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a b s t r a c t

An experimental evaluation, under realistic conditions, of the catalytic properties of a Pt3Sn(111) model
catalyst in CO oxidation under excess of hydrogen is reported in this study. From a structural point of
view, two different surface terminations are available in this alloy, viz. (2 � 2) and ð
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fering by their tin concentration and Pt–Sn local structural arrangements in the uppermost layers, thus
offering specific active sites for the reaction to proceed. In this study, mass spectrometry and polarization
modulation infrared reflection absorption spectroscopy measurements (PM-IRRAS) have been performed
at near ambient pressure on both surfaces of the alloy and compared to those obtained on Pt(111) used
as a reference. The presence of hydrogen promotes the rate of CO oxidation on the three surfaces. The
influence of tin is remarkable, increasing the catalytic activity of Pt atoms by one order of magnitude.
With the exception of CO, no other species such as formyls or carbonates are observed on the surface
by IR spectroscopy in the range of temperature (293–425 K) investigated.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction et al. [7] have compared the catalytic properties of a vulcan sup-
Pt-based fuel cell anodes are easily poisoned by the presence of
CO impurities contained in the combustible hydrogen, and the lim-
itation of this deactivation is still a challenging issue. A first signif-
icant removal of CO is performed by the water gas-shift reaction
(CO + H2O � CO2 + H2). However, this is not sufficient for direct
application in fuel cells with H2 still requiring a further purifica-
tion. The preferential oxidation of CO (PROX) is probably the most
efficient process to reduce the CO content to a sufficiently low level
(a few ppm) to be compatible with its use in fuel cells [1].

The efficiency of a PROX catalyst depends on its activity in CO
oxidation COþ 1=2 O2�CO2ð Þ, its selectivity with respect to the
undesired hydrogen oxidation H2 þ 1=2 O2� H2Oð Þ, and its resis-
tance to deactivation. Essentially Pt but also other metals, such as
Pd, Rh, Ru and Au, supported on various oxides have been proposed
and widely tested in the past, as potential selective catalysts for CO
preferential oxidation in H2-rich streams [2,3]. However, as men-
tioned by Duprez et al., rating the efficiency of these catalysts is
not straightforward [4], as a result of too many parameters at stack.
Pt-based bimetallic catalysts prepared by adding metals, such as
Co, Cu, Ru, Rh and Sn, have been suggested as an alternative solu-
tion in a large number of experimental and theoretical investiga-
tions whether in electrochemical or gas phase conditions [5–18].
In fact the majority of these bimetallic catalysts exhibit improved
efficiency in comparison with pure Pt. For instance, Schubert
ll rights reserved.

.fr (Y. Jugnet).
ported PtSn catalyst with commercial Pt supported on Al2O3.
According to this study, PtSn is more active than Pt by two orders
of magnitude at a temperature of 80 �C making this catalyst as effi-
cient as Au/Fe2O3. In addition, the selectivity of the PtSn catalyst is
greatly enhanced compared to Pt, particularly at low temperatures
(<80 �C). At some point – regarding the complexity of the reactivity
on supported catalysts (nature, size and composition of particles,
nature of the support, catalyst preparation) – the study of the reac-
tion on well-defined catalysts is a prerequisite for (a) the charac-
terization of the active site, (b) the understanding of the role of
each metallic partner in the alloy performance, (c) the determina-
tion of the reaction mechanism or the deactivation process and (d)
the structural identification of the reaction intermediates.

Within this context, the performances of the catalytic surfaces
of Pt3Sn alloy for carbon monoxide oxidation have been evaluated
and elucidated recently by combining both an experimental and a
theoretical approach [19]. Interestingly, Pt3Sn(111) exhibits two
distinct surfaces, viz. the (2 � 2) and the ð
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tiated by their surface stoichiometry (Pt3Sn and Pt2Sn respec-
tively), and by the local structural arrangement of Pt and Sn
atoms in the first surface layers. The comparison of both
Pt3Sn(111) and Pt(111) surfaces under identical conditions has
shown that the presence of tin enhances significantly the platinum
activity in CO oxidation. Moreover, the extraordinary ability of
Pt3Sn(111) for oxygen dissociation has been demonstrated from
first-principles theory, and the mediatory role of tin in this phe-
nomenon has been illustrated by an electronic population analysis.
The reaction mechanism for CO oxidation has been addressed, and
kinetics has been studied in particular as a function of oxygen

