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Using density functional theory and cluster expansion-based Monte Carlo simulations, we examine the
effect of Pd dispersion on the energetics and barriers for the reaction of O, with H atoms to form H,O
and H,0, on a AuPd/Pd(11 1) alloy surface. Our calculations show that this hydrogenation reaction is
considerably affected by the distribution of Pd and Au atoms in the surface layer. In particular, on isolated
Pd monomers surrounded by less active Au atoms, the activation barrier to form H,0; is appreciably
lowered due to the suppression of O-0O bond cleavage. In contrast, the reactivity to H,O on the Pd dimer
is predicted to be enhanced compared to pure Pd. Using Monte Carlo simulations we also predict Pd
ensemble populations in the AuPd surface layer as a function of temperature and composition. Due to
the favorability of Au-Pd interactions over Pd-Pd, we find that small ensembles, particularly monomers,
preferentially exist. This study highlights how theoretical investigation of bimetallic alloys, particularly
the surface arrangement of atoms and the influence of ensembles on reaction energetics, can offer insight
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into the design of catalysts and tailoring of reaction conditions.
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1. Introduction

Low temperature PEM (polymer electrolyte membrane) fuel
cells, also known as proton exchange membrane fuel cells, have
received much attention in recent years as a promising alterna-
tive for power generation, especially for automotive applications.
PEM fuel cells use hydrogen (or hydrogen-rich fuel) and oxygen
(from air) to generate energy, thereby achieving near-zero pollu-
tant emissions and high fuel efficiency [1]. One of the major barriers
to their commercialization is the high cost arising largely from
the use of expensive platinum (Pt)-containing electrocatalysts in
the electrodes. In addition, the oxygen reduction reaction (ORR) at
the cathode, in which molecular oxygen is decomposed and com-
bined with protons and electrons supplied by the anode through
the membrane and external circuit to form water, is currently the
rate-limiting step for the PEM fuel cell. Pt-based catalysts are also
susceptible to poisoning by carbon monoxide (CO) and other impu-
rities [2]. For these reasons, there exists great interest in developing
alternative catalyst materials.
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One promising avenue is the use of palladium (Pd)-based
bimetallic nanoparticles [3]. By itself, the activity of Pd toward the
ORR has been found to be lower than that of Pt [3,4]. However, a
series of recent experimental and theoretical studies have demon-
strated that Pd alloyed with other metals (Fe, Co, Ni) has an ORR
activity comparable to or even better than Pt catalysts [5-8]. The
synergetic effect exhibited by Pd-containing and other bimetallic
alloys can to a large extent be attributed to the existence of unique
mixed-metal surface sites (the so called ensemble (geometric)
effect [9-11]) and by electronic state change due to metal-metal
interactions (the so called ligand (electronic) effect [12]). Knowl-
edge of the arrangement of atoms in the surfaces of bimetallic
catalysts is indispensable in elucidating the roles played by the
ensemble and ligand effects in their activities. Although progress
in this area has been hampered by the difficulty of atomic-scale
characterization, computational approaches can be a powerful and
flexible alternative.

In this article, we present the results of a density functional the-
ory (DFT) study of the influence of Pd ensembles on the reactivity
and selectivity of oxygen hydrogenation on the AuPd/Pd(11 1) sur-
face. We also examine the effects of temperature and composition
on the population of Pd ensembles in this surface using a Cluster
Expansion Hamiltonian and the Monte Carlo method. We chose to
examine the AuPd alloy because it has been found to possess sig-
nificantly enhanced activity compared to monometallic Pd and Au
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catalysts for a host of reactions, such as direct synthesis of hydrogen
peroxide (H,0,) from hydrogen (H;) and oxygen (0,) [11,13,14],
hydrogen evolution [15] and production of vinyl acetate monomer
[16-19]. This work is of value in understanding the nature of the
effect of alloying on catalytic function, particularly in providing
some insights into the performance of Pd-based alloy catalysts for
the ORR.

