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Abstract

Density functional theory calculations are carried out for Rh(111)-p(2x2)-CO, Rh(111)-p(2 x2)-S, Rh(111)-
p(2x2)-(S+CO), Rh(111)-p(3x3)-CO, Rh(111)-p(3x3)-S and Rh(111)-p(3 x3)-(S+CO), aiming to shed some
light on the S poisoning effect. Geometrical structures of these systems are optimized and chemisorption energies are
determined. The presence of S does not significantly influence the geometrical structure and chemisorption energy of
CO and vice versa, which strongly suggests that the interaction between CO and S on the Rh(111) surface is mainly
short-range in nature. The long range electronic effect for the dramatic attenuation of the CO methanation activity
by sulfur is likely to be incorrect. It is suggested that an ensemble effect may be dominant in the catalytic deactivation.

© 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Sulfur is well known to be poisonous for the
CO methanation reaction [1]. The addition of 0.1
monolayer (ML) of sulphur can cause drastic
reduction in the rate of CO methanation over
Ni(100), Rh(111) and Ru(001). The interaction
between S and CO coexisting on metal surfaces
has been the focus of many experimental and
theoretical investigations. However, the mecha-
nisms responsible for such poisoning effects are
still not well understood [2]. In this study, we
report some results of density functional theory
calculations in order to shed light on this issue.

Goodman and Kiskinova [3-5] carried out sub-
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stantial studies on the effects of preadsorbed elec-
tronegative atoms such as Cl, S and P on the
adsorption of CO on Ni(100) using thermal
desorption (TD), low energy electron spectroscopy
(LEED) and Auger electron spectroscopy (AES).
They suggested that the reductions in CO satura-
tion coverage by preadsorbed CI, S and P atoms
could be accounted for by differences in the electro-
negativity of the adatom; the higher the electroneg-
ativity, the more pronounced the poisoning effect
is. Kinetic studies [4] were also performed for CO
methanation on Ni(100) covered with sulfur and
phosphorus. According to the initial attenuation
of the catalytic activity by these impurities, they
estimated that each S atom on Ni(100) poisons
ten or more sites for the reaction of CO with H,
to form CH, and only the four nearest neighbour
nickel atom sites are deactivated by one P atom.
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Therefore, they concluded that an extended

electron effect is dominant in catalytic deactivation

by sulfur. Experimental studies of S and CO
coadsorbed on Ni(111) [6], Rh(111) [7] and

Ru(001) [8] also supported this type of long-range

interaction.

However, from an experimental work also with
S and CO on Ni(100), Madix et al. [9] drew the
opposite conclusion that the sulfur influences CO
chemisorption on Ni(100) through a local inter-
action. They observed that:

1. very little difference appears between the ability
of Cl and S to reduce CO saturation coverage;
and

2. the binding energy of CO which desorbs from
the high temperature state is not altered by S
more than it will be by a similar increase in CO
coverage.

These results were hardly consistent with long

range interaction. From a vibrational characteriza-

tion of CO adsorbed on sulfur-modified Ni(100)

surfaces, Gland et al. [10] also suggested the S—

CO interaction is predominantly local. The same

conclusion was obtained by Trenary et al. [11].

Recently, a study on the interaction between coads-

orbed CO with sulfur on Ni(110) using room

temperature scanning tunnelling microscopy

(STM) and LEED [12] showed that a short-range

repulsive interaction is largely responsible for the

observed segregation of the constituent adatoms
into small domain islands.

Theoretically, studies have been performed in
order to understand the poisoning of sulfur.
Feibelman and Hamann [13,14] have carried out
self-consistent  linearized-augmented-plane-wave
calculations on the electronic structure perturb-
ations induced by sulfur on the Rh(100) surface.
They found that S-induced charge density vanishes
beyond the adjacent Rh atoms but that the local
density of states (LDOS) near the Fermi level is
substantially reduced by S even beyond the next
nearest neighbour Rh atoms. The extent of the
poisoning effect of sulfur has also been studied by
Maclaren and Pendry [15] by using Green’s func-
tion formalism and the muffin-tin approximation
applied to clusters for an S-modified Rh(111)
surface. The effective range was estimated to be
<5 A. A theoretical model was proposed by Lang

