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From an interplay of Scanning Tunneling Microscopy (STM), X-ray Photoelectron Spectroscopy (XPS)
experiments, and density functional theory (DFT) calculations, we investigate the fundamental effect
of the use of organosulfur compounds for the sulfidation of MoS, nanoclusters in the hydrotreating cat-
alyst. Our results reveal that incorporation of carbon in MoS;,-based hydrotreating catalysts as carbide-
type phase is not favorable when synthesized with or exposed to dimethyl disulfide (DMDS) or dimethyl
sulfide (DMS). These results suggest that substitution of sulfur with carbon on the predominant type of
edge structures in MoS, nanoclusters is thermodynamically unfavorable, a result that is confirmed by DFT
to be valid for all edge structures of MoS, exposed under catalytically relevant conditions. However, the
results show that the choice of the sulfiding agent can strongly influence the morphology and dispersion
of the sulfided phase, and such effects are therefore expected to be of major importance for the activity of
the freshly sulfided catalyst.
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1. Introduction

The strict limitations regarding the allowed amount of sulfur
compounds in fossil fuels have resulted in an increased interest
in improving the traditional hydrodesulfurization (HDS) catalyst
based on Co and Ni promoted MoS,. Today, the generally accepted
model accounting for the structure of the catalytically active phase
in the HDS catalyst is the so-called Co-Mo-S model [1] according
to which the catalytically active nanoparticles consist of single-
or multilayered MoS, structures with the Co or Ni promoter atoms
substituting Mo atoms at certain edge sites [2]. Recent STM exper-
iments and density functional theory (DFT) calculations [3-6] have
given very detailed insight into the edge structures and how they
change upon reaction and synthesis conditions. The edge sites of
the Co-Mo-S particles provide the active sites in the HDS reaction,
with edge sulfur vacancies acting as the active sites for the direct
extrusion of sulfur from S-containing molecules in the oil feed.
However, several issues regarding the nature of the active sites
in HDS catalysis still remain unresolved. One of the unresolved
issues is the possible role of carbon and carbon-containing species.
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Carbon is known to be a source of catalyst deactivation due to the
built-up of coke on the active particles [7], but carbon has also
been suggested to have a beneficial effect on the HDS reactivity
of MoS,. For instance, it is recognized in the literature that activa-
tion of catalysts with organosulfur agents may result in higher
activity than activation with H,S/H, mixtures [8-10]. A beneficial
effect of carbon was also reported by Glasson et al. [11], who found
that a pre-coked carbon catalyst was more reactive for thiophene
conversion than a catalyst not exposed to carbon-containing spe-
cies. Chianelli and Berhault [12] introduced the idea that in gen-
eral, elemental carbon can replace sulfur at the MoS, edges,
giving rise to a carbide-type phase at the edges of the particles.
In a recent study by Berhault et al. [13], unsupported MoS, parti-
cles formed from a (NH4),MoS,; precursor were treated with
DMS, and it was suggested that carbon during this treatment re-
placed edge sulfur atoms leading to a surface carbide phase at
the MoS, cluster edges. These surface carbide phases were sug-
gested to explain the higher activity of Mo catalysts pre-treated
with organosulfur compounds.

