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all paths explored.

We present the results of DFT calculations of free-energy profiles along the reaction pathways starting
from 50% coverage of MoS, M-edge and 100% coverage of S-edge by sulfur, and leading to 37% coverage,
i.e. creation of anionic vacancies, upon reduction by dihydrogen and production of H,S. Significant entro-
pic and enthalpic corrections to electronic energies are deduced from the sets of normal modes vibration
frequencies computed for all stationary and transition states. On that basis, we revisit and discuss the
surface phase diagrams for M- and S-edges as a function of temperature, H, partial pressure and H,S/
H, molar ratio, with respect to ranges of conditions relevant to industrial hydrotreating operations.
We show that in such conditions, anionic vacancies on the M-edge, and surface SH groups on the M-
and S-edges, may coexist at equilibrium. Moderate activation barriers connect stationary states along

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

To face an ever growing global energy demand, and depleting
conventional oil resources, heavier crudes are increasingly refined
into fuels. Simultaneously, local and global environment preserva-
tion regulations drive increased hydrogen addition, together with
sulfur and other hetero-atoms removal, to end up with cleaner
fuels. As such critical upgrades are achieved by catalytic hydropro-
cessing under a H, + H,S atmosphere at high pressure, improved
catalysts involving transition metal sulfides (such as MoS, based
active phases) are keys to meet the rising challenges. However, ba-
sic questions such as the nature of actives sites and the mechanism
of hydrogen activation remain so far much debated or unanswered
[1-5]. Providing well quantified data on the thermodynamic stabil-
ity and activation pathways of hydrogen on MoS; is of paramount
importance for a better understanding of hydrodesulfurization
mechanisms. Indeed, determining the hydrogenation state of the
catalyst in HDS working conditions will help for a better control
of the surface chemical species: coordinatively unsaturated metal-
lic sites (CUS), hydride, sulfhydryl group, sulfur anions. Most of
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these species are suspected to be involved in the elementary steps
of HDS reactions [6]: reactant adsorption, monohydrogenation,
hydrogenolysis, and sulfur-vacancy regeneration.

Since most industrial hydroprocessing catalysts are based on
MoS, nanoparticles, and it is now well established that catalytic
activity is localized at their “M-edge” and “S-edge” surfaces [5,7],
we establish here through first-principles (DFT) calculations
including for the first time thermal and entropic effects on the cat-
alyst, the free-energy profiles of dihydrogen and hydrogen sulfide
exchanges with such surfaces, including elementary steps of disso-
ciative adsorption, associative desorption, and surface diffusion of
bonded hydrogen. From previous works neglecting entropic contri-
butions [4,8-11], no clear consensus emerges, regarding in partic-
ular the formation of sulfur vacancies and the nature and stability
of hydrogen species at edges. For instance, Paul and Payen [9]
found that sulfur-vacancy creations on S-edge and M-edge by H,
to release H,S, are very endothermic (1.31eV for M-edge and
1.89 eV for S-edge), and kinetically difficult to achieve processes
(1.47 eV for the “M-edge” and 2.10 eV for the “S-edge”). However,
S vacancies were shown experimentally to be related to catalytic
activity [12,13], presumably offering chemisorption sites to het-
ero-aromatics and other unsaturated hydrocarbons and hence low-
ering activation barriers for further hydrogenation and
hydrogenolysis steps, as moreover described by numerous DFT
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studies [1,14-16]. Therefore, the present work aims at re-investi-
gating the H,S associative desorption processes to assess not only
the stability of S vacancies on MoS; edges but also the free-energy
barriers to vacancies formation.

Also, according to some of these works, H coverage was as-
sumed to be hardly thermodynamically stable for few configura-
tions [16,10,9], but since hydrogen ad-atoms on edges are
expected to be primarily involved in hydrogenation and hydrogen-
olysis of adsorbed sulfided hydrocarbons, the reaction pathways
for H, adsorption and H diffusion are re-investigated on both M-
and S-edges.

In the present study, details on our DFT simulations are given in
Section 2.1. In order to assess the stability of the catalyst edges, a
thermodynamic model has been set up and is presented in Sec-
tion 2.2. Then, in Section 3.1, are first presented the results of the
computations performed on the reaction pathways for H, dissocia-
tive adsorption and H,S associative desorption along M-edge 50%S,
S-edge 100%S, S-edge 87%S and S-edge 50%S. The surface phase
diagrams for the S-edge and the M-edge derived from these path-
ways according to our thermodynamic model are then shown in
Section 3.2. In Section 3.3, we compare the computed frequencies
of normal modes of vibration for surface species to available exper-
imental data, taking care to relate the conditions of measurement
and preparation of the solids for the latter, to the predicted stable
states according to our analysis. In this way, we did our best to look
for crucial experimental evidence capable of invalidating our theo-
retical prediction. In Section 3.4, we underline Bronsted-Evans—
Polanyi relationships (BEPR) emerging for the dissociative adsorp-
tion of H, and associative desorption of H,S on or from the surfaces
considered in Section 3.1. The discussion undertaken in Section 4
focuses on the one hand on the main differences between our
phase diagrams and the former ones proposed [15,17,18], and on
the other hand on the significance of our results with respect to
the problem of activation by H, of MoS; based hydrotreating cata-
lysts. Finally, our conclusions are presented in Section 5.

2. Methods
2.1. DFT calculations

The computations were carried out according to the density
functional theory [19] with the Vienna ab initio simulation package
(VASP) [20], within the generalized gradient approximation, using
the PW91 functional [21,22], and the projector augmented waves
method [23] to treat the ionic-—electronic interaction. The elec-
tronic density was calculated with a 350eV cutoff energy, 3 k
points in the irreducible Brillouin zone [24], and a 0.1 eV electronic
energy smearing. For ground states, the residual forces were set
lower than 0.02 eV/A. The nudged elastic band (NEB) method
was used to find the reaction paths [25], followed by the climbing
image method [26], and the dimer method [27] to find the transi-
tion states (TS). The TS consistencies were verified when the higher
forces applied on atoms were lower than 0.02 eV/A, and the normal
mode of the dynamical matrix exhibited only one imaginary fre-
quency. In order to save computation time for the normal modes
computation, only hydrogen, sulfur, and molybdenum atoms posi-
tions above the gray plane in Fig. 1 were kept free (corresponding
to 20 atoms in Fig. 1). All other atoms were frozen. Normal mode
frequencies were not corrected for anharmonicity.

In order to estimate the charge carried by each atoms, a Bader
analysis [28] was carried out on the electronic density computed
with VASP (self-consistent calculations on the valence electronic
density including 6 valence electrons per atom) thanks to the pro-
gram established by Henkelman et al. from the University of Texas
at Austin [29-31]. In this analysis, the net charge of one atom is the

Y

Fig. 1. A typical periodic slab model for MoS, S-edge, showing coverage by four S,
bridges. Legend: (color on line) black spheres (turquoise): molybdenum atoms, gray
spheres (yellow): sulfur atoms.

integral of the excess valence electronic density over the volume
delimited by the zero-flux surface wrapping this atom minus 6e.
On the zero-flux surface, the valence electronic density is minimal
along the normal direction.

The parameters of the supercell, exhibited in Fig. 1, were similar
to those previously used in Refs. [4] and [32]. Therefore, the model
catalyst was composed of 4 Mo rows in the x-direction and 4 Mo
rows in the z-direction. A 12.8 A vacuum was allowed between
each layer so that the slab was isolated in the y-direction. A single
Mo row separated by 12.3 A vacuum was considered in the y-direc-
tion, so that this layer was also isolated in this direction.

To find ground states, the simulated annealing method was ap-
plied, starting from the sulfur atoms on the edges in their bulk site.
This heuristic method allows avoiding the system to become
stranded in a local energy minimum. This simulated annealing pro-
cedure involved an ab initio molecular dynamics simulation on the
Born-Oppenheimer surface, where the velocities were scaled every
five steps, in order to reach after a while the targeted temperature.
Between the rescaling steps the simulation was performed in the
micro-canonical ensemble (constant N, V, E).

