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a b s t r a c t

A Pt-on-Au/C fuel cell anode catalyst has been obtained by electrochemical deposition of platinum on
carbon-supported gold nanoparticles. Its composition, structure and nanoparticle size distribution have
been characterised before and after the desorption experiments using microstructural techniques. The
temperature dependence of the CO desorption process on this system has been investigated using iso-
topic exchange experiments. The CO desorption kinetics have been studied as a function of temperature
and flow rate. Desorption rate constants have been measured for a temperature range between 25 and
150 ◦C. These desorption rate constants have been compared with the benchmarking desorption rate data
obtained for the commercial Pt/C catalyst under similar experimental conditions. A comparable desorp-

◦

old

sotope exchange
EM fuel cell

tion rate constant for the Pt-on-Au/C and Pt/C systems has been obtained at 25 C. The dependence in
temperature of the desorption rate constants for the novel Pt-on-Au/C system is however much lower
than that observed for the Pt/C system. This suggests that the nature of the substrate has a significant
influence on the catalyst surface properties. It shows that, in surface-modified catalysts, the interactions
between underlayer and overlayer materials are worthy of consideration, since they can significantly
modify the intrinsic properties of the active sites. The kinetics of the CO desorption process have been

the C
discussed with regard to

. Introduction

Among the different types of fuel cells, proton exchange mem-
rane fuel cells (PEMFCs) are being developed for transportation,
ortable and small stationary applications [1]. Platinum is cur-
ently a catalyst component or catalyst of choice for the anode and
athode processes, respectively due to the high current densities
btained [2]. The platinum catalyst is however subject to poison-
ng by CO for PEMFC systems operating with reformate gas [3].
latinum–ruthenium catalysts have attracted considerable inter-
st in recent years as highly active and more CO tolerant anode
atalysts [4,5]. A mechanistic understanding at the atomic level of
he fundamental physicochemical processes involved in improv-
ng CO tolerance is however still required if we are to develop a
ovel low cost and CO tolerant competitor to the current state-
f-the-art Pt and PtRu anode catalysts. Three mechanisms have

een suggested to explain improved CO tolerance of PtRu catalyst
ompared to pure Pt: the bifunctional mechanism [6–12], the lig-
nd effect mechanism [11–15] and the “detoxification” mechanism
16–18]. Electronic ligand and strain effects were also proposed

∗ Corresponding author. Tel.: +31 224 565308; fax: +31 224 565625.
E-mail address: aurelien.pitois@ec.europa.eu (A. Pitois).
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O tolerance issue at the PEM fuel cell anode.
© 2010 Elsevier B.V. All rights reserved.

in CO and CO/H2 temperature-programmed desorption studies on
bimetallic Pt/Ru(0 0 0 1) surfaces [19]. Whereas the bifunctional
and ligand effect mechanisms explain the improved CO toler-
ance by a favoured electrochemical oxidation of CO at the PtRu
surface, the “detoxification” mechanism proposes a lower equi-
librium CO surface coverage at the PtRu surface, simply via the
CO adsorption/desorption process. Therefore, both the electro-
chemical CO oxidation and the equilibrium attained through the
adsorption/desorption process should be considered as physico-
chemical processes affecting the CO tolerance, since the kinetically
predominant of these two processes will govern the CO surface
coverage at steady-state.

In the search for a cheaper and more CO tolerant, yet highly
active, competitor to the current state-of-the-art Pt and PtRu cat-
alysts for the hydrogen oxidation reaction, core–shell and alloy
nanoparticle catalysts have been considered as promising candi-
dates, since the physicochemical properties of core–shell and alloy
systems can potentially be superior compared to their individ-
ual components. A combined Pt–M (where M is another metal)

core–shell or alloy system could potentially minimise the amount
of expensive Pt (while maintaining high activity) and increase
the CO tolerance by stabilising Pt against CO poisoning [20–22].
Recently, density functional theory calculations have identified the
Pt–Au-based systems as potential candidates for the hydrogen evo-

