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ABSTRACT: Pd−Au bimetallic catalysts have shown promising performance for a
number of oxidative reactions. The present study utilizes reactive molecular beam
scattering (RMBS), reflection−absorption infrared spectroscopy (RAIRS), temperature-
programmed desorption (TPD), and density functional theory (DFT) techniques in an
attempt to enhance the fundamental understanding of oxygen activation and reaction
with CO on Pd−Au surfaces. Our results reveal that the presence of contiguous Pd sites
is crucial for adsorption of oxygen molecules on Pd/Au(111) surfaces at 77 K. Upon
heating, oxygen admolecules desorbed molecularly without detectable dissociation in O2-
TPD measurements. CO-RMBS experiments indicate that at lower temperatures (77−
150 K) oxygen admolecules were readily displaced by CO due to competitive adsorption.
Oxygen admolecules can be thermally activated at higher temperatures (180−250 K) to
react with CO to form CO2. DFT calculations show that the Pd−Au surface containing
larger Pd ensembles favors dissociative CO oxidation, whereas associative CO oxidation
and O2 desorption are the two main competing processes for the Pd−Au surface
containing small Pd ensembles. An associative CO oxidation pathway was not experimentally observed, which is likely due to
facile CO-induced O2 desorption. These results provide mechanistic insights into the interaction of oxygen with Pd−Au surfaces,
which may prove informative for the rational design of Pd−Au catalysts for associated reactions involving O2 as a reactant.

■ INTRODUCTION
The study of bimetallic catalysts is important in the field of
heterogeneous catalysis as bimetallics often exhibit physico-
chemical properties that are distinctly different from those of
the parent metals. These properties provide the potential to
design catalysts with enhanced activity, selectivity, and
stability.1,2 As one of the most extensively studied bimetallic
systems, Pd−Au catalysts have displayed promising perform-
ance in a number of oxidative chemical reactions including CO
oxidation,3,4 acetoxylation of ethylene to vinyl acetate,5,6

selective oxidation of alcohol to aldehyde,7−9 and the direct
synthesis of hydrogen peroxide from hydrogen and oxygen.10,11

A molecular-level understanding of how oxygen molecules
interact with Pd−Au surfaces (e.g., adsorption, dissociation, and
desorption) would be informative for the optimization of Pd−
Au catalysts employed for these reactions and other reactions
involving oxygen. In model catalyst studies, reactions are
normally investigated on well-defined single-crystal surfaces
under ultrahigh vacuum (UHV) conditions, which enable the
correlation of catalytic properties to surface structures at the
molecular level.1,2,12−16

Interactions of oxygen with the Pd(111) single-crystal surface
have been studied extensively.17−23 It was reported that oxygen
molecularly chemisorbs on the Pd(111) surface at the
temperature of 80 K.19 High-resolution electron energy loss
spectroscopy (HREELS)19,21 showed that chemisorbed oxygen
molecules exist in three molecular states that exhibit different
vibrational frequencies of O−O stretching due to varying

degrees of electron transfer from the surface into the oxygen
molecule. At low coverages (dosed by small exposure of
molecular oxygen), adsorbed oxygen molecules dissociate into
oxygen adatoms at ∼180−200 K,19−21 which recombine and
desorb from the Pd(111) surface at temperatures higher than
600 K in temperature-programmed desorption (TPD)
measurements.18,20 The direct desorption of oxygen admole-
cules (without dissociation into oxygen adatoms) was observed
when molecular oxygen was dosed on the Pd(111) surface at
high coverages.18,20 Three molecular desorption features with
peak temperatures of ∼125, 150, and 200 K were observed,20

which are consistent with the three molecular states
characterized in HREELS spectra.19,21 In contrast to the ease
of activation on Pd single-crystal surfaces, it is well-accepted
that oxygen molecules do not readily activate (or dissociate) on
clean Au single-crystal surfaces.15,24

Recently the interaction of oxygen with Pd−Au bimetallic
model surfaces has been studied both experimentally25−27 and
theoretically.28−39 For example, Tysoe and co-workers25 have
investigated the interaction of oxygen with Au/Pd(100)
surfaces with various surface compositions using O2-TPD.
Following oxygen exposure at 80 K, direct desorption of oxygen
admolecules was observed at 114 and 179 K, and recombinative
desorption of oxygen adatoms was detected at ∼750 K during
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heating.25 The coverage of oxygen adatoms was reported to
decrease as the gold coverage was increased.25 The reaction
with CO to form CO2 is commonly used to probe the reactivity
of surface oxygen on Pd−Au model surfaces.25−28,32,33,35,37−39

