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Abstract

The development of new hydrotreating catalysts to meet the need for producing cleaner transportation fuels requires a better understanding
of the structures and properties of active sites of industrially relevant catalysts. Molecular modeling and simulation has made important
contributions towards achieving this goal. This review summarizes theoretical results and conclusions regarding the structures and properties
of molybdenum-based hydrotreating catalysts through a logical discussion of surface structures, hydrogen activation, and adsorption and
reaction of organosulfur molecules. Ab initio calculations of molybdenum-based sulfide catalysts have been used to predict the equilibrium
sulfur coverage on the edge planes of promoted and unpromoted date8ysts, identify the energetically favorable locations of promoter
(Ni, Co) atoms, consider the mechanism of hydrogen dissociation and adsorption, and characterize the bonding of organosulfur molecules by
evaluating the adsorption energies as a function of catalyst composition. We summarize published computational results from the previous
decade, and in the process highlight the need to consider the appropriate model when performing calculations. In this review, we conclude the
single slab Mogmodel containing two rows of molybdenum atoms is adequate for discussing general energetic trends when sulfur coverage
changes on the edge surface, however more substantive models are required to obtain accurate energetic and structural data. The stabl
structures at reaction conditions also have to be considered when discussing the locations of promoter atoms, the dissociation of hydrogen,
and the adsorption of molecules on the edge surface. Additional challenges and future applications to increase the fundamental understanding
of molybdenum-based sulfide catalysts are discussed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction between the activity and structure of catalysts is of great
interest for both industry and academia.

Combinational efforts in characterizations by various  Transition metal sulfides, specifically molybdenum-based
techniques and activity investigations have provided many sulfides, are widely used in the oil refining industry as
insights into the nature of the active phase on various hydrotreating catalysts. These industrial catalysts are typ-
catalyst systems. One specific group of industrially rel- ically composed of nickel (or cobalt) and molybdenum
evant materials that has received considerable attentionsupported ony-Al,Os3, which are prepared in an oxidic
are hydrotreating catalystd,2]. The increasing interest state and converted to sulfidic state before use. The mixed
in upgrading heavy oils and the demand for cleaner fuels CoMo and NiMo sulfide catalysts have higher activities
continue to drive the research and development of new than corresponding monometallic molybdenum, cobalt, or
hydrotreating catalysts with higher activity and selectivity. nickel sulfide catalysts. The maximum activities of CoMo
Consequently, a better understanding of the relationshipor NiMo catalysts are obtained at a/M1 + Mao] ratio
of approximately 0.3. When supported alone on alumina,
molybdenum sulfide has much higher activity than cobalt
or nickel sulfides; thus, molybdenum sulfide has tradition-
ally been considered to be the catalytically active phase and
cobalt and nickel to be catalyst promotéts2]. Although
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many proposals have been made according to different[29,30] demonstrated the potential of computational chem-
experimental observations, a complete understanding ofistry in the area of transition metal sulfide catalysts. The
the promoting effects of cobalt and nickel on Mo-based rapid development in computational theories and the sig-
catalysts has not yet been achieved. nificant advances in computational tools have accelerated
It is well known that molybdenum exists as Mp8usters the theoretical studies in areas of heterogeneous cataly-
in Mo-based sulfide catalysts. Mp8as a layered structure  sis [31]. Most of the calculation§7—16,19-26]have been
with molybdenum atoms in a plane situated between two based on density-functional theory (DFT), while few em-
sulfur planes for each S—Mo-S layer, and the active sitesployed semi-empirical method48], which could also be
are located at edge surfaces of Ma®ystallites. Inorderto  useful for calculating electronic properties of transition
explain the synergetic effect between cobalt and molybde- metal catalysts. In this regard, the correlation of theoreti-
num, Delmon et al[3] proposed the presence of two distinct cal calculations and experimental results has offered new
phases. The cobalt sulfide phase would activate hydrogeninsights into numerous fundamental aspects, such as the
that would then spill-over toward the molybdenum sulfide stable structure of MoSedge surfacefr,12,14-16,19]the
phase. The activated hydrogen would maintain a fraction of promotional effects of cobalt and nick§l,12,16,22,23]
surface molybdenum coordinatively unsaturateds) and the formation of vacancies on different edge surfg@e€s,
form S—H groups. In such a way, a “remote control” of the hydrogen activatior{10,20,23] and interactions between
active phase on molybdenum sulfide is exerted by the pro- organic compounds and active si{8s10,13,18,24,25]
moter phase (cobalt sulfide). On the other hand, Topsoe etal. The objective of this article is to review the computational
proposed the CoMoS theory to explain the promotional ef- results about molybdenum-based sulfide catalysts published
fect of cobalt on Mo [4]. The success of the CoMoS the- in the past decade. A detailed description of the calculation
ory stands on the discovery of a special signal in Méssbauermethods and techniques can be found in individual refer-
emission spectroscopy, which could not be ascribed to anyenced papers and additional articles (for example[32}.
known cobalt phase at that time. Topsoe et al. attributed it The information reviewed in this manuscript is organized
to a mixed CoMoS phase, in which cobalt is located on the according to the following aspects of molybdenum-based
edges of Mo$ crystallites. However, the detailed structure sulfide catalysts:Section 2 describes the structure and
of the CoMoS phase is still unclear after many years of ef- properties of Mog edge surfacesSection 3discuses the
forts. activation of hydrogen on MaSedge surfacesSection 4
Duchet et al[5] questioned the assumption of cobalt being presents the possible locations and the effects of the pro-
the promoter in CoMo catalysts based on the higher intrinsic moter atoms on MoScatalysts; an&ection Sdiscusses the
activity of carbon-supported cobalt catalysts when compared adsorption and reaction of sulfur-containing compounds on
to a carbon-supported molybdenum catalyst. Thus, cobalt it- various Mo$ edge surfaces.
self could be considered the catalytically active phase. This
observation was supported by the fact that carbon-supported
cobalt catalysts had similar activities to carbon-supported 2. MoS, edge structures
CoMo catalystd6]. Therefore, Mo$ could act as a sec-
ondary support for cobalt sulfide particles that would be  Different atomic models have been used to describe the
more active than molybdenum sulfides. edge structure of MoScatalysts based on previous experi-
Despite considerable experimental efforts, the exact mental characterization. Byskov et fl,12,14]used a chain
structure of the active phase at the atomic level and the model containing a single S—Mo-S slab constructed from
precise origin of the synergetic effect between cobalt and two Mo prisms, while Raybaud et g8,9,11,15,16Jand
molybdenum are still not fully understood. Additionally, Payen and coworkef$3,19,23,26used a larger model con-
the adsorption geometry and bonding mode of organic taining two S—Mo-S sheets exposing Mo- and S-edges alter-
molecules on the MagoS catalyst edge surfaces remains natively. Both the “chain model” and the “two-sheet model”
uncertain. Although experimental techniques, including are repeated periodically along directions perpendicular to
numerous surface-specific spectroscopies, have been usethe edge surfaces. Cluster models including a finite num-
to elucidate the fundamental relationship between cata-ber of atoms have also been used as model MiBalysts
lyst composition and reactivity, many of the fundamental [14,22,28,29]
guestions cannot be adequately addressed using current Fig. 1shows a hexagonal Me®rystallite consisting of a
experimental techniques. single layer of S-Mo-S, which was proposed by Kasztelan
During the past decade, considerable attention has beeret al. [33]. Theoretical studies predict that the hexagonal
given to the theoretical investigation of Mo-based sulfide shape is stable under working conditidi24], while a tri-
catalysts in order to further understand the structure of angular shape that was previously observed by scanning
active sites and reaction mechanisms at the atomic leveltunnelling microscopy (STMJ34] is stable at high hydro-
[7-26]. Early theoretical studies of hydrodesulfurization gen sulfide partial pressures. The basal plamé Q1) is
(HDS) on molybdenum sulfide using extended Huickel tight fully covered by sulfur atoms and is inactive for catalytic re-
binding method[27,28] and molecular orbital techniques actions, while the catalytically active sites are located at the
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Fig. 2. Stoichiometric Mog model including two rows of Mo units:
(A) side view; (B) top view.