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:aurelien.pitois@ec.europa.eu
dx.doi.org/10.1016/j.cej.2010.05.002
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ution reaction [23,24]. A high catalytic activity of the Pt–Au-based
ystems, even higher than that of pure Pt, has been reported for
ome specific catalytic reactions such as hexane conversion [25],
thylene glycol oxidation [26], methanol oxidation [27–32] and
ormic acid oxidation [32–35]. The increase in catalytic activity of
he Pt-modified Au nanoparticles has been explained by the utili-
ation enhancement of Pt in these electrocatalysts and a possible
nhancement effect of Au atoms [27,22,35]. The structure of the
t–Au-based system, core–shell or alloy, as well as the relative
atios of each component have been demonstrated to affect, in most
ases, the performance of the system. Thus, the deposition of Pt
articles of various sizes on Au substrate has been shown to affect
he level of CO oxidation [36,37]. This has been explained by the
ariation in Pt particle size and possibly also Pt nanoparticles–Au
ubstrate interactions. A clear interaction between Au and Pt and
ts effect on catalytic reactivity has been demonstrated, since a
tronger CO binding has been observed when Pt was deposited as
n overlayer on a Au(1 1 1) substrate [38]. This increase in reac-
ivity for CO on Pt has been attributed to the correlation between
dsorbate binding energy changes with a shift in the position of
he Pt overlayer d-band centre. Extensive studies have been also
erformed on the interactions of CO with other bimetallic surfaces
uch as PdAu [39–42].

The aim of the present work is to investigate for a novel poten-
ial PEM fuel cell anode catalyst the CO desorption process over a
emperature range that is of relevance to the operating PEM fuel
ell. The fundamental understanding of the CO desorption process
nvolved in improving CO tolerance is expected to help develop-
ng novel low cost and CO tolerant PEM fuel cell anode catalysts.

temperature range between 25 and 150 ◦C has been used for the
easurements, since the research community is currently engaged

n the development of new PEMFC membranes capable of oper-
ting at higher temperatures than the current industry standard,
he Nafion membrane, limited by its need for humidification by
ater to less than 100 ◦C. The kinetics of CO desorption from the

enchmarking commercial Pt/C and PtRu/C catalysts have been
nvestigated at room temperature and as a function of the tem-
erature under dry conditions and in the absence of a potential
17–19,43,44]. The measured rates of desorption are high compared
ith the rates of oxidation measured from polarisation curves

btained with high concentrations of CO in argon. Recently, the
O exchange rates were measured at room temperature, under
ry conditions and, for the first time, in the presence of a poten-
ial, on a Pt electrode for CO concentrations ranging from 1% CO in
rgon to 100% CO [45]. A fast exchange of adsorbed CO compared
o the extremely low adsorbed CO oxidation rate was reported at
otentials far below the onset of oxidation. Comparing the results
or CO isotope exchange experiments under the electrochemical
nvironment with the results from the gas phase isotope exchange
xperiments on supported Pt catalyst [20], it was found that the
resence of electrolyte and the applied potential do not cause a
ignificant stabilisation of the adlayer against exchange. Therefore,
t was suggested that, at a typical PEMFC operation temperature of
0 ◦C, COadsorbed desorption will be sufficiently fast in an electro-
hemical environment that it can contribute significantly to keep
he steady-state COadsorbed coverage at tolerable levels even in con-
act with CO-contaminated feed gas, if the CO concentration is not
oo high.

All these investigations suggest that the adsorption/desorption
rocess may have a significant influence with regard to the CO
oisoning effect at PEMFC anodes. No exchange rate on PEMFC

node catalysts other than the benchmarking commercial Pt/C and
tRu/C catalysts has however been investigated. There is neverthe-
ess a need to determine the CO desorption rate constants on novel
EMFC anode catalysts for a better understanding of the CO toler-
nce issue and if we are to develop novel low cost and CO tolerant
Journal 162 (2010) 314–321 315

catalysts based on the fundamental understanding of the processes
involved.

In this study, a Pt-on-Au/C fuel cell anode catalyst has been
obtained by electrochemical deposition of platinum on carbon-
supported gold nanoparticles. Its composition, structure and
nanoparticle size distribution have been characterised, before and
after the desorption experiments, using microstructural techniques
such as X-ray diffraction, scanning electron microscopy, transmis-
sion electron microscopy and X-ray photoelectron spectroscopy.
The CO desorption kinetics have been investigated as a function of
temperature and flow rate. Desorption rate constants have been
deduced from the CO desorption kinetics data and have been com-
pared with the benchmarking desorption rate data obtained for the
commercial Pt/C and PtRu/C catalysts under similar experimental
conditions.

