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Abstract

This paper is a review of recent advances accomplished in the field of hydrotreatment (HDT) sulfide catalysts and using theoretical approaches
based on the density functional theory (DFT) combined with thermodynamic models and microkinetic models. We illustrate first numerous
concepts of modern DFT simulation for a better understanding of the industrial Co(Ni)MoS active phases: localization and role of the promoter,
electronic properties and morphological changes induced by the reaction conditions or by promoter addition. Then, it is shown how support effects
can be modeled by DFT to provide new insights on the local structure and energy stability of the active phase-support interface, where
characterization techniques reach their limits. The comparison between y-alumina and anatase-TiO, supports is chosen as a relevant example.
Finally, DFT simulations and microkinetic models help to rationalize ‘‘volcano-curve” type relationships between hydrodesulfurization (HDS) or
hydrogenation (HYD) activities and the calculated sulfur—metal bond energy descriptor. This approach opens new routes to use systematic DFT

simulations as a predictive tool. Perspectives for DFT simulations in the area of catalysis by sulfides are suggested.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Due to severe environmental constraints, the production of
ever cleaner fuels by hydrotreating processes remains a major
concern of the refining industry. The challenges for catalyst
suppliers are to provide increased hydrodesulfurization (HDS)
activity catalysts meeting specific targets for the ultra low sulfur
diesel markets (less than 10 ppm sulfur by 2009) while ever
heavier petroleum feeds are to be treated [1,2]. Given the
complex nano-scale structure of HDS catalysts made of +y-
alumina supported Co(Ni)MoS sulfide, their continuous
improvement requires the capability to take up multiple
research issues raised by the properties of the Co(Ni)MoS
active phase, the support vy-alumina phase, and the two
interacting phases in reaction conditions. Indeed, improve-
ments of the active phase are rarely obtained without a careful
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consideration of its interaction with the support either at the
preparation step or during reaction.

In the “scientific history” of HDT catalysis by transition
metal sulfides (TMS), numerous cutting-edge experimental
techniques were used to better characterize the catalytically
active phases [3,4]. A wide range of experimental evidence was
thus available before any relevant theoretical data were
available. The non-exhaustive list of experimental techniques
involved in this tremendous characterization task consists of
transition electron microscopy (TEM) [5,6], X-ray photoelec-
tron spectroscopy (XPS) [7-10], Mossbauer spectroscopy [11],
laser Raman spectroscopy [6,12], extended X-ray absorption
fine structure (EXAFS) [13-17], and IR spectroscopy [18,19].
These techniques furnished the detailed features of the so-
called Co(Ni)MoS active phase made of MoS, layers with a
stacking close to 1 [20] and nanometer sizes (less than 30 10\),
“decorated” by Co or Ni at the edges. However, for a better
understanding and new improvements, a even more precise
atomistic description of the Co(Ni)MoS phase was required,
while different inconsistent atomistic models for the promoter
location were proposed. It was thus a challenge for the
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emerging technique based on first principles modeling to bring
expected insights and concepts contributing to new progresses
in this area.

Regarding the support effects on the active phase, two
aspects must be considered. On the one hand, a very abundant
experimental research (probably as abundant as for TMS) was
carried out on the y-alumina support since the pioneering work
of Lippens and de Boer [21] using techniques such as nuclear
magnetic resonance (NMR) [22-24], vibrational spectro-
scopies [25-28], XRD [29] and TEM [30]. However, the
rational description of the <vy-Al,O; bulk structure and the
surface species (hydroxyls, acid-base sites, etc.) suffered from
ambiguous interpretation due to a lack of atomistic investiga-
tion. On the other hand, the impact of the support on the
Co(Ni)MoS active phase properties was investigated by many
research groups. Two reviews by Breysse et al. [31,32] illustrate
in detail experimental results in this field. The intrinsic HDS
activity (expressed per Mo site) was found to be about 4.4 times
higher for titania supported MoS, catalysts compared to <y-
alumina [33]. However, the expected synergy effect when
adding the promoter is significantly weaker on titania compared
to y-alumina. Numerous proposals were put forward to explain
these observations such as electronic effects [33], orientation
effects [34] or indirect promotion by Ti [35-37]. This
underlines that there was a clear need for a better understanding
the nature of interaction between the support and the active
phase. Even if EXAFS data provided some insights on the local
distances and coordination at the interface between the active
phase and the support [38], it remained very difficult to extract
an atomistic representation of the active phase—support
interface. As a consequence, a double answer was expected
from modern first principles techniques in this area: to furnish
improved models for support’s surfaces (y-alumina) and to
address the subtle effects of active phase—support interaction.

Thanks to the giant step forward provided by the
development of density functional theory (DFT) [39,40] and
its elegant implementation in efficient softwares such as VASP
[41,42], DACAPO [43], Wien2k [44], CASTEP [45,46], DMol*
[46,47], modern first principles modeling provide a rational
way to investigate the active sites present at the catalytic
surface. The most recent DFT simulations of <y-alumina
supported MoS, catalyst show that the gap between theoretical
approaches and the real world is considerably reduced [48].
Combining DFT calculated energy values with thermodynamic
models or microkinetic models enables to include the effects of
partial pressures of H,S or H, as found in HDS reactions and to
explore periodic trends.

The goal of the present paper is thus to provide an overview
of relevant achievements obtained through density functional
modeling of HDS catalysts. After a first section devoted to a
brief presentation of some methodological aspects, we focus on
the MoS, and Co(Ni)MoS active phases where various key
scientific questions about the promoter location, morphology
and effects of reaction conditions are addressed in combination
with experiments. In Section 3.2, we illustrate the most recent
advances provided by DFT modeling and show the way to
investigate aspects as subtle as the nature of the sulfide—support

interaction. In particular, we focus on the comparison between
two important oxide supports used in HDS: +y-alumina and
anatase-TiO,. The challenge for DFT is raised by the size limit
of the tractable simulation supercells and care is needed to
represent as rigorously as possible supported active phases by
robust models.

Finally, we address probably one of the most exciting
challenge: the rational design of sulfide catalysts. Based on
structure—activity relationships, we outline how DFT modeling
may open exploratory routes for the pre-screening of new
potential active phases. Combining DFT calculated chemical
descriptors with microkinetic modeling enabled volcano curves
to be built correlating HDS or HYD turnover frequencies and
relevant DFT descriptors. This aspect represents a growing
interest within the context of the emerging high throughput
experimentations in catalysis.

2. Methods

The general approach which combines DFT calculations and
the chemical potential of the gas phase was previously
undertaken to study surface thermochemistry of GaAs [49],
¢-BN [50] and a-Fe,O5 [51]. To our knowledge, this approach
successfully applied to MoS, and Co(Ni)MoS systems was
firstly reported in [52,53]. More recent studies have also used
this systematic approach to include the effect of adsorbed
hydrogen on the sulfide surfaces [54,55]. This is an elegant way
to bridge the gap between DFT calculations (carried out at 0 K)
and realistic reaction conditions.