http://dx.doi.org/10.1016/j.jcat.2010.12.012
mailto:yvette.jugnet@ircelyon.univ-lyon1.fr
http://dx.doi.org/10.1016/j.jcat.2010.12.012
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Fig. 1. Scheme of the two surface structures which can be obtained from
Pt3Sn(111) depending on the last annealing temperature: (a) Pt3Sn(111)-(2 � 2)
at 1000–1100 K with 25 at% Sn in the topmost layer and (b) ð
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600 K with 33 at% Sn in the surface layer.
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coverage. The experimental performance in CO oxidation has been
found to be structure sensitive, the most active surface of the alloy
being the (2 � 2) termination. Despite these recent efforts aiming
at modelling CO oxidation on tailored single crystal surfaces, the
performance of Pt3Sn(111) surfaces towards this reaction under
a large excess of hydrogen has not yet been measured.

In this study, we report on the efficiency of the Pt3Sn(111)-
(2 � 2) and -ð
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conditions, by combining mass spectrometry and polarization
modulation infrared spectroscopy (PM-IRRAS). Additional ‘‘post-
reaction’’ X-ray photoelectron spectroscopy (XPS) has been per-
formed to check the influence of hydrogen on the electronic state
of Pt and Sn surface atoms and to detect a potential segregation
of one of the components of the alloy. In the absence of a support,
and under reproducible sample preparation conditions, we focus
our attention on the influence of hydrogen on the CO oxidation,
on the role of tin in presence of hydrogen, on the selectivity of
the alloy with respect to carbon monoxide and hydrogen oxidation,
on the nature of the surface species and lastly on the influence of
the surface structure on the reactivity.
2. Experimental details

The experiments were carried out in a system composed of two
main ultra high vacuum (UHV) chambers combined with a UHV-
compatible high-pressure cell. The first two chambers are dedi-
cated to sample preparation and XPS, and to high-resolution elec-
tron energy loss spectroscopy (HREELS), respectively. The sample
preparation chamber is equipped with an ion gun, an electron
gun for sample annealing, a quadrupole mass spectrometer, a dual
Mg/Al X-ray source and a hemispherical analyser. The base pres-
sure is in the 10�10 Torr range.

The high-pressure cell, which has been described previously in
detail [20], is a small stainless steel bakeable chamber (1 l) inside
an infrared environment allowing vibrational spectroscopy mea-
surements on the catalyst under working conditions. The pressure
within the reactor can be varied from the low 10�9 Torr range up to
one atmosphere. Evacuation of the reactor from high pressures is
carried out via an oil free root pump (in the 10�3 Torr range) and
a turbomolecular pump (in the low 10�9 Torr range). The maxi-
mum available temperature of the sample is about 475 K under
elevated pressures. A K-type thermocouple is in contact with the
plate supporting the sample. Gas sampling (reactants and prod-
ucts) for mass spectrometry analysis is operated through a leak
valve attached to the reactor.

This cell, which functions as a batch reactor, is equipped with
two ZnSe IR windows. PM-IRRAS spectra are obtained from a
NEXUS (Thermo Nicolet) Fourier transform infrared spectrometer
equipped with a ZnSe polarizer and a 100 MHz photoelastic mod-
ulator (PEM-90 from HINDS Instruments). The PM-IRRAS measure-
ments were performed in specular reflection mode under grazing
incidence (8� relative to the surface) as described previously [21].
Data were collected at a spectral resolution of 4 cm�1, with 1024
scans co-added. All spectra reported in this paper are normalized
to the clean surface spectrum.

The samples were fixed on a Mo plate, which can be transferred
as a unit from the UHV preparation chamber to the reactor. The
Pt3Sn(111) sample, a small disc of 0.8 cm diameter, is prepared un-
der UHV conditions by a classical series of ion sputtering (10 min,
Ar+, 2 keV, 10�6 Torr), and annealing (20 min to reach segregation
equilibrium) until no impurity is detected by XPS. After ion sput-
tering, a tin depleted surface region is formed due to preferential
sputtering of tin relative to Pt. The temperature of the last anneal-
ing dictates the atomic structure and composition of the ultimate
surface layer [22]: at 600 K, a ð
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develops (with 33 at% Sn in the surface layer on top of a Pt enriched
second layer), while a (2 � 2) reconstruction (corresponding to a
normally bulk truncated surface with 25 at% Sn in the surface
layer) occurs after annealing at 1000–1100 K. Both reconstructions
are schematized in Fig. 1.

