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Abstract

Tungsten-based hydrotreating catalysts differ from molybdenum-based catalysts in many aspects. Although theoretical studies have of-
fered many insights into the structures and properties of Mued catalysts, no similar study has been reported for-béSed catalysts.
Theoretical studies on tungsten sulfide will provide an increased understanding of the difference between theses two groups of catalysts, an
contribute to the development of highly active and selective hydrotreating catalysts. The present study investigates the details of the edge sur.
faces of unpromoted and Ni(Co)-promoted YM&talysts using density-functional theory (DFT) under generalized gradient approximation
(GGA) considering the effect okaction conditions. For unpromoted W&atalysts, the edge surfaces favor sulfur coverage of 50% under
reaction conditions for both the metal edge and the sulfur edgé&eNiends to substitute the tungsten on the W edge in the Ni-promoted
catalysts, while cobalt prefers to take theifioa of tungsten at the S edge in Co-promoted ge@l. The incorporateedge structures are
stable for both nickel and cobalt relative to individual promoter sulfides.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction than NiMo catalystd10]. However, the distinct chemical
and morphological properties of tungsten-based catalysts are
Industrial hydrotreating catalysts consist of molybdenum poorly understood when compared to the current level of in-
or tungsten promoted by nickel or cobalt supported on alu- formation available for molybdenum-based catalysts.
mina. Tungsten disulfide has a similar structure as molyb-  The superior hydrogenation activity of tungsten-based
denum disulfide, and thus it is usually assumed that tung- catalysts makes them a promising option in upgrading
sten catalysts are similar to molybdenum catalysts. However,heavy oils and producing diesel fuels with low-sulfur and
tungsten-based catalysts differ from molybdenum-based cat-low-aromatics content. Most information about hydrotreat-
alysts in many aspects. First, tungsten catalysts in oxidicing catalysts was obtained through extensive studies of
form are much more difficult to convert to sulfidic form molybdenum-based catalysts, and much less attention has
than molybdenum catalysf$—3]. Secondly, tungsten-based peen given to tungsten-based catalygt8,11] In addition
catalysts have higher activifidor the hydrogenation of aro-  to tremendous experimental studies, theoretical investiga-
matics[4—6]. Adding cobalt to Mo$ catalysts significantly  tions have contributed many insights into the structures and
increases their aCtiVities ihydl’odesulfurization (HDS) re- properties of mo|ybdenum_based Cata'ysts at the atomic
actions([7,8], but no similar effect has been observed for gscale[12-17] However, no theoretical study on tungsten
tungsten catalysts by adding cobalt to ¥{8]. Additionally, catalysts has been reported in the literature, with the noted
NiW catalysts have been reported to be more susceptible tOexception of WS bulk properties that were reported by
the inhibition effect of HS in the HDS of dibenzothiophenes  Rravhaud et al. in their series of theoretical studies of tran-
sition metal sulfideg18,19] The objective of the present
~* Corresponding author. Fax: (780) 492 2881. study is to fill this information gap by investigating the edge
E-mail address: alan.nelson@ualberta.ca (A.E. Nelson). structures of unpromoted and promoted Wtalysts us-
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ing a similar approach as we have previously reported for
molybdenum-based cataly$&0]. \

| — Q)

2. Methods
2.1. DFT calculations

The energy calculations are based on density-functional
theory (DFT) and have been performed using Material Stu-
dio DMol® from Accelrys (version 2.2J21,22] The de-
tails of the calculation method have been described else-
where[20]. The double-numerical plug-functions (DND)
all-electron basis set and Becke exchaf&g3 plus Perdew
correlation[24] nonlocal functionals (GGA-BP) are used
in all calculations. The real space cutoff radius is 4.5 A.
The Kohn—-Sham equatioii25] are solved by a SCF (self-
consistent field) procedure. The convergence criterion for
the SCF cycle is set at 0.0001. The geometry optimization
(atom relaxation) convergence thresholds for energy change,
maximum force, and maximurdisplacement between op-
timization cycles are 0.0001 Ha, 0.02 g and 0.05 A,
respectively. Based on the convergence test fpoint sam-
pling, thek-point set of (2« 1 x 1) was used for calculations
of the Ni- and Co-promoted and unpromoted ¥éf&ab mod-
els, and (5< 5 x 5) and (3x 3 x 3) were used for NiS; and
Co9Sg, respectively, to ensure the quality of the results. Spin
polarization was applied to all calculations for the systems
containing magnetic elements (nickel or cobalt). Techniques
of Direct Inversion in an Iterative Subspace (DI[36] with
a size value of 6, thermal smearifig7], and a range of
0.005 Ha are applied to accelerate convergence.