To determine by theoretical approaches the stable chemical
species on the catalytic surface in reaction conditions (p;, T) at
thermodynamic equilibrium, one must minimize the surface
energy given by the following general expression:

Tuii(pis T 0h)) = Ty + ZQZkJ(E;ds + Aw;) (1)

Api(T, p;) = h? — Ts? +RT1n(%> — ¢ 2)

I, . ; is the surface energy of the surface with (h k I) crystal-
lographic orientation (for instance one of the edges of the
Co(Ni)MoS nano-crystallites). I}, is the surface energy of
the reference (4 k [) surface (generally in vacuum or in absence
of any adsorbed species). E' is the adsorption energy of the
molecule i, such as H,S, H,O or H, in the cases investigated so
far. The most stable adsorption mode of the molecule 7 (either
dissociative or non-dissociative) is determined as a function of
its surface coverage #,,. The molecule may thus generate
different types of species (M-H,S, M-H,, M—H,0, M-SH, M-
OH, MH, etc.) depending on its stable adsorption mode defined
by the most exothermic adsorption energy.

Apu; is the chemical potential of the molecule i in the gas
phase: it depends on the partial pressures ( p;) of H,S, H,O or H,
and temperature (7) according to (2). Fig. 1 gives the values of
Apg as a function of py,g, py, and T ranges considered in this
manuscript as explained elsewhere [48,52].
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Fig. 1. Ay, values as a function of temperature and pHZs/pH2 ratio, i.e. Aug =
huys(T) — huy(T) — Es, — T | su,s(T) — 5w, (T) | + RTln(szs/sz) as
explained in previous works (from Ref. [48]).

Egs. (1) and (2) furnish a direct connection between the
chemical state of the catalytic surface and reaction conditions
assuming that at equilibrium the stable state of the surface is
defined as the one minimizing its surface energy. At this stage, no
assumption is made on the methodology used to calculate the
energy terms in (1) and (2). When considering chemical
processes involving bond breaking and bond formation at a
surface, the so-called ab initio methods (excluding any empirical
fits) are required. The formalism of the density functional theory
(DFT) enables the Schrodinger equations to be solved for
complex systems with a minimal set of approximations [39,40].
From a practical point of view, the software implementation of
the so-called first principles modeling technique furnishes the
best compromise between computational resources and system
sizes required for realistic simulation.

In the present case, the energy values such as 'Y, ,, E!, and
Ap; are the outcome of simulations based on DFT within the
generalized gradient approximation (GGA) [56]. To solve the
Kohn—Sham equations, numerous works reported herein use the
Vienna Ab initio Simulation Package (VASP) [41,42], other
cited works are based on a very similar methodology (such as
the DACAPO software [43]). The ion-electron interactions are
treated by pseudopotentials such as Vanderbilt ultrasoft
pseudopotentials [57,58] for earlier works reported in this

S-edge (1010)
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paper, and within the projected augmented wave (PAW)
formalism [59] for more recent results. For simulations of solid
phases with delocalized electronic charges it is efficient to
employ a plane wave basis set to project the wavefunctions in a
3D-supercell representing the systems (bulk or slabs) with
periodic boundary conditions. Other DFT works on sulfides
reported in this review may also use atomic basis sets [47] (such
as provided by the DMol®> methodology [46]) either in a 3D-
supercell or on a finite size clusters. All detailed hypothesis of
calculations (such as electronic convergence criteria, energy
cut-off, k-point mesh, etc.) can be found in papers cited herein.

DFT calculations enable the geometry optimization of all
structures, which is crucial for determining correct energetics
and structure of the surfaces. It is known that surface relaxation
contributes significantly to the resulting energy. As a
consequence, local interatomic distances are expected with a
precision of +0.05 A comparable with the EXAFS technique.
In particular, DFT techniques proved to be efficient in
describing the bulk properties of numerous transition metal
sulfides [60-63], and to furnish derived properties such as
vibrational frequencies to be compared with IR spectroscopy
(for hydroxyl groups, CO molecule, etc.).

For kinetic investigations, the saddle points’ search on the
potential energy surfaces by means of efficient approaches such
as the ““Nudged Elastic Band (NEB)”’ method [64] is often used
to determine transition states and activation energies of the
elementary steps of reactions (H, activation, S—C bond
breaking, S-removal, etc.). Numerous examples use this
technique to investigate complex mechanisms taking place
in various catalytic systems such as zeolites [65] or metals [66].
In what follows, we will report results recently obtained in of
the reactivity of sulfides thanks to this methodology.

3. Results and discussion
3.1. Co(Ni)MoS active phase

3.1.1. Non-promoted MoS,

3.1.1.1. Characterization of sites and morphological effect-
s. As mentioned in introduction, various experimental
techniques established that the active phase of industrial
HDT catalysts consists of MoS; nano-layers promoted by Co or

S-edge

Fig. 2. DFT calculated equilibrium morphologies in HDS conditions of the (a) non-promoted MoS, active phase, (b) CoMoS with Co at the S-edge only, and (c) NiMoS
with Ni at the S-edge and Mo-edge (extracted from Refs. [85,72]). Only one Mo-edge has been substituted by Ni Yellow balls: sulfur; magenta balls: molybdenum; green
balls: cobalt; blue balls: nickel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)
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Fig. 3. Variation of the edge energy as a function of the chemical potential of sulfur for the non-promoted and Co(Ni)MoS active phases (from Ref. [85]). HDS

conditions are close to Au,=—0.9 eV.

Ni edge decoration. However, the non-promoted MoS, has also
been the subject of numerous studies for purpose of comparison
with the promoted systems. Under HDT conditions, the MoS,
phase exhibits two competing active edges: the (1010)
molybdenum edge and the (1010) sulfur edge, while the
(00 1) basal plane remains inactive (Fig. 2).

DFT simulations reveal the electronic and structural proper-
ties of these two edges [67]. The electronic features of the
coordinatively unsaturated Mo-edge sites (also called “CUS”)
are put forward by the analysis of the projected density of states
close to the Fermi energy. The unsaturated surface sites exhibit a
closing of the bulk semiconducting gap. Occupied d-states at the
Fermi energy level are responsible of the metallic character of the
Mo-site [67,68] and are at the origin of the back-donation into the
27 antibonding orbital of CO [69]. Unoccupied d-states just

W

above the Fermi level, are clearly responsible for the strong
adsorption energies of electron donating species such as sulfur
atoms [52,70] and thiophene molecules [71] at the Mo-edge,
where unsaturated Mo-sites act as Lewis sites.

