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Abstract

Ž .The adsorption and dissociation of S on Pd 111 and polycrystalline Pd were studied using synchrotron-based2

high-resolution photoemission spectroscopy and ab initio SCF calculations. The photoemission results show several sulfur
species with distinct electronic properties. The formation of Pd–S bonds induces large positive binding-energy shifts in the
core and valence levels of Pd. After chemisorbing sulfur on the Pd surfaces, there is a substantial decrease in the electron
density that the metal exhibits near the Fermi level and a simultaneous drop in the electron population of its 4d band. Pd is

Ž .more sensitive to sulfur than other metals frequently used in automotive exhaust catalysts Rh and Pt . q 1998 Elsevier
Science B.V. All rights reserved.

1. Introduction

Palladium is used as a catalysts in several pro-
cesses in the chemical industry that involve the

w xconversion of hydrocarbons 1 . This metal has high
catalytic activity for the selective hydrogenation of
olefins, the oxidation of alcohols, and the cyclo-

w xtrimerization of acetylene 1,2 . Currently, the re-
moval of CO and NO from automobile exhaust
Ž .2COqO ™2CO ; 2COq2NO™2CO qN is2 2 2 2

accomplished by catalytic converters that contain Rh,
w xPt, or Pd, or a combination of these metals 3,4 . Due

to an upgrade in the regulations for the control of
environmental pollution, more efficient automotive
catalytic converters will be necessary in the future,

) Corresponding author. E-mail: rodrigez@bnl.gov

and it is likely that Pd will be the main component in
w xthese devices 5,6 . A major limitation on the useful

w xlifetime of Pd catalysts is sulfur poisoning 1,3,7 .
These catalysts are deactivated by sulfur-containing
compounds that are present as impurities in all com-
mercial gasolines and petroleum-derived feedstocks.
In order to improve the sulfur tolerance of Pd cata-
lysts, one must have a fundamental understanding of

w xhow sulfur interacts with Pd surfaces 3,7 .
Ž .The interaction of S with Pd 111 at 300–550 K2

has been studied using Auger electron spectroscopy
Ž . Ž .AES , low-energy electron diffraction LEED , and

Ž . w xthermal desorption mass spectroscopy TDS 8 . At
small doses, the S molecule dissociates on the2

Ž .surface, and the results of LEED show 63=63 R308

Ž . Žand 67=67 R19.18 superstructures. For the 63=
.63 R308 phase, the S atoms occupy fcc hollow sites

Ž . w xof the Pd 111 surface 9,10 . At high sulfur cover-

0009-2614r98r$ - see front matter q 1998 Elsevier Science B.V. All rights reserved.
Ž .PII: S0009-2614 98 01011-2



( )J.A. Rodriguez et al.rChemical Physics Letters 296 1998 421–428422

Ž .ages u )0.5 ML , the formation of a palladiumS
Ž . w xsulfide PdS probably occurs 8 .x

In this Letter we investigate the adsorption of S2
Ž .on Pd 111 and polycrystalline Pd, plus the reaction

of Pd atoms with pure sulfur films, using syn-
chrotron-based high-resolution photoemission spec-

Ž .troscopy. The nature of the S–Pd 111 and S –2
Ž .Pd 111 bonds is examined employing ab initio self-

Ž .consistent-field SCF calculations. The photoemis-
sion data show the existence of several sulfur species
that have distinct electronic properties. The bonding
interactions between S and Pd lead to a large de-
crease in the density of 4d states that the metal
exhibits near the Fermi level. This phenomenon has
a strong impact in the chemical and catalytic proper-
ties of palladium.

2. Experimental and theoretical methods

2.1. Synchrotron core-leÕel and Õalence band data

The photoemission experiments were performed
at the U7A end station of the National Synchrotron

Ž .Light Source NSLS at Brookhaven National Labo-
ratory. This beamline is equipped with a toroidal–
spherical grating monochromator and an ultrahigh

Ž .vacuum UHV chamber fitted with a hemispherical
electron energy analyzer and instrumentation for
LEED. The valence and S 2p spectra were acquired
using a photon energy of 260 eV, whereas a photon
energy of 800 eV was used to take the Pd 3d spectra.
The binding energy scale in the photoemission spec-
tra was calibrated by the position of the Fermi edge
in the valence region.

