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ABSTRACT: Metal alloying is commonly used as a design
strategy for catalyst optimization. The mechanistic under-
standing of this class of systems is, however, obscured by
reaction induced segregation phenomena. Herein, the case of
CO oxidation over Pt3Sn is investigated using density
functional theory calculations combined with ab initio
thermodynamics and first-principles based microkinetic
modeling. It is found that Pt3Sn segregates under typical
operating conditions into SnOX and an Sn deficient metal
phase. The segregation is driven both by the stability of the
metal oxide and the strong bonding of CO to Pt. The catalytic
consequences of a metal supported SnO2 phase are explored
by comparing CO oxidation at an SnOX/Pt interface with
oxidation over Pt and Pt/Pt3Sn skin models. The reaction is found to proceed with lower barriers at the interface as compared to
the metal-only systems and the cocatalytic role of the SnOX rim is manifested by low temperature activity. The present work
highlights the effects of reaction-induced metaloxide/metal interfaces and elucidates the role of Sn in PtSn alloys for CO
oxidation reactions.
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■ INTRODUCTION

Heterogeneous catalysis is the main technology for chemical
transformations and decisive for emission control and
innovative sustainable energy systems.1−4 The central role of
heterogeneous catalysts in society motivates the considerable
efforts invested to develop systems with high activity and
selectivity. Supported metal nanoparticles represent a major
fraction of heterogeneous catalysts, and one route to tailor the
chemical properties of these systems is metal alloying. The
mixing pattern in metal nanoalloys is generally complex and
depends both on the constituent metals and the synthesis
method. Various situations have been observed including core−
shell structures, heterostructures, and mixed alloy nano-
particles.5 The effects of alloying on catalytic properties are
generally described in terms of ensemble, ligand, and strain
effects.6−9 Ensemble effects refer to geometric adsorption
constraints upon alloying, whereas ligand and strain effects
denote changes in the electronic structure.
Platinum is a precious metal commonly used for catalytic

oxidation reactions. Pt alloying with less noble metals has in the
past shown to enhance the activity for numerous reactions. One
example is the oxygen reduction reaction in the proton-
exchange membrane fuel cell (PEM-FC) in which alloying with
lanthanides9,10 has shown to enhance the activity considerably.
In this case, the beneficial alloy effect originates from strain
effects as a compressed Pt overlayer is formed on the surface of
the bulk. Another example is preferential CO oxidation in the

presence of H2 (PROX) which is used to purify an H2 stream
from trace amounts of CO. This is an important process within,
for example, PEM-FC technology as small amounts of CO
poison the electrode catalysts. An ideal PROX-catalyst should
selectively promote the CO oxidation without catalyzing the
parallel oxidation of hydrogen to water. Different Pt alloys, such
as PtCo, PtFe, and PtSn, have shown promise as efficient
PROX catalysts.11−14 Furthermore, Pt-group metals supported
on ceria which have been measured to have a selectivity for CO
oxidation reaching nearly hundred percent for Pt/CeO2 at low
temperatures.15 A prerequisite for efficient PROX is a low
temperature activity for CO oxidation. Such low temperature
activity has been observed for promoted Pt-group metals16 and
in the case of FeOx/Pt(111), the activity was rationalized by the
possibility to have CO oxidation at a FeOx/Pt interface.

17 In
general, however, the mechanistic origin of the favorable CO
oxidation for bimetallic alloys has been difficult to disentangle.
In the case of Pt3Sn, the CO oxidation activity at low
temperature has been related to facile CO oxidation over the
alloy surface.18 In particular, CO oxidation in the high coverage
regime was found to proceed with lower barriers on Pt3Sn(111)
than on the pristine Pt(111) surface.18,19 The promoting effect
of Sn was in this case attributed to electronic ligand effects.
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The dynamic response of metal nanoparticles to adsorbates
makes it challenging to assess the origin of promoting effects
upon alloying. Several studies have demonstrated that reactions
may drive surface reconstruction and segregation.20,21 Also in
the case of PtSn nanoparticles, experimental evidence exists for
adsorbate induced segregation during typical operating
conditions for regular CO-oxidation.22 In ref 22, ambient
pressure X-ray photoelectron spectroscopy (XPS) showed the
formation of a Sn oxide phase during CO-oxidation over silica
supported PtSn nanoparticles. Based on the experiments,22 it
was suggested that CO oxidation occurs with a low activation
barrier at the interface between Pt and SnOX domains in a
Mars−van Krevelen mechanism.23 Moreover, a SnO2 phase in
contact with PtSn nanoalloys was observed with transmission
electron microscopy analysis of a PtSn catalyst for CO electro-
oxidation.24 The existence of Pt−Sn segregation during CO
exposure over alumina supported PtSn has furthermore been
inferred from in situ diffuse reflectance IR Fourier transform
spectroscopy (DRIFTS) following the CO stretch vibra-
tion.11,12,25 Segregation and subsequent tin-oxide formation
has also been observed with XPS for Pt3Sn(111) single crystal
surfaces exposed during CO oxidation.26 At elevated pressures
of CO and O2 it was proposed that Pt3Sn(111) converts to an
inverse catalyst with SnOX supported by metallic Pt3Sn.

26

Given the growing experimental evidence for segregation of
PtSn nanoparticles and Pt3Sn(111) surfaces, it becomes
warranted to understand the stability of these inverse (SnOX/
Pt) catalysts together with their activity for CO oxidation.
Herein, CO oxidation over Pt3Sn(111) is investigated using
density functional theory calculations combined with ab initio
thermodynamics and microkinetic modeling. Our results
demonstrate the preference for segregation during typical
reaction conditions with the formation of an SnOX phase.
Furthermore, the cocatalytic effect of an metaloxide/metal
interface is elucidated by comparing the reaction kinetics over
SnOX/Pt with pristine Pt(111) and Pt(111) supported on
Pt3Sn.

