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ABSTRACT: In order to study how adsorption of CO molecules changes the
surface composition of AuPd alloys, we develop a theoretical methodology which
is able to take this effect into account. An Ising model based on density functional
theory calculations is derived to define interatomic potentials that describe metal—
metal, metal-CO, and CO—CO interactions. Then, through the use of Monte
Carlo simulations within the semi-grand canonical ensemble, the effect of
adsorption-induced segregation for the AuPd(100) surface is well-reproduced for
different temperatures and CO pressures. Segregation isotherms identify a Pd
surface enrichment for low CO pressures, and CO surface saturation is reached at
an intermediate coverage of § = 0.5 ML. Furthermore, Pd chains induced by an
ordering of adsorbed CO molecules appear at low temperature and intermediate
CO pressures. These chains are the result of a competitive effect between CO—

CO repulsions and metal—CO interactions.

1. INTRODUCTION

Supported alloy nanoparticles are widely used as heterogeneous
catalysts' ~ by adding a second metal to a first one to improve
its activity and/or selectivity. The optimization of these
catalysts is determined by the control of the distribution of
the constituents on the surface during the preparation and
under the reaction conditions. Thus, the surface segregation
phenomenon, ie., the enrichment of the surface with one of the
elements of the alloy, is of considerable importance. Also
important is the understanding of segregation phenomena
induced by the presence of gas molecules adsorbed on the
surface.*”® Indeed, the reactive environment where catalysis
occurs can further modify the chemical composition of the
surface if one alloy component interacts more strongly with a
gas-phase species than the others. This so-called adsorbate-
induced segregation phenomenon is crucial to understand and
correctly predict the properties and functions of alloy catalysts
under working conditions. Surprisingly, while surface segrega-
tion in nanoalloys is the subject of several theoretical works in
vacuum conditions,” this is not yet the case under reaction
conditions."’

Among bimetallic systems, gold alloyed with palladium has
received particular attention because of its use in many catalytic
reactions. For instance, in the selective reduction reaction of
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NO, species, the addition of Pd to Au may provide N—O bond-
breaking capability,'" which is not the case over monometallic
gold catalyst.'” Similarly, for the case of low-temperature CO
oxidation reaction, because Pd is known to dissociate O, at
temperature as low as 150 K, the idea of adding Pd to Au to
favor the dissociation of O, is prone to improve the catalytic
properties of gold. However, to optimize the beneficial
synergetic effect of the addition of Pd it is crucial to predict
and to control its amount and its distribution on the gold
particle surface.

From the thermodynamics point of view, while gold tends to
segregate at the surface of AuPd alloys under vacuum
conditions,”' "> a reverse segregation of Pd occurs upon
exposure to reactive gases. For instance, Goodman’s group has
reported that a significant proportion of Pd segregates on
AuPd(100) alloy surface after exposition to gas-phase CO
pressure of 0.1 Torr.'®"” The authors suggest that segregated
Pd atoms are the active sites that catalyze CO oxidation
reaction. They argue that contiguous Pd atoms bind and
dissociate the O, molecules, supplying O atoms for CO
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adsorbed on Au sites and improving CO oxidation at room
temperature. In a recent work,'® we have investigated the
surface configuration of Pd atoms in AuPd nanoparticles during
CO gas exposure. Using a combined diffuse reflectance Fourier
transform spectroscopy and density functional theory (DFT)
approach, we have evidenced a Pd surface enrichment due to
the strong adsorption of CO and we have demonstrated that
only isolated Pd and Pd dimers may exist in the surface of AuPd
nanoparticles for low Pd content. In addition, other previous
works of the group were devoted to the understanding of the
energetic and the electronic structure of reversed Pd
segregations in the presence of several reactive gases such as
CO, O, and 0,."°7*

In order to provide a landscape of the surface in equilibrium
with the gas phase and to go further in the understanding of
this intriguing phenomenon, it is important to correctly
describe the metal segregation first under vacuum and at 0 K
and then at a given temperature and gas pressure. In a recent
paper,”” we have developed DFT calculations to evaluate the
energetic key quantities of the AuPd system under vacuum
condition, i.e., segregation enthalpies for the (100) and (111)
surfaces and effective pair interactions in the bulk and in the
surfaces. We have analyzed the segregation driving forces in the
two infinite dilute limits of the Au—Pd alloy for both (100) and
(111) surfaces. We have shown that the decomposition of the
segregation enthalpy into its different elementary contributions,
which is generally investigated by semiempirical methods,”>*" is
still valid at the ab initio level of description.

