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It has been reported that Pd—Au bimetallic catalysts display improved catalytic performance after ade-
quate calcination. In this study, a model catalyst study was conducted to investigate the effects of
annealing in oxygen on the surface structures of Pd—Au alloys by comparing the physicochemical pro-
perties of Pd/Au(111) surfaces that were annealed in ultrahigh vacuum (UHV) versus in an oxygen
ambient. Auger electron spectroscopy (AES) and Basin hopping simulations reveal that the presence of
oxygen can inhibit the diffusion of surface Pd atoms into the subsurface of the Au(11l) sample.
Reflection—absorption infrared spectroscopy using CO as a probe molecule (CO-RAIRS) and King—Wells
measurements of O, uptake suggest that surfaces annealed in an oxygen ambient possess more contiguous
Pd sites than surfaces annealed under UHV conditions. The oxygen-annealed Pd/Au(111) surface exhibited a

Received 17th June 2015, higher activity for CO oxidation in reactive molecular beam scattering (RMBS) experiments. This enhanced

Accepted 14th July 2015 activity likely results from the higher oxygen uptake and relatively facile dissociation of oxygen admolecules
DOI: 10.1039/c5cp03515e due to stronger adsorbate—surface interactions as suggested by temperature-programmed desorption (TPD)
measurements. These observations provide fundamental insights into the surface phenomena of Pd—Au

www.rsc.org/pccp alloys, which may prove beneficial in the design of future Pd—Au catalysts.

Published on 15 July 2015. Downloaded by University of Connecticut on 6/9/2020 7:08:48 AM.

1. Introduction

Bimetallic catalysts have received substantial attention as their
physicochemical properties often differ from those of their
parent metals, which hold the promise of enhanced activity,
selectivity and stability."”* As one of the most studied bimetallic
systems, Pd-Au catalysts have displayed promising performance
for a broad range of catalytic reactions such as CO oxidation,*”
acetoxylation of ethylene to vinyl acetate,®’ selective oxidation of
alcohols,®* ™' selective hydrogenation of unsaturated hydro-
carbons,>™ hydrodechlorination of chlorinated compounds,®™*®
hydrodesulfurization of sulfur-containing molecules,">*° decom-
position of liquid hydrocarbons for H, production,”™** and the
direct synthesis of H,0, from H, and 0,.>*2® It has been
suggested that the synergistic effects observed for Pd-Au bi-
metallic catalysts originate from the formation of alloy structures

@ McKetta Department of Chemical Engineering, University of Texas at Austin,
Austin, Texas 78712, USA. E-mail: mullins@che.utexas.edu

b Department of Chemistry, University of Texas at Austin, Austin, Texas 78712, USA

¢ Institute for Computational Engineering and Sciences, University of Texas at
Austin, Austin, Texas 78712, USA

4 Center for Nano and Molecular Science and Technology, Texas Materials Institute,
Center for Electrochemistry, University of Texas at Austin, Austin, Texas 78712,
USA

t Electronic supplementary information (ESI) available. See DOI: 10.1039/

¢5¢p03515e

20588 | Phys. Chem. Chem. Phys., 2015, 17, 20588-20596

(homogeneous or core-shell) that electronically modify the
nature of the active sites.''**?®

Recently, it was reported that adequate calcination (i.e.,
annealing in air) can efficiently improve the catalytic performance
of Pd-Au catalysts.>***>?° Scanning transmission electron micro-
scopy (STEM) imaging showed that calcination can modify the
alloy structure of Pd-Au nanoparticles.>>° The evolution of the
alloy structure upon calcination appears to be a complex process
as it depends on the calcination temperature,”>° type of support
material used,>>® and method of catalyst preparation.>”*® For
instance, with TiO, as the support material, Pd-Au nanoparticles
changed from a Pd-rich shell and Au-rich core structure to a
homogeneous alloy when the calcination temperature was
increased from 350 to 700 °C.*° The structure of Pd-Au nano-
particles immobilized on carbon remained as a homogeneous
alloy after calcination at 450 °C, whereas TiO,- and Al,Oz-supported
Pd-Au nanoparticles transformed into a Pd-rich shell and Au-rich
core structure.”