■ THEORETICAL METHODOLOGY

Density functional theory (DFT) is applied with the gradient
corrected exchange-correlation functional according to Perdew,
Burke, and Ernzerhof (PBE).27 In particular, the Vienna Ab
Initio Simulation Package (VASP)28,29 is used. The one-
electron Kohn−Sham orbitals are expanded in a plane-wave
basis-set with a kinetic energy cutoff of 450 eV. PAW potentials
are employed to describe the interaction between the valence
electrons and the core.30 Reciprocal space integration over the
Brillouin zone is approximated with finite sampling using
Monkhorst−Pack grids.31,32 Bulk calculations of Pt, Sn, Pt3Sn,
SnO, and SnO2 use a k-point grid of at least 12 × 12 × 12.
Surface calculations are performed using five layered ortho-
rhombic slabs; (4 × 2 3 )rect for metal surfaces and (6 ×
2 3 )rect for metal-supported SnO2 using k-point grids of 3 ×
3 × 1 and 2 × 3 × 1, respectively. The systems are structurally
optimized until the largest force is smaller than 0.03 eV/Å.
Transition states are obtained initially with the climbing image
nudged elastic band33,34 and further refined with the dimer
method.35 The convergence criteria for the transition state
searches are set to at least 0.05 eV/Å. To verify transition states
and local minima, a relevant partial Hessian vibrational analysis
(PHVA) is employed. The PHVA is performed only for the
surface species while keeping the rest of the system fixed. The

PHVA is used also to obtain zero-point corrections and free
energy contributions.36,37 The numerical partial Hessian is
calculated by displacements in x, y, and z-directions of ±0.02 Å,
and the vibrational modes are extracted using the normal-mode
analysis as implemented in the postprocessing toolkit
TAMKIN.38

The bulk structures of Pt, Sn, Pt3Sn, SnO, and SnO2 are
optimized to obtain the cell parameters.39 The lattice
parameters are overestimated by 1−2% with respect to
experiments and in good agreement with previous studies
using the same xc-functional (see Table 1 in the Supporting
Information). The analysis of the bulk systems provides the
relative stabilities of the different phases. For example, the alloy
formation energy of Pt3Sn from bulk Pt and bulk Sn is found to
be exothermic by −1.53 eV per Pt3Sn unit. This is in line with
experimental observations, showing that PtSn is stable under
inert conditions.24 The oxidation of Pt3Sn is exothermic with
reaction energies of −1.13 and −3.51 eV for formation of
monometallic Pt and SnO and SnO2, respectively (Table 2). Ab
initio thermodynamics40,41 is used to evaluate the relative
stabilities of different segregation possibilities of Pt3Sn(111) as
a function of CO and oxygen chemical potential. In this way,
the thermodynamic preference between the considered systems
can be evaluated as a function of temperature and pressure.40,42

The initial configuration in the analysis is a bare Pt3Sn(111)
surface together with CO and O2 in the gas phase. The change
in surface energy (Δγ0) is calculated as a function of the gas
phase chemical potentials of CO (μCO) and O2 (μO):
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represents the electronic energy of the surface

with NO surface oxygen atoms and NCO carbon mono-oxide
molecules, and A is the area of the surface cell. Upon
segregation, it is reasonable to assume that the exposed Sn
surface atoms will form a SnOX phase. In the first instance, this
can be approximated with the formation of a bulk SnO2 phase
together with a Pt-overlayer (Pt-skin) supported by the Pt3Sn
alloy. Here, such a system is denoted by Pt(111)/Pt3Sn. To
model this process, the Pt atoms replacing the Sn atoms in the
surface are taken from a Pt3Sn-bulk reservoir. To correct for an
additional Sn atom per three Pt atoms, we assume that extra
SnO2 is formed. The process is graphically represented in the
Supporting Information (Figure S1). The relationship describ-
ing the change in stability relative to the bare Pt3Sn surface slab
is given by
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Here, EPt/Pt Sn
slab

3
, ESnO

bulk
2
, and EPt Sn

bulk
3

denote the electronic energy
of the Pt-skin system, SnO2 bulk, and Pt3Sn bulk, respectively.
The vibrational and entropy contributions to bulk and surfaces
energies are neglected in this analysis. In the absence of
segregation (NSnO2

= 0), this expression simplifies to eq 1. We
refer the reader to the Supporting Information for details on
the expansion of the chemical potentials to partial pressures
pCO and pO2

.

■ RESULTS AND DISCUSSION

We present first a thermodynamic analysis of Pt3Sn(111) and
thereafter results related to CO oxidation. The thermodynamic
analysis provides means to establish the relevant catalyst phases
during reaction conditions. On the basis of the analysis,

structural models are constructed and evaluated with respect to
CO oxidation by calculations of reaction barriers and a
microkinetic analysis.

A. Thermodynamic Analysis. In the following section, the
adsorption energies of atomic oxygen (O) and carbon
monoxide (CO) on surface models of Pt(111), Pt3Sn(111),
and Pt(111)/Pt3Sn are discussed. Representative structures are,
thereafter, presented in a phase diagram to investigate
segregation possibilities.

