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Theoretical Cluster Studies on the Catalytic Sulfidation of MoO;
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Density-functional theory together with large surface clusters is applied to study elementary processes of the
catalytic sulfidation of the MoO3(010) surface. For all sites, surface oxygen is found to bind more strongly
with its substrate environment than the corresponding sulfur substitute with binding distances that are shorter
for oxygen than for sulfur. Sulfur—oxygen exchange reactions are energetically preferred over sulfur adsorption
at MoO3(010). The first and second sulfur substitution takes place preferentially at the terminal oxygen site
O(1) where the two steps are energetically similar. Further, sulfur binding is found to be facilitated by the
existence of surface oxygen vacancies where sulfur substitution takes place preferentially at the terminal
oxygen sites O(1) and O(1)". On the basis of the theoretical results, different sulfidation schemes are considered.
They indicate that sulfidation of the MoO; surface is facilitated by hydrogen participating in the reaction.

1. Introduction

Mo-based catalysts, such as MoS,-type, are known to yield
high activity for hydrodesulfurization (HDS) and hydrodeni-
trogenation (HDN) processes and exhibit also high activity for
methanation and for the Fischer—Tropsch synthesis of light
hydrocarbons from CO hydrogenation.!~7 MoS,-based catalysts
are initially prepared from highly dispersed molybdenum
trioxide, MoOs, on high-surface-area supports to which promot-
ers, such as K, Co, or Ni, may be added and are subsequently
converted to the catalytically active phase by sulfidation,
typically in a H,S/H, atmosphere.’~!! Thus, the sulfidation
process of MoO; forms an essential part of the catalyst
preparation, which makes studies on corresponding mechanisms
and elementary reaction steps quite important.

The sulfidation process of MoOs; has been extensively studied
by experiment.'>'#"18 Scheffer et al.'’ have considered the
sulfidation of MoQO; on different supports and find that crystal-
line MoO; of low dispersion is relatively difficult to sulfidize.
Results from X-ray photoelectron spectroscopy (XPS)!Z14-18
suggest that the sulfidation of MoO; to MoS, proceeds via an
oxysulfide, Mo*"OS,, appearing initially at the MoOj; surface
where the sulfidic species is believed to facilitate the reduction
of MoO; to a Mo*"-containing compound. During the sulfidation
process, sulfur is assumed to be present as S?>~, S,>7, or as SH™
species, which is consistent with studies on the thermal
decomposition of (NH4):M00,S,.!718 These studies indicate that
bridging S,?~ ligands are formed during the sulfidation of MoOs.
They suggest further that hydrogen, H,, does not participate
initially, but the sulfidation starts with an exchange of oxygen
by sulfur at terminal Mo=O groups of the MoO; surface.
However, a direct reaction between terminal oxygen and H, to
produce oxygen vacancies cannot be excluded. Further, experi-
ments using in situ techniques have shown that both the
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sulfidation of MoOs to yield MoS, and a subsequent re-exposure
to air proceed via oxysulfide phases.®

Although there is an abundance of experimental work on the
sulfidation of MoOs;, theoretical studies on these systems are
still missing. Therefore, in the present theoretical study, we use
density functional theory (DFT) together with gradient-corrected
functionals and large cluster models to examine the geometric,
energetic, and electronic behavior of oxygen and sulfur adsor-
bates as well as hydrogen adsorption at local sections of the
Mo03(010) substrate surface. The surface clusters are meant to
simulate local sections of corresponding catalysts, and the
different adsorption scenarios can be considered as model steps
of the sulfidation happening at the catalyst surfaces. This may
allow a deeper understanding of detailed mechanisms and an
interpretation of the experimental results at an atomic level.

In section 2, we describe computational details of the present
work, whereas in section 3, we present results of the calculations
on oxygen, sulfur adsorption, and O/S exchange at MoO3(010);
on hydrogen adsorption; and on possible scenarios of the MoOs
surface sulfidation. Finally, in section 4, we summarize our
results and conclusions.

2. Computational Details

Bulk MoO; forms an orthorhombic crystal lattice with a layer
structure of weakly binding oxide bilayers parallel to (010)
netplanes; see Figure 1a. Each bilayer consists of two interleaved
planes of distorted MoOg octahedra sharing a corner, while
octahedra of adjacent planes share edges.'*? The (010) surface
of MoOs; is energetically the most stable and represents the
preferred cleavage plane of the crystal, exposing three differently
coordinated oxygen species; see Figure la,b. The terminal
molybdenyl oxygen species, O(l), is connected with one
molybdenum atom by a bond directed almost perpendicular to
the surface plane. Bridging oxygen, O(2), is coordinated
asymmetrically to two Mo atoms with bonds along the (100)
direction, while O(3) is coordinated symmetrically to two metal
centers along the (001) direction in the upper part of the bilayer
and, with a longer distance, to one molybdenum in the lower
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Figure 1. (a) Geometric structure of orthorhombic MoOj; bulk with
netplane stacking along the (010) direction. The figure includes two
physical bilayers. Molybdenum and oxygen atoms are shown by large
and small balls, respectively, where those of the topmost bilayer are
emphasized by shading. Molybdenum and differently coordinated
oxygen centers, O(1), O(2), and O(3), are labeled accordingly. (b)
Geometric structure of the Mo;sOs¢Hy, cluster representing a bilayer
section at the perfect MoO;(010) surface. Oxygen and molybdenum
atoms of the lower network within the bilayer are shown with lighter
colors. Saturator hydrogen at the cluster periphery is represented by
very small balls.

part. In this study, local sections of the MoO3(010) surface are
modeled by corresponding clusters where hydrogen is used to
saturate dangling bonds at peripheral oxygen sites.!>?!?> Here,
we consider a Mo;sOs¢H,, surface cluster (see Figure 1b) to
describe properties of the MoOs(010) surface, including oxygen
vacancies (simulated by Mo;50ssHy, clusters) and substitutional
sulfur adsorbates (modeled by Mo;505sSH;,) as well as hydro-
gen adsorption (modeled by Mo;50s5cH»H(, »)) at the differently
coordinated oxygen sites, O(1), O(2), and O(3). In the calcula-
tions, the local cluster environments near vacancies and
adsorbates are always optimized geometrically to account for
surface relaxation in response to local perturbations.

Electronic ground states and derived properties of the clusters
are calculated using density functional theory (DFT) together
with generalized gradient-corrected exchange and correlation
functionals according to Perdew, Burke, and Ernzerhof
(RPBE).?** The Kohn—Sham orbitals are represented by linear
combinations of atomic orbitals (LCAO) using extended basis
sets of contracted Gaussians. For the ground-state calculations
and in corresponding geometry optimizations, oxygen, sulfur,
and hydrogen are represented by all-electron DZVP basis sets
([3s2p1d] for O, [4s3p1d] for S, and [4s3p] for H), whereas for
saturator hydrogen, a smaller basis set ([2s]) is used. Molyb-
denum is represented by an effective core potential (ECP)
together with a valence basis set [6s5p4d] for the 14 outermost
valence electrons. All calculations are performed using the DFT
cluster code StoBe.”