2.2. Thermodynamics corrections

The grand potential was computed in order to determine the
most stable configurations. As the computed edges of the catalyst
have all the same size, the grand potential was considered instead
of the surface free energy:

QU Hss i)

__ ptot+wvib vib
= EMosty - TSMOSXHy — Mmooyt — Ns s — Ny ly (1)
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where E;;gg";,'; is the total DFT energy plus the vibrational enthalpy

of the MoS,H, catalyst sheet containing ns sulfur, ny, molybdenum,
and with ny hydrogens on the edge. S,’(,f’;SXHy is the vibrational entro-
py of MoSH,. timo, ts and uy are the chemical potentials of molyb-
denum, sulfur and hydrogen respectively. This accurate approach
including thermal and entropic effects on the catalytic phase is pro-
vided for the first time on these systems to our knowledge. The
enthalpies and entropies of vibration were computed thanks to
the usual relationships derived from statistical thermodynamics
[33], using the normal modes of the atoms near to the edge, and
assuming that the normal modes of the atoms below the first two
layers at the edge do not change. It is remarkable that the vibra-
tional part of the free energy is not a constant term for the catalyst
along the reaction path (see Section 3). Hence for this reason, the
phase diagrams (Figs. 11-13) have been computed for a set of tem-
peratures representative of relevant HDS operations (473, 575 and
623 and 675 K).

As all the computed model catalysts contain the same number
of Molybdenum atom, a curtailed grand potential is defined:

Qc(lhs; Hy) = Gmos,n, — Nsils — Nty 2)
where:
GMonHy = E][\‘/)[ggf]f{l; — Tsl?/;Cb)SXHy (3)

At thermodynamic equilibrium, the chemical potential of an
atom is the same in all phases. So the chemical potential of sulfur
and the chemical potential of hydrogen are determined within the
gas phase [34]:

Hs = Hyps — M, 4)
Hu = 5 Hu, ()

Total energies plus vibrational ground state energies for H, and
H,S were computed at the DFT level, and the thermodynamic func-
tions were calculated for the vibrational (null for H, and almost
null for H,S) and rotational parts of the chemical potentials of
H,S and H,. The translational parts were computed using the ther-
modynamical function in terms of the gas relative pressure [33]:

) 3/2
s — o (T (2mmiksT o
P; h
P; and m; being the pressure and the mass of the particle i
respectively

The ideal gas approximation is obviously inadequate for high
partial pressures in gas phase. Flash calculations on the basis of
the Soave Redlich Kwong equation of state (SKR EOS) with volume
translation [35] give good estimates of the fugacities for H, + H,S
mixtures as function of temperature and pressure. They can be
readily extended to account for the presence of liquid and gaseous
hydrocarbons in the reactor. For instance at 200 bar total pressure,
a mixture of 0.9 mol fraction H, and 0.1 mol fraction H,S corre-
sponds to fugacities of 196 and 19.2 bar, 193.4 and 20.3 bar,
191.6 and 20.8 bar, for H, and H,S at 473 K, 575K and 675K
respectively. Eq. (6) as well as phase diagrams of Figs. 10 and 11
remains valid in terms of fugacities. We recommend using the
SKR EOS for the evaluation of the corresponding real partial
pressures.

3. Results

In this section, we start by presenting in Section 3.1 total energy
and free-energy profiles along the reduction pathways of MoS,
edges by dihydrogen, since the exploration of those pathways
has been our strategy aiming at the determination of stable states

according to catalytic operating conditions, in a similar way as our
previous works [4,34-37] and that of other authors [3,8,9]. Having
thus identified the local minima in free-energy profiles, we con-
struct in Section 3.2 surface phase diagrams allowing for the first
time to identify the domains of prevalence of particular configura-
tions at MoS; edges simultaneously as function of fugacities of H,,
H,S, and of temperature, and therefore in reference to relevant
operating conditions for catalytic hydrotreating. Further, in Sec-
tion 3.3, we check our theoretical predictions against the results
of spectroscopic experiments available in literature. This is done
by comparing observed vibrational frequencies for MoS,-based
catalysts, prepared and analyzed in well defined conditions of tem-
perature and fugacities of H, and H,S, to our predicted frequencies
assigned to surface groups’ normal modes, as expected for those
conditions according to our surface phase diagrams. Finally, in Sec-
tion 3.4, we exhibit Bronsted-Evans—Polanyi relationships for the
H, dissociative adsorption and H,S associative desorption pro-
cesses on MoS, edge surface, as outcomes of the free-energy pro-
files detailed in Section 3.1. From the latter, we therefore
logically infer both the thermodynamic and kinetic consequences.

3.1. Free-energy profiles along reduction pathways of MoS, edges by
dihydrogen

This sub-section is to some extent the continuation of our pre-
vious work [4], in which we have presented the free-energy profile
along the partial reduction pathway starting from the Mo edge
fully covered by sulfur dimers (M-edge 100%S) and leading to
half-coverage by bridging S ad-atoms (M-edge 50%S). We therefore
start with the reduction from M-edge 50%S to M-edge 37%S, which
creates the first anionic vacancy in place of a bridging site. We ver-
ify then that the creation of the second anionic vacancy to give M-
edge 25%S has a high free-energy penalty so that this state will not
appear. We proceed similarly for the S-edge, starting again from
the full coverage in sulfur (S-edge 100%S) and ending with the
thermodynamically lesser favoured S-edge 37%S after creation of
5 vacancies.

3.1.1. M-edge (initial state 50%S)

3.1.1.1. Total energy profiles. The heterolytic dissociative adsorption
of a H, molecule is found to be an exothermic process (—0.12 eV),
as shown in Fig. 2 (S1 — S2). Moreover, the energy barrier is found
to be close to 0.48 eV. A careful analysis of the critical parameters
of the calculation leading to these values in comparison with the
open literature is reported in Supplementary Material for sake of
clarity. In comparison, the homolytic dissociative adsorption of
H, on the M-edge with 100%S recently found by Dinter et al. [4]
is less exothermic (—0.08 eV) but the activation energy higher
(0.95 eV). In this latter case, the physisorbed precursor is slightly
more bound (-0.20 eV).

Once the dissociative adsorption occurred on the edge, the dif-
fusion of hydrogen ad-atoms is kinetically favoured compared with
H, and H,S associative desorption, the latter having to overcome
the largest barrier. Thus, going through S2 and S3 states, diffusion
leads to the most stable configuration (state S4_bis) of the reaction
path, as shown in Fig. 2. This S4_bis state (see Fig. 3) is —1.09 eV
more stable than the S1 state. It is reached by diffusion of H ad-
atoms from the “trans” state S4, which is already —0.56 eV more
stable than the S1 state (Sun et al. reported a stabilization by
—0.37 eV for a closely similar configuration [10]). Notice that we
find the “cis” S4 state destabilized by 0.19 eV with respect to
“trans” S4, while the “cis” S4_bis state is —0.06 eV more stable
than the “trans”. The pathways from S4 to S4_bis pass through
TS3_bis/S3_bis/TS3_ter. The barrier to TS3_bis is 0.68 eV, a little
lower than the barrier from S4 to S3 via TS3 (0.70 eV). The interme-
diate S3_bis between S4 and S4_bis is at —1.02 eV, almost as stable
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Fig. 2. Reaction pathway for the creation of one S vacancy on the M-edge 50%S. Blue line: Free energy at 575 K, pH, = 10 bar, pH,S = 0.1 bar (Aus = —1.01 eV). Red line: Free
energy at 675 K, pH, = 10 bar, pH,S = 0.1 bar (Aus = —1.13 eV). Energies of the S1 state are taken as references for each reaction path. On the ordinates, axis is reported (purple
dash) at 623 K the free energy of the S1 state at 100 bars and 10 bars of H, pressure and the S6 at 0.1 bar of H,S pressure (pH, = 10 bar). Also the total energy, the free energy

at 575 K and the free energy at 675 K of the S4_bis state (see Fig. 3) are reported.

Fig. 3. Configuration of the most stable state on the M-edge 50%S (—1.09 eV), the
S4_bis state, also called Me50S_SH_S_SH.

as S4_bis since the bridging S—H and the Mo—H are already sepa-
rated by one bridging S. Further stabilization by —0.05 eV occurs
with the diffusion of H along the next M—S bond, through transi-
tion state TS3_ter across a barrier of 0.31eV. Here, we should
emphasize that an even longer distance between hydrogens of
sulfhydryl groups might furthermore stabilize the hydrogenated
edge. Because of the repulsive interaction between sulfhydryl
groups, diffusion is essential to reach the most stable state on
the edge. In addition, increasing hydrogen coverage beyond 2 H
per 4 S atoms is not energetically favourable as also found in
[10] (see also Section 3.2).

It is clear from Fig. 2 that hydrogens are more stable when
bonded to sulfur than when bonded to molybdenum. This is not

surprising as molybdenum atoms are already sixfold coordinated
on the M-edge 50%S.

