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a b s t r a c t

The temperature dependence of the CO desorption process on a carbon-supported platinum–ruthenium
alloy catalyst has been investigated using isotopic exchange experiments. The kinetics of CO desorption
on PtRu/C catalyst have been studied as a function of temperature and flow rate. Desorption rate con-
stants have been determined for a temperature range between 25 �C and 150 �C. All PtRu/C results have
been compared with those obtained for the Pt/C catalyst under similar experimental conditions. Quite
different desorption rate constants have been observed. The variation in apparent Arrhenius parameters
(frequency factor A and activation energy Ea) for PtRu/C and Pt/C could possibly explain their different
degrees of poisoning by CO in proton exchange membrane fuel cells (PEMFCs) and the underlying adsorp-
tion/desorption processes. The effect of temperature treatment on the PtRu/C catalyst properties has also
been investigated with respect to CO desorption kinetics and to the associated microstructural
transformations.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are expected to
achieve commercial application in a wide variety of areas includ-
ing the automotive industry, because of having the inherent prop-
erties of high current density, being lightweight, operating at low
temperatures, and containing no corrosive materials [1]. Platinum
is currently the catalyst of choice for both the anode and cathode
processes due to the high current densities obtained [2]. A possible
source of hydrogen for the anode reaction is the reformation of
hydrocarbons, by partial oxidation or steam reforming. This results
in hydrogen containing, amongst other impurities, significant lev-
els of CO. CO levels can be reduced down to ppm levels (by pres-
sure swing adsorption or via the water gas shift reaction) but as
little as 20 ppm CO is known to poison the platinum catalyst by
blocking sites for hydrogen adsorption [3]. Platinum–ruthenium
catalysts have attracted considerable interest in recent years as
highly active and more CO tolerant anode catalysts in PEMFCs,
both for the electrooxidation of CO-contaminated H2-rich fuel
gas and for the electrooxidation of methanol in direct methanol
fuel cells [4,5]. Three possible effects have been identified to ex-
ll rights reserved.
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plain increased CO tolerance of platinum–ruthenium catalyst com-
pared to pure platinum: the bifunctional mechanism, the ligand
effect mechanism and the ‘‘detoxification” mechanism. The bifunc-
tional mechanism suggests that the overpotential for CO oxidation
to CO2 is reduced by the presence of ruthenium through water dis-
sociation at ruthenium, which is more facile than on Pt. This mech-
anism has been demonstrated extensively in the literature both
theoretically [6–9] and experimentally [10–18]. Alternatively, the
ligand effect mechanism suggests that combining platinum with
ruthenium leads to a reduction in the Pt–CO bond strength, lead-
ing to a higher rate of CO oxidation at the surface. This mechanism
has also been demonstrated both theoretically [6–9,19–22] and
experimentally [15,22] but has been shown to have a less signifi-
cant effect on the rate of CO oxidation than the bifunctional mech-
anism [24,25]. Similarly to the ligand effect mechanism, the
‘‘detoxification” mechanism involves a weakening of the Pt–CO
bond strength due to the presence of ruthenium. However, in this
case, this bond strength weakening is proposed to lead to a lower
equilibrium CO coverage leaving more free sites for hydrogen oxi-
dation [26,27].

Therefore, the issue of CO tolerance should be considered from
the point of view of both the electrochemical CO oxidation and the
equilibrium attained through the adsorption/desorption process,
since the kinetically predominant of these two processes will gov-
ern the surface coverage of the CO species at steady-state. While
the CO oxidation mechanisms, both bifunctional and ligand effect
mechanisms, have been extensively investigated in the literature
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[6–23], only a few studies have been performed on the CO adsorp-
tion/desorption process [26,27]. The fundamental study of the CO
adsorption/desorption process is, however, essential to better
understand the CO poisoning behaviour on PEM fuel cell anodes.