Binding and adsorption energies are evaluated from differ-
ences of corresponding cluster total energies. Here, surface
binding energies E,(O) of oxygen, which have to be overcome
when surface oxygen is removed from the substrate, forming
an oxygen vacancy, are defined by

Esb(o) = Etot(SUb) - Etot(SUbOvac) - Etot(o) (1)

with Sub reflecting the cluster of the perfect MoOs(010)
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substrate, Subg,,. denoting the substrate cluster with a surface
oxygen vacancy after relaxation, and atomic oxygen considered
in its triplet ground state. Thus, E,(O) can also be considered
an oxygen vacancy energy at the substrate surface. Further,
surface binding energies Eq(S) of sulfur substituting surface
oxygen are given by

Esb(S) = Elot(subOvacS) - Etot(SUbOWw) - Elot(s)

(@)

with Suboy,.S denoting the (relaxed) MoO3(010) substrate cluster
with one surface oxygen replaced by sulfur and atomic sulfur
considered in its triplet ground state. Obviously, E(O) and
E4(S) assume negative values when the O,S species stabilize
at their respective equilibrium positions at the substrate surface.
The oxygen-by-sulfur substitution energy Es,o at the surface,
defined with respect to gas-phase H,O and H,S, is given by

Eg o = E(Subg,,.S) + E (H,O) — [E(Sub) +

E[O[(H2S)] (3)

Ovac

where negative Ego values describe exothermic and positive
values endothermic substitution. Further, energies E,q(Ad) for
sulfur and hydrogen adsorption are defined by

E (Ad) = E_(SubAd) — E_(Sub) — E_(Ad) (4)

where SubAd denotes the MoO5(010) substrate cluster with
adsorbates sulfur or hydrogen added. Here, negative values of
E,4s(Ad) result in the adsorbates stabilizing at the surface. Sulfur
adsorbed above oxygen at a surface site may also be considered
as a SO species adsorbed at the corresponding oxygen vacancy
site. This suggests the definition of surface binding energies
E(SO) of the SO species filling formally a surface oxygen
vacancy by

E4(SO) = E,_(SubS) — E,_(Subg,,.) — E(SO)

)

where SubS refers to a cluster of the perfect MoO;(010)
substrate with sulfur added, Subg,,. describes the substrate
cluster with a surface oxygen vacancy, and molecular SO is
considered in its triplet ground state. Likewise, hydrogen
adsorption at the perfect MoO;(010) substrate, involving one
or two hydrogen atoms, may lead to surface OH and H,O groups
whose binding with the substrate at an oxygen vacancy site can
be defined by

E.(OH) = E,(SubH) — E,(Subg,,.) — E(OH)
(6)

and

Esb(HZO) = Etot(subHZ) - Etot(SUbOVac) - Etot(HZO)

)

where, in both cases, Sub refers to the perfect substrate. Further,
hydrogen adsorption at sulfur sites of the sulfidic MoO;(010)
substrate, involving one or two hydrogen atoms, may lead to


http://pubs.acs.org/action/showImage?doi=10.1021/jp911639e&iName=master.img-000.jpg&w=119&h=181

Cluster Studies on the Catalytic Sulfidation of MoOs3

surface SH and H,S groups whose binding with the substrate
at an oxygen vacancy site can be defined by

Esb(SH) = Etot(SubH) - Emt(subOvac) - Elot(SH)

(8)
and

Esb(H2S) = Etot(subH2) - Etot(SU'bOvac) - Etot(HZS)

&)

where Sub refers to the sulfidic substrate. Finally, the adsorption
of sulfur at the substrate surface can be evaluated by either
starting from atomic sulfur in gas phase, where the adsorption
energy is defined by eq 4 with Ad = S, or starting from gas-
phase H,S to yield adsorbed sulfur and gas phase H,. The
adsorption energy E,q(S)” of the latter process is defined by

E,.(S)Y = E(SubS) + E(H,) — E,(Sub) — E,(H,S)
(10)

where SubS refers to a cluster of the perfect MoO;(010)
substrate with sulfur added. Definitions 1—10 will be used in
the discussion below.

3. Results and Discussion

3.1. Surface Binding of Oxygen and Sulfur at the
MoO;3(010) Surface. 3.1.1. Binding at the Perfect MoO3(010)
Surface. Table 1 lists calculated surface binding energies Eq,(O)
of oxygen for different oxygen sites, O(1), O(2), and O(3), at
the perfect MoO;(010) surface where the energies are obtained
according to definition 1. Here, the substrate cluster Mo;50s5cH2,
is used as the initial surface cluster (see Figure 1b) and
corresponding oxygen vacancy clusters Mo;s0ssH;, are applied
with Mo and O atoms near the vacancy allowed to relax in
response to the missing surface oxygen. Further, atomic oxygen
is taken as reference. Obviously, oxygen is bound very strongly
at the oxide surface where E,(O) is largest in absolute
magnitude for the 3-fold-coordinated O(3) site, smaller for
2-fold-coordinated O(2), and the smallest for singly coordinated
O(1). This agrees qualitatively with results from previous cluster
calculations.!® However, the published E4(O) values (vacancy
energies) are smaller in absolute magnitude by 0.5 eV (O(1)
and O(2) sites) and by 0.1 eV (O(3) site) compared with the
present results. The difference is explained by the present
calculations, allowing a larger number of atoms to relax near
the vacancy, which yields a larger energy gain due to relaxation.

TABLE 1: Surface Binding Energies, E,(X), X = O, S, at
the Perfect MoO3(010) Surface for Different Oxygen Sites
Obtained from Cluster Model Calculations; See Text. The
Table Includes Equilibrium Distances d(X—Mo) of the Two
Species with Respect to Their Nearest Mo Neighbors at the
Surface’

site O(1) 0(2) 0Q3)
Ew(O) —5.36 —5.64 —6.45
d(O—Mo) 1.70 1.75 1.95
Ew(S) —3.38 —1.37 —2.75
d(S—Mo) 2.15 2.11 2.29
Eg0” —0.15 2.14 1.57

“ Egio denotes oxygen/sulfur substitution energies; see text. © All
energies are given in eV, distances in A.
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Figure 2. Equilibrium geometry of substitutional sulfur at different
oxygen sites of the perfect MoO5(010) surface; see text. Sulfur,
molybdenum, oxygen, and saturator hydrogen atoms are shown by very
large, large, small, and very small shaded balls, respectively. Sulfur
substituting oxygen at (a) O(1), denoted S/O(1); (b) O(2), denoted
S/0(2); and (c) O(3), denoted S/O(3).

The energetic order of Eg(O) may suggest that singly coordi-
nated oxygen O(1) at the MoO;(010) surface participates
preferentially in oxidation reactions, according to the Mars—van
Krevelen mechanism.?® However, the size of the energies Eq,(O)
shows clearly that removing oxygen from the surface without
any concurrent reaction requires a large energy that may be
difficult to obtain in a chemical reaction.

Table 1 contains also results for surface binding energies
E(S) of substitutional sulfur replacing oxygen at O(1), O(2),
or O(3) sites, according to definition 2. Here, corresponding
sulfur-substituted substrate clusters Mo;5055SH>, and their
oxygen vacancy counterparts Mo;sOssH,, (vacancy clusters) are
considered where, in both cases, calculated equilibrium geom-
etries with respect to sulfur incorporation and oxygen vacancy
formation are used; see Figure 2. In addition, atomic sulfur is
taken as reference. The numerical E,(S) results are found to
be always smaller in absolute value compared with the corre-
sponding E,(O) values. This shows that sulfur—substrate
binding is overall weaker than oxygen—substrate binding, which
is consistent with all interatomic distances d(S—Mo) being larger
than corresponding d(O—Mo) values. Further, substitutional
sulfur is bound most strongly at an O(1) vacancy site, denoted
S/O(1) in Figure 2a, where oxygen is bound the weakest; see
above. This suggests that the initial step of sulfidation of the
MoO:s substrate takes place preferentially at the O(1) site, which
is confirmed by the results for the oxygen-by-sulfur substitution
energies Ego with gas-phase H,O and H,S as references; see
definition 3. The numerical data of Table 1 show a mildly
exothermic substitution, Esjo = —0.15 eV, for the O(1) site,
whereas the energies for the other oxygen sites, 1.6—2.1 eV,
yield strongly endothermic substitution.