Fig. 1. Single-layer W& model representation consisting of four S-W-S
rows in they direction and two units of supercells indirection (black
indicates tungsten atoms, gray indicates sulfur atoms).

and S edge can have different sulfur coverages by adding sul-
fur on the W edge and removing sulfur from the S edge, as
has been done for MeSatalyst§12—-14,20] The structures
with different sulfur coverages on edge surfaces are opti-
mized before calculating total ergies. During the geometry
optimization, the atoms in the two inner S—-W-S rows are
fixed as in the bulk structure and other atoms at both edge
surfaces are relaxed. Full geometry optimizations were also
performed for W3 models with 0 and 100% sulfur cover-
) ) ages onthe W edge, in which all atoms are relaxed. However,
The catalyst model consists of one layer WsBeet with 1 jitference was observed in the relative energies of the dif-
four rows of S-W-S units as shown Fig. 1 The four- ferent structures. Therefore, the two inner S—W-S rows were

row WS, slab is cut from a bulk crystal structure that is i e for all other calculations to decrease computational re-
based on crystallographic d&8], and geometrically op- ¢4 \;rces and time.

timized using DMof. The calculation results for the edge

structures of Mog catalysts obtained usj different sizes

of catalyst models have been previously evaluated, and it3 Reqiits and discussion
has been concluded that the four-row single layer model is

appropriate for calculating refive energies of specific sur- 3.1, Energetics of unpromoted and promoted WS, for

face structure$20]. Using a larger model, including two  djfferent sulfur coverages on the W edge and Sedge

layers in z direction or more than four rows in direc-

tion, would not improve the quality of the resuf0]. In The same methodology we previously used for molybde-

the model shown irFig. 1, the WS slabs are repeated in  num catalysts was used to determine the stable sulfur cov-
the x direction with a periodicity of two S—W-S units, and erage on the W edge and the S edge of,W&talystg20].

are separated by vacuum layers of 9.3 A in theirection Relative energies of the surfaces with different sulfur cover-

and 10 A in they direction. The volume of the supercell is ages are calculated according to

(6.36x 21.02x 125 A).

In this representatiorF{g. 1), the top edge surface ex- SUUCIUr€0) +nHzS= Structurén) +nHz, (1)
poses uncovered tungsten atoms, analogous to thes MoS where Structure(0) represents the structure with a bare edge
model, and is termed the W edge or metal edge, while the surface, and Structure) represents the structure withsul-
bottom edge surface is the fully sulfided S edge. The W edgefur atoms adsorbed on the edge surface of each supercell.

2.2. Tungsten-based catalyst models
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When the sulfur coverage on the W edge is calculated, thelowest energy, and for the S edge the fully sulfided structure
S edge is maintained fully sulfided. Similarly, when the sul- has the lowest energy.

fur coverage on the S edge is being considered, the W edge As it has been shown for molybdenum catalysts, incorpo-
remains fully sulfided. The maximum possible number of ration of nickel and cobalt into the edge structure decreases
sulfur atoms that can be added to each edge tungsten atonthe sulfur bonding strength, and thus reduces the sulfur cov-
is two. Thus, 25% sulfur coverage corresponds to one sul-erage on the edge surfafde?,14,20] A similar effect is ex-

fur atom added to two edge tungsten atoms on average, anghected for promoted tungsten catalysts. Substitution of one
50% sulfur coverage corresponds to one sulfur atom addediungsten atom on either the W edge or the S edge of a WS
to one edge tungsten atom on average. The relative energiesupercell Fig. 1) by a promoter atom (nickel or cobalt) pro-