In this study, CO isotope exchange experiments have been car-
ried out to follow the CO desorption kinetics from supported PtRu
to help understand the role of Ru in providing increased tolerance
to CO in PEM fuel cells. CO isotope exchange experiments taking
place at either the liquid–solid interface, in the electrochemical
environment, or the gas–solid interface, were used in previous
studies to help elucidate the mechanisms involved in CO tolerance
at PEM fuel cell anodes. However, the actual environment within
the fuel cell lies somewhere between these two conditions, as
the supported catalyst is exposed to a humidified gas stream. CO
exchange at the liquid–solid interface under the electrochemical
environment was mainly studied using in situ infrared detection
in an external reflection configuration [28–30]. Weaver et al. re-
ported the infrared spectra for CO adsorbed at ordered Pt(111)
aqueous interfaces for various 12CO/13CO mixtures [28,29]. Korze-
niewski et al. probed qualitative structural features of the adlayers
formed by CO at step sites and on terrace planes of Pt(335) and
Pt(111) in the aqueous electrochemical environment [30]. They
observed a site-dependent vibrational coupling of CO on the
well-defined step and terrace sites on monocrystalline Pt. Lately,
they studied the isothermal desorption of CO from a polycrystal-
line Pt electrode using an infrared spectroelectrochemical cell
capable of operating at temperatures between ambient and 70 �C
and found solvent influences upon CO adlayer stability [31,32].
CO exchange at the gas–solid interface was studied by monitoring
the changes in the adlayers on Pt(111) by infrared spectroscopy
and by following the desorption of 13CO from carbon-supported
Pt and PtRu catalysts by mass spectrometry [33–35]. Andersen
et al. used infrared spectroscopy to investigate the CO desorption
rate dependence on CO partial pressure over a Pt(111) single crys-
tal [33]. Davies et al. performed similar experiments over sup-
ported commercial Pt and PtRu fuel cell catalyst [34,35]. They
found that the rates of desorption for equivalent partial pressures
are many orders of magnitude higher for the single crystal surface
than for the nanoparticulate catalysts. This was attributed to the
facets of the nanoparticles being considerably smaller than the unit
cell obtained on Pt(111), hereby quantising the coverages obtained
on these facets at coverages at which the CO is more strongly
bound. The CO exchange rates measured at room temperature
and under dry conditions for a CO concentration of 100 ppm in ar-
gon or hydrogen on both Pt/C and PtRu/C are, however, considered
as high compared to the equivalent electrochemical CO oxidation
rate measured under the operating conditions of the fuel cell, sug-
gesting that the adsorption/desorption process may have a signifi-
cant influence with regard to the poisoning effect of CO on the PEM
fuel cell anode [34,35]. It has, however, to be noted that these
investigations were not performed under electrochemical condi-
tions. Recently Behm et al. investigated on a Pt electrode the room
temperature desorption and exchange of CO in a saturated CO
adlayer at potentials far below the onset of oxidation by isotope
CO exchange experiments using a novel set-up for the simulta-
neous in situ IR spectroscopic and online mass spectrometric
detection of adsorbed species under controlled mass transport
conditions [36]. They reported that adsorbed CO exchanges rapidly
under these experimental conditions. This fast exchange was
attributed to a decrease in the desorption barrier, caused by a com-
bination of two effects: a slight increase in adsorbed CO coverage
upon increasing the CO pressure and a pronounced decay of the
CO adsorption energy with coverage, due to lateral repulsive
COadsorbed–COadsorbed interactions.

The aim of the present work is to investigate for a real industrial
catalyst the effect of increasing temperature on the CO exchange
rate over a range that is of relevance to the operating PEM fuel cell.
Currently, the research community is engaged in the development
of new membranes for the PEM fuel cell capable of operating at
higher temperatures than the current industry standard, the Naf-
ion membrane, which is limited by its need for humidification by
water to less than 100 �C. Therefore, a temperature range between
25 �C and 150 �C has been used for the measurements. The temper-
ature-dependent kinetics of CO desorption from Pt/C catalyst have
been recently investigated by Davies et al. [27] and the measured
rates of desorption are high compared with the rates of oxidation
measured from polarisation curves obtained with high concentra-
tions of CO in argon [13]. However, the CO exchange rate on the
PtRu/C catalyst at temperatures above room temperature has not
previously been investigated. So there is a need to determine
whether the CO oxidation mechanism or the CO adsorption/
desorption process has a greater influence on the steady-state CO
coverage and consequently the CO tolerance of the PtRu catalyst.

In this study, data have been obtained for a temperature range
of 25 to 150 �C for a current industrial PtRu/C system. The kinetics
of CO desorption on PtRu/C catalyst were investigated as a function
of the temperature and the flow rate. Desorption rate constants
were deduced from the CO desorption kinetics data and the results
were compared with those previously published for Pt/C under
similar conditions [27]. The apparent Arrhenius parameters, both
the frequency factor A and the activation energy Ea, were also de-
duced from the temperature-dependent kinetic study of CO
desorption for both PtRu/C and Pt/C and results were compared. Fi-
nally, the effect of temperature treatment on the properties of the
PtRu/C catalyst was investigated studying the kinetics of CO
desorption on an ‘‘already tested” sample, and associated micro-
structural transformations were characterised by X-ray diffraction
and microscopy techniques such as Scanning Electron Microscopy
(SEM) and Transmission Electron Microscopy (TEM).
2. Material and methods

2.1. Material

Commercial PtRu catalysts from Electrochem Inc. supported on
Vulcan carbon XC72 and bound to Toray carbon paper diffusion
layers with a Teflon binder were used for the CO desorption kinet-
ics experiments. The catalyst loading was 1 mg/cm2 Pt (20 wt%)
and 0.5 mg/cm2 Ru (10 wt%). Contrary to the Nafion binder, which
enables experiments only below 100 �C for water management
reasons, a Teflon binder ensures the ability to perform experiments
at higher temperatures (up to 150 �C in this study). All gases used
(argon, hydrogen, 1000 ppm 12CO in argon mixture and 1% 13CO in
argon mixture) were obtained from Linde and were of the highest
commercially available purity. For the 1% 13CO in argon gas mix-
ture, the CO has been enriched to the ratio 99% 13CO/1% 12CO.

