Available online at www.sciencedirect.com

SCIENCE@DIRECT“’ JOURNAL OF
CATALYSIS

B G
ELSEVIER Journal of Catalysis 226 (2004) 32—40
www.elsevier.com/locate/jcat

On the incorporation of nickel and cobalt into Mg&dge structures

Mingyong Surf, Alan E. Nelsori*, John Adjayé

@ University of Alberta, Department of Chemical and Materials Engineering, Edmonton, Alberta, Canada T6G 2G6
b Syncrude Canada Ltd., Edmonton Research Centre, Edmonton, Alberta, Canada T6N 1H4

Received 11 March 2004; revised 3 May 2004; accepted 5 May 2004
Available online 5 June 2004

Abstract

The present study investigates the details of Me8ge surfaces modified with different loadings of nickel and cobalt using density-
functional theory (DFT) under geradized gradient approximation (GGA) considerihg effect of sulfidation conditions. Although this has
been the subject of previous studies, a comprehensive understanding of the promoted edge surfaces is not complete. Under typical sulfidati
conditions, nickel prefers to incorporate into the metal edge and cobalt the S-edge of ®to& partially promoted metal edge surface,
sulfur atoms bond to the surface on top of the molybdenum atoms and the promoter atoms tend to be uncovered. The adsorbed sulfur ator
atop of molybdenum atoms and the neighboring uncovered promoter atoms provide pairs of base (or nucleophile) and acid sites for surfac
catalytic reactions.
0 2004 Elsevier Inc. All rights reserved.

Keywords: Molybdenum sulfide; Nickel-promoted molyhulem sulfide; Cobalt-promoted molybdenum sulfilgdrotreating; Dengy-functional theory

1. Introduction ies focused on the promoted S-ed@g and others on the
promoted metal-edg§8,10]. Most of the studies empha-

Nickel- and cobalt-promoted Mo atalysts are widely ~ sized Co-promoted catalystather than Ni-promoted edge
used in hydrotreating processes to remove sulfur and nitro-surfaceg7-10]. Schweiger et al. studied both cobalt- and
gen-containing compounds from various oil fractions. The nickel-promoted S-dge and metal-edge MgS$atalysts us-
active sites on MogSbased catalysts are located on the edge ing triangular cluster models; however, no energetic results
surfaces of the Mo8ayered structure, and the incorporation were reported for partially promoted edge surfdd4s.
of nickel or cobalt into the MoBstructure significantly in- By means of scanning tunneling microscopy (STM), Lau-
creases the activity of the cataly${2]. Among many mod- ritsen et al. obtained atomic-scale images of a CoMoS clus-
els for interpreting the synergetic effect between cobalt (or ter on a gold surface, showing that the cobalt atoms locate at
nickel) and molybdenum, the CoMoS theory proposed by the shorter S-edge4@10 surface) of a truncated hexagonal
Topswe et al. is generally accep{8, although this model ~ MoS; cluster[12]. However, computational investigations
has been challenged by the remote control and contact thesing different theoretical models have suggested that the S-
ory [4], and the support effects thed8]. edge (010 surface]7,9], Mo-edge (100 surface]8], and

The determination of MoSedge structures and ener- pylk structurg13] are the preferred locations for cobalt. In
getics has also been the subject of several theoretical in-these studies, the effect of sulfidation conditions on the rel-
vestigations, and these have been recently reviewed elseytive stabilities of different structures with different sulfur
where[6]. Although several groups have studied the ener- ¢oyerages on the surface was not considered. Schweiger et
getics and geometric configurations of promoted e8ge 5 calculated the surface energies of the S-edge and Mo-
surfaceqg7-11], a comprehensive understanding of the pro- edge separately for unpromotét4] and fully promoted

moted edge surfaces is not complete. Some of these StUd'cataIysts[ll]. By comparing the surface energies of differ-
ent promoted edge structures of triangular cluster models,

