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The dependence of the hydrodesulphurization (HDS) activity of monometallic transition
metal sulphides for thiophenic species is an electronic effect: the quality of the active site deter-
mines the rate of the rate-limiting step in the HDS process. It is shown that the strength of the
interaction between the metal d electrons and sulphur 3p electrons, I, correlates well with
catalytic activity. I depends strongly on the oxidation state of the transition metal. The syner-
gistic promotion effect in Co-Mo-S and Ni-Mo-S is explained in terms of electron transfer
from Co(Ni) to Mo. This corresponds to the removal of o metal-sulphur antibonding electrons
from Co(Ni), greatly increasing their intrinsic catalytic activity. It follows that Co and Ni are
the active elements in these mixed sulphides.
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1.Introduction

The purpose of this Letter is threefold: (1) to review two competing theories for
the dependence of hydrodesulphurization (HDS) activity of monometallic transi-
tion metal sulphides (TMS) on the position of the transition metal in the periodic
table, (2) to present a new theory based on the strength of the interaction between
metal d and sulphur 3p electrons, and (3) to demonstrate how this theory explains
promotion effects in mixed sulphides, particularly Co-Mo-S and Ni-Mo-S.

2. The periodic variation of HDS activity in monometallic sulphides: a
critical review of two competing theories

A systematic investigation of the dependence of HDS activity of monometallic
TMS on the position of the transition metal in the periodic table was first carried
out by Pecoraro and Chianelli [1]. Previously, it had been observed that HDS activ-
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ities do not, in general, correlate to BET surface area [2]. Normalised on a per
mole metal basis, it is seen that the first row TMS are generally less active than sec-
ond and third row TMS, fig. 1. A distinct minimum occurs for MnS. Maxima in
HDS activity occur for Ruand Os for second and third row TMS respectively. Simi-
lar trends were later observed by Vissers et al. for carbon-supported TMS [3], and
by Ledoux et al., also for carbon-supported TMS [4].

It is generally agreed that the catalytic activity takes place at anion vacancies
on the surface/edges of the catalyst, where exposed metal atoms can interact with
the thiophenic species [5]. It follows that the number of vacancies directly relates to
the activity of the catalyst. The rate of the rate-limiting step in the overall HDS pro-
cess may, however, be determined by the quality of the active site. As yet there is
no general agreement whether the activity differences between different TMS are
due to differences in the number of active sites, or alternatively due to the quality of
such sites (or both).

When the HDS activity is plotted against the heat of formation of the TMS (on
a per mole metal basis), AHr, a Balandin or volcano curve appears [6], typical for
many catalytic processes. According to Sabatier’s principle [7], the metal-sulphur
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Fig. 1. The activity of binary TMS for DBT desulphurization (ref. [1]).
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bond should be neither too weak nor too strong for maximum catalytic activity.
Effective catalysts must easily form and regenerate surface vacancies, yet have the
ability to adsorb the thiophenic species onto the vacancy. However, AH; mns falls
in the optimum range, but the activity of MnS is extremely low. V,S; also poses a
problem. Scattered-wave Xo calculations [8] on octahedral MS¢™ clusters (where
M denotes the transition metal atom and » is the total charge of the cluster if all the
elements are in the formal oxidation state representative of the TMS) led Harris
and Chianelli [9,10] to propose that it is the ability of the metal atom to bond cova-
lently to sulphur which determines the activity of the catalyst. The low activity of
MnS and other first row TMS is explained by the ionicity of the metal-sulphur
bond, which is not adequately reflected in the value of AH;. A theoretical activity
parameter was constructed, based on the covalency of the metal-sulphur bond and
the number of electrons in the highest occupied molecular orbital (HOMO), which
correlated well with the experimental HDS activities. One is thus led to believe
that the quality of the active site governs the catalytic activity. Harris and Chianelli
pointed out that this is not inconsistent with a one-point end-on mechanism
whereby the thiophene molecule binds into a surface vacancy through its sulphur
atom. We emphasize that it does not follow that adsorption must be the rate-limit-
ing step in the overall HDS process (experiments indicate that it is not); the
observed correlation merely indicates that the rate-limiting step must involve
metal-sulphur bonding. We will return to the analysis of Harris and Chianelli
shortly.

