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Surface segregation and ordering of alloy surfaces in the presence of adsorbates
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We argue that surface segregation can be substantially modified by the presence of adsorbates and present a
first-principles method that allows us to equilibrate segregation and adsorption simultaneously on surfaces with
fixed topology. The method is based on a cluster expansion theory to write the state of the system in terms of
adsorbate and surface layer occupation variables. This model can be parametrized with density functional
theory calculations and equilibrated at finite temperature with Monte Carlo simulation. The method is applied
to surface ordering and segregation at a (111) surface of Pt(;_,Ru, alloys in the presence of adsorbing oxygen.
While Pt segregates under vacuum conditions, the strong binding between oxygen and Ru couples the segre-
gation energy of the Ru to the oxygen chemical potential. As a result, we find that variations in oxygen
chemical potential can dramatically alter the segregation and surface ordering tendency of dilute Ru in Pt.
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I. INTRODUCTION

Inorganic surfaces play a key role in the kinetics of many
processes through catalysis of chemical reactions, or as pre-
ferred nucleation sites for phase transformations. A crucial
step to understanding the mechanism by which such reac-
tions proceed is therefore the detailed chemical and structural
characterization of surfaces. Most first-principles calcula-
tions are performed under vacuum conditions and provide
detailed electronic and structural information. While such
calculations can be compared to UHV experiments, they may
be less relevant to the understanding of the behavior of a
surface in operating environments. In this paper, we develop
a method to deal with one particular aspect of nonvacuum
conditions, namely, adsorbate controlled surface segregation.

The basic motivation for this work is that the segregation
energy of elements in an alloy is influenced by their interac-
tion with the adsorbed layer: when species are adsorbed on
the surface, the segregating atoms see a different environ-
ment, which will affect their segregation energy. We focus
here on segregation to a surface of Pt-Ru alloys important for
the catalysis of methanol under varying degrees of
oxygen adsorption, though the formalism is independent of
this specific chemistry and could be used to study other
alloys/adsorbant combinations. Pt catalysts are often alloyed
with transition metals in order to enhance their tolerance to
carbon mono-oxide (CO) poisoning. For example, addition
of Ru to Pt catalysts has been shown to dramatically reduce
CO poisoning. While the precise mechanism by which Ru
prevents CO poisoning is unclear, it has been proposed that
Ru alloying either reduces the bond strength between CO
and Pt through its modification of the electronic structure at
the catalyst surface'? or enhances the oxidation of CO to
CO, by offering a source of oxygen atoms.»* Both effects
would be strongly affected by the arrangement of Ru and Pt
on the surface and hence some ability to quantitatively model
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segregation under nonvacuum conditions can be useful to
optimize catalyst activity and CO tolerance. Figure 1 shows
that oxygen adsorption has a profound effect on the segrega-
tion of dilute Ru in Pt. It shows the variation of the energy of
a nine-layer Pt slab [(111) plane with a 3 X3 surface unit
cell] as a Ru is brought from the center of the slab (where the
energy is set to zero) to layers successively closer to a sur-
face in vacuum [Fig. 1(a)] or with a monolayer of oxygen
adsorbed on the surface [Fig. 1(b)]. The methodology to
compute the energies is discussed in the next section. Oxy-
gen adsorption turns the positive segregation energy for Ru
in a vacuum environment (~600 meV),’ into a very negative
segregation energy (~-2000 meV). While these calculations
correspond to extreme conditions, they clearly demonstrate
that the environment present during the processing of a ma-
terial can play a crucial role in the segregation of alloying
elements.

II. MODELS AND METHODS

To study less extreme environments than vacuum or full
oxygen coverage, and to investigate in more detail the inter-
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FIG. 1. First-principles energy of a nine-layer (3X3) Pt slab
with one Pt atom replaced by a Ru atom. The zero of energy is Ru
in the center of the slab (layer 5). (a) in a vacuum (b) with a
monolayer oxygen adsorption.
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FIG. 2. (Color online) Surface model of the adsorbate and alloy
catalyst system.

action between adsorption and segregation we develop a
model to predict from first-principles the surface thermody-
namics and segregation of an alloy surface as a function of
adsorbate chemistry and temperature. This model combines
density functional theory (DFT) total energy calculations
with a cluster expansion formalism and Monte Carlo simu-
lations to obtain thermally equilibrated surface structures.

