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Abstract

The formation of MoSC, 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(001) (M =Ti, V, Mo, Ta)], nanocrystalg{®3; (M =Ti, V, Mo)] and metcar [MC,, (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 seqGenbb Mg,
MgCi,>MC(001). In terms of sulfidation, MC;, and MC(0 0 1) display a stronger resistance than®¢. The presence of corner or edge
sites in the M4Cy3 nanocrystal favors the formation of MgS, compounds. Following Sabatier's principle, our results suggest that flat
MC(00 1) surfaces are too inert to catalyze HDS reactions, whilgCM is too active to resist the sulfidation that leads to degradation of
the carbides. For reactions involving sulfur and sulfur-containing molecules, nanoparticles adopting the special geometry of metcars shoul
display a better catalytic activity than the corresponding bulk materials and carbide nanoparticles that have a cubic-based structure lik
nanocrystals. Indeed, DFT calculations indicate thg€fi and MgC;, are good catalysts for the HDS of thiophene.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction lations stressing the need for a reduction of the content of
sulfur in transportation fuels, searching for better HDS cat-
Sulfur-containing molecules are common impuritiesin oil. alysts has become a very important issue in cata[yisg.
The sulfur present in these impurities poisons catalysts usedMetal carbides could be useful in this respgct].
for the conversion of oil-derived feedstocks and produces The early-transition metal carbides have attracted con-
sulfur oxides (S) during the burning of fuel§1-3]. In siderable attention after the discovery in the 1970s that they
the hydrodesulfurization (HDS) process, sulfur-containing have catalytic properties similar to those of expensive noble
molecules are removed from petroleum by reaction with metals[8-10]. Pure early transition metals are elements
hydrogen to form HS and hydrocarborj,4]. The industrial that are too reactive to be useful as catalysts. The inclusion
HDS catalysts are complex systef@$, and usually consist ~ of C into the lattice of an early transition metal produces
of a mixture of Mo$ and Co or Ni on ay-alumina support  a substantial gain in stability11], while the chemical
[4]. The exact nature of the active sites in these systems is aactivity decreases due to a downshift of the metal d-band
matter of debate. It has been shown that MaScompounds center (ligand effect) and missing metal sites not available
are formed on/in the surface of molybdenum sulfide catalysts for interactions with adsorbates (ensemble eff¢@t)14].
during the HDS proced®]. With new environmental regu-  Thus, according to Sabatier’s princidlEs], metal carbides
should be good catalysi$1,12,14] A series of studies have
* Corresponding author. Tel.: +1 631 344 2246; fax: +1 631 3445815, found that MeC possesses excellent catalytic properties for
E-mail addressrodrigez@bnl.gov (J.A. Rodriguez). hydrotreating reaction,3,16—18] but its activity decreases
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rapidly with time[7,9,10,17,18] The degradation of MgC results described below were obtained with spin-restricted
catalysts was ascribed to the formation of a chemisorbed DFT. Other theoretical studies also pointed out the ground
layer of sulfur or MoSCy compounds on the surface of the states of MCy» as a closed she4,33] In many of our stud-
catalyst[6,7,19] This phenomenon in general is not well ies for the metcars, nanocrystals and extended surfaces, we
understood and it is not known how it will depend on the found that the level of theory used in this article reproduced
properties of the metal centers, the structure of the system,reasonably well experimental data reported for vibrational

or the carbon/metal (C/M) ratio in a carbide. spectra[24,34-36] surface structurefl3], and adsorption
In the present study, density functional theory (DFT) energieg§11,12,31]
[11-14,20-22]is employed to investigate sulfur adsorp- For adsorbed S, several possible sites were considered