XPS experiments were performed along the normal to the crys-
tal using the Al Ka X-ray line. On the clean surface, the mean value
of tin concentration normalized to that of the (2 � 2) taken at
25 at% reaches only 17.5 at% in the case of the ð
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Although these values are integrated over the whole depth ana-
lysed (a few nm), they clearly indicate a tin depletion in the surface
sublayers of the ð
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workers [22]. The Pt(111) used as a reference sample is a small
disc of 1 cm diameter. It was also prepared by a series of sputtering
and annealing (5 min at 1000 K) cycles with a single intermediate
annealing at 900 K under oxygen (10�7 Torr) in order to remove
residual carbon from the surface.

CO gas (Linde 3.7) was first passed through a molecular sieve
(5A 4-8) and then through a liquid nitrogen trap in order to prevent
any Ni carbonyl adsorption and further decomposition on the sur-
face. The CO container was equipped with a Ni free valve (Air Liqu-
ide). A commercial mixture (’’Mélange Crystal’’ from Air Liquide,
N55) of O2 (1 mol%) in H2 was used directly without any trapping.

All experiments were conducted following the same procedure:
once cleaned and characterized by XPS, the sample is transferred
under UHV into the high-pressure cell and an initial PM-IRRAS ref-
erence spectrum of the clean surface is recorded at 300 K. 10�1 Torr
CO plus 100 Torr of the commercial mixture (1 Torr O2 and 99 Torr
of H2) are then introduced into the reactor. As soon as these gases
are in contact with the sample, mass spectra and PM-IRRAS spectra
are recorded alternatively as a function of time. Finally, partial
pressures of CO, O2 and CO2 are calculated from the evolution of
masses linked to CO (m/e = 28), O2 (m/e = 32) and CO2 (m/e = 44).
The direct analysis of water formation (m/e = 18) is not possible
from a practical point of view owing to the slow diffusion of water
into the chamber resulting in an unduly long stabilization time of
the water signal. Pure CO, O2 and CO2 gases are used for calibrating
the mass spectra. The pressure inside the reactor is monitored with
a membrane gauge.
3. Results

The catalytic performances of the various surfaces investigated
were probed by mass spectrometry, and the analysis of the surface
species during the reaction was performed by PM-IRRAS. In addi-
tion, the surfaces have been checked by XPS performed before
and after reaction.
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3.1. Catalytic performances of Pt3Sn(111) and Pt(111) in PROX
conditions

We will start off by describing the behaviour of the Pt3Sn(111)-
(2 � 2) surface under PROX conditions at 380 K, a temperature for
which the three surfaces investigated were active in CO oxidation
[19], the (2 � 2) displaying the highest efficiency. The three surfaces
will then be compared under similar experimental conditions.

3.1.1. PROX reaction on Pt3Sn-(2 � 2) at 380 K
The evolution of the partial pressures of CO, O2 and CO2 during

the reaction is reported in Fig. 2. Zero reference on the time scale
corresponds to the moment when the (O2 + H2) mixture is intro-
duced into the chamber and when the heating is started. About
40 min is necessary to reach the fixed temperature due to a strong
inertia of our heating system under high-pressure conditions. Dur-
ing this time, 10% of CO is already converted into CO2 as shown in
part 1 of the graph. As a first key remark, these results clearly show
that a large excess of H2 does not prevent CO oxidation on this sur-
face. After about 150 min, almost all the CO is converted into CO2.
For a CO conversion rate lower than 80%, the oxygen pressure de-
creases slowly (part 2 of the graph) following which a sudden rapid
decrease is observed (part 3 of the graph). Regarding the evolution
of hydrogen (m/e = 2) and water (m/e = 18), not quantified (as men-
tioned previously) and not reported elsewhere in the figure, the
data clearly show a constant hydrogen partial pressure in the re-
gions (1) and (2) and no evolution of the residual water signal (only
traces exist). In region (3), the water signal starts to increase con-
comitantly with a small decrease in the hydrogen signal. Combus-
tion of oxygen in region (3) is associated with the oxidation of
hydrogen and the formation of water at a high kinetic rate. Hence,
Pt3Sn(111)-(2 � 2) demonstrates catalytic properties which basi-
cally fit the requirement for PROX. Indeed, this surface first oxi-
dizes the small amount of CO selectively and then exhibits good
catalytic activity for the combustion of purified hydrogen at a rea-
sonably low temperature.

