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Density functional theory (DFT) calculations and an atomistic thermodynamic approach were used to
study the geometric rearrangement of sulfur atoms on the Ni- and Cu-doped MoS, S-edge upon
hydrogen adsorption. Under HDS conditions, thermodynamically stable hydrogenated structures were
identified as SH groups on the undoped S-edge with 100% sulfur coverage, on the Ni-doped S-edge
with 50% sulfur coverage and on the Cu-doped S-edge with 25% sulfur coverage. It was found that the
rearrangement of the S atoms is essential to reach the most stable state at the edge for the undoped
and Ni-doped S-edge. Hydrogen adsorption on the Ni-doped S-edge leads to the greatest amount of S
rearrangement (AEgearrang = 0.93 eV/Hy). Our results suggest that under the reaction conditions, the
H, dissociative adsorption process is strongly coupled to the rearrangement of the sulfur atoms. By
examining the differential hydrogen adsorption energy on the most stable edge structures, we found a
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that Ni enhances the hydrogenation activity of the S-edge by decreasing the S—H bond strength, while
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1. Introduction

Molybdenum disulfide (MoS,) based catalysts are commonly
used in oil refineries for hydrotreating, a process that converts
crude oil into clean transportation fuels."”> Promoting MoS,
with Co or Ni increases the hydrotreating activity by more than
one order of magnitude, and the selectivity for the hydrodesul-
furization (HDS), hydrodenitrogenation (HDN), and hydrogena-
tion reactions is significantly modified.*® The enhanced activity is
attributed to the formation of the so-called “Co-Mo-S” phase.®
The Co-Mo-S phase model, now widely accepted and adapted to
Ni promotion (Ni-Mo-S phase), proposes that the Co or Ni atoms
are located at the edges of the MoS, slabs.” In this context,
Kibsgaard et al.” performed a comparative analysis using scanning
tunneling microscopy (STM) to study the atomic-scale structure
and morphology of MoS, nanoparticles doped with firstrow
transition metals (Fe, Co, Ni, and Cu). Their results showed that
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Cu poisons it by increasing the S—H bond strength.

the addition of all four dopant metals leads to the formation of
Co-Mo-S type structures, which take the shape of hexagonally
truncated triangular MoS, nanoparticles. The dopants were found
to be preferentially located on the S-edge.

Recent experimental studies have investigated the intrinsic
catalytic activity of MoS, catalysts doped with first-row transi-
tion metals in HDS and hydrogenation reactions. These studies
have shown that Ni doping enhances the catalytic activity
compared to the MoS, reference, while Cu doping has a
negative effect, reducing the catalytic activity.>® The active sites
on the doped and undoped MoS, catalysts may involve coordi-
natively unsaturated sites (CUSs), sulfhydryl (SH) groups, and
brim sites. CUSs are vacancies of $>~ anions located at the edge
or corner of the nanoparticles.” The SH groups are formed by
hydrogen dissociative adsorption on the outermost edge S
atoms and behave as Brgnsted acid sites.'®" The brim sites,
which can be seen in STM images as a bright brim adjacent to
the MoS, nanoparticle edge, exhibit metallic characteristics
because of the presence of one-dimensional electronic edge
states.">'? There is a broad consensus in the literature that the
HDS activity of the MoS,-based catalyst proceeds through two
parallel pathways: the direct desulfurization (DDS) pathway and
the hydrogenation (HYD) pathway.'*™"” In the DDS pathway, the
sulfur atom is directly removed from the molecule upon
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hydrogenolysis of the C-S bond, whereas the HYD pathway
involves several hydrogenation steps before sulfur extrusion
occurs. For sterically hindered alkyl-substituted compounds
such as 4,6-dimethyldibenzothiophene (DMDBT), the DDS
pathway is often suppressed and the HYD pathway becomes
the dominant pathway because it is less sensitive to steric
effects. As a result, the HYD pathway becomes increasingly
important as crude oils become heavier and contain more
refractory compounds.'® Both reaction pathways require the
activation of H,. It is proposed that the S-H groups, which
are formed by the dissociation of H, at the edges, drive the
hydrogenation steps that precede the sulfur extrusion
process.**°

Determining the state of adsorbed hydrogen on MoS,-based
catalysts is fundamental to understand the overall catalytic
process of the HDS reaction. Two types of H, dissociation
mechanisms have been proposed: heterolytic dissociation,
which produces a molybdenum hydride species and an SH
group, and homolytic dissociation, which produces two SH
groups. Therefore, several theoretical studies have focused on
the activation of H, by the MoS, edges.>’® Some of these
studies have reported that H-adsorption induces rearrange-
ment of the edge sulfur atoms. Specifically, the terminal S,
dimers split upon H adsorption, resulting in a significant shift
of the S atoms.*"**?® Tsai et al.”” pointed out that adsorbates
often induce significant reorganization of the S atoms at the
edge. This generally involves repulsive interactions between
neighboring S atoms, as well as the breaking of an S-S bond
if the adsorbate is bound to an S, dimer. Salazar et al?®
combined STM experiments and density functional theory
(DFT) calculations to investigate the adsorption of thiophene
on S-vacancies at the Mo-edge of MoS, nanoparticles. The study
found that thiophene adsorbs directly on open S-vacancy sites
at the corners between the edges. However, adsorption on
S-vacancy sites located at the interior of the edge occurs via a
concerted displacement of a neighboring S atom. This leads to
the simultaneous formation of an S, dimer and thiophene
adsorbed on a double S-vacancy CUS. Their results suggest that
these dynamic sulfur rearrangements are generally relevant to
HDS reactions of a wider range of compounds. This explains
why there is enough space for molecules such as dibenzothio-
phene to adsorb and undergo DDS on the edges of MoS,. Thus,
the adsorption-induced structural response at the MoS, edges
demonstrates the dynamic nature of the catalyst under reaction
conditions.