* Corresponding author. Fax: (780) 492-2881. they discovered that c-obalt fayours the S-gdge and nickel the
E-mail address: alan.nelson@ualberta.ca (A.E. Nelson). metal-edge under typical sulfidation conditions.
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The objective of this study is to provide additional clarifi-
cation on the local structures of CoMoS and NiMoS catalysts
with different promoter loadings using density-functional
theory (DFT). The present approach uses periodic slab mod-
els and considers the effect of temperature g/ p, ra-
tio on the relative stability of the edge structures. The S-edge
and metal-edge are studied as partially and fully promoted
by nickel and cobalt, and the effect of sulfidation conditions
is considered for the relative stability of the edge structures.
In order to provide a solid foundation for the discussions
of nickel and cobalt incorporation into MeSdge struc-
tures, the energetics and structures of unpromoted MoS
are examined using the same model as used for the pro-
moted catalysts. New surfacerdfigurations are identified as @) ()
the most stable structures under sulfidation conditions using
this approach, and the potential implications to hydrotreat-
ing catalysts are discussed.

Fig. 1. MoS models, including (a) the single layer model, and (b) the
two-layer model. Each model comprises four molybdenum rows (4-Mo).
Black balls, molybdenum atoms; light grey, sulfur.

x direction, and one layer (a) or two layers (b) in thei-
rection. In order to clarify the effects of the catalyst model
on calculation results, a series of calculations using different
sizes of MoS model catalysts was performed by varying the
periodicity in thex direction (two and four), the number of
rows in they direction (two to six), and the number of lay-
ers in thez direction (one and two). The different models
resulted in a similar general trend of the change in rela-
tive energy with varying sulfur coverage on the Mo edge
of M0S,. Furthermore, the changes in relative energies by
enlarging the model from two to four units in thedirec-
tion, four rows to six rows in the direction, and one layer

to two layers in the; direction were insignificant. As a re-
sult of the comparisons, the single-layer four-rowsx(2)

2. Methods
2.1. DFT calculations

The DFT calculations were performed using Material
Studio DMoP from Accelrys (version 2.2J15]. The elec-
tronic wavefunctions are expanded in numerical atomic ba-
sis sets defined on an atomic-tered spherical-polar mesh.
The double-numerical plug functions (DND) all electron
basis set is used for all the calculations. The DND basis set
includes one numerical function for each occupied atomic
orbital and a second set of functions for valence atomic or-
bitals, plus a polarizatiod function on all atoms. Each basis
function is restricted to within a cutoff radius of 4.5 A, allow- model Eig. 19 is primarily used in calculating the relative

ing for efficient ca!culanons V\(lthout Iogs of accuracy. The energetics of different surface structures of Ma@talysts.
exchange-correlation energy is approximated by the BeCkeDuring the geometry optimization, the atoms in the two in-

exchange functiongll6] in conjunction with the Perdew— o1 5"\16_5 rows are fixed as in the bulk structure and other
Wang (k:‘orrelz;tlon fr:mctlone[ll?] in all calcu:atlons (GGA- atoms at both edge surfaces are relaxed. Considering that the
BP). The Kohn—Sham equatiofs8] are solved by a SCF i rhoration of promotertams at the edge surfaces may
(self-consistent field) procedure. Techniques of directinver- o, 1 syrface reorganization, a double-sized supercell in-
sion in an iterative ;ubspace (DIIE)9] with a size value cluding four metal atoms in the direction (4x 4) is also

of 6, thermal smearinf20], and a range of 0.005 Ha are ap- used to examine the stable structures of partially promoted

plied to .accelerate convergence. The calcula.tlo.n qgallty €ON- g rfaces, which allows more freedom in geometry optimiza-
trol settings are medium for all geometry optimizations, and tion

the optimization convergence thresholds for energy change,
maximum force, and maximuulisplacement between opti-
mization cycles are 0.00002 Ha, 0.004Maand 0.005 A,
respectively. Based on the convergence testfpoint sam- Relative energies of the surfaces with different sulfur cov-
pling, thek-point set of (2x 1 x 1) was used for calculations erages are calculated accimgl to similar methods as de-

of the Ni- and Co-promoted and unpromoted MaSab scribed in literaturg7,8,10,21-23]The free energy change

models. Spin polarization was applied to all calculations for ¢,, addingn sulfur atoms on the reference surface at temper-
the systems containing magnetic elements (nickel or cobalt). 5¢rer PHgs, andpy, can be calculated by

2.3. Thermodynamic calculations

2.2. Molybdenum-based catalyst models AG = AEog+nAGY —nRT In 223 (1)

PH> 7
Fig. 1 shows the periodic slab models including four where AEq is the standard energy change at 0 K, and
S—Mo-S rows in the direction, two S—Mo-S units in the AG‘%Corr the temperature correction for free energy change
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from 0 to T K. AG‘%Corr varies from 0.31 eV at 575 K to !

