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The electronic and chemical properties of the surface Pt and Ru atoms in the Pt-Ru alloy have been investigated
by means of extended Hiickel calculations. An electron transfer occurs from Ru to Pt. resulting in an increased
electron density on the surface Pt atoms. The transfer is found to be larger toward Pt atoms out of contact with
Ru. The calculated electronic perturbation of the water molecule is similar when it is adsorbed either on the Pt
site or on the Ru site in the alloy. However. the water adsorption strength is much smaller in the former case.
since the lone-pair donations are reduced relative to the latter case. This is essentially due to a larger closed-
shell repulsive interaction between 1b: (H-O) and d,- (Pt).

Introduction

It is well known that bimetallic systems show their improved
catalytic properties relative to the pure metals. Numerous
experimental studies have indicated that alloyving two metals
modifies their electronic and chemical properties.''" It is of
interest to study the changes that occur in the electronic
properties of the transition metals when they are alloved
with another metal. We chose the Ru/Pt(111) alloy system in
this work. The H~O molecule was chosen for studyving the
chemisorptive properties. This system is an excellent exam-
ple by which to address the problem of the electronic effects
in transition metal alloys and of their influence on adsorption
properties. A recent molecular orbital study showed that
H:O is strongly attracted to substitutional Ru in Pt surfaces
and dissociates with a low barrier compared to when it is on
Pt'].‘w

In the present paper we examine the electronic properties
of the Pt-Ru alloy surface by means of extended Hiickel cal-
culations in order to explain its behavior toward water
adsorption and catalvtic reactions. Our focus is on under-
standing how different are the chemisorptive properties of
the surface Pt and Ru atoms in the Pt-Ru alloy. and on com-
paring them with those of the Pt atoms in the pure Pt(111)
surface.

Theoretical Model

Our calculations are based on the extended Hiickel (EH)
theory. Two kinds of method were used. One is molecular
and the other is of the periodic tvpe. The former allows one
to obtain the electron transfers between the molecular orbit-
als of the adsorbate and the surface. The latter allows the
study of the adsorption of small molecules such as CO and
H-O on transition metal surfaces. For larger molecules this
method is less convenient since large surface unit cells must
be chosen in order to avoid interactions between the adsor-
bates. With this method. most of interpretations can be done
in terms of density of states (DOS) and crvstal orbital over-
lap population (COOP) curves.

All atomic parameters used in our calculations are listed in
Table I. No experimental data exist for the alloy system
studied here. Consequently. we have taken the standard val-
ues of the exponents from the literature.'* The A, values
which represent the energy of the atomic orbitals are those
found in ref. 13 where the parameters were adjusted from the
standard values" so as to reduce orbital polarizations (charge
transfers) for diatomic fragments.

For the periodic band calculations a two-layer slab was
used. The unit cell contains four metal atoms per layver and
one adsorbate molecule (see Figure 1b). This model forms a
p(2 x 2) H:O substructure in a coverage of 1/4 where the
interactions between the adsorbates are reduced. For the
cluster molecular orbital (MO) calculations the pure Pt(111)
surface is modeled by a cluster of 18 atoms arranged in two
lavers (Figure la). For the Pt-Ru alloy. as shown in Figure
la. a Ru atom is placed substitutionally in the surface plane
leading to the RuPt)7 cluster. The metal-metal distance has
been kept at 2.77 A as in pure Pt. We use a fixed water
geometry: O-H bond distance =0.96 A and H-O-H bond
angle = 104.5° It is assumed that the oxyvgen from H:O is
adsorbed on the top of a surface atom and its molecular
plane is perpendicular to the surface. Tilting of the molecular
plane toward the surface induces only a little change of bind-
ing energy as the oxygen atom is anchored at the same posi-

Table 1. Parameters used tor the calculations

Atom  Orbital  [[;7 (¢V) & & [GTRR 65

Ru 3s -9.37 2.08

3p 611 204

4d -10.3 338 230 05340 0.6363
Pt 6s -10.3 2334

op 646 2554

Ad -11.1 6.013 2696 06334 05313
O 2s -26.98 2273

2p -12.12 2275
H s -12.1 1.3

“Diaganal Hamiltanian matrix elements. *Slater exponents. “Coelicients
i double £ expansion.
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(a) (b)

Fignre 1. Two-layer cluster (a) and slab (b) models of the Pt-Ru
alloy used for the calculations. The dark circles indicate the
substitutional Ru atoms in the PUTTT) surlace.

tion as in the upright configuration.