Our model consists of three subsystems in contact with
each other (Fig. 2). The Pt-Ru alloy is modeled as a surface
monolayer on top of bulk which acts as a reservoir with
constant chemical potential of Pt and Ru. Each site in this
monolayer can be occupied by a Pt or Ru atom. On top
of this is a single layer of sites on which adsorbate atoms
(oxygen in our case) can be present or not. The adsorbate
layer is in chemical equilibrium with an external environ-
ment at constant chemical potential of the adsorbate species.
The adsorbate layer, surface layer, and the bulk all interact.
The restriction of a single alloy surface layer and adsorbate
layer in which the configuration is varied is not fundamental
to the model and can be easily extended to multiple layers
though more interactions in the cluster expansion (see be-
low) would have to be determined. The restriction to a single
adsorbate layer obviously restricts application of the model
to thermodynamic and kinetic conditions which do not cause
adsorbate penetration into the subsurface and bulk (e.g.,
whole-scale oxidation).

While it is possible to calculate the energy of a few spe-
cific arrangements of adsorbates and surface atoms in small
unit cells with modern density functional theory methods,
chemical equilibrium requires that one samples a large num-
ber of configurations, most of which are not periodic. In
alloy theory, well established techniques exist to parametrize
the energy of a system with respect to configurational occu-
pation variables and then equilibrate it with Monte Carlo
simulation.®7 It involves the use of a cluster expansion to
extrapolate accurate DFT calculations for a few arrange-
ments of atoms to the calculation of the energy for any ar-
rangement of atoms over a fixed underlying lattice topology.
For a material with binary disorder (e.g., a bulk crystalline
A-B solution) occupation variables ¢; can be defined which
take on the value +1 or —1 depending on whether site i is
occupied by A or B. A cluster expansion is merely an expan-
sion of the energy of the system in polynomials of these
variables:

PHYSICAL REVIEW B 72, 205409 (2005)
1
E(O’l,a'z, ,O'N) = V0+ E Vio-i+ EE Vljo-lo-]
i ij

1
+62 VijkOi00 + (1)
ij.k
These polynomials can be shown to form a complete basis
thereby making the untruncated cluster expansion at least
formally an exact representation of the energy E.° It may be
worth noting that occupation variables o; are only needed on
sites i for which the occupation is variable, but the energy
which is expanded is the foral energy of the system. Hence,
when studying segregation to the surface of an alloy one
only needs to expand in the occupation of the first (or first
few) layer(s). Since the total energy of the system is ex-
panded, the interaction of these surface layers with the un-
derlying bulk is completely accounted for. This formalism
has been used successfully to calculate from first-principles
the phase diagrams of a large number of bulk alloys’-!! and
surfaces.!>!3
For the Pt-Ru/O surface binary disorder exists both in the
alloy surface (Pt or Ru occupation of sites) and in the adsor-
bate layer (oxygen adsorbed or not) and the results in Fig. 1
indicate that the occupation variables in the adsorbate layer
are strongly coupled to the occupation of the underlying sur-
face sites. The energy of such a system with two coupled
binary disorder subsystems can in all generality be studied
with the coupled cluster expansion.'* Let the variable
0;=+1 indicate whether the adsorbate site i is occupied by
oxygen or not, and o;==+1 whether the occupation of surface
site j is occupied by Pt or Ru. The energy of the system can
then be expanded in terms of polynomials of both sets of
occupation variables:

E((Tl,(Tz, ,(TN,51,52, ’5N) = V0+ E Vio-i+2 V]5]
i J
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The expansion contains adsorbate-adsorbate (5,-51-) inter-
actions, metal-metal (0;0;) interactions as well as coupling
terms (0',5]-) between an adsorbate and surface site. Only
point and pair terms are shown in Eq. (2), but higher-order
polynomials are also considered, and are indeed essential for
convergence of the expansion.