for one supercell are calculated according to duces the 50% promoter-substituted W- or S-edge surfaces.
0 -0 0 A 100% promoter-substituted edge surface can be gener-
AEy= Eg,st —Ep,st 0 ituti
0 = 0-Strucurén) — =0, Strucure0) ated by the substitution of all the tungsten atoms on the
+n(E8,H2 —ES,HZS), (2) W-edge or the S-edge surface by promoter atoms (nickel
here 0 0 £0 dE or cobalt). Relative energies of structures with different de-
WREIE( siructuren)» £0.Structureo)» £o.Hy» ANAEQ s are to- grees of promoter substitution on the W edge and S edge

tal energies of Structurey, Structure(O) hydrogen and hy-
drogen sulfide at 0 K, respectively.

Fig. 2 shows the relative energies of optimized WS
structures with different sulfur coverages on the W edge
and the S edge. The optimized geometries of the edge sur-
faces of WS are the same as those of Mof3,15,20]

The relative energy for the structure with a fully sulfided W
edge and S edge is used as thterence. These results in-
dicate that removing the same amount of sulfur atoms from
the S edge always requires more energy than from the W
edge. For example, it requires 6.53 eV to remove the four
sulfur atoms from the S edge (1.63 gtom), and only
3.38 eV (0.85 eyatom) to remove the four sulfur atoms
from the W edge. The same trend has been observed fo
MoS, [12-14,20] This indicates that sulfur bonds to the
tungsten atoms on the S edge much more strongly than on 1
the W edge. The difference in the binding energies of sul-

fur atoms on the W edge and the S edge results in different
equilibrium sulfur coverages on these two edge planes. For% 0
the W edge, the structure with 50% sulfur coverage has the =

are calculated according tq. (1)andEg. (2) The results

for the promoter-substituted W-edge structures are presented
in Fig. 3and for the promoter-substituted S-edge structures
are shown irFig. 4. For comparison, the data for the unpro-
moted W edge and S edge are also includdeigs. 3 and 4

For each model catalyst series, the structure with a bare edge
surface is taken as the energetic reference. The relative ener-
gies shown irFig. 3indicate the bonding strength of sulfur
atoms on the W edges; negative values indicate that disso-
ciation of hydrogen sulfide on the edge surface to adsorbed
sulfur and free hydrogen is an exothermic process, and posi-
tive values indicate that the dissociation of hydrogen sulfide
Ijs an endothermic process.

100%-Ni-W-edge
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Sulfur coverage, %

Fig. 3. Relative energies of V§Sromoted by cobalt or nickel as function

1 . : , : ] : ] : , of sulfur coverage on the W edge, with the bare surfaces being used as
references (50%-Co-W edge refers to Co-promoted catalyst with 50% of
0 20 40 60 80 100 tungsten atoms on the W edge substituted by cobalt atoms, 100%-Co-W
edge to Co-promoted catalyst with 100% of tungsten atoms on the W edge

Sulfur coverage, % substituted by cobalt atoms, 50%-Ni-W edge to Ni-promoted catalyst with

50% of tungsten atoms on the W edge substituted by nickel atoms, and
Fig. 2. Relative energies of W&s function of sulfur coverage onthe Sedge  100%-Ni-W edge to Ni-promoted catalyst with 100% of tungsten atoms on
and W edge, with the fully sulfided sace being used as the reference. the W edge substituted by nickel atoms).
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0 cancies, which are active sites for HDS and HDN reactions.
1 Incorporation of nickel or cobalt into the edge surfaces of
0%-Ni-S-edge WS, decreases the bonding of sulfur atoms, thus making it
> o easier to generate coordinately unsaturated sitesy ¢n the
o 1 edge surfaces of promoted catatydn this respect, nickel is
3 a better promoter than cobalt.
5 3- 00%-Co-S-cdge P
& 4 _ o 3.2. Effect of reaction conditions on the relative stability of
2 1 50%-Ni-S-edge| edge structures
< -5 50%-Co-S-edge , o _ _
14 i The relative stabilities of different structures vary with
6 reaction conditions. The depende of free energy changes
i { of Eq. (1) on pH,s/pH, ratios has been previously estab-
-7 : : : : : : : : : lished at reaction temperature in studies for molybdenum