Electronic Properties of Pure Pt and
Pt-Ru Alloy Surfaces

We have performed the periedic slab calculations by con-
sidering the (111) surlace of the Pt-Ru alloy as being ordered
lace-centered cubic (fee). The surface structure of the alloy
18 not known, so we have assumed the segregation of Pt at
the surface which only contains Pt atoms. The top layer has
the Pi;Ru composition with a p(2 x 2) ordered Ru lattice in
the (111) Pt plane, whereas the second one has pure Pt atoms
(scc Figure 1b).

For the alloy surface. the Fero level (Ef) shifts toward
higher energy by 0.1 ¢V compared with the pure Pt There is
an clectron transler [rom the less electronegative metal Ru to
the Pt atoms. The Pt atoms out of contact with a Ru atom
gain more clectrons than the others (042 vs. -0.03 ¢ /atom).
This will be explained below in more detail. The transfer
may be somewhat excessive. This trend is inherent to the EX
method. Hencee this method 1s well suited for the understand-
ing ol the chemical interactions on large systems and for the
qualitative comparison ol the molecular binding at different
adsorption siles to be studied 1n the following scction.

[f onc analyzes the electronic structures of the metal d
otbitals given n Figure 2. one notices how they change after
alloymg. The shape of the DOS projected on Pt d orbitals
does not change much when Ptis alloyed with Ru. Howcever,
the Fermi level s shifted up m the alloy: the main d part ol
Pt becoming more distant from the Fernm level. The peak
which lies on the top of the d band exhibits a large contribu-
tion of the Ru d orbitals (Figure 2b). At the very bottoms of
the valence bands. the valence s atomic contributions arc
large.

The d-d mteractions are more attractive in the alloy than in
pure PL. This ts illustrated by the COOP curves of Figure 3
which show the overlap population (0.55) between a Ru
atom and the nearest-neighbor Pt atom m the alloy (Figure
3b) and the overlap population (0.49) between the nearest-
ncighbor metal atoms in the pure Pt (Figure 3a). [n the latter
figure part of the antthonding interactions 1s occupted with
clectrons almost to the top of the d band. In the former,
owing to the influence of Ru. a substantial part of the anti-
bonding peaks 1s pushed above the Fermi level and the
resulting interaction 1s more attractive.
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Figure 2. DOS projected on the PLd (dotted line) and s (dashed line)
orbitals in pure Pt (2) and DOS projected on the Pt d (dotted line)
and the Ru d (dashed line) orbitals in the alloy (b). The solid line
represents the total DOS, The dashed vertical line relers (o the
Termi level.
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Figure 3. COOP of the Pt-Pt bond in pure Pt {a) and COQP of'the
Ru-Pt bond in the alloy (b). 'The dashed vertical line relers to the
Fermi level.
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This is also reflected in the DOS projected on d orbitals as
depicted in Figure 2b. The top of the Pt d band interacts with
Ru d which is higher in cnergy and is pushed below the
Fermi level. The fact that part of the d band goes above the
Fermi level by interaction with the Ru d orbitals and loses its
clectrons is compensated by the up-shilt of this level and
henee the d orbital population of the Pt atoms in contact with
Ru doces not change much as described above. The Pt orbit-
als that have the strongest inferaction with Ru have the
smallest change in their clectronic occupation, while those
that have little interaction with Ru are more populated by the
up-shift of the Fermi level and the electrons lost by Ru.
Therefore, the DOS deformation and Fermi level shilt
caused by alloying are responsible for more clectron gain for
the Pt aloms not in contact with a Ru atom. This means that
the clectron transfer (rom more clectropositive Ru atom docs
not take place only toward its nearest neighbors, but mainly
toward the farther PU atoms. Since the DOS curves of the
purc metal orbitals are considerably changed in the alloy,
one can understand that alloying Pt with Ru will modily the
adsorption propertics signilicantly. This point will be dis-
cussed in the next section.

