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Adsorption of thiophene on RuS2: An ab initio density-functional study
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~Received 9 April 1998!

The adsorption of thiophene on stoichiometric and reduced~100! surfaces of RuS2 has been studied usingab
initio density-functional molecular dynamics. On the stoichiometric surface, the thiophene molecule is shown
to adsorb in a tiltedh1 position where the S atom of the molecule forms a bond with the surface Ru atom
similar to that in the bulk RuS2, but there is no activation of the molecule. Formation of sulfur vacancies on the
surface creates a chemically active surface and possibility of thiophene adsorption in theh2 position, where the
molecule is activated. These findings are in good agreement with recent experimental evidence of a drastic
increase in catalytic activity of the reduced RuS2 surface and should contribute to a better understanding of
unique catalytic properties of RuS2 for thiochemistry applications.@S0163-1829~98!51328-8#
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The interaction of the heterocyclic molecule thiophe
(C4H4S) with a transition-metal-sulfide surface has lo
served as a model of the industrially important hydrodesu
rization ~HDS! process.1 The HDS process is a catalytic re
action between an organosulfur compound and hydroge
form hydrocarbons and H2S. Transition-metal disulfides ar
well-known catalysts for hydrotreating catalysis, with the a
tivity varying by orders of magnitude depending on t
metal. Ruthenium disulfide is the most active and most
lective catalyst for the HDS process, 13 times catalytica
more active than the industrially used Mo sulfide. It is the
fore plausible that the nature of the catalytic properties
transition metal sulfides can be more clearly elucidated in
case of RuS2.

The key step of the HDS process, namely the C-S b
cleavage, is still far from being completely understood.
important first step towards an improved understanding is
knowledge of the initial mode of bonding of thiophene to t
surface. Previous theoretical studies of HDS catalysis
cused mainly on the thiophene adsorption on MoS2 using
semiempirical techniques.2,3 In a recent paper,4 however,ab
initio molecular dynamics has been successfully applied
study the adsorption of thiophene on the catalytically act
surface of MoS2.

The electronic structure of RuS2 was first theoretically
studied by pseudopotential calculations.5,6 Despite its obvi-
ous importance, there were no theoretical studies of the
face electronic structure and related properties of RuS2, until
a recent Hartree-Fock~HF! type calculation.7 The present
study relies on a state-of-the-art density-functional~DFT!
method for simultaneous calculation of the total energy a
electronic structure of the substrate-adsorbate system
should lead to a better understanding of catalytic proper
of the RuS2 surface from the theoretical point of view.

For our calculations we use the ViennaAb Initio Simula-
tion Program~VASP!.8–11 It is based on finite-temperatur
local-density functional theory as developed by Mermin12

We use the exchange-correlation functional based on
quantum Monte Carlo calculations of Ceperley and Alder
parametrized by Perdew and Zunger.13 Nonlocal corrections
are introduced in the form of the generalized-gradient exp
PRB 580163-1829/98/58~4!/1782~4!/$15.00
-

to

-

e-
y
-
f
e

d

e

-

to
e

r-

d
nd
s

e
s

n-

sion proposed by Perdewet al.14 In the finite-temperature
form of DFT the variational quantity is the electronic fre
energy. It also leads to a broadening of the one-electron
els that is very helpful for improving the convergence
Brillouin-zone integrations for metallic systems.

The calculations are performed in a plane-wave basis.
electron-ion interaction is described by fully nonlocal op
mized ultrasoft pseudopotentials.15,16 Extensive tests of the
ultrasoft pseudopotentials for transition metals have b
presented before.17

The minimization of the electronic free energy is pe
formed using an efficient iterative matrix diagonalizatio
routine based on a sequential band-by-band residual min
zation method.10,11,18 Alternatively, a preconditioned band
by-band conjugate-gradient~CG! minimization has been
used.8,9 An improved Pulay mixing10,19 has been used to up
date charge density and potential.

The optimization of the atomic geometry~ionic coordi-
nates, volume, and shape of the unit cell! is performed via a
conjugate-gradient minimization of the total energy, usi
the Hellmann-Feynman forces on the atoms and stresse
the unit cell, applying appropriate corrections for the Pu
stress. For a more detailed description of the technique,
refer to the papers by Kresseet al.9–11

The ultrasoft pseudopotentials have been constructed
the basis of scalar relativistic solutions for atomic referen
configurations. Typical cutoff energies for the plane-wa
expansion of the eigenstates can be as low as 250 eV
confirmed by detailed convergence tests and comparis
with all electron calculations.17 During the geometry optimi-
zations,k point grids varying from 11 special points for th
bulk to 2 specialk-points for the surface have been employ
for Brillouin-zone integration using the linear tetrahedr
method with Blöchl corrections.20–22

We have obtained a theoretical lattice constant for b
RuS2 ~cubic lattice, FeS2 type! ath55.68 Å, in good agree-
ment with the experimental valueaexp55.61 Å. Other theo-
retical values from the HF calculations7 overestimate the ex
perimental value to a larger extent~see Table I!. Our
calculated value for the internal parameteru is in perfect
agreement with experiment, in contrast with the HF calcu
tions.
R1782 © 1998 The American Physical Society
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Our calculated energy band structure is in excellent ag
ment with all-electron FLAPW calculations, which we pe
formed to test the accuracy of our pseudopotentials. The
terial is a semiconductor with an indirect band gapEg50.8
eV ~experimental value isEg51.2 eV!.