In order to quantify the catalytic performance, activities for CO
oxidation in the presence of hydrogen have been calculated follow-
ing the procedure detailed previously [19]. The activity per surface
unit area (mol cm�2 s�1) is determined from the slope DP/Dt of the
curve PCO2 ¼ f ðtÞ, with the following formula:

A ¼ 1:61� 1020

S
� Vreac

Treac
� DP

Dt
ð1Þ
Fig. 2. Evolution of CO2 (green), CO (blue) and O2 (red) partial pressures (Torr) as a
function of time during CO oxidation in the presence of a large excess of H2 at 380 K
on Pt3Sn(111)-(2 � 2)� 10�1 Torr of CO, 1 Torr of O2 and 99 Torr of H2 are
introduced initially at room temperature. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
A is the activity per surface unit area (mol cm�2 s�1), S the sample
area (0.5 cm2 and 0.785 cm2 for Pt3Sn(111) and Pt(111) samples,
respectively), Vreac the volume of the reactor (1.0 l), Treac the reactor
temperature (K) and DP/Dt the slope of the curve PCO2 ¼ f ðtÞ
(Torr min�1). In this work, the activity is systematically determined
for conversion rates lower than 50%.

In the following, the activities measured on the Pt(111),
Pt3Sn(111)-(2 � 2) and Pt3Snð111Þ-ð
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ferent temperatures under PROX conditions will be discussed in or-
der to determine the relationships between the catalyst
performance and its chemical nature, its surface structure and its
surface stoichiometry.

3.1.2. Comparison between Pt and PtSn surfaces
The evolution of activity of the three surfaces in CO oxidation in

a large excess of hydrogen (PROX) is reported in Fig. 3. For ease of
comparison, the activities measured in the absence of hydrogen
(COOX) [19] for the same surfaces under identical pressures of
CO and O2 are also reported.

� As previously observed in the absence of hydrogen, the alloy is
always more efficient than pure platinum to oxidize CO in the
range of temperature investigated (293–425 K). A significant
activity is observed at room temperature (5.5 � 1013 mol cm�2

s�1 and 3.1 � 1013 mol cm�2 s�1 for the (2 � 2) and the
ð
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ÞR30�, respectively). At this temperature, the Pt(111)

activity was too low to be evaluated within a reasonable reaction
time.
� By increasing the reaction temperature, the activity of the alloy is

enhanced by more than one order of magnitude. At 380 K, it is
large (73 � 1013 mol cm�2 s�1 and 67 � 1013 mol cm�2 s�1 for
the (2 � 2) and ð
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the performance on Pt(111) is much lower (5.2 � 1013 mol
cm�2 s�1).
� Let us now compare CO oxidation (COOX) and PROX. At room

temperature, the presence of hydrogen slightly improves the per-
formance of the surfaces of the alloy (from 1.4 to 5.5 � 1013

mol cm�2 s�1 for the (2 � 2), and from a non-detectable activity
to 3.1 � 1013 mol cm�2 s�1 for the ð
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at 380 K the activity gain is globally remarkable (67–73 � 1013

mol cm�2 s�1), especially for the ð
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(67 � 1013 mol cm�2 s�1). For Pt(111), the gain in the presence
of hydrogen is less significant at this temperature, because of a
globally lower efficiency.
Fig. 3. Evolution of the activity of Pt3Snð111Þ-ð2 � 2Þ; Pt3Snð111Þ � ð
ffiffiffi
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ÞR30� and Pt(111) in CO oxidation and in PROX reaction at different temper-

atures. The measured values are reported in each case. The experimental conditions
are: P(CO) = 0.1 Torr, P(O2) = 1 Torr and P(H2) = 99 Torr.
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� Finally, the presence of hydrogen cancels the activity difference
between the two alloy terminations, in contrast to COOX obser-
vations [19]. Whatever the temperature, both PtSn surfaces
exhibit a comparable performance with a slight enhancement
for the (2 � 2) termination.

3.2. XPS characterization

In addition to potential structural modifications, adding ele-
vated pressures of gases on a bimetallic surface may also induce
preferential segregation of one of the components of the alloy
and modify the oxidation states of one or both components.
Post-reaction XPS measurements provide additional information
although they are limited to irreversible transformations on the
surface.

In Table 1, the atomic concentrations of tin and platinum deter-
mined on the clean surfaces, after PROX reaction and after CO oxi-
dation (i.e. in the absence of hydrogen), are reported. A small but
irreversible tin segregation is observed on both surfaces after PROX
reaction, a phenomenon which was not observed after CO oxida-
tion without hydrogen.