H:( Adsorption

The structure and reactions of water adsorbed on platinum
surfaces are extensively documented experimentally.'®®
Quantum chemical caleulations favor the on-top adsorption
site compared to the bridge and threefold sites for an 110
molecule on P1(111).2" The P-O bond distance has been
found as 1.79 A for the on-lop sitc. For the adsorption on the
Ru site in the Pt alloy, the Ru-O length has been taken at
1.68 A following rel’ 13. These bond lengths are used in our
caleulations. Since our purpose is o compare O adsorp-
tion on the Pt and Ru sites in the Pt-Ru alloy with that on
pure Pt we have considered only the on-top adsorption site.
The results are given in Table 2.

The calculated adsorption cnergics reveal a large differ-
ence between the Ru and the Pt sites on the alloy surface

Table 2. Bonding characteristics for Hz0Q adsorption on Pt{111)
and Pt-Ru alloy clusters as modeled in Figure 1
Pt(111} Ptinalloy  Ruin alloy

Binding energy® (2V) 178 (1.32)  1.57(1.16) 2.70(2.16)
L1:0) charge 0.73 0.63 0.83
Overlap population

O-1 (0.64Y (0.64) (0.64) (0.64)
metal-O 0.59(0.52)  0.56(0.51)  0.71 (0.69)
Electron transler

loss of 2a, 0.07 0.07 0.09

loss of Ib, 0.01 0.01 0.06

loss of 3a, 0.43 0.45 .39

loss of bz 0.22 .14 0.32

“In parentheses are given the results obtained with the periodic band
calculations. *Taken as the difterence: F (adsorbate) — F (substrate) — F
(adsorbatc/substrate) In ¢V, A positive value implies a stabilization.
“Value in free 11:0.
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(2.70 and 1.57 ¢V for Ru and Pt sites in the alloy, respee-
tively, and 1.78 eV for the pure Pt surlace), indicative of a
markedly stronger 11:0 adsorption on the Ru site in the
alloy. In order to explain this diflerence, we have chosen to
focus on the interpretations based on the interactions
between the molecular orbitals. The bonding between metal
atoms in a surface and water molecules is predominantly
achicved by 11:0 lone-pair donation. The lone-pair bonding
to the surface involving overlap with occupied and empty
surface orbitals is illustrated schematically in Figure 4. In the
case of lonc-pair overlap with occupied surface orbitals, the
bonding stabilization represented by the downward pointing
arrow is reduced by the destabilizing energy required Lo pro-
mole some cleetrons to the Fermi level via the antibonding
counterpart orbitals. [n the casc ol overlap with an empty
surface orbital there is no promotion of electrons due to the
antibonding counterpart orbitals to the Fermi level and there-
fore no destabilizing deduction (rom the bonding stabiliza-
tion cnergy. The greater stabilization that occurs for the
bonding orbitals when the donor and surface orbitals become
closer in cnergy is explained by a perturbation theory
approach.

These two types of interaction just described will occur for
cach surface band orbital with a non-zero overlap integral
with the lone-pair orbitals of 11,0 at the adsorption site. The
d band, almost lilled for pure Pt, interacts both with the lone-
pair orbitals 3a; and 1by of IO, These leractions are
depicted in Figure 5. By these interactions, part of the d band
is pushed above the Fermi level and loses clectrons, which

Y

4
©L

Figure 4. Schematic illustration showing the stabilization of a
ligand (1.} lone-pair orbilal by a metal (M) surlace orbital, Noie the
destabilizing component indicated by the heavy upward pointing
arrow. 1t the metal surface orbital is cmpty. there will be no
destabilizing deduction from the bonding stabilization energy.
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Figure 5. Orbital interactions between 11:0 and a surface metal
atom in the on-top site.
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results in bonding. In the alloy. the Fermi level is higher in
energy and the Pt d band is farther from Ef (sec Figure 2b):
henee a smaller part of this band is pushed above the Fermi
level for the adsorption on Pt, which results in weaker bond-
ing. On the contrary, the lone-pair donation interactions with
the Ru d band that is located at and near the Fermi level push
most part of the d band above the Fermi level, and the anti-
bonding counterparts become empty. This resull leads to a

considerably high O-Ru bond strength. The larger the part of

the d band pushed above Er, the more stabilizing the water-
surface interaction.

