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Résumé, Etude DFT des catalyseurs CoMoS et NiMoS : de la morphologie des nano-cristallites

a lshydrodésulfuration sélective, Cet article présente des résultats récents obtenus dans des études
utilisant la théorie de la fonctionnelle de la densité (DFT) pour la caractérisation a leéchelle atomique des
phases actives Co(Ni)MoS utilisées en catalyse dehydrodésulfuration (HDS) sélective. Leeffet des condi-
tions du nilieu réactionnel sulfo-réducteur sur la stabilité et la nature des sites actifs localisés au bord
des nano-cristallites Co(Ni)MoS est mis en évidence. En combinant les calculs DFT et un modele
thermodynamique, il apparait que la teneur en promoteur sur les bords des cristallites en conjonction avec
la morphologie des cristallites dépend des conditions sulfo-réductrices. Nous montrons ensuite comment
la nature des sites actifs Co(Ni)Mo influence I*HDS sélective de molécules soufrées Iégeres (alkylthio-
phenes) vis-a-vis de Ishydrogénation (HydO) des oléfines légeres (alkyl-butenes). La combinaison des
calculs DFT deadsorption de deux molécules modeles (2-méthyl-thiophene et 2,3-diméthyl-but-1-éne)
avec la modélisation cinétique de la sélectivité HDS/HydO permet de proposer une explication de
leorigine de cette sélectivité basée sur la compétition deadsorption des réactifs.

Abstract, A DFT Study of CoMoS and NiMoS Catalysts from Nano-Crystallite Morphology to
Selective Hydrodesulfurization This paper reports an overview of recent DFT studies on the atomic
scale characterization of Co(Ni)MoS active phases used in selective hydrodesulfurization (HDS)
catalysis. A peculiar attention is paid to the effect of the sulfo-reductive reaction conditions on the
stability and nature of the active sites present at the edges of the Co(Ni)MoS nano-crystallites.
Combining DFT calculations and a thermodynamic model, it is shown that the promoter content at the
crystallite edges in conjunction with the crystallite morphology may change with the sulfo-reductive
conditions. We then show how the nature of the Co(Ni)MoS active sites impact the selective HDS of light
sulfur compounds (alkylthiophene) versus olefin hydrogenation (alkylbutene). Combining DFT
calculations of the adsorption of two relevant model molecules (2-methylthiophene and 2,3-dimethyl-
butene) with the kinetic modelling of HDS/HydO selectivity, we propose an explanation on the origin of
the selectivity based on the competitive adsorption of reactants.
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INTRODUCTION latter cutting edge technique brought also numerous
insights consistent with DFT approaches on the local struc-
Due to ever stronger environmental concerns, the productiaares of the active phases [28].
of cleaner fuels by catalytic chemical processes (such as The fluid catalytic cracking (FCC) process produces
hydrodesulfurization, hydrocracking, hydrogenation, etc.jasoline mainly composed of aromatics, isoalkenes and
remains a major concern of the refining industry. The chaklkylthiophenes, to be further hydrotreated in a specific
lenges for research in the area of heterogeneous catalysis gfgcess where selective HDS is achieved. It represents thus
to provide highly active and selective catalysts for importan technical challenge to prevent the loss of octane number
reactions such as hydrodesulfurization (HDBg the  of gasoline (resulting from olefins hydrogenation) while
removal of sulfur from organic molecules under hydrogerimultaneously removing sulfur from alkylthiophenes.
pressure. From a scientific point of view, it is still an open question
The industrial catalyst is made of a transition metal sulfidevhy the CoMoS active phase exhibits an improved
active phase (mixed CoMoS or NiMoS phases) dispersed ®iDS/HydO selectivity with respect to NiMoS, being often
-alumina, which is a metastable polymorph of aluminampirically described as emore hydrogenatingZ. The
widely used as a catalytic support in the refining industry [1]HDS/HydO selectivity has been the subject of recent
Up to now, numerous experimental techniques have bexperimental works on model molecules for FCC gasoline
employed to better characterize the catalytically «CoMoSZ asr real feed [29-33]. In specific conditions, it seems possible
*NiMoSZ active phases [2, 3]. Experimental techniqgueso modulate the HDS/HydO selectivity of the NiMoS
involved in the characterization of these complex phases cof80, 33]and CoMoS [34] active phases.
sist of transition electron microscopy (TEM) [4, 5], X-ray  Many DFT works have performed adsorption energy
photoelectron spectroscopy (XPS) [6-9], Méssbauer spegg|culations of sulfur organic molecules including thio-
troscopy [10-12], laser Raman spectroscopy [5, 13], extendgfhene and dibenzothiophene [23, 35-40] and nitrogen
X-ray absorption fine structure (EXAFS) [14-18], and IRorganic molecules [22, 41, 42]. The HDS mechanism of
spectroscopy [19, 20]. These techniques furnished man)iophene derivatives on MgSvas also investigated in
detailed features of the so-called Co(Ni)MoS active phasgcent DFT studies [43, 44]. However, to our knowledge,
made of Mo$ layers with a stacking close to 1 [21] andno DFT work was devoted to the theoretical investigation
nanometer sizes (less than 30 A), «decoratedZ by Co or Nigt olefins adsorption on CoMoS and NiMoS model

the edges. While Mossbauer spectroscopy [10-12] and XRStalysts in sulfo-reductive conditions, before the recent
[6-9] revealed the specific signature of Co atoms engaged {ork by Krebset al [45].

the new CoMoS phase, EXAFS gave relevant insights into The goal of the present paper is thus to provide an

the local environment of the promoter atoms (Co or Ni) iy eriew of some achievements obtained through density
the structure [14-16]. _ _ functional theory (DFT) modeling of HDS catalysts. After a
_However, some key questions remained open becaufigst section recalling briefly the methodological aspects, we
different atomistic models were still compatible with thefgcus on the Co(Ni)MoS active phases where various key
experimental data. On the basis of total energy calculagientific questions are addressed about the promoter location
tions, DFT calculations were thus helpful to discriminateyq content, together with the effects of morphology and
between the proposed atomistic models. For a mof@action conditions. In the third section, we address the case
detailed presentation of the recent progress made in thgf,qy of HDS/HydO selectivity. Based on structure-activity
field, the reader could refer to two reviews devoted t0 DFfeationships, we outline how DFT modeling helps to explore
simulations applied to Co(Ni)MoS catalysts [22, 23]. Theyeripdic trend in HDS/HydO selectivity. Combining DFT
earlier DFT simulations investigate the numerous possiblg,|cylations of the adsorption energies with kinetic modeling

locations for Co in the structure, including the effect of sulieads to a new interpretation of volcano curves in the field of
fur coverage at the edge [24]. They demonstrated that théys/HydO selectivity.

most stable models are those where Co (or Ni) substitutes

Mo at the S- or M-edge. The optimized local Co-Mo and

Co-S distances for these two most stable configurations ate THEORETICAL METHODS

fully compatible with the EXAFS analysis. Schweiggsr

al. put forward two distinct behaviors at the metallic-edgerhe general approach which combines DFT calculations and
and sulfur-edge with respect to the Co or Ni promoter [25]the chemical potential of the gas phase was previously under-
They found that Co is more stable in substitution at the Saken to study surface thermochemistry of GaAs [46, 47],
edge than Ni due to a smaller edge energy at the S-edgeBN [48] and -Fe,0; [49]. An overview offirst principles
This preferential location of Co is also supported by othesurface thermodynamics providing a rational way to investi-
DFT simulations [26] and scanning tunnel microscopygate the local properties of active sites on various catalytic
(STM) experiments on gold supported CoMoS [27]. Thissurfaces can be found in two recent reviews [50, 51]. This
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approach successfully applied to Ma@®d Co(Ni)MoS active 2 ATOMISTIC DESCRIPTION OF THE CO(NI)MOS

phase was firstly reported in [24, 52]. Other studies have ACTIVE PHASES

alsoused this systematic approach to investigate complex

industrial catalytic systems such as the surfacesabfmina 5 1 case of the CoMoS Active Phase

support [53] and-alumina supported Mg%atalyst [54, 55].

