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a b s t r a c t

Basic nitrogen-containing compounds such as pyridine are well known to be inhibitors of the hydrode-
sulfurization (HDS) reaction for the MoS2-based catalysts. From an interplay of scanning tunneling
microscopy (STM) experiments and density functional theory (DFT) calculations, atomic-scale insight
into pyridine adsorption on MoS2 is obtained. In agreement with previous IR-spectroscopy and DFT stud-
ies, the STM results show that the pyridine molecule itself interacts weakly or not at all with the MoS2

nanoclusters. However, in the presence of hydrogen at the MoS2 edges, adsorbed species are revealed
by STM also at the edges. The calculated DFT energies and simulated STM images allowed us to conclude
that these species are pyridinium ions located at the catalytically active brim sites. Furthermore, the DFT
results for the vibrational modes of the adsorbed pyridinium species agree well with those observed in
earlier IR experiments on high surface alumina-supported MoS2 catalyst. The adsorption sites appear
to be very similar to the brim sites involved in hydrogenation reactions in HDS. Thus, the combined
STM and DFT results provide new atomic-scale insight into the inhibition effect of basic N-compounds
in HDS and the first direct observation of the adsorption mode of basic N-compounds on the catalytically
active MoS2 edges. Our results lend further support to previously reported correlations between inhibit-
ing strength and proton affinity for the N-containing compounds.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The increasingly more stringent legislative demands for remov-
ing sulfur and producing cleaner fuels have introduced new hydro-
treating challenges for the refining industries [1]. Specifically, in
order to meet present and future specifications [2] for ultra-low
sulfur fuels [1,3–11] with low levels of sulfur and nitrogen com-
pounds, improved activity and selectivity of the HDS catalysts
are required. Consequently, increased research efforts are devoted
to obtain an improved atomic-scale understanding of the structure,
reactivity and inhibition mechanism of MoS2-based hydrotreating
catalysts.

Much of the earlier research has suggested that hydrodesulfuri-
zation (HDS) reactions of sulfur-containing compounds occur at
characteristic brim sites at the edges of MoS2 nanoclusters and that
HDS can take place following two different pathways: the hydroge-
nation (HYD) pathway, in which several hydrogenation steps pre-
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nemann), +45 86120740 (J.V.

), jvang@inano.au.dk, jvang@
cede sulfur extrusion, and the direct desulfurization (DDS)
pathway [1,12,13]. For simple S-compounds, the DDS pathway
has been shown to be the most important route [1,4,12]. However,
this pathway is often suppressed for sterically hindered alkyl-
substituted compounds such as 4,6-dimethyldibenzothiophene
(DMDBT), and the HYD pathway may become the dominating
route since it is less sensitive to steric effects [4]. Thus, as crude oils
become heavier and contain an increasing amount of refractory
compounds, the HYD activity is becoming increasingly more
important [4,5,7,14]. However, an efficient use of the HYD pathway
is complicated by the fact that heterocyclic nitrogen-containing
compounds such as pyridine or quinoline, which are typically pres-
ent in heavy crude oils, severely inhibit the HYD route [1,7,10,15–
25]. Ideally, one could alleviate this problem by removing these N-
compounds by hydrodenitrogenation (HDN) processes before sul-
fur is removed by HDS [1,3–5,7,10,12,14–16,20–22,24,26–33],
but, HDN is often slower than HDS, and it is therefore imperative
to understand the origin of the N inhibition in order to minimize
its effect.

For non-sterically hindered heterocyclic compounds with nitro-
gen in a six-membered ring, it has been shown that the equilib-
rium adsorption constants, which are used as a measure of
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inhibition strength, correlate well with proton affinities of the
inhibitor molecules [16,26]. It was proposed that this correlation
is due to the interaction of nitrogenous molecules with Brønsted
acid sites on the edges of the MoS2 nanoclusters and that those
species that tend to get protonated easier adsorb on the catalyst
surface more strongly. Subsequent IR studies [34] of pyridine
adsorption on alumina-supported MoS2 catalyst did indeed show
the presence of Brønsted acid sites as indicated by the presence
of pyridinium ion, which gives rise to a characteristic IR band at
1546 cm�1. The fact that the pyridinium ion was not observed at
room temperature but first at higher temperatures indicated that
the protonation was activated such that high temperature was re-
quired to activate the proton transfer from the SH group to pyri-
dine [18,34].

The nature of the active sites for the HYD and DDS pathways has
been much debated in the literature. Early studies [1,31,35] have
considered multiple vacancy sites or ‘‘naked” MoS2 edge sites,
i.e., the Mo-edge in its stoichiometric termination without the
presence of the strongly bonded sulfur atoms [36]. Recently, com-
bined STM [37–40] and DFT studies [41–48] have allowed one to
revisit many of the earlier proposals for HYD and DDS sites since
these methods have provided unique insight into the structures
of MoS2 nanoclusters. Extensive edge reconstructions may take
place, and the structures are typically very different from those
proposed in the past (as in the ‘‘naked” Mo-edges) where it was as-
sumed that the edges have structures with atoms occupying bulk-
like lattice positions [44,45,47]. It was furthermore revealed that
the shape of MoS2 nanoclusters depends significantly on the com-
position of the surrounding gas that is whether they are exposed to
sulfiding or reducing gas conditions. Specifically, MoS2 clusters
may have a triangular shape with only the ð10 �10Þ Mo-edge ex-
posed under sulfur-rich conditions, whereas they depict a hexago-
nal morphology and expose both the Mo-edge and the ð�1010Þ S-
edge under HDS conditions. Surprisingly, high resolution images
also revealed a characteristic bright brim structures at the edges
of MoS2 nanoclusters (referred as the brim sites) [37,38,40–
44,49], which were identified by DFT to be metallic edge states.
Subsequent STM and DFT studies showed that these sites may play
an important role for both hydrogenation and C–S bond scission.