Let us now interpret these interactions by the DOS pro-
jeeted on d;zand dy, metal orbitals appropriated for an inter-
action with the lone-pair orbitals of 11,0, For encrgetic
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Figure 6. H:( adsorption on Pt(L11): DOS projected on the d,2
(a) and d,.. {b) (dotted line) of a Pt atom of the adsorption site and
on the pAO) (a) und p,{O) (b) (dashed Tine) o 11:0, and COOP ol
the Pt-O bond (¢). The vertical bars display the position of 3a, and
I'b; orbitals in free H20. The dashed vertical line refers to the Fermi
level,

Dae-Bok Kang and Choon-Kee Lee

position and symmetry reasons, only the 3a,-d;2 and the 1hs-
d,» interactions will be considered in this qualitative study of
chemisorption. The water 1by orbital interacts only very lit-
tle with the dy, orbital because of their poor encrgy match,
and the empty Ol o orbitals are 100 high-lying in energy to
interact with the metal d band.

The DOS curves of the two interactions considered are
shown in Figurcs 6-8. The comparison of Figure 7b with
Figure 8b shows that the dy, antibonding state is pushed
above Er in the casc of the Ru site, whereas it goes just
below Er in the case of the Pt site in the alloy. The d,» anti-
bonding stales are pushed above Er in all cases. At the same
time, the 160 1b: and 3a; lone-pair orbitals also show a
larger contribution over Ee for the Ru site than for the Pt site
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Figure 7. H>0 adsorption on Pt in the alloy: DOS projected on the
d;2 {(a) and d,; (b} {dotted line) of a Pt atom of the adsorption site
and on the p{O) (a} and p,(O) (b) (dashed line) of 1120}, and COOP
of the P-O bond (¢). The vertical bars display the position of 3
and 1bg orbitals in free H20. The dashed vertical line refers to the
Fermi level.
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Figure 8. 110 adsorption on Ru in the alloy: DOS projected on
the d.2 (a) and d,, (b) (dotted line) of a Ru atom of the adsorption
sitc and on the pAO) (a) and p.(O) (b) (dashed line) of Hx0, and
COOP of the Ru-O bond (¢). The vertical bars display the position
ol 3a; and Th: orbitals in free Ha0), The dashed vertical line relers
to the Fermi level.

in the alloy and hence lose more clectrons in the case ol the
Ru site (0.71 vs. 0.59 ¢ in Table 2). Moreover. the overlap
population between the metal and O upon water adsorption
is larger on Ru (0.71) than on Pt (0.56) in the alloy. This
accounts for the stronger 11:0 adsorption on the Ru site
which is reflected by a larger binding encrgy {(sce Table 2).
For the pure Pt. the DOS curves of these interactions (Figure
6a and b) take on the shape ol Figure 7a and b. One observes
by comparing Figures 6b and 7b that the stabilization inter-
action of dy; Pt orbital with 1> is weaker in the P1-Ru alloy
than in pure Pt because the rise of the Fermi level leads to
more occupied antibonding states and the less clectron dona-
tion of 1b2 (0.14 vs. 0.22 ¢ in Table 2) in the case of the
alloy. This point is [urther illustrated by the COOP curves of
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Figures 6¢-8¢. Note the antibonding peak that 1s close to the
Fermi level besides the bonding peaks at low encrgy. The
antibonding combination of p{QO) with dy,(Ru) is totally
destabilized above the Fermi level but that of p(Q) with
dy»(P1) is not; the latter case is responsible for a closed-shell
repulsive interaction accompanying small stabilization. 11
the d band of the metal atoms directly involved in the
adsorption is (arther (rom Er, as is the case for Ptin the alloy,
a larger part remains below it and a closed-shell repulsive
interaction is stronger. In this case. less clectronic charge
will be dumped from the antibonding counterpart orbitals at
the Fermi level, thereby weakening the elfect of the donation
stabilization.