at one side and the S-edge at the opposite diig. @).
Fig. 1. Hexagonal Mogcrystallite exposing Mo- and S-edges. They added two sulfur atoms per molybdenum atom on the
Mo-edge of the stoichiometric model, and thus, the two

edge surfaces and contain coordinatively unsaturated molyb—?hdegifrjéfu];ilIfocfglz;e? 2%::2212 Egog];i'zgzgx)ﬂ;ﬁnoﬂgvg d
denum and sulfur atoms. In the Mg8ulk structure, each 9 P

molybdenum atom is coordinated to six sulfur atoms and identify the minimum energy geometric configuration. Af-
each sulfur atom is coordinated to three molybdenum atoms <" relaxation, _the sul_f ur atoms at bof[h edges !“0"60' from
i i i i the normal lattice positions and dimerizd®]. While Ray-

in a prismatic unit. Cleavage of the Mp®ulk structure baud et al. anreed that on fullv suliided Mo-edde Dlanes
parallel to (100) or (01 0) planes produces an edge surface u - a9 ully sulfi ge p

exposing coordinatively unsaturated molybdenum or sulfur Z?Jﬂ;ro?torrg;cr:?geafé?;i?igiygf sd—lglfjriﬁﬁe]r,s,tgﬁlzhrsssu.l; o
atoms. On the as-cleaved molybdenum terminated edge P - ge.
Raybaud et al. used a model consisting of two layers of

(named Mo-edge, or 1D0 edge plane) each of the exposed S—Mo-S sheets as shownfig. 3 [15] The MasSsg unit

molybdenum atoms is coordinated to four sulfur atoms, - S

while on the as-cleaved sulfur terminated edge (named is periodically repegted along t_he directions parallel to the

S-edge, 0rl 010 edge plane) each of the terminal sulfur edge surfaces, while perpendicular to the edge surface a
' vacuum layer of 12.8 A separates the neighboring units.

atoms is coordinated to two molybdenum atoriAgg( 1). X
Under reaction conditions the perfect as-cleaved edge sur-The Z'M.O mpdel also proc!uced too short Mo-Mo dlstanges
[12]. This discrepancy might be due to the smaller size

faces of Mo$ on a hydrotreating catalyst are not stable . .
of the model used by Byskov et al. Adding an additional
[15.16,19,23] In the presence of hydrogen and hydrogen Mo-row on the small 2-Mo model to represent the bulk-like

sulfide in the hydrotreating reactor, hydrogen may react with
the surface sulfur atoms to form gas phase hydrogen sulfide;rnObedenum atoms produced better structural {&2q

thus, creating sulfur vacancies on the S-edge. The hydrogen
sulfide may dissociatively adsorb on unsaturated molybde-
num atom sites on the Mo-edge as a mechanism to replace
the sulfur. Before one could further study the interaction be-
tween organic molecules and the catalyst surface on a more
meaningful basis, one should first understand the edge struc-
tures that are stable in presence of hydrogen and hydrogen
sulfide under reaction conditions.

Byskov et al.[7,12] and Raybaud et aJ15] approached
this question by investigating the equilibrium sulfur cover-
ages on Mogedge surfaces using different models. Byskov (A) (B)
etal.used a quel consisting of a periodic §|ngle layer Qf a Fig. 3. Perspective view of optimized Mp®dge surfaces: (A) with bare
S—Mo-S slab with two molybdenum atoms in cross-section moe-edge and fully saturated S-edge; (B) with fully sulfided Mo- and
(2-Mo model) [7,12]. This model exposes the Mo-edge S-edge.
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In addition, the equilibrium sulfur coverage on the Mo- 0

and S-edge planes was studied by considering the en- 026
ergy requirements for both sulfur removal and addition. +100 1 -1.26 o
Byskov et al. reported the removal of one-half of the sul- £ 09 | 226 E‘;
fur atoms from the fully covered Mo-edge by reacting = ' 2
with gas phase hydrogen requires 0.15eV per sulfur atom £ -300 \ 326 3
(1eV = 23.061 kcal/mol)[12]. Further removal of sulfur § 400 \\ Ref 12 496 g
atoms from the half-covered molybdenum edge is not en- -2 T~ o | 2
ergetically favorable, requiring an additional 0.59eV per = 500 \ /_/,.:\:\{ 526 =
sulfur atom to remove half of the remaining sulfur atoms. \—""R’é}fl 5 1 ~
The inverse process of removing sulfur atoms from the -600 1 -6.26
fully covered Mo-edge is adding sulfur to bare Mo-edge. 700 ' . . 796
These two processes should have the same absolute value 0 20 40 60 80 100

of the reaction enthalpy with opposite sign. Raybaud et al.
first added sulfur atoms to the bare Mo-edge to model the
dissociation of hydrogen sulfide on the Mo-ed48]. Their Fig. 4. Changes in relative energy (kJ/mol at left axis and eV per atom
results show that adding sulfur atoms to the Mo-edge is an at right axis) yvith sulfur coverage on the Mo-edge plane. The uncovered
exothermic process up to a sulfur coverage of 50%. The re-"a® surface is the energy reference.

action enthalpy for further addition of sulfur atoms is small.