By combining reaction kinetics measurements and polarization-
modulation infrared reflection spectroscopy (PM-IRAS)
characterizations, Gao et al.26 reported that neither Au nor
isolated Pd sites on the AuPd(100) surface are capable of
dissociating oxygen molecules. Contiguous Pd sites are required
for O2 dissociation, which in turn accounts for a high CO
oxidation activity over the AuPd(110) surface.26

In this study, we combine experimental and theoretical
methods to investigate the activation of oxygen and its reaction
with CO on Pd/Au(111) bimetallic surfaces. The adsorption of
oxygen molecules was studied by King−Wells measurements, in
which an O2 beam was impinged onto a variety of Pd/Au(111)
surfaces at 77 K. These surfaces were physically characterized
employing Auger electron spectroscopy (AES) and reflection−
absorption infrared spectroscopy (RAIRS) using CO as a probe
molecule. The interactions of oxygen admolecules with Pd/
Au(111) surfaces (i.e., desorption and dissociation) were then
investigated using O2-TPD. The energy for O2 desorption and
energy barrier for O2 dissociation on Pd/Au(111) surfaces with
Pd ensembles of various sizes were calculated via DFT
methods. CO-RMBS was used to probe the reactivity of
oxygen species on Pd/Au(111) surfaces by monitoring CO2
production. Finally, possible reaction mechanisms (i.e.,
associative and dissociative pathways) for CO oxidation on
Pd/Au(111) surfaces were discussed in terms of the Pd
ensemble size using DFT calculations.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

UHV Experiments. All experiments in this study were
performed in an UHV chamber that has been described in
detail previously.40,41 Briefly, the chamber is equipped with an
Auger electron spectrometer (Physical Electronics 10-500), a
quadrupole mass spectrometer (Extrel C-50), and a Fourier
transform infrared spectrometer (Bruker Tensor 27) combined
with a mercury−cadmium−telluride (MCT) detector (Infrared
Associates), as well as nozzles and apertures for generating two
separate molecular beams.
The Au(111) single-crystal sample is a circular disk

(Princeton Scientific, 12 mm in diameter × 2 mm thick) held
in place by a Mo wire fitted around a groove cut into the side of
the sample. This wire is also used to resistively heat the sample
and provide thermal contact between the sample and a liquid
nitrogen bath for cooling. The temperature of the sample was
measured with a K-type (Alumel−Chromel) thermocouple
placed into a small hole in the edge of the disk-shaped sample.
The Au(111) surface was periodically cleaned by Ar ion
bombardment (2 keV), carried out at room temperature,
followed by an anneal to 800 K. The cleanliness of the surface
was verified by AES with a beam energy of 3 keV and emission
current of 1.5 mA.
Pd−Au bimetallic model surfaces were prepared by

depositing ∼2.9 monolayer (ML) of Pd atoms from a
homemade thermal evaporator onto the Au(111) surface at
77 K followed by annealing to a specified temperature for 10
min.42−44 The growth of the Pd overlayer on the Au(111)
surface at 77 K is believed to obey a layer-by-layer mechanism,
and upon annealing surface Pd atoms can diffuse into the bulk
of the Au(111) surface, forming a Pd−Au alloy at the surface.45

The deposition rate of Pd in this study was calibrated with a
quartz crystal microbalance (QCM) controller (Maxtek Inc.)
assuming the thickness of 1 ML Pd equals 0.274 nm.
The adsorption of oxygen molecules on Pd−Au surfaces that

were annealed to various temperatures (500−675 K) was
investigated by King and Wells measurements.46−49 A neat O2
molecular beam with a translational energy of ∼0.1 eV was first
impinged on the stainless steel inert flag to establish a baseline.
The beam was then impinged on the annealed Pd/Au(111)
surface at a surface temperature of 77 K. The O2 QMS signal
(m/z+ = 32) was monitored during the King−Wells measure-
ments.
Reflection absorption infrared spectroscopy using CO as a

probe molecule (CO-RAIRS) was used to characterize the
annealed Pd−Au surfaces. The Pd−Au surface was first heated
to 500 K at 1 K/s to desorb any surface contaminants such as
CO. After the sample had cooled to 77 K, an IR background
scan was taken. Saturation coverage of CO was dosed by a
molecular beam of CO with the sample held at 77 K. The IR
spectrum of saturated CO adsorbed on the surface was taken at
77 K. All spectra were averaged from 512 scans with a
resolution of 4 cm−1.
For O2-TPD and CO-RMBS experiments, the Pd−Au

bimetallic surface was generated by depositing 2.9 ML Pd on
the Au(111) surface followed by annealing to 500 K for 10 min.
This surface consists of ∼77% Pd and ∼23% Au based on low-
energy ion-scattering spectroscopy (LEISS) characterizations.45