and colleagues [16,17] who explained the effect of
the additives by the sign and magnitude of the
electrostatic potential around the adatom on a
jellium surface. Based on self-consistent calcula-
tions of the electronic structures of adsorbed elec-
tronegative atoms, they showed that the increase
of the poisoning strength in the sequence P, S, Cl
is related to their different electrostatic potentials
in the same direction. The range of these inter-
actions was estimated to be <4 A. Wimmer et al.
[18] studied, for the first time, the coadsorption
system, Ni(100)-c(2 x 2)-(S+CO), using an all-
electron full-potential linearized-augmented-plane-
wave method, and concluded that the poisoning
effect of S has a complex nature involving covalent
bonding between S and the Ni surface accompa-
nied by a small transfer of electronic charge
towards the S atoms as well as direct interactions
between S and adjacent CO molecules. The dissoci-
ation of hydrogen molecules on metal surfaces is
an important step in the CO methanation reaction.
The poisoning effect of S on hydrogen dissociation
has been studied by Wilke and Scheffler [19,20].
Through an investigation on the potential energy
surface of H, dissociation on Pd(100)-p(2 x 2)-S,
they presented that the poisoning effect of S origi-
nates from the formation of an energy barrier
hampering the H, dissociation.

It is clear that further studies on the interaction
of adsorbates are required. In particular, the poi-
soning effect of S on CO methanation needs to be
further examined in light of the debate on the issue
[2]. In this study, we chose CO coadsorption with
S on the Rh(111) surface. We first carried out ab
initio total energy calculations using density func-
tional theory on Rh(111)-p(2x2)-CO, Rh(111)-
p(2x2)-S and Rh(111)-p(2x2)-(S+CO). We
compared the adsorption geometries of single
species with those in the coadsorption system,
which should provide some insight into the sulfur
poisoning effect. We noted that a very low coverage
(about 0.1 monolayer) of S can cause drastic reduc-
tion of the rate of CO methanation. Therefore, in
order to further determine the S—CO interaction
and explain the reduction of methanation rate, a
large unit cell is required to investigate. It is with
this motivation that we also performed ab initio
total energy calculations with DFT for Rh(111)-



C.J. Zhang et al. | Surface Science 432 (1999) 305-315 307

p(3x3)-CO, Rh(111)-p(3x3)-S and Rh(111)-
p(3x3)-(S+CO). To identify the origin of the
poisoning effect of S in more detail, we also
analyzed the electronic structures. Since the lateral
interaction between adsorbates is one of the key
mechanisms affecting chemical reactions on sur-
faces and in catalysis, we hope the present study
may shed some light on the catalytic deactivation
mechanism.

2. Calculations

We carried out ab initio total energy calcula-
tions using density functional theory. A density
mixing scheme was employed to determine the
electronic ground states. The electronic wave func-
tions were expanded in a plane wave basis set.
Tonic cores were described with ultrasoft pseudo-
potentials, which were generated using the scheme
proposed by Vanderbilt [21]. This allows the use
of a very small number of plane waves to describe
the valence wave functions. A cut-off energy of
300 eV was found to be sufficient and two k-points
in the two-dimensional Brillouin zone were used.
The metal substrate was modelled by a slab of
three layers, each slab separated by a 10 A vacuum
region. In the calculations, the metal substrate was
fixed whereas C, O and S atoms were allowed to
move in all directions to lower the energies accord-
ing to the forces calculated using the Hellmann—
Feynman theorem.

Recent studies [22-24] have shown that geomet-
rical structures of molecules and solids determined
by local density approximation (LDA) [25] calcu-
lations are very reasonable compared to experi-
mental work and that no considerable
improvement is obtained using gradient correc-
tions. On the other hand, chemisorption energies
obtained using LDA are significantly higher than
experimental values, while calculation results with
gradient corrections agree with experimental data
very well. Thus, we used LDA to obtain adsorption
geometries, and for the calculation of chemisorp-
tion energies, we employed the generalized gradient
approximation (GGA) [26]. In the LDA, the
Ceperly-Alder exchange-correction energy was

used while the GGA of Perdew—Wang was utilized
in the gradient correction calculations.