The role of carbon in MoS,-based HDS catalysts has recently
been reviewed by Chianelli and co-workers in [14-18]. In these
studies, the importance of studying the catalyst in its stabilized
state is highlighted, and it is emphasized that carbon substitu-
tion is a surface phenomenon occurring only on the surface of
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the particles. In the present model study, we investigate the ba-
sic affinity of carbon to become incorporated into MoS, nanopar-
ticles synthesized from a metallic Mo precursor. Our study is
focused on the possible incorporation of carbon during the sulf-
idation with organosulfides. We have used an interplay of Scan-
ning Tunneling Microscopy, X-ray Photoelectron Spectroscopy
(XPS), and density functional theory (DFT) calculations to explore
the suggested existence of a carbon phase at the edges of MoS,
nanoclusters. We have characterized the atomic-scale structure
of model catalysts composed of MoS, nanostructures synthesized
by sulfidation of Mo with the two carbon-containing sulfiding
agents, DMDS and DMS, and we have investigated the resulting
MoS, nanoclusters for the possible presence of carbon. DMDS
and DMS were chosen because these compounds are commonly
used for activation of MoS; hydrotreating catalysts. Since chem-
ical bonding of carbon to the MoS, particles may occur only at
the edges, the concentration of carbon on the surface might be
very low. Hence, direct observation of surface carbide phases
at MoS, nanoclusters is expected to be very challenging. How-
ever, Scanning Tunneling Microscopy (STM) is the technique of
choice to study our MoS, nanoclusters, since STM allows imag-
ing with real space atomic resolution, thus enabling detection
of even individual atomic impurities on the clusters. Our STM re-
sults reveal that the choice of the sulfiding agent affects the size
and shape of the resulting MoS, clusters, but the amount of car-
bon on the MoS, particles is extremely low. In fact, for the fully
crystalline MoS, nanoparticles, we did not observe any carbon at
all. XPS spectroscopy reveals some carbon species on poorly
crystalline MoS, phases, but these do not have a carbide nature
and are rather an effect of incomplete sulfidation. Density func-
tional theory (DFT) calculations fully confirm these fundamental
STM and XPS findings on the MoS, nanocluster catalysts, and the
DFT calculations furthermore show that the incorporation of car-
bon from DMDS and DMS into the MoS, structure is thermody-
namically unfavorable on all relevant edge structures of MoS,
exposed under industrial hydrotreating conditions.

2. Experimental and computational details
2.1. Scanning Tunneling Microscopy (STM)

The STM experiments were carried out in a standard UHV
chamber with a base pressure below 1 x 10~ mbar. The chamber
is equipped with the Aarhus STM described in Ref. [19], and is
capable of achieving atomic resolution on a routine basis. As model
support, we use the Au(1 1 1) substrate used in our previous stud-
ies [20-22] to address the atomic-scale structure of MoS, and Co-
Mo-S nanoclusters as this substrate allows us to image the de-
tailed atomic structure of the edges with STM microscopy and to
use element specific XPS spectroscopy. In this study, we shed light
on the role of the particular compounds used for the sulfidation of
Mo into MoS, using three sulfidation agents for the synthesis of
MoS, nanoclusters on the Au substrate, hydrogen sulfide gas
(H,S, Praxair 99.8%), dimethyl disulfide (DMDS, CH3-S-S-CHs, Sig-
ma Aldrich 98%), and dimethyl sulfide (DMS, CH3-S-CHj, Sigma Al-
drich 99%). The synthesis begins with dosing of the sulfur agent to
the clean Au(111) sample at a pressure of 1 x 10~ mbar. The
pressure of hydrogen during the synthesis was measured with a
quadrupole mass spectrometer to be 5 x 107'®mbar. Subse-
quently, Mo is deposited from an Oxford e-beam evaporator onto
the sample, and the deposition of Mo in the sulfur agent continues
until a coverage corresponding to approximately 10% of a mono-
layer is achieved. Finally, the sample is postannealed for 10 min
to 673 K or 723 K while the flux of the sulfidation agent to the sam-
ple is maintained. Numerous STM studies have shown that this

synthesis procedure leads to mainly single-layered MoS, nanoclus-
ters with a size ranging from 1 to 3 nm [20,22,23].

2.2. X-ray Photoelectron Spectroscopy (XPS)

XPS measurements were performed on the SX700 beamline at
the ASTRID synchrotron, at Aarhus University. All measurements
were performed with a fixed 100 mm mean radius analyzer (VG-
CLAM2) and with the sample in normal emission with respect to
the detector. The typical resolution is 0.5 eV for this setup. MoS,
nanoclusters were synthesized on the same Au(1 1 1) sample used
for the STM experiments and following the exact same synthesis
parameters as in the STM experiments to ensure the same synthesis
conditions. MoS, nanostructures are easily oxidized, and in order to
avoid oxidation effects that may occur if pre-synthesized samples
are transferred to the UHV chamber for measurements, we have cho-
sen to synthesize the MoS, nanoclusters samples directly in the UHV
chamber at the beamline. The MoS; coverage on the Au(11 1) sur-
face in the XPS experiments was calibrated by transferring the sam-
ple to the STM chamber. The XPS data were fitted using a parabola
background and the FitXPS 2.12 program [24].