A molecular-level investigation of how the structure and com-
position of Pd-Au surfaces change in response to annealing in an
oxygen ambient could enhance the fundamental understanding
of the calcination effect on Pd-Au catalysts. In model catalyst
studies, well-defined single-crystal surfaces are prepared under
UHV conditions and characterized in situ by surface science
techniques, which enable surface characterization at the mole-
cular level with minimal environmental interference."**°
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The evolution of the surface structure and composition
of Pd-Au model catalysts upon annealing in UHV has been
extensively studied.***° For example, using low-energy ion-
scattering spectroscopy (LEISS), Koel et al®® showed that
annealing in UHV causes the diffusion of surface Pd atoms
into the subsurface of the Au(111) single-crystal (i.e., alloying)
at temperatures as low as 240 K. On the other hand, the
intermixing of Au with Pd occurred at much higher tempera-
tures (> 600 K) for an Au overlayer on the Pd(111) surface.*"*>
In contrast to extensive studies of annealing under UHV con-
ditions, very little attention has been paid to experimental
investigations with annealing Pd-Au model catalysts in an
oxygen ambient. Recently, the influence of adsorbed oxygen
on the segregation of a Pd monomer in the Au(111) surface was
studied theoretically.’>*' By using density functional theory
(DFT) analyses, Guesmi and co-workers®® demonstrated that
when oxygen atoms are present on the surface, the Pd monomer
is energetically more favorable at the topmost layer of Au(111)
surface than in the subsurface region.

In this study, we have prepared a variety of Pd-Au surfaces
by annealing the Pd/Au(111) surface to various temperatures in
the absence (UHV) and presence of oxygen (1 x 10~° Torr of O,).
These annealed Pd/Au(111) surfaces were characterized and
tested in a fashion similar to the approach employed in our
previous study.” The influence of annealing in oxygen on atomic
structure and catalytic activity of Pd-Au bimetallic surfaces was
investigated by comparing the physicochemical and catalytic
properties of Pd-Au surfaces that were annealed in an O,
environment versus under UHV conditions. The composition of
the near-surface region of annealed Pd/Au(111) surfaces was
analyzed via Auger electron spectroscopy (AES). The effect of
surface oxygen coverage on total system energy and surface Pd
coverage of the 1 ML Pd/Au(111) surface was simulated using
Basin hopping (BH) methods.”® The surface structures of
UHV-annealed and oxygen-annealed Pd-Au surfaces were further
investigated by reflection-absorption infrared spectroscopy
using CO as a probe molecule (CO-RAIRS). King-Wells measure-
ments and temperature-programmed desorption (TPD) were
conducted to study the interactions of oxygen with annealed
Pd/Au(111) surfaces. Finally, the catalytic activities for CO oxida-
tion on UHV-annealed and oxygen-annealed Pd/Au(111) surfaces
were compared via reactive molecular beam scattering (RMBS)
experiments.

2. Experimental and
computational methods
2.1 Model catalyst experiments

All experiments in this study were performed in an UHV
chamber that has been described in detail previously.>*>*
Briefly, the chamber is equipped with an Auger electron spectro-
meter (Physical Electronics 10-500), a quadrupole mass spectro-
meter (Extrel C-50), a Fourier transform infrared spectrometer
(Bruker Tensor 27) combined with a mercury-cadmium-telluride
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(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 x 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 to
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 deposit-
ing 1.5 monolayer (ML) of Pd atoms from a homemade thermal
evaporator onto the Au(111) surface at 77 K followed by
annealing in either UHV or in an ambient of O, at 1 x 10~ ° Torr
to a specified temperature for 10 min.***"># The growth of the Pd
overlayer on the Au(111) surface at 77 K has been suggested to
obey a layer-by-layer mechanism.>” Upon annealing in UHV, some
of the surface Pd atoms can diffuse into the bulk of the Au(111)
sample, forming a Pd-Au alloy at the surface.”*>*° As the anneal-
ing temperature is increased, the surface Pd morphology is
transformed from a mixture of isolated and contiguous sites
to a surface containing only isolated Pd sites.” The annealed
Pd/Au(111) surface displays a relatively high degree of hetero-
geneity as compared to that of the Pd(111) surface.’>*” The
deposition rate of Pd was calibrated with a quartz crystal
microbalance (QCM) controller (Maxtek Inc.) assuming a thick-
ness of 1 ML Pd equals 0.274 nm.