The calculation results accurately reproduced
the properties of the isolated systems, including
the equilibrium lattice constant of Rh and the CO
bond length. Using DFT-LDA, the Rh bulk lattice
constant was determined to be 3.804 A (error
0.1%), and the bond length of CO was found to
be 1.146 A (error 1.6%).

3. Results

Recently the geometrical structure of S on
Rh(111) single crystal surface has been investi-
gated using several techniques including LEED,
STM, normal incidence X-ray standing wavefield
(NIXSW) and surface-extended X-ray absorption
fine structure (SEXAFS) [27-29]. Five ordered
overlayer structures were observed in the LEED
experiment [27]: (V3 x V3)R30°, c(V3 x 7)rect,
c(4x2), (4x4) and (7x7), depending on the
coverage of S. It was found that below 0.33 ML
coverage, S occupies the fcc hollow site. Tensor
LEED analyses [28] have been carried out for the
(V3 xV3)R30°-S and Rh(111)-c(4 x2)-S surface
structures formed by S chemisorbed at 1/3 and
1/2 ML coverages, respectively. For the lower cov-
erage, S adsorbs on the fcc hollow site, and an
S—Rh nearest neighbour bond distance was found
to be 2.23 A. The relaxations in the metal are
negligible. In the c(4 x 2) phase, the adsorption of
S occurs equally on both types of hollow sites
(fcc and hcep), and the average S—Rh bond length
is 2.22 A. There are some relaxations in the
metal. The surface structure of Rh(111)-
(V3 x V3)R30°-S was also studied by NIXSW and
SEXAFS [29]. The S atom was revealed to adsorb
on the fcc hollow site, and the S—Rh bond length
was found to be 2.25 A.

CO adsorption on metal substrates has been
the subject of numerous studies due to its simplicity
and importance in catalysis. Adsorption of CO on
Rh(111) also exhibits several ordered surface
structures and its preferred adsorption site changes
as the coverage is changed [30]. Core eclectron
spectroscopy [31] has been used to investigate
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Rh(111)-p(2x2)-CO and Rh(111)—(V/3 xV/3)-
R30°-CO, in which CO molecules were found to
occupy the top sites in these structures. The geo-
metrical structure of Rh(111)—(V3 x V3)R30°-
CO was well characterized by using tensor LEED
combined with an automated optimization pro-
cedure analysis [30]. It revealed that CO occupies
the top sites, excluding other high-symmetry sites.
The C—O bond length was determined to be
1.20 A and C—Rh is 1.87 A,

Only a few S+ CO coadsorption systems have
been quantitatively determined. This is because
firstly, the unit cells of such systems are usually
quite large and therefore a full structure search is
very time-consuming. Secondly, ordered phases in
such systems are rare and relatively difficult to
prepare experimentally.

Based upon the above structural information
from experiments, CO chemisorption on Rh(111)
in this study was modelled using a p(2x2) unit
cell with CO on the top site; S chemisorption was
modelled using a p(2x2) unit cell with S on the
fce hollow site; while the coadsorption system was
modelled using a p(2 x 2) unit cell with CO on the
top site and S on the fcc hollow site. The geometry
of Rh(111)-p(2x2)-(S+CO) is displayed in
Fig. 1a. Although the experimental data are limited
and there is no direct evidence for Rh(111)-

p(2 x2)-(S+ CO) structure, some structural infor-
mation still exists. Schwegmann et al.[32] obtained
an ordered Rh(111)-p(2x2)-(0O+CO) structure,
in which O was found to sit on the fcc hollow
position and CO occupies on the top site.
Considering this structural information and that
we are mainly interested in the interaction between
CO and S, we believe that the choice of such a
coadsorption system in Fig. la as a model is
reasonable. Actually, there is another type of top
site for CO in the p(2x2) unit cell, shown in
Fig. 1b. A recent study [33] on Pt(111)-p(2 x2)-
(O+CO) which is similar to Rh(111)-p(2x2)-
(S+CO) showed that the top site for CO in Fig. 1a
is more stable while the top site for CO in Fig. 1b
is not stable at all (CO moves away from this top
site once it is optimized ).

