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The activation of oxygen reduction reaction fascinates numerous scientists in the fields of heterogeneous
catalysis, electrochemistry and surface science. Indeed, oxygen dissociation is considered usually as the
rate determining step of several reactions on conventional platinum catalysts. From combined experi-
mental and theoretical approaches, we demonstrate comprehensively how tailored platinum-tin alloy
surfaces allow to go beyond this chemical limitation. Near-ambient pressure kinetic measurements show
the outstanding capacity of the Pt3Sn(111) single-crystal surfaces for carbon monoxide oxidation. The

Ié?r' I‘;‘:) Onrdrionoxi de apparent activation energy is almost twice lower on the platinum-tin surface than on pure platinum cat-
Oxidation alyst. The theoretical analysis based on density functional theory calculations supports the idea that oxy-
Oxygen gen dissociation is never the rate determining step on these alloy surfaces since the corresponding rates
Dissociation calculated at room temperature always outstrip those of carbon monoxide oxidation. The influence of
Platinum surface tin content and oxygen coverage on the activity is addressed in details. The mediatory role of
Tin tin in the alloy is elucidated on the basis of a charge transfer analysis.

Alloy © 2010 Elsevier Inc. All rights reserved.
Kinetic

Density functional theory

1. Introduction

The elucidation of the role of the catalyst on Kkinetics is an
everyday challenge in chemistry. Although tremendous experi-
mental and theoretical efforts are conceded to solve this question
on specific reactions, our current understanding is rarely suffi-
cient to allow the design of new catalytic materials, offering
enhanced properties. Oxygen activation is a probative example.
Due to the strong industrial implications in heterogeneous catal-
ysis and in biochemistry, oxygen dissociation is often examined
on noble and coinage metals and frequently evoked as a critical
step for a large family of oxidation reactions [1-3]. In particular
for fuel cell (FC) industry, the lowering of the cathodic overpoten-
tial linked to the oxygen reduction reaction (ORR) remains a
constant challenge [4-6]. In addition, the control of the anodic
carbon monoxide poisoning ruled by oxygen activation is not
ensured yet. These investigations thus show undeniably our lim-
its concerning the understanding of kinetics of the catalyst and
consequently those regarding the conception of more efficient
materials.
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In heterogeneous catalysis, regular transition metals such as Pt
and Pd are usually employed for oxidation reactions, involving
oxygen dissociation. In the recent years, tremendous efforts have
been oriented toward the understanding of the active phase of
the catalyst surface for carbon oxidation reaction, especially for
pure late transition metals (Ru, Pt, Pd and Rh). Several experi-
mental and theoretical groups have tackled the key question of
the formation of a surface oxide (such as RuO,, PtO,, PdO and
RhO,) in the reaction conditions [7-16]. However, the oxygen dis-
sociation elementary step exhibits a significant activation energy
barrier, according to theory [17,18]. Different solutions could be
proposed for overcoming this technological issue. O, activation
could be improved either by modifying the catalyst morphology
(particles, steps, kinks, defects,...), or by changing the chemical
composition of the catalytic material (bimetallics, supported par-
ticles or bioenzymes,...). For instance, bimetallics such as PtRu,
PtMo and PtSn catalysts have been evoked in the literature for
solving the question of CO tolerance for FC industrial applications
[19,20].

From the experimental point of view, various bimetallic materi-
als have been examined for their catalytic properties toward CO
oxidation [21-28]. However, a kinetic investigation (apparent
kinetic rate constants and activation energies) demonstrating the
efficiency gain is rarely proposed [26,29]. Generally, a mechanistic
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scheme is postulated without a clear basement (bifunctional
mechanism, site blocking, etc.).

From the theoretical point of view, the key role of the second
metal in bimetallics is often explained either through a d-band
model (d-band shifts) or through an electronic analysis of the ad-
sorbed state (electronic ensemble and ligand effects) [30-33].
The reaction pathways of oxygen reduction reaction and of CO oxi-
dation are usually explored by state-of-the-art density functional
theory (DFT) calculations [20,34-40]. However, the role of the sec-
ondary metal on Kinetic properties is rarely elucidated from these
atomistic approaches by a detailed electronic analysis and charge
transfer at the transition states.

In this context, O, dissociation linked to CO oxidation on PtSn
catalysts is a probative example where those experimental and
theoretical limitations still hold. Indeed, this catalytic system
exhibits an enhanced catalytic performance compared to pure Pt
reference [22,24]. In this work, we aim at elucidating the key role
of tin on kinetics of O, dissociation and CO oxidation on
Pt3Sn(111) surfaces. The demonstration relies on a joint experi-
mental and theoretical investigation. The tin content and the oxy-
gen coverage effects on the catalyst activity are addressed. Kinetic
rate constants at different temperatures and apparent activation
energies are determined by experimental studies performed at ele-
vated pressure of reactants. A mechanistic study including kinetic
rate constants and activation barriers is proposed by an atomistic
DFT approach. The question of the role of the secondary metal
(tin) on Kinetics is solved by charge transfer and Mulliken popula-
tion analyses. The tin content and the oxygen coverage effects are
explained by an energetic decomposition model.

2. Methodology
2.1. Experimental details

CO oxidation experiments are performed in a special cell, which
is described in details previously [41,25] so that only a short
description is given here. Briefly, this cell (about 1 L volume) is a
bakeable stainless steel chamber designed for measurements in a
wide range of pressure from ultra high vacuum (UHV) to ambient
pressure. Under a PM-IRRAS (polarization modulation reflection
absorption infrared spectroscopy) environment, this reaction cell
is also attached to a UHV chamber devoted to sample preparation
and surface characterization.