2.3. Density functional theory (DFT)

The density functional theory (DFT) calculations were carried out
for an infinite stripe model of MoS, analogous to Refs. [4,22,25,26],
which exposes the (1010) Mo-edge on one side and the (1010) S-
edge on the other side. We use a stripe containing two Mo atoms
in the x direction and four Mo atoms in the y direction, denoted as
a2 x 4 model. The stripes are separated by 14.8 A in the z direction
and 9 Ain the y direction. It is known from previous studies that un-
der the sulfur-rich conditions in the STM experiment, the Mo-edge
with dimers (100% S coverage) is exposed, whereas under hydro-
treating conditions the Mo-edge is terminated by sulfur monomers
(50% S coverage) and adsorbed hydrogen [4,22,27]. Under sulfur-
rich conditions, the S-edge is not exposed at all, whereas under
hydrotreating conditions it is terminated by sulfur dimers and ad-
sorbed hydrogen [4,22]. As the hydrogen coverage on the Mo-edge
is between 0.25 and 0.5 under hydrotreating conditions [27,28],
we consider the Mo-edge both with 0.5 coverage of adsorbed hydro-
gen and without adsorbed hydrogen. The relevant edge structures
are depicted in Table 1.

DACAPO [29,30], a plane wave density functional theory code,
is used in the DFT calculations. The Brillouin zone is sampled by
a Monkhorst-Pack 4 x 1 x 1 k-point set [31] with four k-points
in the x direction and gamma-point sampling in the other direc-
tions. We use a 30 Rydberg plane wave cutoff and 45 Rydberg
density wave cutoff [32]. Ultrasoft pseudopotentials [33] are
used except for sulfur, for which a soft pseudopotential is used
[34]. The Fermi temperature is chosen to be 0.1 eV, and all ener-
gies are extrapolated to zero electronic temperature. As ex-
change-correlation functional, we use the revised Perdew-
Burke-Ernzerhoff (RPBE) functional [29]. We calculate a MoS,
equilibrium lattice parameter of 3.24 A, which is in good agree-
ment with the experimental lattice parameter of 3.16 A [35]. We
relax all structures, until all force components of all atoms are
below 0.02 eV/A. We also tested tighter force convergence crite-
ria, but found only negligible differences in resulting structures
and energies.

We calculate the energy for carbon substitution AEcs,, as
follows

AEcsyp = E(MoxSy_1CH;.q) + Es — [E(MoS,H,) + Ec + aEy] (1)
In this equation, we assume that one sulfur atom is replaced by

a CH, fragment. As all sulfur atoms in the MoS, edge structures
have at least two bonds to either neighboring Mo or S atoms, we
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Table 1
Employed DFT model for MoS, structure and relevant edge terminations under both
STM and hydrotreating conditions.

(1010)
Mo-edge

(1010)
S-edge

L.

(1010) Mo-edge

(1010) S-edge

100 % S coverage
(STM conditions) 100 %S coverage + H

SR G

50 % S coverage
A P

abie

50% S coverage + H
(HDS conditions)
« q

B8 o o

consider substitution of C, CH, and CH, for S. E(Mo,S,_1CH,.) is the
DFT energy of the structure, in which one S is substituted by CH,,
and E(Mo,S,H;) is the energy of the structure before substitution.
Es, Ey, and Ec are the reference energies for sulfur, hydrogen, and
carbon, respectively.

With respect to the choice of reference energies for sulfur, we
refer the energy to the deposition of sulfur from H,S with concur-
rent production of one H, molecule

AEs = E(H5S) — E(H5) (2)

In this equation, E(H,S) is the energy of one H,S molecule in the
gas phase and E(H,) is the energy of one H, molecule in the gas
phase. This sulfur reference has been used previously to calculate
phase diagrams of edge structures under different conditions [4].
Likewise, we reference hydrogen to H, in the gas phase

A@:%am) 3)

We reference the carbon energy to both the DMDS and the DMS
molecules, as these two molecules are used for sulfidization. The
carbon reference energy for DMDS Ecpmps is given by

1
AEC,DMDS = EE(DMDS) — Es — 3EH (4)

with E(DMDS) as the DFT energy of the DMDS molecule in the
gas phase. The carbon reference energy for DMS Ecpys is given
by

1

~Es — 3Ey (5)

1
AEcows = 5 E(DMS) - 5

Table 2

Carbon reference energies of different carbon sources referenced to graphene. For
translation of results obtained with one carbon reference to another one, the
difference of the two reference energies needs to be subtracted.