0.40eV at 675 K.

In order to determine which edge is energetically pre-
ferred for cobalt and nickel substituting edge molybdenum
atoms, the energetics for the incorporation of promoter sul-
fides into the S-edge and into the Mo-edge are calculated as
follows:

Ni(50)-M-edge

AE,, eV

{S-edge-Mog + p{M’. S} + mH2S o Co(50)-M-edge

= {M’(S-edge)-Mo$+ mH,, (2)
-3
AGs.edge= Eo,M/(S-edgeMoS — £0,S-edge-Mos

—PEws, + m(EoH, — EoHys)
szS (3) '4 — 1 Tt T T T T T T T T T T T T T T T T
DH, ’ 0 20 40 60 80 100

MoS, Mo-edge

+mAGY,_—mRTIn

Sulfur coverage, %
{Mo-edge-Mo$} + p{M’.S,} + nH>S
Fig. 2. Relative energies of Me$romoted by cobalt or nickel as function
— / - —
= {M'(M-edge)-Mo$+ nHo, (4) of sulfur coverage on the metal-edge, with the bare surfaces being used as
references. KM50)-M-edge and K(100)-M-edge refer to promoted cata-
. o 0 i )
AGo-edge= EO,M’(M-edge)MoS — E0 Mo-edge-Mos lyst with 50% and 100% of mc_)lybdenum atoms on the Mo-edge substituted
by promoter atoms K{Co or Ni).

— PEwm;s, +n(EoH, — EoH,S)

+nAGY —nRTIn 22 ) 0;
PH, PE

{S-edge-Mog} and {Mo-edge—Mo$} represent unpro- 1
moted Mo$ catalyst models exposing the stable S-edge 2 ]
and Mo-edge, respectivelyM’S,} the promoter sulfide, 1
{M’(S-edge)-MoS} and {MM-edge)-MoS} the promoted -3 Co(100)-S-edge
catalyst with promoter at the S-edge and at the metal-edge, ]
respectively.AGs.edge and AGwmo-edge are defined as the uf 4 Ni(50)-S-edge
synergic energies for incorporating promoters into the S- < Co(50)-S-cdge
edge and Mo-edge, respectively. Tietative synergic en- -5
ergy between incorporations of one type promoter into the ] MoS, S-edge
S-edge and Mo-edge can be calculated by subtraEiings) -6 2
from (3), which is used to determine the edge preference for 1 i
cobalt and nickel incorporation into Me®dge structures. L e e e L e

o

20 40 60 80 100
Sulfur coverage, %

3. Resultsand discussion _ _ _ ,
Fig. 3. Relative energies of MeSpromoted by cobalt or nickel as func-

. . tion of sulfur coverage on the S-edge, with the bare surfaces being used as
3.1. Energetics and geometric structures of edge surfaces references. K(50)-S-edge and (100)-S-edge refer to promoted catalyst
for MoS; and Co(Ni)MoS catalysts with 50% and 100% of molybdenum atoms on the S-edge substituted by

