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Comparison of S Poisoning Effects on CO Adsorption on Pd, Au, and Bimetallic PdAu

(111) Surfaces
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S and CO adsorption and coadsorption on Pd(111), Au(111), and PdAu(111) surfaces were studied, with the
aim of providing insight into the poisoning effects of S and searching for novel sulfur-tolerant catalyst materials
by first-principles calculations. It was found that both neighboring and next-nearest-neighboring adsorption
sites are poisoned by a single preadsorbed S atom for CO adsorption on Pd(111). On Au(111), E,y of CO
increases because of preadsorbed S, indicating that preadsorbed sulfur does not always act as a poison. The
bimetallic PdAu(111) surface was found to have better S poison resistance than the Pd(111) and better activity
than the Au(111) monometallic surfaces for CO adsorption. Meanwhile, the CO stretching frequencies on
each surface with and without S were calculated to depict the effects of S preadsorption on the C—O bond

strength.

1. Introduction

Sulfur is well-known for its poisoning effects on many
heterogeneous catalytic reactions. It has been reported that even
a small amount of S-containing species (often found as
impurities in petroleum-derived chemical feed stocks and
synthesis gas and automobile exhaust gas) has remarkably
negative effects on the performance of the catalysts used in such
reactions, such as Pd catalysts and Pd-based membranes."? This
can cause deactivation of these materials after long-term
operation. Uncontrolled and accidental poisoning by S can be
a considerable financial burden in the petrochemical and
automobile industries.®> To trace the roles of the poisons in
heterogeneous catalytic processes, many experimental and
theoretical studies have been carried out over several decades.
Early studies* ¢ held that poisoning by an electronegative atom
such as S is caused by its accepting charge from the surface
that would otherwise contribute to a rate-limiting reaction step.
This theory implies that the higher the electronegativity of an
adsorbate is, the more conspicuous the poisoning effect should
be. Through theoretical calculations on the electronic structure
perturbations induced by S on Rh(001), Feibelman et al.’
suggested the local density of states (LDOS) near the Fermi
level, which governs the ability of the surface to respond to the
presence of other species, is substantially reduced by S even at
nonadjacent Rh sites. Therefore, they concluded that an extended
electron effect is dominant in catalytic deactivation by S.

Meanwhile, CO oxidation on transition-metal surfaces forms
the basis for the catalytic removal of CO from car exhaust gases.
CO adsorption is commonly used as a probe to explore the
chemical activities of monometallic and alloyed surfaces,
especially the changes between native and modified surfaces,
including composition and electronic properties, by both
experimental and theoretical studies. S and CO coadsorption
on Ni(111),* Rh(111),” Ru(100),'° and Cu(100)'' has been
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intensively studied by experiments, which also supported the
conclusion of a long-range interaction of S. Conclusively, the
S poisoning effect is usually explained by a combination of steric
(or structural) effects and electronic effects. The former generally
describes S blocking contiguous adsorption sites needed by other
species, displaying a short-range effect, whereas the latter is
associated with charge redistribution or hybridization (i.e., sp
or sd), showing a long-range influence.