While the cluster expansions [Egs. (1) and (2)] may seem
to be simplified models, the completeness of the basis guar-
antees that the quantity which is expanded can be repre-
sented as accurately as one desires. One can think of Eq. (1)
as an expansion in the product space of the surface and ad-
sorbate configurational space.'*

Cluster expansions are a useful approach to study the con-
figurational space and finite temperature thermodynamics of
systems with fixed topology, i.e., the occupation of the sites
can change but their connectivity cannot. Formally, it can be
shown that the cluster expansion is an explicit form of the
Hamiltonian that is obtained by systematically coarse-
graining the partition function of a crystalline system.!>!°
The results of a such a coarse-graining procedure is a lattice
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(or Ising-like) Hamiltonian whose value for a specific con-
figuration gives the free energy obtained by integrating over
the non-configurational degree of freedom (e.g., vibrations,
electronic excitations). Typically only the ground-state com-
ponent of their free energy is calculated by placing the atoms
on the ideal lattice position and allowing them to locally
relax to their lowest energy position. When this ground-state
energy is cluster expanded and used in a Monte Carlo simu-
lation to simulate finite temperature behavior, the results only
include energy and configurational entropy effects. While for
most bulk systems this seems to gives high predictive quality
and reasonable quantitative agreement with experiment,'” vi-
brational effects can be included by expanding the vibra-
tional free energy of each configuration'®!° rather than the
ground-state configuration. Neglect of vibrations seems to
have little effect when studying equilibrium between phases
with similar topology?® though it has been shown to be criti-
cal to estimate in some cases bulk phase transition between
phases with very different topology.?!

For the adsorption of atomic oxygen we use the fcc
hollow sites of a (111) surface, as experimental studies have
found these to be more stable than the hcp sites on pure
Pt(111).26-28 Only the top (111) surface layer of the alloy was
given variable occupation so that the adsorbate and surface
layer form two coupled triangular lattices on which to per-
form the coupled cluster expansion.

To parametrize the coupled cluster expansion the energy
was calculated for 127 configurations of Pt-Ru in the top
layer and oxygen in the adsorbate layer. All configurations fit
in a p(4 X 4) supercell slab of six (111) planes. A vacuum of
14 A was used in the supercell calculations. The atoms of the
top four layers were fully relaxed, while the atoms of the
bottom two layers were fixed to their bulk positions. The
in-plane lattice parameter was fixed to the calculated lattice
parameter of pure Pt and all layers not part of the top surface
layers were always pure Pt. Energies were calculated in the
generalized gradient approximation (GGA) to density func-
tional theory (DFT) with the Perdew-Wang exchange corre-
lation. The projector augmented wave (PAW) pseudopoten-
tials method was used as implemented in VASP.?’ The Kohn-
Sham eigenfunctions were expanded in terms of plane waves
with a cutoff energy of 250 eV and Brillouin zone integra-
tion was performed in on a 21 X21 X 1 k-point mesh for a
(1X 1) surface unit cell and on smaller meshes for larger
supercells.

While the cluster expansion is formally an exact represen-
tation of the energy quantity that is being expanded, its prac-
tical value relies on the fact that a truncation limit exists.
Which particular polynomials [and therefore which the effec-
tive cluster interactions (ECI)] to retain in the expansion
were determined by optimizing the cross-validation score of
a fit to the calculated DFT energy of the 127 configurations.
The cross-validation score is essentially an average measure
of how each configuration is predicted when left out of the fit
and as such is a measure of the predictive capacity of the
expansion.” More details on the cross-validation approach
can be found in Ref. 19. Using the cluster expansion equi-
librium segregation and adsorption configurations can be ob-
tained by applying Monte Carlo simulations to the cluster
expansion (2). We performed the Monte Carlo simulations in
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FIG. 3. (Color online) Ground-state structures of the
O/Pt-Ru(111) system. The points marked by squares are combina-
tions of oxygen and Ru surface compositions at which the total
energy was calculated. The filled squares represent the ground states
that make up the convex hull and are stable against decomposition
into other structures. Pictures of four of these structures are
inserted.

the grand canonical ensemble with an applied oxygen chemi-
cal potential (determined by the gas partial pressure) and Ru
chemical potential (determined by the bulk concentration of
the alloy).

