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After 1000 CVs in the 10-4 M HCl containing electrolyte, the Hupd signatures of Pt and
PtNi have become much more similar than before the durability test (Fig. 3.3b). As
observed in the Cl-free case, the Hupd region of the Pt CV has become much more
(100)-like. The hydrogen ad- and desorption profiles of Pt75Ni25 follow those of Pt
closely, indicating that very little Ni remains in subsurface positions, while the
somewhat more important deviations observed for Pt10Ni90 suggest the retention of
more subsurface Ni in this case. For all three electrodes the Pt-OH onset potential has
shifted anodically, indicating that the adsorption of chloride ions has become more
dominant than after 15 CVs, and this is in agreement with the increased (100)
character of the Pt surface [14]. A small additional effect here may be an increased
Cl/electrode surface area ratio, since the ECSA decreases by about 50% during the
cycling. Nevertheless, the Pt10Ni90 surface retains some of its higher oxophilicity as
compared to the other two surfaces, and this must, at least partly, be due to the
continued presence of some subsurface Ni. Another part may be, as noted above, the
effective decrease of the concentration of free chloride ions due to the formation of
NiClx species in solution.
Specific activity, μA/cm2
Electrode

Pt
Pt75Ni25
Pt10Ni90

15CVs
1000CVs
15CVs
1000CVs
15CVs
1000CVs

Cl- free
@0.95V

10-4 M HCl @
0.9V/0.85V

10-3 M HCl @
0.9V/0.85V

112
26
488
48
388
66

5.1/35.5
-/3.1
7.5/53.3
0.4/7.8
7.7/58
1.8/19.4

-/6.9
dissolved
-/6.9
dissolved
0.3/9.2
dissolved

Cl—containing ref.
electrode @
0.95V/0.9V
7.6/51
0.2/5.3
5.3/68
0.7/10.9
10.4/154
1.6/18.4

Table 3.1: Specific activities of the alloys at different conditions
The specific ORR activities of the electrodes after 1000 CVs in the presence of 10 -4
M chloride are collected in Table 3.1. As before, it is seen that Pt has deactivated to a
considerable extent, and this is again ascribed to its surface having become more
predominantly Pt (100). While Pt75Ni25 is about two times as active now as Pt itself,
Pt10Ni90 has lost much less of its initial activity, ending up as about six times as active
as Pt. So, the superior ORR activity of aged Pt10Ni90, as compared with that of aged
Pt, continues to assert itself (cf. Table 3.1 for the Cl-free case), and this must, at least
partly, be, it is surmised, an effect of the presence of subsurface Ni.
The durability of the electrodes in the 10-3 M chloride case could not be studied, since
they were already completely dissolved after some 300 cycles, exposing the Au
substrate (Fig. 3.4b). This evidences that chloride ions enhance the dissolution of Pt.
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3.3.3 PtNi composition variation
It is well known that the electrochemical potential cycling under the relevant potential
range for PEMFC dissolves the less noble metal of the alloy, while enriching the
surface layers with the more noble metal. From Table 3.2 it becomes apparent that the
dissolution rate of Ni from the alloys in a HClO4 solution is significantly lower than
in the chloride-containing electrolyte. In Pt75Ni25 and Pt10Ni90 about 17 and 58 atom %
Ni remained, respectively, after 15 CVs in chloride free HClO4. The same experiment
in the presence of Cl- gave values of 14 and 22 atom % Ni after the same number of
CVs. The presence of Cl- preferentially increases the dissolution rate of Ni from the
alloys during the initial potential cycling, irrespective of the concentration of HCl (103
or 10-4 M). The rate of Ni dissolution decreases during subsequent potential cycling
and this is understood by the formation of a Pt skin. The amount of Ni present in the
alloys after 1000 CVs was fairly similar irrespective of the initial Pt:Ni concentration
and the constituents in the electrolyte. Still, there are indications (e.g. Fig. 3.3b) that a
bit more subsurface Ni is retained in Pt10Ni90 than in Pt75Ni25.
3.3.4 ICP analysis
From EDS analysis, it was found that the Ni dissolution takes place predominantly
during the initial stages of potential cycling. So, to complement the above findings,
the amount of Pt and Ni dissolved in the electrolyte was analyzed at the end of 15
CVs by ICP elemental analysis. In all the cases, be it in blank HClO4 or in the
presence of Cl-, the exact quantity of Pt could not be established. The amount of Pt
found in the electrolyte after 15 CVs was below the detection limit of the ICP (0.002
mg/l). The very low concentrations of Pt in the electrolyte might be due the
redeposition of dissolved Pt on the catalyst surface during the subsequent potential
scans. However, as understood from the CVs (Fig. 3.4b) the dissolution of Pt was
high in chloride-rich electrolyte. On the other hand, the amount of dissolved Ni from
the alloys could be determined accurately and the data are given in Table 3.2. For
Pt75Ni25, the amount of dissolved Ni was similar in blank HClO4 as well as HClO4
with 10-4 M HCl. For Pt10Ni90, the difference in the Ni dissolution rate was well
recognizable when dealloyed in the presence and absence of Cl- in the electrolyte, that
is, the amount of Ni dissolved in the presence of 10-4 M HCl is more than twice the
amount dissolved in blank HClO4.
3.3.5 Impact of chloride ion leakage from KCl-saturated reference electrodes
The above results indicate that Cl- contamination in PEMFC even in the range of ppm
levels will invariably affect the electrocatalytic activity of Pt and Pt alloys besides
enhanced Pt and Ni dissolution. The CV and RDE profiles of PtNi alloys in 10-4 M
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HCl suggest a distinct although minimal enhancement in their ORR activity compared
to Pt but in higher Cl- concentration the performance of all the catalysts was alike.
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Fig. 3.7a: CV profiles of the Pt10Ni90 after 1000 potential scans in room temperature
in Ar saturated 0.5 M HClO4; 50 mV/s scan rate
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Fig. 3.7b: CV profiles of the Pt10Ni90 after 15 potential scans at 80 °C in Ar saturated
0.5 M HClO4; 50 mV/s scan rate
A comparison of the stable CV of Pt10Ni90 measured using a RHE and the KClsaturated reference electrode (Red Rod) at room temperature and at 80 °C is shown in
Fig. 3.7a and 3.7b. Features similar to what discussed in the previous sections were
noticed for the electrode exposed to the chloride-containing reference electrode. The
specific activity shown in Table 3.1 reveals that the performance of the catalysts
measured using the chloride-containing reference electrode is very similar to what
was found in 10-4 M HCl. The Cl--leakage rate from the reference electrode would be
more at higher temperatures and hence a greater effect of Cl- was witnessed for the
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same alloy at 80 °C. Hence, care must be taken with the choice of reference electrode
when studying the alloying effect of Pt electrocatalysts. Even a small leakage of Cl- (<
5 ppm) from the reference electrode will drastically increase the non-noble metal
dissolution rate and influence the ORR activity.
3.3.6 Electrode surface analysis by XPS
As chloride-based precursors were used for the electrodeposition of alloys, it is
crucial to analyze the catalysts layer for the presence of remnant chloride. The EDS
and XPS analyzes could not detect any chloride on the bulk and surface of the
electrodes and the respective results are shown in Fig. 3.8a.

Fig 3.8: XPS spectra of Cl and ClO4- 2p (a) and Ni 2p (b) in Pt10Ni90 after 15 CVs
under various Cl- concentrations
The XPS data confirm the presence of adsorbed Cl- on the surface of electrodes
exposed to Cl--containing electrolyte (Fig. 3.8a). The peak at ~199.0 eV and at ~208.0
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eV belong to Cl 2p position, while the former peak represents Cl in chloride ion while
the latter corresponds to Cl in ClO4-. This also suggests the adsorption of weakly
adsorbing perchlorate ions onto the platinum surface in addition to strongly adsorbing
Cl ions at more anodic potentials (in this case a standby potential of 0.95 V is
applied).
Pt:Ni – XPS1
Electrolyte

Cl- free
10-4 M
HCl
10-3 M
HCl
Red Rod
@ RT
Red Rod
@ 80 °C

Ni dissolved ICP, mg/l

Pt:Ni – EDS2

Pt75Ni25

Pt10Ni90

15CVs

15CVs

15CVs

1000CVs

15CVs

92:8

51:49

83/17

87/13

100:0

86:14

86/14

100:0

100:0

100:0

Pt75Ni25

Pt10Ni90

Pt75Ni25

Pt10Ni90

1000CVs

15CVs

15CVs

42/58

85/15

0.07

0.16

91/9

76/24

90/12

0.07

0.38

86/14

dissolved

78/22

dissolved

-

-

86/14

91/9

71/29

89/11

100:0

1

Surface concentration; 2 bulk concentration
Bulk Pt:Ni ratio of fresh (a) Pt75Ni25 = 77:23 (b) Pt10Ni90 = 15:85
RT – room temperature
Table 3.2: Elemental compositions of the alloys at different conditions
The Pt:Ni surface compositions of the fresh alloys and potentially cycled (15 CV) in
blank, chloride-containing electrolyte and blank electrolyte with KCl saturated
reference electrode at 80 °C are shown in Table 3.2 and Fig. 3.8b. While the surface
of Pt75Ni25 is depleted of Ni atoms upon exposing to the 10-4 M HCl-containing
electrolyte, Pt10Ni90 retained about 10 atom % Ni under the same conditions.
However, the HCl concentration of 10-3 M in the electrolyte completely leaches out
the Ni atoms from the surface of both the alloys. The absence of Ni atoms on the
surface of the electrodes that were open to KCl saturated reference electrode could
also be partially due, of course, to the high operating temperature (80 °C) besides the
chloride-ion effect.

3.4 Conclusion
In this work we show that the presence of even small amounts of Cl- in the electrolyte
will rapidly increase the dissolution rate of Ni from PtNi alloys. It is found that the
dissolution takes place predominantly during the first few electrochemical cycles.
Thereafter, as follows from the elemental compositions, the electrode surface is
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enriched with Pt (Pt-skin) that prevents further Ni dissolution from the electrode bulk.
At higher chloride concentrations (10-3 M HCl), however, the complete electrodeposit
dissolves upon cycling a few 100 times. The ORR activity of Pt and PtNi alloys is
severely impacted by the presence of chloride in the electrolyte, decreasing about two
orders of magnitude at 10-4 M Cl-. After 1000 cycles the ORR activity of PtNi is still
somewhat higher than that Pt, indicating that, especially in the case of Pt10Ni90, some
Ni is retained in subsurface positions, but it is clear that the presence of Ni does not
mitigate the effect of Cl- on electrode performance.
In all, it can be concluded that even minimal amounts of Cl- are deleterious for the
ORR on Pt and PtNi and hence needs to be avoided completely from the fuel cell
systems.
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4
ORR activity and durability of electrodeposited PtNi
alloys

PtNi alloys with various Pt:Ni ratios were electrodeposited deposited on a gold
substrate and investigated for their ORR activity and durability under potential
cycling at room temperature. Rotating disk electrode measurements were carried out
for the catalysts directly after electrodeposition and after 15 CV scans, 65 CV scans
and 1000 CV scans. The electrodes were characterized through XRD to determine the
alloy formation. SEM-EDS, XPS and TEM were employed to study the evolution of
the composition and the particle size of the PtNi alloys. After extensive potential
cycling of 1000 CV scans, all alloys were found to contain a Pt-enriched surface with
a bulk Ni content in the range of 15-20 atom%. Despite minor differences in the
composition of the dealloyed catalysts, the initially Ni-rich alloy exhibited higher
activities and better stability than the Pt-rich ones.
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4.1 Introduction
Improvement of the oxygen reduction activity of cathode catalysts and especially
their durability is essential to come to large scale commercial introduction of
proton-exchange membrane (PEM) fuel cells [1-3]. Pt is the metal of choice for
the cathode catalyst for the oxygen reduction reaction (ORR) [3]. Notwithstanding
its superior activity in comparison to other metals, the overpotential of oxygen
reduction on Pt remains a problem. In addition, Pt lacks the necessary durability,
especially under potential cycling conditions and at high potentials [2-5]. One
approach to improve these properties is to alloy Pt with non-noble transition
metals. Metals such as Fe, Co, Ni, Cu, Cr and Mn have been extensively studied as
alloying elements with promising improvements in activity and durability [3, 515].
Typically, the Pt:M ratio (M = non-noble metal) has a strong influence on the
ORR activity. In most of the early studies, the amount of the alloying element was
limited to a maximum of about 50 atom% [5, 10-12, 16-18]. Pt alloys with a low
Pt content have been investigated and their improved performance has been
interpreted in terms of ‘Pt monolayer’ [19-21] and ‘Pt skin’ [22-26] structures.
More recently, Pt alloys with very high non-noble metal contents with a ‘Pt alloy
core-Pt shell’ structure have been shown to exhibit a surprisingly high activity
towards oxygen reduction in comparison to Pt and Pt-rich alloys [7, 12, 27-29].
Recently, it was shown that an increased ORR activity and stability towards
potential cycling could be obtained for Co-rich PtCo alloys when prepared through
electrodeposition [8]. In general, the ORR activity improvement of these alloys is
ascribed to an electronic effect on the Pt surface atoms that favorably changes the
oxygen adsorption on Pt [8, 11, 25, 29].
Next to Co, also Ni is known to promote the activity of Pt based ORR catalysts
substantially. Toda et al. reported a ten-fold activity increase in the ORR for PtNi
alloy thin films prepared through Ar sputtering [13]. Stamenkovic et al. showed an
exceptional nearly two orders of magnitude increase in the ORR activity for
Pt3Ni(111) single crystal surfaces when compared to a state-of-the-art commercial
Pt/C catalyst [25, 26]. Typically, increases in the range of 1.5 to 5 times are
reported for PtNi alloys, when the amount of Ni is below 50 atom% [9-11, 30-32].
Recently, Yang et al. observed a 20-30 fold increase in the ORR activity for
dealloyed PtNi nanoparticles when the initial Ni content varied between 50 and 80
atom% [33]. According to Popov et al. the decrease in the catalytic activity of
Pt3Ni/C after the durability tests is directly correlated to Ni dissolution [34].
Recently, Mani et al. reported enhanced activity for Pt25Ni75/C as compared to a
commercial Pt/C catalyst [35]. Thus, these works signify the positive effect of
alloying Pt with Ni for the ORR activity for unsupported and supported catalysts
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prepared in various manners.
Besides activity, also stability is a crucial factor for practical use of new materials
as fuel cell cathode catalysts. The number of works focused on the durability of
the PtNi alloys is rather limited. While for supported Pt catalysts the dissolution of
Pt, the growth of the Pt particles and carbon corrosion have been reported as
important causes of degradation, mainly leading to a decrease of the
electrochemical active surface area and consequently of the fuel cell performance
[2-4, 36, 37], Pt alloys primarily suffer from dealloying. Besides leading to a loss
of the initial synergy between Pt and the alloying metal, the leached non-noble
metals poison the membrane [5, 38].
Typical methods to study the durability of electrocatalysts involve potential
cycling and potential hold [39]. Model electrodes are frequently applied to study
the benefit of alloying Pt with other metals, thus avoiding the interference of the
support material [8, 9, 12].
The aim of this work was to relate the stability of electrodeposited alloys with
respect to the performance loss with the PtNi alloy composition at different
intervals of potential cycling experiments. The ORR activity of the catalysts was
evaluated by rotating disk electrode (RDE) experiments under potential cycling at
room temperature. XRD was employed to determine the structure and the
crystallite size of the alloys. EDS and XPS were used to determine the elemental
composition of the surface and the bulk of the alloys as a function of the potential
cycling experiments. TEM was employed to determine the particle size of the
catalysts before and after potential cycling.

4.2 Experimental
4.2.1 Electrodes deposition
PtNi alloys were electrodeposited on a flat polished Au rotating disc electrode
with a geometric surface area 0.2826 cm2 under galvanostatic conditions in a
solution containing 1.5 g.l-1 H2PtCl6.6H2O, 25 g.l-1 NiCl2.6H2O and 30 g.l-1 NaCl
at a pH of 2.5. Electrodeposition was carried out in a 3-compartment
electrochemical cell, which consisted of the polished Au RDE working electrode,
a platinized Pt foil as counter electrode and a reversible hydrogen electrode (RHE)
as the reference electrode. Prior to deposition, the Au RDE was electrochemically
cleaned in 0.5 M H2SO4 by scanning the potential between 0 and 1.7 V until a
stable cyclic voltammogram (CV) was obtained. The electrochemical cell was
flushed with Ar for about 45 min before the catalyst deposition. Depending on the
desired Pt:Ni ratio the deposition current ranged from 300 to 1000 μAcm-2, which
was applied for 550 s.
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4.2.2 Structural characterization
X-ray diffraction studies were carried out to study the degree of alloying and
crystallite size distribution. XRD measurements were performed on a Rigaku
Geigerflex Powder Diffractometer, using Bragg-Brentano parafocussing geometry,
with Copper K-α radiation (wavelength = 1.54 Å), at 40 kV and 30 mA. A
diffracted beam monochromator is positioned at the detector side, eliminating the
Cu-Kβ radiation. The clean electrodeposited electrodes were placed directly on the
XRD sample holder. The scans were carried out with a step size of 0.02 in 2θ and
a dwell time of 10 s. Lattice parameters were calculated from the diffraction angle
(2θ) using Braggs’ law and Scherrers’ formula was used to obtain the mean
crystallite size of the fresh catalysts.
4.2.3 Electrochemical characterization
The deposited alloys were characterized by cyclic voltammetry in a 3-electrode
compartment similar to that used for the preparation of the alloys. All the
electrodes were cycled between the potential of 0.02 and 1.3 V for up to 1000 CV
scans in 0.5 M HClO4 at a scan rate of 50 mV/s under Ar atmosphere. To study the
ORR activity of the catalysts, ORR polarization curves were recorded in the
potential range of 0.2 and 1.1 V at a scan rate of 5 mVs-1 after 1, 15, 65 and 1000
CV scans. The cell was saturated with O2 before and also a constant supply of O2
was maintained during the ORR measurements. For kinetic measurements, a
rotation speed of 1000 rpm RDE was applied. While the limiting current is
depending on the rotation speed of the disc electrode, it was determined that
higher rotation speeds had no influence on the current measured in the current
range of interest where the current is not influenced significantly by diffusion. All
the electrochemical measurements including alloy depositions were carried out at
room temperature. The Pt surface area for all the electrodes was determined from
the charge associated with the oxidation of adsorbed hydrogen between 0 and 0.4
V, using 0.21 mC.cm-2, which is the charge required for a monolayer hydrogen
coverage on polycrystalline platinum.
4.2.4 Elemental characterization
EDS analysis was carried out for all the fresh alloys using a Quanta 3D FEG
instrument (FEI Company) to determine the initial Pt:Ni atom ratio, so as to tune
the deposition conditions to the desired elemental ratio. Various spots were
selected on the catalyst layer and averaged to calculate the average Pt:Ni ratio.
Surface elemental composition and depth profiles for selected samples were analyzed
using a Kratos AXIS Ultra X-ray Photoelectron Spectrometer, equipped with a
monochromatic Al Kα X-ray source and a delay-line detector (DLD). Spectra were
obtained using the aluminum anode (Al Kα, 1486.6 eV) operating at 150 W, with
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survey scans at constant pass energy of 160 eV and with region scans at constant pass
energy of 40 eV. Depth profiles were obtained by sputtering, while rotating the
sample using an Ar pressure of 3 × 10-8 mbar. The emission current was set to 15 mA
at beam energy of 4 kV.
4.2.5 Particle size analysis
Particle sizes for a set of electrodes before and after the stability tests were
determined by analyzing transmission electron micrographs recorded on a Tecnai
Sphera microscope (FEI Company) with an electron acceleration voltage of 200
kV. The catalysts, which were carefully scratched off from the substrate, were
dispersed in ethanol and ultrasonicated for few seconds. The particles were then
mounted on a carbon coated Cu grid. The mounted grid was dried at room
temperature before introduction into the sample holder.