CO and O Adsorption on Pt(111), Pt3Sn(111), and Pt(111)/
Pt3Sn. Adsorption of CO and oxygen is investigated on
Pt(111), Pt3Sn(111), and Pt(111)/Pt3Sn and the results are
reported in Table 1. The adsorption properties are calculated at
three different coverages. The coverage dependence is similar
for CO and oxygen (O) in the sense that the adsorption

Table 1. CO and Oxygen Adsorption Energies Evaluated in (4 × 2 3 )rect Surface Cells at Different Coverages for Pt(111),
Pt3Sn(111), and Pt(111)/Pt3Sn

a

coverage (ML) Eads,CO Eads,O ΔE‡

Pt(111) 0.0625 −1.91 (hcp) −1.27 (fcc) 1.00
Pt(111) 0.25 −1.80 (hcp) −1.25 (fcc)
Pt(111) 0.5 −1.69 (b) −0.92 (4 fcc and 4 b)
Pt3Sn(111) 0.0625 −1.94 (Pt3-hcp) −1.28 (Pt2Sn-fcc) 1.07
Pt3Sn(111) 0.25 −1.65 (Pt3-hcp) −1.14 (Pt2Sn-fcc)
Pt3Sn(111) 0.5 −1.33 (Pt-t) −1.12 (Pt2Sn-fcc)
Pt(111)/Pt3Sn 0.0625 −2.09 (fcc-Pt) −1.36 (fcc-Pt) 1.11
Pt(111)/Pt3Sn 0.25 −1.92 (fcc-Pt) −1.40 (fcc-Pt)
Pt(111)/Pt3Sn 0.5 −1.74 (b) −1.11 (fcc-Pt)

aThe adsorption energies are calculated with respect to gas phase CO and O2. The adsorption site is indicated [fcc-hollow (fcc), hcp-hollow (hcp),
bridge (b), and atop (t)]. Pt3-hcp and Pt2Sn-fcc denote hollow positions composed of three and two Pt atoms, respectively; fcc-Pt denotes an fcc
position with Pt in the third atomic layer. In the case of Pt3Sn(111) with 0.5 ML O, a pronounced structural relaxation occurred, where one of the
four Sn atoms relaxed out of the surface. Energies are reported in electronvolts.

Figure 1. Thermodynamic phase diagram showing the preferred phase (lowest Δγ in eq 2) as a function of differences in chemical potential (Δμi)
for CO and O2. The solid black line indicates segregation from a Pt3Sn(111) surface to Pt/Pt3Sn(111) and bulk SnO2. Structural models for phases
I−VII are shown. The dotted line shows the conditions when the formation of the rod model in Figure 2a and b becomes thermodynamically
preferred. The surface cells are indicated by white rectangles. Atomic color codes: C in black, O in red, Sn in green, and Pt in blue.
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energies decrease with coverage. The strongest coverage
dependence is predicted for CO on Pt3Sn(111), whereas O
has a low coverage dependence on this surface. The barrier for
CO and O association to CO2 is calculated in the low coverage
regime (1/16 ML in each of the adsorbates) with respect to
CO and oxygen in separate surface cells. The barrier on
Pt(111) is calculated to be 1.00 eV which is in good agreement
with previous results.43 The reaction proceeds by diffusion of
CO to an atop site and the bond forms over the fcc site where
oxygen initially is bonded. The mechanism is similar on the
other two surfaces. The barrier is slightly higher on the
Pt3Sn(111) and Pt(111)/Pt3Sn which in the case of Pt3Sn(111)
is related to a stronger bonded CO whereas for Pt(111)/Pt3Sn
it originates from a strong oxygen bond. CO oxidation over
Pt(111) and Pt3Sn(111) has previously been compared
computationally by Dupont et al.18 using a similar computa-
tional approach as the present one. With a coverage of 0.25 ML
in each adsorbate, barriers of 0.82 and 0.68 eV were reported
for Pt(111) and Pt3Sn(111), respectively. The barriers were in
this case18 calculated with respect to coadsorbed CO and O in
the same surface cell. Relating those barriers instead to CO and
O in separate surface cells, barriers of 1.06 [Pt(111)] and 0.93
eV [Pt3Sn(111)] are obtained. Comparing our results in Table
1 with the results in ref 18 demonstrates pronounced coverage
dependences on the reaction barriers that are different for
Pt(111) and Pt3Sn(111). The result shows that barriers
evaluated at high coverage are not necessarily representative
for the low coverage regime. Comparing CO oxidation over
Pt(111) and Pt3Sn(111), the differences in coverage depend-
ences lead to opposite conclusions regarding the reaction rate
on the two surfaces. The barrier calculated at high coverage
suggests that the reaction is faster on Pt3Sn(111) than Pt(111),
whereas the barrier evaluated in the low coverage regime
suggest the opposite. As the experimental CO:O coverage ratio
rarely equals 1, it is preferable to evaluate the barrier at low
coverage and subsequently add coverage dependences for CO
and oxygen.
Phase Diagram for Pt3Sn in the Presence of CO and O.

Knowing the adsorption energies of CO and oxygen on
Pt(111) and Pt3Sn(111), it becomes important to study
possible phase segregation scenarios. As the adsorption energies
at high CO coverage (0.5 ML) are stronger on Pt(111) as
compared to Pt3Sn(111), it is reasonable to assume surface
reordering where bare platinum is exposed to the gas-phase and
an SnO2 phase is formed.44 To study this hypothesis, we
construct a phase diagram, see Figure 1. Eight different phases
are considered in the diagram, namely (I) the bare Pt3Sn(111)
surface, (II) a segregated system with a Pt-skin supported on
Pt3Sn(111) together with SnO2 in the bulk, (III) the
segregated surface with 0.25 ML of O, (IV) the segregated
surface with 0.25 ML of O and 0.25 ML CO, (V) the
segregated surface with 0.25 ML CO, (VI) the Pt3Sn(111)
surface with 0.25 ML CO, (VII) the Pt3Sn(111) surface with
0.5 ML CO, and (VIII) the Pt3Sn(111) surface with 0.25 ML
O. Only seven of the phases appear in the phase diagram as the
adsorption energy of oxygen on the alloy surface is too low at
0.25 ML to make this phase (VIII) present. The phase diagram
is an approximation, in the sense that in reality a metal
supported SnO2 phase would form instead of a bulk SnO2
phase.45 A general limitation of an ab initio thermodynamics
analysis is, of course, that only considered phases are ranked
whereas other possible structural configurations are not
considered.

