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Abstract

The formation of MoSxCy compounds has been observed on/in the surface of molybdenum-sulfide catalysts during the hydrodesulfurization
(HDS) process, and it is a major factor for determining the activity of molybdenum-carbide catalysts. Density functional theory (DFT) was
employed to investigate the adsorption of sulfur and sulfidation of transition metal carbides from groups 4–6 in the periodic table, including
extended surfaces [MC(0 0 1) (M = Ti, V, Mo, Ta)], nanocrystals [M14C13 (M = Ti, V, Mo)] and metcar [M8C12 (M = Ti, V, Mo)] nanoparticles. It
was found that with increasing carbon/metal ratio, the reactivity of the metal carbides towards sulfur decreased in the sequence: Mo2C > M14C13,
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8C12 > MC(0 0 1). In terms of sulfidation, M8C12 and MC(0 0 1) display a stronger resistance than M14C13. The presence of corner or ed
ites in the M14C13 nanocrystal favors the formation of MoSxCy compounds. Following Sabatier’s principle, our results suggest tha
C(0 0 1) surfaces are too inert to catalyze HDS reactions, while M14C13 is too active to resist the sulfidation that leads to degradati

he carbides. For reactions involving sulfur and sulfur-containing molecules, nanoparticles adopting the special geometry of metc
isplay a better catalytic activity than the corresponding bulk materials and carbide nanoparticles that have a cubic-based st
anocrystals. Indeed, DFT calculations indicate that Ti8C12 and Mo8C12 are good catalysts for the HDS of thiophene.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Sulfur-containing molecules are common impurities in oil.
he sulfur present in these impurities poisons catalysts used

or the conversion of oil-derived feedstocks and produces
ulfur oxides (SOx) during the burning of fuels[1–3]. In
he hydrodesulfurization (HDS) process, sulfur-containing
olecules are removed from petroleum by reaction with
ydrogen to form H2S and hydrocarbons[2,4]. The industrial
DS catalysts are complex systems[2], and usually consist
f a mixture of MoS2 and Co or Ni on a�-alumina support

4]. The exact nature of the active sites in these systems is a
atter of debate. It has been shown that MoSxCy compounds
re formed on/in the surface of molybdenum sulfide catalysts
uring the HDS process[5]. With new environmental regu-
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lations stressing the need for a reduction of the conte
sulfur in transportation fuels, searching for better HDS
alysts has become a very important issue in catalysis[4,6].
Metal carbides could be useful in this respect[6,7].

The early-transition metal carbides have attracted
siderable attention after the discovery in the 1970s that
have catalytic properties similar to those of expensive n
metals [8–10]. Pure early transition metals are eleme
that are too reactive to be useful as catalysts. The inclu
of C into the lattice of an early transition metal produ
a substantial gain in stability[11], while the chemica
activity decreases due to a downshift of the metal d-b
center (ligand effect) and missing metal sites not avai
for interactions with adsorbates (ensemble effect)[9–14].
Thus, according to Sabatier’s principle[15], metal carbide
should be good catalysts[11,12,14]. A series of studies hav
found that Mo2C possesses excellent catalytic propertie
hydrotreating reactions[2,3,16–18], but its activity decrease
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rapidly with time[7,9,10,17,18]. The degradation of Mo2C
catalysts was ascribed to the formation of a chemisorbed
layer of sulfur or MoSxCy compounds on the surface of the
catalyst[6,7,19]. This phenomenon in general is not well
understood and it is not known how it will depend on the
properties of the metal centers, the structure of the system,
or the carbon/metal (C/M) ratio in a carbide.