2. Computational methods
2.1. Density functional theory

The calculations reported herein were performed on the basis of
spin polarized density functional theory (DFT) within the general-
ized gradient approximation (GGA-PW91 [20]), as implemented in
the Vienna Ab-initio Simulation Package (VASP) [21]. The projector
augmented wave (PAW) method with a planewave basis set was
employed to describe the interaction between core and valence
electrons [22]. The valence configurations employed to construct
the ionic pseudopotentials are as follows: 5d'0 6s! for Au, 4d® 5s!
for Pd, and 2s2 2p* for O. An energy cutoff of 350 eV was applied for
the planewave expansion of the electronic eigen functions. For the
Brillouin zone integration, we used a (2 x 2 x 1) Monkhorst-Pack
mesh of k points to calculate geometries and total energies, and
increased the k-point mesh size up to (7'7’1) to reevaluate corre-
sponding electronic structures or to (4'4'1) to refine the energies
for construction of the Cluster Expansion Hamiltonian. Reaction
pathways and barriers were determined using the nudged elas-
tic band method (NEBM) with eight intermediate images for each
elementary step [23].

For PdAu model surfaces, we constructed a four atomic-layer
slab with either a rectangular 2+/3 x 4 (for surface reaction calcu-
lations) or a hexagonal 4 x 4 (for inclusion in the Cluster Expansion
training set) unit cell in which a PdAu layer is overlaid on a three-
layer Pd(111) slab with each layer composed of 16 atoms. The
slab is separated from its periodic images in the vertical direc-
tion by a vacuum space corresponding to seven atomic layers.
The lattice constant for bulk Pd is predicted to be 3.95A (this
is in accordance with a DFT result of 3.96A [24]), close to the
experimental value of 3.89A. While the bottom two layers of
the four-layer slab were fixed at corresponding bulk positions,
the upper two layers were fully relaxed using the conjugate gra-
dient method until residual forces on all the constituent atoms
become smaller than 5102 eV/A. The adsorption energy (Eyq) is
calculated by E,4 = |E(adsorbate/M)| — |[E(M) + E(adsorbate)|, where
E(adsorbate/M), E(M), and E(Adsrobate) represent the total energies
of the adsorbate/slab system, the slab, and an isolated adsorbate
molecule in the gas state, respectively, and |x| indicates the absolute
value of x.

2.2. Cluster expansion method

DFT is an established method of predicting the structure and
energies of metallic alloys. However, due to its computational
expense, the practical application of DFT usually is limited to sam-
pling a small number of configurations containing on the order
of 100 atoms. By contrast, when Monte Carlo (MC)-based sim-
ulation schemes are used to obtain thermodynamic averages, it
is not uncommon to sample, on a per atom basis, thousands of
microstates. To bridge the gap between highly accurate but expen-
sive higher order methods like DFT and the sampling requirements
of MC simulation, it is necessary to use amodel Hamiltonian. Hamil-
tonians constructed using the Cluster Expansion (CE) method have
been shown to be capable of reproducing DFT-predicted energies
to within a few meV per atom in crystalline materials [25-31].

In the CE method, each lattice site in a binary, crystalline alloy
is assigned a spin corresponding to the chemical species that occu-
pies it (i.e., for Au and Pd, s=+1 and —1, respectively), and then the
energy of the lattice is expanded in terms of clusters of these spins,
which form a complete basis. That is,

E(S)=Jo+ ZJ;‘Si + Z]ijsisj + Z]ijksisjsk +---

i i<j i<j<k
where Jo,J;, Jij, and J, are the interaction coefficients (called effective
cluster interactions (ECIs)) for the empty, point, pair, and three body
spin clusters, and s; is the spin (+1) of lattice site i. In practice,
cluster expansions can be truncated to just a few terms without a
great loss of fidelity.

In our model of the fcc (11 1) surface, the 2D hexagonal lattice,
we distinguish between hcp 3-fold hollow sites, which are situ-
ated directly above an atom in the first subsurface layer, and fcc
3-fold hollow sites, which are not. We chose to limit the range of
interactions in our expansion to the third nearest neighbor dis-
tance. Thirty-six unique types of clusters, capable of forming 236
(~6.9 x 1019) possible cluster expansions, fit this criterion.

We used the cross validation (CV) score [32], which is a measure
of the prediction error of a model, to select one cluster expansion
from among these possibilities. A global optimization technique
called simulated annealing [33] was used to determine the set of
clusters that minimized the CV score with respect to a training set of
DFT-predicted energies. The initial training set contained 30 model
surfaces, but to help guard against the possibility of bias, the set was
iteratively expanded during the cluster selection process [32,34].In
eachiteration, a cluster expansion was created from the training set
using simulated annealing. Then, this CE was used to generate new
ground-state model surfaces. Finally, the surfaces were added to
the training set if not already present. Convergence was achieved
when the newly generated CE predicted no new ground-state con-
figurations. This procedure is explained in greater detail elsewhere
[12].

