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The adsorption of thiophene on the catalytically active M03$0) surfaces has been studied using
ab initio local-density-functional molecular dynamics. It is shown that thiophene adsorbsiih eon-
figuration with the molecular ring parallel to the surface, centered above a coordinatively unsaturated
Mo atom, and with the sulfur atom in a binding position between two Mo surface atoms. This configu-
ration provides not only the highest adsorption energy, but activates in addition the thiophene molecule
with respect to both C-S bond cleavage (and hence desulfurization) and hydrogenation. Hence it repre-
sents a realistic scenario for the first step in catalytic hydrodesulfurization. [S0031-9007(98)05327-7]

PACS numbers: 71.15.Nc, 73.20.Hb, 82.65.Jv, 82.65.My

Catalytic hydrodesulfurization (HDS) is a vital step in  Our investigation has been performed in two steps: In
the processing of crude oil into many useful hydrocarborthe first we show that the bulk-terminated Ma®10) sur-
products. Natural petroleum contains different organosulface exposing in alternating S-Mo-S sandwiches rows of
fur compounds. The HDS process consists in the reunsaturated S and Mo atoms remains stable at tempera-
action of the sulfur-containing compound with hydrogentures corresponding to the conditions in HDS reactors. In
to form hydrocarbons and 43 [1-3]. Among the vari- the second step we examine a number of possible adsorp-
ous organosulfur compounds the aromatic species likdon geometries, and we demonstrate that the highest ad-
thiophene are the least reactive. The most widely usedorption energy is realized in am’-bound geometry (in
catalysts for HDS are based on layered transition-metghe terminology of organometallic chemistry) in which the
disulfides—usually a combination of Mo and W sulfidesthiophene ring lies parallel to the surface, with its cen-
with Co and Ni [4]. The two basic steps in the HDS ter approximately above an unsaturated Mo atom. At the
process are desulfurization and hydrogenation. Much ofame time this geometry is also shown to be most effective
the theoretical and experimental work on HDS catalysisn weakening the C-S bond and in reducing the aromatic
has concentrated on the breaking of the C-S bond in thiocharacter of the molecular bond. Hence the adsorption ac-
phene (S¢H,;) on MoS,. However, many fundamental tivates the thiophene molecule both with respect to hydro-
factors such as the initial adsorption geometry, the naturgenation and C-S bond breaking.
of the active site, and a model for the bond-breaking pro- Our calculations have been performed using the Vienna
cesses remain unclear. For thiophene on Mib® most ab initio simulation progranvasp [9,10]. vAsP performs
extended theoretical studies have been performed by Zomn iterative solution of the generalized Kohn-Sham equa-
nevylle, Hoffmann, and Harris [5] using the extended-tions of LDF theory via an unconstrained band-by-band
Huckel tight-binding method and Diez and Jubert [6] usingminimization of the norm of the residual vector to each
molecular-orbital techniques. Still, a clear picture of a pos-eigenstate. vasp also allows a dynamical or static opti-
sible mechanism for the HDS process seems to be remotmiization of the atomic geometry using the exact Hellmann-
the sites identified as active in modifying the C-S bond ard~eynman forces. The calculations are performed in a
found to be unfavorable for adsorption and vice versa. plane-wave basis with a cutoff energy of 200 eV. The