Starting from the S3 state, the desorption barrier is 0.89 eV
(close to the value reported by Paul et al. for a similar process
[9], 1.0 eV), but the overall barrier is much larger if one considers
desorption from the S4 state, 1.36 eV (0.83 — (—0.53)), while the
creation of a S vacancy is endothermic (+1.32 eV).

However, the overall reduction process starting with H, adsorp-
tion and ending up with H,S desorption is much more favoured
thermodynamically (AE=0.79eV) and Kkinetically (barrier
0.83 eV) in comparison with Paul et al.’s results (1.31eV and
1.47 eV respectively).

3.1.1.2. Thermodynamic corrections. In order to determine the sta-
ble configurations from a thermodynamic point of view, the ther-
modynamic contributions were included in Fig. 2 together with
the total ground state DFT energy profile, giving estimates of the
free-energy profiles at 575 K (blue! line) and 675 K (red line), under
10 bar of H, and 0.1 bar of H,S representative of a range of relevant
HDS operating conditions.

The thermodynamic corrections slightly change the reaction
path although the tendency remains similar, i.e. the S4_bis state
is the most stable along the reaction path involving H diffusion
(S2-S5). Taking into account vibrational corrections decreases the

! For interpretation of color in all figures, the reader is referred to the web version
of this article.
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Table 1
Energy differences for different configurations of the S-edge 100%S, where the edge without dimer is taken as a reference for the energy.
Configurations Energy (eV) Models
Our work Reference”
No “dimerized” S, bridge 0.00 0.00
One “dimerized” S2 -0.76
2 “dimerized” S, bridges alternately -0.99 -1.16
2 “dimerized” bridges side by side -0.78
4 “dimerized” S, bridges -0.67 -1.06

" Corresponds to Ref. [38] where the cell contains 2 units of MoS, on the edge instead of 4 in our case.

activation energy for H,S desorption to 1.19 eV and 1.20 eV at 575
and 675 K respectively compared to 1.36 eV for DFT energy alone.
Moreover, the extra difference brought by vibrational energy and
entropy could be as much as 0.19 eV (between S3 and TS4) along
the H diffusion path. The most drastic difference (0.37 eV) is found
for the adsorption-desorption process (between S1 and S3). Such
corrections lie well beyond the accepted accuracy of DFT.

The S6 state is, at equilibrium, almost as stable as the S1 state,
and its stability increases with temperature. This is interesting
since this state involves an anion vacancy, which is an adsorption
site for sulfided molecules like thiophenic homologs [36,37]. This
point will be discussed further in Section 3.2.

3.1.2. S-edge

3.1.2.1. Total energy profiles.

3.1.2.1.1. initial state S-edge 100% S. A quick simulated annealing
from 900 K down to 100 K afforded us to find a stable configuration
for the S-edge, where a “dimerized” S, bridge appears, see Table 1
second row. This “dimerized” S, bridge appears to be more stable
than the “separated” S, bridge. Several configurations have been
computed with several “dimerized” S, bridges, all reported in Ta-
ble 1: four “dimerized” S, bridges (in this configuration, the dimers
bend on one side or the other alternately as mentioned by Bollinger
et al. [17]), two S, dimers (with two possible configurations), and
one S, dimer on the edge. The alternation of S, “dimerized” and
“separated” S, bridges, further denoted as S1, is the most stable
configuration (by —0.99 eV) as proposed by Hinnemann et al.
[38], even more stable than four S, separated bridges. The change
in vibrational normal modes between no “dimerized” bridge and
one “dimerized” bridge on the edge reduces this energy difference
by only at most 0.17 eV in free energy (at 675 K), whereas this
reduction is almost null between one “dimerized” bridge and
two “dimerized” bridges on the edge.

It appears that the proximity of “dimerized” S, bridges leads to
a deformation of the structure, which becomes less stable: the en-
ergy raising by 0.21 eV when “dimerized” S, bridges are side by
side instead of alternated. Besides we found, Fig. 4a) (S1-S2), that
the activation energy for the separation of a “dimerized” S, bridge
is 0.41 eV, but only 0.18 eV for the reverse process. The first dimer-
ization on the edge is highly exothermic (—0.76 eV), but there is
less stabilization associated with the creation of the second
“dimerized” S, bridge (—0.23 eV).

Fig. 4a and b present two different pathways, diverging beyond
S2 respectively with the homolytic dissociation of H, on the same
bridging S, dimer, or adjacent dimers.

Fig. 4a represents the computed reaction pathway for the crea-
tion of a S vacancy on the S-edge 100%S. The first step (S1-S2 via
TS1, over a 0.41 eV barrier) corresponds to the activated “opening”
of the S=S bond of one dimer, where the dissociative adsorption of
the H, molecule will further occur following a non-concerted
mechanism. Then, the H, molecule is slightly physisorbed
(—0.02 eV). The total activation energy for the H, homolytic disso-
ciative adsorption is 0.86 eV, but it is lowered if the adsorption oc-
curs directly on a separated bridge (0.65 eV). This is close to the
one for the M-edge 50%S (0.48 eV), whereas the former is closer
to the one for the M-edge 100%S (0.95 eV) [4].

Fig. 4b points out another pathway for the homolytic dissocia-
tive adsorption of H, on the S-edge 100%S (S2-S5 g). The activation
energy (0.92 eV) is of the same order as the first one (0.86 eV), but
the chemisorbed state directly accessible after the dissociative
adsorption on two neighboring bridges is far more stable
(—1.2 eV) than for the first reaction pathway on a single bridge
(-0.48eV). This value confirms earlier reported results
[15,17,38], showing that H, adsorption on this edge is an exother-
mic process. A panel of configurations is proposed in Fig. 4b illus-
trating H diffusion along the S-edge 100%S. The most stable one
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AG(575)=G(575)-Gs1(575)
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Fig. 4. (a) Reaction pathway for the H,S desorption process on the S-edge 100%S, through H, adsorption on one bridge. The first step is the separation of the ‘dimerized’ Sulfur
in the bridge. Blue line: Free energy at 575 K, pH; = 10 bar, pH,S = 0.1 bar. Red line: Free energy at 675 K, pH, = 10 bar, pH,S = 0.1 bar. Energies of the S1 state are taken as
references for each reaction path. (b) H, adsorption on two neighboring bridges and diffusion along the S-edge 100%S (S2 and S5a states are equivalent to those on figure a.
Blue line: Free energy at 575 K, pH, = 10 bar, pH,S = 0.1 bar. Red line: Free energy at 675 K, pH; = 10 bar, pH,S = 0.1 bar. Energies of the S1 state (in figure a) are taken as
references for each reaction path. Note that the most stable state at 0 K is S5b, while at 675 K (red path) it becomes S7.
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Table 2

Bader analysis of the electronic charge borne by Mo and S atoms contained in the
MoS, catalyst sheets. Since the pseudopotential we used contained 6 valence
electrons for each atoms, the net charge on each atom is deduced from the electron
valence charge of the Bader analysis [28,29].

Bader analysis of the valence Net Charge on

charge atoms

S-edge 100%S

S at the edge

Dimerized bridge 640 e -040e
Separated bridge 6.78 e -0.78 e
S in the inert plane 6.85 e -0.85¢e
Mo near the edge 421 e +1.79 e
Mo in the inert 430e +1.70 e

plane

S-edge 50%S

S at the edge 6.96 e -0.96 e
S in the inert plane 6.85 e -085e
Mo near the edge 421e +1.79 e
Mo in the inert 430e +1.70 e

plane

(S5b state) occurs when H atoms are bonded on neighboring S,
bridges alternatively on one side and on the other (—1.25 eV/H,
where the reference is taken as the S1 state). It is of importance
to notice that on this edge, for 100% sulfur coverage, hydrogens
are not stable on molybdenum atoms, which is not so surprising
since Mo atoms are already sixfold coordinated. Simultaneously,
the electronic charge is localized on sulfur as exhibited in Table 2.

While one hydrogen bonded on a S, bridge will decrease its ba-
sic character, it can be noticed that the (qualitative) contrast in the
acido-basic characters of the bridges in the initial and final config-
urations gives a trend in the activation energy: when this contrast
is strong, e.g. SHSH bridge and S, bridge (S5a-5b: Ea=0.71 eV) or
SH bridge and S bridge (S5e-S5d: Ea = 0.65 eV), the reaction is fa-
vored. When the contrast is weaker, the reaction is less favored,
e.g. SSH bridge and S, bridge (S5 g to S5f and reversely: Ea=1.18
and 1.11eV) or SSH bridge and SSH bridge (S5b to S5a:
Ea =1.26 eV). Those diffusion processes are faster than H, or H,S
associative desorptions, which have almost the same reaction bar-
riers (see Fig. 4a) respectively S3 — S2, 1.34eV, and S4 - S7,
1.46 eV).