With our cluster expansion in hand, we performed Monte Carlo
simulations [35] on the AuPd surface alloy for a range of composi-
tions and temperatures. In each sampling step, a new configuration
was generated by swapping randomly chosen Au and Pd atoms.
Using these simulations, we calculated the average number of Pd
monomers and dimers at each condition; the results are presented
in Section 3.3.

3. Results and discussion
3.1. Oxygen reduction reaction: mechanism overview

The oxygen reduction reaction (ORR) is a four-electron process
involving the activation and conversion of molecular oxygen (03)
to water (H,0) (Eq. (1)). Catalysts with poor ORR activity can con-
vert the O, instead to hydrogen peroxide (H,0,) by a two-electron
reduction reaction as shown in Eq. (2).

0, +4H" +4e~ = 2H,0 1)
0y + 2H" +2e™ = H,0, (2)

H,0, is largely responsible for membrane deterioration in PEM
fuel cells, accordingly degrading device performance. Therefore,
suppression of H,0, formation is a critical goal in catalyst design.
At the same time, even if the catalyst shows high selectivity for H,O
production, it is possible that the H,O formation rate is slow due to
a high kinetic barrier in the relevant H,O production path. A second
design goal should be to reduce the barrier of the rate-determining
step in order to enhance the reaction rate for H,O formation.

In what follows, we report the effect of Pd ensembles in the
AuPd/Pd(11 1) surface layer on H, O formation reactivity and selec-
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Fig. 1. Top views of the model PdAu surfaces considered in this work: Pd monomer
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(indicated as M), dimer (D), and pure (P). The black (blue), grey (gold), and white
balls represent surface Pd, surface Au, and subsurface Pd atoms, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

tivity. We evaluated two different Pd ensembles, the monomer
(indicated by M throughout the paper) and dimer (D), and com-
pared them to the pure (11 1) surface (P); all shown in Fig. 1. The
H,0/H,0, formation pathways that we examined are illustrated in
Fig. 2, in which the nodes represent quasi-stable reaction interme-
diates and the paths between them indicate either hydrogenation
(denoted +H) or O-0 bond scission. Note that H atoms are supplied
by H, oxidation at the anode in a PEM fuel cell.

Here, the H,O formation pathways are classified by the behavior
of O, absorbed on the catalyst surface. In dissociative pathways (I
and II), adsorbed O, first undergoes bond scission, while in associa-
tive pathways (111, IV, V), it is directly hydrogenated to form OOH
[4]. In pathway I, H,O is produced from dissociated O, by two suc-
cessive hydrogenation steps, and in pathway II, two OH (resulting
from hydrogenation of O radicals) combine to form H,O. In the asso-
ciative pathways, the adsorbed OOH radical either splits to form
0+ OH before merging with pathway I (pathway III) or pathway II
(pathway IV), or it undergoes a second hydrogenation to form H, 0,
(pathway V) which either desorbs or splits into OH+OH prior to
H, O formation. In the following section, we examine these path-
ways in terms of reaction energies (that is, the difference in energy
of adjacent nodes) and activation barriers (to transition from one
node to the next) for the pure Pd surface and the Pd monomer and
dimer sites.

All calculations were performed in the gas phase rather than in
a solution environment; however, we expect that the solution con-
tributions to the surface reaction energetics and pathways would
not be significant considering that the weak electrostatic interac-
tions such as hydrogen bonding between adsorbed reactants and
intermediates (such as O, and OOH) and solution species (such
as H,0) can be much weaker than the interaction of the reac-
tants/intermediates with the metal alloy surfaces considered [4].

