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Several surface terminations for RuS;(111) have been compared
on the basis of theoretical calculations. Hartree—Fock Periodic cal-
culations with a posteriori evaluation of the correlation energy with
a density functional approach have been used. The surfaces with
an excess of S atoms compared to the RuS; stoichiometry are found
to be more stable, the most stable one having seven S atoms at the
surface for the unit cell. Depending on the amount of surface S,
the S binding energy varies in a large interval and is smaller for
atoms in a S pair than for isolated S atoms. Dissociation of H is
strongly exothermic on these surfaces, giving generally SH groups
but also Ru—H bonds for highly reduced surfaces. These calcula-
tions enable the building of a model and an energy profile for the
reduction process of the RuS; surface. @ 1997 Academic Press

I. INTRODUCTION

Sulfur removal from petroleum derivatives is a very im-
portant industrial process. The interest for efficient cata-
lyst materials for hydrodesulfurization reactions has been
strengthened recently by more drastic regulations in order
to limit sulfur compounds in car exhausts. While the stan-
dard catalyst is a sulfide of molybdenum doped with Ni or
Co, recent interest has appeared in the academic area for
the sulfide of Ru, RuS,. Over many other single metal sul-
fides (including MoS,), RuS; has been shown to be the most
active for the hydrodesulfurization of thiophene (1, 2).

Moreover, this sulfide material presents an important
structural singularity: all Satoms are bonded in S, units. The
structure can indeed be viewed as S; molecules distributed
on the edges and center of a face centered cubic array of Ru
atoms, the S-S bond being elongated to 2.17 A compared to
the gas phase value (1.89 A). This situation contrasts with
the case of MoS,, which has been the subject of several ex-
perimental and theoretical studies (3-10), and that shows
isolated S atoms in the crystal structure. It seems clear that

1 Present address: Laboratory of Inorganic Chemistry and Catalysis,
Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands.

such a structural singularity must induce specific behaviors
for RuS; surface, chemisorption, and reaction properties.
This, in our opinion, motivated a theoretical study of such
properties for RuS,, since it was not possible to directly ex-
tend the partial knowledge obtained for MoS,, due to the
markedly different environment of S atoms in the structure.

Our study was initiated by a recent experimental study
of RusS; catalysts by Lacroix and co-workers (11-13). The
reactivity for H,—D, exchange was simultaneously corre-
lated with the extent of prereduction of the catalyst and
with the apparition, in H-NMR or inelastic neutron scat-
tering spectra, of hydride Ru—H hydrogen species instead
of proton-like S—H entities for the less reactive and less
reduced samples.

In a previous paper (14), the chemisorption of H; and
H,S on a (100) surface of RuS; has been presented. This
surface was shown to be rather unreactive, with a molecular
chemisorption for H, and H,S as the most stable situation.
This can be associated with the fact that the (100) surface isa
stable surface that results from preferential cleavage of the
3D structure of RuS,. Moreover the S-S pairs in the solid
are not broken at this (100) surface. As is well known in the
case of MoS,, the most stable surface plane is often not the
most catalytically active one and the chemical reaction can
take place at a minority more unsaturated centers (the slab
edges for MoS;). We present here the results of theoretical
investigations of the structure, electronic structure, and H,
chemisorption for the (111) face of RuS, which has been
shown to appear with (100) faces on single crystal RuS;
particles (15, 16).

If the stable termination of the (100) surface is rather
clear, this is not the case for the (111) surface. Therefore,
nine possible terminations have been considered, with dif-
ferent numbers of S layers at the surface, that depict various
S stoichiometries from S-enriched to S-deficient situations.
The electronic structure of the bare stoichiometric (111)
surface was already described in a previous paper (17). In
Section 11 the calculation methods will be briefly recalled.
The various surface terminations will be compared and the
electronic structure of three selected surface terminations
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SURFACE TERMINATIONS FOR RuS»(111)

will be detailed in Section I11. The chemisorption of H, on
the three selected surfaces will be considered in Section 1V,
and a model of surface reduction process will be proposed
in Section V.