2.2. Methods

2.2.1. CO desorption kinetics
CO desorption kinetics experiments have been performed using

a flow cell based on a conflate design in a flow mode. Circular cat-
alyst samples of diameter 3.6 cm were used in the flow cell. A gas
dosing system allowed a fast interchange between various gases.
The intrinsic delay of the system when switching gases has been
demonstrated as having negligible effects on the experiments for
the conditions used and there is no significant increase in the cell
pressure due to the resistance of the cell/sample, when the flow
rate is varied [27]. The gas was extracted from the cell via a quartz
tube sniffer and both its content and composition were measured
in ‘‘real time” using a quadrupole mass spectrometer. The flow cell



A. Pitois et al. / Journal of Catalysis 265 (2009) 199–208 201
temperature was set using an oven. The experimental setup used
for the study as well as a cross-sectional view of the flow cell is gi-
ven in Fig. 1.

The following procedure was applied to determine the CO
desorption kinetics. The catalyst surface was initially saturated
by isotopically labelled 13CO at a given temperature using a 1%
13CO in argon gas mixture in order to completely cover the catalyst
surface with 13CO. The residual 13CO was then removed from
the flow cell using argon. In order to obtain the desorption profile
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Fig. 1. (A) Experimental setup used for the kinetic study
for 13CO, natural 12CO at a concentration of 1000ppm in argon was
allowed to flow through the cell, and mass 29 corresponding to
13CO was measured by a mass spectrometer. The complete
experimental procedure for the CO desorption kinetic study is
summarised in Table 1.

This procedure, close to a Steady-State Isotopic Transient Ki-
netic Analysis (SSITKA) procedure, was already used successfully
for similar studies [27,34] and has the advantage to reduce the
required time for each data point compared to SSITKA. This
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Table 1
Experimental procedure for the CO desorption kinetic study.

Step Duration (min) Procedure Aim

1 30 Stream of H2 Cleaning of the catalyst surface
2 30 Stream of Ar Removal of residual H2

3 30 Stream of labelled 13CO at a given temperature Saturation of the catalyst surface with 13CO
4 30 Stream of Ar Removal of residual 13CO
5 At least 180 min Stream of natural 12CO at a given temperature and flow rate Measurement of the 13CO desorption kinetics
6 Overnight Stream of Ar Catalyst surface in an inert gas
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procedure was performed for a wide range of temperatures (25 �C,
50 �C, 75 �C, 100 �C, 125 �C and 150 �C) and flow rates (30 ml/min,
60 ml/min, 90 ml/min, 120 ml/min and 135 ml/min). To assess the
effect of temperature treatment on the catalyst properties, the
PtRu catalyst, which underwent the procedure for all temperatures
and flow rates, was used once again to repeat the initial CO desorp-
tion kinetics experiment (temperature: 25 �C and flow rate: 30 ml/
min). Results obtained for this ‘‘already tested” catalyst were re-
corded and compared with the initial data. Microstructural charac-
terisations of the PtRu/C catalyst, before and after temperature
treatment, were performed by X-ray diffraction (XRD), Scanning
Electron Microscopy (SEM) and Transmission Electron Microscopy
(TEM) in order to investigate the microstructural transformations
associated to the temperature treatment.

2.2.2. X-ray diffraction
Characterisation of the PtRu/C catalysts, both before and after

temperature treatment, was performed using a Philips PW 3830
X-ray diffraction apparatus. The average catalyst particle size was
obtained using the Debye–Scherrer broadening of X-ray diffraction
data.

2.2.3. Scanning Electron Microscopy
The microstructure of the PtRu/C catalysts, both before

and after temperature treatment, was investigated using a Zeiss
Supra 50 Field-Emission Gun Scanning Electron Microscope.
Changes in the microstructure of the catalyst and support combi-
nation due to temperature treatment were assessed. An Oxford
Gemini EDX detector was associated to the Scanning Electron
Microscope.
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Fig. 2. Mass spectrometer traces for mass 29 (13CO) on switching to 1000 ppm 12CO
in argon for various temperatures (25 �C, 50 �C, 100 �C and 150 �C) at a fixed flow
rate of 90 ml/min.
2.2.4. Transmission Electron Microscopy
Materials scraped from the catalyst layer of tested and untested

samples were characterised using a FEI Tecnai 20 Transmission
Electron Microscope operated at 200 kV with a LaB6 filament. The
degree of aggregation of catalyst particles due to temperature
treatment was assessed.

