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ABSTRACT: We use density functional theory (DFT) to
study CO-adsorption-induced Pd surface segregation in Au/Pd
bimetallic surfaces, dynamics of Pd—Au swapping, effect of
defects on the swapping rate, CO-induced Pd clustering, and
the reaction mechanism of CO oxidation. The strong CO-
philic nature of Pd atoms supplies a driving force for the
preferential surface segregation of Pd atoms and Pd cluster
formation. Surface vacancies are found to dramatically
accelerate the rate of Pd—Au swapping. We find that Pd
clusters consisting of at least four Pd atoms prefer to bind O,

rather than CO. These clusters facilitate the rapid dissociation of O, and supply reactive oxygen species for CO oxidation. Our
findings suggest that geometric, electronic, and dynamic effects should be considered in the function of bimetallic alloys or
nanoparticles whose components asymmetrically interact with reacting molecules.
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1. INTRODUCTION

The catalytic activity of bimetallic alloys or nanoparticles (NPs)
can be optimized by controlling structural factors, such as the
alloying element and concentration."”” The ensemble (geo-
metric) and ligand (electronic) effects have been shown to
systematically alter the catalytic activity of bimetallic catalysts.>*

Computational methods such as density functional theory
(DFT) can effectivelgr aid the design of bimetallic catalysts at
the atomic scale.’ "° Computational approaches generally
assume that the thermodynamically most favorable structure
of clean bimetallic catalysts is stable. Experiments, however,
question the generality of this assumption. Somorjai and co-
workers reported that the core and shell elements of Pd (core)
@Rh (shell) NP are reversible under ambient reaction
conditions.""'> Using ambient-pressure X-ray photoelectron
spectroscopy, they showed that as the PA@Rh NPs supported
on oxidized silicon wafer oxidize CO with NO (2CO + 2NO —
2CO, + N,), Pd is enriched in the surface layers, leading to a
structural rearrangement to the Rh@Pd reverse core—shell
geometry. The original Pd@Rh core—shell structure was
recovered when CO was removed from the gas phase. Chen
and co-workers reported such a CO-induced Pt segregation in
TiO,-supported Pt—Au NPs, as well."

In the case of bimetallic surfaces, the Goodman group
reported that Pd segregated to the surface layer as Au
overlayered-Pd(100) bimetallic alloys were exposed to CO
oxidation conditions."*"> More Pd was segregated in the
surface layer as the CO partial pressure was increased. The
surface segregated Pd atoms were found to catalyze CO
oxidation, and the authors suggested that contiguous Pd atoms
in the surface layer provided the catalytically active site. Their
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rationale was that contiguous Pd atoms bind and dissociate the
O, molecule supplying O atoms for CO oxidation.

Since adsorption- or reaction-induced surface segregation of
a specific element in bimetallic alloys and NPs affects their
chemical properties, information on the reaction- or
adsorption-induced surface segregation is important for catalyst
design.

Interatomic swapping of core and shell elements reported in
Pd- or Pt-based bimetallic catalysts is presumably driven by an
asymmetrically strong CO adsorption on Pd or Pt atoms.'*™'°
DFT results presented by Soto-Verdugo and Metiu showed
that CO prefers to bind on Pd rather than on Au in Au/Pd
bimetallic alloys.'® The same trend was reported for Pt/Au NPs
by Chen and co-workers."> Although several previous reports
on the CO-induced preferential surface segregation suggested
that the strong CO binding on Pd or Pt induces the atomic
swapping, detailed information on the swapping process is still
sketchy.