S poisoning is inevitable, and S—metal interactions are so
strong that it is hard to remove S atoms from metal surfaces. It
is urgent to find efficient ways to minimize the negative effects
of S poisoning and improve the sulfur resistance of metal
catalysts in heterogeneous catalysis. Meanwhile, bimetallic
alloys provide a new field for catalyst design because of their
greater flexibility in chemical composition and interatomic
distances compared to pure metals. In fact, bimetallic catalysts
are very interesting and promising because their unique catalytic
properties are often superior to those of pure metals.'? In general,
the excellent properties of bimetallic surfaces depend on either
electronic effects or ensemble effects or both.'* For instance,
PdAu bimetallic surfaces, because of their peculiar activity and
selectivity to vinyl acetate,'*!> have attracted increasing interest
recently. Earlier density functional theory (DFT) calculations'®!”
and experiments'®!® demonstrated the extraordinary activity of
highly dispersed Pd sites and Pd monomers in contact with Au.
The surface configuration of Pd monomers has a substantial
effect on the activity and stability. The Au-to-Pd ratio on the
surface of the particles can be finely tuned to achieve optimal
catalytic performance.'® On the other hand, Yi et al.”* observed
that the surface concentration of Pd is a function of annealing
temperature and that the surface Pd concentration remains
constant, about 20%, between 700 and 1000 K. They also
indicated that the surface composition can be systematically
controlled by altering the bulk Pd—Au alloy concentration. An
experimental study of the sulfur resistance of bimetallic Pd—Au
catalysts was conducted with X-ray diffraction and kinetic data,
and indicated that gold addition could improve catalyst resistance
to sulfur poisoning.?! Furthermore, the chemisorption properties
of CO on top of a Pd monomer were found to be little affected
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Figure 1. Configurations of PdAu(111) surfaces studied in this work. In each ensemble, Pd atoms substitute for Au atoms on the topmost layer.

The yellow and blue balls represent Au and Pd atoms, respectively.

by other CO molecules on top of second-neighbor Pd mono-
mers.?? From a theoretical point of view, there have been few
studies on the effect of S poisoning on Pd—Au surfaces.

In this work, we have performed DFT calculations to compare
S and CO adsorption and coadsorption on Pd(111), Au(111),
and PdAu(111), in order to shed some light on S poisoning
effects and the activity of bimetallic PdAu(111), as well as to
promote the search for novel catalytic materials with high sulfur
tolerance.

2. Computational Details

This work was conducted with the Vienna Ab Initio Simula-
tion Package (VASP)*? with the frozen-core projector-
augmented-wave (PAW) method.?’® The Perdew—Wang (PW91)
generalized gradient approximation (GGA)***° functional was
employed for the exchange-correlation energy. Both monome-
tallic and bimetallic surfaces were modeled with a five-layer
slab with a vacuum thickness of 15 A. The adsorbed species
were put on one side of the slab. The three uppermost layers
were fully relaxed, whereas the two bottommost layers were
fixed at their bulk structure. A cutoff energy of 500 eV was
employed in this work. A 3 x 3 supercell was used to simulate
sulfur and CO adsorption and coadsorption on monometallic
and bimetallic surfaces, and a 4 x 4 supercell was used to
describe the relative stability of a series of bimetallic PdAu(111)
surfaces (Figure 1). We employed Monkhorst—Pack k-point
gridsof 5 x 5 x land 3 x 3 x 1 for the 3 x 3 and 4 x 4
surface unit cells, respectively. The lattice constant of Pd bulk
was fully optimized to 3.96 A, within an error of 2% in
comparison with the experimental value of 3.89 A.>' The lattice
constant of bulk Au was determined to be 4.18 A, within ~2.5%
deviation from experimental value (4.08 A). For the bimetallic
PdAu(111) surfaces, the lattice constant of bulk Au was adopted,
because a relative low concentration of Pd in the surface was
assumed in the present study.

The adsorption energies of S and CO on monometallic and
bimetallic surfaces in this work were calculated as

Ey=—(Eym — Ey — Ey) (D

where Exy is the total energy of the respective adatom/molecule
adsorbed on the metal surface, Ey is the total energy of the
clean metal surface, and E, is the total energy of the adatom/
molecule in the gas phase. M in eq 1 denotes the metal surfaces
Pd(111), Au(111), and PdAu(111).
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Figure 2. Formation energies of various PdAu(111) bimetallic surfaces
defined by eq 2. Labels a—g correspond to the configurations shown
in Figure 1.

