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Abstract: Hydrogen adsorption on Mo—S, Co—Mo—S, and Ni—Mo—S (1010) surfaces has been modeled
by means of periodic DFT calculations taking into account the gaseous surrounding of these catalysts in
working conditions. On the stable Mo—S surface, only six-fold coordinated Mo cations are present, whereas
substitution by Co or Ni leads to the creation of stable coordinatively unsaturated sites. On the stable
MoS; surface, hydrogen dissociation is always endothermic and presents a high activation barrier. On
Co—Mo—S surfaces, the ability to dissociate H, depends on the nature of the metal atom and the sulfur
coordination environment. As an adsorption center, Co strongly favors molecular hydrogen activation as
compared to the Mo atoms. Co also increases the ability of its sulfur atom ligands to bind hydrogen.
Investigation of surface acidity using ammonia as a probe molecule confirms the crucial role of sulfur basicity
on hydrogen activation on these surfaces. As a result, Co—Mo—S surfaces present Co—S sites for which
the dissociation of hydrogen is exothermic and weakly activated. On Ni—Mo—S surfaces, Ni—S pairs are
not stable and do not provide for an efficient way for hydrogen activation. These theoretical results are in
good agreement with recent experimental studies of H,—D, exchange reactions.

1. Introduction the structure of which consists of the stacking of MeBeets

of hexagonal symmetr/lt is generally concluded that the active
phase of supported Mo catalysts is similar and consists of small
MoS, particles (few nanometers), whose active sites are
I- coordinatively unsaturated (CUS) molybdenum atoms located
at the edge of Mogcrystallites. On this basis, several models

Hydrotreating covers a variety of catalytic hydrogenation
processes that aim at reducing the heteroatom content of
petroleum feedstocksMore stringent environmental regulations
have urged refiners on the improvement of the hydrodesu
furization processes, one possible approach being the develop-
ment of better catalysts. The vast majority of hydrotreating have been proposed that explain the synergetic effect between
catalysts used nowadays consists of mixed CoMo or NiMo € (Ni) and Mo.
sulfides highly dispersed on high surface area carriers such as Thus, in the “remote-control” model, Delmon et“ahave
alumina. It is well known that both mixed sulfides exhibit a considered the existence of two distinct sulfide phases on the
much higher activity (1 order of magnitude) than the corre- working catalyst. The sulfide phase which is formed by the
sponding monometallic Mo catalysts, an increase which is often promoter (e.g., CsBg) would activate hydrogen which would
referred to as th@romoting effecof Co or Ni on Mo-based  then spill-over toward the MaShase, that would maintain a
catalysts. Despite the intense research effort in the domain duringfraction of surface Mo in coordinative unsaturation (active for
the past decades, the molecular basis of the promoting effect ishydrogenation) and formSH groups that would be active for
still controversial. hydrogenolysis.

Under the hydrotreating reaction conditions, the thermody-  On the other hand, the existence of a direct contact between
namically stable monometallic Mo sulfide phase is molybdénite, Co (Ni) sulfide species and Me3as been demonstrated by
many spectroscopic techniques. The question that arised from
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these experimental studies is whether the active sites resultingthe earlier studies of Byskov et al., the striking conclusion of
from this contact belong to Co or Mo species. these calculations is similar; substitution of Mo by Co or Ni
By measuring the intrinsic HDS activity of highly dispersed leads to the appearance of CUS sites that are stable under
Co/C and CoMo/C catalysts, Vissers et al. did not observe hydrotreating conditions.
significant activity differences between both catalysthis Now that many aspects of the surface structures of Mo-based
finding led the authors to propose a dispersion model where catalysts are well defined within this theoretical framework, it
MoS, would act as a secondary support for Co sulfide particles becomes possible to carry out mechanistic studies of hydrotreat-
that would be active by themselves. More recently, however, ing reactions. At this time, the reaction pathways for the HDS
new HDS activity measurements together with, exchange of thiophené® and 4-methylbenzothiophel¥é! on Mo$S sur-
experiments carried out on similar systems have made this modeffaces have been computed. In these studies, however, the
guestionablé? formation and the nature of active hydrogen species (e.g.,
By now, it is generally believed that the promotor effect hydrides and sulfhydril groups) were not computed as a part of
results essentially from specific modifications of the MoS the reaction scheme but were assumed de facto as little is known
surface induced by the promotor. The precise origin of the about the actual nature of these species.
promoting effect, however, is still not understood insofar as  Using silver salts, Materné¥ahas been able to demonstrate
promoted systems do not form a phase in the crystallographicand to titrate sulfhydril groups{SH) on Mo and CoMo sulfided
sense, and little is known about their structures at the molecularcatalysts, nonsupported or supported op3l Miciuckiewicz
scale; usual spectroscopic techniques only give indirect informa- €t al. and Stuchlt al. have further used this method on similar
tion, whereas the very first surface science studies of thesesystems? Some of these studies gave evidences of correlations
materials have only appeared recedflyOn the other hand,  of the catalytic activity and the amount of titratedH species.
recent developments in periodic density functional theory (DFT) They showed that these sulfhydrils could either play an
calculations have recently made possible realistic theoreticalimportant role in hydrotreating reactions or be a measure for
investigations of these systefts2! Technical aspects of these  the sulfide phase dispersion.

calculations will be discussed in the next section. Spectroscopic evidence for the presence of theSE groups,
The first periodical DFT calculations on Mo-based sulfide however, is still scarce. Direct observations were obtained by
catalysts were carried out by Byskov et!&i* Thus, using inelastic neutron scattering by Wright et?dland more recently

Mo,S; chains as a model for unpromoted Mo catalysts, they by Sundberg et @ on bulk and alumina-supported MgS
could show that substitution of Mo by promotor atoms such as catalysts. A spectral peak at ca. 600 ¢rhas been assigned to
Co or Ni leads to a significant decrease of the binding energies @ MoSH deformation mode. Other spectroscopic studies have
of exposed sulfur atoms and leads to the creation of stable sulfuronly reported indirect evidence for the presence-8H groups.
vacancied? More recently, using a larger model, Raybaud et Thus, analyzing FTIR spectra of (Co)MoMl; catalysts,

al. have performed a thorough study of the structure of MoS Topsge et al. have ascribed the perturbation of the support
surface®16 and promoted Mo catalystd. The use of a  hydroxyl groups to hydrogen bonding with acigiSH groups®
thermodynamical approach to take into account the gasegifs H  They could further confirm this acidity using FTIR spectroscopy
H, surroundings of the working catalysts has made possible theOf pyridine adsorbed at high temperatéfeMore recently,
determination of their sulfur coveragts?! Although these last ~ Maugeet al. demonstrated an increase in Brgnsted acidity related

computed surface structures showed important differences withto the sulfided phase on similar catalytic systéf$and could
further find evidence that % adsorption leads to an important
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studies have led to similar conclusions. First, on these systems,

the HD exchange reaction readily occurs at relatively low
temperatures (353423 K) through the sulfide phase. Moreover,
there are strong indications that lissociation is heterolytic
since an initial exchange occurs betweeii4) and D:S(H.S).