III. RESULTS
A. Stable states of the Pt-Ru | oxygen-vacancy system

Figure 3 shows the surface layer and adsorbate composi-
tions (marked by squares) at which the energies of different
configurations were calculated. The solid triangles that con-
nect some of these points are the projection of the convex
hull of the 127 energies. The points that define the convex
hull (filled squares) are the adsorbate-surface configurations
that are stable with respect to linear combinations of arrange-
ments at other compositions that would give the same com-
position. Hence, the structures corresponding to the filled
squares are the groundstates of this adsorbate—surface-layer
system. All the other structures (open squares) within a tri-
angle are metastable with respect to the structures at the ver-
tices of that triangle and are able to lower their energy by
separating into the structures at the vertices of the triangle in
which they lie. The triangles that make up the ground-state
map also define all the possible three-phase coexistences at
zero K.

The slope of energy with respect to the composition of a
species gives the chemical potential of that species. Since
each triangle is the projection of a bounding face of the con-
vex energy hull, the slopes of this face are the adsorbate and
Ru/Pt chemical potentials that keep the three phases in equi-
librium. Most of the groundstate structures are on the edges
of the composition diagram and only three exist at interme-
diate compositions (see inset in Fig. 3). The ground-state
map also indicates that pure Pt surfaces partially covered by
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FIG. 4. (a) Difference in charge density of a fully oxidized and
fully reduced Ru50%-Pt50% surface (Ru and Pt are arranged in
lines). (b) Integral of the charge difference density around Pt (solid
line) and Ru (dashed line) as a function of radius of the integration
sphere.

oxygen coexists with fully oxygen-covered Ru surfaces, in-
dicating that under equilibrium conditions abrupt oxidation
of the surface could occur with minor chemical potential
changes of oxygen or Ru. We represent surface structures
according to Wood’s notation®” and to which we added the
oxygen and Ru coverage, i.e., p(aXb)—(6,,6,) indicates a
surface unit cell of dimension a and b with oxygen and
Ru surface coverage, respectively, given by 6, and 6,. A
p(2X2)—(1/4,0) ground-state structure is predicted on pure
Pt in agreement with experimental observations using high-
resolution electron energy loss spectroscopy (EELS) and
LEED (Ref. 31) and with theoretical work.>?> While bulk
Pt-Ru alloys tend to phase separate in bulk,?® Fig. 3 shows
that in a surface layer exposed to vacuum, ordering between
Pt and Ru is favored as evidenced by the stable ordered
arrangement at 6g,=2/3. Furthermore, partial oxidation of
the surface also tends to stabilize ordered configurations
between Pt and Ru within the surface layer (e.g., structure
p(4XxX4)-(3/16,1/16), structure p(2X2)—(3/4,1/4) and
structure p(2X2)-(1/4,3/4). As is evident from the
inserts showing  structure p(2X2)—(1/4,3/4) and
p(2X2)—(3/4,1/4) there is a strong affinity between oxy-
gen and Ru, with Ru tending to bind oxygen within its
nearest-neighbor shell. Hence, we can anticipate that oxygen
adsorption will attract bulk Ru to the catalyst surface.

To investigate the strong attraction between oxygen and
Ru, we calculated the charge density change when O adsorbs
on the surface (Fig. 4). This charge difference plot was ob-
tained by subtracting the charge density of a slab with a
particular Pt-Ru arrangement in the surface layer without
oxygen coverage from the charge density of the same slab
with a monolayer of oxygen on the surface. For this particu-
lar purpose no relaxations were allowed so that charge den-
sities could be subtracted point by point. Such a plot there-
fore illustrates how the charge density changes as a result of
oxygen adsorption. The dark regions indicate where oxygen
subtracts charge. Figure 4(b) shows the variation with dis-
tance of the difference charge density integrated within a
sphere around Pt and Ru, respectively. As is clear from both
Figs. 4(a) and 4(b), Ru donates more charge to the adsorbed
oxygen than Pt consistent with the fact that Ru is more easily
oxidized than Pt.
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B. Coupled cluster expansion (CCE)