During the sulfidation process, sulfur may also be deposited
at the MoO;(010) surface and stabilize at different sites.
Therefore, we consider the adsorption of atomic sulfur at the
perfect MoO;(010) surface in cluster calculations, including
adsorption-induced local relaxation illustrated in Figure 1 of
the Supporting Information. The results of corresponding
adsorption energies E,4(S) using Mo;5s05,SH», as the substrate
cluster and gas-phase sulfur as reference (see definition 4, are
listed in Table 2. Sulfur adsorption at the bridging O(3) sites
of the MoO3(010) surface is found to result in a metastable state
with a positive E,4 value and will not be considered further. In
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TABLE 2: Adsorption Energies, E,4(S) and E.4(S)’, of
Sulfur and Surface Binding Energies, E,(SO), at the Perfect
Mo0O3(010) Surface for Different Oxygen Sites Obtained
from Cluster Model Calculations; See Text. The Table
Includes Equilibrium Distances, d(S—0), between Surface
Oxygen at the Corresponding Sites, O(1), O(2), and O(3),
and Adsorbed Sulfur”

site O(l) 0(2) 0(3)
E.4s(S) —1.24 —0.22 0.30
E.us(S) 1.84 2.86 3.38
d(S—0) 1.68 1.67 1.77
Ew(SO) —1.25 —0.53 —0.80

@ All energies are given in eV, distances in A.

contrast, the sulfur adsorbate stabilizes above the oxygen sites
O(1) and O(2) at the surface with adsorption energies E,4(S)
= —1.24 and —0.22 eV, respectively, where it forms a
negatively charged SO species. The adsorption energies are
smaller in absolute size compared with corresponding surface
binding energies Eq,(S) of sulfur stabilizing in O(1) and O(2)
oxygen vacancies (—3.38 and —1.37 eV; see Table 1). Thus,
sulfur prefers to bind in oxygen vacancies, rather, at the perfect
MoO5(010) surface. If sulfur adsorption is considered in a
reaction where a H,S molecule in gas phase provides the sulfur
adsorbate and is reduced to gas-phase H,, then the corresponding
adsorption energy E,4(S)” is given by definition 10 and differs
from E,4(S) of definition 4 by the energy of the gas-phase
reaction (H,S)gas = (Ha)gas + (S) gas» Which yields 3.08 eV from
the present calculations. This results in strongly positive E,q(S)’
values, 1.8—3.4 eV (see Table 2), which suggest that, starting
from gas-phase H,S, the sulfur adsorption is quite endothermic.
In fact, a comparison with corresponding oxygen-by-sulfur
substitution energies Eso of Table 1 shows that E,(S)" lies
always above FEgo for the same oxygen site. This can be
interpreted as sulfur—oxygen exchange reactions being energeti-
cally preferred over sulfur adsorption at the MoO3(010) surface.

The SO species formed after sulfur adsorption above the
surface oxygen sites, O(1), O(2), and O(3), is bound to the
substrate overall more strongly than the sulfur adsorbate, as
suggested by the surface binding energy values E(SO) (see
definition 5) included in Table 2. However, the E4,(SO) values
are considerably smaller than the corresponding surface binding
energies Eg,(O) of oxygen by itself. This indicates that removal
of oxygen from the MoO5(010) surface is easier in the presence
of the sulfur adsorbate, a result that is more general and has
been found also for other adsorbates and oxides. As examples,
we mention that oxygen vacancy formation at differently
coordinated sites of the V,05(010) surface is facilitated by
preadsorbed hydrogen or oxygen.'

3.1.2. Binding at the Sulfidic MoO3(010) Surface. The
importance of substitutional sulfur at the MoO;(010) surface is
examined by first exchanging an oxygen at the O(1) site by
sulfur, yielding a local model of the sulfidic surface. Oxygen
surface binding as well as surface binding of a second
substitutional sulfur at oxygen sites near the exchange site is
then considered. The latter can also be viewed as substitution
of oxygen at two adjacent surface sites by sulfur, as illustrated
in Figure 3. The binding analysis is analogous to the procedure
for the perfect MoO5(010) surface, except that now surface
binding energies E,(O) and Eg,(S) (see definitions 1 and 2) refer
to a substrate cluster Sub = Mo,5055SH,, with substitutional
sulfur at the central O(1) surface site. Table 3 lists corresponding
surface binding energies for oxygen sites, O(1), O(2), and O(3),
adjacent to the substitution site with atomic oxygen and sulfur
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Figure 3. Equilibrium geometry of substitutional sulfur atoms at two
adjacent oxygen sites of the perfect MoO3(010) surface (substitutional
sulfur at the sulfidic MoOs(010) surface; see text). The different atoms
are shown by shaded balls of different sizes; see the caption of Figure
2. Sulfur substituting oxygen at (a) adjacent O(1) sites, (b) adjacent
O(1) and O(2) sites, and (c) adjacent O(1) and O(3) sites. (d) Geometric
structure of molecular S, above the O(2) site.

TABLE 3: Surface Binding Energies, E.,(X), X = O, S, at
the Sulfidic M0oO3(010) Surface for Different Oxygen Sites
Obtained from Cluster Model Calculations; See Text. The
Table Includes Equilibrium Distances d(X—Mo) of the Two
Species with Respect to Their Nearest Mo Neighbors at the
Surface’

site O(1) 0(2) 0(3)
Eg(O) —5.53 —5.84 —6.35
d(O—Mo) 1.69 1.75 1.95
Eg(S) —3.65 —1.60 —2.72
d(S—Mo) 2.15 2.11 2.29
Egi0” —0.25 2.10 1.49

@ Esio denotes oxygen/sulfur substitution energies; see text. ? All
energies are given in eV, distances in A.

taken as reference. The E,(O) results yield, for all sites, quite
large and the E(S) data moderately large values, which
indicates, as for the perfect MoO5(010) surface, rather strong
surface binding of the two species. A comparison with Table 1
evidences that Eg,(O) and Eg,(S) variations due to substitutional
sulfur are always below 0.2 eV. Thus, the presence of
substitutional sulfur at the surface does not lead to major changes
of the surface binding energies of nearby oxygen or sulfur,
which suggests rather local binding of the two species at the
surface.

Table 3 includes also results for the oxygen-by-sulfur
substitution energies Eg o at oxygen sites near the exchange site.
The numerical values are obtained using definition 3 with Sub
= Mo,;5055SH;, and gas-phase H,O and H,S as references. A
comparison with Table 1 shows that the calculated substitution
energies for the sulfidic MoO3(010) surface are quite similar to
those of the perfect surface, with differences for the oxygen
sites, O(1), O(2), and O(3), being always below 0.1 eV. In
particular, the general trend of a mildly exothermic substitution,
Esio = —0.25 eV, for the O(1) site and strongly endothermic
substitutions, Ego = 2.10 and 1.49 eV, for the O(2) and O(3)
sites remains unchanged by the presence of the initial substituted
sulfur, confirming the rather local binding of the two species.
The Ego results show further that the second sulfidation step
after substituting oxygen at an O(1) site of the surface by sulfur
takes place preferentially at another O(1) site where the two
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sulfurs are well-separated and do not affect each other. However,
it must be emphasized that these findings refer only to the initial
sulfidation steps and may differ with increasing surface sulfidation.

Experimental studies on the sulfidation of MoOj catalysts
have concluded that molecular ions S, are formed as a
consequence of the sulfidation process.'”'® This has been
examined in test calculations where the MoO5(010) surface is
modeled by a Mo;s0s54H,, substrate cluster with two oxygen
vacancies at adjacent O(1) sites and molecular S, added near
these sites. After equilibration, the S,*~ surface species is found
to stabilize between the two O(1) sites with its molecular axis
perpendicular to the line between the sites, as shown in Figure
3d. The resulting surface binding energy defined by

E4(S,))=E,(M0,505,H,,S,) — E,(M0,505,H,,) — E\(S,)
(1D

amounts to —0.49 eV, with an intramolecular distance, ds—s =
2.01 A, which is larger than the gas-phase value of neutral S,,
1.92 A, reflecting the fact that the surface species is negatively
charged.

3.1.3. Binding at the Reduced MoQOj;(010) Surface. When
the MoO5(010) surface is reduced by oxygen vacancies formed
as a consequence of reactions or for thermodynamic reasons,
its adsorption and reaction properties are expected to be
influenced. This is examined by model calculations where, first,
an oxygen vacancy at the (energetically preferred) O(1) site of
the surface is formed; see Figure 2a of the Supporting Informa-
tion. Oxygen surface binding as well as surface binding of a
substitutional sulfur at oxygen sites near the vacancy site is then
considered. Here, surface binding energies Eg,(O) and Eg,(S)
(see definitions 1 and 2) refer to a substrate cluster, Sub =
Mo,50s5H,,, which includes an oxygen vacancy at the O(1) site
near the center of the cluster surface. Thus, Eg,(O) for oxygen
sites near the vacancy can be considered to describe also the
energy required to form a second vacancy, where equilibrium
geometries of different double oxygen vacancies, taken as
references, are shown in Figure 2b—d of the Supporting
Information.

