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Strain effects on ensemble populations in AuPd/Pd(100) surface alloys
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The effects of applied strain on the arrangement of atoms in AuPd/Pd(100) surface alloys are studied
using Monte Carlo simulations and cluster expansion Hamiltonians. The strain effects are found to be
significant, with heteronuclear (Au-Pd) interactions more strongly enhanced by biaxial compression
than homonuclear (Pd-Pd) ones. In particular, compressive strain causes an increase in the population
of Pd monomers and second nearest-neighbor pairs of Pd monomers, both of which have been iden-
tified previously as important ensembles for various catalytic reactions. We also discuss the origin of
these effects using density functional theory calculations of the surface electronic structure of strained
AuPd/Pd(100).Our findings may suggest an additional means of employing strain to tune the catalytic
properties of surface alloys. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4825396]

. INTRODUCTION

The addition of gold (Au) to palladium (Pd) has been
found in many cases to greatly improve its catalytic per-
formance. AuPd alloys have been shown, for instance, to
promote the direct synthesis of hydrogen peroxide from
hydrogen (H,) and oxygen (0,),"»? vinyl acetate synthesis,>~
and the selective oxidation of alcohols to aldehydes.® The en-
hanced catalytic properties of AuPd often can be attributed to
its ability to form stable mixed alloy surfaces in which en-
sembles of Au and Pd atoms act to promote the formation of
desirable products and inhibit undesirable side reactions. For
example, second nearest-neighbor pairs of Pd monomers were
shown by Chen et al. to play an important role in vinyl acetate
synthesis on the AuPd(100) surface.** Calculations reported
by Hwang and co-workers suggested that Pd monomers in
AuPd(111) may prevent O—O bond scission in adsorbed O»,
facilitating H,O, synthesis;’»® their calculations also demon-
strated that small groups of Pd atoms may be active sites for
CO oxidation, preventing poisoning of the surface.” Surface
Pd monomers also were determined by Wang et al. to have
a substantial effect on the activity of carbon supported AuPd
nanoparticles toward glycerol oxidation.'”

Because of the importance of the ensemble effect in
explaining their improved catalytic performance, numerous
studies have been undertaken to ascertain and control the sur-
face atomic configuration of AuPd alloys. Using scanning
tunneling microscopy (STM), Maroun et al.'' counted Pd
monomers, dimers, and trimers in monolayer AuPd surface
alloys on Au(111) substrates. The Goodman group conducted
a number of studies on (100) and (111) surface facets of bulk
and thin, multilayer AuPd alloys to identify and count sur-
face ensembles using various experimental techniques.'?"'*
Boscoboinik et al. developed a model based on first neigh-
bor pair interactions in AuPd(111) surface alloys which
they have used to examine the distribution of surface Pd
atoms as a function of surface concentration!®> and to count
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specific adsorption sites.!® Using similar methods, Garvey
et al. made a study of the AuPd/Pd(100) surface using longer
range interactions.!” And, recently, Stephens and Hwang'® 1
compared the atomic configuration of AuPd surface alloys to
AuPt in both the (111) and (100) surface facets. These experi-
mental and computational studies systematically investigated
the influence of surface composition, bulk composition, an-
nealing temperature, and other factors on the arrangement of
atoms in the surfaces of AuPd alloys. By contrast, one “vari-
able” that we believe has received little explicit attention is
strain. Although the influence of strain on the surface reactiv-
ity of various metals is relatively well understood,’*° as far
as we know, no studies of its potential effects on the arrange-
ment of atoms in surface alloys have been reported. Owing
to the demonstrated importance of ensemble effects in AuPd,
this is a question that we wished to address.