The chemical state of Pt and Sn on the two surfaces of the alloy
has been studied after CO oxidation and PROX reactions. To start
with, the Pt4f and Sn3d signals of the clean surfaces are decom-
posed into their spin-orbit components. The same curve fitting
procedure is then applied on each of the surfaces – (2 � 2) and
ð
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ÞR30� – after CO oxidation and after PROX using the

peak resolution parameters determined on the clean surfaces (sim-
ilar full width at half maximum and same line shape). As shown in
Figs. 4 and 5, no chemical shift or broadening which could have
Table 1
Evolution of the tin concentration (at%) on Pt3Sn(11 1)-(2 � 2) and
Pt3Snð111Þ-ð
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PROX reaction. For comparison, results obtained after CO oxidation reaction are
reported.

Surface Pt3Sn(111)-(2 � 2) (%) Pt3Snð1 11Þ-ð
ffiffiffi
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ÞR30� (%)

Clean 25.3 17.5
COOX 25.4 17.8
PROX 27.2 20.8

Fig. 4. Pt4f and Sn3d core levels measured on Pt3Sn(111)-(2 � 2) immediately after clean
Sn3d and Pt4f spin-orbit components are fitted with gaussian lorentzian and asymmetr
been induced by the reaction is observed either on Pt4f or on
Sn3d core levels. Pt4f7/2 and Sn3d5/2 are measured at a binding en-
ergy of 71.1 eV (71.05 eV) and 485.6 eV (485.4 eV) on the (2 � 2)
and the ð

ffiffiffi

3
p
�

ffiffiffi

3
p
ÞR30� surfaces, respectively. These values are

characteristic of Pt and Sn atoms in the Pt3Sn(111) alloy. The pres-
ence of SnO or SnO2 surface oxides would display new components
on Sn3d core levels with a shift of about +1.8 eV and +2.6 eV to-
wards higher binding energy with respect to metallic tin [23–25].
Chemical shifts of +2.0 and +3.7 eV are expected on Pt4f levels in
the presence of PtO and PtO2 oxides [26]. Hence, the formation of
stable highly oxidized (SnO, SnO2, PtO, PtO2) surface species during
the reaction is ruled out, both in COOX and in PROX. This is not so
surprising taking into consideration previous results obtained un-
der UHV. In the specific case of Pt–Sn alloys, the oxidation process
requires either a high temperature or the use of a strong oxidant.
On Sn/Pt(111) surface alloys [27] and on Pt3Sn(111) bulk alloy
[28], it is known that atomic or molecular oxygen adsorption does
not occur at room temperature. Saliba et al. [29] succeeded in oxi-
dizing Pt–Sn surfaces by ozone under UHV conditions; They
showed that both surface alloys ((2 � 2) and ð
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were less reactive than Pt(111). On Pt3Sn(111) bulk alloy, Hohei-
sel et al. identified a two-dimensional tin oxygen layer obtained
only after an exposure to 9000 L O2 (1 L = 10�6 Torr � 1 s) at a tem-
perature of 770 K [28]. In the present study, under high-pressure
and relatively low-temperature conditions, we reject the possibil-
ity of the formation of stable heavily oxidized PtSn; however, one
cannot exclude the formation of PtOx or more probably SnOx

(x < 1) isolated suboxide islands, as supported by theoretical re-
sults [39]. Unfortunately, the picture regarding the formation of
such entities cannot be clear-cut yet, due to the lack of resolution
and also to the lack of surface sensitivity of a standard non-mono-
chromatized XPS apparatus.
3.3. Infrared spectroscopic measurements

PM-IRRAS spectra recorded in the whole wavenumber range
400–4000 cm�1 for the three surfaces during PROX reaction are
reported in Fig. 6. It is important to note that except for the m
(CO) stretching frequency, no other vibrational band assigned to
other surface species, such as carbonates, formates or hydroxyls,
has been detected. This is fully compatible with previous
ing, after CO oxidation and after PROX. Following a Shirley background subtraction,
ic gaussian lorentzian profiles, respectively.