Molecule Ec molecule — Ec,graphene (eV)
Methane, CHy —-1.23

DMS, CH3-S-CHj3 -0.42

DMDS, CH3-S-S-CH3 -0.22

Benzene, C¢Hg —0.07

Graphene 0

Carbon disulfide, CS, 1.30

CH 6.05

Atomic carbon, C 7.35

It should be noted that in a previous theoretical study of carbon
incorporation into MoS; [36], different choices for the carbon refer-
ences were chosen, and instead, carbon was referenced to an atom-
ic carbon atom and to a CH fragment. To aid comparison of results
obtained using different carbon references, we calculate carbon
energies from different molecules and reference them to graphene
(we choose graphene instead of graphite because of the well-
known problems of DFT with van der Waals forces). The calculated
energies are shown in Table 2.

Table 2 demonstrates that the carbon substitution energies will
depend on the carbon source, since atomic carbon atoms are of
course much more reactive and higher in energy than for instance
carbon supplied by organosulfides or hydrocarbons.

It should also be noted that in Ref. [36] sulfur was referenced to
a sulfur atom and not to H,S and H,, as we do here. We calculate
that the sulfur atom reference is lying 3.34 eV higher than the Es
from Eq. (2).

3. Results and discussion

To investigate the possible incorporation of carbon in MoS,
nanoclusters, we synthesized MoS, nanoclusters with two differ-
ent carbon-containing sulfur agents, dimethyl disulfide (DMDS)
and dimethyl sulfide (DMS), and compared them to nanoclusters
synthesized with the pure H,S sulfiding agent. In Fig. 1, we first
show large-scale STM images revealing the morphology of MoS,
clusters synthesized with H,S and DMDS at 673 K. The morphology
of the synthesized structures is directly comparable, since they are
prepared with exactly the same preparation procedure (see Sec-
tion 2), and hence, the only parameter varied between the two
experiments is the type of sulfur agent. In both cases, a distinct tri-
angular morphology is revealed from the STM images of the MoS,
nanoclusters. The average STM height of the nanoparticles is in
both cases measured to be 2.3 A, which is close to the geometric
height of 3.16 A for single-layered MoS, nanoclusters oriented
with the (000 1) basal plane in parallel with the substrate [20].
The slight underestimation of the cluster height by STM is attrib-
uted to (i) electronic effects resulting from the semiconducting
character of the MoS, nanoparticles and (ii) the fact that STM
images record the local density of states at the Fermi level pro-
jected to the apex position of the tip above the surface, and thus
the STM images reflect both the geometrical and electronic struc-
ture of the semiconducting MoS, clusters.

The atomic-scale structure of the MoS, clusters synthesized
with H,S in Fig. 1a has been described in detail previously
[22,23]. The triangular clusters consist of crystalline MoS,, which
preferentially expose the (1010) Mo-edge termination of MoS,.
Under these sulfiding conditions, the edges of the clusters are ter-
minated by sulfur (S;) dimers and thus fully saturated with sulfur.
An important characteristic of the clusters is the brim states re-
vealed in the STM images at the perimeter of the cluster and more
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Fig. 1. STM images (300 x 300 A?) of MoS, nanoclusters synthesized with (a) H,S
and (b) DMDS at 673 K. The inset images show close-up images of the synthesized
nanoclusters. (c) Line scans perpendicular to the edges of clusters in the inset
images in (a) and (b).

clearly revealed on the inset image in Fig. 1a. The brim originates
from a metallic electronic state located at the edge of the MoS,
nanoclusters, and as such, these edge states are very sensitive to lo-
cal changes in the composition and morphology of the MoS,
nanoclusters [25]. In Fig. 1c, we display line scans recorded perpen-
dicular to the edges of the particles over the brim. If carbon incor-
poration has taken place, this would lead to significant structural
and electronic changes at the edges, which should be easily detect-
able in the line scans. However, the line scans reveal that the STM
height profile over the edges is quantitatively and qualitatively
indistinguishable for the clusters, reflecting identical Mo-edge ter-
minated structures and identical S coverage of 100%, irrespective of
the sulfidation agent. The STM image in Fig. 1b furthermore reveals
that the MoS; clusters synthesized with the carbon-containing
DMDS agent have the same detailed structure and distinct triangu-
lar morphology as observed with H,S. The high-resolution image in
Fig. 1b further reveals that the atomic structure of the clusters
synthesized with DMDS is similar to the clusters synthesized with
H,S. This further supports that no carbon is incorporated at the
surface or the interior of the particles when DMDS is used instead
of Hs,S.