Here, we demonstrate the dynamics of the CO-adsorption-
driven Pd—Au swapping, Pd surface segregation, that occurs in
the Pd—Au(111) and Pd—Au(100) bimetallic alloys. We found
that the relatively strong CO binding on Pd, as compared with
that on Au, stabilizes the Pd—CO¥* in the surface layer and
supplies a driving force for Pd surface segregation. Surface Au
vacancies accelerate the Pd—Au swapping, highlighting the
essential role of defects on the swapping dynamics. The
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Figure 1. Pd—Au swapping process and relative energy of swapping intermediates in clean Pd—Au surfaces: (a) Pd—Au(111), (b) Pd—Au(111)—
CO, (c) Pd—Au(100), and (d) Pd—Au(100)—CO. The relative energy of the intermediates was calculated relative to the unstable position of the Pd
atom. The Pd—Au swapping proceeds from left to right, stabilizing the system. Au atoms involved in the swapping process are colored in light green

and pink.

morphology of reactive species and the role of the Pd
concentration on the CO oxidation mechanism are discussed.

2. COMPUTATIONAL METHOD

We performed spin-polarized DFT calculations in a plane-wave
basis with the VASP code'” and the PBE GGA functional.'®
Valence electrons were described by plane waves up to an
energy cutoff of 290 eV, and the core electrons were described
within the projector augmented wave framework.'” To study
the Pd—Au swapping mechanism, 4 X 4 Au(111) and Au(100)
slabs with four atomic layers and 20 A of vacuum thickness
were constructed. A single subsurface Au atom was substituted
with a Pd atom to give an in-plane Pd concentration of 1/16 =
6.25%. The top two surface layers were relaxed during
geometric optimization. We used a 2 X 2 X 1 k-points grid
sampling of the Brillouin zone for all calculations. Sensitivity
tests show that our results are robust with respect to the
calculation and model parameters, including the choice of
oxygen pseudopotential, k-point grid, cutoff energy, and size
and thickness of the slab (see Supporting Information Table S1
for details). The energy of CO adsorption on the Pd—Au(100)
calculated with a harder oxygen pseudopotential and an energy
cutoft of 500 eV was changed by only 0.07 eV.

Final convergence criteria for the electronic wave function
and geometry were 107" eV and 0.01 eV/A, respectively. We
used the Gaussian smearing method with a width of 0.2 eV to
improve convergence with respect to states near the Fermi
level. The location and energy of transition states (TSs) were
calculated with the climbing-image nudged elastic band
method***!

3. RESULTS AND DISCUSSION

3-1. Energetics of Pd—Au Swapping in Clean Surfaces.
In vacuum, a Au-covered Pd overlayer is the thermodynamically
most stable configuration of the Au/Pd bimetallic alloy.”*
Figure la, ¢ and Table 1 present the process of Pd—Au
swapping in both clean Pd—Au(111) and Pd—Au(100)
surfaces, the driving force and the activation energy barrier
(Ey), and the approximate rate of swapping is calculated at 300
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Table 1. Pd—Au Swapping Energy Barrier (E,) and the
Approximate Rate of Pd—Au Swapping Calculated at 300 K
with Harmonic-Transition State Theory, Assuming a
Standard Prefactor of v = 10'* s7'¢

Pd— Pd—Au(111)-  Pd—Au(111)-
Pd—Au(111)  Au(111)-CO Vac Vac—CO
E, (eV) 153 1.56 0.73 0.81
rate 198 X 107 621 x 107 545 x 107! 247 x 1072
(s™)
Pd—
Au(100)— Pd— Pd—Au(100)-
Pd—Au(100) CcO Au(100)-Vac Vac—CO
E, (eV) 131 0.76 0.42 0.51
rate 984 x 1071 171 x 107! 8.80 x 10* 271 x 10°
(s™)

“Ey, and the rate of Pd—Au swapping were calculated to the direction
that lowers the energy of the system.

K with harmonic-transition state theory, assuming a standard
prefactor of v = 10" s™!. A Pd atom thermodynamically prefers
the subsurface layer, as compared with the surface layer. The
Pd—Au swapping process, the barrier, and the rate have been
calculated in the direction where the Pd—Au swapping
stabilizes the system, swapping a surface Pd atom with a
subsurface Au atom.