promoter atoms K{Co or Ni).
The relative energiesEp) of the unpromoted and pro-

moted Mo$ as a function of sulfur coverage for the metal For unpromoted Mog at very highpn,s/ pH, ratios fully
edges are presentedhig. 2 and for S-edges ifrig. 3. Ad- sulfided Mo-edge and S-edge surfaces are stable. The re-
sorption of one, two, or four sulfur atoms on the Mo-edge quired pn,s/pH, ratio for a fully sulfided S-edge is lower
surface of the supercell gives 25, 50, and 100% sulfur cover-than that for a fully sulfided Mo-edge. It is possible to re-
ages, respectively,8,21] Figs. 4, 5, and flot the relative move more sulfur atoms to create vacancies from the Mo-
free energiesA G) of different edge surfaces of unpromoted edge of 50% sulfur coverage by decreasing pigs/ pH,
MoSp, Ni(Co)-promoted Mog with 50% or 100% of edge  ratio to very low levels ig. 49; however, it is not from
molybdenum atoms being substituted by nickel (or cobalt) the S-edge of 50% sulfur coverage. The excellent agreement
as functions of theon,s/ pH, ratio at 650 K. For each edge, obtained in energetics and surface structure for unpromoted
the 50% sulfur coverage surface is taken as reference. MoS, confirms the results obtained by other groups using
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Fig. 4. Relative energies of Me&s function ofpy,s/ pH, ratios at 650 K,
(a) Mo-edge, (b) S-edge. Each line &bkled by the corresponding sulfur

coverage on the edge surface, with 50% sulfur coverage taken as referencdines, M’ = Co. Each line is labeled by the corresponding sulfur coverage
on the edge surface, with 50% sulfur coverage taken as reference.
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Fig. 5. Relative free energies of §60)-M-edge (a), and M50)-S-edge
(b) as a function opy,s/pH, ratios at 650 K. Dash lines, M= Ni; solid
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Fig. 6. Relative free energies of §100)-M-edge (a, b), and §1L00)-S-edge (c, d) as a function Pfi,s/pH, ratios at 650 K. Dash lines, M= Ni; solid
lines, M = Co. Each line is labeled by the corresponding sulfur coveragaeedge surface, with 50% sulfur coverage taken as reference.
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M’(50)—
S-edge

different models and software packadé®1,22,24] More Table 1
importantly, it establishes a solid foundation for the follow- The optimized surface structures of unpromoted and promoted Mo-edge
ing investigation of the structure and properties of promoted 2"d S-edge with different sulfur coverages
catalysts.
For the CoMoS and NiMoS catalysts, the cobalt and s,
nickel atoms are located at edge surfaces by substituting thevio-edge \
edge molybdenum atonfi8,12]. Substitution of one molyb-
denum atom of every two by a promoter atom’(# Co (S%) a (25%) b (50%) ¢ (100%)
or Ni) on the S-edge or Mo-edge generates an edge struc-
ture with 50% molybdenum atoms substituted by promoter
atoms (cobalt or nickel), KM50)-S-edge or K50)-M-edge, MoS,
respectively. When promoter atoms substitute all of the edge S-¢d9¢
molybdenum atoms, a fully promoted surface,(MO0)—
S-edge or M(100)-M-edge, is generated. (S%) d (50%) e (100%)
On the M(50)-M-edge, the 25% sulfur coverage is the )
most stable for both Ni- and Co-promoted surfadég (59, M/(50)
in which the sulfur atoms bond to the surface on top of the Mm-edge
molybdenum atoms (structure fiFable J). If an additional
sulfur atom is added to the partially promoted metal-edge -
surface of 25% sulfur coverage, this sulfur atom prefers to (S%) F(25%) 9 (50%)
join the preadsorbed sulfatom and form a S-S dimer di-
rectly on top of the molybdenum atom (structure gTer
ble 1). Such a configuration is stable at very high,s/ pH,
ratios for the Co-promoted metal eddéd. 59. To obtain
the 100% sulfur coverage, a pair of sulfur atoms is placed (o h (50%) i (100%)
on top of each surface metal atom. The sulfur atoms that
are originally located directly on top of nickel atoms tend
to move away from the nickel and combine with the sulfur M’(200)-
atoms on the molybdenum to form dimers, which are not sta- -¢99¢ m
ble under sulfidation conditionsor the S-edge substitution,
the 50% sulfur coverage surface (structure h) is the most sta-(S%) j (25%) k (50%)
ble for mostpn,s/ pH, ratios.
New geometrical configurations of sulfur atoms on the
edge surfaces emerge from the partially (50%) promoted M'(100)-
MoS; model catalysts. On the metal edg€/(80)-M-edge, S-edge
when one sulfur atom is placed on the Ni(50)-M-edge sur-
face of the supercell, the sulfur atom prefers to bond solely to (se) | (25%) m (50%) n (100%)
the molybdenum atom directly atop. The bridging location Black balls, molybdenum atoms; dark greyomoter atoms; light grey, sul-
for sulfur on the partially Ni-promoted Mo-edge is unsta- fur; S%, sulfur coverage; M50)—M-edge and [(,{jl_OO)—M-edgeY Mstands
ble. When the sulfur atonsiplaced bridgig molybdenum  for promoter (Co or Ni), 50 and 100 for 50% and 100% of edge molybde-
and nickel atoms, it migrates to the top of the molybdenum num atoms are substituted by promoter atoms, respectively, M-edge for pro-
atom during geometrical optimization. For Co(50)—M-edge, MOter on the metal-edge; '(50)-S-edge and {100)-S-edge, promoter
. L . . . M’(Co or Ni) on the S-edge.