Experiments were carried out for the adsorption
Ž . Žof S on Pd 111 and polycrystalline Pd thick films2

Ž . .of this metal supported on a Rh 111 crystal at 300
K, and for the reaction of Pd atoms with multilayers
Ž . Ž Ž .ML of pure sulfur also supported on a Rh 111

. Ž . Ž .substrate at 100 K. The Pd 111 and Rh 111 crys-
tals were cleaned using procedures recommended in

w xprevious works 8,11 . S was generated inside the2

UHV chamber by decomposing Ag S in a solid-state2
w xelectrochemical cell: PtrAgrAgIrAg SrPt 11,12 .2

After applying a voltage across the cell, sulfur
evolved predominantly as S with a minor ‘con-2

tamination’ of S clusters. For small doses of gaseousn

sulfur, the coverage of sulfur on the sample was
determined by measuring the area under the S 2p
features, which was scaled to absolute units by com-
paring to the corresponding area for 0.33 ML of S on

Ž .Pd 111 . Here, we are assuming that the maximum
Ž .brightness of the 63=63 R308 LEED pattern in the

Ž . w xSrPd 111 system corresponds to u s1r3 8 .S

2.2. Theoretical calculations

The ab initio SCF calculations described in Sec-
tion 3 for SrPd clusters were performed using the

w xHONDO program 13 . The non-empirical effective
core potentials of Hay and Wadt were used to de-

w xscribe the inner shells of Pd 14 . The MOs were
Ž .expanded using Gaussian-type orbitals GTOs . The

atomic orbitals of S were expressed in terms of a
double-zeta quality basis set augmented with polar-

w xization functions 11,13,15 : 12 s, 8 p, and 1 d primi-
Žtive GTOs contracted to 6 s, 4 p, and 1 d 12s8p1dr

. Ž6s4p1d . A basis set obtained through a 3s3p4dr

.2s1p2d contraction scheme was used to describe the
w x5s, 5p and 4d atomic orbitals of Pd 16,17 . Previous

w xexperience 11,15,18–20 indicates that this type of
ab initio SCF calculations give satisfactory adsorp-
tion geometries but underestimate adsorption ener-
gies. Due to the approximations in our theoretical

Žapproach size of the basis set, lack of electron
.correlation, use of finite clusters , the energetics

derived from these SCF calculations simply provides
a guide for the interpretation of experimental results
w x11,15,18,19 .

3. Results and discussion

w xIn previous works 18,21 , we have found that
thick films of pure sulfur that contain S speciesn
Ž .ns2–8 can be generated by dosing S to metal2

and oxide substrates at 100 K. These films offer a
very convenient route for studying the reaction of

w xmetals with sulfur 18,21–23 . Fig. 1 shows S 2p
spectra acquired after depositing Pd on a sulfur film
Ž Ž . .)15 ML of S supported on a Rh 111 substrate at
100 K. The deposition of Pd leads to the formation
of PdS species and new S 2p features appear be-x

tween 163 and 162 eV. These photoemission features
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Fig. 1. S 2p spectra acquired after depositing Pd atoms on a thick
Ž w x.sulfur film S , ns2–8 21 at 100 K. In the final step, then

sample was annealed to 400 K for 30 s. The spectra were acquired
using a photon energy of 260 eV.

become dominant after the third dose of Pd. Anneal-
ing to 400 K induces the desorption of the sulfur that

w xis non- or weakly bonded to the metal 21,24 , and
one is left with a film of PdS . At this point the S 2px

spectrum shows a very well-defined doublet, which
indicates that only one type of sulfur species is
present in the system. The S 2p peak appears at3r2

Ž .an energy ;162.5 eV that is typical of S atoms
w x Žbonded to metals 11,20,23 i.e. no significant SlS

.interactions in the system .
The top panel in Fig. 2 displays the corresponding

valence spectra for the experiments in Fig. 1. In the
valence spectrum for pure sulfur, the S 3p levels give
rise to a peak at ;3 eV and a broad feature from 5

w xto 9 eV 21 . Upon dosing of Pd at 100 K, new
features appear from 2 to 0 eV as a consequence of
electron emissions from the occupied Pd 4d orbitals.
After annealing to 400 K, the formed PdS exhibitsx

two main features: one between 8 and 4 eV in which
the S 3p contributions are important, and one from 4
to 0 eV dominated by the Pd 4d band. If one com-