These examples illustrate how to bridge the gap betweexs mentioned in Introduction, DFT simulations has helped to

0 K-DFT calculations and realistic model of catalysts inbring numerous insights on the active phase atomic structure

working conditions. [24, 25, 61, 62], one interesting question remained open at
To determine by theoretical approaches the stable chentiis stage, about the precise control of the promoter content

cal species on the catalytic edge of Co(Ni)MoS in reactioan the stability and morphology of the Co(Ni)MoS nano-

conditions f;, T) at thermodynamic equilibrium, one can crystallites. This question was recently addressed by ketebs

minimize the edge energy given by the following general. [63]. In what follows, we report the main result of this

expression: study.
T oy e . 1 The edge energy diagrams, as defined in the Methods
e P T )= e (B ) @ section, are plotted in Figure 1 where the values are given for

the M-edge and S-edge energy as a function of the reaction
conditions (@ gand p(H,S)/p(H,)) for two promoter (Co or
Ni) edge contents (50% and 100%). Numerous configura-
tions for the S-adsorption and promoter distribution at the
is the edge energy of the Co(Ni)Mo S- or M-edge inedg_es have been investigated: only the mo_st rglevant config-
reaction conditions, %2, is the edge energy of the refer- urations and S-coverages are also reported in Figure 2.
ence Co(Ni)Mo S- or M-edge (generally as cleaved in vac- The affinity of the Co promoter for the S-edge and for the
uum). ELis the adsorption energy of the reactarguch ~M-edge can be compared by considering the energy diagram
as HS, H, or model reactants (methyl-thiophene andin Figure 1a. Different trends are revealed depending on the
olefin) in the cases investigated so far. The most stabR!lfo-reductive conditions. At high chemical potential of sul-
adsorption mode of the molecuildeither dissociative or fur (i s> ...0.6 eV), Co exhibit a similar affinity for both
non-dissociative) is determined as a function of the surfackdges. The edge energies for 100% Co are almost identical,
coverage ; of the molecule. In the present cage;; -, ~Which shows that a highly sulfiding regime (high
represents the chemical potential of S in the gas phase:P(H,S)P(H,)) tends to stabilize the promoter on both edges.
depends on the partial pressures g8 ldnd H and temper- In contrast, the decrease of the partial pressurg®fdrithe
ature according to (2), 5 ande are the enthalpy, entropy increase of temperature correspondingpte < ...0.6 eV
and internal energy of the,B and H gas phase mole- enhances the affinity of Co for the S-edge with respect to the
cules. The values ofi gas a function op(H,S), p(H,) and  M-edge. In particular, for typical HDS conditions (...[t §
T ranges considered in this manuscript for the transitioss ...0.8 eV), the energy of the S-edge with 100% Co is about
metal sulfides catalysts are explained elsewhere [54]. F&20 eV per edge metal atom lower than the M-edge. Such
sake of clarity, we indicate on the thermodynamigeaction conditions are thermodynamically favorable for Co
diagrams, thep g andp(H,S)/p(H,) values for a given to be located at the S-edge, in coherence with earlier results
T = 525 K close to usual reaction conditions of selectivd25, 61].
HDS of FCC gasoline. In addition, a new feature is revealed: a partial promoter

The energy values such as{f,, and El, are the decoration of the M-edge (corresponding to 50% Co) reduces

outcome of simulations based on DFT within the generapignificantly its edge energy, close to the S-edge value. For
ized gradient approximation (GGA) [56] To solve thethe S-edge, the 50% Co content becomes energetically more
Kohn-Sham equations [57, 58], results reported hereaftévorable only forp g<...1.0 eV. This result will have sig-
use the Vienndb initio Simulation Package (VASP) [59]. nificant consequences for the morphology and the reactivity
The ion-electron interactions are treated by the projecte®f active sites at the edges of the CoMoS phase, as detailed in
augmented wave (PAW) formalism [60]. For simulationsthe following sections.

of solid phases with delocalized electronic charges, it is From a structural point of view, at s> ...0.6 eM.&. high
efficient to employ a plane wave basis set to project thp(H,S)/(H.,)), the M-edge exhibits 100% Co stabilized with
wavefunctions in a 3D-supercell representing the systenf)% S(Fig. 2a) For p < ...0.6 eV, the 50% Co partial
(bulk or slabs) with periodic boundary conditions. All occupation with the M-edge covered by 25% S is stable. It is
detailed hypotheses of the calculations (such as electroriiteresting to note that the alternate configuration ...Co-Mo-
convergence criteria, energy cut-off, k-point mesh, relax€o-Mo..(Fig. 2b)and the pairing configuration ...Co-Co-Mo-
ation conditions, etc.) can be found in papers cited hereiMo...(Fig. 2c) are very close in energy. In both cases, the

K (T,p)=H ST + RTn L Se ?)

~

edge
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Figure 1

Edge energy diagrams as a functionpof andp(H,S)/p(H,)

(for T = 525 K): a) Co-promoted M-edge (dark blue) and
S-edge (light blue), b) Ni-promoted M-edge (red) and
S-edge (yellow) for the two promoter edge contents: 50%
(dashed line) and 100% (full line). The most stable S
coverages for each promoter content and each edge are
reported on the bar charts at the bottom of both diagrams.
(Adapted from [63]).

d)

Figure 2

Local edge structures after geometry optimization of the two
CoMoS edges: a) M-edge with 100% Co and 50% S, b)
M-edge with 50% Co in an alternate position and 25% S, c)
M-edge with 50% Co in a pairing configuration and 25% S,
d) S-edge with 100% Co and 50% S. Yellow balls: Sulfur,
green balls: molybdenum, blue balls: cobalt. (Adapted from
[63)).

M-edge structure exhibits mixed Co-Mo sites and the S-atom
sits preferentially on top of the Mo atoms. The configuration
of Co pairs is also compatible with the interpretation of mag-
netic susceptibility measurement by Okamoto proposing the
existence of Co sulfide dinuclear Co species at the M-edge
[64]. We also find that S bridging positions (not shown) are
rather close in energy (only 0.04 eV higher) which means
that the mobility of S-atoms on the M-edge is high. For the
S-edge, the most stable structure in HDS conditions, contains
100% Co and 50% @ig. 2d), where Co atoms are in a
tetrahedral environment confirming earlier DFT results [25,
61] and STM experiments [65]. At the lower limit of HDS
conditions (U g < ...1 eV), the partial decoration of Co
becomes favored with a sulfur coverage of about 62.5% S. In
all cases (including mixed Co-Mo sites), the optimized local
Co-Mo distances are comprised between 2.74 and 2.84 A for
the M-edge and are around 2.97 A for the S-edge, which
remains compatible with EXAFS data [66, 67].