tion and sulfidation of metal carbides including extended here. In the calculations, the adsorbates and metcars were
surfaces of MC(001) (M=Ti, V, Mo, Ta), nanocrystals allowed to relax in all dimensions. The bulk carbide surfaces
M14C13 (M=Ti, V, Mo), as well as metallocarbohedrenes were modeled following the supercell approach with four-
(metcars), MCi2. Metcars and nanocrystals are well-known layer slabg13,37,38]and a 113 vacuum between the slabs
components of metal carbiddd1,12,23—-27] Interest in (Fig. 1a). The surface Brillouin zone was sampled at 21 or
these nanoparticles stems from their unusual properties16 K-points[11-13,23] The adsorption of S on carbides at
including ionization in gas phase, bonding and reactivity coverages of 1/4 and 1/2 of a monolayer (ML) is included
[11,12,23-27] Although one would expect a decrease in for the bulk surfaces, which corresponds to one and two S
activity when raising the C/M ratio, recent DFT calculations atoms bonded to a carbide nanoparticle, respectively. Here,
show that metcars (C/M = 1.5) and nanocrystals (C/M =0.93) we consider that the equilibrium corresponds the enthalpy of
are very active towards CO 2@, NH3 and SQ, while being reaction for the process,#8yas— Hz gast Sads The reverse
very robust at the same tinfj#1,12,23] Furthermore, these  reaction includes the adsorptiohaS atom, and therefore
nanoparticles seem to exhibit good catalytic activity for the s
HDS of thiophend14]. To our best knowledge, no system- Eg=E (”) + nE(Hy) — E(surf)— n E(H2S) (1)
atic study has been reported for the interaction of sulfur with surf

metal carbide systems. According to the calculated S adsorp-was used to describe the S adsorption energy, wingis the

tion energies and the energetics of sulfidation, we can screemumber of additive S atoms per cell. The more negative the
the catalysts that possess a moderate bonding strength, beingdsorption energy, the more difficult the removal of S in the
able to resist sulfidation while still being able to break the C- form of gaseous bf5. The top three layers of the bulk surfaces
S bonds (Sabatier’s princip[&5]). Following this idea, our  were allowed to relax along with the adsorbates, while only
DFT results show that by virtue of their unique structure, the the bottom layer was kept fixed at the calculated bulk lattice
MgC12 nanoparticles should be good catalysts for HDS. In positions. All the geometries for the surface, nanocrystal
contrast, the MC(0 0 1) surfaces are too inertto catalyze HDS and metcar systems were optimized with no symmetry con-
reactions, while the WkCi3 nanoparticles are too active to  straints. In addition, for each optimized structure, a Mulliken
resist sulfidation. population analysi§39-42]was carried out to estimate the

2. Theoretical method

Our all-electron DFT calculations were performed using
the DMoP code, which allows modeling the electronic
structure and energetics of molecules, solids, and surfaces
[28—31] A double numerical basis set of accuracy compara-
ble to a Gaussian 6—-31 G(d) was employed with a local basis
cutoff of 5.5A in real space. When a more extended basis
set and a higher cutoff were tested, no remarkable changes
appeared. The generalized gradient approximation (GGA),
with the revised version of the Perdew—Burke—Ernzerhof
(RPBE) functional[32], was used in the present work. This
functional, highly recommended for chemisorption stud-
ies[21,22,32] usually shows absolute errors in adsorption
energy of~0.2 eV[32]. Our main interest here is thendin
the energetics, and in test calculations these were not affected (g)
when other GGA functionals (Becke—Perdew; Perdew—Wang
91) were us.ed' DFT calculations with both restricted spin Fig. 1. Optimized configurations of the extended surfaces MC(0 0 1) (upper:
and unrestricted spin were tested for the metcars and Sur'thetop view; lower: the side view) (a), nanocrystalgh 3 (b) and metcars
faces, leading to energy differences of less than 0.2 eV. Themgc,, with T4 symmetry (c).
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partial charge on each atom and exangjnalitative trendsn All the MgC12 nanopatrticles prefer aglor slightly dis-
charge redistribution. When using the Mulliken method, one torted Tg-like structures (Bg and G) [11,12,14,23,24,33]
has to be careful with the type of basis set ug#d-42] The rather than a dodecahedraj, Structure[26,27] by about
basis setemployed here and the Mulliken analysis give chargelOeV. The calculated vibrational spectra using thelike
distributions for T§Cj2 that are close to those obtained with  structures were in accord with the experimental observations
charges derived from fitting electrostatic potentials using [23,25] The Ty structure for MC1> is based on a Mitetra-
grid-based methods (CHELPQdL1,12,24] In addition, capped tetrahedrofrig. 1c). Eight metal atoms occupy two
our main interest in this study is the change in the partial different positions: four low-coordination outer atomsv
charge on each atom with metal/carbon ratio and structuraland four high-coordination inner atoms (MTgy-like struc-
configurations. tures (g and G) were constructed by slightly perturbing
some of the bond lengths to decrease the symmetry-Wk&
structure with @ symmetry was considered here.
3. Results and discussion
3.2. Sulfur adsorption on metal carbides
This section is organized as follows. First, we will com-
pare the geometries of the different metal carbide systems  Sulfur adsorption is of fundamental importance in many
investigated, followed by examining the energetics for the catalytic system$48]. A number of theoretical studies of
chemisorption of sulfur and the formation of MgS, com- sulfur adsorption on metal surfaces have been reported
pounds. On this basis, we will try to predict the metal carbide [24,49,50] However, little has been done for the metal car-
systems that are S-resistant and can perform the catalytichides[11-13] although they seem very active for the disso-