In this article, we examine the influence of strain on the
atomic arrangement of AuPd/Pd(100) surface alloys. For each
of the strain conditions considered, we first generate a cluster
expansion (CE) Hamiltonian from the results of density func-
tional theory (DFT) calculations, which we then use in canon-
ical ensemble Metropolis Monte Carlo (MC) simulations to
predict the atomic ordering of larger AuPd/Pd(100) surfaces
at finite temperatures. We find that under compressive strain,
the tendency of the surface to form Pd monomers and to retain
c(2 x 2)-like ordering are increased compared to the strain-
free case, while under tensile strain, they are reduced. We
also performed an analysis of the surface electronic structure
of two ordered AuPd/Pd(100) alloys to further elucidate the
origin of these strain effects. The fundamental findings may
suggest an additional means of tailoring and improving the
catalytic properties of AuPd alloys.

Il. METHODOLOGY
A. Cluster expansion method

In the cluster expansion formalism, every site in a lat-
tice is first assigned an occupation variable. The value of the
variable is determined by the alloy constituent that occupies

© 2013 AIP Publishing LLC
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the site. The energy of the lattice is then expanded in terms
of products of spatial clusters of the site variables. It can be
shown that these products form a complete basis, which can in
principle exactly represent the energy;*’ however, in practice,
a CE must be truncated. Even so, cluster expansions that have
been parameterized using appropriately constructed training
sets of DFT calculated energies are commonly capable of
energy predictions within a few meV/atom of DFT.?!=¥7

In this work, we chose to model the energetics of the
strained AuPd/Pd(100) surface by preparing separate CEs for
each of the strain conditions that we considered, each having
its own training set of model surfaces (described in the follow-
ing section). Cross validation score minimization®® was used
to select from among candidate 2-body clusters with up to 5th
nearest-neighbor interactions and 3- and 4-body clusters with
up to 4th nearest-neighbor interactions. To improve sampling
of the low energy region of the potential energy surface, the
training sets were also iteratively expanded to include global
minima as they were discovered by candidate CEs. The pro-
cedure we followed is described in greater detail in Refs. 18
and 19.

The final CE for the compressive strain case contained a
total of 14 clusters, and the associated training set contained
51 model surfaces. For the strain-free and tensile cases, these
quantities were (14 clusters, 45 surfaces) and (15 clusters, 49
surfaces), respectively. The expansions along with some ad-
ditional details pertaining to their creation are included in the
supplementary material.>

B. Density functional theory

Spin-polarized DFT calculations within the generalized
gradient approximation (GGA-PW91%°) were performed us-
ing the Vienna Ab-initio Simulation Package (VASP).*! The
projector augmented wave (PAW) method with a planewave
basis set was employed to describe the interaction between
core and valence electrons.*? The valence configurations em-
ployed to construct the ionic pseudopotentials are 54'° 65!
for Au and 4d° 5s' for Pd. An energy cutoff of 350 eV was ap-
plied for the planewave expansion of the electronic eigenfunc-
tions. For Brillouin zone integration in the model surfaces, a
(6 x 6 x 1) Monkhorst-Pack mesh of k-points was used.

The models used to represent AuPd/Pd(100) surfaces in
our DFT calculations were four layer slabs, each consisting
of a 4 x 4 AuPd(100) surface layer atop three additional
(100) layers of pure Pd. The top and bottom of the slabs
were separated through a periodic boundary by the equiva-
lent of 7 atomic layers. The bottom two layers were fixed
at bulk positions, and the top two were relaxed until all the
atomic force components were smaller than 0.03 eV/A. Biax-
ial strain was simulated by uniformly changing the surface-
parallel dimensions of the supercell by —2%, 0%, or +4%
of the bulk Pd value, which was determined by DFT to be
3.961 A. The surface-perpendicular separation of the fixed
Pd layers was also adjusted to account for strain-induced re-
laxation in that direction. The extent of the relaxation was
determined by applying biaxial strain to a bulk Pd sample,
then minimizing the energy with respect to the supercell size
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FIG. 1. Formation energies per surface Pd atom (E#/Np,) of the model sur-
faces in each training set, where Ef = Equpa — (Epu + Npa - AEpa— au).
In this expression, E4,pq and Ey, are, respectively, the total energies of the
model surface in question and a model surface with a pure Au surface layer,
AEpg _ 4y is the difference in the cohesive energies of bulk Pd and Au, and
Npg is the number of surface Pd atoms.