2. Materials and methods

2.1. Material synthesis

Pt-on-Au catalyst nanoparticles supported on Vulcan carbon
XC72 and bound to Toray carbon paper gas diffusion layers with
a Teflon binder were used for the CO desorption kinetic exper-
iments. A Teflon binder was used instead of a Nafion binder to
ensure the ability to perform the experiments up to a tempera-
ture of 150 ◦C, the Nafion binder being limited to temperatures
below 100 ◦C for water management reasons. The Au nanoparti-
cles supported on Vulcan carbon XC72 powder were purchased
with a loading of 20% from E-TEK. The Au nanoparticles were mixed
into a 2.5:1 ethanol (96%):Teflon slurry and drop-cast onto Toray
carbon paper gas diffusion layers. Pt was deposited onto the Au/C-
paper system electrochemically from a Pt mesh counter electrode
(99.99%) using anodic dissolution of Pt and Pt ion transfer from the
Pt mesh counter electrode to the surface of the Au working elec-
trode. Using the Au sample as the working electrode, a Pt mesh as
the counter electrode, and a saturated calomel electrode as the ref-
erence electrode, the potential of the working electrode was swept
at 50 mV/s during cyclic voltammetry to potentials greater than
the corrosion potential for Pt (∼+1.18 V vs. NHE) [46]. The potential
applied to the working electrode was between −0.35 and +1.0 V
vs. SCE, which, using an electrolyte with a pH ∼ 0.3–0.4, ranged
from ∼−0.1 to +1.27 V vs. NHE. During deposition of the Pt from the
counter electrode, the hydrogen evolution reaction was monitored
for an increase in activity. The cycling for Pt deposition was per-
formed during a 24 h period, leading to a maximum current, which
coincides with a minimisation of the Au reduction peak. At this
point, a grey discoloration of the Au surface was visible to the eye
and Pt HUPD (hydrogen under potential deposition) features were
apparent. Based on the Pt HUPD features, the Pt amount deposited
on the Au/C nanoparticles can be estimated to a few monolayers.
The electrochemical characterisation of the Pt-on-Au system using
cyclic voltammetry was given in [47].

All gases used (argon, hydrogen, 1000 ppm 12CO in argon mix-
ture 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 mixture, the CO was enriched to the ratio 99% 13CO/1%
12CO.

2.2. Methods
2.2.1. Microstructural characterisation of the Pt-on-Au/C system
Scanning electron microscopy
The morphology of the Pt-on-Au/C surface, both before and after

the desorption experiments up to 150 ◦C, was investigated using a
Zeiss Supra 50 field-emission gun scanning electron microscope.
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3.1.1. Morphology of the Pt-on-Au/C surface
The morphology of the Pt-on-Au/C surface has been investigated

using scanning electron microscopy and a characteristic scanning
electron micrograph is shown in Fig. 2. No significant differences
Fig. 1. Experimental setup used

Transmission electron microscopy
Materials scraped from the catalyst layer of tested and untested

amples were characterised using a FEI Tecnai 20 transmission
lectron microscope operated at 200 kV with a LaB6 filament. The
atalyst dispersion and particle size distribution were assessed
y the observation of a large representative number of catalyst
anoparticles (more than 200 nanoparticles).

X-ray diffraction
Characterisation of the bulk composition of the synthesised Pt-

n-Au catalyst nanoparticles was performed using a Philips PW
830 X-ray diffraction apparatus, both before and after the des-
rption experiments up to 150 ◦C.

X-ray photoelectron spectroscopy
Characterisation of the surface composition of the synthesised

t-on-Au catalyst nanoparticles was performed using a X-ray pho-
oelectron spectroscopy apparatus (Physical Electronics Industries)
ith a non-monochromatic Al K� source. The scans were recorded
ith a pass energy of 50 eV, a step size of 0.2 eV, and 250 ms/step.
lancing angle measurements were performed to access the nearer
urface region.