In the present study, density functional theory (DFT)
[11–14,20–22]is employed to investigate sulfur adsorp-
tion and sulfidation of metal carbides including extended
surfaces of MC(0 0 1) (M = Ti, V, Mo, Ta), nanocrystals
M14C13 (M = Ti, V, Mo), as well as metallocarbohedrenes
(metcars), M8C12. Metcars and nanocrystals are well-known
components of metal carbides[11,12,23–27]. Interest in
these nanoparticles stems from their unusual properties
including ionization in gas phase, bonding and reactivity
[11,12,23–27]. Although one would expect a decrease in
activity when raising the C/M ratio, recent DFT calculations
show that metcars (C/M = 1.5) and nanocrystals (C/M = 0.93)
are very active towards CO, H2O, NH3 and SO2, while being
very robust at the same time[11,12,23]. Furthermore, these
nanoparticles seem to exhibit good catalytic activity for the
HDS of thiophene[14]. To our best knowledge, no system-
atic study has been reported for the interaction of sulfur with
metal carbide systems. According to the calculated S adsorp-
tion energies and the energetics of sulfidation, we can screen
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results described below were obtained with spin-restricted
DFT. Other theoretical studies also pointed out the ground
states of M8C12 as a closed shell[24,33]. In many of our stud-
ies for the metcars, nanocrystals and extended surfaces, we
found that the level of theory used in this article reproduced
reasonably well experimental data reported for vibrational
spectra[24,34–36], surface structures[13], and adsorption
energies[11,12,31].

For adsorbed S, several possible sites were considered
here. In the calculations, the adsorbates and metcars were
allowed to relax in all dimensions. The bulk carbide surfaces
were modeled following the supercell approach with four-
layer slabs[13,37,38]and a 11̊A vacuum between the slabs
(Fig. 1a). The surface Brillouin zone was sampled at 21 or
16 K-points[11–13,23]. The adsorption of S on carbides at
coverages of 1/4 and 1/2 of a monolayer (ML) is included
for the bulk surfaces, which corresponds to one and two S
atoms bonded to a carbide nanoparticle, respectively. Here,
we consider that the equilibrium corresponds the enthalpy of
reaction for the process, H2Sgas→ H2,gas+ Sads. The reverse
reaction includes the adsorption of a S atom, and therefore

ES = E

(
nS

surf

)
+ nE(H2) − E(surf)− nE(H2S) (1)

was used to describe the S adsorption energy, where “n” is the
n the
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he catalysts that possess a moderate bonding strength
ble to resist sulfidation while still being able to break the
bonds (Sabatier’s principle[15]). Following this idea, ou
FT results show that by virtue of their unique structure
8C12 nanoparticles should be good catalysts for HDS

ontrast, the MC(0 0 1) surfaces are too inert to catalyze
eactions, while the M14C13 nanoparticles are too active
esist sulfidation.

. Theoretical method

Our all-electron DFT calculations were performed us
he DMol3 code, which allows modeling the electro
tructure and energetics of molecules, solids, and sur
28–31]. A double numerical basis set of accuracy comp
le to a Gaussian 6–31 G(d) was employed with a local b
utoff of 5.5Å in real space. When a more extended b
et and a higher cutoff were tested, no remarkable cha
ppeared. The generalized gradient approximation (G
ith the revised version of the Perdew–Burke–Ernze

RPBE) functional[32], was used in the present work. T
unctional, highly recommended for chemisorption s
es [21,22,32], usually shows absolute errors in adsorp
nergy of∼0.2 eV[32]. Our main interest here is thetrendin

he energetics, and in test calculations these were not aff
hen other GGA functionals (Becke–Perdew; Perdew–W
1) were used. DFT calculations with both restricted
nd unrestricted spin were tested for the metcars and

aces, leading to energy differences of less than 0.2 eV
umber of additive S atoms per cell. The more negative
dsorption energy, the more difficult the removal of S in

orm of gaseous H2S. The top three layers of the bulk surfa
ere allowed to relax along with the adsorbates, while

he bottom layer was kept fixed at the calculated bulk la
ositions. All the geometries for the surface, nanocry
nd metcar systems were optimized with no symmetry
traints. In addition, for each optimized structure, a Mulli
opulation analysis[39–42]was carried out to estimate t

ig. 1. Optimized configurations of the extended surfaces MC(0 0 1) (u
he top view; lower: the side view) (a), nanocrystals M14C13 (b) and metcar

8C12 with Td symmetry (c).
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partial charge on each atom and examinequalitative trendsin
charge redistribution. When using the Mulliken method, one
has to be careful with the type of basis set used[40–42]. The
basis set employed here and the Mulliken analysis give charge
distributions for Ti8C12 that are close to those obtained with
charges derived from fitting electrostatic potentials using
grid-based methods (CHELPG)[11,12,24]. In addition,
our main interest in this study is the change in the partial
charge on each atom with metal/carbon ratio and structural
configurations.