Topsee and co-workers [11,12] point out that a volcano relationship is not
observed if the HDS activity is plotted against the heat of formation of the TMS on
a per mole sulphur basis. Rather, a monotonic decline in activity is observed with
increasing AHy, but the scatter in the data points is very large. Topsee argues that it
is easy to create sulphur surface vacancies if AH¢ is small and concludes that most
of the variations in activity between various TMS can be explained through varia-
tions in the number of surface vacancies, although the catalytic activity may also,
to a limited extent, depend on the rate of the rate-limiting step. Sulphur binding
energies are obtained from augmented-spherical-wave calculations on 4d TMS
having the CsCl structure [13]. Values for 3d and 5d TMS are based on an approxi-
mate model. This approach has, in our opinion, several severe limitations, e.g.: (1)
None of the TMS have the CsCl structure, in which each metal atom has eight sul-
phur nearest neighbours. Most TMS have octahedral (e.g. RuS,) or trigonal pris-
matic (e.g. MoS,) symmetry, in which there are six nearest neighbour sulphur
atoms. Exceptions are PdS and PtS where the metal atom is in a square planar envi-
ronment (four nearest neighbours). The important aspect of this discussion is not
the detailed structure of all the TMS, but the fact that the stoichiometry, structure
and symmetry of the TMS affect the oxidation state of the metal atom. This is not
taken into account in the CsCl-structure calculations, nor in the approximate
model based on those calculations. (2) Many catalysts, e.g. MoS; and WS,, form
sheets, stacked on top of each other with weak Van der Waals bonding between
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them. The catalytic activity takes place at the edges of these sheets, where metal
atoms are exposed, not on the basal planes, where they are not. The Topsge values
for the sulphur binding energies apply to the bulk catalyst, i.e. to the basal planes!

To settle the issue whether the periodic variation in activity results from differ-
ent numbers of active sites or alternatively from the difference in the quality of
those sites one needs the intrinsic activity for a number of different catalysts. Oxy-
gen titration experiments provide information on the number of sites, the total
catalytic activity can be measured in the usual way. Thus, Carvill and Thompson
[14] report that the intrinsic activity of MoS; is roughly 40-50 times higher than for
FeS and CoS, and 3-4 times lower than for CoMoS, etc. Arnoldy et al. [15] show
that Re is 2-20 times more active than Mo. This unambiguously demonstrates that
the variation in activities is an electronic effect, explained by the quality of the
active sites. This is not to say that the number of sites is not important for the over-
all activity. Obviously, more sites will mean a higher activity, regardless of the
rate of the rate-limiting step. Small, finely dispersed particles are likely to have rela-
tively many surface vacancies: the analysis of Kasztelan [16] remains valid even if
the periodic variation is an electronic effect.

We return to the analysis of Harris and Chianelli. Prins et al. [17] have noted
that it remains unclear why the product of the particular electronic parameters
identified (number of electrons in the HOMO of an octahedral MS¢™ cluster, n, and
the covalency of the metal-sulphur bond) would correlate so well to HDS activ-
ity. Furthermore, the analysis contains several unsatisfying features: (1) Spinned
calculations were carried out for the first row TMS, but not for second and third
row TMS. As a result, the maximum value of », hence also of the activity, is twice as
low for first row TMS as it is for second and third row TMS. While the effect of
spin is without question significant for first row TMS, n as such does not have any
physical/chemical meaning. We will show that one should instead focus on the
absolute and relative numbers of © and ¢ metal d—sulphur 3p antibonding elec-
trons. (2) The HOMO is a © metal d—sulphur 3p antibonding orbital for all the sec-
ond and third row TMS, except for Pd and Pt, where it is a ¢ antibonding orbital.
The occupation of this orbital is forced by the total d-electron count. Again, n does
not have any physical/chemical meaning, for it does not take into account the char-
acter of the orbital to which it applies. While we agree with Harris and Chianelli
that the dependence of activity on the position of the metal atom in the periodic
table is an electronic effect, and that it is the ability of the metal atom to bond cova-
lently to sulphur which determines the activity of the catalyst, the above issues
must be addressed. In the following we will provide a chemical basis/understand-
ing for the observed correlation between theory and experiment. Our analysis fun-
damentally differs from that of Harris and Chianelli in that it takes into account
the absolute and relative numbers of ¢ and & electrons and the character of those
orbitals. This leads to a completely different interpretation of the promotion effect
inmixed TMS.
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3. An alternative explanation of the periodic variation of HDS activities
based on the metal d-sulphur 3p interaction strength