To study the O/Pt-Ru system at finite temperature a
coupled cluster expansion was derived from the 127 ab initio
energies. The optimized cluster expansion contains 40 terms,
each corresponding to a cluster of sites (e.g., pair cluster,
triplet cluster, etc.), and reproduces the DFT energies with a
root mean square (r.m.s.) error of 8 meV per surface site.
The cross validation (CV) score of the cluster expansion,
which is a measure of its predictive accuracy, is 15 meV.
The values of the interaction coefficients (ECIs) are given in
Table I along with a figure of each cluster in Fig. 5. The
nearest-neighbor pair between an adsorption site and a sur-
face site (cluster 5) is by far the largest interaction. The fact
that it is negative reflects the strong attraction between oxy-
gen and Ru (since for oxygen, 6=+1, and for Ru, o=+1).
The cluster expansion includes pair interactions extending up
to the fourth nearest neighbor. Note that several four point
clusters (i.e., clusters 57 and 58, see Fig. 5 and Table I) are
relatively large, indicating they are essential to the conver-
gence of the cluster expansion. The pure adsorbate terms are
positive and decay well with distance, indicating repulsive
interactions between oxygens on the surface. The Pt-Ru in-
teractions in the surface layer are all small and positive in-
dicating very weak ordering tendencies in the surface layer.

While it is difficult to make definite statements about the
energetics of the system by inspecting the pair ECI, given
that there are also triplet and quadruplet ECI present, Table I
does give some indication that the structure of this system
will be determined by a competition between the adsorbate-
adsorbate and adsorbate-surface interaction, with the Pt-Ru
interaction in the surface playing a small role.

C. Monte Carlo simulation of finite temperature behavior

The surface structures were thermally equilibrated at fixed
Ru and O chemical potential by applying Monte Carlo simu-
lations in a grand canonical ensemble to the coupled cluster
expansion. The constant Ru chemical potential condition
simulates the bulk acting as infinite reservoir for Ru. While
the equilibrium configurations obtained in Monte Carlo
simulation are independent of the reference value for the
chemical potentials, it is instructive to relate the oxygen
chemical potential to an oxygen partial pressure. This can be
done through the standard activity equation

1 Po
po(T.P) = (T, P°) + KT ln(P—Oz) 3)

In Eq. (3) the oxygen gas is treated as ideal and uQ(T, P°) is
a reference chemical potential at temperature (7) and pres-
sure (P°). To find the values for ,u,%(T, P), we fit our oxygen
coverage results for a pure Pt surface to the experimental
data at T=726 K obtained by Derry and co-workers** who
measured the oxygen adsorption isotherm for pure Pt as a
function of partial pressure and coverage. The reference
,u%(T,PO) at other temperatures was extrapolated from
T=726 K with the analytical free energy function of O, gas
which includes independent rotational, vibrational and trans-
lational degrees of freedom, as for example, given by Hill. %
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TABLE 1. Effective cluster interaction coefficients (ECIs). (a)
The ECI for noncoupled clusters and (b) gives the coupled clusters
between adsorbate sites and alloy surface sites. “NN” indicates
nearest neighbor.

(a) ECI of noncoupled clusters

clusters geometry interaction (meV)

1st NN pair 37.6

8 2nd NN pair 11.1
10 3rd NN pair 4.7
15 4th NN pair 6.2
17 5th NN pair 6.3
3 Ist NN pair 4.7
7 2nd NN pair 32
11 3rd NN pair 4.5
14 4th NN pair -0.5
35 triplet 2.0
38 triplet -14
27 triplet -9.8
36 triplet 2.5
37 triplet 1.6

(b) ECI of coupled clusters
clusters geometry interaction

5 Ist NN pair -152.7
6 2nd NN pair 3.1
9 3rd NN pair -17.5
12 4th NN pair -0.3
13 5th NN pair —4.8
16 6th NN pair -2.2
31 triplet -13.8
32 triplet 8.8
33 triplet -7.0
34 triplet -4.0
41 triplet 24
42 triplet 13.1
45 triplet -10.5
46 triplet =71
47 triplet -6.3
50 triplet -1.9
53 triplet -1.7
54 triplet 6.8
57 quadruplet -15.8
58 quadruplet -11.7
59 quadruplet 4.8
60 quadruplet -4.5
61 quadruplet 2.2

Table II gives the values of ,uf()) as a function of temperature.