To investigate the sulfur adsorption and desorption process on
the two edges of the non-promoted phase in typical sulfo-
reductive conditions, the use of a thermodynamic model as
presented in Section 2 is required. This approach enables the
determination of the local structures of both edges as a function
of the chemical potential of sulfur (depending on temperature
and partial pressures of H,S and Hj) [52,72]. Fig. 3(a) shows that
in typical HDS conditions (7'= 673 Kand py,s/ py, = 0.05, i.e.
close to a chemical potential of —0.9 eV according to Fig. 1), the
edge energies are minimal when the Mo- and S-edge are 50%
sulfur covered (the bulk structure with 100% sulfur is taken as

e

(d g g

Fig. 4. Local structure of the edges in HDS conditions (Aus = —0.9 eV in Figs. 1 and 3): (a) top and side view of the Mo-edge, (b) S-edge (grey balls: sulfur; black
balls: molybdenum), and (c) 3D-view of the Mo-edge promoted by Ni, (d) S-edge promoted by Co (yellow balls: sulfur, magenta balls; molybdenum, blue balls:
nickel, green balls: cobalt) (from Refs. [72,85]). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the

article.)
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Fig. 5. Equilibrium morphologies (thick lines) and edge compositions of the nano-crystallites as a function of Aj. The ordinate represents the percentage of (10 10)
metallic edge exposed for the corresponding equilibrium morphology (from Ref. [85]).

reference). The corresponding local structures are given in
Fig. 4(a) and (b) showing that the Mo-atoms of the Mo-edge are
six-fold coordinated, while at the S-edge the Mo-atoms are four-
fold coordinated.

The calculation of the edge energies by Eq. (2) makes it
possible to deduce from Gibbs—Curie—Wulff laws the
equilibrium morphology of the MoS, nano-crystallites. As
depicted in Fig. 5(a), the percentage of the Mo-edge is
expressed as a function of the chemical potential of sulfur.
Depending on the reaction conditions, not only the sulfur
coverage at the edge of the nano-crystallite changes but also the
shape of each individual MoS, nano-layer. According to these
DFT calculations, the predicted shape is close to a triangle for
values of chemical potential of sulfur close to 0 (corresponding

to high partial pressure of H,S according to Fig. 1) and S-
dimers are present at the edges. For reductive environment such
as in HDS conditions, the shape is close to a deformed hexagon
(Fig. 2) exhibiting slightly more Mo-edge than S-edge (with S-
bridging atoms at the edges). The morphology change of the
MoS; nano-sheets is confirmed by scanning tunnel microscopy
(STM) experiments revealing either a triangular shape [73] or a
hexagonal one depending on the sulfiding conditions of gold
supported MoS, clusters [74].

3.1.1.2. Reactivity. The thermodynamical approach including
the chemical potential of the gas phase is again required to
explore stability of hydrogen at the edges [54,55,75] and the
formation of Mo—-SH and M-H species at the edges as a
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Fig. 6. Reaction pathway for the first S-vacancy creation on the Mo-edge covered by 50% S. All intermediates and transition states are represented. Yellow balls:
sulfur; blue balls: molybdenum, white balls: hydrogen (from Ref. [76]). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of the article.)



P. Raybaud/Applied Catalysis A: General 322 (2007) 76-91 81

function of the temperature and partial pressures of H,S and H,
[54,75]. Atomic hydrogen can be stabilized at the edges for
conditions beyond HDS conditions (i.e. very high pressure or
very low temperature) meaning that Mo—SH and M-H are
metastable species on non-promoted systems. Paul and Payen
investigated further the mechanism of H, activation and sulfur
vacancy formation [76] in order to identify the kinetic limiting
steps. Fig. 6 depicts one relevant example of transition states
determination using the NEB method (see Section 2): for the
full reaction pathway of the first sulfur vacancy creation on the
Mo-edge four transition states are found. This detailed analysis
shows that the creation of one sulfur vacancy is kinetically more
favorable on the Mo-edge (with 50% sulfur coverage) than on
the S-edge (with the same S-coverage). Furthermore, for such
S-content at the Mo-edge (stable in HDS conditions), the
hydrogen dissociation is the limiting step with an activation
barrier for TS1 of about 1.0 eV. Similar activation energies have
been also reported by other studies [77,78].

The DFT determination of HDS reaction pathways of
thiophene [79], benzothiophene (BT), 4-methylbenzothiophene
(MBT) [80] on MoS, edges reveals that energy profile of the
reactions depends on the adsorption mode, which is function of
the S-coverage at the edges (i.e. number of S-vacancy). The ns
adsorption mode (m bonding mode) of thiophene strongly
distorts and activates the molecule towards hydrogenation and
S—C bond breaking resulting from a donation/back-donation
process involving the occupied and unoccupied Mo d-states
close to the Fermi energy (see previous section). The m;
adsorption involving mainly the donation from the S lone pair
into the acceptor Mo d-states induces a weaker activation of the
thiophene. The HDS pathway exhibits unfavorable steps as first
and third mono-hydrogenation. To a certain extent, the energy
profile in the m; mode remains closer to the gas phase profile.
This study shows that the regeneration of the coordinatively
unsaturated site (CUS) is the most endothermic step. Similar
results are obtained for the HDS energy profiles of the
adsorption of BT and 4-MBT by Cristol et al. [80]. For 4,6-
dimethyldibenzothophene (4,6-DMDBT) the S-edge would be
the favorable adsorption edge in m; configuration leading
preferentially to the direct desulfurization route [81]. Stacking
faults in the MoS, layers may offer new adsorption modes for
DMDBT by diminishing the steric hindrances [81]. According
to these authors, the formation of CUS is a required step for the
HDS reaction on non-promoted system.

The Schweiger et al.’s study points out that size effects and
corner effects of the MoS, nano-crystallites can stabilize S-
deficient states [72]. By increasing the size of the MoS, cluster,
the creation of one S-vacancy at the Mo-edge (i.e. one single
CUS) initially covered by 50% sulfur (as depicted in Fig. 4(a))
becomes favorable for cluster sizes with an edge length greater
than nine Mo atoms (i.e. for particle’s diameters greater than
30 A). This would justify the aforementioned pathway for
HDS. In some STM experiments with specific conditions, it has
been observed the formation of S-vacancy [73] and thiophene
adsorption on CUS [82]. Furthermore, DFT calculations have
also shown that the creation of one S-vacancy at the crystallite’s
corner is even more favorable [72]. These results concerning

the stability of very low concentration CUS and HDS reaction
pathways on CUS remain fully valid as one possible chemical
route for HDS on non-promoted catalyst.

Other STM experiments reveal that the thiophene transfor-
mation into butenethiol may occur on the metallic rim of the
basal plane close to the edge [82,83], in absence of CUS. This
rather unexpected chemical route is observed for the specific
STM experimental conditions where atomic hydrogen is
supplied in the UHV chamber. This source of atomic hydrogen
could enhance the reactivity of the MoS, clusters by generating
adsorbed hydrogen on sulfur dimers not stable in HDS
conditions according to DFT studies [52,55,75]. Even if this
second chemical route cannot be overlooked, the extrapolation
to real HDS conditions remains difficult. Furthermore, to obtain
the fully desulfurized product after the butenethiol formation,
the existence of CUS is required at least for the second S—-C
bond breaking: for that, scenario as previously described
[79-81] remain relevant.