Previous theoretical studies on oxygen vacancy formation at
the MoO;(010) surface based on the Mo,50s5H,, vacancy cluster
have shown that geometric relaxation near an O(1) vacancy
causes the adjacent asymmetrically bridging O(2) oxygen to
move upward, forming a singly coordinated O(1)-type species,
called O(1)’ in the following, with its Mo—O axis tilted with
respect to that of the initial O(1) species.'®?"?8 This is confirmed
by the present calculations (see Figure 2a of the Supporting
Information) and may be the initial step of a major surface
reconstruction due to reduction, which has also been considered
in experimental studies.?¥

Table 4 contains surface binding energies E,(O) and Eg(S)
for oxygen sites, O(1), O(2), and O(3), adjacent to the O(1)
vacancy site of the reduced MoO3(010) surface, applying
definitions 1 and 2, where Sub = Mo;50s5H,, and atomic oxygen
and sulfur are taken as reference. Corresponding equilibrium
geometries of substitutional sulfur adjacent to the O(1) vacancy
site are sketched in Figure 3 of the Supporting Information. As
for the perfect surface, the numerical E(S) results for each
site are smaller in absolute value compared with the corre-
sponding Ey,(O) values, reflecting overall weaker sulfur—substrate
compared with oxygen—substrate binding. However, all surface
binding energies E,(O) and E,(S) for the reduced surface are
larger in absolute value compared with those of the perfect
surface. In addition, the energetic orders of E,(O) and Eg(S)
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TABLE 4: Surface Binding Energies, E,(X), X = O, S, at
the Reduced Mo0QO3(010) Surface for Different Oxygen Sites
Obtained from Cluster Model Calculations; See Text. The
Table Includes Equilibrium Distances d(X—Mo) of the Two
Species with Respect to Their Nearest Mo Neighbors at the
Surface’

site o(1) 02)/0(1y 003)
E(O) —6.61 —6.97 —6.22
d(O—Mo) 1.71 1.69 1.95
E(S) —4.61 —4.97 —-3.08
d(S—Mo) 2.14 2.12 221
Esiof —0.13 —0.13 1.02

“ Egio denotes oxygen/sulfur substitution energies; see text. © All
energies are given in eV, distances in A.

for different sites at the perfect surface are changed for the
reduced surface. This is explained by the electronic influence
of the vacancy at the reduced surface. First, the charge
redistribution near the oxygen vacancy increases the binding
ability of its nearby atom neighbors, thus, strengthening surface
bonds and increasing the absolute Ey, values. Second, the
electronic charge distribution near the vacancy is strongly
perturbed where the perturbation depends on the vacancy site,
O(1), O(2), or O(3), and obviously leads to different energetic
orders for the Eg, data.

The surface binding energies E(O) (and Eg(S)) for the
oxygen sites O(1) and O(2) at the reduced surface are found to
be rather similar. This can be understood by the surface
relaxation induced by the O(1) vacancy (see above), which
affects the O(2) oxygen most strongly and changes its electronic
binding properties such that it becomes O(1)-type. The similarity
is also reflected in the results for oxygen-by-sulfur substitution
energies Ego near a vacancy of the reduced surface (see
definition 3), with Sub = Mo;505sH;,, including an oxygen
vacancy at the O(1) site near the center of the cluster surface.
The numerical Ego values of Table 4 show a mildly exothermic
substitution, Eso = —0.13 eV, for both the O(1) and the O(2)
site, comparable with the result for the O(1) site at the perfect
surface, with stronger endothermic substitution, Eso = 1.02 eV,
for the O(3) site.

3.2. Hydrogen Adsorption at the MoQO3(010) Surface. In
the experiment, the sulfidation of MoOs is achieved by exposing
the substrate to a mixture of H,S and H, gas. Therefore, it is
important to consider also hydrogen adsorption at the substrate
surface in a proper description of the sulfidation process. This
will be discussed in the following.

3.2.1. Hydrogen Adsorption at the Perfect MoO3(010)
Surface. First, we examine the adsorption of atomic hydrogen
at the perfect MoO;(010) surface in cluster calculations,
including adsorption-induced local relaxation illustrated in
Figure 4, which sketches calculated adsorbate equilibrium
geometries. Table 5a lists results of corresponding energies
E.4(H) of single-atom adsorption near different oxygen sites,
O(1), O(2), and O(3), of the perfect MoO5(010) surface; see
definition 4, with Sub = Mo;505sH,, and Ad = H. The
numerical data for E,4(H) evidence that hydrogen stabilizes at
all three oxygen sites, forming rather strong bonds with the
substrate oxygen where binding is the strongest at the asym-
metric bridging O(2) site. This is slightly different from results
from earlier calculations'® that yield overall adsorption energies
of smaller absolute size (differences ranging between 0.4 and
1.0 eV) and suggests that the O(1) site is energetically preferred.
The differences are found to be due to different geometric
relaxation where the atom environment near the adsorption site
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(a) O(1)H

Figure 4. Equilibrium geometry of single hydrogen atoms adsorbed
at different oxygen sites of the perfect MoO3(010) surface and forming
OH groups; see text. The different atoms are shown by shaded balls of
different sizes; see the caption of Figure 2. Hydrogen (a) adsorbed at
O(1), forming O(1)H; (b) adsorbed at O(2), forming O(2)H; and (c)
adsorbed at O(3), forming O(3)H.

TABLE 5: Adsorption Energies of Hydrogen and Surface
Binding Energies of Surface OH and H,O for Different
Oxygen Sites, O(1), O(2), and O(3), at the Perfect M0oO;(010)
Surface Obtained from Cluster Model Calculations. The
Table Includes Equilibrium Distances, d(O—H), between
Surface Oxygen and Adsorbed Hydrogen as Well as
Distances, d(O—Mo), between Oxygen and Neighboring
Molybdenum®”

(a) adsorption of a single hydrogen

site O(1) 0(2) 0Q3)
E,o(H) —2.08 —2.48 —1.74
d(O—H) 0.98 0.99 0.99
d(O—Mo) 1.87 (1.70) 1.97 (1.75) 2.08 (1.95)
Ew(OH) —2.86 —3.56 —3.62
(b) adsorption of two hydrogen atoms at the same oxygen site
site O(1) 0(2) 0Q3)
E,i(2H) —4.55 —4.61 -
d(O—H) 0.99, 0.98 1.00, 1.00 -
d(O—Mo) 2.20 (1.70) 2.17 (1.75) -
Eg(H.0) —0.13 —0.48 -
(c) adsorption of two hydrogen atoms at adjacent oxygen sites
site O(1)/0(1) O(1)/0(2) O(1)/0(3)
E,i(2H) —4.04 —4.22 —3.75
d(O—H) 0.98/0.98 0.99/0.99 0.98/1.00
d(O—Mo) 1.88/1.88 1.83/1.98 1.89/2.05

¢ For definitions of E,i(H), E.(2H), Ew(OH), and Eg,(H,0), see
text. All values are obtained from cluster model calculations using
Mo;sOs¢Hy, as the surface cluster. ® The numbers in parentheses
refer to the surface without adsorbate. All energies are given in eV,
distances in A.

allowed to relax in response to the adsorbate was chosen larger
in the present than in the earlier calculations. It should be noted
that the present adsorption energies E,q(H) refer to atomic
hydrogen in gas phase as a reference. The use of molecular H,
as reference would decrease all absolute values of E,q(H) by
,Ep(H,), where Ep(H,) is the dissociation energy of gas-phase
H,, yielding 4.57 eV in the present calculations.