On the fully sulfided S-edge, Raybaud et al. reported the regarding the stable sulfur coverage on the S-edge. From
energy requirement for the removal of sulfur is 0.91 eV per Figs. 4 and %one can observe that removing all the sulfur
vacancy, while the removal of a sulfur atom from a 50% atoms (three sulfur atoms in one unit cell) from the 50%
coverage S-edge required 1.87 eV per vacdh6y. In com- coverage surface requires about 5.5 eV for the Mo-edge and
parison, Byskov et al. determined the energy requirementabout 9.5eV for the S-edge. This implies that the sulfur
for the removal of one sulfur atom from the fully sulfided atoms are more strongly bound to molybdenum atoms at
S-edge is 0.13 eV, and further removal of sulfur atoms from the S-edge than at the Mo-edge. These results indicate that
the 75% covered S-edge required 1.45eV per sulfur atomit is energetically unfavorable to obtain a sulfur coverage
[12]. The removal of sulfur from the S-edge is always an lower than 50% on the MgSedge surfaces. As a result,
endothermic proced3,12,15] and the energy requirement this suggests that on both the S- and Mo-edge planes, the
increases as the sulfur coverage decreases. presence of a large number of sulfur vacancies is unlikely.

The two studies discussed above used different structural Chemical equilibrium between the catalyst surface and
models, and consequently produced different structure datathe reactive environment containing hydrogen and hydrogen
However, their results regarding the relative energy at equi- sulfide influences the energetics of adsorption and desorp-
librium sulfur coverage on the Mo-edge are qualitatively tion of sulfur on Mo$ edge surfaces. High temperature
consistent. Byskov’s results indicate that removing one-half and hydrogen partial pressure favors the desorption of sul-
of the sulfur atoms from a fully covered Mo-edge requires fur from catalyst surfaces, while high partial pressure of
only small amount of energy (0.15eV per sulfur atom), but
further removal of the remaining 50% sulfur would require 1200

Sulfur coverage of the Mo-edge, %

an average of 1.6 eV per sulfur atom. Correspondingly, Ray- . 12
baud et al. found that adding one sulfur atom to each surface 1000 1

molybdenum atom (up to 50% sulfur coverage) releases on E 10 g
average 2.0 eV per sulfur atom, and the reaction enthalpy for 5 g Ref. 15 . S
adding one more sulfur atom to each molybdenum atom (to °
100% sulfur coverage) is very small (less than 0.15 eV on av- g 600 6 2
erage per sulfur atom). They also agreed that the most stable ¢ | §
configuration with 50% sulfur coverage was obtained when % 400 4 » %
the sulfur atoms were bridged to two neighboring molybde- ~ ©
num atomsFig. 4shows the comparison of the results from 200 Ref. 12 -,

the two research groups who used different structural mod-

els[12,15] The data have been adjusted to the same number 0 _ | = 0

(three) of edge molybdenum atoms in a unit cell.

Fig. 5 re-plots the reaction enthalpy for removing the
sulfur atoms from the S-edge by reacting with hydrogen at Sulfur coverage of the S-edge, %
different sulfur coverages using the data[lﬁ,lS] in a sim- Fig. 5. Changes in relative energy (kJ/mol at left axis and eV per atom at

ilar way as inFig. 4, with the fully sulfided S-edge as the right axis) with sulfur coverage on the S-edge plane. The fully sulfided
reference. Again, these two groups produced similar resultssurface is the energy reference.