.2.2. CO desorption kinetics from the Pt-on-Au/C system
CO desorption kinetic experiments were performed in a flow

ell using circular catalyst samples of diameter 3.6 cm. A gas dos-
ng system allowed a fast interchange between various gases. The
ntrinsic delay of the system when switching gases was demon-
trated negligible on the experiments for the conditions used and
here was no significant increase in the cell pressure due to the
esistance cell/sample, when varying the flow rate [17]. The gas
utlet was extracted from the flow cell via a quartz tube sniffer and
oth its composition and content were measured in “real time”
sing a quadrupole mass spectrometer. An oven was used to set
he temperature of the cell. The uncertainty on the temperature
as ±2 ◦C. The experimental setup is given in Fig. 1. The procedure
or the determination of the CO desorption kinetics was described
n detail in [17,18]. In summary, the catalyst surface was initially
aturated by isotopically labelled 13CO at a given temperature using
1% 13CO in argon gas mixture in order to completely cover the cat-
lyst surface with 13CO. The residual 13CO was then removed from
kinetic study of CO desorption.

the flow cell using argon. In order to obtain the desorption profile
for 13CO, natural 12CO at a concentration of 1000 ppm in argon was
allowed to flow through the cell and the mass 29 corresponding to
13CO was measured by a mass spectrometer. This procedure, close
to a steady-state isotopic transient kinetic analysis (SSITKA) proce-
dure, was already used successfully for similar studies [17,18] and
has the advantage to reduce the required time for each data point.
This procedure was performed at various flow rates (60, 90 and
120 ml/min) for a fixed CO concentration of 1000 ppm and a wide
range of temperatures (25, 50, 75, 100, 125 and 150 ◦C).

3. Results and discussion

3.1. Microstructural characterisation of the Pt-on-Au/C system
Fig. 2. Scanning electron micrograph of the Pt-on-Au/C surface.
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Fig. 4. (A) X-ray diffraction pattern of the Au/C catalyst nanoparticles before elec-
ig. 3. (A) Transmission electron micrograph of single Pt-on-Au catalyst nanopar-
icles and (B) size distribution of the Pt-on-Au catalyst nanoparticles.

f the catalyst morphology before and after the desorption experi-
ents up to 150 ◦C were observed.

.1.2. Dispersion and size distribution of the Pt-on-Au catalyst
anoparticles

The dispersion and size distribution of the Pt-on-Au cata-
yst nanoparticles have been studied by transmission electron

icroscopy. A transmission electron micrograph of single Pt-on-Au
atalyst nanoparticles is shown in Fig. 3A. The Pt-on-Au cata-
yst nanoparticles appear finely dispersed on the carbon support
nd thus present a high surface area. The size distribution of the
atalyst nanoparticles has been assessed by transmission elec-
ron microscopy using a large representative number of catalyst
anoparticles (more than 200 single nanoparticles) and is shown

n Fig. 3B. The average catalyst nanoparticle size is 4.1 ± 0.8 nm and
izes range from 2 to 10 nm, showing a quite high heterogeneity
n particle size for the investigated sample. An average catalyst
anoparticle size of 4.7 ± 0.8 nm and a similar size range have been

ound after the desorption experiments up to 150 ◦C, indicating on
verage no significant change in the catalyst particle size due to
hermal treatment.
.1.3. Composition of the Pt-on-Au catalyst nanoparticles
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy

XPS) have been used to characterise the composition of the
trochemical deposition of Pt and (B) X-ray diffraction pattern of the Pt-on-Au/C
catalyst nanoparticles (after electrochemical deposition of Pt on the Au/C catalyst
nanoparticles).

Pt-on-Au catalyst nanoparticles. These two techniques are com-
plementary, since XRD provides information on the average
composition of the catalyst nanoparticle whereas XPS is a surface-
specific technique. The XRD patterns of the original Au/C system
and of the synthesised Pt-on-Au/C system are presented in Fig. 4A
and B respectively. Similar acquisition times of XRD measurements
have been used for the characterisation of these two systems.
The XRD pattern presented in Fig. 4A is representative of carbon-
supported gold nanoparticles. The peak located at a 2� value of
about 54◦ in the XRD pattern is referred to the carbon support
and shows the same intensity for the two systems. The other peaks
are characteristic of face-centred cubic (fcc) crystalline Au, corre-
sponding to the planes (1 1 1), (2 0 0), (2 2 0) and (3 1 1). On the XRD
pattern representative of the synthesised Pt-on-Au/C system, it can
be observed that Au peaks are shifted to lower 2� values, when com-
pared to the Au/C XRD pattern presented in Fig. 4A and to the 2�
values of pure Au given by the Joint Committee on Powder Diffrac-
tion Data. This suggests the formation of an alloy involving the
incorporation of Pt atoms into the fcc structure of Au. The overlap
of the Au and carbon diffraction peaks may also be a reason for the
negative shift of the Au(2 0 0) peak. The low intensity of the shifted
Au peaks, when compared to the intensity of the peaks obtained in
Fig. 4A for the pure crystalline Au nanoparticles, may indicate a low
crystallinity for this phase, expected for an alloy. Unshifted Pt peaks
are also observed on the XRD pattern of the Pt-on-Au/C system. This