Hydrogen adsorption results in negatively charged OH groups
at the substrate surface, which themselves are more weakly
bound to the substrate than the initial oxygen species. This
becomes evident from a comparison of the OH surface binding
data E4,(OH) of Table 5a (evaluated according to definition 6)
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with corresponding values Eg,(O) for the perfect MoO5(010)
surface (see Table 1), which yield, for all oxygen sites, absolute
values |Eg,(OH)I smaller than 1E(O)l. The weakening of the
oxygen—substrate bond due to the presence of adsorbed
hydrogen is confirmed further by increased interatomic distances
d(O—Mo), as evident from the d(O—Mo) values of Table 5a.
For all oxygen sites, the resulting OH groups are strongly tilted
with respect to the surface normal direction and lie almost flat
at the surface; see Figure 4. These geometries are different from
the equilibrium geometries determined previously in which OH
was pointing perpendicular to the surface.!® The discrepancy is
explained, as before, by incomplete atom relaxation in the
previous study.

Adsorbed hydrogen may desorb from the perfect MoO5(010)
surface where two scenarios can be considered. In a direct
process, the hydrogen atom leaves the surface, where the energy
required for desorption equals the energy |IE,4(H)l gained by
adsorption. Alternatively, the surface OH group formed by
adsorption may desorb as a whole, leaving a surface vacancy
behind. The corresponding desorption energy equals the surface
binding energy |E(OH)I. Table 5a shows that the quantities
|IE,(OH)I are, for all oxygen sites, larger than the corresponding
hydrogen adsorption energies |E,s(H)I, which indicates that
direct hydrogen desorption is always energetically preferable
over OH desorption. On the other hand, the relation |Ey,(OH)I
< |Eg(O)l discussed above suggests that the presence of
preadsorbed hydrogen facilitates oxygen removal from the
Mo0O5(010) surface, which is in qualitative agreement with
earlier findings."

Hydrogen adsorption at the MoO3(010) surface may also lead
to two hydrogen atoms stabilizing at the same oxygen site of
the surface, yielding surface water groups illustrated in Figure
5a,b, which sketches calculated equilibrium geometries of the
adsorbate. Table 5b lists results of corresponding adsorption
energies E,(2H) for the oxygen sites, O(1) and O(2); see
definition 4, with Sub = Mo,505¢H, and Ad = 2H. (The O(3)
site is found to be unable to accommodate two hydrogen atoms
and will not be considered in the following.) The numerical
data of E,4(2H) in Table 5b are found to be quite similar, —4.6
eV, for the two oxygen sites and amount to about twice the
energies E,4(H) for single hydrogen adsorption. This shows that
two hydrogen atoms can stabilize at O(1) and O(2) sites, forming
local H,O groups at the substrate surface. The surface H,O is
much more weakly bound to the substrate than the initial oxygen
species. In fact, surface H,O is even more weakly bound than
surface OH. This is obvious from a comparison of the H,O
surface binding data Ey,(H,0) of Table 5b (evaluated according
to definition 7) with corresponding values Eg,(O) and Eg,(OH)
(see Tables 1 and 5a), which always yield |1Es,(H,O)l < |Eg,(OH)I
< |Eg(O)l. The increased weakening of the oxygen—substrate
bond due to the presence of the two adsorbed hydrogen atoms
is consistent with the increased interatomic distances, d(O—Mo),
included in Table 5b, which are larger than for single hydrogen
adsorption.

Analogous to the single hydrogen case, the two hydrogen
atoms adsorbed at a common oxygen site may desorb from the
MoO5(010) surface where different scenarios are possible. The
two hydrogen atoms may leave the surface (simultaneously or
subsequently), ending up as separate gas phase atoms, where
the energy required for desorption equals the energy |E,q4(2H)I
gained by adsorption. In another scenario, the surface H,O
species formed by adsorption may desorb as a whole, leaving
a surface vacancy behind. The corresponding desorption energy
then equals the surface binding energy |E,(H,O)l. Table 5b
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Figure 5. Equilibrium geometry of two hydrogen atoms adsorbed at
different oxygen sites of the perfect MoO3(010) surface and forming
H,O or adjacent OH groups; see text. The different atoms are shown
by shaded balls of different sizes; see the caption of Figure 2. Two
hydrogen atoms (a) adsorbed at O(1), forming H,O(1); (b) adsorbed at
0(2), forming H,O(2); (c) stabilizing near O(3), forming an O(3)H and
O(1)H pair; (d) adsorbed at adjacent O(1) sites, forming two O(1)H
groups; and (e) adsorbed at adjacent O(1) and O(2) sites, forming an
O(1)H and O(2)H pair.

shows that the quantities |Ey,(H,O)l are, for the two oxygen sites
O(1) and O(2), substantially smaller than the corresponding
hydrogen adsorption energies |E,q(2H)I, which indicates that
H,O desorption is energetically preferred over direct hydrogen
desorption. In addition, the |1E4,(H,O)l values are considerably
smaller compared with the corresponding surface binding (or
vacancy formation) energies |1E,(O)l of oxygen given in Table
1. This suggests, analogous to the results for surface OH groups
discussed above, that the presence of preadsorbed hydrogen
facilitates oxygen removal from the MoO;(010) surface where
the effect is found to be stronger for surface H,O than for surface
OH.

The electronic and energetic coupling between hydrogen
atoms adsorbed at different oxygen sites of the MoO5(010)
surface is examined in cluster model calculations where, in
addition to adsorbing hydrogen at the O(1) site, a second
hydrogen atom is stabilized at an adjacent O(1), O(2), or O(3)
site. Table Sc lists results of adsorption energies E,4(2H) for
two hydrogen atoms stabilizing at O(1)/O(1), O(1)/O(2), and
O(1)/0(3) site pairs; see definition 4, with Sub = Mo;505¢H,,
and Ad = 2H. (Corresponding equilibrium geometries are
illustrated in Figure Sc—e.) These results can be compared with
adsorption energies for two separated single hydrogen atoms
listed in Table 5a in order to estimate the adsorbate—adsorbate
interaction of hydrogen at adjacent oxygen sites. The comparison
shows that, for O(1)/O(2) pairs, the E,4(2H) value, —4.22 eV,
differs by 0.34 eV from the sum of the two energies E,q(H)
for separate O(1) and O(2) sites, —4.56 eV. This suggests that
the two adjacent adsorbates experience weak repulsion at the
surface where, however, the effect is reasonably small. The
interaction seems even smaller for the O(1)/O(1) and O(1)/O(3)
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TABLE 6: Adsorption Energies of Hydrogen Atoms and
Surface Binding Energies of Surface OH for Oxygen Sites,
0(1), O(2), and O(3), near a Sulfur Site at O(1) of the
Sulfidic M00O3(010) Surface Obtained from Cluster Model
Calculations. The Table Includes Equilibrium Distances,
d(O—H), between Surface Oxygen and Adsorbed Hydrogen
as Well as Distances, d(O—Mo), between Oxygen and
Neighboring Molybdenum®®

site O(1) 0(2) 0Q3)
E.4(H) —2.11 —2.35 —1.69
d(O—H) 0.98 0.99 0.99
d(O—Mo) 1.88 (1.69) 1.98 (1.75) 2.08 (1.95)
Ew(OH) —3.07 —3.62 —3.46

@ For definitions of E,(H) and Eg(OH), see text. ” The numbers
in parentheses refer to the sulfidic surface without adsorbate; see
Table 3. All energies are given in eV, distances in A.

pairs, where the difference between E,i(2H) and the sum of
the two corresponding E,4,(H) values amount to 0.12 and 0.07
eV, respectively. Altogether, the comparison indicates that
hydrogen adsorption at the perfect MoO;(010) surface is a rather
local process with little electronic coupling between neighboring
adsorbates.

3.2.2. Hydrogen Adsorption at the Sulfidic MoO3(010)
Surface. Hydrogen will also be present at the sulfidic MoO;
surface where different scenarios are conceivable. First, hydro-
gen may adsorb at oxygen sites of the surface that are further
away from sulfur sites. This scenario is included in the treatment
of adsorption at the perfect surface discussed in section 3.2.1.
Second, atomic hydrogen may stabilize at different oxygen sites
adjacent to substitutional sulfur at the MoO;(010) surface. Third,
atomic hydrogen may adsorb directly at the different substitu-
tional surface sulfur sites.