4.3 Results and discussion
4.3.1 Characterization of fresh catalysts
The catalyst layers were deposited galvanostatically on the Au substrate. For each
alloy composition a constant deposition charge was set. In this way an optimal
uniformity in the elemental composition was achieved as compared to
potentiostatically deposited alloys. Fig. 4.1a shows the relation between the
deposition potential, the deposition current density and the obtained Ni content.
Fig. 4.1b gives the deposition potential versus time for a targeted PtNi
composition. Galvanostatic deposition was found to yield a better reproducible
alloy composition than potentiostatic deposition.
The X-ray diffraction patterns of the fresh alloys are shown in Fig. 4.2. The two
sharp dominant peaks at 2θ = ~ 38 and 44.5 º corresponds to the Au substrate. The
alloying of Ni to Pt shifts the Pt diffraction peaks at 2θ = ~ 40 and 47 º towards
higher angles. This trend in the peak shift is due to the contraction of the Pt lattice
upon substitution of Pt by the smaller Ni atoms. With the increase in Ni content,
the Pt diffraction peaks decrease in intensity and become broader. This indicates
the formation of PtNi alloys with a rather small crystallite size. For Pt10Ni90 the
fcc(111) diffraction peak of Pt completely disappeared and a new peak at 2θ = ~
50 º that corresponds to the fcc(200) diffraction peak of Ni emerged. The peak
shift of this latter reflection towards lower angles marks the expansion of the Ni
lattice by the substitution with larger Pt atoms.
Besides, the broader and asymmetric diffraction peak of Au at 2θ = ~ 44.5 º
observed for Pt10Ni90 is due to the presence of the Ni fcc(111) diffraction peak,
which is the strongest line of Ni. The lattice parameters and the crystallite size
distributions calculated from the diffraction patterns are shown in Table 4.1. The
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600

lattice parameters of Pt25Ni75 and Pt10Ni90 could not be calculated, as the
diffraction peaks were too broad.
The elemental compositions of the fresh catalysts were analyzed with EDS and
XPS and are listed in Table 4.1. A thicker catalyst layer was deposited for all the
compositions to enable the quantitative determination of the Pt:Ni ratio with EDS.
These thicker layers were developed only for EDS measurements. RDE
measurements were performed on thinner electrodes. From Fig. 4.1b it was
determined that the elemental composition of these alloys can be tuned by varying
the deposition potential. XPS measurements were carried out on thinner Pt75Ni25
and Pt10Ni90 electrodes before and after potential cycling. The elemental
compositions of fresh catalysts deposited as thicker (EDS) or thinner (XPS)
electrodes were found to be quite similar.
The CV profile of the freshly deposited catalysts is shown in Fig. 4.3. The
electroactive Pt surface area was found to be higher for the Ni rich alloys. The
surface of the freshly deposited Pt shows a clear distinction between the crystal
planes of polycrystalline Pt in the hydrogen adsorption/desorption region. These
features are not present in the CV of fresh PtNi alloys. Also the position of Pt
oxide reduction peaks does not follow any clear trend between the alloy
composition and peak position. An increased oxidation current in the first anodic
scan of Pt25Ni75 and Pt10Ni90 is due to the dissolution of Ni from the Ni-rich
catalyst layer. The successive potential scans of these alloys did not exhibit such
oxidation profile. The ORR activity measured after just one CV scan show
enhanced activity for the PtNi alloys as compared to pure Pt.
Fig. 4.4 show the micrographs and particle size distributions of freshly prepared
Pt, Pt75Ni25 and Pt10Ni90 catalysts. In general, fresh PtNi alloys have a smaller
particle size than pure Pt. Pt75Ni25 and Pt10Ni90 have average particle sizes of 3.5 ±
1.3 nm and 3.6 ± 0.9 nm, respectively. The particle size of Pt is 4.5 ± 1.2 nm. The
particle size measured using TEM is quite well in aggreement with that of the
crystallite size determined through XRD.
4.3.2 Characterization of catalysts during potential cycling
All the catalysts were cycled initially for 15, 65 and then up to 1000 CV scans to
study their durability. The electrochemical active Pt surface area, Pt:Ni
composition, particle size and the ORR activity of the electrodes were determined
at different intervals of potential cycling.
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Fig. 4.4a: TEM micrograph and particle size distribution of fresh and 1000 CV
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4.3.3 Cyclic voltammetry
At first, all the electrodes were cycled for 15 CV scans to obtain a reasonably
stabilized CV profile. Fig. 4.5 shows the cyclic voltammograms of Pt and PtNi
alloys after 15 potential cycles. The CV profiles of the Pt alloys are characterized
by a relatively undefined hydrogen oxidation profile. As the CV profiles of
electrodes after 15 and 65 CV scan are quite similar, the CV profiles after 65 CV
scans are not shown. In contrast to that after 15 cycles, the Hupd region of the alloy
electrodes recorded after 1000 voltage cycles (Fig. 4.6) are similar to that of pure
Pt catalyst. This indicates that the alloy surfaces were enriched with platinum after
1000 cycles. From Fig. 4.5 and 4.6 it is observed that the Pt oxide reduction
potential of the alloys after 15 and 1000 CV scans is comparable, while for pure
Pt, the Pt oxide reduction occurs at a more positive potential.
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4.3.4 ECSA and particle size of the catalysts
Table 4.2 lists the electrochemical active Pt surface area (ECSA) of the catalysts
during the durability measurements. The higher the Ni content, the higher the
ECSA of the alloys. The fast dissolution of Ni from the alloys during potential
cycling does not increase the ECSA. All alloys as well as pure Pt show a fast
initial decrease of the ECSA followed by a much slower decrease in subsequent
cycles. The ECSA loss amounted to about 40 – 45 % between 15 and 1000 CV
scans irrespective of the initial Ni content. This shows that the ECSA loss
mechanism of PtNi alloys is similar to that of Pt under the durability test
conditions. The alloys with an initial Ni concentration larger than 50 atom% have
a similar ECSA after 1000 CVs.
The transmission electron micrographs and the particle size distributions of the
catalysts are illustrated in Fig. 4.4. Similar to what is derived from the CV profiles
after 1000 CV scans, TEM measurements evidence the growth of the catalyst
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particles. After 1000 CV scans Pt, Pt75Ni25 and Pt10Ni90 had average particle sizes
of 5.3 ± 2.2 nm, 4.4 ± 1.2 nm and 5.1 ± 2.3 nm, respectively.
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Fig. 4.4c: TEM micrograph and particle size distribution of fresh and 1000 CV
scanned Pt10Ni90

Electrode

Lattice
Crystallite
parameter a,
size, nm
nm

Fresh Pt:Ni

Pt:Ni
after 15 CVs

Pt

0.390

6

EDS
100:0

XPS
100:0

EDS
100:0

Pt75Ni25

0.386

4

77:23

S 88:12
B 77:23

83:17

Pt50Ni50
Pt25Ni75

0.381
-

4
-

59:41
28:72

-

80:20
68:32

-

20:80

S 19:81
B 19:81

45:55

Pt10Ni90

XPS
100:0

Pt:Ni after 1000
CVs
EDS
100:0

S 92:08
S 96:04
87:13
B 81:19
B 83:17
-

85:15
86:14

-

S 51:49
S 92:08
85:15
B 34:66
B 75:25

S: surface; B: Bulk
Table 4.1: Comparison of Pt:Ni atomic ratio during potential cycling
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4.3.5 ORR activity
The anodic scans of the polarization curves revealing the oxygen reduction
activity of the catalysts are shown in Fig. 4.7. The shift in the curves for the alloys
towards positive potential indicates their better catalytic activity in the oxygen
reduction reaction as compared to pure Pt. All the alloys reached the mass
transport controlled region around 0.9 V and 0.8 V for the ORR current measured
after 15 and 1000 CV scans, respectively.
After 15 and 1000 CV scans the activity increase was about 0.05 V and 0.1 V,
respectively, at the half-wave potential (E1/2) for the alloys when compared to Pt.
In other words, even after 1000 CV scans, PtNi alloys had a higher activity than
Pt. The E1/2 of the alloys was measured to be around 0.91 V, while a value of
around 0.81 V was found for Pt after 1000 CV scans.

Real Pt surface area from Specific activity @0.95V,
Hupd, cm2
μAcm-2
Electrode
1CV 15CV 65CV 1000CV 1CV 15CV 65CV 1000CV
Pt
3.8
3
2.5
1.8 109 112 99
26
Pt75Ni25 7
4.8
3.9
2.6 294 386 299
48
Pt50Ni50 7.6 5.7
4.6
3.5 417 218 263
68
Pt25Ni75 11.3 6.1
5.1
3.6 276 309 318
96
Pt10Ni90 11.6 6.7
5.2
3.6 348 308 203
66

Half-wave potential, E1/2,
mV
1CV 15CV 65CV 1000CV
920 912 896
814
963 962 950
898
974 952 951
900
969 962 961
909
977 964 947
914

Table 4.2: Electrochemical data of catalysts during the stability test
4.3.6 Specific activity
The specific activities of all the catalysts after electrodeposition, 15, 65 and 1000
CV scan were compared at 0.95 V so as to minimize the effect of mass transport
limitations. The complete data are listed in Table 4.2. For the catalysts
electrochemically cycled for 15 scans, PtNi alloys showed higher specific activity
than pure Pt. The Pt75Ni25 alloy was the most active at this stage of the durability
test. However, the specific activity of Pt50Ni50 and Pt25Ni75 improved further after
65 CV scans, while that of the other catalysts slightly decreased. After potential
cycling for 1000 CV scans, the specific activity of PtNi alloys were about 1.8 to
3.7 times higher as compared to Pt. A volcano-type dependence of the specific
activity was noticed for the alloys as a function of the Ni content with Pt25Ni75
being the most active after 1000 CV scans. Regarding the durability of the
catalysts, all the alloy catalysts irrespective of Ni content show better resistance
against activity degradation than pure Pt. Ni rich alloys display a higher activity
compared to pure Pt and Pt-rich alloys.
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Pt75Ni25 and Pt10Ni90 were further potentially cycled for another 4000 CV scans to
examine their extended durability. As the CV profiles and the polarization curves
after 5000 CV scan resemble those after 1000 CV scans, they are not shown here.
At the end of 5000 CV scans both the alloys lost about one third of the specific
activity they had after 1000 CV scans. Thus, the activity degradation
predominantly occurred in the initial few hundred potential scans. To elucidate the
effect of alloying element on the enhanced ORR activity and durability of PtNi
alloys, the change in catalyst composition (both surface and bulk) and the Pt
binding energy after 15 and 1000 CV scans was determined by EDS and XPS.
4.3.7 Durability of PtNi alloys
The bulk composition of the alloys after 15 and 1000 CV scan was analyzed by
EDS. The Ni atoms are rapidly dissolved from the catalyst layer during the initial
stages of potential cycling. The leaching rate was higher for the Ni-rich alloys.
The Ni content of the alloys after 15 CV scans was found to be in the range 15-55
atom% depending on the initial Ni concentration. The higher the initial Ni content,
the higher the Ni retained after potential cycling. The process of non-noble metal
dissolution is also known as electrochemical pre-leaching or de-alloying and is
similar to the chemical leaching of non-noble metals from non-noble metal-rich Pt
alloys using strong acids before introducing the catalyst into the fuel cells. This is
employed to minimize the contamination of MEA by the alloying element.
After 1000 CV scans the Ni content of the alloys was quite similar. For instance,
the bulk composition of Pt75Ni25 and Pt10Ni90 lay between 13 and 15 atom% Ni.
Extension of the potential cycling to 5000 scans only led to a minor further
decrease of Ni content to 10 atom% Ni. Thus, it appears that irrespective of the
initial composition a stable PtNi alloy with about 10 atom% Ni is obtained after
extensive electrochemical dealloying.
Surface composition, elemental composition over the catalyst layer thickness and
the corresponding binding energies of Pt and Ni were then measured by XPS of
freshly prepared Pt75Ni25 and Pt10Ni90 alloys and after potential cycling for 15 and
1000 CV scans. The electrochemical stability of the alloys is related to the
changes in Pt:Ni atom ratios on the surface and subsurface layers of the catalysts
and binding energy shift of Pt.
The depth profile for the alloys at different stages of potential cycling are
collected in Fig. 4.8. The fresh Pt75Ni25 shows some enrichment in Pt on the
surface. Taking into account the surface and subsurface layers, the Ni content is
close to the content targeted by electrodeposition.
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Upon potential cycling the composition of the Pt75Ni25 has changed only slightly.
The bulk composition has decreased to about 20 atom%. The Ni content of the
surface layer decreased to 8 and 4 atom% after 15 and 1000 CV scans. The surface
layer is becoming enriched in Pt, without leading to substantial changes in the
bulk composition. This finding is similar to what was observed for carbonsupported Pt-rich and unsupported PtNi and PtCo alloys [6, 34, 40]. Thus, it
appears that dissolution of the non-noble metal during potential cycling results in
the formation of a Pt skin, which prevents the non-noble metal from further
dissolution in agreement with proposals in literature [13, 17].
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Fig. 4.8: XPS depth profile of Pt75Ni25 and Pt10Ni90 (a) before and (b) during
potrntial cycling
After 15 CV scans the Pt10Ni90 retained 50 and 65 atom% Ni at the surface and in
the subsurface layers, respectively. The Ni content after 1000 CV scans had
decreased to respective values of 8 and 28 atom% Ni. This means that a much
larger amount of the bulk was removed in the Pt10Ni90 and it is reasonably to state
that at high Ni content it is not possible to form a protective Pt skin to avoid
further Ni dissolution. After 1000 CV scans such as protective skin has been
formed and at this stage the surface composition of Pt10Ni90 is very comparable to
that of Pt75Ni25. However, the subsurface layers of the Pt10Ni90 alloy contain more
Ni.
From a comparison of the morphology of fresh and aged Pt75Ni25 and Pt10Ni90 in
Fig. 4.9, it is noted that the morphology of Pt75Ni25 does not change much
following 1000 CV scans, whereas the Ni-rich alloy is completely different due to
the much more substantial dissolution of Ni.
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The oxidation state of Pt and Ni was determined by analysis of the XP spectra.
The spectra are given in Figs. 4.10 and 4.11 and the corresponding binding
energies for the surface and subsurface layers are collected in Table 4.3. The Ni
2p3/2 XP spectra of the surface region of Pt75Ni25 and Pt10Ni90 after 15 and 1000
scans (Fig. 4.10) show that the surface contains Ni2+ and Ni0. The surface of the
fresh alloys predominantly contained Ni-oxide, whereas the potentially stabilized
alloys contained mainly metallic Ni at the surface. The minor amount of Ni oxide
is probably due to the air exposure of the alloys before recording XP spectra.
Fresh

After 1000
CVs

Pt75Ni25

Pt10Ni90

Fig. 4.9: Surface morphology of (a) Pt75Ni25 and (b) Pt10Ni90 before and after
potential cycling
The Pt 4f7/2 spectra in Fig. 4.11 show a small positive shift in the binding energy
of 0.1-0.2 and 0.3-0.4 eV for the surface and subsurface layers as compared to the
value of 71.1 eV for pure Pt (Table 4.3). Such small shifts of the binding energy
are in line with earlier reports for Pt alloys [13, 41, 42]. The shifts are smaller in
PtNi alloys than those measured for PtCo alloys [8]. The shift in the Pt binding
energy is termed as an electronic effect due to the presence of the non-noble metal
and is known to affect the ORR activity of Pt [13, 41, 42]. Once Ni is largely
dissolved from the surface layer (1000 CV scans), the Pt-enriched electrode
surface did not show this shift in the Pt binding energy anymore.
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Table 4.3: XPS binding energies of selected catalysts before and after potential
cycling
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Fig. 4.10: Ni 2p XPS spectra from the surface of (a) Pt75Ni25 and (b) Pt10Ni90
before and after potential cycling
The positive shift in the Pt-OH onset potential in Pt alloys when compared to that
of Pt is generally related to the observed enhanced ORR activity of Pt alloys.
Contrarily, no such difference in the Pt-OH formation potential was observed
between Pt and PtNi in this study presumably due to the difference in the particle
size of the catalysts. Hence the observed enhanced ORR activity of the PtNi alloys
could be due to influence of underlying Ni in addition to that of the Pt-OH
formation potential.
Despite the fact that the amount of Ni on the surface and in the subsurface layers
of Pt10Ni90 was much higher than that of Pt75Ni25 after 15CV scans, the specific
activity of Pt75Ni25 at 0.95 V is 1.3 times higher than that of Pt10Ni90. Similarly,
the specific activity of Pt10Ni90 is 1.4 times higher than Pt75Ni25 after 1000 and
5000 scans even though the catalyst surface is enriched with Pt and the subsurface
Ni content is almost comparable. In other words, the alloy with higher Ni content
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on the surface performed poorer than the alloy with Pt-rich surface after 15 CV
scans. Meanwhile, after the durability tests, different alloys have different ORR
activity even though the Ni content of the surface and subsurface layers is quite
similar. This confirms that the presence of Ni measured by EDS and XPS could
not be directly correlated with the performance of both the fresh and the voltage
cycled alloys. Similarly the binding energy shift of Pt after 15 and 1000 CV scans
do not prove to be satisfactory in explaining the difference in the ORR activity of
different PtNi alloys.
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Fig. 4.11a: Pt 4f XPS spectra from the surface of Pt75Ni25 before and after
potential cycling
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Fig. 4.11b: Pt 4f XPS spectra from the surface of Pt10Ni90 before and after
potential cycling
Strasser et al. found that the geometric strain on the surface Pt layer obtained by
non-noble metal dissolution strongly influences the ORR activity of dealloyed
carbon-supported electrocatalysts [43]. The interatomic distance, which was used
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as a measure of this geometric strain, indeed depended on the initial Pt:M
composition [43]. A relevant question is thus whether such a strained surface is
also present for the electrodeposited catalysts and if it is stable during potential
cycling, as Ostwald ripening and reconstruction of the Pt surface may easily occur
under these conditions. One would, however, expect that such strain would also
affect the Pt binding energy.

4.4 Conclusion
Platinum-Nickel alloys can be deposited in a wide variety of Pt:Ni ratios by
electrochemical deposition. Fresh Pt:Ni alloys, which had undergone 15 CV scans,
are more active by a factor of 1.8 to 3.7 when compared to Pt. All PtNi alloys had
a higher electrochemical surface area and a higher oxygen adsorption affinity after
15 potential cycles than Pt.
The ORR activity of the Pt and PtNi alloys decreased as a function of potential
cycling. After 1000 scans, the specific activity and durability of PtNi alloys was
found to be higher than that of pure Pt. The initial composition of Pt25Ni75 was
found to give the highest activity after 1000 CV scans. At this stage, the Pt:Ni bulk
composition for all alloys was almost identical. The surface was enriched in Pt and
the bulk Ni content varied only slightly between 15-20 atom%. Prolonged
potential cycling did not completely remove the Ni and about 10 atom% Ni was
retained in the alloys.
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5
Durability of PtCu alloys for PEMFC cathode: Influence
of Cu on activity loss

PtCu alloys with different Pt:Cu ratios were formed through electrodeposition and
investigated for their ORR activity and durability under potential cycling at room
temperature. SEM was used to investigate the change in surface morphology, while
the variation in the elemental composition and the particle size of the alloys was
determined with EDS, XPS and TEM during the durability studies. The leaching of Cu
was found to be substantial during the initial stages of potential cycling followed by
stabilization of the Pt:Cu ratio irrespective of the initial composition. A five-fold
higher ECSA was observed for Pt05Cu95 after initial dealloying, which contributed
significantly to its enhanced apparent ORR activity. The ECSA loss was found to be
higher for Pt alloys (50-55%) than for that of pure Pt (40%), as the initial average
particle size of Pt alloys were smaller than that of Pt. When electrochemically cycled
under identical conditions, Pt-rich alloys demonstrated a higher specific activity at
the beginning. However, Cu-rich alloys were found to be more durable as they exhibit
minimum activity loss after 1000 CV scans.
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5.1 Introduction
State-of-the-art carbon supported Pt catalysts for proton exchange membrane fuel cell
(PEMFC) cathode suffer from large activation overpotential for the oxygen reduction
reaction (ORR) as well as poor durability. Mukerjee et al. reported an enhancement in
the ORR activity by alloying Pt with first row transition metals such as Cr, Ni, Co, Fe
and Mn [1]. Similarly, PtCo and PtNi in a widely varying composition range
displayed enhanced activity and improved stability [2-13].
In recent years, Cu has also been widely studied for enhancement of the ORR activity
of Pt. Strasser et al. have extensively investigated carbon supported PtCu3 alloys [1419]. After voltammetric dealloying, the catalyst showed a 4-6 fold higher specific
activity compared to commercially available Pt/C. The formation of a Pt-rich shell
with decreased Pt-Pt interatomic distance compared to pure Pt nanoparticles (strain
effect) and a Cu-rich core due to the dealloying is believed to be at the origin of the
favorable enhanced ORR activity of PtCu alloys [19, 20]. A more general explanation
given in literature is that of an electronic effect of the alloy on the ORR activity of the
Pt surface atom layer [11, 21, 22]. These effects predominantly suppress the formation
of Pt-OH and improve the ORR activity due to the availability of more active sites for
oxygen reduction [11, 14, 21-23].
Irish et al. reported a three-fold increase in the mass activity of PtCu3/C alloys
prepared by a solution-phase reduction followed by annealing and dealloying [24].
The high-temperature annealing of the reduced catalysts results in the formation of
~2-3 monolayers of Pt shell on a Cu-rich core. The formation of the core-shell
structure was argued to be the reason for enhanced performance.
Manthiram et al. also found an increase in the catalytic activity with an increase in Cu
content of up to 25 atom % [21]. It was argued that a change in the nanoparticle size,
a shift in the Pt-OH formation to higher potential and the formation of a core-shell
structure with a Cu-enriched core, which modifies electronic properties of Pt,
influence the ORR activity. These authors ruled out the effect of strain to be the
determining factor for enhanced activity as two of their PtCu alloys with identical
lattice parameter showed different ORR activities. Similarly, Johnston et al. reported
that PtCu alloys on graphitized mesoporous carbon exhibit a four-fold increase of the
activity over pure Pt nanoparticles on Vulcan XC-72R carbon [25]. The resistance
against surface oxidation of the graphitic support, which contributes to prevent
particle sintering and dissolution, and the formation of a Pt shell via dealloying were
mentioned as explanations for improved catalytic performance of the alloys.
A general finding of these works is that the dealloying procedures remove
approximately 90% of Cu from the initial alloy [14, 21, 24, 26-28]. Few studies have
synthesized model PtCu alloys through electrodeposition. In such case, a nanoporous
Pt thin film is obtained by selective electrochemical dealloying of Cu [29]. Further
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investigation of the dealloyed Pt film showed enhanced electrocatalytic activity
towards oxygen reduction.
In most of the above works, different catalyst preparation methods were used within a
very limited Pt:Cu compositional range, which makes it difficult to determine the
exact mechanism of Cu dissolution from PtCu alloys. In any case, Cu is
thermodynamically not stable under fuel cell operating conditions and therefore one
could expect complete dissolution in the long run. Moreover, the dissolution of Cu
from the catalyst layer and the corresponding ORR activity of the alloys at various
stages of the durability tests have not been clearly established yet.
The aim of this work is to study the durability of PtCu electrodes by following the
surface and bulk concentration of Cu at various stages of the durability tests and the
concomitant evolution of the ORR activity. To achieve this, a standard catalyst
preparation and durability test method was adopted to rationally compare the
electrocatalytic activity of PtCu alloys with a variety of atomic Pt:Cu ratios.
Electrodeposited PtCu alloys were electrochemically dealloyed and evaluated for their
ORR activity and durability at room temperature under potential cycling. The alloys
were characterized by TEM, SEM, EDX and XPS as a function of potential cycling.