along the perpendicular direction. The ratio of applied strain
to response determined from these calculations is —0.689 and
—0.586 for 2% compression and 4% tension, respectively,
which closely match a Hooke’s law-based prediction made
using experimentally measured O K elastic stiffness constants
for Pd(—0.665).43

Predictions made using the cluster expansions are com-
pared to DFT results in Figure 1. Each point represents the
formation energy (on a per Pd atom basis, defined in the cap-
tion) of a model surface from the CE training sets. The en-
ergies span a range of approximately 140 meV, and the CE
predictions exhibit only very small departures from the DFT
reference energies.

C. Monte Carlo simulation

Once completed, the three cluster expansions were in-
corporated into canonical ensemble Monte Carlo simulations
of the AuPd/Pd(100) surface. All of the surfaces we simu-
lated contained 30 x 30 (100) surface unit cells for a total of
900 atoms. The surfaces were first annealed at high tempera-
ture and then cooled and equilibrated at the simulation tem-
perature over a period of 7 x 10° steps per site. Properties of
the atomic configuration were then calculated and averaged
over 1 x 10° steps per site. The candidate configurations eval-
uated at the beginning of each step were generated by swap-
ping randomly selected Au and Pd atoms. Past experience
has shown this procedure to be adequate to erase any bias
from the initial configuration and to achieve consistency be-
tween repeated runs at the same simulation temperature and
composition.

lll. RESULTS AND DISCUSSION

Figure 2 shows snapshots from simulations of select
AuPd/Pd(100) surfaces with different composition ratios and
degrees of strain. While some qualitative trends may be
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FIG. 2. Snapshots from MC simulations of AuPd/Pd(100) under different
strain conditions and with different Pd surface fraction, xpq.

evident from the images, they are chiefly intended to com-
plement and aid in the interpretation of the results which will
be presented in Figures 3 and 4, in which each “point” is an
average over all the configurations visited in the course of a
separate MC simulation, as just discussed.

Figure 3 shows the effect of strain on the population of
Pd monomers in AuPd/Pd(100) at T = 300 K. The monomer
population is found to be increased by compression and re-
duced by tension, relative to the strain-free case, over the en-
tire composition range considered. The strain effect becomes
greatest at a Pd atomic fraction of xpg = 0.45-0.50, where the
population of monomers in the compressively strained sur-
face is about 1.8 and 3.3 times larger than in the strain-free
and tensile cases, respectively.
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FIG. 3. Number of Pd monomers per surface Pd atom at 7 = 300 K, obtained
from MC simulation, under compressive (—2%), strain-free (0%), and tensile
(4+4%) conditions.
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FIG. 4. Number of 2NN pairs of Pd monomers per surface Pd atom at
T = 300 K, obtained from MC simulation, under compressive (—2%), strain-
free (0%), and tensile (+4%) conditions.

It can also be seen that under all three strain condi-
tions (—2%, 0%, and 4%), the population of monomers is
larger in the AuPd/Pd(100) surface than in a random alloy
(which has no interatomic interactions).Our previous studies
(Refs. 18 and 19) showed that Pd monomers form in greater-
than-expected numbers because of a preference for heteronu-
clear (Au-Pd) over homonuclear (Au-Au, Pd-Pd) interactions.
The differences between the population of monomers in the
strained surfaces suggest that compressive strain strengthens
the heteronuclear interactions relative to homonuclear ones,
and that tensile strain weakens them.

Due to their importance in a number of surface reactions,
we next considered how strain affects the population of 2NN
pairs of Pd monomers. In Figure 4, we plot the number of
2NN pairs per surface Pd atom as a function of xpq and degree
of strain, as obtained from MC simulations at 7= 300 K. The
number of 2NN pairs is increased by compressive strain and
reduced by tensile strain. The strain effect becomes especially
pronounced in the region of xpg = 0.5, where the number of
pairs in the compressed surface is almost 8 times greater than
in the tensile case.