The second scenario is accounted for by, first, exchanging
oxygen at the O(1) site by sulfur, yielding a local model of the
sulfidic surface. Hydrogen adsorption at oxygen sites near the
exchange site is then considered. The binding analysis is
analogous to the procedure for the perfect MoO3(010) surface
described in section 3.2.1, except that, now, adsorption energies
E.q(H) (see definition 4) refer to a substrate cluster, Sub =
Mo,5055SH»,, with substitutional sulfur at the central O(1)
surface site. Table 6 lists results of corresponding energies
E,4(H) of single hydrogen adsorption near oxygen sites, O(1),
0O(2), and O(3), of the sulfidic MoO3(010) surface where atomic
hydrogen is used as the gas-phase reference. These data can be
compared with results for the perfect surface given in Table
5a. The comparison shows that the adsorption energy FE,q(H)
for the O(1) site is slightly more negative, by 0.03 eV, for the
sulfidic than for the perfect surface, whereas it is less negative,
by 0.13 and 0.05 eV, for the O(2) and O(3) sites. This suggests
increased adsorptive H—O binding at the O(1) site due to the
presence of nearby sulfur, whereas binding seems to be
weakened by sulfur at the O(2) and O(3) sites. The different
behavior may be explained by geometric effects because the
distance between the hydrogen adsorbate and the substitutional
sulfur is larger for adsorption at O(1) compared with O(2) and
O(3). However, the energetic influence is always rather small
for the present model, which is confirmed by the interatomic
distances, d(O—H) and d(O—Mo), differing very little between
adsorption at the perfect and sulfidic surfaces. In fact, total
equilibrium geometries for hydrogen adsorption at the sulfidic
surface clusters differ only marginally from those of the perfect
surface clusters (see Figure 4) and are, therefore, not shown
separately. However, the influence of substitutional sulfur for
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TABLE 7: Adsorption Energies of Hydrogen and Surface
Binding Energies of Surface SH and H,S for Sulfur
Substituting Different Oxygen Sites of the Sulfidic
Mo00O3(010) Surface Obtained from Cluster Model
Calculations, See Text. The Table Includes Equilibrium
Distances, d(S—H), between Surface Sulfur and Adsorbed
Hydrogen as Well as Distances, d(S—Mo), between Sulfur
and Neighboring Molybdenum®*

(a) adsorption of a single hydrogen atom

site S/0(1) S/0(2) S/0(3)
E.i(H) —2.12 —2.28 —2.22
d(S—H) 1.38 1.37 1.38
d(S—Mo) 2.31 (2.15) 2.24 (2.11) 2.48 (2.29)
E4(SH) —1.82 0.03 —1.29

(b) adsorption of two hydrogen atoms at the same sulfur site

site S/0(1) S/0(2) S/0(3)
E.4(2H) —4.47 —4.05 -
d(S—H) 1.38, 1.37 1.39, 1.40 -
d(S—Mo) 2.49 (2.15) 228 (2.11) -
Eg(H,S) —0.20 222 -

“The substitution sites at O(1), O(2), and O(3) sites are termed
S/0(1), S/O(2), and S/O(3). For definitions of E.(H), E.(2H),
Ew(SH), and Eg(H,S), see text. * The numbers in parentheses refer
to the sulfidic surface without adsorbate; see Table 3). All energies
are given in eV, distances in A.

hydrogen adsorption is expected to become more important for
higher sulfur concentration at the surface.

The third scenario describing hydrogen adsorption directly
at substitutional sulfur sites starts from exchanging oxygen at
different surface sites by sulfur to yield a local model of the
sulfidic surface. Hydrogen adsorption at the sulfur sites is then
considered. Table 7a lists numerical data of corresponding
adsorption energies E,4(H), referring to substitutional sulfur sites
at O(1), O(2), and O(3) sites of the sulfidic MoO5(010) surface,
where definition 4, with Sub = Mo;5055SH,, and Ad = H, is
applied and equilibrium geometries are sketched in Figure 4 of
the Supporting Information. In the following, these sulfur
adsorption sites will be termed S/O(i) for S at O(i), i = 1, 2, 3.
The results for E,q(H) confirm that hydrogen stabilizes at all
sulfur sites, forming rather strong bonds with the sulfur where
binding is the strongest with sulfur at the asymmetric bridging
0(2) site, analogous to the surface oxygen case of section 3.2.1.
However, the E,4(H) values cover a much smaller energy range,
—2.1to —2.3 eV, as compared with those for the perfect surface,
—1.7 to —2.5 eV. This can be understood by the fact that sulfur
itself stabilizes at larger distances d(S—Mo) with respect to
neighboring Mo atoms of the substrate compared with corre-
sponding d(O—Mo) values for oxygen and is more weakly
bound to the MoOj substrate than surface oxygen; see the data
of Table 3. Thus, hydrogen adsorption at sulfur sites is
influenced less by site-dependent geometric details of the surface
compared with adsorption at corresponding oxygen sites.

Hydrogen adsorption at sulfur sites leads to negatively
charged SH groups at the substrate surface with properties that
can be compared with those found for OH groups at the perfect
MoO3(010) surface. Analogous to OH, the SH groups are much
more weakly bound to the substrate than the initial sulfur
species, as shown by a comparison of the Eg(SH) values of
Table 7a with Eg(S) values of Table 1, yielding roughly E,(SH)
= Ew(S) + 1.5 eV. This leads to positive Eg,(SH) for the O(2)
site, making SH a metastable surface species. Interestingly, the
geometric effect of hydrogen binding to surface sulfur is smaller
than for surface oxygen. The increase in distance d(S—Mo) due
to hydrogen amounts to 0.03—0.19 A (see Table 7a), while the

Shi et al.

corresponding d(O—Mo) distance increase yields 0.13—0.22 A.
This difference may be explained by sulfur itself stabilizing
further away from neighboring molybdenum compared with
oxygen such that hydrogen adsorption has a smaller influence
on S—Mo than on O—Mo binding. A comparison of Figures 4
and 4 of the Supporting Information, sketching the equilibrium
geometries of OH and SH groups at different oxygen sites of
the MoO5(010) surface, shows overall rather similar geometries
(with minor distance and angle changes) for the S/O(1) and
S/0(2) sites. In contrast, the SH group stabilizing near the S/O(3)
site is pushed outward while the oxygen of OH at this site
remains near its position at the perfect surface. This difference
is due to the increased size of sulfur compared with oxygen,
which yields larger steric repulsion—the sulfur does not fit into
the O(3) vacancy—as is already evident from the equilibrium
geometry of substitutional sulfur at the O(3) site shown in Figure
2c.

Adsorbed hydrogen may desorb from the sulfidic MoO3(010)
surface where, apart from direct desorption requiring |E,q(H)I
gained by adsorption, the surface SH group formed by adsorp-
tion may desorb as a whole, leaving a surface vacancy behind.
Here, desorption requires the surface binding energy |1E,(SH)I.
Table 7a shows that the quantities |Eg,(SH)I are, for all oxygen
sites, smaller than the corresponding hydrogen adsorption
energies |E,q(H)I. This suggests that direct hydrogen desorption
is energetically less preferable compared with SH desorption,
in contrast to the results for H and OH desorption at the perfect
surface. Further, the |Ey,(SH)I values are considerably smaller
compared with the corresponding surface binding energies
IEw(S)! of sulfur; see Table 1. This suggests that the presence
of preadsorbed hydrogen facilitates sulfur removal from the
sulfidic MoO3(010) surface, as found already for oxygen.