CO-RAIRS was used to characterize the structure of annealed
Pd/Au(111) 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. A saturation coverage of CO was then delivered 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 em™".

The adsorption of oxygen molecules on Pd-Au surfaces was
investigated by King-Wells measurements.”>**®> A neat O,
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 O,
mass signal (m/z" = 32) was monitored by quadrupole mass
spectrometry (QMS) during these King-Wells measurements.

For O,-TPD and CO-RMBS experiments, the Pd-Au bimetallic
surface was generated by depositing 1.5 ML Pd atoms on the
Au(111) surface followed by annealing to 500 K for 10 min in
UHV or an oxygen ambient. In O,-TPD measurements, oxygen
was dosed by impinging an O, beam on the Pd-Au surface at
77 K until its saturation. The surface was then heated at a rate
of 1 K s~ ' while m/z" = 32 (O,) was monitored by QMS. For
CO-RMBS experiments, the Pd-Au surface was first saturated
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with oxygen at 77 K by backfilling the chamber with 1 langmuir
(L; 1L =1 x 10 ° Torr s) of O, through a leak valve.”* The oxygen-
precovered Pd-Au surface was then heated to 250 K prior to CO
beam impingement. QMS signals of m/z" = 32 (0,), 44 (CO,)
and 28 (CO) were monitored simultaneously during CO-RMBS
experiments.

2.2 Basin hopping simulations

Basin hopping simulations were used to study the reorganiza-
tion process of a Pd/Au(111) slab. The Pd/Au(111) slab was
modeled as a five-layer 4 x 4 Au(111) slab with the bottom two
layers fixed and the top layer initially replaced by a monolayer
of Pd atoms. BH simulations with 200 trials were conducted
on Pd/Au(111) slabs with various coverages of surface oxygen
(6o =0, 0.25 and 0.5 ML) at the temperature of 500 K. For each
BH trial, one Pd atom was randomly selected to swap with one
of its nearest-neighbor Au atoms. The acceptance probability
(m) of each trial step was calculated by (eqn (1))

7 = min {1,exp<—%>} (1)

in which E; ; and E; are the energies of DFT optimized
structures (in eV) before and after the ith swapping trial step,
k is the Boltzmann constant (8.617 x 10> eV K™ ') and T is the
absolute temperature (in K).

All DFT calculations were performed with the Vienna ab initio
simulation package.®* ®® The interaction between the ionic core
and the valence electrons was described by the project augmented
wave method,®” and the valence electrons were described with a
plane-wave basis up to an energy cutoff of 220 eV.°**° The
exchange correlation contribution to the total energy functional
was determined using the Perdew-Burke-Ernzerhof (PBE) gen-
eralized gradient approximation functional.”® The Brillouin
zone was sampled using a 2 x 2 x 1 Monkhorst-Pack k-point
mesh.”" The convergence criteria for the electronic structure
and the atomic geometry were 10~* eV and 0.05 ev A%,
respectively. A vacuum gap of 12 A in the z-direction was used
to avoid interactions from periodic images. Notably, values for
the above computational parameters were chosen as a com-
promise of computational cost and proper physics.

3. Results and discussion
3.1 AES characterization of Pd/Au(111) surfaces

We analyzed the composition in the near-surface region of
annealed Pd/Au(111) surfaces by AES. Fig. 1a and b show the
AES spectra of the as-prepared Pd/Au(111) surface and those
after annealing the surface to each specific temperature (i.e., 500,
550 and 600 K) in UHV and 1 x 10~ ° Torr of O,, respectively.
It is noted that the oxygen-annealed Pd/Au(111) surface
typically showed a small oxygen signal at ~510 eV in the AES
spectrum immediately after annealing in oxygen ambient (Fig. S1
of ESIt). This oxygen signal was removed by simply heating the
surface to 500 K (Fig. S1 of ESIY) to yield the oxygen-free AES spectra
as shown in Fig. 1b. We speculate that the presence of an oxygen
signal on the oxygen-annealed surface was due to adsorption of
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Fig. 1 AES spectra of as-prepared 1.5 ML Pd/Au(111) surface and those
after annealing the surface to a specific temperature in (a) UHV and
(b) 1 x 107° Torr of O,.

