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The irreversible adsorption of Sn on the three Pt basal planes (Sn/Pt(111), Sn/Pt(100) and Sn/Pt(110)) and the
oxidation of adsorbed carbon monoxide have been studied by cyclic and stripping voltammetry. The presence
of Sn adatoms blocks the adsorption of hydrogen on platinum, and leads to the observation of a new oxidation
peak ascribed to the four-electron oxidation of the Sn adatomat potentials above 0.5 V. The oxidation of adsorbed
carbonmonoxide is enhanced by the presence of Sn on all three Pt single crystals. On Sn/Pt(111) and Sn/Pt(110),
oxidation of adsorbed CO occurs in two distinct potential regions: a pre-peak region at potentials below 0.50 V
and the main peak at higher potentials. In the pre-peak, the oxidation of adsorbed CO is suggested to take
place at the direct interface between Pt and Sn through the formation of an activated water species on Sn that
is not observable in the blank voltammetry. In the main peak, the COad oxidation reaction is suggested to occur
through the classical bifunctional mechanism of OH adsorbed on Sn with CO adsorbed on Pt atoms no adjacent
to Sn atoms. On Sn/Pt(100), the “pre-peak mechanism” is not observed.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Although Pt is very efficient for the oxidation of small organic mole-
cules, there is general consensus that it is readily poisoned by even trace
levels of carbonmonoxide formed during the reaction [1]. Many studies
have demonstrated that the combination of Pt with Sn modifies the
electronic and chemical properties so as to improve the catalytic prop-
erties of Pt [2–10].Moreover, it is nowwell stablished that the Pt surface
structure greatly influences the CO oxidation reaction [11–29]. Adatom
modified Pt single crystals surfaces have been studied extensively,
mainly focused on the enhancement in the rates of CO oxidation [30–
41]. A bifunctional mechanism was put forward to explain faster rates
for CO oxidation on Pt single crystals modified by p-block elements
(i.e., Bi, As, Sb, Sn). More specifically, a detailed understanding of the
promotional effect of Sn remains a subject of conflicting results and de-
bate. Hayden et al. [37] and Stamenkovic et al. [38,39] investigated the
CO oxidation onwell-defined (surface) alloy Pt3Sn(111) electrodes pre-
pared in Ultra High Vacuum (UHV). Hayden et al. presented evidence
for the classical bifunctional mechanism of CO oxidation on PtSn by
showing the formation of OH on the Sn sites at low potential (0.25 V
vs. RHE), and CO oxidative stripping coincident with the adsorption of
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OHon the Sn sites. Stamenkovic et al. [38] foundby FTIR that, in contrast
to the near invariant bandof linearly bonded COad on Pt(111), a splitting
of the band and a corresponding change in frequency takes place for
COad on the Pt3Sn(111) alloy. They suggested that the high-frequency
COad is a weakly adsorbed CO occupying Pt atoms which are adjacent
to “OHad”-covered Sn atoms. In subsequent work, Stamenkovic et al.
studied the CO oxidation on a Pt3Sn(110) alloy and compared the re-
sults with those obtained on the Pt3Sn(111) one [39]. For the
Pt3Sn(110) surface neither the splitting nor the “high-frequency” COad

band was found by FTIR. In terms of activity for the oxidation of
adsorbed CO, they found that a continuous oxidative removal of
adsorbed CO starts at potentials as low as E = 0.1 V on both Pt3Sn sur-
faces,which is an important property for CO-tolerant catalysts.Well-de-
fined PtSn surfaces can also be prepared by electrochemical deposition
of Sn on Pt single-crystal electrodes. Massong et al. [40] modified the
Pt (111) surface using Sn underpotential deposition (UPD), giving rise
to a peak around 0.60 V (vs. RHE) ascribed to an adsorbed hydroxyl spe-
cies, onwhich surface a significant decrease of the onset potential for CO
oxidation was found in H2SO4 electrolyte. Zheng et al. [41] investigated
the irreversible adsorption of Sn on the three Pt basal planes in sulfuric
and perchloric acid media and found that Sn is adsorbed preferentially
in the threefold hollow sites of Pt(111) surface and on the fourfold hol-
low sites of Pt(100), whereas no significantly irreversible adsorption
was detected on the Pt(110) surface.