The Pt3Sn(111) surface is preferred at low chemical
potentials of CO and oxygen. Increasing only the oxygen
chemical potential predicts segregation with the formation of
the Pt-skin system [Pt(111)/Pt3Sn] and bulk SnO2. Further
increase of the oxygen chemical potential results in adsorbed
oxygen on Pt(111)/Pt3Sn. Increasing the CO chemical
potential while keeping the oxygen chemical low preserves
the alloy and results in CO adsorbed on Pt3Sn(111). A
combined CO and oxygen environment from this point will
again promote segregation (moving from VI to VII). It is
interesting that the presence of CO on the alloy surface lowers
the required oxygen pressure for segregation. The segregation
line has a negative slope for changes in the CO chemical
potential starting at around −1.75. CO oxidation is typically
studied around 400 K and CO and oxygen partial pressures of
1.1 × 10−2 and 2.14 × 10−2 bar, respectively. During these
conditions, our analysis reveals that the alloy is preferably
segregated. This corresponds to phase VII, being the Pt-skin
system covered with CO. A phase with mixed CO/O coverage,
here modeled with 0.25 ML of CO and 0.25 ML of oxygen
(IV), appears only at higher oxygen pressures and reduced CO
pressures.
The prediction that Pt3Sn will segregate to a surface rich in

Pt and SnO2 (SnO) is consistent with experiments.22 In situ
diffuse reflectance IR Fourier transform spectroscopy
(DRIFTS) measurements on PtSn exposed to CO have
shown a shift in the CO stretch vibration while ramping
down the temperature from 175 to 50 °C.12 The CO
vibrational peak shifted from 2054 cm−1 at 175 °C to 2071
cm−1 at 50 °C which is close to the value for CO adsorbed on
Pt (2077 cm−1).25 Decreasing the temperature at constant CO
pressure results in an increased chemical potential which drives
the segregation as shown in the phase diagram. The formation
of an SnO2 phase is, furthermore, in accordance with XPS
measurements.22,25,26 Phase diagrams at different temperatures
are given in the Supporting Information.

B. CO Oxidation at the SnOX/Pt Interface. Atomistic
Model. From the phase diagram (Figure 1) and previous
experiments,22 it is clear that SnOX/Pt interfaces will be present
during CO oxidation. After segregation, we envision a scenario
in which SnO2−islands are formed on a Pt-skin system. We
represent this situation computationally with a two-layer SnO2-
rod supported on a Pt-skin (Figure 2a and b). The rod exposes
(110) surfaces to the gas-phase and the metal surface as this
surface is the stable surface of SnO2. The lattice of the SnO2 is
expanded by 2% in the direction of the rod to fit the Pt3Sn
lattice. The rod was placed at different positions on the metal
surface and the lowest energy configuration was chosen for
further investigations. Because of the finite dimension of the
rod, a somewhat higher oxygen chemical potential (−1.17 eV)
is required for segregation than in the case of SnO2 bulk
formation. However, the thermodynamic analysis shows that
segregation to the rod is preferred at any relevant oxygen
pressures; see Figure 1.
A range of different sites are present at the SnO2/Pt-skin

interface. The studied SnO2 rod has three different oxygen
atoms that potentially can react with CO. Note that the three
oxygen atoms have different chemical environments. The
reaction of CO with the three oxygen atoms generates a
network of reactions that contains eight different states of the
rod; see Scheme 1. We denote the three different oxygen atoms
by A, B, and C and an oxygen vacancy by *. The corresponding
adsorption energies and activation barriers are reported in
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Table 2. CO adsorbs in an fcc-Pt site close to the rod with a
slightly lower adsorption energy (about −1.99 eV) than on the
skin system without the rod at a coverage of 0.0625 ML. The
vacancy formation energies of the oxygen atoms in the rod are
sensitive to the state of the rod. Removal of the central oxygen
(B) forming 1/2 O2 in the gas-phase is endothermic by 1.24 eV
(ABC → A*C). Subsequent removal of oxygen atom A is
endothermic by 1.04 eV (A*C → A**). Going instead from
A*C to **C by removal of oxygen atom C requires an energy
of 1.26 eV. The lowest depletion energy in the network is (*B*
→ ***) being 0.90 eV and the highest depletion energy is 1.53
eV for (AB* → *B*).

CO oxidation is one possibility to deplete oxygen atoms from
the (SnO2)-rod and create oxygen vacancies. The activation
barriers for CO oxidation at the SnO2/metal interface are
strongly dependent on the state of the rod. The barriers are
evaluated with respect to CO in the fcc-Pt position close to
position B, and thus represent an upper bound of the barrier.
The lowest barrier is calculated for (ABC → A*C) being 0.91
eV. CO oxidation from the B site results in a low barrier also in
the case of a reduced rod. This is, for example, seen for the
(AB* → A**) transition which has a barrier of 0.99 eV. The
barriers at the interface are considerably lower than the barrier
for CO oxidation on the Pt-skin which is 1.11 eV. The low
barrier at the interface is likely connected to a favorable
transition state geometry. The CO−O distance is only 1.70 Å at
the transition state which should be compared to 1.95 Å on the
Pt-skin. The barriers for further reaction with oxygen atoms
from A*C are 1.10 eV (A*C → **C) and 1.20 eV (A*C →
A**), respectively. Besides the CO oxidation barrier for (ABC
→ A*C), also the barrier for (AB* → A**) is low, being 0.99
eV. Higher barriers (>1.22 eV) were obtained for the CO
oxidations (ABC → AB*, 1.26 eV), (ABC → *BC, 1.22 eV),
(AB* → *B*, 1.29 eV), and (*BC → *B*, 1.33 eV). We have
also considered the possibility to adsorb molecular oxygen at
the B-site (A*C). The adsorption energy is −0.51 eV. With
molecular oxygen at the B-position of the rod, we could have
included this state into Scheme 1 as a state prior ABC (A−
BO−C). However, the barrier for direct CO oxidation from this
state is 1.52 eV. Thus, this path will not contribute to the
catalytic activity at low temperatures and was not included in
the microkinetic modeling. For structures of the reactant,
transition state and product state for CO oxidation from A−
BO−C → ABC; see the Supporting Information.
The different states of the rod in Scheme 1 are connected