3. Results and discussion

3.1. Kinetic study of the CO desorption from PtRu/C catalyst

The desorption kinetics of adsorbed isotopically labelled 13CO in
the presence of natural 12CO at 1000 ppm in the gas phase were
studied as a function of the temperature (25 to 150 �C) and flow
rate (30 to 135 ml/min). The relationships between the 13CO
desorption profile and the kinetics of the desorption process are
explained in detail elsewhere [27].

3.1.1. Influence of the temperature
Mass spectrometer traces for mass 29 (13CO) on switching to

1000 ppm 12CO in argon are shown in Fig. 2 for various tempera-
tures (25 �C, 50 �C, 100 �C and 150 �C) at a fixed flow rate of
90 ml/min.

From the CO desorption profiles shown in Fig. 2, it can be ob-
served that the CO desorption kinetics from PtRu/C catalyst in-
crease with temperature across the temperature range
investigated, and that the area under the exchange curve decreases
with temperature. This behaviour is similar to that observed by Da-
vies et al. for a Pt/C catalyst under similar experimental conditions
[27].

Assuming that at infinite time all CO will have exchanged, the
relative CO coverage can be obtained from the area under the
13CO desorption curves. The relative coverage values versus tem-
perature for the data obtained at a fixed flow of 90 ml/min are gi-
ven in Fig. 3. All data have been normalised against a value of 1 for
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Fig. 3. Normalised relative coverage value for Pt [27] and PtRu catalysts versus
temperature. Values for both Pt and PtRu catalysts have been obtained under
similar experimental conditions (13CO peak area for exchange at 1000 ppm CO in Ar
at a flow rate of 90 ml/min).
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the highest area under the 13CO desorption curve, thus giving a rel-
ative, rather than an absolute coverage. Normalised relative cover-
age values for pure platinum are also given for comparison.

As expected, the relative CO coverage on the PtRu/C catalyst de-
creases with increasing temperature. This trend is similar to that
observed in a previous study for the Pt catalyst under similar
experimental conditions [27] and can be correlated to the CO
desorption data obtained by Temperature-Programmed Desorp-
tion (TPD) for both Pt and PtRu [37]. However, whereas the relative
CO coverage for Pt is 1 only at 25 �C, the relative coverage for PtRu
is not significantly different from 1 for temperatures up to 75 �C.
The maximum relative coverage is thus kept for a larger tempera-
ture range for the PtRu catalyst compared to the Pt catalyst. After
their maximum, the relative coverage then decreases in both cases.
However, the decrease rate for the relative CO coverage is faster on
PtRu than on Pt: whereas the linear decrease in relative coverage
per degree Celsius is 2.3 � 10�3 between 50 �C and 150 �C for the
Pt catalyst, this value is 4.0 � 10�3 for the PtRu catalyst between
75 �C and 150 �C, indicating a much stronger decrease in relative
coverage with temperature for PtRu compared to Pt. It has, how-
ever, to be pointed out that the initial absolute coverage (per sur-
face atom) of CO is lower on PtRu than on Pt [16] and that these
observations concern only the relative change in CO surface cover-
age for the Pt and PtRu catalyst surfaces as a function of
temperature.

3.1.2. Influence of the flow rate
The flow-rate dependence of the CO exchange is shown in Fig. 4

for flow rates ranging from 30 ml/min to 135 ml/min and a fixed
temperature of 50 �C.

There is a clear flow-rate dependence of the measured desorp-
tion rate. The flow-rate dependence increases with increasing tem-
perature. This phenomenon, already observed in a previous study
[27], occurs when there is a significant readsorption of 13CO during
the desorption experiments due to high concentration of desorbed
species above the sample surface during the experiments. This
readsorption can be related to the catalyst accessibility for the ex-
change. For the thick catalyst layers the exchange occurs at a high
rate at the outer layer, whereas an internal diffusion within the
catalyst layer occurs. Thus the exchanged CO can re-adsorb before
leaving the catalyst bed. As a consequence only an apparent rate of
desorption, lower than the actual rate, can be observed.

3.1.3. Determination of the desorption rate constant
Using a method similar to Xu et al. [38] and assuming pseudo-

steady-state conditions, the decay curve for the 13CO concentration
can be written in the form
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where C is the 13CO concentration at time t, C0 is the initial 13CO
concentration, q is the flow rate, hCO is the coverage and k� is the
desorption rate constant.

Therefore, the initial gradient of the semilogarithmic plot could
be defined as an apparent rate of desorption kapparent (dependent
on the flow rate):

kapparent ¼
k�

1þ hCOk�

qC0

ð2Þ

The previous equation can be rewritten in the following way to pro-
vide the determination of the desorption rate constant:

1
kapparent

¼ 1
k�
þ hCO

C0

1
q

ð3Þ

And so a plot of 1/kapparent versus 1/q should provide a linear re-
sponse, with an intercept of 1/k�, k� being the desorption rate
constant.

This plot is given in Fig. 5 for the determination of the desorp-
tion rate constant for PtRu/C catalyst at various temperatures. Data
obtained for the Pt/C catalyst are also given for comparison.

