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Abstract
Density functional theory calculations of single-layer models of niobium sulfide catalysts promoted at the S -border by the
transition metal atoms V , Cr, Fe, Co, Ni, and also by Cu are performed. Different degrees of promotion as well as of sulfidation
are studied. The canonical potential for the sulfidation reaction for these models is obtained and the thermodynamic stability of
these catalysts in terms of composition, temperature and pressure (pH2S/pH2) is examined. At working conditions (T=650K
and pH2S/pH2=0.05) the most stable catalysts correspond to 100V75S and 100Cr100S which are structures where the promoter
atoms fully replace the Nb atoms at the upper row of the single-layer crystal at the S -border. The potential activity of the active
sites in these catalysts was studied by means of the surface electrostatic potential, VS (r). The implications for the HDS reaction
in hydrotreating conditions of these novel catalyst models are discussed.
Keywords: DFT , Canonical Potential, Promotor effect, Niobium Sulfide Catalysts, HDS.

Resumen
Se realizaron cálculos utilizando la teoría del funcional de la densidad de modelos de catalizadores de capa-única de sulfuro de
niobio promovidos en el borde-S por los metales de transición V , Cr, Fe, Co, Ni, y también Cu. Se estudiaron diferentes grados
de promoción al igual que de sulfuración. Se obtiene el potencial canónico para la reacción de sulfuración para estos modelos, y se
examina la estabilidad termodinámica de estos catalizadores en términos de composición, temperatura, y presión (pH2S/pH2).
En condiciones de trabajo (T=650K y pH2S/pH2=0.05) los catalizadores más estables son 100V75S y 100Cr100S que son
estructuras donde el metal promotor reemplaza completamente los átomos de Nb en la fila superior del cristal de capa-única en
el borde-S. Se estudio la actividad potencial de los sitios activos en estos catalizadores por medio del potencial electrostático
superficial, VS (r). Se discute las implicaciones para la reacción de HDS en condiciones de hidrotratamiento de estos nuevos
modelos de catalizadores.
Palabras clave: DFT , potencial canónico, efecto promotor, catalizadores de sulfuro de niobio, HDS.

1 Introduction

The need for refineries to provide cleaner fuels
complying with stricter environmental regulations,
such as the requirement that after 2011 fuel oils

in the European Union must have a maximum
sulfur content of 10 mg/kg certainly has placed a
stringent demand on the development of more efficient
hydrodesulfurization (HDS) processes. This demand,
in turn, has promoted much research in the design,
synthesis and characterization of more efficient HDS
catalysts (Costa et al., 2013; Torres, 2018).
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Essentially these improvements can occur due to
changes in the active component, variations in the
methods of preparation and developments related to
structure and properties of the support (Okamoto et al.,
2005; Romero et al., 2019).

For the HDS of oils and derivatives, the standard
catalysts have traditionally comprised combinations of
Co(Ni)MoS compounds supported and dispersed over
a variety of materials (Costa et al., 2013; Song et al.,
2015). But the presence of refractory organosulfur
compounds such as alkyl-dibenzothiophene, in
addition to thiophene, in the heavy oil loads which
need to be processed nowadays, has fostered the search
for improvements on traditional catalysts (Humbert et
al., 2016).

Alternatives to the standard NiCo−MoS catalysts
have a long history. In the 70s and 80s it was
already known that the addition of small amounts
of niobium oxide and tantalum oxide enhanced the
activity and selectivity of many standard catalysts
and even improved their stability (Eijsbouts et al.,
2013; Ushikubo, 2000). We consider in this work
niobium sulfide as an alternative to MoS 2. The
reason is that among the pure transition metal
sulfides (non-promoted) niobium sulfides and MoS 2
have significant catalytic activities (0,8-2,3) for
hydrodesulphurization (HDS) reactions. According to
the data in the literature it can be said that there is
a correlation between electronegativity of the mixed
metal sulfides and HDS activity (Afanasiev et al.,
2007).