The Pt3Sn(111) sample (8 mm diameter, 1 mm thick) is pre-
pared by conventional UHV procedures inside the preparation
chamber equipped with ion sputtering, electron bombardment,
quadrupole mass spectroscopy (QMS - Transpector 2 from Inficon)
and X-ray photoelectron spectroscopy (XPS - VSW HA50 with a

dual Al-Mg X-ray source). The (2 x 2) and the (\/§ X \/§)R30°

Pt3Sn(111) surfaces are prepared by a series of Ar* sputtering
and 20 min annealing at 1100 K and 600 K, respectively, following
Bardi et al. protocol [42,43]. The tin surface concentration is 25 at.%

and 33 at.% for the (2 x 2) and the (\/§ x \/§> R30°, respectively

(see Fig. 1). The Pt(111) reference sample (10 mm diameter,
1 mm thick) is prepared by series of ion sputtering and 5 min
annealing to 1100 K. From time to time, between two series of
sputtering-annealing, an oxidation step (10~ Torr O, 900K,
5 min) is performed in order to remove residual carbidic contami-
nation induced by previous CO oxidation reactions. The samples
are cleaned until no impurity is detected by XPS. The tin concentra-
tions are determined from the Pt4f and Sn3d photoelectron spectra
measured along the normal to the surface. These concentrations,
integrated over the whole analyzed depth, are estimated to

25at% and 16.5at% for the (2 x2) and the (ﬁx\/i)RwD

Pt,Sn(111)

side view top view

(2x2) termination

(SNgur, 25 at%) -
Pt Sn
(V3xV3)R30° termination PtYSn

(Sngy 33 at.%)

Pt{Sn

Fig. 1. Top and side views of Pt3Sn(111)~(2 x 2) and Pt3Sn(111) g—\ﬁ x f R30°
terminations. The definition of the (2v/3 x Z\f) unit cells (1/12 ML) is reported

Pt3Sn(111) surfaces, respectively. Hence, they clearly indicate a
depletion of tin in the sublayers of the (\/§ x \/§> R30° Pt3Sn(111)

surface, in agreement with Bardi et al. [42,43]. Once prepared and
characterized by XPS, the samples are transferred under UHV into
the reaction cell.

All reactions are studied following the same approach. Carbon
monoxide is introduced first, then O, is added in the reactor at
room temperature, and the sample is progressively heated to the
required temperature. Before introduction into the reaction cell,
CO gas (Linde 3.7) is 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 surface.
The CO gas container is equipped with a Ni free valve. O, gas
(alphagas N55) is only passed through a liquid nitrogen trap.

The activity of the sample is monitored by mass spectroscopy
after successive gas samplings (at 107® Torr) from the reactor
through a leak valve. The curves of partial pressures Pco, Po, and
Pco, are calculated from the evolution of masses linked to CO
(mfe=28), 0, (m/e=32) and CO, (m/e = 44). Pure CO, O, and CO,
gases are used for calibrating the mass spectra. The pressure inside
the reactor is monitored with a membrane gauge.

2.2. Computational details

The theoretical study is based on density functional theory cal-
culations in periodic boundary conditions with VASP [44,45]. The
general gradient approximation (GGA) is used with Perdew-
Burke-Ernzerhof (PBE) [46] exchange correlation functional and
the projector augmented-wave (PAW) [47] method. The Kohn-
Sham one-electron equations are solved on the basis of plane wave
with kinetic energies below 400eV. A g2x/§ X 2\/§? supercell
describes the two existing terminations of the Pt3Sn(11 1) surface,
as drawn in Fig. 1. Non-symmetric metallic slabs composed of five
layers are considered with a vacuum of 14 A. In order to describe
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correctly the experimental layer-by-layer Pt and Sn atomic concen-
trations [42,43], a Pt3Sn stoichiometry is respected in each layer
with a (2 x 2) arrangement for the Pt3Sn(111)-(2 x 2). For the
Pt5Sn(111)-(v/3 x v/3)R30°, the PtSn concentration ratio is re-
spected in the complete slab. The increase in tin content in the sur-
face layer (Pt,Sn) is counterbalanced by a tin depletion in the
second plane (PtsSn) [48], in agreement with experiments [42].
Adsorbates are deposited only on one side of the slab. In the geom-
etry optimizations, all the degrees of freedom of adsorbates and
those of the three uppermost metal layers are relaxed. The two
lowest metallic planes are frozen in a bulk-like geometry with
the optimized parameter (2.876 A). The Brillouin zone integration
is performed on a (3 x 3 x 1) Monkhorst-Pack k-point mesh. The
numerical error on the total electronic energy is lower than
0.01 eV.

The technique for the vibrational analysis is based on the
numerical calculation of the second derivatives of the potential en-
ergy surface within the harmonic approach, as detailed previously
[40].

The minimization of the reaction pathways and the search of
the transition states (TS) are performed by the climbing-image
nudged elastic band method (CI-NEB) [49,50]. The obtained TS
geometry is further refined by a quasi-Newton algorithm, and
the saddle point is characterized by a single imaginary frequency.

Spin polarization effects are considered for molecular oxygen
adsorption as exposed previously [48], although the stabilizing ef-
fect is rare. For the complex study of reactivity, only spin restricted
calculations have been considered.

The calculation of the effective rate constant k®(T) is derived
from the product of the rate constant k(T) following the transi-
tion-state theory and the diffusion equilibrium constant Ky with
usual approximations:

ZPE | AF
EZPE L AE g ))

(
keff(T) = k(T)Kayr = kO(T)e< k5T )

kT %_e(—“ _enel) @

k°(T) is the pre-exponential factor including the total partition func-
tions for the initial state Q;s and the transition state Qrs. EZ* is the
activation energy including zero-point energy (ZPE) corrections.
AEgy is the diffusion energy between the most stable adsorption
structure and the dissociation precursor state. E&. is the effective
activation energy. The definition of adsorption states and their cor-
responding energies are illustrated for O, dissociation in Fig. 2. For
carbon monoxide oxidation, AEg; equals zero since no diffusion
phenomenon occurs.