2.2 Case of the NiMoS Active Phase

A similar energy analysis for the NiMoS edg&sg. 1b)
reveals a different trend in the decoration of the mixed phase,
especially in HDS conditions. At high chemical potential of
sulfur (p g> ...0.3 eV), the energies of both edges are almost
identical. As found for the CoMoS phase, Ni decorates 100%
of the edge sites with similar affinity for M- and S-edges. In
contrast, forp < ...0.3 eV and especially in HDS conditions,
the M-edge energy becomes lower than the one of the
S-edge. This trend is thus opposite to the CoMoS case. The
S-edge exhibits an energy higher by about +0.2 eV per edge
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metal atom, which implies that Ni is thermodynamicallyearlier EXAFS characterization [68, 69]. The square planar
more stable on the M-edge. This result confirms previousnvironment which is less stable for the Co promoter of Ni
DFT calculations [25]. In addition, the new feature is that thés thus a key structural feature of Ni promoterss environment.
energies of the 100% and 50% Ni edge contents are identicah both edges, the local structures reveal the existence of
for pg=...0.9 eV for both edges. As a consequence, théxed Ni-Mo sites in HDS conditions.

NiMoS phase nano-crystallites may exhibit either fully or

part@ally decorated edges in HI?S conditions_. The partial de%v_3 Nano-Crystallite Morphologies

oration corresponds to the existence of mixed Ni-Mo edge

sites, as described in the following paragraph. Using the calculated edge energies and the Gibbs-Curie-

The stable edge structures found for the NiMoS systemV/ulff equations [70, 71], the equilibrium morphologies are
are reported in Figure 3. Due to the stabilization of the Nietermined in the diagrams of Figures 4 and 5. The blue bro-
promoted M-edge, two competing structures are relevant ken line is representative of the proportion of M-edge (%M-
HDS conditions: the fully substituted M-edge with 0% Sedge). This proportion varies with 5, meaning that the
coverage(Fig. 3a) and the partially decorated M-edge with equilibrium morphology depends on the reaction conditions
12.5% S coverag@-ig. 3b) In both cases, Ni is in a square or sulfidation conditions. The various domains of promoter
planar environment. For 50% Ni at the M-edge, the S-atoradge content and sulfur coverage are also reported in
sits in a bridging position between two Mo-atoms. The S-Md-igure 4. For a given reaction condition (fixed pyy), the
bond energy (significantly stronger than S-Ni) implies thatquilibrium shape and the composition of each edge can be
the pairing configuration ...Ni-Ni-Mo-Mo... is strongly stabeduced from the diagram.
lized (by 0.44 eV per edge metal atomgysusthe alternate If we first consider a CoMoS nano-crystallite close to
configuration ...Ni-Mo-Ni-Mo..., which was possible on thdDS reaction conditions (...1.0u g ...0.8 eV represented
CoMoS system. This feature also distinguishes the NiMoSy the gray region in Figure 4, the proportion of M-edge is
system from the CoMoS one. On the S-edge, at high chenglose to 50% (hexagonal shape). The S-edge contains 100%
cal potential of sulfur, the stable edge with 100% Ni is cov€o covered by 50% S, whereas the M-edge exhibits 50% Co
ered by 50% $Fig. 3c) The local edge reconstruction leadscovered by 25% S competing with the non promoted M-
to a square planar environment for the Ni atom, and Ni-Nedge. Assuming a typical average crystallite size of 35 A, the
pairing. For the 50% Ni content, two competing configuratwo corresponding models for the CoMoS nano-crystallites
tions are possible. The first offég. 3d)is the alternate con- are drawn in the insets a), b) and c) of Figure 4.
figuration ...Ni-Mo-Ni-Mo..., the second one is a pairing con- On inset ¢) corresponding to the higtH,S)/p(H,), the
figuration ...Ni-Ni-Mo-Mo... where the local structure of Ni i§o/Mo ratio is 0.49. On inset b) corresponding to the inter-
also square planar. In all cases, the optimized local Ni-Mmediatep s, the Co/Mo ratio is 0.29 which is very close to
distances (between 2.75 and 2.87 A) are compatible witihe optimal ratio required for catalytic activity [72, 73]. In
this case, it can be noticed that the number of mixed Co-
Mo sites per crystallite is equal to 9 (including M-edge and
corner sites). In slightly more reductive reaction conditions
(inset a), the complete loss of Co is obtained from the M-
edge. In this case, the particle exhibits a Co/Mo ratio of
0.20 is lower and the number of mixed sites is equal to 6
(corner sites only). It is interesting to notice that the DFT
calculated morphology remains compatible with the geo-
metrical model earlier proposed by Kaszte&mal. [7].
Furthermore, due to the fact that the active catalyst exhibits
Co/Mo values close to 0.30, the role of mixed Co-Mo sites
at the edges or corners of the crystallites appear to be cru-
cial as also discussed in [72].

For the NiMoS active phase, the variation of the morpho-
logy as a function of reaction conditions is more pronounced
Figure 3 as indicated by the diagram of Figure 5. The morphology at
Edge structures after geometry optimization of the two high p(H,S)/(H,) (inset c) exhibits the predominant fully
NiMoS edges: a) M-edge with 100% Niand 0% S; b) M-edge  promoted S-edge (close to 70%). In HDS conditions

with 50% Ni in a paring configuration and 12.5% S; c) :
S-edge with 100% Ni and 50% S; d) S-edge with 50% Ni and E]'"l'o eV Hs . "'O'?\Ae\g’ the morp_h()lo":;fysl;; d:formed
50% S. (Yellow balls: sulfur; green balls: molybdenum; exagon exposing a M-edge proportion o 0. FIOWever,

brown balls: nickel), (adapted from [63]). the situation is more complex, because for chemical potential



712 Oil & Gas Science and Technology ... Rev.WeR,64 (2009), No. 6

P(H,S)/p(Hy)
-8 -6 -4 -2 2 4 6
10 10| l(? 10| :!. 1(I) lIO 10 100.0%
100%Co 100%Co
50%S 75%S

a) gﬁﬁf T —T
7

Mo Mo

25%S| 37.5%S 50%S

Figure 4

Morphology diagrams for the CoMoS nano-crystallites as a functigng@nd p(H,S)/p(H,) (for T = 525 K). The percentage of M-edge is
indicated by the blue broken line. The S-edge compositions are reported above the blue line, and the M-edge compositianthiare be
line. The gray region visualizes the range of usual HDS conditions. (Adapted from [63]). The insets give the ball anceseakatégms of
three possible CoMoS morphologies, witixed sites indicated by arrows (same color legerfiia<).
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Figure 5

Morphology diagrams for the NiMoS nano-crystallites as a functiop gndp(H,S)/p(H,) (for T = 525 K). The percentage of M-edge is
indicated by the blue broken line. The S-edge compositions are reported above the blue line, and the M-edge compositianthiare be
line. The gray region visualizes the range of usual HDS conditions. (Adapted from [63]). The insets give a ball and stokatepreof
three possible NiMoS morphologies (same color legertigas).