HDS of thiophene well. ciation of sulfur-containing molecul¢8,16,51] Itis usually
_ assumed that the C atoms in metal carbides are simple specta-
3.1. Geometry of metal carbides tors in hydrotreating reactiorfs,9,51] Previously, we have

examined the adsorption of S on some metal—carbide systems

The metal carbides in this study include bulk metal mono- [11-13] Here, we will present a more systematic study.
carbides (MC), nanocrystals @4C13) and metcars (¥C12). For MC(001) surfaces, S adsorption was considered
All the bulk MC in which we are interested have a well- above M atop (T) sites, M—-M bridge (B) sites, hybrid M—C
known NaCl structure with a fcc Bravais latti¢@,43—46] bridge (HB) sites and hybrid hollow (HH) sites constructed
The DFT-RPBE calculated lattice constants for TiC, €, by two metal atoms and one C atom (M—C—MRid. 2a).
MoC and TaC are 4.34, 4.17, 4.36 and 4M{11-13,23] Table 1llists the calculated S adsorption energies at a cover-
respectively. These values are in good agreement with theage of 1/4 ML. The most favorable site for S adsorption on
corresponding experimental measurements (43R 4.16  all the MC(0 0 1) surfaces is the HH site. S atoms at the HB
[45], 4.33[46], and 4.46A [47]). For the MC(00 1) surfaces,  sites either spontaneously shift to the HH sites of MC(00 1),
our calculations as well as other studies show that there is aor weakly bond with these carbide surfaces. As we will see
considerable zigzag in the surface with the surface C atomsbelow, the metal centers in MC are greatly deactivated due

moving slightly outwards and the M atoms inwaréigy( 12) to a large electron transfer to the C neighbors, which leads to
[10,46] This phenomenon is studied in detail in Refs. a chemical activity comparable to that of the C atoms. Thus,
[11,13,47] the C atoms of M(D 0 1) surfaces play a direct role in the

The M14Ci3 nanocrystal is a % 3 x 3 cube Fig. 1b) with
C in the center and at the midpoints of each of the twelve Taple 1
edges, plus M atoms at the eight corner§(Fg. 1b) and six Calculated S adsorption energy on metal carbide surfaces, nanocrystals and
face midpoints (M Fig. 1b). Tiy4Cizand Vi4Cizwere exper-  metcars at low S coverage (1/4 MiBs (eV)

imentally observed as a completely fcc fragment of bulk TiC TiC(001) VC(001) 3-MoC(001) TaC(001)
and VC, respectively25,26,34] Mo14C13 has never been  pyy 085 ~0.20 078 _0.43
observed experimentally but was constructed theoretically asHB 0.12 = HH -0.12 —0.01
the fcc fragment of bulk-MoC for comparison. Our calcula- T = HH = HH 0.27 -0.37
tions show that the WyC13 species adopt a configuration with Ti14C13 V14Ci3 Mo14C13

M° drawn inwards slightly after the optimizatiofig. 1b) HH _158 —1.60 206

[23]. Such a configuration leads to a vibrational spectrum in HB —-1.29 -1.19 —-150

excellent agreement with that measured experimentally for T -1.20 —0.64 —-0.95

Ti14C13 [23,25] In addition, we also consider MCi3 as TigCuo VgCia MogCi2

the analog of the step edges and kinks present in non-ideal, 0,04 024 001

MC(001) surfaces. Although the size of the nanocrystal is yg ~1.09 _0.77 093

much smaller, the chemical activities are dominated by the T -131 -1.41 -173

atoms with lower coordination in both systems and should be {H: M—c hybrid hollow site; HB: M~C hybrid bridge site; T: metal atop
similar. site. See the text for detalil.
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(b)