The Mulliken population analyses are calculated with the

DMol3 package [51] from VASP optimized structures.

3. Experimental observation

The carbon monoxide oxidation is investigated on the two ter-
minations of Pt3Sn(111) and on Pt(111) for a direct comparison. A
first set of experiments is run on the three surfaces with constant
temperature, total pressure and Pco/Po, reactant pressure ratio.
The catalytic activities are compared in these conditions. Then,
the temperature influence on the CO, formation rate is measured
in order to evaluate the apparent activation energy. The results
are reported in Fig. 3.

In order to check the stability of the PtSn alloy surface termina-
tions and to rule out the formation of a complete surface mono-
layer of tin oxide, standard X-ray photoelectron spectroscopy
measurements are taken before and after the reaction. No signifi-
cant change in the electronic signatures of surface tin is observed.
In addition, when a consecutive series of catalytic tests is per-

Adsorption Diffusion  Dissociation
0-0 — — —
T~
0-0 0O-0 0---0
N N A A

( Pt;Sn(111)

Fig. 2. Energy scheme for O, dissociation on the Pt3Sn(111) surfaces. MS is the
molecular oxygen thermodynamic state. PS corresponds to the molecular precursor
state before dissociation. TS is the dissociation transition state. DS is the atomic
oxygen dissociated state. EGO;S is the adsorption energy of MS. AEy; is the diffusion

energy between MS and PS. E, is the dissociation activation barrier. Ezfcft is the
effective activation energy including the diffusion energy AEus Egss is the

dissociation energy between PS and DS.
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Fig. 3. Comparative Arrhenius plots for CO oxidation on Pt3Sn(111)-(2 x 2) and
Pt(111). Each TOF value results from one activity curve, such as those addressed in
the inset at 425 K for PtsSn(111)-(2 x 2), PtsSn(111)-(v/3 x v3)R30° and Pt(111)
(Ptgys refers to the number of surface Pt atoms). The experimental conditions are
Vreac =1L and Pyeqc = 1.1 Torr with PO, /Pco = 10.

formed on the same surfaces, the performances are well repro-
duced. Hence, these observations are in favor of stable PtSn
bimetallic alloy surfaces in the explored range of temperature
(300-425 K), in agreement with Atrei et al.’s study which indicates
that a high temperature is required to form a complete surface
oxide (800 K at 10~ mbar) [52].

The evolution of the CO, partial pressure with time during the
reaction at 425 K is reported in the inset of Fig. 3 for the three sur-
faces. 10! Torr CO followed by 1 Torr O, is introduced in the reac-
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tor at 300 K. Zero reference on the time scale corresponds to the
moment when oxygen is introduced and when heating is started.
A first mass spectrum is recorded within the first few minutes in
order to determine the accurate initial reactant ratio. Twenty-five
minutes are necessary to reach the required temperature (425 K
in that case). The activity is calculated as follows (see all the details
in the Supplementary information):

1.606 x 10° Ve AP
- S *Troae AL (3)

A

with A the activity per surface unit area (mol cm=2s~'), S the sam-
ple area (0.5 cm? and 0.785 cm? for Pt;Sn(111) and Pt(111) sam-
ples, respectively), V,eqc the volume of the reactor (1.0 L), Tyeqc the
reactor temperature (K) and AP/At the slope of the curve
Pco, = f(t) (Torr min~'). In this work, the activity is systematically
determined for conversion rates lower than 50%.

The calculated activities are determined at 425 K with a total
pressure of 1.1 Torr and a Py, /Pco ratio set at 10. At this tempera-
ture, clear differences are observed between the three surfaces.
First, alloying platinum with tin makes the Pt3Sn(111) surface
about one order of magnitude more efficient than Pt(111) for the
production of CO,. Second, the surface tin concentration affects
the performance of the catalyst. In fact, the (2 x 2) termination,
which exhibits a lower tin content, is four times more active than
the (v/3 x v/3)R30° surface.

In order to go further and determine the activation energy of
the reaction, several curves of this type have to be obtained at dif-
ferent temperatures and on the different samples. It is worth not-
ing that the (v3x \/§gR30° termination has not shown a
significant activity at 300 K. This explains why this surface has
not been investigated with more efforts. In Fig. 3, the variation of
activity is reported as a function of temperature for the most active
Pt3Sn(111)-(2 x 2) termination and for Pt(111), used as reference.
The activities are now expressed in terms of turnover frequency
(TOF) defined as the number of CO, molecules produced by active
site and by time unit:

A
TOF = 4
No: 4)

with Np, the number of Pt atoms per surface unit (1.46 x 10'> and
1.05 x 10"® Ptatoms cm 2 for Pt(111) and PtsSn(111)-(2 x 2),
respectively). In our definition, only the surface Pt atoms are consid-
ered since we have demonstrated previously from high resolution
electron energy loss spectroscopy measurements and DFT calcula-
tions that CO does not adsorbs on surface Sn atoms [40,53]. It is
worth noting that the (v/3 x v/3)R30° has not shown a significant
activity at 300 K. This explains why it has not been investigated
with more efforts.

The plots In(TOF) as a function of inverse temperature (1/K) are
linear in the studied temperature range and obey an Arrhenius law.
The apparent activation energies, EXP, are deduced from the slope

act
of these Arrhenius plots, as follows:

Eqt =Rx 7A£Eg€?§) (5)

The apparent activation energy reflects the whole reaction mecha-
nism involving the elementary steps of O, dissociation and CO oxi-
dation. The calculated barriers are 0.30 and 0.57 eV for Pt3Sn(111)-
(2 x 2)and Pt(111), respectively. Hence, the increase in the activity
observed at 425 K on Pt3Sn(111)~(2 x 2) is related to a significant
decrease in the apparent activation energy. These results are fully
compatible with those published previously by Schubert and
coworkers [22]. In fact, the authors have obtained apparent barriers
of 0.32 and 0.79 eV on Pt3Sn and Pt supported particles, respec-

tively. Moreover, our estimated barrier on Pt(111) (0.57 eV) agrees
with previous results (0.53-0.67 eV) [54,55].

