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ABSTRACT: Catalytic low-temperature CO oxidation continues
to be an important materials challenge. Technological catalysts are
commonly based on Pd and Pt nanoparticles, which are CO
poisoned at low temperatures, hindering O2 adsorption. Using first-
principles-based kinetic Monte Carlo simulations, we explore dilute
Pt@Au nanoalloys as a possibility to enhance the low-temperature
activity by spatially separating CO and O2 adsorption. CO is on
these systems absorbed on Pt sites, whereas O2 reacts molecularly
from Au sites to form OCOO, which decomposes to CO2 and O.
The dilute Pt@Au systems are found to have a higher activity than
pure Au systems in a temperature range not accessible to Pt-only
catalysts. The results show that dilute Pt@Au alloys in
combination with Pt-only catalysts have the potential for CO oxidation in a wide temperature range.

■ INTRODUCTION
CO oxidation is a widely studied catalytic reaction motivated
by the need to control emissions from the incomplete
combustion of hydrocarbons. The main challenge is to achieve
sufficient activity at low temperatures, which within
automotive applications is termed the cold-start problem. In
fact, about 80−90% of all automotive CO emissions are
emitted during the first minute of operation when the catalyst
has not been heated enough by the exhaust gas.1,2 Thus, it is
critical to develop catalytic materials with enhanced low-
temperature activity to enable the emission control of cold
exhaust streams.
The technological catalyst for CO oxidation is commonly

based on precious metal Pd and/or Pt nanoparticles (NPs)
supported on porous oxides. However, self-poisoning of CO
prevents low-temperature oxidation as temperatures above 150
°C typically are required to obtain an appreciable activity.3 The
self-poisoning originates from the high CO desorption energy
combined with the fact that dissociative O2 adsorption requires
two metal sites. Thus, the catalyst temperature needs to be
high enough to reduce the CO coverage and thereby increase
the probability of having two vacant nearest neighbor sites.
Different strategies have been explored to enhance the low-

temperature activity of CO oxidation.4 One materials strategy
is to support the metal on a reducible oxide serving as an
oxygen buffer and thereby providing an additional path for the
reaction.5 CO adsorbed on the perimeter of a metal
nanoparticle supported on a reducible oxide can react with
lattice oxygen from the oxide through a Mars van Krevelen

mechanism.6,7 The formed oxygen vacancies are replenished by
direct O2 adsorption on the oxide. Thus, this mechanism does
not require two empty metal sites for O2 adsorption. The CO
adsorption energy on typical reducible oxides such as TiO2 and
CeO2 is low, which leads to efficient site separation for O2 and
CO adsorption. The activity for CO oxidation over Pt
supported on CeO2 is in this way limited by the activation
energy of the CO + O reaction at the Pt/CeO2 perimeter
rather than the CO desorption energy.5 The coverage of CO
on the metal phase becomes, at high enough temperatures, low
enough for the reaction to proceed according the conventional
Langmuir−Hinshelwood mechanism.5

Another materials strategy to achieve low-temperature
oxidation is to reduce the relative bond strength of CO with
respect to O2. One example is Au-based catalysts, which have
been measured to be active for CO oxidation at temperatures
as low as −80 °C.8,9 The catalytic activity of Au-based catalysts
has a strong particle size dependence, with a high activity for
particles with a diameter below 5 nm.8 The activity is related to
the presence of under-coordinated sites where O2 adsorbs with
a high enough adsorption energy.10 CO oxidation on Au NPs
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has been suggested to occur via the formation of an OCOO
intermediate, which decomposes to CO2 and O.11 The oxygen
atom resulting from the OCOO decomposition can further
react with CO to form a second CO2 molecule. The Au-based
catalysts are not sensitive to CO self-poisoning, despite the fact
that the CO adsorption energy could be higher than that of O2
as O2 in this case requires only one adsorption site. One
challenge with Au-based catalysts is the low activity at high
temperatures due to the weak adsorption energies, which
results in low coverages.
One potential possibility to enhance the low-temperature

activity of both Pd/Pt and Au catalysts is alloying. Bimetallic
alloys of Au−Ag,12 Au−Ir,13 and Au−Pt14 have been measured
to have higher CO oxidation activity than pure Au catalysts.
Recently, dilute alloys have been explored for a range of
different hydrogenation reactions.15−19 Dilute Au alloys are Au
systems doped with a small number of transition metal
monomers. Dilute alloys offer the possibility of spatially
separating the different parts of the reactions. One example is
partial acetylene hydrogenation over Pd@Cu, where H2
dissociates over the Pd sites, whereas acetylene adsorbs on
the Cu sites.18