The mobility of hydrogen species is important, since in all cases

an exchange of the hydrogen with the support has been observed,

though different explanations for this mobility have been

proposed by these groups. Finally, both groups have also studied

the influence of the promotor on the rate of the exchange

reaction. It has been shown by Thomas et al. that NiMo catalysts

do not present a significant difference in activity as compared
to a nonpromoted cataly$twhereas a strong accelerating effect
of the Co has been observé&dSimilar results were obtained
on (Co)Mo/C by Hensen et al. who could also show an
important difference in the reaction order in &hd D, for Mo

zZ

.
X

a Y b

Figure 1. Representation of the supercell used for calculations, showing

and CoMo catalysts that they have ascribed to a change in thethe axes. Dark circles, Mo atoms: light circles, S atoms.

rate-limiting step of the KD, exchange reaction on these
catalysts®
As for theoretical investigations of hydrogen activation by

metal sulfides, they show that hydrogen can dissociate hetero-

Iytically on M0$,,3” NiS, particles?® and Ru$,®° leading to the
formation of a metal hydride and a sulfhydril group. More
recently, Cristol et al. have reinvestigateglddsorption on Mogs
surfaces by periodical DFT studies and could show that

hydrogen species are metastable on these surfaces, the Ieag

unstable configuration being the heterolytic dissociation of
hydrogen on a metalsulfur pairl®

Hydrogen adsorption on GeMo—S surfaces has been studied
by Byskov et al. who have shown that atomic hydrogen
adsorption is more stable on sulfur than on Mo or on Co atoms.
Accordingly, this group has exclusively studied the homolytic
dissociation of hydrogen on sulfur dimers, which is exothermic
and for which activation energies have been compitédore

of these surfaces. We then describe in detail the molecular
adsorption of H, its dissociation, and the surface diffusion of
atomic species. These theoretical results are finally compared
with experimental studies of the,HD, exchange reactions.

2. Theoretical Methods

For our calculations, we have used the Vienna ab initio simulation
rogram (VASPY* based on the density functional thedP\Exchange-
Brrelation was treated using the functional of Perdew and Zéhger
and corrected for nonlocal effects using the generalized gradient
approximation (GGA) of Perdew et &.The wave functions were
expanded in plane waves, and the ionic cores were modeled by ultra-
soft pseudopotentials (US-P#)The solution of the KohnSham
equations was improved self-consistently until a difference lower than
10* eV was obtained between successive iterations. All of the ions
were fully relaxed using a conjugate-gradient algorithm until all exact
Hellmann-Feynman forces acting on ions are smaller thaxn 2072
eV A-L For more details about the code, we refer the reader to other

recent studies, however, have shown that such dimers are Noty dies

stable in hydrotreatment conditio#s!”1° In view of the
importance of heterolytic dissociation demonstrated by most of
the recent experimental studi€s3® it seems particularly

The supercell used in the present study is shown in Figure 1. It
contains two Mo$ layers along the direction (stacking), three Mo
rows along the direction, and three rows along thelirection. In this

important to reconsider hydrogen adsorption on the stable axis system, the (100) Me%ctive surface is represented by the upper

surfaces.

The aim of the present study is to investigate, using periodical
DFT calculations, hydrogen activation on the (0psurfaces
of nonpromoted and promoted Mp&rystallites. In the follow-

ing, we first describe the theoretical methods and the models

layers parallel to they plane, and it exhibits alternative rows of exposed
molybdenum atoms and sulfur atoms which are commonly called
molybdenum edges (or Mo edges) and sulfur edges (or S edges).
Geometries were fully relaxed using the G point and a cutoff energy
of 200 eV for the study of S, $$, and H adsorption and 300 eV to
describe NH adsorption. The validity of the relative energies was

we have used throughout the present study. The energetics ang her checked by single point calculations at this geometry using two

structures of the model surfaces prior t@ Edsorption are
discussed and briefly compared with the results published
recently in this field?=2! To get more insight in surface
properties that are relevant for heterolytic dissociation of
hydrogen, we report an investigation of the adihse properties

(32) Thomas, C.; Vivier, L.; Lemberton, J. L.; Kasztelan, SroReG.J. Catal.
1997 167, 1.

(33) Thomas, C.; Vivier, L.; Lescanne, M.; Kasztelan, SroReG. Catal. Lett.
1999 58, 33.

(34) Thomas, C.; Vivier, L.; Travert, A.; Maug€.; Kasztelan, S.; Pet, G.J.
Catal. 1998 179, 495.

(35) Scaffidi, A.; Vivier, L.; Travert, A.; MaugeF.; Kasztelan, S.; Scott, C.;
Paot, G. Stud. Surf. Sci. Catak002 138 31.

(36) Hensen, E. J. M.; Brans, H. J. A,; Lardinois, G. M. H. J.; de Beer, V. H.
J.; van Veen, J. A. R.; van Santen, R. A.Catal.200Q 98, 192.

(37) Anderson, A. B.; Al-Saigh, Z. Y.; Hall, W. KJ. Phys. Chem1988 92,
803.

(38) Neurock, M.; van Santen, R. . Am. Chem. S0d.994 116, 4427.
(39) Frechard, F.; Sautet, Burf. Sci.1997 389 131.
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k-points in they direction. These settings ensure an accuracy of ca.
0.2 eV for the relative energies of the surfaces prior to hydrogen
adsorption and better than 0.1 eV on the adsorption energies of
hydrogen. For more details on the computation parameters and
convergence checks, we refer the reader to the Supporting Information.
For the construction of promoted surfaces, we have followed the
work of Raybaud et al. who have extensively studied the energetics
and structures of promoted catalysts, showing that the most favorable
location of Co is for the substitution of exposed Mo atoms of the metal

(40) (a) Hohenberg, P.; Kohn, VIPhys. Re. B 1964 136, 864. (b) Kohn, W.;
Sham, L. JPhys. Re. A 1965 140, 1133.

(41) Perdew, J. P.; Zunger, Rhys. Re. B 1981, 23, 5048.

(42) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson, M.
R.; Singh, D. J.; Frolais, CPhys. Re. B 1992 46, 6671.

(43) Vanderbilt, D.Phys. Re. B 198Q 41, 7892.