This reference chemical potential contains any energetic
offsets between calculation and experiment (either from
GGA error or from different choices of reference state) as
well as some entropic effects not accounted for in the calcu-
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FIG. 5. Effective interactions used in the coupled cluster expan-
sion. The oxygen adsorption sites (open circles) sit on the points of
the triangular lattices, while the alloy surface layer sites (solid
circles) form another triangular lattice connecting the centers of half
the triangles in the figure.

lation. The latter is mainly the entropic loss when oxygen
goes from the molecule in the gas to the adsorption site. Note
that ,u,% does not need to fit configurational entropy effects
for the adsorbate on the surface as these are explicitly in-
cluded in the Monte Carlo simulation. Since the non-
configurational entropic effects in ,uf()) are dominated by the
entropy in the gas phase with some contribution from vibra-
tional entropy on the surface, we believe that it should be

TABLE II. /L%(T,PO) at temperature from 100 to 1100 K. These
values are obtained from a fit of our Monte Carlo simulation results
on pure Pt and oxygen to experimental data at T=726 K.>* The
values at other temperatures were calculated by the analytical free
energy function of a oxygen gas.

T (K) po(T.P%) [meV]
100 775.2
200 637.1
300 483.1
400 318.8
500 146.6
600 -32.1
700 -216.3
800 -405.4
900 -598.8

1000 -796.3

1100 -997.3
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FIG. 6. (Color online) Calculated oxygen coverage on a pure
Pt(111) surface at T=726 K. The chemical potential (bottom scale)
has an arbitrary reference. An approximate oxygen partial pressure
(top scale) is given for guidance. The inset shows the stable surface
structure at 65=0.25.

fairly independent of surface details and therefore transfer-
able from pure Pt surfaces to the Pt-Ru surfaces in our simu-
lation. Fig. 6 shows the oxygen coverage obtained by Monte
Carlo simulation as a function of oxygen chemical potential
on pure Pt(111) at T=726 K. An approximate relation to an
oxygen partial pressure scale is made with Eq. (3) and Table
II. Our calculation correctly reproduce that at about
1071°-1073 [atm] adsorbed oxygen orders into a p(2X2)
structure (Refs. 31 and 32).

Since the coupled cluster expansion describes the oxygen
adsorption energetics and the surface segregation energetics,
as well as the interaction between them, it is possible to
equilibrate both surface segregation in Pt-Ru and oxygen ad-
sorption simultaneously, and find the true equilibrium states
of this system as a function of the chemical potential. Figures
7(a) and 7(b) show equilibrated oxygen isotherms at two
different temperatures (7=600 and 1050 K) and Ru chemical
potentials (=1750 and —665 meV). The horizontal axis cor-
responds to the oxygen chemical potential and the vertical
axis denotes the oxygen concentration (open squares) on the
adsorbate lattice and the Ru concentration (filled triangles) in
the surface layer. At low Ru chemical potential [Fig. 7(a)],
the oxygen concentration only gradually increases, inducing
only a slight enhancement of Ru segregation to the surface.
As can be seen in the insets, which represent snapshots from
the Monte Carlo simulation, the segregated Ru atoms are
always bound to adsorbed oxygen atoms. As the oxygen
chemical potential increase further, both the oxygen concen-
tration and Ru segregation increase until a full oxygen-
covered Ru surface is obtained. Figure 7(b) represents a
similar simulation as Fig. 7(a) but at higher Ru chemical
potential and at different temperature.