A major handicap of the semiempirical techniques ap-electron-ion interactions being described by fully nonlocal
plied so far to the theoretical investigation of the HDSultrasoft pseudopotentials [11,12]. We used the local
process consists in their lack of electronic self-consistencgxchange-correlation functional proposed by Perdew and
and their inability to proceed to a full optimization of Zunger [13], adding the generalized-gradient corrections
the geometry of the adsorbate/substrate complex. VerfGGC's) proposed by Perdest al. [14]. Extensive inves-
recently, it has been shown thab initio local-density- tigations of the structural, cohesive, and electronic prop-
functional (LDF) techniques can contribute to a signifi-erties of a large number of transition-metal sulfides have
cantly improved understanding of certain elementary stepseen published recently [15]; we refer to this paper con-
in catalytic processes [7,8]. Inthe present work we demoneerning details of the ultrasoft pseudopotentials.
strate that the accuracy and efficiency of plane-wave based In hexagonal Mo$ the atoms form close-packed tri-
ab initio LDF techniques have been developed sufficientlyangular layers stacked in the (001) direction. Mo lay-
far to allow for a detailed study of the adsorption of thio-ers atz = 1/4 and z = 3/4 are surrounded on either
phene on the catalytically active surfaces of MoS side by S layers such that the Mo atoms center trigonal
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prisms formed by the S atoms. The stacking sequence Mo atoms relax inwards byA\y = —0.04 A, while the
BCBCBC (Mo layers underlined). S-Mo-S trilayers are underlying S atoms relax outwards By = 0.05 A and
separated by van der Waals contacts between S atomsy Ax = +0.05 A (shortening the S-S distance across
MoS; crystals are easily cleaved along basal planes. Thedke trilayer), the Mo atoms below relax outwards by
surfaces are catalytically inactive because the atoms exty = 0.04 A. The surface energy is 0.675 gatom, the
posed at the surface are chemically saturated. Cleava@®ergy gain by relaxation is 21 m¢stom. To make
parallel to the (100) or (010) planes exposes in neighborsure that the relaxed structure remains stable under the
ing S-Mo-S trilayers alternatingly rows of coordinatively usual conditions of a HDS reaction, the entire system
unsaturated Mo atoms and double rows of unsaturated Was gradually heated in 2.5 ps to 700 K, using Nosé
atoms (see Fig. 1). There is a general agreement that thitynamics to control the temperature. No indication for a
is the catalytically active surface. reconstruction of the surface was found even at the highest
Our model for the Mo$& (010) surface is shown in temperature reached in the molecular dynamic simulation.
Fig. 1. It consists of two S-Mo-S sandwiches stacked irBulk MoS, is a semiconductor with an indirect gap of
the z direction; each slab consists of three rows of trigonal0.89 eV. The Mo$% (010) surface is metallic, with a high
prisms stacked in the direction (plus rows of terminating density of states in the bulk gap located mainly at the
Mo atoms on one side) and four rows of trigonal prisms incoordinatively unsaturated Mo and S surface sites (details
thex direction. This 72-atom unit (composition Mg&s)  of the electronic surface states will be reported elsewhere).
is periodically repeated in the and z directions, in The molecular structure of free thiophene calculated us-
the y direction neighboring slabs are separated by ang VASPis in good agreement with experiment [16] (see
vacuum layer of 12.8 A. All calculations have beenTable I): C-C and C-S bond lengths are accurate within
performed at the equilibrium lattice parametersaof=  0.01 A, C-H bond lengths within 0.02 A.
3.170 (3.160) A andc¢ = 12.584 (12.294) A calculated The adsorption of thiophene on Mp®10) was studied
in the LDF + GGC (experimental values in parentheses)starting from different configurations: (a) with the molecu-
The upper half of the slab was allowed to relax, whilelar ring perpendicular to the surface [the coordination is
the lower half was held at a fixed geometry. A staticn!, i.e., the molecule bonds to the substrate via only one
conjugate-gradient relaxation shows that the unsaturatemtom (the S atom) in the ring. The ring is parallel to the

FIG. 1. Graphical representation of the adsorbate/substrate complex used to study the adsorption of thiophene(6h0MoS

Large circles, sulfur; small circles, molybdenum. Sites 1 to 3 are the unsaturated, 4 to 6 the saturated Mo atoms at the surface.
Sites 7 to 9 [and the corresponding sites mirrored at the)(plane] represent the saturated, sites 10 to 12 the unsaturated S-surface
atoms. The thiophene atom is depicted in the energetically most favorable 1-yidmerdination (cf. text)Ax, Ay stand for the

surface relaxations (in A) induced by the adsorption. The labeling of the atoms in the thiophene molecule is explained in the inset.
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TABLE I. Bond lengths [in A and bond angles (in degrees)] calculated for the free thiophene
molecule (compared with experiment) and for thiophene absorbed in different coordinations
on MoS (010). The last line gives the adsorption energies (in eV, layer 1 only). The atoms
in the molecule are labeled as shown in Fig. 1.

Top Top Top Bridge Bridge
Exp.? Theory 7! " R 7! R
SG 1.714 1.722 1.727 1.734 1.745 1.768 1.815
GG 1.378 1.389 1.391 1.382 1.416 1.367 1.428
C;Cy 1.427 1.434 1.435 1.432 1.444 1.451 1.428
CoHg 1.069 1.089 1.093 1.098 1.093 1.086 1.093
Cs;H, 1.081 1.094 1.091 1.091 1.095 1.098 1.093
CS/S\CZ 92.57 92.26 94.53 92.74 91.12 92.06 84.51

862\HG 120.25 120.25 120.43 121.10 118.95 119.51 119.61

C;CyH; 124.07 120.18 124.03 123.34 125.79 122.71 125.97
a 180.00 180.00 180.00 180.00 172.72 180.00 152.30

SMo 2.48 2.45 2.58 2.61 2.72
2.98

Mo-G P 2.41 2.05

E.q 0.94 1.08 1.44 1.27 2.00

%Free molecule, experimental data after Ref. [16].
G —center of the thiophene ring.