either through CO oxidation, oxygen transfer, or reoxidation by
O2 from the gas phase. The barriers for oxygen transfer are
between 0.74 and 1.41 eV (Table 3). The barriers for
reoxidation with molecular oxygen are found to be below 0.8
eV, which makes these processes fast with respect to CO
oxidation. The adsorption and reaction energies together with
the relative stabilities of the different states of the rod suggest
feasible catalytic cycles, for example ABC→ A*C → **C →
ABC. This path together with other possibilities has been
evaluated by construction of a mean field microkinetic model.

Construction of a Kinetic Model. To evaluate the catalytic
behavior of the SnO2/metal interface, a first-principles based
microkinetic model (MKM) is constructed. The model
considers sites for CO oxidation at the SnO2/metal interface
(CLOSE) as well as the regular Pt-skin metal (FAR). To find
an appropriate distribution between CLOSE, FAR, and sites
blocked by the SnO2 phase in the MKM, we consider a typical
Pt3Sn nanoparticle of 4 nm. The total exposed surface area of
such a hemispherical nanoparticle is 25 nm2. Upon segregation,
a Pt-skin system is formed with a SnO2 deposit. We assume that
12% percent of the Pt-skin sites are blocked by the SnO2-phase
having a spherical shape with a diameter of 2 nm. The CLOSE
sites are defined as sites within 0.5 nm from the perimeter of
the SnO2 deposit, thus 16% of the total number of sites.
Regular Pt-skin sites constitute the FAR sites and amount to
72% of the total number of sites. Two atomistic models are
considered to describe the reactions (Figure 2b). Adsorption
on SnO2-sites and SnO2/Pt-skin interface sites are investigated
with a periodic rod. This system is described in detail in the
Theoretical Methodology section and the Supporting Informa-

Figure 2. (a) Site distribution used in the mean field microkinetic
model (12% SnOX, 16% CLOSE and 72% FAR) with three different
oxygen states within the SnO2 states (A, B, C). (b) Surface cells with
rod (6 × 2 3 )rect and without rod (4 × 2 3 )rect, (c) side view of
rod system, (d−f) overview of included CO oxidation transition states
(TS), with O−CO distance in TS (Å) and activation barrier (eV)
relative to O and CO in separate unit cells. Reaction at the rod (ABC
→ A*C) (d) On the Pt-skin surface, the TS occurs preferably over fcc
Pt sites. Barriers on fcc Pt sites for CLOSE (e) and FAR (f) sites are
very similar.
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tion. The SnO2/Pt interface sites are modeled with a (6 ×
2 3 )rect surface cell, while the regular Pt-skin sites are
modeled with a (4 × 2 3 )rect surface cell.
The overall reaction is described by a set of coupled

differential equations with O and CO coverages for the
different areas:

∑θ
θ θ

∂
∂

=
t

t
c r t t

( )
( ( ), ..., ( ))i

j

ij j N1

(4)

θi(t) represents the coverage of adsorbate i at time t. cij are the
stoichiometric numbers, and rj the elementary reaction rates.
(All implemented differential equations are given explicitly in
the Supporting Information.) To obtain steady-state coverages
and turnover frequencies, this set of coupled differential
equations is integrated numerically using the SciPy46 Python
package with the VODE solver for stiff problems.
In total 23 reaction steps are considered in the model

including O2 adsorption and desorption, CO adsorption and
desorption, CO oxidation at CLOSE and FAR sites, oxygen
transfer reactions and reoxidation of the SnOX phase by O2. All
reaction steps are given in Table 3. To obtain numerical
stability, the CO and O adsorption energies at the CLOSE sites
are approximated with the values for the FAR sites. The
entropic differences for adsorption and desorption processes

are calculated by considering immobile adsorbed species for
which the entropy is calculated within the harmonic
approximation. The known difference in sticking coefficients
of CO and O2 on Pt(111)47 is accounted for by applying
sticking coefficients of 0.9 and 0.1 for CO and O2, respectively.
To describe the overall reaction kinetics, it is crucial to consider
adsorbate−adsorbate interactions. The repulsive CO−CO,
CO−O, O−CO, and O−O coverage dependences are obtained
by a spline fitting procedure; see the Supporting Information
for details. The dependencies for CO and O are fitted from
calculations of differential adsorption energies at coverages
ranging from 0.0625 to about 0.8 ML. The cross term for how
CO (O) is affected by O (CO) is calculated in the limit of low
CO (O) coverage, being 0.0625 ML. The adsorbate−adsorbate
interactions were based on results for Pt(111). In the MKM,
the CO oxidation barriers are linearly scaled with the CO
coverage based on a fit of transition states barriers at different
coverages (see the Supporting Information). To validate the
kinetic model on Pt(111), we compare the light-off behavior
with surface science experiments of CO-oxidation.48 Light-off
curves are simulated for Pt(111) at global pressures of 1 and 0.1
mbar and CO:O2 pressure ratios of 2:1, 1:1, and 1:4 and our
simulated light-off temperatures are within ±50 K of the
experiments. Furthermore, the simulated turnover frequencies
(TOFs) are in the same order of magnitude as reported
experiments.48 To account for the rapid diffusion of CO
between FAR and CLOSE sites, a scrambling procedure was
implemented which averages the CO coverages. The new
coverages are calculated from the old coverages according to

θ θ θ= +
+

⎛
⎝⎜

⎞
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A
A

SF
1

(1 SF )CO,CLOSE
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θ θ θ=
+

+
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+
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A
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(1 SF )

1
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(1 SF )
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old CO
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close
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Here, the applied scrambling factor SFCO was chosen to be
50%. The scrambling procedure was chosen instead of explicit
diffusion steps due to numerical instabilities for a preliminary
model including diffusion steps.