The desorption rate constants k� for the PtRu catalyst are given
as a function of the temperature in Table 2. The rate constants for
the Pt catalyst are also given in Table 2 for comparison.

Comparing the sets of data for the Pt and PtRu catalysts, it is
immediately evident that within the confines of our experimental
arrangement it is possible to obtain measurements of the rate of
desorption up to 150 �C on PtRu, as the rates of exchange increase
at a far more gradual rate on PtRu with increasing temperature
than on Pt where it was no longer possible to extract any kinetic
information above 75 �C. However, it should also be noted that
the desorption rate at room temperature is initially higher on PtRu
than on pure Pt.

In order to compare the kinetics of the CO desorption and
electrochemical CO oxidation processes, the PtRu desorption rate
constants can be converted to equivalent CO oxidation current
densities. Assuming the number of Pt sites per cm2 to be
1.50 � 1015 (close-packed Pt(111)) and that two electrons are oxi-
dised per CO molecule, equivalent CO oxidation current densities
range from 15 lA cm�2 at 25 �C to 960 lA cm�2 at 150 �C. These
equivalent CO oxidation current densities are high when compared
with the rates of oxidation measured from polarisation curves ob-
tained with high concentrations of CO in argon [13]. For example,
the equivalent current density for the CO electrooxidation on PtRu
for 2% CO in argon at 62 �C would require an overpotential equal to
0.55 V [13]. This significant overpotential is not observed as a
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Table 2
Desorption rate constant k� for PtRu and Pt catalysts, respectively, as a function of the
temperature. The uncertainty on the values is 4%.

Temperature (�C) k�PtRu ðs�1Þ k�Pt ðs�1Þ [27]

25 3.2 � 10�3 4.0 � 10�4

50 8.9 � 10�3 2.5 � 10�2

75 2.2 � 10�2 1.1 � 10�1

100 3.3 � 10�2 >3 � 10�1

125 6.4 � 10�2 >3 � 10�1

150 2.0 � 10�1 >3 � 10�1
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R2 = 0.99
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Fig. 6. Determination of the apparent Arrhenius parameters for the PtRu and Pt
catalysts using the Arrhenius plot (logarithmic value of the desorption rate constant
versus the inverse temperature).
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potential loss for the fuel cells operating at that temperature. This
would suggest that in the fuel cell environment it is the adsorp-
tion/desorption equilibrium that has the greater influence on the
equilibrium CO coverage: the adsorption/desorption process
would be kinetically predominant compared to the electrochemi-
cal CO oxidation. This would imply that in the fuel cell environ-
ment the ‘‘detoxification” mechanism would be the major
mechanism to explain the CO tolerance. However, it must be
stressed that the experiments performed in this study do not con-
tain humidification or a potential field and therefore provide a sim-
plified adsorption environment. These effects are expected to play
an important role in the balance between desorption and CO oxida-
tion via the bifunctional mechanism within the operating fuel cell
environment. Density Functional Theory (DFT) calculations
showed that raising the potential leads to an increase in the rate
of hydrogen adsorption, water dissociation, CO oxidation and
hydrogen oxidation because of the strong potential-dependence
of the reactions [39]. In general it is agreed that the addition of
Ru to Pt reduces the overpotential for CO oxidation, i.e. there is a
proven bifunctional effect of combining these two metals. It is
widely accepted that this promotional effect stems from the great-
er ease by which Ru dissociates water compared to Pt and is not
primarily due to a reduction in the CO bond strength. Christensen
et al. suggested from in situ infrared spectroscopy studies that ad-
sorbed CO on both the Ru and Pt domains is oxidised by the oxy-
gen-containing adlayer on the Ru in a chemical process to
produce CO2 and that there is a free exchange of COadsorbed between
the Ru and Pt sites [40]. However, the most relevant current issue
over which there is still significant debate is whether this is the
dominant process governing the promotional behaviour consider-
ing the low potential drop experienced across fuel cell anodes.
Whilst studies have shown that at higher potentials [41] significant
oxidation occurs, it is not so clear at lower potentials. It has been
demonstrated that to give effective CO tolerance only nanoamps
of CO oxidation currents may be required. Hence at lower poten-
tials such as those at fuel cell anodes the alternative process of
an electronic effect modifying the process should be considered.
Koper et al. found using DFT calculations that mixing of Pt to Ru
weakens the binding of both CO and OH to the Pt surface sites,
whereas mixing of Ru to Pt causes a stronger binding of CO and
OH to the Ru surface sites [42]. Therefore, within fuel cell operating
conditions (humidified gas stream, oxidative and open circuit con-
ditions), a decrease in the steady-state CO coverage, which would
be a driving force for the CO exchange, may be expected on the
PtRu catalyst. Norskov et al. found that the promoting effect of
Ru for Pt anodes is due to both the ligand effect and the bifunc-
tional effect for the CO oxidation process, but that the dominating
effect is the ligand effect/‘‘detoxification” mechanism for the PEM
fuel cell [39].