Il. METHOD OF CALCULATION AND MODEL
FOR THE (111) SURFACE

The CRYSTALS95 program (18) has been used to per-
form periodic Hartree-Fock (HF) calculations. The de-
tails and implementation of this method have been pub-
lished elsewhere (19). CRYSTALY95 allows one to solve
self-consistently the HF equations for a periodic system
and therefore study crystals and surfaces without having to
model them by a cluster, which is a frequently used approx-
imation. The Hartree—Fock energy is corrected by a density
functional (20) type calculation (21, 22). This inclusion of
the influence of the electronic correlation tends in our case
to increase the binding energy between atoms compared to
the HF solution. For the RuS; bulk the optimum geometry
corresponds to a cell parameter a of 5.55 A (1% shorter
than the 5.61 A experimental value) and a crystallographic
coordinate u of 0.393 (0.388 experimentally). The resulting
bond lengths are 2.06 A for S-Sbond (2.17 A experimental)
and 2.34 A for the Ru-S bond (2.35 A experimental), the
various angles being in very good agreement with experi-
ment. As one could expect, the DFT correlation corrections
do not change qualitatively the HF results but allow the
introduction of a more quantitative approach for the rel-
ative energies. The local atomic orbital basis functions are
developed, as usual, on a linear combination of Gaussian-
type orbitals (GTO) and core electrons have been mod-
eled by well-assessed effective-core-potential (ECP) tech-
niques (23, 24). Split-valence functions have been used for
all atoms (14). A good accuracy is used in the calculation
for the cutoff of the integrals and the sampling in the k-
space has been performed within a set of eight Monkhorst
k-points in the irreducible Brillouin zone.

The surface is described by a slab, periodic in the x and
y directions and finite in the orthogonal z direction. The
arrangement of the (111) planes is composed of four planes
of S between two planes of Ru. The S, pairs do not cross
the Ru planes like for the (100) planes and two types are
present: perpendicular ([111] direction) or tilted ([11-1] di-
rections, etc.) relative to the (111) planes. The Satomsin the
perpendicular pairs (Sp) are bonded to the Ru atoms from
the closest plane, while the S atoms from the tilted pairs (St)
are bonded to only two Ru atoms from the closest plane,
the third bond being with a Ru atom from the other plane.
Figure 1 depicts a slab made of 14 layers—4 central S layers
between 2 Ru layers surrounded by 4 S layers on each side.
The minimal cell needed to describe this slab is hexagonal,
and its symmetry elements are an inversion center, three
C; axes, and the related Sg axes. These symmetry opera-
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FIG.1. A ball representation of a S-saturated bulk-termination
RuS,(111) surface. (a) Top view; (b) side view that displays the possi-
ble arrangement of S; pairs (perpendicular and tilted), the C; axes (white
dots on (a)), the surface unit cell, and the various inequivalent S and Ru
atoms (Ru atoms are black and S atoms are gray).

tions are used by the program and they have been kept for
the entire study, even if this requirement to keep the sym-
metries reduces the choice for the surface modifications or
for the adsorption sites (breaking these symmetries would
make the calculations impossible). The C; axes are located
on the Sp but also on some Ru atoms. It is possible to distin-
guish the different species of S atoms present on the surface
(see Fig. 1). The more external S; is from the perpendicu-
lar pair and compared to the bulk situation it has its three
Ru-S bonds missing, only linked to the other Sp (S4) which
is bonded to three Ru atoms. Between these 2 layers there
are the six S atoms from the three tilted pairs in the unit cell;
the more external S; are bonded to only one Ru atom (two
Ru-S bonds missing), the other S atoms (S3) being linked
to two Ru atoms (one Ru-S bond missing). There are two
inequivalent Ru species: the first one Ru; is unique in the
cell and is located on a C3 axis and the second type Ru,
has three representatives in the cell that are related by a
C; axis. For the inner S atoms only two species are present
depending if the S atom is within the perpendicular pair
(Ss) or in the three tilted pairs (Sg). The adsorbates will be
symmetrically chemisorbed on both sides of the slab.
Forces calculations are not possible with CRYSTAL, so a
partial manual geometry optimization has been undertaken
in order to determine, with the symmetry constraints, the
relaxed geometries for the bare surface and with the ad-
sorbates. The two Ru and the four inner S layers are kept
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frozen and will refer to the optimized geometry found for
the bulk (details for geometry optimizations are given in
the corresponding sections).