3. Results and Discussions

3.1. Stability of PdAu(111) Bimetallic Surface. 3.1.1. For-
mation Energy. First, we tested the energetic stability of the
bimetallic PdAu(111) configurations shown in Figure 1, in which
each ensemble had a different number of Pd atoms and the
formation energies of each configuration were given by!'¢

AEpy = [Epgay = Enusut T Npa(Uay — Upa)l/Npg

@)

Here, Epgay and Ea, g represent the total energies of the
PdAu(111) surface and clean Au(111) slab, respectively. ta,
and upg are the atom chemical potentials of Au and Pd,
respectively, and were both determined to be in equilibrium with
their respective bulk reservoir. Npq is the number of Pd atoms
in the unit cell. The change in the total energy was normalized
by the number of Pd atoms to allow comparison between
ensembles with different numbers of Pd substitutions. The
calculated results are depicted in Figure 2.

It is obvious that ensembles with first-neighbor Pd pairs
(Figure 1b,d,d*.f,g) are energetically unfavorable compared to
ensembles with noncontiguous Pd pairs (Figure 1a,c,e). This is
in good agreement with previous theoretical'® and experimental'8%
studies. In those works, the most prevalent surface ensemble
was found to consist of Pd monomer sites surrounded by Au.
This might result from the fact that the Pd—Au bond is slightly
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Figure 3. Changes in Gibbs surface energy (cf. eq 3) as a function of
Pd concentration on the Au(111) surface. The energy zero corresponds
the surface energy of the clean Au(111) surface. The straight dashed
line was obtained by joining the points representing pure Au and a Pd
monolayer. The circled region is enlarged in the inset.

ionic and stronger than the Pd—Pd and Au—Au bonds,'® and
hence, as many Pd—Au bonds are formed as possible. As a
result, the favorable Pd—Au structure might avoid the formation
of bulk Pd,S,%' which is a main source of S poisoning.*?

3.1.2. Surface Free Energy. To further investigate the
stability properties of PdAu(111) surface, we investigated the
change in Gibbs free energy caused by exchanging a Pd atom
with the surface, which is defined® as

AG = (Gpgpy = Gy = ANjUp, — Npgltpg)/A - (3)

Here, Gpya, is the free energy of the PdAu surface, Gy, is the
free energy of the Au slab, AN,, is the difference in the number
of Au atoms between the bimetallic system and the clean slab,
and Npq is the number of Pd atoms in the surface. The chemical
potentials of Au and Pd were still treated as being in equilibrium
with their bulk reservoirs. The change in Gibbs free energy was
normalized by the surface area A for comparison between
various configurations with different unit cell. This definition
is also called the “surface free energy”. Here, we note that the
effects of temperature and pressure are not taken into account.
Consequently, the free energies Gpga, and Gy, are identical to
the calculated total energies of Epga, and Egyp.

The results are shown in Figure 3. The positive slope of the
Gibbs free energy change of PdAu as a function of Pd
concentration curve implies that it is energetically unfavorable
for Pd impurities to migrate to the surface rather than staying
in the bulk, consistent with the fact that the surface energy of
Pd (2.043 J/m?)** is higher than that of Au (1.626 J/m?).3> Thus,
the PdAu(111) surface will not be dominated by Pd atoms at
temperatures below 1000 K, as reported by Yi et al.>® On the
other hand, the curve is slightly convex, indicating that
noncontiguous Pd pairs are more preferable in the surface.
Meanwhile, from the inset in Figure 3, one can see that, at the
same Pd concentration (i.e., for configurations b and c, as well
as for configurations d, d*, e, and f), noncontiguous Pd pairs
are more favored. Thus, from this aspect, it can also be deduced
that the Pd atoms will form a Pd—Au alloy rather than aggregate
into larger particles.

3.2. Adsorption of S and CO on Metal Surfaces.
3.2.1. Pure Metal (Pd, Au) Surfaces. Before S and CO
adsorption on PdAu(111) was studied, their adsorptions on
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TABLE 1: Adsorption Energies (eV) and Structural
Parameters”

Ead of S . Ead of CO . .
(eV) dsm" (A) V) dsui—c“(A)  dc—o? (A)