The STM image in Fig. 2a reveals that the clusters synthesized
with DMS at 673 K are indeed very different from those synthe-
sized with H,S or DMDS under the same conditions. Firstly, the
clusters do no longer exhibit the distinct triangular shape, which
was observed with H,S or DMDS. Instead, the clusters appear to
have an amorphous morphology, and the detailed atomic structure
of the nanoclusters could no longer be resolved with STM. Another
important difference is reflected in the line scans in Fig. 2c, which
show that the maximum STM height of the cluster is approxi-
mately 3.0 A, and thus significantly higher than the typical value
of 2.3 A observed for the single-layered MoS, nanoclusters synthe-

DMS
(673 K)

©, [

— DMS (673K)
— DMS (723K)

wg ----y-

0 L L
0 5 10 15 20 25

Line scan (A)

Fig. 2. STM images (300 x 300 A?) of MoS, nanoclusters synthesized with (a) DMS
at 673K and (b) DMS at 723 K. The inset images show close-up images of the
synthesized nanoclusters. (c) Line scans perpendicular to the edges of clusters in the
inset images in (a) and (b).

(@ 1 cis
2 MS (723K)
B 2.0
2 DMDS
£
1.0 4 H,S
0.0

289 287 285 283 281
Binding energy (eV)

(b) T cis
3.0 4 )
% 8
0 o
2 s 2
2 201 DMS (673K) T
E ;
WW
0.0

280 287 285 283 281
Binding energy (eV)

Fig. 3. (a) XPS spectra of the C1s peaks of MoS, clusters (photon energy = 375 eV).
(b) Fitting of the C1s peak for the clusters synthesized with DMS at 673 K.

sized with DMDS or H,S. However, when the clusters are annealed
to a slightly higher temperature of 723 K (Fig. 2b), the observed
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morphology changes significantly into the distinct triangular
shape, characteristic for the formation of crystalline MoS, nanocl-
usters. The high-resolution STM in the insert image in Fig. 2b and
the line scan in Fig. 2c also clearly reveal the brim state at the
edges of the nanoclusters, further supporting that the MoS,
nanoclusters have now obtained a crystalline MoS, structure.

We have used XPS to determine the chemical composition of
the nanoclusters. In Fig. 3a, we show the energy region of the
C1s peak after the synthesis with the three agents DMDS, DMS,
and H,S. The Cls spectra clearly reveal no carbon peak after H,S
and DMDS sulfidation, which strongly corroborates the conclusion
from the STM results that carbon is not present in the interior or at
the surface of the nanoclusters when they are synthesized with
these two sulfiding agents. However, for the clusters synthesized
with DMS at 673 K, we observe a small C1s peak. Using sensitivity
factors for the respective photon energies for the Mo3d and C1s
peaks, we find a C/Mo ratio of 0.18 for this sample. However, the
carbon peaks completely disappear upon annealing to 723 K. Com-
paring this result with the STM results presented in Fig. 2a and b, it
is concluded that the amorphous structure observed in the STM
image in Fig. 2a must include residual carbon for example in the
form of thiolate species [37], which upon annealing to 723 K des-
orbs from the surface of the clusters as they obtain a crystalline
structure. XPS spectra of the Mo3d and S2p peaks (not shown here)
reveal that the nanoclusters consist only of Mo and S with binding
energies consistent with those reported previously for crystalline
MoS, nanoclusters on Au(11 1) [38].

The shape of the carbon 1s peak observed for clusters synthe-
sized with DMS at 673 K is rather broad, which indicates that more
than one type of carbon exists on the surface of the MoS; clusters.
The C1s peak is fitted with two components corresponding to two
different types of carbon on the surface (Fig. 3b). The first compo-
nent is located at a binding energy of 285.2 eV, which is close to the
energy expected for carbon binding to sulfur [39,40]. We thus as-
sign this peak to carbon stemming from the incomplete decompo-
sition of DMS. The second component is located at a slightly lower
binding energy of 283.9 eV. We assign this peak to carbon interact-
ing with Mo, but the binding energy of this component is too high
to be carbon in a carbide phase for which a binding energy of
283.3 eV is expected [41]. Moreover, both of these two compo-
nents disappear in the XPS spectra upon annealing slightly higher

Table 3

DFT calculations on C, CH, and CH, substitutions of S atoms at the (1010) Mo-edge,
both under STM conditions with sulfur dimers and under HDS conditions with sulfur
monomers. Here, we consider the edge both with and without adsorbed hydrogen.
For the Mo-edge with sulfur monomers and 50%, only substitution of S atoms is
investigated, since substitution of SH atoms leads to the same structures as for the
Mo-edge with sulfur monomers.