0 20 40 60 80 100 catalystg13-16,20] The free energy change for adding
sulfur atoms on the reference surface can be calculated by
Sulfur coverage, %
ge. 7 AG = AGY — nRT In 2125 3)
Fig. 4. Relative energies of WSpromoted by cobalt or nickel as func- PH,
tion of sulfur coverage on the S edge, with the bare surfaces being usedWhereAG(% is the standard free energy change at tempera-

as references (50%-Co-S edge refers to Co-promoted catalyst with 50% of .
tungsten atoms on the S edge substituted by cobalt atoms, 100%-Co-S edgéure T, andPst andPHz are partlal pressures of hydmgen

to Co-promoted catalyst with 100% of tungsten atoms on the S edge substi-Sulfide and hydrogen in the gas phase above the surface, re-
tuted by cobalt atoms, 50%-Ni-S edge to Ni-promoted catalyst with 50% of spectively.AG‘% can be calculated from the standard energy
tungsten atoms on the S edge substituted by nickel atoms, and 100%-Ni-Schange at 0 KAES, and the temperature corrections for free
edge to Ni-promoted catalyst with 100% of tungsten atoms on the S edge . 0

substituted by nickel atoms). energles,(&GTm),

_ AG) = AE§+nAGY (4)
For the unpromoted W edge, adding one sulfur atom to
the surface of the supercell by the dissociation of hydrogen whereA EJ is the energy change at 0 K calculateddy. (2)
sulfide, generating a W-edge surface with 25% sulfur cover- and AG(}COrr represents the finite temperature correction for
age, is a highly exothermic process releasing 2.7seNfur the standard free energy char{@6]. The data listed iTa-
atom. Adding an additional sulfur atom on the 25% sulfur ble 1are taken from our previous pageo].
coverage unpromoted W-edge surface is still an exother- Fig. 5 plots the relative energies of the W edge and S
mic process, producing an additional 0.80/e\lfur atom. edge of unpromoted WSwith different sulfur coverages as
The further addition of sulfur on a 50% sulfur coverage a function ofpn,s/pH, ratios at 650 K. On the W edge, the
surface is a slightly endothermic process. Adsorption of structure with 50% sulfur coverage is the most stable over
one sulfur atom on the 50% Ni(Co)-substituted W edge is the entire range opn,s/ pH, ratios. On the S edge, the fully
an exothermic process, releasing 2.0/seMfur atom, and sulfided surface is the most stable when fhes/ph, ra-
the further addition of sulfur atoms on the 50% Ni(Co)- tio is higher than 0.15, and the 50% sulfur coverage surface
promoted W edge is an endothermic process. For the fully is stable at lowerpn,s/pH, ratios. For the 50% Ni(Co)-
substituted metal edge, adsorption of one sulfur atom is apromoted W edgeHig. 6), the surface with 25% sulfur cov-
slightly endothermic proces&(Eg =0.11eV)onthe 100%  erage is the most stable, and for the 50% Ni(Co)-promoted
Co-promoted metal edge, and strongly endothermie§ = S edge Fig. 7), the surface with 50% sulfur coverage is
0.70 eV) on the 100% Ni-promoted metal edge. Adding an- the most stable over the range gfi,s/ pH, ratios. For the
other sulfur atom to form a sface S—S dimer stabilizes the  100% Ni-promoted W edgé=(g. 89, the bare surface is the
surface sulfur atoms. Thus, the reaction enthalpies for themost stable provided thgw,s/pn, ratio is lower than 450;
dissociation of two hydrogen sulfide molecules on the 100%
substituted metal edges of the supercell to form a S—S dimerTaple 1
are—0.32 eV/sulfur atom for Co-promoted metal edge, and Values ofAG(%COrr at representative temperatures for catalyst sulfidation and