Pd(111)

top 4.08 2.15 1.43 1.87 1.16

bridge — — 1.84 1.41 1.18

fee 5.96 2.25 2.04 1.28 1.17

hep 5.89 2.25 2.02 1.28 1.20
Au(111)

top 3.03 2.27 0.19 2.04

bridge - - 0.17 1.46

fee 4.47 2.41 0.13 1.32

hep 4.32 2.42 0.15 1.36

“ The maximum adsorption energy is emphasized in bold for each
system. ® S-metal bond length. ¢ Height of CO above each metal
surface. ¢ C—O bond length.

monometallic Pd(111) and Au(111) surfaces were calculated,
and the results are listed in Table 1. It is obvious that the most
preferred sites for S on both Pd(111) and Au(111) surfaces are
face-centered cubic (fcc). The bridge site is unstable, because
the adsorbed S atom would relax spontaneously to the nearby
fce sites. The calculated S—Pd and S—Au bond lengths of the
energetically favored structure are 2.25 and 2.41 A, respectively.
The most favorable sites for CO adsorption on Pd(111) and
Au(111) are fcc and top sites, with adsorption energies of 2.04
and 0.19 eV, respectively. The heights of the CO molecule above
the Pd(111) and Au(111) surfaces (ds—c) are 1.28 and 2.04 A,
respectively, at the favored site on each surface, and the
corresponding C—O bond distances (dc—o) at these sites are 1.17
and 1.15 A (see Table 1). These results are in good agreement
with previous experimental®*~#° and theoretical'**'~#* studies.

According to the d-band center theory, the closer the d-band
center (g4)*® is to the Fermi level, the easier the charge transfer
between the metal surface and adsorbates. Here, we employ the
d-band center as an initial measurement to investigate the
poisoning effects of S on Pd(111) and Au(111). Meanwhile,
the density of states (DOS) near the Fermi level can also reflect
the activity of metal surfaces to a certain extent.” We also
calculate the DOS at the Fermi level of the metal surfaces to
weigh the influence of sulfur on the metal chemical activity
from another perspective. The results calculated for the d-band
center (gg) and DOS at the Fermi level are listed in Table 2.

For the Pd(111) surface, it was found that the &4 value of the
first-nearest Pd atom of S is lowered to —2.51 from —1.87 eV
for the clean surface. This suggests that the activities of the
nearest hep sites h1 and the next neighboring fcc sites f1 (shown
in Figure 4a) are strongly affected. Previous DFT and experi-
mental studies have reported that the adsorption of S would
induce a large decrease in the DOS of metal d states near the
Fermi level on a series of transition-metal surfaces.**~# In this
work, all three nonequivalent types of Pd atoms (shown in
Figure 4a) experienced a distinct decrease of d states at the Fermi
level when S was adsorbed, especially the three nearest Pd atoms
of type 1. One can conclude that the poisoning effects of S on
the Pd(111) surface might be a fairly long-range effect that
would significantly affect the adsorption of other adsorbates such
as CO, weaken the interaction between the Pd surface and CO,
and ultimately affect the reaction rate. This can be confirmed
from the partial density of states (PDOS) plots of the Pd—S
system in Figure 5a. A distinct overlapping between S p and
Pd d states on pure Pd(111) could be found around —5.2 eV,
suggesting a strong covalent bond between S and the Pd
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TABLE 2: S-Induced Electronic Structural Changes on Pd(111) and Au(111) Surfaces

g4 (eV) DOS at E; (states/eV)
system clean’ 1 2 3 clean® 1 2 3 charge on S (e)”
Pd—S-fcc —1.87 —2.51 —1.86 —1.92 1.919 1.047 1.812 1.832 6.230
Au—S-fee —3.38 —3.68 —3.41 —3.41 0.098 0.214 0.113 0.133 6.357

“Indicating clean surface without S. ” From Bader population analysis.>?