In O2-TPD measurements, oxygen was dosed by impinging an
O2 beam on the Pd−Au surface at 77 K. The surface was then
heated at a rate of 1 K/s, while m/z+ = 32 (O2) was monitored
by QMS. For CO-RMBS experiments, the Pd−Au surface was
first saturated with oxygen at 77 K by backfilling the chamber
with 1 langmuir (L; 1 L = 1 × 10−6 Torr-s) of O2 through a leak
valve. The oxygen-precovered Pd−Au surface was then heated
to a specific temperature (77−250 K) prior to CO beam
impingement. QMS signals of m/z+ = 32 (O2), 44 (CO2), and
28 (CO) were simultaneously monitored during CO-RMBS
experiments.

DFT Calculations. All DFT calculations were performed
with the Vienna ab initio simulation package.50−53 The
interaction between the ionic core and the valence electrons
was described by the project augmented wave method,54 and
the valence electrons were described with a plane-wave basis up
to an energy cutoff of 300 eV.55,56 The energy cutoff was
increased to 400 eV to test for convergence, and the O2
dissociation barrier on Au was found to vary by less than 0.005
eV. The exchange correlation contribution to the total energy
functional was determined using the Perdew−Burke−Ernzerhof
(PBE) generalized gradient approximation functional.57 The
location and energy of the transition states were calculated with
the climbing-image nudged elastic band method.58,59 The gold
surface was modeled as a four-layer 4 × 4 Au(111) slab with the
bottom two layers fixed and 10 Å of vacuum. The Pd-decorated
Au(111) surfaces in this study are modeled by replacing Au
atoms on the top layer of the Au(111) slab with various Pd
ensembles, as illustrated in Figure S1 (Supporting Informa-
tion). The Brillouin zone was sampled using a 3 × 3 × 1
Monkhorst−Pack k-point mesh.60 The convergence criteria for
the electronic structure and the atomic geometry were 10−5 eV
and 0.01 eV/Å, respectively. The binding energies of O2 and
CO on the surface are referenced to the gas-phase O2 and CO
molecules, respectively.
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■ RESULTS AND DISCUSSION
Adsorption of Oxygen on Pd−Au Surfaces. In this

study, the adsorption of oxygen molecules on Pd−Au surfaces
was investigated by King−Wells measurements. Figure 1 shows

the O2 QMS signal during a series of King−Wells measure-
ments in which an O2 beam was impinged onto the 2.9 ML Pd/
Au(111) surface that was previously annealed to various
temperatures (i.e., 500−675 K). The O2 molecular beam was
first impinged onto the inert flag that was held in front of the
sample surface for 5 s (from 10 to 15 s) to establish a baseline
signal (all O2 molecules scattering from the inert flag). After
removing the inert flag, the beam was impinged onto the Pd−
Au surface that was held at 77 K for 30 s (from 15 to 45 s). The
measurement was also conducted on the clean (Pd-free)
Au(111) surface and is included for comparison.
When the O2 beam was impinged on the inert flag, a

constant O2 QMS signal was detected due to scattering of the
beam with negligible adsorption on the sample. After the
removal of the inert flag, a constant O2 QMS signal was
observed from the clean Au(111) surface, signifying no oxygen
adsorption (or uptake) occurred on the clean Au(111) surface.
For the Pd/Au(111) surface annealed to 500 K, the intensity

of the O2 QMS signal was initially lower than that observed for
impingement onto the inert flag due to the adsorption of
oxygen on the surface. Since no oxygen uptake was observed on
the Au(111) surface, it is proposed that the adsorption sites for
oxygen on the annealed Pd/Au(111) surface consist of Pd
surface atoms. It has been reported that with exposure to
oxygen molecules at 100 K oxygen adsorbs molecularly on the
Pd(111) surface, and the dissociation of oxygen admolecules
occurs at temperatures of ∼180−200 K.20 Accordingly, the
oxygen adsorption on the Pd−Au surface observed here is likely
molecular adsorption without dissociation. The initial sticking
probability of oxygen is ∼0.43 for the Pd/Au(111) surface
annealed at 500 K. The sticking probability eventually decreases
to zero (where the intensity of the O2 QMS signal from the
sample surface became nearly identical with that from the inert
flag) as adsorbed oxygen saturated the Pd−Au surface.
When the Pd/Au(111) surface was progressively annealed to

