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Mechanism of Poisoning the Catalytic Activity of Pd(100) by a Sulfur Adlayer
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The modification of the potential-energy surface (PES) efdi$sociation over Pd(100) as induced
by the presence of & X 2) S adlayer is investigated by density-functional theory and the linear
augmented plane wave method. It is shown that the poisoning effect of S originates from the formation
of energy barriers hindering the dissociation of. HThe barriers are in the entrance channel of the
PES and their magnitude strongly depends on the lateral distance of,tleolécule from the S
adatoms. [S0031-9007(96)00034-8]

PACS numbers: 68.45.Da, 73.20.At, 82.65.Jv

The modification of the chemical reactivity and selec-molecules with low energies is approximately 2 orders of
tivity of metal surfaces by adsorbates is a most importaniagnitude smaller than that for the clean surface [10,11],
ingredient of catalysis. Nevertheless, the understanding ohdicating that for this sulfur coverage nonactivated dis-
the microscopic mechanism of how adatoms promote osociation is nearly completely hindered. When the sulfur
poison certain reactions is grossly incomplete. Hydrogeroverage is increased, the lsticking coefficient reduces
dissociation has become the benchmark system for theaven further (a®s = 0.25 it is about three orders of mag-
retical and experimental studies of a simple chemical renitude smaller than at the clean surface). In addition to
action, and much progress has been made in developingtiis dramatic decrease of the initial sticking coefficient,
picture of how H-H bonds are broken on clean metal surTPD studies [11] observed a decrease of the hydrogen sat-
faces, and how new bonds between the hydrogen atomsation coverage with increasings. Burke and Madix
and the surface are formed [1-8]. However, a quanti{11] therefore concluded that sulfur adatoms substantially
tative study of the modifications of the potential-energyreduce the hydrogen adsorption energy at sites in their
surface (PES) of hydrogen dissociation on an adlayervicinity, making these positions unstable against associa-
covered surface has not been addressed by theory so fative desorption. This was also the conclusion of earlier

The Pd(100) surface is probably the best-suited substrafgermeation studies of Comsa, David, and Schumacher [9].
for an investigation of the mechanism of poisoning a cat- Theoretical studies have addressed this problem as
alytic reaction, because many experimental and theoreticalell. Feibelman and Hamann [13,14] suggested that the
studies exist and form a good body of information for com-poisoning effect of sulfur is related to the S induced
parison. At the clean Pd(100) surface, hydrogen dissocichange of the density of states (DOS) at the Fermi level
ates spontaneously, i.e., dissociation pathways exist whigsee also Ref. [15]). A different mechanism which could
have no hampering energy barrier [8—12]. However, whemive rise to a modification of the reactivity by adlayers
the surface is covered with sulfur the ldticking proba- is the interaction of the Hmolecule with the adlayer
bility is reduced by several orders of magnitude [9—11].induced electrostatic field [16,17]. In all this work it
The mechanism actuating this huge poisoning effect is natemained open how the described effect will modify the
known. Using density functional theory calculations, wehydrogen sticking (by blocking adsoprtion sites for atomic
show in this Letter that adsorbed sulfur builds up energyhydrogen or by building up energy barriers along the
barriers which hinder the dissociation, and that, becausdissociation-reaction pathway obH
these energy barriers are located in the entrance channel ofln a previous paper [18] we reported density functional
the dissociation-reaction pathway, this hindrance is partictheory calculations of the adsorption energy and geom-
ularly effective. etry of hydrogen at different adsorption sites on clean