Figure 4. Possible CO adsorption sites on S-preadsorbed metal
surfaces. (a) S-preadsorbed monometallic Pd(111) or Au(111), where
the first-, second-, and third-nearest-neighbor metal atoms relative
to the adatom S are labeled 1, 2, and 3, respectively. The letters b,
f, and h represent the bridge, hcp, and fcc sites, respectively, while
the top sites are simply indicated by 1, 2, or 3. (b) S-preadsorbed
PdAu(111) surface. The top sites of Pd atoms are indicated by tl1,
t2, and t3. The yellow and aqua balls denote Au and Pd atoms,
respectively. The first-, second-, and third-nearest-neighbor Pd atoms
relative to S are indicated by 1, 2, and 3, respectively.

substrate. The rehybridization features are not restricted to the
first-nearest Pd atom, but extend to the second- and third-nearest
Pd atoms (see the arrows in Figure 5a). However, for the
Au(111) surface, the downward shift of &g is not as evident as
for the Pd(111), being 0.3 vs 0.64 eV. Interestingly, the partial
densities of states of the Au d states at the Fermi level of the
three nonequivalent Au atoms are increased because of the
adsorbed S atom, especially that of the first-nearest Au atom.
This suggests that S might increase the activity of the Au(111)
surface. In Figure 5b, there are two main peaks in the S p curve,
and the higher one below the Fermi level (antibonding state) is
partially filled. Therefore, S binding to Au(111) is much weaker
than S binding to Pd(111). From a Bader charge analysis, it is
clear that charge is transferred from the metal surface to the S
atom.

3.2.2. PdAu(111) Surfaces. From the results discussed in
section 3.1, we model the PdAu(111) surface with noncontigu-
ous Pd pairs homogeneously distributed in the surface layer and
each Pd atom surrounded by six Au atoms for S and CO
adsorption (Figure 6). We use the tt, bb, ff, and hh followed by
numbers to represent adsorption sites for each adsorbate (S and
CO) on this well-defined PdAu(111) surface. The results are
listed in Table 3. For S adsorption, the most preferred site is
ff1 with one Pd and two Au atoms surrounding it. The two
types of bridge sites and the top site on Au are energetically
unstable, as the S atom would relax spontaneously to a nearby
hollow site (hhl or ff1). For CO adsorption, the most energeti-
cally favorable site is on top of a Pd atom, namely, ttl (shown
in Figure 6), in good agreement with Mazzone et al.’s study.??

To compare the results for PdAu(111) with those for the two
parent metal surfaces, adsorption energies of CO and S on
PdAu(111) with respect to those of S and CO on Pd(111) and
Au(111) are plotted in Figure 7. It is noted that S adsorption is
significantly stronger than CO adsorption on these three metal
surfaces. From Pd(111) to PdAu(111), the E, value of S
decreases markedly, and the change is much greater than that
for CO, indicating that the effect of the bimetallic surface on S
is more notable than that on CO. On the other hand, on top of
the Pd atoms of PdAu(111), E,4 for CO is very close to the

value for the top site on pure Pd(111). These phenomena suggest
that PdAu(111) might be less likely to be poisoned by
S-containing impurities in reactants. Typically, if the binding
energy is too high, the adsorbates will not desorb easily from
the surface; i.e., they will block the site and affect further
adsorption of other adsorbates, such as CO on Pt clusters.”® Even
if the surface is poisoned, S should be much easier to remove
from the PdAu(111) surface. The weaker bonding for S on the
PdAu(111) surface might originate from the configuration
discussed in section 3.1. However, from Au(111) to PdAu(111),
the adsorption energies of CO increase much more markedly,
although the adsorption energies of S also increase. The
increment of E,4 for CO is almost 3 times greater than that for
S. This means that the bimetallic PdAu(111) surface is more
active than the Au(111) surface, but at the same time, it retains
the low activity toward S of the Au(111) surface. The bimetallic
PdAu(111) surface might be more S-resistant than Pd(111) and
more active than Au(111), and thus, the catalytic performance
of the bimetallic PdAu(111) surface might be better than those
of the two parent surfaces, Pd(111) and Au(111).