there is alocal minimum in which the sulfur atom bridges the
molybdenum and the cobalt atoms. However, the configura-
tion with sulfur directly atop has a lower energy by 0.7 eV. which according to the present study is only a local mini-
Therefore, there is a similar trend for the nickel(50%)- and mum.
cobalt(50%)-promoted metal edge: the sulfur atoms prefer  In order to further confirm that the new geometrical con-
to bond to molybdenum atoms atop rather than to promoter figuration is not due to using a smaller supercell including
atoms or to bridge the molybdenum and the promoter atoms.two surface metal atoms, a double-sized model was used to

Byskov et al[7], Raybaud et a[8], and Travert et a[10] further optimize the partially promoted metal-edge surface.
also studied the configuration of sulfur atoms on the par- The optimized surface structure of the double-sized super-
tially Co-substituted Mo-edge, and none of them identified cell (4 x 4) is given inTable 2(structure 0), which is the
the configuration with sulfur atoms on the top of the remain- same as the one obtained using the smaller one4® The
ing molybdenum atoms as the most stable structure. Insteadfotal energy of the optimized structure in thexX4) super-
they considered the sulfur atoms at bridging locations be- cell is only 0.01 eV lower than twice that in the 4)
tween cobalt and molybdenum atoms as the stable structuresupercell. This confirms that the sulfur atop edge geome-
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Table 2 atoms are located bridging molybdenum and nickel atoms as
The optimized surface structures and relative energies of Ni(50)-M-edges shown by structure r, after optimization the sulfur atoms will
in a (4x 4) supercell relocate to the top of molybdenum atoms to yield the config-
Surface configurations AE (eV) uration of structure p. These results clearly indicate that the

sulfur atoms tend to be adsorbed on the top of molybdenum
atoms and leave the promoter atoms uncovered.
0 The (4x 4) supercell model also facilitates the calcula-
tion of the relative energy for a lower sulfur coverage sur-
face, considering only one sulfur atom being adsorbed on the
four-metal surface. The energetically favored location for the
sulfur atom is to bridge the two molybdenum atoms on the
(24 2) x 4 surface, structure s ifable 2 and directly on top
of one molybdenum atom when molybdenum atoms are sep-
arated by nickel atoms, structure tTable 2 The energies
for structure s and structure t are 0.26 and 1.73 eV relative
to structure o, taking hydrogen and hydrogen sulfide as ref-
erences. At lowpn,s/ pH, ratios, structure s is more stable
0.12 than structure p.

The previous results clearly indicate that on a partially
promoted metal edge, the nickel atoms are uncovered while
the molybdenum atoms are covered by sulfur atoms. When
molybdenum atoms are separated by nickel atoms the sulfur
atoms are adsorbed directly atop; otherwise, the sulfur atoms
prefer to bridge two neighboring molybdenum atoms.