0 20 40 60 80 100
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hydrogen sulfide leads to saturation of sulfur vacancies on activation energy. The direct departure of one sulfur atom
the edge surfaces. Depending on the reaction temperaturdrom the S-edge required an activation energy of 1.8 eV, and
and the ratio of hydrogen sulfide to hydrogen, the sulfur the process still required 1.25 eV to create a vacancy on the
coverage on Mogedges can vary between 50 and 100%. S-edge plane through an isomerization mecharjéh
Taking into account the presence of hydrogen and hydro- Combining the information from thermodynamic and ki-
gen sulfide in the gas phase will allow the determination of netic calculations, one can develop a better understanding
the stable structures of Mg&dge surfaces under reaction of the dynamic character of the Mp®dge surfaces under
conditions[15,19] At typical reaction conditions (350, reaction conditions. Thermodynamically, the formation of
H>S/H, < 0.01), the most stable sulfur coverage on both vacancies on stable MeSXdges is unfavorable. However,
S-edge and Mo-edge surfaces is 50%, with each surfaceon the basis of kinetics it is possible to separate this en-
molybdenum atom adsorbing one sulfur atom at a bridge dothermic process into several elementary steps with mild
position. At a higher HS/H, ratio, the S-edge could be activation energief?6]. On the Mo$ surfaces at reaction
fully covered by sulfur atoms, making the creation of sulfur conditions, a dynamic equilibrium exists between the forma-
vacancies on the edge surfaces more diffifli;19] Even tion and saturation of vacancies, which displace towards the
at very high hydrogen pressures and reaction temperaturedully saturated stable edge surface in the presence of hydro-
(for example, 100 bar and 35Q) the 50% covered edge gen sulfide. The dynamic equilibrium allows the presence of
surfaces are still the most staljgb]. These models predict a small amount of vacancies with a short lifetime. Low hy-
the number of unsaturated molybdenum sites is very smalldrogen sulfide partial pressure and high temperature favors
on Mo$S edge surfaces at normal hydrotreating conditions. the formation of vacancies, while high hydrogen sulfide par-
However, it is generally accepted that the active sites on tial pressure and low temperature decreases the number of
MoS, catalysts include coordinatively unsaturated molyb- vacancies on MoSedge surfaces.
denum sites located at the edge of Ma3®ystallites. Many
proposed reaction mechanisms on Ma&talysts consider
the involvement of the coordinatively unsaturated molybde- 3. Hydrogen activation on M oS, edge surfaces
num sites. In order to explain the discrepancies between the
theoretical calculations that predicted no vacancies present Hydrogen can activate MeSedge surfaces by reacting
on the stable Mogedge surfaces and experimental studies with surface sulfur to create vacancies on Me8ige planes.
supporting the presence of vacancies, Paul and Payen studh is also possible for hydrogen to exist on the surface as
ied the mechanism and kinetics of the creation of vacanciesadsorbed surface species. The presence of hydrogen on cat-
on the stable MogSedge surfac§?6]. alyst surfaces has been proposed in discussions of reaction
In order to form a vacancy in a unit cell containing three mechanisms on transition metal sulfide catalyj8&-38]
edge molybdenum atoms on the stable Mo-edge (50% sulfurThe existence of S—H groups on catalyst surfaces has been
coverage with one surface sulfur atom per edge molybdenumevidenced by physical characterizati¢88—42] and limited
atom), a series of surface reactions may occur, including: experimental evidence for the possible presence of Mo-H
(1) dissociation of diatomic hydrogen, (2) migration of the has also been report¢d3]. The dissociation of hydrogen
hydrogen atom to form adsorbe@$i and (3) desorption of  on the catalyst surface is an important factor in hydrotreat-
H>S and the formation of a vacancy. The rate-determining ing reactions. A recent review by Breysse et al. summarized
step in the formation of a vacancy on the stable Mo-edge is experimental work and theoretical studies on hydrogen ac-
the dissociation of diatomic hydrogen to form Mo—H and tivation on transition metal sulfide cataly$t!]. Addition-
S—H[26]. This is due to the fact that hydrogen dissociation ally, Rodriguez-Arias et al[45] and Raybaud et al46]
activation energy is approximately 0.97 eV. Although the discussed the possible roles of Mo—H on the hydrodenitro-
entire process is endothermic, the mild activation energy genation (HDN) of pyridine and the HDS of thiophene, re-
indicates that it may occur at reaction conditions. Once spectively.
the vacancy formed, £ may dissociate and a sulfur atom Diatomic hydrogen can dissociate on the catalyst sur-
may be re-adsorbed on this vacancy. This reverse procesdace heterolytically on an unsaturated metal site and a sul-
is exothermic and requires a very low activation energy. fur atom, or homolytically on sulfur couples, as shown in
Therefore, the presence of;8 in the gas phase has a Egs. (1) and (2)respectively{47]:
strong inhibition effect on the formation of vacancies on 0
Mo-edge planes. The removal of a second sulfur atom from H2 +M0~-S— Mo-H + SH @)
the Mo-edge is more difficglt, as the rate-determining step H, 4+ 2S — 2SH )
requires a much higher activation energy (1.8 §4]. On
the edge surface containing a single vacancy, dissociation ofwhere Md- is a molybdenum atom with a sulfur vacancy.
H»S on this vacancy is much faster than the formation of the How and where hydrogen molecules dissociate on Mz
second vacancy. Thus, the formation of a two-fold vacancy alyst surfaces is still not fully understood. Alexiev et al. re-
is very unlikely on the Mo-edge plane. The creation of a va- ported that hydrogen preferentially bonds to the sulfur atoms
cancy on the S-edge is more difficult, requiring much higher of S-S couples on the S-edge of Me&nd the formation of
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Mo-H on the Mo-edge was very unlike[20]. The disso- procesd35]. This is in agreement with Alexiev et gR0],
ciative adsorption of hydrogen on a single S-S couple waswhere they predicted that bonding of one hydrogen atom to
homolytic since the two S—H groups formed were practi- a S-S dimer was energetically more favorable than the ad-
cally equivalent. According to Cristol et al., the heterolytic sorption of two hydrogen atoms on both sulfur atoms of an
dissociation of hydrogen into one S—H and one Mo—H was S-S dimer.
more favorable than the homolytic dissociation forming two ~ The removal of one sulfur atom from each S-S couple on
S—H groups on a S-edge surface that was half covered bythe fully sulfided S-edge of MaSyields 50% surface sulfur
sulfur atomg19]. coverage, which has been reported to be the most energeti-
The bonding locations of dissociated hydrogen atoms on cally stable structure at reaction conditidi$,19,23] Dis-
the catalyst surface depend on the structure of the edge sursociative adsorption of hydrogen on the 50% sulfur-covered
faces. In a DFT studj12], Byskov et al. assumed the dis- S-edge is an endothermic procg#9,23,35,48] However,
sociation of diatomic hydrogen had already occurred, and heterolytic dissociation of a hydrogen molecule into Mo-H
studied the possible configurations of hydrogen atoms onand S—H, as described Eg. (1) was less endothermic than
the surface. Hydrogen adsorption on the catalyst surface washe formation of two S—H groupd.9,35] The dissociation
described using the following reaction: of hydrogen into two Mo—H groups appeared impossible as
A+ lH, B 3) one of the hydrogeq atoms shifted from t_he_mo_lybdenum to
2t2 the sulfur atom during the geometry optimization. The re-

where A and B were the structures before and after hydrogenmoval of one bridging sulfur atom from every third sulfur
adsorption. The hydrogen binding energy per hydrogen atomatom produces highly unsaturated molybdenum sites on the

was defined as S-edge surface. The formation of two bridging Mo—H groups
1 Z are exothermic+{0.62 eV)[35], however, the adsorption en-

AEq = - [E(B) — EA) — EE(HZ)] 4) ergy on this defective surface could not compensate for the
Z

energy requirement for the creation of such a vacancy. The
whereE(A), E(B), andE(H,) are the total energies of struc-  overall reaction of vacancy formation accompanied with hy-
tures A, B, and hydrogen, respectively. Negative values of drogen addition is still endotherm|&9,35]
AEy indicate bonding of hydrogen atoms on the surfacerel- On a fully sulfided Mo-edge (100% sulfur coverage),
ative to hydrogen molecules, while positive values do not. which is stable at high hydrogen sulfide partial pressures,
According to this model, basal planes could not bond hy- dissociative hydrogen adsorption on S-S dimers produces
drogen since the\Ey value was a high positive number S—H groups. According to Cristol et B5], this process is
(0.97 eV)[12]. On a fully sulfided S-edge, there are no un- exothermic AEy = —0.27 eV), but less exothermic when
saturated metal sites on the surf@§t®,15] The bonding of compared to the fully sulfided S-edga £y = —1.38¢eV).
a hydrogen atom to a terminal sulfur atom resulted in a neg- Both the formation of Mo—H and S—H groups, and that of
ative AEy quantity [35,48], meaning the sulfur atoms on two Mo—H groups, are endothermic processes. For the ad-
the fully sulfided edge surface are capable of adsorbing hy- dition of a second hydrogen molecule, the formation of two
drogen atoms. Bonding two hydrogen atoms on both sulfur adsorbed HS species on two sulfur atoms of a S-S dimer
atoms of a S-S dimeiE(Q. (5) and on two sulfur atoms of  was the most stable configuration. However, Bollinger et al.
different S-S dimersHq. (6) were both exothermic, but re-  [48] reported that the adsorption of hydrogen atoms on the
action (6) had higher negativ&Ey value (-1.38¢eV) than fully sulfided Mo-edge was endothermic. They reported this

reaction (5) AEy = —0.78eV)[35]: process requires 0.03 eV for one hydrogen atom, and 0.17 eV
" " for two hydrogen atoms for a unit cqg48].
Hy + { S} { S} N { HS} { S} 5) Sulfur atoms bond to two molybdenum atoms at bridge
S S HS S positions on the 50% sulfur coverage Mo-edge surface. Dis-
sociative adsorption of hydrogen on this edge is an endother-
sl [(s)]” Hs) [HS)® mic process, and the heterolytic dissociation of hydrogen
Ha + { S} { S} - { S} { S} (6) to Mo—H and S—H requires less energy than other configu-
rations. This is similar to the energetics of the 50% sulfur
* coverage S-eddéd9,35} however, adsorption on the S-edge