In this study, we use density functional theory (DFT)
calculations in combination with scaling-relation kinetic Monte
Carlo (kMC) simulations to investigate low-temperature CO
oxidation over dilute alloying of Au with Pt. The results are
compared with the activities of pure Au systems and a Pt
nanoparticle. We note that previous kinetic studies on CO
oxidation over Au-systems11,20,21 mainly have been performed
with mean-field models. kMC simulations have previously been
performed for small clusters, which are governed by quantum
size effects.22 Here, we address CO oxidation over Au and Pt@
Au with an explicit treatment of the inhomogeneity of NPs
having a range of different types of sites.

■ COMPUTATIONAL METHOD
DFT calculations are performed using the Vienna Ab-initio
Simulation Package (VASP).23−25 The interactions between
the valence electrons and the cores are described with the
plane augmented wave method.26,27 Electrons treated in the
valence are 2s22p2 (C), 2s22p4 (O), 5d96s1 (Pt), and 5d106s1
(Au). The exchange−correlation effects are described using the
generalized gradient approximation according to Perdew,
Burke, and Ernzerhof.28 van der Waals interactions are
accounted for by including the correction proposed by
Grimme et al. (D3).29 The Kohn−Sham orbitals are expanded
with plane waves using a 450 eV energy cutoff. Structures are
optimized with the conjugate gradient method, and geometries
are considered to be converged when the largest force is
smaller than 0.02 eV/Å. The integration over the Brillouin
zone is approximated by finite sampling using a Monkhorst−
Pack scheme.30,31 The slabs are in all cases separated by at least
10 Å of vacuum. The energies in the kinetic models are zero-
point-corrected using vibrational modes calculated within the
harmonic approximation using finite differences.
The time evolution is in kMC simulations, described by

events that connect different states of the system. The time is
here evolved using the first reaction method,32 as implemented
in ref 33. Considering two states (α and β) of the system, the
time at which an event changes the system from α to β (tβα) is
given by

t t
W

r1
ln( )=

(1)

where t is the current simulation time, Wβα is the reaction rate,
and r is a uniform random number on the unit interval. The
possible events are stored in a list of events, and the first event
in the list is executed. The list of events and reaction rates is
updated after each executed event by removing disabled events
and adding enabled events. The update is done locally, as only
events close to the executed event are affected.

The rate constants for adsorption are calculated using the
collision theory

W
S pA

M k T2i j
i j i

i
,
ads ,

0
site

B

=
(2)

Here, i is the type of reactant (CO or O2), j is the site index,
Si,j
0 is the sticking coefficient, pi is the pressure of reactant i, Asite

is the area of the site, Mi is the mass of the adsorbing molecule,
kB is the Boltzmann constant, and T is the temperature. The
sticking coefficient for CO and O2 adsorption is generally low
for noble-metal surfaces.34 As the O2 and CO sticking
coefficients for the present systems are unknown, we have
set all sticking coefficients to 0.1. As CO adsorption/
desorption are in equilibrium and O2 adsorption is treated
via the equilibrium constant (see below), the results are not
sensitive to the choice of the sticking coefficient.35 The
desorption rate constants are obtained by the equilibrium
constant (Ki,j) for adsorption and desorption

W
W

Ki j
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,
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(3)

The equilibrium constant is approximated by
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where Ei,j
ads is the adsorption energy of reactant i on site j. Si

gas

and Si
ads are the entropies of the species in gas phase and

adsorbed phase, respectively. The entropies of the adsorbed
species are calculated in the harmonic approximation.36

Transition state theory37 is used to calculate the rate
constant for the oxidation reaction
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Here, ZTS and ZIS are the partition functions for the transition
and initial states, respectively, and Ej is the reaction barrier.
The partition function of the transition state (ZTS) does not
include the reaction coordinate, which yields the factor k T

h
B .

One challenge in kMC simulations is the separation in
timescales for different events. For the considered systems, the
O2 adsorption and desorption events are fast with respect to
the other events. To account for this problem, the probability
(coverage) of having O2 adsorbed on a site j is given by the
equilibrium constant (KOd2,j) for the considered site32
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CO oxidation is studied as a function of temperature for a
range of model systems with a total pressure of 40 Torr and a
pOd2

/pCO ratio of 5. The presented results are averages of 10
different simulations, from which the standard deviations are
evaluated. The turnover frequency (TOF) is calculated as the
number of formed CO2 molecules per surface atom in the
system. We note that the calculated TOFs are sensitive to the
calculated adsorption energies and reaction barriers, which
make trends between different systems more relevant than the
absolute TOFs and ignition temperatures.