Substitution of all the edge surface molybdenum atoms
by cobalt or nickel atoms further reduces the bonding of
sulfur atoms on the edge surfaces. The fully Ni-promoted
0.26 metal edge surface, Ni(100)-M-edge, tends to be uncovered
by sulfur atoms (structure j iiable 1), except for very high
DH,S/ PH, ratios & 500) where sulfur atoms bond to the
surface in the form of a weak S-S dimer (structure k in
Table ). The optimized geometrical configurations on the
Co(100)-M-edge are similar to that on the Ni(100)-M-edge
as shown inTable 1 however, the bonding of sulfur on
the cobalt surface is stronger than that on the nickel sur-

, — face. The correspondingi,s/ pH, ratio shifts from 500 for

Black balls, molybdenum atoms; dark moter atoms; light grey, sul- . .

fur. Hy and stgare used as referenceg’r?g?the atom balan?:e i?1 cilculating Ni(100)-M-edge to 0.05 for Co(100)-M-edge, above which

the relative energies of structures s and t. the 50% sulfur coverage surface is more stable than the bare
surface Fig. 6b). On the fully promoted S-edge, the sulfur
coverage can vary from 25% at very lowy,s/pH, ratios

try is the most stable configuration on the partially promoted (< 0.004), 50% at middlepn,s/ ph, ratios (0.004 to 20),

metal-edge surface, and that thex(2) model is sufficient {0 100% at highpn,s/pH, ratios & 20) (Fig. 69 for the

to represent the partially promoted metal edge. The energyNi(100)-S-edge surface. For the Co(100)-S-edge surface,

required to remove a sulfur atom from structure o is only the 50% sulfur coverage is preferred forﬁ,uzs/sz ratios

0.01 eV less than that required to remove the sulfur atom shown inFig. 6d The optimized stable surface geometric

from structure f Table J, which indicates that the interac-  configurations for different sfur coverages on the fully pro-

tion between the two adsorbedfsum atoms in structure 0is  moted S-edge are presentedrable 1(structures |, m, n).

insignificant. On the bare surface of Ni(100)—M-edge each nickel atom

Additional configurations using the larger supercell, in is coordinated to four sulfur atoms. The addition of one sul-
which the two nickel atoms are not separated by molyb- fur atom on such a surface is an endothermic process. If
denum atoms (structures p, g, r, sTable 2, were also an additional sulfur atom is added, the two sulfur atoms
studied. On such a partially promoted metal surface, everytend to dimerize on the surface (structure kTable 1.
two molybdenum atoms on the Mo-edge are substituted by The formation of the S—S dimer on the surface stabilizes the
two nickel atoms alternatively, terme@ + 2) x 4 model. sulfur atoms on the surfac&i). 2). When two additional
If the structure o is taken as energetic reference, structuresulfur atoms are placed on the Ni(100)-M-edge surface of
p is only slightly higher in total energy. If the two sulfur 50% sulfur coverage, they have a strong tendency to move

0.05

1.73
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away from the surface, and the 100% sulfur coverage on thehydrotreating catalysts is typically less than 0.2. Thus, the
Ni(100)-M-edge surface is not stable relative to 50% sulfur incorporation of nickel into the Mo-edge is preferred over
coverage. A similar trend exists for the Co(100)-M-edge. the S-edge for 50% nickel-pnooted catalysts at typical
The stable configurations for the fully promoted metal-edge sulfidation conditions. The difference in the synergic en-
with 50% sulfur coverage (structure k ifable ) were ergy between S-edge and Mo-edge incorporation, however,
missed in previous studi¢8,11]. is only about 0.14 eV at lown,s/pH, ratios. This sug-
The fully sulfided S-edge has the lowest energy for the gests that both structures are possible under normal sulfida-
Ni(100)-S-edge, while the 50% sulfided S-edge has the low- tjon conditions, with the ratio of Boltzmann populations of
est energy for the Co(100)-S-edfed. 2). On the Ni(100)-  Ni(50)-S-edge to Ni(50)-M-edge about 0.J&D].
S-edge surface, the sulfur atoms migrate to the top of the  For the 100% nickel-promoted edge surfaces (solid line,
nickel atoms from the bridging positions between nickel Fig. 79, (AGsedge— AGMo-edgd iS positive over a broad
atoms, where they are origily placed prior to optimiza- range of ph,s/pH, ratios (< 60). At very low pH,s/pH,
tion. A similar configuration was reported by Schweiger et (atios (< 0.01), the value of £Gsedge— AGMo-edgd iS
al. for the fully SL_JIfided Ni(100)-S-eddé1]. Cobalt atoms larger than 0.9 eV, indicating the Mo-edge is energeti-
on the fully sulfided Co(100)-S-edge do not have such a cq)y preferred over the S-edge for nickel incorporation.
strong preference to the planar configuration. The difference tq ratio of Boltzmann populations of Ni(100)-S-edge to
in energetics between configurations with sulfur atoms at the Ni(100)-M-edge is about 10’ therefore, it is almost im-