higher temperatures (550−675 K), the time to saturate the
surface with oxygen molecules gradually reduced, indicative of
less oxygen uptake since the flux of the O2 beam was kept
constant for all of these measurements. The uptake of oxygen
on each surface during the King−Wells measurements is

proportional to the magnitude of integral of the intensity of the
O2 QMS signal from the sample surface using the intensity of
the O2 QMS signal from the inert flag as a baseline (Figure S2,
Supporting Information). Relative to the Pd/Au(111) surface
annealed at 500 K, the oxygen uptake for Pd/Au(111) surfaces
annealed to 550, 600, and 650 K reduced to ∼75%, 49%, and
2%, respectively. The oxygen uptake was negligible on the Pd/
Au(111) surface that was annealed at 675 K.
The oxygen uptake on the Pd−Au surface is correlated with

the concentration of surface Pd atoms. We characterized the
relative surface compositions for annealed Pd/Au(111) surfaces
by AES. Figure S3 (Supporting Information) shows the AES
spectra of as-prepared and annealed 2.9 ML Pd/Au(111)
surfaces. As the annealing temperature was increased, the Pd
AES signal intensity was attenuated, and the Au AES signal
intensity was enhanced, which has been previously observed by
Koel and co-workers.45 This effect is attributed to diffusion of
surface Pd atoms into the subsurface of the Au(111) single-
crystal sample during the annealing process.45 The oxygen
uptake during King−Wells measurements as a function of the
Pd/Au AES signal intensity ratio of each annealed surface is
illustrated in Figure 2.

The oxygen uptake is linearly proportional to the Pd/Au AES
signal intensity ratio for all surfaces except those that were
annealed at 650 and 675 K. This deviation suggests that other
surface properties (e.g., arrangement of Pd and Au surface
atoms) may also influence the oxygen uptake on the Pd−Au
surface, and oxygen uptake may not simply be a function of the
concentration of Pd atoms on the Pd/Au(111) surface.
The annealed Pd/Au(111) surfaces were further charac-

terized by RAIRS using CO as a probe molecule (CO-RAIRS).
CO-RAIRS has been extensively employed to characterize the
surface properties and structures of the Pd−Au model
surface.6,26,42,61−63 The type of adsorption site occupied by
CO (e.g., atop sites, 2-fold or 3-fold bridge sites) can be
inferred by the intramolecular CO stretch frequency (νCO) as a
result of varying degrees of π-antibonding back-donation from
the surface electrons.64 Figure 3 shows the RAIRS spectra for
saturated CO adsorbed on the clean Au(111) and annealed 2.9
ML Pd/Au(111) surfaces at 77 K.

Figure 1. King−Wells measurements of an O2 beam impinging on
Au(111) and annealed 2.9 ML Pd/Au(111) surfaces at a surface
temperature of 77 K.

Figure 2. Oxygen uptake during King−Wells measurements on
annealed 2.9 ML Pd/Au(111) bimetallic surfaces versus Pd (333 eV)/
Au (74 eV) AES intensity ratio.
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For the clean Au(111) surface, only one vibrational band at
∼2107 cm−1 was observed, which is associated with CO bound
to atop Au sites.26,61−63,65 The Pd/Au(111) surface annealed at
500 K displayed two IR features at ∼2087 and ∼1977 cm−1,
which have been assigned to atop CO on isolated Pd sites (or
Pd monomer) and bridged CO on contiguous Pd sites,
respectively.26,61−63 Increasing the annealing temperature
resulted in the attenuation of the IR signal associated with
bridged CO on contiguous Pd sites (νCO = ∼1977 cm−1) and
intensification of the signal associated with CO atop on isolated
Pd sites (νCO = ∼2087 cm−1). The IR band due to bridged CO
on contiguous Pd sites became relatively small for the Pd/
Au(111) surfaces annealed at 650 K and disappeared when
annealed at 675 K. Considering the CO-RAIRS spectra (Figure
3) and oxygen uptake (Figure 2), it suggests that the presence
of contiguous Pd sites on the Pd−Au surface is crucial for
adsorption of oxygen molecules.
These experimental observations are conceptually consistent