■ MODEL SYSTEMS
The reaction kinetics is investigated over Au(111), Au(211),
Au38, and NPs of sizes 2 nm (309 atoms) and 3.2 nm (976
atoms) in the shape of truncated octahedra. The systems are
studied either as pure Au-systems or with Pt monomers
embedded in the surface of the Au-hosts. The dilute alloys with
Pt embedded in Au(111) and Au(211) are denoted as Pt@
Au(111) and Pt@Au(211), respectively. Pt monomers are in
the NPs placed either in the (111) facet [Pt@NP(111)] or in
an edge between two (111) facets [Pt@NP(edge)]. The
systems with Pt embedded in the Au hosts are shown in Figure
1.

The considered elementary steps (events) are adsorption
and desorption of CO and O2, adsorbate diffusion, and the
formation of CO2 from either decomposition of the OCOO
intermediate or reaction between adsorbed CO and O. We
assume immediate desorption of CO2. The reaction steps are

gCO( ) CO+ * * (R1)

gO ( ) O2 2+ * * (R2)

OCO OCOO2* + * * + * (R3)

gOCOO CO ( ) O2* + * + * (R4)

gCO O CO ( ) 22* + * + * (R5)

where (g) represents gas-phase molecules and * denotes a
surface site.

The energy landscapes for the reactions are calculated for
Au(111), Au(211), and a Pt monomer embedded in Au(111)
and Au(211), as shown in Table 1. The Pt monomer is

preferentially embedded in Au(111) by 0.24 eV. The
adsorption energies on Au(111) are weak, and the O2
adsorption energy is zero. Adsorption on the undercoordinated
Au(211) sites increases the adsorption energies. The
adsorption energies are clearly higher on embedded Pt
monomers where the values are close to the corresponding
cases for pure Pt.5 To retrieve the experimentally measured
atop adsorption site for CO on Pt with DFT, the CO
adsorption energy on Pt is corrected by ΔEcorr (in eV) based
on the C−O stretch vibration (νCO in cm−1) according to ref
38.

E 1.8 0.0008corr CO= · (7)

Au sites close to the embedded Pt site have adsorption
properties similar to those of the pure Au systems. Thus, Pt
does not markedly alter the chemical properties of the
neighboring Au sites.

To describe the energy landscape over the NPs, we use
scaling relations39,40 with respect to the generalized coordina-
tion number (GCN) for CO, O2, and O adsorption. The GCN
for a site i is given by41

i
CN j
CN

GCN( )
( )

j max
=

(8)

The sum runs over all nearest neighbors to site i. CNmax is 12
for both gold and platinum, which are fcc crystals. The GCN
accounts for the second coordination shell, making it possible
to distinguish different sites in the particle. Each atom in the
surface layer is represented by a coarse-grained site. A single
coarse-grained site contains the possible geometrical adsorp-
tion sites (atop, bridge, fcc, and hcp), and the energies used in
the scaling relations refer to the preferred geometrical
adsorption site. The connectivity between sites is accounted
for by a nearest neighbor list.

The scaling relations between adsorption energies and GCN
are obtained by calculating the adsorption energies for a set of
model systems. The considered model systems are treated with
(3 × 3) surface cells using four atomic layers and a (7 × 7 × 1)
Monkhorst−Pack sampling. The bottom two layers are fixed to

Figure 1. (a) Pt@Au(111), (b) Pt@Au(211), (c) Au38, (d) Pt@NP
(2 nm), and (e) Pt@NP (3.2 nm). For simplicity, Pt@NP(111) and
Pt@NP(edge) are here combined in one Au NP structure. Atomic
color code: Au (yellow) and Pt (gray). Step sites on Au(211) are
colored brown.