bridging positions and that with sulfur atoms on top of cobalt (g)ossible to obtain a fully nickel-promoted S-edge at very low
ggoo/ms |Tfless than 0.1 gtvh’ anI? bOtth are utnst%bl.e comp'?red t PH,S/ PH, ratios. The incorporation of nickel into the S-edge
6 sulfur coverage with sulfur atoms at bridging positions ;¢ only favoured at very highi,s/ i, ratios.

n e e plne, Wi 5 sl oo S o s o 7
P g€, X ging at 1ow p,s/ pH, ratios (< 0.02), (AGsedge— AGmo-edgd

for both nickel- and cobalt-promoted surfaces. is —0.08 eV, therefore, both the cobalt-promoted metal edge
and S-edge are present with significant populations (ap-
prox 20 vs 80%). At highepn,s/ ph, ratios, (AGsedge—

The synergic energies of the promoted S-edge relative to 2 GMo-edge ranges from-0.5 to —0.1 eV and the relative
corresponding promoted metal-edge planes are presented iipoPulation of the cobalt-prometi metal edge varies accord-
Fig. 7for nickel (Fig. 79 and cobaltFig. 7b. The changes  Ingly from 0.01 to 20%. For the 100% cobalt-promoted edge
in the slopes of AGsedge— AGMo-edgd VS PH,s/ PH, Plots surfaces (solid lineFig. ?l)), the preference of the promoter
are due to changes in reference structures for the unpromoted@toms for the S-edge is even stronger. TA6Gsedge —
edges and the changes in the promoted edge structures a4 GMo-edge reaches the most negative valu€).55 eV at
functions of pn,s/ph, ratios in calculatingA Gs.edge and PH,S/ PH, ratios between 0.05 and 10, which mdwgtes that
AGwo-edge Values.Figs. 4, 5, and Gresent thepu,s/ pH, cobalt has a strong preference to the S-edge at this range of
ranges in which the unpromoted and promoted structures arePH,s/ PH, ratios.
stable with corresponding sulfur coverages on the surfaces.  This result confirms the STM observation that cobalt is

For the 50% nickel-promoted edge surfaces (dash line, located at the S-edge covered by sulfur atoms at bridge posi-
Fig. 78, (AGsedge— AGMmo-edge iS positive at very low tions by Lauritsen et a[12]. For Ni-promoted Mo model
PH,S/PH, ratios (< 0.2), which indicates that the S-edge catalysts, one may obtain different edge structures at normal
is less favourable than the Mo-edge for nickel incorpora- sulfidation conditions, since the metal edge is preferred at
tion. At higher pn,s/pH, ratios, (AGsedge— AGMo-edge low pH,s/pH, ratios Fig. 79.
becomes negative, which indicates the S-edge is more This result also confirms the general conclusion obtained
favourable. Thepn,s/pH, ratio during the sulfidation of by Schweiger et al., who used triangular cluster models and

3.2. Preferred location for the promoter atoms
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the surface energies of the promoted S-edge and metal edgévity of sulfur atoms on the S-edge increases with the load-

to discuss the edge preference for promajtt$. In the cal- ing of promoters. Ni-promoted catalysts are superior to Co-
culation of the surface energy of the promoted S-edge or promoted catalysts for hydrogenation and HDN, while the
metal edge, the bulk MgSwas taken as the referenfdl]. opposite is true for HDY1,2]. Comparing the edge sur-