Based on the improved atomic-scale understanding of the MoS2

edges, it has recently been possible to provide insight into the de-
tails of active sites and reaction pathways for both the HYD and the
DDS pathway of thiophene [31,50]. Pyridine inhibition was treated
in a DFT study by Logadottir et al. [51]. They found that the pyri-
dine molecule only interacts weakly with the MoS2 nanoclusters.
However, on the Mo-edge, pyridine can be protonated to pyridini-
um with a very low barrier, and the resulting pyridinium binds
much stronger than pyridine. In contrast, on the S-edge, formation
and binding of pyridinium was not found to be favorable. These re-
sults provided additional evidence for pyridinium formation as the
main origin of the inhibition and furthermore pointed out that
inhibition is different at the two edges.

Although the previous studies have provided evidence for pyrid-
inium formation on MoS2, the exact bonding configuration has never
been addressed directly. In the present combined STM and DFT
study, we provide the first direct evidence for the presence and loca-
tion of pyridinium on MoS2. In addition, we have carried out a de-
tailed DFT analysis of the vibrational frequencies of different
adsorbed species to further elucidate the previous IR results on pyr-
idine adsorption [34]. Finally, the DFT results also allow us to gain
more fundamental atomic-scale insight into the interaction of pyri-
dine with MoS2 nanoclusters and the origin of the inhibiting role of
N-containing cyclic compounds. We find that only protonated pyri-
dine species (pyridinium, C5H5N–H+), and not pyridine itself, adsorb
strongly and especially block the active hydrogenation sites on the
Mo-edge of MoS2 under all relevant catalytic conditions.
2. Methods

2.1. Scanning tunneling microscopy experiments

The STM experiments were performed on a HDS model system
consisting of MoS2 nanoclusters synthesized on a chemically inert
Au substrate in an ultra-high vacuum (UHV) chamber with a base
pressure below 1 � 10�10 mbar. The experimental setup was
equipped with standard utilities for surface preparation and char-
acterization, and the home built variable temperature Aarhus STM
[52] that has been proven capable of routinely achieving atomic
resolution on MoS2 nanoclusters in a number of recent studies
(see e.g. [6,38,39]). In the study, the STM image was recorded at
temperatures ranging from 160 K to room temperature.

The sample was a planar model catalyst system consisting of
highly dispersed perfectly crystalline single-layer MoS2 nanoclus-
ters that are found to adopt characteristic triangular equilibrium
shapes under the present sulfiding conditions. The crystalline
MoS2 nanoclusters were synthesized by evaporating metallic Mo
onto an Au(1 1 1) substrate followed by post-annealing the sample
at 673 K in a sulfiding H2S atmosphere. In several past studies, this
procedure has proven to lead to very uniform and well-character-
ized ensembles of MoS2 nanoclusters with a known atomic struc-
ture at the edges of the clusters edges. These MoS2 nanoclusters
are ideally model systems suited for addressing the atomic-scale
details of the active sites on MoS2 in HDS. The full details concern-
ing the preparation and characterization of the HDS model system
and the atomic details of the MoS2 nanoclusters have been pub-
lished previously [40,52]. Pyridine (C5H5N) (Sigma Aldrich, 99%
purity) was purified by several freeze-pump-thaw cycles and
dosed into the UHV chamber through a leak-valve and a stainless
steel tube directed toward the sample. The substrate temperature
during pyridine exposure was throughout the experiments con-
trolled by cooling a separate sample stage with liquid nitrogen,
and molecules could be dosed at here sample-temperatures rang-
ing from 200 K up to room temperature. We used the maximum
temperature of the sample recorded during pyridine dosage as
the experimental adsorption temperature and not the actual tem-
perature of STM imaging that was 20–30 K lower.

The role of sulfur vacancies and S–H groups as Brønsted acid
sites for protonation of the adsorption of pyridine on the edges
was systematically investigated by exposing the MoS2 nanocluster
to atomic (pre-dissociated) hydrogen, with hydrogen being pre-
dissociated on a hot (�2000 K) tungsten filament. Molecular
hydrogen generally does not lead to the formation of S–H groups
and vacancies at UHV-compatible pressures less than
1 � 10�6 mbar, since the hydrogen adsorption at the fully sulfided
Mo-edge was shown to be endothermic in a previous study [39].
The atomic H flux was obtained by a standard procedure involving
backfilling of the UHV chamber with hydrogen to a pressure of
1 � 10�6 mbar while a very hot tungsten filament used for dissoci-
ating the H2 gas was kept at a 100 mm distance of the sample.
2.2. Density functional theory

The density functional theory (DFT) calculations were carried
out using an infinite stripe model of MoS2, analogous to the results
in Refs. [42,44,53]. The equilibrium ð�1010Þ S-edge and ð10 �10Þ
Mo-edge of the stripe are shown in Fig. 1. To enable the correct sul-
fur dimer pairing at the edges, the slab should contain even num-
ber of Mo atoms in the x-direction. The supercell in this study
contained four Mo atoms both in the x and in the y-directions, in
order to avoid replica interactions and to ensure sufficient decou-
pling between the Mo- and S-edges. Some of the calculations were
also repeated with a 4 � 6 supercell; however, the differences in



Fig. 1. Super cell used in this study. Left: Top view, upper part of the slab is the Mo-edge (with paired S-dimers), and bottom part is the S-edge (with S-dimers). Right: Side
view, facing Mo-edge with S-dimers. Color code: sulfur (yellow), molybdenum (green). (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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results were negligible. The stripes were separated by 14.8 Å in the
z-direction (including pyridine) and 9 Å in the y-direction.