suggests the presence of a crystalline Pt phase in this system. Thus
these results suggest that the Pt-on-Au catalyst nanoparticles may
be constituted of an alloy phase rich in Au, in which Pt atoms have
been incorporated, and of a pure crystalline Pt phase.



318 A. Pitois et al. / Chemical Engineering Journal 162 (2010) 314–321

F
1

1

t
p
[
P
v
d
s
a
a

3

i
g
a
d
e

3

1
t
d
a
a
i
c
i
c

e
e
o
t
F
d
l
t
i
c
t
a
6

of the plot shown in Fig. 7 correspond only to an apparent rate of
desorption, which is dependent on the flow rate and lower than
the actual rate. It has however to be pointed out that the flow rate
dependence observed for the Pt-on-Au/C catalyst is not as strong
ig. 5. Mass spectrometer traces for mass 29 (13CO) on switching to 1000 ppm
2CO in argon for various temperatures (25, 75 and 150 ◦C) at a fixed flow rate of
20 ml/min.

The characterisation of the surface composition of the syn-
hesised Pt-on-Au catalyst nanoparticles, investigated by X-ray
hotoelectron spectroscopy, has been already reported in detail in
47]. Results suggest that the surface is completely covered with
t, in good agreement with the cyclic voltammetry results and the
isual observation of a grey coloration of the nanoparticle surface
uring the electrochemical deposition of Pt. Therefore, the synthe-
ised Pt-on-Au catalyst nanoparticles may be constituted of a core
lloy phase rich in Au, in which Pt atoms have been incorporated,
nd of a thin Pt film at the surface.

.2. CO desorption kinetics from the Pt-on-Au/C system

The desorption kinetics of adsorbed isotopically labelled 13CO
n the presence of natural 12CO at a 1000 ppm concentration in the
as phase were studied as a function of temperature (25–150 ◦C)
nd flow rate (60–120 ml/min). The relationships between the 13CO
esorption profile and the kinetics of the CO desorption process are
xplained in detail elsewhere [17].

.2.1. Temperature dependence
Mass spectrometer traces for mass 29 (13CO) on switching to

000 ppm 12CO in argon are shown in Fig. 5 for various tempera-
ures (25, 75 and 150 ◦C) at a fixed flow rate of 120 ml/min. The 13CO
esorption kinetics increase with increasing temperature and the
rea under the exchange curve decreases with increasing temper-
ture across the temperature range investigated. This behaviour
s similar to that observed previously for both Pt/C and PtRu/C
atalysts for a 12CO concentration of 1000 ppm under similar exper-
mental conditions [17,18], and to that observed for the PtRu/C
atalyst for 12CO concentrations varying from 100 to 500 ppm [43].

Assuming that at infinite time, all 13CO molecules will be
xchanged with 12CO molecules, the relative coverage of CO
xchanging can be deduced from the area under the 13CO des-
rption curves. The relative coverage values vs. temperature for
he data obtained at a fixed flow rate of 120 ml/min are given in
ig. 6. All data have been normalised against a value of 1 for the
ata obtained at 25 ◦C, thus giving a relative, rather than an abso-

ute coverage. The relative CO coverage decreases with increasing
emperature. This trend is similar to that observed in previous stud-

es for both Pt/C and PtRu/C catalysts under similar experimental
onditions [17,18,43]. The relative coverage decreases strongly for
emperatures higher than 50 ◦C. The linear decrease for the rel-
tive CO coverage per degree Celsius between 50 and 150 ◦C is
.9 × 10−3 ◦C−1. This decrease rate is higher than that observed
Fig. 6. Normalised relative CO coverage values vs. temperature (13CO peak area for
exchange at 1000 ppm CO in Ar at a flow rate of 120 ml/min).