Even though NbS 2 has a low surface area; its
catalytic activity is very high when it is used for
the isomerization and hydrogenation of 1-butene.
Unsupported niobium sulfides (NbS 3, NbS 2, a non-
stoichiometric disulfide, Nb1+xS 2) have been used
in different applications such as hydrotreatment
(hydrodesulfuzation, hdyrodenitrogenation, and
hydrogenation) reactions. Especially in cleavage
of C − N and C − C bonds and high selectivity
in hydrogenation reactions, niobium sulfides have
catalytic activities remarkably better than those
of molybdenum disulfide. Niobium sulfides show
different activities depending on the preparation
technique and the nature of the supporting material.
One of the reasons of different catalytic activities is
dispersion of the catalyst on the support. It has been
found, for example, that MoS 2 attaches to the specific
regions on the surface of support in a monolayer
dimension, and the maximum catalytic activity is
found at a 10% (w/w) Mo load (Afanasiev et al.,
2007).

Sulfides of molybdenum and niobium have
potential use in applications such as optoelectronics,
microelectronics, solar cell elements, nano tribology
and catalysis. Since MoS 2 and niobium sulfides have
layered structures they can be exfoliated to obtain new
particles with different thickness up to single layers.
Cleavage of the lamellar structure of NbS 2 along
the plane (100) produces surface models exposing
coordinatively unsaturated niobium at one edge and
sulfur atoms at the other. In a previous work (Aray et
al., 2014a), we have carried out a density functional
theory and first-principles surface thermodynamics
calculations at hydrodesulfurization conditions for the
metal-edge of pure NbS 2 catalyst mixed with Mo and
promoted with V , Fe, Co„ and Ni. In that study the
emphasis was placed on the metallic edge reactivity
when it was promoted by Co or Ni atoms. In addition,
the canonical potential for the gas phase mixture
(H2 + H2S ) was evaluated at the metallic edge for an
activated mixed catalysts of the type Nb2Mo3S 10.

One of the suppositions underlying the work of
Aray et al. (2014), is that the number of coordinatively
unsaturated sites (CUS) on the edges of the active
phases correlates with the catalytic activity for HDS.
Thus, the activity is higher when more vacant sites are
present. However, there is experimental evidence that
fully sulfided Mo catalysts, namely, catalysts having
the lowest number of CUS, evince, nonetheless, the
highest thiophene HDS activity. This finding implies
that the presence of CUS is not a determinant factor
for thiophene HDS (Vogelaar et al., 2009). In addition,
Drescher et al. (Isomerization et al., 2012) have
shown that hydrogenation and cis-trans isomerization
can be explained without having to resort to CUS.
Hydrogenation of unsaturated molecules occurred,
according to XPS analysis in surface states saturated
by sulfide species.

More recently, Lauritsen and Besenbacher (2015)
have advanced an interpretation of how bright brim
sites work which does not rely on CUS. The claim
based on direct STM observations is that aromatic
molecules are adsorbed in a flat lying configuration.
Hydrogenation takes place through the interaction
with S − H groups located at the nanoparticle edges
of single layer MoS 2 and CoMoS structures. Thus,
according to this interpretation, hydrogenation occurs
because of the interaction of aromatic pi systems with
the metallic edge states of bright brim sites. One of
the conclusions of Vogelaar et al. (2009), is that for
Mo and NiMo HDS catalysis the thiophene and the
dibenzothiophene hydrogenation pathways proceed
through interaction with sulfided species on the active
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phase. There is some recent experimental evidence
indicating that for single-layer MoS 2 nanocrystals,
Co,-promoter atoms attach preferentially at the S -edge
termination. Moreover, they are absent at the Mo-edge
termination (Zhu et al., 2016).