The DFT calculations were carried using the DACAPO code
[54,55], which utilizes plane-wave basis sets and ultrasoft pseudo-
potentials. The Brillouin zone was sampled by a Monkhorst–Pack
k-point set [56] with four k-points in the x-direction and with
one k-point in the y and z-directions. We used a 30 Rydberg
plane-wave cutoff and 45 Rydberg density-wave cutoff. Ultrasoft
pseudopotentials [57] were used except for sulfur, for which a soft
pseudopotential is used as in an earlier study [58]. The ultrasoft
sulfur pseudopotential has also been tried in several studies [42–
44,53] with similar convergence results to the soft one. We decided
to keep the soft sulfur pseudopotential to be able to compare our
results to the earlier study [51] in a consistent way. The Fermi tem-
perature was chosen to be kBT = 0.1 eV, and all the energies were
extrapolated to zero electronic temperature. The PW91 exchange
correlation functional was used in all the calculations [59], and
the convergence criterion for the atomic relaxation was a maxi-
mum force of 0.02 eV/Å per atom.

Simulated STM images represented as constant current local
density of state images (LDOS) contours were calculated within
the simple Tersoff–Hamann formalism [60,61], with the same tun-
neling conductance parameters that were used in an earlier publi-
cation [44], since they were calibrated such that the calculated
corrugation on the basal MoS2 plane matches the experimentally
observed ones. Both an s-type tip with a contour value q(r0, eF) =
8.3 � 10�6 (eV Å3)�1 and a p-type tip with the same contour value
were tried in the DFT-based STM simulations, but only the s-type
tip results are reported here since the results for the p-type tip
did not change the STM images noticeably. The color scale of the
STM images is black ? red ? yellow and corresponds to a corruga-
tion of 3.4 Å. All STM simulations were performed initially on the
4 � 4 unit cell, which allowed us to calculate the STM contours
for a large number of structures. All the relevant structures were
recalculated using a 4 � 6 unit cell, where the two edges are better
separated. Although no significant changes were observed between
results for the two unit cells, the structure of the Mo-edge was
more clearly visible with the larger unit cell simulation. The
4 � 6 unit cell was used for all STM simulations in the paper,
whereas additional structures using the 4 � 4 unit cell are pre-
sented in the Supplementary material. Although the STM experi-
ments were done on Au(1 1 1) support, we did not include the
support in our calculations since the edge effects are not changed
significantly in the absence of Au(1 1 1) [44,62].

The calculations of the vibrational frequencies for comparison
with the IR spectra recorded on the high surface catalyst were per-
formed using numerical derivatives obtained by three-point finite
differences with 0.02 Å displacements. To limit the computational
time, only the atoms of the adsorbate, including the hydrogen
atom of pyridinium ion, were allowed to vibrate, and this gives
us all the modes related to the adsorbate molecule. In many stud-
ies, it is common to scale the calculated was made here due to the
small difference between them (1588 cm�1 vs. 1592 cm�1 for mea-
sured and calculated, respectively). All the calculated frequencies
between 1400 and 1650 cm�1 of the adsorbates are presented here,
and it is found that they match the experimental values very well
(differences less than 14 wavenumbers for characteristic peaks).

The adsorption energies were calculated using the following
equation:

DEads ¼ Emolecule=MoS2structure � EMoS2structure � EmoleculeðgÞ ð1Þ

where Emolecule=MoS2structure is the energy of the system with the mole-
cule bound to the surface, EMoS2structure is the energy of the relevant
starting surface structure and Emolecule(g) is the energy of the mole-
cule in vacuum. The figures were made using Visual Molecular
Dynamics (VMD) [63] and JMol [64].
3. Results and discussion

3.1. STM and DFT results on pyridine adsorption on MoS2

By means of STM technique, we are able to image the structure
and adsorption site of single molecules adsorbed on the MoS2

edges. In the experiments reported here, we selectively probe the
pyridine adsorption on fully sulfided and partially S–H covered
MoS2 Mo-edges and thereby address the atomic-scale structures
reflecting the interaction between pyridine and the edges of the
MoS2 nanoclusters. Fig. 2a depicts an atomically resolved STM im-
age of triangular single-layer MoS2 nanoclusters before adsorption
of hydrogen and pyridine. The atomic-scale structure of such MoS2

nanoclusters has been characterized in great detail previously
[37,38,40,49], and it is established that the edges terminating the
MoS2 nanoclusters under sulfiding conditions are Mo-edges that
are fully saturated with sulfur dimers (S2) (see ball model in
Fig. 2). The protrusions on the edges are in all atom-resolved
STM images found to be out of registry with respect to the S pro-
trusions on the basal plane of the MoS2 nanoclusters, and further-
more, the row of edge protrusions are revealed to exhibit a distinct
double periodicity. These are exactly the two characteristics that
according to previous DFT simulations [39,43] unambiguously
identify the edge structure (Fig. 2a). The out of registry effect is a
purely electronic effect correlated with the fact that STM probes
the local density of states (LDOS) at the Fermi level, and for the
S-dimers saturating the Mo-edges, it appears that the maximum
LDOS is located in between the S-dimers. A third very important