with our DFT calculations of oxygen adsorption. The binding
energy of an oxygen molecule as a function of Pd ensemble size
on Pd/Au(111) surfaces is presented in Figure S4 (Supporting
Information). As shown in the inset of Figure S4 (Supporting
Information), molecular oxygen binds on the fcc hollow site
aligned in a top-hollow-bridge (t-h-b) geometry on these
surfaces, except for the Pd2−Au(111) surface, where the oxygen
molecule bridges on two Pd atoms. The calculated binding
energy for the oxygen molecule on the Au(111) surface is 0.34
eV. With the presence of the Pd monomer, the binding energy
decreases to 0.11 eV on the Pd1−Au(111) surface. These
positive values of binding energy indicate that the adsorption of
an oxygen molecule is energetically unfavorable on the clean
Au(111) and Pd1−Au(111) surfaces. The binding energy of the
oxygen molecule reduces to the negative value of −0.17 eV on
the Au(111) surface with a Pd dimer (i.e., Pd2−Au(111)
surface), which supports our experimental observation of the
importance of contiguous Pd sites for adsorption of oxygen
molecules on the Pd−Au surface. These results are also
consistent with previous DFT reports, in which the effects of
Pd ensembles (i.e., monomer, dimer, and trimer) on the
adsorption oxygen molecule were investigated using 1 ML Au/
Pd(111)29 and Au(111) surfaces35 as substrates. The binding
energy of the oxygen molecule on the Pd/Au(111) surface
gradually decreases as the Pd ensemble size increases. For the

Au(111) surfaces fully covered by 1 ML of Pd overlayer, the
calculated binding energy of the oxygen molecule is −0.83 eV,
indicating that the oxygen molecule binds more strongly to this
surface than to other Pd/Au(111) surfaces.

Desorption of Oxygen from Pd−Au Surfaces. The
interaction of oxygen with the Pd−Au surface was investigated
via O2-TPD as shown in Figure 4. The Pd−Au surface was

generated by depositing 2.9 ML Pd onto the Au(111) surface at
77 K followed by annealing at 500 K. Dosing of O2 was
achieved by impinging a molecular beam of O2 onto the surface
at 77 K prior to heating.
O2-TPD has been extensively studied on the Pd(111)

surface.17,18,20,21 According to the desorption temperature, two
types of oxygen desorption processes have been identified from
the Pd(111) surface:20 associative desorption (or recombinative
desorption of oxygen adatoms; peak temperature at ∼800 K)
and molecular desorption (or direct desorption of oxygen
admolecules; peak temperatures at ∼200, 150, and 125 K). In
Figure 4, the oxygen desorption peak ended at ∼220 K, and no
other feature was observed during heating to 800 K. These
results suggest that oxygen admolecules desorb molecularly
from the Pd−Au surface without detectable dissociation into
oxygen adatoms. It is noted that the Pd/Au(111) surface that
was generated by annealing at 500 K undergoes significant
changes when the temperature is heated to above 500 K (as
shown in AES (Figure S3, Supporting Information) and CO-
RAIRS (Figure 3) characterizations), which increases the
difficulty of investigating the phenomena for recombinative
desorption of oxygen adatoms during heating. Nevertheless, it
is clear that the surface concentration of oxygen adatoms from
dissociation of oxygen molecules (if any) is not sufficient to
detect via O2-TPD. The inset in Figure 4 shows desorption of
oxygen molecules with various coverages from the Pd−Au
surface. In these TPD measurements, various coverages of
oxygen were dosed onto the same Pd−Au surface at 77 K
followed by heating to 500 K. To more clearly visualize
desorption peaks, the obtained spectra were plotted within the
temperature range between 77 and 300 K (no oxygen
desorption was observed when the temperature was higher
than 300 K) as shown in the inset of Figure 4. In contrast with
the sharp features in molecular oxygen desorption observed

Figure 3. RAIRS spectra of saturated CO on Au(111) and annealed
2.9 ML Pd/Au(111) bimetallic surfaces taken at a surface temperature
of 77 K.