value corresponding to HDS, four edge configurationg0.17) should be obtained at low#H,S)/(H,). In contrast,
compete in the gray region of Figure 5: these four configurahe model, corresponding to higheH,S)/(H,), maximizes
tions result from a combination of 100% Ni (inset b) andhe promoter content (Ni/Mo ratio of 0.40) and minimizes the
50% Ni (inset a) either at S-edge or at M-edge. This impliesumber of mixed sites. According to the usual Ni/Mo ratio
that four local edge structures can be considered for the eq@gmaller than 0.40) observed by XPS and required for best
librium morphology: for sake of clarity, only two of them are HDS activities [8, 9], the working crystallites must combine
represented in Figure 5, even if all combinations of each typedge structures allowing the presence of mixed Ni-Mo edge
of edge are possible. The model maximizing the number aites. This point will be analyzed in details in the paper by
mixed edge Ni-Mo sites (18) and minimizing the Ni/Mo ratioK. Marchandet al.published in the present volume [82].
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Recent STM experiments have also revealed the preserfeeind for intermediate value &g in agreement with the

of mixed Ni-Mo sites on the edges of NiMoS nano-crystalSabatier principle [79]. In what follows, we focus on a new
lites [28], whereas such a situation has not been observed fmse study of volcano curves applied to the HDS/HydO
CoMosS [65]. There is thus a striking agreement between theelectivity as recently highlighted by combined experimental,
DFT calculations and STM experiments, which both reveatinetic and DFT approaches [29, 30, 45].

that Co prefers to be located at the S-edge, whereas Ni is pre-

sent on both S- and M-edge. Combined IR and DFT studi T o
of CO adsorption on Co(Ni)Mo sulfide catalysts have alslcafs'2 Kinetic Model of HDS/HydO Selectivity

suggested that low wavenumbers (below 2068)cane the  The better understanding of the selective hydrodesulfurization
signature of Mo centers adjacent to promoter atoms, confimgt FCC gasoline represents an interesting scientific question
ing partial edge decoration [74]. addressed to DFT calculations. It is particularly challenging
In addition, forp < ...1.0 eV, the reductive environmento remove sulfur atoms from alkylthiophene in a reductive
or the high reaction temperature becomes a destabilizinghvironment without hydrogenation of olefins (in order to
factor for Co at the M-edge and is at the origin of the full segzeep the high octane number). According to the composition
regation of Co to this edge. Thus, a loss of the mixed activsr the feed to be treated, it was found that a relevant model
sites located on the M-edge is suspected if the reaction congiiplecule for the HDS reaction is 2-methyithiophene (called
tions become too severe. In contrast, the complete loss of M/IT), and a relevant olefin for HydO is 2,3-dimethylbut-1-
from the M-edge would appear gt s < ...1.3 eV, which ene (called 23DMB1N) at equilibrium with 2,3-dimethylbut-
means that pure Ni sites or mixed Ni-Mo sites remain stablg.ene [31, 32].
at this edge on a large range of sulfo-reductive conditions. On According to previous kinetic studies [29, 30] using
the S-edge, the full segregation of the promoter from the $-ngmuyir-Hinshelwood formalism, it has been shown that

edge occurs fol s < BL.05 eV, i.e. at the frontier of the 16 trnover frequencies (TOF) of HDS of 2MT and HydO
HDS domain for both CoMoS and NiMoS. This means thak 53pB1N also follow volcano curve relationships when
the destabilization of the mixed S-edge sites phase may 0CqUf,essed as a function of the sulfur-metal bond enEggy,

if too strongly reductive conditions are explored. Indeed, €k opyaining such volcano trends, it was required to assume
lier MGssbauer spectroscopy characterization by Bregfsse jjyqar relationships between adsorption energies of both reac-
al. revealed that the mixed CoMoS phase undergoes strygi i ang theE,,s descriptor as well as Brgnsted-Evans-
tural modification after reaction under high hydrogen prespo i relationships between activation energies of the HDS

sure and high temperature [12]. This observation finds itﬁnd HydO rate determining steps andEkyg descriptor. For

explanation in the thermodynamic segregation quantified oth HydO and HDS activities, the optimal catalysts were
the larger increase of the edge energies of the CoMoS W'LF |

t 1o th ted Svetem i h condi und close to RJS;, NiMoS and CoMoSi . at intermedi-
respect to the non promoted system In such conditions. ate values oE,,g). The volcano shape still holds when HydO

and HDS are considered as competing reactions for the same
active sites. Moreover, the kinetic model also shows that the
HDS/HydO selectivity also follows a volcano curve relation-
ship (Fig. 6). The key difference is observed on the position
of the volcano maximum of HDS/HydO selectivity is shifted

One objective of DFT investigations is the rational undert© higherEys values than for the HDS or HydO reactions.

standing of industrial Co(Ni)MoS active phases in order to Considering the first hydrogenation step as the kinetic
propose new concepts helping for the improvement of thdetermining step _[29, 30], the fitted activation enthalpies of
resulting catalytic activities. DFT calculations of relevantth® rate determining step for HydO of 23DMBIN and HDS
energy descriptors are well suited for providing a predictiv€’ 2MT are G = +59 kJ/mol and G (HDS) = +109 kJ/mol
approach. For instance, the binding energy of atomic nitrd€SPectively. The selectivity ratio of HDS and HydO TOFs
gen on transition metal surfaces was found as a relevaf@n be expressed as a function of theoverages of 2MT,
chemical descriptor for the catalytic activity in ammonia23DMBIN and ...SH species involved in the rate determining
synthesis on metals through volcano curve relationships [75]€P:

For HI.DT're.actions,. the sulfur-mgtal bond energy is a FHDS) _ Ko v on .S G ;TGedge
relevant intrinsic descriptor of the active phase to be corre- r(HydO) K =e 3
lated with activities. More precisely, it was shown that the
sulfur-met_al bond e.nergij?,MS as defined as a partitioning (_)f where G = G (HDS) ... G (HydO) +50 kd/mol,
the cohesive energies among all types of bonds present in %ording to [30] and:
TMS simulation cell [76-78], correlates well with the HDS
activity via a volcano master curve. The optimal catalysts are Gedge™ Gedgel2MT) ... Ggqqe(23DMBIN)  (4)

3 APPLICATION TO HDS/HYDO SELECTIVITY

3.1 Introduction

HydO 23DMBIN SH
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30 : 3.3 DFT Calculations of Adsorption on Co(Ni)MoS
|
E " Thanks to the precise determination of active sites on
25r ! § 2 Co(Ni)MoS systems (see Section 2.1), it is possible to pre-
> i Z |3 cisely evaluate Ggqqe We have recently undertaken an
2201 : exhaustive investigation of the adsorption configurations and
2 | /- energies for the 2MT and 23DMB1N molecules on the dif-
S 15L : g ferent types of Co(Ni)MoS edges [45]. In what follows, we
o : report the most relevant adsorption results helping for the
% 10k | kinetic interpretation of HDS/HydO selectivity. For instance,
2 ! Figure 7 shows that the adsorption energies of 2MT on the
: CoMo S-edge is generally favoured with respect to the
= : 23DMB1N molecule. This is mainly due to the interaction of
i the S-atom of 2MT on this edge, whereas tliteraction of
050 7'5 1(')0 '155 1é0 1;5 200 the C=C bond of the olefin is less favorable. An electronic
E (MS) kJ.mol! analysis of the electron localization function basins formed
Figure 6 between the molecules and the active sites has permitted to