H,O Formation
Pathways

Fig. 2. Schematicillustration of H,O/H, 0, formation steps considered in this study.
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Fig. 3. Predicted potential energy diagram for H,O formation from H and O, on
Pd(111), and corresponding intermediate and transition state configurations. In
the energy diagram (lower panel), the activation energies for the hydrogenation,
scission, and desorption reactions considered are given in eV, and LS. refers to the
infinite separation of two adsorbates. On Pd(11 1), our calculation shows that the
hydrogenation of OOH leads to nearly spontaneous dissociation into OH+OH, i.e.,
OOH +H — OH + OH; thus, no activation energy was obtained for the hydrogenation
reaction, as indicated by N/A. In the intermediate and transition states, the O-H and
0-0 distances are indicated in the hydrogen and scission reactions, respectively.
The big black (blue), small dark grey (red), and small white balls represent Pd, O,
and H atoms, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

3.2. H,0 versus H,0, formation: pathways and energetics

3.2.1. PurePd(111)

Fig. 3 shows the energy changes and activation barriers in rele-
vant reaction paths for H, O formation on the pure Pd(1 1 1) surface;
in Table 1, we also summarize the energetics and barriers involved
in the hydrogenation and scission reactions leading to either H,O
or H,0, formation. Our results suggest that the formation of H,O
would preferentially follow the dissociative mechanism, as the O,
dissociation barrier is much lower, by 0.38 eV, than the O, hydro-
genation barrier. The following O hydrogenation is predicted to be

Table 1
Calculated total energy changes (AE) and activation barriers (E, in parentheses) for
hydrogenation and decomposition reactions. All energy values are given in eV.

AuPdy/ AuPdp/ P

Pd(111) Pd(111)
(A) O, +H — OOH ~0.73(0.53) ~0.25(0.84) 0.18 (0.89)
(A)O;—0+0 0.25(1.55) ~0.23 (1.54) ~2.08(0.51)
(B) OOH +H — H,0, ~0.86 (0.37) ~0.51(0.81) 0.09 (—)?
(B) OOH — 0 +0H ~0.39(0.81) ~0.92 (0.54) ~2.13(0.31)
(C) H20, — Hy05(g) 0.17(0.17) 0.18(0.18) 0.24(0.24)
(C) H,0, > OH+OH —0.90 (0.31) ~1.35(0.11) —2.09 (0.01)
(D)O+H— OH ~1.37(0.67) ~0.94 (0.80) 0.13 (1.15)
(F) OH+H— H,0 ~1.44 (0.45) ~0.99 (0.85) ~0.27 (0.95)
(G)OH+OH—H,0+0 —0.17(0.14) 0.11(0.19) —0.43 (0.05)

2 The OOH hydrogenation results in almost spontaneous HO-OH dissociation with
no sizable barrier, i.e.,, OOH +H — OH + OH.
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Fig. 4. Predicted potential energy diagram for direct for H,O formation from H and
O, at the Pd monomer site, and corresponding intermediate and transition state
configurations. In the energy diagram (lower panel), the activation energies for the
hydrogenation, scission, and desorption reactions considered are given in eV, and
L.S. refers to the infinite separation of two adsorbates. In the intermediate and tran-
sition states, the O-H and O-O distances are indicated in the hydrogen and scission
reactions, respectively. The big grey (yellow) and black (blue) balls represent sur-
face Au and Pd atoms, respectively, and the small dark grey (red) and white balls
indicate O and H atoms, respectively. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.)

endothermic (AE=0.13eV) with a barrier of 1.15eV. In the final
step, H,O can be formed by two different reactions: OH hydro-
genation (pathway I) or OH + OH combination (pathway II). The OH
hydrogenation is calculated to be exothermic by 0.27 eV and has a
barrier of 0.95 eV.In contrast, the OH + OH combination reaction has
much smaller barrier (0.05 eV),implying that pathway Il is the ener-
getically preferred route for H,O formation on pure Pd(111). The
highest barrier occurs at the O hydrogenation step, with a height of
1.15eV.