5.2 Experimental
5.2.1 Electrode preparation
All potentials mentioned in this work are compared to the reversible hydrogen
electrode (RHE). PtCu alloys were prepared on a polished Au substrate (geometric
area = 0.2826 cm2) through galvanostatic deposition. A fixed current was applied and
the potential-time curve was recorded. Before deposition, the Au electrode was
electrochemically cleaned in 0.5 M H2SO4 in repeated voltammetric scans between 0
and 1.7 V with a scan rate of 0.05 V/s until a stable cyclic voltammogram (CV) was
obtained. Prior to electrodeposition, stock solutions of H2PtCl6.6H2O and
CuSO4.5H2O were prepared in 1 M aqueous HCl and in 1 M aqueous H2SO4
respectively. Electrodeposition of the alloys was then carried out in the electrolyte
bath consisting of 3mM H2PtCl6.6H2O and 0.1 M CuSO4.5H2O maintained at a pH of
2.5. The alloys were deposited at room temperature under Ar atmosphere and the
deposition time was limited to 550 s. A three-compartment electrochemical cell was
used with a platinized Pt flag counter electrode and an Ag/AgCl reference electrode.
For each alloy composition, the applied current was experimentally predetermined by
averaging the current obtained during potentiostatic deposition.
5.2.2 Morphological and elemental characterization
SEM-EDS analysis was carried out for all the fresh alloys using a Quanta 3D FEG
instrument (FEI Company) to study the surface morphology and to check the Pt:Cu
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atom ratios initially, so as to tune the deposition conditions to the desired elemental
ratio. Various spots were selected on the catalyst layer and the concomitant atom % of
Cu and Pt were averaged. Similarly, any change in the surface morphology and Pt:Cu
concentrations were monitored at several intervals of the electrochemical durability
tests.
Surface elemental composition and depth profiles for selected samples were analyzed
using a Kratos AXIS Ultra X-ray Photoelectron Spectrometer, equipped with a
monochromatic Al Kα X-ray source and a delay-line detector (DLD). Spectra were
obtained using the aluminum anode (Al Kα, 1486.6 eV) operating at 150 W, with
survey scans at constant pass energy of 160 eV and with region scans at constant pass
energy of 40 eV. Depth profiles were obtained by sputtering, while rotating the
sample, using an Argon pressure of 3 × 10-8 mbar, while the emission current was set
to 15 mA with beam energy of 4 kV.
5.2.3 Electrochemical characterization
A three-compartment electrochemical cell was used with a platinum wire in contact
with hydrogen and the electrolyte acting as a reference electrode and a platinized Pt
counter electrode. Durability of the catalysts was studied by cyclic voltammetry
technique by electrochemically scanning the electrodes between the potential of 0.02
V and 1.3 V in 0.5 M HClO4 under Ar atmosphere at a scan rate of 50 mV/s. The
electrochemical active platinum surface area of the catalysts was measured from the
respective CVs by calculating the charge under the hydrogen desorption region
between 0 V and 0.4 V. The charge (210 μC/cm2) required to cover the platinum
surface by a monolayer of hydrogen is used for this calculation.
The ORR activity of the electrodes was recorded after attaining a stable electrode
surface through 15 CV scans, 65 CV scans and at the end of durability tests after 1000
CV scans. The polarization curves were recorded by scanning the electrodes between
0.2 V and 1.1 V in 0.5 M HClO4 under oxygen saturation at a scan rate of 5 mV/s
with a rotation speed of 1000 rpm.
5.2.4 Particle size measurements
The particle size of as prepared catalysts is one of the factors that could determine
their catalytic behavior. In this work, TEM analysis was conducted for specific
catalysts (Pt, Pt70Cu30 and Pt05Cu95) using a Technai-Sphera microscope with a
voltage of 200 kV before and after the durability tests to determine the influence of
particle size on ORR activity. The catalysts were scratched off from the Au substrate,
dispersed in ethanol and ultrasonicated for 5 minutes before mounting on the carbon
coated molybdenum grid.
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5.3 Results
5.3.1 Composition of fresh alloys
The bulk and surface composition of all the alloys determined by EDS and XPS is
shown in Table 5.1. These measurements confirm that by increasing the applied
deposition current the concentration of Cu in the alloys increases as summarized in
Fig. 5.1. The bulk composition of Pt70Cu30 and Pt05Cu95 measured by EDS matches
well with the average composition obtained from XPS, although a slight enrichment
of Pt near the surface is observed with the latter technique.
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Fig. 5.1: Cu concentration as a function of final deposition potential and current
density
5.3.2 Surface morphology of fresh alloys
Particle agglomeration was found for all the electrodeposited catalysts (Fig. 5.2). The
agglomeration becomes more substantial and the surface becomes increasingly
roughened with an increase in the current density or a decrease in the deposition
potential. The surface morphology of freshly deposited Pt70Cu30 and Pt55Cu45 shows
microcracks but the alloys deposited at a relative higher current density (Pt25Cu75 and
Pt05Cu95) were largely closed. The nanoporous structure exhibited by Pt05Cu95 is
probably due to the evolution of hydrogen, which is unavoidable at high current
densities close to the diffusion-limited deposition current density.
5.3.3 Dealloying
The onset potential for the voltage scanning is 0.45 V towards the anodic potential. A
huge increase in the anodic current at ~ 0.3 V, which extends up to ~0.9 V with a
sharp peak at ~ 0.7 V, is observed for all the Pt:Cu compositions during the first two
CV scans as illustrated in Fig. 5.3. On further cycling, both the onset of the anodic
current and the peak position of the sharp peak move towards more positive potential
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and the intensity of the sharp current peak decreases. According to literature [16, 3033], the dissolution current at 0.3 V is associated with the dissolution of pure Cu,
while the anodic current at ~0.7 V is related to the dissolution of Cu from PtCu alloys.

Pt70Cu30

Pt

Pt70Cu30

Pt25Cu75

Pt05Cu95

Fig. 5.2: Surface morphology of various fresh PtCu alloys
From Fig. 5.3 it is observed that varying with the Cu content, the dissolution of Cu
alloyed with Pt continues with increasing potential cycling. This could be due to the
diffusion of bulk Cu to the surface followed by Cu dissolution. The dissolution of Cu
from the bulk of the catalyst layer due the creation of porosity could also be a possible
reason. The cathodic scans of the alloys show two distinctive reduction peaks at ~0.8
V and ~0.65 V, which corresponds to the reduction of platinum oxide and the
underpotential deposition of Cu on to the alloy surface, respectively. In some cases, a
broad reduction peak is noted.
5.3.4 Surface morphology after 15 CVs
The morphologies of Pt and the alloys after 15 potential scans are shown in Fig. 5.4.
They are clearly different from the morphologies of the fresh electrodeposited layers.
The changes between fresh and dealloyed catalyst layers become more pronounced
with increasing Cu content. The difference is very small for the pure Pt catalyst and
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most substantial for Pt05Cu95 with Pt25Cu75 clearly revealing the transition between Ptrich and Cu-rich alloys. The Au substrate was exposed in all PtCu electrodes after 15
CV scans. Dealloying results in a considerable deviation of the Pt:Cu composition
when compared to the fresh electrodes. Table 5.1 shows the Pt:Cu atom ratio of the
alloys after 15 CVs. Altogether, Pt25Cu75 retains a maximum of about 30 atom % of
Cu, while Pt55Cu45 and Pt70Cu30 contain 20 and 17 atom % of Cu, respectively. The
Cu loss of Pt05Cu95 was most pronounced and only 20 atom % Cu was left after
dealloying. However, the rate of Cu dissolution decreases after the initial dealloying
process. Even after 1000 CVs, all the alloys retain about 13-18 atom % Cu (see Table
5.1).
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Fig. 5.3a: Electrochemical dealloying of (a) Pt70Cu30 and (b) Pt55Cu45
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Fig. 5.3a: Electrochemical dealloying of (a) Pt25Cu25 and (b) Pt05Cu95
5.3.5 Cyclic voltammograms after Cu leaching and the durability tests
For the alloy catalysts, Pt is exposed directly from the first CV scan, although a clear
distinction between the strong and weak hydrogen adsorption/desorption peaks as is
common for pure Pt is not observed. The increase in the Hupd current between 0 and
0.4 V during the first few scans denotes the increasing exposure of Pt at the surface
due to Cu dissolution.
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Fig. 5.4: Surface morphology of various PtCu alloys after 15 CV scans
After 15 CVs, the Hupd region in the CV profiles of the alloys look very similar,
although not entirely identical; the well-defined representative peaks of Pt are not
observed for them (Fig. 5.5). Thus, the presence of Cu in the underlying layers has an
influence on the adsorption of hydrogen on platinum. The Hupd region in the CV
profile of the alloys recorded at the end of 1000 potential scans on the other hand is
quite similar to that of Pt (Fig. 5.6). At the end of 15 CV scans, the peak positions of
platinum oxide reduction peak was shifted towards more negative potential for
Pt05Cu95 compared to Pt and other PtCu alloys. This shift might be due to the much
smaller particle size of Pt05Cu95. Remarkably, relative to the size of the Hupd region,
the size of the PtOx region is quite variable, increasing, for the alloys, with decreasing
initial amount of Pt (but Pt itself does not fit this trend). After 1000 CVs, platinum
oxide reduction occurs at similar potential for all the PtCu alloys while for Pt it occurs
at a slightly more positive potential. Although the anodic current from Hupd region of
the catalysts is quite comparable, dissimilarities in the platinum oxidation and
reduction current were observed for the catalysts. This behavior is noted for the
catalysts after 15 as well as after 1000 CVs.
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The SEM micrographs and the XPS data (vide supra) indicate that the Au substrate is
becoming exposed during voltage cycling. However, the Au redox couple was not
observed in the CVs of the alloys. A much higher current involved in the oxidation
and reduction process of Pt is the likely cause that the oxidation/reduction of Au is not
observed.
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Fig. 5.5: CVs of Pt and PtCu alloys after 15 CV scans. Conditions: 50 mV/s, 20°C,
0.5 M HClO4
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Fig. 5.6: CVs of Pt and PtCu alloys after 1000 CV scans. Conditions: 50 mV/s, 20°C,
0.5 M HClO4
An interesting feature is that the hydrogen evolution current is lower for Cu-rich
alloys compared to Pt, while Pt-rich alloys appear to be more active for the hydrogen
evolution reaction (HER) than Pt and Cu-rich alloys. It is generally recognized that on
a Pt electrode the hydrogen evolution rate is controlled by the recombination of
adsorbed hydrogen atoms neighboring each other. It is reported that the presence of
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adatoms such as Cu on Pt due to underpotential deposition, which do not adsorb
hydrogen atoms, would lead to a decrease of the probability of recombination of the
adsorbed hydrogen, and thus a decrease of the hydrogen evolution rate [34].
Fresh Pt:Cu
Electrode
Pt

EDS
100:0

Pt70Cu30

70:30

Pt55Cu45
Pt25Cu75

53:47
23:77

Pt05Cu95

05:95

XPS
100:0
S 78:22
B 68:32
S 10:90
B 05:95

Pt:Cu
after 15 CVs
EDS
XPS
100:0
100:0
S 81:19
83:17
B 71:29
80:20
71:29
S 78:22
81:19
B 70:30

Pt:Cu after 1000 CVs
EDS
100:0
86:14
82:18
82:18
87:13

XPS
100:0
S 91:09
B 79:21
S 96:04
B 82:18

S: surface; B: Bulk
Table 5.1: Comparison of Pt:Cu atomic ratio during the durability tests
5.3.6 Electrochemical active Pt surface area (ECSA)
Table 5.2 lists the ECSA of the Pt and Pt alloy catalysts after deposition, 15 and 1000
CV scans. The ECSA values are quite similar going from Pt to Pt25Cu75. For Pt05Cu95
a much higher ECSA was found and this can be related to the substantial increase of
the porosity due to Cu dissolution. For Pt05Cu95, similar to non-noble metal rich coreshell structures [21, 24, 27], voltammetric dealloying opens the catalyst surface
enormously and exposes more Pt as evident from Fig. 5.4. Table 5.2 shows that all the
alloys lose about 50 – 55 % of their initial ECSA after 1000 CVs. In comparison, Pt
looses 40 % of the initial ECSA. This indicates that the mechanism of ECSA loss for
the alloys is similar to that for Pt. The amount of Cu in the catalyst layer is reduced to
around 20 – 30 atom % after the initial dealloying and a limited Cu dissolution rate
occurs thereafter. As the morphology of the catalyst layers does not substantially
change between 15 and 1000 CV scans, the scanning electron micrographs at the end
of the durability test are not shown. The unchanged morphology between 15 and 1000
CV scans of the initially extremely corroded Pt05Cu95 together with the stabilized Cu
composition and similar ECSA loss rate after 15 CVs as compared to all the other
alloys emphasizes that the porosity created by Cu dissolution during the initial CV
scans determined the initial ECSA of this alloy. The other alloys do not show a clear
relation between the initial Cu dissolution and the initial ECSA.
5.3.7 Particle size by TEM
The TEM micrographs and the corresponding particle size distributions of selected
catalysts are shown in Fig. 5.7. The average particle size of the alloys was smaller
than that of the Pt catalyst. The particle sizes of the fresh catalysts decrease in the
order of Pt (4.5 ± 1.2 nm) > Pt70Cu30 (2.8 ± 0.5 nm) > Pt05Cu95 (1.9 ± 0.4 nm). The
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catalyst particles tend to grow under potential cycling. At the end of the durability
test, the Pt catalyst had an average particle size of 5.2 ± 2.2 nm. Pt70Cu30 and Pt05Cu95
alloys contained particles in the size of around 4.0 ± 0.7 nm and 3.8 ± 0.7 nm,
respectively.
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Fig. 5.7a: TEM micrographs and particle size distribution of Pt before and after
potential cycling
5.3.8 XPS analysis
The elemental composition of Pt70Cu30 and Pt05Cu95 over the thickness of the catalyst
layer was measured using XPS (Fig. 5.8) and the data are shown in Table 5.1. The Pt
4f, Cu 3p and Au 4f spectra are shown in Figs. 5.9 and 5.10. The depth profiles in Fig.
5.8 suggest that in the fresh catalysts the surface is enriched in Pt. Compared to the
fresh catalyst, there is depletion of Cu in the subsurface region as well as in the bulk.
A comparison of fresh and aged Pt70Cu30 and Pt05Cu95 clearly indicates that after
extensive dealloying the composition stabilizes. In addition, the Cu concentration in
the subsurface layers is higher than the average concentration after 15 and 1000 CV
scans. This inhomogeneity in the Pt:Cu composition is not observed for the fresh
alloys. Moreover, this compositional difference across the catalyst layer is more
pronounced for Pt05Cu95. This could be due the porosity and unevenness in the
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catalyst layer created due to dealloying, the different particle size in the catalyst layer
or due to the formation of Pt-rich and Cu-rich particles as discussed in literature [4].
The possibility of the diffusion of non-noble metal towards the surface from the bulk
cannot be excluded if a thermodynamically stable composition is not achieved.
The oxidation state of Cu from Cu 2p spectra at ~ 932 eV could not be assigned as the
binding energies of metallic Cu and Cu2O overlap. A shoulder observed in the Cu 2p
spectrum of fresh Pt05Cu95 indicates the presence of CuO. The exposure of Au due to
dealloying is confirmed by the feature at ~ 83 eV after just 15 CV scans (Fig. 5.10). A
relatively higher intensity of the Au feature in the spectra for Pt05Cu95 reflects the
vulnerability of this alloy towards electrochemical leaching. The Pt content in this
alloy is too low to form a protective shell to prevent Cu dissolution.
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Fig. 5.7b: TEM micrographs and particle size distribution of Pt70Cu30 before and
after potential cycling
Fig. 5.10 shows a small negative shift of 0.3 V for the Pt state compared to that of
pure Pt metal (71.1 eV) for freshly deposited Pt05Cu95. The small shift in the Pt
binding energy upon alloying with Cu has been described before in literature [21].
This shift was not observed from the as-deposited surface of Pt70Cu30 (Table 5.3).
After 15 and 1000 CV scan, the differences in the Pt binding energy shift are minor.
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5.3.9 ORR activity
The anodic scan of the polarization curve under oxygen of the electrodes is shown in
Fig. 5.11. The apparent ORR activity of PtCu alloys was identical to that of Pt except
for Pt05Cu95. Pt05Cu95 maintained this high ORR activity until the end of 1000
potential cycles. The roughly four-fold higher ECSA of Pt05Cu95 compared to the
other catalysts of course helps explain the superior kinetic current exhibited by this
particular alloy.
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Fig. 5.7c: TEM micrographs and particle size distribution of Pt05Cu95 before and
after potential cycling
5.3.10 Specific activity
In order to fairly compare the ORR activity of the electrodes, the ORR activities of
the catalysts are normalized to their ECSA. These specific activities of the alloys
measured at 0.95 V are presented in Table 5.2. The specific activities of the alloys
after 15 potential scans are nominally higher (max. 1.5 times) than that of Pt with
Pt55Cu45 being the most active. In spite of having a higher half-wave potential (E1/2),
Pt05Cu95 exhibits a similar specific activity as that of the other alloys. That is, the
higher measured activity of Pt05Cu95 is primarily due to the higher ECSA.
Subsequently, the specific activity of Pt and PtCu alloys already started to decrease
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after 65 CV scans. The specific activities determined at the end of 1000 CV scans are
considerably lower than the initial ones for the catalysts. At the end of potential
cycling, the specific activity of the catalysts depends on the initial Cu content with
higher the Cu content higher the specific activity. The loss in the catalytic activity was
higher for the Pt and Pt-rich alloys than for the Cu-rich alloys. In general, although Ptrich alloys demonstrate similar or higher activity than the other catalysts during the
initial stages, the potential stability of Cu-rich alloys is better than Pt and Pt-rich
alloys under the applied durability test conditions.
Electrochemical
active Pt surface area
from Hupd, cm2
Electrode
Pt
Pt70Cu30
Pt55Cu45
Pt25Cu75
Pt05Cu95

15CV
3
2
2.2
2.2
9.2

Specific activity
@0.95V, μAcm-2

65CV 1000CV 15CV 65CV 1000CV
2.5
1.8
112 99
26
1.6
0.9
123 82
31
1.7
1.1
172 136
39
1.8
1.3
135 86
43
7.2
4.9
159 126
63

Half-wave potential,
E1/2, mV
15CV
912
909
920
904
953

65CV 1000CV
896
814
895
801
910
844
898
863
945
919

Table 5.2: Electrochemical data of the catalysts during the durability tests
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Fig. 8: XPS depth profile of Pt70Cu30 and Pt05Cu95 before and after potential cycling
A difference in the ORR polarization curve was observed for Pt05Cu95 when measured
in fresh electrolyte and in electrolyte with dissolved Cu. The polarization curves of
Pt05Cu95 recorded in oxygen saturated copper-containing and fresh 0.5 M HClO4 is
shown in Fig. 5.12. The diffusion-limited current for the alloy decreased slightly when
scanned in the Cu-containing electrolyte. Meanwhile, on reversing the potential to
anodic, a peak at ~ 0.5 V is observed, which indicates the dissolution of Cu.
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As the similar polarization behavior is not observed in the fresh electrolyte and also
not for the other Pt-rich alloys, the dissolution of remaining Cu from the catalyst layer
under slow scan rate can be eliminated. Accordingly, these observations can be
related to the underpotential deposition of Cu on the catalyst surface during the
cathodic scan at more negative potentials and the oxidation of the deposited Cu during
the anodic scan. The CVs, ORR polarization curves and the resultant kinetic
parameters presented in this Chapter at different intervals of electrochemical cycling
are recorded in the fresh electrolyte. However, Strasser et al. reported that the ORR
measurements on Pt25Cu75/C were not limited by the presence of dissolved Cu ions
into the liquid electrolyte [14] and this observation is supported by our studies on
carbon supported Pt15Cu85, which will be discussed in Chapter 7. This is because
usually only very little catalyst material is used for the RDE measurements to obtain a
higher mass activity. Still, from the viewpoint of fuel cell applications, it is always
recommended to preleach or redox replacement of the excess Cu from the catalyst to
avoid membrane degradation.
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Fig. 5.9: Cu 2p XPS spectra from the surface of (a) Pt70Cu30 and (b) Pt05Cu95 before
and after potential cycling

5.4 Discussion
Particle growth and Cu dissolution are regarded as the major factors to affect the
durability of PtCu alloys for ORR. The ECSA loss in the PtCu alloys is higher than
that of Pt, which could be due to the lower initial average particle size of the alloys.
The dissolution of Cu from the catalyst layer was periodically monitored in order to
determine the effect of Cu dissolution on the durability of the alloys. Table 5.1 gives
the results from the EDS analysis and confirms significant Cu dissolution from the
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alloys during the first 15 CV scans. However, it is established that the Pt:Cu
composition of the alloys stabilizes thereafter as no considerable change in the atomic
Pt:Cu ratio was observed between 15 and 1000 CV scans. It has been reported that,
for PtNi and PtFe alloys prepared by sputtering, a non-noble metal concentration of
less than 50 atom% only leads to the dissolution of the non-noble metal from the
surface. When the non-noble metal concentration is larger than 50 atom% the
dissolution occurs from both the surface and the bulk [26]. Similar results for
dissolution of the non-noble metal were obtained for electrodeposited PtCo (Chapter
2) and PtNi (Chapter 3) alloys under similar durability test conditions as employed
here. Besides, all PtCu, PtCo and PtNi alloys retained about 10 – 20 atom% non-noble
metal after 1000 CV scans. As Cu, Co and Ni are thermodynamically not stable under
the employed test conditions, one may suspect that the current durability tests are not
sufficiently long to completely dissolve the non-noble metal. However, as will be
shown in Chapter 6, even upon cycling at 80 °C a very similar end situation is
obtained for these alloys suggesting that perhaps a metastable composition can be
obtained. The ability to form a protective Pt surface layer is widely accepted to
explain this state of affairs.
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Fig. 5.10: Pt 4f and Au 4f XPS spectra from the surface of (a) Pt70Cu30 and (b)
Pt05Cu95 before and after potential cycling
XPS depth profiling studies were conducted on Pt70Cu30 and Pt05Cu95 alloys that are
taken to represent Pt-rich and Cu-rich alloys, respectively. The XPS data are
compared after 15 CV and 1000 CV scans to check for any variations in the Cu
content over the catalyst layer during voltage cycling. Both Pt70Cu30 and Pt05Cu95
retained about 20 atom% Cu on the surface and subsurface layers after 15 CV scans.
This can be related to the observed distinctions in the Hupd region of the CVs between
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Pt and Pt alloys after 15 CV scans in Fig. 5.5. Prolonged voltage cycling up to 1000
CV scans leads to enrichment of the catalyst surface with Pt as also reflected by the
identical hydrogen adsorption/desorption features in the CVs of Pt and Pt alloys (Fig.
5.6). However, even with the Pt enriched catalyst layer, the surface oxygen coverage
represented by the ratio of saturated hydrogen adsorption charge to platinum surface
oxidation charge (QO/2QH) is quite different for different alloys, suggesting
dissimilarities in the reactivity of surface Pt for these alloys.
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Fig. 5.11: Polarization curves of Pt and PtCu alloys on RDE after (a) 15 and (b) 1000
CV scans. Conditions: 5 mV/s, 20 °C, oxygen saturated 0.5 M HClO4, 1000 rpm
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Fig. 5.12: Polarization curves of Pt05Cu95 on RDE showing Cu upd after 1000 CV
scans. Conditions: 5 mV/s, 20 °C, oxygen saturated 0.5 M HClO4, 1000 rpm
Although the amount of Cu in the catalyst layer of the Pt70Cu30 and Pt05Cu95 is quite
comparable at the end of the durability tests, Pt05Cu95 is found to be more active and
durable with a specific activity loss of about 60 %, whereas Pt70Cu30 lost about 75 %
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on comparing the performance after 15 and 1000 CV scans. After the durability tests,
the specific activity of Pt05Cu95 was more than two times than that of Pt itself, while
that of Pt70Cu30 was about equal to Pt. In general, a change in Pt reactivity, as
reflected in a Pt binding energy shift, due to the effect of underlying alloying element
is considered to impede the OH adsorption on Pt in the ORR potential range and
hence to enhance the ORR activity [10, 11, 35]. However, our XPS measurements
(Table 5.3) do not reveal any perturbation in the binding energy of surface Pt of both
Pt70Cu30 and Pt05Cu95 after 15 and 1000 CV scans. Similarly, the oxygen surface
coverage of Pt does not follow any specific trend with regard to the specific activity or
the initial Cu concentration of the alloys. This indicates that the binding energy shift
in surface Pt due to underlying Cu and the difference in the oxygen surface coverage
of Pt are not sufficient to explain the higher activity of Cu-rich alloys after the
durability studies.