We first performed the density functional theory
calculations on Rh(111), Rh(111)-p(2x2)-CO,
Rh(111)-p(2%x2)-S and Rh(111)-p(2x2)-(S+
CO). The possible tilting of CO was checked. It
was found that the perpendicular configuration of
CO on the surface is favoured on the unre-
constructed Rh(111). The optimized structure
parameters and the calculated chemisorption ener-
gies are summarized in Table 1. It can be seen that
the S—Rh bond length of 2.25 A in the Rh(111)-
p(2 x2)-Sis equal to the S—Rh bond length which

Structure A

(a)

Structure B

(b)

Fig. 1. Schematic illustration of geometrical structures for Rh(111)-p(2 x 2)-(S+CO). The p(2 x 2) unit cell is indicated in dotted lines.
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Table 1

Comparisons between structural parameters and chemisorption energies in Rh(111)-p(2x2)-(S+CO), Rh(111)-p(2x2)-CO and
Rh(111)-p(2x2)-S: the corresponding results obtained from using eight k-points in the DFT calculations are given in parentheses,
some structural parameters determined experimentally are also listed. The chemisorption energy of CO in Rh(111)-p(2 x2)-(S+ CO),
namely the CO chemisorption energy in S-covered Rh(111), is calculated as AE=E,[Rh(111)-p(2x2)-S]+ Eo[Rh(111)-
p(2%x2)-CO]— Eora[Rh(111)-p(2 x 2)-(S+CO)] and a similar method is used to obtain the S chemisorption energy in Rh(111)-

p(2%2)-(S+CO)

C—Obond C—Rhbond S—Rhbond Chemisorption energy Chemisorption energy
length (A) length (A) length (A) of CO (eV) of S (eV)
Rh(111)-p(2 x 2)-(S+CO) 1.16 (1.16)  1.86 (1.86) 225(2.25)  1.60 (1.65) 5.05 (5.06)
Rh(111)-p(2x2)-CO 1.16 (1.16)  1.86 (1.86) 1.80 (1.86)
Rh(111)-p(2x2)-S 225 (2.25) 5.25 (5.27)
Rh(111)—(V3 x V/3)R30°-S [28] 2.23
Rh(111)-c(4x2)-S [28] 222
Rh(111)—(V3 x V/3)R30°-S [29] 2.25
Rh(111)—(V3 x V3)R30°-CO [30] 1.20 1.87

was found for Rh(111)—(V3 xV3)R30°-S [29],
and the C—Rh bond length of 1.86 A in Rh(111)-
p(2x2)-CO is almost identical with the value
of 1.87A which was found in Rh(111)—
(V3 xV3)R30°-CO [30]. Compared to the free
CO molecule, the C—O bond on Rh(111) is
elongated, which is consistent with the generally
accepted explanation that when CO adsorbs on
metal surfaces, the C—O bond is weakened.
Therefore, our calculated results are in good
agreement with experiments. To check k-point
convergence, we also performed calculations using
eight k-points in the irreducible part of the surface
Brillouin zone of a (2 x2) surface unit cell. The
corresponding results are also listed in Table 1 for
the sake of comparison. As it can be seen from
Table 1, with increasing the number of k-points in
the calculations, the changes of the local geome-
tries such as S—Rh, C—Rh and C—O bond
lengths are negligible. Moreover, the chemisorp-
tion energy differences between two k-points and
eight k-points calculations are also very small. It
is interesting that the increasing of the number of
k-points has little effect on the S chemisorption
energies [0.02 eV difference in Rh(111)-p(2 x 2)-S
and 0.01eV difference in Rh(111)-p(2x2)-
(S+CO)] while the changes of CO chemisorption
energies are relatively large [0.06 eV in Rh(111)-
p(2x2)-CO and 0.05eV in Rh(111)-p(2x2)-
(S+CO)].