We devote the present work to the study of the effect of gas
on the alloy surface. More precisely, we develop a theoretical
method which is able to evaluate the surface composition of a
bimetallic alloy as a function of both the bulk composition and
the partial pressure of the gas. In this paper, we illustrate this
approach by considering the AuPd system and Pd segregation
occurring in the presence of CO. To study how adsorption of
CO molecules changes the surface composition of AuPd alloys,
we build a DFT-based Ising model with interatomic potentials
able to describe both the interactions between the metal atoms
in the alloy, those between the metal atoms in the surface and
the adsorbed molecules and those between the adsorbed
molecules. Thus, all databases concerning the segregation
energies, mixing energies, and adsorption energies are
calculated using accurate DFT optimizations. Furthermore,
we use Monte Carlo simulations to obtain segregation
isotherms and to get information on the evolution of the Pd
surface concentration with the Pd bulk concentration as a
function of the CO coverage.

The present paper is organized as follows: in section 2, we
present the technical details of the DFT calculations and the
Ising model used to perform the Monte Carlo simulations. In
section 3, detailed DFT calculations on the AuPd(100) surface
are reported. All energetic terms for the metal—metal, metal—
CO, and CO-CO interactions that define the Ising
Hamiltonian are explicitly identified. We also present the
Monte Carlo simulations, first on the monometallic Au and Pd
(100) surfaces exposed to CO gas and then on the AuPd(100)
surface. One of the original results is the formation of regular
Pd chains with CO bridging contiguous Pd atoms. The
predicted configuration is analyzed in detail and discussed in
the light of the experimental observations.
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2. THEORETICAL METHODS

2.1. First-Principles Calculations. Extensive periodic
DFT calculations are performed using the Vienna ab initio
simulation package (VASP).”> The exchange—correlation
energy is calculated within the local density approximation as
parametrized by Perdew and Zunger (LDA-PZ).”® The choice
of LDA is justified in the next section. The valence electrons are
treated explicitly, and their interactions with the ionic cores are
described by the projector augmented-wave method
(PAW),””** allowing the use of a low energy cut off equal to
415 eV for the plane-wave basis. The positions of the atoms in
the super cell are relaxed until the total energy differences fall
below 107* eV.

To model the pure metallic Au(100) surface and the
AuPd(100) bimetallic one, a slab of 108 atoms is used,
containing six atomic layers representing a 3 X 3 supercell,
separated by 15 A of vacuum space. Atomic relaxation of all
metallic atoms in the top four layers of the slab and the CO
molecules is allowed. The bottom two layers are constrained at
the bulk geometry. Other details on the computed model can
be found in our previous works.'®"”

2.2. Ising Model for the Interaction Potential. To
describe the energy part of an A B,_-gas system (here A = Pd,
B = Ay, and gas = CO), we use an Ising Hamiltonian in which
only effective nearest-neighbor pair interactions are taken into
account:

1<
H== IR AL

n,m#n

(2.1)

where V7 is the interaction energy between a species of type i at
site n and a species of type j at site m; i and j represent A atom,
B atom, or gas molecule; and n and m are in the nearest-
neighbor position. p), is the occupation number that equals 1
(0) if the site n is (not) occupied by a specie of type i.
Considering that for a binary alloy p2 = 1 — pp = p, and by
setting p** = g, the Hamiltonian H can be written as the sum
of three contributions:

H = Halloy + Halloy—gas + Hgas (2.2)
where
Halloy=H0+(T_V)an+VZE,pm
n n,m#n (23)
1 B ’
Hioy-g = 5 (V™ X a, + 7 X pa,)
" nn’ (24)
H = lVgasgas z
gas 2 e qn'qm’ 5
n',m'#n ( 5)
Hy = (1/2)Y,mzaV™® and 7 = (1/2)(V** — V®%) is

proportional to the difference between cohesive energies of
pure metals. V = (1/2)(V* + V8 — 2V*B) is the alloying pair
interaction that characterizes the tendency of the alloy to favor
homoatomic (V < 0) or heteroatomic (V > 0) pairs, and 7’ =
(V% — VP is proportional to the difference between
adsorption energies of the gas molecule on pure metals. In
these expressions, the (un)primed indices stands for the
adsorbate (metal) lattice.

As described in the Introduction, all the energetic quantities
are obtained by means of DFT calculations. Thus, the main
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features of the AuPd system are reproduced by taking 7 = (1/
2)(vAuAe _ yPPd) — 00617 eV and V = 0.029 eV.”

At this point, we can note that the pair interaction energies
V/ are defined as independent from the local environment
surrounding the species involved in the pair, as usual in such an
approach. As we will see later, if this turns out to be reasonable
for the metal—metal and metal—CO interactions, this is not the
case for the CO—CO interactions for which it is necessary to
account for the underlying metallic environment.