Before presenting our theoretical results for the surf
properties and adsorption of thiophene, let us briefly disc
relevant experimental data. The surface structure of the R2
~100! surface has been recently studied by low-energy e
tron diffraction ~LEED! and scanning tunneling microscop
~STM!.24 The LEED patterns showed remarkable stabil
and chemical inertness of the surface under ambient co
tions. Compared to other semiconductors, the RuS2 ~100!
surface is extremely unreactive towards air constituents s
as carbon and oxygen. Further studies using STM confirm
these results. The~100! cleavage planes were found to b
atomically flat even months after cleavage, further dem
strating extreme stability of the surface. From the STM i
ages it is evident that the surface is completely unrec
structed, in sharp contrast with most semiconductors. Re
experimental studies25 focused on the catalytic properties
RuS2 for HDS. The study of the reduction process of ruth
nium disulfide has shown that as much as 50% of the t
sulfur content can be removed from the surface without
noticeable structural or morphological modification of t
surface. At the same time, as long as the stability of
catalyst is preserved, an increase in the degree of desu
ization of the surface leads to a dramatic increase of its c
lytic activity from practically zero for the stoichiometric su
face to the maximum at a sulfur coverage of 50%.

We model the~100! RuS2 surface with a periodic sto
ichiometric slab consisting of four monolayers of Ru ea
surrounded by two monolayers of S, resulting in 24 ato
per unit cell. All calculations have been performed at t
theoretical equilibrium lattice parameter using two speciak
points. The width of the vacuum layer was 12 Å. After te
ing for convergence, only the three top layers~one Ru mono-
layer and two adjacent S monolayers! were allowed to relax.

The stoichiometric~100! surface is very stable and show
practically no reconstruction, in agreement wi
experiment24 and previous Hartree-Fock calculations.7 The
surface retains its semiconducting character, although s
surface states can be found in the gap region~see Fig. 1!.
These states are mostly metallicd states of the outermost R
atoms. We also considered a reduced surface with tw
surface vacancies in the top S monolayer and a Ru to S
of 1:1. Similarly to the stoichiometric surface, there was
reconstruction, in agreement with experiment.25 We estimate
the energy of the vacancy formation to be 1.4 eV per ato

Thiophene adsorption on the stoichiometric~100! RuS2

TABLE I. Lattice constanta and internal parameteru for bulk
RuS2 from DFT and HF calculations.

Expt.a Theory Theoryb Theoryb

present work HF with S 3d HF without S 3d

a ~Å! 5.61 5.68 5.72 5.78
u 0.388 0.3875 0.395 0.391

aReference 23.
bReference 7.
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surface was studied using various starting geometries w
subsequent relaxation of the atoms of the molecule and
top surface layers to their most energetically favorable po
tions. Surprisingly, the geometry with thiophene in a tilte
h1 position yields a positive adsorption energy of 0.43 eV
Here the S atom of the molecule forms a bond with th
surface Ru atom continuing the network of Ru-S bonds
bulk RuS2 ~see Fig. 2!. To check for the accuracy of the
adsorption energy calculations and to eliminate the possib
ity of steric hindrance effects, we repeated the calculatio
with the molecule adsorbed on the (231) surface, thus ef-
fectively modeling lower thiophene coverage on the surfac
The result is the same adsorption geometry with a very sim
lar adsorption energy of 0.38 eV. Again, there is no indic
tion of activation of the molecule~see Table II!. Finally, to
make sure that our adsorption energy corresponds to a
minimum and not to some metastable configuration, the e
tire system was gradually heated in a Nose´ thermostat to
700 °C. We found no reconstruction of the surface and
change in the adsorption geometry.

FIG. 1. Surface band structure of RuS~100! ~dots!. Darker dots
correspond to more surface localized states. Shaded areas repr
the projected bulk band structure.

FIG. 2. Thiophene adsorbed on the stoichiometric RuS~100!
surface~side view of the slab used in the calculations!.
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TABLE II. Bond lengths in Å and bond angles in degrees for the free thiophene molecule~experiment
and theory! and for the molecule adsorbed on the~100! RuS2 ~theory!.