previously for both Pt/C and PtRu/C catalysts under similar exper-
imental conditions, i.e. 2.3 × 10−3 ◦C−1 for Pt/C between 50 and
150 ◦C, and 4.0 × 10−3 ◦C−1 for PtRu/C between 75 and 150 ◦C
respectively. This indicates a stronger decrease in relative cov-
erage with increasing temperature for the Pt-on-Au/C system, as
compared to the Pt/C and PtRu/C systems. It has, however, to be
pointed out that the initial absolute coverages (per surface atom)
are probably very different for these various surfaces and thus that
these observations refer only to the relative change in CO surface
coverage as a function of temperature.

3.2.2. Flow rate dependence
The flow rate dependence of the CO exchange is shown in Fig. 7

at a fixed temperature of 50 ◦C and for flow rates ranging from
60 to 120 ml/min. There is a slight flow rate dependence of the
CO exchange. This dependence on flow rate was already observed
extensively in previous similar studies during the desorption mea-
surements. A strong flow rate dependence was observed for both
Pt/C and PtRu/C at 1000 ppm CO in argon, for temperatures higher
than room temperature and for flow rates higher than 30 ml/min
[17,18], as well as for the PtRu/C catalyst at CO concentrations
higher than 100 ppm, for temperatures higher than room temper-
ature and for flow rates higher than 90 ml/min [43]. This flow rate
dependence was attributed to a significant readsorption of 13CO
during the desorption experiments and consequently the gradients
Fig. 7. Flow-rate dependence of the CO exchange at 50 ◦C.
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Table 1
Desorption rate constants k− and equivalent CO oxidation current densities j
obtained for a CO concentration of 1000 ppm at various temperatures (25–150 ◦C).
The uncertainty on the values is 4%.

Temperature (◦C) k− (s−1) j (�A cm−2)

25 2.4 × 10−4 1.15
50 2.8 × 10−4 1.34
75 3.1 × 10−4 1.49
A. Pitois et al. / Chemical Engin

s that observed for the Pt/C and PtRu/C catalysts, and thus that the
egree of 13CO readsorption during the desorption experiments is

ower for this novel catalyst as compared to the Pt/C and PtRu/C
atalysts.

.2.3. Determination of the desorption rate constants
Using a method similar to Xu et al. [48] and assuming pseudo-

teady-state conditions, the decay curve for the 13CO concentration,
, can be given, in case of flow rate dependence, by the equation:

= �COk−

q + �COk−/C0
exp

[
− k−

1 + �COk−/qC0
t

]
(1)

here C is the 13CO concentration at time t, C0 is the initial 13CO
oncentration, q is the flow rate, �CO is the coverage and k− is the
esorption rate constant.

Therefore, the slope of the ln(relative CO coverage) vs. time plot
an be defined as an apparent rate of desorption kapparent (depen-
ent on the flow rate):

apparent = k−

1 + �COk−/qC0
(2)

Rearranging gives the following equation, which enables the
etermination of the desorption rate constant k−:

1
kapparent

= 1
k− + �CO

C0

1
q

(3)

And so a plot of 1/kapparent vs. 1/q should provide a linear
esponse, with an intercept of 1/k−, k− being the desorption rate
onstant. Similar plots using a wide range of flow rates were already
sed for the determination of the desorption rate constants on both
t/C and PtRu/C at a fixed 1000 ppm CO concentration [17,18] and
very good linearity was found. The plot used in this study for the
etermination of the desorption rate constants for the novel Pt-on-
u/C system at a fixed 1000 ppm CO concentration is given in Fig. 8

or the wide range of investigated temperatures. The desorption
ate constants k− for the Pt-on-Au/C system are given as a function
f the temperature (25, 50, 75, 100, 125 and 150 ◦C) in Table 1. The
esorption rate constants increase with increasing temperature.
his expected behaviour is similar to that already observed for both
t/C and PtRu/C under similar experimental conditions [17,18]. The
ependence in temperature of the desorption rate constants for