3. Results and discussion

This section is organized as follows. First, we will com-
pare the geometries of the different metal carbide systems
investigated, followed by examining the energetics for the
chemisorption of sulfur and the formation of MoSxCy com-
pounds. On this basis, we will try to predict the metal carbide
systems that are S-resistant and can perform the catalytic
HDS of thiophene well.

3.1. Geometry of metal carbides

The metal carbides in this study include bulk metal mono-
carbides (MC), nanocrystals (MC ) and metcars (MC ).
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All the M8C12 nanoparticles prefer a Td or slightly dis-
torted Td-like structures (D2d and C1) [11,12,14,23,24,33]
rather than a dodecahedral Th structure[26,27] by about
10eV. The calculated vibrational spectra using the Td-like
structures were in accord with the experimental observations
[23,25]. The Td structure for M8C12 is based on a M8 tetra-
capped tetrahedron (Fig. 1c). Eight metal atoms occupy two
different positions: four low-coordination outer atoms (Mo),
and four high-coordination inner atoms (Mi). Td-like struc-
tures (D2d and C1) were constructed by slightly perturbing
some of the bond lengths to decrease the symmetry. A Td-like
structure with C1 symmetry was considered here.

3.2. Sulfur adsorption on metal carbides

Sulfur adsorption is of fundamental importance in many
catalytic systems[48]. A number of theoretical studies of
sulfur adsorption on metal surfaces have been reported
[24,49,50]. However, little has been done for the metal car-
bides[11–13], although they seem very active for the disso-
ciation of sulfur-containing molecules[9,16,51]. It is usually
assumed that the C atoms in metal carbides are simple specta-
tors in hydrotreating reactions[5,9,51]. Previously, we have
examined the adsorption of S on some metal–carbide systems
[11–13]. Here, we will present a more systematic study.
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ll the bulk MC in which we are interested have a w
nown NaCl structure with a fcc Bravais lattice[9,43–46].
he DFT-RPBE calculated lattice constants for TiC, VC�-
oC and TaC are 4.34, 4.17, 4.36 and 4.44Å [11–13,23],

espectively. These values are in good agreement wit
orresponding experimental measurements (4.33[44], 4.16
45], 4.33[46], and 4.46̊A [47]). For the MC(0 0 1) surface
ur calculations as well as other studies show that ther
onsiderable zigzag in the surface with the surface C a
oving slightly outwards and the M atoms inwards (Fig. 1a)

10,46]. This phenomenon is studied in detail in Re
11,13,47].

The M14C13 nanocrystal is a 3× 3× 3 cube (Fig. 1b) with
in the center and at the midpoints of each of the tw

dges, plus M atoms at the eight corners (Mo, Fig. 1b) and six
ace midpoints (Mi,Fig. 1b). Ti14C13and V14C13were exper
mentally observed as a completely fcc fragment of bulk
nd VC, respectively[25,26,34]. Mo14C13 has never bee
bserved experimentally but was constructed theoretica

he fcc fragment of bulk�-MoC for comparison. Our calcul
ions show that the M14C13species adopt a configuration w

o drawn inwards slightly after the optimization (Fig. 1b)
23]. Such a configuration leads to a vibrational spectru
xcellent agreement with that measured experimentall
i14C13 [23,25]. In addition, we also consider M14C13 as

he analog of the step edges and kinks present in non
C(0 0 1) surfaces. Although the size of the nanocryst
uch smaller, the chemical activities are dominated by
toms with lower coordination in both systems and shou
imilar.
For MC(0 0 1) surfaces, S adsorption was consid
bove M atop (T) sites, M–M bridge (B) sites, hybrid M
ridge (HB) sites and hybrid hollow (HH) sites construc
y two metal atoms and one C atom (M–C–M) (Fig. 2a).
able 1lists the calculated S adsorption energies at a co
ge of 1/4 ML. The most favorable site for S adsorption
ll the MC(0 0 1) surfaces is the HH site. S atoms at the
ites either spontaneously shift to the HH sites of MC(0
r weakly bond with these carbide surfaces. As we will
elow, the metal centers in MC are greatly deactivated