(1010) Mo-edge
100 % edge S cov 50% edge Scov+H
o L it
(STM conditions) 50% edge S cov (HDS conditions)
Gl (Mo1)[ g 7 1 (Mod) L6 Lbd (Mo7) b Lbd
edge S
Eous = 2.28 eV Eous = 4.20 eV Eoms = 3.85 eV
Epups = 2.08 eV Eoups = 4.00 eV Eoups = 3.65 eV
CHsubs | [Me2)Li £%) (MoS) L g L g J (Mo8) L4 J
edge S
Eoms=1.06 eV Eous= 2.20 eV Eoms = 2.46 eV
Epups = 0.86 eV Eouns = 201 eV Eops = 2.27 eV
CH,subs| (Mo3)i & €4 (Mos6) 1 (Mo9)
edge S
Eoms=0.48 eV Eoums=1.81 eV Eous=1.61 eV
Epups =028 eV Eoups = 1.61 eV Eoups = 141 eV

@ve Qs ec oH

to 723 K, indicating that the carbon-containing species have des-
orbed. These results show that even though we start out by having
carbon in close proximity to the molybdenum atoms, the carbon
atoms have no apparent tendency to bind strongly to Mo in the
final sulfided MoS, phase. Instead, the minor C components in
the incomplete sulfided samples are considered to arise from resi-
due carbon from incomplete sulfidation and crystallization of the
nanoclusters when using DMS. The carbon residues observed with
DMS at 673 K could be due to DMS being only partly decomposed
as observed in [42] since this would explain why carbon is ob-
served on the particles. The lack of carbon after sulfidation with
DMDS could on the other hand be due DMDS decomposing to
DMS and H,S as described in [43] in the presence of hydrogen or
a direct extraction of sulfur from DMDS with the formation of
DMS in the absence of hydrogen.

We have used DFT calculation to explore in further detail the
thermodynamics of carbon incorporation into MoS,, by calculating
various carbon configurations in MoS, nanoclusters. We start out
by considering the fully sulfided Mo-edge terminated by sulfur di-
mers (the structure present in the STM samples) and investigate
carbon substitution for an edge sulfur atom (see Table 3), a sulfur
atom in the second row and an edge molybdenum atom (in the lat-
ter case, we take the molybdenum reference from MoS, as refer-
ence). We find that the substitution of a sulfur atom in the
second row is 1.36 eV more unfavorable than the substitution of
edge sulfur, and substitution of molybdenum is even more unfa-
vorable with 2.17 eV. We, therefore, conclude that edge sulfur
atoms are the most likely candidates for carbon substitution and
concentrate on these sites in the following.

For the edge sulfur atoms on the Mo-edge, we present in Table 3
the results for carbon substitution on edges with both the sulfur di-
mer termination (Mo1-Mo3), which are present under the sulfur-
rich STM conditions, and the sulfur monomer termination with
(Mo7-Mo09) and without hydrogen (Mo4-Mo6). The latter struc-
tures are expected to dominate under real industrial HDS condi-
tions. To investigate the stability of different carbon species, we
substitute not only with C but also with CH and CH,. The overall
trend for the substitution energies shown in Table 3 is that all
energies are endothermic for both DMS and DMDS as carbon refer-
ences. Thus, it is thermodynamically unfavorable to substitute
edge sulfur by either C, CH, or CH, if the carbon is supplied by
DMS or DMDS. The calculations in Table 3 reveal some interesting
trends for the substitution of sulfur with carbon. The lowest forma-

Table 4

DFT calculations on C, CH, and CH, substitutions of S atoms at the (1010) S-edge. The
S-edge is terminated by sulfur dimers and adsorbed hydrogen. Both substitution of S
and SH have been considered.