2.3. Monte Carlo Simulation Procedure. To determine
the distribution of Pd and Au atoms on the different sites of the
simulation box, we perform Monte Carlo (MC) simulations
where the nominal concentration of the Pd.Au,_, alloy is fixed
by the chemical potential difference™ Apiaupg = fpg — Hae The
simulations are performed within the semi-grand canonical (s-
GC) ensemble in which the total number of metallic species (N
= Ny, + Npy), temperature (T), and pressure (P) are fixed. The
partial number of each kind of atom (N,,, Npg) is changed by
varying Apipg. In order to take into account the effect of the
CO gas, we consider adsorption and desorption of CO
molecules on the alloy surface. For this purpose, we introduce
the chemical potential difference for the gas, Ayco. The CO
chemical potential is related to the temperature and the
pressure by assuming that the surface is in thermodynamic
equilibrium with the gas phase. Considering CO as an ideal gas
reservoir, the temperature and pressure dependence of
Apco(T, Peo) can be determined by

Apco(T, Boo) = H(T, P°) — H(OK, P°) — TS(T, P°)

+ RTIn(P.o/P°) (2.6)
where the enthalpy H and the entropy S of CO are calculated
from the tabulated values of the JANAF thermodynamics
tables,”” P° being the pressure of the reference state (1 bar).

The simulated system is a slab of 15 layers consisting of 10 X
10 X 13 atoms in a fcc (100) crystal structure with a fixed
lattice parameter of 4.07 A and two adsorbate layers on the
top/bottom of the slab for the CO adsorption. A standard
Metropolis algorithm is used,’’ and the averages are evaluated
over 100 MC macrosteps, a similar number of macrosteps being
used to reach equilibrium. A MC macrostep involves 1000 X N
to 5000 X N, propositions of chemical switchs, N; being the
total number of sites in the slab.

As will be discussed in the next section, we consider only one
kind of adsorption site for the CO molecules in this work,
which is the bridge site on the (100) surface. For each site in
the adsorbate layers, there are two possible states: free or
occupied by a CO molecule. For each site in the alloy, there are
also two possibilities: occupied by a Pd or an Au atom. Thus, in
our MC simulations we have two trials:

(i) The chemical identity of a site in the alloy is changed with
relative probability

new

= exp{~[AU — (Np3" — Npg)Ap, ,,1/kT}

(2.7)

where N2$" and N3 are the numbers of Pd atoms in the new
and the old state, respectively.

(ii) One CO molecule is adsorbed/desorbed on/from a site
in the adsorbate layers with relative probability

old

1—‘new new old
== = exp{—[AU — (NZ&" — N&5)Au.1/kT}
Loa <0 (2.8)
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where N2 and N2¢ are the numbers of CO molecules in the
new and the old state, respectively.

In eqs 2.7 and 2.8, AU is the energy balance between the
new and old states and kT is the Boltzmann factor.

3. RESULTS AND DISCUSSION

3.1. DFT Calculations. Local density approximation (LDA)
is considered in this work because of its better description of
the surface energies of the alloy constituents (Au and Pd) as
compared to generalized gradient approximation (GGA). As
reported in Table 1, both methods underestimate the surface

Table 1. Computed DFT and Experimental Values of the
Lattice Parameters (ay, A), Cohesive Energies (E.,, eV/
atom), and Surface Energies (7,5 €V/atom) of Au and Pd”

experiment GGA-PBE LDA-PZ
Au
a, (A) 4.08% 4.17 (+2.2%) 4.07 (—0.2%)
E.y (eV/atom) -3.81°? —3.05 (—20%) —4.24 (+11%)
Yeuri(100) (€V/atom) 0.88> 0.46 (—48%) 0.65 (—26%)
Pd
ay (A) 3.89% 3.96 (+1.8%) 3.85 (—1.0%)
E.; (eV/atom) —3.89°? —3.74 (—3.8%) —4.98 (+28%)
Yauf(100) (€V/atom) 0.95% 0.73 (—23%) 0.95 (0%)

“The percentages indicated in the parentheses correspond to the shifts
from the experimental values.

energies of Au, but LDA predicts an accurate surface energy for
Pd(100). In addition, for Au, performance of GGA for the bulk
binding energy is even worse, E.;,(GGA) = —3.05 eV versus
experimental —3.81 eV;’” concomitantly, E.;,(LDA) = —4.24
eV becomes somewhat closer to the experiment.