4. Theoretical analysis

The experimental observation has demonstrated undeniably a
strong catalytic activity of Pt3Sn(111) surfaces for CO oxidation.
However, since only the apparent activation energy has been mea-
sured, the specific role of tin on each elementary step, O, dissoci-
ation and CO oxidation, is not elucidated yet. In fact, identifying
the nature of a general mechanism in heterogeneous catalysis is
actually challenging. To go beyond such a limitation, theoretical
approaches can provide a substantial understanding by describing
atomistic thermodynamics and kinetics of the elementary acts.
According to a previous theoretical investigation into CO oxidation
on Pt(111) [56], a concerted mechanism through molecular oxy-
gen may coexist with a stepwise process through a preliminary
oxygen dissociation. The preferential route depends partly on the
oxygen and carbon monoxide respective coverage. At low coverage
(1/8 ML), the concerted mechanism is favored, while at higher cov-
erage (1/4 ML), oxygen dissociation follows a stepwise pathway. In
our study, the picture is more complex since tin directly changes
the catalytic activity. In the following section, the influence of tin
on the possible mechanisms will be explored on Pt3Sn(111) at a
low coverage (1/12 ML).

4.1. Oxygen dissociation

The elaboration of the dissociation pathways requires a previ-
ous investigation of molecular oxygen adsorption states. The
chemisorption study has been proposed before on the Pt3Sn(111)
surfaces [48]. The picture is different on the (2 x2) and

v3 x v/3)R30° terminations. On the former, molecular oxygen
interacts preferentially with two surface Pt atoms through a
top-top position (see o in Fig. 4), whereas on the latter, the adsor-
bate sits on a Pt,Sn hollow site (see y in Fig. 4). The adsorption
energy is smaller on the <\/§x \/§)R30° termination. On the

(2 x 2), the dissociation pathway starting from the o thermody-
namic adsorption structure is not direct. Two preliminary migra-
tion pathways exist (cf. Figs. 2 and 4). The first one (m;) leads to a
metastable precursor state f; in which the oxygen molecule sits
in a pure Pt3 hollow site, whereas the second pathway (m,) gives
a precursor state 3, where the molecule is bonded to the surface
through a mixed Pt,Sn hollow site. In the latter case, the diffusion
is a multistep process involving four different molecular adsorp-
tion structures, as depicted in the figure (TpTpi(Snpcp),
ToBpesn(Ptree), TocTsn, TpeBpesn(Ptacp))-

The precursor states 8, and S, correspond to the initial states of
the possible dissociation pathways which are defined throughout
the article as 25%-Pt3 and 25%-Pt,Sn, respectively, in agreement
with the chemical nature of the adsorption site and the surface

tin content of the termination. In the case of (\/§ X \/§> R30°, only

one dissociation pathway exists (noted 33%-Pt,Sn) starting from 7y
initial state. According to our definition in Fig. 2, molecular and
precursor states are thus identical. The results regarding the fine
minimization of the reaction pathways have been summarized in
Fig. 5 and in Table 1.

On Pt3Sn(111)~(2 x 2) as exposed in Fig. 5, the two possible
pathways exhibit similar initial (IS) and final (FS) structures. They
differ only by the chemical nature of the interacting metal atoms.
In contrast, the transition states (TS) are geometrically different.
The 25%-Pt; pathway leads to a dissociation through an asymmet-
ric TS (one oxygen atom on a top position, while the other one on
a bridge site), whereas the second 25%-Pt,Sn route exhibits an
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Pt;Sn(111)-(2x2) Pt;Sn(111)-(V3xV3)R30°

25%-Pt, 25%-Pt,Sn 33%-Pt,Sn

B1

Fig. 4. Precursor states of molecular oxygen adsorption on Pt3Sn(111)-(2 x 2) and on Pt3Sn(111)-(v/3 x v/3)R30°. For the (2 x 2) termination, the obtained migrations (m;
and m,) from the most stable adsorption structure («) to metastable precursor states for dissociation (f; and f,) are indicated with blue arrows. For the (/3 x \/§2 R30°
termination, the most stable adsorption structure (y) is also the dissociation precursor state. Platinum atoms are represented in yellow, tin in green and oxygen in red. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Pt,Sn(111)-(2x2)
25%-Pt,Sn

Pt;Sn(111)-(¥3xV3)R30°
33%-Pt,Sn
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. 212 .

Fig. 5. Optimized structures for O, dissociation on Pt3Sn(111)-(2 x 2) (25%-Pt3 and 25%-Pt,Sn) and on Pt3Sn(111)-(+/3 x v3)R30° (33%-Pt,Sn). On the three surfaces, both
surface tin content (25 or 33 at.%) and reactive site (Pt3 or Pt,Sn) change. For each pathway, the initial (IS), the transition (TS) and the final (FS) states are drawn for a low
coverage (0o, = 1/12 ML). The relevant distances are reported in A. Platinum atoms are represented in yellow, tin in green and oxygen in red. (For interpretation of the
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references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Molecular adsorption energy E%2

ads®
ZPE : ot
EZ, effective activation energy EZ

act

0+0
coads?

dissociated state coadsorption energy E,

dissociation energy Eg;ss, activation energy Eq, zero-point energy (ZPE) corrected activation energy
including ZPE and diffusion energy, pre-exponential factor k3, y, rate constant kg‘g; « effective dissociation rate constant k%% and the

imaginary frequency v'™ for O, dissociation on Pt;Sn(111)-(2 x 2) (25%-Pts, 25%-Pt,Sn) and (\/§ X \/§) R30° (33%-Pt,Sn). All energies are given in eV, rate constants in s~ and
imaginary frequency in cm™'. These values correspond to a low coverage (1/12 ML). See Fig. 2 for definitions and Eq. (2).