A striking feature can be seen from Table 1:

The local geometrical structures of the coadsorp-
tion system such as the bond lengths of C—O,
C—Rh and S—Rh are almost the same as those
in Rh(111)-p(2x2)-CO and Rh(111)-p(2 x2)-S,
respectively. It was commonly held [1] that the
main effect of an electronegative additive such as
S on chemisorbed CO is to reduce the electron
back donation from a metal surface to the CO 2n
antibonding orbital, since S could withdraw some
electrons from the surface. Thus, one would expect
to observe a stronger C—O bond, and a weaker
C—Rh bond in the coadsorption system. However,
our results show that the local geometry of CO is
not affected by the presence of S, and vice versa.
This indicates that the direct interaction between
chemisorbed CO and S is very small in this system
and that the bonding is local. In addition, the
chemisorption energy of CO on S-covered Rh(111)
decreases only by ca 0.2 eV in comparison to the
pure CO on Rh(111), and the chemisorption
energy of S on CO-covered Rh(111) is also
reduced by ~0.2 eV compared to the pure S on
Rh(111). We can not rule out the effects of long-
range electronic interaction. However, it is clear
that a short-range interaction is dominant in this
system.

We next investigated the structure of a larger
unit cell (nine Rh atoms per layer with 1/9 S or
CO surface coverage). Similarly to the above
1/4 ML coverage structure, we performed cal-
culations on Rh(111), Rh(111)-p(3x3)-CO,
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Structure A

(a)

Structure B

(b)

Fig. 2. Schematic illustration of geometrical structures for Rh(111)-p(3 x 3)-(S+ CO). The p(3 x 3) unit cell is indicated in dotted lines.

Rh(111)-p(3x3)-S and Rh(111)-p(3x3)-(S+
CO) with S on the fcc hollow site and CO on a
top site. In this case, two different top sites for
CO adsorption were considered, one being shown
in Fig. 2a, and the other in Fig. 2b. The optimized
geometries and chemisorption energies are given
in Table 2.

A comparison between Tables 1 and 2 shows
that in the case of pure S on the Rh(111) surface,
the sulfur chemisorption energy increases by
0.06 eV when S coverage is decreased from 1/4 to
1/9 ML. It indicates that the S—S interaction is
repulsive. Likewise, the CO-CO interaction is also
repulsive but to a lesser extent, since the chemisorp-

Table 2

tion energy of CO increases only by 0.02 eV with
the decreasing of CO coverage from 1/4 to 1/9 ML
in the case of pure CO on the Rh(111) surface.
Such repulsive interaction between CO molecules
or S atoms tends to prevent the formation of CO
islands or sulfur islands at low coverage. This is
in agreement with the experimental conclusions in
Ref. [12]. Concerning the interaction between CO
and S in the p(3x3) unit cell, the calculated
results in Table 2 show that the CO chemisorption
energy is reduced by ca 0.05 eV upon coadsorption
for CO on the top site which is more remote from
the S atom (Fig. 2a), and it is reduced by ca 0.1 eV
for CO on the closer top site (Fig. 2b). We find

Comparisons between the structural parameters and chemisorption energies in Rh(111)-p(3 x 3)-(S+CO), Rh(111)-p(3 x 3)-CO and
Rh(111)-p(3x3)-S, where Rh(111)-p(3 x3)-(S+CO) (A) and Rh(111)-p(3 x 3)-(S+CO) (B) refer to structures A and B in Fig. 2.
Despite the fact that we did not check convergence with slab thickness and that the metal atoms were fixed in the calculations based
on the computing cost consideration (very large unit cells were used here), the chemisorption energies and the local geometries should

be reasonably accurate according to previous work [38,39]

C—Obond C—Rhbond S—Rhbond Chemisorption energy Chemisorption energy
length (A)  length (A) length (A) of CO (eV) of S (eV)
Rh(111)-p(3x3)-(S+CO) (A) 116 1.86 2.5 1.83 5.29
Rh(111)-p(3x3)-(S+CO) (B) 1.16 1.86 2.25 1.78 5.24
Rh(111)-p(3x3)-CO 1.16 1.86 1.88
Rh(111)-p(3 x3)-S 2.25 5.33




C.J. Zhang et al. | Surface Science 432 (1999) 305-315 311

that structure A in Fig. 2 is a little more energeti-
cally favourable compared to structure B. This is
because the CO is further away from the S atom
in structure A, whereas the CO is quite close to
one S atom in structure B. It is obvious that sulfur
has a weak influence on the next nearest neighbour
site, with the distance of 3.12 A. Tt is also clear
that the interaction between CO and Sina p(2 x2)
unit cell is a little larger than that in a p(3x3)
unit cell. However, it should be addressed that the
decrease of adsorption energy of CO and S upon
coadsorption is very small. As one can see from
Tables 1 and 2, the C—Rh and C—O bond length
is not affected by the presence of sulfur, and the
S—Rh bond length is also not affected by the
presence of CO. Thus, we can conclude that
the bonding is very local in these systems.