o a large electron transfer to the C neighbors, which lea
chemical activity comparable to that of the C atoms. T
he C atoms of MC(0 0 1) surfaces play a direct role in th

able 1
alculated S adsorption energy on metal carbide surfaces, nanocryst
etcars at low S coverage (1/4 ML),ES (eV)

TiC(0 0 1) VC(0 0 1) �-MoC(0 0 1) TaC(0 0 1

H −0.85 −0.20 −0.78 −0.43
B 0.12 ⇒ HH −0.12 −0.01

⇒ HH ⇒ HH 0.27 −0.37

Ti14C13 V14C13 Mo14C13

H −1.58 −1.60 −2.06
B −1.29 −1.19 −1.50

−1.20 −0.64 −0.95

Ti8C12 V8C12 Mo8C12

H −0.04 −0.24 0.01
B −1.09 −0.77 −0.93

−1.31 −1.41 −1.73

H: M–C hybrid hollow site; HB: M–C hybrid bridge site; T: metal at
ite. See the text for detail.
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Fig. 2. The most stable configurations for the adsorption of S on the extended surfaces MC(0 0 1) (“HH”, hybrid hollow site involving by two metal atoms and
one carbon atom; upper: the top view; lower: the side view) (I), nanocrystals M14C13 (“HH”, hybrid hollow site constructed by two Mo atoms, one Mi and one
carbon atom) (II) and metcars M8C12 (“T”, M o atop site) (III). (a) At a low coverage of S (1/4 ML for the surfaces) and (b) at a high coverage of sulfur (1/2
ML for the surfaces).

bondingwith Sand behave differently from the oxygen atoms
of metal oxides which act as simple spectators in this process
[52,53]. Such a phenomenon is commonly ignored[5,6,51]
but it has been suggested by recent photoemission studies for
the S/TiC(0 0 1)[13,31]and S/MoCx systems[51].

Fig. 3a plots the energy of the strongest S adsorption at
coverage of 1/4 ML on each carbide as a function of the C/M
ratio. Here Mo2C is also included as a reference. The C/M val-
ues of 0.5, 0.93, 1 and 1.5 correspond to Mo2C, M14C13, MC
and M8C12, respectively. In all the carbides, there is a charge
transfer from the metal centers to the carbon centers (Fig. 4).

F rage of
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c

The DFT calculations have shown that Mo2C(0 0 1) bonds to
sulfur almost as strongly as pure Mo (ES =−2.68 eV) (11).
In contrast, the binding energies of S on MC(0 0 1) surfaces
appear to be less than 2 eV (Fig. 3), as the positive charge
on the metal centers increases (Fig. 4a). The weak bond-
ing can be attributed to both ligand and ensemble effects
[11,12,14,23]. As a result of the high C/M ratio, the electronic
structure of the M atoms in the MC(0 0 1) surfaces changes
(ligand effect) due to a substantial electron transfer from M
to C (Fig. 4). For instance, the Mo atoms of a MoC(0 0 1) sur-
face coordinated to five C atoms are more positively charged
by ∼0.5 e than those of Mo2C(0 0 1) which have only one C
neighbor (Fig. 4a). In general, the more positively charged

F atoms
( f 0.5,
0 .
T
c

ig. 3. Calculated S adsorption energies on the metal carbides at cove
/4 ML (a) and 1/2 ML (b) as a function of the C/M ratio. The values sh

n the figure correspond to the most stable configuration for S adso
n each carbide as shown inFig. 2. The C/M values of 0.5, 0.93, 1 and 1
orrespond to Mo2C, M14C13, MC and M8C12, respectively.
ig. 4. Calculated charges of the exposed metal atoms (a) and carbon
b) of the metal carbides as a function of the C/M ratio. The C/M values o
.93, 1 and 1.5 correspond to Mo2C, M14C13, MC and M8C12, respectively
he charges of M14C13 and M8C12 shown in (a) correspond to Mo. The
harges of M14C13 and M8C12 in (b) correspond to an average value.
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the M atoms, the lower their d-band centers and therefore
the lower their chemical activities[11,12,21,22]. In addition,
increasing the C concentration also decreases the number of
active M sites exposed in the surface (ensemble effect,Fig. 1)
and thus the interaction between S and MC(0 0 1).