Žpares this spectrum with that of metallic Pd for
Ž .example, see valence spectrum for clean Pd 111 in

.bottom panel of Fig. 2 , one finds that the sulfide has
a very small density of states in the region near the

Ž .Fermi level 0 of binding energy . The PdlS inter-
actions shift the Pd 4d valence band toward higher
binding energy. An identical trend was observed for

Ž .the Pd 3d core levels see top panel in Fig. 3 . The
Pd atoms embedded in the sulfur film displayed
Pd 3d binding energies that were 1.5–1.9 eV5r2

Ž w xlarger than that reported for bulk Pd 335.2 eV 25 ,
.vertical line in top panel of Fig. 3 . These binding-

energy shifts are within the range of values seen for
the binding-energy shifts of compounds in which Pd

Ž .has a formal oxidation state of q2 1–1.5 eV or
Ž . w xq4 1.5–2.5 eV 26 .

The photoemission data for the PdrS and PdS x

systems indicate that sulfur can induce large changes

Fig. 2. Top panel: valence band spectra for the deposition of Pd
Ž .on a pure sulfur film )15 ML at 100 K. In the final step, the

sample was annealed to 400 K. Bottom panel: valence spectra for
Ž . Ž .clean Pd 111 , a Pd 111 surface with 0.4 ML of sulfur, and a

polycrystalline surface of Pd with 0.6 ML of S. All the spectra
were taken using a photon energy of 260 eV.
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Fig. 3. Top: Pd3d spectra for the deposition of Pd atoms on a pure
sulfur film at 100 K. In the final step, the sample was heated to

w x400 K for 30 s. The vertical line denotes the position reported 25
Ž .for the Pd3d level of bulk Pd 335.2 eV . Middle: Pd3d5r2

Ž . Ž . Ž .spectra for clean Pd 111 , S rPd 111 and S rPd 111 sur-0.4 0.8
Ž .faces at 300 K, and a S rPd 111 surface heated to 500 K. The0.8

vertical line indicates the center of the Pd3d peak of clean5r2
Ž .Pd 111 . Bottom: Pd3d spectra for polycrystalline palladium be-

fore and after dosing S at 300 K. The vertical line denotes the2

center of the Pd3d peak of the clean polycrystalline surface.5r2

All the spectra were acquired using a photon energy of 800 eV.

in the electronic properties of Pd. Substantial elec-
tronic perturbations are also found after chemisorb-

Ž .ing sulfur on Pd 111 or polycrystalline Pd. The
bottom panel in Fig. 2 shows valence spectra for Pd
surfaces partially covered with sulfur: 0.4 ML of S

Ž .on Pd 111 , and 0.6 ML of S on polycrystalline Pd.
In these systems, it is not easy to isolate the valence
photoemission features that are only due to S-bonded
Pd atoms. But, since at a photon energy of 260 eV
the S 3p signal from sub-monolayer coverages of
sulfur is not expected to dominate the valence spec-

w xtra 11 , it is clear that the chemisorption of S leads

to a reduction in the density of Pd 4d states near the
Ž .Fermi level. For clean Pd 111 , the 4d band exhibits

a maximum at ;1.2 eV. At this binding energy, the
Ž .S rPd 111 system shows relatively weak emis-0.4

sions and its valence-band maximum appears at
;2.5 eV. These differences reflect the trends seen
when comparing the valence spectra of metallic Pd

Ž . w xand PdS . Previous studies for SrRh 111 11 ,x
Ž . w x Ž . w x Ž . w xSrRh 100 27 , SrPt 111 20 and SrW 100 28

show a S-induced decrease in the density of states
that the metal substrates display around the Fermi
level.