yz (n') or to theyx (n") plane] or with the ring parallel phene ring has been destroyed by the adsorption. (d) In
to the surface in thez plane (the coordination is));  this configuration the C-S-C bond angle is also reduced.
(b) with the S atom on top of an Mo atom or in a bridge (e) In the most stable 1-bridge? configuration the short-
position between two Mo atoms; and (c) on the sandwiclest distances between Mo and the S atom in the thiophene
exposing the unsaturated Mo atoms (layer 1) or on thare 2.72 and 2.98 A (to be compared to Mo-S distances
sandwich exposing the unsaturated S atoms (layer 2). lof 2.35 and 2.98 A in Mog. This means that the ener-
each case this defines only the starting configuration, thgetically most favorable adsorption geometry is also the
coordinates of all atoms in the molecule and in the top Sene that is most effective in weakening the C-S bond and
Mo-S layers of the substrate are allowed to relax to theiin reducing the aromatic character of the thiophene ring,
energetically most favorable positions. i.e., in activating the molecule both for desulfurization and
We find thatn> coordination is always energetically hydrogenation. All the features predicted for the stable
more favorable tham' or n" coordination, bridge bond- 7> adsorption geometry are also characteristicrfothio-
ing more than on-top bonding; see Table |. Positivephene organometallic complexes [17].
adsorption energies are obtained only on the S-Mo-S sand- The mechanism causing the activation of the thiophene
wiches exposing the unsaturated Mo atoms, adsorptiomolecule may be studied by examining the spectral proper-
on the S-terminated slabs is always endothermic. Thées of the free and adsorbed molecules and the charge flow
most stable adsorption site is bridgé on layer 1. This due to adsorption. Figure 2 shows the density of states
is also confirmed by molecular-dynamics simulation atof the free molecule and the local DOS of the bridge-
300 K starting with a molecule in an' configuration. In  »> adsorbed molecule. The highest occupied molecular
a very short time the molecule rotates to a position parallebrbitals (labeled 10 to 13) represent bonding C-C and S-C
to the surface close the bridgg-geometry. The predicted 7 states (Ssymmetryb,;), the S lone pair§a;), bonding C-
energetic preference fay® overn! and for bridge overtop C and S-Cr states 2b,), and bonding C-Gr states {a,),
is in direct contradiction to the extended Huickel resultsthe lowest unoccupied orbital antibonding CaSorbitals
of Zonnevylleet al. [5]. The calculated equilibrium ge- (3b,), in good agreement with the experimental spectrum
ometries of the adsorbed thiophene (Table 1) give impor{18]. On adsorption in am® configuration, bands 10 to
tant information on the adsorption-induced modificationsl4 interact strongly with the M@—S-P band complex of
of the molecular bond: (a) Whereasifl andn' coor- the substrate. In particular, the bonding C-C and &-S
dinations the molecule remains planarpjn coordination bands are broadened so that they overlap with the Fermi
it is tilted about the &Cs axis. (b) The C-S bond length level. In addition, the S-lone-pair state and the antibond-
is increased, with the largest increase (0.09 A) predictethg C-S 7 state are involved in the reaction. In contrast,
for the bridges> configuration. (c) In thep® configu- adsorption in amy' configuration leads only to a modest
rations the difference in the lengths of the double@  change of the molecular spectrum.
and single G-C4 bonds is reduced, in the bridgg- con- The charge redistribution induced by the adsorption is
figuration on layer 1 the difference is zero. This indicatedllustrated in Fig. 3 in the form of difference electron-
that in this configuration the aromatic character of the thio-density plots (adsorbed molecule plus substrate minus
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of the bonding C-Cs states causes the destruction of
the aromatic character of the ring and hence facilitates

- - -~ free thiophene

T dsorbed thophene 10 hydrogenation, the incipient population of the antibonding
! S-C-r states the weakening of the C-S bond.
i u In summary, ourab initio studies yield new and

l to some extent unexpected insight of the electronic
factors governing HDS of thiophene on MoS We
have demonstrated that the bridgé-coordination on
the unsaturated Mo atoms of the Mo®10) surface is
not only the most effective in activating thiophene for
both C-S bond breaking and hydrogenation (as already
w\ i suggested by extended Huickel studies [5] in contradiction
e 1 VM to MO calculations [6]), but that it represents also the
Ul N energetically most favorable adsorption geometry. It is
-200 -150  -100 50 ) also important that we have been able to show that
Energy (V) the bulk-terminated MoS(010) surface which exposes

FIG. 2. Local electronic density of states for a free thiopheng/nSaturated Mo atoms in alternating S-Mo-S sandwiches

molecule (dashed lines) and for thiophene adsorbed on,MoS'€mains at least metastable at high temperatures. Hence

(010) (full lines); cf. text. our investigations suggest a particularly attractive scenario

for the first elementary step towards HDS of thiophene.
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