3.3. Coadsorption of S and CO on Metal Surfaces. The
coadsorption was modeled with S preadsorbed at the middle
fce hollow site on all three metal surfaces with CO at various
trial fcc and hep sites on Pd(111), top and bridge sites on
Au(111), and top sites on Pd atoms on PdAu(111), as shown in
Figure 4. The coadsorption energy of CO on S-preadsorbed
metal surfaces is defined as

Ey = —Ecos—m ~ Esm — Eco) “)

where Ecois—m, Esm, and Eco are the energies of CO and S
coadsorbed on a metal surface, the S-preadsorbed metal surface,
and a CO molecule in the gas phase, respectively. The results
are listed in Table 4. It was found that CO is somewhat tilted
(with the C atom close to S and the O atom away from S) as it
gets close to S on the three metal surfaces. For instance, the
O—C—Au angle is 175° at t2 and 127.5° at t] on S-preadsorbed
Au(111), and the O—C—Pd angle is 165.4° at tl on S-
preadsorbed PdAu(111). This behavior should be attributed
mainly to the electrostatic interaction between the S monopole
(negative) and the CO dipole. The tilted angle of the CO
molecule with respect to the metal surface becomes smaller as
the distance between CO and the S atom increases. The C—M
and C—O bond lengths do not appear to change in the
coadsorption system relative to those on pure metal surfaces.

On the S-preadsorbed Pd(111) surface, CO adsorption at all
of the studied sites was weakened, with the first-nearest hcp
hollow sites (hl) being especially unstable. CO at these sites
would relax spontaneously to the nearby t2 sites because of the
strong repulsion between the two adsorbates. This indicates that
the presence of the S atom would directly block nearby CO
adsorption sites. Accordingly, E,y of CO at the next-nearest
hollow sites, three hcp (h2) and six fcc (f1) sites, is decreased
markedly compared to E,q of CO on clean Pd(111). Furthermore,
the third-nearest hollow sites h3 and {2 are also affected more
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Figure 6. Diagram of adsorption sites for S and CO on the PdAu(111)
surface. Yellow and aqua balls represent surface-layer Au and Pd atoms,
respectively. Double-letter notations are used to distinguish the CO
adsorption sites from those in Figure 4: ttl and tt2, on top of a Pd
atom and a Au atom, respectively; bbl, between one Pd atom and one
Au atom; bb2, between two Au atoms; ff1 and hhl, fcc and hep sites,
respectively, surrounded by one Pd and two Au atoms.

TABLE 3: Adsorption Energies (eV) for S and CO on
PdAu(111) for the Adsorption Sites Shown in Figure 6

ttl tt2 bbl bb2 ff1 hhl
E,q of CO (eV) 1.18 042  0.96 - 090 091
E,q of S (eV) 3.30 - - - 482 4.6l

or less, with CO coadsorption energies of 1.95 and 2.00 eV,
respectively. This confirms that the effect of S on Pd(111) could
extend to the third-nearest hollow sites. These results are in
line with previous experimental observations.''>! In ref 11, the
spatial extent of the interaction between S and CO on Cu(100)
surface was deduced to elucidate the effective range of S
poisoning effects, and the extent was found to contain all first-
and second-nearest Cu atoms and some third-nearest Cu atoms.

It is common that adsorption would be weakened when
coverage is increased, and the presence of S would usually
hinder the adsorption of other adsorbates [such as the above-
discussed S and CO coadsorption on Pd(111)]. For the S-
preadsorbed Au(111) surface, however, we obtained an unex-
pected result. The adsorption of CO was found to be enhanced
at all sites on S-preadsorbed Au(111), except b2 (shown in
Figure 4). First, the adsorption of CO at the first-nearest sites
tl and bl was unstable, and that at b2 was weakened. This might
be because of the natural repulsion between S and CO. When
CO was a little farther from S, for example, at t2 or b2, the Eyy
value of CO was markedly increased. When the distance
between S and CO was even longer, at t3, the E,q value of CO
decreased, but was still higher than that on the clean Au(111)
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Figure 7. Comparison of E,q values of S and CO on Pd(111), Au(111),
and PdAu(111) surfaces (Figure 6). Black solid and green dashed lines
represent adsorption of S and CO, respectively. Squares, triangles, and
diamonds stand for adsorption on Pd(111), Au(111), and PdAu(111),
respectively. Circles indicate the most energetically preferred sites for
CO/S on the three metal surfaces.