background oxygen during sample cooling rather than formation
of stable oxides on the Pd-Au surface. The adsorbed oxygen was
weakly bound to the surface as indicated by desorption after mild
heating. This weak binding suggests that oxygen species adsorbed
on the surface are mainly in the molecular state as dissociated
oxygen atoms recombine and desorb from the Pd-Au surface at the
higher temperature of ~750 K.”>

The thermal stability of the Pd film deposited on the Au(111)
surface in UHV has been thoroughly investigated.****>® Upon
annealing under UHV conditions, alloying occurs (i.e., Pd
atoms from the topmost layer diffuse into the subsurface of
the Au(111) sample), which causes an increase in the Au LEISS
signal intensity.*® As shown in Fig. 1, intensification of the Au
AES signal intensity and attenuation of the Pd AES signal
intensity were both observed when the Pd/Au(111) surface
was annealed in either UHV or an oxygen ambient. These
observations suggest that annealing the Pd/Au(111) surface in
oxygen ambient also results in the interdiffusion of surface Pd
atoms into the Au(111) sample, the same phenomenon
observed in the process of annealing in UHV.***%>¢

To further examine the influence of oxygen on the relative
composition of Pd/Au(111) surfaces, the Pd(333 eV)/Au(74 eV)
AES peak-to-peak ratios on the as-prepared surfaces and those
annealed in UHV and oxygen were computed, as shown in Fig. 2.

With an annealing temperature of 500 K, the Pd/Au AES ratio
on the oxygen-annealed Pd/Au(111) surface was significantly
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Fig. 2 Pd(333 eV)/Au(74 eV) AES intensity ratio of as-prepared and
annealed 1.5 ML Pd/Au(111) bimetallic surfaces in Fig. 1.

higher than that on the UHV-annealed surface, which suggests
that the presence of oxygen can inhibit the diffusion of surface
Pd atoms into the Au(111) subsurface. When Pd/Au(111)
surfaces were annealed at higher temperatures (i.e., 550 and
600 K), the influence of adsorbed oxygen on the Pd/Au AES
ratio became insignificant. We note that AES can detect not
only the topmost layer of the surface but also the atoms in the
near-surface region (the mean free path of electrons with
energies between 10 and 1000 eV is of the order of a few
atomic layers”?). Accordingly, some Pd and Au atoms in the
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near-surface region that are not surface-accessible may also
contribute to AES signals’® on the annealed Pd/Au(111)
surfaces.

3.2 Basin hopping simulations of Pd/Au(111) surfaces

The influence of surface oxygen coverages on the total system
energy and surface Pd coverage (0pq) of the 1 ML Pd/Au(111)
surface was investigated by Basin hopping simulations. The
simulation results and top views for initial and final structures
are depicted in Fig. 3.

When oxygen atoms are absent from the surface (6o = 0 ML),
the mixing of surface Pd atoms into the Au(111) subsurface is
energetically favorable and the surface Pd coverage decreases
sharply as the simulation progresses. These results are consistent
with our AES observations (Fig. 1 and 2) and previous studies
using AES and LEISS characterizations®® and STM imaging.*®*°
For surfaces partially covered with oxygen atoms, the total system
energy does not decrease as significantly during the simulation
process. After 200 swapping steps, the decreases in total system
energy are ~7.2, 2.8 and 0.3 eV for surfaces with oxygen coverage
of 0, 0.25 and 0.5 ML, respectively. These results suggest that the
presence of surface oxygen atoms can stabilize the Pd/Au(111)
system and the system is more energetically stable when more
oxygen atoms are present on the surface.

Our Basin hopping simulations also show that the surface
Pd coverage decreases more quickly in terms of number of
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Fig. 3 Basin hopping simulations for the total system energy and surface Pd coverage of the 1 ML Pd/Au(111) surface in the absence and presence of
surface oxygen atoms. For convenience of comparison, the energy for surfaces with oxygen coverage (6o) of 0, 0.25 and 1 ML are referenced to —281,
—300 and —321 eV, respectively. Blue solid and dashed lines represent the energy for current structure (Ecyrrent) and lowest energy visited so far (Emin),
respectively. Red solid lines represent the surface Pd coverage. The top views for initial and final structures are included on left and right sides,