Figure 4. TPD of saturated O2 from the Pd/Au(111) bimetallic
surface. Inset shows the TPD of various coverages of O2 from the same
surface. The heating rate was 1 K/s.
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from the Pd(111) surface,20 the desorption peaks for oxygen
molecules from the Pd−Au surface are relatively broad, which is
likely due to the relatively high degree of heterogeneity of the
annealed Pd/Au(111) surface in comparison to that of the
Pd(111) surface.
The competition between desorption and dissociation of the

molecular oxygen on Pd−Au surfaces upon heating was also
explored by DFT calculations. Figure 5 represents the energy

for desorption and energy barrier for dissociation of an oxygen
molecule on Pd/Au(111) surfaces as a function of Pd ensemble
size. The corresponding potential energy diagram is shown in
Figure S5 (Supporting Information). It is noted that the energy
for desorption of the oxygen admolecule is essentially the
negative value of the binding energy shown in Figure S4
(Supporting Information).
As shown in Figure 5, the energy for desorption of an oxygen

admolecule (i.e., O2(ad) → O2(g)) gradually increases from 0.17
to 0.44 eV as the Pd ensemble on the Au(111) surface changes
from a dimer to a hexamer. On the other hand, the energy
barrier for dissociation of an oxygen admolecule (i.e., O2(ad) →
2O(ad)) decreases from 1.11 to 0.64 eV under the same
conditions. It is noted that the energy for desorption is smaller
than the energy barrier for dissociation on each of these Pd/
Au(111) surfaces. Furthermore, it has been reported that the
desorption prefactor (νdes) is usually significantly larger than
the dissociation prefactor (νdiss) for a molecular adsorbate (νdiss
= ∼10−3 νdes).66 Accordingly, desorption of O2 is favored over
its dissociation on these Pd/Au(111) surfaces. In other words,
upon heating, the oxygen admolecule would prefer to desorb
from the surface at the temperature below its dissociation
temperature. These results are in good agreement with our O2-
TPD observations (Figure 4), in which molecular desorption of
oxygen was observed, but the recombinative desorption of
atomic oxygen that comes from dissociation was undetectable.
As shown in Figure 5, the dissociation of an oxygen admolecule
becomes energetically favorable over desorption when larger Pd
ensembles (e.g., consisting of nine Pd atoms) are present on
the Au(111) surface. For the Au(111) surface covered by 1 ML
of Pd (i.e., the Pd1ML/Au(111) surface), the calculated energy
barrier for dissociation of an oxygen admolecule (0.3 eV) is
much lower than the energy for desorption of an oxygen
admolecule (0.83 eV). This is consistent with the observation

that low coverages of oxygen admolecules can completely
dissociate into oxygen adatoms on the Pd(111) surface.20

Reaction of Oxygen and CO on Pd−Au Surfaces. The
reaction with CO to form CO2 has been used to experimentally
probe the reactivity of surface oxygen on Pd−Au model
surfaces.25−27 In this study, the reactivity of molecular oxygen
adsorbed on the Pd/Au(111) surface upon heating was
assessed by CO-RMBS via monitoring CO2 production. CO-
RMBS experiments were conducted by impinging a molecular
beam of CO onto the inert flag for 5 s (from 15 to 20 s) and
then onto the molecular oxygen-precovered Pd−Au surface for
60 s (from 20 to 80 s) as shown in Figure 6. For these

measurements, the Pd−Au surface (generated by depositing 2.9
ML Pd onto the Au(111) surface at 77 K followed by annealing
at 500 K) was presaturated with molecular oxygen at 77 K and
then heated to a specific temperature (77−250 K) prior to CO
beam impingement. The measured O2 and CO2 QMS signals
are depicted in Figures 6a and 6b, respectively.
As expected, neither O2 nor CO2 QMS signals were detected

when the CO beam was impinged onto the inert flag. When the
CO beam struck the oxygen-precovered Pd−Au surface at 77
K, a peak in the O2 QMS signal emerged (Figure 6a), indicating
that impingement of CO onto the surface caused evolution of
O2. This O2 evolution is likely due to the competitive
adsorption of CO on the surface sites, which displaces the

Figure 5. Energy for desorption and energy barrier for dissociation of
an oxygen molecule adsorbed on Pd/Au(111) surfaces as determined
by DFT calculations.