The physisorbed molecular state following S2, and precursor to
the homolytically dissociated S3 state (see Fig. 4a), contains a frac-
tion of the translational and rotational contributions to the free en-
ergy prevailing in gas phase. In order to take into account the part
of the free energy remaining in this state, we apply a fraction of or-
der 0.5, as previously proposed by Dinter et al. for physisorbed H,
and H,S molecules [4,32] (Notice that no physisorbed states of H,
or H,S were found on M-edge 50%S, see Fig. 2.)

Including the thermodynamics corrections at 575 and 675K
with pH; = 10 bar and pH,S = 0.1 bar, the S-edge 87%S (S7) is more
stable than the hydrogenated S-edge 100%S (S3-S5a-g) and the
non-hydrogenated S-edge 100%S (S1 and S2). Rising the tempera-
ture increases the stability of the desorbed state, which is not sur-
prising, since the entropy of translation-rotation of H,S increases
with temperature.

Adsorbing one more H, molecule on the hydrogenated S-edge
100%S leads to a state called S-edge 100%S + 50%H (in which half
of the terminal sulfur atoms are bonded with one hydrogen atom,
as shown on Fig. 5b). This state is stabilized by —1.3 eV per ad-
sorbed H, molecule, therefore more stable than S5b. In the same
conditions as mentioned above, the free energy of adsorption of
2 H, molecules is —0.24 eV at 623 K with a 10 bars H, pressure
(—=0.36eV at 575 K and —0.12 eV at 675 K). Then, with 4 adsorbed
H, molecules per unit-cell, the fully H-saturated S-edge 100%S

Fig. 5. (a) S-edge 100%S + 100%H and (b) S-edge 100%S + 50%H respectively 1.3 eV
and 2.6 eV lower in energy than S1 state with H, in gas phase, i.e. —0.325 eV and
—1.3 eV adsorption energy per H, molecule, (c) configuration of the S-edge 62%S
involved in the phase diagram of Fig. 11.

100%H has been considered (Fig. 5a), but due to the repulsive inter-
actions between neighboring hydrogens, this state is destabilized
by almost 1eV per adsorbed H, with respect to the S-edge
100%S + 50%H. The latter will therefore dominate at relevant HDS
conditions as will be discussed further in Section 3.2, and as shown
on Fig. 12a).

It is worth mentioning that the vibrational contribution to free-
energy differences between chemisorbed states can reach 0.21 eV
(between TS5 g and S5b), and as much as 0.57 eV between des-
orbed and chemisorbed state (between S2 and S5b). It is then clear
that omitting this difference would lead to misleading activation
free-energy barriers and phase diagrams.

3.1.2.1.2. initial state S-edge 87% S. This state is the continuation of
the S-edge 100%S after the desorption of one H,S molecule and
relaxation of the edge, so seven sulfur atoms remain on the edge,
that is 87.5% sulfur coverage and two “dimerized” S, bridges (state
S10 on Fig. 6).

We now focus on the effect of one S bridge as first neighbor of
the S, bridge where a H,S desorption occurs. The left part of Fig. 6
represents the diffusion of H from a S, bridge to a S bridge site
(S11-S12) on the S-edge 87%S. S12 is the most stable state with
H ad-atoms on the S-edge 87%S. We assume that the barrier to H
diffusion inside the S bridge (S12-S13) is close to that prevailing
for the similar process on the S-edge 100%S (S5f-S5c). Finally,
the H,S associative desorption process is carried out between
one S bridge site and the vicinal S, bridge site (S13-515).

The S10_bis configuration (not reported here) is similar to S11
without hydrogens. Its energy level is 0.21 eV higher than the
S$10 configuration, from which it differs by the “opening” of one
S, dimer. This is almost the same difference as on the S-edge
100%S between S1 (alternation of “dimerized” bridge and “sepa-
rated” bridge) and S2 (only one “dimerized” bridge) also previously
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Fig. 6. Reaction path for H,S desorption from the 87%S-edge. Blue line: Free energy at 575K, pH, = 10 bar, pH,S = 0.1 bar. Red line: Free energy at 675 K, pH, = 10 bar,
pH,S = 0.1 bar. Each reference energy is the energy of the S10 state for each reaction path. Note that the S15 configuration is less favorable by AG(T)=-0.13 eV (the
dependence in temperature in the range of interest is less than 0.01 eV) than S16, where ‘dimerized’ S, bridge alternate with S bridges on the edge. (For simplification, H,

molecule in inset S10 and H,S molecule in insets S16 have been omitted.)

presented in Table 1. It seems that whatever the configuration
without H, “dimerizing” every two S, bridges stabilizes the config-
urations by 0.2 eV.

On the 87%S-edge, hydrogen is more stable on the bridge site
between molybdenum atoms supporting the bridging sulfur atom
(512 and S13) than bonded to a sulfur atom of the vicinal S, bridge,
or of the S bridge itself (by about +1 eV from S12, not represented
in Fig. 6). One should notice that as for S-edge 100%S, hydrogen is
not stable on a single molybdenum atom (which is sixfold
coordinated).

With thermodynamic corrections included along the reaction
path (blue and red lines in Fig. 6), it appears that the 75%S config-
uration (S15) is slightly more stable than S10 at 675 K, but this sta-
bilization decreases with decreasing temperature.

Finally, the configuration reached after H,S desorption is not
the most stable of the S-edge 75%S. Indeed, the most stable config-
uration contains alternating “dimerized” S, and S bridges (S16),
which can be reached through S diffusion on the edge. This latter
configuration is slightly more stable (AG(T)=-0.13 eV almost
independently of temperature) than the former one, and slightly
more stable than the S-edge 87%S at 575 K and 675 K.

It is important to notice that the difference in free energy due to
the changes in normal vibrational modes can reach 0.32 eV be-
tween the chemisorbed states (S14-S13) and 0.39 eV between
chemisorbed and desorbed state (S13-S15).

The state S16 is S-edge 75%S. In what follows, we will assume,
in view of the local similarities of starting configurations
(neighboring S, dimer and bridging S), that the reduction pathways
transforming the two remaining S, dimers into S bridges, that is
from S-edge 75% to S-edge 62%S (Se62S), then from S-edge 62%S

to S-edge 50%S (S21) will be similar to that shown in Fig. 6 to go
from S10 to S16. The latter has been therefore detailed because
of its prototypical character. Although we have computed the
conformations and free energies of the S-edges 75% and 62%, which
are included in Section 3.2 below, the present assumption will
have to be verified when precise barriers and free-energy levels
of the corresponding intermediates will be needed.

3.1.2.1.3. initial state S-edge 50% S. Fig. 7 presents two reaction
paths going from H, homolytic dissociative adsorption (S21-S22)
on S-edge 50%S to H,S associative desorption (S23-S30), and H,S
chemisorption (S30-S24) to H, associative desorption (S25-S21).
Notice that the reverse of the latter pathway (521-S25) corre-
sponds to heterolytic dissociation of H, which is then shown, as
discussed below, to be preferred over the homolytic pathway on
this particular edge. No transition state was found for H,S desorp-
tion, so TS30 and S30 have been displayed with the same energy in
the total energy profile.

The sequence of elementary steps for H, dissociative adsorption
is similar to those presented by Paul and Payen [9] and Sun and
Nelson [10]. The H, molecule enters the physisorbed S26 state after
a 0.2 eV barrier has been passed at the TS26 transition state. Sim-
ilar to the proposals by Paul and Sun (0.09 eV and 0.23 eV respec-
tively), this step is slightly endothermic by 0.16 eV. Then, the
activation barrier for this heterolytic dissociative adsorption is
0.62 eV, pretty close to the value of 0.6 proposed by Paul, and lower
than the value of 0.99 eV proposed by Sun. This step is exothermic
by —0.19 eV in our case, to be compared to —0.23 eV presented by
Paul and 0.02 eV by Sun. The other way, homolytic dissociative
adsorption, has not been computed by Paul and Sun, but is unlikely
to occur, as there is no physisorbed state, and the activation energy
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Fig. 7. Reaction path on the S-edge 50%S for the H, homolytic dissociative adsorption on two neighboring S bridges (S21-5S22), then H,S desorption (S23-S30), followed by
H,S adsorption (S30-S24), eventually H, heterolytic associative desorption via a SH-H group (S25) on the 50%S-edge (the reverse reaction path S21-S25 corresponds to a
heterolytic dissociative adsorption of H, on this edge, which turns out to be easier). Blue line: Free energy at 575 K, pH, = 10 bar, pH,S = 0.1 bar. Red line: Free energy at 675 K,
pH> = 10 bar, pH>S = 0.1 bar. Energies of the S21 state are taken as references for each reaction path.

is relatively high compared to the previous one (1.25 eV). The ad-
sorbed state subsequent to this step (S22) is higher in energy by
0.24 eV than S21; therefore, homolytic dissociative adsorption is
now endothermic.