In both cases, an adjacent surface Au atom to the Pd atom
moves onto the surface to become an adatom, to make space (a
vacancy) for the Pd—Au swapping process. Adatom/vacancy
formation is a high-energy process, and the energy barrier for
Pd—Au swapping is also (comparably) high. The swapping
barrier of the more open Pd—Au(100) surface is only
somewhat lower than that of the close packed Pd—Au(111)
(1.31 and 1.53 €V, respectively, as listed in Table 1). The low
calculated rates confirm that, in the case of clean surfaces, Pd
atoms would be pinned to their original positions at low
temperature; even the Pd subsurface segregation is thermody-
namically favorable (Table 1). Measurable swapping rates of 10
s~ ! are achievable at 650 K for PdA—Au(111) and 470 K in Pd—
Au(100), respectively.
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We found that two Pd atoms in the surface layer repel and
favor being separated from each other. The formation energy of
a Pd—Pd dimer from two separated Pd atoms is 0.1 eV,
meaning that Pd cluster formation is unfavorable. Configura-
tional entropy would additionally destabilize the Pd—Pd dimer
at low Pd surface concentrations. The swapping barrier of the
second Pd atom in the presence of a preswapped Pd atom in
the surface layer would be higher than the barrier of the first
swapping.

On the other hand, strong CO binding to Pd stabilizes the
Pd—CO* complex in the surface layer and supplies a driving
force for the Pd surface segregation. (Figure 1b, d and Table 1).
CO lowers the E, of Pd surface segregation, especially in the
case of Pd—Au(100). Presumably, relatively stronger CO
binding on the Au(100) surface (—0.63 eV, Au—Au bridge
position) than the Au(111) surface (—0.25 eV, 3-fold hollow
position) lowers the energy of swapping intermediates in the
Pd—Au(100)—CO complex. However, the Pd—Au swapping
still requires an adatom formation in both cases, so the Ey, is still
high (Table 1). Although CO exchanges the stable location of
Pd, the Pd—Au swapping is a rare event, even in the presence of
Co.

3-2. Energetics of Pd—Au Swapping in Defected
Surfaces. In their polarization—modulation infrared reflection
adsorption spectroscopy (PM-IRRAS) study on the well-
annealed and freshly ion-sputtered Au-overlayered Pd(100),
Goodman and co-workers reported that CO-induced Pd
surface segregation is more 1prominent in the freshly ion-
sputtered Au/Pd(100) surface.” Contiguous Pd atoms, a result
of high Pd surface concentration, were observed in the freshly
sputtered specimen, even when it was exposed to very low CO
partial pressure (1 X 107 Torr). On the other hand, higher CO
partial pressure is required for the formation of contiguous Pd
atoms in the well-annealed specimen."® This finding suggests a
critical effect of surface roughness or defects for the dynamics
of the Pd—Au swapping. Moreover, recent experimental
findings on the structure of Au/Pd bimetallic NPs confirm
the presence of surface vacancies in small NPs, as well.*>**
HRTEM studies by Xu et al. showed that vacancies appear in
the surface layer of Pd—Au NPs.** Meija-Rosales et al.
experimentally observed surface vacancies in Au—Pd NPs and
confirmed the structure by molecular dynamics simulations.”®
These findings suggest the consideration of a defect on the Pd—
Au swapping processes by introducing a Au surface vacancy.

Figure 2a, ¢ shows that a Au vacancy facilitates the Pd—Au
swapping pathway without adatom formation or surface
distortion. A Au vacancy in the surface layer of the Pd—
Au(111)-Vac and Pd—Au(100)-Vac, therefore, lowers the
swapping energy barriers (Table 1). Pd penetration from the
surface layer to the subsurface layer is the rate-determining step
due to the relatively low energy of the intermediate structure:
the Au/Pd surface with a subsurface Au vacancy.