3.2.2. Pd monomer in AuPd/Pd(111)

For the monomer case, as shown in Fig. 4 we find that H,O
formation tends to occur via an associative mechanism. Accord-
ing to our calculations, O, hydrogenation has a much lower barrier
(0.53 eV) than O, dissociation (1.55 eV). The barrier for OOH hydro-
genationis 0.37 eV, also considerably lower than the O + OH scission
barrier of 0.81 eV. This suggests that the reaction at the monomer
site may proceed along pathway V until H,0, is produced, assum-
ing that H atoms are readily available. However, H,0, desorption
has a lower barrier than OH +OH scission (0.17 eV versus 0.31 eV),
which might indicate that the monomer is a poor surface site for
H,0 formation from H and O,. Indeed, recent theoretical studies
[11] have demonstrated that isolated Pd monomers surrounded by
less active Au atoms are primarily responsible for the significantly
enhanced selectivity in the direct synthesis of H,O, from H; and O,
by suppressing O-0 bond cleavage. Here, we should point out that
identification of the monomer as a poor catalyst site for H,O forma-
tion depends on the assumption that H atoms are readily available
on the cathode surface. If, despite the difference in their barriers,

Fig. 5. Predicted potential energy diagram for H,O formation from H and O, at the
Pd dimer site, and corresponding intermediate and transition state configurations.
In the energy diagram (lower panel), the activation energies for the hydrogenation,
scission, and desorption reactions considered are given in eV, and LS. refers to the
infinite separation of two adsorbates. In the intermediate and transition states, the
0-H and O-0O distances are indicated in the hydrogen and scission reactions, respec-
tively. The big grey (yellow) and black (blue) balls represent surface Au and Pd atoms,
respectively, and the small dark grey (red) and white balls indicate O and H atoms,
respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

hydrogenation occurs more slowly than O-O (or O-OH) scission
due to a scarcity of H, H, O selectivity on the monomer may improve
(Fig. 5).

An explanation for this dramatic change of selectivity on the
Pd monomer compared to the pure Pd(11 1) surface is suggested
by differences in the adsorption energies of the reaction interme-
diates. Compared to the Pd monomer, the pure Pd(11 1) surface
stabilizes the O/OH/H radicals much more than OOH/H;0,. Specif-
ically, for O/OH/H (at a hollow site for (O/H) and at a top site
for (OH)), the adsorption energies are 3.43/1.68/2.29eV (M) and
4.95/2.31/2.90eV (P), while for OOH/H,0,, they are 0.89/0.17 eV
(M) and 1.30/0.24eV (P). In the reaction pathways illustrated
in Fig. 2, these two sets of species are coupled to one another
as reactant/product pairs through either hydrogenation or 0O-O
bond scission. Unequal adsorption energy changes in reactants and
products on the pure surface versus the monomer provides an
explanation for the energetic preference of one reaction pathway
(and final product) over another, provided that the activation bar-
riers are directly related to the relative stabilities of the reactants
and products.

3.2.3. Pd dimerin AuPd/Pd(111)

For the dimer case, O, reduction may follow an associative
mechanism as in the monomer case. The barrier for O, dissociation
is larger by 0.70 eV than for O, hydrogenation. However, unlike the
monomer case, pathway V is unfavorable, as O-O bond scission to
form O+OH has a lower barrier (0.54 eV) than hydrogenation to
form H,0, (0.81eV). Since the barrier changes are connected to
the relative binding strength between OOH/H,0, and dissociated
O/OH/H radicals, we compared their binding energies. As summa-
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Table 2
Calculated binding energies (in eV) of O, H, OH, OOH and H,0, at a hollow site (for
O/H) and at a top site (for OH/OOH/H,05).

AuPdy/Pd(111) AuPdp/Pd(111) P
0 3.43 3.87 495
OH 1.68 2.05 231
H 2.29 2.51 2.90
OOH 0.89 1.03 1.30
H,0, 0.17 0.18 0.24

rized in Table 2, the adsorption energies of O/OH on the dimer
(3.87/2.05 eV) are noticeably increased compared to the monomer
case (3.43/1.68eV). In contrast, the variation of OOH adsorption
energy is relatively small, i.e., 1.03 eV (D) and 0.89 eV (M). Accord-
ingly, O+OH scission exothermicity increases from 0.39eV (M)
to 0.92eV (D) and in turn the barrier substantially reduces from
0.81eV (M) to 0.54eV (D). On the other hand, in the OOH hydro-
genation case, increases in the adsorption energies of the reactants
H/OOH (2.29/0.89eV (M) — 2.51/1.03 eV (D)) are large compared
to changes in H,0, binding (0.17 eV (M) — 0.18 eV (D)), which par-
tially explains an increase in the barrier from 0.37 eV (M) to 0.81 eV
(D).