respectively.
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swapping steps on the surface lacking oxygen than on the
surfaces containing oxygen. The surface Pd coverage on the
oxygen-free surface (6o = 0 ML) decreases to zero after 135
swapping steps, while the surface Pd coverages only decrease to
0.43 and 0.8 ML after 200 swapping steps on the oxygen-covered
surfaces with 0 = 0.25 and 0.5 ML, respectively. These simula-
tion results suggest that oxygen atoms on the Pd/Au(111) can
prevent the interdiffusion of Pd atoms into the Au slab, which
supports our earlier interpretation from AES spectra (Fig. 1 and 2)
that surface oxygen atoms can inhibit the diffusion of surface Pd
atoms into the Au(111) subsurface. These observations are also
conceptually consistent with previous DFT studies,”>" in which
the effect of oxygen on the segregation energy for Pd-Au surfaces
was investigated using Pd monomer-Au(111) models.

The inhibition effect on Pd interdiffusion due to surface
oxygen atoms likely results from the different strength between
the O-Pd bond and the O-Au bond; because O binds to Pd
more strongly than to Au, the swapping between surface Pd that
bonds with oxygen and subsurface Au requires extra energy to
overcome the energy difference between O-Pd and O-Au inter-
actions. It is also worth noting that in the real case, the surface
oxygen atoms that bond with Pd atoms could recombinatively
desorb from the Pd-Au surface after Pd atoms are exchanged by
Au atoms. This possible oxygen desorption was not included in
our simulations in this study (it would be expected to further
decrease the surface Pd coverage if oxygen desorption had been
considered as a possibility).

3.3 CO-RAIRS characterization of Pd/Au(111) surfaces

The Pd/Au(111) surfaces annealed in UHV and oxygen were
further characterized by CO-RAIRS. CO-RAIRS has long been
used to study the properties and structures of model catalyst
surfaces.”*”> Information regarding the adsorption sites and
surface morphology can be inferred from the observed CO
stretching frequencies (vco) as a result of varying degrees of
n-antibonding back-donation from the surface electrons.”*”>
Fig. 4 shows the RAIRS spectra of saturated CO on Au(111)
and UHV-annealed and oxygen-annealed 1.5 ML Pd/Au(111)
surfaces. According to previously reported literature,*>*>”® the
assignment for the IR features of CO adsorbed on Pd-Au model
surfaces has been established as follows:”” vgo at 1900-2000,
2160-2085 and >2100 cm™ " corresponds to bridged CO on
contiguous Pd sites, atop CO on isolated Pd sites, and atop CO
on Au sites, respectively. As shown in Fig. 4a, the Pd/Au(111)
surface annealed in UHV at 500 K displayed two main IR bands
at ~2087 and 1965 cm ™', which can be attributed to CO
adsorbed on isolated and contiguous Pd sites, respectively.
These two IR bands shifted to higher frequencies at ~2090
and 1976 cm ™' on the Pd/Au(111) surface annealed in oxygen at
500 K (Fig. 4b). When the annealing temperature was increased,
the intensity of the IR feature due to contiguous Pd sites
attenuated and that due to isolated Pd sites intensified on both
UHV-annealed and oxygen-annealed surfaces. For the same
annealing temperature, the IR feature associated with contiguous
Pd sites was consistently larger for the oxygen-annealed surfaces
than for the UHV-annealed surfaces. These observations suggest
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Fig. 4 RAIRS spectra of saturated CO on Au(111) and 1.5 ML Pd/Au(111)
surfaces annealed in (@) UHV and (b) 1 x 10~° Torr of O, at various
temperatures. These spectra were taken at a surface temperature of 77 K.

that a higher number of contiguous Pd atoms are present on
oxygen-annealed surfaces in comparison to that on UHV-annealed
surfaces.

It is noted that although CO-RAIRS can provide qualitative
information such as surface morphology and adsorption sites
of Pd-Au model surfaces, quantitative analysis using CO-RAIRS
is quite difficult when contiguous Pd sites are present on the
surface,’® likely due to the vibrational coupling effect that
attenuates the IR intensity at high surface CO coverages.*?