his novel Pt-on-Au/C system is however much lower than that
bserved for both Pt/C and PtRu/C. Whereas the desorption rate
onstants are comparable for the Pt-on-Au/C and Pt/C systems at
5 ◦C (2.4 × 10−4 s−1 vs. 4.0 × 10−4 s−1), this is no more true for tem-
eratures higher than 25 ◦C. When the temperature is increased

ig. 8. Determination of the desorption rate constants at various temperatures and
or a fixed CO concentration of 1000 ppm, by plotting 1/kapparent vs. the inverse flow
ate.
100 3.3 × 10−4 1.58
125 3.4 × 10−4 1.63
150 3.6 × 10−4 1.73

from 25 to 150 ◦C, the desorption rate constants increase slightly
from 2.4 × 10−4 to 3.6 × 10−4 s−1 for this novel Pt-on-Au/C system,
whereas the desorption rate constants increase from 4.0 × 10−4 s−1

to more than 3 × 10−1 s−1 for the benchmarking Pt/C system. This
suggests a significant influence of the nature of the substrate on
the catalyst surface properties. Strong Pt–Au substrate interactions
were already reported by CO stripping analysis for Pt-modified Au
nanoparticles [30]. A positive shift in peak potentials of CO strip-
ping with increasing Pt coverage on Au substrate was observed and
was attributed to a stronger Pt–CO bonding or a weaker ensemble
effect. This strong Pt–CO bonding on Au substrate was predicted by
Hammer–Norskov d-band centre model [49]. In the d-band cen-
tre model, the Pt d-band centre can be up shifted on Au, and this
can be related to a strengthened Pt–CO bonding. This strength-
ened Pt–CO bonding may explain the different behaviour of the
Pt-on-Au/C and Pt/C systems for their temperature-dependent CO
desorption kinetics. It shows that, in surface-modified catalysts,
the interactions between underlayer and overlayer materials are
worthy of consideration, since they can significantly modify the
intrinsic properties of active sites. Such a promotional effect of the
Au core was already reported for the CO electrooxidation reac-
tion and was found dependent on the Pt film thickness [50–52].
It can also be noted that the measured desorption rates for the
Pt-on-Au/C system are much lower than those measured as a func-
tion of the temperature for the commercial PtRu/C catalyst (from
3.2 × 10−3 s−1 at 25 ◦C to 2.0 × 10−1 s−1 at 150 ◦C).

With regard to the issue of CO tolerance, the kinetics of the CO
desorption and CO electrooxidation processes cannot be directly
compared for the investigated system due to unavailability of CO
oxidation rate values. The measured desorption rate constants can
however be converted to equivalent CO oxidation current densities
for future comparison of the kinetics of the CO desorption and elec-
trochemical CO oxidation processes. To perform this conversion, it
has been assumed that the number of Pt sites is 1.50 × 1015 cm−2

(close-packed Pt(1 1 1)) and that two electrons are oxidised per
CO molecule. The calculated equivalent CO oxidation current den-
sities are given in Table 1. The equivalent CO oxidation current
densities calculated for this novel Pt-on-Au/C system range from
1.15 �A cm−2 at 25 ◦C to 1.73 �A cm−2 at 150 ◦C. They can be com-
pared, to a certain extent, with the rates of CO oxidation measured
from polarisation curves on Pt for 2% CO in argon and for a temper-
ature of 62 ◦C. They appear to be large, since they would require
a significant overpotential of approximately 0.4 V, which is not
observed as a potential loss for fuel cells operating at this tem-
perature [7]. This suggests that, in the fuel cell environment, the
CO desorption process is likely to play a significant role in the CO
tolerance issue: the CO desorption process may be kinetically pre-
dominant compared to the electrochemical CO oxidation process
and the “detoxification” mechanism may be the major mechanism
to explain the CO tolerance for this novel Pt-on-Au/C system. It

has however to be pointed out that these conclusions are “first
approach” conclusions due to the unavailability of CO oxidation
data for the investigated system, and thus that CO oxidation data
for this Pt-on-Au/C system need to be measured, if we are to val-
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date these “first approach” conclusions. It can be remarked that
ecent density functional theory calculations provide support to
hese “first approach” conclusions, since Koper et al. [12] found that,
ithin fuel cell operating conditions, a decrease in steady-state CO