In the present work, we determine the canonical
potential for the case of single-layer models of
niobium sulfide catalysts promoted by a number of
transition metals such as V , Cr, Fe, Co, Ni, and also
by Cu. To this purpose, we perform DFT calculations
of these catalyst models. An important improvement
on the previous calculation of Aray et al. (2014b) has
to do with the inclusion of dispersive effects in the
DFT application. We study the sulfidation reaction
at the S -border for different degrees or promotion at
the terminal Nb row of a single-layer structure as
well as different degrees of sulfidation. We examine
the thermodynamic stability conditions dependent on
composition, temperature and the relative pH2S/pH2
pressure for this sulfidation reaction. We also calculate
the electrostatic potential VS (r) at ρ(r) = 0.001 in
order to determine the nature of the active sites
available for the HDS reaction.

2 Materials and methods

2.1 DFT calculations

Theoretical calculations were performed using the
DMol3 code with numerical atomic functions (Delley,
1990, 2000). The general gradient approximation
with the Perdew-Burke-Ernzerhof functional (GGA −
PBE) (Kurth et al., 1999; Perdew et al., 1996)
was used to treat the electronic structure, and the
basis set was represented by the double numerical
plus polarization (DNP) basis. In particular, the
Grimme method (Grimme, 2006) was employed for
dispersion corrections (DFT − D correction). This
method has shown to be reliable for studying the
binding properties of various layered solids (Buc̆ko
et al., 2010). To improve the calculation speed,
effective core potentials were used to represent the
core electrons and spin polarization scheme was
applied to all calculations. The orbital cutoff was
5.0 Å. A Monkhorst-Pack (Monkhorst et al., 1976)
mesh k-point of (1 × 1 × 1) was used because of
the large supercell. A. vacuum layers thicker than 15
Å were used to ensure that there were no interactions
between adjacent slabs. In the present work, the
vibrational contribution for all studied surface models,

bulk models, and H2S and H2 molecules were also
included.

2.2 Surface models

NbS 2 is a layered transition metal dichalcogenide with
a structure similar to that of MoS 2 bulk (space group
P63/mmc). The calculated lattice parameter of the cell
is a = b = 3.349 Å and c = 12.204 Å, in reasonably
good agreement with the experimental values (a = b =

3.310Å, c = 11.890 Å) (Jellinek et al.,1960). In order
to check the influence of the DFT −D2 correction on
the lattice parameters of bulk NbS 2, we performed the
calculation with GGA only and found that a changes
less than 2% while c increases by as much as 9%
with respect to the experimental value. Cleavage of the
NbS 2 bulk structure parallel to the 100 plane produces
the edge surface models exposing two well-known
kinds of MoS 2- like catalysts edges: the M-edge and
the S -edge. Our model for the NbS 2 surface is shown
in Fig. 1.

Fig. 1. Periodic slab used to simulate the S -edge of
NbS 2 single-layer crystal. Yellow and green spheres
denote the S and Nb atoms, respectively.

www.rmiq.org 465



Cornejo et al./ Revista Mexicana de Ingeniería Química Vol. 18, No. 2 (2019) 463-476

It consists of infinite monolayer model which
exposes both the S -edge (at the top) and the Nb-
edge (at the bottom). This model is consistent with
experimental findings on the morphology of MoS 2
clusters under a H2S/H2 environment (Lauritsen
et al., 2015). We use a supercell consisting of
five S − Nb − S rows in the z-direction and four
S − Nb − S units in the y-direction so that four
nonequivalent Nb surface sites are present. The total
supercell of the stoichiometric monolayer contains a
Nb40S 20 unit within a volume of 13.397Å× 12.204Å×
29.503Å (Fig. 1).

The promotion effect brought about by the
substitution of Nb atoms at the S -edge by V , Cr, Fe,
Co, Ni and is studied in the present work. Previously
(see Aray et al., 2014b) we had explored the case of a
partial (50%) and full (100%) substitution of Nb atoms
at the Nb-edge by the promoter atoms V , Fe, Co,
and Ni. Therefore, here we focus only on the S -edge
taking into account the 100% of the edge outermost
Nb atoms substituted by the metal promoter (Me)
and the partial (50%) promoter edge content with two
different distributions: either an alternated distribution
(−Nb − Me − Nb − Me−), or a paired distribution
(−Nb−Nb−Me−Me−), as reported by previous DFT
calculations for the MoS 2 monolayer promoted with
Ni and Co (Krebs et al., 2008). For the unpromoted
and promoted S -edge, we considered sulfur coverages
of 37.5, 50, 62.5, 75 and 100%.