It is also worth noticing that it may be also the case for Pt since
recently it was observed by Behm et al. [36] that CO exchanges rap-
idly on a Pt electrode compared to the extremely low CO adsorbed
oxidation under electrochemical conditions, at potentials in the H-
upd region and at room temperature. Comparing their results for
CO isotope exchange experiments under electrochemical environ-
ment with results from gas phase isotope exchange experiments
on supported Pt catalyst [34], Behm et al. found that the presence
of the electrolyte and the applied potential do not cause a signifi-
cant stabilisation of the adlayer against exchange [36]. Therefore,
they suggested that, at a typical PEMFC operation temperature of
80 �C, COadsorbed desorption will be sufficiently fast in an electro-
chemical environment that it can contribute significantly to keep
the steady-state COadsorbed coverage at tolerable levels even in con-
tact with CO-contaminated feed gas, if the CO concentration is not
too high.

The modification of the current setup aiming at progressing
from the current simplified adsorption system to more accurately
representing the real fuel cell environment is being performed in
order to follow the temperature dependence of the CO desorption
kinetics from supported PtRu in real fuel cell conditions.

3.1.4. Determination of the apparent Arrhenius parameters
The temperature dependence of the desorption rate constant is

given by the Arrhenius equation as shown below

k ¼ A � e�Ea=RT ð4Þ

where k is the rate constant in s�1, A is the frequency factor in s�1,
Ea is the activation energy in J mol�1, R is the gas constant and T is
the temperature in K. The frequency factor can be considered as
independent of temperature and hence a constant.

Taking the natural logarithm of the Arrhenius equation yields
the following relationship:

lnðkÞ ¼ �Ea

R
1
T
þ lnðAÞ ð5Þ

So, plotting the logarithmic value of the desorption rate constant
versus the inverse temperature should give a straight line, whose
slope and intercept can be used to determine the activation energy
Ea and the frequency factor A. In our case, since the desorption pro-
cess does not correspond to an elementary step, only apparent
Arrhenius parameters (frequency factor A and activation energy)
can be obtained. The apparent Arrhenius parameters have been
determined for PtRu and Pt catalysts, respectively, using the Arrhe-
nius equation and the temperature-dependent CO desorption data.
The Arrhenius plots as well as the apparent Arrhenius parameters
for the PtRu and Pt catalysts are given in Fig. 6 and in Table 3,
respectively.

The PtRu and Pt catalysts show strongly contrasting parameters
for the CO desorption process. The Pt catalyst presents a much
higher value for the apparent frequency factor A (A = 5.7 �
1013 s�1) than the PtRu catalyst (A = 1.9 � 103 s�1). On the contrary,
the PtRu catalyst has a lower apparent activation energy than the



Table 3
Apparent Arrhenius parameters (apparent frequency factor A and apparent activation
energy Ea) for PtRu and Pt catalysts, respectively.

Catalyst Apparent frequency
factor A (s�1)

Apparent activation
energy Ea (kJ mol�1)

Pt 5.7 � 1013 97.4
PtRu 1.9 � 103 33.2
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Fig. 7. (A) Effect of temperature treatment on the PtRu catalyst: CO exchange data
at 25 �C and at a 90 ml/min flow rate, with original catalyst and catalyst having
undergone a cycle of experiments up to 150 �C. (B) Effect of temperature treatment
on the desorption rate of original and temperature-treated PtRu catalyst at 25 �C.
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Pt catalyst for the CO desorption process (97.4 kJ mol�1 and 33.2
kJ mol�1 for Pt and PtRu, respectively). The calculated apparent fre-
quency factor value for the Pt catalyst is in good agreement with
the value of 1013 s�1 usually used in the literature [27,34]. To our
knowledge, no frequency factor value for the PtRu catalyst has
been experimentally reported yet in the literature; however, the
calculated apparent frequency factor is in the same order of mag-
nitude as the expected ones for the desorption process of gases
on metal alloy surfaces [43]. The apparent activation energies for
the CO desorption process, calculated for both the Pt and PtRu cat-
alysts, are in good agreement with those determined in the litera-
ture. In previous studies, which were concerned with investigating
the replacement of 13CO preadsorbed by gaseous 12CO on polycrys-
talline platinum [44], a dependence on temperature was observed
and a value of 90 kJ mol�1 for the activation energy was obtained
for the desorption process. From the higher CO tolerance of the
PtRu alloy compared to pure Pt, a lower activation energy is obvi-
ously expected for the PtRu catalyst. However, further analysis
coupled to Temperature-Programmed Desorption (TPD) experi-
ments is necessary. Effects such as intrinsic particle size effect
[45] and coverage effect [24] probably account for the strongly
contrasting Pt and PtRu behaviours in terms of Arrhenius parame-
ters. It has to be pointed out that the particle size, the nature of the
sites available for CO adsorption as well as the lateral repulsive
COadsorbed-COadsorbed interactions onto these two surfaces are
strongly different. As determined using the Debye–Scherrer broad-
ening of X-ray diffraction data shown below, the particle size of the
PtRu catalyst (4.4 nm) is smaller than that of the Pt catalyst
(6.0 nm). In addition to the fact that the CO adsorption bond is
weaker on Ru than on Pt as indicated by nuclear magnetic reso-
nance (NMR) results [46], stronger binding of CO on smaller parti-
cles was found using electrochemical NMR spectroscopy methods
[46–50]. It has been explained by an increase in the Pt Fermi level
local density of states: the proportion of edge CO binding sites ver-
sus terrace sites increases for the smaller particles. Thus decreasing
particle size causes drastic changes in terms of the relative popula-
tion of available CO adsorption sites, the CO adsorption energy
varying with the variety of sites, i.e. edges and terraces [49]. The
infrared characterisation of size-dependent nanoparticles by using
chemisorbed CO as a structural probe indicated also a sharply
increasing proportion of edge versus terrace Pt sites for particle
diameter below 5 nm [50]. The Arrhenius parameters are also
known to strongly vary with coverage on metal surfaces due to lat-
eral repulsive interactions between CO molecules leading to a
weakening of the M–CO bond and these are clearly very different
on these two surfaces. It has been previously observed that the ini-
tial absolute coverage (per surface atom) of CO is reduced on PtRu
surfaces compared to pure Pt [16] and it has been shown previ-
ously in this study that the rate of decrease in the relative CO
coverage with temperature is larger on PtRu than on Pt. Thus a
strong coverage effect is expected.