—0.003 eV/sulfur atom for Ni-promoted metal edge. hydrotreating reactions

These results indicate that the bonding of sulfur on the Temperature (K) AG‘,}COrr (eV)
unpromoted W edge is stronger than that on the promoter-575 031
substituted metal edge. Furthermore, the bonding of sulfur 600 Q33
on the Co-promoted metal edge is stronger than that on Ni- 625 Q36
promoted metal edge. The weaker sulfur bonding on the ggg gig

promoted edge surfaces makes it easier to create sulfur va-=
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Fig. 5. Relative energies of Ws function ofpy,s/pH, ratios at 650 K,
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Fig. 6. Relative energies as function @fy,s/pH, ratios at 650 K,
(a) 50%-Ni-W edge, (b) 50%-Co-W edge. Each line is labeled by the cor-
responding sulfur coverage on the edge surface, with 50% sulfur coverage

(a) W edge, (b) S edge. Each line is labeled by the corresponding sulfur js taken as reference.
coverage on the edge surface, with 50% sulfur coverage is taken as refer-

ence.

at higherpn,s/ pH, ratios, the 50% sulfur coverage surface

is stable. For the 100% Co-promoted W edddg( 8b),
the bare surface is the most stable at lpw,s/pH, ra-

tios (< 1.5), and at highempn,s/pH, ratios the 50% sul-

the edge structures of corresponding molybdenum catalyst
[12-16,20] For the W edge of unpromoted W.3he surface

is covered by sulfur atoms bridging tungsten atoms, which
corresponds to the 50% sulfur coverage. The tungsten atoms
on the 50% sulfur coverage W edge are sixfold coordinated
to sulfur atoms, and thus there are no coordinately unsatu-

fur coverage surface is stable. For the 100% Ni-promoted rated sites on the unpromoted W edge surface. For the 50%
S edge Fig. 99, the stable surface can have 25% (when Ni(Co)-substituted W edge, where every second tungsten
PH,S/PH, < 0.004), 50% (when 0.004 $H,s/pH, < 15),

or 100% (whenpn,s/pH, > 15) sulfur coverage depend-
ing on the pn,s/pH, ratio in the gas phase. For the 100%
Co-promoted S edgé-{g. 9b), the structure with 50% sulfur

coverage is the most stable over the entire ranggi0d/ pH,
ratios.

Table 2 shows the stable edge structures of various the 100% Ni(Co)-substituted W edge, the bare surface is the
catalysts under reaction conditions, which are similar to most stable under reaction conditions, which provides the

atom is substituted by a nickel or cobalt atom, one sulfur
atom bonds to a tungsten atom directly atop, and the pro-
moter atoms are uncovered. The bare nickel or cobalt atoms
and surface sulfur anions can act as unsaturated metal sites
(Lewis acid sites) and basic sites (or nucleophile), respec-
tively, in catalyzing various hydrotreating reactig@8]. For
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Fig. 8. Relative energies as function @fy,s/pH, ratios at 650 K,

(a) 100%-Ni-W edge, (b) 100%-Co-W edge. Each line is labeled by the
corresponding sulfur coverage on the edge surface, with 50% sulfur cover-
age is taken as reference.

Fig. 7. Relative energies as function @fy,s/pH, ratios at 650 K,

(a) 50%-Ni-S edge, (b) 50%-Co-S edge. Each line is labeled by the cor-
responding sulfur coverage on the edge surface, with 50% sulfur coverage
is taken as reference.

cobalt prefers the S edge for molybdenum catalysts under

required space for the adsorption of large aromatic mole- reaction condition§l6,20] It has also been pointed out that
cules for hydrogenation. On the S edge, all catalysts havethe stable structures should be considered when discussing
the same geometry with sulfur atoms at bridging positions, the preferred locations for promoter atoms in promoted cat-
and each surface metal atom is fourfold coordinated to sul- alysts[16,17,20] The same approach is followed in studying
fur atoms. The strength of sulfur-metal bonding decreasesthe edge preference of nickel and cobalt in tungsten catalysts
in the order: W$ > 50% Co-S edge- 50% Ni-S edge> as we previously used for molybdenum cataly&6.
100% Co-S edge- 100% Ni-S edge. The same trend was  |n Section 3.2the most stable edge structures for vari-
previously found for molybdenum cataly$ts?,14,20] ous catalysts under reaction conditions were identified. For
the 50% Ni-W edge, the 25% sulfur coverage is the most
stable configuration for the entire range,s/pH, ratios
(Fig. 63. For the unpromoted S edge of W%0% sulfur