With a similar cubic structure and C/M ratio, the ensem-
ble effect for the M14C13 nanocrystals is comparable to
that of MC(0 0 1). The important difference comes from the
existence of corner and edge sites in M14C13, which may
exhibit high reactivity towards S[14,23]. For S adsorption
on M14C13, Mo atop (T), Mo–Mi bridge (B), Mo–C hybrid
bridge (HB) and hybrid hollow sites involving one C, one
Mi and two Mo atoms (HH) (seeFig. 2b) were considered.
The Mi atop site was not included since it has a low chemi-
cal reactivity as shown in our previous studies[14,23]. The
bonding energies listed inTable 1indicate that the HH site is
the most stable configuration for S/M14C13. The Mo and C
atoms of M14C13 interact very well with S. One can see that
the C atoms in the nanocrystals are actively involved in the
bonding of Sas was seen for the MC(0 0 1) surfaces.

Although S adsorbed on both M14C13 and MC(0 0 1)
prefers the HH sites, the adsorption on M14C13 is much
stronger by 0.73–1.4 eV (Fig. 3). The Mo sites in the
nanocrystal are less positively charged than the M sites of
MC(0 0 1) (Fig. 4), and therefore have a higher activity (lig-
and effect).These results illustrate the importance of corner
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Figs. 3 and 4, one finds that the strength of the carbide-sulfur
interactions correlates well with the charge of the exposed
metal atoms. The less positively charged the metal atoms of
the carbide, the stronger the interactions with S. These results
highlight the importance of the ligand effects, with ensemble
effects probably playing a secondary role. Ensemble effects
could be important for the adsorption and dissociation of large
S-containing molecules[12], but not for bonding of atomic
sulfur.

In fact, our calculations also show that increasing the S
exposure to 1/2 ML does not affect the preferential sites
for S adsorption on each carbide (Figs. 5–7), except that
in the case of Ti8C12, the Tio–C bridge site rather than
the Tio atop site becomes more favorable at high coverage.
In addition, the similar volcano variations of S adsorption
energy with the C/M ratio are observed for both S cover-
ages. In spite of the amount of S exposed, the activity of
metal carbides towards S decreases following the sequence:
Mo2C > M14C13, M8C12 > MC (Fig. 3b). Mo2C bonds S very
strongly and therefore should be very reactive towards the
reactions with atomic sulfur as product, such as thiophene or
H2S dissociation. Consequently, removing S becomes highly
activated. In contrast, the S removal should be quite facile
in the case of MC by displaying a weak S–MC interaction,
while it is too inert to dissociate S-containing molecules. In
fact, this phenomenon is also observed in the recent pho-
t o
r and
d r’
p ta-
l s
b
a d
s

3

al of
t (i.e.,
H tion
o ant
c n
o T
w ation
o ble
c en as
t
c
e nergy
i e
o e
o n
e s CO
a
t 1)
[ even
nd edge sites. They will exist in steps and imperfections
real MoC(0 0 1) surface, and provide extra reactivity w

espect to the atoms in flat or ideal MoC(0 0 1) terraces.
M8C12 adopts a different geometry and has a higher

atio compared to M14C13 (Fig. 1b,c). However, the low
oordinated Mo atoms are also present in the metcars. Mo atop
ites (T) (Fig. 2c), Mo–Mi bridge (B), hybrid Mo–C bridge
ites (HB) and hybrid Mo–C–Mi hollow sites (HH) were stud
ed for S adsorption on M8C12. According to the results
ig. 3a,theM8C12nanoparticles exhibit amuch higher act
ty than theMC(0 0 1)surfaces bymore than 0.5 eV in spite
he high C/M ratio. Differently from MC(0 0 1) and M14C13,
he metal T sites (I,Fig. 7a) rather than the high symmet
etal (B) and hybrid sites (HH and HB, seeTable 1) are pre