As a consequence, it seems that two chemical routes
involving two types of sites for HDS reaction may take place on
non-promoted systems. The first one involves the formation of
CUS even at low edge concentration according to [72]. The
second route, recently invoked in [83], would not need the
presence of CUS for the first hydrogenation of thiophene.
However, this brim sites’ route, limited by the hydrogen
dissociation step [76,77], is not sufficient to explain the
complete HDS pathway of sulfur compounds by itself: the
existence of CUS remains again mandatory. In both cases, the
catalytic activity of the non-promoted system remains weak
mainly due to the high S—Mo bond energy at the edges,
implying a poisoning effect by S-species, preventing adsorption
of reactants or H, dissociation. This limitation of MoS, systems
can be overcome by the promoters’ addition as explained in the
next section.

3.1.2. Co(Ni)MoS

3.1.2.1. Characterization of sites and morphological effect-
s. As mentioned in introduction, many experimental techni-
ques (EXAFS, Mossbauer spectroscopy, XPS) were used to
characterize the Co(Ni)MoS ternary phase. While Mossbauer
spectroscopy [11] and XPS [7-10] revealed the specific
signature of Co atoms engaged in the new CoMoS phase,
EXAFS gave relevant insights into the local environment of the
promoter atoms (Co or Ni) in the structure: Co(Ni)-Mo
distances of 2.75-2.90 A and Co(Ni)-S distances of 2.10—
220 A [13-15]. However, some ambiguities remained because
different atomistic models (including the old pseudo-inter-
calation model [84]) were compatible with the experimental
data. DFT simulations were thus mandatory to discriminate
between the proposed atomistic models on the basis of total
energy calculations. Raybaud et al. investigate seven possible
locations for Co in the structure: intercalation, pseudo-
intercalation (either in octahedral or tetrahedral position), bulk
substitution, edge substitution, and edge addition [53],
including the effect of sulfur coverage at the edge. They
demonstrated that the most stable models are those where Co
(or Ni) substitutes Mo at the S- or Mo-edge (Fig. 4(c) and (d)).
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The optimized local Co—-Mo and Co-S distances for these two
most stable configurations are fully compatible with EXAFS
analysis. Schweiger et al. put forward two distinct behaviors at
the metallic- and sulfur-edge with respect to the promoter [85].
As shown in Fig. 3(b) and (c), they found that Co is more stable
in substitution at the S-edge than at the Mo-edge due to a
smaller edge energy at the S-edge. This preferential location of
Co is also supported by other DFT simulations [70] and STM
experiments on gold supported CoMoS [86]. The presence of
the Co (or Ni) promoter (acting as a surfactant) implies that the
morphology is modified as depicted in Figs. 2(b) and (c) and
5(b) and (c). For HDS conditions, the CoMoS nano-crystallites
are closer to a hexagonal shape than in the case with non-
promoted particles. It is interesting to notice that the DFT
calculated morphology remains compatible with the geome-
trical model earlier proposed by Kasztelan et al. [140].

As a consequence, the sulfo-reductive conditions (partial
pressure of H,S/H, and temperature) appear as a key parameter
for controlling the morphology of the active phase and thus the
type of exposed active sites. However, one cannot overlook
other effects during the complex preparation and synthesis
steps. On the one hand, kinetic limitations might take place
during the precursors’ impregnation, genesis of the active phase
(including sulfidation and activation), on the other hand,
interaction with the support or with any added chemical species
(counter ions, chelating agents) during the synthesis pathways
may modify the equilibrium morphology: the latter acting as
surfactants and surface energy modifiers. Besides support’s
effects presented in Section 3.2, some of these aspects could
represent challenging investigations for future DFT simula-
tions.

Fig. 5(b) shows that the sulfo-reductive conditions have also
an impact on the stability of the CoMoS phase. If the chemical
potential of sulfur is lower than —1.2 eV (i.e. at high H, partial
pressure or high T accessible in certain HDT conditions), the
CoMoS phase may segregate into MoS, and metallic Co,
leading to a loss of the mixed phase and catalytic deactivation.
This result agrees with Breysse et al.’s observations revealing
by Mdssbauer spectroscopy, XPS and X-ray emission spectro-
scopy that CoMoS may undergo structural modification under
medium to high pressures of hydrogen or at high temperature
[87,88]. For high partial pressure of H,S, the DFT results show
that the promoter is stabilized on both edges. This result implies
that controlling the sulfo-reductive environment at the
activation step of the catalyst may also be crucial to modify
the promoter content at the edges.

Finally, the striking finding obtained for NiMoS nano-
crystallites by Schweiger et al. [85] is that Ni exhibits a higher
affinity for the Mo-edge than for the S-edge (Figs. 4(c) and
5(c)). For the first time, a subtle but relevant difference in the
local structure is thus revealed between CoMoS and NiMoS.
This result confirmed by other DFT calculations [89] may
provide a new insight for the interpretation of subtle different
catalytic behaviors observed between the CoMoS and NiMoS
phases [90,91]. Recent characterization by infra-red of CO
adsorbed on MoS, and Co(Ni)MoS combined with DFT
calculations of the stretching wavenumber of CO provide an

instructive assignment of edge sites [69,92]. In the case of
NiMoS, the back-donation of d-states is significantly reduced
with respect to MoS, and CoMoS, due to the lower density of
occupied d-states at the Fermi level [53]. The resulting CO
wavenumber is thus shifted to higher value compared to CO on
CoMoS. Furthermore, this IR study and DFT assignment reveal
that Mo-edge is partially decorated by Co or Ni, which confirms
the possible existence of mixed Co—Mo or Ni-Mo sites as also
invoked by earlier studies [53,89]. Such mixed sites may exhibit
specific catalytic properties.

3.1.2.2. Catalytic activity. One first consequence for the
catalytic activity is that the Mo substitution by Co (or Ni)
implies a decrease of the S-coverage at both edges in HDS
reaction conditions. This effect is due to a decrease of the
sulfur—metal bond energy at the edge when Co or Ni are
present. Again the analysis of the local electronic density of
surface states reveals that the unoccupied states available on
unsaturated Mo atoms of the non-promoted system, are filled by
the Co(Ni) 3d electrons which reduce the intrinsic Lewis acid
character of the site, by reducing its acceptor properties for
electron donor such as sulfur atoms. This trend depends on the
promoter content in decoration at the edge. If we consider the
case of a system decorated by Cu at the edge, the sulfur metal
bond energy is even lower according to [53]:

MoS, > Cop33Mo0q 67S > Cop 67M0g 33S > Co;MoyS >
Ni;MogyS > CuMoyS 3)

Here M Mo, _,S stands for a mixed phase with x the M/Mo
substitution ratio at the Mo-edge.
Similar trends are put forward for the thiophene adsorption
on MMo, 5S35 clusters (M = Mo, Cr, Fe, Co, Ni, Cu, Zn) [93].
Investigations on WS, and Co(Ni)WS support the following
extended trend for the sulfur metal bond energy at the edge
[94]:

WS, >MoS; > CoWS > CoMoS > NiWS > NiMoS >
CuMoS “4)

As will be shown in detail Section 3.3, this trend in sulfur—
metal bond energy is crucial for understanding periodic trends
in HDT reactivity. While WS, and MoS, are relatively poor
HDS catalysts, it is well known that Cu does not develop any
promotion effect. As a consequence it seems that an
intermediate sulfur-metal bond energy is required to exhibit
the highest activity such as in Co(Ni)MoS or NiWS catalysts.
Furthermore, since the sulfur metal bond energy depends on the
promoter content at the edges, the control of the decoration at
the edges is crucial for the HDS activity.