A comparison of Fig. 7(a) with Fig. 7(b) shows that the
concentration trajectory changes as the Ru chemical potential
increases. At low Ru chemical potential [Fig. 7(a)], the oxy-
gen coverage is always larger than the Ru concentration in
the surface layer. But at higher Ru chemical potential (cor-
responding to a larger Ru bulk concentration), the Ru con-
centration at the surface exceeds the oxygen concentration
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once a threshold oxygen chemical potential is surpassed.
Both results [Figs. 7(a) and 7(b)] show that under a high
enough oxygen partial pressure, Ru will segregate to the sur-
face. While at low Ru chemical potential [Fig. 7(a)], oxygen
adsorption gradually induces Ru segregation, at high Ru
chemical potential [Fig. 7(b)], the oxygen adsorption and Ru
segregation are strongly coupled, occurring suddenly at a
critical oxygen chemical potential. Figures 7(c) and 7(d)
show the Monte Carlo simulation results of system 7(a) and
7(b), respectively, at the same temperature and oxygen
chemical potential conditions but this time on a pure Pt sur-
face. As is clear from the comparison of Figs. 7(a) and 7(c)
or Figs. 7(b) and 7(d), Ru facilitates oxygen adsorption and
increases the oxygen coverage dramatically.

The insets in Fig. 7 illustrate that the surface microstruc-
ture (ordering between Pt and Ru in the surface layer)
changes with temperature and chemical potential. At low
oxygen chemical potential, only isolated Ru atoms segregate
to the surface. At higher oxygen chemical potential, the Ru
atoms that segregate to the surface cluster together, resulting
in a surface pattern consisting of islands of Pt surrounded by
regions of Ru. At low Ru chemical potential [Fig. 7(a)], the
Pt islands are still interconnected, while at higher Ru chemi-
cal potential [Fig. 7(b)], the Pt islands are isolated.

IV. DISCUSSION

We have presented an approach to study surface segrega-
tion and adsorption simultaneously. By expanding the energy
of the system into occupation variables describing the sur-
face and adsorbate sites we can include, without bias,
adsorbate-adsorbate, adsorbate-surface, and alloy interac-
tions on the same footing. The advantage of this coupled
cluster expansion is that it is formally rigorous since the
basis set of expansion functions (the products of the occupa-
tion variables) forms a complete set, and its form is indepen-
dent of the model used to calculate energies of specific sur-
face structures. The choice of clusters and the truncation of
the expansion can be optimized through statistical methods
such as the cross-validation approach used here,’ though
other schemes have also been proposed.®® As such the
coupled cluster expansion can be a Hamiltonian with all the
accuracy of the ab initio DFT method by which it is param-
etrized, but can be evaluated orders of magnitude more
faster, making it amenable to Monte Carlo simulation and
accurate finite temperature statistics. It is worth pointing out
that simpler models in the same spirit, and with the same
purpose of studying the interaction between adsorbant and
alloy segregation have already been developed.’” One should
see our approach as a more formal and generalized extension
of these ideas.

In the Pt-Ru system we find a large effect of the adsorbate
on the surface segregation in the alloy. While Pt has the
lowest surface energy in vacuum and is expect to fully satu-
rate the surface layer at reasonable temperature, the segrega-
tion is significantly modified in the presence of oxygen. The
strong binding between Ru and O on the surface more than
overcomes the higher surface energy of Ru. We find that
even at low Ru and oxygen chemical potentials, oxidized
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FIG. 7. (Color online) Monte Carlo simulations and surface structure evolutions as a function of oxygen chemical potential ug, 7 and
bulk Ru composition Cg,. The conditions of (a) are T=600 K, ur,=—1750 meV and (b) 7=1050 K, ur,=—665 meV. (c) and (d) are
equilibrated oxygen isotherms at 7=600 K, and 7=1050 K in pure Pt surfaces with oxygen adsorbates.

islands of Ru coexist with bare Pt on the surface. These
island structures are sustained up to very high temperature.
At lower temperature and higher Ru chemical potential the
combined segregation of Ru to the surface and oxygen ad-
sorption is a collective effect occurring at a critical oxygen
chemical potential. Hence, one can think of this as an adsor-
bate induced segregation transition.