erred in this case. To understand this, one has to con
igand effects. As shown inFig. 4a, the low-coordinated Mo

toms of M8C12 are less positively charged than Mo sites of
14C13 or M sites of MC(0 0 1). It is important to notice

able 1that the Mo sites of M8C12 are slightly less favorab
han the HH sites of M14C13 (0.19–0.34 eV) for adsorbin
ulfur. The C atoms of M8C12 display a less negative char
han those of MC(0 0 1) and M14C13 (Fig. 4b). Thus, the C
toms interact directly with S in the cases of MC(0 0 1)
14C13, while in M8C12 the C atoms contribute only in a

ndirect way by donating a small amount of electrons thro
he Mo–S bonds.

Overall, our DFT results indicate that the C atoms m
ot be simple spectators in the chemisorption of sulfu
etal carbides. The reactivity of the metal carbides tow

ulfur does not correlate with the C/M ratio. Compar
oemission experiment, showing that Mo2C is too reactive t
emove S from the surface and MoC is too inert to adsorb
issociate thiophene[54]. Therefore, following the Sabatie
rinciple, neither Mo2C nor MC should be good HDS ca

ysts. It seems that M14C13 and M8C12 may be good option
y displaying a moderate chemical activity. Are the M14C13
nd M8C12 nanoparticles resistant to S↔ C exchange an
ubsequent sulfidation?

.3. Sulfidation of metal carbides

To avoid S-poisoning, the S chemisorbed onto sever
he carbide systems must be removed by hydrogenation

2S formation) during the HDS processes. The forma
f MoSxCy compounds eventually would lead to signific
hanges in the properties of the systems[5] and deactivatio
f the carbide catalysts[6,7,19]. In the present study, DF
as employed to calculate the energetics for the sulfid
f metal carbides through a S↔ C exchange. The most sta
onfiguration for S adsorption on each carbide was tak
he initial state (I,Figs. 5–7). The final state (F or F′) was
onstructed by S↔ C site exchange (Figs. 5–7), where F is
nergetically favorable and the associated reaction e

s denoted as�E
I,II
1 (I: coverage of 1/4 ML; II: coverag

f 1/2 ML). In a previous work[55], it was found that th
xidation of the TiC(0 0 1) surface (O↔ C exchange) was a
xothermic process accompanied by the removal of C a
nd the formation of Ti oxides at large doses of O2 above room

emperature[55]. According to a recent study of S/TiC(0 0
13], the S atoms were only chemisorbed on the surface
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Fig. 5. Configurations of the initial (I) and final (F and F′) state for the sulfidation of the MC(0 0 1) surfaces (upper: the top view; lower: the side view). (a) At
a low coverage of S (1/4 ML for the surfaces); (b) at a high coverage of sulfur (1/2 ML for the surfaces).

Fig. 6. Configurations of the initial (I) and final (F and F′) state for the sulfidation of the M14C13 nanoparticles. (a) At a low coverage of S (1/4 ML for the
surfaces); (b) at a high coverage of sulfur (1/2 ML for the surfaces).
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Fig. 7. Configurations of the initial (I) and final (F and F′) state for the sulfidation of the M8C12 nanoparticles. (a) At a low coverage of S (1/4 ML for the
surfaces); (b) at a high coverage of sulfur (1/2 ML for the surfaces).

at high temperature (550 K) and no formation of Ti sulfides
was observed. The sulfidation of the other metal carbides has
not been investigated at a fundamental level.