The adsorption of two hydrogen atoms may occur at the same
sulfur site of the surface, yielding negatively charged surface
H,S groups. Table 7b lists results of corresponding adsorption
energies E,4(2H) for two hydrogen atoms stabilizing at the same
sulfur site, S/O(1) and S/O(2), of the sulfidic MoO3(010) surface
(see definition 4, with Sub = Mo;5055SH», and Ad = 2H),
illustrated in Figure 5a,b of the Supporting Information sketching
calculated adsorbate equilibrium geometries. (The S/O(3) site
is found to be unable to bind two hydrogen atoms. Approaching
the two atoms near the S/O(3) site results in separate O(1)H
and S(3)H groups adjacent to each other (see Figure Sc of the
Supporting Information), which will not be considered further.)
The numerical data of E,4(2H) in Table 7b show that, for
S/0(1), the adsorption energy |E,q(2H)I is larger than twice the
value |E(H)| for single hydrogen adsorption. This means that
the formation of local surface H,S groups at S/O(1) is energeti-
cally preferred over SH groups. In addition, the H,S groups are
bound very weakly to the substrate, as evidenced by the surface
binding data E4(H,S) of Table 7b (evaluated according to
definition 9). Adsorption of two hydrogen atoms at a S/O(2)
site yields |E,4(2H)| smaller than twice the corresponding value
|Eqs(H)I. Thus, local surface SH groups at S/O(2) are energeti-
cally preferred over H,S groups. In fact, the H,S groups at
S/0(2) are found to be strongly metastable, Eg(H,S) > 0 (see
Table 7b), and may not occur at the real surface. Altogether,
analogous to the results for oxygen at the perfect MoOj; surface,
the presence of preadsorbed hydrogen facilitates also sulfur
removal from the sulfidic MoOs(010) surface.

3.3. Reaction Steps of the Sulfidation of MoOj. The present
cluster results can shed some light on possible reaction schemes
for the catalytic sulfidation at the surface of MoO; substrate.
The basic Mars—van Krevelen-type process may be viewed as
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Figure 6. Energetics of the MoOj; sulfidation with gas-phase hydrogen
participating. Relative energies of the different product compositions
al—el along the reaction path (see text) are taken from cluster model
calculations using Mo;sOs¢Hy, as the basic surface cluster. The
compositions al —el discussed in the text are described to the right of
the reaction scheme.

H,S approaching the oxide substrate and H,O leaving with one
surface oxygen species being replaced by sulfur. Here, different
reaction scenarios can be conceived that may or may not involve
additional hydrogen from the gas phase, as proposed in the
literature.'>!® A first possible scenario where gas-phase hydrogen
participates is described conceptionally by reaction steps
between product compositions al and el as follows

MoO; + (Hy)y,, + (H,9),, (al)
—(Mo0Oy)(H,), 4 T (st)gas (b1)
—(M0O;),c + (H,0)yyy + (HyS), (cl)
—(M00;) oo (HS) s + (H;0), )
—(M00,)S, + (Hy)y, + (H,0),,, (el

Figure 6 shows the energetics of this reaction scenario based
on the present cluster model calculations, where it is assumed
that the reaction site oxygen is singly coordinated O(1) at the
MoO;(010) surface. Relative energies of the different product
compositions al —el along the reaction path are obtained from
the cluster total energies discussed in sections 3.1 and 3.2.
Starting from the MoOj substrate and gas-phase H, and H,S,
composition al, the first reaction step, from (al) to (bl), is
described by adsorbing gas-phase H, where the two hydrogen
atoms stabilize at a surface oxygen site to yield a surface H,O
group. This reaction step requires separating the two hydrogen
atoms of molecular H,, followed by adsorption at the surface
oxygen site where further details depend on specific reaction
paths and cannot be derived from the present calculations.
However, the energy balance of this reaction step can be
obtained by a model path considering the dissociation of
molecular H, in the gas phase, which requires the dissociation
energy, Ep(Hy) = 4.57 eV, from the present calculations,
followed by adsorbing the two H atoms at the surface oxygen
site. Assuming O(1) as the adsorption site, the cluster calcula-
tions yield an energy gain of 4.55 eV. This results in a combined
energy cost of 0.02 eV for step (al) to (bl). In the subsequent
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step, from (b1) to (cl), the surface H,O group desorbs into the
gas phase, leaving an oxygen vacancy behind. This requires a
desorption energy of 0.13 eV, calculated for the desorption from
the O(1) site. In the next step, from (c1) to (d1), gas-phase H,S
stabilizes in the oxygen vacancy at the MoOj; surface, which
can also be considered as two hydrogen atoms adsorbed at a
substitutional sulfur site. On the basis of sulfur positioned at
the O(1) site, this stabilization gains 0.20 eV from the present
calculations. In the final step, from (d1) to (el), the two
hydrogen atoms binding to substitutional sulfur desorb into the
gas phase, forming molecular H, and leaving substitutional
sulfur at the substrate surface. In analogy with step (al) to (bl),
this final step combines hydrogen desorption with H, creation,
where details depend on specific reaction paths and cannot be
obtained by the present calculations. However, its energy
balance can be determined by a model path where the two
hydrogen species at the sulfur site desorb from the surface,
yielding gas-phase atoms, which requires a desorption energy
of 4.47 eV, calculated for the H,S group at an O(1) site, followed
by combining the H atoms to molecular H, in gas phase, which
gains the dissociation energy of 4.57 eV. This leads to a
combined energy gain of 0.10 eV for the final step, from (d1)
to (el). Altogether, the net reaction energy for the complete
path amounts to —0.15 eV, which indicates a slightly exothermic
sulfidation process.

Obviously, the present reaction scenario involving gas-phase
hydrogen is characterized by rather small energy differences,
below 0.2 eV, between the product compositions al—el, which
makes the reaction scheme thermodynamically attractive. How-
ever, the actual probability of the reaction scheme has to be
estimated using also energetic details of all reaction paths where
activation barriers can become important. Here, the two paths
involving transitions between atomic and molecular hydrogen,
from (al) to (bl) and (d1) to (el), are of particular interest.
Although the energy balance of these reaction steps can be
obtained from model paths involving hydrogen dissociation or
recombination in the gas phase, these model paths with reaction
barriers corresponding to the dissociation energy, Ep(H,) = 4.57
eV, will not be realistic. Hydrogen dissociation/recombination
is expected to happen near the MoOj substrate surface and may
involve other surface atoms, which will result in much lower
reaction barriers compared with Ep(H,). A quantitative account
of more realistic barriers requiring studies of many alternative
reaction paths is out of reach for the present work. In contrast,
the other two steps, from (b1) to (c1) and (c1) to (d1), are very
likely to come with only small or no activation barriers.

Alternative scenarios of the catalytic sulfidation include
reactions where gas phase hydrogen does not participate. A first
possible scheme is described conceptionally by reaction steps
between compositions a2 and d2 as follows

MoO; + (H,S)g, (a2)
—(M00O3),,c T Oy T (HyS) gy (b2)
—(M0O3),,c T Sgps T (HyO) gy (c2)

—(MoO;)S,, + (HZO)gas (d2)

Starting from the MoOj; substrate and gas-phase H,S, composi-
tion a2, the first reaction step, from (a2) to (b2), is described
by desorbing atomic oxygen and creating an oxygen vacancy
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Figure 7. Energetics of the MoOj; sulfidation without gas-phase
hydrogen. Relative energies of the different product compositions
a3—d3 along the reaction paths (see text) are taken from cluster model
calculations using Mo;s0scHy, as the basic surface cluster. The
compositions a3—d3 discussed in the text are described to the right of
the reaction schemes.

at the substrate surface. Assuming O(1) as the surface oxygen
site, the cluster calculations yield an energy cost of 5.36 eV.
This energy is much too high to make the mechanism likely to
happen. Therefore, it will not be pursued any further.

Another alternative scenario of the catalytic sulfidation where
gas phase hydrogen does not participate is described concep-
tionally by a set of reaction steps between compositions a3 and
d3 as follows

MoO; + (H,S),,, (a3)
—(MoO;)(H,),45 T Sy (b3)
—(Mo00O;),,. T (H,0)g, + S,y (c3)
—(MoO;)S,, + (H2O)gas (d3)

Figure 7 shows the energetics of this scheme based on the present
cluster model calculations, again, with singly coordinated O(1)
assumed as reaction site oxygen. Starting from the MoO; substrate
and gas-phase H,S, composition a3, the first reaction step, from
(a3) to (b3), is described by splitting off the hydrogen from gas-
phase H,S and adsorbing the H atoms at a surface oxygen site to
yield a surface H,O group. For O(1) as the surface oxygen site,
the cluster calculations yield an energy cost of 3.10 eV; see Figure
7. Again, details of the hydrogen separation from H,S in the gas
phase depend on specific reaction paths that have not been
considered. In the subsequent step, from (b3) to (c3), the surface
H,O group desorbs into the gas phase, leaving an oxygen vacancy
behind. This requires a desorption energy of 0.13 eV, calculated
for the desorption from O(1). In the final step, from (c3) to (d3),
gas-phase sulfur adsorbs in the oxygen vacancy at the MoOs surface
to form the substitutional species. This gains the surface binding
energy of sulfur, amounting to 3.38 eV, as calculated for substi-
tutional sulfur at the O(1) site, which yields again a net reaction
energy for the complete path of —0.15 eV.