Several works study the activation of hydrogen on the
previously defined Co(Ni)MoS edges [77,78,95]. The results
obtained by Travert and colleagues are rather instructive.
H,—D, exchange experiments on MoS,, CoMoS and NiMoS
combined with DFT simulations, show that the H, activation
energy is higher for non-promoted MoS,, whereas the Co
promoter decreases this barrier. This is explained by the Co-S
bond energy weaker than the Mo-S energy. The basicity of an S
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Fig. 7. Adsorption energies as a function of the molecular size (number of
aromatic or heteroaromatic rings in the molecule). Azaarenes (A)—(1) pyr-
idine (a) and 2,6-dimethylpyridine (a’); (2) quinoleine and isoquinoleine; (3)
phenantridine, benzoquinoleine (b), and acridine (b'); (4) benzophenantridine.
Ammonia (A). Neutral nitrogen compounds ([])—(1) pyrrole; (2) indole and
7-methylindole; (3) carbazole. Sulfur compounds (Ill)—(0) H,S; (1) thiophene;
(2) DBT. Aromatics (x)—(1) benzene and toluene; (2) naphthalene.

atom linked to Co is increased, which enhances the H,
activation. Furthermore, upon NH; adsorption, the S—H bond
length is larger for stronger Brgnsted acidic Mo—SH species
than for Co-SH, which is supported by IR analysis of the
pyridine adsorption on MoS, and CoMoS [96].

Very few DFT investigations of HDS reaction pathways on
promoted systems are published so far in the literature.
Todorova et al. investigated the thiol hydrogenolysis (possible
intermediates in HDS reactions) and found that the promoter
reduces the energy barrier for the hydrogenolysis of
methanethiol CH3SH to CH, by weakening the bonding of
CH3;S [97]. Veilly and colleagues carried out a DFT comparison
of the reaction pathways of dimethyldibenzothiophene (DBT)
on MoS, and Co(Ni)MoS revealing that adding the promoter
favors the m; adsorption mode of DBT involving the sulfur
atom and enhancing the direct desulfurization (DDS) pathway
[98,99]. However, for 4,6-dimethyldibenzothiophene
(DMDBT), the steric hindrance of the methyl groups prevents
DMDBT from m; adsorption. The promoter effect on the DDS
pathway of DMDBT is thus weakened when compared to DBT,
while the hydrogenation (HYD) pathway requiring flat
adsorption through the benzene ring is enhanced. This result
offers a new interpretation for the experimental observations on
the promoter effects on the HDS of DBT and DMDBT [100].

3.1.2.3. Inhibiting effects by organonitrogen compounds. -
When considering heavy crude oils to be treated nowadays and
in the near future, it is crucial to compare the behaviors of
organonitrogen with organosulfur compounds. In this area, one
interest of applying DFT techniques is to calculate system-
atically adsorption energies of azaarenes, or basic nitrogen
pyridine derivatives, and neutral compound such as pyrrole
derivatives on NiMoS catalysts. Fig. 7 shows results obtained at
IFP using the VASP methodology for calculating adsorption
energies. According to Fig. 7, azaarenes compounds (such as
benzophenantridine) exhibit the strongest adsorption energies
(Eaqs = —197 kJ/mol). For the configuration reported in
Fig. 8(a), it is important to notice that benzophenantridine
and other azaareenes are adsorbed in m; mode involving the N-
atom on the Mo site of the NiMoS catalyst. This explains why
some methyl substituted compounds (such as 2,6-dimethylpyr-
idine) exhibit reduced adsorption energies. In contrast, all
neutral nitrogen compounds such as carbazole represented in
Fig. 8(b) are less strongly adsorbed (E,4s = —123 kJ/mol) due
to the weaker basicity of the molecule which interacts through
the phenyl ring. In this hierarchy of adsorption, organosulfur
compounds (DBT, alkyl-DBT) and aromatic compounds
(benzene or naphtalene) are far less strongly adsorbed species
on the active sites. This result clearly points out the strong
inhibitor effects of basic nitrogen compounds for HDT
reactions. Recent DFT investigations on the adsorption of
organonitrogen compounds on NiMoS model provide similar
results confirming the stronger adsorption of basic nitrogen
compounds [101,102]. These results confirm the still growing
potentiality of the DFT techniques to explore complex
questions such as inhibitor effects playing a key role in heavy
cuts.

3.2. The support as a “chemical ligand” of the active
phase?

Many experimental works undertaken by Breysse et al.
revealed that support effects cannot be overlooked when
investigating active phase catalytic properties [31,32]. At an
industrial scale, y-alumina is the preferred support due to its
well optimized textural and acidic properties [29]. At a
laboratory scale, studies are still in progress to improve the
properties of anatase phase of TiO, [103]. One well known
experimental result is that the anatase-TiO, supported MoS,

b

Fig. 8. Simulation of the adsorption of two relevant organonitrogen compounds on the Mo site of NiMoS catalyst: (a) benzophenantridine (E,q4s = —197 kJ/mol); (b)
carabazole (E,4s = —123 kJ/mol) (yellow balls: sulfur, magenta balls; molybdenum, blue balls: nickel, green balls: molybdenum, dark blue balls: nitrogen, grey balls:
carbon, white balls: hydrogen). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)
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catalyst exhibited a significant higher intrinsic HDS activity
than +y-alumina supported MoS, [33]. Even if part of the
synergy effect is lost on TiO,, these observations prompted
further attention devoted to the TiO, effect on the active phase.
Understanding such a complex and subtle effect requires a
detailed description of the nature of the interaction between the
chemical species present at the support surface and the edge
sites of the active phase. One key question for atomistic
investigation is: may Mo—O-Al(Ti) or Mo—S—-Al(Ti) chemical
bridges connecting the two systems exist in HDS reactions? If it
was the case, the active phase should not be considered as an
isolated MoS, or Co(Ni)MoS phase but rather as a binary phase
involving electronic redistribution between the oxide phase and
the sulfide phase, where the support can be regarded as a
“chemical ligand” or eventually as a “‘co-catalyst” of the
active phase, using the terminology of heterogeneous catalysis.
In contrast, only weak ‘““physical’’ interactions such as van der
Waals or hydrogen bonding might take place between the sulfur
atoms of the basal plane of the active phase and oxygen atoms
or hydroxyls of the support. In this case, the active phase should
be regarded as an isolated “‘raft” on the support which acts as a
dispersing agent without strong chemical influence. According
to the type of interaction, the electronic properties and also the
orientation of the MoS, sheets are modified, which may affect
the reactivity of the active sites.