In this work, we investigated the effect of hydrogenation on
the energetic stability, structural, and electronic properties of
undoped and Ni- and Cu-doped MoS, S-edges under HDS
reaction conditions using DFT calculations and an atomistic
thermodynamic approach. We aim to understand how the
formation of S-H bonds balances the energy cost associated
with the rearrangement of the edge S atoms, and ultimately
leads to the overall stabilization of the system. We also inves-
tigated the extent to which doping modifies the S-H bond
strength, which is a key factor in the hydrogenation function-
ality of the catalyst.
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2. Computational details

STM studies have demonstrated the favorable total substitution
of Mo atoms at the S-edge with Fe, Co, Ni, and Cu atoms.>*°
This has also been confirmed by previous DFT studies.®?°
Therefore, our investigation focuses specifically on the S-edge,
considering a complete replacement of the outermost Mo
atoms with either Ni or Cu atoms. The slab supercell to model
the doped S-edge is shown in Fig. 1. This slab exposes the
dopant-substituted and fully S-saturated S-edge at the top, and
the bare Mo-edge at the bottom before geometric optimization.
Periodic boundary conditions were used, with 15 A of vacuum
in the y-direction and 9 A of vacuum in the z-direction. The cell
parameters used were 12.625, 26.845, and 12.068 A. It is worth
noting that the periodicity of the supercell in the x-direction
could affect the stable S coverage, the formation of metal-metal
dimers, and the S rearrangement. We choose a supercell size of
four Mo in the x-direction to make a direct comparison with
previous DFT studies on edge doping.®>%**

Previous DFT studies have reported that the effect of transi-
tion metal substitution is to modify the binding strength of S at
the edge, which is reflected in the S coverage.®*' A decrease in
sulfur coverage is observed as the filling of the 3d band of the
dopant metal increases. Several sulfur coverages were investi-
gated, ranging from 12.5% to 100%, corresponding to 1 to 8
sulfur atoms at the edge. The sulfur coverages considered vary
for the undoped S-edge from 50% to 100%, for the Ni-doped
S-edge from 37.5% to 100%, and the Cu-doped edge from
12.5% to 100%. For the H species adsorbed on the edge, the
adsorption of up to four H atoms was considered, corres-
ponding to hydrogen coverages of 25%, 50%, 75%, and 100%.
Our focus is only on the fully hydrogenated edges.

Spin-polarized DFT calculations were performed using the
Vienna Ab Initio Simulation Package (VASP).>*** The Perdew-
Burke-Ernzerhof exchange-correlation functional with a gen-
eralized gradient approximation was used.** The electron-ion
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Fig. 1 Periodic model of the doped MoS, monolayer exposing the S-edge
at the top. The turquoise, yellow, and purple spheres are the molybdenum,
sulfur, and dopant atoms, respectively.
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interactions were described employing the projector augmen-
ted wave (PAW) method,*® and standard PAW potentials were
used for all atoms with the following electron valence distribu-
tions: Mo 5s'4d’, Ni 4s%3d®, Cu 4s'3d', S 3s*3p?, and H 1s'.
A plane-wave kinetic energy cut-off of 400 eV was employed.
To describe the partial occupancies of the electronic states, we
used the Gaussian smearing method with a width of 0.05 eV
and a convergence criterion of 10~°. Similarly, the conjugate
gradient algorithm was applied for ionic relaxation until con-
vergence was reached with a criterion of 10~* eV. All calcula-
tions include dipole corrections due to the nonsymmetric slab
supercells.® A Monkhorst-Pack k-point mesh of 3 x 1 x 1 was
used for the slab calculations. All atoms were fully relaxed
during the calculations. Bader charge®® and electron density
difference (EDD) analyses were performed to evaluate changes
in the electronic structure. The EDD was calculated from the
following equation:

Ap = p(edge + adsorbate) — p(edge) — p(adsorbate) (1)

where p(edge + adsorbate) is the electron density of the whole
system, p(edge) and p(adsorbate) are the electron densities
of the edge, and the adsorbate is calculated at the adsorption
positions, respectively. Ap provides information about the
electron density distribution upon adsorption, where positive
values indicate a density gain and negative values indicate
density loss. The VESTA program was used to visualize the
electron density difference isosurfaces.*’

The differential hydrogen adsorption energy (AEy) for the
final adsorbed H was calculated using the following equation:

AEy = E(edge + nH) — E(edge + (n — 1)H) — %E(Hz) )

where E(edge + nH) is the total energy for the S-edge structure
with n adsorbed hydrogen atoms, E(edge + (n-1)H) is the total
energy for (n-1) adsorbed hydrogen atoms and E(H,) is the
energy of a gas phase hydrogen molecule.