Fig. 2. (a) Atom-resolved STM image (95 Å � 95 Å) of single-layered MoS2 nanoparticles exposing the fully sulfided Mo-edge. The structure of the triangular MoS2

nanoparticles is illustrated in the ball model (top view), and the edge structure is shown as a side view ball model Mo: blue, S: yellow. (b) STM image of two MoS2

nanoclusters after exposure to pyridine at 200 K (103 Å � 103 Å). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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feature of the MoS2 edges is the characteristic bright brim [43] lo-
cated at the perimeter of the nanoclusters (see Fig. 2a), which is a
one-dimensional (1D) metallic edge state at the rim of the MoS2

nanoclusters. Previous STM studies and DFT calculations on MoS2

nanocluster model have shown that the metallic brim states exhi-
bit unique catalytic properties, since a hydrogenation reaction and
subsequent C–S cleavage were observed to proceed at these active
brim sites [38]. A recent combined STM and DFT study [39] has in-
deed demonstrated that the HYD reaction pathway takes place first
via adsorption on the brim sites under sulfiding conditions. Fur-
thermore, a DFT study of thiophene HDS under hydrotreating con-
ditions also showed that the HYD pathway can take place on the
Mo-edge brim sites without vacancy creation, whereas the DDS
pathway may only involve S-vacancies on the edges [50]. To ad-
dress the fundamental properties of HDS inhibition by pyridine
and in particular its role in blocking the HYD reaction pathway,
it is therefore very important to clarify the adsorption of pyridine
on the brim sites of the MoS2 nanoclusters.
3.1.1. Adsorption of pyridine on the fully sulfided Mo-edge
To investigate the interaction between pyridine and the fully S-

saturated Mo-edges of the MoS2 nanoclusters (Fig. 2a), we first
dose pyridine both at room temperature (RT) and at 200 K. The
STM images at room temperature show no adsorption of pyridine,
Table 1
The investigated adsorption sites and energies of pyridine (C5H5N) on the fully sulfided M
molybdenum (green), nitrogen (blue), carbon (gray) and hydrogen (white). (For interpreta
version of this article.)

Configuration a b

Mo-edge with S-dimers

Top view

Side view

H coverage (%) 12.5 12.5
DEads (eV) �0.20 �0.19
neither on the MoS2(0 0 0 1) basal plane nor at any edge sites. At
the lower temperature of 200 K, pyridine molecules are, however,
observed to be adsorbed near the edges of MoS2 nanoclusters, as
seen in Fig. 2b. Individual pyridine molecules are clearly seen at
the cluster edges in Fig. 2b, and they appear in the STM images
with a slightly lower height relative to the basal plane of the trian-
gular MoS2 nanoclusters, and with dimensions (�5 Å diameter)
and shape (circular protrusions) matching approximately the ex-
pected symmetry and van der Waals shape of pyridine. These pro-
trusions observed in the STM images are attributed to intact
individual pyridine molecules adsorbed on the gold substrate next
to the edges of the MoS2 nanoclusters. The pyridine molecules ad-
sorbed in these sites next to the MoS2 nanoclusters are however
adsorbed fairly weakly since after annealing of the sample to
�300 K, the adsorbed pyridine molecules were all desorbed. Even
at the lowest sample temperature of �200 K, no pyridine mole-
cules were observed on top of the cluster edges at the brim sites
of the MoS2 nanoclusters, which have previously been shown to
act as adsorption sites for thiophene (C4H4S) under similar condi-
tions [49]. This result thus indicates that the direct interaction of
pyridine with fully sulfided MoS2 is indeed very weak.

In accordance with the experimental findings, our DFT calcula-
tions for pyridine adsorption (Table 1) show that adsorption ener-
gies for pyridine on the fully sulfided Mo-edges are in all
o-edge with S-dimers at 0% or 12.5% S–H coverage. The color code is: sulfur (yellow),
tion of the references to color in this table legend, the reader is referred to the web

c d

0 0
�0.14 �0.20
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configurations very small (��0.2 eV). The most favorable configu-
rations (c and d) are associated with an interaction at the brim sites
of the fully sulfided Mo-edge. These adsorption energies are
slightly exothermic, but the lowest achievable temperature during
pyridine dosing in this experiment (200 K) still does not allow a di-
rect observation of these weakly bound pyridine species adsorbed
on the brim. In addition, Logadottir et al. [51] have previously
shown that pyridine adsorption on the MoS2(0 0 0 1) basal plane
is thermo-neutral under HDS reaction conditions, which is in full
accordance with the STM experiments in which no molecules are
observed on the basal plane at any time. In the same study, authors
have also studied pyridine adsorption on both Mo- and S-edges
and found out that the pyridine adsorption is most favorable at
the S-edge on a vacancy by 0.28 eV.