The LDOS shows an energy-resolved charge
density distribution for a system which is usually
obtained by projecting individual quantum states
into a local region such as an atom. It has been
widely used for electronic structure analysis. In
order to further understand the results discussed
above, we calculated LDOS around CO. In our
calculations, the amount of electron density in
each quantum state of a system, which lies within
a cylinder around CO with a radius of 1.0 A, was
determined, and then the amount of electron den-
sity versus the energy of the quantum state was
plotted. The LDOS around CO for Rh(111)-
p(3x3)-CO and Rh(111)-p(3 x3)-(S+CO) are
shown in Fig. 3, in which structure A in Fig. 2a
and structure B in Fig. 2b are donated by S/CO/Rh
(A) and S/CO/Rh (B), respectively. By examining
the quantum states in CO/Rh(111), we found that
the first peak in Fig. 3a has a strong CO 3c orbital
character and the second peak mainly contains a
CO 4o character with a weak metal d-character.
The third peak centered at 7eV below E; was
found to consist of two types of states:

1. mixing states with strong CO In and weak
metal d-character;

2. mixing states with strong CO 5c and quite
strong metal d-character.

The quantum states in the peak above E; mainly

contain a strong 2m character of CO and metal

d-character. Experimentally, ultraviolet photo-

electron spectra of adsorbed CO on a Rh(111)
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Fig. 3. LDOS cutting around CO with a radius of 1.0 A from
Rh(111)-p(3x3)-CO, Rh(111)-p(3%x3)-(S+CO) (A) and
Rh(111)-p(3 x3)-(S+CO) (B).

surface [34] were measured, and two peaks cen-
tered at binding energies, 7.9 and 10.8 eV, were
observed. These two peaks were assigned to the
molecular orbitals, 1nt/5c and 4o, respectively.
Our calculation results are consistent with these
observations. Comparing the LDOS for Rh(111)-
p(3x3)-CO with that for the coadsorption sys-
tems, it is evident that the local densities of states
around CO for these three systems displayed in
Fig. 3 are very similar. The number of peaks, the
peak shape and the peak positions in these systems
are almost identical. This result further supports
the suggestion that the interaction between chemi-
sorbed CO and S is very small and the bonding is
very local in these systems. However, our results
are not entirely consistent with previous work [18].
The LDOS projected on a C atom from an all-
electron local-density-functional theory study
for Ni(100)-c(2x2)-CO and Ni(100)-c(2x2)-
(S+CO) [18] showed that the 1m/5c band is
markedly broadened from 1eV for CO/Ni to
2.5eV for (S+CO)/Ni, and the 4c peak shifts
slightly downwards in (S+CO)/Ni compared to
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CO/Ni. A possible explanation for the discrepancy
might be that the unit cell they used is smaller
than ours. In such a small unit cell as c(2 x 2), the
CO molecule and the S atom can bond directly
with the same metal atom, and a direct strong
repulsion due to bonding competition will form,
which surely can significantly affect the density of
states around CO. In order to further confirm our
results, we also calculate the LDOS around S
for Rh(111)-p(3x3)-S and Rh(111)-p(3 x3)-
(S4+CO) (both structures A and B in Fig.2). A
cylinder around S with a radius of 1.1 A was used
in the calculations. In Fig. 4 the LDOS around S
for Rh(111)-p(3x3)-S and Rh(111)-p(3x3)-
(S4+CO) are compared. The similarity between
these three curves is also obvious. Therefore, the
weak interaction between CO and S does not
significantly affect the LDOS around either CO
or S.