Table 1. Calculated Adsorption Energies (eV) without Zero-
Point Corrections for CO O2 and O over Au(111) and
Au(211) as well as Pt Embedded in Au(111) and Au(211)a

ECO
ads EO2

ads EO
ads

Au(111) −0.38 0.00 −0.07
Au(211) −0.74 −0.31 −0.20
Pt@Au(111) −1.65 −0.38 −0.33
Pt@Au(211) −1.99 −0.76 −0.78
Au−Pt@Au(111) −0.35 0.03 0.08
Au−Pt@Au(211) −0.72 −0.20 −0.21

aFor Pt@Au(111) and Pt@Au(211), the adsorption energies
correspond to adsorption on the embedded Pt, whereas Au−Pt@
Au(111) and Au−Pt@Pt(211) correspond to adsorption on the Au
site close to the embedded Pt.
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the corresponding bulk positions. CO adsorption is considered
on Au(111), Au(100), Au(211), and two Au adatoms on
Au(100) where CO is adsorbed in an atop site. The obtained
scaling relation (see Supporting Information) is (in eV)

E 0.118 GCN 1.4126CO
ads = · (9)

The scaling relations (in eV) for O2 and O were adopted
from our recent work using the same computational
approach19

E 0.176 GCN 1.247O
ads

2
= · (10)

E 0.058 GCN 0.566O
ads = · (11)

The scaling relations are reported here without zero-point
corrections, which, however, are added in the kinetic
simulations.
Having the adsorption energies from the present work, the

activation barriers of reactions R3, R4, and R5 are obtained
using the slopes of the scaling relations for three-dimensional
clusters in ref 21. The adsorption energies and barriers define
the potential energy surfaces for the reaction. The reaction
barrier (in eV) to form OCOO from adsorbed O2 and CO is

E E0.52 0.34R3
1= · + (12)

where ΔE1is

E E E E1 OCOO CO O2
= (13)

where

E E1.10 0.36OCOO CO= · (14)

The reaction barrier (in eV) for the decomposition of
OCOO is given by

E E0.53 1.00R4
2= · (15)

where ΔE2 is

E E0.64 2.542 1= · (16)

The reaction barrier (in eV) for the reaction of CO with
atomic O is

E E0.76 0.51R5
1= · + (17)

Besides the adsorption, desorption, and reaction events,
adsorbates diffuse over the surface. The diffusion barriers are
low over Au and diffusion barriers for CO and O have been
increased to 0.4 eV to reduce the number of diffusion events.
However, the rate for the diffusion events is still several orders
of magnitude higher than the reaction rates, which indicates
that the increased barriers do not affect the reaction kinetics.
The diffusion for CO from a Pt site to an Au site is set to the
difference in adsorption energy over these sites, which is 1.4
eV. We do not include adsorbate−adsorbate interactions,
which is motivated by the low coverages over both the Au and
Pt@Au systems (see the Supporting Information).

■ RESULTS AND DISCUSSION
Low-temperature CO oxidation over Au is experimentally well
established8 and has previously been studied computationally
using mean-field models.11,20,21 Here, we compute the
temperature dependence on the TOF for pure Au systems
(Figure 2) as a reference for dilute Pt@Au alloys. The TOF is

calculated as the number of formed CO2 molecules per second
and the number of surface atoms.

The TOF for Au(111) is close to zero over the entire
temperature range. The low activity is a result of the weak
adsorption energies for both CO and O2 on Au(111). Thus,
the CO and O2 coverages are close to zero in the temperature
range where the rates of the oxidation steps are appreciable. An
activity for CO oxidation is instead calculated for Au(211),
which has under-coordinated sites and, consequently, higher
adsorption energies. The rate is nonzero between −50 and 100
°C. This result is consistent with previous mean-field
treatments of the reaction.11,20

The Au38 cluster and the Au NPs show activity in a wider
temperature range than does Au(211). The Au38 cluster is
active over 300° with high activity already at −50 °C. The Au
NPs have activities at even lower temperatures and are active
until 100 °C. The higher onset temperature for Au38 compared
to that for the Au NPs is related to the stability of adsorbed
OCOO, which start to decompose on Au38 at −75 °C. The
wider temperature range for the activity on Au38 is traced to
the stronger bonding of the adsorbates and, consequently, the
possibility to have coverages of CO and O2 at higher
temperatures.

The bare gold systems with under-coordinated sites show
activity at temperatures as low as −100 °C. It is clear that the
activity is strongly structure-dependent and, therefore, difficult
to compare with experiments where the structure is unknown.
Moreover, the effect of the support in experiments may
influence the reaction via modification of the Au structure as
well as charge transfers and reactions at the Au/support
interface. We note that Au-catalysts have been measured to
have activity at temperatures as low as −80 °C.8,9 Our results
show activity at temperatures as low as −100 °C, which could
be related to an uncertainty in the adsorption and reaction

Figure 2. Temperature-dependent TOF for Au(111) and Au(211)
[top] and for Au38 together with the two Au NPs [bottom]. The
simulations are obtained with a total pressure of 40 Torr under lean
conditions (pOd2