3.4 Oxygen adsorption and desorption on Pd/Au(111) surfaces

As mentioned earlier, Pd-Au catalysts have displayed promising
performance in a number of catalytic reactions involving oxygen
as a reactant.*'"**7*% Accordingly, it is of interest to investigate
the interaction of oxygen with the annealed Pd/Au(111) surfaces
in this study. King-Wells measurements have been employed
to study the adsorption of oxygen molecules on UHV-annealed
Pd/Au(111) surfaces.>® By analyzing the O, QMS signals from the
inert flag and sample surface during the King-Wells measure-
ment, (semi-)quantitative information such as the initial sticking
probability and total uptake of oxygen molecules on the surface
can be determined.*

Fig. 5 shows the O, QMS signal during a series of King-Wells
measurements in which an O, molecular beam was impinged
onto annealed 1.5 ML Pd/Au(111) surfaces. In these measure-
ments, the O, beam was first impinged onto the inert flag for
5 s (from 10 to 15 s) to establish a baseline signal (all O,
molecules scattered from the inert flag with negligible adsorption),
and then impinged onto the annealed Pd/Au(111) surfaces that
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Fig. 5 O, (m/z* = 32) QMS signals detected during King—Wells measure-
ments. The 1.5 ML Pd/Au(111) surfaces were annealed to the specified
temperature in (a) UHV and (b) 1 x 107° Torr of O,. For these measure-
ments, an O, beam was impinged on the surface at 77 K.

were held at 77 K for 30 s (from 15 to 45 s). The same
measurements were carried out on the clean (Pd-free) Au(111)
surface for comparison.

A constant O, QMS signal was detected when the O, beam was
impinged on the inert flag and Au(111) surface, indicating that
oxygen was not adsorbed on the Au(111) surface under this
condition. The intensity of the O, QMS signal upon impingement
of the beam onto each annealed Pd/Au(111) surface was initially
lower than that from impingement onto the inert flag due to the
adsorption of oxygen on the surface. We attributed this observed
adsorption to be molecular in nature®* since oxygen molecularly
adsorbs on the Pd(111) surface at 80 K,”® and the dissociation of
oxygen admolecules occurs at higher temperatures between
~180-200 K.”*® The initial sticking probability for oxygen
molecules on each surface can be estimated from the O, QMS
signal intensities from the inert flag and sample surface (Fig. S2
of ESIt). The initial sticking probability for the oxygen-annealed
Pd/Au(111) surfaces is ~0.48-0.52, which is slightly higher than
that for the UHV-annealed surface (~0.43-0.45). It has been
reported that the presence of contiguous Pd sites on Pd-Au
surfaces is crucial for adsorption of oxygen molecules and that
surfaces with only isolated Pd sites do not readily uptake O,.”>
Accordingly, we speculate that the higher initial sticking prob-
ability observed here is due to a higher number of contiguous Pd
sites present on oxygen-annealed Pd/Au(111) surfaces as com-
pared to those on UHV-annealed surfaces.
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Fig. 6 The O, uptake (relative to that on the Pd/Au(111) surface annealed
in UHV at 500 K) on annealed Pd/Au(11l) surfaces during King—Wells
measurements (Fig. 5).

The oxygen uptake on each surface during the King-Wells
measurements can be computed using the O, QMS signals
from the inert flag and sample surface (Fig. S3 of ESIf). The
oxygen uptake on each surface is expressed as the relative
oxygen uptake, which is relative to the oxygen uptake on the
Pd/Au(111) surface annealed in UHV at 500 K (Fig. 6).

As expected, when the annealing temperature was increased,
the oxygen uptakes on UHV-annealed and oxygen-annealed
surfaces were both decreased due to diffusion of surface Pd
atoms into the Au(111) subsurface during annealing. For
UHV-annealed surfaces, the oxygen uptake on the surface
annealed at 500 K decreased by 31% and 79% when surfaces
were annealed at 550 and 600 K, respectively. The decrease in
oxygen uptake was found to be smaller on oxygen-annealed
surfaces; the oxygen uptake on the surface annealed at 500 K in
an oxygen ambient decreased by 23% and 69% when annealing
at 550 at 600 K, respectively. With the same annealing tem-
perature, the oxygen uptake was consistently larger on oxygen-
annealed surfaces than that on UHV-annealed surfaces. Since
the oxygen adsorption sites on Pd/Au(111) surfaces consist of
contiguous Pd atoms,>” these observations support that oxygen-
annealed Pd/Au(111) surfaces contain more contiguous Pd
atoms than UHV-annealed Pd/Au(111) surfaces, which are con-
sistent with CO-RAIRS spectra (Fig. 4). It is noted that despite
their similar Pd/Au AES ratios (Fig. 2), the Pd/Au(111) surfaces
annealed in UHV and oxygen at temperatures of 550 and 600 K
display a significant difference in their oxygen uptake. This is
explained as due to some of the Pd atoms residing in the
subsurface region which will be detected by AES but unable to
adsorb molecular oxygen. These results provide strong evidence
that the presence of oxygen can keep Pd atoms on the topmost
layer on Pd/Au(111) surfaces during annealing.