BE Pt4f7/2
Surface
After sputtering

Electrode
Pt70Cu30

71.1

71.0

Pt70Cu30 15 CVs

71.2

71.2

Pt70Cu30 1000 CVs

71.1

71.2

Pt05Cu95

70.8

70.8

Pt05Cu95 15 CVs

71.1

71.2

Pt05Cu95 1000 CVs

71.2

71.2

Table 5.3: XPS Pt 4f7/2 binding energies (BE) from selected catalysts before and
after potential cycling

From literature it follows that the dissolution of non-noble metal from the non-noble
metal rich Pt alloys results in the formation of core-shell structure with Pt-rich shell
and non-noble metal rich core [17, 18, 27, 36]. In that case with the help of HAADFSTEM, XAS, XPS, XES and HR-EDS, it was reported that the geometric strain
created on the surface Pt by the formation of a core-shell structure with different
lattice parameters influences the surface Pt in such manner that the ORR activity is
enhanced [28]. Further work would be necessary to see whether this type of
explanation would also hold for the electrodeposited alloys under discussion.
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5.5 Conclusion
PtCu alloys with a particle size smaller than 5 nm were obtained by electrodeposition.
The alloy particle size decreased with increasing Cu content. Dealloying of Cu from
the PtCu alloys was very fast; so that the amount of Cu was already reduced to less
than 30 atom% after 15 CV scans. Regardless of the initial Cu content, PtCu alloys
retain about 13-18 atom% of Cu after 1000 CV scans, suggesting that a stable end
situation is obtained for these alloys. Pt-rich alloys exhibited specific activity similar
to that of Cu-rich alloys during the initial stages of the potential cycling, whereas the
latter showed a better potential stability. Electrochemical characterization and
composition analysis of the alloys after the durability tests revealed that the surface of
the alloys is enriched in Pt with Cu in the subsurface layers with only minor
differences between catalysts obtained with different initial Cu content. The durability
of the catalysts increases with an increase in the initial Cu content. Pt05Cu95 is found to
be the most durable catalyst in the compositional range investigated. Further detailed
investigations of the surface Pt structure are required to elucidate the improved
stability of the latter catalyst.
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Appendix II
A comparison of the durability of PtCo, PtNi and PtCu
alloys

The ORR activity of model unsupported and carbon supported Pt and different Pt-rich
alloys was already investigated by many research groups [1-7]. Quite recently, the use
of PtM alloys with a higher initial non-noble metal content were explored and shown
to exhibit a substantially higher ORR activity in comparison to commercial Pt/C [811]. However, the reports about the stability of these alloys are conflicting and it has
not been determined yet what is the cause of these differences [2, 9, 12-17].
Undoubtedly, part of the differences between various studies are due to the type of the
alloying element, the preparation method, the annealing temperature, the type of
carbon support and obviously also the experimental conditions employed to determine
the activity and stability of the alloys.
In the previous chapters, the effect of alloying Co, Ni and Cu with Pt in various
amounts on the activity and the durability in the ORR at room temperature was
extensively studied using similar catalyst preparation (electrodeposition) and
experimental conditions. This presents the possibility to compare the activity and
stability as a function of alloy composition and to also link these results to the surface
and bulk composition, the electrochemical active Pt surface area (ECSA), the particle
size and possible electronic effects of the alloy on the Pt surface atoms.
Durability of the alloys
Fig. AII.1 shows that the mass transport-corrected ORR kinetic current (ik) of the
catalysts measured at 0.95 V has enormously decreased after 1000 CV scans. The
kinetic current was corrected for the mass transport limitations according to: ik =
id*i/(id-i), where i is the measured current while id is the limiting current. The current
loss was more substantial for Pt and Pt-rich alloys than for the non-noble metal-rich
alloys. For pure Pt, the deactivation of Pt electrocatalyst is driven by the loss in
electrochemical surface area (ECSA) through particle sintering and catalyst. For the
alloys, in addition to these factors, the dissolution of alloying element in the acidic
environment plays a major role in the performance loss.
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ECSA loss and particle growth
Loss in the ECSA was observed for both Pt and Pt alloys during voltage cycling. The
ECSA loss was strongest during the initial CV scans as shown in Fig. AII.2.
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Fig. AII.1: Comparison of the mass transport-corrected kinetic current of the
catalysts after durability tests
To provide some quantification of the ECSA loss, it is about 1.5-3.5 % per CV scan
for the first 15 CV scans. Typically, the ECSA loss at this early stage of potential
cycling is more pronounced for the non-noble-metal-rich alloys. In comparison, the
ECSA loss decreases to about 0.4 % per scan between 15 and 65 scans and becomes
very low at about 0.03-0.04 % per CV scan up to 1000 scans. At the end of the
stability tests, the catalysts typically retained 45-60 % of their initial ECSA, with Pt
retaining the most of its initial ECSA.
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Fig. AII.2: Comparison of (a) ECSA and (b) ECSA loss of the catalysts during the
durability tests

102

A general observation in the CV profiles is that the PtOx reduction peak shifts towards
higher potential during potential cycling. This shift is indicative of Pt particle growth.
In this work, for Pt and Pt alloys, the shift in the peak position towards positive
potential is most pronounced during the first 15 CV scans (Fig. AII.3). For example,
by comparing Pt75Ni25 and Pt10Ni90 after 1 and 15 CV scans, the differences in the
peak position are + 30 mV and + 138 mV, respectively, On the other hand, the
differences in the peak position between 15-65 CV scans and 65-1000 CV scans are
only + 5 mV and + 8 mV for Pt75Ni25 and + 9 mV and + 4 mV for Pt10Ni90. In
addition, the higher the ECSA of the alloy after 1 CV scan the higher the shift in the
PtOx reduction peak towards negative potential.
This kind of behavior is observed for both PtCo and PtNi alloys considered in this
work. As the non-noble metal dissolution in PtCu alloys is more extensive than for the
other alloys during the initial CV scans, the ECSA loss of the PtCu alloys could not
be precisely determined between 1-15 CV scans. This suggests that the agglomeration
of particles takes place predominantly during the first 15 CV scans. Thereafter
particle growth is quite similar for the catalysts irrespective of the alloying element
and composition. Even though we did not measure the amount of Pt dissolved, the
vast decrease in the ECSA of the catalysts between 1-15 CV scans can be linked to
accelerated particle growth. This means that dissolution of Pt occurs through
formation of Pt oxide in the anodic scan followed by redeposition of Pt on another
particle. This process is known as Ostwald-ripening. The occurrence of this process
through repeated voltage cycles results in particle growth. The shift in the PtOx peak
position and the growth in the particle size is more substantial for non-noble metalrich alloys as corroborated by the TEM (Chapters 2, 4, 5) and the XRD (Chapters 2,
4) results. Besides, the higher surface oxygen coverage observed for the Pt alloys
when compared to Pt during the initial CV scans could also be traced back to the
presence of smaller particles in the alloyed catalysts. Despite these trends, it is
obvious from the large set of data that there is no direct relation between the activity
loss and ECSA loss. Thus also other factors may be relevant such as the surface
composition etc.
Specific activity loss
To take into account differences in the ECSA of various catalysts, Fig. AII.4 gives the
surface area-normalized specific activities based on the kinetic current at 0.95 V.
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Pt oxide reduction position, mV vs RHE
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Fig. AII.3: Comparison of the change in platinum oxide reduction peak of the
catalysts during the durability tests

15CV
65 CV
1000CV

Specific activity@0.95V, µA/cm

2

400

300

200

100

0
Pt Co25 Co50 Co75 Co90 Ni25 Ni50 Ni75 Ni90 Cu30 Cu45 Cu75 Cu95

Fig. AII.4: Comparison of the specific activity of the catalysts during the durability
tests
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Fig. AII.5: Comparison of the dissolution of the non-noble metal component from the
catalyst layer during the durability tests
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For each group of alloys, the dependence of the specific activity after 15 CV scans on
the Pt:M ratio is different. The variations of the specific activity with compositions
are relatively minor for PtCo. In contrast, for PtNi and PtCu alloys, the Pt75Ni25 and
Pt55Cu45 compositions were more active than the others. However, the specific
activity of all alloys was more active than Pt at this stage.
After 1000 CV scans, the loss in the specific activity among the PtCo alloys is quite
similar except for Pt10Co90, which shows a two-fold higher specific activity. This
higher activity also holds in comparison to PtNi and PtCu alloys. In the PtNi alloys a
maximum specific activity as a function of the composition is observed for Pt25Ni75.
For PtCu alloys, an increase in the specific activity with an increase in the initial Cu
content of the alloy was observed. In general, the initial specific activity of non-noble
metal rich alloys is equal to or less than that of the Pt-rich alloys but their specific
activity after 1000 CV scans is better than that of the other catalysts with Pt10Co90
being clearly the most active and most durable among all the catalysts.
Non-noble metal loss
In Fig. AII.5, the non-noble metal content of all investigated alloys is compared for
the fresh electrodes and the electrodes after 15 and 1000 voltage cycles. Irrespective
of the alloying element and the starting composition, extensive cycling for 1000
cycles leads to non-noble metal contents around 15 atom%.
At the same time, there are quite substantial differences in the rate of non-noble metal
dissolution during the first 15 cycles. For instance, the non-noble metal content after
15 CV scans for Pt10Co90 and Pt10Ni90 are about 60 and 55 atom% Co and Ni,
respectively, whereas, Pt05Cu95 retains only about 20 atom% Cu.
Given that Cu is more noble than Co and Ni (E0 of Co, Ni and Cu are -0.28, -0.25 and
+0.34 V vs. SHE), it can be concluded that other factors such as the exact nature of
the alloying, diffusion of the non-noble metal in the alloy and the stability of the alloy
itself should explain the differences in corrosion resistance.
For PtCu alloys it has been suggested before that the inability to form a protective Pt
layer during dealloying results in more extensive dissolution of the non-noble metal
as compared to PtCo and PtNi alloys [8]. In the present work, the surface of the fresh
alloys was enriched in Pt irrespective of the non-noble metal. Despite differences in
the dissolution rate between the various alloys, which are noticeable during initial
potential cycling, all alloys contained between 10 and 20 atom% non-noble metal
after 1000 CV scans. Further, XPS measurements show that the surface of all PtNi
and PtCu alloys is enriched in Pt with less than 10 atom % of non-noble metal. In
contrast, the subsurface layers of the alloys still retain about 20-35 atom % non-noble
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metal even after extensive potential cycling. However, the final specific activity of
these alloys that differ little in their final composition is strongly influenced by the
initial composition.
The upshot of all this is that there is not much difference in the loss of ECSA and the
loss of non-noble metal between the alloys considered here. Despite this, the specific
activity and the durability of the non-noble metal rich alloys are higher than for the
Pt-rich alloys. Differences in the particle size cannot explain these differences. If at
all, one would expect that the smaller particles of the alloys as compared to pure Pt
should have a lower activity [18, 19].
In conclusion, partially dealloyed non-noble metal rich alloys are more active than
pure Pt for the ORR in PEMFC. Based on these room temperature experiments, nonnoble metal rich catalysts potentially offer a much better long term ORR activity than
the Pt catalysts presently being employed in PEMFC cathode catalysts. The most
pressing issues, however, remain the durability, and thus the applicability of these
alloys at elevated temperature as well as their performance when supported on carbon.
These two critical issues will be the subjects of the investigations in the following two
chapters.
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6
Electrocatalytic activity and durability at elevated
temperature of PtCo, PtNi and PtCu alloys

The durability of model electrodeposited Pt-M (M = Co, Ni, Cu) alloys was studied in
0.5 M HClO4 at 80 °C to mimic the actual fuel cell environment. Cyclic
voltammograms and polarization curves were recorded to determine the oxygen
reduction reaction activity at room temperature and at 80 °C before and after the
durability tests. The surface morphology and the composition change in the catalyst
layer before and after the electrochemical cycling experiments were determined with
SEM-EDS. All the alloys retained a considerable amount of non-noble metal at the
end of the durability tests, viz. 10-25 atom% irrespective of the initial composition.
The specific activities obtained after 1000 CVs at 80 °C increase in the sequence Pt <
PtCu < PtCo < PtNi.
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6.1 Introduction
Proton exchange membrane fuel cells (PEMFC) are generally operated at
temperatures around 80 °C [1-3]. This temperature is considered to minimize
activation, ohmic and mass-transport limitations even at high current densities (~ 2
A/cm2) [1-3]. Systematic studies have been conducted on Pt single crystals, planar
polycrystalline and carbon supported nanoparticles at temperatures between 20 °C
and 80 °C to elucidate the temperature dependence of the kinetically controlled
oxygen reduction reaction (ORR) activity as well as the ORR mechanism [4-15]. The
search for more active, stable and cost effective oxygen reduction catalysts has led to
the development of Pt alloys [16-19].
Loss of the surface area due to particle growth via particle migration and Ostwald
ripening along with Pt dissolution are the major reasons for the limitation of the
lifetime of Pt/C catalyst under PEMFC conditions. The dependence of the solubility
of both polycrystalline Pt and carbon supported Pt nanoparticles on temperature and
operating potential is reported elsewhere [20-23]. For carbon supported Pt alloys,
deactivation of the catalysts as a result of the dissolution of alloying element occurs in
addition to the loss of electrochemical active surface area (ECSA). The leached metal
cations poison the ionomer membrane in PEMFC by displacing the protonic sites and
catalyze the degradation of the membrane [3,16]. One method to prevent membrane
contamination is to preleach the alloys in acid before forming the membrane and
electrode assembly (MEA) [3,16].
Wakabayashi et al. witnessed dramatic reduction in the ORR activity of PtCo, PtFe
and PtNi alloys when the alloys were exposed to temperatures higher than 60 °C [13].
In most other works, Pt rich Pt-M (Co, Ni, Fe, Cu) alloys and the more so for nonnoble metal rich Pt alloys catalysts of the core-shell type, the durability is similar to
that of Pt/C when tested under fuel cell conditions with a two fold increase in specific
activity and mass activity after durability tests [25-28].
In the previous Chapters, the potential stability and the catalytic activity of PtCo, PtNi
and PtCu alloys were studied at room temperature. However, considering the fact that
the actual PEMFC operates around 80 °C, this investigation aims to test the ORR
activity, stability and compositional changes of electrodeposited PtCo, PtNi and PtCu
alloys under actual fuel cell operating conditions.

6.2 Experimental
6.2.1 Electrode preparation

110

The alloys were deposited on an electro-polished Au substrate, which is a rotating
disk electrode (RDE), under galvanostatic conditions as described in the previous
Chapters. The composition of the alloy was adjusted by proper choice of the
deposition current. In this study, the catalyst layer thickness was increased by
increasing the deposition time to 1800 s instead of 550 s (Chapters 2, 4, 5) because of
the high dissolution rate at relatively higher temperatures such as 80 °C.
6.2.2 Electrochemical characterization
A double walled three-compartment electrochemical cell, which contains a platinized
Pt counter electrode and a lab-made reversible hydrogen reference electrode (RHE),
was used for the electrochemical experiments. A thermostat was used to control the
temperature of the cell by flowing water through the wall of the cell. Prior to exposing
the electrodes to 80 °C, the alloys were electrochemically cycled between 0.05 V and
1.3 V at a sweep rate of 50 mV/s for 50 CV scans at room temperature to not only
have a stable surface after the initial dealloying process but also to protect the nonnoble metal from instantaneous leaching at 80 °C.
After this surface stabilization procedure, the electrodes were electrochemically
cycled in the potential region of 0.6 V and 1.2 V for 1000 CV scans at 80 °C. In order
to measure the electrochemical surface area of platinum, cyclic voltammograms of the
electrodes in the potential range of 0.05 V and 1.3 V were recorded before and after
recording 1000 CV scans at 80 °C. All the potential cycling measurements were
carried out in 0.5 M HClO4 under argon atmosphere at 50 mV/s scan rate.
The electrochemical active platinum surface area (ECSA) of the catalysts was
calculated by integrating the area under Hupd region (0.02 V – 0.4 V) of the
respective CV. The charge (210 μC/cm2) required for monolayer coverage of
hydrogen on platinum polycrystalline surface is taken into account for this calculation.
Similarly, hydrodynamic voltammograms to measure the intrinsic ORR activity at the
working electrode were recorded at the end of 50 CV scans at room temperature, 5
CV scans at 80 °C and 1000 CV scans at 80 °C. The electrodes were scanned in the
potential region between 0.2 V to 1.1 V at a sweep rate of 5 mV/s in oxygen saturated
0.5 M HClO4 with a constant flow of oxygen throughout the measurements.
6.2.3 Elemental analysis
The surface morphology and the respective composition of the fresh and aged alloys
were studied using EDS. After the electrochemical measurements, the Au substrate
that contains the catalyst layer was cleaned with deionized water and then carefully
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detached from the RDE. The Au substrate was then mounted on the sample holder of
a Quanta 3D FEG instrument (FEI Company) for composition analysis.
Fresh

After 1000 CVs
at 80 °C:

Pt

Pt75Co25

Pt10Co90

Pt75Ni25

Fig. 6.1: Morphology of the catalysts before and after potential cycling
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Fresh

After 1000 CVs
at 80 °C:

Pt10Ni90

Pt70Cu30

Pt05Cu95

Fig. 6.1: Morphology of the catalysts before and after electrochemical cycling

6.3 Results and discussion
6.3.1 Surface morphology of fresh catalysts
The surface micrographs of the fresh catalysts indicate a very dense structure as
noticed from Fig 6.1. Pt, Pt75Co25 and Pt75Ni25 have a flower-like structure, which
grows vertically with each petal-like structure consisting of nanosized particles.
Pt70Cu30 has a surface in which the particles deposit as closely packed nodules.
Microcracks and nanosized cracked were noticed for this alloy. The surface of
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Pt05Cu95 shows a nanoporous structure, whereas Pt10Ni90 and Pt10Co90 have dense
nanolevel spherical particles and agglomerates.
6.3.2 Cyclic voltammograms
Fig. 6.2a-f shows the CV of the electrodes before and after the durability tests. The
Hupd region after 50 CVs at room temperature shows a clear difference between pure
Pt (Fig. 6.2a) and the Pt alloys (Fig. 6.2b-f), which suggests a different hydrogen
adsorption behavior of Pt due to alloying.
Pt
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Fig. 6.2a: CVs of Pt during potential cycling. Conditions: 50 mV/s, 0.5 M HClO4
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Fig. 6.2b: CVs of Pt75Co25 during potential cycling. Conditions: 50 mV/s, 0.5 M
HClO4
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The Hupd peaks shifts towards less positive potentials as the temperature is increased
to 80 °C, which is due to the difference in the heat of hydrogen adsorption [29]. The
alloys start to exhibit fingerprints of polycrystalline Pt already within the first 5 CV
scans at 80 °C as is evident from the difference in the CV profiles of the alloys after
50 CVs at room temperature and after 5 CVs 80 °C. This finding is in agreement with
literature data that the dissolution rate of transition metals increases with increasing
temperature, resulting in a Pt enriched surface layer [19,30,31]. On the other side, the
temperature dependence of Pt towards oxidation/reduction is evident from the start of
Pt surface oxidation at more negative potential and platinum oxide reduction at more
positive potential at 80 °C than at room temperature. Also, the PtOx region appears to
become more reversible at high temperature.
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Fig. 6.2c: CVs of Pt10Co90 during potential cycling. Conditions: 50 mV/s, 0.5 M
HClO4
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Fig. 6.2d: CVs of Pt75Ni25 during potential cycling. Conditions: 50 mV/s, 0.5 M
HClO4