Considering the interaction of a single CO molecule with the
metallic surface, we have analyzed within local density
approximation all possible adsorption sites of the (100) surface.
Over the monometallic Au(100) surface, DFT calculations
predict the bridge site to be the most favorable adsorption site.
As depicted in Table 2, the adsorption energies of CO on gold

Table 2. Computed DFT/LDA Adsorption Energies (E,q4,,
eV) of CO on Monometallic Au(100) and Pd(100) and in
the Presence of One and Two Pd Atoms in the Au(100)
Surface

E_4-CO (eV) top bridge 4-fold
monometallic Au(100) —1.03 -1.29 unstable
one Pd in the Au(100) surface —1.84 -1.93 unstable
dimer Pd in the Au(100) surface -2.57 —2.57 unstable
monometallic Pd(100) —2.09 -2.72 —2.84

surface are —1.03 eV and —1.29 eV on top and on bridge sites,
respectively. When considering the presence of one Pd atom in
the Au(100) surface, the adsorption energies are higher (in
absolute value) by 0.81 and 0.64 eV for the top and the bridge
positions, respectively. Despite the strong affinity of CO for
Pd," it prefers to bridge one gold atom and one Pd atom
instead of binding on top of the Pd atom. However, when one
considers contiguous Pd atoms (a dimer of Pd), two equivalent
sites (—2.57 eV) are found for CO adsorption, the bridging site
between two Pd atoms and the top of one of the two Pd atoms.
Finally, on a pure Pd surface, CO prefers the 4-fold site with an
adsorption energy value of —2.84 V. The adsorption energy on
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Figure 1. Snapshots of a CO molecule adsorbed on a bridge site of the AuPd(100) surface with different Pd surface concentrations (C-end
adsorption). Gold, palladium, carbon, and oxygen atoms are represented by yellow, orange, blue, and red balls, respectively. Values in parentheses
(m, n) represent the evolution of the number of surface Pd atoms in CO’s nearest-neighbor position (m) and CO’s next-nearest-neighbor position

(n).

the bridge site is only 0.13 eV lower (in absolute value) than on
the 4-fold site. For the sake of simplicity, only the bridge
position will be considered in the present work.

3.1.1. CO Adsorption versus Surface Pd Concentration. To
evaluate how adsorption of CO can be affected by the presence
of Pd in the AuPd(100) surface (and vice versa), we calculate
the evolution of the CO adsorption energy as a function of the
Pd surface concentration. For this, we start by considering a
CO molecule adsorbed on a bridge site of the monometallic
Au(100) surface, and we increase one by one the number of Pd
in CO’s nearest-neighbor and next-nearest-neighbor positions,
respectively. By doing this, we generate a (m, n) matrix of AuPd
surfaces as shown in Figure 1, where m represents the number
of surface Pd atoms in CO’s nearest-neighbor position (Pd'*")
and 7 represents the number of surface Pd atoms in CO’s next-
nearest-neighbor position (Pd*™!), the maximum for bridge site
on the (100) surface being 2 and 6, respectively. Consequently,
(0, 0) refers to CO adsorbed on a bridge site of the pure Au
surface with no Pd in nearest nor next-nearest-neighbor
position and (2, 6) refers to CO adsorbed on a bridge site
with two Pd atoms in nearest-neighbor position and six Pd
atoms in next-nearest-neighbor position.

The DFT adsorption energy values of all computed
configurations (see Figure 1) are plotted in Figure 2 as a
function of the number of Pd atoms in CO’s nearest-neighbor
position m (0, 1, 2) and next-nearest-neighbor position n (0, 1,
2,.., 6).

Figure 2 reveals several points worth mentioning. First, the
evolution of the adsorption energies of CO as a function of the
number of Pd atoms in nearest-neighbor position (m) follows
three straight lines, showing a linear relationship between the
adsorption energy and m. Given that the positions of the next-
nearest-neighbors (1) are chosen randomly, the linear relation-
ship indicates that the adsorption energy does not depend on
the position of the next-nearest-neighboring of Pd atoms but
depends on only their number. This scaling relation as a
function of the local chemical environment is specific to alloy
materials and should be different from the structure-sensitive
scaling relation that was recently reported on monometallic
systems.34’35
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Figure 2. Evolution of the adsorption energies of CO on all computed
configurations (cf. Figure 1) plotted as a function of the number of Pd
atoms in CO’s next-nearest-neighbor position n, ranging from 0 to 6,
for each value of m: m = 0 (blue diamonds), m = 1 (red squares), and
m = 2 (green triangles).