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 metatiatoms an
one carbon atom; upper: the top view; lower: the side view) (I), nanocrystal€ (“HH", hybrid hollow site constructed by two Rlatoms, one NMand one

carbon atom) (1) and metcarsd@;, (“T", M © atop site) (Ill). (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).

bonding with @and behave differently from the oxygen atoms The DFT calculations have shown that M2(0 0 1) bonds to
of metal oxides which act as simple spectators in this processsulfur almost as strongly as pure MBg=—2.68 eV) (11).
[52,53] Such a phenomenon is commonly ignof&ab,51] In contrast, the binding energies of S on MC(0 0 1) surfaces
but it has been suggested by recent photoemission studies foappear to be less than 2 e¥ig. 3), as the positive charge
the S/TiIC(001)13,31]and S/MoG systemg51]. on the metal centers increasdsg. 4a). The weak bond-
Fig. 3a plots the energy of the strongest S adsorption at ing can be attributed to both ligand and ensemble effects
coverage of 1/4 ML on each carbide as a function of the C/M [11,12,14,23]As aresult of the high C/M ratio, the electronic
ratio. Here MeCis alsoincluded as areference. The C/Mval- structure of the M atoms in the MC(0 0 1) surfaces changes
ues of 0.5,0.93, 1 and 1.5 correspond topM14C13, MC (ligand effect) due to a substantial electron transfer from M
and MgC12, respectively. In all the carbides, there is a charge to C (Fig. 4). For instance, the Mo atoms of a MoC(00 1) sur-
transfer from the metal centers to the carbon centécs 4). face coordinated to five C atoms are more positively charged
by ~0.5 e than those of M&(0 0 1) which have only one C

0 neighbor Fig. 4a). In general, the more positively charged
[| —=— Ticarbide ,f"._
“1H —e—V carbide o oy )
> [| —a— Mo carbide o T -0.4 | | —m—Ti carbide
e+ Tacarbide il RS N —e—V carvide /
r ; e | —a— Mo carbide
3 = Y —v— Ta carbide k./
o] r - -0.8 A
10 i
o ol 4 (b) o (b)
w ° g -12 ¢ ¥
3 12 v
Ak 5
| MC |
A 0.8 /e
owe e uC, : .
L e 14713 (@) 04 | i & (a)
i 0.5 1.0 1.5 0.5 1.0 1.5
C/M ratio C/M ratio

Fig. 3. Calculated S adsorption energies on the metal carbides at coverage ofig. 4. Calculated charges of the exposed metal atoms (a) and carbon atoms
1/4 ML (a) and 1/2 ML (b) as a function of the C/M ratio. The values shown (b) of the metal carbides as a function of the C/Mratio. The C/M values of 0.5,

in the figure correspond to the most stable configuration for S adsorption 0.93, 1 and 1.5 correspond to M®, M14C13, MC and MsCy2, respectively.

on each carbide as shownfig. 2 The C/M values of 0.5, 0.93,1and 1.5  The charges of WCi3 and MgCi2 shown in (a) correspond to MThe
correspond to MgC, M14C13, MC and MsCi2, respectively. charges of M4Ci3 and MgCj2 in (b) correspond to an average value.
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the M atoms, the lower their d-band centers and therefore Figs. 3 and 4one finds that the strength of the carbide-sulfur

the lower their chemical activitigd1,12,21,22]In addition, interactions correlates well with the charge of the exposed
increasing the C concentration also decreases the number ofnetal atoms. The less positively charged the metal atoms of
active M sites exposed in the surface (ensemble effégt,]) the carbide, the stronger the interactions with S. These results
and thus the interaction between S and MC(00 1). highlight the importance of the ligand effects, with ensemble