(44) (a) Kresse, G.; Hafner, Phys. Re. B 1993 47, 558;Phys. Re. B 1994
49, 14221. (b) Kresse, G.; Furthiiher, J. Phys. Re. B 1996 6, 15; Phys.
Rev. B 1996 54, 11169. (c) http://cms.mpi.univie.ac.at/vasp/.
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edge of Mo$ (100) surfacé? Accordingly, we have built our surfaces ~ Table 1. Energetics of (1010) Sulfide Surfaces?
by substituting from one to three molybdenum atoms of this edge, Py

leading to metal edges presenting 0, 33, 66, and 100% Co and 33% (pr+mMo) nS  structure  AEfeVeell  AGleV cell ™ %
Ni. As for _the sulfgr_ edge, we have used the most stable one0 under 0 0.00 0.00 173 1022
hydrotreating conditions which present a sulfur coverage of 50% (one 1 —251 ~1.93 4.37x 10718
sulfur atom per exposed molybdenum atdfiff 2 2b —4.73 —3.57 8.17x 10°6
To determine the sulfur coverages and the structure of the metallic 0.00 3 2a —5.99 —4.25 1.00x 10™
edges, we have followed the same approach as Cristol.8tbgl 4 —5.53 —-3.21 1.80x 10°°
considering the thermodynamic equilibrium of these surfaces wig H 0 0.00 0.00 9.3% 1020
and H in the gas phase. The relative energies of the surfaces as a % 33 *géé 7%4513 gigx igi
. . . —o. —Z. 44X
;ulrllctlc_m of the S.coverage are obtained from the energetics of the C0033 2 of 339 53 4,95+ 10-3
ollowing reaction: 3 2c -3.82 -2.08 3.66x 107
— 3 —3.60 —1.87 9.02x 1076
surface-g+ nH,S = surface-§+ nH, 1) 1 348 117 5.05% 10-11
where surface-Sstands for the naked metallic edge (no S atom), and 0 0.00 0.00 1.1k 10"2
surface-g stands for the sulfided metallic edge gulfur atoms). The 1 29 —1.24 —0.66 0.99x 10+14
Gibbs energy of this reaction allows one to determine the stable surfaces Co066 1 0.55 112 418 107
~2Ibbs energy oft tl 2 2h -1.31 -0.15 1.43x 107
in various experimental conditions: 3 —1.41 0.33 3.78¢ 108
AG = u(surface-S) — u(surface-§) — n(u(H,S) — u(H 0 2i 0.00 0.00 0.99¢ 10
G =ul A~ u 9~ N(H;S) ~ u(Hy) Col100 1 2 —0.07 0.51 1.60¢ 1074
. . . — 8
which is approximated by 2 0.22 0.94 9.60< 107
. 0 0.00 0.00 7.7% 10720
AG=AE° —nAu Ni 0.33 1 —3.16 —2.55 0.99x 10%0
2 —3.27 —2.23 3.96x 1073
AE?° is the difference between the electronic energies of the considered
surfaces that are provided by VASRyu is the difference between aPr/(Mo + Pr), atomic fraction of promotor atom on the metallic edge;
hydrogen sulfide and dihydrogen chemical potentials: nS, number of sulfur atoms adsorbed on the metallic edge; structure, refers

to Figure 2;AE, electronic energy difference for reaction 1 per unit cell;
Pus A(G, Gibbs energy difference for reaction 1 per unit cell 673 KSHH, =
2 0.1; x;, Boltzman population.

Py

Au(T, Py s Py) = Au*(T) + RTIn

2

Au°(T) has been evaluated using the computed electronic energies and
rotational momenta (rigid body approximation) and the experimental
vibration frequencies. In typical conditions of hydrotreatment (673 K
and Py,g/Py, = 0.01), Au = —5.04 eV molecule’. In sulfiding
conditions (673 KPy,s/Pn, = 0.10), Au = —4.90 eV molecule’.

It should be noted that the thermodynamical approach we used does
not take into account the total pressure, but onlyR(té,S)/P(H.) ratio.
A more advanced approaé¢hfaking into account the total pressure,
has shown that surface structures under large excess of hydrogen
conditions which correspond to the present surfacesre poorly
affected by the total pressure.

Finally, the (100) surfaces that are relevant under given experimental
conditions are obtained by computing their Boltzmann population:

exp(—A,G/RT)
)(i e
Zexp(—ArGj/R'l)
]

Following this, the acidic properties of the surfaces and the interactions
of hydrogen with various adsorption sites have been considered,
molecular adsorption as well as homolytic and heterolytic dissociation.
Typical reaction pathways for hydrogen dissociation and diffusion on

the surface were computed using the nudged elastic band mféthod. Figure 2. Representation of the stable (T)Isurfaces under sulfiding

We successively present and discuss these results in the followingconditions (673 K, HS/H, = 0.1). Dark gray circles, Mo; light gray circles,
sections. S; black circles, Co.

3. Thermodynamically Stable Surfaces before H

Adsorption of each of the three promoted surfaces and stopping once the

evolution of the energies of these surfaces as a function of the

In the present study, we have investigated the various surfacesulfur coverage clearly showed that higher sulfur coverages
configurations by progressively increasing the sulfur coverage would not lead to more stable surfaces. The energetics and the
structures of the most stable surfaces are reported in Table 1

(45) Cristol, S.; Paul, J. F.; Payen, E.; Bougoard, D.; Clemendot, S.; Hutschka,

F.J. Phys. Chem. Bin press. and Figure 2, respectively. Whenever it was possible, we have
(46) (a) Mills, G.; Jmsson, H.Phys. Re. Lett. 1994 72, 1124. (b) Mills, G.; i H

Jansson. H.. Schenter, G. Iurf. Sci1995 324 305. (0) Henkelman, .. compared these results with the data recently published by