Fig. 7 shows the TPD spectra of saturated O, from UHV-annealed
and oxygen-annealed Pd/Au(111) surfaces. The Pd-Au surfaces were
generated by depositing 1.5 ML Pd on the Au(111) surface at 77 K
followed by annealing at 500 K in either UHV or 1 x 10~ °® Torr of O,.
The surfaces were saturated with oxygen at 77 K by impinging a
molecular beam of O, onto the surface prior to heating. To
more clearly visualize desorption features, the O,-TPD spectra
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Fig. 7 O, (m/z* = 32) QMS signals detected during O,-TPD measure-
ments. The 1.5 ML Pd/Au(111) surfaces were annealed at 500 K in UHV and

1 x 107® Torr of O,. A saturation coverage of oxygen was dosed by

impingement of O, beam at 77 K. The heating rate is 1 K s™%.

were plotted within the temperature range between 77 and
300 K (no oxygen desorption was observed at temperatures
greater than 300 K).

The interaction of oxygen has been studied on the UHV-
annealed Pd/Au(111) surfaces by O,-TPD.”* According to the
desorption temperature, it was shown that with the exposure
to O, at 77 K the oxygen admolecules on the UHV-annealed
Pd/Au(111) surface desorbed molecularly (< ~220 K) without
detectable dissociation upon heating.>® In Fig. 7, the oxygen
desorption peak from the UHV-annealed and oxygen-annealed
Pd/Au(111) surfaces both ended at ~200 K, which resulted
from the desorption of molecularly adsorbed oxygen. The UHV-
annealed surface displayed a broad O,-TPD feature with a peak
at ~97 K and a small shoulder at 140 K. This broad feature has
been attributed to the higher degree of surface heterogeneity
compared to that of the Pd(111) surface.’® It is noted that
compared to the UHV-annealed surface, the shoulder of
desorption peak (at ~148 K) became much more significant
on the oxygen-annealed surface. High-resolution electron
energy loss spectroscopy (HREELS) showed”®®° that oxygen
molecules chemisorbed on the Pd(111) surface exist in three
molecular states (one superoxo- and two peroxo-like species)
with different vibrational frequencies of O-O stretching due to
varying degrees of electron transfer from the surface into the
oxygen molecule. Corresponding to these molecular states, three
desorption features with peak temperatures of ~125, 150 and
200 K were observed.”® We speculate that oxygen admolecules
desorbed at ~148 K may exist in a different molecular state that
bind more strongly to the surface than those desorbed at ~97 K
(Fig. 7). These observations also suggest that the oxygen admole-
cules interact more strongly with oxygen-annealed surfaces than
with UHV-annealed surfaces.

Weaver and co-workers®' have studied the O,-TPD from the
PdO(101) surface. In their O,-TPD spectra, two main TPD peaks
centered at 117 and 227 K as well as smaller features at 275 and
315 K were observed due to desorption of molecularly chemi-
sorbed 0,.%" The absence of a O,-TPD feature at temperatures
above 200 K in Fig. 7 suggests that no oxide such as PdO was
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formed after annealing the Pd/Au(111) surface in oxygen ambi-
ent, which is consistent with our observations from AES spectra
(Fig. S1 of ESIt). It is noted that while PdO formation was not
observed on the annealed Pd/Au(111) surface under the high
vacuum conditions (10~® Torr of O,) employed in this study, the
formation of PdO has been reported on the supported Pd-Au
catalysts that were calcined in air at atmospheric pressure.”>%>°