Very few experimental techniques are able to give direct
nano-scale insights on the Co(Ni)MoS—support interface.
Leliveld et al. [38] furnished an evaluation of Mo—O distances
by EXAFS, assigned to MoS, particles interacting with the
support. Using TEM, Shimada furnishes insights on the
orientation of the MoS, sheets [34], but this technique suffers
from the limitation of projecting a 3D image into 2D. Electron
tomography will be of great help to better visualize and
understand the orientation of supported MoS, sheets in the near
future [104].

Concerning DFT simulations, these questions are very
challenging at different levels. As for the active phases (see
Section 3.1), relevant surface models of the supports in HDS
conditions have to be developed. Then, models for the
interacting systems have also to be investigated with great
care because the size of the simulated supercell (close to 300
atoms are required in some cases) is close to the limit of current
DFT techniques (even when using high performance compu-
ters). Another limiting problem is raised by the capability of the
human mind to imagine — not all but at least — the relevant
configurations in complex cells. At this stage, the role of

(a) i ~

modeler’s chemical intuition remains crucial and any new
experimental input must be considered with care to improve the
models.

The few theoretical studies available in the literature for
alumina supported sulfides [105-107] suffer from weaknesses
in the models describing the support surfaces. To overcome
these, a systematic DFT determination of +y-alumina and
anatase-TiO, surfaces was mandatory. The lack of a precise
crystallographic structure of y-alumina has prompted DFT to
bring new insights into the bulk structure of this material.
Considering the topotactic transformation of boehmite (the
hydrated precursor) into y-alumina reveals the existence of
non-spinel Al sites [108] also confirmed by other theoretical
investigations [109,110]. The second step is the determination
of the stable species in HDS conditions at the surface of +y-
alumina and anatase-TiO, [111-114]. The thermodynamic
approach explained in Section 2 is again successful in
establishing surface models for various reaction conditions
including HDS (py,0, Pu,s» Pu, and 7). The key results of
these works are summarized as follows:

e The degree of hydroxylation and nature of hydroxyl species
depend on the crystallographic orientation of the surface and
thus on support morphologies. The anatase-TiO,(1 0 1) and
v-alumina(1 0 0) surfaces remain non-hydroxylated in HDS
conditions. The anatase-TiO,(0 0 1) and +y-alumina(l 1 0)
surfaces are hydroxylated.

e The anatase-TiO,(0 0 1) surface is also partially sulfided,
providing an explanation for the core level shift of Ti as
observed by Coulier et al. [36] induced by sulfo-reductive
environment (see Fig. 9). Table 1 reports the calculated
surface species concentrations for TiO, and y-Al,Os.

e The calculation of OH stretching frequencies furnishes a new
assignment of the OH bands observed in the IR spectrum of
anatase-TiO, and <y-alumina [115]. In particular, the
Knoézinger’s assignment [26] for +y-alumina is challenged
[111,112].

e Modifying the morphology may provide new ways to control
the acid—base properties of the supports [113,116].

These results are thus crucial for further DFT investigations
of support effects on the active phase as undertaken very
recently by Arrouvel et al. [48,117]. Indeed, this work shows
that these effects can only be described correctly with realistic
surface models of the supports taking into account its
hydroxylation or sulfidation state in reaction conditions. A

(b)

Fig. 9. (a) Hydroxylated and partially sulfided (0 O 1) surface of anatase-TiO, and (b) non-hydroxylated and non-sulfided (1 0 1) surface (yellow balls: sulfur, green
balls: oxygen, black balls: titanium, white balls: hydrogen) (from Ref. [114]). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of the article.)
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Table 1
Surface species concentrations (species/nm?) at Pu,s = 1barand py, = 30bar
and for the given morphologies and different T (K). and py, (bar)

Support Pu,o T=400 T =600

TiO, (10 1) 96% 1072 0.67 [OH] 0.14 [OH] + 0.07 [S]
TiO, (00 1) 4% 107> 0.27 [OH] +0.14 [S]  0.14 [OH] + 0.07 [S]
v-ALOs (100)20% 1072 7.10 [OH] 7.10 [OH]

v-ALO; (110)80% 10™°  7.10 [OH] 4.74 [OH]

Extracted from Ref. [114].

systematic approach based on DFT thermodynamic models of
the binary phase TiO,- and y-Al,Os-supported MogS,, clusters
is undertaken where n varies according to the chemical
potential of sulfur fixed by the HDS reaction conditions. The
four above-mentioned crystallographic surfaces of y-alumina
and anatase-TiO, are considered. As represented in Figs. 10 and
11, the Gibbs free energy diagram of the MogS,, clusters shows
that for high chemical potential of sulfur (i.e. strong sulfiding
conditions), the stable MogS,4 cluster is fully sulfided on both
supports and is adsorbed in parallel mode: a “‘raft”” like mode,
such as shown in Fig. 12(a) for the (1 1 0) y-Al,O5 surface.
Weak van der Waals or hydrogen bonding interactions take
place between the sulfur atoms of the cluster and with
hydroxyls or with oxygen atoms. In a more reductive
environment, MogS;4 or MoeS;; clusters are stable in a
perpendicular orientation with Mo—-O-Al or Mo-O(S)-Ti
chemical bonds (Fig. 12(b)—(d)). The DFT optimized Mo-O
lengths (about 2.0 A) are compatible with EXAFS distances
reported in the literature [38].

The most striking result is observed for anatase-TiO,, where
there is an epitaxial relationship between the Mo-edge of the
MogS14 or MogS 3 clusters and the surface oxygen and titanium
atomic networks as visualized in Fig. 12(c) and (d). Even if this
epitaxial relationship is not perfect due to slight mismatch
between Mo-Mo and Ti-Ti distances, the local epitaxial
relationship involving finite edge lengths contributes to the
stabilization of strongly interacting particles with limited sizes.
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Fig. 10. Gibbs free energy diagram of the MogS,, clusters adsorbed on the y-
alumina (1 1 0) surface. (O) MogSa4 (|]); (A) MogS14 (L); (A) MogS3 (L)
(only the most stable configurations are represented, extracted from Ref. [48]).
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Fig. 11. Gibbs free energy diagram of the MogS, clusters adsorbed on the
anatase-TiO, (10 1) surface. (O) MogSzs (|]); (A) MogS14 (tilted); (A)
MogS;5 (tilted); (x) MogSio (L) (only the most stable configurations are
represented, extracted from Ref. [48]).

This behavior not observed for y-alumina is at the origin of the
stronger ‘“‘chemical ligand effect” of anatase-TiO, in HDS
conditions, which induces:

o tilted orientations are stable on anatase even for larger MoS,
crystallites (up to an edge length of about 45 A according to
Ref. [48]) which seems to be coherent with TEM
observations [34];

e these strong interacting particles are chemically modified by
the support: they are more sulfur deficient than “raft” layers,
an effect which may be at the origin of the higher HDS
activities observed for anatase supported MoS, catalysts.