I1l. POSSIBLE TERMINATIONS OF THE BARE SURFACE

Starting from the S-saturated (111) surface presented
above and by removing first the external S atom from a pair,
it is possible to construct eight other surface terminations,
keeping the threefold axis symmetries. The nine termina-
tions are shown in Fig. 2 and are labeled as a function of the
number of S atoms present above the Ru plane on one side
of the cell (per surface unit cell). For the S-saturated sur-
faces (model 8), three tilted pairs (only one is represented)
and one perpendicular pair are located on one side of the
cell. It is not possible to directly compare the total energies

N S .10A
W58 g 104 sk g ) .
. ./
-054 S 8 054 g
S S
+-Ru--- Ru-" Ru--- <+ Ru - 'Ru** Ru "
S/Ru=3 +13 keal/mol S/Ru=11/4  +1/282 = +0 kcal/mol
. X S -10A
-30A s /X 5
-10A S 6 -204 S
X S
...Ru-..‘Ru..-:Ru--. ----Ru----Ru-...Ru...‘
S/Ru=10/4 + S2=+92 kcal/mol S/Ru=9/4 +3/282 = +170 kcal/mol
X
X X X
e . 3
-204 8 4 204 §
S X
<« Ru*-*Ru -+ Ru*+* v« :Ru-«+-Ru----Ru----
S/Ru=2 +2 82 = +168 kcal/mol S/Ru=7/4  +5/2 82 =+226 kcal/mol
S -10A X
/X /X
X 2 X 1
S S
++Ru---Ru--- Rur++" ©+vRu' - Ru-Rur---
S/Ru = 6/4 +3 82 = +404 kcal/mol S/Ru=5/4 +7/2 82 =+408 kcal/mol

S/Ru=1 +4 S2 = +615 kcal/mol

FIG. 2. Schematic of the various terminations considered for the
RuS,(111) surface. For each surface unit cell, three tilted S; pairs (only
one shown) and one perpendicular S, pair can be at the surface. Each
removed S atom is replaced by an X and the number of S atoms at the
surface per unit cell corresponds to the label of the model. The surface
stoichiometry, the number of S, molecules formed compared to model 8
and the total energy are given. The most stable model 7 is used as a refer-
ence for the energy. The vertical relaxation (A) of the surface S layers are
indicated, when these relaxations are significant.
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of those slabs since they do not contain the same number of
Satoms. In order to compare their stabilities, we considered
that the removed S atoms are combined in S; molecules in
the gas phase (Sg and Sg cyclic molecules are more stable by
around 10 kcal - mol~! of S atom, but this does not change
the tendencies). For each surface termination, the vertical
positions of the S atoms have been optimized. In the case
of surface 4, optimization of the horizontal positions of the
three bridged S atoms remaining from the tilted pairs gave
an energy gain inferior to 5 kcal - mol~! in the surface unit
cell. Except surface 8, for which the geometry has be taken
from surfaces 7 and 5, all the surface geometries have been
individually optimized with a step of 0.05 A for the vertical
positions of the S atoms, which is sufficient for a precision
of around 2 kcal - mol~ for the surface cell.