In the next O hydrogenation step, our calculation predicts an
exothermicity of 0.94eV and a barrier of 0.80eV, indicating that
the O hydrogenation reaction on the dimer can occur more eas-
ily than in the pure Pd(11 1) case. Note that the reaction on the
pure Pd(11 1) surface is endothermic by 0.13 eV and the barrier is
1.15eV.

In OH hydrogenation, we calculated the barrier to be 0.85eV,
which is slightly lower by 0.10eV than on the pure Pd(111) sur-
face. On the other hand, in the OH + OH combination reaction, the
barrier is predicted to be 0.19 eV, indicating that OH hydrogena-
tion is more difficult than OH+OH combination. Therefore, the
energetically preferred H,O formation route on the Pd dimer is
likely reaction pathway IV with a maximum barrier of 0.80eV at
0, hydrogenation. On the pure Pd(1 1 1) surface, the maximum bar-
rier was 1.15 eV, which suggests that the presence of Pd dimers may
improve the formation rate of H,O.

This enhancement of H,O formation rate comes from the
reduced surface reactivity toward adsorbates. It has been previ-
ously reported [4,36] that surfaces which strongly bind adsorbates
such as O/OH tend to reduce the rate of water formation by retard-
ing O/OH hydrogenations, while for surfaces which weakly bind
adsorbates, the opposite is true (provided that the O-O scission
barrier is not increased too much).

For the pure Pd surface, the ability to bind adsorbates is
relatively strong compared to the pure Pt surface. Since the rate-
determining step in H,O formation on the Pt catalyst is believed to
be the O/OH hydrogenation steps, the increase of surface reactivity
on the Pd catalyst gives rise to a reduction in the kinetics of the H,O
formation by further suppressing the O/OH hydrogenation reaction.
However, the creation of small Pd ensembles (such as dimers) by
alloying Pd with Au atoms reduces the surface reactivity toward
the adsorbate, resulting in a decrease of the adsorption energy of
adsorbates like O/OH (see Table 2). This results in a reduction of the
barriers for O/OH hydrogenation compared to the pure Pd(111)
surface without significantly changing the O-0 bond scission bar-
rier as shown in the previous section. In contrast, on the monomer,
the adsorbate is not activated sufficiently to break the O-O bond
and the H,0, is selectively formed, resulting in the degradation
of fuel cell materials. These results suggest that one of the chal-
lenges of designing a AuPd catalyst for use in the fuel cell cathode
is increasing the population of small ensembles while simultane-
ously suppressing the formation of monomers. Alternatively, as we
pointed out earlier, it might be possible to minimize evolution of
the by-product (H,0,) by reducing H atom coverage on the cathode
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Fig. 6. Density of states projected on the outmost d-states of the Pd monomer (M)
and pure surface (P). The dotted line indicates the Fermi level position.

catalyst surface in order to decrease the rate of OOH hydrogenation
at monomer sites.

3.3. Pd ensembles in AuPd/Pd(11 1): formation and distribution

Having considered how the kinetics of oxygen hydrogenation
are influenced by different Pd ensembles in the AuPd/Pd(11 1) sur-
face, we are confronted by an important question: how are the
Au and Pd atoms actually arranged in real catalyst particles? To
begin to answer this question, we first examined the interaction
between Au and Pd atoms in the AuPd/Pd(1 1 1) surface. Next, we
used our Cluster Expansion Hamiltonian and the Monte Carlo simu-
lation scheme to predict the effects of temperature and Pd coverage
(0, in atomic percent) on the populations of monomers and dimers
in the AuPd/Pd(11 1) surface.

3.3.1. Au-Pd interaction: DFT calculations

Using DFT, we calculated that the formation ener-
gies per Pd atom (Ef) of the Pd monomer and dimer
are 0.07eV and 0.11eV, respectively, as given by:
Ef=[Epaau — Eau+ Npd(Eau-butk — Epd-buik)]/Npa, where Epgay, Eau,
Epu-bulk» and Epg_puik refer to the total energies of the PdAu/Pd(111)
slab, Au/Pd(11 1) slab, bulk Au (per atom), and bulk Pd (per atom),
respectively, and Npyq indicates the number of Pd atoms on a
given PdAu surface. This implies that Pd would have a tendency
to remain isolated, rather than forming aggregates in the AuPd
surface alloy.