Fig. 5. Pt4f and Sn3d core levels measured on Pt3Snð111Þ-ð
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ÞR30� immediately after cleaning, after CO oxidation and after PROX. Following a Shirley background

subtraction, Pt4f and Sn3d spin-orbit components are fitted with asymmetric gaussian lorentzian and gaussian lorentzian, respectively.
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measurements in an electrochemical environment for CO oxidation
on Pt3Sn(111) [30]. In the following, only the CO stretching vibra-
tional band will be discussed. For each surface, spectra have been
recorded under 0.1 Torr CO at room temperature (a), then after
the addition of 100 Torr of the mixture (O2/H2: 1/100) at room
temperature (b), during the heating procedure (c) and finally after
a few hours of reaction at 380 K (d).

As noted previously [21], under CO pressure alone the signal is
much more intense on Pt(111) than on the two surfaces of the al-
loy. This can be explained by the small size of the PtSn sample, by
the reduction of the number of Pt atoms in its topmost layer and by
its lower CO affinity compared to Pt(111). In each case CO is line-
arly adsorbed on top of a Pt atom.

Adding the (O2/H2) mixture to CO at 300 K does not induce any
perturbation on Pt(111): no shifting of the m(CO) band which re-
mains at 2096 cm�1, and no loss in intensity (see Fig. 6b). It must
Fig. 6. Evolution of the PM-IRRAS spectra during CO oxidation in the presence of H2

at 380 K on Pt3Snð1 11Þ-ð2 � 2Þ; Pt3Snð1 11Þ-ð
ffiffiffi
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ÞR30� and Pt(111) for

comparison. All spectra are recorded under the following static conditions: (a)
10�1 Torr CO at room temperature, (b) same as (a) plus 1 Torr O2 +99 Torr H2 at
room temperature, (c) same as (b) about 40 min after starting the heating
procedure and T = 370 K, (d) same as (b) after 2–3 h at 380 K (170, 110 and
215 min) on (Pt3Snð1 1 1Þ-ð2 � 2Þ;Pt3Snð1 1 1Þ-ð
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respectively.)
be recalled that under such conditions, no CO2 was produced on
Pt(111) (see Fig. 3). With the Pt3Sn(111) alloy the situation is dif-
ferent since both terminations are already active for the CO oxida-
tion step at room temperature. On the (2 � 2) surface, the m(CO)
band is slightly blue-shifted to 2094 cm�1, while maintaining a
constant intensity. In contrast, no shift is observed on the
Pt3Snð111Þ-ð
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100 Torr of O2/H2 leads to an intensity loss of more than 50%
of the m(CO) band. This can be attributed to a partial desorption
of CO induced by the (O2 + H2) mixture on the ð
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face, which is not observed on the (2 � 2). This is in agreement
with the higher adsorption energy calculated for CO on
Pt3Sn(111)-(2 � 2) [19] and with the differences of behaviour be-
tween the two terminations already observed during the coadsorp-
tion of CO with O2 [21]. In that study, it was shown that oxygen
alone (1 Torr) added to CO (0.1 Torr) at room temperature, induced
an almost imperceptible blue-shift of the m(CO) band on the two
terminations of the alloy and a partial desorption of CO only in
the case of the ð
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the m(CO) band is accompanied by some band broadening which
could be due to a structural reorganization of the surface induced
by the high pressure of hydrogen. Structural studies under such
conditions would be very helpful to confirm this hypothesis.

PM-IRRAS spectra were then measured during the heating pro-
cess, once the temperature reached 370 K (Fig. 6c) and after a few
hours at 380 K (Fig. 6d). At 370 K, no spectral evolution is observed
on Pt(111). The same observation is valid even after 215 min at
380 K. Under such conditions, the conversion rate is less than
20% (see Fig. 3) since it is inhibited by the CO site blocking effect
on Pt atoms rendering oxygen adsorption and further CO oxidation
difficult. The very strong interaction between CO and Pt even at
380 K under high pressure of hydrogen is obviously the cause of
the low activity measured for Pt(111) in PROX, CO desorption
appearing as the rate determining step of this reaction. As de-
scribed below, the behaviour of the alloy with respect to tempera-
ture is different.

On the (2 � 2) surface, once the temperature reaches 370 K, the
m(CO) stretching band is now red-shifted to 2088 cm�1 without any
loss of intensity. The CO conversion rate is estimated at about 15%.
Other spectra, not shown here, have been recorded at 380 K for CO
conversion rates of up to 50%, and they do not display further mod-
ification. After 170 min at 380 K, an important decrease in the
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intensity of the m(CO) associated with a red shift of 13 cm�1 is ob-
served (see Fig. 6d). The poor signal to noise ratio is attributed to a
very small CO coverage. At this point, almost all CO has been
converted.