Although CO adsorption on Pt single crystals surfaces has been stud-
ied extensively, papers comparing the reactivity of Sn-modified Pt low-
index surfaces have not yet been published. In this work, the surface
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Fig. 1. Cyclic voltammograms of Pt(111) and Sn/Pt(111) electrodes in 0.1MHClO4; sweep
rate 50 mV s−1.
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stoichiometry for the Sn surface reaction and the CO adlayer oxidation
on Sn/Pt(111), Sn/Pt(100) and Sn/Pt(110) electrodes is studied for dif-
ferent Sn coverages using cyclic and stripping voltammetry. Our results
suggest at least two different mechanisms through which Sn adatoms
on the Pt surface can enhance the CO oxidation activity.

2. Experimental

Bead-type Pt single-crystal electrodes, prepared according to the
Clavilier method, [42] have been used in this study. Prior to the experi-
ments, the single crystal electrodewasflame annealed and cooled down
to room temperature in a hydrogen/argon atmosphere (1:3) and was
transferred to the cell under the protection of a drop of ultra-pure
water saturated with these gases. The experiments were carried out at
room temperature in a classical three-electrode cell connected to an
Autolab PGSTAT 302N potentiostat. A platinum wire was used as a
counter electrode and a reversible hydrogen electrode (RHE) in the
supporting electrolyte as the reference electrode. All potentials in the
text are referred to this electrode. The electrolyte employed was 0.1 M
HClO4 prepared from HClO4 (Merck p.a.) and ultra-pure water
(Millipore MilliQ gradient A10 system, 18.2 MΩ cm, 2 ppb total organic
carbon). The electrolyte was deaerated with pure Ar (N66, Air Liquide)
to remove oxygen and CO (N47, Air Liquide) to dose CO. Voltammetric
curves were obtained with the electrode in hanging meniscus configu-
ration. The stability of the voltammetric profiles was carefully checked
to ensure solution cleanliness and surface order. The CO stripping was
studied by bubbling the gas in the bulk of the solution for 10 min
while polarizing the electrode at 0.10 V followed by argon purging for
15 min to remove the excess CO. Next, the working electrode was
brought back into the meniscus configuration and the oxidation of the
CO adlayer was initiated by scanning the potential up to 0.90 V (vs.
RHE) at 20 mV s−1. The CO was introduced in the same cell in which
the blank voltammograms for the Pt and Sn-covered Pt electrodes
were recorded.

Deposition of Sn adatoms onto the Pt single crystals was carried out
by immersion of the Pt single crystal, after flame-annealing process, into
a solution containing 0.1 M HClO4 and 10 mM Sn2+ ions for different
time spans (2–15 min), depending on the coverage that we wanted to
obtain. The resulting Sn coverage was calculated from the suppression
of the hydrogen adsorption charge according to the following equation
[40,43]:

θSn ¼ QH
Pt−QH

Pt;Sn

� �
=QH

Pt ð1Þ

where QPt
H and QPt ,Sn

H are the charges for hydrogen adsorption in absence
and presence of deposited Sn.