In contrast, the weaker ligand effect of y-alumina (in HDS
reaction conditions) implies that only very small crystallites
(for edge lengths smaller than 10 A) develop chemical
interactions with the support. In this case, the chemical ligand
role of the support is reduced and this may explain the different
effect of anatase-TiO, on the catalytic activity of non-promoted
MoS, particles. To a certain extent, anatase-TiO, can be
regarded as a co-catalyst of the MoS, phase, whereas y-Al,O3
remains more passive.

Recent DFT simulations of supported CoMoS propose to
explain the loss of promoting effects on anatase-TiO, supports
observed experimentally by a different distribution of M-edge
and S-edge sites induced by the epitaxial relationship [117].

3.3. Volcano curves and activity prediction of new
active phases

The DFT investigations reported in the two previous sections
aim at one main objective: the better understanding of industrial
Co(Ni)MoS active phases to offer new concepts helping to
achieve improvements in their resulting catalytic activities.
Remembering the Niels Bohr’s remark ‘“Prediction is very
difficult, especially if it is about the future”, it is even more
challenging and exciting for DFT simulations to assert itself as
a predictive technique in order to be a rational guide for new
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(a)

(b)

Fig. 12. Optimized structures of (a) “‘raft” like MogS,4 cluster on the hydroxylated (1 1 0) y-alumina surface, (b) perpendicular MogS 4 cluster on the hydroxylated
(1 1 0) y-alumina surface, and (c) (resp. (d)) tilted MogS 4 (resp. MogS;3) clusters on the (1 0 1) anatase-TiO, (with epitaxy). Yellow balls: sulfur, magenta balls:
molybdenum, green balls: oxygen, white balls: hydrogen, black balls: aluminum in (a) and (b), titanium in (c) and (d) (from Ref. [48]). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of the article.)

experiments. In the context of high throughput experimenta-
tions (HTE), a recent round table of experts in the field [118]
underlined that the role of molecular modeling is certainly
indispensable in helping the development process for catalysis,
providing chemical descriptors and establishing a robust basis
for exploring new phases. Indeed, DFT calculations of relevant
energy descriptors are well suited for providing a predictive
approach: for instance, the binding energy of atomic nitrogen
on transition metal surfaces is the relevant chemical descriptor
to establish a volcano curve relationship for the catalytic
activity in ammonia synthesis [119]. For HDT reactions, we
have pointed out in the Section 3.1, that the sulfur—metal bond
energy is a relevant intrinsic property of the active phase to be
correlated with activities. More precisely, the sulfur—metal
bond energy, Eys, as defined in Refs. [61,94,120], correlates
well with the activity via a volcano master curve (Fig. 13(a)).
An analogous volcano relationship was first obtained empiri-
cally by Pecoraro and Chianelli [121] by correlating the HDS
activity of DBT on bulk transition metal sulfides and the TMS
experimental formation enthalpy. For a recent review on
periodic trends in hydrodesulfurization catalysis the reader can
refer to Ref. [122], where the different theoretical models
proposed historically [123,124] are discussed in detail. One of
the key result from Refs. [60,61] shows that considering the
stable TMS structure in HDS conditions is crucial to get the
correct electronic and energy properties. This was not the case
in the earlier theoretical studies. The TMS bulk cohesive energy
depends so closely on its structure that considering the wrong

TMS structures leads to false the sulfur-metal bond energy
values (see below).

The best agreement is obtained when the HDS activity is
plotted against the DFT calculated sulfur—metal bond energy,
E\s defined as a partitioning of the cohesive energies among all
types of bonds present in the TMS simulation cell [60,94,120].
Three relevant cases are reported in Fig. 13, corresponding to
three main HDT reactions. Fig. 13(a) illustrates the volcano
obtained when plotting the HDS activity as determined in the
well-known work of Pecoraro and Chianelli [121] against Eys.
In this case, the prediction of HDS activity of mixed sulfides is
also reported. The second example reported on Fig. 13(b) is for
the biphenyl hydrogenation with experimental catalytic tests
obtained on unsupported TMS by Lacroix et al. [125]. The third
example (Fig. 13(c)) is for the toluene hydrogenation on
supported TMS as obtained recently by Guernalec et al.
[126,130].

These examples underline the relevance of the chemical
descriptor Eys in furnishing a general concept to rationalize the
TMS catalytic behaviors. As explained in Section 3.1, the S—M
bond energy is chemically related to the surface basicity of S
species, and to the adsorption of sulfo-organic molecules,
which explains qualitatively the chemical relevancy of this
parameter for HDS activity. DFT investigations carried out by
Aray et all. [127,128] and based on the topology of the electron
density in various transition metal sulfides corroborate fully
the concept’s validity of sulfur-metal bond energy as defined
in [61,94,120]. As Toulhoat and Raybaud proposed in
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Fig. 13. Pattern of experimental activity (particle size corrected) for (a) the HDS of DBT [121] plotted against the computed Eyis [94]. Predictions for mixed
M'Mo(W)S sulfides (O) are superimposed (“‘bulk” averages of Eys), (b) the HYD of biphenyl [125], and (c) the HYD of toluene (from [130]) for p(H,S = 1, 3.2 and
12 kPa). Lines in (a) and (c) represent the microkinetic models that best fit the data.

[60,94,120], Aray et al. recover similar volcano relationship
when the HDS activity is plotted against the electronic density
at the sulfur-metal bond critical point (Fig. 14), which is
expected to correlate directly with the covalency of the S-M
bond. In particular, 3d TMS exhibit the lowest S—-M bond
energies contrasting with the bond energy model proposed in
Ref. [123].

A close analysis of the volcanoes reported in Fig. 13,
confirms the importance of considering the stable structure in
reaction conditions. According to XRD observations, stability
of three TMS phases depends on the reaction conditions found
in HDS of DBT [121], or in the HYD of BP [125]: VS versus
V,S3, NbS, versus Nb,S;, and PdS versus Pd,S sulfides. For
these three TMS, the values of Eys vary significantly as a
function of the phase which explains their rather different BP
HYD activities.