The surfaces with a large concentration of S atoms are
found to be generally more stable and the most stable sit-
uation is obtained for surface 7. This is in agreement with
the excess S atoms in the experimental stoichiometry be-
fore reduction. The S-S bond within the perpendicular pair
is weaker than for gas phase S, molecule (—13 kcal - mol~*
for model 8, —2 kcal - mol~* for model 5), except for the
highly unsaturated and unstable surface 2. Perpendicular
pairs are therefore not stable at the surface. Breaking the
tilted pairs (and making an equivalent number of 1/2 S,
molecules) is on the contrary endothermic by 52, 56, and
44 kcal - mol~? for the models 8, 7, and 6, respectively. Re-
moving an isolated S atom is even more difficult, the trans-
formation into S; molecules being endothermic by 92, 78,
58, 80, 130, and 207 kcal - mol~* for models 7, 5, 4 (threefold
S), 4 (twofold S), 3, and 1, respectively. The atomic bind-
ing energies of S atoms at the surface can be deduced from
all the previous values by adding half of the calculated S,
formation energy, i.e., 37 kcal - mol~L. Therefore, there are
three types of S atoms at the surface: weakly bound (or
unstable) S from perpendicular S; pairs, intermediate bond
for S from tilted pairs, and strongly bound atomic S. Such a
range of S binding energies is specific to this RuS; surface,
which depending on the S concentration shows different
types of surface species. From this order of binding ener-
gies, it can also be deduced that it is not favorable to have
at the same time a full pair and a missing adatom on the
surface. The only realistic terminations are hence models 7,
4,3, 1, and 0. Model 6, for example, is not stable and would
transform in a domain of model 7 and a domain of model 4.
The models where the surface is highly depleted in S atoms
are strongly susceptible to undergoing reconstructions in
order to stabilize the surface, such as bonds between Ru
atoms, that could not be considered in this approach. This
explains the high S binding energy for model 1, and these
highly reduced models should be considered with caution.

The vertical relaxation of the S layers, relative to their
position in the bulk, is also indicated in Fig. 2, except for
the lowest layer of threefold S atoms where this relaxation
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FIG.3. Atomic charges (in a box) and overlap populations for
model 7 (a), model 4 (b), and model 1 (c) of the surface.

is small. All S layers show an inward relaxation as it could
be expected from the loss of bonding at the interface com-
pared to the bulk situation, which tends to be compensated
by a stronger interaction with the surface Ru atoms. The
top-most atom of a vertical S-S pair shows a —0.1 A dis-
placement in the (unstable) situations where this atom is
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present. Otherwise, the relaxation is more important in the
tilted pair (up to —0.3 A displacement) and mostly affects
the S atoms at the surface.

We will focus on the representative surfaces 7 (over-
stoichiometric with S/Ru=11/4), 4 (stoichiometric with
S/Ru = 2),and 1 (substoichiometric with S/Ru = 5/4). These
surfaces will also be used for the hydrogen adsorption in the
next section. The behavior of those three surfaces will be
analyzed with the Mulliken electronic populations of the
atoms (net charges and overlap populations) and also their
related electronic structures will be detailed with the pro-
jected densities of states (PDOS). In order to get a refer-
ence we recall the net charges obtained for the optimized
bulk with the same basis set and which are +0.16 for Ru
and —0.08 for S while the overlap populations are +0.16
and +0.24 for S-S and Ru-S bonds, respectively. For clarity
the atoms will be numbered as shown in Fig. 1, S, and S3
belonging to an inclined pair, S; and S, to the perpendicu-
lar one, while Ru; is located on a C; axis and Ru; are the
remaining atoms.

Surface 7 issimilar to the previous one depicted in Fig. 1b,
except that S; is removed, and the electronic populations
are displayed in Fig. 3a. The S, atom is slightly positive: as a
consequence of the two Ru—-S; bonds cleaved at the surface,
the pyand py levels of this atom are mainly involved in weak
7 interactions with the Ru, atom. These orbitals contribute
to antibonding contributions above the Fermi level forming
the surface state seen in Fig. 4a. On the contrary, the S,
atom has its px and py levels stabilized by the three bonds
and its p; lone pair pointing away from the surface appears
as a narrow peak below the Fermi level (—9 eV). This atom
then holds a significant negative charge of —0.24 e. The low-
lying unoccupied surface state located on S; and the lone
pair of S, should interact preferentially with the adsorbates
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FIG. 4. Projected density of states on the surface atoms: (a) on the S,, S;, S4 atoms of model 7; (b) on the S3 and S, atoms of model 4; (c) on the

S4, Ruy, Ruy atoms of model 1.
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FIG.5. A top view representation of the model 4 of the surface (Ru
atoms are black and S atoms are gray). Model 1 can be obtained by re-
moving the bridge S; atoms (labeled by X).

as they can be qualitatively identified as the “HOMO” and
“LUMO?” of the surface. For the overlap population values,
the main difference with the bulk is a strengthening of the
S—-Ru bonds at the surface, especially S;—-Ruj, and this is an
illustration of the bond order conservation principle (25)
with a partial compensation of unsaturations created at the
surface. This is in clear relation with the inward relaxation
of this surface S layer in model 7.