The sulfur bond energy on the S-edge 50%S is huge (2.09 eV) in
comparison with the other S-edges. The sulfur bond energy thus in-
creases with decreasing sulfur coverage as expected by Raybaud
etal. [34].

Fig. 8 presents the reaction path of H diffusion along the S-edge
50%S. H is now more favoured on the bridge site between adjacent
molybdenum atoms than bonded to the sulfur atoms (S29a and
S29b in comparison with S22). This seems to confirm the basic
character of the bridge site lying between 2 molybdenum atoms.

The free-energy differences due to changes in normal vibration
modes are still important on this edge. Between chemisorbed
states, the difference can reach 0.31 eV (S29b to TS24) and until
0.47 eV between chemisorbed and desorbed states (S29b-S21).

3.2. Surface phase diagrams revisited

It is convenient to express the H, and H,S pressures (or rather
fugacities) in terms of chemical potential. Thus:

1
Ay = iy — jEHZ and Aug = pis — pis(bulk) (7)

with uy and pus computed according to the method detailed in Sec-
tion 2.2, and Ep, and pus(bulk) respectively the total energy of H,

computed in DFT and the total energy of sulfur in alpha crystalline
phase.

In what follows, “relevant HDS conditions” are defined in terms
of temperature interval (573-700 K), partial pressure of H, p(H>)
(1-200 bar), and ratio of partial pressures p(H,S)/p(H>)
(100*=107"). Indeed, industrial hydrotreating units are operated
at p(H,) ranging from a few bar (HDS of naphtas as pretreatment
of reforming feedstocks) to almost 200 bar (hydroconversion of
vacuum residua), and temperature ranging from about 573 K to
about 700 K. The ratio p(H,S)/p(H>) lies most often between 0.01
and 0.05. Besides experiment performed on model molecules at
the laboratory scale, or spectroscopic experiments may include
p(Hy) slightly over one atmosphere (taking into account pressure
drops across small fixed beds of catalysts), and in general p(H,S)
might be very low; however, we assume they will stay above the
limit of stability of MoS, with respect of Mo metal. Finally, our def-
inition of “relevant HDS conditions” tries to encompass all these
situations corresponding to a possible experiment involving a
MoS,-based catalyst.

In Fig. 9 are plotted the grand potentials of several M-edge con-
figurations relative to the grand potential of the S1 state, against
the chemical potential of sulfur relative to its alpha crystalline
phase, Aug = us — E2**. Here, these grand potentials correspond
to the free enthalpies of reactions connecting S1 to the other states,
AG(T, p(Hz), p(HzS)), plotted for T=623 K and p(H,) =10 bars. A
large set of configurations was simulated for each type of edge (S
coverages and H coverages), but for clarity only the most stable
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Fig. 9. Gibbs energy (at T=623 K and P(H,) = 10 bars) of several states on the M-edge 50%S according to the non-hydrogenated M-edge 50%S (Me50S) in terms of the Sulfur
chemical potential. The Me50S_SH_S_SH state corresponds to the S4_bis state, and the state Me50S_SH_HS corresponds to the S4 state.

for each type of edge are reported. This figure displays the range of
stability of non-hydrogenated M-edge 50%S states, and the M-edge
50%S + 50%H with 2 H on the surface (S4_bis state, see Fig. 3).
One can notice that at low chemical potential of sulfur, below
—1.22 eV (i.e. H,S pressure <560 Pa), the M-edge 37%S (S6) be-
comes the most stable. However, its hydrogenated counterpart,
Me37S_Hb_S_SH, is not stable. This is partly due to the loss of en-
tropy in the chemisorbed state of H: the vibration free energy is
higher for the hydrogenated edge state than for the other one;
however, it is still compensated by the loss in translation and rota-
tion entropies. This means that the probability that hydrogen re-
mains adsorbed at the sulfur-vacancy site is very small, so that
this site shall remain available for adsorption of other reactants.

The phase diagram at 623 K shown in Fig. 11 reveals the stabil-
ity of three configurations in relevant HDS conditions, the S1 state,
the S4_bis state, and the S6 state, consistently with Fig. 9. At very
high p(H,S)/p(Hz) ratio (Aus>—0.33 eV), the M-edge 62%S be-
comes the more stable, but this is far out of relevant HDS condi-
tions. The stability of a sulfur-vacancy on the M-edge (S6) is
consistent with previous DFT calculations [39,40], showing that a
coordinately unsaturated Mo site (Mo-CUS) can be stabilized in rel-
evant HDS conditions. This corresponds to a S coverage on the sur-
face around 37%. Lower S coverages explored so far, M-edge 25%S
in the present work, or M-edge 33%S [34], are not stabilized, which
means that a good estimate of S coverage at the edge is close to
37%S corresponding to 50% Mo-CUS.
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Fig. 10. Free energy of the S-edge for different configurations according to the Sulfur chemical potential at T=623 K and 10 bar of H, pressure.

At 623 K, H is thermodynamically stable on the M-edge above
5.3 bar of H, pressure, and the configuration with the anion va-
cancy (S6) is stable for a ratio p(H,S)/p(H,) < 1073, A decrease in
temperature (473 K in Fig. 13a) extends the stability domain of
the S4_bis state toward lower values of H, pressure (now stable
above p(H;)=0,2 bar) and lessens the domain of the S6 state
(now stable below p(H,S)/p(H,) ~ 2.107>).

The coexistence of the S4_bis and S6 configurations is expected
to favor HDS reactions, since the S6 state presents an adsorption
site for sulfided molecules, which could then undergo hydrogena-
tion and hydrogenolysis thanks to available H ad-atoms diffusing
from the S4_bis state.

The two symbols in Fig. 11 represent the following conditions:
temperature = 623 K and p(H,S) = 0.1 bar, and p(H,) =10 bars for
the crossed full square, and p(H;) =100 bars for the full triangle.
These conditions correspond to the purple dashes for the S1 and
the S6 states in the energy profile, Fig. 2. The two figures are con-
sistent since the “M-edge” 37%S (S6 state) becomes more stable
than the M-edge 50%S (S1 state) when increasing the H, pressure
above about 100 bars.

In Fig. 10 are plotted the Gibbs energies of all the most stable
computed configurations for each kind of S-edge (S coverage, H
coverage) against the sulfur chemical potential Aus, at 623 K and
p(H,)=10 bar. We observe that S-edge 100%S + 50%H with 4 hydro-
gens on the edge (Se100S Sh_SH_sh_SH is the most stable for high
Aps (high H,S pressure), whereas S-edge 50%S (Se50S or S21) is the
most stable for low Aus (low H,S pressure), and S-edge 62%S
(Se62S, see Fig. 5¢) is the most stable in between.

Fig. 12a depicts a phase diagram of the S-edge at 623 K. In rel-
evant HDS conditions (p(H,) between 1bar and 200 bar, and
p(H,S)/p(H,) < 0.1), that is inside the domain delimited by dashed
lines, all the S-edge configurations represented in the diagram may
be reached except 100%S. Changes in temperature, H, pressure, or
H,S pressure, will change the stable phase, and these changes will
change the sulfur coverage on the edge. Each S bridge is an anion
vacancy site potentially able to accept another sulfur to form a S,
bridge. S-edge coverage changes from one stable state to another
upon a change of reaction conditions.

The phase diagram in Fig. 12a exhibits a stability domain for the
S-edge 100%S wuntil a maximal H, pressure of 0.8 bar
(Aug=-041eV) and a minimal p(H,S)/p(H,) ratio of 0.4
(Aus=—0.88 eV). Then, if the H, pressure is further increased, H
chemisorption becomes strongly exothermic, and for dissociative

adsorption of up to two H, molecules on one S-edge, the more H
chemisorbed on the edge, the more stable the edge. Then, at a con-
stant H, pressure, decreasing the H,S pressure favors the H,S
desorption from the S-edge 100%S 50%H, to S-edge 62%S or even
S-edge 50%S. The state S-edge 62%S is stable down to p(H,S)/
p(Hy) = 0.02 (Aus = —1.03 eV). All these states have domains of sta-
bility intersecting the domain of relevant HDS conditions.