The weak interaction between CO and S can be
further seen in the total valence charge density
distributions. Fig. 5a and b show two-dimensional
contour plots of the total valence charge densities
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Fig. 4. LDOS cutting around S with a radius of 1.1 A from
Rh(111)-p(3x3)-CO, Rh(111)-p(3x3)-(S+CO) (A) and
Rh(111)-p(3 x3)-(S+CO) (B).

in a cut through the CO and S atoms from the
structures A and B illustrated in Fig. 2, respec-
tively. The same cuts from Rh(111)-p(3 x 3)-CO
and Rh(111)-p(3x3)-S are displayed in Fig. 5¢c
and d, respectively. It shows clearly that the chemi-
sorbed S atom or the CO molecule does not
significantly affect the charge distribution of the
next nearest neighbours. These features are quanti-
tatively confirmed by the results in Table 3, in
which the total valence electrons in a certain
spheres around the C, O and S atoms are listed.
A radius of 1.1 A, which is about the distance
from a S atom center to the charge density mini-
mum along the metal-S bond axis, is chosen for
the S atom in order to avoid cutting into metal
atoms. The radius of 0.4 A and 0.7 A for C and
O atoms are chosen for the same reason. It can be
seen that the charges around S, C and O in
structure A are the same as those in Rh(111)-
p(3x3)-S and Rh(111)-p(3 x 3)-CO, respectively.
For structure B, there is also no significant change
in comparison with pure CO on metal or pure S
on metal. It is obvious that the presence of S does
not significantly influence the charge density distri-
bution around CO, and vice versa.

4. Discussion

Goodman and co-workers carried out kinetic
studies [3-5] and showed clearly that a 0.1 ML
coverage of S could reduce dramatically the CO
methanation rate. There are two possible explana-
tions for this long range S poisoning effect:

1. extended electronic effect, which means that the
electronic structures of neighbour metal atoms
(up to 3.12 A away from S) are changed sub-
stantially due to the S chemisorption; and

2. ensemble effect, namely that a certain number
of active surface atoms are required to facilitate
the reaction sequence.

The need for such ensembles in catalysis was
previously proposed [35]. A kinetic study on the
CO methanation reaction on Ni/SiO, catalysis [36]
also showed the importance of the ensemble effect.
However, if an ensemble of metal atoms is required
for the CO methanation, one would expect that
altering the electronegative character of poisoning
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(a)

(b)

Fig. 5. (a) and (b) show two-dimensional contour plots of the total valence charge densities in a cut through the CO and S atoms
from structures A and B illustrated in Fig. 2, respectively. The same cuts from Rh(111)-p(3 x3)-CO and Rh(111)-p(3 x3)-S are

displayed in (c) and (d), respectively.

Table 3

Total valence electrons in volumes cutting around S, C and O
atoms in Rh(111)-p(3x3)-(S+CO) (A), Rh(111)-p(3 x3)-
(S+CO) (B), Rh(111)-p(3x3)-CO and Rh(111)-p(3x3)-S.
The radius of 1.1 A is chosen for the S atom because it is
approximately the distance between a S atom center and the
minimum valence electron density along the Rh—S bond axis,
the radii of 0.7 A for O and 0.4 A for C atom were used for
the same reason

S C O

Rh(111)-p(3 x3)-(S+CO) (A) 4.14 0.41 421
Rh(111)-p(3 x 3)-(S+CO) (B) 4.10 0.41 4.18
Rh(111)-p(3 x 3)-CO 0.41 421
Rh(111)-p(3 x 3)-S 4.14

species should not considerably change the poison-
ing effect. Kiskinova and Goodman [4] found that
this is not true for the CO methanation on the
Ni(100) surface. They showed that substituting
phosphorus for sulfur resulted in a marked change
in the magnitude of the poisoning effect, namely,
the poisoning effect of phosphorus is considerably
less dramatic than that of sulfur at low coverage.
Based on these results, they suggested, therefore,
that the poisoning effect is related to the electro-
negativity of adsorbates and the S long range
poisoning effect is due to the extended electronic
effect.