3. Results and discussion

3.1. Pt(111)

Fig. 1a shows the stable voltammetric profiles in 0.1MHClO4 obtain-
ed with Pt(111) and Sn/Pt(111) electrodes with different Sn coverage.
On Pt(111) one observes the usual hydrogen adsorption region from
0.10 to 0.40 V, and the OH adsorption region from 0.55 to 0.90 V, char-
acterized by a broad feature from 0.60 V and a sharp peak at 0.80 V. Sn
adsorption leads a change in the voltammetric profile depending on the
Sn coverage. At lower Sn coverage a small decrease in the hydrogen ad-
sorption charge can be observed as well as a decrease of the charge of
the peak at 0.80 V, while a new reversible peak arises at around
0.68 V. For Sn coverages between ca. 0.45 and 0.80, the adsorption of hy-
drogen is strongly inhibited and the initial peaks at 0.68 and 0.80 V
evolve into two new peaks at 0.62 and 0.85 V. The integrated charge
for the peak at 0.62 V is around 1/3 of the charge corresponding to the
peak at 0.85 V, which suggest an overall oxidation process from Sn to
Sn4+, and a one-electron process, such as OH adsorption, for the peak
at 0.62 V, in agreement with previous suggestions [40,44]. The desorp-
tion of the OH from platinum in the negative-going scan appears to
overlap with the reduction of oxidized Sn adatoms in a broad peak in
the region between 0.50 and 0.70 V. If the Sn coverage is larger than
0.80, only a broad current peak due to the oxidation (from 0.60 to
0.90 V in the positive-going scan) and reduction (from 0.75 to 0.50 V
in the negative-going scan) of the Sn adatom, is observed. In order to es-
timate the surface stoichiometry for the adatom surface reaction, Feliu
et al. found in previous work with other adatoms [45] that the relation-
ship between the Pt charge density (qPt), which involves hydrogen plus
OH adsorption, and the charge density associated with the adatom
redox process (in this case qSn), provides information about the stoichi-
ometry of the adatom reaction. The quantity qPt is the sum of hydrogen
and anion adsorption processes on the Pt sites (given the Sn coverage
θ):

qθPt ¼ qθH þ qθOH 2
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Fig. 3. Cyclic voltammograms of the CO oxidation on Pt(111) (a) and Sn/Pt(111)
electrodes (b) in 0.1 M HClO4; sweep rate 20 mV s−1.
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The charge corresponding to hydrogen adsorption on the free Pt
sites is given by:

qθH ¼ qθ¼0
H 1−mθð Þ 3

Similarly, the charge corresponding to OH adsorption is given by:

qθOH ¼ qθ¼0
OH 1−mθð Þ 4

where qOHθ=0 and qH
θ=0 are the OH and hydrogen adsorption charge den-

sities on the unmodified Pt(111), qHθ and qOH
θ are the hydrogen and the

OH adsorption charge densities on Sn/Pt(111) for a given Sn coverage
θ, respectively, andm is the number of Pt sites blocked by 1 Sn atom (as-
sumingm is the same for H and OH).

However, it is important to note that the adatom oxidation and OH
adsorption on the free Pt sites overlap. Consequently, a refinement to
the analysis would be to calculate qOH

θ=0 according to:

qθOH ¼ qθ¼0
OH

qθH
qθ¼0
H

5

The charge density associatedwith the oxidation of adsorbed Sn, qSn,
can be calculated by subtracting qOH

θ from the total charge density mea-
sured in between 0.45 and 0.90 V (qOH+Sn

θ ) [46]:

qθSn ¼ qθOHþSn−qθ¼0
OH

qθH
qθ¼0
H

6

Fig. 2 shows the relation between qPt
θ and qSn

θ . From the slope of the
curve the relation between the numbers of blocked platinum sites
with respect to the electrons exchanged per adsorbed Sn adatom can
be calculated. In this case the value of the slope is around−0.83. There-
fore, assuming that 4 electrons are involved in the oxidation of the
adatom (assuming the surface reaction Sn + 4H2O ↔ Sn(OH)4 +
4H+ + 4e−), it is estimated that each Sn adatom blocks 3 Pt(111)
sites, suggesting that Sn adsorbs in three-fold hollow sites in a (√
3 × √3) R30° structure, in agreement with suggestions made by previ-
ous work [47].