Volcano curve of HDS/HydO selectivity obtained from the furnish an explanation of the trend in adsorption energies for

kinetic model. The dashed line recalls the volcano curvess the two reactants [80].

maximum obtained for HDS of 2MT or HydO of 23DMBIN According to Equations (1) and (5), the adsorption energy

for reaction temperature of 525 K. (Adapted from [30]). values have been used to eVaIUat%dgein the case of
Co(Ni)MoS catalyst. The diagrams of Figure 8 represent the
evolution of  y..as a function of the partial pressure of
H,S/H, at a fixed temperature (525 K) close to the usual

O . . ; reaction conditions. It appears that for the S-edge of CoMoS,
comp_etltlon), by evalue_ltmg the d|fference_ of the G'bPS fre edge Value remains almost constant and close to ...0.22
energies of the catalytic edge (or catalytic surface) in pregy, per edge atonie.  Guyge= ---85 kJ per mole of reactant

ence of the two adsorbed molecules (2MT and 23D'VIBlN)('being given 1 reactant per 4 edge atoms in the simulation

A negative value of Ggyqcindicates a selective adsorption cell). This means that G,y largely counterbalances the
of 2MT versus’ZBD_MB_lN,i.e. a stronger affinity of_ZMT for G value (+50 kJ/moI).g The resulting selectivity of
the edge. Ggyglis directly correlated 10 gqqedefined by coMos is so expected to be high as observed experimentally
Equation (1): [81]. For NiMoS, the  .ygevalues are generally less in favor
1 .1 of the 2MT molecule: between ...0.09 and ...0.03 eV per edge
Gogge™ —  aage(2MT)S—=— _ [2DMBIN) (5) atomje  Geyg...34.7 and ...11.6 kJ/mol (particularly in the
MT 23DMBIN case of the fully promoted edge as showirign 8b). This

Geggequantifies the adsorption selectivity (adsorption

In the case of Co(Ni)MoS, the supercell used for the simu-
lation implies that ;v = ,gpvgin = 1/4 and thus  Ggyge=

4 edge
Acgording to Equation (1), it can be stressed that the ZiDM(S\})N Ezwgv)
variation of =~ Ggyyeis mainly governed by the adsorption - - "
energy difference of the two reactanky (2MT). E g gggg -+ :g-;g o
(23DMB1N). In addition, the chemical potentigl ¢ may i ' :g-gi =+ 1gggg
also impact the Ggqqcindex, if different sulfur coverages ' T
are stabilized in presence of the adsorbed molecules. Finall
the relative partial pressures of 2MT and 23DMB1N modify tri- -Co —-051
the relative coverages of the two reactants and as a result the
Geggeindex. -137 | -CoCo
. . . . . . -1.39 -CoCo
Considering that the kinetic term is generally in favor of YV

the HydO reaction ( G = +50 kJ/mol), the HDS/HydO
selectivity becomes greater than 1 (according to Equation
(3)) only if G is counterbalanced by the thermodynamic Figure 7

te_rrn, Gedge For that, GedgemUSt be inferior to the Adsorption configurations and energies (in eV) of 2MT and
critical value of ~ ...50 kJ/mol. 23DMBI1N on the S-edge of the CoMoS catalyst.
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Figure 8

Edge energy diagram of molecules adsorbed on a) CoMoS S-edge with full Co decoration and b) on the NiMoS S-edge asfayfynction o
(full line: full promoter decoration at the edge, dashed line: partial promoter decoration, black line: the partial preX3DikeBaiN is
multiplied by 100). TheszS/sz axis is determined fof = 525 K.

implies that the Ggq4e Value does not counterbalance theCoMoS active phase by surface organometallic chemistry
kinetic term. However, when reducing the Ni content at th&vas recently investigated by Chei al [34]. While
edge (dashed lines fRig. 8), the Ggyyevalue becomes Mdssbauer spectroscopy show that Sn may be located also
significantly more favorable (...62 and ...139 kJimol, on the CoMoS phase, it was found that the effect of Sn is to
edge= ---0.16 and ...0.36 eV) and counterbalances the kineticrease the HDS/HydO selectivity by a stronger inhibition
term. This implies that the NiMoS system may become asf HDS activity than the HydO activity. The HydO activity
selective as CoMoS, which could explain recent experimemwas measured by using the transformation of the 23DMB2N
tal results [30]. Furthermore, as also shown by the black linmodel molecule, after being isomerized into 23DMB1N,
in Figure 8b, the selectivity index depends on the relativevhereas HDS was measured on 3-methylthiophene (3MT).
partial pressures of the reactants. An increase of the part@&ben if the 2MT (used in previous sections) and 3MT mole-
pressure of the olefin (by a factor of 100) decrease the selemiles differ from the position of the methyl group, it can be
tivity index by a factor of 2. However, the selectivity seemsargued that the observed inhibiting effect of Sn on HDS
to be lesssensitive to this parameter than the nature andiould be greater on 2MT due to its larger steric hindrance.
content of ppmoter at the edges. Assuming in our DFT model that Sn atoms are susceptible
It can be simultaneously shown, that the adsorptioto be present either at the M-edges and S-edges of the active
energies calculated by DFT are consistent with the fitteghase nano-crystallites, we calculate with the same method-
kinetic adsorption parameters proposed in [30]. This interpreslogy, the adsorption energies of 2MT and 23DMBI1N and
tation remains also consistent with the volcano curve of thihe corresponding Ggqyqe vValues. On the M- and S-edge
HDS/HydO selectivity(Fig. 6) showing that the improve- fully substituted by Sn, the adsorption energies are weak or
ment of a NiMoS catalyst should be possible only if one casven endothermic in the two cases, as illustrated in Figure 9.
increase its intrinsi&,,s. The formation of mixed Ni-Mo Such values correspond to physisorbed states, which explains
sites at the edges of the crystallite must be enhanced, whitte inhibiting effect of Sn atoms observed on both HDS and
is equivalent to an increase of the S-M bond energy inducedlydO activities.

by the presence of Mo edge atom. Furthermore, according to these adsorption energies, we
deduced that the GgyqcVvalues are ...11 and +26 kJ/mol of
3.4 Extrapolation to Tin Doped Systems reactant for the M-edge and S-edge respectively. As a conse-

quence, such Ggyqevalues, which cannot counterbalance
At this stage, it is also interesting to attempt to extrapolate G , confirm that the Sn addition to Co(Ni)MoS active
our concept to the case of another potential promoter for thghase cannot improve the HDS/HydO selectivity with
active phase, such as Tin atoms. The Sn deposition oespect to CoMoS or NiMoS active phase. As a consequence,
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adsorption of reactants is suggested as a key parameter
controlling the HDS/HydO selectivity in Co(Ni)MoS phase.
The S-edge of Co(Ni)MoS has been found to be more selec-
tive than the M-edge. Whereas the Co content on the edges
has been found to hardly influence the adsorption selectivity,
the Ni edge content is a key parameter for optimizing the

a) Eags = -0.06 eV HDS/HydO selectivity. Combining DFT calculations with
kinetic modelling, it has been possible to give a consistent
interpretation of catalytic selectivity on the basis of volcano
curves and the DFT calculated selectivity indegge

REFERENCES

1 Euzen P., Raybaud P., Krokidis X., Toulhoat H., Loarer J.-L. Le,
Jolivet J.-P., Froidefond C. (200Bjandbook of Porous Solids
Schith F., Sing K.S.W., Weitkamp J. (Eds.), Wiley-VCH Verlag

b) Faas =+005 €V GmbH, Weinheim, Vol. 3, p. 1591.