According to our DFT results, the equation defining the
evolution of the CO interaction with the alloy as a function of
the local Pd environment (H,jjy_g,s in our Ising model) can be
written as follows:

gas

_ pAu 1st
E 4(m, n) = E 4. + mVeo_pq

2nd
a + nVco—_pg

(3.1)

where V&b _pq and VZS_,y are the energy contributions of
additional Pd atoms in nearest- and next-nearest-neighbor
positions, respectively. Vio_pgq corresponds to the gap between
the three curves (for a fixed m), while VZS_,; is the mere slope
of each line in Figure 2. Note that eq 3.1 is obtained by
choosing the adsorption energy of CO on the pure Au(100)
surface (EAL) as the reference. Thus, according to our results

(EA = —1.29 eV, VEY b = —0.64 eV, and VES_,y = —0.04 eV),
eq 3.1 can be written as
E,4(m, n) = —1.29 — 0.64m — 0.04n (32)
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Figure 3. Relaxed configurations of two coadsorbed CO molecules on the (100) surface obtained by DFT calculations.

Table 3. DFT-Computed Adsorption Energies (E,q4,) of the Configurations Reported in Figure 3“

I*NB(tri) Au—Au 2"NB(line) Au—Au

1*NB(tri) Pd—Pd

2"NB(line) Pd—Pd 2"NB(par) Au—Au

Eog (V) —2.32 —245 —4.94 —5.12 —2.58
ES! (eV) -2.58 -2.58 —5.40 —5.40 -2.58
AE,;, (eV) 026 0.13 0.46 028 0.00
2"NB(line) Au—Pd—Au 2"NB(line) Pd—Au—Au 2"NB(line) Pd—Au—Pd 2"NB(line) Au—Pd—Pd
By (eV) -3.63 -3.10 -3.79 —430
ES! (eV) -3.86 -3.22 —3.86 —4.50
AE,, (eV) 023 0.12 0.07 020
“ES is calculated by eq 3.1 and AE, = E,q, — ES.
The simple linear relationship between the adsorption energy ol 2
and the number of Pd surface atoms allows us to treat the CO— Eg = z E,gs(m;, n;)
metal interactions even more simply in the MC model. We can =1 (33)
describe E, 4 by two effective pair interactions between CO and where Ely(m,n) is the adsorption energy of the H co

its nearest-neighboring Au and Pd atoms. V&h,_, = —0.65 eV,
given by half of EA}, because it is a bridge site, and Vi _py =
—1.29 eV, derived from V&, , + V&Y ... The effect of the
next-nearest-neighboring of Pd atoms can be neglected because
the value of the interaction is very small (0.04 eV).

3.1.2. Effect of CO—CO Repulsion. On the basis of the above
results, the change in adsorption energy induced by the
addition of a second adsorbed CO molecule is investigated. For
the (100) surface, three possible cases of 2 coadsorbed CO
molecules are considered (see Figure 3).

(i) In the first case, the two CO molecules are located on two
bridge sites in nearest-neighbor position, forming a CO-
metal—CO triangle chain (1*NB(tri)).

(ii) In the second case, the two CO molecules are located on
two bridge sites in next-nearest-neighbor position and share
one metal atom, forming a CO-—metal-CO linear chain
(2"NB(line)).

(iii) The third case is similar to the second one, except that
the two CO molecules share no metal atom (2"NB(para)).

As shown in Figure 3, the three cases are also considered for
different Pd surface distributions. The calculated adsorption
energies of the configurations listed in Figure 3 are presented in
Table 3. In addition, the adsorption energies of two isolated
CO molecules are depicted:
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molecule, calculated by eq 3.1, and AE,4 is the difference
between the direct DFT calculation and ES. This energy
difference is positive and represents the repulsion strength
between the coadsorbed CO molecules as calculated by DFT.

As an example, E! of configuration 1¥NB(tri)Au—Au is
calculated as the sum of two configurations with a single CO
molecule bridging Au atoms (configuration (0, 0) of Figure 1)
and E%! of configuration 2™NB(line)Au—Pd—Pd is calculated
as the sum of the configuration (1,0) and (2,0).

As reported in Table 3, AE 4 is equal to zero when the two
CO molecules share no metal atom. This indicates that lateral
adsorbate interactions should be taken into account only when
the two CO molecules share a metal atom. Moreover, AE 4 for
two CO molecules in nearest-neighbor position is stronger than
AE 4, for two CO molecules in next-nearest-neighbor position.
This can be easily understood by the fact that closer CO
molecules have stronger repulsion. Finally, we find that AE 4 is
related to the chemical type of the shared metal atom: it is
stronger when two CO molecules share one Pd atom. This is
expected because Pd pulls CO closer to the surface, due to the
stronger Pd—CO interaction which leads to a reduction of the
CO—CO distance.