2.1. Thermodynamic approach

To evaluate the stability of the S-edge at different sulfur
coverages, we use the ab initio atomistic thermodynamics
formalism proposed by Scheffler and Reuter.*® This formula-
tion assumes that the catalyst surface is in equilibrium with the
gas phase and bulk reservoirs within the grand canonical
ensemble. The stability of a given M;Mo,S, edge composition
can be determined by calculating the grand potential Q(7,p), at
temperature T and partial pressure p of the gas phase compo-
nents. The thermodynamic formula for Q(T,p) is

|z z m
QT p) = EiRto,5, — ¥Evins, —-ERiss, + (2x+52 =) s (T.p)
(3)
where Ejf, s is the DFT total energy of the doped slab,
containing x molybdenum atoms, y sulfur atoms, and z dopant

atoms (M = Ni or Cu) and EJ'§ is the DFT total energy of the

dopant bulk phase (Ni;S, and CuS) stable under the reaction
conditions.*® u(T,p) is the chemical potential of sulfur, and it is
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determined by the chemical equilibrium with the gas phase
mixture of H, and H,S, giving

ts(T,p) = py,s (T, p) =y, (T p) =

mol ~ 0 PH,S (4)
AE™' +Afig(T,p°) + RTIn s
Hy

AE™!is the difference between the DFT total energy of the H,S
and H, molecules (EI"{“% - E;i"fl> , including zero-point vibra-

tions. The term Ajfig(7,p°) corresponds to the difference
between the thermal contributions to the chemical potential,
which is calculated as [Afis(T,p°) = fiyg,s(T,p") — iy, (T,p")] and
can be obtained from thermodynamic tables.*® Here, DPu,s and
Pu, denote the partial pressures of H,S and H,, respectively.
The ratio PH,8 is used to indicate the relative abundance of H,S
PH,
and H, in the gas phase, with larger values indicating sulfur-
rich conditions and smaller values indicating strongly reducing
conditions where H, is more abundant than H,S. Under HDS
working conditions, the PH:S 1atio is typically between 0.01 and
PH,
0.05, while the temperature is in the range of 573 K to 700 K.
For instance, representative HDS working conditions may
include py, = 10 bar, py s = 0.1 bar, and T = 650 K.*
For the hydrogenated edges, the grand potential can be
expressed as

__ pslab bulk Z rbulk
Q(T,p) = EM_.Moxs}.H.v — xEyjos, — ZEM,,S,,,

m
+ (2v 422 =) us(T.p) = wa(Top)  (5)
where

1
HH(T7P) = ENHE(TJ])

1 - pu
=5 {EH2 + ju, (T,p°) + RT In (p—;)} (6)

3. Results and discussion
3.1. Hydrogen adsorption on an undoped S-edge

To accurately describe hydrogen adsorption at the edge, the
first step is to identify the stable edge configurations under the
given reaction conditions. For a given sulfur coverage, several S
adsorption configurations are possible. Fig. 2a—e show the most
favorable edge configurations of the undoped S-edge for sulfur
coverages between 50% and 100%. The edge configurations
evaluated for each sulfur coverage are shown in Fig. S1 (ESIf).
To evaluate the relative stability of the edge structures, we
calculated the grand potential as a function of the py s/pu,
partial pressure ratio at 650 K, as shown in Fig. 2f. At high py s/
Pu, ratios (sulfiding conditions), the most stable sulfur cover-
age is 100%, with the S atoms forming S, dimers every two
bridging S atoms (100Mo_100S, Fig. 2e). Under typical HDS
reaction conditions (7' = 650 K, py, = 10 bar, py s/py, = 0.05-
0.01), the most stable sulfur coverage is 50%, with the S atoms
arranged in a zigzag configuration (100Mo_50S, Fig. 2a), as
reported in previous DFT studies.*!*?

This journal is © the Owner Societies 2024
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(a)100Mo_50S_100H (b)100Mo_62.5S_100H (c)100Mo_75S_100H
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Fig. 2 (a)-(e) Optimized structures of the undoped S-edge for sulfur
coverages between 50% and 100%. The turquoise and yellow spheres
are the molybdenum and sulfur atoms, respectively. (f) Grand potential as a
function of pHZS/pH2 at 650 K.