Pathway Eqis R Eais Eact Er s K300 K360 kioo i

25%-Pt3 —0.71 -2.36 -1.65 0.67 0.63 0.67 8.8 x 10'2 2.1 x 10? 5.9 x 10! 372i
25%-Pt,Sn -0.59 -2.55 -1.96 0.44 0.40 0.55 43 x 102 8.2 x 10° 2.8 x 10° 380i
33%-Pt,Sn —0.72 -1.60 -0.88 0.35 0.31 0.31 8.6 x 102 5.7 x 107 5.7 x 107 210i

almost symmetric TS with both oxygen atoms in direct interaction
with one surface tin atom (bridge sites). From the energetic point
of view, the 25%-Pt; pathway is less exothermic than 25%-Pt,Sn
(—1.65eV against —1.96 eV). In agreement with the Hammond
principle, the activation energy is larger for 25%-Pt3 than for 25%-
Pt,Sn (0.67 eV against 0.44 eV). As a preliminary conclusion, the
dissociation route involving the surface tin is preferential. This
could be explained by a simple electronic reasoning. Indeed, the
full Pt d-band is not favorable for coadsorbing several oxygen
atoms, whereas the partially occupied Sn sp-band can stabilize
such a structure. According to the optimized TS geometries, the
0-0 distance is shorter for 25%-Pt,Sn (1.74 A, earlier TS) than for
25%-Pt3 (2.02 A, later TS).

On the (/3 x v/3)R30°, the dissociation pathway resembles the
best route on the (2 x 2) (25%-Pt,Sn), since it occurs essentially on

a similar Pt,Sn site. However, subtle geometrical discrepancies ap-
pear, as depicted in Fig. 5. For 33%-Pt,Sn, the dissociated final state
is found non-symmetric regarding the relative height of the oxygen
atoms (one exhibiting larger Pt—-O distances than the other). Simi-
larly, the corresponding TS is asymmetric (one oxygen being ad-
sorbed on a top Pt position, the other on a bridge PtSn site).
Indeed, tin depletion in the second layer induces different adsorp-
tion structures for FS and TS, by comparison with 25%-Pt,Sn. From
an energetic point of view, the dissociation is almost twice less
exothermic for 33%-Pt,Sn than for 25%-Pt,Sn (—0.88 eV versus
—1.96 eV, cf. Table 1). In contrast, the activation barrier is smaller
on the (\/§ X \/§> R30° termination (0.35eV compared to
0.44 eV). The larger stability of the final state for 25%-Pt,Sn is ad-
dressed in Table 1 (—2.55 eV for the coadsorption state on (2 x 2)
against —1.60 eV on <\/§ x \/§)R30°). It is due mainly to a larger
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oxophilic character of the surface interacting tin atom (in average,
each surface tin interacts directly with more platinum atoms, so it
presents a more depleted sp-band). This argument still holds for
explaining the asymmetry observed at the TS. Regarding the corre-
sponding optimal geometry, the O-0 distance is longer (1.90 A) for
33%-Pt,Sn than for 25%-Pt,Sn (1.74 A). A last remark concerns the
calculated imaginary frequencies of the best pathways on both ter-
minations. A larger frequency is associated with a larger activation
barrier (380i cm™! for 25%-Pt,Sn versus 210i cm™! for 33%-Pt,Sn).

Among the major aspects of this combined experimental and
theoretical study, the theoretical kinetic analysis is important to
interpret the measured catalytic activities and apparent barriers.
The effective activation barriers E, and the dissociation rate con-
stants k35" are reported in Table 1, the corresponding definition
in Fig. 2. For the (2 x 2) surface, these calculated quantities include
the diffusion thermodynamic process between the most stable (o)
and the dissociation precursor states (1 and f3,). As a first remark,
the correction due to diffusion does not change the energetic order
between the three dissociation pathways. The pre-exponential fac-
tors obtained at 300 K are of the same order of magnitude, just be-
low the classical value kgT/h. Although the impact of the diffusion
process on the barrier relative order is null, the change obtained on
the effective barriers is significant, mainly for 25%-Pt,Sn. As a con-
sequence, the corresponding dissociation rate constant is different
for this pathway by comparison with the effective rate constant
(more than three orders of magnitude are lost for 25%-Pt,Sn).
The key point concerns the comparison between the best pathways
on both terminations. According to the effective rate constants cal-
culated at 300 K, the oxygen dissociation is almost four orders of
magnitude more efficient on g\@ x v/3)R30° than on (2 x 2). This
outstanding result demonstrates the large ability of the

V3 x v/3)R30° surface to dissociate molecular oxygen. This will
have major implications in the following general discussion.

The remarkable activity of PtSn surfaces toward oxygen dissoci-
ation can be compared to previous theoretical results on Pt(111)
[57-59]. Interestingly, the presence of tin in the catalytic site has
a strong influence on the activation barrier. For instance, 25%-Pt,Sn
and 33%-Pt,Sn pathways show an almost twice lower barrier
(0.35-0.44 eV) than the one reported on Pt(111) by Kandoi et al.
(0.77 eV at a higher coverage of 1/4 ML). The gain is less for 25%-
Pts. Thus, PtSn catalyst offers a higher propensity for dissociating
oxygen.

As an intermediate conclusion, the comparison of the three
pathways indicates that tin plays a significant role at two different
levels: the tin surface concentration and the chemical nature of the
active site. Besides, on both terminations, molecular oxygen is ex-
pected to dissociate easily. Hence, this elementary process should
not be the rate determining step for the complete CO oxidation
reaction.