Scheme 1. Considered Reactions for the SnOX/Metal Interface within the Mean-Field Microkinetic Modela

aThe energy differences between SnOX states with the same number of oxygen atoms are given in electronvolts.

Table 2. CO Adsorption Energies [Eads(CO)], Oxygen
Vacancy Formation Energies [Evac(O)], and Reaction
Barriers (ΔE‡) on Pt(111)/Pt3Sn

a

Eads(CO) site O Evac(O) ΔE‡

ABC → A*C −1.99 ABC −1.24 0.91
A*C → A** −1.99 A*C −1.04 1.20
A*C → **C −1.99 A*C −1.26 1.10
AB* → A** −1.99 AB* −0.99 0.99
*BC → **C −1.99 *BC −1.03 1.03
**C → *** −1.90 **C −1.23 1.12
*B* → *** −2.00 *B* −0.90 1.13
A** → *** −1.98 A** −1.45 1.09

aEads for CO is calculated with the molecule adsorbed in an fcc-Pt
position in front of the rod; see Figure 2b. The positions for the
oxygen atoms in the rod are labeled according to Scheme 1. The
energies are reported without zero-point corrections in electronvolts.
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Kinetic Simulations. The kinetic simulations are performed
at typical CO oxidation conditions.22 The temperature
dependence of the turnover frequencies are shown in Figure
3 for regular Pt(111), Pt-skin, and SnO2/Pt(111)/Pt3Sn. The
CO and O2 partial pressures are set to 21.4 and 11.0 mbar,
respectively, and the CO2 pressure is set to zero. The SnO2/
Pt(111)/Pt3Sn surface shows clearly an increased activity at
lower temperatures as compared to the metal-only surfaces. We
find a marked difference in the light-off temperature where the
lowest temperature is predicted for SnO2/Pt(111)/Pt3Sn and
the highest for Pt-skin. The lower light-off temperature for the
interface system is related to the facile CO oxidation at the
SnO2/Pt rim which is shown clearly by a decomposition of the
total TOF (inset in Figure 3). It is only the Mars−van Krevelen
reactions at the interface that contribute to the low temperature
activity. The Langmuir−Hinshelwood reactions in the interface
system have a kinetic behavior similar to the metal-only
surfaces. The apparent activation energy of the reaction on the
interface system was calculated to be 0.20 eV in the
temperature interval 440−520 K and 0.33 eV in the
temperature interval 400−450 K. This apparent activation is
close to the experimentally determined value of 0.37 ± 0.04 eV
on PtSn nanoparticles supported on porous silica fitted in the
temperature interval 525−555 K with partial pressures 133
mbar for CO and 53 mbar for O2.

22 Using the same conditions
and temperature interval, we obtain an apparent activation

Table 3. Considered Reaction Steps in the MKMa

no. eq K (−) ΔGr ΔHr −TΔSr ΔEr ads site

Αdsorption/Desorption Steps
1 CO(g) + *metal ↔ CO*metal 5.60 × 1006 −0.78 −2.02 1.24 −2.09 fcc Pt
2 O2(g) + 2*metal ↔ 2O*metal 5.17 × 1010 −1.33 −2.67 1.34 −2.72 fcc Pt
3 O2(g) + A** ↔ ABC 1.11 × 1007 −0.86 −2.22 1.36 −2.28 A** (A and B)
4 O2(g) + **C ↔ ABC 5.73 × 1008 −1.08 −2.44 1.36 −2.49 **C (B and C)
5 O2(g) + *B* ↔ ABC 2.29 × 1011 −1.41 −2.76 1.35 −2.82 *B* (A and C)
6 O2(g) + *** ↔ A*C 6.22 × 1008 −1.08 −2.43 1.35 −2.48 *** (A and C)
7 O2(g) + *** ↔ AB* 1.32 × 1008 −1.00 −2.37 1.37 −2.43 *** (B and C)
8 O2(g) + *** ↔ *BC 6.40 × 1006 −0.83 −2.20 1.38 −2.26 *** (A and B)