Figure 6. (a) O2 (m/z
+ = 32) and (b) CO2 (m/z

+ = 44) QMS signals
during CO-RMBS on the oxygen-presaturated Pd/Au(111) bimetallic
surface at various surface temperatures.
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preadsorbed O2 into the gas phase. Since no measurable O2
adsorption was detected when an O2 beam struck the CO-
presaturated Pd−Au surface at 77 K (Figure S6, Supporting
Information), we speculate that the adsorption strength of CO
on the surface is much stronger than that of O2. This suggestion
is also supported by DFT calculations in which the binding of
CO (Figure S7, Supporting Information) to Pd/Au(111)
surfaces is found to be stronger relative to that of O2 (Figure
S4, Supporting Information). The oxygen evolution decreased
in intensity when the Pd−Au surface was preheated to 120 K,
which is likely due to desorption of O2 during heating (Figure
4) before CO beam impingement. The intensity of oxygen
evolution decreased further as the surface was preheated and
held at higher temperatures (180−250 K).
As shown in Figure 6b, no CO2 signal was detected when the

CO beam was impinged onto the oxygen-precovered Pd−Au
surface held at temperatures ranging from 77 to 150 K. These
results show that the surface oxygen species is inactive to react
with CO to form CO2 within this temperature range (77−150
K). A small peak in CO2 production was observed when the
CO beam struck the oxygen-precovered Pd−Au surface at 180
K, suggestive of the thermal activation of adsorbed oxygen
molecules. It is noted that the CO2 peak emerged at ∼24 s,
which is ∼4 s after CO beam impingement which began at 20 s.
This is likely due to the site blocking from oxygen and
hydrogen impurities (from adsorption of background gas that is
intrinsically present in our UHV chamber)42 on the Pd−Au
surface. Figure S8 (Supporting Information) shows the QMS
signals of O2, CO2, H2, and CO during a CO-RMBS
experiment at 180 K. The emergence of a CO2 production
peak was observed after the evolution of O2 and H2 that were
induced by CO beam impingement. The phenomena of CO-
induced recombinative desorption of H adatoms from the Pd/
Au(111) surface have been observed previously.43

The CO2 production peak became more significant when the
surface was heated to higher temperatures (200 and 250 K)
prior to CO beam impingement. As shown in Figure 4, the
process for molecular desorption of adsorbed oxygen ended at a
temperature of ∼220 K. Accordingly, the CO2 production from
the Pd−Au surface observed at 250 K is likely due to the
reaction of CO with oxygen adatoms rather than oxygen
admolecules. This observation suggests that dissociation of
oxygen admolecules could occur on the Pd−Au surface during
heating (the amount of oxygen that reacted with CO above 200
K is estimated as ∼0.3% of saturation oxygen coverage), which
was undetected in the O2-TPD measurements in Figure 4. It is
noted that oxygen admolecules dissociate into oxygen adatoms
on the Pd(111) surface at ∼180−200 K,19−21 which is
coincident with the temperature range in which we observed
CO2 production from the reaction of CO with oxygen species
on the Pd−Au surface in CO-RMBS experiments (Figure 6b).
DFT calculations were performed to examine the influence

of the Pd ensemble size on the reaction mechanism of CO
oxidation on Pd−Au surfaces. In this study, we consider two
possible Langmuir−Hinshelwood mechanisms, i.e., dissociative
and associative mechanisms, as shown in Scheme 1.33

The dissociative and associative mechanisms are different
from each other in regards to their initial step. For the
dissociative mechanism, the O2 admolecule dissociates into O
adatoms as the first step (step A). In the associative mechanism,
the first step is the bimolecular reaction between the O2
admolecule and adsorbed CO to form adsorbed CO2 and an
O adatom (step C). The dissociative and associative

mechanisms result in the same overall reaction as the second
step (step B); i.e., the O adatom reacts with adsorbed CO to
form adsorbed CO2.

33

Figure 7 shows the calculated energy barriers for each step in
the dissociative and associative CO oxidation on Pd/Au(111)

surfaces. The corresponding reaction enthalpies are summar-
ized in Table S1 (Supporting Information). It is noted that the
Pd−Au surfaces with a Pd ensemble size of less than four atoms
are excluded due to the lack of a capacity for CO and O2
coadsorption. The initial, transition, and final state config-
urations on each surface are similar; accordingly, only those on
the Pd6−Au(111) surface are illustrated in Figure S9
(Supporting Information) as an example.
On the Pd4−Au(111) surface, the energy barriers for O2(ad)