TABLE 4: Adsorption Energies (eV) of CO on
S-Preadsorbed Pd(111), Au(111), and PdAu(111) at Various
Sites, Shown in Figure 4

on Pd E,q of on Au E,q of on PdAu E,q of
(111) CO (eV) (111) CO (eV) (111) CO (eV)
hl - tl — tl 0.54
h2 1.76 t2 0.29 2 1.06
h3 1.95 t3 0.25 3 1.11
fl 1.68 bl —
f2 2.00 b2 0.09
b3 0.40

surface. Analogous results were reported in refs 40 and 52. In
ref 40, Xue et al. found that the activation energy of water
dissociation decreased sharply on sulfur-preadsorbed Au(111).
In ref 52, Zhang et al. also found that the adsorption energy of
CO increased on the NO,-, S-, O-, or Cl-preadsorbed Au(111)
surface. The increased adsorption energy of CO on the NO,-
preadsorbed Au(111) surface was explained by the attractive
dipole interaction between CO and NO,, which is not appropriate
for illustrating the phenomenon of S (or O or Cl) and CO
coadsorption on Au(111). Obviously, S might behave as a poison
no more on Au(111) than on other catalyst surfaces, but it will
act as an activator in some cases, although the detailed
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mechanism is not clear. If these unusual phenomena of S were
clearly understood, this might provide some new approaches
to improve the catalytic performance of Au-based catalysts.

Figure 8 presents a PDOS comparison between CO adsorption
on Pd(111) surfaces with and without S to examine why S
poisons CO adsorption at such a long range. Because of the
presence of S, there is a marked decrease of the 50 and
Lt peaks on the CO side. Meanwhile, an obvious decrease of
the peaks around —6.2 eV overlapping with CO resonance (50
and 17) and a noticeable peak at the energy of S-related bonding
state at about —5.2 eV were found for Pd d states. In addition,
there is a clear contribution of S to the CO—surface interaction
around —6.2 eV, and a direct interaction between CO and S
could also be found around —5.2 eV (see the arrows in Figure
8b). These features clearly indicate that the CO molecule interacts
directly with the S adatom. We conclude that the marked decrease
of E,q of CO on S-preadsorbed Pd(111) relative to clean Pd(111)
might be caused by spatially localized S—Pd bonding at about
—5.2 eV, as well as a direct CO—S interaction.

PDOS plots for CO adsorption on Au(111) surfaces with and
without S are shown in Figure 9 in order to gain insight into
why a S adatom might improve CO adsorption on Au(111).
However, no marked changes in the PDOS can be seen in the
plot. In ref 41, Xue et al. expected that the promotion might
result from strong electron transfer to the Au(111) surface from
the S atom. Nevertheless, we found that, on Au(111), S still
behaves as a charge acceptor from a Bader population analysis>®
(shown in Table 2). However, the DOS at the Fermi level of

the Au d states increases as S is adsorbed on Au(111), which is
different from the typical observation on other transition-metal
surfaces**™*° and might be responsible for the enhancement of
CO adsorption.

For CO on S-preadsorbed PdAu(111), the E,4 value of CO is
sharply reduced at the t1 site, which is on top of the first-nearest
Pd atom relative to the sulfur atom. However, at t2, the decrease
of the CO adsorption energy is not remarkable, being 1.05 vs
1.18 eV on clean PdAu(111), suggesting that the influence of
the S adatom drops dramatically beyond the adjacent atoms on
the PdAu(111) surface. The CO stretching frequencies on each
surface with and without S were calculated to depict the effect
of S on the C—O bond strength, as reported in Table 5. From
Table 5, it is evident that the CO stretching frequencies on the
three S-precovered metal surfaces are all blue-shifted with
respect to those on the clean metal surfaces. According to the
Blyholder model, 3* the electron back-donation from the metal
substrate might decrease because of the presence of the sulfur
atom. This brings about a decrease in the occupation of the 27*
antibonding, relative to that on clean surfaces, and results in a
blue shift. Meanwhile, the unexpected enhancement of CO
adsorption on the Au surface due to electronegative species (such
as S) remains unexplained will require further experiments and
theoretical analysis.