(1010) S-edge (1010) S-edge
100 % edge S cov + H 100 % edge S cov + H
(51) 4. 34 54) &4 29
Csubs Csubs £
edge S edge SH
Eous=3.97 &V ows= 3.59 eV
Eoups = 3.77 &V Eowps = 340 eV
CHsubs | B2U4z 54 CHsubs | (55)
edge S edge SH
" Eous= 2.60 &V Eowe= 181 eV
Epnps = 249 &V Epups = 1.61 &V
CH,subs| (S3){ L4 CH; subs (S6)¢
edge S edge SH
Eows=1.76 eV Eows=1.72 8V
Epwps = 1.57 &V Eowos = 1.53 &V

@ve Qs ec oH
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tion energies are found on the Mo-edge with 100% coverage of
sulfur; hence, it would appear that a higher coverage of sulfur
makes the substitution less endothermic. This result is to be ex-
pected as the sulfur dimers are more weakly bound to the edge
than the sulfur monomers, and therefore, it is less endothermic
to substitute one sulfur atom in a dimer with carbon than in a
monomer. This implies that the substitution of sulfur with carbon
is even more unfavorable under HDS operating conditions where
the edges contain less sulfur than under the sulfur-rich conditions
used in the STM and XPS experiments on the MoS; model catalysts.
The lowest substitution energy for carbon on the Mo-edge is ob-
tained when a sulfur atom on the 100% edge is substituted with
a CH, group. This substitution is still endothermic with 0.28 eV.

In Table 4, we also consider carbon substitution of edge sulfur
for the S-edge, which under both STM and HDS conditions has a
full coverage of sulfur with adsorbed hydrogen on the edges. Sub-
stitution of S as well as S-H groups at the edges is investigated,
since hydrogen generally binds strongly to the S-edge. The general
conclusion for the S-edge is the same as for the Mo-edge, and all
investigated carbon substitution structures are energetically unfa-
vorable, i.e., endothermic if carbon is supplied by DMS or DMDS.
The substitution energies are seen to depend on whether sulfur
or SH is substituted, with carbon substitution with SH being
slightly less unfavorable than substitution with S. Nonetheless,
the overall conclusion is that carbon substitution is endothermic
in all investigated cases. It should also be remarked that carbon
substitution with methane as carbon reference (see Table 2) is
even more endothermic, as the methane reference lies below the
DMDS and DMS references. Therefore, carbon incorporated into
the MoS; structure would not be stable during operation toward
replacement by sulfur and desorption as CHy.

When investigating the substitution energies for the Mo-edge
and the S-edge in Tables 3 and 4, it appears that there is a quite gen-
eral trend for sulfur substitution with C, CH, and CH,. Substitution
with CH, is always less unfavorable than with C while an intermedi-
ate energy is obtained with CH. This trend is highlighted in the plotin
Fig. 4 where we plot the substitution energies in Tables 3 and 4 as a
function of the carbon species C, CH, and CH,. It is evident from Fig. 4
that all edges have quite similar substitution energies for C, CH, and
CH, (around 4 eV for C,2-3 eV for CH with a larger variationand 2 eV
for CH,) except for the 100% sulfur terminated Mo-edge for which
the substitution energies are significantly lower. This can be ratio-
nalized as follows: the coordination environment of the substituted
sulfur atom is similar for the 50% sulfur terminated Mo-edge and the
100% sulfur terminated S-edge, as sulfur here is coordinated in a
bridge position to two Mo atoms. In contrast, on the 100% sulfur ter-
minated Mo-edge, sulfur interacts primarily with the other sulfur
atom in the dimer and with one Mo atom. This coordination environ-
ment is different, leading to lower substitution energies. The pres-
ence of hydrogen also accounts for some of the variation in

' =0~ S-edge (100% S)
— —8— S-edge (C subs SH)
2 404 —A- Mo-edge (50% S)
; —&- Mo-edge (50% S+H)
9 -1~ Mo-edge (100% S)
]
c
[
o]
2 20+ ]
c
[}
£
o
o
0.0 T T

C CH CH,

Fig. 4. Plot of DFT formation energies for carbon substitution with C, CH, and CH,.
DMS is used as carbon reference.

substitution energies, as substitution of SH leads to slightly different
energetics compared with substitution of S.