In Fig. 3, we can see Pd 3d spectra for clean and
Ž .sulfur covered Pd 111 . In these photoemission ex-

periments there was not enough resolution to sepa-
rate contributions from the bulk and surface atoms of

Ž .the Pd 111 system. After depositing 0.4 and 0.8 ML
Ž .of S on Pd 111 at 300 K, one sees Pd 3d bind-5r2

Ž .ing-energy shifts of ;0.3 and 0.5 eV respectively .
Ž .Upon annealing of S rPd 111 to 500 K, part of0.8

w xthe sulfur migrates into the subsurface region 8 and
there is a slight increase in the intensity of the Pd 3d
signal plus an additional binding-energy shift of
;0.15 eV. Polycrystalline Pd was much more reac-

Ž .tive towards S than Pd 111 . On the polycrystalline2

surface, it was very easy to form films of PdS andx

large changes were observed in the Pd 3d region. A
typical result is shown in the bottom panel of Fig. 3.
The reaction with S induces a broadening of the2

Pd 3d features with a positive shift of ;1 eV in
their peak positions.

Fig. 4 displays photoelectron spectra from the
Ž .S 2p core levels of several SrPd 111 and SrPd

Ž .polycrystalline surfaces. At sulfur coverages below
0.4 ML, only a single doublet of peaks is observed in
the S 2p region and can be assigned to atomic S
w x21,24 . For large sulfur coverages, the complex line
shape of the S 2p features indicates that more than
one type of S species is present on the surface. The
spectral weight above 163 eV can be attributed to
species in which there are significant SlS bonding

w x Ž .interactions 21,24 . For the SrPd 111 system, the
w x w x Žresults of LEED 8,9 and STM 10 show a 63=

.63 R308 structure at u (0.33 ML with the S atomsS
w xsitting on fcc hollow sites of the surface 9 . This

sulfur species is responsible for the well-defined S 2p
Ž .doublets seen in Fig. 4 for SrPd 111 at u (0.33S

ML. When the S coverage rises above 0.4 ML, there
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Ž . Ž . Ž .Fig. 4. S 2p spectra for the adsorption of S on Pd 111 right panel and polycrystalline Pd left panel . Sulfur was dosed at 300 K. The2
w x w xspectra at the top of the figure were curve-fitted following the procedure described in Refs. 20 and 21 . In these cases, the raw data are

plotted as dots. The spectra were taken using a photon energy of 260 eV.

is a rapid decline of the LEED spots and the adlayer
Ž . w xbecomes disordered on the Pd 111 surface 8 . Fol-

lowing this pathway the S 2p spectra of the
Ž .SrPd 111 system show substantial changes, First,

the single doublet becomes ill defined, and then new
features appear toward higher binding energy. At this
point, the complex S 2p spectrum is well fitted with a

w xset of three doublets that can be assigned 11,20 to
adsorbed S species plus atomic S on hollow andn

Ž .bridge sites of the surface see Fig. 4 . In general, a
difference of ;1 eV is found when comparing the
S 2p binding energies of sulfur atoms adsorbed on3r2

Ž . w x Ž . w xhollow and bridge sites of W 100 28 , Pt 111 20
Ž . w xand Rh 111 11 . As we will see below, this differ-

ence reflects variations in the electron density of the
Ž .S adatoms hollow-bridge .

Ž .The bonding interactions between Pd 111 and S
or S were examined using ab initio SCF calcula-2

tions. Fig. 5 shows the 12-atom cluster used to
model the metal surface. A S atom was set above
one of the following adsorption sites: the center of
the fcc hollow site formed by the atoms labeled A

Ž .and B ABB , the middle of the bridge site between
Ž .the A atom and one of the B atoms AB , or a-top

Ž .atom A A . In all the cases studied, the Pd–Pd
˚separations were set equal to 2.75 A as in bulk Pd.

The S–Pd nearest neighbor distances were optimized
at the ab initio SCF level and the calculated values
are listed in Table 1. The predicted value for S on

˚Ž .the hollow site 2.26 A is close to the values
˚Ž .obtained in LEED studies 2.22–2.25 A for the

Ž . Ž . w x63=63 R308ySrPd 111 superstructure 9 . On
the hollow ABB site the adsorption energy of S was
7 and 12 kcalrmol larger than on the bridge AB and
a-top A sites, respectively. Therefore, at low cover-
ages, S should sit on hollow sites of the surface.
Table 1 shows calculated charges 1 and atomic or-
bital populations for different conformations of the
SrPd cluster. In general, S behaves as a weak12

Ž .electron acceptor when bonded to Pd 111 . The neg-
ative charge on the adatom is mainly a consequence