Fig. 6 shows the local density of states (LDOS) projected onto
the d-bands of a Pd monomer in the AuPd surface alloy and the
pure Pd(111) surface. The LDOS of the Pd monomer noticeably
broadens as compared to the Pd(1 1 1) case; in particular, the onset
of the high binding energy tail shifts down below —6eV (from
around —5eV in Pd(11 1)) while the peaks near the Fermi level
(—1eV<E—Ey) appear to be reduced. In addition, the d-band cen-
ter of the monomer is 0.07 eV lower than that of Pd(11 1). These
results suggest that the heteronuclear Au-Pd interaction is stronger
than the homonuclear Pd-Pd interaction, and also help explain the
reduced reactivity at the monomer site compared to pure Pd(111).

3.3.2. Pd ensemble distribution: MC simulations

Fig. 7 shows results from MC simulations; behavior in the high
(“infinite”) temperature limit, where atomic interactions are negli-
gible, is represented by the random alloy. At infinite temperature,
the fraction of surface Pd atoms that exist as monomers (Fig. 7(a))
monotonically decreases with increasing coverage. This is a conse-
quence of the fact that when the surface contains few Pd atoms,
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Fig.7. Average fraction of surface Pd atoms in monomers (a) and dimers (b) in AuPd
surface alloys at several levels of Pd coverage and temperature.

the probability of finding two or more together is low, but as the
surface becomes more crowded, it increases. Unlike the monomer
plot, the infinite temperature dimer plot (Fig. 7(b)) passes through
a maximum at approximately 6 =12%. As more Pd atoms crowd the
surface, the probability of randomly placing two together increases.
This explains the initial rise. However, the same is true of trimers,
tetramers, and other, larger ensembles. The fraction of Pd atoms
in dimers must at some point give way to the growing fraction in
larger ensembles and begin to diminish.

The overall shape of most of the finite temperature Pd monomer
plots (Fig. 7(a)) resembles the infinite temperature limit. The
T=100K and 200K plots are exceptions. The maxima they exhibit
at 6 =30-35% can be attributed to the stability of the (/3 x \/3)R30°
ordered phase [37]. This surface, which is the ground state for a Pd
coverage of 1/3, is unique to two other ways: (i) it is the only one
with a coverage of 1/3 in which all Pd atoms can exist as monomers
and (ii) no such surfaces exist at Pd coverage >1/3.

Regardless of temperature, at 8=5%, between 74% and 100%
of Pd atoms are monomers, but at 6=50%, fewer than 4% are.
As expected, reducing the temperature (thereby increasing the
contribution of interatomic interactions) results in a significant
enhancement of the monomer population at all levels of cover-
age. At 6=30% and T=100K, close to 100% of Pd atoms exist as
monomers, while at T=o0, only around 12% do. Even at 800K, the
monomer fraction differs from the random model by as much as 24
percentage points (at 6=10%).

Plots of the Pd dimer fractions (Fig. 7(b)) at the finite tempera-
tures considered exhibit maxima, just as at infinite temperature.
However, relative to the random alloy, the maxima are shifted
increasingly toward higher coverage as temperature decreases. The
shiftis equal to about 15 percentage points in the T=250K case. This
is apparently due to the preference for small ensembles in the AuPd

of small ensembles (such as dimers) and few monomers in its sur-
face might be beneficial for the ORR. However, according to our
Monte Carlo simulations of the AuPd surface alloy, monomers are
the dominant Pd ensemble for a wide range of temperatures and
compositions, mainly attributed to the preference in the AuPd sur-
face for the heteronuclear Pd-Au interaction. Hence, to improve
H, O selectivity ona AuPd alloy surface, one potential strategy might
be to limit the surface coverage of H atoms, thereby slowing the
kinetics of OOH hydrogenation and increasing O + OH scission. It is
also possible that larger Pd ensembles could be induced to form in
the surface by adsorbates, which in turn might improve H,O selec-
tivity. For example, our calculations indicate that with the addition
of a single adsorbed O atom, the Pd dimer becomes around 0.4 eV
more stable than a pair of isolated monomers. This effect will be
more fully explored in later studies. These findings show how a
combined DFT and Monte Carlo study of the surface ensembles and
their effects on surface chemistry can offer insight into the design
of bimetallic catalysts and tailoring of reaction conditions.
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