Jonsson, H.J. Chem. Phys200Q 113 9978. Raybaud et alt®17and we generally found a good agreement.
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For a detailed structural and electronic structure analysis of theseeV instead of 1.2 eV). Consequently, when the effect of the
surfaces, we refer the reader to these stutfiés. temperature and of the,8/H, gas phase is taken into account,
The Gibbs energy variations and Boltzmann populations have the most stable surfaces present sulfur vacancies, and the 50%
been computed for “sulfiding conditions”, at 673 K with aS# covered surface is not the most stable anymare=(3.6 x
H, ratio of 0.1. The surfaces presenting computed populations 10~). The surface most stable in hydrotreating conditioqs (
in the range 10'—10~* are represented in Figure 2. = 0.91) is the 17%-covered one with a sulfur atom bridging
Before going into more details, we stress here that becausetWo Mo atoms (Figure 2e). Two other surfaces presenting a S
of (i) the uncertainty of the relative energiag of the surfaces, coverage of 33% are also present in these conditions. The first
(ii) the influence of temperature ancb&fH, ratio variationson ~ One & = 8.44 x 1072 Figure 2d) presents two two-fold
chemical potential of the gas phase, and (iii) the absence ofcoordinated sulfur atoms bridging two Mo atoms, on one hand,
experimental data on the actual Co contents of the metal edges?nd @ Mo and a Co atom, on the other hand. The second one
of promoted catalysts, care should be taken with the surface (X = 4.95x 1073, Figure 2f) presents two two-fold coordinated
populations that are reported in this table, since in particular Sulfur atoms forming a SS bridge.
these values are very sensitive to slight variations of the Gibbs ~ Similar trends are observed for higher-€do substitution
energies. Therefore, these values are reported to give anratios. For 66% substitution, the most stable surface before
indication of the relative stabilities of the surface sites that such thermodynamics corrections is also 50%-covered by sulfur, and
surfaces may exhibit. Accordingly, we consider that the the energy required to remove one S atom is 0.1 eV, 3 times
structures presenting a computed Boltzmann population on thelower than in the previous case (33% Co). As result, when the
order of 101—1072 are likely to be present in large amounts, gas phase is taken into account, this surface is not thermody-
since these values are usually poorly affected by slight variations namically stablex; = 3.78 x 1078), and the predominant surface
in the energies. Similarly, the structures presenting the lowest presents a sulfur coverage of 17%, with a sulfur atom bridging
Boltzmann populationsx( < 1075) are unlikely to be stable =~ one Co and one Mo atomx(= 0.99, Figure 2g). A second
under hydrotreating conditions, although some of them might surface, presenting a sulfur coverage of 33%, is much less stable
be considered as “transient” surface species that can appeatx = 1.43x 1074, Figure 2h) but might appear in nonnegligible
locally during the reaction, especially whanis on the order amount, for example, in sulfur-rich conditions. Finally, when
of 10°-107%. Last, structures presenting an intermediate the metallic edge is fully substituted by cobalt, two surfaces
Boltzmann population (I1—10"%) are sensitive to slight  may appear. The most stable surface is not covered at all by
variations in the energies, so that their “actual” population can sulfur and presents only four-fold coordinated Co atoms=(
reach a few percents according to the chemical potential of the 0.99, Figure 2i), whereas a second structure with sulfur atoms
gas phase or the details of calculation settings. Therefore, suchoridging two cobalt atoms is likely to appear in sulfur-rich
structures could be relevant for catalysis, since “unstable” sites conditions & = 1.60 x 1074, Figure 2j).
are presumably more reactive. Ni—Mo—S Surfaces.To compare the effect of Ni and Co,
Unpromoted MoS, Molybdenum Edge.The sulfur coverage ~ we have investigated Ni-promoted surfaces for a surface
of unpromoted Mo$(100) surfaces has been extensively studied substitution ratio of 33% Ni. The structure of these surfaces is
by Raybaud et al81” and Cristol et at® Both studies show  similar to the Co case (Figure 2f). As for the energetics (Table
that under the working conditions of these catalysts, the most 1), the most stable surface is also 17%-covered by sulfur, but
stable metallic edge presents only bridging sulfur atoms with it is significantly more abundantx( > 0.99) than the corre-
six-fold coordinated molybdenum atoms, as shown in Figure sponding CoMo surface (Figure 2g, = 0.91). The relative
2a. For further comparison, we have reported in Table 1 the energy of this surface with respect to the naked surface is the
energetics of four unpromoted surfaces studied by Cristol et same as in the unpromoted and the Co cas@s5 eV). On the
al1® The cost in electronic energy to remove one sulfur atom other hand, the surface presenting a sulfur atom bridging one
from this surface is 1.26 eV and leads to the creation of two Mo and one Ni atom has a lower stability than the analogous
Mo CUS sites (five-fold coordinated Mo atoms, Figure 2b). Co—Mo—S surface depicted in Figure 2d, which may be
When the chemical potential of the gas phase is taken into ascribed to the lower stability of NiS bonds as compared to
account, the energy cost is lowered to 0.68 eV. To remove oneCo—S bonds. Therefore, the influence of Ni on the surface
sulfur atom is still thermodynamically unfavorable, even in the structure is essentially similar to the Co case, the formation of
case of very low HS/H, ratios. As a result, the population of  Ni—S bonds being even less favorable than-Sobonds.
such sites is particularly low, ca. 10 Influence of the Promotor on Surface Structure.Finally,
These observations have lead Cristol et al. to conclude thatthe striking difference with the unpromoted case is that Mo
these CUS sites, which are required for hydrotreating reactions,substitution by Co or Ni leads to the creation of CUS sites and
can only appear transitorily in the course of the reactfgft sulfur dimers that are stable under the working conditions of
should be noted that although such a conclusion was a priorithese catalysts. This result is in good agreement with the
unexpected, these theoretical results are in good agreement withprevious studies of Byskov et &.and Raybaud et &f. who
experimental data derived from EXAFS, TPR, and IR spec- have provided detailed explanations on the electronic origin of
troscopy studie$?2 this effect of the promotor atom on the surface structure. From
Co—Mo—S Surfaces.For a substitution of 33% of Mo by  an elementary chemical point of view, one can consider a
Co, the most stable surface before thermodynamics correc- [MoS]?" unit on the stable MoSsurface to be replaced by a
tions — presents a sulfur coverage of 50% (Figure 2c). This is Co?™ or Ni?*, hence maintaining charge neutrality. From a
similar to the unpromoted surface. In that case, however, the structural point of view, the promoted surfaces may be
energy required to remove one sulfur atom is much lower (0.3 considered as resulting from a balance between the sulfur
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Table 2. NH3 Adsorption on Lewis Acid Sites of (1010) Surfaces?

cation M-N/A AE/eV
Moy, 2.35 —0.45
Moy 2.36 —0.99
Covy 2.16 -0.17
Coy 2.09 -1.17
Niy 2.27 —0.39

arM—N, metat-nitrogen distanceAE, difference in electronic energies,
AE = E(surface-NH) — E(surface)— E(NHs).

Whatever the nature of the metal ion and its coordination
environment, NH adsorption is always exothermic, hence
demonstrating the acidic character of these surface sites. The
strength of the acidbase interaction is strongly dependent on
the nature of the cation, since for an identical sulfur coordina-
tion the adsorption energies decrease according to the ranking
Mo > Co > Ni.

For a given coordination, this ranking is the same as the one
of metal-sulfur bond strengths. On the other hand, the second
factor governing the Lewis acid strength of these cations is their
sulfur coordination which, as it increases, tends to decrease their
Lewis acidity, as could be expected from straightforward
application of the bond order conservation princiffle.

Finally, in view of the data reported in Table 2, on one hand,
Figure 3. Electron density difference maps showing the effect of Mo and th? surface St_rUCture_S that we have derived from thermo-
substitution by Co on the (10} surface. Green zones, electron density dynamical calculations (Figure 2), on the other hand, it clearly
depletion; red and blue zones, electron density accumulation. (a) One Mo appears that Co and Ni promotors also enhance the surface
atom substituted, (b) two Mo atoms substituted. Lewis acidity by inducing the creation of stable Mo CUS sites
which are among the strongest ones on these surfaces.

This effect of Co on the Lewis acidity of the surface is in
excellent agreement with the work of Berhault et al. who have

coordination of the exposed molybdenum atoms that tend to be
six-fold coordinated and the sulfur coordination of cobalt or

nickel atoms that tend to be four-fold coordinated when the shown by FTIR spectroscopy that after sulfidation, CoMo£SiO

sulfur .potentlal of the gas phase is takgn |n_to account. catalysts present stronger Lewis acid sites as compared to a Mo/
In Figure 3 are reported electron density difference maps thatSi02 catalysi®

clearly illustrate the effect of the substitution of one (Figure

3a) and two (Figure 3b) Mo atoms by cobalt atoms on the most 4. Hydrogen Adsorption
stable Mo$ surface (Figure 2a). Schematically, substitution of
one Mo by Co (Figure 3a) leads to a withdrawing of electrons
from the metat-sulfur bonding states (green zones) and an
increase of electron density in the metallfur antibonding . . . ; X .
orbitals shown by the important electron density around the Co pairs. We have |n_vest|gated Se"er?" configurations for typlc_al
atom and the ring around the bridging sulfur atoms (blue zones). cases, on the baS|_s of the local enwrpnment qf the d|s_somat|on
Besides, a small increase in electron density is also observeds'te' In the follgwmg, the heterolyyc dissociation sites are
around the neighboring Mo atoms (d states), that could be denoted according to the coordination number of the molyb-