→ 2O(ad) (step A), O(ad) + CO(ad) → CO2(ad) (step B), and
O2(ad) + CO(ad) → CO2(ad) + O(ad) (step C) are 0.74, 0.29, and
0.25 eV, respectively. These results suggest that associative CO
oxidation is favorable on this surface, whereas dissociative CO
oxidation is inhibited by a higher energy barrier for dissociating
the O2 admolecule. It is worth mentioning that the energy for
O2 desorption on the Pd4−Au(111) surface is 0.26 eV (Figure
5), which is comparable to the reaction barriers for O(ad) +
CO(ad) → CO2(ad) (step B) and O2(ad) + CO(ad) → CO2(ad) +
O(ad) (step C).
As the Pd ensemble size increases, the energy barrier for O2

dissociation (step A) reduces, while energy barriers for O(ad) +
CO(ad) → CO2(ad) (step B) and O2(ad) + CO(ad) → CO2(ad) +
O(ad) (step C) both increase. These energy barriers become
comparable on the Pd9−Au(111) surface, which suggests that
CO oxidation could proceed via both associative and
dissociative pathways on this surface. As mentioned earlier,
the dominant oxygen species on the Pd1ML−Au(111) surface is
the O adatom rather than the O2 admolecule due to a lower
energy barrier for O2 dissociation. Accordingly, dissociative CO

Scheme 1. Potential Dissociative and Associative
Mechanisms for the Reaction of Oxygen with CO to Form
CO2

33

Figure 7. Energy barriers for dissociative and associative CO oxidation
on Pd/Au(111) surfaces as determined by DFT calculations.
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oxidation is favorable on the Pd1ML−Au(111) surface, which is
consistent with the experimental observations from the
Pd(111) surface.67−71

On the basis of these DFT calculations, a generalization
regarding the effect of Pd ensemble size on oxygen activation
and reaction with CO was derived as follows: for the Pd−Au
surface containing small Pd ensembles, O2 desorption and
associative CO oxidation are the two major competing
processes, whereas the pathway for dissociative CO oxidation
is limited by a high energy barrier for O2 dissociation. On the
Pd−Au surface with bigger Pd ensembles, the oxygen
admolecule dissociates readily and, in turn, promotes CO2
formation via the dissociative CO oxidation pathway. It is well-
accepted that CO oxidation occurs on the Pd(111) surface via a
dissociative pathway,67−71 in which chemisorbed CO reacts
with dissociatively adsorbed oxygen to form CO2. DFT
calculations in this study and previous reports32,35 suggest
that CO oxidation could also occur through an associative
mechanism on the Pd−Au surface containing small Pd
ensembles. Nevertheless, it is noted that an associative pathway
was not experimentally supported in this study (Figure 6b), in
which no CO2 production was detected when the CO beam
was impinged onto the molecular oxygen-precovered Pd−Au
surface at and below 150 K. This absence of CO2 production
can be explained by the facile CO-induced displacement of O2
(Figure 6a) due to significantly higher binding energies of CO
relative to those of O2 (Figures S4 and S7, Supporting
Information), which inhibits CO oxidation from proceeding via
associative mechanism.

■ CONCLUSION
A model catalyst study combining UHV experiments and DFT
calculations was performed to investigate the activation and
reaction of oxygen molecules on the Pd−Au surface. Results
based on O2 King−Wells, CO-RAIRS, and DFT show that the
presence of contiguous Pd sites is essential for adsorption of
oxygen molecules on the Pd−Au surface. Upon heating, the
adsorbed oxygen molecules molecularly desorbed from the
Pd−Au surface (<220 K) without detectable dissociation
(signified by a lack of recombinative desorption of oxygen
atoms) in O2-TPD experiments. DFT calculations show that as
the Pd ensemble size increases on the Pd/Au(111) surface the
energy for O2 desorption increases, and the energy barrier for
O2 dissociation decreases. Oxygen molecules adsorbed on the
Pd/Au(111) surface were readily displaced by CO at lower
temperatures (77−150 K) due to competitive adsorption on
surface sites. The adsorbed oxygen molecule can be thermally
activated at higher temperatures (180−250 K) to react with
CO to form CO2. On the basis of DFT calculations, dissociative
CO oxidation is favorable on the Pd−Au surface containing
larger Pd ensembles; for the Pd−Au surface containing small
Pd ensembles, associative CO oxidation and O2 desorption are
the two competing processes that are both favored over
dissociative CO oxidation. In this study, an associative CO
oxidation mechanism was not experimentally observed on the
Pd−Au surface, which could be attributed to the fact that
weakly bound O2 desorbs readily by CO displacement at low
temperatures. We hope the findings in this study will assist in
the future design of Pd−Au bimetallic catalysts and their
applications to associated reactions.
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