In these reactions{S}* and HS denote an adsorbed IS energetically preferred than on the Mo-edge. On the 50%
sulfur coverage Mo-edge, molybdenum atoms still main-
sulfur atom and a pair of adsorbed S—H groups on the sur-tain six-fold coordination. Therefore, the absence of unsat-
face, respectively. The formation of Mo—H and S—H by het- urated molybdenum sites on the Mo-edge can explain why
erolytic dissociation and the formation of two Mo—H groups the adsorption on this surface is highly unfavorable. The
were highly endothermic reactions, with calculatady removal of one bridging sulfur atom from every third sul-
values of 0.32 and 0.46 eV, respectivg®p]. Further addi- fur atom produces five-coordinated molybdenum atoms as
tion of hydrogen on the S-edge was less exothermic, andwell as six-coordinated atoms. The heterolytic dissociation
complete hydrogenation of the S-edge was an endothermicof hydrogen with one hydrogen atom on the remaining sul-
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fur atom and the other on the bridge position between two each sulfur atom on the basal surface is already coordinated
five-coordinated molybdenum atoms is slightly exothermic to three molybdenum atoms.

(—0.10eV)[23]. However, the energy released is much less

than that required for the removal of sulfur from the 50%

sulfur coverage Mo-edge. _ 4. The effect of promoters (Ni, Co) on MoS; edge
Bollinger et al. also reported the adsorption of the first ryctures

hydrogen atom was exothermia £y = —0.30eV) on a

50% sulfur-covered Mo-edgd8]. Comparing the exother- The incorporation of cobalt or nickel to the MpStructure

mic adsorption on the 50% sulfur-covered Mo-edge and the can significantly increase catalyst activity for hydrotreating
endothermic adsorption on a fully sulfided Mo-edge, they reactions[1,2]. Despite extensive research efforts in eluci-
concluded that the sulfur monomer configuration on 50% gating the effects of cobalt and nickel on molybdenum-based
sulfur-covered Mo-edge was more active than the sulfur catalysts, the origin of the promotional effect is still not fully
dimer configuration on the fully sulfided Mo-edge for the | ;nderstood. Among many proposals that were made in ex-
adsorption of hydrogen atonfé8]. This is in contrast to the plaining the promoter effect, the CoMoS the¢#y and the
results obtained by other researchers. Cristol et al. reportetk,emote-control” theony[3,49] are dominanf50].
dissociative hydrogen adsorption was always endothermic |t js well accepted that promoter atoms are located at
on the 50% sulfur-covered Mo-edd&9,35] The forma-  \os, edges, but the exact location of the promoter atoms
tion of two S-H groups on the 50% sulfur-covered Mo-edge rg|ative to molybdenum and sulfur, and the mechanism of
requires 0.37 eVAEy = +0.37eV), while theAEy was  their promotional effect s still under debate. Using the 2-Mo
—0.27 eV for the formation of two S—H groups by dissoci- mogdel, Byskov et alf12] found that the configuration with
ation of hydrogen on the fully sulfided Mo-ed{fE9,35] molybdenum atoms substituted by cobalt atoms at the S-edge
A possible explanation for the discrepancy in the rela- (rig. 6A) is more stable than the structure with molybdenum
tive activities of the fully covered and 50% sulfur-covered atoms substituted by cobalt atoms at the Mo-edig. 6B).
Mo-edge is the modeling of dissociative hydrogen adsorp- However, after investigation of different possible configu-
tion. Cristol et al. simultaneously bonded two hydrogen (ations, Raybaud et aJ16] concluded the substitution of
atoms on the catalyst surface to simulate the dissociationm0|ybdenum atoms on the Mo-edgeid. 60 is energeti-
of hydrogen on the surface, while Bollinger et al. bonded cally preferred over the fully sulfided S-edgéd. 6D). The

hydrogen atoms on the surface one by one. When two hy- giscrepancy in the most stable cobalt location between these
drogen atoms were put on the 50% sulfur-covered Mo-edge,

the hydrogen binding energy also became endothermic in
calculations by Bollinger et al XEy = +0.16 eV). Conse-
quently, the adsorption of the first hydrogen atom influences
the adsorption of the second hydrogen atom. An additional
source of the discrepancies between these studies may be ai
tributed to the different structural models u488,48] The

unit cell in the model used by Cristol et al. consists of two
layers of S-Mo-S sheets, with three molybdenum atoms lo-
cated along the edge and four molybdenum atoms in the di-
rection perpendicular to the edg@%]. The hydrogen atoms  (A)
in S—H groups interact with the neighboring slabs by hydro-
gen bonding, which further stabilizes the hydrogen atoms.
The unit cell in the model used by Bollinger et al. contains
a single layer of Mog with two molybdenum atoms along
the edges and six molybdenum atoms in the direction per-
pendicular to the edgd48]. Therefore, using a single slab
model or a two-layer model will produce different adsorp-
tion energies because the single layer model cannot simulate
slab-slab interactions through hydrogen bonding.

In summary, the mechanism of hydrogen dissociation de-
pends of the structure of the surface of Mash which the
dissociation occurs. The homolytic dissociation of hydrogen (c)
to two S—H groups is preferred on a fully sulfided S-edge,
as well as on a fully sulfided Mo-edge; and the heterolytic , :
dissociation of hvdrogen to Mo—H and S—H is possible onl Mo atoms are substltute_d by Co atoms at the fully sulflde_d S-edge; (B)

ydarog p y two Mo atoms are substituted by Co atoms at the fully sulfided Mo-edge;

on a partially sulfided edge surface. However, the adsorption c) three Mo atoms are substituted by Co atoms at the bare Mo-edge; (D)
of hydrogen on the basal plane is highly unflavored becausethree Mo atoms are substituted by Co atoms at the fully sulfided S-edge.