) 0 denum atom, the coordination of the sulfur atom, and the atoms
induced by the sulfur atoms of the Mo-coordination sphere that to which it is bound. for example Si(Mox,Moy). The
bridge the cobalt atom. Harris and Chianelli have already ’ ple, Mo-S(Mox,Moy).

reported such an increase for cluster calculatiB@imilar but structures and the energetics of the resulting surfaces are reported

amplified effects are observed for a higher substitution ratio in Figures 4-8 and Table 3, respgctlvely. .
(Figure 3b). The electron withdrawal from €&—Co bonding Unpromoted Surfaces.As previously shown by Cristol et

19 i 1ati
states, on one hand, and the increase in electron density arouné‘l" hydro'gen dlssoqatlon on the Mo edge of the most St‘?ble
the sulfur atom bridging two Co atoms, on the other hand, are surface (Flgure_ 2a) is always endothermic whateV(_er the final
more important than in the case of the sulfur atoms bridging geometry considered. Thehless unfa\_/orab_le _reactmE (: ‘ol
one Co and one Mo atom. Finally, these electronic modifications +0'27_ eV) corresponds tlc; ydrog_en dlssoglaftlclm on a six-io d
are rather local since they only occur in the first (sulfur atoms) coordinated Mo and a sulfur bridging two six-fold coordinated

and second (metal atoms) coordination sphere of the Co atomsMolybdenum atoms, that is denoted by WeS;(Movi,Mov).

Influence of the Promotor on Surface Acidity. To probe The resulting surface prese_n_ts a Md and a SH group
L : N (Figure 4a). The endothermicity of hydrogen dissociation on
the acidic properties of the stable surfaces presented in Figure}, . . 7
. . - . . this surface may be explained considering that the molybdenum

2, we have monitored their interaction with ammonia. In Table

: . edge of the surface does not present any unsaturated Mo atom.
2 are reported adsorption energies and selected structural data
for NH; coordination on Mo, Co, and Ni cations presenting ;v shustorovich, ESurf. Sci. Rep1986 6, 1. (b) Shustorovich, EAd.

different sulfur coordinations. Catal. 199Q 37, 101.

The stable sulfide surfaces represented on Figure 2 present
many potential adsorption sites for dissociation of hydrogen,
either homolytic on sulfur dimers or heterolytic on metaulfur
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7a

7b

Figure 4. Representation of unpromoted (I)1IMoS; surfaces after
heterolytic addition of hydrogen. Dark circles, Mo; light circles, S; white
circles, H.

7d

B Figure 7. Representation of CoMo—S (10D) surfaces after heterolytic
Figure 5. Representation of stable configurations of (QpCo—Mo—S addition of hydrogen on CeS pairs. Dark gray circles, Mo; light gray
surfaces after homolytic addition of hydrogen. Dark gray circles, Mo; light circles, S; black circles, Co; white circles, H.

gray circles, S; black circles, Co; white circles, H.

8b

Figure 8. Representation of NiMo—S (10D) surfaces after heterolytic
addition of hydrogen on NiS pairs. Dark gray circles, Mo; light gray
circles, S; black circles, Ni; white circles, H.

Any other adsorption geometry is endothermic. Thus, het-
erolytic dissociation on a Mg—S;(Moy,Moy;) site of the
Figure 6. Representation of CeMo—S (10D) surfaces after heterolytic defective surface (Figure 2b) is endothermic $9.49 eV.

addition of hydrogen on MeS pairs. Dark gray circles, Mo; light gray Interestiqgly, th_is_, value is slightly increased as compared to the
circles, S; black circles, Co; white circles, H. heterolytic addition on the most stable surfaced27 eV),

which can be understood in terms of the bond order conservation

Two stable geometries were found for the addition of model; removing one sulfur atom from the surface induces an
hydrogen to the Mg—S;(Moy,Moy) site of the defective increase of the neighboring M bonds strength (the Mp-

surface (Figure 2b). The first one leads to the formation of one S, distance is decreased from 2.51 to 2.43 A), that in turn

S—H and one Me-H group and is endothermic by0.1 eV reduces the ability of these S and Mo atoms to form new bonds
(Figure 4b). For the second one (Figure 4c), the hydride connectswith hydrogen.
two Mo atoms in a bridging position, within the Mo plane. Promoted Surfaces. Homolytic Dissociation on Sulfur

Evidently, such a position was impossible on the previous Dimers. Among the various surfaces that we have investigated,
surface because of the presence of a bridging sulfur atom. Thisonly one presents a stable sulfur dimer (Figure 2f) that may
adsorption mode is slightly exothermie- Q.10 eV). However, lead to homolytic dissociation, resulting in the reduction of the
considering (i) the large translation entropy loss occurring during sulfur dimer. Three stable configurations for hydrogen inter-
the adsorption reaction and (ii) the low population of such sites, action with this dimer are reported in Figure 5.

the number of hydrogen atoms on the surface in equilibrium  The molecular adsorption of hydrogen (Figure 5a) is athermic
with the gas phase should be very small. (+0.03 eV), and neither the hydrogen bond length nor the
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sulfur—sulfur distance is significantly modified upon adsorption, Table 3. Energetics of Heterolytic Dissociation of Hz on (1010)
revealing a weak interaction. On the other hand, two configura- Sulfide Surfaces

tions were found stable for homolytic dissociation. The first Eac(ads)  Equ(des)/

one (Figure 5b) is also athermig-Q.01 eV), which could be ~_Stmcure dissociation site ABfeV ev ev

ascribed to steric constraints between the two protons that are 4@ Moy, —Si(Movi, Mow) 041 097 0.56

separated only by 1.77 A. The second configuration (Figure mgz‘__ssi:'((,\'x;v""u:x)) 8:‘118 0.55 0.45

5c¢), however, is clearly exothermie-0.19 eV). Similar results 4c Moy—Sq(Movy, Moy, ~0.10

were obtained in the case ofidissociation on the same kind 6a Moy —Si(Moy, Moy) 0.51 0.79 0.28

of sulfur dimer on an unpromoted surfat®eByskov et alt 6b Moy=S(Mov, Mov) 044

have reported activation energies on the order of 0.6 eV for b Moy—Si(Mov, Cov) 0.08

such a dissociation. ;"; (C:g;/—_g:l(lé(é?,\/';ﬂga\)/’ Mowi) _8:(1)3 0.52 0.67
Heterolytic Dissociation on Mo—S Pairs. In Figure 6 are 7c Coy—S(Cov, Mov) 0.51

represented three stable configurations for the heterolytic 7d Cov—Si(Cov, Cov) —0.55 034 0.91