/pCO is 5).
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energies caused by the applied exchange−correlation func-
tional.28

To elucidate the fundamental difference of CO oxidation
over Au(111) and a system with under-coordinated sites, we
analyze the rates of the elementary reactions (Figure 3). For

Au(1111), the main events are CO adsorption and desorption.
CO may diffuse before it desorbs. The equilibrium coverage
for O2 is in this case about 10−9. CO adsorption and
desorption are the main events also for Au(211); however, the
O2 equilibrium coverage is in this case about 10−5, which
enables OCOO formation. OCOO decomposition yields CO2
and adsorbed O. Atomic O reacts with CO to form a second
form of CO2. The lower adsorption energy of CO on Au(211)
compared to that on Au(111) results in more CO diffusion
events. Adsorbed atomic O may also diffuse before it reacts to
form CO2.
Having established the properties for bare Au systems, we

investigated the effect of having Pt embedded in the Au hosts.
The TOFs for Pt@Au(111), Pt@Au(211), and Pt placed in
two different positions in the Au NPs are shown in Figure 4.
The presence of a Pt monomer has no effect on the close-
packed Au(111) system, which remains inactive over the entire
temperature range. The Pt@Au(211) system is active from
−100 °C and has an activity that extends to 200 °C. The TOF
over Pt@Au(211) originates from the fact that CO adsorbs on
the Pt site, which enables OCOO formation as long as the
coverage of O2 is high enough. Pt@Au(211) is fundamentally
different from Au(211) because of the low adsorption energy
of CO on the Pt site. The coverage of CO is close to one on
the Pt site over the entire temperature interval (see Supporting
Information).

The temperature range for activity of Pt@NP(111) is similar
to that of the pure Au NPs systems. Because of the low O2
adsorption energy on (111) facets, the presence of CO on the
Pt monomer does not appreciably affect the TOF. The
situation is different when Pt is placed on the edges of the NPs.
With Pt in an edge position, the TOF is higher by 1 order of
magnitude than for the corresponding pure Au-systems.
Moreover, the temperature window of the activity is wider.
The differences are clearly related to the higher coverage of
CO. As for the extended surfaces, the CO coverage on the Pt
site is close to one in the entire temperature range (see
Supporting Information) and the activity in the high
temperature range is determined by the availability of adsorbed
O2.

The results for the NP systems are compared to the case
with a Pt-only particle of the same shape and size as the 3.2 nm
Au NP (parameters and scaling relations in Supporting
Information). The Pt particle has an appreciable TOF only
at temperatures above 100 °C, which is a consequence of the
self-poisoning of CO, which prevents the dissociated
adsorption of O2. Moreover, the reaction barriers for CO2
formation are higher over the Pt-only system compared to
those in the dilute alloys.

The rates of the elementary reactions over Pt@Au(111) and
Pt@Au(211) are shown in Figure 5. Here, the events on the Pt
and Au sites are combined. The main difference between
Au(111) (Figure 3) and Pt@Au(111) is the possibility to have
a CO coverage, which enables OCOO formation. Once
OCOO decomposes, atomic O is formed, which may diffuse
over the surface. The rates for Pt@Au(211) are similar to
those for Au(211). There is a difference in the amount of

Figure 3. TOF for the elementary reaction. The simulations are
obtained at 27 °C (300 K) with a total pressure of 40 Torr under lean
conditions (pOd2

/pCO is 5).

Figure 4. Temperature-dependent TOF for Pt@Au(111) and Pt@
Au(211) [top] and Pt@NP(111) and Pt@NP(edge) [bottom]. The
results for the NPs are compared with the results of a pure Pt NP. The
simulations are obtained with a total pressure of 40 Torr under lean
conditions (pOd2

/pCO is 5).
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formed OCOO, which affects the rates of OCOO decom-
position and CO oxidation with adsorbed O.

■ CONCLUSIONS
We have used first-principles-based kMC simulations to
explore CO oxidation over pure Au systems and dilute alloys
of Pt embedded in extended Au hosts and Au NP. Low-
coordinated Au sites show activity at temperatures below 0 °C,
which is in agreement with the experimental evidence of low-
temperature activity of Au NPs. The activity decays above 100
°C because of the low coverage of both CO and O2.
Embedding Pt in the Au hosts widens the range of activity
as the reaction is not limited by a low coverage of CO.
Combining dilute Pt@Au alloys and pure Pt NP would enable
CO oxidation at both low and high temperatures.
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