The catalytic behaviour of the ð
ffiffiffi
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�

ffiffiffi

3
p
ÞR30� termination is

basically different. In contrast to the (2 � 2) observations, increas-
ing the temperature to 370 K results in a large decrease in intensity
without any shift of the m(CO) band. CO conversion at this juncture
is rather low. After 110 min at 380 K, the m(CO) band has almost
vanished while the reaction is still running with a conversion rate
of 50% (Fig. 6d).

The results at 380 K, under PROX conditions, can briefly be sum-
marized as follows: the relative inefficiency of Pt(111) is related to a
high coverage of too strongly bonded CO which cannot be removed
either by oxygen or by hydrogen. On the Pt3Sn(111)-(2 � 2) surface,
which is the most efficient one for CO oxidation in the presence or ab-
sence of hydrogen, the active CO species is the top CO one
(m(CO) = 2088 cm�1) since it disappears when the CO oxidation is
complete. Once all the CO has been oxidized the hydrogen oxidation
can start. The situation for the ð
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obvious since under reaction conditions almost no CO is observed.
Either this really corresponds to a very low CO coverage owing to
partial desorption induced by O2 and H2 or also by temperature, or
it is adsorbed in such a way that it does not fulfil the IR surface selec-
tion rules anymore. In the first case, we would have expected a shift
of the m(CO) band with decreasing CO coverage, which is not ob-
served here. In the second case, some restructuring would have oc-
curred in the surface layers.

3.4. Discussion

Over the years, several experimental groups have tackled the
fundamental question of explaining the specific activity of pure
platinum catalysts or a few platinum-based bimetallic catalytic
materials towards the preferential oxidation of carbon monoxide
in presence of hydrogen. Different explanations and points of view
have been addressed in the literature so far, without clearly eluci-
dating the experimental observations. In the following section, we
will briefly recall the proposed scenarios and discuss to what ex-
tent our new measurements on PtSn alloy surfaces support the cor-
responding assumptions.

Regarding the measurements for carbon monoxide oxidation
alone on Pt3Sn(111) surface terminations, tin exhibits a promoting
effect that is linked to a significant increase in catalytic activity
with respect to pure platinum, effect which is maintained in the
presence of a large excess of hydrogen. This supports previous
experimental studies for PROX on Pt3Sn alloy [7,31]. The gain in
PROX activity is unequivocally more pronounced for the
ð
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ÞR30� termination. The hydrogen pressure not only in-

creases the catalytic activity of the Pt3Sn(111) surfaces, it also lifts
PROX performances to similar levels irrespective of surface tin con-
tent. In short, both Sn and H2 contribute to the enhancement of the
catalytic activity in CO oxidation making the Pt3Sn catalyst very
promising for PROX. These observations raise several fundamental
questions related to the nature of the catalytic surface during the
reaction in terms of composition and morphology, and to the nat-
ure of the reaction mechanism and intermediates.

One track to explore is the XPS measurement of the tin distribu-
tion before and after reaction on both Pt3Sn(111) surface termina-
tions. Clearly these XPS observations show a small segregation of
tin only after PROX. The tempting conclusion would be to assign
this phenomenon to the hydrogen pressure, in the light of previous
experimental studies on bimetallics evoking the possibility of a
preferential segregation. Such reversible structural modulations
of alloys under various reactants under pressure have been
demonstrated previously [32–34]. The reasons that could explain
this segregation are numerous. Among the most likely assump-
tions, the hydrogen pressure might induce a significant content
of surface and subsurface atomic hydrogen that could force the
bimetallic system to reorganize and exhibit a deep restructuring.
This might have a non-negligible consequence in the simultaneous
presence of oxygen, especially regarding the formation of surface
tin oxides SnOx, which is often evoked for various conditions in
the literature, but not detected by post-reaction XPS. For instance,
under a pressure of pure oxygen around 10�2 Torr, in the range
380–425 K, Jerdev et al. [35] studied the oxidation kinetics of the
same surfaces and showed that oxygen accumulation proceeds
by oxidation of tin forming quasi-metallic (SnOx, 0 < x < 1) and oxi-
dic (SnOx, 1 < x < 2) species. They also showed that the oxidation of
these alloys resulted in a disruption of the ordered alloy surfaces.
In the present work, the maximum temperature is 380 K, and in
the presence of a high hydrogen pressure, one can expect that
chemisorbed CO will probably limit the oxidation of the alloy.
Although the formation of some SnOx units on the surface cannot
be excluded completely, we rather think that chemisorbed atomic
oxygen is the most active species for COOX. To summarize, the
assumption of a tin segregation could reconcile our results regard-
ing the structure sensitivity observed during COOX and absent dur-
ing PROX (cf. Fig. 3). Although such an argument is attractive, only
fine structural studies could confirm this hypothesis.