To compare with the experiments[13,55], we start with a
TiC(0 0 1) surface. Our calculations show that at a S cover-
age of 1/4 ML, the conformation constructed by exchanging
the positions of S and C of TiC(0 0 1) (F′, Fig. 5a) is not
stable. Instead, the displaced C atoms spontaneously move
to the nearby HH sites and form CC bonds (F,Fig. 5a),
a phenomenon also observed in the case of oxidation reac-
tions [55]. However, even following the more favorable
path I→ F, the sulfidation of TiC(0 0 1) is still endothermic
(�EI

1 = 0.55 eV). When the S coverage increases to 1/2 ML,
�E

I,II
1 for 50% of the surface C atoms replaced by S (I→ F,

Fig. 5b) becomes as high as 3.64 eV. Thus, one can see thatthe
sulfidation of a flat TiC(0 0 1)surface is highly endothermic.
This is in accord with experimental observations[13]. Fig. 8
summarizes the energetics (�E

I,II
1 ) for the reaction I→ F on

the carbide surfaces (C/M = 1), indicating thatthe sulfidation
of VC(0 0 1), MoC(0 0 1)and TaC(0 0 1) is also endothermic
at a S coverage of 1/4 ML, and even more when increasing
the coverage (1/2 ML) (�EII

1 � �EI
1).

The simple exchange between the S atoms and the edge
C atoms of M14C13 (F′, Fig. 6a) is also not stable. A sponta-
neous transformation from the S-embedded state to the initial
S ′ a
c dis-
p pre-
f of
t
0
r
F )
s

preferential sulfidation of M14C13 can be attributed to the
presence of corner or edge sites, as discussed in Section3.2.
Considering the structural similarities between the M14C13
nanocrystal and the step edges and kinks of the real MC(0 0 1)
systems, one can expect that non-ideal MC(0 0 1) surfaces
could undergo a sulfidation localized around defect sites.The
presence of these sites will be a necessary condition for the
sulfidation of MC(0 0 1).

The sulfidation of M8C12 is much more difficult than that
of M14C13. The �E1’s for the best options are displayed
in Fig. 8, and they are in the range of 1–3.5 eV. Here, we
ascribe the strong resistance of M8C12 towards sulfidation
to the high C/M ratio and the six C2 groups. Comparing to

F al
c 93,
1 )
A ge of
s

-adsorbed state was observed (F→ I, Fig. 6a). Instead,
onfiguration with the S embedded at C sites and the
laced C atoms occupying nearby HH hollow sites is

erred (F,Fig. 6a). For this configuration, the sulfidation
he nanocrystals becomes exothermic (�EI

1 = −1.03 to −
.22 eV, Fig. 8). With increasing S coverage (Fig. 6b), the
eaction energy increases a little (�EII

1 = −0.47 to 0.22 eV,
ig. 8), but it is still far lower than that of flat MC(0 0 1
urfaces under similar conditions by at least 3.2 eV.The
ig. 8. Calculated reaction energies (�E
I,II
1 ) of the sulfidation on the met

arbides (I→ F) as a function of C/M ratio. The C/M values of 0.5, 0.
and 1.5 correspond to Mo2C, M14C13, MC and M8C12, respectively. (a
t a low coverage of S (1/4 ML for the surfaces); (b) at a high covera
ulfur (1/2 ML for the surfaces).
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the Mo–C–Mo bonds in nanocrystals, the favorable orbital
overlap between the�-orbitals of the C2 group and the d,s,p-
orbitals of the metal sites gives rise to the bonding in M8C12
(Fig. 4) [11,12,23].

Overall, in terms of S adsorption, Mo2C and MC sur-
faces seem either too reactive or too inert to catalyze the
HDS reactions, while both M14C13 and M8C12 nanoparticles
should be good catalysts by displaying a moderate activ-
ity in between Mo2C and MC according to the Sabatier’s
principle. Considering the sulfidation (Fig. 8), on the other
hand, the M14C13 nanocrystals are the most active. In con-
trast, both M8C12 and flat MC(0 0 1) surfaces display a high
resistance to the embedding of S atoms, and therefore the for-
mation of MSxCy compounds. Among all these systems, the
M8C12 metcars appear as the best choice for a HDS catalyst.
A recent DFT study based on a microkinetic model indicates
that Ti8C12 is able to catalyze the HDS of thiophene well[14],
and the carbide should not be deactivated by the formation of
TiSxCy compounds. We have found that the same is valid for
Mo8C12.

4. Conclusion

DFT calculations were employed to investigate the sul-
ng
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