However, the explanation of extended electronic
effect for the S long range poisoning is not consis-
tent with our results. A recent study shows [33]
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that a chemisorbed O atom can ‘poison’ three
nearest neighbour metal atoms when the O atom
sits on a hollow site of Pt(111) while it does not
have any significant influence on the next nearest
neighbour sites. As we reported in Section 3, a
chemisorbed S atom almost does not affect the
local geometry of chemisorbed CO on the next
nearest neighbour site at all [no change of C—O
and C-metal bond lengths in Rh(111)-p(3 x 3)-
(S+CO) compared to Rh(111)-p(3 x 3)-CO]. The
chemisorption energy of CO on the next nearest
neighbour site is only reduced by 0.1 eV (<2%)
due to the presence of sulfur. Our results suggest
that chemisorbed S atoms do not considerably
influence the reactivity of any site for CO chemi-
sorption once they are beyond the next nearest
neighbours.

There are in fact several elemental steps in the
CO methanation: CO chemisorption; CO dissoci-
ation; H, dissociation; and hydrogenation of sur-
face carbon or intermediates. At the moment, we
only have evidence that the chemisorbed S atoms
do not significantly ‘poison’ CO chemisorption
beyond the next nearest neighbour sites. In other
words, the extended electronic effect due to S
chemisorption is not important for the CO chemi-
sorption. Whether the extended electronic effect of
S strongly influences the other elemental steps is
an open question. However, we would guess that
it is not important either. Then how can one
explain the S long range poisoning effect on the
CO methanation? We tend to believe that it is due
to an ensemble effect. It appears that the p(3 x 3)
unit cell (the S coverage is 1/9, being close to the
low limit of the experiment) is quite small for the
elemental steps in the CO methanation mentioned
above. Suppose that the methanation occurs in the
following sequence, for example:

1. CO dissociation;

2. H, dissociation; and

3. hydrogenation, and further suppose that the C
and O atoms occupy the hollow sites after the

CO dissociation process, then it is expected that

the hydrogen dissociation will be hindered in

terms of bonding competition [37].

If any of the elemental steps were dramatically
hindered, the overall reaction will be poisoned. If
this is true, one may expect many elements such

as Cl and P should poison the methanation in the
same manner. In other words, P chemisorption
should, for example, reduce dramatically the meth-
anation reaction rate when P coverage is as low
as 0.1 ML. This is, in fact, inconsistent with the
experimental observation of Kiskinova and
Goodman [4]. How can we explain the quite
different poisoning effects of P and S? One possible
explanation is that adsorption of P may form
islands or a sort of islands so that a large surface
area is not affected while S adsorption may have
quite a uniform distribution even at low coverage.
It should be stressed that the viewpoint above is
obviously oversimplistic and more detailed work
is required. In any event, we believe that the
extended electronic effect for the explanation of
the S long range poisoning effect is likely to be
incorrect.

5. Conclusion

The CO-S interaction on Rh(111) surface
has been investigated theoretically. Geometrical
structures of Rh(111)-p(2x2)-CO, Rh(111)-
p(2x2)-S, Rh(111)-p(2x2)-(S+CO), Rh(111)-
p(3x3)-CO, Rh(111)-p(3x3)-S and Rh(111)-
p(3x3)-(S+CO) are optimized and chemisorp-
tion energies are determined using DFT. The
results show that the C—0O, Rh—C and Rh—S
bonds in the coadsorption system are almost the
same as those in pure CO on Rh(111) or pure S
on Rh(111), respectively. The chemisorption ener-
gies of CO are not considerably affected by the
presence of sulfur, and vice versa. The total valence
charge density distributions around C—O and S
in the coadsorption systems are also very similar
to those in pure CO or pure S on Rh(111),
respectively. There are clear similarities in the
LDOS cutting around CO between CO/Rh(111)
and S/CO/Rh(111). Similarities of the LDOS cut-
ting around S between S/Rh(111) and
S/CO/Rh(111) also exist. All these provide evi-
dence that the bonding is local and the interaction
between adsorbates is mainly short range in nature.
Based this short-range mechanism, it is concluded
that an ensemble effect that requires a certain
number of active surface atoms to facilitate the
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reaction sequence, rather than the electronic effect,
may be responsible for the reduction of the CO
methanation rate.
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