115

A small anodic peak at about 0.76 V for Pt after 5 CV at 80 °C is distinctive for
polycrystalline Pt at higher temperatures in perchloric acid. Although this signature
peak is not seen for the alloys after 5 CV at 80 °C, it appears after 1000 CV at 80 °C.
The surface oxygen coverage represented by the ratio of saturated hydrogen
adsorption charge to platinum surface oxidation charge (QO/2QH) is higher at 80 °C.
Here, the factor 2 refers to the number of electrons required to reduce PtO. In general,
oxygen coverage of 0.5, 1 and 2 correspond to monolayers of PtOH, PtO and PtO2
respectively. The surface coverage of oxygen was found to be higher than unity for
the catalysts after 5 CV scans at 80 °C as compared to smaller than 0.8 from the CVs
at room temperature. After 1000 CVs at 80 °C the surface coverage of oxygen
reduced.
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Fig. 6.2e: CVs of Pt10Ni90 during potential cycling. Conditions: 50 mV/s, 0.5 M
HClO4
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Fig. 6.2e: CVs of Pt70Cu30 during potential cycling. Conditions: 50 mV/s, 0.5 M
HClO4
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The shift in the platinum oxide reduction peak potential observed in the CVs of the
catalysts towards more positive potential after 1000 CVs at 80 °C when compared to
that of 5 CVs at 80 °C could be attributed to particle growth. The Au redox peak is
visible for some catalysts after 1000 CV at 80 °C as the dissolution of both Pt and
non-noble metal during the experiment exposes the Au substrate to the
electrochemical environment. Pt75Cu25 is more active for the hydrogen evolution
reaction (HER) both at room temperature and at 80 °C than the other alloys.
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Fig. 6.2f: CVs of Pt05Cu95 during potential cycling. Conditions: 50 mV/s, 0.5 M
HClO4
6.3.3 Surface morphology of aged catalysts
From Fig. 6.1 not much difference in the structure of Pt, Pt75Co25 and Pt75Ni25 was
observed after potential cycling to 1000 CVs at 80 °C. But for the other alloys, the
electrode showed a much more corroded structure due to selective leaching of nonnoble metal. The micro and nano cracks were enlarged and so the Au substrate was
exposed in most cases and supports the appearance of Au redox couple in the CVs
after electrochemical cycling. These created micro and nano cracks acts as channels;
so, the alloying elements dissolved not only from the surface but also from the entire
catalyst layer. A three dimensional nanostructure was formed for Pt05Cu95 as a result
of copper leaching.
6.3.4 Electrochemical active platinum surface area (ECSA)
Table 6.1 presents the ECSA of the catalysts at different stages of the durability tests.
The surface roughness of the catalysts that is calculated from the ratio between ECSA
and the geometrical area (0.2826 cm2) is illustrated in Fig. 6.3. The alloys deposited
with longer time duration (1800 s) revealed a higher ECSA than the thinner layers
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discussed in the previous Chapters. The ECSA of the catalysts immediately reduced
about 20 % when exposed to 5 CVs at 80 °C. This could be attributed to the hindered
adsorption of hydrogen in the presence of perchlorate ions instead of the surface area
loss due to Pt dissolution and particle growth. The observed difference in the charge
associated with hydrogen adsorption/desorption and platinum oxidation/reduction at
80 °C could also be attributed to this site blocking effect rather than to enhanced Pt
oxidation. Pt75Co25 and Pt10Ni90 lost the maximum ECSA at the end of the durability
tests. This is also evident from the appearance of Au substrate peak in their
appropriate CVs after 1000 CV scans. The rest of the catalysts lost about 40 to 55 %
of their initial ECSA. The CVs at 80 °C after the durability tests indicate that both
platinum dissolution and particle growth influence the Pt surface area reduction.
Alloys other than Pt75Co25 and Pt70Cu30 exhibited higher ECSA than Pt after initial
dealloying at room temperature. Even so, the ECSAs the alloys become almost
similar to those of Pt after electrochemical cycling except for Pt75Co25 and Pt75Cu25. It
has been reported that the extensively voltage-cycled dealloyed Pt-alloy catalysts
reach nearly the same Pt specific surface area [27]. This kind of reduction in the
surface roughness has been reported before [13] and was attributed to the increased
migration rate of surface Pt atoms at elevated temperature.
In contrast to this behavior, for the alloys voltammetrically cycled for 1000 CV scans
at room temperature (Chapters 2, 4 and 5 of this thesis), a higher surface roughness
compared to Pt was observed except for a few Pt1-xCux (x = 0.30, 0.45, 0.75) alloys.
Thus, temperature plays a major role in the roughening of the alloy surface. At room
temperature and 80 °C, the surface roughness of Pt05Cu95 is higher than the other
catalysts at the end of 1000 CV scans. This could be related to the more open
structure created during the dealloying step. It should be noted that for the other alloys
not much information could be deduced from the SEM images, as roughness could be
created at the nanoscale.
50@RT
5@80C
1000@80C

60

Surface roughness

50
40
30
20
10
Pt

Pt75Co25 Pt10Co90 Pt75Ni25 Pt10Ni90 Pt70Cu30 Pt10Cu90

Fig. 6.3: Surface roughness of Pt and Pt alloys during potential cycling
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6.3.5 ORR activity measurements
The hydrodynamic voltammograms of the catalysts for the oxygen reduction reaction
at room temperature and at 80 °C are compared in Fig. 6.4. The decreased limiting
current for the catalysts at 80 °C is due to the reduced solubility of oxygen at higher
temperatures. The cathodic scan of PtNi alloys at room temperature shows a slightly
different behavior when the cathodic current reaches the mass transport limitation
region at the potential around 0.8 V. That is, the diffusion limiting current increased
initially and then decreased and stabilized to the limiting current. This response is an
indication of a porous electrode structure that could be created due to dealloying and
the diffusion of oxygen into the porous structure. The activity of the catalysts
decreases at 80 °C.
0.0

CV 50@RT
CV 5@80C
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current, A
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Fig. 6.4a: Polarization curves of Pt on RDE during potential cycling. Conditions: 5
mV/s, oxygen saturated 0.5 M HClO4, 1600 rpm
The enhanced Pt-OH formation due to water activation and the subsequent PtO
formation as observed from the CVs were considered to decrease the activity of Pt
towards oxygen reduction. The activation of some organic species at higher
temperatures, which could contaminate the electrolyte and Pt electrode, could also be
one of the reasons for the reduced activity at 80 °C, as Pt is also active to many
organic species in the potential range of ORR.
6.3.6 Specific activity
The ECSA normalized ORR activity of the alloys before and after the durability tests
are given in Table 6.2. A reduced specific activity was noticed for these alloys with a
thicker catalyst layer when compared to the thinner alloys of similar composition. As
discussed in the previous Chapters, the specific activity of Pt rich alloys at room
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temperature was higher than that of the other catalysts. At the end of 1000 potential
scans PtNi alloys showed the highest activity.

Electrode
Pt
Pt75Co25
Pt10Co90
Pt75Ni25
Pt10Ni90
Pt70Cu30
Pt10Cu90

Pt:M atom ratio
Fresh
1000@80°C
76:24
13:87
77:23
20:80
70:30
09:95

ECSA, cm2
5@80°C 1000@80°C
7.8
5.3
7.1
2.5
9.4
5.2
9.2
5.3
12.8
5.0
3.2
2.1
9.5
6.1

50@RT
9.2
8.0
12.1
12.0
16.2
4.13
9.7

88:12
84:16
83:17
74:26
82:18
88:12

Table 6.1: Elemental composition and surface area data of the alloys during the
durability tests
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Fig. 6.4b: Polarization curves of Pt75Co25 and Pt10Co90 on RDE during potential
cycling. Conditions: 5 mV/s, oxygen saturated 0.5 M HClO4, 1600 rpm

Electrode
Pt
Pt75Co25
Pt10Co90
Pt75Ni25
Pt10Ni90
Pt70Cu30
Pt10Cu90

Specific activity@0.95 V, μA/cm2
50@RT
46
90
60
106
71
89
54

5@80°C
17
32
25
31
29

1000@80 °C
6
19
21
34.1
30
12.4
14.1

Half-wave potential, mV
50@RT
915
930
934
945
943
909
918

5@80°C
903
915
918
922
928

1000@80°C
868
866
901
913
903
844
881

Table 6.2: Electrochemical data of the alloys during the durability tests
The specific activity of the catalysts decreased in the order of PtNi alloys > PtCo
alloys > PtCu alloys > Pt. PtNi alloys performed about 5 times better than pure Pt,
while PtCo and PtCu alloys showed about 3 and 2 times higher activity than Pt. It has
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to be noted that the performance of the alloys with a specific alloying element say Co
or Ni or Cu were found to be similar irrespective of their alloying element
concentration. However, Wakabayashi et al. found that their sputter-deposited
Pt56Fe44, Pt68Co32 and Pt63Ni37 alloys deactivated at temperatures higher than 60 °C.
They ascribed this deactivation to the formation of a thicker Pt skin which is no
longer affected by the underlying alloy and the favorable electronic effect [13].
6.3.7 Elemental composition
The Pt:M atom ratio of the alloys after potential cycling as determined by EDS is
given in Table 1. PtNi alloys retained between 17 and 26 atom% Ni, while PtCo
alloys retained around 15 atom%. Pt70Cu30 held about 18 atom% Cu, which is higher
than for the Cu rich Pt05Cu95. This enhanced loss of Cu in Pt05Cu95 compared to
Pt70Cu30 is probably related to its more open structure due to dealloying. The retention
of the non-noble metal in the catalysts layer is quite similar for the alloys independent
of whether electrochemically cycling was done at room temperature or at 80 °C. The
results show that increasing amounts of transition metal are dissolved when the nonnoble metal content is initially larger. It is reported that, for sputter deposited PtNi
and PtFe alloys, when the non-noble metal concentration is less than 50 atom%, the
dissolution of non-noble metal takes place only from the surface. Once the non-noble
metal content is greater than 50 atom%, the non-noble metal is removed from both the
surface and the bulk [30, 32]. Our results indicate that this behavior is also shown by
the electrodeposited porous alloy surface.
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Fig. 6.4c: Polarization curves of Pt75Ni25 and Pt10Ni90 on RDE during potential
cycling. Conditions: 5 mV/s, oxygen saturated 0.5 M HClO4, 1600 rpm
Watanabe et al. suggested a Pt skin model for Pt rich alloys in which the surface
enriched with Pt prevents the non-noble metal from further dissolution [19]. Actually,
this model was hypothesized for the Pt-rich sputter deposited alloys in 0.1 M HClO4
at room temperature. However, our work demonstrates that this model is probably
also valid at 80 °C for Pt-rich electrodeposited alloys.

121

50 @ RT
Pt70Cu30
1000 @ 80 C

0.0

0.0

Pt05Cu95

-5.0x10-4
current, A

-5.0x10-4
current, A

CV 50@RT
CV1000@80C

-1.0x10-3

-1.0x10-3
-1.5x10-3

-3

-1.5x10

-2.0x10-3
-3

-2.0x10

0.2

0.4

0.6

0.8

1.0

0.2

E, V vs. RHE

0.4

0.6
E, V, RHE

0.8

1.0

Fig. 6.4d: Polarization curves of Pt70Cu30 and Pt05Cu95 on RDE during potential
cycling. Conditions: 5 mV/s, oxygen saturated 0.5 M HClO4, 1600 rpm
Moreover, although the dissolution behavior is different for the non-noble metal rich
alloys, wherein a Pt rich surface retains the underlying non-noble metals from further
dissolution after extensive electrochemical cycling at room temperature and 80 °C,
the final composition is close to Pt1-xMx with 0.10 ≤ x ≤ 0.25. This signifies that the
atom ratio of around Pt1-xMx (0.10 ≤ x ≤ 0.25) is the only stable composition under
fuel cell operating conditions. This non-noble metal retention could be a possible
explanation for the 2- to 5-fold increase in the specific activity.

6.4 Conclusion
PtNi, PtCu and PtCo alloys showed enhanced ORR activity and potential cycling
stability at 80 °C. Non-noble metal rich alloys showed enhanced ECSA after
dealloying at room temperature. However, after 1000 CVs at 80 °C the ECSA
becomes similar to that of Pt. PtNi alloys demonstrated the highest potential stability
followed by PtCo and PtCu alloys under the applied durability test conditions. After
ageing, not much change in the catalyst layer structure was noted for Pt rich alloys.
However, the non-noble metal rich alloys showed very strong morphological changes
due to extensive leaching. In accordance with this difference, the non-noble metal loss
was more extensive for these non-noble metal rich alloys. Even after the durability
tests and irrespective of the operating temperature, alloy catalysts hold around 12 to
25 atom% of the alloying element, which is argued to be one of the reasons for their
enhanced catalytic activity over Pt.
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7
ORR activity and durability of carbon supported Pt-M
(Co, Ni, Cu) alloys: Influence of particle size and nonnoble metals

Carbon supported platinum and platinum alloys (PtCo, PtNi and PtCu) were
prepared and studied for their oxygen reduction reaction activity and durability under
potential cycling at room temperature and at 80 °C in 0.5M HClO4. Catalysts with
different alloy compositions and particle sizes were synthesized by annealing at
different temperatures to discriminate between the effect of alloying and the effect of
the particle size on the electrocatalytic activity and durability. XRD was used to for
the structural characterizations of pristine catalysts while the bulk compositions of
the catalysts were analyzed using EDS before and after the durability tests. XPS was
employed to determine the surface composition of selected alloys after the durability
tests. The particle size of the alloys was determined by TEM. Rapid dealloying,
particularly from non-noble metal rich alloys, was already witnessed for the alloys
potentially cycled at room temperature. Significant particle growth depending on the
initial particle size was observed for both Pt and Pt alloys. For the alloys with similar
initial particle size, the initial electrocatalytic activity depends on the initial alloy
composition. Although a slight enhancement in the ORR activity was observed for the
non-noble metal rich alloys after initial dealloying, the specific activity of Pt and Pt
alloys becomes quite identical at the end of the durability test.
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7.1 Introduction
Large scale commercialization of polymer electrolyte membrane fuel cell (PEMFC)
systems can only take off when further cost reduction and durability improvements
are realized [1, 2]. Platinum supported on carbon is generally used as catalyst for the
anode (hydrogen oxidation) and cathode (oxygen reduction) reactions. Platinum,
although being the most active element for the oxygen reduction reaction (ORR),
suffers from sluggish kinetics with activation overpotential of around 0.3 – 0.4 V. The
durability of Pt/C catalysts under PEMFC conditions is also a matter of concern. The
loss in active catalyst surface due to carbon corrosion, Pt dissolution and particle
growth is considered to be the major reason for the drop in cell performance with time
[3-8]. Besides being influenced by the type of carbon support, Pt dissolution depends
on the operating temperature and the potential. A potential of 1.15 V vs. RHE at a
temperature 80 °C was found to be the most corrosive [4, 9].
Platinum alloyed with transition metals such as Co, Ni, Fe, Cr, Cu, etc. have been
extensively studied and found to be at least twice as active as Pt for the ORR [10-14].
Amongst others, an electronic effect of the alloy on the Pt surface atoms and the
related changes in the Pt-Pt bond distances has been advanced as explanation for the
enhanced ORR. Well-defined Pt3M (M = Co, Ni, Ti, Fe, V) alloys show enhanced
ORR activity due to the formation of a Pt skin following annealing [15-17]. Recent
literature also reports that transition metal rich Pt alloys supported on carbon form a
core-shell structure after voltammetric dealloying. The specific activity of such
dealloyed catalyst was found to be at least a factor of four higher than that of
commercially available state-of-the-art Pt catalysts [18-22]. The changes in the Pt-Pt
bond distances, commonly coined as geometric strain, due to non-noble metal
leaching is considered to influence the reactivity of the surface Pt atoms [23]. A
general aspect of these studies is that the catalytic surfaces are enriched in Pt
following annealing or dealloying.
The durability of Pt alloys is largely limited by the loss in active catalyst area due to
particle sintering and the dissolution of both Pt and non-noble metal [9, 10].
Investigations of Pt-rich and non-noble metal (Co, Ni, Cu, Fe)-rich alloys have
stressed the importance of non-noble metal leaching. Typically, the non-noble metal
concentration decreases to less than 20 atom% after fuel cell operation or
electrochemical leaching irrespective of the alloying element and the initial alloy
composition [19, 20, 24, 25]. Several studies including our work on PtCo alloys with
a wide variation in the initial composition found non-noble metal leaching to be more
rapid for non-noble metal rich alloys suggesting the dissolution of metals from the
bulk [20, 24, 25]. The formation of a core-shell structure, spongy Pt particles,
percolated and ‘swiss-cheese’ structures were found to have evolved after acid
leaching and electrochemical cycling: While the core-shell structure retains the
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alloying element in the particle core after leaching, other structures contains only Pt
[26-28].
A problem with the use of alloys between Pt and a non-noble metal is that the proton
exchange membrane can become poisoned by the dissolved non-noble metal. To
prevent such poisoning, such alloys may be pretreated with mineral acids to remove
the unalloyed, exposed and excess non-noble metals [10].
Accelerated durability studies on the catalysts have often been carried out by voltage
cycling between high and low potentials mimicking the most corrosive conditions
such as cell start-up / shut-down in a typical PEMFC [9, 25, 28, 29]. Typically, the
activity of pure Pt and alloyed Pt electrocatalysts decreases during potential cycling.
Contradicting reports exist about the difference in durability between pure Pt and
alloyed Pt catalysts, some suggesting a positive effect of alloying on the stability,
some indicating that there is no benefit of the alloy [7, 28-31].
Most of the Pt alloys synthesis methods employ a high temperature annealing process,
which results in a larger average nanoparticle size when compared to the typical
particle size of commercially available Pt/C catalyst (~ 2 – 3 nm), which often serve
as a reference material.
In this work, efforts were made to compare the activity and durability of Pt and Pt
alloys prepared under similar synthesis and annealing conditions. In doing so,
catalysts with similar particle size and active surface area were obtained and hence the
effect of the alloying element is systematically determined. Platinum was alloyed with
Co, Ni and Cu with two different compositions: one representing a Pt-rich alloy, that
is ~ Pt75M25/C and the other one a non-noble metal-rich composition, i.e. ~ Pt20M80/C.
Catalysts were annealed at three different temperatures (350 °C, 600 °C and 950 °C).
The non-noble metals from the alloys were partially removed by brief electrochemical
dealloying at room temperature. Thereafter, stability tests were carried out either at
room temperature or at 80 °C. The room temperature experiments focused on the
performance and durability. The second set of experiments at high temperature
investigated the durability with respect to the surface area loss, the particle growth
and the compositional change as a function of potential cycling. The bulk composition
was determined by EDS, the particle size by TEM and phase identification was
carried out by XRD.
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7.2 Experimental
7.2.1 Carbon pretreatment
Vulcan XC-72R (Cabot) is used as the carbon support in this work. Prior to catalyst
preparation the carbon support was pretreated in 3 M HNO3 for 8 h at 120 °C. The
carbon powders were then filtrated, extensively washed with Millipore water (18
MΩ.cm) and dried overnight in an oven at 120 °C.
7.2.2 Catalyst preparation
The metal salts H2PtCl6.6H2O, Ni(NO3)2.6H2O, Co(NO3)2.6H2O and Cu(NO3)2.3H2O
(all from Sigma-Aldrich, ACS Reagent) were used as precursors for the preparation of
Pt and Pt alloys. All the catalysts prepared in this study have a Pt loading of 10 wt%
with respect to the carbon support and, therefore, a variable loading of non-noble
metal. Appropriate amounts of the metal salt precursors were dissolved in water and a
known quantity of pretreated carbon powdered was added to the solution. The
resulting suspension was stirred for three hours before drying in an oven at 120 °C for
three hours. The catalyst precursor was then powdered and reduced under H2/Ar (10%
H2) atmosphere at annealing temperatures of 350 °C, 600 °C or 950 °C to study the
phase change and the crystallite size effect.
To carry out electrochemical experiments, the catalysts were deposited on a Au
rotating disk electrode (RDE). To this end, 200 μl of Millipore water was added to 5
mg of the carbon supported alloy powder and ultrasonicated for 1 h [32]. The mixture
was then stirred continuously using a magnetic stirrer with a Teflon magnetic pellet
for two days to form the catalyst ink. 10 μl of the ink was then casted on a polished
Au RDE and dried at 75 °C for 2 h. The electrode was then cooled to room
temperature before introduction in the electrochemical cell.
7.2.3 Elemental characterization
EDS analysis was carried out using a Quanta 3D FEG instrument (FEI Company) to
determine the bulk Pt:M atom ratios of the fresh alloys. Various spots were selected
on the substrate holder that was dispersed with catalyst powders and the concomitant
atom % of non-noble metal and Pt were averaged.
The surface elemental composition of selected samples (non-noble metal-rich alloys
annealed at 950 °C) after 1000 CV scans at 80 °C was analyzed using a Kratos AXIS
Ultra X-ray Photoelectron Spectrometer, equipped with a monochromatic Al Kα Xray source and a delay-line detector (DLD). Spectra were obtained using the
aluminum anode (Al Kα, 1486.6 eV) operating at 150 W with survey and region scans
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at constant pass energies of 160 eV and 40 eV, respectively. Depth profiles were
obtained by sputtering, while rotating the sample using an Ar pressure of 3 × 10-8
mbar. The emission current was set to 15 mA with a beam energy of 4 kV.
7.2.4 Structural and phase analysis
X-ray diffraction patterns for the catalysts were recorded using a Bruker D4
Diffractometer to verify alloy formation. The JCPDS powder diffraction database was
used as reference for the analysis of the XRD patterns.
The lattice constant of Pt and the alloying element in different phases was determined
by deconvolution and peak fitting. The composition of the alloys in each phase is then
estimated from Vegard’s law, (1-x)a1 + xa2 = a, with x being the molar fraction of
the solute element, a1 the lattice constant of the pure solvent, a2 the lattice constant of
the pure solute and a the measured lattice constant of the formed alloy (solution).
7.2.5 Electrochemical characterization
Before casting the catalyst ink on the Au RDE, the RDE was electrochemically
cleaned in 0.5 M H2SO4 by scanning between 0 and 1.7 V at a scan rate of 50 mV/s
until a stable CV was obtained. A three-compartment electrochemical cell was used
with a platinized platinum counter electrode and a lab-made RHE. The temperature of
the whole electrochemical cell was controlled using a thermostat.
Initially, all the catalysts were potentially cycled for 25 CV scans in 0.5 M HClO4
within the potential range between 0.02 and 1.3 V and at a scan rate of 50 mV/s at
room temperature under Ar atmosphere. These initial CVs were made to have a stable
surface and to follow the initial dealloying process. The temperature of the cell was
then increased to 80 °C and the catalysts were potentially scanned for another 1000
CV scans to study their durability. Some catalysts were also cycled for 1000 CV scans
at room temperature for comparison. In both cases the catalysts were scanned for
1000 CV scans between 0.6 V-1.2V at 100 mV/s under Ar atmosphere.
The ORR kinetics of the catalysts was measured by scanning the electrodes between
the potential of 1.1 V and 0.2 V in oxygen-saturated 0.5M HClO4 at a scan rate of 5
mV/s. The supply of oxygen was maintained throughout the measurement to keeps it
concentration in solution constant. The rotating speed was set at 1600 rpm.
7.2.6 Particle size analysis
The particle size of a subset of the alloys was analyzed by use of a Tecnai Sphera
transmission electron microscope (FEI Company) operated at a voltage of 200 kV.
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The catalysts were dispersed in ethanol and ultrasonicated for a few seconds
before being mounted on a carbon coated Cu grid. The grid was dried at room
temperature and then introduced into the sample holder. For PtCu/C alloys, carbon
coated Mo grids were used instead.