The effect of the irreversible adsorption of Sn on the oxidation of
adsorbed CO is shown in Fig. 3. CO stripping on the unmodified
Pt(111) (Fig. 3a) electrode occurs in one sharp oxidation peak at
0.74 V and a small pre-peak at around 0.65 V. The presence of this
pre-peak is well documented in the literature, attributed to the oxida-
tion of adsorbed CO by reaction with oxygenated species adsorbed at
steps and defect sites [48].
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Fig. 2. Plot of the platinum surface charge density (as defined by Eq. (1)) and the
corresponding Sn coverage vs. the charge density associated with Sn redox process on a
Pt(111) electrode in 0.1 M HClO4 solution.
The catalytic enhancement of the activity of the Pt electrode for CO
oxidation by the irreversible adsorption of Sn, as characterized by a
lower potential for the CO stripping peak, is illustrated in Fig. 3b. On
the Sn/Pt(111) electrode, CO oxidation occurs in two distinct potential
regions: the region above 0.50 V, which includes themain CO oxidation
peak at 0.69 V, and the region below 0.50 V which we will call the pre-
peak whose position in the voltammogram depends on Sn coverage.
The onset for the main CO oxidation peak takes place at approximately
0.60 V, corresponding to the onset for OH adsorption on Sn/Pt(111) sur-
face (peak at 0.62 V in Fig. 1). Thus, this peakmay be assigned to CO ox-
idation by adsorbed OH through a bifunctional mechanism and then the
enhancement in the activity for CO oxidation on Sn/Pt(111) electrodes
can be explained by the fact that Sn atoms enable the electrochemical
dissociation of water at more negative potentials compared with pure
Pt(111).

On the other hand, the nature of the pre-peak is more difficult to ex-
plain. The pre-peak takes place at potentials below 0.50 V, where the
voltammetry does not give any indication for the formation of OH.
Moreover, the pre-peak shifts to more negative potentials with increas-
ing Sn coverage (see Fig. 4a), whichmay be rationalized by the fact that
smaller CO islands are forming giving rise to a more weakly bonded
state of CO due to a higher number of CO adsorbed on Pt sites adjacent
to Sn atoms.

Fig. 4b shows the charge corresponding to the two peaks as a func-
tion of Sn coverage. Whereas the charge corresponding to the high-po-
tential peak decreases with Sn coverage, suggesting that this CO is
oxidized at “free” Pt sites, the charge corresponding to the pre-peak ap-
pears to exhibit a maximum with Sn coverage. This would be in agree-
ment with the idea that the pre-peak is associated with CO oxidation
at the interface between Pt and Sn sites, becausewith increasing Sn cov-
erage the number of COmolecules adsorbed on Pt adjacent to Sn atoms
increases because the higher number of Pt surrounded by Sn. However,
at high Sn coverage there are fewer Pt sites left for CO to adsorb, leading
to a maximum in the charge corresponding to the pre-peak. The exact
nature of this low-potential COad oxidation remains somewhat specula-
tive. The FTIRmeasurements by Stamenkovic et al. [38] and the DFT cal-
culations by Dupont et al. [49] suggest that CO binds weaker to Pt near
Sn sites in a Pt3Sn alloy surface. Other DFT calculations [9,50] show
that OH binds stronger to Sn than Pt sites, though we have not been
able to resolve experimentally this low-potential OH formation on our
Sn-modified Pt surfaces. In a theoretical work by Anderson, the CO oxi-
dation in the pre-peak has been explained by oxidation at the edges of
Sn surface islands, i.e., at Pt atoms in between Sn atoms, by amechanism
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of direct attack by H2Omolecules [51]. An important aspect to point out
is that the charge corresponding to the platinum states and the Sn oxi-
dation peak are the same before CO adsorption and after CO oxidation,
which indicates that CO does not induce the adatom desorption.

3.2. Pt(100)

Fig. 5 shows the blank voltammetric profiles for Pt(100) and Sn/
Pt(100) in 0.1 M HClO4. The profile for the unmodified Pt electrode is
typical of a well-ordered Pt (100) surface and is delineated into various
regions according to the electrosorption process. The hydrogen adsorp-
tion region occurs from 0.15 to 0.40 V which consist of two states at ap-
proximately 0.30 and 0.40 V, although there is an overlap with a broad
feature extending to about 0.60 V, associated with OH adsorption [52].
At potentials higher than 0.75 V the oxidation of the Pt(100) surface be-
gins, associated with the formation of platinum oxide species [53],
which is almost negligible in the potential range chosen here. With in-
creasing Sn coverage, a suppression of the hydrogen adsorption charge
is observed together with the development of a new peak in the region
between 0.70 and 0.90 V in the positive-going scan and between 0.80
and 0.55 V in the negative-going scan. These features are attributed to
the oxidation of Sn adatoms, which takes place simultaneously with
the formation of platinum oxide. It is important to consider that the
peaks due to OH adsorption observed on Sn/Pt(111) are not observed
(or not easily discerned) on Sn/Pt(100) in the same potential range.