The second trend visible in Fig. 4 is that the substitution
energies decrease from C to CH to CH,. This is not surprising, since
in a simple picture of bond order conservation one would expect
the weakening of the bond strength of CH, to the Mo atoms to
be proportional to the number x of H atoms in the CH,, fragment.
This would lead to an ordering of the substitution energies
C > CH > CH; which is what our DFT results show. These consider-
ations stem from the extensive scaling relationships for CH,, NH,,
OH,, and SH, molecules recently developed both for transition me-
tal surfaces [44] and for oxide, nitride, and sulfide surfaces [45].
The latter study includes all sulfides existing in the MoS, crystal
structure. In particular, it was found for the metal surfaces that
the more H atoms added in the CH, fragment, the weaker the bind-
ing to the surface [44]. For sulfides, it was likewise demonstrated
[45] that SH binds weaker than S. Here, we thus demonstrate the
same effect for CH, fragments on the edges of MoS,.

It is interesting to compare our results to a previous study by
Wen et al. [36], who investigated sulfur substitution by carbon in
MoS, clusters by DFT calculations. They found that sulfur substitu-
tion by carbon is strongly exothermic when atomic carbon and CH
fragments were used as references for carbon and atomic sulfur as
sulfur reference. By means of Table 1, we can translate their results
with atomic C and S as references to e.g., our Es from H,S and H,
and Ec from DMS. If we e.g., translate their energy of —0.77 eV
for substitution of sulfur by carbon for the Mo-edge terminated
by sulfur monomers (referenced to atomic sulfur and carbon), this
corresponds to an energy of 3.46 eV (referenced to Es from Eq. (2)
and Ec pyus from Eq. (5)). For the same substitution, we find 4.20 eV.
Given that Wen et al. consider a cluster model, as opposed to our
periodic stripe model, and given that there are small differences
in the methodology of the calculations, there is overall good agree-
ment. The exothermic substitutions found by Wen et al. can be di-
rectly explained by the different choices for carbon and sulfur
references. For the situation considered in this work, we consider
DMDS and DMS to be the relevant references for carbon and
H,S-H, to be the relevant references for sulfur, as these are the
molecules that supply carbon and sulfur in the experiments.

4. Conclusion

From an interplay of STM, XPS, and DFT, we have thoroughly
studied the energetics of incorporating carbon into MoS, nanoclus-
ters when these are synthesized with the organosulfur agents such
as DMDS or DMS. DMDS has a very high sulfidation potential, and
from the STM studies, we find that the synthesized MoS, clusters
are identical to those formed with H,S, i.e., triangular, single-layered
MoS, nanoclusters with the characteristic electronic brim edge
state. Neither the STM nor the XPS results reveal any sign of carbon
present at the edges or inside the MoS, nanoclusters. On the con-
trary, when the clusters are synthesized with DMS instead, we find
that carbon is present on the surface of the nanoclusters before they
are fully sulfided. The XPS binding energies for the carbon species on
the surface are not consistent with the formation of a molybdenum
carbide phase, and the carbon on the surface is found to desorb from
the nanoclusters when these are annealed to higher temperature
where crystalline, triangular MoS, nanoclusters are formed. Thus,
the STM experiments do not indicate the presence of any carbidic-
type carbon in MoS; nanoclusters. DFT calculations allow us to gain
further detailed insight into the thermodynamic stability of carbon
incorporation into MoS,-based HDS catalysts under hydrotreating
conditions. We found that substitution of sulfur by C, CH, or CH; is
thermodynamically unfavorable for all relevant edge structures for
the Mo-edge and the S-edge, if carbon is supplied by DMS or DMDS.
This finding is in excellent agreement with the STM and XPS exper-
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iments on the model catalysts, which revealed that the thermody-
namically stable phase of the MoS, nanoclusters contains no carbon.
A very important finding from the DFT calculations concerns the
influence of the HDS environment. Under HDS conditions, the
MoS,; cluster edges expose less sulfur than under the sulfur-rich
STM and XPS conditions, and it is found that this makes the exchange
of sulfur with carbon even more unfavorable. The apparent lack of
carbon in the STM and XPS experiments thus seems to suggest that
carbon substitution is also very difficult under real HDS conditions.

The DFT results furthermore show that carbon incorporated into
MoS, nanoclusters will not be stable during operation toward
replacement by sulfur and the production of CH,4. Thus, although
we have not considered all possible systems and conditions, we have
obtained no evidence at all for the existence of surface or bulk car-
bide phases in HDS catalysts. Rather, our results illustrate that sub-
stitution of sulfur with carbon in MoS, nanoparticles is very difficult
and energetically very unfavorable. Our results show that the choice
of sulfiding agent may affect the size and morphology of the result-
ing nanoclusters. To what extent this may explain the previously re-
ported activity differences needs to be studied further.
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