no. eq Δ ‡Ef ΔHf
‡ −TΔSf‡ ΔEb‡ Δ ‡Hb −TΔSb‡

CO-Oxidation Steps
9 CO*metal + O*metal ↔ CO2(g) + 2*metal 1.11 1.07 0.06 0.91 0.88 2.09
10 CO*metal − ABC ↔ A*C + CO2(g) + *metal 0.91 0.87 0.03 0.94 0.91 2.10
11 CO*metal − A*C ↔ A** + CO2(g) + *metal 1.20 1.16 0.03 1.42 1.39 2.06
12 CO*metal − A*C ↔ **C + CO2(g) + *metal 1.11 1.07 0.02 1.11 1.08 2.04
13 CO*metal − A** ↔ *** + CO2(g) + *metal 1.09 1.04 0.02 0.93 0.89 2.07
14 CO*metal − **C ↔ *** + CO2(g) + *metal 1.12 1.07 0.05 1.24 1.21 2.10
15 CO*metal − AB ↔ A** + CO2(g) + *metal 0.99 0.94 0.07 1.26 1.23 2.13
16 CO*metal − *BC ↔ **C + CO2(g) + *metal 1.03 0.98 0.06 1.27 1.24 2.12
17 CO*metal − *B* ↔ *** + CO2(g) + *metal 1.13 1.08 0.06 1.48 1.45 2.13
Oxygen Transfer Steps within the SnOX-rod
18 A*C ↔ AB* 0.79 0.74 0.09 0.74 0.68 0.06
19 A*C ↔ *BC 1.03 0.97 0.09 0.81 0.75 0.06
20 AB* ↔ *BC 1.29 1.23 0.06 1.13 1.07 0.05
21 *B* ↔ A** 0.87 0.81 0.06 1.41 1.35 0.08
22 *B* ↔ **C 0.90 0.84 0.06 1.22 1.16 0.07
23 A** ↔ **C 1.00 0.94 0.07 0.79 0.73 0.07

aReactions 1−8 are adsorption reactions, 9−17 are surface reactions, and 18−23 oxygen transfer reactions. Gibbs reaction free energies (ΔGr) are
given for the adsorption steps together with the corresponding enthalpies (ΔHr) and entropy contributions (−TΔSr). For the surface and oxygen
transfer reactions, we report forward (Δ ‡Ef ) and backward (Δ

‡Eb) reaction barriers, the enthalpy barriers (Δ ‡Hf , Δ
‡Hb), and the entropic contribution

(− Δ ‡T Sf , − Δ ‡T Sb) to the free energy barrier. All energies are reported in electronvolts and given at 650 K and pO2
= 21.4 mbar, pCO = 11.0 mbar,

pCO2
= 0 mbar. K are the equilibrium coefficients.

Figure 3. Comparison of the turn over frequency (TOF) for Pt(111),
Pt(111)/Pt3Sn, and SnOX/Pt(111)/Pt3Sn. (inset) Different contribu-
tions to the total TOF for SnOX/Pt(111)/Pt3Sn. The partial pressures
for CO and O2 are 11.0 and 21.4 mbar, respectively.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.7b02094
ACS Catal. 2017, 7, 7431−7441

7437

http://dx.doi.org/10.1021/acscatal.7b02094


energy of 0.18 eV (525−555 K) with the SnOX/Pt model; and
0.36 eV in a 100 K earlier temperature interval (419−447 K). A
similar value (0.30 eV) has been reported for CO oxidation
starting from a Pt3Sn(111) single crystal with CO and O2
partial pressures of 0.133 and 1.33 mbar in the temperature
interval 294−417 K.19

The surface coverages are presented for the SnOX/Pt(111)/
Pt3Sn system in Figure 4. The total coverage of CO, O, SnO2

and empty sites adds up to unity. The SnO2 phase blocks 12%
of the surface which infers that 88% of the metal sites are
available for CO adsorption. The surface is CO poisoned at low
temperatures. The metal sites have an oxygen coverage only
after light-off (see Figure 4a, around 700 K). This shows clearly
that the initial supply of oxygen to the reaction comes from the
SnO2 phase. The different SnO2 phases are dominated by A*C
at low temperature (below 450 K) and by *** at higher
temperatures (above 600 K). The initial high abundance of
A*C is rationalized by the facile reduction of ABC via CO

oxidation. After light-off at the SnOX/Pt interface, A*C is
reduced to **C and A**, and from these states further reduced
to ***. The low abundance of states ABC, AB*, and *BC is a
consequence of facile reactions (CO oxidation, regeneration)
from these states. State *B* is avoided in the reaction network
due to high barriers to access this state. Note that the rate of
the oxygen regeneration is proportional to the coverage of
SnOX states with at least two vacancies.
Another powerful method to analyze reaction kinetics is the

degree of rate control.49−53 Such an analysis for the SnOX/
Pt(111)/Pt3Sn systems emphasizes the importance of the SnOX
phase (Figure 5a). The main processes controlling the rate up
to 500 K is CO oxidation at the interface. At intermediate
temperatures (550−700 K), CO adsorption at the rod and O2
regeneration of the SnOX become increasingly important,
followed by a regime after light-off (from 750 K) where the
oxygen regeneration of SnOX has the highest influence on the
global TOF. From 750 K, the adsorption of CO on the metal-
sites has a negative degree of rate control. This can be
understood from the competing CO oxidation paths. CO
oxidation at the SnOX/Pt interface requires adsorption of CO
whereas an increase of the TOF via Langmuir−Hinshelwood
reactions at the metal sites requires CO desorption. In the
temperature interval between 750 and 1000 K, regeneration of
the SnO2 phase has a higher rate control than CO adsorption.
The rate control analysis shows an increasing importance of O2
adsorption on the Pt-skin from 650 K (Figure 5a), which
corresponds to the light-off of the Langmuir−Hinshelwood
path (inset of Figure 3).
A deconvolution of the rate control of the interface oxidation

steps is presented in Figure 5b. At low temperature, the rate is
controlled by changes between AB* and A** together with
A*C to **C which is consistent with the fact that the main
contribution to the CO2 production comes from the interface.
At high temperatures, the oxidation from A** to *** gains
importance. After the light-off at the metal, the degree of rate
control for interface reactions diminishes. The degree of rate
control analysis shows that oxygen transfer reactions are of
limited importance (Figure 5a). Moreover, the analysis reveals
that the ABC, A*C, and **C states of the SnOX rod are
required to properly describe the CO oxidation at the interface.
A simplified model could, thus, be anticipated based on these
steps only without oxygen transfer reactions. The degree of rate
control for the SnOX/Pt(111)/Pt3Sn system is markedly
different from Pt(111) and Pt(111)/Pt3Sn where the CO
oxidation reaction dominates the rate control.
Experimentally, the CO oxidation reaction over PtSn has