When promoter atoms are incorporated into edges of coverage is stable at lopt,s/ pH, ratios, and 100% sulfur
WS, one of the edges is energetically preferred over the coverage is stable at highy,s/ pH, ratios Fig. 5. For the
other due to the difference in chemical environment. Previ- 50% Ni-S edge, the 50% sulfur coverage is the most stable at
ous studies have shown that nickel prefers the Mo edge andall pn,s/pH, ratios Fig. 7g. For the unpromoted W edge,

3.3. Preferred location of the promoter atoms
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Fig. 9. Relative energies as function @fy,s/pH, ratios at 650 K,

(a) 100%-Ni-S edge, (b) 100%-Co-S edge. Each line is labeled by the cor-
responding sulfur coverage on the edge surface, with 50% sulfur coverage
is taken as reference.

Table 2

The stable edge-surface structures at 65p(f,s/ pH, = 0.01 to 0.1 (black
indicates tungsten atoms, light gray indicates sulfur atoms, and dark gray
indicates promoter atoms)

Metal-edge

i
%S
2

S-edge

W$,

50%-Ni(Co)-
promoted WS

100%-Ni(Co)-
promoted WS

Y

47

the 50% sulfur coverage is the most stable at gt/ pH,
ratios Fig. 59. Therefore, three possible structures are com-
pared for 50% Ni-substituted WSn Fig. 10 These three
structures have the same nibien of metal atoms, while the
number of sulfur atoms differs depending on the stable sur-
face configurations. Ifrig. 10, Structure (a) is taken as the
reference, and Structures (b)dat) are related to Structure
(a) by the following reactions:

Structure(a) + 2H, = Structure(b) + 2H,S,
Structure(a) + Hy = Structure(c) + H»oS.

()
(6)

The relative energies as a function of tpg,s/pH, ratio

are calculated according tq. (3) Fig. 10shows that the
structure with nickel at the W edge is the most stable over
a wide range opn,s/ pH, ratios. For 100% Ni substitution,
the relative energies of six possible structures are compared
in Fig. 11 The structure with nickel at the W edge still has
a lower energy than that with nickel at the S edge, provided
the ph,s/pH, ratio is lower than 220. At highepn,s/ pH,
ratios, the nickel atoms can be stabilized at the S edge by
forming a planar configuration with sulfur atoms as shown
in Fig. 11 (Structure d). In general, it can be concluded the
W edge is preferred for nickel substitution.

The edge preference for the Co substitution is investi-
gated by following the same approach. For 50% Co substitu-
tion, three similar structures as those for 50% Ni-substituted
WS, are compared irFig. 12 The S-edge substitution is
preferred wherpn,s/ph, ratios are between 0.002 and 6,
which encompasses the typical range for sulfidation condi-
tions of hydrotreating reactors. At lower or highg¥,s/ pH,
ratios, W-edge substitution is preferred. For 100% Co substi-
tution, four structures are stable at differgnt,s/ pH, ratios
which are shown irFFig. 13 In Structures (a), (b) and (c),
the tungsten atoms on the W edge have been substituted by
cobalt atoms, and in Structure (d) the S-edge tungsten atoms
are substituted by cobalt atoms. The structure with cobalt
atoms at the S edge is the most stable at rpast/ p, ra-
tios (Fig. 13. Therefore, it can be concluded the S edge is
the preferred location for cobalt substitution.

3.4. Stability of promoter atoms at WS, edges

Based on experiment§®9] and theoretica[12,14,16]
studies, it is believed that promoter atoms incorporate into
the Mo$ structure by substituting molybdenum atoms at
edge surfaces. There are several studies that indicate the ex-
istence of promoter-ingporated structures at WSedges
[9,30-32] Itis generally accepted the NiWS phase is present
due to the observed synergistic effect of nickel for improv-
ing the activities of tungsten catalysts. However, the promo-
tional effect of cobalt is still debated because of the stability
of the CoWS phase relative to cobalt sulfide. A synergis-
tic effect was not observed between cobalt and tungsten
in CoW/Al,O3 because cobalt forms @8g instead of the
CoWS structurd9]. By applying chelating agents, Kishan
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Fig. 10. Relative energies of the 50%-Ni-S edge (das#s) and 50%-Ni-W edge (solid lines) as a functiorppf,s/ pH, ratios at 650 K, (1) and (2) represent
number of sulfur atoms bonding to each tungsten atom on the unpromoted .STedgailfur coverage is 25% on the Ni-promoted W edge and 50% on the
Ni-promoted S edge.