4.2. Carbon monoxide oxidation

As exposed before, carbon monoxide can be oxidized following
either a concerted mechanism occurring with molecular oxygen or
a stepwise process involving atomic oxygen. Both routes have been
explored here on the two terminations of the Pt3Sn(111) alloy.
According to previous analysis on Pt(111) [56], the oxidation fol-
lowing a bimolecular concerted mechanism between CO and O,
is preferential only at low coverage because of the required space
to adsorb all the intermediates. Likewise, our analysis is detailed
for a low coverage situation (1/12 ML).

The major results coming from our DFT approach regarding the
concerted process show that the activation energy barrier ranges
from 0.49eV on the (2 x2) termination to 0.59eV on the

V3 x \/§2R30° surface (see the Supplementary information for
all the defails about energetics and adsorption structures). These

values should be compared to the calculated barriers obtained
for oxygen dissociation on the two surfaces: 0.44 and 0.35eV,
respectively. Thus, even at low coverage, the activation barriers
for the concerted mechanism are higher than those of the direct
oxygen dissociation, whatever the surface tin content. This original
result contrasts with the case of Pt(111) [56]. In the following, we
will thus focus our efforts on the second oxidation mechanism
involving atomic oxygen. This stepwise process has been ad-
dressed previously at a higher coverage on the Pt(111) and the
Pt3Sn(111)-(2 x 2) surfaces (0co=00=1/4ML ) [40]. Here, we
present new results related to the influences of coverage and sur-
face tin content on activation barriers and kinetic properties. To be
consistent with oxygen dissociation results, energetics and kinetics
are summarized in Table 2 at coverage 1/12 ML, while the details of
the reaction pathways are exposed in the Supplementary
information.

Coverage effect is straightforward. When the coverage de-
creases from 1/4 ML to 1/12 ML, the initial coadsorption states be-
tween CO and O, before oxidation, are systematically stabilized on
the three considered surfaces (Pt(111), PtsSn(111)-(2 x 2) and
Pt5Sn(111)-(v/3 x v/3)R30°)). This leads clearly to a loss of exo-
thermicity for the oxidation reaction. Regarding the activation bar-
rier, this corresponds to an increase of 0.1 eV for Pt(111) and
0.18 eV for Pt3Sn(111)-(2 x 2) (see Table 2 for 1/12 ML and Ref.
[40] for 1/4 ML). Consequently, a significant decrease of the oxida-
tion rate constant is noticed (a loss of approximately two orders of
magnitude for the rate constants between 1/4 and 1/12 ML at
300 K).

The influence of surface tin content is also clear-cut. Due to a
strong destabilization of the initial coadsorbed state, the exother-
micity of the oxidation step increases with the surface tin concen-
tration, while the activation barrier decreases accordingly. At this
stage of the discussion, the most active surface regarding carbon
monoxide oxidation is Pt;Sn(11 ])—£\/§ x v/3)R30° with a barrier
of 0.68 eV and a rate constant of 3.4 x 1072 ML ! s~!. However,
this rate cannot compete with oxygen dissociation rates which
are faster by several orders of magnitude whatever the considered
surface, according to Table 1. Hence, at low coverage, carbon mon-
oxide oxidation appears to be the rate determining step of the
complete mechanism. This argumentation will be developed in
the next section.

5. Discussion

According to the theoretical analysis of reaction pathways and
kinetics at low coverage, the two tailored terminations of the
PtsSn(111) surface exhibit an outstanding catalytic activity
regarding oxygen dissociation at room temperature. Besides, ki-
netic measurements provided here support that the PtSn alloy of-
fers a much better activity than pure Pt for carbon monoxide
oxidation.

In the following, the interpretation of the measurements will be
sketched from DFT results obtained at low oxygen coverage. In or-
der to evaluate how far this analysis is valid, the modifications
coming from the increase in oxygen coverage will be explored by
considering it as a perturbation. Since the experimental coverage
is unknown, theory is used as a guide to advance in the discussion.

Moreover, under elevated pressure, the structure and the mod-
ifications of the catalyst are not available yet. For instance, the
existence and the formation of surface oxides are still an open
question, in particular during the reaction. As a first insight, our
theoretical efforts have hence been focussed on tailored non-
oxidized alloy surfaces.

Finally, the mediatory role of tin will be illustrated by a charge
transfer analysis in the last section of the discussion.
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Table 2
Coadsorption energy E2/0

coads ads

(eV), adsorption energy of CO, E%2 (eV), oxidation energy Eoxi (€V), oxidation activation energy Eq. (€V), zero-point energy (ZPE) corrected activation

barrier EZF (eV), pre-exponential factor k3, (ML~!s~1), oxidation rate constant kJg , (ML's~') at 300 K and the imaginary frequency v'™ for CO oxidation on Pt;Sn(111)-
(2 x 2) (25%-Pt,Sn), Pt3Sn(11 l)-(\/§ X \/33 R30° (33%-Pt,Sn) and Pt(111). These values correspond to a low coverage of 1/12 ML.

Ecrs Eﬁf}’; Eoxi Eact o k300 kg)go K v
Pure Pt -3.15 0.02 —0.08 0.92 0.89 5.5 x 10° 6.4 x10°° 320i
25%-Pt,Sn —-2.82 0.26 -0.17 0.86 0.83 8.0 x 10° 7.7 x 107> 307i
33%-Pt,Sn -2.39 0.28 -0.59 0.68 0.66 49 % 10° 34 x 1072 281i

5.1. Oxygen coverage analysis

Experimental measurements have shown that the Pt3Sn(111)-
(2 x 2) termination is more efficient than the (/3 x v/3)R30° sur-
face for carbon monoxide oxidation. In order to interpret this activ-
ity change theoretically, the energy profiles related to oxygen
dissociation followed by carbon monoxide oxidation are assembled
in Fig. 6 for these PtSn surfaces.