The crossed square dots in Figs. 11 and 12 represent a particular
HDS condition, i.e. 623 K, p(H,) = 10 bar and p(H,S)/p(H;) = 0.01.
This particular HDS environment stabilizes the S-edge 50%S and
the M-edge 50%S + 50%H (see Fig. 11). In these conditions, hydro-
gen is stable solely on the M-edge.

In Fig. 13 are reported the phase diagrams for the M-edge and S-
edge in HDS conditions at 473 and 573 K. The comparison with
phase diagrams at 623 K of Figs. 11a and b, and 12 points out the
monotonic behavior of the evolution of the stability domains for
the different surface phases with temperature.

On the M-edge, an increase in temperature tends to reduce the
stability of chemisorbed hydrogen in relevant HDS conditions. The
stability of a sulfur-vacancy on the edge (S6) increases with tem-
perature, and at 623 K this domain is extended until a maximal
pH,S/pH, ratio of 1073, and a H, pressure up to 40 bars at pH,S/
pH, 1074

On the S-edge, at the lower temperature (473 K), the
100%S + 50%H edge holds on a large domain of pressure, in the rel-
evant HDS conditions (inside the area delimited by dashed lines). It
remains stable even for a H, pressure lower than 0.1 bar. The rest
of the domain of relevant HDS conditions is filled by the S-edge
50%S. Notice that the S-edge 100%S is stabilized by the presence
of hydrogen on the edge. When increasing the temperature, this
domain and the 62%S domain are pushed toward larger values of
the pH,S/pH; ratio. This evolution (Figs. 12a and 13b and d) is ob-
served through the change of the different domains containing the
crossed square dot (pH, = 10 bar, pH,S = 0.1 bar).

3.3. Normal modes of vibration for edge SH and MoH groups

As indicated above, the vibration frequencies of normal modes
were computed in order to calculate the phase diagrams. As a con-
sistency test, it is worth comparing predicted and experimental
frequencies, since the latter should reflect the presence of species
at the conditions of preparation of the studied samples for spectro-
scopic experiments.
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entropic corrections on surface states energies.

This comparison is presented in Table 3. The 529 cm™! vibration
frequency of the S—S dimer on the S-edge has been brought out by
Raman spectroscopy by Polz et al. [41] in experimental conditions
for which we predict the coexistence of S-edge 62%S and M-edge
50%S (S1) (573 K, P(Hz) 350-400 mbar, Aus = —0.89 eV). This fre-
quency is in close agreement with our calculation (536 cm™!) for
the dimer belonging to the S-edge 100%S 25%H (S5 g). Besides its
presence on the S-edge 100%S, this S—S dimer also exists on the
S-edge 62%, and its computed vibration frequency now corre-
sponds to 548 cm~!, also very close to the experimental one. The
agreement between the theoretical and the experimental frequen-
cies for these particular conditions (575K, Aus=-0,89eV,
pH, = 300 mbar) is therefore consistent with the predicted stability
of the S-edge 62%S in our phase diagram.

Our computation of the normal modes for several configura-
tions shows that, consistent with the experimental data [42] and
corroborated by other theoretical works [43,16], the S—H bond
stretching vibration frequencies are around 2500 cm~! both on S-
edge and on M-edge. Inelastic neutron scattering (INS) spectros-

copy undertaken by Sundberg et al. [42] enables to assess indi-
rectly vibration frequencies of edges at 473 K and under 1 bar,
20 bar or 50 bar of H, pressure. After pre-sulfidation at 573 K with
a pH,S/pH, ratio of 10% and 2 h in the conditions mentioned pre-
viously, first the temperature was decreased to 273 K, then the
chamber was evacuated for one hour to remove H, from the gas
phase, and finally the sample was cooled down to 60 K before
beginning the spectroscopy measurements. The bending vibration
frequency of S—H bonds reported at 650 cm~! with INS spectros-
copy corresponds in our table to the frequencies between 490
and 690 cm™~'. The theoretical bending frequencies of the S—H
bond on the S-edge 100%S + 50%H (676-658 cm—1) is in relatively
good agreement with the experimental data since we find that the
thermodynamically stable domain of the S-edge 100%S + 50%H ex-
tends toward the lower values of the ratio pH,S/pH; with the de-
crease in temperature. On the M-edge, the frequencies of the
bending vibration of the S—H bond found on the most stable
hydrogenated edge (S4_bis: 644-496 cm™~') are somewhat lower
than the typical experimental frequency. This discrepancy could
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assumed HDS conditions (10 bar of H, pressure and p(H,S)/(H>) ratio of 0.1) by Bollinger et al. [17,18] are represented by the crossed square dot. (b) Same as (a) but without

including thermal and entropic corrections on surface states energies.

be due to the harmonic model or to the finite difference step size
(in our case 0.02 A) used to compute the Hessian Matrix. The
uncertainty on this last parameter for our system was estimated
at most to be 20 cm™! (step size between 0.01 A and 0.02 A) for real
frequencies, so it should not be solely responsible for the discrep-
ancy. The interaction between hydrogens for the S4_bis state af-
fects the vibration frequencies, especially for the vibration along
the axis formed by the two hydrogens, which corresponds to the
lowest S—H bending frequency (496 and 505 cm™~'). On the M-edge
50%S, the diffusion barriers for surface hydrogen atoms are low, so
it is expected that H diffusion occurs on the edge surface. Then, for
larger distances between H ad-atoms, and therefore reduced inter-
action, the predicted vibration will be closer to the experimental
value. Whatever the bending vibration frequencies, the experimen-
tal data bring out the stability of hydrogen on the edges in the fol-
lowing conditions T=473 K, p(Hy)=1, 20, or 50 bar, and a 10%
p(H2S)/p(Hy) ratio, which is in agreement with our phase diagram
Fig. 13b (S-edge 100%S + 50%H) and Fig. 13a (M-edge 50%S + 50%H,
S4_bis) for both edges.

Moreover, we have identified, e.g. for state S2, vibrations of
Mo—H groups ranging between 1800 cm~' and 1900 cm™'. A sim-
ilar mode was only observed and assigned for metal hydride/sulfur
complexes by Burrow et al. [44], but was never observed, as far as
we know, on MoS,-based catalysts. Since S2 is never a predicted

stable state in usual conditions of observation, this lack of occur-
rence supports the higher stability of the S—H bond compared to
the Mo—H bond, as predicted from our phase diagrams. The other
situation for which we find a Mo—H bond is S25 (S-edge
50%S + 25%H), which is not a stable state according to our predic-
tion. For the stretching mode of this bond, we predict frequencies
1294 cm~' and 1370 cm ™. These frequencies have never been ob-
served experimentally, in agreement with our stability prediction.

From this analysis, we conclude that our computational predic-
tions are in good agreement with the vibrational spectroscopy data
released so far. We did not find contradictions from this rather
stringent test of theoretical results.

3.4. Bronsted-Evans—Polanyi relationships (BEPR)

Since a lot of activation barriers for adsorption and desorption
processes have been brought out along this study, it is interesting
to explore if Brénsted-Evans-Polanyi relationships (BEPR) may ex-
ist. It is worth to mention that when a BEPR exists for a direct reac-
tion step, another BEPR can be derived for the reverse reaction.
Given Eay the activation energy for the direct process and AEy4
the corresponding reaction energy, the BEPR states that:

Eaq = JE4+ B (8)
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Fig. 13. M-edge and S-edge phase diagrams at 473 K (a and b), 573 K (¢ and d). As in Figs. 11 and 12, the dashed brown lines represent the HDS boundary conditions (total
pressure between 1 and 200 bars, and maximum pH,S/pH ratio 0.2). The assumed HDS conditions (10 bar of H, pressure and p(H,S)/(H>) ratio of 0.1) by Bollinger et al.

[17,18] are represented by the crossed square dots.

For the reverse reaction, due to energy conservation,
AE, = —AEy, and Ea, = Ea; + AE, = Eag — AEg; therefore, one obtains:

Ea, = (1 — )AE, + B 9)

So knowing the equation for one reaction, we can easily find the
equation for the reverse reaction.

As presented in Fig. 14, relatively good correlations are obtained
for H, and H,S associative desorptions, supporting the existence of
BEPR for such processes and their reverses.

We should mention that for diffusion processes, despite the fact
that all the barriers were calculated along reaction pathways, no
clear BEPR was found. This is due to the dependency of the
activation energy on several parameters during diffusion pro-
cesses. In particular, the bond strength and the bond stretching
before creation of another bond are responsible for the location
of the transition state (TS) along the reaction pathway (determin-
ing an early or late transition state [45]). Besides, the edge
structure relaxation, and the repulsive interaction between hydro-
gens will affect the activation energy.