The above analysis of AE 4 and therefore of the CO—CO
repulsions allows us to fit an effective CO—CO interaction as in
the following:

DOI: 10.1021/acs.jpcc.5b10158
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Figure 4. (a) Adsorption isotherms representing the CO coverage (6¢() as a function of the chemical potential (Ajco) on the pure Au(100) surface
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(small yellow balls), respectively.

v co(INB, Au) = 026 eV, V&E . (INB, Pd)
= 0.46 eV

vV o(2NB, Au) = 0.11 eV, V&L (2NB, Pd)

=025 eV (3.4)
These VEL_ (. values depend on two parameters: the positions
of the two CO molecules (nearest-neighbor or next-nearest-
neighbor) and the chemical type of the shared metal atom.
Each value is taken as the average value of the corresponding
AE,4, in Table 3. If there is no shared metal atom, Ve ., = 0
eV.

Finally, using the three effective pair interactions V&L _,
VL by and Veo(i)-co(j) discussed above, the adsorption energy
of COona AuPd(lOO(S surface with given CO coverage and Pd
concentration can be written as

Eds=2((2_

fr fr 1 ff
MmIVEo_ae + miVéO—Pd)+E Z VEo()-co()
iji
(3.5)

The first term describes the interactions between the i CO
molecule and its nearest-neighboring metal atoms. For the
bridge site, one CO molecule interacts with two surface metal
atoms; thus, m; and (2 — m;) are the numbers of Pd and Au
atoms interacting with the i™ CO molecule, respectively. The
second term corresponds to the CO—CO interactions between
the i and j CO molecules, Veco() —co(j)- We note that the

latter eq 3.5 is simply the sum of Hyoy g, + Hgys where the gas
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Hamiltonian term includes the effect of the underlying metallic
environment.

This adsorption energy is exactly the energy balance given by
the adsorption/desorption process of a CO molecule on the
surface. It is determined by both the surface composition and
the CO coverage. Considering all the above energetic terms,
the CO adsorption-induced change or permutation of a gold
surface atom into a palladium one can be written as the
following energy difference:

AP = Nco(Véfé—Pd - Véfé_Au) + Z AV(e:fo(i)—co(;)
ij

(3.6)
where N is the number of CO molecules interacting with the
permuted atom. Because the CO—CO interaction is found to
be dependent on the chemical type of the shared surface metal
atom, the permutation of a surface atom will also change its
nearest-neighboring CO—CO interaction, which induces the
second term in eq 3.6. This is the first time that the connection
between the CO—CO repulsion and the surface composition is
revealed. Therefore, we can expect a competition between
CO—metal interaction and CO—CO repulsion because the
stronger CO—Pd interaction results in an increase of Vin_co.
We will discuss this competition and its consequence in more
detail with the Monte Carlo results in the next section.

3.2. Monte Carlo Results. 3.2.1. CO Adsorption on
Monometallic (100) Surfaces. To verify that CO adsorption is
well-described by our Monte Carlo procedure, we first
investigate the adsorption on the monometallic Au(100) and
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Pd(100) surfaces. This allows us to evaluate the ordering of the
adsorbed CO molecules on the surfaces induced by the CO—
CO repulsion.

In Figure 4a, the isotherms of the CO coverage (6co) on
pure Au and Pd surfaces obtained at low temperature (100 K)
are reported as a function of Agico. In both cases, O increases
monotonically with the increase of Ay, and three plateaus
are observed, which indicates three ordered distributions of CO
on the Au and Pd surfaces (see Figure 4b), as is expected for a
system with repulsive interactions.”®

The critical Apco of each ordered phases can be derived
from eq 3.6, and we can therefore identify the following stages:

(i) At O = 0.25 ML, the plateau corresponds to an ordered
phase in which each CO molecule has two CO molecules in
next-nearest-neighbor positions, those that do not share a metal
atom. Because VE_(2NB, Metal) = 0 in this situation, we
find

eff

A”CO = 2‘/CO—Metal

(ii) At Oco = 0.5 ML, the large plateau corresponds to an
ordered phase in which each CO molecule finds four CO
molecules in next-nearest-neighbor position. Note that for each
bridge adsorption site, there are four next-nearest-neighbors but
only two of them share a metal atom with it. Once again,
because VE,_.(2NB, Metal) # 0 only if two CO molecules
share a metal atom, the maximum number of Vi, .,(2NB,
Metal) in the present model is two instead of four, and we find

eff

eff
Apco = 2VEO_Meta T 2Vio_co(2NB, Metal)

(ili) At Oco = 0.75 ML, the plateau corresponds to an
ordered phase in which each CO molecule has four CO
molecules in next-nearest-neighbor position and two CO
molecules in nearest-neighbor position. Therefore

eff eff

AMCO = 2Veo-Metal T 2'Vco_co(ZNB, Metal)
eff

+ 2V o(INB, Metal)

(iv) At Oco = 1 ML, all the adsorption sites in the adsorbate
layer are occupied by CO. The contribution due to VE&h_o
reaches its maximum value:

ff eff
A'uCO = 2VEo-meta T 2V0-co(2NB, Metal)

+ 4VEL_oo(1NB, Metal)

Note that the determination of the complete phase diagram
of adsorbed CO molecules, (0o, T), especially the critical
temperatures of the order/disorder phase transitions, goes
beyond the scope of this paper.