By removing the three S, atoms from surface 7, one ob-
tains the stoichiometric surface 4 (Fig. 5) which does not
have any more surface S-S pairs but the threefold S, and
three bridged S; atoms (labeled by X in Fig. 5), while a
vacancy appears on the Ru, atoms. This surface has been
studied in Ref. (17) and we will only recall its main char-
acteristics. The occupied and vacant surface states are now
localized on the S atom, as a combination of the py and py
orbitals. This forms, below the Fermi level, a p-like lone pair
parallel to the surface and perpendicular to the Ru;—S;—Ru;
plane and, above the Fermi level, an antibonding state with
an important contribution from the Ru atoms (Fig. 4b). The
net charge on Sz isslightly negative (Fig. 3b) butsignificantly
less than that on S, which mainly presents a high-lying lone
pair in the PDOS. S; (and to a smaller extent Sy) are then
reactive sites at the surface. In order to decrease the unsat-
uration of the bridge S; atom (X), an x-y optimization was
also performed for this atom. However, the displacement
of S; toward a threefold site is found to be unfavorable for
the energy. The Ru;—S3 and Ru,—S3 bonds were found to be
slightly unequivalent, but this does not change the structure
of the surface states.

Eliminating the bridged S; atoms (X in Fig. 5) gives the
sulfur poor surface model 1 with only the S, atom remain-
ing. Now the Ru; and Ru; atoms are easily accessible with
three and two vacancies, respectively. In order to compen-
sate these unsaturations, the Ru atoms interact strongly
with the inner S-S pairs. The main effect is the lowering
under the Fermi level and filling of some antibonding lev-
els of the S-S pairs, which results in a weakening of the S-S
bonds (Fig. 3c, this is particularly apparent for the Ss—Ss
pair). The new feature appearing in Fig. 4c is the high en-
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ergy occupied surface states, which are now mainly local-
ized on the Ru atoms. The peaks on the S; atom remain in
the same energy range as before, with a significant negative
charge on the atom. This high-lying surface state gives to
the surface a reactive and unstable character.

IV. CHEMISORPTION OF H; ON THE RuS,(111) SURFACES

The chemisorption of H; has been studied on the three
selected models, corresponding to sulfur-rich (model 7),
stoichiometric (model 4), and sulfur-poor (model 1) sur-
faces. In contrast with the (100) surface, a dissociated struc-
ture is favored for all considered terminations, and the en-
ergies for the dissociation cases are markedly lower than
the metastable molecular configurations. The optimization
procedure is identical to the bare surfaces for the surface S
atoms but the angular positions of the hydrogen atoms were
also optimized (by steps of 5°) while the S—H distance was
fixed to 1.35 A (a reasonable value regarding our previous
study (14)). For the Ru—-H bonds the distance and angles
were optimized.

The best chemisorption situation for the sulfur-rich sur-
face 7 is shown in Fig. 6. Two H, molecules can be disso-
ciated per surface unit cell, and each terminal S atom is
linked to a H atom, giving a —S—H unit (vertical by sym-
metry constraints) and three tilted —S—S—H fragments with
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FIG.6. Atop view representation of the hydrogenated model 7 of the
surface (Ru atoms are black, S atoms are gray, and H atoms are white) and
a schematic describing some structural elements, the atomic charges (in a
box) and overlap populations (z values for S; and S; refer to the bulk).
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an optimized angle of 95° for (S,S,H) and a 75° tilt between
H-S,—S3 and the vertical S3—S,—Ru; planes. The S;—H bonds
therefore have astrong inclination on the surface asitcan be
clearly seen on the top view. Indeed, H interacts with the
surface states which are mainly localized on S3p orbitals
parallel to the surface, and a second minimum has been
found with the tiltin the other direction, only 16 kcal - mol !
less stable. From Fig. 6b, both types of H atoms have a par-
tial positive charge (and then have as expected a proton-
like character) while the S—-Ru bond overlap populations
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407