3.1.2. Adsorption of pyridine on the fully sulfided Mo-edge with S–H
groups

Previous IR studies [34] of adsorption of pyridine on the MoS2/
Al2O3 catalyst showed the presence of pyridinium ions, and recent
DFT results [51] have proposed that pyridine adsorbed on the brim
sites stabilized by H from the SH groups at the Mo-edge. In view of
the previous IR-spectroscopy studies [34] and DFT findings related
to strong adsorption of pyridinium on the MoS2 edges, a second
series of STM experiments was performed where hydrogen was
dosed to the MoS2 nanoclusters. In order to mimic the chemical po-
tential of H at the high partial pressure during HDS reaction condi-
tions, pre-dissociated (atomic) hydrogen was used in the STM
experiments. Similar exposures to atomic H have in previous
STM studies been found to create a number of isolated sulfur
vacancies (0–2 pr. nanocluster) and lead to the formation of S–H
groups on the edge region of the MoS2 nanoclusters [37–39].
Fig. 3a shows the STM image of a MoS2 nanocluster recorded at
200 K after first dosing pyridine at the low temperature and then
a subsequent dosing of atomic hydrogen to activate the cluster
edges. Again, weakly adsorbed pyridine molecules are identified
on the Au substrate next to the MoS2 nanoclusters, which we ten-
tatively associate with a physisorbed state of pyridine due to the
low temperature. However, in addition, a second type of adsorbed
molecule is now also observed as a slightly smaller bright protru-
sion located on top of the MoS2 nanoclusters adjacent to the brim
sites (marked with the two solid white arrows in Fig. 3a). These
species are more strongly bound to the MoS2 nanoclusters, since
the associated protrusions can be imaged by STM in the same con-
figuration on the MoS2 edges even after heating the sample to tem-
peratures above 400 K. The line scans in Fig. 3b show the detailed
sites and corrugation associated with the strongly adsorbed species
Fig. 3. (a) MoS2 nanoparticle after exposure to pyridine and subsequent exposure to ato
pyridinium ions. (b) Line scans of the dashed lines in (a) in Fig. 2 and (b) in Fig. 3 with a cl
triangle superimposed. The two close-up images show the detailed location of the protr
relative to line scans obtained on a clean MoS2 nanocluster edge
(Fig. 2a) and line scans recorded with pyridine physisorbed on
the MoS2 edges (Fig. 2b). The protrusions associated with the
strongly adsorbed species are located on top of the edge state of
MoS2 nanoclusters and shifted approximately 0.3 nm from the cen-
ter of the brim state. To further pinpoint the lateral location of the
more strongly adsorbed species, we present in Fig. 3c an STM im-
age with the atomic S lattice of the MoS2 nanoparticle being super-
imposed. As seen from the zoom-in STM images inserted in Fig. 3c,
it can be determined that the protrusions adjacent to the brim sites
are located at a position a slightly shifted inwards from the brim
site at the edges of the MoS2 nanoclusters, between two edge sul-
fur atoms. From a detailed analysis of several STM images, we find
that the protrusions and thus the strongly adsorbed species always
are located at the metallic brim site between two sulfur atoms.

The stronger bonding of the adsorbed species in Fig. 3a and c
clearly indicates the presence of a chemisorbed species different
from pyridine, which we in view of the previous IR-spectroscopy
[34] and DFT findings [51] tentatively attribute to pyridinium ions
(C5H5N–H+) formed by the protonation of pyridine by H+ transfer
from an S–H group. To gain further insight into the configurations
of the strongly adsorbed species observed in Fig. 3a and b, we per-
formed DFT calculations on adsorbed pyridinium and calculated
the corresponding simulated STM images. Since the MoS2 nanocl-
usters are activated by exposure to atomic H, we include in the cal-
culations both the possibility of adsorption of pyridinium on the
fully sulfided Mo-edges with a fractional S–H coverage (Table 2)
as well as the adsorption of pyridine and pyridinium on the Mo-
edge with a sulfur vacancy (Table 3), where the latter can occur
by a proton transfer from a nearby surface SH group. Only the re-
sults for the most stable configurations are shown in Tables 2 and
3, whereas the remaining investigated configurations are listed in
the Supplementary material.

The results for the pyridinium adsorption in Table 2 show that
the configurations are all exothermic, indicating that pyridinium
ion, formed through a proton transfer to pyridine, is stable at the
Mo-edge. The strongest binding occurs when the nitrogen atom
of pyridinium ion is located between two sulfur atoms (Table 2,
configuration c). As a secondary effect, the presence of surface SH
groups is observed to further increase the binding of pyridinium
by about 0.5 eV (Table 2, configurations a and b), and the calcula-
tions show that adsorption between the two sulfur atoms is indeed
favored. Since the SH group is located far away from the adsorbed
pyridinium ion, the stabilizing effect of the SH group is due to large
rearrangements of the sulfur dimers upon hydrogen adsorption.
The DFT results further show that pyridinium is adsorbed much
mic hydrogen at 200 K (100 � 100 Å2). The two solid lines are marking the formed
ean Mo-edge as reference. (c) The STM image in (a) with the atomic lattice of a MoS2

usions positioned between two edge sulfur atoms.



Table 2
The most stable adsorption sites and energies of pyridinium (C5H5N–H+) adsorbed on the Mo-edge terminated by sulfur dimers. The effect of adsorbed hydrogen close to the
pyridinium is also shown.