dissociation of hydrogen on molybdentisulfur pairs. 8a Niv—Su(Niv, Moy) 0.50

.The.flr.St case (Flgure 6a) corresponds to the heterolytic a AE, difference in electronic energieSE = E(surface-H) — E(surface)
dissociation of H on a five-fold coordinated Mo and a sulfur  _ g,). £, (ads), activation energy forlissociationEac(des), activation
bridging two molybdenum atoms, five- and six-fold coordinated, energy for the desorption of dissociated species.
that is denoted by Mg-S;(Moy, Moy). In this case, the
dissociation is clearly endothermic, By0.51 eV. It is interesting The second case, GeS;(Coy, Moy), corresponds to the
to note that it is even more endothermic than in the case of the dissociation on a cobalt atom and a sulfur atom bridging one
unpromoted Mogsurface for hydrogen dissociation on a Mo  cobalt and one molybdenum atom (Figure 7b). The dissociation
CUS site presenting the same local environment, except for theis exothermic {-0.15 eV), and it differs by 0.66 eV as compared
substitution of a Mo by a Co at the neighboring dissociation to the heterolytic dissociation on the MeS;(Moy, Moy) site
site. Such a difference may be explained in the following way: on the same surface (Figure 6a). The coordination of the sulfur
replacement of Mo by Co reduces the metllfur bond energy, atom to the cobalt may explain this difference for a large part,
which in turn enhances neighboring—$lo bonds. As a since in the case of molybdenufsulfur pairs, this could lower
consequence, the bonding of H to Mo weakens, and hence thethe dissociation energy by ca. 0.5 eV. The relative stabilities of
thermodynamics of kidissociation become less favorable. hydride species (CeH vs Mo—H) should also be considered

The second case, Nie-S;(Moy, Moy), is very similar (Figure in the energetic balance, but we will show later that their bond
6b), except that the second molybdenum atom to which the €nergy is similar (section 6).
sulfur atom is bound is also five-fold coordinated instead of ~ The third case (Figure 7c) corresponds to the dissociation on
six-fold. The dissociation energy is still endothermie0(44 a Co,—Si(Coy, Moy) site. The dissociation is clearly exother-
eV) and very close to the dissociation energy computed for the mic (—0.51 eV). In this case, the “hydride” species is bridging
previous case. the cobalt and one sulfur atom of the basal plane. This particular
The third case we have investigated is depicted in Figure 6c. configuration has to be related to an important distortion of the
It corresponds to kheterolytic dissociation on a Me-S;(Mov, surface around the dissociation site that is already present before
Coy) site. It strongly differs from the previous ones, in that the hydrogen adsorption (Figure 2f). A similar geometry for this
sulfur atom is bridging a molybdenum and a cobalt atom. In Site has also been reported by Raybaud ét al.
that case, the dissociation energy is significantly different and ~ Finally, the fourth case (Figure 7d) corresponds to the
is slightly exothermic{0.08 eV). Because the cobalt atom tends dissociation on the Ge-S;(Coy, Coy) site that is also present
to increase the electron density around the bridging sulfur on the surfaces fully substituted by Co (Figure 2i). The
(Figure 3), we mainly ascribe this exothermicity to the ability ~dissociation on this site is the most exothermic with respect to
of the bridging sulfur atom to bind the proton, that would result all the previous cases and+€.55 eV. The energy difference
from this higher electron density, which is bonding for hydrogen Wwith the dissociation on the Ge-Sy(Coy, Moy,) is around 0.4

(p-like orbitals, Figure 3). eV. Interestingly, this value is similar to the difference in energy
Heterolytic Dissociation on Co-S Pairs. Four configura-  for the dissociation on Mg-S;(Mov, Moy) and Ma,—S; (Mo,

tions for the heterolytic dissociation of hydrogen on cobalt ~ COv) Sites, respectively. As previously, we may consider that

sulfur pairs are represented in Figure 7. the coordination environment of the sulfur atom that is bridging

The first surface (Figure 7a) corresponds to the most stable {0 WO cobalt atoms causes this large energy difference.
surface for full substitution of molybdenum by cobalt. In that ~ Finally, at this stage of the study, considering only the local
case, the only possibility for heterolytic dissociation is on a site €nvironment of the dissociation site and discarding the particular
formed by a four-fold coordinated Co atom and a three-fold case of Figure 7b, simple energy differences between various
coordinated sulfur of the basal plane. The dissociation is configurations show that substitution of one molybdenum atom
athermic, which is due to the low energy of the resultingts DY one cobalt leads to (i) a decrease in the stability of-¥o
bond, as the sulfur atom is four-fold-coordinated. Hydrogen SPecies and (i) a higher proton affinity of sulfur atoms bridging
bonding of the proton with the second MoSheet might  ©ne or two Co atoms.
stabilize this species, the two closest sulfur atoms being at 2.76 Heterolytic Dissociation on Ni—S Pairs. Figure 8a reports

and 2.97 A from the proton. a stable configuration that has been obtained for heterolytic
dissociation of hydrogen on the S (Niy, Moy,) site. The
(48) Cristol, S.; Paul, J. F.; Payen, E., to be published. dissociation on this site is slightly endothermic, by ca. 0.06 eV,
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Table 4. NH3 Adsorption on —SH Groups of (1010) Surfaces?
IS-HIA  1S—H-+:NH/A Arlry HeN/A AE/eV

(Mo,Mo)S—H 1.363 1.55 0.137 148 —0.47
(Co,M0)S—H 1.361 1.47 0.080 1.60 —0.49
(Co,Co)S-H 1.369 1.45 0.059 1.70 —-0.37

arS—H, sulfur—hydrogen bond length before NHadsorption;rS—
H-+-NHj3, sulfur—hydrogen bond length after NHdsorptionAr/ro, S—H
bond length extension upon adsorptiokl:--N, hydrogen-nitrogen bond
length; AE, difference in electronic energieAE = E(surface-NH) —
E(surface)— E(NHs).
and leads to the cleavage of the-N8 bond, resulting in the
formation of a monodentate-SH group and a Nj hydride
species. The second stable configuration for the addition,of H
on this site is represented in Figure 8b and corresponds to theFigure 9. Representation of the transition states for the heterolytic addition
f . f 1S which | h . 5 eV of hydrogen on unpromoted Me$1010) surfaces. Dark gray circles, Mo;
or_matlon o _Hg , Which is an e_xot ermic proce'_ss((. €\ ). light gray circles, S; white circles, H.

Evidently, this case strongly differs from the dissociation on

the analogous site Ge-S;(Coy, Moy;) which was exothermic
and for which the Ce'S bond remained stable after dissociation Oﬂ
(Figure 5c¢). To a first approximation, this difference may be
ascribed to the much lower stability of N& bonds as compared
to Co—S bonds that we have mentioned previously.