et al. observed a notable synergistic effect of cobalt on tung- promoter sulfides and WSare more stable. The validity of
sten for the HDS of thiopher82]. They also observed the  this calculation depends on the stable sulfide structure that is
CoWS phase, in addition to @8s, after high-temperature  used for each calculation. The difference in relative energies
sulfidation. To this point, we have assumed that promoter petween structures with bare and 50% sulfur coverage W
atoms would substitute tungsten atoms at either the W edgeedge is 1.8 eV per edge tungsten atom. This means that by
or S edge for tungsten catalysts, as discussed in previous secusing different structures for WSthe reaction enthalpy of
tions. In order to clarify if promoter atoms at edge surfaces gq. (7)may vary up to 1.8 eV per edge tungsten atom.

are more stable than those for individual Sulﬁdes, the ener- When Byskov et al. investigated whether cobalt atoms in
getics of the following reaction was calculated: the CoMoS structure are more stable relative tgSgpthey
used a fully sulfided Mogslab and bulk Mog structure to

{Promoter sulfidp+- (WSp-slal} +mH2S represent the unpromoted structure, a CoMoS structure with

= {Promoted-W$} + mHo, (7) 75% sulfur coverage on the promoted S edge to represent
0 0 0 the promoted structure, and CoS to represent the isolated
AEg syn= Eo promoted ws ~ Eows, siab cobalt sulfidg12]. However, our calculations indicate these

. E8 oromoter sulfidsh m(Eg y — E8 st)- 8) §tructures are not gtablg undgr reaction conditions. The reac-
' ’ ’ tion enthalpy obtained in their study was 1.3 eV per cobalt
Negative values foAqus , indicate that promoted WsSs atom, which is in the range of possible error incurred by
stable relative to unpromoted Wand individual promoter  using different representative structures. Consequently, the
sulfides, while positive values would suggest the individual most stable structure must be identified for each term in
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Fig. 11. Relative energies of the 100%-Ni-S edge (dass) and 100%-Ni-W edge (solid lines) as a functionppf,s/pH, ratios at 650 K, (1) and (2)
represent number of sulfur atoms bonding to each tungsten atom on the urgnid®retdge and Ni-promoted metal edge. The sulfur coverage is 50% on the
unpromoted W edge.

Eqg. (7)before one can calculate the energetics of promoter determining the energetics of promoter sulfides. The models
incorporation into the Wisstructure. For separated promoter for NizS; and C@Sg bulk structures are constructed accord-
sulfides, NS, and C@Sg are stable under sulfidation con-  ing crystallographic datg28], and fully optimized using the
ditions[13,33] The energies of other sulfides that are stable method as described Bection 2.1

at low temperature, including NiS and Cg&re very close For unpromoted W& the 50% sulfur coverage on both

to those of N§S; and C@Sg, respectively[18]. Therefore, the W edge and the S edge is the most stable at 650 K and
NizS; and C@Sg are excellent representative structures for pn,s/pH, ratios between 0.01 and 0.Eig. 5). For Ni- and
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Fig. 12. Relative energies of the 50%-Co-S edge (dash lines) and 50%-Co-W edge (solid lines) as a fupptjepaf, ratios at 650 K, (1) and (2) represent
number of sulfur atoms bonding to each tungsten atom on the unpromoted.STedgailfur coverage is 25% on the Co-promoted W edge and 50% on the
Co-promoted S edge.