The influence of adsorbed sulfur on the dissociative adPd(100) and on Pd(100) covered witt{2ax 2) S adlayer
sorption of H has been studied using molecular beam(®s = 0.25). The calculations show that the presence of a
experiments [10], temperature programmed desorptiof2 X 2) S adlayer moderately decreases the hydrogen
(TPD) of hydrogen molecules adsorbed 7Aat= 110 K  adsorption energy, but the reduction is not sufficient for
[11], and energy resolved studies of molecules desorba strict blocking of hydrogen adsorption sites [18]. The
ing from the surface after penetrating a thin Pd film [9]. poisoning effect of S is not governed by a decrease of the
The results show that with increasing sulfur coverélge  adsorption energy alone, and a complete understanding of
the initial sticking coefficient of Kl strongly decreases poisoning by adsorbed sulfur requires a calculation of the
[10,11]. This is true, in particular, for molecules with low PES for hydrogen dissociation in the presence of a sulfur
kinetic energy [10]=<0.1 eV), as these can adsorb only if adlayer. In the present paper we report and discuss such
nonactivated dissociation pathways exist and are accesalculations. They were performed using density-
sible. For®g = 0.25 the initial sticking coefficient of functional theory with the generalized gradient
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approximation (GGA) [19] for the exchange-correlationthe energy barriers and adsorption sites of Fig. 1 using a
functional. The full potential linear augmented planefive- and a seven-layer slab (see Table I). The resulting
wave (FP-LAPW) method [20,21] is employed for solv- energies and forces show that the topology of the PES
ing the nonrelativistic Kohn-Sham equations. In theshown in Fig. 1 is correct and that the energy barriers
interstitial region the wave functions are represented bghange by less than 0.05 eV when a thicker Pd slab
a plane wave expansion up ., = 11 Ry, and plane is used. We believe that the high number of valence
waves up tak.,, = 169 Ry are taken into account for the electrons of Pd, and the fact that the Fermi level cutsithe
potential representation. For tkeéntegration we used 32 band such that the possibility for low energy electron-hole
uniformly spaced points in the two-dimensional Brillouin excitations still exists, are responsible for the fortunate
zone of thg2 X 2) surface unit cell. We used a supercell situation that the PES of hydrogen dissociation on a Pd
geometry and modeled the metal substrate by three-layerystal is well described by that at thin Pd slabs.
slabs which are separated by @A thick vacuum region. Figure 2 shows the surface unit cell for a sulfur cover-
The adsorbates are placed at both sides of the slab. Tlage ®5 = 0.25. Out of the three hollow sites per unit
geometry of the Pd(10QR X 2) S surface is determined cell, only two are distinct. They are denotdd and
by total-energy minimization [18]. This geometry is kepth,. The PES for the K dissociation at a rigid sub-
fixed when the Hl dissociation pathway is studied, which strate is six dimensional. However, the influence of the
is the appropriate and plausible approach, because thi2 X 2) sulfur adlayer on Kl dissociation on Pd(100) is
mass mismatch of the different atoms is significant. Thewell presented by three decisive cuts through the PES
most severe approximations in our studies are the thinnegsee Fig. 1). These so-called elbow plots are defined as
of the metal slab. For studies of adsorption energies afollows. The center of mass of two hydrogen nuclei is
accurate treatment of a fcc (100) surface typically requireéixed over a surface hollow site, and the H-H axis is kept
to take at least five or seven layers into account, whemparallel to surface, which is the energetically most favor-
an accuracy of adsorption energies of about 0.1 eV isble orientation. Then the energy is displayed as a func-
aimed for. In the present study of hydrogen dissociatiortion of the H-H interatomic distance and the height of
we encounter the more fortunate situation that the PEShe H-H center of mass above the surface. Figure 1(a)
which is presented in Fig. 1 and which corresponds tshows the results for the dissociation over the hollow
a three-layer Pd slab, is found to be indeed meaningfukite at the clean surface, and Figs. 1(b) and 1(c) are for
This is concluded from calculations at the geometries othe (2 X 2)S/Pd100) substrate at the hollow site, and