3.4.1. Associative desorption of H,

For such processes, the relation between activation energy and
reaction energy is well described by the BEPR straight line except
for two outliers at AE = —0.24 eV and AE = 0.12 eV. These 2 points
correspond respectively to the reverses of homolytic dissociation
on S-edge 50%S and heterolytic dissociation on M-edge 50%S. It
has been shown in the recent work of Van Santen et al. [45] that
the BEPR depends on the site where the reaction occurs.

In our case, the associative desorption reaction on the M-edge
related to one of these outliers involves one molybdenum and
one sulfur (heterosynthetic: S2-S1 via TS1, see Fig. 2) unlike other
associative desorptions on the M-edge, where desorption involves
two sulfurs (homosynthetic). Lower stretching frequencies of
Mo—H bonds with respect to S—H bonds (see Table 3) already re-
flect a lower (restoring) force constant in the first case (weaker lo-
cal curvature of the potential energy surface), while the opposite
partial charges borne by hydrogens (Mo—H®~ and S—H®") are also
in favor of the observed lower activation energy for heterosynthet-
ic association at comparable energy of reaction.
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Fig. 13 (continued)

Concerning the homosynthetic associative desorption of H
from the S-edge 50%S, the main difference with other homosyn-
thetic associations on the S-edge is the lower coordination of Mo
atoms, which tends to localize more electronic density on terminal
S atoms. According to the Bader analysis [28,29] of the electronic
density of the atoms on the hydrogen-free edges, Table 2, the total
charge on the S atom is —0.96e for the S-edge 50%S (S21 in Fig. 7),
whereas on the S-edge 100%S (S2 in Fig. 4a), the total charge on the
separated sulfur atoms is —0.78e. At the transition states (TS21 for
S-edge 50%S, Fig. 7, and TS2 for S-edge 100%S, Fig. 4a), the total
charges on the sulfur atoms are —0.76e and —0.62e for S-edge
50%S and S-edge 100%S respectively. During the process of associa-
tive desorption, the dominantly ionic S—H bond is stretched, but
the attractive (mostly electrostatic) interaction between hydrogen
and sulfur is larger for S-edge 50%S since more charge resides on
sulfur. Hereby, the bonding between sulfur and hydrogen is less
extended, resulting in a TS state with a shorter S—H bond (1.58 A
on the S-edge 50%S versus 1.79 A on the S-edge 100%S). This effect
is responsible for a larger H—H distance at the TS state (1.11 A for
the S-edge 50%S versus 0.92 A for the S-edge 100%S). This differ-
ence in the H—H distance reflects a 0.75 eV increase in the binding
energy of H, at the TS on S-edge 100%S versus S-edge 50%S.

Accordingly, the activation of H, homosynthetic associative
desorption is less favoured on S-edge 50%S than predicted by the
BEPR which holds for homosynthetic associative desorption on S-
edge 100%.

In the case of the heterosynthetic associative desorption from
molybdenum and sulfur on the S-edge 50%S (S25-S26 via TS25,
Fig. 8, AE=0.35eV, barrier 0.97 eV), the two effects counteract
(more attraction of H®" by S°, less attraction of H~ by Mo®"),
and the BEPR main tendency is followed again.

3.4.2. Desorption of H>S

It is worth to notice that in order to check whether a BEPR ex-
ists, it is necessary to take into account the energy of elementary
processes, as stated by Van Santen et al. [45] as well as the energies
of transition state and pre-transition state. The change of activa-
tion energy for desorption of H,S as function of the reaction energy
is well described by a BEPR very close to the main diagonal (4 =1,
B = 0) except for one value which corresponds to the homosynthet-
ic associative desorption of H,S from the M-edge 100%S (data from
[4]). The pre-transition state corresponds then to two SH groups
bonded to the same Mo and interacting through a H- - -SH hydrogen
bond. For the other H,S desorption processes considered either on
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Table 3

Comparison of the experimental and theoretical normal modes. (1) Corresponds to Inelastic Neutron Scattering (INS) experiments by Sundberg et al. [42], (2) to Raman
spectroscopy experiments by Polz et al. [41], and (3) to Infra-Red spectroscopy experiments by Burrow et al. [44].

Reference S—H S—S Mo—H

Experimental conditions/model

Sundberg et al. (1) INS 2500(s)
650(b)
Polz et al. (2) Raman 529(s)
Burrow et al. (3) IR spectroscopy 1740(s)
1858(s)
This work Se100%S 2598, 2591 (s)
685, 664 (b)

655, 653 (b)

536 (s)

2520,2517(s)
676-658(b)

Se50%S 2582, 2524(s)
631, 574 (b)

542, 442 (b)

2531 (s) 1374, 1285(s)

Me50%S 2587 (s)

662, 519 (b)

1871 (s)
736, 617 (b)

2583, 2570(s)
639, 561 (b)
532, 489 (b)

2573, 2567(s)
644, 640 (b)
505, 496 (b)

Me100%S 2590,2586(s)
624, 609 (b)

511, 506 (b)

576 (s)

T =573 K under p(H,S)/p(Hz) = 10%, then T =473 K under H2 gas (1, 20, 50 bar)

T=573 K; p(Hz) = 300-450 mbar; p(H,S)/p(Hz) = 1/9 & Aps = -0.89 eV
Mo(H)(tipt)s(PMe,Ph),
Mo(H)(tipt)s(PEtPh,) p = 1 bar, T=293 K

S4_bis

100%S + 25%H

the M-edge 50% or S-edge, the pre-transition state is always molec-
ularly chemisorbed H,S, bonded to one (top) or two (bridging) Mo
ions. The associative process precursor to molecularly chemisorbed
H,S is now the limiting step for the overall associative desorption,
in particular for a process with a low desorption energy as S6-S7
(Fig. 4a) on the S-edge 100%S and S14-S15 (Fig. 6) on the S-edge
87%S.

One would have expected that the desorption energy should
be inversely proportional to the S coverage, since as mentioned
in Section 3.1.2.1.3, the S bond energy is inversely proportional
to the S coverage. But since the associative desorption may be
decomposed into an associative pre-process and a desorption pro-
cess, the latter is associated to the former, and there is no rule of
proportionality between S coverage and the H,S desorption en-
ergy itself.

Considering all points including outliers, the BEPR straight lines
for H, and H,S desorption are rather parallel (slopes are almost the
same 0.79 and 0.83); however, the activation energy for H, desorp-
tion is always higher than the activation energy for H,S desorption.
This means that, if we consider dissociative adsorption and asso-
ciative desorption on the same site, when the binding energy of

sulfur on the edge is lower than ~0.8 eV (0.88/0.79-0.22/0.83),
then the desorption of H,S is faster than that of H,.

4. Discussion

4.1. Comparison with previously proposed surface phase diagrams for
MoS; catalytic edges

The phase diagram at 623 K for the M-edge presented in Fig. 11
modifies the stability domains of hydrogen previously determined
by Cristol et al. [15]. In agreement with Bollinger et al. and Laurit-
sen et al. [17,18], the stability of H on the edges is expected to be
extended to less reducing conditions (P(H,)=5 bars corresponding
to Auy = —0.35eV). Then, in contrast to Cristol and Bollinger, the
stability domain of the Mo-edge at 50% sulfur coverage is sur-
rounded by Mo-edge 50%S+50%H and Mo-edge 37% S for
pp((*;fzs)) = 1073 (corresponding to Aus = —1.2 eV). Those states are sta-
ble in relevant HDS conditions since they are overlapped by the do-
main of relevant HDS conditions delimited by the dashed lines.

At this point, it is important to underline the significance of
including thermal and entropic corrections in surface phase
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Fig. 14. Activation energies versus reaction energies for H, and H,S associative
desorption processes. A BEPR is brought out for each process. The squared
coefficient of correlation is indicated below each regression line equation. All the
values come from our present results except for one value (circled point) on each
set of values coming from Mo-edge 100%S from Dinter et al. [4].

diagrams: the comparison of Figs. 11a and b, and 12a and b, is illus-
trative, showing that in relevant HDS conditions, the correct stable
states may be missed out without such corrections.