S

Fig. 6. Co—-Mo—S models with cobalt atoms at different locations: (A) two
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two studies should not be the result of their using differ-
ent models, since these two models produced a similar con-
clusion regarding the equilibrium sulfur coverage on MoS
edges Figs. 4 and h

It should be noted in the calculations performed by
Byskov et al.[12], both edges are fully covered with sulfur
atoms as shown ifrig. 6A and B However, in the calcu-
lations performed by Raybaud et §1.6], the metal edge
is uncovered and the S-edge is fully covered. In order to
evaluate these results on a constant basis, one should either
remove all the sulfur atoms on the metal edges from the
2-Mo model used by Byskov et al., or add sulfur to the
model studied by Raybaud et al. The energy requirement
for removing the sulfur atoms from the Mo-edgeFiy. 6A
would be 0.86 eV per sulfur atofi2]. However, removing
sulfur atoms from the fully sulfided Co-substituted metal
edge, as irFig. 6B, would be an exothermic process until Fig. 7. Moi2Sy4 cluster used in studying substitution of molybdenum by
the sulfur coverage reached 25%. Although further removal cobalt in[52].
of the remaining sulfur atoms might require additional en-
ergy, the total energy consumed for removing all the sulfur planes before and after promoter substitution influences the
atoms from the Co-substituted edge should be very smallfinal conclusion as to what is the most favorable configura-
(if positive). The energy difference between models in tion for the promoted catalyst. Under typical operating con-
Fig. 6A and Bis only 0.70eV. If the sulfur atoms on the ditions, the unpromoted Mo-edge could not be completely

S2

Mol Mo2

Mo-edge are removed from both modelsFof). 6A and B bare (0% sulfur coverage), and similarly the promoted metal
the Mo-edge substitution model would be more stable than edge could not remain fully sulfided. As a consequence, the
the S-edge substitution model. equilibrium sulfur coverage before and after promoter sub-

A further comparison of Mo- and S-edge substitution stitution should be considered in discussing this question to
models can be considered following the addition of sulfur on make a more meaningful conclusion.
the metal-edges dfigs. 6C and [to make these structures While the previous two studid42,16]yielded similar re-
fully sulfided, as Byskov et al. used in their studidZ]. sults regarding the preferred location of cobalt on Me8ge
Adding two sulfur atoms to each molybdenum atom on the surfaces, Faye et g52] obtained an opposite conclusion
bare Mo-edge is a highly exothermic process; the energy of about most stable location of cobalt in MoShey found
the structure with a fully sulfided Mo-edge is 5.61 eV lower that the substitution of molybdenum atoms in the bulk of
than that with bare Mo-edgé.5]. Adding one sulfur atom  Mo$; structure by cobalt atoms was more stable than sub-
to a Co-substituted metal eddeig. 60 is slightly exother- stitutions on both fully sulfided S-edge and bare Mo-edge
mic (—0.04eV), and adding more sulfur to this surface is surfaces. However, they used a cluster (d84) model ex-
endothermid16]. The relative energy for the structure with  posing bare Mo-edge and saturated S-edge surfaces contain-
a fully sulfided Co-substituted metal edge is not provided ing 24 molybdenum atoms${g. 7). The stability of the sub-
in the same studfl6], however it is estimated to be 0.9eV  stituted structures decreased in the following order when the
higher than the structure with the bare surffig. Table 1 corresponding molybdenum atom was substituted by cobalt:
lists the relative energies of the structures-af. 6C and D Mo4 > Mo5 > Mol. If Mo4 is considered representative of
and the corresponding fully sulfided edge surfaces. molybdenum in the bulk structure, Mo5 molybdenum at the

After this recalculation, the results from these two studies S-edge, and Mol molybdenum at the Mo-edge, this order is
are actually in agreement. If the Mo-edge as well as S-edgecompletely opposite of that reported by Raybaud eftla].
remained fully covered by sulfur atoms, cobalt substitution This apparent discrepancy may result from their using dif-
of molybdenum at the S-edge was preferred; however, if the ferent structural models to represent Mo&talysts. Faye
Mo-edge was uncovered while the S-edge was fully cov- etal.[52] used a cluster model containing a finite number of
ered by sulfur, cobalt substitution of molybdenum at the atoms, while Raybaud et dlL6] used a periodic model rep-
metal edge was preferred. The sulfur coverage on the edgeesenting an infinitely extended surface. While the edge sub-

Table 1
Relative energies of Co-substituted MoStructures
Model Fig. 6C Fig. 6D Co-edge ofFig. 6C (fully sulfided) Mo-edge ofFig. 6D (fully sulfided)

Relative energy (eV) 0.0 5.1 0.9 -0.5




M. Sun et al./Applied Catalysis A: General 263 (2004) 131-143 139

stitution model can accurately explain the optimum atomic
ratio of Co/(Co+ Mo) for maximum HDS activity, the bulk
substitution model is inadequate.

Substitution of molybdenum by cobalt also changes the
binding of sulfur atoms on the catalyst edge surfaces. The
removal of sulfur atoms from the Co-substituted edges is an
exothermic process, in contrast to that for unpromoted MoS
catalystg12,16] This implies the substitution of molybde-
num atoms by cobalt decreases the binding energy of sul- (A)
fur on the edge planes. The lower binding energy of sulfur
leads to a lower equilibrium sulfur coverage on the edges of
cobalt-promoted catalysts with more unsaturated metal sites,
which are believed to be the active sites for hydrotreating
reactions. Substitution of molybdenum atoms on the S-edge
[12] and on the Mo-edgEL6] with nickel atoms has a simi-
lar effect as with cobalt atoms, but the sulfur binding energy
on nickel-promoted edges is weaker than the cobalt edges.
At the same condition, the sulfur coverage on the edges de-
creases (unsaturated sulfur vacancies increase) in the order Co
MoS, > CoMoS> NiMoS. Additionally, decoration of the
edge surfaces with cobalt or nickel decreases the binding
energy of sulfur on the catalyst surface, allowing the sta-
ble edge surface to contain sulfur vacangiex16,23] Un-
der reaction conditions, 50% sulfur coverage (one sulfur per
metal atom at bridging position) was the most stable struc- (©
ture fqr gnpromoted Mo-edge Surfacﬁq. 8A). However, . Fig. 8. Stable structure with different cobalt ratios on the edge planes:
substitution of one mObedenum atom in three (33% substi- (A) stable unpromoted Mo-edge; (B) stable Mo-edge with one-third of
tution) by cobalt decreased the equilibrium sulfur coverage molybdenum substituted by cobalt; (C) stable surface with complete
from 50 to 17% (one sulfur atom remained between the two substitution of Mo by Co.
molybdenum atoms)(g. 8B), and a bare metal surface was
the most stable for a fully substituted surfaéég( 8C) [23].