Recently, we reported calculations on thiophene—catalyst complexes which indi-
cate that interactions between the sulphur atom in thiophene and the sulphur
atoms in the catalyst dominate the adsorption process [18-20]. Metal-sulphur
interactions are weak at this stage in the HDS process. In contrast, dihydrothio-
phene—catalyst complexes display significant interactions between the sulphur
“lone pairs” in the thiophene molecule and the metal d orbitals. This suggests that
adsorption is not the rate-limiting step in the overall HDS process and that hydro-
genation must take place before, or in conjunction with, desulphurization. Further-
more, the strength of the metal d—sulphur 3p interaction is a function of the
transition metal: weak for Zr but strong for Ru. This suggests that the rate of the
rate-limiting step is determined by the quality of the site and prompts a new look at
the octahedral TMS clusters examined by Harris and Chianelli. A schematic repre-
sentation of a molecular orbital diagram is given in fig. 2 for the non-magnetic sec-
ond and third row TMS, starting from metal d-sulphur 3p ¢ and n bonding
orbitals. Going up in energy, one first finds a manifold of states dominated by sul-
phur 3p contributions (with some metal s character mixed in). A non-bonding sul-
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Fig. 2. A schematic representation of the electronic structure of an octahedral TMS MSg™~ cluster.
See text for details.
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phur level delineates this sulphur “band” for all the TMS clusters and has been
used as a reference state in the calculations reported here. Next there are © and o
metal d—sulphur 3p antibonding levels, in that order. Different transition metals
will have different numbers of d-electrons. This, in conjunction with the oxidation
state of the transition metal, directly affects the occupation number of the anti-
bonding orbitals. However, many aspects of the electronic structure are indirectly
affected. E.g., the metal contribution to the bonding orbitals (generally increasing
when going from left to right in the periodic table), the sulphur contribution to the
antibonding orbitals (also increasing from left to right), the orbital energies of the
antibonding levels (decreasing), the energies of the bonding levels (decreasing), the
width of the sulphur band (increasing), all depend on the position of the transition
metal in the periodic table. Our goal is to define a parameter, I, which takes into
account all these manifestations of the character of the transition metal and accu-
rately represents the strength of the metal d—sulphur 3p interaction. This can be
achieved by multiplying the orbital occupation numbers by the energy of that orbi-
tal relative to the non-bonding sulphur reference state, and summing over all the
orbitals depicted in fig. 2. E.g., if the o orbital, occupied by four electrons, lies 2.5
eV below the reference state, it contributes 10 units to this parameter. Similarly,
antibonding orbitals, lying above the reference state, lower the value of 1.

It follows that the o antibonding level, if occupied, has a much larger effect on
I than the 7 antibonding orbitals, for this orbital lies relatively high in energy.
When the topologies of these orbitals are considered, fig. 3, it is immediately clear
that this indeed should be the case. A ¢ antibonding electron strongly contributes
to the repulsion between one sulphur atom and the remainder of the cluster, MSZ™,
for it is unambiguously antibonding between the metal and the sulphur atom, fig.
3a. A m antibonding level on the other hand is antibonding between the metal and
sulphur atoms, but bonding between the sulphur atoms, fig. 3b. Furthermore, the n
levels with the largest sulphur contents (strongest sulphur—sulphur attraction),
e.g. Ru$,, lie lowest in energy. This is consistent with the definition of 7. Turning to
the experimental activity curve, it is striking that a significant decrease in activity
is observed precisely when the ¢ antibonding level is first occupied. For first row
TMS, this occurs at MnS, due to the importance of spin. For the non-magnetic sec-
ond and third TMS, the ¢ antibonding level is first occupied for Pd and Pt. This
goes to show that I takes into account both the number of d electrons and the abso-
lute and relative number of ¢ and & electrons, as well as the character of these
orbitals.