As mentioned above, HDS operating conditions are sulfo-
reductive conditions where H, is more abundant than H,S in
the gas phase. Hydrogen can interact with the edges of MoS, in
two ways. First, the reaction of H, with the edge S atoms can
reduce the sulfur coverage by forming H,S. Second, the dis-
sociative adsorption of H, can lead to the formation of SH or
MoH groups. Therefore, we investigated the adsorption of
hydrogen on the different structures in Fig. 2. For the undoped
S-edge, the fully hydrogenated structures correspond to the
dissociative adsorption of two H, molecules on the edge. The
most favorable configurations of the hydrogenated S-edge for
sulfur coverages between 50% and 100% are shown in Fig. 3.
The edge configurations evaluated for H adsorption at each
sulfur coverage are shown in Fig. S2 (ESIT). For the 50% sulfur
coverage, the most favorable configuration corresponds to four
bridging MoH groups (100Mo_50S_100H, Fig. 3a). This result is
in agreement with that reported by Bruix et al.** for triangular
MoS, nanoparticles exposing S-edges with 50% sulfur coverage.
These authors suggested that MoS,-based catalysts featuring
edges with undercoordinated Mo atoms can accommodate H
atoms in such bridging positions. This behavior is also
observed for sulfur coverages between 62.5% and 87.5%. At
62.5% sulfur coverage, the adsorbed H atoms form three
bridging MoH groups and one SH group (100Mo_62.5S_100H,
Fig. 3b). At 75% sulfur coverage, they form two bridging MoH
and two SH groups (100Mo_75S_100H, Fig. 3c). At 87.5% sulfur
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Fig. 3 (a)—(e) Optimized structures for different sulfur coverages of the
undoped S-edge with 100% of hydrogen coverage. The turquoise, yellow,
and white spheres are the molybdenum, sulfur, and hydrogen atoms,
respectively. (f) Grand potential as a function of p,_.zs/pH2 at 650 K and
PH, = 10 bar.

coverage, one bridging MoH and three SH groups are present
(100Mo_87.5S_100H, Fig. 3d). At 100% sulfur coverage, the
most favorable configuration corresponds to four alternating
SH groups (100Mo_100S_100H, Fig. 3e). It is important to note
that all of these edge structures have sulfur atoms arranged in a
zigzag configuration without hydrogen adsorption (Fig. S2,
ESIt). Thus, these structures can be seen as the result of the
adsorption of H or SH groups on the 100Mo_50S structure.
Fig. 3f shows the grand potential as a function of the py,s/
P, ratio at 650 K for the hydrogenated edge structures. The
100Mo_100S_100H structure shows the highest stability over a
wide range of py s/pu, ratios. However, under strong reducing
conditions, the 100Mo_50S structure is the most stable. Note
that the 100Mo_50S structure is always more stable than the
100Mo_50S_100H structure, indicating that MoH or SH groups
would not be present at low sulfur coverages, in agreement with
Prodhomme et al®>® Under HDS reaction conditions, the
100Mo_100S_100H structure is the most stable. The formation
of the SH groups at 100% sulfur coverage has a strong stabilizing
effect on the edge structure. It is worth noting that the hydro-
genated structures 100Mo_62.5S_100H, 100Mo_75S_100H, and
100Mo_87.5S_100H are more stable than the 100Mo_50S struc-
ture and their stability increases as the sulfur coverage increases.
Therefore, the mechanism of H, dissociation depends on the
sulfur coverage of the edge where the dissociation occurs.
Homolytic dissociation of H,, leading exclusively to SH groups,
is favored only at the fully sulfided S-edge, whereas the
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heterolytic dissociation of H,, forming MoH and SH groups, is
favored at the partially sulfided edges.

Upon hydrogen adsorption, the S, dimers split, resulting in
a shift of the S atoms. Therefore, we calculated the dissociative
adsorption energy of H, and the energy cost associated with the
rearrangement of S atoms for the 100Mo_100S_100H structure.
The S atoms rearrangement energy (AEgearrag) Was calculated as
the energy difference between the frozen edge in the geometry
after hydrogen adsorption and the edge in its relaxed geometry
before hydrogen adsorption. The dissociative adsorption energy of
two H, molecules is exothermic by —2.27 eV (—1.14 eV/H,) and
the corresponding S rearrangement energy is 1.34 eV (0.67 eV/H,)
(Table 1). Thus, hydrogen adsorption involves a dynamic move-
ment of the edge atoms in the process, which can be attributed
to the large bending flexibility of the metal-sulfur bonds at the
edges.”!

The difference in the stability of the hydrogen species
adsorbed at the edge may lie in the electronic properties,
specifically in the reducibility of the Mo atoms involved. The
stabilization of hydrogen as a proton species is formally an
oxidation process and requires the reduction of Mo atoms,
whereas the stabilization of hydrogen as a hydride species is a
reduction process and involves the oxidation of Mo atoms.**
Table 2 shows the Bader charges (g) of the edge atoms for the
non-hydrogenated and hydrogenated structures with 50% and
100% sulfur coverage. The various adsorbed species at the edge
with their respective formal charges are H, SH™, S>~, and S,>".
When H adsorbs to form SH groups in the 100Mo_50S struc-
ture, the excess electrons partially reduce the neighboring Mo
atoms by about 0.17 e. Conversely, H adsorption as a hydride
oxidizes the Mo atoms by about 0.12 e. Each H atom carries a
negative charge of —0.31 e. For the S-dimer 100Mo_100S
structure, the charge on the S atoms is found to be more
negative as S~ anions (—0.57 e) than as S, dimers (—0.26 e),
consistent with the fact that the S atoms in the dimers are low-
valence sulfur species, S™.*> Thus, by comparing the S-dimer and
the S-bridge 100Mo_100S structures, it is observed that the
replacement of the S, dimers by two S>~ anions has an
oxidizing effect on the neighboring Mo atoms (each Mo atom
loses about 0.08 e). For the 100Mo_100S_100H structure, it was
found that the charge on the Mo atoms is almost the same as in
the 100Mo_100S structure containing S,>~ dimers (+1.25 ). This
may be because the charge on the S atoms of the S,>~ dimers is
the same as that of the SH™ species (—0.26 e). Also, the charge of
the S> anions is almost the same in both structures (—0.56 e).
Therefore, the formation of SH groups in the S-dimer
100Mo_100S structure does not involve the reduction of Mo