the hollow siteh,, respectively. The different geome-

tries of these different cuts through the PES are given

in the insets. The adsorption height of sulfur adatoms
3T on the(2 X 2) S covered Pd(100) surface is calculated
: asZs = 1.24 A above the top Pd layer [18]. The PES
of H, dissociation on clean Pd(100) in Fig. 1(a) gives
an example of nonactivated dissociation, where two hy-
drogen nuclei may follow an always downhill dissocia-
tion pathway [8]. The presence of(@ X 2) S adlayer
on Pd(100)X®s = 0.25) changes the dissociation process
significantly. The lowest-energy dissociation pathways at
the sulfur-covered surface in Figs. 1(b) and 1(c) have en-
ergy barriers of 0.1 and 0.6 eV. In addition to the dis-
sociation over the hollow sites [Figs. 1(b) and 1(c)], we
also considered the dissociation geometry where the cen-
o ter of mass of the molecule is situated over the bridge site
: i '2 - i L 5‘3 b and the two H atoms point towgrds the 'ho'llow sitgs
4, A d, . A) and h,. At the clean surface this dissociation pathway

o _ _ is also nonactivated, and the decrease of the potential en-

FIG. 1. Cuts through the six-dimensional potenual-energyergy along the dissociation pathway is even steeper than

surface (PES) of KHdissociation over the surface hollow site of . > .
the clea|(’1 Pd()loo) surface (a) and over the hollow diteand for dissociation over the hollow site [8]. We found that

h, (c) at(2 X 2)S/Pd100). The energy contours are displayed upon sulfur adsorption the dissociation Oj becomes an

as a function of the H-H distancel;—y, and the height of activated process in this geometry also (the energy barrier
the H-H center of mass above the center of the top Pd layeis 0.15 eV). In addition to the formation of energy bar-
Z. The geometry of each dissociation pathway is indicated inies for different adsorption pathways, the sulfur adlayer
the inset. Positive values of the potential energy are given t%\(pduces the adsorption energies for atomic hydrogen (see

dashed lines, negative ones by solid lines. The zero of energy: .
is given as a dot-dashed line. The interval between adjacerftig- 1 at largerdy—yu values). The latter result was dis-

contours is 0.1 eV. cussed in detail in Ref. [18]. The PES shown in Fig. 1
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TABLE I. Dependence of the barrier heights,, and adsorption energy at bridge sité%;, on the thickness of the substrate

Pd slab. The positions refer to those of the three-layer calculation as given in Figs. 2(a), 2(b), and 2(c). Units are in £V per H
molecule. Included are the calculated forces between the hydrogen atpoared between the Hmolecule and the surfacg; in

units of meV/A. Positive values of the force components are directed toward an increése; ar Z.

Fig. 2(a) Fig. 2(b) Fig. 2(c) Fig. 2(b).(c)
Slab E.q Ey | (F4.Fz) Ey | (F4.Fz) E.q
3 —-0.47 0.09]| (—66, —38) 0.56| (—49, —41) —-0.21
5 —-0.52 0.10] (—97, —54) 0.59]| (=72, —69) —-0.22
7 —0.54 0.09]| (—90, —64) 0.59]| (—33,—-90) —-0.22

affirms that the poisoning effect of sulfur adatoms forbarrier. For sulfur coverages up s = 0.25 we there-
hydrogen dissociation on Pd(100) are determined by théore predict that the sticking coefficient shows no strong
sulfur-induced formation of energy barriers. It is evident,dependence on the,Hvibrational state. We also note
and in fact plausible, that the height of the barrier stronglythat the energy barrier in the entrance channel implies a
depends on the lateral distance of the hydrogen molecuksgnificant reduction of sticking of low energy (thermal)
from the sulfur adatoms. molecules. The investigations of,Hlissociation at clean
At a first glance it is astonishing that such small energyPd(100) [8,23] had shown that the large sticking coeffi-