Scattered-wave density-functional calculations on octahedral TMS clusters
have been carried out on all the first, second and third row TMS for which Pecoraro
and Chianelli report experimental HDS activities. The exchange-correlation poten-
tial of Hedin and Lundqvist [21] was used for the second and third row TMS. Spin
was included for the first row TMS, for which Ceperley and Alder’s [22]
exchange-correlation potential was used. Note that there is no inconsistency here
since all d electrons are incorporated in 1. I does not depend on the number of elec-
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Fig. 3. The metal-sulphur's* (a) and =* (b) antibonding orbital for an octahedral Rhsg‘ éluster.
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trons in any specific orbital. Further details of the calculations are provided in
ref. [20]. Fig. 4 demonstrates that I correlates well with the experimental HDS
activities.

Two factors in the present analysis critically affect the value of I: (1) the oxida-
tion state of the transition metal, affecting the number of electrons that contribute
to I (hence our objection to the CsCl-structure calculations of Topsee and co-
workers), and (2) the metal-sulphur bond length, affecting the energy of the levels
that contribute to I. We have chosen the oxidation state based on the stoichiometry
of the TMS, see table 1 (except for Ir: if Ir(IV) is used, the value of I is substantially
higher). The metal-sulphur bond length, table 1, corresponds to the observed
bond length in the TMS, except for PdS and PtS. Only for the latter two compounds
is the metal atom in a fourfold sulphur environment. Hence for these sulphides
the bond length has been estimated from the Shannon ionic radii [23].

This simple model does not take into account the detailed surface structure of
the catalyst, yet I correlates rather well with experimental activities. This analysis
is aimed at identifying electronic factors relevant for the HDS process. We consider
such information essential for the rational design of new catalysts. From the
observed correlation it appears that the interaction between the sulphur 3p lone
pairs on the thiophene molecule with the metal d orbitals (but also with the sulphur
atoms in the catalyst) greatly influences the activity of the catalyst. Keeping this
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Fig. 4. The metal d—sulphur 3p interaction strength, I, plotted against the position of the transition
metal atom in the periodic table. See text for details.
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Table 1
The oxidation state of the metal atom and the metal-sulphur bond length in octahedral MSg ™~ clusters,
which were used to calculate I (fig. 4). Also given is the number of ¢* and ©* electrons in these
clusters

T™S Metalion Metal-sulphur Number of Number of
oxidation state bond length (a.u.) o* electrons 7* electrons
TiS, 4+ 4.57 - 0
V,S; 3+ 448 - 1
Cr,S; 3+ 4.57 - 3
MnS 2+ 4.89 2 3
FeS 2+ 427 - 6
CogSs 2+ 4.38 1 6
NisS, 2+ 4,54 2 6
ZrS, 4+ 4.84 - 0
NbS, 4+ 4,67 - 1
MoS, 4+ 4.57 - 2
TcS, 4+ 4.50 - 3
RuS, 4+ 445 - 4
Rh,S; 3+ 4.48 - 6
PdS 2+ 476 2 6
HfS, 4+ 4.84 - 0
Ta$S; 4+ 4,61 - 1
WS, 4+ 4,55 - 2
ReS, 4+ 438 - 3
OsS, 4+ 442 - 4
IrS, 3+ 4.48 - 6
PtS 2+ 4.53 2 6

in mind, the relatively high 7-value for TiS, is unsatisfactory, but no cause for great
concern since Ti** lacks d electrons altogether.

Before addressing promotion effects, we note an interesting observation by Car-
vill and Thompson [14], consistent with the theory presented. The average state of
reduction of molybdenum in MoS is much higher than it is in MoS,, but the intrin-
sic catalytic activity is significantly higher for MoS,.

4. Promotion effects

Co-Mo-S and Ni-Mo-S are the most commonly used industrial HDS cata-
lysts. The activity of these catalysts is higher than that of CoS (NiS) and MoS; sepa-
rately. The nature of this synergistic promotion effect has not been conclusively
determined. It may be electronic (meaning that Mo and Co(Ni) may act together to
create especially active HDS sites) and/or structural (meaning that the dispersion
of the catalyst is improved, thus increasing the number of sites). A related question
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is whether the promoter element is merely a promoter element, as the name sug-
gests, or itself the active site.