7.3 Results and discussion
7.3.1 Fresh catalysts characterization
The main techniques used to characterize Pt/C and PtM/C catalysts are XRD and
TEM. The XRD patterns are collected in Figs. 7.1-7.4, while the TEM data are
illustrated in Figs. 7.5-7.11. The phase compositions and particle sizes derived from
them are presented in Table 7.1, to which continuous reference will be made. The
alloy compositions determined with EDS are close to the compositions aimed at in the
preparation process.
7.3.2 Formation of Pt/C and PtM/C alloys
The XRD patterns of the Pt/C catalysts reduced/annealed at 350, 600, and 950 ˚C are
shown in Fig. 7.1 (bottom). Clearly, as expected, the diffraction peaks sharpen up as
the reduction temperature increases, indicating Pt particle growth. Application of the
Scherrer equation gave for the average particle size 2, 6, and 13.8 nm, respectively.
These values were checked against TEM (Fig. 7.5), which gave lower numbers in the
last two cases (Table 7.1), but the agreement is reasonable.
The XRD patterns of the two different PtCo/C alloys annealed at 350 and 950 °C are
also shown in Fig. 7.1 (top). A shift in the diffraction peaks of Pt75Co25/C towards
higher 2θ when compared to pure Pt is caused by the lattice contraction of Pt with the
substitution of smaller Co atoms for the larger Pt atoms. Again, sharper diffraction
peaks for the Pt75Co25/C annealed at 950 °C indicate that grain growth is favored at
higher annealing temperatures.
A single-phase PtCo alloy is not achieved for Pt20Co80/C when annealed at 350 °C.
The diffraction peaks seen in Fig. 7.1 for this alloy show the presence of Co in hcp
phase. As no diffraction peak for Pt is noticed for this alloy it is concluded that the Pt
is completely alloyed with Co. The shoulder in the region of the Pt(111) peak reveals
the formation of a Pt-rich fcc PtCo phase. However, Pt20Co80/C when reduced under
H2 at 950 °C yields a single fcc phase similar to the PtCo3 structure although a small
amount of unalloyed Co is still present. From the lattice constants of 3.85 and 3.58 Å
derived for completely alloyed Pt75Co25/C and Pt20Co80/C, respectively, the Pt:Co
phase compositions of 81:19 and 15:85 were obtained (with Vegard’s law), in
satisfactory agreement with EDS.
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Fig. 7.1: XRD patterns of fresh Pt/C and PtCo/C alloys formed at 350 °C and 950 °C
Pt (111)

Ni (111)
Pt20Ni80/C 950 °C

Intensity, a.u.

Pt20Ni80/C 350 °C
Pt50Ni50/C 350 °C
Pt75Ni25/C 950 °C
Pt75Ni25/C 350 °C
Pt/C 950 °C
Pt/C 350 °C

30

40

50

60
2θ, degree

70

80

90

Fig. 7.2: XRD patterns of fresh Pt/C and PtNi/C alloys formed at 350 °C and 950 °C
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Fig. 7.3: XRD patterns of fresh Pt/C and Pt rich PtCu/C alloys formed
at 350 °C and 950 °C
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Unlike for Pt75Co25/C annealing of Pt75Ni25/C at 350 °C did not lead to a single phase.
Instead, from Fig. 7.2 it is concluded that the alloy contains PtNi in two fcc phases:
one with a pure Pt phase and the other one characterized by a peak at 2θ = 41.7 °
corresponding to a PtNi phase with a 60:40 Pt:Ni ratio as calculated through Vegard’s
law. PtNi alloys with an even higher Ni content of around 50 and 80 atom % were
prepared and annealed at 350 °C to study the formation of different PtNi alloy phases.
Fig. 7.2 shows that the amount of the pure Pt fcc phase decreases with increasing Ni
content. The shift of the peak characteristic for PtNi to a higher angle when the Ni
content was around 80 atom% points to the increasing Ni content of the alloy phase.
The computed Pt:Ni composition of this phase is 50:50.The presence of a diffraction
peak at 2θ = 44.6 ° for Pt20Ni80/C at 350 °C is indicative of the presence of a pure Ni
fcc phase. This phase was not observed for the alloys with a lower Ni content.
The Pt75Ni25/C and Pt20Ni80/C alloys annealed at 950 °C contained a single alloy
phase similar to what was found for Pt75Co25/C and Pt20Co80/C annealed at the same
temperature. For Pt20Ni80/C the peak of pure fcc Ni phase shifts slightly towards
lower 2θ values, which can be taken as an indication of the expansion of the Ni lattice
due to the dispersion of Pt into the lattice. The lattice constant and the Pt:Ni atomic
phase composition of the alloyed phases in Pt75Ni25/C and Pt20Ni80/C are found to be
3.84 Å and 3.57 Å and 80:20 and 12:88 respectively.
The amount of unalloyed non-noble metal in the case of Pt20Co80/C and Pt20Ni80/C
annealed at 950 °C is very low compared to the alloys with similar compositions
annealed at 350 °C. Thus, the application of higher annealing temperatures facilitates
alloy formation by the diffusion of atoms but also leads to sintering as evident from
the much larger particles (Table 7.1). Overall, disordered single-phase PtCo and PtNi
alloys with a very high Co and Ni concentration of ~80 atom % could be achieved by
straightforward impregnation followed by annealing.
Annealing of Pt75Cu25/C alloy was done at 350 and 950 °C and led to alloys as
evident from the shift in the Pt(111) peak towards higher angles (Fig. 7.3). After
annealing of Pt15Cu85/C at 350 °C (Fig. 7.4) no single phase alloy was formed. Instead
a Cu-rich disordered fcc (Fm-3m) phase with sharp intensities at 2θ = 42.3, 49.3, 72.4
and 87.7 ° and a Cu-rich ordered cubic (Pm-3m) structure with strong diffraction
peaks at 2θ = 43, 50, 73.6 and 89.6 ° and weak diffraction peaks at 2θ = 34, 56, 61.5
and 78 ° were identified by XRD. Composition analysis with Vegard’s law revealed a
Pt:Cu atom ratio of 10:90 for the ordered phase with a lattice constant of 3.64 Å and a
ratio of 23:77 for the disordered phase with a lattice constant of 3.68 Å. The
crystallite size of the former ordered phase is found to be higher than that of the
relatively lower Cu content disordered phase by application of the Scherrer equation.
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Fig. 7.4 shows that the amount of ordered PtCu phase increased upon annealing
Pt15Cu85/C at 950 °C while the disordered phase almost completely disappeared. The
lattice constant and Pt:Cu atom ratio was 3.64 Å and 10:90, respectively, for this
composition. However, the presence of a shoulder at 2θ = 49 ° along with little
asymmetry in the strong diffraction peaks suggest the presence of a trace amounts of
an alloy with the disordered fcc structure.
The emergence of partially ordered and disordered structures for Cu-rich PtCu alloys
when annealed at 800 °C in hydrogen has already been reported before [18]. The
ordered phase was found to be richer in Cu than the disordered phase. Similarly, Mani
et al. obtained a disordered fcc structure with an unalloyed pure Cu phase upon
annealing at 600 °C and 950 °C [19]. A closer look at their XRD data confirms the
emergence of an ordered phase with increasing annealing temperature although this
detail is not discussed in their paper. However, in our case, depending on the
annealing temperature a partially ordered and a completely ordered Cu-rich PtCu
alloy was formed, the atomic Pt:Cu ratio being 10:90 in the completely ordered phase
in both the cases.
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Fig. 7.4: XRD patterns of fresh Cu rich partially and completely ordered PtCu alloys
formed at 350 °C and 950 °C
As in the Pt/C case, also for the alloys the average particle size has been estimated
both from the XRD linewidth (Scherrer equation) and from the transmission electron
micrographs. The results are presented in Table 7.1, and it is seen that (i) there is
satisfactory agreement between the two sets of data, (ii) the range of particle sizes is
similar to the one observed for Pt, although at 350 °C the alloy particle sizes tend to
be somewhat greater than that of Pt, and (iii) that, independent of the reduction
temperature, the crystallite sizes of the Pt-rich alloys are smaller than that of the nonnoble metal-rich ones. In the cases where two phases were present, the average
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particle size could be evaluated from the XRD data: they also conform to conclusion
(iii) above.
Fresh
After 1000 CVs at 80 °C

Pt/C 350 °C

Pt/C 600 °C

Pt/C 950 °C

Pt75Co25/C
-350 °C

Fig. 7.5-7.11: TEM images of Pt and Pt alloys before and after the durability tests
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Fig. 7.5-7.11: TEM images of Pt and Pt alloys before and after the durability tests
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Fig. 7.5-7.11: TEM images of Pt and Pt alloys before and after the durability tests
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Fig. 7.5-7.11: TEM images of Pt and Pt alloys before and after the durability tests
7.3.3 Electrochemical characterization at room temperature
7.3.4 Cyclic voltammetry
It took about 25 cycles (0.02-1.3 V) for all the electrocatalysts to stabilize. The
changes in CV profile were of course most drastic for the non-noble metal rich alloys.
This is documented in Figs. 7.12-7.14, pertaining respectively to Pt20Co80/C,
Pt20Ni80/C, and Pt15Cu85/C (all annealed at 950 °C), showing strong dissolution of the
non-noble component in the first few cycles. The dissolution of Cu appears to take
place in two steps (Fig. 7.14): the peak at 0.35 V corresponds to the dissolution of
bulk Cu, while the peak at around 0.8 V is ascribed to the dissolution of Cu from a Pt
environment. In the case of the Ni- and Co-containing catalysts, only one dissolution
peak is visible, at 0.4-0.5 V, which presumably corresponds to the removal of nonnoble metal from the alloy.
The stable CV profiles of Pt and the Pt-M alloys at room temperature are given in
Figs. 7.15-7.18. For Pt/C (Fig. 7.15) it is clear that increasing the annealing
temperature leads to a better defined hydrogen ad- and desorption region, with a clear
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distinction between the ~0.1 and ~0.25 V peaks, which can be ascribed to Pt(110) and
Pt(100) facets, respectively [26]. This of course tallies with the particle growth
concomitant with an increase in annealing temperature, leading to better defined
particles with less edge and corner atoms. It is also reflected in the gradual shift of the
PtOx reduction peak to higher potentials. This peak appears to be broader for catalysts
annealed at the lower temperatures, possibly also reflecting a larger particle size
distribution.
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Fig. 7.12: Initial CV profiles of Pt20Co80/C formed at 950 °C showing the dealloying
of Co at room temperature
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Fig. 7.13: Initial CV profiles of Pt20Ni80/C formed at 950 °C showing the dealloying
of Ni at room temperature
Broadly speaking the same observations can be made for the Pt-rich alloys, albeit
with some qualifications as far as the Hupd region is concerned. Pt75Ni25 tracks Pt the
closest, while interpretation of Pt75Co25 and Pt75Cu25 is somewhat hampered by H2
evolution/oxidation at low potentials, especially for the catalysts annealed at 950 °C.
This is in itself interesting, since the three non-noble metals do not differ much in MH bond strength. Nevertheless, it would seem that the Pt signature does appear after
138

the high-temperature anneal, although the distinction between the Pt(110) and Pt(100)
peaks is not so clear as it was for Pt/C.
6.0x10-3
-3

Current, A

4.0x10

2.0x10-3

CV1
CV2
CV3
CV4
CV5
CV10

Pt15Cu85 dealloying

0.0
-2.0x10-3
-4.0x10-3

0.2

0.4

0.6

0.8

1.0

1.2

E, V

Fig. 7.14: Initial CV profiles of Pt15Cu85/C formed at 950 °C showing the dealloying
of Cu at room temperature
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Fig. 7.15: CV profiles of Pt/C formed at 350 °C, 600 °C and 950 °C after 25 CV
scans at room temperature
For the non-noble metal rich alloys, the CV after the low-temperature anneal is not so
different from that of the Pt-rich alloys, but a high temperature anneal does not bring
forth the typical Pt features very clearly, although they do tend in that direction. Due
to the strong dissolution of the non-noble metal component it stands to reason that
these initially non-noble metal rich alloys will look rather different after 25 CVs from
the fresh catalyst, so that a clearly resolved Hupd region was perhaps also not to be
expected. The broad redox peak at about 0.4-0.5 V is due to oxygen-containing
surface groups ((hydro) quinone-like) on the carbon support.
As mentioned above for Pt/C, the position of the Pt oxide reduction peak varies with
the particle size for the alloys. Given that the particle sizes of the 350 °C annealed
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PtM/C catalysts are smaller than those of the 950 °C annealed ones (Table 7.1), the
same conclusion appears evident from an inspection of Figs. 7.16-7.18. However, a
closer look at the data indicates that the relation between particle size and PtOx
reduction peak potential is only a rough one (see below, Fig. 7.29), and, moreover,
that there are no consistent differences between alloys containing Co, Ni, or Cu.
Catalyst (EDS
based
composition)
Pt/C
Pt/C
Pt/C
Pt75Co25/C
Pt75Co25/C
Pt20Co80/C
Pt20Co80/C
Pt75Ni25/C
Pt75Ni25/C
Pt50Ni50/C
Pt20Ni80/C
Pt20Ni80/C
Pt75Cu25/C
Pt75Cu25/C

Anneal.
temp. °C
350
600
950
350
950
350
950
350
950
350
350
950
350
950

Pt15Cu85/C

350

Pt15Cu85/C

950

Pt:M
composition,
XRD
100:0
100:0
100:0
81:19
81:19
15:85/100:0/60:40
80:20
100:0/60:40
50:50/0:100
12:88/81:19
77.5:22.5
fm3m 23:77
pm3m 10:90
Pm3m 10:90

Lattice
constant, a,
Å
3.92
3.92
3.92
3.85
3.85
3.58/3.54
3.92/3.75
3.84
3.91/3.75
3.72/3.52
3.57/3.53
3.86
3.85
fm3m 3.68
pm3m 3.64
pm3m 3.64

Crystallite
size, dXRD,
nm
2
6
13.8
4.3
7.2
9.2
3.5/5.4
8.3
5.7/13
13
3
9.2

Particle size
fresh, dTEM,
nm
2.3
4.1
8.7
3.2
6.3
4.2
9.3
3.4
9.9
8.4
2.6
9.8

Particle size
aged, dTEM,
nm
6.4
7.1
11
6.8
6.8
8.7
10.3
10.9
9.4
8.4
10.2

5.4/6

6.3

6.5

11.7

8.1

8.4

dXRD of HiSPEC™ 4000 (40% Pt on VulcanXC 72R) = 4.5 nm

Table 7.1: Table showing the results of compositional, structural and morphological
analysis of the catalysts
As the amount of Pt present in the electrode is known, the specific Pt surface area
(SSA) of the catalysts could be calculated from the charge under the hydrogen
underpotential deposition region. It is assumed that in these first 25 cycles at room
temperature no Pt has been lost due to dissolution. The thus derived numbers are
listed in Table 7.2. Comparing these data with the particle sizes in Table 7.1, one can
certainly conclude that catalysts with very small particles show higher values for the
SSA than those with large particles, as they should, but, again, the correlation is not
very precise.
7.3.5 Alloy composition after 25 CVs
EDS was employed to determine the Pt:M ratio in the stabilized Pt alloys annealed at
950 °C. Pt20Ni80/C, Pt20Co80/C and Pt15Cu85/C contained 55, 45 and 20 atom% of nonnoble metal, respectively, after the initial stabilization for 25 CV scans. The greater
leaching of Cu is in line with the results obtained for PtM electrodeposits (Appendix
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to Chapter 5). The more pronounced segregation of Pt to the surface of PtCo and PtNi
alloys is argued to limit non-noble metal dissolution [20] and is in line with the lower
segregation noted for PtCu alloys [39, 40]. In the case of Pt-rich alloys, a non-noble
metal content of about 15-20 atom% was retained, which is again quite similar to the
electrodeposits case.
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Fig. 7.16: CV profiles of PtCo/C alloys formed at 350 °C and 950 °C after 25 CV
scans at room temperature
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Fig. 7.17: CV profiles of PtNi/C alloys formed at 350 °C and 950 °C after 25 CV
scans at room temperature
7.3.6 ORR activity
The ORR polarization curves of the catalysts in oxygen-saturated electrolyte are
shown in Figs. 7.19-7.22. The half-wave potentials (E1/2) derived from these plots are
listed in Table 7.2. They seem to indicate already that quite a few of the alloy
catalysts are more active than their Pt-only counterparts. To be more precise, the
specific activity of the catalysts was determined at 0.9 V by dividing the observed
kinetic current at that potential by the Pt electrochemical surface area (ECSA) after 25
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CV scans. The resulting numbers are given in Table 7.2. Clearly, as has been
observed many times before, the specific activity for Pt/C depends on the Pt particle
size, increasing with decreasing size [37, 38]. Generally speaking, the same appears to
hold also for PtM/C: annealing at 950 °C, which generates the larger particles, leads
to catalysts with a higher specific activity than annealing at 350 °C. This alloy
particle-size dependency of the specific activity has also been observed before, for
PtCo/C [32].
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Fig. 7.18: CV profiles of PtCu/C alloys formed at 350 °C and 950 °C after 25 CV
scans at room temperature
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Fig. 7.19-7.20: ORR polarization curves of Pt/C and PtCo/C after 25 CV scans at
room temperature
To aid in a more precise comparison between Pt and the alloy catalysts, the specific
activities are plotted against the TEM particle size of the fresh catalysts in Fig. 7.23.
There is quite some apparent scatter, but it appears safe to conclude that most of the
small-particle, 350 °C annealed catalysts do not show an improved performance with
respect to Pt itself with PtCo being a clear exception in this case, but that at the higher
particle sizes, some PtM catalysts are better than Pt by a factor of up to 2. The PtCu
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and PtCo catalysts as a group appear to be the best performers. Meanwhile, of the
950 °C annealed catalysts, the non-noble metal-rich alloys perform better than their
Pt-rich counterparts except Pt75Cu25/C, which shows high activity similar to that of
the non-noble metal-rich alloys.
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Fig. 7.21-7.22: ORR polarization curves of PtNi/C and PtCu/C after 25 CV scans at
room temperature
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Fig. 7.23: Specific activity as a function of average particle size after 25 CV scans at
room temperature
It might perhaps be argued that it would be better to try and correlate the specific
activity with the SSA determined just previously to the ORR measurements.
Unfortunately, this does not improve the situation very much: the apparent scatter is
even increased, although now almost all alloy catalysts are better than their Pt
counterparts, by a factor of up to nearly 4. There is no clear relation between the PtOx
reduction peak potential and ORR performance, a conclusion that was already
reached in the electrodeposits part of this thesis.
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The mass activity (A/gPt), a measure of the amount of Pt required in a fuel cell, is
very relevant in a practical perspective. The respective mass activities shown in Table
7.3 indicate that, among the catalysts reduced at high temperature, Pt alloys reveal
about 3-4.5 times higher mass activity with respect to Pt. The catalysts with the lower
particle size (< 3.5 nm) possess the lowest mass activity of all the catalysts with Pt
alloys showing about 1.5 times higher mass activity than Pt.
Specific surface area, m2/gPt
Catalyst

Pt/C
Pt/C
Pt/C
Pt75Co25/C
Pt75Co25/C
Pt20Co80/C
Pt20Co80/C
Pt75Ni25/C
Pt75Ni25/C
Pt20Ni80/C
Pt20Ni80/C
Pt75Cu25/C
Pt75Cu25/C
Pt15Cu85/C
Pt15Cu85/C

Anneal.
temp. °C

350
600
950
350
950
350
950
350
950
350
950
350
950
350
950

Half-wave
potential, E1/2, mV

% ECSA
retained

25@RT

5@80C

1000@
80C

25@RT

1000@
80C

1000
@RT

1000
@80C

106
52
35
72
86
51
72
109
64
29
53
108
54
70
41

97
71
55
65
81
51
67
96
65
46
76
108
51
79
48

42
27
27
40
68
38
53
41
40
28
43
46
24
47
30

877
888
870
895
905
895
921
881
896
881
912
880
894
919
931

882
853
867
877
881
878
878
875
874
872
889
879
876
873
890

52

43
38
49
62
83
74
79
43
59
62
56
40
47
59
63

50

50
61
70

Table 7.2: Electrochemical data derived from the accelerated durability experiments
7.3.7 Durability at room temperature
To have a basis for comparison to the 80 °C case, a few catalysts have also been
subjected to the durability test at room temperature. So, Pt/C (2.3 nm), partially
alloyed Pt75Ni25/C (3.4 nm), completely alloyed disordered Pt75Cu25/C (2.6 nm),
partially ordered Pt15Cu85/C (6.3 nm) and completely ordered Pt15Cu85/C (8.1 nm)
were exposed to a further 1000 CV scans. The final CVs are collected in Fig. 7.24.
The specific activities observed after the durability test are given in Table 7.3.
From Fig. 7.24 it is clear that after those 1000 cycles, the shape of the CV of the Ptrich alloys closely resembles that of Pt itself, while the Cu-rich alloys keep looking
fairly featureless in comparison. Most obvious is the increase in intensity of the
carbon redox peaks, indicating that the support surface becomes progressively more
oxidized upon potential cycling. There is, on the other hand, no clear influence of the
type of supported metal(s) on this oxidation. The specific activity of the first three
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catalysts, i.e. those with low particle sizes (2.3-3.4 nm) have substantially increased
after the durability test, and this is no doubt due to particle-size increase – in
comparison with the Pt/C (8.7 nm) catalyst the observed ORR performances are still
modest, however. On the other hand, the ORR activity of the Pt15Cu85/C (6.3 nm)
catalysts has remained the same, while the activity of its 8.1 nm counterpart has
decreased. A reason for this last observation is not apparent, however. In particular,
the question of whether it is due to the alloy being fully ordered must remain moot in
the absence of further data.
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Fig. 7.24: CV profiles of Pt/C and selected Pt alloys formed at 350 °C and 950 °C
after 1000 CV scans at room temperature
7.3.8 Durability at 80 °C
All the catalysts listed in Table 7.2 have been subjected to the 1000 CV scan
durability test at 80 °C. The final cyclic voltammograms are shown in Figs. 7.25-7.28.
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Fig. 7.25: CV profiles of Pt/C formed at 350 °C, 600 °C and 950 °C
after 1000 CV scans at 80 °C
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Fig. 7.26: CV profiles of PtCo/C alloys formed at 350 °C and 950 °C
after 1000 CV scans at 80 °C
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Fig. 7.27: CV profiles of PtNi/C alloys formed at 350 °C and 950 °C
after 1000 CV scans at 80 °C
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Fig. 7.28: CV profiles of PtCu/C alloys formed at 350 °C and 950 °C after 1000 CV
scans at 80 °C

146

Pt oxide reduction position, mV vs RHE

Roughly speaking, the CV profiles of all the catalysts look rather similar, although
one might observe that the Hupd region of 350 °C annealed Pt/C and Pt75Ni25/C
appears to be somewhat less structured than that of the others. Compared with 1000
cycles at room temperature the carbon support redox feature near 0.6 V does not
appear to be greater in intensity. However, the increase in the oxidation current from
1.1 V definitely suggests that the carbon corrosion is indeed severe with the voltage
cycling at 80 °C. It has already been established that of the oxygen-containing carbon
groups only (hydro) quinone-like groups are electrochemically active and they
represent only a minimal percentage out of all the oxygenated species [33]. Again, the
different alloys do not have a distinct influence on the intensity of this carbon redox
feature or the CO2 evolution current – and as the carbon loss was not measured, it is
not really clear whether this means that the carbon oxidation is not catalyzed by Pt
and its alloys, or that all alloys have a comparable effect on this oxidation, or that the
voltammetric signature is not a good guide to carbon support degradation.
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Fig. 7.29: Platinum oxide reduction potential as the function of particle size (dTEM)
before and after the durability tests at 80 °C
The platinum oxide reduction peak of all the catalysts has shifted towards more
anodic potential after the durability test, indicating an increase in particle size due to
ageing. The shift was more important for the catalysts having lower initial particle
size, such that the reduction peak potential ended up being much the same for all the
catalysts. To check on the Pt (alloy) sintering behavior, the spent catalysts were reexamined with TEM. The resulting micrographs are exemplified in Figs. 7.5-7.11,
where they can easily be compared with the fresh ones. In agreement with the above,
particle growth is clearly evident for the catalysts with lower initial particle size. All
in all, however, it is rather difficult to analyze these micrographs because of particle
coalescence (to be counted as one, or several particles?), and, more problematically,
in the case of non-noble metal rich alloys, the formation of so-called percolated
structures (cf. Figs. 7.9, 7.11). These structures have been argued to be formed if the
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initial non-noble metal content of the alloy exceeds 60 atom%, leaching of which
would lead to “spongy” particles that could collect in such a percolated structure [28].
However that may be, the particle sizes of the aged catalysts reported in Table 7.2
have been based on the single spherical particles that could be found, and, therefore,
presumably represent the lower limit of the real particle size distributions. In Fig. 7.29
the Pt oxide reduction peak potential is plotted vs. the average particle size, both for
the fresh and the 80 °C aged catalysts. Two conclusions obtrude themselves: (i) all the
low particle sizes have increased to at least 6 nm, and (ii) the scatter in the peak
potential values is much smaller after ageing than before it.
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Fig. 30-31: ORR polarization curves of Pt/C and PtCo/C after 1000 CV scans at
80 °C
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Fig. 7.32-7.33: ORR polarization curves of PtNi/C and PtCu/C after 1000 CV scans
at 80 °C
The alloy composition of the aged 950 °C annealed catalysts was determined by EDS
to find out how much of the non-noble metal was retained in the catalysts. It turns out
that only 5-10 atom% was left, irrespective of the initial non-noble metal content.
This indicates that the durability test is more severe for the PtM/C catalysts that for
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the corresponding PtM electrodeposits, which retained about two times this amount of
non-noble metal.
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Fig. 7.34: XPS spectra showing the Co, Ni and Cu 2p regions from the surface of Pt
alloys after 1000 CV scans at 80 °C
A general growth of the Pt (alloy) particles should of course also be reflected in a loss
of Pt ECSA. The retention of ECSA after 1000 CVs at 80 °C as compared to 5 CVs at
that temperature is given in the last column of Table 7.2. The ECSA values were not
transformed into SSA this time, as we do not know how much Pt might have been
dissolved. The loss in ECSA tends to be higher for the catalysts having lower initial
particle sizes, irrespective of the alloying element or its content. Of the catalysts
annealed at 950 °C the loss in ECSA amounted to 20-50 %, with PtCo retaining
appreciably more surface area than PtNi and PtCu, and indeed Pt. Loss in ECSA
could in principle be due to both Pt dissolution and particle growth [28]. The latter is
certainly occurring (vide supra), but our data are not precise enough to estimate the
eventual role played by Pt dissolution.