Table 1 The dissociative adsorption energy of H, and the corresponding
S rearrangement energy for the most stable edge structures under reac-
tion conditions

Edge configuration AE.qs (Hy) (eV/H,) AERearrag (€V/H,)

100Mo_100S_100H —-1.14 0.67
100Ni_50S_100H —0.78 0.93
100Cu_25S_50H —1.84 0.18
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atoms. However, if the S-bridge 100Mo_100S structure is taken
as a reference for the non-hydrogenated structure, the reduction
of the Mo atoms is observed upon the formation of SH groups
(each Mo atom gains 0.07 e). This process is also accompanied
by the oxidation of the S atoms belonging to the SH groups.
Recently, Khare et al.** pointed out that a higher electron density
on Mo atoms should favor hydride formation, while a lower
electron density on Mo atoms should favor sulfhydryl (SH)
formation. This could explain the remarkable stability of the
SH group formation on the 100Mo_100S structure compared to
the 100Mo_50S structure. On the S-edge, Mo atoms with lower
coordination tend to localize a higher electron density. There-
fore, the formation of SH groups on the 100Mo_50S structure
would reduce the Mo atoms to a less favorable oxidation state.
However, the adsorption of H as hydride species on the
100Mo_50S structure is also less stable.

As mentioned above, the hydrogenated structures 100Mo_
50S_100H and 100Mo_100S_100H can be seen as a result of the
adsorption of H or SH groups, respectively, onto the 100Mo_50S
structure. To explain their different stability, it is necessary to
understand the nature of the bonding between the H™ and SH™
species and the 100MoS_50S edge structure. We calculated the
electron density difference to illustrate the redistribution of
electron density due to the interaction between these species
and the edge. In the EDD plots in Fig. 4, the blue regions
represent electron density accumulation and the red regions
represent electron density depletion. As shown in Fig. 4(a) and
(b), the electron density accumulates between Mo-SH bonds
but depletes between Mo-H bonds, suggesting a stronger
interaction between SH™ species and Mo atoms. This may
explain why stabilizing hydrogen as sulfhydryl groups at the
S-edge is more thermodynamically favorable than stabilizing as
hydrides.

3.2. Hydrogen adsorption on Ni-doped S-edge

To begin with the study of hydrogen adsorption on the Ni-
doped S-edge, we first evaluated different configurations for S
adsorption for sulfur coverages between 37.5% and 100%.
Fig. 5a-f show the most favorable edge configurations. The
edge configurations evaluated for each sulfur coverage are
shown in Fig. S3 (ESI{). For sulfur coverages between 37.5%
and 75%, Ni atoms tend to form Ni-Ni dimers as a result of the
adsorption of S, dimers between them. This local edge recon-
struction causes the Ni atoms to form a local structure with the
S atoms that closely resembles a square planar environment, as
previously reported in DFT studies.®*° Therefore, at low sulfur
coverages, the S, dimers are located between two Ni-Ni dimers,
while at high sulfur coverages, the S, dimers are located on top
of the Ni atoms. This keeps the coordination number of the Ni
atoms close to 4. Fig. 5g shows the grand potential as a function
of the py,s/pu, ratio at 650 K for the Ni-doped edge structures. It
can be seen that under strong sulfiding conditions, the most
stable sulfur coverage is 100% (100Ni_100S, Fig. 5f), while
under strong reducing conditions the most stable sulfur cover-
age is 37.5% (100Ni_37.5S, Fig. 5a). Over a wide range of py s/
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Table 2 Bader charges (q) for the non-hydrogenated and hydrogenated structures with 50% and 100% sulfur coverage for the undoped S-edge

Edge configuration Ino (" s @ ds(s,) st (@ Ot o Gus of
S\/O\/s\(O +1.15 —0.68 — — _ _
s )T
100Mo_50S_100H (S-H) ( SSI SDH ) ( SSI ) < S?_I ) +0.98 — — ~0.47 — +0.02
100Mo_50S_100H (Mo-H) (;) (}SI> <}SI> (Is{) t1.27 —0.59 — — ~0.31 —
+1.24 —0.57 —0.2 — — _
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Fig. 4 Top view of the EDD plots for the (a) 100Mo_50S_100H and (b)
100Mo_100S_100H structures. The blue and red regions represent the
electron density gain and loss, respectively. The EDD was plotted using an
isodensity level of 0.0035 e borh~>.