Expt.a Theory Adsorbed
Low High Reduced

coverage coverage surface

SC2 1.714 1.722 1.727 1.718 1.806
C2C3 1.378 1.389 1.384 1.366 1.393
C3C4 1.427 1.434 1.436 1.424 1.426
C2H6 1.069 1.089 1.092 1.084 1.115
C3H7 1.081 1.094 1.093 1.087 1.078

C5SC2̂
92.57 92.26 93.14 92.25 92.26

SC2H6̂
120.25 120.25 120.23 120.28 117.75

C3C4H7̂
124.07 120.18 124.20 124.21 122.73

aReference 26.
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To model adsorption of thiophene on a reduced RuS2 sur-
face, we consider a defect surface with the top S atoms
moved and start from the same initial geometries as in
case of stoichiometric surface. Now the tiltedh1 position is
not most energetically favorable, but anh2 position is with
an adsorption energy of 0.1 eV~see Fig. 3!. In this geometry,
the surface-induced modifications of the molecular bonds
evident~see Table II!. The most pronounced changes are
the SC2 bond~bond length is increased by 0.09 Å!, while the
SC5 bond length remains essentially the same as in the
of the free molecule. In addition, the difference in the C2C3
and C3C4 bond lengths is decreased from 0.05 to 0.03
indicating a reduced aromatic character of the molecu
ring. The origin of these changes can be clearly seen on
charge difference plot~Fig. 4!. There is a strong charg
depletion around the S atom of the molecule, combined w
the corresponding charge influx to the surface metal ato
illustrating donor properties of the thiophene molecule, a
to the C2 atom of the molecule, demonstrating a back do
tion from the surface to the molecule. So the formation

FIG. 3. Thiophene adsorbed on the reduced RuS~100! surface.
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sulfur vacancies on the surface creates a chemically ac
surface, as found in the experiment.24

In conclusion, we have studied the adsorption
thiophene on the stoichiometric and reduced~100! surfaces
of RuS2 by an ab initio molecular dynamics method. Quit
surprisingly, thiophene readily adsorbs on the stoichiome
surface in the tiltedh1 position, but there are no signs o
activation of the molecule. Calculations for a~2x1! surface
show that the adsorption geometries and energies do
change significantly with thiophene coverage. In agreem
with experiment, we found activation of the molecule a
sorbed on a reduced surface, indicating high chemical ac
ity with respect to bond breaking. In this case, a molec
adsorbs in anh2 position with an adsorption energy of onl
0.1 eV.

These findings confirm the experimental results conce
ing the unusually high HDS reactivity of the RuS2 surface
and shed some light on the nature of the process. We bel

FIG. 4. Charge flow from the molecule to the surface. Ligh
areas correspond to the areas of charge depletion, darker areas
charge influx.
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the origins of this lie in~a! the very high stability of the
surface and its resistance to external contamination, lea
to a high selectivity of the surface reactions;~b! the ability of
the sulfur-covered surface to adsorb thiophene~and presum-
ably other organosulfur species!, thus preparing for the sub
sequent reactions when the surface is desulfurized by hy
genation;~c! the very low adsorption energy for thiophen
combined with activation of the molecule in anh2 position,
indicating the possibility for easy desorption of the interm
diate reaction products. Compared to the case of thioph
on the MoS2, we note a much lower adsorption energy, b
also a substantially lower cost of removing S from the s
face. Hence the higher catalytic activity of RuS2 as com-
pared to MoS2 is in agreement with the Sabatier principle29

predicting maximum catalytic activity at intermediate met
sulfur bond strength.

So far, we completely ignored the important question
coadsorption and dissociation of hydrogen. Experimenta
there is ample evidence that hydrogen plays a crucial rol
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the HDS reaction on the RuS2 surface.27 In addition, molecu-
lar chemisorption of hydrogen and H2S on the stoichiometric
~100! RuS2 surface has been recently studied by the
method.28 Both species have been shown to adsorb in a til
geometry similar to that found in the present study. Als
there is a need to investigate the catalytic properties of o
surfaces, most importantly the~111! surface, which is usu-
ally even more catalytically active than the~100! surface.
These are the main goals of our future work. Given the s
cess of our method in the accurate and efficient descrip
of complex adsorbate-substrate systems, there is every
son to expect that it will yield many interesting results in th
area.
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22P. E. Blöchl, O. Jepsen, and O.K. Andersen, Phys. Rev. B49, 16

223 ~1994!.
23O. Sutarno, O. Knopp, and K.I.G. Reid, Can. J. Chem.45, 1391

~1967!.
24H. Colell, M. Bronold, S. Fiechter, and H. Tributch, Surf. Sc

Lett. 303, 361 ~1994!.
25M. Breysse, C. Geantet, M. Lacroix, J.L. Portefaix and M. Vrin

in Hydrotreating Technology for Pollution Control Catalyst
Catalysis and Processes, edited by M.L. Occelli and R.
Chianelli ~Marcel Dekker, New York, 1997!.

26P.B. Liescheski and D.W.H. Rankin, J. Mol. Struct.178, 227
~1988!.

27S. Yuan, T. Decamp, M. Lacroix, C. Mirodatos, and K. Breys
J. Catal.132, 253 ~1991!.
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