The surface stoichiometry for the adatom surface reaction on
Pt(100) has been calculated in the same way as for Pt(111), although
in this case no overlap exists between Sn oxidation and OH adsorption
on Pt and the formation of Pt oxide in this potential range is almost neg-
ligible. Fig. 6 shows the linear correlation between Pt charge density
(determined between 0.15 and 0.6 V) and the charge density associated
with the Sn redox process. The slope of the curve is−0.5. Assuming the
transfer of 4 electrons in the adatom oxidation process, as was consid-
ered for Pt(111), this slope suggest that each Sn adatom blocks 2
Pt(100) sites, and consequently, Snmay be adsorbed in four-fold hollow
sites in a c(2 × 2) structure, in agreement with suggestions made in a
previous study [41].

Fig. 7 displays the profiles for the oxidative stripping of adsorbed CO
on Pt(100) and Sn/Pt(100) electrodes. The oxidation of CO on Pt(100)
electrode takes place in a single sharp peak at 0.76 V. In the presence
of Sn on the Pt(100) surface, the oxidation of CO also occurs in one
sharp peak, at lower potentials compared to clean Pt(100), with the
peak potential becoming lower with increasing Sn coverage. The pre-
peak observed on Sn/Pt(111) is not present on Sn/Pt(100). This en-
hancement in the activity of the electrode for CO oxidation on Pt(100)
with Sn adsorption can be linked to a bifunctional mechanism through
adatom oxidation since the onset potential for the oxidation of both
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CO and the Sn adatom, takes place at a very similar potential. Once Sn
starts to oxidize, a fast stripping of the CO adlayer occurs simultaneous-
ly. Finally, the Sn adlayer on Sn/Pt(100) remains unmodified after the
CO stripping experiment, as indicated by the identical blank CVs before
and after stripping.

3.3. Pt(110)

The blank cyclic voltammetric features for the unmodified Pt(110)
and the Sn/Pt(110) surface are shown in Fig. 8. The hydrogen adsorption
region, between 0.10 and 0.35 V, consist of two states at 0.15 and 0.25 V.
The charge in this region is not only due to adsorption and desorption of
hydrogen, but also to the replacement of adsorbed H with adsorbed O
and/or OH [54]. In contrast to a previous work [41], in our experiments
we were able to achieve the irreversible adsorption of Sn on Pt(110).
This divergence with ref. 41 may be due to differences in the cooling
process after flame-annealing of the electrode, as can be noted from
the different shapes of the Pt(110) blank CV profiles. It is known that
an appropriate cooling in Ar + H2 stream produces a Pt(110)-(1 × 2)
surface phase, characterized by two peaks between 0 and 0.40 V [55].
However, the Pt(110) profile in ref. [41] does not show two different
states in the same potential region, suggesting a different platinum sur-
face. Like with Pt(111) and Pt(100), the adsorption of Sn on Pt(110)-
(1 × 2) leads to a decrease of the adsorption hydrogen charge and to a
new peak due to the oxidation of Sn adatoms. The broad Sn redox
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Fig. 8. Cyclic voltammograms of Pt(110) and Sn/Pt(110) electrodes in 0.1MHClO4; sweep
rate 50 mV s−1.
peak is centered at 0.70 V in the positive-going scan, and it becomes
more irreversible with increasing Sn coverage with a shift to more neg-
ative potentials in the negative-going scan.

The surface stoichiometry for the adatom reaction on Pt(110) has
been also obtained (Fig. 9). The slope of the curve is ca. −1, which im-
plies that either 4e− are involved in the oxidation of the adatom from
Sn0 to Sn4+, or 2e− are involved from Sn0 to Sn2+. In the first case
(4e−), the slope suggests that each Sn adatom blocks 4 Pt atoms (cover-
age of 0.25 ML), and in the second case (2e−), each Sn adatom blocks 2
Pt atoms (coverage of 0.5 ML). To be consistent with the Sn adatom
charge on Pt(111) and Pt(100), the 0.25ML coverage seemsmore likely.