Du, ratios, including HDS reaction conditions, the most stable
sulfur coverage is 50% (100Ni_50S, Fig. 5b).

Experimental studies have shown that SH groups are the
stable form of activated H on Ni-doped MoS,.***” To evaluate
the formation of SH groups on the Ni-doped S-edge, we
calculated the adsorption of hydrogen on the edge structure
with 50% sulfur coverage, which is reported in Fig. 5 as the
most stable under HDS reaction conditions. We also included
the edge structure with 37.5% sulfur coverage to account for the
formation of a sulfur vacancy at the edge. Fig. 6a-d show the two
configurations evaluated for H adsorption for sulfur coverages of
37.5% and 50%. For instance, in the bridge-labeled configura-
tions, the S atoms are adsorbed in a bridge position, while in
the dimer-labeled configurations, the sulfur atoms are adsorbed
as S, dimers between Ni-Ni dimers. Fig. 6d shows the grand
potential as a function of the py s/pp, ratio at 650K for these
hydrogenated edge structures. It can be seen that the
100Ni_50S_100H_bridge structure is the most stable in almost
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Fig. 5 (a)-(f) Optimized structures of the Ni-doped S-edge for sulfur
coverages between 37.5% and 100%. The turquoise, blue, and yellow spheres
are the molybdenum, nickel, and sulfur atoms, respectively. (g) Grand potential
as a function of pHZS/pH2 for the Ni-doped S-edge at 650 K.

the entire range of py s/pu, ratios studied. It should be noted
that the 100Ni_50S_100H_dimer structure is less stable than the
100Ni_50S structure, indicating that stable SH groups are not
present in this configuration under reaction conditions. Therefore,
the 100Ni_50S structure undergoes significant S rearrangement
upon hydrogen adsorption. We found that the dissociative adsorp-
tion energy of two H, molecules to obtain the 100Ni_50S_100H_-
bridge structure is exothermic to —1.55 eV (—0.78 €V/H,), and the
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Fig. 6 Optimized structures for different configurations of the 100Ni_
50S_100H structure, (a) 100Ni_50S_100H_bridge and (b) 100Ni_50S_100H_
dimer, and the 100Ni_37.5S_75H structure, (c) 100Ni_37.5S_75H_bridge and
(d) 100Ni_37.55_75H_dimer. For a given sulfur coverage, the configurations of
hydrogen adsorption are shown in order of decreasing stability. The turquoise,
blue, yellow, and white spheres are the molybdenum, nickel, sulfur, and
hydrogen atoms, respectively. € Grand potential as a function of ,oHZS/p,_.2 at
650 K and py, = 10 bar.

energy cost associated with the S rearrangement is 1.85 eV
(0.93 eV/H,) (Table 1). Furthermore, by removing an S atom
from the edge, the most stable hydrogenated structure is
100Ni_37.5S_75H_bridge. Note that this structure is more stable
than the 100Ni_508S structure under reducing conditions, including
HDS conditions, but its stability decreases when moving to sulfid-
ing conditions. However, in the absence of hydrogen, the S-bridge
configurations are less stable than the S-dimer configurations (Fig.
S3, ESIt). Therefore, the formation of SH groups at the Ni-doped
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Fig. 7 Top view of the EDD plots for the (a) 100Ni_50S_100H_bridge and
(b) 100Ni_50S_100H_dimer structures. The blue and red regions repre-
sent the electron density gain and loss, respectively. The EDD was plotted
using an isodensity level of 0.003 e borh™>

edge has a strong stabilizing effect despite the significant rearran-
gement of the S atoms. With this result, we could speculate that the
dissociative adsorption of H, and the displacement of S atoms may
occur with a concerted mechanism. However, a detailed kinetic
analysis of such a concerted displacement is beyond the scope of
the present work.

To gain insight into the underlying reason for the difference
in stability between the 100Ni_50S_100H_dimer and 100Ni_50S_
100H_bridge structures, Bader charge and electron density
difference analyses were performed. Table 3 presents the Bader
charges (q) of the edge atoms for the non-hydrogenated and
hydrogenated structures of the dimer and bridge configurations
with 50% sulfur coverage. When comparing the 100Ni_50S_di-
mer and 100Ni_50S_bridge structures, the oxidation of the Ni
atoms is observed by replacing the S,>~ dimers with two S,*~
anions (each Ni atom loses about 0.07 e). This is also reflected in
the calculated charges around the different sulfur species; the
charge of the S>~ anions (—0.31 e) is more negative than around
the S,>~ dimers (—0.18 e). The formation of the SH groups has a
weak oxidizing effect on the Ni atoms compared to the 100Ni_
50S_dimer structure. For the 100Ni_50S_100H_dimer structure,
the Ni atoms are oxidized by about 0.03 e upon hydrogen
adsorption. In the 100Ni_50S_100H_bridge structure, each Ni
atom loses about 0.04 e. However, the reduction of Ni atoms
during the formation of SH groups is observed if the