3.2. Effect of temperature treatment on the PtRu/C catalyst properties

The effect of temperature treatment on the PtRu/C catalyst
properties has been investigated with regard to the CO desorption
kinetics and the associated microstructural transformations.
3.2.1. Effect on the CO desorption kinetics
The PtRu/C catalyst, which had been used previously for the

temperature-dependent CO desorption experiments and had con-
sequently already undergone a cycle of experiments up to 150 �C,
has been used once again for CO desorption experiments at
25 �C. The CO desorption profiles for the PtRu/C catalyst, respec-
tively, before and after the thermal treatment, are presented in
Fig. 7A for a temperature of 25 �C and a fixed flow rate of 90 ml/
min.

There is a difference in behaviour between the CO desorption
kinetics of the PtRu/C catalyst before and after thermal treatment.
The CO desorption kinetics are faster after the temperature treat-
ment, indicating some changes in the PtRu/C catalyst properties
due to the thermal treatment. The relative coverage is, however,
not significantly affected by the thermal treatment. The desorption
rate constant for the PtRu/C catalyst after thermal treatment has
been calculated and has been compared to that obtained for the
original PtRu/C catalyst. The plot enabling the determination of
the desorption rate constant of the PtRu/C catalyst, before and after
thermal treatment, at 25 �C is shown in Fig. 7B.

A desorption rate constant of 8.0 � 10�3 s�1 has been found for
the PtRu/C catalyst after thermal treatment. This value is higher by
a factor 2 than that obtained for the original PtRu/C catalyst for a
temperature of 25 �C before thermal treatment (k� = 3.2 �
10�3 s�1).
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In an attempt to explain the slightly different behaviour of the
PtRu/C catalyst after thermal treatment regarding the CO desorp-
tion kinetics, a microstructural characterisation of the PtRu/C cat-
alyst, before and after thermal treatment, has been performed.

3.2.2. Associated microstructural transformations
X-ray diffraction, scanning electron microscopy and transmis-

sion electron microscopy have been used to investigate the micro-
structural transformations associated with the temperature
treatment of the catalyst.

3.2.3. X-ray diffraction
The X-ray diffraction patterns for the PtRu/C catalyst, before and

after temperature treatment, are shown in Fig. 8.
The peak located at a 2h value of about 54� in the XRD pattern is

referred to the carbon support. The other four peaks are character-
istic of face-centred cubic (fcc) crystalline Pt, corresponding to the
planes (111), (200), (220) and (311), respectively, indicating that
the alloy catalyst has single-phase-disordered structures. The dif-
fraction peaks for the PtRu/C catalyst are slightly shifted to higher
2h values, when compared to the 2h values of pure Pt given by the
Joint Committee on Powder Diffraction Data [51], revealing the for-
mation of an alloy involving the incorporation of Ru atoms into the
fcc structure of Pt. The average particle size has been estimated
from the Pt(111) full width at half-maximum (FWHM) according
to the Debye–Scherrer formula. A similar average particle size of
4.4 nm has been found for the PtRu/C catalyst, before and after
temperature treatment, indicating on average no change in the cat-
alyst particle size due to temperature treatment. It has, however, to
be considered that the average size as determined by XRD corre-
sponds to the size of coherent domains and not necessarily to
the size of particles, which either have an amorphous shell or are
agglomerates of smaller, differently oriented particles. Therefore
complementary Transmission Electron Microscopy images may
be helpful in determining the change in catalyst active surface area
even if the number of particles analysed by TEM is limited and –
due to the two-dimensional nature of the data – overlapping par-
ticles might be interpreted as one larger particle. Consequently, a
combination of both methods – XRD and TEM – seems appropriate.