Fig. 10 shows the CO oxidative stripping profiles on Pt(110) and Sn/
Pt(110). The oxidation on Pt(110) takes place in a single sharp peak
with a peak potential at 0.66 V. As with Sn/Pt(111) and Sn/Pt(100),
the blank cyclic voltammetry after the CO stripping experiment is the
same as before CO stripping and, therefore, the adsorption of CO does
not lead to the desorption of the adatom.

Modification of the electrode with Sn leads to significant changes in
the CO oxidation profiles. Similar to Sn/Pt(111), two different CO oxida-
tion regions can be observed: one pre-peak at low potentials and one
main peak at higher potentials, which shift to more negative potentials
with increasing Sn coverage. Moreover, the oxidation of the adatom
takes place at potentials higher than that for CO oxidation which sug-
gest that Sn does not act as a bifunctional catalyst but rather modifies
the electronic properties of the Pt surface. In contrast to Pt(111) and
Pt(100), the CO oxidation peak on Sn-modified Pt(110) is very broad
and extends to potentials higher than the peak on unmodified Pt(110).

On the other hand, the nature of the pre-peak seems to be similar to
the pre-peak on Pt(111), since it shows a shift to more negative poten-
tials with increasing Sn coverage. The dependence of the charge of the
two peaks on Sn coverage is shown in Fig. 11. The plot shows that the
amount of CO oxidized in the pre-peak exhibits a maximum with Sn
coverage, whereas that oxidized in themain peak decreases. It suggests
that, similar to Sn/Pt(111), the CO oxidation in the main peak is due to
CO adsorbed at “free” Pt sites while the pre-peak is associated with CO
oxidation at Pt atoms vicinal to Sn atoms.
4. Conclusions

In this work we have demonstrated that Sn can be adsorbed irre-
versibly on all three basal planes of platinum and this adsorption is sen-
sitive to the surface structure of Pt single crystals. On all modified
surfaces, the presence of Sn blocks the adsorption of hydrogen on plat-
inum, and leads to the observation of a new oxidation peak ascribed to
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the four-electron oxidation of the Sn adatom. On Pt(111), this adatom
oxidation happens near 0.6 V (vs. RHE), on Pt(100) at 0.7–0.8 V, and
on Pt(110) from ca. 0.5 V. From the CVs, the estimated maximum Sn
coverage is 0.33 (per surface Pt atom) on Pt(111) and 0.50 (per surface
Pt atom) on Pt(100), whereas for Pt(110) the surface stoichiometry for
the adatom surface reaction is not fully clear but most likely corre-
sponds to 0.25 ML (per surface Pt atom).

The results obtained for COad oxidation on Sn/Pt(111), Sn/Pt(100)
and Sn/Pt(110) demonstrated that the irreversible adsorption of Sn en-
hances the electroactivity for this reaction on all three Pt single crystals.
On Sn/Pt(111) and Sn/Pt(110), oxidation of adsorbed CO occurs in two
distinct potential regions: a pre-peak region at potentials below 0.50 V
and the main peak at potentials higher than 0.50 V. From the depen-
dence of the charge of the pre-peak on the Sn coverage, we conclude
that for the former potential window, the oxidation of adsorbed CO
takes place at the direct interface between Pt and Sn through the forma-
tion of an activated water species on Sn that is not observable in the
blank voltammetry. In the main peak, the COad oxidation reaction is
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Fig. 11. CO charge as a function of the tin-coverage on the Sn/Pt(110) electrode in 0.1 M
HClO4. Values for the charges obtained by integrating the corresponding CO oxidation
peak in the voltammetries as shown in Fig. 10. The charge for the CO oxidation in the
pre-peak and the main peak were calculated by subtraction of a capacitive background
charge estimated as a linear background between the onset potential of CO oxidation in
the pre-peak and the onset of the main CO oxidation peak, and from the onset of the
main peak to 0.90 V vs. RHE, respectively.
suggested to occur through the classical bifunctional mechanism of
OH adsorbed on Sn with CO adsorbed on Pt atoms that are not in direct
contactwith Sn adatoms that is, on Pt atomsno adjacent to Sn atoms. On
the contrary, the “pre-peak mechanism” is not observed on Sn/Pt(100).
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