For the systems studiced. the decrease in the binding energy
of the 110 adsorption is essentially due to an increase of the
closed-shell repulsive interactions between HO and the sur-
face. The clectron transfer between 110 and the surface fol-
lows the same trend. The clectron loss of the lone-pair
orbitals results [rom the interaction destabilizing some of
their clectronic states above the Fermi level. Therefore the
donations (rom 110 to the surlace decrease with increasing
repulsive interactions between them. With this in mind, we
can deduce (rom Table 2 that the inereased [1:0 adsorption
cnergy cotrelates with an increased 110 charge.

Discussion and Conclusions

We have shown that a substitutional Ru atom in a Pt{111)
surface donates eleetron density Lo the surlace PLaloms and
becomes a good aceeptor of clectron density (rom water
molecules. Compared to the pure Pt the surface Pt atoms in
the Pt-Ru alloy arc more negatively charged because of an
cleetron transfer from Ru 1o PL. Surprisingly. a better clec-
tron gain is induced for the Pt atoms that have no Ru as
neighbor. The Fermi level of the alloy is higher than that of
the pure Pt. The DOS peaks projected on d orbitals are
somewhat narrower in the alloy: the d band well-localized
on Ru being located at and near the Fermi level and that on
Pt farther (rom this level. A substitutional Ru atom is calcu-
lated to bind 11,0 preferentially. Lone-pair donation bonding
is the dominant water-surface interaction. The strong dona-
tion interaction with Ru is due to the presence of the empty d
orbitals well-localized on Ru near the Fermi level since all
antibonding combinations are left vacant. The Pt site in the
alloy binds 11,0 less strongly than the Ru site. The weaker
bonding to the Pt atom can be understood in terms of the
larger repulsive interactions. Since the d bands ol Ptatoms in
the alloy are larther below the Fermi level. these d bands are
less pushed above the Fermi level by their interactions with
waler lone-pair and more occupied states participate in the
destabilizing component giving rise to repulsions.

The substitutional Ru atom was lfound 1o be more active
toward 11-0 decomposition to Oll{ads) than the Pt atoms."
The calculations showed that the strong activation for OF[
bond cleavage is linked to the strong donation bonding of
waler. This was proposed as the explanation for the well-
known?? ability of Pt-Ru alloys to catalyzc the oxidation of
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the CO poison on fuel cell anodes: that is. OH(ads) was
found to be a viable oxidant. vielding CO-+ H™ +¢™. Our
calculations show in Table 2 that the O-H oscrlap population
docs not vary much [rom its value in free H-O when the
walcr adsorption takes placc on Ru in the Pt alloy. Conse-
quently. the clectron donation from H>O lonc-pair orbitals
docs not contribute 1o weakening the O-H bonds. since they
arc of nonbonding character, So we suggest that the substitu-
tional surface Ru atoms in the Pt clectrode attract water mol-
ccules and activatc OH(ads) formation al a higher anode
potential. An increasingly anodic surface polential can be
modcled by decreasing the metal s. p. and d diagonal Hamil-
tonian matrix clements (Hy). When the potential of the clec-
trode is increased by 1 V. the clectrode surface valence band
is stabilizcd by approximaicly 1 ¢V. As the metal valence
band moves down by decreasing the metal H, valucs. its bot-
tom becomes close 1o the low-lving H-O 1b; orbilal in
cnergy and hence its stabilization is expecled to be larger
duc 1o stronger mixing with the metal d band orbitals. This
stronger OH ¢ donation bonding Lo the surface scems o be
responsible for the catalytic ¢liect of Ru in the alloy on acti-
vating the formation of OH (ads) at higher potentials. We
find that the O-H overlap population is reduced (0.64 to
0.39) for H:O bound to Ru in the alloy when the surlace
potential is increased by 1 V relative to the 0 V paramcters in
Table 1. This mcans that the O-H bond becomes weaker and
has a (endency 1o break as (he potential increases, Whether
or not Ru n the alloy would activale the water dissociation
should be explored lurther because there is no corrclation

between the adsorption energy and (he aclivation cnergy ol

H:O.
Appendix

For the periodic calculations. the tight-binding EH method
has been applicd. ™ A mesh of 66 k points was chosen in the
irrcducible part of the Brillouin zone for the average prop-
crty calculations. The EHMO cluster calculations were per-
formed with he help of YAcHMOP program developed by
G. Landrum
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