Configuration a b c d

Mo-edge with S-dimers

Top view

Side view

H coverage (%) 12.5 12.5 0 0
DEads (eV) �1.23 �1.10 �0.70 �0.65

Table 3
Adsorption sites and energies of pyridine (a) and pyridinium (b and c) on a Mo-edge containing S-dimers with one sulfur vacancy. Other less stable configurations are given in the
Supplementary material.

Configuration a: Pyridine b: Pyridinium c: Pyridinium

Mo-edge with S-dimers and a sulfur vacancy

Top view

Side view

H coverage (%) 14.3 14.3 0
DEads (eV) �0.03 �1.51 �1.17
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stronger on the fully saturated Mo-edge with the sulfur dimers
than pyridine itself. We assume that the formation of pyridinium
from adsorbed hydrogen and pyridine has a low activation energy
in accordance with the results presented in Ref. [51].

DFT calculations for pyridine and pyridinium adsorption on a
sulfur vacancy on the Mo-edge are presented in Table 3, and they
show that pyridine does not bind to the vacancy sites. Interest-
ingly, we find that the binding energy would be 0.5 eV more endo-
thermic if we remove the adsorbed hydrogen atom located on the
edge (configuration a in Table 3, see Supplementary material for
further details). In contrast, pyridinium binds strongly to sulfur
vacancies, as shown in configurations b and c in Table 3. Thus,
independent of whether the adsorption takes place on S–H groups
on the fully saturated Mo-edge with the sulfur dimers or whether
it occurs on the sulfur vacancies, pyridinium always binds much
more strongly to the brim edge structures than pyridine.

From a detailed comparison of the features observed in the STM
images in Fig. 3c and those in the STM simulations in Table 4, we
conclude that only configuration 2a seems to be compatible with
the experimentally recorded STM images. In this configuration,
the maximum of the bright protrusion associated with the pyridi-
nium ion is indeed located at the position between the edge and
brim state and in a lateral position between the S-dimers (see
close-ups of the experimental STM image in Fig. 3c). We note that
STM simulations of the static structure of a molecule predicted
from the DFT results often produce a detailed intra-molecular con-
trast that is generally not observed in the experimental STM
images recorded at 200 K where thermal vibrations are still quite
substantial, which may explain the deviations between the exper-
imental and detailed theoretical STM contours. Although adsorp-
tion of pyridinium in a S-vacancy is also favored
thermodynamically in configuration 3b, the simulation of this con-
figuration is clearly not compatible with the experimental STM
contour, since the simulated STM image of the molecule reflects
a structure that is located too close to the edge. We therefore attri-
bute the species observed in the STM experiment to pyridinium
adsorbed on top of the MoS2 nanocluster to configuration 2a in Ta-
ble 4. The atomic-scale insight gained from the present model



Table 4
Simulated STM images of pyridinium on the Mo-edge with S-dimers with relative adsorption energies and %H coverages using a 4 � 6 unit cell that is shown by black dashed
lines. DEads is calculated for the 4 � 4 unit cell.

2a

S-vacancy coverage (%): 0
H coverage (%): 12.5
DEads (eV): �1.23

2b 3b

S-vacancy coverage (%): 0 S-vacancy coverage (%): 12.5
H coverage (%): 12.5 H coverage (%): 14.3
DEads (eV): �1.10 DEads (eV): �1.51

2c 3c

S-vacancy coverage (%): 0 S-vacancy coverage (%): 12.5
H coverage (%): 0 H coverage (%): 0
DEads (eV): �0.70 DEads (eV): �1.17
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studies thus shows that pyridine alone does not interact strongly
with MoS2 nanocluster edges, whereas pyridinium ions adsorb
strongly on the brim sites of the MoS2 nanoclusters. This explains
why pyridine may act as a severe inhibitor for HYD reactions of
sulfur-bearing molecules that preferentially take place on such
brim sites.

3.1.3. Comparison of DFT calculations with IR observations on pyridine
adsorption and pyridinium formation

To extend these model studies further and to investigate
whether the presence of pyridinium is prevalent also at real HDS
process conditions, we have carried out a theoretical analysis of
IR-data for pyridine adsorbed on MoS2 nanoclusters under hydroge-
nating conditions with a hydrogen/sulfur ratio similar to typical
HDS conditions. The detailed edge structure and the shape of the
MoS2 nanoclusters have previously been shown to depend critically
on the reaction conditions [49], which may influence the adsorption
properties of pyridine and pyridinium compared to the studies on
the model systems in the previous section. According to previous
experimental findings [49] and calculated phase diagrams [44,50],
MoS2 nanoclusters adopt a hexagonal shape exposing both low-in-
dex edges, the ð10 �10Þ Mo-edge termination and the ð�1010Þ S-
edge termination under typical industrial HDS conditions [44,50].
The S-edge is found to be saturated with S-dimers (with 100% H
coverage), whereas the Mo-edge is terminated with S-monomers
(with a partial H coverage as discussed in Refs. [49,44,65]).