As a first comment, the energetic profile corresponding to the
(2 x 2) is composed of intermediate states either more stable than
those of the (v/3 x v/3)R30° or as stable as these latter ones. This
results essentially from the CO adsorption state which is more sta-
ble on the (2 x 2). Since the oxygen dissociation transition states
exhibit the same stability, the corresponding barrier is larger on
the (2 x 2). Nevertheless, the barriers are sufficiently small to en-
sure that oxygen dissociation is never the rate determining step,
whatever the surface tin content. This argument is supported by
rate constants calculated at 300 K. Therefore, the experimental
activity differences could be explained by the theoretical analysis
focused on the carbon monoxide oxidation.

According to the energy profiles, the effective activation barri-
ers including the coadsorption energetic cost are similar (0.96 eV
for the (2 x 2) and 0.95 eV for the (/3 x v/3)R30°). At this stage,
the discussion at low oxygen coverage does not solve the key ques-
tions of activity changes for PtSn surfaces. Nonetheless, the activa-
tion barriers on Pt(111) (0.92 eV at 1/12 ML and 0.82 eV at 1/4 ML
[40]) are higher than those on Pt3Sn-(2 x 2) (0.86 eV at 1/12 ML
and 0.68 eV at 1/4 ML [40]). This is fully compatible with the low-
ering of the apparent activation barrier observed experimentally.

This argumentation needs to be modulated by considering the
perturbation on the activation barriers resulting from the increase
in oxygen coverage. The corresponding results are exposed in Fig. 7
for energetics and in the Supplementary information for all the de-
tailed structures. The barriers are determined from the previous

AE (eV)
0.0 0,(gas) + CO(gas)
-0.72

(LDW Oxygen Coverage Paihways)

——— PIBS";' 11)-(2x2) ?5'.1--1—7I23|\

-0.5 —=  Pt3Sn(111)-(\3xV3)R30%; 33%-PtySn
B O,(ads) + CO(gas)
-1.0 \
-1.5
-2.0
Ozfad5)+ CO(ads)
-2.5
O4(prec)
_30 + CO(ads) 2.4
-3.5
CO,(ads)
_4 0 e + Ofads)
| -0.28
(CO + O)(coads)
-4.5 20(c0ad8)  30(ads) + O(ads) i
+CO@ds) . GOads) 0.26 COfpee)
-5.0 + Ofads)

Oxygen dissociation Carbon monoxide oxidation

Fig. 6. Energy profiles (eV) of oxygen dissociation and carbon monoxide oxidation
competitive pathways on the two terminations of Pt3Sn(111) at an oxygen
coverage of 1/12 ML. The references are the clean surfaces, and the molecular
oxygen and carbon monoxide gas phases.

reaction pathways (oxygen dissociation and carbon monoxide oxi-
dation) by coadsorbing oxygen atoms in the supercells, as far as
possible from the active site. These additional oxygen atoms are
named spectators since they are not directly involved in the mech-
anisms. Their number ranges from zero (previously exposed low
coverage case) to two atoms in the supercell (0.17 ML), giving in
practice a small coverage variation and a controlled perturbation
of the surface. According to our previous analysis of atomic oxygen
adsorption [48], this restriction is imposed by the formation of tin-
oxide units on the surface, already at a medium coverage (see the
Supplementary information for details). Regarding the oxygen dis-
sociation, the picture remains intact. Both PtSn terminations exhi-
bit small barriers which slightly vary with oxygen coverage (see
Fig. 7). Here again, in this range of coverage, oxygen dissociation
is not the rate determining step on PtSn alloy surfaces. Concerning
now the carbon monoxide oxidation, the situation has changed,
clearly for the (2 x 2). Indeed, the small increase in oxygen cover-
age induces a decrease of the barrier. This result is fully compatible
with our previous high coverage situation [40]. So the activity gain
observed between pure Pt and PtSn surfaces can be explained by
this higher coverage analysis. Nonetheless, the discrepancies mea-
sured on the PtSn surfaces are not elucidated by this theoretical
model. Among the assumptions allowing a better description, the
consideration of surface oxidation appears priority.

5.2. Mediatory role of tin

In the following, the specific role of tin in the alloy is discussed
from a charge transfer analysis of oxygen dissociation on the
PtsSn(111) surfaces. This electronic transfer is illustrated by a
charge variation at the transition-state structures (plane wave ba-
sis set with VASP) and by a Mulliken atomic charge variation
(localized basis sets with DMol3, as detailed in the Supplementary
information). On top of Fig. 8, the charge transfer is calculated by
the difference between the total electronic density at the TS struc-
ture and the densities of the metal and the adsorbate separated
fragments at the same geometry. On bottom of Fig. 8, the atomic
charge variations are calculated between initial and transition-
state structures. Conceptually, the alloy catalyst is divided into four
blocks associated with the different surface (top), bulk (bottom),
platinum (left) and tin (right) atoms. In each block, the variations
are summed over all the corresponding atoms.