With a similar cubic structure and C/M ratio, the ensem- effects probably playing a secondary role. Ensemble effects
ble effect for the M4Ci3 nanocrystals is comparable to could be importantforthe adsorption and dissociation of large
that of MC(0 0 1). The important difference comes from the S-containing moleculeld 2], but not for bonding of atomic
existence of corner and edge sites in4d;3, which may sulfur.
exhibit high reactivity towards $14,23] For S adsorption In fact, our calculations also show that increasing the S
on M4Cy3, M° atop (T), M°-M' bridge (B), M—C hybrid exposure to 1/2 ML does not affect the preferential sites
bridge (HB) and hybrid hollow sites involving one C, one for S adsorption on each carbidEigs. 5-7, except that
M! and two M atoms (HH) (se€ig. 2b) were considered. in the case of HCi2, the TP-C bridge site rather than
The M atop site was not included since it has a low chemi- the TP atop site becomes more favorable at high coverage.
cal reactivity as shown in our previous studj&d,23] The In addition, the similar volcano variations of S adsorption
bonding energies listed ifable lindicate that the HH siteis ~ energy with the C/M ratio are observed for both S cover-
the most stable configuration for S{§C,3. The M° and C ages. In spite of the amount of S exposed, the activity of
atoms of M 4Cy 3 interact very well with S. One can see that metal carbides towards S decreases following the sequence:
the C atoms in the nanocrystals are actively involved in the Mo2C >M14Cs3, MgCi2>MC (Fig. 3b). MopC bonds S very

bonding of Sas was seen for the MC(0 0 1) surfaces. strongly and therefore should be very reactive towards the
Although S adsorbed on both i#C;3 and MC(001) reactions with atomic sulfur as product, such as thiophene or
prefers the HH sites, the adsorption orny4@;3 is much H>S dissociation. Consequently, removing S becomes highly

stronger by 0.73-1.4eVF{g. 3). The M sites in the activated. In contrast, the S removal should be quite facile
nanocrystal are less positively charged than the M sites ofin the case of MC by displaying a weak S—MC interaction,
MC(001) (Fig. 4), and therefore have a higher activity (lig- while it is too inert to dissociate S-containing molecules. In
and effect) These results illustrate the importance of corner fact, this phenomenon is also observed in the recent pho-
and edge sitesThey will exist in steps and imperfections of toemission experiment, showing that pbis too reactive to
a real MoC(00 1) surface, and provide extra reactivity with remove S from the surface and MoC is too inert to adsorb and
respect to the atoms in flat or ideal MoC(0 0 1) terraces. dissociate thiopher{®4]. Therefore, following the Sabatier’
MgC12 adopts a different geometry and has a higher C/M principle, neither M@C nor MC should be good HDS cata-
ratio compared to WyCi3 (Fig. 1b,c). However, the low- lysts. It seems that MiC13 and MgC12 may be good options
coordinated M atoms are also presentin the metcarsatbp by displaying a moderate chemical activity. Are the ;3
sites (T) Fig. ), M°—M' bridge (B), hybrid M—C bridge and MgCj12 nanoparticles resistant to<S C exchange and
sites (HB) and hybrid i-C—M hollow sites (HH) were stud-  subsequent sulfidation?
ied for S adsorption on MC12. According to the results in
Fig. 3a,the MsCy12 nanoparticles exhibit a much higher activ-  3.3. Sulfidation of metal carbides
ity than the M@0 O 1)surfaces by more than 0.5 eV in spite of
the high @M ratio. Differently from MC(0 0 1) and M4Ci3, To avoid S-poisoning, the S chemisorbed onto several of
the metal T sites (IFig. 7a) rather than the high symmetric the carbide systems must be removed by hydrogenation (i.e.,
metal (B) and hybrid sites (HH and HB, s&able 1) are pre- H>S formation) during the HDS processes. The formation
ferred in this case. To understand this, one has to considerof MoS,Cy compounds eventually would lead to significant
ligand effects. As shown iRig. 4a, the low-coordinated R1 changes in the properties of the systdBjsand deactivation
atoms of MsCy2 are less positively charged tharPMites of of the carbide catalys{®,7,19] In the present study, DFT
M14C13 or M sites of MC(0 0 1). It is important to notice in  was employed to calculate the energetics for the sulfidation
Table 1that the M sites of MsCy, are slightly less favorable  of metal carbides through a<S C exchange. The most stable
than the HH sites of WhC13 (0.19-0.34 eV) for adsorbing  configuration for S adsorption on each carbide was taken as
sulfur. The C atoms of NIC1» display a less negative charge the initial state (I,Figs. 5-73. The final state (F orfFwas
than those of MC(00 1) and MCj3 (Fig. 4b). Thus, the C constructed by $> C site exchangeH(gs. 5-7, where F is
atoms interact directly with S in the cases of MC(001) and energetically favorable and the associated reaction energy
M14C13, while in MgC12 the C atoms contribute only in an  is denoted ast'l’” (I: coverage of 1/4 ML; Il: coverage
indirect way by donating a small amount of electrons through of 1/2 ML). In a previous worl55], it was found that the
the M°=S bonds. oxidation of the TiC(0 0 1) surface (& C exchange) was an
Overall, our DFT results indicate that the C atoms may exothermic process accompanied by the removal of C as CO
not be simple spectators in the chemisorption of sulfur on and the formation of Ti oxides at large doses g&Bove room
metal carbides. The reactivity of the metal carbides towards temperaturgs5]. According to a recent study of S/TiIC(00 1)
sulfur does not correlate with the C/M ratio. Comparing [13], the S atoms were only chemisorbed on the surface even
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(b) | ' F