The change in the sulfur coverage can be partially responsi-slightly higher than the Fermi level. Thgtstates on nickel
ble for the promotional effects of nickel and cobalt on MoS atoms on Ni-substituted surface are 0.41 eV lower than the
catalysts. Fermi level[16]. Therefore, the main effect of the promoter

Additionally, the changes in electronic structure caused on the electronic structure is the shift of thg dtates to or
by the promoters also play important roles in increasing below the Fermi level. This shift is larger for nickel than for
catalytic activities. The electronic properties of unpromoted cobalt, and the shift in theyg states can be used to explain
MoS, surfaces were studied by Raybaud et al. using DFT the change in the binding energy of sulfur on these metal
calculations[9,15]. On bare Mo-edge surfaces, the unsat- sites[16].
urated molybdenum atoms had high density of states near Substitution of molybdenum by cobalt on Mp&dge sur-
the Fermi level. Adsorption of sulfur atoms on the Mo-edge faces also affects the activation of hydrogen on the modi-
occupied the free valences of molybdenum and reduced thefied edge surface. The most stable configuration for the fully
density of states near and below the Fermi level. Hence, sul-substituted metal edge is the bare surface (0% sulfur cover-
fur adsorption significantly reduces the electron reactivities age). In this case, the heterolytic dissociation of hydrogen
of surface molybdenum atoms. The molybdenum atoms ononly occurred on a site formed by a cobalt atom and a sulfur
the fully sulfided S-edge showed low density of states local- atom of the basal plane, which is athermic (0.04 eV) due to
ized below and above the Fermi level, indicating very low the low energy of S—H bondin@3]. Hydrogen bonding of
reactivities. the hydrogen atom with the neighboring S—-Mo-S slab might

Substitution of the molybdenum atoms on the edge sur- stabilize this surface species. On a partially substituted sur-
faces by cobalt atoms bring about cobalt atoms on the sur-face, 17% sulfur coverage is stable. Heterolytic dissociation
face, which have high density of states below the Fermi of hydrogen on a five-coordinated molybdenum atom and a
level and relatively low density of states above the Fermi sulfur atom bridging a molybdenum atom and a cobalt atom
level [16]. For unsaturated molybdenum atoms on unpro- was exothermi¢23]. Cobalt increases the electron density
moted Mo-edge planes, thg,ttates are unoccupied, which  around the bridging sulfur, and the higher electron density
are 1.26eV above the Fermi level. For cobalt atoms on increases the ability of the sulfur to bind the hydrogen atom.
a Co-substituted surface, thg,dstates are lowered to or  The heterolytic dissociation on a Co-S pair is more exother-
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mic than on a Mo-S pair, in which sulfur is bridging molyb- age. The analysis of the change in density of states and
denum and cobalt atoms. charge distribution before and after adsorption of thiophene
These results indicate that cobalt strongly enhances hy-indicates electrons are donated from thiophene highest occu-
drogen activation as an adsorption center, and that cobaltpied bonding orbitals into non-bonding Mo d surface states,
also increases the ability of sulfur atoms to bind protons. and from occupied surface d states to antibonding @G-S
This is in agreement with numerous surface acidity investi- states (back donation). The depletion of thbonding states
gations using ammonia as a probe molecule. The acidity of and the filling of the antibonding states weaken the C-C and
cobalt sites is weaker than that of molybdenum sites with the C—S bonds of thiophene, and in turn activate the saturation
same sulfur coordination, and the basicity of sulfur atoms of the aromatic ring and cleavage of the C—S bond.
binding to cobalt atoms are stronger than sulfur atoms bind-  Analysis of the electrostatic potential field indicates that
ing to molybdenum atom23]. On a Ni-promoted edge sur- the electron-rich regions around thiophene are located at
face, the sulfur binding on a nickel atom is unstable; thus, two sides of the thiophene ring, and that the unsaturated
no S—Ni pair is available for hydrogen activation. This may molybdenum atoms on Mo-edge of a M8:s cluster are
explain why cobalt substitution could accelerate-B, ex- surrounded by positive electrostatic potential. This structure
chang€g53] and Ni substitution did ngi54]. supports the side-on adsorption configurafiti. Although
they did not perform a geometric optimization before and
after bonding thiophene on the Mo-edge surface, Ma et al.
5. Adsorption and reaction of sulfur compounds on [18] also concluded that side-on adsorption was energeti-
M oS, edge surfaces cally more favorable than the end-on adsorption. However,
their most stable configuration is different from the one pro-
In order to understand the reaction mechanism of HDS on posed by Raybaud et gB]. In the most stable configura-
molybdenum sulfide catalysts at the atomic level, many the- tion reported by Ma et al., the sulfur atom of thiophene was
oretical studies were performed to model the adsorption andfixed at the sulfur atom position in the sulfur plane as in the
reaction of thiophene-type molecules on Ma8odel cata- bulk Mo$; structure. In contrast, the most stable configura-
lysts[8,10,13,18,24,25,46Thiophene is most often used as tion reported by Raybaud et al. indicated that the sulfur was
a model compound, and coordinatively unsaturated molyb- located between two molybdenum atoms on the molybde-
denum atoms on MaSedge surfaces are considered as ac- num plane. Orita et al. used the same model as Ma et al., but
tive sites. they performed a geometric optimization before and after
Raybaud et al. compared different possible configurations adsorption24]. Among their side-on adsorption configura-
of thiophene adsorption on Mo-edge planes of a periodic tions, they included a similar configuration as the most stable
MoS, model including two layers of S—Mo-S sheets with one proposed by Raybaud et ]. The adsorption energy
alternating exposed uncovered Mo-edges and fully sulfided for this configuration was-1.81 eV[24], which is compa-
S-edge$8]. They reported positive adsorption energies were rable to—2.00 eV reported by Raybaud et @8]. However,
obtained on the Mo-edge, and adsorption on the S-edgeOrita et al. determined they could produce a more stable
was an endothermic process. On the Mo-edge, side-on ad-configuration by rotating the thiophene molecule and locate
sorption °) with the thiophene ring parallel to the sur- the sulfur atom slightly away from top of the molybdenum
face was always energetically more favorable than end-onplane[24]. The more stable configuration resulted in an ad-
adsorption ¢1) through the sulfur atom with the thiophene sorption energy of-2.72 eV. Despite the fact that these two
ring perpendicular to the edge surface. The side-on adsorp-groups used different models and computational packages,
tion was further studied by considering the initial location the comparable adsorption energies they determined for a
of the thiophenic sulfur atom relative to the surface molyb- similar configuration indicates that the most stable config-
denum atoms, either directly above a molybdenum atom or uration reported by Orita et al. should be more stable than
in a bridge position between two molybdenum atoms on the one suggested by Raybaud et al.
Mo-edge. They found that the latter configuration (sulfur  The adsorption of thiophene on unsaturated corner molyb-
atom bridges two molybdenum atoms) produced a higher denum sites has also been studied using a)8© cluster
adsorption energy—2.00eV) in comparison to the other in which two sulfur atoms on the S-edge previously coordi-
configuration (sulfur atom directly on top of one molybde- nated to the corner molybdenum atom were removed. This
num atom, 1.44 eV|8]. corner molybdenum atom is only coordinated to two sulfur
Following the adsorption calculations, the initial adsorp- atoms[10]. The adsorption of thiophene on this corner site
tion geometry was studied to determine the effect of ad- through the sulfur atom of thiophene is not energetically fa-
sorption on the aromatic structure of thiophene. Thiophene vored. As a result, the side-on adsorption througbystem
remained planar in thg'(S) configuration whereas it was is more stable. The same general conclusion is also valid for
tilted about the G-Cs axis in () configuration. Further-  the adsorption dibenzothiophene on a bare Mo-edge, where
more, () adsorption destroyed the aromatic character of the side-on adsorption configurations are energetically more
the thiophene ring, and thus activated the molecule for fur- favorable than the end-on adsorption through the thiophenic
ther reactions including hydrogenation and C—S bond cleav- atom [25]. The presence of methyl groups on the phenyl
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rings does not affect the flat on adsorption on the uncov-
ered Mo-edge, while the methyl groups at 4- and 6-positions
severely hinder the end-on adsorption through the sulfur
atom. The charge distribution analysis shows that while the
middle molybdenum atom on the Mo-edge (to which the
sulfur ring is bonded) has a net gain in negative charges
from the sulfur atom and the system, there is a net loss
of negative charge for the entire catalyst cluster. This indi-
cates that electron back donation into antibonding orbitals
of dibenzothiophene dominates over electron donation into
the unoccupied states on edge molybdenum atoms of the
catalyst clustef25].