The origin of this sizeable difference between the com-
pressive and tensile surfaces at xpg = 0.5 can be clarified by
examining the last row of snapshots in Figure 2. In particular,
the compressed [Fig. 2(c)] surface appears to be well ordered,
with several extended ¢(2 x 2)-like patches. Note that in the
(100) surface facet, c¢(2 x 2) order maximizes the number of
monomers and 2NN monomer pairs. Patches of ¢(2 x 2) order
also exist in the strain-free surface [Fig. 2(f)], but are visibly
smaller, and in the 4% tensile case [Fig. 2(i)], they have nearly
vanished.

This effect of strain on ordering can be measured us-
ing the Warren-Cowley short range order (SRO) parameter,**
which we restrict here to the first nearest neighbor shell,

a=1- 242 (1)
XB
In Eq. (1), pag is the probability (in an alloy of A and
B atoms) that a first nearest neighbor of a randomly selected
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A atom will be a B atom, and xp is the fraction of B atoms
in the surface layer. In a completely random alloy, there is
no tendency for A atoms to preferentially attract either A or
B atoms into their 1NN shells, so pag = xp, and therefore o
= 0. On the other hand, in a AuPd(100) surface alloy with
xg = 0.5 and perfect ¢(2 x 2) order, the 1NN shell of every
atom is populated entirely by dissimilar atoms, so pap = 1,
and o = —1.

Figure 5 shows the MC-predicted dependence of o on
temperature and strain for xpg = 0.5. The plots indicate that at
low temperatures, the AuPd/Pd(100) surface exhibits perfect
¢(2 x 2) order under all three strain conditions considered. As
the temperature rises, the arrangement of Au and Pd atoms in
the surface becomes increasingly random; however, compres-
sive strain is seen to significantly delay the deterioration of
order.

These results clearly demonstrate that compressive strain
promotes the formation of monomers and stabilizes c(2 x 2)-
like order in the AuPd/Pd(100) surface. To gain more insight
into this finding, we turned next to examining how the sur-
face electronic structure is modified by alloying and strain.
Figure 6 shows the electron density of states (DOS) projected
onto the d orbitals of Pd and Au atoms in the strain-free
c(2 x 2) surface; results for the unalloyed Pd/Pd(100) and
Au/Pd(100) surfaces are also shown for comparison. Forma-
tion of the ¢(2 x 2) surface alloy is found to significantly
enhance the Pd DOS in the high binding tail about 4-6 eV
below the Fermi level [Fig. 6(a), top panel]. As can be seen
by comparing the top panels of Figures 6(b) and 6(c), this en-
hancement is due almost entirely to a downshift of in-plane
(dyy + dy>_ ) states; the out-of-plane (d,; + d,. + d2) states
in the tail region are affected comparatively little. A concur-
rent upshift of Au in-plane states also occurs [Fig. 6(b), lower
panel], indicating significant hybridization between the in-
plane Au 5d and Pd 44 states, which may contribute to the
stability of the ¢(2 x 2) surface.

To better understand the relative stability of different ar-
rangements of surface atoms under different strain conditions,
we compared the c(2 x 2) surface and a p(4 x 2)-ordered sur-
face which is shown schematically in Figure 7; the p(4 x 2)
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FIG. 5. Short-range order as a function of temperature and strain (—2%, 0%,
and 4%) when xpq = 0.5.
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FIG. 6. Surface Pd d DOS (red line, upper panels) and Au d DOS (red line,
lower panels) for the strain-free ¢(2 x 2) surface, compared to their respec-
tive pure surfaces, Pd/Pd(100) and Au/Pd(100) (gray backgrounds). All plots
have been normalized independently and shifted to place the Fermi energy at
0 eV. For clarity, the scales of the graphs showing the in-plane (dxy + d,2_2)
(b) and out-of-plane (dy; + dy; + d2) (c) components have also been mag-
nified 2 x relative to the total (a).

surface has the same composition (xpg = 0.5) but a smaller
number of Au-Pd nearest neighbors. As expected, the
c(2 x 2) surface is energetically more favorable than the
p(4 x 2), and the difference is greatest under compression
and least under tension. The strain effect on the relative stabil-
ity of the two surfaces is clarified by the following electronic
structure analysis.