been analyzed by determination of the reaction orders.22 At 473
K and a partial CO pressure of 100 mTorr, the O2 reaction
order was determined to be 0.47 between 40 and 90 mTorr and
0.28 between 90 and 300 mTorr. At these conditions, we
calculate the O2 reaction order to be 0.36 (40−90 mTorr) and
0.21 (90−300 mTorr), respectively. The clear separation in O2
reaction order between the two pressure regimes is well
predicted by the interface model. The reaction order in O2 was
experimentally found to be close to zero for higher CO and O2
pressures (about 100 Torr for CO and O2:CO ratio of 1) and
temperatures (533 K).22 At these conditions, our interface
model predicts the reaction order in O2 [between 60 and 100
Torr] to be 0.98. The calculated reaction order for pO2

is,
however, very sensitive to the temperature and reduced to 0.29
at 473 K and 0.12 at 423 K. The model is furthermore

Figure 4. Coverages of the SnOX states for the SnOX/Pt(111)/Pt3Sn
model. See Scheme 1 for a description of the states.
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sensitively dependent on pressure, at O2 pressures [between
150 and 200 Torr], the reaction order in O2 is about 0.19 at
473 K and 0.06 at 423 K. We believe that the higher reaction
order for our interface model as compared to the experiments is
related to the limited number of considered SnOX surface states
and paths for regeneration of the oxygen defects. The
decomposition of bulk SnO2 to SnO is calculated to be
endothermic by 2.38 eV, which is an underestimation with
respect to the experimental value of 3.08 eV.54 The discrepancy

leads to an underestimation of the exothermicity when reduced
SnOX is regenerated with O2. These limitations are not crucial
at low temperatures, as the oxygen regeneration steps are not
rate controlling at these conditions.
Our work demonstrates the importance of in situ formed

interface effects during CO oxidation on Pt-alloys and alloy
nanoparticles, and elucidates further the long-standing debate
concerning on the role of Sn in PtSn alloys for CO oxidation
reactions. The work is general as it demonstrates that analysis
of the surface phase diagram together with microkinetic
modeling provides a possibility to understand complex catalytic
reactions including reaction induced segregation. Importantly,
our microkinetic models accounts for different types of
coverage effects.

■ CONCLUSIONS
Alloy systems are usually employed to tune the activity and
selectivity of catalysts. The effects of alloying are generally
described in terms of modifications of the electronic properties
via ensemble, ligand or strain effects. In the present study we
investigated CO oxidation over Pt3Sn(111). By use of an ab
initio thermodynamic analysis we demonstrate that Pt3Sn
segregates under realistic oxidation conditions (O2 and CO
partial pressures). The investigated thermodynamically stable
phase is SnO2 and an Sn deficient alloy. The high adsorption
energy of CO on Pt is found to promote the segregation,
lowering the required O2 partial pressure for SnO2 formation.
Based on these findings, an interface model was constructed
with an SnO2 rod supported on Pt(111)/Pt3Sn. A mean-field
microkinetic model was constructed with 23 reaction steps to
explore CO oxidation over this interface system. With the
model, we reproduce the low temperature CO activity
experimentally observed on PtSn.11,22 The activity at low
temperatures for the SnOX/Pt(111)/Pt3Sn system is rational-
ized by the possibility to have Mars van Krevelen reactions at
the interface where CO adsorbed on the metal sites reacts with
oxygen from the SnO2 phase. The reaction path does not suffer
from CO poisoning that controls the low temperature reaction
rate over Pt(111) or Pt(111)/Pt3Sn surfaces where the reaction
proceeds via a Langmuir−Hinshelwood mechanism. Increasing
the temperature, the oxidation reaction lights off at the SnOX/
Pt rim and is rate controlling at low temperatures. At higher
temperatures, the metal-only sites will control the rate as such
sites are in excess. Previous theoretical studies to elucidate the
beneficial effect of alloying Pt with Sn for low temperature CO
oxidation have solely focused on electronic alloy effects.18,19

The present work compares favorably with experiments and
provides an alternative mechanism for the low temperature
activity over PtSn. Our thermodynamic analysis confirms the
recent experimental conclusions that PtSn is segregated during
CO oxidation.12,22 The good agreement between theoretical
and experimental apparent activation energies and reaction
orders supports the conclusion that the main activity at low
temperatures should be attributed to reactions at an SnOX/Pt
interface. While focusing on CO oxidation, this work also has
implications for the PROX process, where hydrogen and/or
water is expected to aid the regeneration of the SnOX phase via
water, ensuring a fully oxidized or hydroxylated SnOX(OH)Y
slab.
The present work elucidates the long-standing debate of the

role of Sn in PtSn alloys for oxidation reactions and highlights
the effects of interfaces formed during operating conditions in
heterogeneous catalysis. When combined with microkinetic

Figure 5. (a) Degree of rate control analysis for the reactions in the
SnOX/Pt(111)/Pt3Sn model. The different reactions for O2 adsorption
on SnOX [O2 ads (SnOX)], the oxygen transfer reaction within the
SnOX rod [SnOX transfers], and CO oxidation at the interface [CO ox
(SnOX/Pt-skin)] have been lumped. (b) Degree of rate control for the
interface reactions. (upper) Dominant rate controlling reactions.
(lower) Reactions with a degree of rate control lower than 0.1.
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modeling, we find that interface mechanisms can predict the
kinetic behavior reasonably well. This type of model might be
important for a range of interface and bimetallic systems where
a high CO oxidation activity at low temperature has been
reported, for example FeO/Pt55−59 and Pt/CeO2,

15,60 and may
have implications for catalyst development.
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