In the spirit of the Sabatier’s principle [129], an intermediate
sulfur—metal bond strength corresponds to an optimal catalyst.
The quantitative explanation of such volcano correlations is
furnished by microkinetic modeling where the Langmuir—
Hinshelwood rate expressions contain energetic values
(adsorption enthalpy of reactants and relevant intermediates
and activation energies) being linearly dependant on Eyg, i.€. a
Bronsted—Evans—Polanyi type’s relationship [94,119,130]. The
curves plotted in Fig. 13(a) and (c) represent the best fits of such
kinetic modeling. Fig. 13(c) shows how the partial pressure of

H;,S can also be included in this model. The recent result by
Guernalec et al. put forwards the dual effect of H,S on the
toluene hydrogenation: for sulfide catalysts with low Eyg
values, H,S may enhance the catalytic activity, whereas for
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Fig. 14. HDS activity A (10'® molecules of DBT converted per mole and per
second [121]) of the TMS as a function of the electron density at the sulfur—
metal bond critical point (from Ref. [127]).
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intermediate or high Eyg values, H,S exhibits an inhibiting
effect [130]. The microkinetic modeling also shows that the
position of the optimal sulfide catalyst in the Eyg scale (i.e.
maximum of the volcano) is displaced when changing the
partial pressure of H,S. By giving a formal determination of the
surface species (free sites, reactants, intermediates, sulfhydryl
groups, etc.), it is observed that the surface of catalysts with
high Epg values (such as MoS,) is poisoned by S-species (as
previously discussed). Intermediate Eys values such as found
for Co(Ni)MoS catalysts favor an optimal surface distribution
of the various species involved in the reaction.

Experimental work by Bezverkhyy et al. [131] preparing
highly dispersed pentladites (M,M;,_, S type, with M = Fe, Co,
Ni) sulfides exhibiting low sulfur-metal bond energies are
finally all found with low thiophene HDS activity. The lowest
activity is shown by FeCogSg phase as can be expected when
considering the averaged Eys value between CogSg and FeS.
The predictive potentiality of such an approach can be
confirmed with the example of the NiCr,S, phase. Considering
either the spinel type structure (space group Fd-3m) or the C2/m
structure, the Ey;g average value is either 111.4 or 129.4 kJ/mol
which situates this phase in the windows of activity defined in
Fig. 13. Other experimental work by Thiollier et al. [132]
revealed that this phase is highly active in thiophene HDS and
tetraline HYD. Finally, the reader can also refer to the paper by
Thomazeau et al. in this volume revealing how the volcano
curve concept can be applied to even more complex
Co(Ni)MoWS active phases [133].

Even if the E\g descriptor is an intrinsic property of bulk
TMS phases, it is a good compromise for capturing the relevant
intrinsic chemical properties of the TMS materials and
achieving systematic DFT calculations at a large scale. To
improve this approach in the future would be to include
systematic studies of TMS surfaces are undertaken in order
to identify surface chemical descriptors as it has been achieved
for specific reactions at metal surfaces [134]. Besides
Co(Ni)Mo(W)S studies presented in this review, it can be
stressed that relevant DFT data already exist for RuS,
[135,136]. This must be an interesting route to explore in a
consistent way the periodic trends including more types of
catalytic surfaces and morphologies in the future.

Beside microkinetic modeling, advanced theoretical
approaches such as kinetic Monte Carlo, also called “‘first
principles statistical mechanics” [137] may enable to
determine more rigorously reaction rates and disordered
species distribution in the future. To our knowledge, a first
example applied to sulfides has been presented by Rusanen
et al. for simulating temperature programmed reduction (TPR)
spectra of MoS, catalyst [138]. However, this methodology not
yet mature to be applied systematically to various type of
sulfide surfaces requires further research works.

4. Conclusions and perspectives
This paper provides an overview of recent advances in the

understanding of physico-chemical properties of transition
metal sulfides achieved by first principles approaches. DFT

simulations help to offer new highlights on some open
questions of the long TMS experimental story: localization
of the promoter, local structure of the Co(Ni)MoS phase,
thermodynamic stability of the mixed phase in reaction
conditions. DFT energy values combined with a thermody-
namic model furnish the best way to make the bridge between
experiment and theory. DFT combined with cutting-edge
techniques (EXAFS, IR, STM) put forward rather new concepts
such as morphology effects in reaction conditions. DFT also
reveals for the first time the different configurations of
crystallite decoration by Ni and Co. It may be that further
experimentation will provide this experimental confirmation.

Regarding the investigation of the activity itself, numerous
published data are now available on hydrogen activation by
MoS, and Co(Ni)MoS phases highlighting the role of the
promoter in H, activation. First DFT investigations of the HDS
pathways of 4,6-DMDBT have been recently proposed. Further
investigations in connection with the inhibiting role of nitrogen
compounds are certainly required in the context of crude heavy
oils.

The continuous enrichment of DFT database (energy values
and atomistic configurations for numerous types of molecular
compounds) of the Co(Ni)MoS active phases may simulta-
neously contribute to encourage emerging theoretical
approaches such as kinetic Monte Carlo methods. When such
methods become sufficiently mature, they will provide new
ways of predicting HDS reaction rates (as measured in
laboratory’s catalytic tests) by combining the atomistic state of
the catalytic surface and the statistical distribution of the
chemical events.

As far as the role of the support is concerned, DFT
simulation have recently been shown to give new insights at an
atomic scale on the interface between Co(Ni)MoS and -
alumina. This is a difficult task for any available experimental
techniques, even the most advanced ones. New detailed DFT
results propose relevant surface model for oxides (y-alumina,
anatase-TiO,, etc.) useful to investigate how the interaction
takes place. The concept of the ligand effects of y-alumina and
anatase-TiO, on the MoS, active phase is relevant to explain
how the support has an impact on the observed catalytic
activity. Emerging characterization technique such as 3D-
tomography applied to sulfides may be useful to confront the
DFT predictions. Furthermore, the role of the support nano-
particles morphology also enables a control of support effects.
Even if this challenge is certainly tremendous (regarding the
complexity of the system), the task of the simulation must be
pursued if one wants to achieve in a near future the complete
modeling of a supported TMS catalysts in presence of
organosulfur molecules.

As another challenging perspective for DFT simulations, it
is certainly requested to devote more investigations on the
preparation and genesis of the active phases. For this purpose, it
is required to consider the interaction of oxide active phase
precursor with the y-alumina supports. In the same spirit as
achieved for the chlorinated y-alumina surfaces [111], ionic
exchanges between hydroxyl species of the support and ionic
species (precursors, chelating agents, dopes, etc.) in aqueous
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media at the preparation steps could be suggested for future
works. Such investigations will certainly require to use hybrid
methods [139] combining DFT to describe accurately the local
chemical interactions and force-fields or semi-empirical
parameterized Hamiltonians to include solvant effects.

In the spirit of high throughput experimentation, DFT bond
energy activity descriptors such as volcano curves are very
promising as a first screening tool. Examples shown in this
paper reveal in which direction DFT approaches must go in
order to become more predictive. Of course, the design of a new
HDS catalyst by computer simulation is not for tomorrow. To
bring it closer, the DFT chemical descriptor database for
sulfides must be continuously improved by simulations through
investigation of a greater variety of potential active phases
(sulfides, nitrides, carbides, etc.) and supports.

First principles modeling asserted itself as a versatile tool to
investigate complex issues raised by HDT catalysis. It may go
beyond the point of which traditional techniques are reaching
their limits, and it furnishes new guides and concepts for
experimentalists, while keeping a vivid place for intuition. For
sure, it is now an integral part of the research activity on
catalytically active phases in hydrotreatment.
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