As shown in Figure 8, under all three strain condi-
tions considered, the Pd d DOS of both surfaces show en-
hancement in the tail region (below around —4 eV from the
Fermi level); this is due apparently to in-plane Au 5d-Pd 4d
hybridization. The two surfaces nonetheless differ in that the
enhancement is consistently more pronounced in ¢(2 x 2),
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(blue, dotted line) surfaces compared to Pd/Pd(100) (gray background) under
different strain conditions. All plots have been normalized independently and
shifted to place the Fermi energy at 0 eV.
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due to its larger number of Au-Pd neighbors. This differ-
ence is visibly largest when the surfaces undergo compression
[Fig. 8(b)] and smallest when they undergo tension [Fig. 8(c)],
paralleling the trend in their relative stability as described ear-
lier. This suggests that compressive strain stabilizes c(2 x 2)-
like order (and also promotes monomer formation) by, at least
in part, magnifying the effects of in-plane d-d hybridization
between neighboring Au and Pd atoms.

Although there are no experimental data currently avail-
able for direct comparison, our theoretical study clearly high-
lights significant impact of strain on the atomic arrangement
of surface alloys, which is also likely to affect their surface
chemistry. One could impose a biaxial strain of a few per-
cent on a thin metal film through the lattice mismatch be-
tween the film and the underlying substrate. Alternately, it
would be also possible to examine the strain effect by ex-
ternally stressing a free-standing sample. Moreover, in core-
shell nanocatalysts, lattice strain has been found to signifi-
cantly influence their catalytic activity by modifying the sur-
face properties.*>* Perhaps, significant strain may also cause
a change in the configuration of subsurface atoms and/or in-
duce mixing with the substrate, which could in turn influence
the surface atomic ordering. However, in this work, we intend
to focus on the strain effects on the interatomic interactions
and consequent ordering tendencies in the AuPd surface al-
loy using the simple AuPd/Pd system; further studies are war-
ranted to examine the effect of subsurface/bulk composition
on surface atomic arrangement.

IV. SUMMARY

Monte Carlo (MC) simulations were performed to exam-
ine the effects of applied strain on the finite-temperature ar-
rangement of atoms in AuPd/Pd(100) surface alloys. In this
work, three strain conditions were considered (0%, 2% com-
pression, and 4% tension); strain was measured relative to
the bulk Pd lattice and applied biaxially, parallel to the sur-
face. For each of the three strain cases, a separate cluster
expansion (CE) Hamiltonian for use in the MC simulations
was developed from the results of density functional theory
(DFT) calculations. Pair interactions up to the fifth nearest-
neighbor (5NN) distance and 3- and 4-body interactions up
to the 4NN distance were considered for inclusion in the
CE models. Our MC simulations show that the application
of strain can result in dramatically different arrangements of
surface atoms. In particular, compressive strain was seen to
increase the number of Pd monomers relative to the strain-
free case, and tensile strain was seen to reduce it. The number
of second nearest-neighbor pairs of Pd monomers was sim-
ilarly enhanced by compressive strain, as was short range,
c(2 x 2)-like order. We also performed an electronic structure
analysis of the AuPd/Pd(100) system in order to understand
the origin of these strain effects. We found that enhanced hy-
bridization between in-plane Au and Pd d states under biaxial
compression helps to stabilize the ¢(2 x 2) surface and may
also explain the increased population of Pd monomers and
second nearest-neighbor monomer pairs. By highlighting the
influence of strain over the atomic configuration of surface al-
loys, our findings may suggest an additional role for strain
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engineering, beyond the well-known relationship between
strain and surface electronic structure, in the rational design
of alloy catalysts.
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