Finally, the adsorption energy difference of CO on Pd(111)
and PdAu(111) surfaces was compared with that on the
corresponding S-preadsorbed surfaces, as shown in Figure 10.
Apparently, the effective range of S on PdAu(111) is shorter
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Figure 9. PDOS of CO adsorption on Pd(111) surfaces (a) with and (b) without S. Part b corresponds to the configuration of CO at a b3 site on

S-preadsorbed Au(111) (shown in Figure 4).

TABLE 5: Stretching Frequencies, f (cm™'), of CO on Each
Surface”

system site fem™)
gas phase 2139 [2143%]
PA(111) fee 1760
hep 1776
Au(111) atop 2053
bridge 1894
PdAu(111) ttl 2040
tt2 2068
bbl 1928
ffl 1848
hh1 1883
Pd—S fl 1776
2 1779
h2 1771
h3 1773
Au—S t2 2088
3 2064
b2 1954
b3 1896
PdAu—S tl 2035
t2 2047
3 2068

@ Experimental gas-phase value listed in brackets. * Reference 55.

than that on pure Pd(111), suggesting that PdAu(111) might be
more poison-resistant than Pd(111). Pd atoms in PdAu(111) can
be regarded as impurities in the Au(111) surface, which will
enhance the localization of their electronic distribution. This
might lead to the shorter effective range of S on PdAu(111)
with respect to that on Au(111).

Energy(eV)
® T T T T T T T T T T
o6k \* —m—4E_ of CO on clean and S preadsorbed Pd(111)
—8— AE__of CO on clean and S preadsorbed PdAu(111)
05 |-
E 0.4
>
=
8 03 |-
[Im|
02|
01|
00 1 n 1 1 1 n 1 n 1 I 1 n
3.0 35 4.0 4.5 5.0 55 6.0

Distance between S and C (Angstrom)

Figure 10. E, of CO due to the presence of a preadsorbed S atom
relative to E,q at the same sites on a clean surface. Black bold and
green dashed lines indicate energy differences on Pd(111) and
PdAu(111), respectively. The black dotted line depicts the extrapolated
value at the nearest-neighbor sites on Pd(111).

4. Summary

The stability of various PdAu(111) bimetallic surfaces was
studied systematically by first-principles calculations, along with
S and CO adsorption and coadsorption on Pd(111), Au(111),
and well-defined PdAu(111) surfaces. We confirmed the struc-
ture that the surface of PdAu(111) is enriched in Au and that
Pd atoms energetically favor monomer sites surrounded by Au
atoms. On Au(111), the presence of S can enhance the
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adsorption of CO, suggesting that sulfur does not always act as
a poison, but can act as a promoter in some cases. If the detailed
mechanism for this effect were clearly known, it could provide
new approaches to improve the catalytic performance of Au-
based catalysts. From the adsorption energy changes for CO
and S on these surfaces, we suggest that the bimetallic
PdAu(111) surface might be more poison-resistant than pure
Pd(111) and more active than pure Au(111). Additionally, for
S-preadsorbed PdAu(111), we found that the effective poisoning
range of S was less than that on pure Pd(111). Conclusively, in
comparison with the monometallic surfaces, the bimetallic
PdAu(111) surface was found to have a better S-poisoning
resistance than Pd(111) and have a better activity than Au(111).
Frequency calculations showed that the presence of S will induce
blue shifts of CO frequencies on all three studied metal surfaces,
without any clue as to the readon for the CO adsorption
enhancement on Au. Further experiments and theoretical
analysis are necessary to explain the unexpected enhancement
of CO adsorption on the Au surface due to electronegative
species (such as S).
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