On the (2 x 2), the 25%-Pt3 pathway, where the active site is
composed of platinum atoms, serves as the reference. At the TS,
the dissociation of the O-0O bond induces a charge redistribution
between oxygen and platinum atoms (blue region). The oxygen
atoms have lost some electronic density by comparison with iso-
lated oxygen references. Moreover, the chemical bonding between
Pt and O occurs through 5d,. atomic orbitals for Pt and 2p atomic
orbitals for O. Regarding the Mulliken charge variations, the oxy-
gen atoms acquire a substantial additional electronic density
(—0.35 electron) between the initial and the transition states. This
negative charge is compensated mainly by the bulk platinum (0.28
electron). Tin atoms are almost neutral (0.11 electron in the surface
plane and 0.02 electron in the bulk).
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Fig. 7. Influence of oxygen coverage (ML) on the activation energy barrier of oxygen dissociation and carbon monoxide oxidation on Pt3Sn(111)-(2 x 2) and Pt3Sn(111)-
(\/§ X \/§) R30°. Activation energy (E) is reported in eV. 0g spectator takes into account only the supplementary oxygen atoms added on the surface.
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Fig. 8. Top: charge transfer at the transition-state structures calculated with plane wave basis sets for O, dissociation pathways on Pt3Sn(111)-(2 x 2) (25%-Pt; and 25%-
Pt,Sn) and on Pt3Sn(111)-(v/3 x v3)R30° (33%-Pt,Sn) (see Fig. 5 for the optimized geometries). Bottom: atomic charge variations calculated with localized basis sets
between the dissociation precursor states and the transition states. The alloy system is conceptually divided into four blocks: surface (top), bulk (bottom), platinum (left) and
tin (right) atoms. For each block and for the oxygen atoms, the summed charge variations are indicated. The white arrows show the electronic transfer mediated by tin.

When the oxygen dissociation involves one surface tin atom
(25%-Pt,Sn), the picture is deeply modified. At the TS, the charge
redistribution on the metal surface atoms is different. The Pt 5d,
orbitals exhibit a weaker density, and the Sn 5sp orbitals are almost
non-perturbed by the adsorbates, although there exists a region
with a charge accumulation between oxygen atoms and tin. Con-
cerning the Mulliken charge variations, the oxygen atoms gain less
electron (—0.19 electron) between initial and transition states. This
electronic loss is compensated by a strong charge accumulation in
the platinum bulk (—0.60 electron), completely mediated by sur-
face (0.18 electron) and bulk (0.28 electron) tin atoms. The surface
platinum atoms participate to this phenomenon, to a lower extent

(0.33 electron). This strong mediatory effect of tin impacts directly
on the decrease of the activation barrier (0.67 eV for 25%-Pt3
against 0.44 eV for 25%-Pt,Sn). The observed strong charge redis-
tribution is an original phenomenon. Indeed, the surface tin atom
involved in the active site governs the filling of the electronic res-
ervoir related to the alloy bulk.

On the (T\/§ x \/§) R30°, the picture for 33%-Pt,Sn is similar to
25%-Pt,Sn. The stoichiometry perturbation between the surface
and the second layer slightly modulates the phenomenon. The tin
depletion in the second plane is responsible for the decrease of
the mediatory effect. The major change appears on the Pt bulk res-
ervoir, the charge of which is significantly lowered (—0.36 electron).
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In that case, the layer-by-layer tin charge transfer is simply
switched off (—0.03 electron).

6. Conclusion

In the present study, we have demonstrated the mediatory role
of tin in the Pt3Sn(111) surfaces for activating oxygen, from com-
prehensive experimental and theoretical approaches. From kinetic
measurements in the range 300-425 K and under elevated pres-
sure of reactants, the Pt;Sn(111)-(2 x 2) and (/3 x v/3)R30° sur-
faces are more active for carbon monoxide oxidation than the
Pt(111) reference catalyst. The (2 x 2) shows systematically a lar-
ger catalytic activity than the (v/3 x v/3)R30°. The lowering of the
apparent activation barrier (from 0.57 eV for Pt(111) to 0.30 eV for
Pt3Sn(111)-(2 x 2)) is emphasized by a gain of several orders of
magnitude regarding the rate constants under these operating
conditions.

The kinetic experimental investigation is supported by a de-
tailed theoretical analysis. This approach demonstrates that oxy-
gen dissociation is never the rate determining step of the
reaction. The activation energy is low and is slightly modified by
the surface tin concentration (0.35-0.44 eV) and by the oxygen
coverage (0.32-0.45 eV). The PtSn surfaces exhibit a much lower
activation barrier than the one proposed previously on Pt(111)
(0.77 eV [59]). Regarding carbon monoxide oxidation, higher acti-
vation energies are calculated on the PtSn alloys (0.68-0.86 eV at
1/12 ML). However, these values are lower than the barrier on
Pt(111)(0.92 eV at 1/12 ML), in agreement with our experimental
apparent activation energies.

The role of tin has been illustrated by a charge transfer analysis.
The associated electronic phenomenon corresponds to a layer-by-
layer charge transfer mediated by tin from adsorbed oxygen to
bulk platinum, acting as an electron reservoir. The surface interme-
diates are more stable when the transfer is switched on. The effect
is all the more efficient since the species is stable. In the case of
PtSn surfaces, the activation barrier order has been explained by
this mediatory phenomenon. In particular, the specific role of ac-
tive sites involving one tin atom has been emphasized by compar-
ison with pure Pt active sites.

Although the outstanding ability of PtSn catalysts for activating
oxygen has been evidenced clearly, the performance discrepancies
observed experimentally between the two terminations are not
elucidated at this stage. The joint experimental and theoretical
analyses have allowed the exclusion of several mechanistic
assumptions and have opened the discussion of the exact nature
of the catalyst surface under realistic conditions. In fact, this study
raises the question of a possible surface oxide formation prior car-
bon monoxide oxidation.
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Appendix A. Supplementary data

In the supplementary material, the equations, which are used in
the experimental section for the calculation of the catalytic activity
and turnover frequency, are exposed in more details. In addition,
the theoretical results regarding the optimized structures involved
in oxygen dissociation and carbon monoxide oxidation on PtSn
surfaces are presented comprehensively and commented. Finally,

the complete Mulliken atomic charge analysis is reported. Supple-
mentary data associated with this article can be found, in the on-
line version, at doi:10.1016/j.jcat.2010.05.014.
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