1 The charges were calculated using a Mulliken population
w x w xanalysis 29 . Due to the limitations of this type of analysis 29 ,

the charges must be interpreted only in qualitative terms. They
provide a ‘rough’ idea of the degree of ionicity in the Pd–S and
Pd–S bonds.2
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Ž . Ž . Ž .Fig. 5. Left side bottom: metal cluster, M , used to model the adsorption of sulfur on Rh 111 , Pt 111 , and Pd 111 . Right side bottom:12
w x w x Ž .results of ab initio SCF calculations for SrRh 11 , SrPt 20 and SrPd Table 1 clusters. The graph shows the reduction in the12 12 12

Ž .valence d population of the A atom in the M cluster upon the adsorption of S above A a-top, empty bars and on the hollow ABB site12
Ž . Ž . Ž . w x Ž . w x Ž . Žhatched bars . Right side top: results of photoemission PE measurements for S rRh 111 11 , S rPt 111 20 and S rPd 111 Fig.0.4 0.3 0.4
. Ž2 . The graph displays the percentage decrease induced by sulfur on the intensity of the main peak located at 0–1 eV below the Fermi

.level in the Rh 4d, Pt 5d and Pd 4d bands.

Ž . Ž .of a Pd 4d,5s ™S 3p electron transfer. On the
hollow ABB site, the charge is smaller than on the
bridge AB or a-top A site. For hollow adsorption, the
S adatoms are forced to make bonds through their
occupied 3s and 3p orbitals. This leads to a more
covalent adsorption bond, in which part of the charge
that is transferred from the surface into the vacant
Ž .S 3p orbitals is compensated by charge transfer

Ž .from the occupied S 3s,3p orbitals into the empty
bands of the Pd substrate. The formation of Pd–S
bonds induces a large decrease in the electron popu-
lation of the Pd 4d states, see Table 1, as a result of a

Ž . Ž . Ž .Pd 4d ™S 3p electron transfer and a Pd 4d ™
Ž .Pd 5s,5p orbital rehybridization. From previous the-

w x w xoretical 16,17,30,31 and experimental 32,33
works, it is known that Pd has a big tendency to
‘lose’ 4d electrons and ‘gain’ 5s,p electrons when
forming chemical bonds. The drop in the Pd 4d

population seen in the model cluster is important and
correlates well with the trends observed in the pho-
toemission experiments for the PdS and SrPd sys-x

tems.
In Table 2 are listed calculated structural parame-

ters and adsorption energies for S on a-top and2

Table 1
Ž .aSrPd cluster: atomic orbital populations and charges electrons12

bŽ .S on Pd–S bond Pd A populations Sulfur charge

˚Ž .A 4d 5s,p charge

Ž .hollow ABB 2.26 9.55 0.30 0.15 y0.24
Ž .bridge AB 2.24 9.42 0.28 0.23 y0.35
Ž .a-top A 2.21 9.46 0.22 0.31 y0.38

no sulfur – 9.74 0.19 0.07 –

a From a Mulliken population analysis.
b The values listed are for the Pd atom labeled ‘A’ in Fig. 5.
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Table 2
Adsorption of S on Pd2 12

baPd–S bond S–S bond Charge on S Adsorption energy2

˚ ˚Ž . Ž . Ž . Ž .A A e kcalrmol

Free S – 1.88 – –2
Ž .On Pd 111
Ž .Vertical A 2.29 1.97 y0.09 16
Ž .Parallel A 2.37 2.02 y0.17 20
Ž .Bridge BB 2.34 2.07 y0.22 24
Ž .Bridge AC 2.36 2.12 y0.23 27

cŽ .2 S atoms 1,1 2.28 – y0.44 52

a From a Mulliken population analysis.
bA positive value denotes an exothermic adsorption process. The adsorption energy was calculated using the S molecule and the isolated2

Pd cluster as reference state.12
cSum of the charge on the two sulfur atoms.

bridge sites of the Pd cluster. The molecule was12

adsorbed on top of the Pd atom with its molecularA
Ž . Žaxis either vertical one Pd–S bond or parallel two

.equivalent Pd–S bonds to the surface. In addition,
Žwe also studied bridging configurations Pd–S–S–

.Pd in which the molecule was bonded to the two
Pd atoms, or to the Pd and Pd atoms. On theB A C