Figure 2b, d shows that the preferential CO adsorption on
Pd again stabilizes the Pd—CO* complex in the surface of the
defected Pd—Au(111)-Vac—CO and Pd—Au(100)-Vac—CO,
leading to surface segregation of Pd. The presence of CO again
supplies a driving force for Pd surface segregation but does not
accelerate the Pd—Au swapping (Table 1).

In the case of the Pd—Au(111)-Vac systems (Figure 2a, b)
DEFT predicts a structure with a subsurface Au vacancy and a Pd
in the surface layer as a more stable structure than the final state
with a surface vacancy. A similar result was acquired for the
clean Au(111) surface, as well; the result is insensitive to the
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Figure 2. Pd—Au swapping process and relative energy of swapping
intermediates in defected Pd—Au surfaces: (a) Pd—Au(111)-Vac, (b)
Pd—Au(111)-Vac—CO, (c) Pd—Au(100)-Vac, and (d) Pd—Au(100)-
Vac—CO. Relative energy of intermediates was calculated relative to
the unstable position of the Pd atom. The Pd—Au swapping proceeds
from left to right, stabilizing the system. A Au atom involved in the
swapping process is colored in light green.

calculation parameters, including k-points grid, energy cutoft,
and slab thickness. This is a somewhat surprising result because
the subsurface vacancy generates more dangling bonds than the
surface oxygen vacancy. However, because the formation of the
surface Pd—CO* is insensitive to the location of the Au
vacancy, the main conclusions reached here are not affected.

Our findings confirm that, under CO oxidation conditions,
CO supplies a driving force for the preferential surface
segregation of CO-philic Pd atoms in the Au/Pd bimetallic
alloys so that the local geometry of the Au/Pd bimetallic alloys
could be different from their thermodynamically most stable
structure. Although CO molecules affect the Pd—Au swapping
barrier, we find that the vacancy critically accelerates the Pd—
Au swapping (Table 1).

3-3. Multiadsorption of CO on Pd Atoms and
Subsequent Pd Clustering. Goodman and co-workers
reported that the Au/Pd(100) surface alloy catalyzes CO
oxidation as contiguous Pd atoms in the surface layer
dissociates O, molecules."*"> As experimental evidence, they
resolved PM-IRRAS data acquired at 100 K and reported IR
peaks of the bridging CO species, Pd—CO*—Pd, at 1999, 1976,
and 1908 cm™'. These peaks are located below 2000 cm™’,
whereas the peak that corresponds to Pd—CO* lies at 2085
cm™" (Figure 3a).

DFT-calculated IR frequencies of the Pd—CO*—Pd were
found at 1910, 1904, and 1902 cm™', which are in good
agreement with the experimental value of 1908 cm™ (Figure
3d, ). We found that the experimental peak at 1999 cm™ is
coming from the harmonics between adjacent two Pd—CO*
species (see Figure 3c). The experimentally reported IR peak at
1976 cm™ is likely due to bridge CO molecules bound to Pd
atom clusters. We found a frequency at 1930 cm™" (Figure 3e)
in a Pdg cluster model. Additional subsurface Pd atoms would
shift these values to higher energies. DFT-calculated IR
frequencies of weakly bound Pd—CO*—Au species were
found at 1893 and 1891 cm™' (Figure 3b, d, and e). These
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Figure 3. DFT calculated IR frequencies of surface CO species: (2, b) Pd monomer, (c, d) Pd dimer, and (e) Pd cluster consisting of six Pd atoms.

Values in parentheses show experimental IR data.'*'®

modes, however, would disappear as the Pd—CO* and Pd—
CO*—Pd become a dominant species, at increased Pd
concentrations.

Given the well-known CO binding nature on CO-philic
metal surfaces (single CO adsorption on a metal atom), CO
stripping has been used to determine the surface coverage of
CO-philic metal elements of bimetallic systems.”® Galhenage et
al. found that the surface concentration of Co, Ni, or Pt of Au-
based bimetallic clusters supported on TiO, estimated by CO
temperature-programmed desorption i is greater than that from a
low-energy ion scattering experrment > We postulate that the
presence of the bridge-bound CO is attributed to the
overestimated surface concentration of the CO-philic element
estimated by CO temperature-programmed desorption.