The comparison of the different sulfidation scenarios allows an
estimate of their relative importance. The energetics of each
sequence of intermediate products sketched in Figures 6 and 7
suggest clearly that sulfidation becomes thermodynamically more
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favorable if hydrogen participates in the reaction. For the corre-
sponding scenario (see Figure 6), composition c1, with a maximum
energy of all compositions, lies only 0.15 eV above the initial
composition (al). In contrast, this maximum energy amounts to
3.23 eV, composition (c3) in Figure 7, for the scenario that excludes
hydrogen as a reaction partner. Thus, hydrogen is found to facilitate
the sulfidation process based on thermodynamic arguments.
However, relative probabilities of the different reaction scenarios
depend also on kinetic details defined by specific reaction paths of
each scenario and must include corresponding barrier energies.
Because of the complexity of the present reactions, there is a
multitude of possible reaction paths between the different composi-
tions and corresponding optimized paths are rather difficult to
determine. Therefore, a comparison of the three scenarios as to
their kinetic probability must be based on further estimates. As
discussed above, the first scenario with participating hydrogen,
Figure 6, includes, in its first step, hydrogen dissociation, which
requires the dissociation energy of 4.57 eV. This energy can be
considered a very rough upper limit of all reaction barriers occurring
for the corresponding scenario. The scenario where hydrogen does
not participate, Figure 7, includes, in its first step, hydrogen splitting
from H,S in the gas phase, which requires a dissociation energy
of 7.65 eV from the present calculations. This energy is expected
to be reduced if splitting occurs near the substrate surface. However,
its value is very unlikely to go below the upper bound of the first
scenario, 4.57 eV. Altogether, the comparison indicates that the
first scenario is also preferred on the basis of kinetic considerations.
Thus, sulfidation can be considered more favorable if hydrogen
participates in the reaction than in the absence of hydrogen, based
on thermodynamic and kinetic estimates.

4. Conclusions

The present theoretical cluster studies provide detailed
information on sulfidation of the MoOj; substrate where its (010)
oriented surface is considered as a model. As a first result, the
studies, applying large surface clusters together with DFT
methods to evaluate electronic, structural, and energetic param-
eters, show that oxygen at all three sites, terminal O(1) and
bridging O(2) and O(3), of the perfect MoO5(010) surface is
bound rather strongly to its substrate environment with binding
energies of —5.4 to —6.5 eV. Thus, oxygen removal (vacancy
formation) without additional atoms or molecules participating
is quite difficult. Further, substitutional sulfur replacing oxygen
at one of the three surface sites is also bound quite strongly.
However, the corresponding binding energies, between —1.4
and —3.4 eV, suggest sulfur—substrate binding to be overall
weaker than oxygen—substrate binding. This is consistent with
all interatomic distances d(S—Mo) being larger than the
corresponding d(O—Mo) values, reflecting also the size differ-
ence between the two atoms. A comparison of the results for
the different oxygen sites shows that the binding energy at the
molybdenyl site O(1) is smallest for oxygen, 5.4 eV, whereas
it is largest for sulfur, 3.4 eV. This suggests that the initial step
of sulfidation of the MoOj; substrate takes place preferentially
at the molybdenyl site O(1). Sulfur adsorbing at an oxygen site
of the MoO3(010) surface can also be compared with sulfur
substitution at the same site. Starting from H,S, the adsorption
process is strongly endothermic for all oxygen sites, whereas
oxygen-by-sulfur substitution is less endothermic for the O(2)
and O(3) sites and even slightly exothermic for the O(1) site.
This can be interpreted as sulfur—oxygen exchange reactions
being energetically preferred over sulfur adsorption at the
Mo0O;3(010) surface.

The binding of oxygen as well as sulfur near substitutional
sulfur sites of the sulfidic MoO3(010) surface, represented by
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additional sulfur at an (energetically preferred) O(1) site, is
found to be quite similar compared to the corresponding binding
at the perfect surface, which suggests rather local binding of
the two species. In addition, the calculations show that the
second oxygen-by-sulfur substitution after substituting oxygen
at an O(1) site of the surface by sulfur takes place preferentially
at an adjacent O(1) site where the two sulfurs are well-separated
and do not affect each other. The binding of oxygen as well as
sulfur near oxygen vacancy sites of the reduced MoO;(010)
surface, represented by a vacancy at an O(1) site, turns out to
be qualitatively similar compared to the corresponding binding
at the perfect surface. The calculations show, as before, overall
weaker sulfur—substrate compared with oxygen—substrate bind-
ing. However, surface binding energies of both oxygen and
sulfur near the oxygen vacancy are found to be larger in absolute
value compared with those of the perfect surface. This is
explained by the charge redistribution near the oxygen vacancy,
which increases the binding ability of its nearby atom neighbors
and strengthens neighbor bonds. Thus, oxygen vacancies at the
reduced surface can stabilize substitutional sulfur.

In the experiment, sulfidation of MoQOj is performed in the
presence of hydrogen such that hydrogen participating in the
sulfidation process cannot be excluded and hydrogen adsorption
needs to be considered in a proper description. Atomic hydrogen
is found to stabilize at all three oxygen sites, forming rather
strong bonds with the substrate oxygen where binding is the
strongest at the asymmetric bridging O(2) site of the perfect
MoO;(010) surface. Two separate H atoms can also stabilize at
the same oxygen site, O(1) or O(2), with sizable binding energies
where, again, the O(2) site is slightly preferred over O(1).
Further, adsorption of two hydrogen atoms at adjacent oxygen
sites prefers O(1)/O(2) site pairs. In all cases, adsorption results
in surface OH and H,O groups that are bound to their surface
environment much more weakly than the corresponding oxygen
itself. This indicates that the presence of preadsorbed hydrogen
facilitates oxygen removal from the perfect MoO5(010) surface,
which is in qualitative agreement with earlier findings.

At the sulfidic MoO3(010) surface, hydrogen adsorbing at
oxygen near the substitutional sulfur site behaves quite similar
to adsorption at the perfect surface with only small differences
in binding energies and interatomic distances. This confirms
the local nature of the adsorptive H—O bond. Further, hydrogen
adsorption at sulfur sites of the sulfidic surface yields, for sulfur
at the O(1) site, a quite similar binding energy compared to
that of the corresponding oxygen site at the perfect surface,
whereas the differences are larger for the O(2) and O(3) sites.
This reflects not only differences between the local H—S and
H—O binding but also geometric effects due to the increased
size of sulfur compared with oxygen.

Combining all results obtained for oxygen, sulfur, and
hydrogen at the MoO5;(010) surface, we have considered model
scenarios for the sulfidation based on Mars—van Krevelen-type
processes viewed as H,S approaching the oxide substrate and
H,O leaving with one surface oxygen species being replaced
by sulfur. As mentioned above, in experiment, sulfidation of
MoOs; is always performed in the presence of gas-phase
hydrogen. However, details of its role in the sulfidation process
remain unclear. Therefore, it is interesting to compare reaction
scenarios where hydrogen participates in the sulfidation reaction
with those where it acts only as a spectator molecule. The
present studies suggest a scenario (see Figure 6) where hydrogen
helps to remove oxygen from the surface. This scenario is found
to be energetically favored over alternative schemes (see Figure
7) where hydrogen does not participate in the sulfidation
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reaction. Therefore, we conclude that, based on the present
model calculations, hydrogen is expected to participate actively
in the sulfidation of MoOs, facilitating the reaction process.
These findings can be substantiated further by examining more
specific reaction paths and evaluating reaction barriers that have
been only roughly estimated in the present work.
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