Table 3 Bader charges (q) of the non-hydrogenated and hydrogenated structures with 50% sulfur coverage for the Ni-doped S-edge structures

Edge configuration qni (@) ds © ds(s,) (© ds(sH) (o) Ju(sm) (©
100Ni_50S_dimer (S,)(0)(S,)(O) +0.43 — —0.18 — —
+0.50 —0.31 — - —

100Ni_50S_bridge ( ) ( N ) < > ( S >

. . O\/SH)/O)\/SH +0.46 — — —0.23 +0.03
100Ni_50S_100H_dimer O ) ( H> ( O ) (SH)

. . O\/SH\/ O +0.47 — — —0.27 +0.02
100Ni_50S_100H_bridge < > (SH) ( 0O > (SH)
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100Ni_50S_bridge structure is taken as a reference for the non-
hydrogenated structure. As in the undoped edge, this process
also involves the oxidation of the S atoms belonging to the
SH groups. Fig. 7a and b show the EDD plots for the 100Ni_
50S_100H_bridge and 100Ni_50S_100H_dimer structures,
respectively, using the densities of the SH groups as adsorbate
references. In the 100Ni_50S_100H_bridge structure, there is a
significant accumulation of electron density between the Ni-S
bond, suggesting a strong interaction between the SH™ species
and the Ni atoms.*® In the 100Ni_50S_100H_dimer structure, a
depletion region is observed close to the Ni atoms, which is not
present in the 100Ni_50S_100H_bridge structure. Therefore, a
large electron density redistribution occurs upon the rearrange-
ment of S atoms. The movement of the S atoms during H
adsorption may be driven by the electron density redistribution
to reduce the repulsive interactions between the SH groups.

3.3. Hydrogen adsorption on Cu-doped S-edge

Fig. 8a-h show the most favorable configurations for the Cu-
doped S-edge with sulfur coverages between 12.5% and 100%.
The edge configurations evaluated for each sulfur coverage are
shown in Fig. S4 (ESIt). At low sulfur coverages (12.5% and
37.5%), Cu atoms tend to form Cu-Cu dimers with only one S
atom adsorbed between them. For sulfur coverages between
37.5% and 75%, the edge structures contain S, dimers. Each S
atom of the dimer is bonded to a single Cu atom. This keeps the
coordination number of Cu atoms close to 3, and the local
structure that Cu atoms form with S atoms resembles a trigonal
planar environment. At high sulfur coverages (87.5% and
100%), the edge structures are more complex. Here, each S
atom of the dimer is bonded to an S atom from the edge. Fig. 8i
shows the grand potential as a function of the py s/pn, ratio at
650 K for the Cu-doped edge structures. It can be seen that
under strong sulfiding conditions, the most stable sulfur cover-
age is 50% (100Cu_508S, Fig. 8d). On the other hand, over a wide
range of py s/pu, ratios, including reducing, HDS, and moder-
ate sulfiding conditions, the most stable sulfur coverage is 25%
(100Cu_25S, Fig. 8b). This result is consistent with the result
reported by Tsai et al®' They found that group 11 metal
dopants tend to have the lowest sulfur coverage, group 8 to
10 metal dopants have higher sulfur coverage, and group 5 to 7
metal dopants have the highest sulfur coverage.

To study the Cu-doped hydrogenated edge, we calculated the
hydrogen adsorption on the edge structure with 25% sulfur
coverage, which is shown in Fig. 8 as the most stable under
HDS reaction conditions. We also included the edge structure
with 12.5% sulfur coverage to account for the formation of a
sulfur vacancy at the edge. For the Cu-doped S-edge, the fully
hydrogenated edge results from the dissociative adsorption of
one H, molecule at the edge. Fig. 9a and b show the side views
for the optimized structures for H adsorption for sulfur cov-
erages of 12.5% and 25%. Fig. 9c shows the grand potential as a
function of the py s/py, partial pressure ratio at 650 K. It can be
seen that the 100Cu_25S_50H structure is the most stable over
the whole range of py s/pu, ratios studied. On the other hand,
the 100Cu_12.5S_25H structure is more stable than the

This journal is © the Owner Societies 2024
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Fig. 8 (a)—(h) Optimized structures of the Cu-doped S-edge for sulfur
coverages between 12.5% and 100%. The turquoise, orange, and yellow
spheres are the molybdenum, copper, and sulfur atoms, respectively.

(i) Grand potential as a function of pHZS/pHZ for the Cu-doped S-edge
at 650 K.

100Cu_25S structure over a wide range of pyg/py, ratios,
including reducing, HDS, and moderate sulfiding conditions.
Again, we found that the formation of SH groups has a strong
stabilizing effect on the edge structure. We also found that
the dissociative adsorption energy of an H, molecule is exother-
mic to —1.84 eV, and the S rearrangement energy is 0.18 eV
(Table 1). Therefore, when H is adsorbed, the rearrangement of
the S atoms is negligible. Table 4 shows the Bader charges (gq) of
the edge atoms for the non-hydrogenated and hydrogenated
structures with 25% sulfur coverage. In the 100Cu_25S_50H
structure, the formation of the SH groups has a weak reducing
effect on the Cu atoms compared to the 100Cu_25S structure
(each Cu atom gains 0.04 e). The oxidation of S atoms belong-
ing to SH groups is also observed.