are significantly weakened by the H chemisorption (com-
pare with Fig. 3a). In contrast, the S-S bond is not greatly
affected by the chemisorption, bonding, and antibonding
S=S contributions modified in a similar way. In this most
stable chemisorption situation the binding energy, normal-
ized to one H, molecule, is —100 kcal - mol~L. The strong
interaction is related with the presence of surface states
on surface 7 that are mainly centered on S, and S4. The
H adsorption saturates the surface dangling bonds and the
surface states disappear (Fig. 7a). While it can be suspected
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Projected density of states on the surface atoms: (a) on the S, S3, S4 atoms of hydrogenated model 7; (b) on the S; and S, atoms of the

hydrogenated model 4; (c) on the S4, Ru;, and Ru, atoms of the hydrogenated model 1; (d) on the H atoms for the hydrogenated model 1 (with a
magnified scale). Curves for the proton-like and the hydride-like H atoms have a clearly different shape.
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that surface 7 could undergo a reconstruction to stabilize
its electronic structure, which could not be achieved by the
partial optimization performed here, the hydrogenated sur-
face seems on the contrary really stable. The situation can
be compared to the well-known case of the Si(111) surface,
where the bare surface shows various types of complicated
reconstructions, while the H-terminated structure is very
stable and has a simple (1 x 1) structure. Another energy
minimum was found with the H atom bound to Sz instead of
S, on the S-S pair; however, it is 23 kcal - mol ! less stable
than the previous one.

For the stoichiometric model of surface 4, both S-S units
at the surface are broken, and all hydrogen atoms interact
with an “isolated” S atom (Fig. 8). Therefore, the situation
is more even, and the surface S—H bonds are similar with a
small positive charge on the H atoms. Despite the apparent
accessibility of the Ru atoms, they are still well saturated
by the S atoms, and an attempted adsorption of H on the
metal atom resulted in a less favorable energy. The H-S3
bond is situated in a vertical plane perpendicular to the
Ru;—Ss;—Ru; plane with an angle of 45° with the vertical.
The adsorption energy is —113 kcal - mol~* (normalized to
one H; molecule), significantly larger than that of surface
7 due to the stronger unsaturation and the marked sur-
face states on the bare surface 4. As noticed before, those
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FIG.8. Atop view representation of the hydrogenated model 4 of the
surface (Ru atoms are black, S atoms are gray, and H atoms are white)
and a schematic describing some structural elements, the atomic charges
(in a box), and overlap populations (z values for S; refers to the bulk).
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FIG.9. Atop view representation of the hydrogenated model 1 of the
surface (Ru atoms are black, S atoms are gray, and H atoms are white)
and a schematic describing some structural elements, the atomic charges
(in a box), and overlap populations.

S-localized surface states are cancelled after adsorption
(Fig. 7b).

Thesituation iscompletely differentif Szisremovedin or-
der to consider the reduced surface 1. Ru atoms are now ac-
cessible and Ru—H bonds can be formed, together with S—H
bonds. Different H coverages with 4, 5, 7, or 8 H atoms in
the unit cell have been calculated. The case with 1 S-H and
3 Ru—H shown in Fig. 9 corresponds to the best chemisorp-
tion energy per H, molecule (—102 kcal - mol~t) and also to
the most stable hydrogenated surface 1 (increasing the cov-
erage would destabilize the system compared to gas phase
H.). The optimized Ru-H distance is 1.6 A, in good agree-
ment with the distances obtained in metal complexes with
hydrides. The two H on the surface are clearly different
(Fig. 9b), the one linked to S having a small positive charge
(+0.15), while that bonded to Ru has a marked hydride
character with a negative charge (—0.43). The electronic
structure of the slab contrasts with that of the sulfur-rich
systems. There is a high-lying occupied surface state cen-
tered on the Ru atoms, which disappears after chemisorp-
tion and the top of the large (Ru-S) band has a marked
metal character (Fig. 7c). Both effects are important for the
possible formation of hydride. This hydrogen atom has a
strong contribution on high-lying occupied states, an indi-
cation of a good reactivity, while the proton-like hydrogen
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appears on more stable levels, at the bottom of the band
(Fig. 7d).