overage, which would be a driving force for the CO exchange, may
e expected due to an electronic effect. It has however to be stressed
hat the desorption rate constants determined in this study have
een measured in the absence of humidification or a potential field
nd therefore in a simplified adsorption environment. The presence
f humidification and potential could play an important role in the
alance between desorption and CO oxidation via the bifunctional
echanism within the operating fuel cell environment. Density

unctional theory calculations have in particular predicted that
aising the potential leads to an increase in the rate of hydrogen
bsorption, water dissociation, CO oxidation and hydrogen oxida-
ion because of the strong potential-dependence of the reactions
53]. Future studies will attempt to take into account humidifica-
ion and potential field for a more accurate determination of the CO
esorption rate constants in a real fuel cell environment. Knowl-
dge on the dissociative H2 adsorption behaviour in the presence
f CO impurities has also to be obtained, since the balance between
he kinetics of CO adsorption and H2 adsorption is an important fac-
or for the CO tolerance issue. This temperature-dependent kinetics
tudy of the CO desorption process on a novel Pt-on-Au/C PEMFC
node catalyst supplements the literature data obtained previously
or the more traditional Pt and PtRu catalysts [17,18,43]. The deter-

ination of the CO desorption rate constants on novel PEMFC anode
atalysts is believed to be of added value for a better understanding
f the CO tolerance issue at PEMFC anodes and if we are to develop
ovel low cost and CO tolerant catalysts based on the fundamental
nderstanding of the processes involved.

. Conclusions

A novel carbon-supported Pt-on-Au fuel cell anode catalyst,
btained by electrochemical deposition of Pt on Au/C nanoparticles,
as been characterised by a number of microstructural techniques,

.e. X-ray diffraction, scanning electron microscopy, transmission
lectron microscopy and X-ray photoelectron spectroscopy. Results
uggest that the synthesised Pt-on-Au catalyst nanoparticles are
onstituted of a core alloy phase rich in Au, in which Pt atoms
ave been incorporated, and of a thin Pt film at the surface. The
emperature dependence of the CO desorption process on this
ovel fuel cell anode catalyst has been determined from CO iso-
ope exchange experiments for a 1000 ppm CO in Ar concentration.
esorption rate constants, ranging from 2.4 × 10−4 s−1 at 25 ◦C to
.6 × 10−4 s−1 at 150 ◦C, have been obtained for this range of tem-
erature. At 25 ◦C, the desorption rate constants obtained for the
t-on-Au/C and Pt/C systems are comparable. The dependence in
emperature of the desorption rate constants for the novel Pt-on-
u/C system is however much lower than that observed for the Pt/C
ystem. This suggests that the nature of the substrate has a signif-
cant influence on the catalyst surface properties. It shows that,
n surface-modified catalysts, the interactions between underlayer
nd overlayer materials are worthy of consideration, since they can
ignificantly modify the intrinsic properties of the active sites. The
easured desorption rates are also lower than those obtained for

he commercial PtRu/C catalyst. With regard to the issue of CO tol-
rance, the kinetics of the CO desorption and CO electrooxidation
rocesses cannot be directly compared for the investigated system

ue to unavailability of CO oxidation rate values. The measured
O desorption rates are however likely to be large compared to
he expected CO oxidation rates: the CO desorption process may
hus play a significant role in the CO tolerance issue at such a PEM
uel cell anode and the “detoxification” mechanism may be the

[
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major mechanism to explain the CO tolerance. It has however to be
pointed out that these conclusions are “first approach” conclusions
due to the unavailability of CO oxidation data for the investigated
system, and thus that CO oxidation data for this Pt-on-Au/C system
need to be measured, if we are to validate these “first approach”
conclusions. The desorption rate constants determined in this study
have been also measured in a simplified environment (no humid-
ification, no potential field) and both humidification and potential
field may play a role in the balance between desorption and CO
oxidation via the bifunctional mechanism within the operating fuel
cell environment. This work on the temperature-dependent kinet-
ics of the CO desorption process on a novel Pt-on-Au/C PEMFC
anode catalyst supplements the literature data obtained previously
for the more traditional Pt and PtRu catalysts. The determination
of the CO desorption rate constants on novel PEMFC anode cata-
lysts is believed to be of added value for a better understanding of
the CO tolerance issue at PEMFC anodes and if we are to develop
novel low cost and CO tolerant catalysts based on the fundamental
understanding of the processes involved.
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