_ 2 Topsge H., Clausen B.S., Massoth F.E. (199@]Jrotreating
Figure 9 Catalysis - Science and Technolpgyderson J.R., Boudart M.
Adsorption configurations of a) 2MT and b) 23DMB1N on (Eds.), Springer-Verlag, Berlin/Heidelberg, Vol. 11.
the M-edge fully promoted by Sn. The adsorption energies, 3 Prins R. (1997Handbook of Heterogeneous Catalyststl G.,
E.qs are expressed in eV. Yellow balls: Sulfur; gray balls: tin. Knézinger H., Weitkamp J. (Eds.), Wiley-VHC

Verlagsgesellschaft, Weinheim, Vol. 4, p. 1908.
4 Delannay F. (1985) High resolution electron microscopy of
hydrodesulfurization catalysts: A reviedppl. Catal.16, 135.

; ; ; ; Payen E., Kasztelan S., Houssenbay S., Szymansky R., Grimblot
it seems possible to generalize the DFT concept establlshe'ijl (1089) Genesis and characterization by laser Raman spec-

for the CoMoS and NiMoS to new potential promoter  oscopy’and high-resolution electron microscopy of supported

element (X), under the assumption that a mixed XMoS phase molybdenum disulfide crystallited, Phys. Chen@3, 6501.

is formed. 6 Alstrup I., Chorkendorff I., Candia R., Clausen B.S., Topsoe H.
(1982) A combined X-Ray photoelectron and Mdssbauer emis-
sion spectroscopy study of the state of cobalt in sulfided, sup-

CONCLUSIONS ported, and unsupported Co-Mo cataly3t€atal.77, 397.

. . . . 7 Kasztelan S., Grimblot J., Bonnelle J.P., Payen E., Toulhoat H.,
The overview presented in this paper has illustrated how Jacquin Y. (1983) Preparation of Co-Ma\,0; and Ni-Mo- -
DFT simulation helped to bring new atomic-scale insights on Al;O; catalysts by pH regulation of molybdenum solution. char-

the active phase of HDS catalysts. The sulfo-reductive condi- 2%3{%232?70]‘915_”pported species and hydrogenation activities,

tions (partial pressure OfZB/. H, and temperature) appear a§ & g Garreau F.B., Toulhoat H., Kasztelan S., Paulus R. (1986) Low-
key parameter for controlling the morphology of the active temperature synthesis of mixed NiMo sulfides: structural, tex-
phase and thus the type of exposed active sites. If the chemi-tural and catalytic propertieBplyhedrors, 211.

cal potential of sulfur is lowi.€. at highly reductive environ- 9 Houssenbay S., Kasztelan S., Toulhoat H., Bonnelle J.P.,

: ; ; i Grimblot J. (1989) Nature of the different nickel species in sul-
ment or highT reached in certain HDT conditions), the g0 bulk( and) alumina-supported nickel-nFWJonbdenum

CoMoS phase may segregate into Ma8d metallic Co, hydrotreating catalystd, Phys. Chen@3, 7176.
leading to a loss of the mixed phase and catalytic deactivag wivel C., Candia R., Clausen B.S., Merup S., Topsge H. (1981)
tion. In contrast, for high partial pressure ofS{the DFT On the catalytic significance of a Co-Mo-S phase in Co-

; i Mo/Al,O; hydrodesulfurization catalysts: Combined in situ
results show that the promoter is stabilized on both edges. = 275 5 . o n spectroscopy and activity studlieSatal,

This result implies that controlling the sulfo-reductive envi- g 453,

ing conditions may be crucial to tune the promoter content at Radiochem. Radioanal. LeS9, 265.

the edges. 12 Breysse M., Frety R., Vrinat M. (1984) Unsupported cobalt
Another striking finding revealed that Ni exhibits a higher molybdenum sulfide catalysts Part II: Characterization and evo-

- o luti f physicochemical ties duri talyti tion,
affinity for the M-edge than for the S-edge, whereas it is the ;\‘F)'S{‘Sa&ﬁ,'i%%_em'ca properties during catalytic reaction

reverse f(?r Co. A subtle but relevant difference _in the localz payen E., Kasztelan S., Grimblot J. (1988) In situ Laser Raman
structure is thus revealed between CoMoS and NiMoS. Spectroscopy of the sulphiding of W®00,)/ -Al,O, cata-
This rigorous active site description has provided new Ysts,J. Mol. Struct174, 71.

insights for the interpretation of the different catalytic behav14 Clausen B.S., Topsge H., Candia R., Villadsen J., Lengeler B.,
. 9 f the CoM Sp d NiMoS bh - Iytl in th Als-Nielsen J., Christensen F. (1981) Extended x-ray absorption
lors of the CoMoS and NiMosS phases, particularly in the  fine siructure study of the cobalt-molybdenum hydrodesulfuriza-

case of HDS/HydO selectivity. Moreover, the selective tion catalysts). Phys. Cheng5, 3868.



E Krebset al./ A DFT Study of CoMoS and NiMoS Catalysts: from Nano-Crystallite Morphology 717
to Selective Hydrodesulfurization

15 Clausen B.S., Topsge H. (1989) In-situ studies of catalysts 82 Mey D., Brunet S., Canaff C., Maugé F., Bouchy C., Diehl F.
XAFS and Mossbauer spectroscolyperfine Interact47, 203. (2004) HDS of a model FCC gasoline over a sulfided

16 Bouwens S.M.A.M., Koningsberger D.C., de Beer V.H.J,, 82&{’@?%2‘?“""%“ Effect of the addition of potassiu,

Louwers S.P.A., Prins R. (1990) EXAFS study of the local struc-

Fin Nie i ati 33 Lamic A.F., Daudin A., Brunet S., Legens C., Bouchy C.,
}_u;g gf2N7|3|n Ni-MoS/C hydrodesulfurization catalyst€atal. Devers E. (2008) Effect of J$ partial pressure on the transfor-

mation of a model FCC gasoline olefin over unsupported molyb-
17 Calais C., Matsubayashi N., Geantet C., Yoshimura Y., Shimada denum sulfide-based catalystqpl. Catal. A: Gen344, 198.
H., Nishijima A., Lacroix M., Breysse M. (1998) Crystallite Size 34 chj J.-S., Mauge F., Pichon C., Olivier-Fourcade J., Jumas J.-
Determination of Highly Dispersed Unsupported MoS  C. Ppetit-Clair C., Uzio D. (2004) Alumina-supported
Catalysts,). Catal.174, 130. cobalt...molybdenum sulfide modified by tin via surface
18 Shido T., Prins R. (1998) Why EXAFS Underestimated the Size 0rganometallic chemistry: application to the simultaneous

: hydrodesulfurization of thiophenic compounds and the hydro-
gzzsﬁmall Supported MoSParticles,J.  Phys. Chem. BLOZ genation of olefinsAppl. Catal. A: Gen267, 203.