Soto-Verdugo and Metiu showed that the repulsive force
between adjacent Pd—CO*’s is low, Supporting Information
Figure S1 confirms their finding,'® Because the binding energy
of the bridging CO molecule (Pd—CO*—Pd) is higher than the
on-top Pd—CO* molecule, as Pd atoms segregate to the surface
(see Figure 4), these bridge-bound CO molecules would
promote Pd clustering.

=

Six Pd-CO'  Three Pd-CO"-Pd
E,0=-1.25eV E,°=-1.40 eV

Figure 4. Strong binding of Pd—CO*—Pd on the Pdg cluster. The
stronger binding of the final three CO molecules supplies a driving
force for Pd clustering.

3-4. CO Oxidation by Pd Motifs. To provide insight into
the reactive species, we studied CO oxidation by several CO
species at the surface of Pd—Au(100): (1) Pd monomer with a
single on-top CO, Pd—CO* (M1), (2) Pd monomer with two
bridging CO’s, PdA—CO*—Au (M2), (3) Pd dimer with two on-

top CO’s, Pd—CO* (D1), and (4) Pd dimer with three
bridging CO’s, one bridging Pd—CO*—Pd, and two bridging
Pd—CO*—Au’s (D2). Refer to Figure S for the detailed
geometry of these models. We found, however, that these
species cannot bind O, strongly enough to catalyze CO
oxidation. Under CO oxidation conditions, M1 would prefer to
bind an additional CO molecule (E, = —0.96 eV), forming the
M2 structure rather than binding an O, molecule with a lower
(—0.44 eV) binding energy. In the case of M2, the available Pd
sites are already saturated by CO molecules so that
coadsorption of O, with the two CO molecules (—0.27 eV)
is weak. Note that the binding energy of O, on M2 is lower
than the entropic contributions to the free energy of O,
desorption, —0.64 eV (the entropic contribution to the Gibbs
free energy of O, desorption at the conventional operating
temperature of CO oxidation is —0.64 eV at 298 K and 1 bar;
the standard entropy of O, at 298 K is 205.14 ] mol ™' K~!),>**’
confirming that additional binding of O, on M2 is not favorable
(see the Supporting Information for details). D1 would prefer
to bind additional CO (E, = —1.21 eV) rather than O, (E, =
—0.69 eV). Weak O, binding at D2 (E, = —0.22 eV) also shows
that D2 is not a good catalyst geometry for CO oxidation. CO
oxidation by a catalyst that weakly binds O, and cannot supply
a reactive O* species usually follows the Langmuir—Hinshel-
wood mechanism, requiring the association of coadsorbed CO*
and 0,*.719%%73% Results show that isolated Pd atoms or
dimers cannot activate CO oxidation by the association of
coadsorbed CO* and O,*.

Table 2 shows that the binding preference of the Pd cluster
changes from CO to O, as the Pd cluster is composed of more
than four Pd atoms; Pd, and Pdg clusters strongly bind O,.
Because DFT calculations at the GGA level of theory have
systematic errors in the binding energy of O, and CO, the
relative binding energies (for example, AE,4 in Table 2) are
expected to be more accurate than the absolute values. The
qualitative trend in the value of AE,4, changing from positive to
negative at Pd,, leads us to conclude that the binding of O, is
favored over CO in Pd clusters larger than Pd,. Moreover,