Bragnsted Acidity of the Resulting Surfaces.To check
guantitatively the aforementioned variation of the sulfur basicity
according to its coordination environment, we have monitored
the interaction of the sulfhydril groups with ammonia. Table 4
reports selected structural data and adsorption energies for the 10a 10b 10c
hydrogen bonding of NK with three —SH groups selected  Figure 10. Representation of (a) initial state, (b) transition state, and (c)
according to the coordination environment of the sulfur atom. final state for the heterolytic addition of hydrogen on a¥® pair of the

. . . Co—Mo—S (10D) surface. Dark gray circles, Mo; light gray circles, S;

The ad_sorptlon of ammonia on thesé;_H groups is clearly black circles, Co: white circles, H,
exothermic, on the order of 0.5 eV, indicating that such . -
groups present a Bragnsted acidic character. On an energetic The TS leading to kladdition on the Mo—S;(Moy,Mov)
basis, one can make a clear distinction between the SH groupsite of the unpromoted defective surface is depicted in Figure
bridging two Mo atoms, on one hand, and those bridging one 9b. Starting from the physisorption mode, the computed
or two cobalt atoms, on the other hand, the latter being less activation energy is 0.55 eV for the formation of onet$and
acidic that the former one. On a structural point of view, itis one Mo-H group (Figure 4b). The migration of the hydride to
interesting to look at the-SH bond extension that occurs upon  the more stable bridging position (Figure 4b) is very edSy (
hydrogen bonding with ammonia, since it is a usual indicator = 0.05 eV). .
for Bransted acidity. This bond stretching varies according to ~ Promoted SurfacesIn Figure 10 are reported three snapshots
the ranking (Mo,M0)S-H > (Mo,C0)S—H > (Co,Co)S-H. of the minimum energy reaction path for the dissociation on

This clearly suggests that as a ligand of surface sulfur atoms, Moy—Si(Moy, Moy;), which is the most endothermic on the
Co decreases the Brgnsted acid strength of sulfhydril groupspromo'ﬂ?d syrfaces. .
or, otherwise stated, increases the sulfur basicity. This trend is  The first image (Figure 10a) corresponds to the molecular

in excellent agreement with the strong variations ipn dis- adsorption of hydrogen that is almost athermic. 'I_'he hydrogen
sociation energies on the various metsiilfur pairs previously ~ bond length is 0.79 A that has to be compared with 0.75 A for
described. the free molecule. The TS (Figure 10b) is located at 0.79 eV

above the molecular adsorption. The important extension of the
molybdenum-sulfur bonds that is a consequence of hydrogen
dissociation may significantly contribute to this energy. Figure
Unpromoted Surfaces.The geometry of the transition state  10c represents the final state of the elementary reaction.
(TS) leading to the heterolytic dissociation of h the Ma,— Figure 11 reports six snapshots and the energy diagram of
Si(Moy,—Moy,) site of the unpromoted surface is reported in the minimum energy reaction path for the dissociation on the
Figure 9a. The activation energy of the elementary reaction is Co,—S;(Coy, Coy) site, which is the most endothermic case
0.97 eV. As the reaction is endothermie(.41 eV), the barrier of hydrogen dissociation on these surfaces. The energy diagram
associated to the reverse reaction is much smaller (0.56 eV).for this path is plotted as function of the-HH distance. The
The final geometry of the elementary step does not match first image (Figure 11a) clearly shows that the configuration
exactly the geometry of the most stable adsorption mode (Figurefor molecular adsorption of fon this site is quite different
4a). To get this stable situation, one of the hydrogen atoms mustfrom the previous case. First, the hydrogen bond length is much
jump from one side of the metallic edge to the other one. higher (0.86 vs 0.79 A), showing that as an adsorption center,
However, as this displacement does not include the breakingcobalt favors activation of molecular hydrogen. Second, a
or the formation of bonds, it is reasonable to assume that this surface reconstruction occurs upon molecular adsorption, which
elementary step has a low activation energy. leads to an important displacement of the bridging sulfur atom

5. Reaction Paths for Heterolytic Dissociation of
Hydrogen
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Figure 11. Snapshots of the minimum energy reaction path for the heterolytic addition of hydrogen erSagaé of the Ce-Mo—S (10D) surface. Dark
gray circles, Mo; light gray circles, S; black circles, Co; white circles, H. Graph: Energy diagram as a function eftthdistance.

AE / eV

11a 11b 11d 11e 11f

that now forms a sulfur bridge with a sulfur atom of the basal
plane. This molecular adsorption is slightly exothermi€,.06

eV. The reaction pathway is straightforward. First, the hydrogen
molecule undergoes a slight rotation, and the bridging sulfur
comes back in the molybdenum plane; this leads simultaneously
to an extension of the HH distance and a reduction of the
hydrogen-bridging sulfur distance. The dissociation then occurs,
and the stable dissociated state is finally reached. The activation
energy for this dissociation is 0.34 eV, which is much lower
than in the previous cases. Such a low activation barrier may
be ascribed to the effect of cobalt that (i) directly favors the
activation of molecular hydrogen and (ii) increases sulfur
reactivity and flexibility.

6. Surface Diffusion of Dissociated Species

Several pathways for the surface diffusion of dissociated
species were computed, for displacements from metal atom to
metal atom, as well as from sulfur to metal. Figures 12 and 13
report snapshots of the diffusion paths on unpromoted and Co
promoted surfaces, respectively.

Unpromoted Surfaces.Once the hydrogen molecules have
been dissociated on the most stable molybdenum edge (Figure
12a), the activation energies for the diffusion are relatively small.
The migration of one hydrogen from one Matom to an $
atom is almost athermicH0.04 eV, Figure 12ac), showing
that the energies associated to the-Mband to the S H bonds
are close. This is in good agreement with a previous 3fudy
where it was shown that the energies associated with the
formation of two—SH groups, on one hand, and onh&H and
one Mo—H group, on the other hand, are similar, within 0.1
ev.

The activation energy for this diffusion step is 0.54 eV, and Figure 12. Representation of initial states (left), transition states (middle),
the direct reaction is as easy as the reverse one. We have bee nd final states (right) for hydrogen diffusion on the unpromoted MoS
looking for an elementary diffusion of the hydride species §.
directly from one Mo atom to a second one. Whatever the
computational technique used, however, we have not been ableextension. In the second part, we have investigated the diffusion
to determine a direct reaction, and ant$intermediate group of the hydrogen originating from the bridging position between
has always been created. two Mo’s. The activation for this displacement to the next sulfur

The diffusion of hydrogen on the defective surface may be atom is 0.93 eV (Figure 12¢). This important activation
decomposed into two parts. In the first part, we have investigated energy is even larger than the desorption activation energy (0.72
the diffusion of hydrogen atoms between fully coordinated atoms eV). Taking into account the small number of such vacancies
(i.e., Moy, and ). The activation energy of the diffusion from  on these surfaces, however, such pathways should have a very
the S atom to the Mo one is 0.39 and 0.25 eV for the reverse small influence on the overall diffusion on MgSurfaces.
reaction (Figure 12df). These two values match the values Promoted SurfacesFigure 13a corresponds to the diffusion
calculated on the most stable surface, showing that the electronicof a hydride species from the five-fold coordinated Co atom
influence of the vacancy on this surface has a small spatial that is involved in the heterolytic dissociation on the,€& -

010) surface. Dark gray circles, Mo; light gray circles, S; white circles,
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the diffusion of dissociated species (ca.-00B4 eV). Therefore,
the rate-limiting step of this exchange reaction is the dissociation
of dihydrogen and dideuterium on the surface. This implies that
the overall rate of reaction is proportional to the amount of H
and D, present in the gas phase, or, in other words, it is first
order in B and D.