3.5 Reaction of oxygen and CO on Pd/Au(111) surfaces

CO oxidation was employed to assess the catalytic activities of
UHV-annealed and oxygen-annealed Pd/Au(111) surfaces by
monitoring CO, production during CO-RMBS. As shown in
Fig. 8, CO-RMBS experiments were conducted by impinging a
molecular beam of CO onto the inert flag for 5 s (from 10 to 15 s),
and then onto the oxygen-precovered Pd-Au surface for 60 s (from
15 to 75 s). For these measurements, the Pd-Au surface was
generated by depositing 1.5 ML Pd onto the Au(111) surface at
77 K followed by annealing at 500 K in either UHV or 1 x 10~ ° Torr
of O,. The surface was presaturated with molecular oxygen at 77 K
and then heated to 250 K prior to CO beam impingement.

Upon CO beam impingement at 250 K, CO, evolution was
both detected from both UHV-annealed and oxygen-annealed
Pd/Au(111) surfaces. A time delay for emergence of CO, signals
has been attributed to the site blocking from oxygen and
hydrogen impurities (from adsorption of background gas that
is intrinsically present in our UHV chamber) on the Pd-Au
surface.’” The CO, peak observed from the oxygen-annealed
Pd/Au(111) surface was larger than that from the UHV-annealed
surface, indicative of a higher yield of CO, on the oxygen-annealed
surface. These observations demonstrate that the oxygen-annealed
Pd/Au(111) surface is more active for CO oxidation than the
UHV-annealed Pd/Au(111) surface.

In a previous study using CO-RMBS,** we have shown that
CO, was produced on the Pd/Au(111) surface via the reaction
of CO with atomic oxygen (dissociative pathway) rather than
molecular oxygen (associative pathway). An associative mechanism
was not observed, which is likely due to facile CO-induced O,
desorption.”* The CO, production from the annealed Pd/Au(111)

CO beam on oxygen-precovered
annealed Pd/Au(111) surfaces

flag sample surface

oxygen-annealed

UHV-annealed

Co, (m/z" = 44) QMS signal intensity (a.u.)

0 10 20 30 40 50 60 70 80 90
Time (sec)

Fig. 8 CO, (m/z* = 44) QMS signals detected during CO-RMBS experi-

ments. The 1.5 ML Pd/Au(111) surfaces were annealed at 500 K in UHV and

1 x 1078 Torr of O,. The surface was presaturated with molecular oxygen

at 77 K and then heated to 250 K prior to CO beam impingement.
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surface at 250 K in Fig. 8 is due to the reaction of CO with atomic
oxygen as the desorption of molecular oxygen had completed at a
temperature of ~200 K (Fig. 7). Accordingly, the higher activity for
CO, production suggests that the dissociation of oxygen admole-
cules into oxygen adatoms is more facile on the oxygen-annealed
surface than on the UHV-annealed surface. The relative ease
of dissociation of oxygen admolecules could originate from
the stronger interaction between O, and the oxygen-annealed
Pd/Au(111) surface as suggested from O,-TPD spectra (Fig. 7).

4. Conclusions

We have conducted a model catalyst study that combines
experimental and theoretical methods to investigate the effect
of annealing in oxygen on the alloy structure and composition
of Pd-Au bimetallic surfaces. Results based on AES, Basin
hopping simulations and CO-RAIRS show that the presence of
oxygen can inhibit the diffusion of surface Pd atoms into the
Au(111) subsurface during annealing, resulting in a higher
amount of Pd atoms present on the surface. Compared to the
UHV-annealed Pd/Au(111) surface, the oxygen-annealed Pd/Au(111)
surface exhibited a higher oxygen uptake during King-Wells
measurements and stronger interactions with oxygen mole-
cules in O,-TPD experiments. CO-RMBS tests reveal that the
oxygen-annealed Pd/Au(111) surface was more active than the
UHV-annealed Pd/Au(111) surface for catalyzing CO oxidation
to form CO,. This enhanced activity on the oxygen-annealed
surface is likely due to the higher oxygen uptake and a relatively
more facile dissociation of oxygen admolecules. These results
may enhance the fundamental understanding of Pd-Au alloy
formation during calcination, and in turn aid the rational
design of improved Pd-Au catalysts.
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