149

Catalyst
Pt/C
Pt/C
Pt/C
Pt75Co25/C
Pt75Co25/C
Pt20Co80/C
Pt20Co80/C
Pt75Ni25/C
Pt75Ni25/C
Pt20Ni80/C
Pt20Ni80/C
Pt75Cu25/C
Pt75Cu25/C
Pt15Cu85/C
Pt15Cu85/C
40% Pt/C*
*

Anneal.
temp. °C
350
600
950
350
950
350
950
350
950
350
950
350
950
350
950

Specific activity, μA/cm2Pt
25@RT
37
98
152
91
236
214
414
35
226
163
318
56
430
252
434
91

1000@RT
77

134

146
204
193

1000@80C
64
59
114
78
127
133
143
63
102
117
127
78
108
87
127
71

Mass activity,
mA/mgPt
25@RT
39
50
52
65
203
109
238
39
145
168
61
210
177
178

HiSPEC™ 4000 (40% Pt on VulcanXC 72R)

Table 7.3: Specific activity and mass activity of the catalysts during the durability
tests

Note: The blue line joins the Pt/C points before the durability tests
Fig. 7.35: Specific activity of the catalysts as the function of particle size (dTEM)
before and after the durability tests at 80 °C
The specific ORR activities of the aged catalysts are also presented in Table 7.3. The
respective polarization curves are shown in Figs. 7.30-7.33. For Pt/C itself the
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catalysts annealed at 350 °C and 600 °C still underperform with respect to the 950 °C
annealed one. This is more or less in line with the measured average particle sizes
(see Table 7.1). For the alloys the situation is not quite as neat, but taken all together
one can conclude that Pt75Co25/C along with the non-noble metal-rich alloys show
specific activity slightly higher (about 1.2 times) to that of 950 °C annealed Pt, but the
specific activity of the other alloys are slightly below that of Pt. In other words, any
advantage that any alloy catalysts may have had initially, has largely disappeared after
ageing at 80 °C under the conditions applied here. As the amount of Pt dissolved in to
the electrolyte during voltage cycling is not studied, the mass activity of the catalysts
could not be determined.
The main upshot of the present study is that a thousand potential cycles (0.6-1.2 V) at
80 °C is sufficient to reduce the specific ORR activity of PtM (M = Co, Ni, Cu) alloys
to that of Pt itself. This appears to be due to two main factors: (i) durability testing
leads to an increase of particle size beyond the range in which a particle-size effect on
the ORR activity occurs, and (ii) the non-noble metal component is almost completely
leached out. To be sure, 5-10 at% of it is still left in the aged electrodes (EDS), but
XPS study of three representative PtCo, PtNi, and PtCu catalysts shows (Fig. 7.34)
that the M component cannot be detected with this technique, implying that the small
amount that remains is deeply buried inside relatively massive particles, thus
accounting for the equivalent to Pt/C ORR activity [41]. In this respect, the results
obtained with PtM electrodeposits (see in particular Appendix to Chapter 5, Chapter
6) form an interesting contrast. Although the initial particle size, as determined with
TEM, is rather similar to that of the PtM/C catalysts, alloy electrodeposits retain
appreciably more non-noble metal, which, moreover, remains detectable with XPS,
showing that it is sitting in subsurface positions, and, hence, the alloys retain an
activity advantage over Pt. On the origin of this state of affairs we can only speculate.
In general, one could expect to find that the specific activity of Pt alloys would
depend on the particle size, and on the amount and type of alloying element. And
preferably, this dependency should be also traceable in the cyclic voltammetry, e.g. in
the Pt oxide reduction peak potential, or the structure of the Hupd region, since even if
strain in the Pt surface layer is the driving force behind increased ORR performance,
this should manifest itself in other reactivity parameters as well. Our data on the CV
and ORR activity of stabilized catalysts (25 CVs) at room temperature, do indicate
that both these things change with the particle size, and vary with alloying element,
but only rough trends could be identified: small particles have (as expected) a lower
specific ORR activity than large ones, and PtCu and PtCo appears to out-perform the
PtNi alloys and Pt itself. More precise relationships have proved elusive.
Fig. 7.35 shows a summary plot of specific activity of the catalysts as a function of
average particle size, before and after the durability test at 80 °C. Various regions are
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identified in the figure, relating to the initial Pt:M ratio or the annealing temperature.
A dependency of the activity on the particle size is observed for both fresh and the
aged catalysts. For the fresh alloys the specific activity is also found to depend on the
alloying element and non-noble metal content in addition to particle size. However,
after the durability tests, the specific activity of the catalysts becomes almost identical
and show only a weak dependence on the particle size.

7.4 Conclusion
Carbon-supported Pt and PtM alloys with M = Co, Ni and Cu were made in a similar
way (synthesis, annealing) to compare their activity and durability for the oxygen
reduction reaction as a function of the alloying element in a systematic manner. Ptrich PtCo/C and PtCu/C alloys were formed by annealing at 350 °C, whereas
annealing at 950 °C was required to obtain Co- or Cu-rich alloys. Single phase alloys
for the PtNi/C alloys were only formed by a high temperature annealing step.
Non-noble metal rich alloys and Pt75Cu25/C reduced at 950 °C were perceived to have
the highest activity after the initial stabilization process of 25 CV scans at room
temperature. Even though the particle size of Pt/C and non-noble metal-rich alloys
formed at 950 °C are similar, non-noble metal-rich alloys exhibited about 2-3 times
higher specific activity than Pt. However, for the catalysts reduced at 350 °C and with
similar particle size range no gain in the specific activity was obtained for the alloys
over Pt (except Pt75Co25/C). As a group, the performance of PtCo and PtCu alloys was
found to be most impressive when compared to PtNi alloys and Pt. Like Pt, specific
activity of Pt alloys was found to depend on the particle size: the lower the particle
size the lower the specific activity.
Durability tests at 80 °C by voltage cycling led to substantial catalyst deactivation.
The specific activity of the aged catalysts annealed at a similar temperature is quite
comparable. The activity loss is found to be higher for the alloys as the alloying effect
is completely lost due to the dissolution of about 90-95 atom % non-noble metal with
the surface bearing only Pt after the durability tests. While the cause of Pt
deactivation is mainly particle growth, the activity reduction of the alloys was found
to be influenced by both the particle growth and alloying element dissolution.
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8
Electrochemical corrosion of various carbon supports
studied using on-line electrochemical mass
spectrometry (OLEMS)

The oxidative stability of various carbon supports (Vulcan XC-72, Ketjen black
EC300J, Sibunits: 619P, 29PVR, 1562P) was investigated both at constant potential
(1.2 V) and as a function of the potential in 0.5 M H2SO4 at 80 °C by OnLine
Electrochemical Mass Spectrometry. The rate of CO2 formation correlates well with
the corrosion current, and was found to decrease in time under potentiostatic
conditions. The carbon weight loss due to corrosion increases with increase in BET
surface area. The calculated weight loss varied from 3.5% for Vulcan XC-72 to
10.5% for Ketjen black after 10000 seconds at 1.2 V. However, the BET surface area
normalized carbon weight loss was found to be similar suggesting a similar carbon
corrosion mechanism for different carbons.
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8.1 Introduction
The durability of membrane electrode assembly (MEA) components plays a crucial
role in the commercialization of proton exchange membrane fuel cells (PEMFC)
systems[1]. Platinum supported on high surface area carbon blacks are widely used as
catalysts for the reduction of oxygen in PEMFCs [1, 2]. Catalyst durability under
PEMFC operating conditions is a major concern owing to the degradation of both the
catalyst and the carbon support [1, 3-6].
A large number of studies has been carried out to study the corrosion of carbon
supports and its influence on voltage degradation under phosphoric acid fuel cell
(PAFC) and PEMFC environments [3, 7-9]. In general, exposure of carbon supports
to high potential (> ~0.9V) and temperature (> ~60 °C) in a fuel cell accelerates the
corrosion of carbon [5, 7, 10-13]. In a typical automotive PEMFC system this
situation emerges especially during fuel starvation and startup/shutdown conditions [
12]. The oxidation of carbon results in the loss of electrochemical active surface area
of platinum catalyst by deteriorating the electrical contact and by decreasing the
hydrophobicity of the catalyst and gas diffusion layers. Moreover, the presence of Pt
containing catalysts accelerates the rate of carbon support oxidation at temperatures
above 50 °C [5]. Graphitized carbon, which is typically obtained by a heat treatment
process that modifies the structure and planar arrangement of carbon, is reported to be
more stable against oxidation and corrosion than ungraphitized carbon [7, 13, 14]. A
widely accepted carbon corrosion mechanism involves two reaction paths, namely a)
direct oxidation of carbon to CO2 through a four-electron process and b) carbon
oxidation to CO2 through the intermediate formation of surface oxides in a twoelectron step with both reactions occurring under similar conditions [7]. Organic
functional groups like phenolic, carbonyl, carboxylic and esters make up the surface
oxides in addition to the electro-active hydroquinone group [15]. Accelerated
durability electrochemical tests mimicking the potential fuel cell operating conditions
have been employed along with spectroscopic studies extensively to study the nature
of carbon surface oxidation[3, 5, 7, 9, 10, 13].
The corrosion stability of Vulcan XC 72R and Ketjen Black, the two most used
commercially available non-graphitized carbons, have been analyzed before [16]. A
disordered mesoporous carbon such as Sibunit was found to provide better ORR
kinetics when applied as catalyst support, although the corrosion resistance of this
carbon is yet to be studied [17]. In this work, the electrochemical stability of Sibunit
619P, Sibunit 29PVR and Sibunit 1562P with BET surface areas of 381 m2/g, 378
m2/g, and 485 m2/g was investigated at a potential of 1.2 V and 80 °C and compared
to that of the commercially available carbon blacks including Vulcan XC 72R, Ketjen
black (BET surface area of 242 m2/g and 800 m2/g respectively). The Sibunit carbon
supports with more graphitic nature when compared to the other carbon blacks used in
this study have different pore size and pore volume although their BET surface area is
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quite similar. More detailed characteristics about these carbons are available from
[18-20]. A mass spectrometer (OLEMS) coupled with electrochemical techniques like
cyclic voltammetry and chronoamperometry was used to determine the formation of
CO2 as function of the electrode potential.

8.2 Experimental
Electrodes were fabricated by coating a known amount of carbon blacks on a Toray
TGPH-060 backing layer with PTFE as the binder and wet-proofing agent. The
electrode was then embedded in the electrode holder made of Kel-F with an Au gold
wire, which is shielded from the electrolyte by a PTFE layer, acting as a current
collector. The lab-made OLEMS probe made of porous Teflon foam and a Kel-F
duct, which was connected to the mass spectrometer, was placed right on top of the
electrode surface at a distance of less than 20 µm. The schematic of the experimental
setup is shown in Fig. 8.1.

Fig. 8.1: Schematic of the electrochemical cell with OLEMS probe for carbon
corrosion studies
Electrochemical measurements were carried out in a three-compartment
electrochemical cell with a Red Rod reference electrode (Radiometer Analytical, +
141 mV vs. RHE @ 80 °C). A platinum foil acted as the counter electrode. All the
experiments were conducted in 0.5 M H2SO4 or 1 M H2SO4 at 80 °C under argon
atmosphere and all the potentials mentioned in this work are against the reversible
hydrogen electrode (RHE). The electrodes were pretreated in a solution of boiling
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Millipore water and a few drops of the electrolyte to ensure complete wetting of the
electrode before introduction into the electrochemical cell.
Before exposing the electrodes to the potentiostatic hold at 1.2 V for ~ 5 hours, cyclic
voltammetry measurements were performed on the fresh carbon surface with a scan
rate of 50 mV/s in the potential range 0.05 - 1.0 V to study the presence of
electroactive surface species. This relatively low potential scan region was chosen to
avoid carbon oxidation. After these initial CV steps, the electrodes were scanned
again in the potential range between 0.05 -1.6 V with a slower scan rate of 5 mV/s
and the subsequent mass signals of CO2 (m/z = 44) were recorded by OLEMS as a
function of the scan potential. The slower scan rate was chosen to minimize the delay
between the mass signal and the applied potential. The formation of gaseous corrosion
products during the potential hold experiments was monitored for a period of 5 h.
After these corrosion experiments, CVs and the CO2 mass signals were recorded to
explore the change in the coverage of electro active surface species and the onset
potential of CO2 formation. As a reference experiment the uncoated Toray TGPH-060
backing layer was also characterized in the same manner.

8.3 Results and discussion
8.3.1 Characterization by cyclic voltammetry of fresh carbon supports
The cyclic voltammograms of the fresh carbon electrodes in 0.5 M H2SO4 normalized
to their carbon loading (A/gcarbon), which is already known during electrode
fabrication, are shown in Fig. 8.2a. For all the carbon surfaces other than Ketjen
black, formation and reduction of two surface oxide peaks were observed. Kinoshita
et al. [7] observed three electroactive species all belonging to quinoid groups. The
polycyclic nature of the carbon surface and the various oxide groups that can be
formed on it are considered to make the presence of quinone groups with different
redox potentials. Among the carbons tested, Vulcan XC72 R showed a very small
double layer charging current owing to its lower surface area. From literature, the
redox couple at around 0.5-0.6 V can be assigned to quinone/hydroquinone groups
[7]. Moreover, Vulcan XC 72R showed a much lower oxidation current and hence
likely has a lower number of electroactive surface species than the other carbons.
Similarly, fresh Ketjen black did not show any signs of the presence of redox species
and the current is due to the double layer charging.
However, the oxidation currents for the Sibunit type carbons revealed the presence of
electroactive quinone/hydroquinone surface species and their CV profiles were quite
comparable even though these carbons have different surface areas and pore
structures. These kinds of responses could be attributed to the history of carbon
surfaces with different level of vulnerable sites to oxidation. Increase in the oxidation
current above 0.8 V denotes the onset potential for the irreversible corrosion of carbon
to CO2.
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Fig. 8.2a: CVs revealing the surface electroactive species of fresh carbon electrodes:
Ar saturated 0.5M H2SO4, 80 °C and 50 mV/s sweep rate
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Fig. 8.2b: CVs revealing the surface electroactive species of carbon electrodes after
exposing to 1.2 V: Ar saturated 0.5M H2SO4, 80 °C and 50 mV/s sweep rate
After a potential hold of ~5 h at 1.2 V a huge increase in the anodic/cathodic current
suggests the formation of quinone/hydroquinone electroactive species (Fig. 8.2b) at
high potential without its immediate oxidation to CO2. Ketjen black with a high BET
surface area has a high coverage of newly formed redox species while Vulcan is the
support with the lowest coverage of such species. The skewed CV profiles point to
the increase of the internal resistance upon prolonged exposure of the electrodes to a
potential of 1.2 V.
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8.3.2 Potential hold at 1.2V
Before holding the electrodes at 1.2 V, the electrodes were kept at 0.05 V for a few
seconds to exactly monitor the anticipated change in the current profile and CO2
production with respect to the change in potential pulse from 0.05 to 1.2 V. Fig. 8.3
and 8.4 show the change in corrosion current and the associated CO2 mass signals of
the carbons as a function of time.
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Fig. 8.3: Specific corrosion currents of different carbons while exposing to 1.2 V at
80 °C, 0.5M H2SO4
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Fig. 8.4: CO2 mass signals (m/z = 44) of different carbons recorded by OLEMS
during the potential hold at 1.2 V in Ar saturated 0.5M H2SO4, 80 °C
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Initially, a steep increase of the corrosion current was observed for all the carbons
after switching the potential from 0.05 V to 1.2 V. This is followed by decline in
current with time to reach a steady-state value. These initial responses could be either
due to double layer charging or due to the instant formation of CO2 and some CO
fragments directly from carbon oxidation or from the already formed oxygenated
surface carbon species including quinone/hydroquinone redox species. This is
reflected in Fig. 8.4, which shows an instantaneous production of CO2 once the
potential switch to 1.2 V is applied. The sequential drop in the evolution of CO2
thereafter could be due to the decline of active sites for oxidation through persistent
corrosion of both carbon and the oxygenated carbon species.
The hacksaw like shapes found in the mass signal of high surface area carbons,
especially observed for Ketjen black, is ascribed to the periodic bursting of CO2
bubbles at the surface due to the release of CO2 molecules from the porous structure.
The observed initial CO2 formation was highest for Sibunit 29PVR as compared to the
other carbons upon switching the potential to 1.2 V. This condition is complementary
to the findings of Fig. 1a, which suggested that this carbon has more
hydroquinone/quinone group than the other carbons, and that these species are
immediately oxidized to CO2 at 1.2 V. However, it is emphasized that the contribution
of hydroquinone/quinone group towards carbon corrosion is less than 5% of the total
oxygenated surface carbon species [15].
Similar behavior of the corrosion current and the CO2 mass signal was observed for
the blank Toray TGPH-060 backing layer. However, for the backing layer the
corrosion current was found to be lower by several orders of magnitude in the order of
a few nA. The corresponding CO2 mass signal was about four orders lower than that
of the carbon black coated backing layers. Hence it can be safely assumed that the
backing layer does not contribute to the measured corrosion currents as reported in
this chapter.
The specific corrosion rate of different carbons during the potential hold at 1.2 V
normalized to the carbon loading is shown in Fig. 8.5. The specific carbon corrosion
rate was found to fall off with time. From literature, this kind of behavior is well
known for the untreated/non-graphitized carbon blacks under similar experimental
conditions [7, 16, 21]. The formation of passive surface oxide groups and the removal
of active sites such as the amorphous core of the primary particles over the period are
considered reasonable explanations for this behavior. The initial corrosion rate of the
carbons supports decreased in the order Ketjen black > Sibunit 1562P > Sibunit
29PVR > Sibunit 619P > Vulcan XC 72R, that is the corrosion rate correlates to the
surface area of the carbons. Comparison of the BET surface area of carbons and the
coverage of electroactive surface species on the carbon surface (Fig. 1b) with the
corrosion current suggests that the presence of more surface oxide groups increases
the corrosion of carbon to CO2. However, this is again could be a coincidence as
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carbon corrosion was observed even without the formation of electroactive species
[13].
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Fig. 8.5: Specific corrosion rate (normalized to carbon loading) of different carbons
while exposing to 1.2 V at 80 °C
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Fig. 8.6: Specific corrosion rate (normalized to BET surface area) of different
carbons while exposing to 1.2 V at 80 °C
Despite that, a different interpretation could be arrived at if the corrosion rates are
normalized to the BET surface area of various fresh carbon supports as illustrated by
Fig. 8.6. While the corrosion current of different carbons normalized to the carbon
loading varies substantially, the BET surface area normalized corrosion rates of the
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carbon supports are quite similar. The figures and the data (Table 1) that compare the
specific corrosion rates of the carbons obtained at 10000 s suggests that the carbon
corrosion rates are predominantly influenced by the BET surface area.