In Table 4, we report the calculated critical A, which are
in agreement with the MC results: each step increase in 6o
corresponds to one of the calculated critical Apco. The
existence of CO ordered phases at different 6.y are direct
effects of the CO—CO interactions between next-nearest-

Table 4. Values of Critical Auco Obtained from Equation
3.6 Corresponding to the Transitions between the Four
Plateaus Found in the Adsorption Isotherms of CO on the
Au(100) and Pd(100) Surfaces

Bco (ML) 025 0.50 0.75 1.00
Apco (Au) (eV) —1.294 —1.074 —0.254 —0.034
Apco (Pd) (eV) —2.572 —2.072 —0.732 —0.232
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neighbors, which illustrates the importance of these parameters.
Actually, this issue has been often neglected in the theoretical
works devoted to the modeling of adsorption-induced
segregation.””*®* Moreover, the repulsion between CO
molecules in nearest-neighbor positions is also fixed at arbitrary
values. Hence, the effective Hamiltonian derived in the present
work allows us to develop a more reliable modeling of the
studied system.

3.2.2. CO Adsorption-Induced Segregation in AuPd(100).
Surface segregation under different CO partial pressures is
studied by performing s-GC Monte Carlo simulations at fixed
Ao and variable Ay, pgq at 300 K. Based on our MC results
of CO adsorption on the monometallic surfaces, Apcg is
chosen to vary from —2.4 to —1.4 eV, which corresponds to
CO partial pressures lying in the range of [2 X 107 to 2 X
107""] torr. Note that according to the value of the alloying pair
interaction derived from our DFT calculations, the selected
temperature of 300 K is just above the critical temperature of
the order/disorder phase transition for the L,, structure at c33¢
= 0.5 and just below the ones for the L, structures at cBulke =
0.25 and %% = 0.75.°” However, we will see that it has no
influence on the results presented in the following.

In Figure Sa we report the isotherms of the surface Pd
concentration (%), bulk Pd concentration (3%¥), and CO
coverage (Oc) as functions of Agiy,pg. Note that the bulk Pd
concentration is obtained from independent bulk calculations
to ensure a better precision of this quantity. To help the
following discussion, we present also the same coverage and
concentration evolutions as functions of (3 (Fi§ure Sb).

According to the similar trends in the (cfy’) and (0co)
isotherms (Figure Sa,)b) one can see that Pd surface segregation
is highly affected by Apco, with the surface Pd concentration
being strongly correlated to the CO coverage. This behavior
can be expected from the analysis of the calculated energetic
parameters (see section 3.1), which predicted Pd surface
segregation induced by CO adsorption. Three main stages can
then be defined as a function of Apco:

(i) For low CO partial pressure (Apco = —2.4 €V, ie., Peo =
2 X 107 Torr), the surface Pd concentration is always smaller
than the bulk Pd concentration, indicating a strong Au surface
segregation. This behavior is in agreement with many previous
theoretical works about AuPd alloys under vacuum conditions.

(ii) At high CO partial pressure (Apco = —1.4 eV, ie, Pco =
2 X 107" Torr), the segregation isotherm indicates a
completely reversed Pd surface segregation, leading to the
formation of a pure Pd surface (ciif = 1) upon a pure Au bulk
(4% ~~ 0). Moreover, surface saturation by CO gas occurs at
intermediate coverage of 0.5 ML, in agreement with many
experimental results about CO/Pd(100).”"~* Actually, using a
low-energy electron diffraction technique, Park et al.*’ have
shown that CO readily chemisorbs to form a Pd(100) (2 X
4)R45 CO structure at room temperature, with one CO
molecule adsorbed to every two surface Pd atoms in an
alternating bridged bond arrangement.