Pd cluster, the S molecule is more stable when12 2

both S atoms are simultaneously bonded to the metal
substrate. The ground 3

S
y state of S arises from ag 2

4s
24s

25s
2 2p

4 2p
2 electronic configuration. Theg u g u g

2p orbitals are only half occupied. The bondingg
Ž .mechanism of S to Pd 111 involves a donation of2

charge from the S–S bonding 2p and 5s orbitalsu g

into the surface, and back donation of electrons from
the surface into the S–S antibonding 2p orbitals.g

The combination of these two phenomena leads to a
substantial weakening and elongation of the S–S

˚Ž .bond 0.09–0.24 A . The larger the charge transfer
Ž .from Pd into the S 2p orbital, the bigger the2 g

adsorption energy of the molecule and the elongation
of the S–S bond. Bonding configurations in which

ŽS bridges two palladium atoms Pd –S–S–Pd and2 B B
.Pd –S–S–Pd are probable precursors for the dis-A C

sociation of the molecule. In the SCF calculations,
we found that two separate sulfur adatoms are much
more stable on the Pd cluster than S bonded in12 2

any configuration. Therefore, molecular adsorption
Ž .of S on Pd 111 can occur only at the limit of high2

coverages when there are not enough empty sites for
a dissociation process.

The modifications induced by sulfur on the Pd 4d
band can lead to significant changes in the chemical
and catalytic properties of the metal. In general, one
can expect a decrease in the activity of Pd for
adsorption reactions that involve donation of elec-

Ž .trons to the adsorbate H , CO, NO, olefins, etc. .2

For example, sulfur should hinder the dissociation of
w xH on Pd surfaces 34,35 . It is worthwhile to exam-2

ine in detail how sulfur affects the bands of the three
metals most frequently used in automotive exhaust

Ž . w xcatalysts Rh, Pt and Pd 3,4 . The top panel in the
right side of Fig. 5 compares the decrease induced by
S on the intensity of the metal d features that appear
0–1 eV immediately below the Fermi level in S r0.4

Ž . w x Ž . w x Ž .Rh 111 11 , S rPt 111 20 and S rPd 111 .0.3 0.4
Ž .In a S rRh 111 surface, sulfur produces a reduc-0.4

tion of ;25% in the density of states near the Fermi
w x Ž .level 11 , whereas in S rPd 111 the correspond-0.4

Ž .ing reduction is close to 55% Fig. 2 . The results of
ab initio SCF calculations indicate that S also pro-
duces decreases in the valence d population of the
metals. The bottom panel in the right side of Fig. 5
compares the d-population reduction calculated for

w x w xan A atom in SrRh 11 , SrPt 20 and SrPd12 12 12
Ž .Table 1 when sulfur is adsorbed above the A atom
or on the hollow ABB site. In the SrM clusters,12

the tendency of a metal to lose d electrons increases
in the following order: Rh-Pt-Pd. This agrees
well with the relative occupancy of the d shell in the
isolated elements: Rh, d8s1 -Pt, d9s1 -Pd, d10 s0.
By comparing the trends in Fig. 5, a clear correlation
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is seen between the change in the d population of a
metal and the attenuation in its density of states near
the Fermi level. Pd shows the biggest drop in the d
population and the largest attenuation in the density
of states. The electronic perturbations in Fig. 5 indi-
cate that Pd should be more affected by sulfur than
Rh. Indeed, automotive exhaust catalysts based on
Pd are more sensitive to sulfur poisoning than cata-

w xlysts based on Rh 3 .

4. Conclusions

The formation of Pd–S bonds induces large posi-
tive binding-energy shifts in the core and valence
levels of palladium. After chemisorbing sulfur on

Ž .Pd 111 or polycrystalline Pd, there is a substantial
decrease in the density of states that the metal ex-
hibits near the Fermi level and a simultaneous drop
in the electron population of the Pd 4d band. On

Ž .Pd 111 at 300 K, S is bonded to two dissimilar
Ž .adsorption sites hollow and probably bridge that

show well-separated S 2p binding energies and dif-
ferent bonding interactions. At sulfur coverages
above 0.5 ML, S species appear on the surface andn

are the precursors for the generation of palladium
sulfides.
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