3.2.4. Scanning Electron Microscopy and EDX spectrum
Scanning electron micrographs of the PtRu/C catalyst surface,

before and after temperature treatment, are shown at different
magnifications in Fig. 9A–C. Additionally, an EDX spectrum charac-
teristic of the PtRu/C catalyst surface is presented in Fig. 9D.

Presence of micrometer level cracks is observed on the SEM im-
age of the PtRu/C catalyst after temperature treatment at low mag-
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Fig. 8. X-ray diffraction patterns of the PtRu/C catalyst, before and after temper-
ature treatment.
nification (�200). These cracks may be present in the binder due to
temperature treatment, since the PtRu catalyst is bound to the car-
bon support by a Teflon binder. The catalyst surface structure ob-
tained at high magnification (�50000) is, however, similar for
both the PtRu/C catalysts, before and after temperature treatment.
The EDX spectrum reflects the incorporation of ruthenium into the
platinum structure for the carbon-supported PtRu catalyst.

3.2.5. Transmission Electron Microscopy
Transmission electron micrographs of PtRu catalyst single parti-

cles observed at a �230000 magnification, before and after tem-
perature treatment, are presented in Fig. 10A and B. The atomic
structure of the PtRu catalyst nanoparticle observed at a
�880000 magnification is also shown in Fig. 10C.

The PtRu catalyst nanoparticles appear to be finely dispersed on
the carbon support. This high dispersion of the catalyst nanoparti-
cles is an evidence of its high surface area and consequent high
activity regarding the hydrogen oxidation reaction. The size of
the catalyst nanoparticle observed by TEM (Fig. 10A) is in good
agreement with the average particle size of 4.4 nm found by
XRD. Some aggregation of catalyst nanoparticles may be observed
after temperature treatment as shown in Fig. 10B. This phenome-
non is, however, rare and cannot be generalised to the whole sam-
ple surface. It has also to be kept in mind that TEM analyses offer
images of very specific locations of the sample surface and that
in average no change in the catalyst particle size, before and after
temperature treatment, has been observed by XRD. A possible
mechanism for the local agglomeration of catalyst particles on
the carbon support would be cluster–cluster coalescence at the
nanometer scale [52]. At the highest magnification (�880000)
the atomic structure of the PtRu catalyst single particle can be ob-
served as shown in Fig. 10C.
4. Conclusions

The temperature-dependent kinetics of CO desorption on com-
mercial PtRu/C fuel cell catalysts have been determined from CO
isotope exchange experiments for 1000 ppm CO in Ar. Desorption
rate constants have been obtained for temperatures ranging from
25 �C to 150 �C. These rates appear to be significantly higher than
previously published CO oxidation rates obtained at similar con-
centrations and temperatures. This would imply that the adsorp-
tion/desorption equilibrium has the greater influence on the
equilibrium CO coverage in the fuel cell environment. It must,
however, be stressed that the experiments performed in this study
do not contain humidification or a potential field and therefore
provide a simplified adsorption environment. These effects are ex-
pected to play an important role in the balance between desorption
and CO oxidation via the bifunctional mechanism within the oper-
ating fuel cell environment. Therefore, future studies will attempt
to progress from the current simplified adsorption system to more
accurately represent the real fuel cell environment. The apparent
Arrhenius parameters, both the frequency factor A and the activa-
tion energy Ea, have been calculated for both PtRu/C and Pt/C cat-
alysts. The variations in apparent Arrhenius parameters for PtRu/C
and Pt/C, respectively, may explain their different CO poisoning ef-
fect and the underlying adsorption/desorption processes. A particle
size effect or a coverage effect may account for the different behav-
iours between the Pt and PtRu catalysts.

The effect of temperature treatment on the PtRu/C catalyst
properties has been investigated with regard to the CO desorption
kinetics and to the associated microstructural transformations. The
slightly different behaviour of the PtRu/C catalyst after thermal
treatment regarding the CO desorption kinetics may be explained
to some extent by a local aggregation of catalyst nanoparticles.



Fig. 10. Transmission Electron Microscopy of the PtRu/C catalyst: (A) Original PtRu catalyst nanoparticle observed at a �230000 magnification; (B) PtRu catalyst nanoparticle
after temperature treatment observed at a �230000 magnification; (C) atomic structure of a PtRu catalyst nanoparticle observed at a �880000 magnification.
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Segregation within the PtRu particles may also happen, since it is
known that Ru segregates to the surface of PtRu alloys in an oxida-
tive environment, whilst Pt segregates to the surface in a reductive
environment.
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