3.4. Insight into the hydrogenation properties of the doped
S-edges

An important factor to examine is the adsorption strength of
hydrogen on the doped edges. Kibsgaard et al.” pointed out that
the variations in the binding of H could be an overriding factor
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Fig. 9 Optimized structures for the (a) 100Cu_25S_50H and (b)
100Cu_12.55_25H edge structures. The turquoise, orange, yellow, and
white spheres are the molybdenum, copper, sulfur, and hydrogen atoms,
respectively. (c) Grand potential as a function of py,s/p, at 650 K and
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Table 4 Bader charges (q) of the non-hydrogenated and hydrogenated
structures with 25% sulfur coverage for the Cu-doped S-edge

Edge configuration dcu (e) 9s(e) gssH) () GH(SH) ()
100Cu_25S (S)(O)(S)(0) +0.48 —0.51 — —
100Cu_25S_50H (SH)(O)(SH)(O) +0.44 — —0.36  +0.01

determining both the DDS and HYD pathways, since a too
weak/strong binding of H would significantly impede the key
reaction steps involving the transfer of H from the edges.
On the other hand, SH groups are known to exhibit Brensted
acidic character.*>*® The strength of Brensted acidity is related
to the strength of H adsorption. Therefore, a weaker S-H bond
results in a hydrogen atom that is more acidic and more easily
deprotonated.>’* Table 5 shows the calculated differential
hydrogen adsorption energy (AEy), for the final adsorbed H
on the 100Ni_50S_100H_bridge, 100Mo_100S_100H and
100Cu_25S_50H structures. It was found that the hydrogen
adsorption strength at the S-edge shows the following trend:

Table 5 The differential hydrogen adsorption energy (AEy) for the final
adsorbed hydrogen and the Bader charge on the S atoms of the SH group
for the undoped and doped S-edge

Edge configuration AEy (eV) gs(sH) (e)
100Ni_50S_100H_bridge —0.48 —0.27
100Mo_100S_100H —0.60 —0.29
100Cu_25S_50H —0.90 —0.36
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Cu-doped > undoped > Ni-doped. This trend is opposite to that
observed for hydrogenation catalytic activity,>® suggesting that
lower activity may be associated with stronger H bonding. The
hydrogen atom on the 100Ni_50S_100H_bridge structure has the
lowest AEy. This would be the most Brgnsted acidic hydrogen
and the most likely to be removed from the edge. In contrast, the
hydrogen atom on the 100Cu_25S_50H structure is the most
strongly bound to the edge and therefore should be the least
acidic and the most difficult to remove. We also calculated the
Bader charge of the S atoms belonging to the SH group. The
negative charge on the S atom decreases in the following order:
Cu-doped > undoped > Ni-doped. Within these results, we
speculate that the Ni doping could decrease the basicity of the S
atoms compared to the undoped S-edge, leading to an increase in
the Bronsted acidity of the S-H groups. Consequently, this would
enhance the proton transfer ability in the SH groups, which is a
key for an active hydrogenation catalyst. In contrast, the Cu
doping could lead to a poisoning effect by increasing the basicity
of the S atoms. This results in strongly adsorbed H, which cannot
act as a reactive H species. It is important to note that the
Bronsted acid nature of the SH groups should be confirmed by
the adsorption of basic molecules such as ammonia, pyridine,
and lutidine.”">*®” However, this is outside the scope of the
present study.

4. Conclusions

In this work, we have carried out a comprehensive theoretical
analysis of S atom rearrangement on the Ni and Cu-doped MoS,
S-edge upon hydrogen adsorption under HDS reaction conditions.
Our results show that SH groups are the stable form of hydrogen
adsorption and have a strong stabilization effect on the edges. For
the undoped S-edge, the most stable structure corresponds to
100% coverage of sulfur and hydrogen. This structure shows a
shift of the S atoms caused by the splitting of the S, dimers. For
the Ni-doped S-edge, the most stable structure is one with 50%
sulfur and 100% hydrogen coverage. This particular structure
results from a significant rearrangement of the edge S atoms
upon hydrogen adsorption. For the Cu-doped S-edge, the most
stable structure is achieved with 25% sulfur and 50% hydrogen
coverage. This structure shows minimal rearrangement of the S
atoms. Therefore, the dynamic nature of the S atoms is demon-
strated by the structural response of the edges to H adsorption.
This suggests that the edge equilibrium structure can be signifi-
cantly perturbed by the reaction conditions.

Using hydrogen adsorption strength as a simple probe of
hydrogenation activity, our results suggest that the promoting
effect of Ni may be associated with decreased S-H bond
strength, whereas the poisoning effect of Cu may be associated
with increased S-H bond strength. For the HDS reaction, it is
essential that the hydrogen adsorption is exothermic to ensure
that reactive hydrogen species are available at the edge. How-
ever, the hydrogen adsorption should not be too exothermic as
this would reduce the availability of these hydrogen species for
the hydrogenation steps.
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