200 = -1.32 eV E“co -0.96 eV

=-0.44 eV Eaao’ -0.27 eV

%%

0=.131eV Ew°°= -1.21 eV E,¢c°- -0.81 eV

200t = -0.69 eV E,,,°= =-0.21 eV

%

Figure S. Trends in competitive CO and O, binding on the Pd monomer (a) and Pd dimer (b) in the Pd—Au(100) surface. Pd monomer and dimer
prefer to bind CO molecules as much as possible (green arrows) rather than binding an O, molecule with CO molecules (red arrows). The
associative mechanism of CO oxidation,”'**® CO oxidation by coadsorbed O, and CO is not the case of the Pd monomer and dimer.
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Table 2. Trends in CO Adsorption
Dissociation on Pd, Clusters”

and O, Adsorption and

Pd, Pd, Pd, Pd,
EZ (eV) —L14  -117 -128  —130
Egf (eV) -077  —106 —157  —166
AE,y = Ey — EY 037 009 —029  —036
O, dissociation energy (ev) n/a n/a 0.04 —0.86
E, (eV) n/a n/a 0.28 0.16
“ESP, Eif, and E, denotes average energy of CO adsorption, energy of

O, adsorption, and O, dissociation barrier, respectively. Pd, is a Pd
cluster composed of x Pd atoms on the Pd—Au(100) surface. ES was
calculated with two, four, six, and nine bound CO molecules to Pd,,
Pd,, Pd,, and Pdj, respectively.

clustering of Pd atoms lowers the activation energy of O,
dissociation, leading to easier O, dissociation and promoting
subsequent CO oxidation by highly reactive O* that oxidizes
CO by the Langmuir—Hinshelwood mechanism or the Eley—
Rideal mechanism (refer to Supporting Information Figure S2
for detailed §eometries of O, adsorption and dissociation of Pd,
and Pdg).”"" We postulate that although some CO molecules
on the Pd atoms of Pd clusters that drive Pd surface segregation
would be removed from the surface as a result of CO oxidation,
Pd clusters would stay in the surface layer under CO oxidation
condition as a result of strong O, binding to the Pd clusters.
Because the CO oxidation in this system is catalyzed by Pd
motifs larger than Pd,, the overall CO oxidation reactivity
would converge to those of the pure Pd (100) surface.

Given the stronger CO binding energy of Pd motifs smaller
than Pd, (see Table 2), CO binding on a Pd atom initially
supplies a driving force for Pd surface segregation. As the size of
Pd motifs increase larger than Pd,, the strong oxygen binding
on Pd motifs larger than Pd, would attribute to further Pd
surface segregation, as well.

Because the Au—Pd catalyst is exposed to CO oxidation
conditions (a mixture of CO and O,), the reduction of the Pd—
O* by CO would be very fast (by the Eley—Rideal
mechanism). The PdO oxide islands, therefore, would not be
stabilized (the life span of the oxide at the surface layer of Pd—
Au alloy would be short). Even though ideal theoretical
calculations could predict the formation of PdO islands in
oxygen-rich conditions, it would not be the case of the real CO
oxidation conditions.

4. SUMMARY

According to conventional computational catalyst design
methods, which have focused on ensemble and ligand effects,
a low concentration of Pd in a Au alloy would not likely be
regarded as a catalyst for CO oxidation because Au surface
atoms cannot bind and dissociate O,. Herein, we suggest,
however, that under CO oxidation conditions where the CO-
induced Pd surface segregation occurs, the Pd—Au(100)
bimetallic alloy becomes an effective CO oxidation catalyst.
The strong CO-philic nature of Pd supplies a driving force for
preferential surface segregation of Pd atoms, and a Au vacancy
dramatically accelerates the Pd—Au swapping. This finding
predicts that an adsorption-induced surface segregation would
be more prominent in nanoparticles or rough surfaces, where
surface atoms are less closely packed.

Pd clusters composed of at least four Pd atoms are found to
be a reactive species for CO oxidation. Facile O, dissociation by
Pd clusters is essential for high CO oxidation activity. Our
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findings suggest that not only are geometric and electronic
effects important, but dynamical effects also have to be
considered for bimetallic alloys or NPs whose components
asymmetrically interact with reacting molecules.
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Details about the DFT calculations of the free energy of O,
binding and CO repulsion are provided. This material is
available free of charge via the Internet at http://pubs.acs.org.
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