Fig. 5. Configurations of the initial (1) and final (F an¢) Btate 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).

A
{’ % 'S&Z'f'
(b) '

Fig. 6. Configurations of the initial (I) and final (F an¢) Btate for the sulfidation of the MCy3 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) Btate for the sulfidation of the §C;2 nanopatrticles. (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 preferential sulfidation of W4C13 can be attributed to the
was observed. The sulfidation of the other metal carbides haspresence of corner or edge sites discussed in Secti@?2.
not been investigated at a fundamental level. Considering the structural similarities between the,®h3

To compare with the experiments3,55], we start with a nanocrystal and the step edges and kinks of the real MC(0 0 1)
TiC(001) surface. Our calculations show that at a S cover- systems, one can expect that non-ideal MC(00 1) surfaces
age of 1/4 ML, the conformation constructed by exchanging could undergo a sulfidation localized around defect siths.
the positions of S and C of TiC(001) (FFig. 5a) is not presence of these sites will be a necessary condition for the
stable. Instead, the displaced C atoms spontaneously movesulfidation of MGO0 0 1).
to the nearby HH sites and form—C bonds (FFig. 5a), The sulfidation of MC12 is much more difficult than that
a phenomenon also observed in the case of oxidation reac-of M14C13. The AE;’s for the best options are displayed
tions [55]. However, even following the more favorable in Fig. 8 and they are in the range of 1-3.5eV. Here, we
path I— F, the sulfidation of TiC(001) is still endothermic  ascribe the strong resistance og®, towards sulfidation
(AE'l:0.55 eV). When the S coverage increases to 1/2 ML, to the high C/M ratio and the six 3groups. Comparing to

AE}" for 50% of the surface C atoms replaced by Sx(F,
Fig. Bb) becomes as high as 3.64 eV. Thus, one can sethat
sulfidation of a flat TiQ0 0 1) surface is highly endothermic
This is in accord with experimental observati¢h3]. Fig. 8
summarizes the energeticst'l’”) for the reaction i F on
the carbide surfaces (C/M = 1), indicating thiz¢ sulfidation
of V(00 1), MoC(001)and TaG0 0 1)is also endothermic 7
at a S coverage of 1/4 ML, and even more when increasing
the coverage (1/2 ML)AE! > AE!).

The simple exchange between the S atoms and the edge
C atoms of M4Ci3 (F, Fig. 6a) is also not stable. A sponta- % i
neous transformation from the S-embedded state to the initial _Léi‘_ T
S-adsorbed state was observeti-gH, Fig. 6a). Instead, a nf B i
configuration with the S embedded at C sites and the dis- Ak o . ‘
placed C atoms occupying nearby HH hollow sites is pre- 09 10 11 12 13 14 15
ferred (F,Fig. 6a). For this configuration, the sulfidation of C/M ratio
the nanocrystals becomes exothermicE} = —1.03to —
0.22 eV, Fig. 8). With increasing S coveragéig. 6b), the Fig. 8. Calculated reaction energi%lf'l'")ofthe sulfidation on the metal
reaction energy increases a IittlﬂEy = —0.47t0Q22¢V, carbides (- F) as a function of C/M ratio. The C/M values of 0.5, 0.93,
Fig. 8, but it is still far lower than that of flat MC(001) 29 1.5 correspond to MO, MisCiz, MC and MiCaz, respectively. (a)

o . At a low coverage of S (1/4 ML for the surfaces); (b) at a high coverage of
surfaces under similar conditions by at least 3.2 €ke sulfur (1/2 ML for the surfaces).

eV

—nm— Ti carbide
0
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