V. CONCLUSION: REDUCTION OF RuSy(111) BY
MOLECULAR HYDROGEN

From the comparison between the energy of those hy-
drogenated surfaces, it is possible to build a model for the
reduction of the (111) surface of RuS; (Fig. 10). The starting
point is the sulfur rich surface 7. All the energies here are
related unless specified to the unit cell of the surface, and
the origin is the bare surface 7 with 8 molecules of H; in
the gas phase. The first H, molecules (two per surface unit
cell) are used to hydrogenate the surface in order to get the
structure of Fig. 6. S atom removal from the surface can be
obtained by going to the hydrogenated surface 4 (Fig. 8)
and making three H,S molecules from the three removed
S atoms, using three additional H, molecules. We only con-
sidered here the thermodynamic balance of the transforma-
tion and did not calculate the eventual energy barrier for
the reaction. While the first hydrogenation step is strongly
exothermic (—200 kcal - mol~%, 2 H, molecules reacting),
this first model reduction step is significantly endothermic
(+66 kcal - mol~* or +22 kcal per mole of S removed). The
number of H atoms at the surface is not modified. The elim-
ination of sulfur is difficult but would be even more so in
the absence of hydrogen (it requires 279 kcal - mol~! to go
from surface 7 to surface 4, making three isolated S atoms,
and 168 kcal - mol~! if 3/2' S, are made instead). Two fac-
tors make the transformation easier with hydrogen: the ex-
tracted S atoms are more stabilized in H,S than they are
in Sy, and also the chemisorption energy of H, on surface
4 is larger (by 26 kcal - mol~! per surface unit cell), so that

H +6 Hy
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S \ S
/ /
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. _—)
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---Ru---Ru---Ru---  -200 keal.mol-1 ---Ru---Ru---Ru---
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FIG.10. A model for the reduction of the (111) surface of RuS; by
molecular hydrogen. The starting point is the most stable model 7 (Fig. 2)
with 3 tilted S; pairs (only one shown) and one hollow S adatom and with
one H; gas phase molecules for each surface unit cell. The transformation
goes through the hydrogenated models 7, 4, and 1 previously described,
with successive formation of H,S molecules. The enthalpy changes per
surface unit cell are indicated.
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the H-terminated surface is more stable. Experimentally,
the reduction is not an easy process and requires a high
pressure of H, and a high temperature. The model reaction
would be clearly favored at high temperature by the en-
tropy difference between H,S and H,, and at high pressure
of H, since H; is a reactant.

The second step would go from the hydrogenated sur-
face 4 to the hydrogenated surface 1, extracting three more
sulfur atoms and creating the hydride species on the sur-
face. This step is even more endothermic (180 kcal - mol~—!
or +60 kcal per mole of S removed). Without hydrogen,
the transformation from surface 4 to surface 1 requires
351 kcal - mol~?! if three isolated atoms are created and
240 kcal - mol~t if 3/2 S, are made. This second transfor-
mation, where hydride species are created, is more difficult
because the dissociation of H; is not as exothermic on sur-
face lasitisonthe other surfaces (the Ru—H bond is weaker
than the S—H bond). It was already underlined, however,
that these strongly reduced surfaces are susceptible to be
stabilized by reconstruction, which could significantly re-
duce the endothermicity.

Therefore, it can be deduced that the H, molecules have
various influences in the reduction process: they saturate
and stabilize the RuS; surfaces, they facilitate the S ab-
straction by formation of H,S, and they form the reactive
hydride species. The calculations therefore allow to obtain
a qualitative microscopic picture of the surface during this
reduction process.
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