The change of the reaction mechanism between COOX and
PROX is the second key track that could explain the discrepancies
in performance. Our previous investigation into COOX on the
Pt3Sn(111) surface terminations combining kinetic measurements
and density functional theory calculations has given rise to sub-
stantial arguments in favour of a reaction mechanism mediated
by surface atomic oxygen [19]. In the range of temperatures con-
sidered, Sn is predominantly in a metallic state, which does not al-
low the chemisorption of carbon monoxide. The major conclusion
is the outstanding ability of tin-based active sites for the dissocia-
tion of molecular oxygen with respect to pure platinum catalysts.
For PROX, the picture is far from being as simple as the situation
for COOX. A suitable approach aiming at identifying the surface
species formed during PROX is the spectroscopic measurement
by PM-IRRAS throughout the reaction. Unequivocally, only chemi-
sorbed CO has been detected so far both for COOX and PROX cata-
lytic tests. This fact does not really support the assumptions
suggesting a reaction mechanism mediated by hydroxyl (OH) or
hydroperoxyl (OOH) surface species [14,36,37], although a minute
content that is barely detectable can never be ruled out. Even
worse, the absence of any significant vibrational shift of the
m(CO) band for either COOX or PROX is a strong argument in favour
of a very weak coverage of hydroxylated or carbonate species, since
these species would surely be responsible for vibrational dynamic
coupling. In addition, the absence of any shift also supports the
argument of a surface weakly covered by tin oxides, in agreement
with a UHV study [27]. Hence, our spectroscopic results for PROX
seem to suggest a reaction mechanism that is different from fre-
quently evoked assumptions [14]. To our mind, the synergy be-
tween the catalyst morphology, its composition, and the surface
coverage of reactants, imposed by the operating conditions, would
exclude the formation of water and hydroxylated species in the
first reaction step. The previously evoked formation of tin oxide is-
lands induced by the presence of hydrogen on the catalytic surface
is also an argument against the formation of OH and OOH species.
The carbon monoxide oxidation would then occur preferentially on
non-oxidized domains where the active sites would be almost
exclusively occupied by CO and atomic oxygen, due to their stron-
ger chemisorption energy with respect to hydrogen [19,38–41].
This partially satisfactory explanation is at least fully compatible
with our kinetic measurements that have undeniably shown the
outstanding ability of Pt3Sn(111) surface terminations for PROX.



C. Dupont et al. / Journal of Catalysis 278 (2011) 239–245 245
4. Conclusion

In the present study, we have shown that the Pt3Sn(111) alloy
surfaces are always more active than the pure Pt(111) surface, both
in the absence (COOX) and in the presence (PROX) of hydrogen. By
comparing COOX and PROX reactions under identical conditions,
we have demonstrated unambiguously the promoting effect of
hydrogen on carbon monoxide oxidation, on all the investigated
surfaces – Pt3Snð111Þ-ð2 � 2Þ; Pt3Snð111Þ-ð
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p
ÞR30� and

Pt(111).
On the basis of the experimental XPS observations of the cata-

lyst composition before and after reaction and of the identification
of the surface species by PM-IRRAS, we have come to the following
conclusions. Regarding the modifications of the catalyst under
PROX operating conditions, the observed segregation of tin encour-
ages us to think that the PtSn bimetallic system undergoes a deep
restructuring controlled by oxygen and hydrogen pressures. Our
moderate oxidation conditions open up the question of the forma-
tion and stability of tin oxides. Concerning the reaction mechanism
during the carbon monoxide oxidation, the spectroscopic measure-
ments do not support the hypothesis of a mechanism mediated by
hydroxylated species.

Work is still in progress to solve the critical question of the nat-
ure of the active phase in carbon monoxide oxidation reactions, a
question that is highly debated in the literature (surface oxide ver-
sus chemisorbed atomic oxygen) [42,43]. Finally, our results appeal
for fine structural studies by scanning tunnelling microscopy and
grazing incidence X-ray diffraction measurements under operating
conditions.
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Marković, Surf. Sci. 576 (2005) 145.
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