The adsorption of sulfur on the coordinatively unsatu-
rated molybdenum atoms on both Mo- and S-edge planes
is energetically preferrefy,12,15} therefore, it is unlikely
to have a bare Mo-edge on a Mp&atalyst under reaction
conditions in the presence of,H. On bare Mo-edge sur-
faces, each molybdenum atom is coordinated to four sul-
fur atoms. Theoretically, two sulfur atoms can be added to
each molybdenum atom (100% sulfur coverage) to obtain
six-fold coordination. Depending on the reaction conditions,
the sulfur coverage on MoSedge surface varies between
50 and 100%. Calculations have shown that when one sulfur _. ) ) o )

. Fig. 9. Representation of different active sites on Ma®ige surfaces:
atom is added to each molybdenum atom, the sulfur atoms )y site 1 (side view); (B) site 2 (side view); (C) site 3 (top view).
prefer bridge positions between two molybdenum atoms on
the edge. Consequently, the edge molybdenum atoms are
six-fold coordinated at 50% sulfur coverage and thus, in-  According to Cristol et al[13], HDS reactions could oc-
active to the adsorption of sulfur compounds. Therefore, it cur on both Mo- and S-edge planes on a 50% sulfur-covered
is necessary to investigate the effect of the surface sulfursurface. The HDS of benzothiophene follows two parallel
atoms on the adsorption of sulfur-containing molecules on pathways; the hydrogenation of the thiophene ring followed
the partially covered edge surfaces. by C-S bond cleavage and C-S bond cleavage prior to

The removal of one sulfur atom from the stable Mo-edge complete hydrogenation of the thiophene ring. The side-on
containing three adsorbed sulfur atoms in a unit cell re- adsorption on site ZHjg. 9B) through the thiophene ring fa-
quires about 1.3e\13,15], producing an edge structure vors the hydrogenation pathway and the end-on adsorption
containing five-fold coordinated molybdenum sites between on site 3 Fig. 90 through the sulfur atom allows a direct
six-fold coordinated sites (site Ejg. 9A). On such an edge  C-S bond hydrogenolysis mechani§b3]. The sulfur cov-
structure, only the end-on adsorption through the sulfur erage influences the configuration of adsorption, and conse-
atom is possible for benzothiophefg]. If an additional qguently the overall reaction mechanism. The adsorption of
sulfur atom is removed from each unit cell, an edge struc- benzothiophene on site Fif. 9A) assisted in the creation
ture containing one four-fold molybdenum atom between of site 2 Fig. 9B) [13]. The removal of a sulfur atom near a
two five-fold molybdenum atoms will be created (site 2, site 1 to form site 2 required 3.4 eV without the presence of
Fig. 9B), which requires 3.4eV13,15] On such an edge, the benzothiophene, whereas removal of a sulfur atom near
side-on adsorption of benzothiophene through the thio- a site 1 with adsorbed benzothiophene present only required
phene ring is energetically more favorable than the end-on 1.61 eV. The sulfur coverage and the structure of vacancies
adsorption through the sulfur atom or the side-on adsorp- on the edge surfaces of Mg&re influenced not only by
tion through the benzene rif@3]. Removal of three sulfur ~ the hydrogen and hydrogen sulfide partial pressures, but
atoms from the fully sulfided S-edge in a unit cell requires also by the adsorption of reacting molecules.

2.9 eV, creating site 3jg. 90 [13]. The adsorption of ben- The presence of Mo—H and S—H on the Mo-edge surface
zothiophene on site 3 is only possible with an end-on con- was included in a calculation of energy profiles for thio-
figuration[13]. 4-Methylbenzothiophene produced a similar phene HDS performed by Raybaud et [@6]. The pres-
adsorption energy for side-on adsorption and a lower ad- ence of Mo—H and S—H groups significantly decreased the
sorption energy for end-on adsorption than benzothiophene.adsorption energies of thiophene and hydrogenated deriva-
The effect of the methyl group on the adsorption of benzoth- tives in comparison with the bare surface. On such a surface,
iophene was confirmed by Yang et F5] in their calcula- the flat-on mode was still more favorable than end-on ad-
tions for the adsorption of dibenzothiophene on a Mo-edge sorption. Hydrogenation of thiophene has an activation en-
plane. ergy barrier of 0.64 eV in the gas phase without a catalyst.
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Starting from the heterolytic dissociation of hydrogen on surfaces with high sulfur coverages. In the process of com-
the Mo-edge including a pre-adsorbed sulfur atom, no en- pleting the study about HDS reactions, it is also necessary to
ergy barriers were observed with the hydrogen source beingextend the theoretical calculation work into HDN reactions.
Mo-H or S—H group$46]. This is consistent with the pre-
vious discussion that the high stability of the free thiophene
was perturbed upon flat-on adsorption on catalyst sufgice ~ Acknowledgements
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