barriers, which are induced by the sulfur adsorption, carient of H, molecules with energy below about 0.2 eV at
have the pronounced effect on the dissociative adsorptioRd(100) results in part from the steering of molecules with
of H, which was alluded to in the introduction. However, initially unfavorable orientations of the molecular axis to-
the important theoretical result is not just the heights ofwards the nonactivated dissociation pathways. Inthe case
the barriers, but also their location. The theory predictghat energy barriers are induced along those pathways, the
that the energy barriers, which are induced by S adsorphase space of initial conditions that result in a dissoci-
tion, are in the entrance channel at a height above thation of low energy hydrogen molecules, and hence the
top Pd layer ofZ = 1.8 and1.4 A, anddy_y = 0.78 A.  sticking coefficient, shrinks drastically, because in addi-
Thus, we encounter a different situation to that foundtion to the hindered dissociation along the particular path-
e.g., for clean Cu and NiAl surfaces [4—6]. The loca-way the steering mechanism [23] is also disabled.
tion of the energy barrier in the entrance channel implies In order to identify the microscopic origin of the poison-
(see, e.g., Ref. [22]) that for the impinging Holecule ing effect of sulfur in more detail, we analyze the surface
the H-H bond remains practically intact up to the po-electronic structure. At first, we recall that the trends of the
sition of the top of the barrier. As a consequence, vi-reactivity of clean metal surfaces for the dissociative ad-
brational and translational degrees of freedom of the Hsorption of hydrogen molecules could be explained within
molecule couple only weakly, and the vibrational energya simple chemical bonding model [6]. At noble and transi-
of the impinging H cannot be utilized to overcome the tion metal surfaces the presence and magnitude of a disso-

ciation barrier is governed mainly by the direct interaction

of the closed-shell orbital structure of the kholecule with

the metald states. This interaction is attractive as long as

S S the bonding states of the,Hr, and the H o, levels with
the metald band dominate the energetics. The interaction

becomes repulsive; i.e., an energy barrier is built up, when

the corresponding antibonding states become occupied by
a criticalamount. These antibonding states have their main
weight just above thd band edge. Thus, for a true tran-

sition metal these antibonding states are practically empty,
and a small or vanishing energy barrier results [6,8,18].

In Fig. 3 the DOS at three different lateral positions
of the H, molecule are compared; the height above the
E surface and the H-H distance is taken to be the sgine
1.6 A, dg_u = 0.79 A). 1t is evident that the sulfup
orbitals strongly interact with the Rdl states, giving raise
S ‘?I S to a narrow peak just below the Pd band edge (at
e — e = —4.8 eV) and a broad band at higher energies,

FIG. 2. Surface geometry a X 2) S on Pd(100) with the which has substantial DOS at the Fermi level [see middle

two different hollow sites labeled as, andh, and the bridge Panels of Figs. 3(b) and 3(c)]. Theband at the surface
site b. Pd atoms is considerably broadened due to the interaction
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(a) (b) (©) for larger heights of the fHimolecule in front of the sur-
T T T T T !‘ face. Indeed, as seen in Fig. 1(c), the top of the energy
2 : “ } “ | 1 barrier is situated at values @fclose to the sulfur adsorp-

J b . S tion height.
S : /\ : ’\ : In conclusion, our density-function theory calculations
| [y | f\ oy of the modification of the PES of Hdissociation on
surface Pd M\ﬂ! M/\/\i i K Pd(100) due to the presence ofax 2) sulfur adlayer
) / L] /,\ﬂ L /\/M Nx show that the poisoning effect of sulfur adatoms is
P e R governed by the formation of energy barriers which are
e-¢, (eV) &€, (eV) e, (eV) situated in the entrance channel of the PES. We identified

the direct interaction of the Hmolecule with states at the

FIG. 3'h 'HDe”SiF%/ Oft sltatesp(dD((fOSO)) ‘203 azgnolecrhle ﬁitllljated.t S adatom as the origin of the large barriers found over
over a nollow site at clean a) and over tnhe noliow site : : f .
h, (b) andh, (c) at (2 X 2) S covered Pd(100). The Figure hollow sites neighboring the S adatoms; at larger center-

corresponds to a particular poiff = 1.6 A, dy_y = 0.79 A) ~ of-mass distances to the S adatom, the poisoning effect
along the reaction pathways shown in Fig. 1. Given is the locails weaker and results from the modification of the local
DOS at H atoms, the S adatom, and the surface Pd atoms withiglectronic structure at the surface Pd atoms.

the respective muffin-tin sphere.
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