Co-substituted Wedges, the sulfur coverage is zero on the ing the edge tungsten atoms. For Ni-promoted tungsten cat-
100%-substituted W edge, and 50% on the 100%-substitutedalysts, nickel can be sulfided at temperatures below ©)0
S edge under reaction conditiorfad. 9). The Aqusyn for while WS, cannot be formed from the oxidic state on $iO
promoter incorporation into Wadges is calculated accord-  at temperatures lower than 200 [31]. The nickel sulfide
ing Eqg. (8)using the stable structures under reaction condi- formed at low temperatures can redisperse over the WS
tions. Following this calculation/ Gsyn for Eq. (7)can be edge and incorporate with W$o form the NiWS structure
calculated accordingg. (3)at 650 K andpn,s/pH, = 0.1. at high temperatures. While it is possible for nickel sulfide
The results for nickel substitution are listedTiable 3 and to combine with W$ at high temperatures, cobalt sulfide
those for cobalt substitution iMable 4 These results indi-  formed at low temperatures is unlikely to redisperse and
cate that nickel on the S edge is less stable than that on thecombine with the Wgto form the CowS phag®,31]. One
W edge, and that the structure of nickel at the W edge is of the probable reasons that the energetically more stable
stable relative to separated3Sp. In contrast, cobalt incor- CoWS phase was not formed in CoW$@8ls [9] and co-
poration at the S edge is more stable than the W edge or theémpregnated CoW/Si®[32] is that the sulfur—cobalt bond
CogSg structure. strength in C@Sg is stronger than the sulfur—nickel bond
These results confirm our previous conclusions about the strength in N§S, [34]. Higher sulfur—cobalt bond strength in
edge preferences of nickel and cobalt. Thermodynamically CogSg makes it very difficult to redisperse to the \W&dges
both nickel and cobalt are stable at Y&lges by substitut-  once well-structured G&g crystallites are formed. There-
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Fig. 13. Relative energies of the 100%-Co-S edge (dash lines) and 100%-Co-W edge (solid lines) as a fupglign mf, ratios at 650 K, (1) and (2)
represent number of sulfur atoms bonding to each tungsten atom on thetitngedbedge. The sulfur coverage is 0% on the Co-promoted W edge and 50%
on the Co-promoted S edge.

fore, itis the kinetic limitation that prevents the formation of more difficult, which requires temperatures higher than
the CoWS phase from separatechSpand WS. 300°C for the formation of W$ [35]. Using a support,
Using a chelating agent to protect cobalt from sulfidation with which tungsten oxide has a weaker interaction will help
at low temperatures before formation of Wiakes it pos-  the sulfidation of tungstef®]. Another possibility of form-
sible to form the stable CoWS phase instead o§%gd32]. ing CoWS instead of separated S and WS is to make
The sulfidation of alumina-supported tungsten catalysts areWS, available at low temperatures during the sulfidation



52 M. Sun et al. / Journal of Catalysis 226 (2004) 41-53

Table 3

promoted W edge and S edge are the most energetically

The free energy changes for incorporating one nickel atom into the W edge stable configurations. The sulfur atoms are located at the

or S edge of W8 at 650 K, py,s/pH, = 0.1 (black indicates tungsten

atoms, light gray indicates sulfur atoms, and dark gray indicates promoter

atoms)
NizS; WgS12 NioWgS14  AGsyn (€V/Ni)
© oo
W-edge m 9 ) -0.32
S-edge m —0.14
Table 4

The free energy changes for incorpting one cobalt atom into the W edge
or S edge of W at 650 K, py,s/pH, = 0.1 (black indicates tungsten

atoms, light gray indicates sulfur atoms, and dark gray indicates promoter

atoms)
CoySg WgS12 CpWeS14  AGsyn(eV/Co)
[
© 0
W-edge E%g ?g —0.15
¢ © o v
©_©O
-
S-edge —0.54

of cobalt. For example, when using ammonium tetrathio-
tungstate as the source of tungsten without calcination, the[ll]

bridging positions between the surface tungsten atoms on
both the S edge and the W edge. On the stable edge sur-
faces, the tungsten atoms are sixfold coordinated on the
W edge, and are only fourfold coordinated on the S edge.
When nickel or cobalt is incorporated into the YW&ructure,
nickel prefers the W edge and cobalt the S edge. When com-
pared to the energetics of the individual promoter sulfides
(CoySs and NgSp), the promoted edge structures are more
stable. The general trends for tungsten catalysts are similar
in surface energetics and geometry, but no detailed compari-
son between molybdenum and tungsten catalysts is made to
account for their differences in catalysis in the present paper.
This will be the subject of a subsequent paper.
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