In the theory presented in the previous section, the oxidation state of the metal
atom plays a very significant role. Harris and Chianelli have shown that only Co
and Ni, and possibly Fe, have the ability to donate electrons to Mo in the mixed
sulphides, thus altering the d-electron density on these atoms [24]. These are pre-
cisely the elements for which promotion effects have been observed [14]. Magnetic
susceptibility measurements by Topsee and co-workers indicate that extensive elec-
tron delocalization occurs in Co-Mo-S and Ni-Mo-S [25]. XPS data of Shepelin
et al. [26] show that partial transfer of electron density from nickel to tungsten
(molybdenum) occurs through the formation of mixed surface sulphides: the oxida-
tion state of Ni is higher in the mixed sulphide than it is in the monometallic sul-
phide [26,27]. In the interpretation of Harris and Chianelli [24], the increase in
catalytic activity in Co(Ni)-Mo-S (compared to MoS;) is due to the increased d-
electron density on the Mo atoms. However, the value of I is lower for an
Mo(I1)SL- cluster than it is for Mo(IV);~ since two 7 antibonding electrons have
been added to the cluster. On the other hand, the reduction of Mo corresponds to
the removal of ¢ antibonding electrons from Co(Ni). This significantly increases
the value of I. If I indeed represents the intrinsic HDS activity accurately, then this
crude first-order analysis (no change in the metal-sulphur bond length has been
incorporated) shows that the activity of the Mo atoms has gone down, but also that
the activity of the Co(Ni) atoms has increased sharply! In other words, the theory
predicts that Co and Ni are in fact the active sites in Co-Mo-S and Ni-Mo-S.
Although there is still no consensus on the exact structure of the Co-Mo-S and Ni—
Mo-S phase, there are many reports that Co and Ni decorate the edges of MoS,
sheets, covering the Mo atoms. This essentially means that MoS; acts as a support
for highly active Co(Ni) atoms [27,28]. This offers interesting possibilities for
designing new catalysts. Doping the support with appropriate elements may alter
the d-electron density on the catalytically active sites. If this does not sacrifice the
dispersion of the catalyst on the support, a significant increase in catalytic activity
may thus be achieved. ‘ ' ‘ ‘

The role of the support has received much interest over the years. E.g., Arnoldy
et al. [15] found that the activity of rhenium sulphides depends slightly on the sup-
port used (in the order SiO, <AL O3 <carbon), but the effect on MoS; is much
more pronounced. Ramirez et al. [29] observed a higher intrinsic activity for TiO,-
than for Al,Os;-supported Mo-S and Co-Mo-S catalysts. Since they do not
observe a significant shift in XPS binding energies, an electronic basis for this phe-
nomenon is ruled out. However, it must be noted that the presence of some Mo®*
was detected for the sulphided catalysts supported on TiO,, but not if Al;O3 was
used as a support. This is consistent with the theory presented, for the removal of
two 7 antibonding electrons from the MoS; cluster leads to an increase in the value
of I. Similarly, doping of a TiO, support with fluorine (a very electronegative ele-
ment) has a strong promoting effect, as shown by Ramirez et al. [30].
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Experimental verification of the theory presented (or any other theory of promo-
tion effects for that matter) is a challenging task, since electronic and structural
promotion effects often occur simultaneously. Further researchin this area of HDS
catalysisis clearly needed.

5. Conclusions

(1) The dependence of the HDS activity of monometallic TMS on the position
of the metal atom in the periodic table is above all an electronic effect. The quality
of the active site determines the rate of the rate-limiting step.

(2) The strength of the interaction between the sulphur 3p and metal d elec-
trons, I, correlates well with the experimental HDS activities. The main factors
determining the value of I are the oxidation state of the transition metal atom and
the metal-sulphur bond length.

(3) In Co(Ni)-Mo-S, cobalt and nickel donate electrons to molybdenum. The
removal of ¢ antibonding electrons greatly enhances the intrinsic activity of these
elements. It follows that MoS, acts as a support for highly active Co(Ni).

(4) The catalytic support not only influences the dispersion of the catalyst, but
may also interact electronically with the active phase by influencing the d-electron
density on the transition metal atom.
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