(iii) At intermediate CO partial pressures (Apco = —1.8 eV,
ie, Pco =3 X 1078 Torr), original isotherms are found. Within
this pressure range, the surface Pd concentration and the CO
coverage both slowly increase with increasing 33 and a

reversed Pd segregation is still observed (gt > k) on the
surf

whole range of bk In addition, a plateau is found before i3
reaches 1, indicating the existence of an ordered phase. Note
that this surface ordered phase cannot be due to an ordering in

the bulk due to the chosen low temperature of 300 K relative to
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Figure 6. (a) Ordered configuration corresponding to the plateau observed in the isotherm of the surface Pd concentration at Ao = —1.8 eV. (b)
Sketch map of the formation of Pd linear chains in the Au(100) surface.

the critical temperatures of order/disorder transitions because

B4k = 0.01 and A = 0.16

where bulk AuPd is in a disordered state.>® The corresponding

the plateau in ' lies between

ordered configuration, reported in Figure 6 a, shows Pd atoms
forming linear chains in the surface with adsorbed CO
molecules, separated by Au atoms forming also linear chains
free of adsorbed CO molecules. The corresponding surface Pd
concentration and the CO coverage are 0.5 and 0.25 ML,

respectively.
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The exotic ordered phase at 8o = 0.25 ML is due both to
the ordering of CO adsorbed molecules on the surface of the
alloy (CO—CO repulsion) and to the different CO—metal
interactions between Au and Pd. Figure 6b shows a sketch map
to understand the formation mechanism of the Pd chains on
the alloy surface. The question is once a CO molecule is
adsorbed on a Pd—Pd bridge site, where will a second CO
molecule adsorb preferentially? A first possibility could be an
adsorption over an isolated Au—Au bridge site, which involves
2 CO—Au interactions and no CO—CO repulsive interaction. A
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second possibility could be an adsorption at a neighboring Au—
Pd bridge site, which involves one CO—Au interaction, one
CO-Pd interaction, and one CO—CO repulsive interaction.
Therefore, the competition is between the CO-—metal
interactions (AVEL__ . = VeE oy — Ve _,.) and an additional
CO—CO repulsion. According to our DFT results, AVE
is 0.64 eV and the maximum CO—CO repulsion is 0.46 eV.
Hence, the CO—metal interaction primes and the second CO
molecule will bind preferentially to a Pd atom which is shared
with another CO molecule instead of adsorbing on a vacant Au
bridge site. Furthermore, the system tries to minimize the
contribution of the CO—CO repulsive interactions by being
located at a next-nearest-neighbor position, as shown in Figure
6b. This is the key point to form a one-dimensional chain
instead of two-dimensional islands on the surface. Con-
sequently, the new adsorbed CO molecule will not be satisfied
by being adsorbed on an Au—Pd bridge site and will draw
another Pd atom in the surface plane to form a Pd—Pd bridge
site. Thus, it triggers a domino effect and results in the
formation of Pd linear chains, behavior that needs the detailed
description of the CO—CO interactions developed in this work.

The prediction and the control of this ordered AuPd
structure is highly interesting for catalysis design and it could
offer original active sites for many catalytic reactions. Moreover,
the predicted Pd chains could be related to the observed
increasing rate of the CO oxidation reaction on AuPd(100) in
the work of Goodman and co-workers.'” More precisely, using
IR spectroscopy, these authors show an increase of the number
of surface contiguous Pd atoms with CO adsorbed on the Pd—
Pd bridge site when the CO pressure is higher than about 0.1
Torr. They observe an increase of the band located around
1990 cm™!, which they tentatively assign to Pd—Pd bridging
CO with other CO molecules in neighboring bridging sites,
when the CO pressure In addition to this
observation, the authors record an increase of the CO oxidation
rate when contiguous Pd atoms are formed on the surface.
They explain that the contiguous Pd atoms are responsible for
the dissociation of the O, molecules and by consequence for
the enhanced activity of the CO oxidation reaction. Our results
evidencing the promising AuPd surface ordering are in line with
the experimental IR observations. In addition, in line with
Goodman’s prediction, this surface configuration presenting Pd
linear chains could help the dissociation of O, at low
temperature, while the Au chains in between offer weak CO
adsorption sites which can react to form CO,.

increases.

4. CONCLUSIONS

In this work, we develop a theoretical method that is able to
treat accurately both segregation and adsorption for alloyed
metallic systems exposed to gas. For the present case of Au—
Pd(100) surface with adsorbed CO molecules, DFT calcu-
lations are performed to define energetic quantities that
describe metal—-metal, metal—-CO, and CO—CO interactions.
Based on an Ising model, a relationship between CO
adsorption and the local Pd surface concentration is established.
The results show a determinant effect of the CO-—CO
interactions and reveal a competition between the CO—metal
interactions and the CO—CO repulsions. Hence, in addition to
the evidence of a reversed Pd segregation induced by CO
adsorption, we find the existence of an interesting ordered
phase. Indeed, for surface Pd concentration close to 0.5 and
CO coverage of about 025 ML, an ordered configuration
appears at room temperature in which Pd atoms form parallel
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linear chains with adsorbed CO molecules separated by CO-
free Au parallel linear chains. This ordered phase is highly
interesting for catalysis design and it could offer original active
sites for many catalytic reactions.
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