— 35 Cristol S., Paul J.F., Payen E., Bougeard D., Hutschka F.,
19 Topsge N.-Y., Topsge H. (1983) Characterization of the struc- clemendot S. (2004) DBT derivatives adsorption over molybde-
tures and active sites in sulfided Co-Ma/@§ and Ni-Mo/AL,O; num sulfide catalysts: a theoretical stutlyCatal.224, 138.

catalysts by NO chemisorptiah, Catal.84, 386. 36 Cristol S., Paul J.F., Schovsbo C., Veilly E., Payen E. (2006)
20 Maugé F., Duchet J.C., Lavalley J.C., Houssenbay S., Payen E.,DFT study of thiophene adsorption on molybdenum sulfide,
Grimblot J., Kasztelan S. (1991) The sulphided state of nickel Catal.239, 145.

molybdenum catalysts supported on zirconia and aluminates;; Raybaud P., Hafner J., Kresse G., Toulhoat H. (1998)
Catal. Todayl0, 561. Adsorption of thiophene on the catalytically active surface of

21 De la Rosa M.P., Texier S., Berhault G., Camacho A., Yacaman MO0S;: An ab initio local-density-functional studhys. Rev.
M.J., Mehta A., Fuentes S., Montoya J.A., Murrieta F., Chianelli Lett.80, 1481.
R.R. (2004) Structural studies of catalytically stabilized modeB8 Sun M., Nelson A.E., Adjaye J. (2006) Adsorption

and industrial-supported hydrodesulfurization catalykst€atal. Thermodynamics of Sulfur- and Nitrogen-containing Molecules
225 288. on NiMoS: A DFT StudyCatal. Lett.109 133.

22 Raybaud P. (2007) Understanding and predicting improved® Orita H., Uchida K., Itoh N. (2004) A volcano-type relationship
1 CInai : P ing between the adsorption energy of thiophene on promoted MoS
éﬂ{geAgaéﬂxztz&z I;lglghts from first principles modeliAgpl. cluster-model catalysts and the experimental HDS activity: ab

initio density functional studyAppl. Catal. A: Gen258 115.

23 Paul J.-F,, Cristol S., Payen E. (2008) Computational studies g \yeper T., Van Veen J.A. (2008) A density functional theory
(mixed) sulfide hydrotreating catalys@atal. Todayl30, 139. study of the hydrodesulfurization reaction of dibenzothiophene
24 Raybaud P., Hafner J., Kresse G., Kasztelan S., Toulhoat H. 0 biphenyl on a single-layer NiMoS clust@atal. Today130,
(2000) Structure, Energetics, and Electronic Properties of the
Surface of a Promoted Mg atalyst: An ab Initio Local 41 Sun M.Y., Nelson A.E., Adjaye J. (2005) Adsorption and hydro-
Density Functional Studyl, Catal.190, 128. genation of pyridine and pyrrole on NiMoS: an ab initio density-

25 Schweiger H., Raybaud P., Toulhoat H. (2002) Promoter functional theory study. Catal 231, 223.

Sensitive shapes of Co(Ni)MoS Nanocatalysts in Sulfo-reductivé2 Sun M.Y., Nelson A.E., Adjaye J. (2005) First principles study
Conditions,J. Catal.212, 33. of heavy oil organonitrogen adsorption on NiMoS hydrotreating

catalystsCatal. Todayl09 49.

26 Byskov L.S., Hammer B., Norskov J.K., Clausen B.S., Topsog3 . . .
oo Todorova T., Prins R., Weber T. (2005) A density functional the-
H. (1997) Sulfur bonding in MoSand Co-Mo-S structures, ™ o sy of the hydrogenolysis reaction of SH to CH, on the
Catal. Lett47, 177. catalytically active (100) edge of 2H-MgS. Catal.236, 190.

27 Lauritsen J.V., Nyberg, M., Ngrskov J.K., Clausen B.S., Topsgg4 Moses P.G., Hinnemann B., Topsoe H., Norskov J. (2007) The
H., Leegsgaard E., Besenbacher F. (2004) Hydrodesulfurization hydrogenation and direct desulfurization reaction pathway in
reaction pathways on Mg®anoclusters revealed by scanning  thiophene hydrodesulfurization over Mo&atalysts at realistic
tunneling microscopy]. Catal.224, 94. conditions: A density functional study, Catal.248 188-203.

28 Lauritsen J.V., Kibsgaard J., Olesen G.H., Moses P.G45 Krebs E., Silvi B., Daudin A., Raybaud P. (2008) A DFT study
Hinnemann B., Helveg S., Narskov J.K., Clausen B.S., Topsge Of the origin of the HDS/HydO selectivity on Co(Ni)MoS active
H., Laegsgaard E., Besenbacher F. (2007) Location and coordi- PhasesJ. Catal.26Q 276.
nation of promoter atoms in Co- and Ni-promoted Mb&sed 46 Scheffler M., Dabrowski J. (1988) Parameter-free calculations of
hydrotreating catalystd, Catal.249 220. total energies, interatomic forces and vibrational entropies of

29 Daudin A., Brunet S., Perot G., Raybaud P., Bouchy C. (2007 defects in semiconductofpilos. Mag. /68, 107.

Transformation of a model FCC gasoline olefin over transitiorft7 Quian G.X., Martin R.M., Chadi D.J. (1988) First-principles
monometallic sulfide catalysts, Catal.248, 111. study of the atomic reconstructions and energies of Ga- and As-

30 Daudin A.. Lamic AF.. P G B s Ravbaud P.. Bouch stabilized GaAs(100Rhys. Rev. B8 11, 7649.
audin A., Lamic A.F., Perot G., Brunet S., Raybaud P., Bouc - ,
C. (2008) Microkinetic interpretation of HDS/HYDO selectivity 48 Kadas K., Ker G., Hafner J. (1998) Ab initio studies of the

of the transformation of a model FCC gasoline over transition I(Clsl %,)h?,gd é—éLlels—Sl)Zgueraces of cubic BN: Structure and energet-

metal sulfidesCatal. Todayl30 221. ) ) . .
) 49 Wang X.-G., Weiss W., Shaikhutdinov Sh.K., Ritter M.,
31 Brunet S., Mey D., Perot G., Bouchy C., Diehl F. (2005) On the  petersen M., Wagner F., Schlégl R., Scheffler M. (1999) The
hydrodesulfurization of FCC gasoline: a revidyppl. Catal. A: Hematite (-Fe,O;) (0001) Surface: Evidence for Domains of
Gen.278 143. Distinct ChemistryPhys. Rev. Let81, 1038.



718 Oil & Gas Science and Technology ... Rev.VeR,64 (2009), No. 6

50 Reuter K., Stampfl C., Scheffler M. (200B)andbook of 67 Bouwens S.M.A.M., Veen J.A.R. van, Koningsberger D.C., Beer
Materials Modeling - Ab initio Thermodynamics and Statistical V.H.J. de, Prins R. (1991) EXAFS determination of the structure
Mechanics of Surface Properties and Functjori S. (Ed.), of cobalt in carbon-supported cobalt and cobalt-molybdenum
Springer, Berlin, Val. 1. sulfide hydrodesulfurization catalysfs,Phys. Chen®5, 123.