Carbon
type
Vulcan
XC 72R
Ketjen
black
Sibunit
619P
Sibunit
29PVR
Sibunit
1562P

BET
surface
area,
m2/g

Specific corrosion
rate @ 1000 s

% Carbon weight loss @
1000 s
Integrated
BET
(Fig. 8.9)
normalized

A/g

A/cm2BET

240

0.12

4.9E-8

0.55

800

1.0

1.25E-7

381

0.23

378
485

Specific corrosion
rate @ 10000 s

% Carbon weight loss @
10000 s
Integrated
BET
(Fig. 8.9) normalized

A/g

A/cm2BET

0.0023

0.055

2.3E-8

2.5

0.011

3.49

0.0044

0.4

5E-8

10.5

0.013

5.97E-8

1.57

0.0041

0.05

1.3E-8

4.15

0.011

0.28

9.39E-8

1.61

0.0043

0.07

1.86E-8

4.84

0.013

0.30

6.16E-8

1.88

0.0039

0.08

1.66E-8

5.66

0.012

Table 1: Comparison of specific corrosion rates and weight loss of the carbons at
10000 s
8.3.3 Carbon oxidation mechanism
From the earlier studies, it is well established that the presence of edge sites, defects
and surface groups acts as the nucleation sites for carbon oxidation [7]. The
continuous growth of electroactive surface oxide groups as represented by the
difference in the CV responses before and after the potentiostatic experiment and the
immediate formation of CO2 once the applied potential was changed to 1.2 V suggests
that the electrochemical oxidation of carbon to carbon dioxide indeed occurs by two
independent reaction pathways. One path would be the direct oxidation of carbon to
CO2 and the other one involves the formation of intermediate surface oxide groups.
Even with the growth of electroactive surface oxides with time, the rate of CO2
evolution kept decreasing. Thus, the influence of oxidation of electroactive species to
the overall CO2 production is probably relatively small. In support of this, Jarvi et al.
found the contribution of hydroquinone/quinone functional groups to the overall
carbon corrosion current to be only around 3%, when evaluating the surface oxides
formed after holding at 1.2V [15].
8.3.4 CO2 mass signal – OLEMS
The formation of CO2 from Ketjen black and Sibunit 29PVR as a function of applied
potential is shown in Fig. 8.7 and 8.8. The other carbon supports exhibited similar
behavior and are not shown here. While scanning in anodic direction, an increase in
the ion current that denotes the evolution of CO2 was noticed for all the carbon
electrodes starting between 0.95 and 1.2 V (Table 2). The ion current equivalent for
the CO2 evolution for the different carbon electrodes could not be related, as it was
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difficult to control and maintain the same inlet pressure in the mass spectrometer for
each experiment for a prolonged time. Meanwhile the anodic current (CV, red line)
starts at an earlier potential than the CO2 formation potential (black line) for all the
carbon supports (marked by arrows in Fig. 8.7 and 8.8).
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Fig. 8.7: CO2 mass signals recorded by OLEMS and the associated CV of fresh
Ketjen black (left) and Sibunit 29PVR (right): Ar saturated 0.5M H2SO4, 80 °C and 5
mV/s sweep rate
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Fig. 8.8: CO2 mass signals recorded by OLEMS and the associated CV of corroded
Ketjen black (left) and Sibunit 29PVR (right): Ar saturated 0.5M H2SO4, 80 °C and 5
mV/s sweep rate
There could be at least two possible explanations for this behavior. One is attributed
to the formation of oxidized carbon intermediates at earlier potentials as noticed from
the increase in corrosion current, which are then again oxidized to CO2 at higher
potentials as observed form the CO2 mass signal. On the other hand, a closer analysis
of the data (Table 2) reveals the existence of a relation between the CO2 evolution
potential and the BET surface area of the carbons. CO2 evolution starts early for the
carbon with low BET surface area and the evolution potential moves towards more
positive potential as the BET surface area increases. In this case, the correlation could
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just be associated with the lag in the evolution and buildup of CO2 at the electrode
surface for the carbons with high surface area because the appropriate corrosion
currents of the carbons for the CO2 evolution, as obtained from the respective CV
scans, appeared to be similar (~0.9 – 0.95 V). Besides, the combination of these two
behaviors cannot be excluded.
Although fresh Ketjen black surface show no sign of electroactive groups (Fig. 8.2a)
in the potential range up to 1.0 V, its corrosion to CO2 sets off at around 0.9 V (from
CV), which is earlier than to that of other carbons (Table 2). The presence of other
surface groups that are not electrochemically responsive below 1.0 V can explain the
corrosion of fresh Ketjen black. The CO2 evolution potential obtained from the CV
and the OLEMS mass signal of the electrodes after an excursion to 1.2 V shows the
onset of CO2 evolution at about 1.0-1.1 V. Thus, the threshold potential for CO2
evolution appeared to be shifted a little towards more anodic potentials (Fig. 8.8 and
Table 2). This specifies that the carbons become more resistant towards
electrooxidation, which can be the consequence of the depletion of active carbon sites
for further oxidation.

CO2 evolution potential
Carbon type

Vulcan XC 72R
Ketjen black
Sibunit 619P
Sibunit 29PVR
Sibunit 1562P

Before potential hold
@ 1.2 V
CO2 mass
CV
signal
0.95
0.965
0.9
1.2
0.92
1.0
0.94
1.0
0.95
1.05

After potential hold
@ 1.2V
CO2 mass
CV
signal
1.05
1.05
1.1
1.1
1.05
1.1
1.05
1.05
1.0
1.05

Table 2: Comparison of CO2 evolution potential from the CO2 mass signal to the BET
surface area of the carbons
A huge difference in the carbon corrosion current (more than 20 times), which starts
at about 1.0 V, is noted for the carbons before and after exposing to 1.2 V. This again
indicates the decline in the carbon corrosion over a period of time irrespective of an
increase in the coverage of electroactive surface species. The increase in CO2
evolution at around 0.2-0.3 V in the mass signal may indicate the potential induced
release of CO2 molecules adsorbed/trapped in the microporous structure of the
carbons [14]. Adsorption of water molecules on the carbon surface during the
cathodic scan between the potential of 0.45 V and 0.05 V was observed by Dam et al.
[5]. Hence the evolution of CO2 at this potential range could also be attributed to

165

displacement of trapped CO2 during this water adsorption process. Moreover, CO2
was found to adsorb on oxygenated carbon complexes and on graphene planes [22]
and so the liberation of CO2 at lower potentials could be related to the reduction of the
oxygenated surface carbon species.
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Fig. 8.9: Plot of carbon weight loss as a function of time at 1.2 V

12
@1000 s
@10000 s

carbon weight loss, %

10
8
6
4
2
0
200

300

400
500
600
BET surface area, m2/g

700

800

Fig. 8.10: Plot of carbon weight loss to the BET surface area at 1.2V
8.3.5 Carbon weight loss
The estimated weight loss (Fig. 8.9) of carbon during the potentiostatic corrosion
process can be calculated by integrating the corrosion current over time and by
assuming a four-electron process according to references [7, 13, 21]. The percentage
carbon weight loss at the start (1000 s) and end (10000 s) of 1.2 V hold is given in
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Table 1. The data reveals the dependence of carbon weight loss on the BET surface
area of the carbon supports.
A plot of BET surface area of the carbons to the carbon weight loss (Fig. 8.10) is
similar to what Ball et al. reported [13]. The higher the surface area, the higher the
carbon weight loss. The authors of [13] concluded that the carbon corrosion rates
depend on the total number of sites vulnerable to oxidation by showing very similar
specific carbon corrosion rates for different carbon supports. It is reasonable to
assume that a carbon with high surface area has more active sites and hence a high
rate of oxidation. Consequently, the corrosion rates of the different carbons become
identical if the carbon weight loss is normalized to the BET surface area (Table 1).
The graphitic nature of the Sibunits does not seem to have better corrosion stability
than the other carbon blacks under the considered experimental conditions.

8.4 Conclusion
Instantaneous evolution of CO2 due to corrosion was noticed with OLEMS when a
potential of 1.2 V is applied for various commercially available carbons at 80 °C. The
hydroquinone/quinone redox current after excursion to 1.2 V, carbon corrosion rate
and weight loss increases with the BET surface area. When normalized to the surface
area, the specific corrosion rate and the carbon weight loss were quite similar for all
the carbon supports. The carbon oxidation current begins between 0.9 and 0.95 V for
the fresh carbons while for the carbons after potential hold at 1.2 V, the evolution
commences between 1.05 and 1.1 V. In both the cases the CO2 is released only later
presumably due to the formation of oxidized carbon intermediates at lower potentials.
This positive shift in the carbon corrosion potential together with the decrease in the
specific carbon corrosion current and CO2 formation manifests the decrease in carbon
corrosion rate.
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Summary
Proton-exchange membrane fuel cells (PEMFC) are electrochemical devices that
convert a fuel with the aid of oxygen directly into electrical energy with high
efficiency without being limited by the Carnot cycle. With hydrogen as the preferred
fuel, which can in principle be produced from renewable feedstocks, fuel cells may
become important devices for electricity generation for stationary, mobile and
portable applications. Commercial implementation of PEMFCs for mobile
applications requires bringing down the current high costs of this technology. A major
contributor is the catalyst cost and especially the ORR (oxygen reduction reaction)
electrocatalysts because of high Pt loadings. Besides the rather slow rate of oxygen
reduction, Pt catalysts also suffer from limited stability under PEMFC operating
conditions. Deactivation of the electrocatalyst is primarily influenced by the loss in
electrochemical surface area for Pt catalysts. Pt dissolution at high potential followed
by particle sintering due to Oswald ripening, coalescence and particle migration
characterize the surface area and mass activity loss. For alloys, the dissolution of the
non-noble metal also contributes to deactivation of the catalysts. Additionally, carbon
support corrosion also plays a role.
This thesis addressed the issue of durability of carbon-supported Pt-based ORR
catalysts. Specifically, the potential benefit of non-noble metal alloying (Co, Ni, Cu)
on the ORR activity and stability of Pt catalysts is investigated. To learn about the
intrinsic properties of such alloys the work involved studies of electrodeposited PtM
layers followed by studies of carbon corrosion and the activity and stability of carbonsupported alloys. The main electrochemical technique was cyclic voltammetry at
room temperature and 80 °C.
The ORR activity and durability of unsupported Pt and PtM alloys with respect to
non-noble mental dissolution and Pt surface area (ECSA) loss was discussed in
Chapters 2 – 6. Unsupported Pt and PtM alloys were prepared through
electrodeposition because of the ease of preparation of alloys with a wide
compositional variety. In general, an enhancement in the ORR activity was achieved
for all the alloys when compared to Pt after 15 CV scans. The ECSA loss was found
to be more substantial in these first scans for the non-noble metal-rich alloys. Further
potential cycling led to similar losses in the ECSA for Pt and the alloys.
Regarding non-noble metal dissolution, Co and Ni were found to be more resistant
towards dissolution than Cu during the initial stages of potential cycling. However, at
the end of 1000 CV scans, the amount of non-noble metal in the catalyst layer was
around 15 atom% irrespective of the alloying element and the initial Pt:M ratio. The
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CV and XPS studies pointed to the formation of a Pt-enriched catalyst surface with
the non-noble metals being in subsurface layers. In spite of having a similar catalyst
surface, non-noble metal-rich alloys were found to be more stable towards potential
cycling. In other words, the durability of the alloys at room temperature depends on
the initial Pt:M ratio. Structural and elemental studies on the near-surface regions are
necessary to understand these differences in more detail.
The durability of the alloys studied at elevated temperature (Chapter 6) revealed that
the PtM alloys maintained their enhanced ORR activity even after 1000 potential
cycles. However, no difference in the ORR between the Pt-rich and non-noble metal
rich alloys was found. Nevertheless, PtNi was found to be the most durable among the
alloys followed by PtCo and PtCu. On the issue of non-noble metal dissolution, the
alloys still retained about 15-20 atom% non-noble metals, even after extensive
potential cycling.
The investigation of the influence of chloride ions on the ORR activity and durability
of Pt and PtNi alloys described in Chapter 3 shows that a chloride ion concentration
as low as 5 ppm is sufficient to poison the catalyst and reduce the ORR activity by
several orders of magnitude. However, among the catalysts studied in chloridecontaining electrolyte, Pt10Ni90 was found to be the most active one. Chloride ions,
even in minute quantity, were found to accelerate Ni dissolution.
To examine whether the enhanced durability of the unsupported alloys can in
principle be useful for the development of actual fuel cell catalysts, Pt and PtM alloy
nanoparticles were prepared on a carbon support and annealed at different
temperatures (Chapter 7). The effect of particle size and the alloying element is
discussed in this chapter. Non-noble metal rich alloys exhibited the highest activity at
room temperature after initial dealloying. The electrocatalytic activities of the fresh
alloys were found to be dependent on the particle size, alloying element and nonnoble metal concentration. Nonetheless, after 1000 potential cycles at 80 °C with
almost complete dissolution of non-noble metal, the activities of the alloys were quite
similar to that of Pt. Besides, the aged catalysts showed only a modest dependence on
the particle size.
Comparing electrodeposited and carbon supported alloys, it is noted that in both cases
room temperature Cu dissolution is rapid as compared to Co and Ni. Also, an
enhancement in the ORR activity was achieved for the alloys. However, unlike
supported alloys, the electrodeposited layers were able to retain their enhanced
activity after the durability tests. This could be related to the amount of non-noble
metal retained: electrodeposited alloys retained about twice as much of the non-noble
metal than the supported ones. To conclude with, the significance of PtM alloys as an
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alternative to Pt/C relies on how to retain a considerable amount of non-noble metal
in the catalyst.
The last part (Chapter 8) of this thesis deals with the electrochemical corrosion
behavior of various commercial carbon supports at elevated potential (1.2 V) and
temperature under potentiostatic conditions by employing on-line electrochemical
mass spectrometer (OLEMS). The corrosion rate of the carbons decreased with time.
The CVs revealed that the onset potential of carbon oxidation and CO2 evolution
shifted towards higher values after the potential hold experiments again confirming
the resistance of carbon towards corrosion. The carbon weight loss was found to be
depending on their BET surface area. The BET-surface area normalized weigh loss is
similar for all the carbons, which indicate that the corrosion behavior of these carbon
supports is quite similar.
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Samenvatting
Brandstofcellen zijn elektrochemische apparaten die de chemische energie opgeslagen
in een brandstof zoals bijvoorbeeld waterstof omzet in elektrische energie en warmte.
Een veelgebruikte brandstofcel is de zogenaamde proton-exchange membrane fuel
cell (PEMFC), die als elektroliet een proton-uitwisselingsmembraan bevat. Het
elektrische rendement van brandstofcellen is hoog ten opzichte van traditionele
verbrandingsprocessen die werken volgens het Carnot - principe. De PEMFC werkt
optimaal wanneer waterstof als brandstof wordt gebruikt.Bij voorkeur wordt waterstof
met behulp van hernieuwbare bronnen geproduceerd. De PEMFC wordt op dit
moment ontwikkeld voor toepassingen in het transport, voor stationaire
elektriciteitsopwekking en voor draagbare apparaten.
Voor commerciële toepassing in het transport moeten de kosten van de
brandstoftechnologie nog sterk verlaagd worden. Een belangrijk deel van de
materiaalkosten wordt veroorzaakt door de gebruikte katalysator, met name die voor
de zuurstofreductie. Alhoewel platina het
meest actieve metaal is voor
zuurstofreductie in zuur milieu en bij lage temperatuur, is voor voldoende
vermogensdichtheid een relatief hoge platinabelading nodig.
Naast deze lage activiteit is ook de stabiliteit onder de bedrijfscondities beperkt. Een
verlies van de activiteit wordt meestal in verband gebracht met een afname van het
elektrochemische oppervlak. De meest bekende processen die leiden tot
activiteitsverliezen zijn: (i) het oplossen van platina bij hoge elektrodepotentiaal, al
dan niet gevolgd door redepositie (zogenaamde Ostwald rijping) bij verlaging van de
potentiaal, (ii) deeltjesgroei door coalescentie en (iii) migratie van metaaldeeltjes over
het oppervlak van de drager. Indien platinalegeringen worden gebruikt voor de
zuurstofreductie leidt het oplossen van het niet-edele metaal dikwijls ook tot
deactivering van de katalysatoren. Tenslotte leidt ook corrosie van de koolstofdrager
tot deactivering.
Dit proefschrift richt zich op de levensduuraspecten van
zuurstofreductie
katalysatoren op basis van platina op koolstof. Bijzondere aandacht gaat uit naar de
mogelijke voordelen van platinalegeringen, bestaande uit platina-kobalt, platinanikkel en platina-koper in verschillende samenstellingen, waarbij zowel de activiteit
als de stabiliteit van deze legeringen worden onderzocht. Teneinde beter inzicht te
krijgen in de intrinsieke activiteit van deze legeringen zijn deze legeringen eerst
aangebracht op goudelektroden door middel van elektrochemische depositie.
Vervolgens is een selectie van deze legeringen ook bereid op een koolstofdrager. De
corrosie van deze koolstofdrager is separaat bestudeerd. Cyclische Voltammetrie is
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standaard toegepast voor de elektrochemische karakterisering van deze katalysatoren,
zowel bij kamer temperatuur als bij 80 °C.
In hoofdstukken 2 – 6 wordt de zuurstofreductie activiteit en - stabiliteit van
ongedragen platina en platinalegeringen beschreven. Deze legeringen werden bereid
door middel van elektrochemische depositie, waarbij het mogelijk bleek een breed
scala aan samenstellingen reproduceerbaar te bereiden. Over het algemeen waren de
op deze wijze bereide platinalegeringen actiever voor zuurstofreductie dan puur
platina, wanneer gemeten na 15 potentiaal cycli. Van de bestudeerde legeringen was
gedurende de eerste potentiaalcycli de vermindering van het actieve oppervlak het
grootst in de legeringen die weinig platina bevatten. Bij langdurig cycleren was dit
verlies in actief oppervlak vergelijkbaar voor platina en de legeringen.
Met betrekking tot het oplossen van het niet-edelmetaal uit de legeringen bleek dat
kobalt en nikkel resistenter zijn tegen oplossen dan koper, met name gedurende de
eerste potentiaalcycli. Na 1000 potentiaalcycli bleek de hoeveelheid niet-edelmetaal
in alle legeringen gedaald te zijn tot circa 15 atoom%, onafhankelijk van het type
metaal en de initiële verhouding platina-niet-edelmetaal. Karakterisering met
cyclische voltammetrie en röntgen foto-elektronenspectroscopie liet zien dat na het
cycleren het oppervlak verrijkt is in platina, waarbij het niet-edelmetaal zich in de
lagen onder het oppervlak bevindt. Ondanks het feit dat de chemische samenstelling
van het elektrodeoppervlak van legeringen met verschillende begin samenstelligen na
cycleren vrijwel identiek is, bleek dat legeringen met weinig platina stabieler zijn
onder cyclisch bedrijf dan de legeringen met een hoge platina-metaal verhouding.
Meer gedetailleerde structuur- en elementanalyse van de atoomlagen onder het
oppervlak zijn nodig om meer inzicht te krijgen in de relatie tussen de stabiliteit en de
initiële platina-metaal verhouding.
De bestudering van de stabiliteit van de legeringen bij 80 °C (Hoofdstuk 6) heeft
aangetoond dat platina-metaal legeringen zelfs na 1000 potentiaalcycli nog een hogere
zuurstofreductie-activiteit hebben dan platina na 1000 potentiaalcycli. Het verschil
tussen legeringen die arm of rijk zijn in platina verdwijnt echter tijdens deze
potentiaalcycli. Platina nikkel blijkt de meest stabiele katalysator te zijn, gevolgd door
platina-kobalt en platina koper. Ook bij 80 °C blijkt dat na langdurig cycleren er 15–
20 atoom% van het niet-edelmetaal achterblijft in de katalysator.
In hoofdstuk 3 wordt de invloed van chloride ionen beschreven op de stabiliteit en
activiteit van platina en platina-nikkel legeringen voor zuurstofreductie. Al bij
chlorideconcentraties van 5 ppm verloopt de zuurstofreductie enkele orden van
grootte trager dan in afwezigheid van chloride. Verrassenderwijs is Pt10Ni90 de meest
actieve katalysator in aanwezigheid van chloride ionen, ondanks het feit dat het
oplossen van nikkel sterk versneld wordt door de aanwezigheid van chloride ionen.
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Om de toepasbaarheid van platinalegeringen als katalysator in de PEMFC elektroden
te onderzoeken, zijn platina en platina-metaal legeringen op een koolstofdrager bereid
en uitgegloeid bij verschillende temperaturen. In hoofdstuk 7 zijn de effecten van de
deeltjesgrootte en de samenstelling van de legeringen beschreven. Bij
kamertemperatuur hebben de platina-arme legeringen de hoogste activiteit na de
eerste potentiaalcycli. Voor de vers bereidde katalysatoren bleek dat de activiteit voor
zuurstofreductie afhankelijk is van de deeltjesgrootte en de samenstelling van de
platina-metaal legering. Na 1000 potentiaalcycli bij 80 °C was de activiteit van al
deze legeringen vergelijkbaar met die van platina. Daarnaast was de
deeltjesgrootteafhankelijkheid na cycleren beperkt.
Wanneer de legeringen die bereid zijn door middel van elektrochemische depositie
worden vergeleken met de chemisch bereide legeringen op koolstofdrager, blijkt dat
bij kamertemperatuur in beide typen koper veel sneller oplost dan kobalt en nikkel.
Tevens werd voor beide typen verhoogde zuurstofreductie activiteit gemeten. Echter,
terwijl de ongedragen katalysatoren bereid door elektrochemische depositie een
blijvend verhoogde activiteit hebben, verliezen de gedragen katalysatoren hun
activiteit tijdens de potentiaalcycli. Mogelijk kan dit verschil worden toegeschreven
aan de hoeveelheid metaal dat in de katalysator blijft na deze potentiaalcycli: deze is
twee keer zo hoog in de ongedragen katalysatoren in vergelijking met de op koolstof
gedragen katalysatoren. Concluderend kan gesteld worden dat de verhoogde activiteit
van platina-metaal legeringen alleen toepasbaar is voor PEMFC elektroden wanneer
het lukt het niet-edelmetaal in voldoende mate vast te houden tijdens cycleren.
In hoofdstuk 8 wordt de corrosie van diverse koolstofdragers bij 1.2 V en 80 °C onder
potentiestatische condities beschreven. Voor deze studie is een online
elektrochemische massaspectrometer (OLEMS) toegepast. Gebleken is dat de
corrosiesnelheid afneemt in de tijd voor alle onderzochte koolstofdragers. Uit de
cyclisch voltammogrammen blijkt dat de potentiaal waarbij de vorming van CO2
begint verschuift naar hogere potentiaal na blootstelling aan 1.2 V. De vermindering
in koolstofmassa hangt af van de BET oppervlakte van de koolstofdrager. De BEToppervlak genormaliseerd weegt het verlies is gelijk voor alle koolstoffen, die erop
wijzen dat de corrosie gedrag van deze koolstof ondersteunt is vrij gelijkaardig.
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