For the promoted surfaces we have shown that when the
dissociation occurs on Ce&S pairs, desorption of dissociated
species is in most cases much more difficult (up to 0.9 eV)
than either the dissociation (as low as 0.3 eV) or the diffusion
(ca. 0.3 eV). Therefore, in this case, the rate-limiting step for
the H-D exchange reaction is the recombinative desorption of
dissociated species. This implies that the overall rate is
proportional to the amount of dissociated species, that is, half
order in B and D.

This change in the rate-limiting step of the4® exchange

13d 13f reaction which is predicted by our theoretical results on the
Figure 13. Representation of initial states (left), transition states (middle), nonprommed Mogand prompted CﬂMOSQ_ (1010) SPrfa,CeS
and final states (right) for hydrogen diffusion on the-€Mo—S (101) is in excellent agreement with the experimental kinetic data
surface. Dark gray circles, Mo; light gray circles, S; black circles, Co; white reported by Hensen et al. in the case of Mo/C and CoMo/C
circles, H. catalysts®® thus demonstrating the crucial role of €8 pairs
in hydrogen activation on promoted catalysts.

For NiMo sulfide catalysts, the activity data reported by
Thomas et al. show that the Ni promotor does not significantly
change the activity of these catalysts in the-Bl exchange
reaction3® Our theoretical calculations have shown that-Si
pairs are not very stable on these surfaces. Even when such
sites are present on these surfaces, they do not to provide an
efficient way for hydrogen activation. This would lead to the
cleavage of the NiS bond and possibly to the departure of the
sulfur atom from the surface under the form of3 the latter
resulting in a more stable surface (Table 1). Therefore, according
to our calculations, the only stable heterolytic dissociation sites
of hydrogen on the (1@) Ni—Mo—S surface are Me
S(Mo,Mo) pairs that, as shown by our calculations on—-Co
Mo—S surfaces, would essentially behave in a similar way as
the Mo—S pairs of unpromoted MoeSurfaces. This hypothesis
would explain, at least in part, the experimental results of
Thomas et at?

(Coy, Coy) site to the vicinal four-fold coordinated Co atom.
In this case, hydrogen diffuses via the three-fold coordinated
sulfur atom of the basal plane that bridges the two cobalt atoms.
This process is weakly activated by 0.29 eV, and both initial
and final configurations are of similar energy, showing thag Co
and Coy hydride species have a similar stability. Figure 13b
depicts the reaction path for the diffusion of a hydride species
from a Cq, to a Moy center. In this case, the hydride species
does not diffuse via a three-fold coordinated bridging sulfur
atom but is directly transferred from the (atom to the Mg
atom. This can be explained by the shorter distance (1.70 A vs
2.35 A) that the hydride has to cross from the initial to the final
states of the elementary process. This hydride “hopping” has a
similar activation energy as in the previous case, and, interest-
ingly, the energy difference between the initial and the final
state is on the order of 0.04 eV. From this, we deduce that
Coy—H and Ma,—H species have a similar stability since the
initial and final configurations (Figure 13€f) only differ by ) ) )
the nature of the metal atom to which the hydride species is Flnglly, the pres_ent theoretical results as well as the previous
bound. This similar stability clearly shows that the nature of €XPerimental studié$***’clearly show that Ni and Co have a
the hydride species that is formed aftes #issociation is not very different effect on the activation of hydrogen on Mo-based
likely responsible for the important changes in the dissociation catalysts.
energy of hydrogen on MeS and Ce-S pairs. These are on It is well known that NiMo and CoMo catalysts present
the order of 0.5 eV. Hence, the energetic balance for hydrogensignificant differences of activity and selectivity in hydrotreating
heterolytic dissociation is mainly governed by the stability of reactions. In particular, NiMo catalysts are usually more active
the resulting—SH groups as mentioned before. and selective for hydrogenation reactions. From this, one may
be tempted to conclude that NiMo catalysts are more efficient
for hydrogen activation than are CoMo catalysts. Our calcula-
tions together with WD, studies, however, clearly show that
The H,—D, exchange reaction consists of three elementary this is not the case. Obviously, hydrotreatment reactions are
steps: (i) H and Dy adsorb dissociatively on the catalyst, (i) complex processes where, besides hydrogen activation, many
the dissociated species diffuse over the surface so that twoparameters have to be taken into account: adsorption of the
isotopic species can meet, and finally (iii) recombinative reacting molecule, hydride or proton attack, and competitive
desorption occurs, leading to the formation of HD species in adsorption with products (hydrocarbons3iNH;, ...). In view
the gas phase. of the present results, it is clear that hydrogen activation is not
In the case of the unpromoted (I)IMoS; stable surface,  the rate-limiting step for these reactions. The computed activa-
we have shown that the activation energies for the heterolytic tion energies for hydrogen dissociation are low, which is in good
dissociation of hydrogen are on the order of 1.0 eV. This is in agreement with experimentabiD, experiments that show that
all cases much higher than either the desorption (ca. 0.6 eV) orH, dissociation readily occurs at low temperatures. Actually,

7. Implications for the H ,—D, Exchange Reaction and
Hydrotreating Reactions
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to the best of our knowledge, no recent kinetic study has ever dissociation is exothermic and weakly activated, hence dem-
shown that hydrogen dissociation could be the rate-limiting step onstrating the crucial role of CeS pairs in hydrogen activation
of these reactions. over CoMo catalysts. On NiMo—S surfaces, Nt S pairs are

On the other hand, our calculations show that the nature of not stable and do not provide an efficient way for hydrogen
the promotor has a strong influence on the configuration and activation. Finally, these theoretical results are in good agree-
the adsorptive properties of these surfaces. Therefore, thement with the recent experimental studies ofHD, exchange
activation of the reacting molecule or reaction inhibition kpysH reactions, showing again the validity of this theoretical approach
and NH; might strongly differ on these surfaces and could partly that provides a realistic description of these catalytic systems.
explain the differences in the promotional behavior of Co and
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8. Conclusions performed within the “GdR Dynamique Malelaire Quantique

This contribution reports a theoretical investigation of Appliquee ala Catalyse”, a joint project of Centre National de
hydrogen adsorption on Mo-based sulfide catalysts. The main!a Recherche Scientifique (CNRS), Institut Fraiscdu Péole
results may be summarized as follows. At working conditions (IFP), TOTAL FINA ELF, Universita Wien, and Technische
of these catalysts, on the stable M® surface, only six-fold Universiteit Eindhoven. Computational resources were provided
coordinated Mo cations are present. Substitution by Co or Ni Py Dutch Computing Facilities (NCF) and the Centre de
leads to the creation of stable CUS sites on the working Ressources Informatiques de I'UniversieLille (CRI-USTL).
conditions of these catalysts. On the MaSirface, hydrogen
presents a high activation barrier, and the resulting dissociated
species are metastable. On CoMoS surfaces, the ability to
dissociate His dependent on the nature of the metal atom and
the sulfur coordination environment. As an adsorption center,
Co strongly favors molecular hydrogen activation as compared
to Mo atoms. As a ligand of S atoms, Co increases their basicity.
As a result, CoMoS surfaces present-Csites for which the JA0116340
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