Fig. 4. IR spectrum of pyridine adsorption on MoS2/Al2O3 adapted from Ref. [34].
The DFT calculated frequencies for adsorbed pyridine and pyridinium are included
in the above bar diagram.
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Logadottir et al. [51] previously showed that adsorption of pyridine
and formation of pyridinium were much more favorable on the Mo-
edge than on the S-edge. The S-H groups on the S-edge do not react
with pyridine since hydrogen is too strongly bound to sulfur on this
edge termination of MoS2 making hydrogen transfer less favorable,
and therefore, we do not expect pyridine to be present on the S-
edge under any conditions. The absence of a strong interaction be-
tween pyridine and the S-edge is confirmed in STM experiments
when exposing the hexagonal MoS2 nanoclusters formed under
hydrogenating conditions [49] to pyridine (not shown). On the
other hand, the studies by Logadottir et al. [51] clearly show a pref-
erence for pyridinium to interact with partially sulfided Mo-edge
covered with S-monomers. The energy barrier of pyridinium forma-
tion is very small (less than 0.1 eV), and thus, pyridinium can easily
form. Here, we elaborate on these results by recalculating the rele-
vant structures for adsorption of pyridine and pyridinium on the
Mo-edge with tighter force convergence parameters (which was
computationally very expensive several years ago but which now
can be readily be performed). These more elaborate DFT calcula-
tions allow us to calculate accurate vibrational frequencies for the
pyridine and pyridinium molecules.

Previous IR-spectroscopy results [34] have shown evidence for
the presence of pyridinium on the Mo-edge. In Fig. 4, the IR spec-
trum of pyridine adsorbed at 423 K on the sulfided Mo/Al2O3 cata-
lyst is compared to the calculated frequencies for pyridine and
pyridinium. The equilibrium structures, adsorption energies and
calculated vibrational frequencies used in the comparison are
listed in Table 5. For the improved equilibrium structures, we find
that they are very similar to those found in Ref. [51]. Also, the
adsorption energies are found to be very similar and only change
slightly due to improved computational accuracy. Regarding the
calculated vibrational frequencies, we list the frequencies in the
range of interest 1400–1650 cm�1 for comparison with experimen-
tally recorded IR results in Table 5.

We assign the calculated frequencies to the experimentally ob-
served peaks as follows:

� The experimental frequency of 1546 cm�1 is specific to pyridi-
nium, and it is calculated to be 1534 cm�1 by DFT. Pyridine
adsorbed on MoS2 does not exhibit any frequencies in this
range.
� The experimental frequency of 1449 cm�1 is matched very well

by the calculated frequency of 1435 cm�1, which corresponds to
adsorbed pyridine. Adsorbed pyridinium on MoS2 does not
exhibit any frequencies in this range.
� The experimental peaks at 1494 and 1621 cm�1 may be consti-

tuted by several overlapping peaks. We assign these to the cal-
culated frequencies 1467, 1591 cm�1 for pyridine and 1474,
1616 cm�1 for pyridinium. These two peaks are thus consti-
tuted by both pyridine and pyridinium and can therefore not
be used to distinguish between the two.

The IR band at 1546 cm�1 thus clearly shows the presence of
pyridinium ions. From previous IR adsorption studies of pyridine
on the alumina support surfaces only [66,67] and the IR study
on MoS2/Al2O3 [18,34], it is known that the 1546-cm�1 pyridinium
band only appears in the presence of MoS2. Thus, our results pro-
vide strong evidence for the presence of pyridinium adsorbing
onto a Brønsted acid site on the MoS2 catalyst. Based on these
findings, the immediate conclusion would be that pyridine and
pyridinium coexist on MoS2. However, if one compares IR studies
with pyridine adsorption on the alumina support only
[18,34,66,67] with the IR results of pyridine on MoS2/Al2O3, it is
revealed that pyridinium peaks are only observed on MoS2/Al2O3

and not on alumina, whereas the pyridine-related peaks are pres-
ent in both cases.
3.2. Electron density analysis of pyridinium bonding

The adsorption modes of pyridine and other N-cyclic com-
pounds have previously been found [16,51] to involve either per-
pendicular [68] or parallel [69] bonding configurations on Mo/
Al2O3 and MoO3/Al2O3 systems. It is generally assumed that nitrog-
enous compounds adsorb perpendicularly to the surface site
through the interaction of the lone electron pair on the nitrogen,
which is succeeded by the C–N cleavage. Adsorption of pyridine
on metals occurs through nitrogen lone electron pair. The flat
adsorption of N-cyclic compounds is related to the hydrogenation
pathway through the p-aromatic system followed by C–N scission
in a perpendicular mode. Our DFT results show that the pyridinium
ion binds in a tilted mode rather than just parallel or perpendicular
on the brim sites. The Mo-edges with a sulfur vacancy have a more
pronounced effect on the pyridinium binding. The top adsorption
on a S-vacancy (Table 3, configuration b) is more perpendicular
with an angle of 85�, while the top adsorption on a non-vacancy
(Table 2, configuration b) has an angle of 115� between C5H5NH-
S-Mo atoms (S and Mo belong to the planar lattice). The charge
density difference plots, depicted in Fig. 5, display the enhanced
electron transfer to the catalyst when pyridinium is adsorbed on
a sulfur vacancy, which is consistent with stronger binding energy
on this site.