The synergic energy, however, uses the unpromoted Mo-face structures of Ni-promoted and Co-promoted molybde-
edge and S-edge as references for incorporating promotersyum sulfide catalysts will provide fundamental insights into
into the metal edge and S-edge, respectivBbection 2.3 It why these two types of catalysts behave differently. The ab-
has been shown that the surface energy of the unpromotedsence of bare metal sites on the Co-promoted edge surface
S-edge is higher than that of the unpromoted Mo-edge undermay explain the low activity of Co-promoted catalysts in
sulfidation conditions, both relative to bulk Mp§L4]. Us- hydrogenation and HDN. The high HDS activities of Co-
ing the relative surface energy to discuss the promoter edgeé,romoted catalysts indicate that the Co-promoted S-edge
preference neglects the difference in the surface energy bey, 4 the required active site configuration for HDS reactions,
tween the unpromoted S-edge and Mo-edge. Therefore, thqn which the sulfur is located at bridging positions. Further

promoted S-edge would be underestimated relative to thecomputational studies are required to understand how sulfur-

promoted Mo—nge in discussing the gdge preference of th.econtaining compounds are activated on the sulfur-covered
promoters by using the surface energy instead of the synergic

energy. Calculations using the surface energy andytes- cobalt-promoted S-edge.

. . : The above discussions are based on the equilibrium sur-
gic energy would obtain the same general conclusions about]c tructure that are stable at sulfidation conditions. Under
the preferred locations of promoters when the difference in ace structure that are stable at sutiidation co ons. €

the relative energy between the unpromoted Mo-edge and s-‘yp'c"?" hydr?trealltm? react.|oma.:|d|t|ons, tge cmpgghon dOfH
edge is smaller than the difference in the synergetic energyreactlng molecules for active sites must be considered. How-

between the metal-edge and S-edge incorporations other&ver, additional studies are also required to understand the

wise they would not. competitive adsorption of various molecules on the edge sur-
faces to develop a detailed understanding of HDN and HDS
3.3. Implications of the stable edge structures of promoted reaction mechanisms.

Mo$S, catalystsin catalysis

_ The results obtained from t_his study have dirgct implica- , Conclusions
tions for HDN and HDS reactions. The mechanism of C—N
bond cleavage in the HDN of aliphatic nitrogen-containing
molecules has been suggested to be Hofmann-type elimi- The sulfidation conditions not only affect the equilibrium
nation or nucleophilic substitutiof25—-29] Both of these sulfur coverage on the edge surfaces of unpromotedsMoS
mechanisms require a pair of sites: an acid site to react with catalysts, but also affect the edge preferences of promot-
the nitrogen molecule through the nitrogen atom, making the ers. Under normal sulfidation conditions, nickel prefers the
amine group ready to leave from the molecule; and a basic metal-edge and cobalt the S-edge. The difference in edge
site to abstract thgg-hydrogen in the elimination mecha-  yreference between nickel drcobalt, which leads to dif-
nism, or a nucleophile to attack thecarbon in the nucle-  ferent surface structures and properties, is suggested to be
ophilic substitution mechanism. partly responsible for the difference in catalytic performance
On the partially Ni-substituted Mo-edge (structure f), jn hygrodesulfurization and hydrodenitrogenation reactions.
which is stable under sulfidation cond|_t|ons, the uncpyered On a partially promoted Mo-edge surface, the existence of
promoter atoms can qccommmdahe mtrogen-gontammg the adsorbed sulfur atoms on top of molybdenum atoms and
mqleculeg as adsorption sites (Lewis a(.:'d ;ltes) and thethe neighboring uncovered promoter sites provide pairing
neighboring sulfur atoms can be the basic sites or the MU pase (or nucleophile) and acid sites for surface catalytic re-

cleophile. Rota et al. have proposed a similar model in dis- _ . . iol f llv substi h b
cussing stereochemistry of the HDN of cyclohexylamines actions. Itis possible to preferentially substitute the molyb-
denum atoms on either the S- or the Mo-edge to different

over NiMo catalyst$30]. It should be emphasized that such tents by insiahtiul oulati £ th talvst
an active site configuration can only exist on the partially extents by INSIghtiul manipulation of the catalyst prepara-
tion and sulfidation procedures.

promoted metal edge. The salient structural features for un-
promoted Mo$ preclude the existence of these required
neighboring basic and acidic sites on the unpromoted Mo-
edge. Acknowledgments
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