4.2. Significance of our results with respect to the activation of
dihydrogen by MoS, based HDS catalysts

In Section 3.1 were reported the activation energies for the het-
erolytic dissociative adsorption of H, on the M-edge 50%S (0.48 eV)
and on the S-edge 50%S (0.62 eV), and the activation energies for
the homolytic adsorption on the M-edge 100%S (0.95 eV) [4], S-
edge 50%S (1.25eV), and S-edge 100%S (0.65 eV). The phase dia-
gram reported by Schweiger et al. [39] showed that S-edge and
Mo-edge are in competition to determine the morphology of cata-
lytic nanoparticles. The lowest activation energy is the one for the
M-edge 50%S, and it has been shown on Fig. 11 that the resulting
hydrogenated edge (M-edge 50%S + 50%H) may coexist with the
37%S hydrogen-free M-edge. Knowing the relative free energies
of these states, it is possible to evaluate the fraction of sulfur
vacancies at bridge sites of the M-edge 50%S + 50%H (S4-bis) (or
fraction of M-edge 37%S). Starting from 100% of lacunar M-edge
bridge sites at 575 K under 10 bar H, below 1073 bar H,S, this cov-
erage decreases to 0.15% under 0.1 bar H,S, but increases again to
ca. 2% if temperature is then raised to 675 K. The M-edge 37%S
should favor the chemisorption at the anionic vacancies, of the sul-
fur adatom from thiophenic derivatives present in crude oil frac-
tions. Subsequently, hydrogens ad-atoms on the same edge are
expected to be responsible for the hydrogenation and hydrodesulf-
uration of chemisorbed thiophenic derivatives.

On the S-edge 50%S, H, heterolytic dissociative adsorption sub-
sequent to physisorption is exothermic but endergonic. On this
same edge, H,S associative desorption is the slowest process com-
pared to that occurring on all other edges. Nevertheless, this does
not mean that this edge does not play a role during HDS, since it is
stable in relevant HDS conditions (see Figs. 12a and 13a and c¢) and
sulfur adsorption should occur, as the activation energy for H,S
adsorption is expected to be around 0.1 eV. This value is calculated
from the BEPR established in Section 3.4 with the energy
difference:

AE = (Emesoxs + Et,s) — Esaus

where Egyys+y is the hydrogenated S-edge 62%S DFT energy,
Emesoxs iS the DFT energy of the S-edge 50%S free of H, and Ejps

the DFT energy of H,S in gas phase. This edge could also enable
the adsorption of a thiophenic derivative if the steric effects are
not too large.

The emerging picture for the lower ratios p(H,S)/p(H;) inside
the range of relevant HDS conditions (left part of the dashed rect-
angles in Figs. 11-13) is then a situation where activated hydrogen
is provided by the M-edge, while anionic vacancies are abundant
on the S-edge, and scarce on the M-edge. The chemisorption of
thiophenic compounds should be possible on these vacancies,
but in strong competition with H,S,

For higher ratios p(H,S)/p(H-) inside the range of relevant HDS
conditions (right part of the dashed rectangles in Figs. 11-13), and
for instance with reference to the conditions 10 bar of H, pressure
and p(H,S)/(H,) ratio of 0.1 brought forward by Bollinger et al. [17],
[18], and represented by the crossed square dots in Figs. 11-13, the
situation changes somewhat. The stable edge surfaces of MoS,,
upon spanning the relevant range of from lower to higher operat-
ing temperatures (475-700 K), are M-edge 50%S + 50%H (S4_bis)
together with S-edge 100%S+50%H at 475K, then M-edge
50%S + 50%H (S4_bis) together with S-edge 62%S at 575K, then
M-edge 50%S +50%H (S4_bis) together with S-edge 50%S at
623 K. In other terms, Hs is dissociatively activated on both edges
at the lower temperature, and as temperature increases, it remains
available on the M-edge only, while being depleted from the S-
edge, which also looses sulfur, offering more and more anionic
vacancies. Still for these conditions, but above 648 K, the stable
M-edge will become S1 (M-edge 50%S) also depleted in H; it then
questionable whether MoS, will retain any catalytic activity in
hydrogenation and/or hydrogenolysis. The stability of M-edge
50%S + 50%H will be of course recovered, and therefore the activity,
likely, if p(H;) is increased beyond some threshold, the higher the
operating temperature.

5. Conclusions

In this work, we have investigated a set of various reaction
pathways for H,S and H, dissociative adsorption and associative
desorption, as well as various hydrogen diffusion processes occur-
ring at both sulfur and molybdenum edges of MoS,, in conditions
encompassing those of industrial hydrotreating.

For the first time in this context, DFT computations have been
carried out for this system including thermal and entropic effects
of the gas phase and catalytic edges. It has been shown that these
effects have a significant impact on the activation free energies and
on stabilities of intermediate states, hereby on and surface phase
diagrams and transition kinetics.

In relevant HDS conditions, thermodynamically stable chemi-
sorbed H states have been brought out on the M-edge 50%S and
the S-edge 100%S. On the latter, for instance, at 623 K, the hydroge-
nated edge is stable for p(H,S)/p(H;) ratios above 0.01. On the for-
mer, for instance, the hydrogenated edge is stable beyond 5 bar of
H, pressure and p(H,S)/p(H>) = 0.001. On the latter, at 623 K and
p(Hy) =5 bar, the hydrogenated edge becomes stable only above
p(H,S)/p(H,) = 0.03. Moreover, it has been shown that the domains
of stability of these hydrogenated edges extends to lower H, pres-
sures and lower p(H,S)/p(H;) ratios when temperature decreases.

The possible coexistence of the hydrogenated M-edge 50%S
(Me50%S + 50%H) and of the M-edge 50%S containing an anion
vacancy (Me37S) has been evidenced. When for instance 100% of
M-edge bridge sites is lacunar at 575 K under 10 bar H, below
1073 bar H,S, this coverage decreases to 0.15% under 0.1 bar H,S,
or ca. 2% at 675 K. These sulfur vacancies, although scarce on the
M-edge, are abundant on the S-edge, and are expected to play an
important role in the catalysis of hydrodesulfuration reactions in
the presence of un-promoted MoS,.
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Since the hydrogenated S-edges 50%S + (50-100%H) are not
thermodynamically stable according to the phase diagram, it
should be interesting to verify to which extent they can show up
as metastable states.

A comparison between experimental measurements reported in
the literature, and our theoretical calculations of vibration frequen-
cies allowed to identify S—H stretching and bending, and S—S
stretching modes respectively at 2500, 650 and 530 cm™!, belong-
ing to surface species at both edges. The calculated vibration fre-
quencies corresponding to the theoretically predicted stable
surface species at conditions of measurements for the available
spectroscopic experiments in literature are in agreement with
the observed frequencies.

Several activation energies for H, dissociative adsorption have
been computed for the main edges present in the relevant HDS
conditions, i.e. S-edge 100%S, S-edge 50%S, and M-edge 50%S. The
lowest barrier has been found for the H, dissociative adsorption
process on the M-edge 50%S (0.48 eV). On the other edges, the bar-
riers are slightly higher, with 0.65 or 0.86 eV and 0.78 eV respec-
tively for S-edge 100% S starting from “separated” or “dimerized”
S, bridge and S-edge 50%S.

The preferred pathways for dissociative association of H, are
heterolytic on the M-edge 50%S, and S-edge 50%S, and homolytic
on the S-edge 100%S, 87% S and generally as long as S, dimers
are attacked.

The activation energies for H,S associative desorption have
been also computed for S-edge 100%S, S-edge 50%S and M-edge
50%S respectively at 2.07, 2.51 and 1.92 eV. Vibrational entropic
corrections up to 0.6 eV depending on temperature have to be ta-
ken into account for estimates of free-energy barriers.

Two Bronsted-Evans-Polanyi Relationships have been deter-
mined for the associative desorption of H, and H,S, and outliers
to these BEPR have been discussed.

We think that this work provides a well quantified determina-
tion of the chemical active species at the edges of the MoS,
nano-crystallites in HDS conditions. A great attention was paid to
provide the stability domains of CUS, sulfhydryl group, sulfur an-
ions as a function of temperature and partial pressures of H,S,
H,. Moreover, the kinetic properties of these species were also
evaluated: hydrogen dissociative adsorption, hydrogen diffusion,
and CUS creation associated to H,S desorption. We hope that this
will help for a more accurate investigation of the elementary steps
of HDS mechanisms where the same active species are involved.

Finally, the question remains open of the influence of kinetics
on the edges meta-stabilities. However, in view of the large num-
ber of interacting processes involved, and in order to gather statis-
tically meaningful data over large enough time lags and site
numbers, we expect first-principles based kinetic Monte Carlo sim-
ulations to be an efficient approach to address these questions.
Considering such perspectives, we hope that the present work pro-
vides an appropriately extensive database of DFT barriers, comple-
menting consistently our previous contributions [3,32].
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