The islands structures that form in our simulation may be
important for catalysis as at the edges of the Ru-O islands,
both Pt sites for decomposition of methanol and O for the
oxidation of CO are available. This is the bi-functional cata-
lyst mechanism which has been proposed in the literature to
explain the tolerance of Pt-Ru catalysts to CO.3® If this
mechanism is correct, control of the size and structure of the
islands would be critical to the catalytic performance of these
materials.

Because oxygen adsorption on the surface induces Ru
segregation, processing and operating conditions will play an
important role in determining the surface structure and com-
position. Materials formed at temperatures where there is
metal atom mobility are likely to have Ru-rich surfaces un-
less very reducing conditions are used. How this determines
the surface of a practical catalyst is unclear as the latter are
often washed in mild acids before use, which may remove
oxidized species.

In typical fuel cell operation several possible species can
adsorb on the catalyst. Using a simpler model Christoffers-
sen et al.’7 already pointed out that several adsorbed species
can induce alloy surface segregation. While typical operating
temperatures of fuel cell electrodes are relatively low, it is
possible that adsorbant-induced segregation, and subsequent
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dissolution of alloying elements contribute to the degradation
of catalysts during operation.

On the other hand, surface oxide formation (RuO,) may
also play beneficial roles as it has been shown to enhance
particle dispersion of Pt and Ru particle by reducing
the degree of sintering during the electrocatalyst
manufacturing.’® The dispersion of Pt and Ru in the PtRu
electrocatalysts has been proven to be highly essential to
their reactivity for methanol oxidation.3%40

Finally, it might be possible to use adsorption induced
segregation to pattern surfaces. Our ground state calculations
show that ordered structures of Rugy,ce-Oqdsorbea €Xist for
certain ranges of oxygen and Ru chemical potential. These
could be formed by long annealing of alloy surfaces under
the proper chemical conditions. A short reduction treatment
would then remove the surface adsorbant and leave an or-
dered Ru-Pt surface behind.

When comparing our calculation to experiments several
limitations should be kept in mind. We only study the equi-
librium states in the (Pt-Ru)-O system and sufficient mobil-
ity of Ru through the alloy bulk may be required to allow Ru
to diffuse to the surface. Many practical alloy catalysts are
prepared through a serious of low to medium temperature
processes to retain their small particle size, and their surface
structure may neither be chemically or structurally equili-
brated. In addition, our study focused on a (111) surface, and
nanoscale catalysts may have multiple crystallographically
different planes.

The other assumption in our work is that adsorbates do
not penetrate into the bulk alloy, or Ru does not form a
separate oxide phase on the Pt surface. Our model may there-
fore only be a reasonable approximation in the early stage of
oxidation.

Although our methodology was applied to Pt-Ru(111)
surfaces in the presence of adsorbed oxygen, it can obviously

PHYSICAL REVIEW B 72, 205409 (2005)

be applied to other alloys, adsorbants or surface facets. The
important advantage of our coupled cluster expansion is that
it offers a general and unbiased approach to study the equi-
librium structure in surface-adsorbate problems from first
principles. While this makes it possible to calculate surface-
adsorbate phase diagrams, the coupled cluster expansion
could also be coupled to kinetic Monte Carlo models to
study the kinetic evolution of these interesting systems. Such
approaches have already been implemented to study diffu-
sion in bulk systems.*!:#?

V. CONCLUSIONS

We developed and implemented a formalism to study the
equilibration of alloy surfaces under a chemical field of ad-
sorbates at finite temperature. Our methodology combines ab
initio DFT with finite temperature Monte Carlo, connected
through the coupled-cluster expansion approach originally
developed to study coupled cation/anion disorder in oxides.
We applied our methodology to Pt-Ru(111) surfaces and in-
vestigated how the surface structures evolve as function of
oxygen chemical potential. It is demonstrated that oxygen
adsorption can change the surface composition dramatically.
Ru is brought to the surface from the bulk by adsorbed oxy-
gen and forms island structures. Hence oxygen can be used
as an adsorbate to control the surface morphology during
processing of catalysts.
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