51 Raybaud P., Costa D., Corral Valero M., Arrouvel C., Digne M.68 Niemann W., Clausen B.S., Topsoe H. (1990) X-Ray absorption
Sautet P., Toulhoat H. (2008) First principles surface thermody- studies of the Ni environment in Ni-Mo-Satal. Lett4, 355.
namics of industrial supported catalysts in working conditidns, g9 | guwers S.P.A, Prins R. (1992) Ni EXAFS studies of the
Phys. Cond20, 064235. Ni-Mo-S structure in carbon-supported and alumina-supported
52 Raybaud P., Hafner J., Kresse G., Kasztelan S., Toulhoat H. Ni-Mo catalysts,). Catal.133 94.

(2000) Ab Initio Study of the HH,S/MoS, Gas-Solid Interface: 70 curie M.P. (1885) Sur la formation des cristaux et sur les con-
The Nature of the Catalytically Active Sitds Catal.189 129. stantes capillaires de leurs différentes faBe§oc. Min. France

53 Digne M., Sautet P., Raybaud P., Euzen P., Toulhoat H. (2002) 8, 145.
Hydroxyl groups on gamma Alumina Surfaces: a DFT Stldy, 71 wulff G. (1901) Zur Frage der Geschwindigkeit des Wachstums

Catal.211 1. und der Aufldsung der Krystallflachen, Kristallogr. 34, 449.

54 Arrouvel C., Breysse M., Toulhoat H., Raybaud P. (2005) A72 Gandubert A., Krebs E., Legens C., Costa D., Guillaume D.,
density functional theory comparison of anatase fFi@nd - Raybaud P. (2008) Optimal promoter edge decoration of CoMoS
Al 0z-supported Mogcatalysts,). Catal.232 161. catalysts: A combined theoretical and experimental stalal.

55 Costa D., Arrouvel C., Breysse M., Toulhoat H., Raybaud P. T0day130, 149.
(2007) Edge wetting effects ofAl ,O; and anatase-TiDsup- 73 Gandubert A., Legens C., Guillaume D., Rebours S., Payen E.

ports by Mo$ and CoMoS active phases: A DFT study, (2007) X-ray photoelectron spectroscopy surface quantification
Catal. 246, 325. of sulfided CoMoP catalysts - Relation between activity and pro-
56 Perdew J.P., Wang Y. (1992) Accurate and simple analytic rep- Moted sites - Part I: Influence of the Co/Mo ra@i, Gas Sci.
resentation of the electron-gas correlation endpys. Rev. B Technol. ... Rev. IF2, 79.
45, 13244. 74 Travert A., Dujardin C., Maugé F., Veilly E., Cristol S., Paul J.-
F., Payen E. (2006) CO Adsorption on CoMo and NiMo Sulfide
57 PHr?y:nF?:\;'gB%é E%Zn W. (1964) Inhomogeneous Electron, Gas, Catalysts: A Combined IR and DFT Study,Phys. Chem. B

110 1261-1270.
58 Kohn W., Sham L.J. (1965) Self-Consistent Equations Including5 Logadottir A., Rod T.H., Nerskov J.K., Hammer B., Dahl S
Exchange and Correlation Effed®ys. Rev. A4Q 1133. Jacobsen C.J.H. (2001)’ The Bronsted’-Evans-Polaﬁyi Relation

59 Kresse G., Furthmdller J. (1996) Efficiency of ab-initio total ~ and the Volcano Plot for Ammonia Synthesis over Transition
energy calculations for metals and semiconductors using a plane- Metal Catalysts). Catal.197, 229.

wave basis seomput. Mater. ScB, 15. 76 Raybaud P., Hafner J., Kresse G., Toulhoat H. (1997) Ab initio
60 Kresse G., Joubert D. (1999) From ultrasoft pseudopotentials to density functional studies of transition-metal sulphides: I. Crytal

the projector augmented-wave methBbys. Rev. B9, 1758. structure and cohesive propertiésPhys. Cond, 11085.

61 Byskov L.S., Narskov J.K., Clausen B.S., Topsge H. (1999)7 Toulhoat H., Raybaud P., Kasztelan S., Kresse G., Hafner J.
DFT Calculations of Unpromoted and Promoted MB&sed (1999) Transition metals to sulfur binding energies relationship
Hydrodesulfurization Catalyst3, Catal.187, 109. to catalytic activities in HDS: back to Sabatier with first principle

62 Sun M., Nelson A.E., Adjaye J. (2004) On the incorporation of CalculationsCatal. Todays0, 629.
nickel and cobalt into Mogedge structures, Catal.226 32. 78 Toulhoat H., Raybaud P. (2003) Kinetic interpretation of cat-

63 Krebs E., Silvi B., Raybaud P. (2008) Mixed sites and promoter alytic activity patterns based on theoretical descripfor€atal.

segregation: A DFT study of the manifestation of Le Chatelieres 218 63_)' ) )
principle for the Co(Ni)MoS active phase in reaction conditions,79 Sabatier P. (1911) Hydrogénations et déshydrogénations par
Catal. Todayl30, 160. catalyseBerichte der Deutschen Chem. Gesellsch&2001.

64 Okamoto Y., Kawano M., Kawabata T., Kubota T., Hiromitsu 1.80 Krebs E., Silvi B., Raybaud P. (2009) Topological analysis of
(2005) Structure of the Active Sites of Co-Mo the interactions between organic molecules and Co(Ni)MoS cat-
Hydrodesulfurization Catalysts as Studied by Magnetic alytic active phaseJ. Comput. Theoretical ChenDOl:
Susceptibility Measurement and NO AdsorptidnPhys. Chem. 10.1021/ct800344r.

B 109 288. 81 Miller J.T., Reagan W.J., Kaduk J.A., Marshall C.L., Kropf A.J.

65 Lauritsen J.V., Bollinger M.V., Laegsgaard E., Jacobsen K.W., (2000) Selective Hydrodesulfurization of FCC Naphtha with
Ngrskov J.K., Clausen B.S., Topsge H., Besenbacher F. (2004) Supported MogCatalysts: The Role of Coball, Catal. 193
Atomic-scale insight into structure and morphology changes of 123-131.

MosS, nanoclusters in hydrotreating catalystsCatal.221, 510. 82 Marchand K., Legens C., Guillaume D., Raybaud P. (2009) A

66 Topsge H., Clausen B.S., Topsge N.-Y., Pedersen K.J., Niemannrational comparison of the optimal promoter edge decoration of
W., Mller A., Bégge H., Lengeler B. (1987) Inorganic cluster HDT Ni MoS vs CoMoS catalystsQil Gas Sci. Technolthis
compounds as models for the structure of active sites in pro- ISSU€.
moted hydrodesulphurization catalystsChem. Soc. Farad. T. Final manuscript received in January 2009
183, 2157. Published online in April 2009

Copyright © 2009 Institut frangais du pétrole
Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted withouitiee thidvcopies are not made
or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first pagghtSdpr components of thi
work owned by others than IFP must be honored. Abstracting with credit is permitted. To copy otherwise, to republish,derpest,@r to redistribut
to lists, requires prior specific permission and/or a fee: Request permission from Documentation, Institut frangais déapetr8@,1 47 52 70 78
or revueogst@ifp.fr.