The interaction of pyridine and heavier basic N-containing mol-
ecules with NiMoS was studied recently in Refs. [25,70], and pyri-
dine was found to adsorb perpendicular to the basal plane on a Ni
atom through its nitrogen, whereas quinoline, indole and acridine
mostly adsorb in a flatter or tilted configuration. Basic compounds
were found to adsorb through their nitrogen, which is also true in
our case. The strong interaction between the nitrogen and nickel
allows faster hydrogenation of N-rings in these compounds than
that of the phenyl-rings [70], and the hydrogen supplied by ad-
sorbed H2S results in the lowest activation barrier.
3.3. Implications for HDS reaction pathways and inhibition

In all cases studied, both with and without a sulfur vacancy,
pyridine adsorption was found to be endothermic, thermo-neutral



Table 5
The relative adsorption energies and the vibrational frequencies of pyridine and pyridinium adsorbed on Mo-edge S-monomers calculated by DFT are shown. Adsorption energies
are referenced to the clean MoS2 edge and pyridine/pyridinium in the gas phase.

a: Pyridine b: Pyridinium

Mo-edge with S-monomers

Top views with 25% H coverage
DEads (eV) �0.13 �0.59
IR frequencies (calculated, cm�1) 1435, 1467, 1591 1474, 1534, 1616

Fig. 5. Pyridinium electron density difference plot. Left: Pyridinium on Mo-edge with S-dimers (see Table 3, configuration b). Right: Pyridinium on Mo-edge with S-dimers on
an S-vacancy (see Table 4, configuration b). Color code: Depletion of electron density (red) plotted at a contour value of �0.03 e3/Å, increase in electron density (blue) plotted
at a contour value of 0.03 e3/Å. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

288 B. Temel et al. / Journal of Catalysis 271 (2010) 280–289
or slightly exothermic, whereas pyridinium adsorption always was
strongly exothermic. Under HDS conditions, pyridine and possibly
also other N-cyclic compounds will scavenge available protons
while the created pyridinium ions appear to block brim edge sites,
and to a lesser extent vacancy sites, thereby inhibiting either or
both of the hydrogenation or direct desulfurization pathways. This
explains why the hydrogenation activity of MoS2 catalysts is se-
verely inhibited with N-containing basic compounds such as pyri-
dine or quinoline [26,71] as revealed in the literature. Protonated
N-cyclic species consume the hydrogen atoms and block the active
sites. The HYD pathway on the Mo-edge is greatly affected by the
adsorption of these protonated nitrogenous species under all HDS
conditions, since the formation and adsorption of pyridinium type
inhibitors on the brim sites as well as on the vacancies, and the cre-
ation of vacancies, originate from the availability of surface hydro-
gen on this particular edge.

The increased atomic-scale insight into inhibition mechanism
by pyridine has also implications for Type I/Type II catalysts [53].
DFT calculations have been used to gain insight into support inter-
action with alumina and other supports, either modeled by simple
models for the Mo–O–Al linkages [53,72] or by considering full alu-
mina and titania substrates [73–75], and it was shown that the
Mo–O–Al linkages quench the brim states [53]. The interaction of
MoS2 nanoclusters with alumina support can be described as a
competition between the formation of chemical linkages, prefera-
bly in an epitaxial spacing, and van der Waals interactions for
flat-lying MoS2 [73–75]. Joshi et al. demonstrated subsequently
that the thiolysis energy is a good measure for the tendency of a
support material to form chemical linkages [72]. Even though the
detailed sulfide-support interactions are still being debated, there
seems to be agreement on that chemical linkages change the edge
structure profoundly and may lower both reactivity and inhibition
by nitrogenous molecules.
4. Conclusions

The interplay of STM studies and DFT calculations has provided
detailed atomic-scale insight into the interaction of pyridine with
the catalytically active sites on MoS2 nanoclusters. Atom-resolved
STM results show that pyridine molecules only adsorb weakly on
the MoS2 edges. However, in the presence of SH groups on the
edges, new chemisorbed species are observed on the brim sites.
According to DFT calculations and simulated STM images and com-
parison of these to experimentally recorded STM images, these
species are assigned to pyridinium ions adsorbed on the brim sites
at the edges of the MoS2 nanoclusters. Thus, the present STM and
DFT results have provided the first direct observation of pyridini-
um ions and thereby support the earlier IR and DFT findings that
pyridinium ions are indeed formed on the Mo-edge of the MoS2

nanoclusters. We find that the most favorable binding mode for
pyridinium is in a tilted fashion adsorbed on top of the MoS2

nanoclusters on the brim sites. Furthermore, excellent agreement
is obtained between the calculated vibrational frequencies for pyr-
idine and pyridinium and those observed in previous IR studies on
high surface area MoS2/Al2O3 catalysts. The finding that the IR peak
at 1546 cm�1 can only be assigned to pyridinium further reveals
that the main HDS inhibitor for the MoS2 catalyst is pyridinium
and not pyridine itself. The fact that the previous DFT calculations
by Logadottir et al. [51] showed a very modest activation barrier
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for pyridinium formation, in contrast to the experimental IR re-
sults, could be related to support effects that were not included
in the DFT calculations.

Pyridinium adsorption on the Mo-brim edge sites has a twofold
effect in the overall poisoning of the HDS catalyst: Firstly, the
adsorption consumes atomically adsorbed hydrogen, which poten-
tially could be used in hydrogenation, and secondly, the adsorbed
pyridinium species block the hydrogenation pathway sites by
binding strongly to the MoS2 brim sites. In view of the present re-
sults, heavier cyclic nitrogenous compounds are suggested to be
even stronger poisons than pyridine, because they have more delo-
calized p-character, which promotes the van der Waals interaction
with the MoS2 nanoclusters, and as a result, they bind more
strongly to the catalytically active brim sites [15,16]. These com-
pounds have also increasing proton affinity, making them stronger
inhibitors for the hydrogenation pathway. We are currently
extending these studies to include heavier N-cyclic compounds
and Co- or Ni-promoted MoS2 nanoclusters.
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