2.3 Surface thermodynamics

In order to evaluate the surface stability at
different temperature, partial pressure, and elemental
compositions, we use the formalism of ab initio
atomistic thermodynamics (Reuter et al., 2001, 2003).
On the basis of this method, the stabilities and
properties of several transition metal oxides (Reuter
et al., 2002; Rogal et al., 2004), sulfides (Aray et al.,
2009; Aray et al., 2009; Aray et al., 2014b), carbides
(Wang et al., 2011; Zhao et al., 2012), and phosphides
(He et al., 2016) have been reported. The stability
of a given surface can be determined by calculating
the canonical potential Ω(T, p), at temperature T and
partial pressure p of the gas phase components. The
general thermodynamic formula for Ω(T, p) is

Ω(T, p) = G −
∑

i

Niµi(T, p) (1)

where, G stands for the Gibbs free energy of the
surface which is modelled by a piece of material
(slab) in a grand canonical ensemble at constant

temperature T and total pressure p. µi(T, p) is the
chemical potential of the various species i present in
the system, and Ni gives the number of atoms of the
i−th component contained in the solid slab model.
Therefore, the canonical potential, Ω(T, p), of a NbS 2
surface can be written as

Ω(T, p) = Gslab
NbxS y

− xµNb(T, p) + yµS (T, p) (2)

where Gslab
NbxS y

is the total Gibbs free energy of the slab,
containing x niobium atoms and y sulfur atoms, and
µNb and µS are the chemical potentials of Nb and S
atoms, respectively. The chemical potentials µNb and
µS are connected through bulk NbS 2, which serves as
reservoir of Nb atoms. Thus, we have

µNb + 2µS = gbulk
NbS 2

(3)

gbulk
NbS 2

is the total Gibbs free energy of NbS 2 crystal
structure per formula unit. Inserting Eq 3 into Eq 2 the
canonical potential of the slab becomes a function of
the µS , therefore

Ω(T, p) = Gslab
NbxS y

− xgbulk
NbS 2

+ (2x− y)µS (T, p) (4)

µS = µH2S − µH2 (5)

The term (2x − y) stands for the excess or lack
of sulfur atoms compared to the bulk stoichiometry.
Negative values correspond to excess sulfur, whereas
positive values are related to sulfur deficiencies. µS is
determined by the chemical equilibrium with the gas-
phase mixture (H2 + H2S ).

The Gibbs free energy is associated with the
Helmholtz free energy, F, via

G(T, p, x,y) = F(T, p, x,y) + pV(T, p, x,y) (6)

In general, the F can be written as

F(T,V, x,y) = Etotal
DFT (V, x,y) + Fvib(T,V, x,y) (7)

with

Fvib(T,V, x,y) = Evib(T,V, x,y)−TS vib(T,V, x,y) (8)

Here Evib and S vib are the vibrational energy
(including the zero-point energy) and entropy,
respectively. The pV term is negligible (Reuter et
al., 2002) (∼ 10−3 meV/Å2) compared to the F free
energy. Thus, the only additional contributions to the
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surface Gibbs free energy apart from the DFT total
energy are the vibrational terms,

Evib =
R
k

1
2

∑
i

hνi +
R
k

∑
i

(hνi)e(−hνi/kT )[
1− e(−hνi/kT )] (9)

S vib = R
∑

i

(hνi/kT )e(−hνi/kT )[
1− e(−hνi/kT )] −R

∑
i

ln
[
1−e(−hνi/kT )

]
(10)

In practical calculations, the chemical potential of the
gas phase mixture (H2 + H2S ), is evaluated using the
general thermodynamic formula assuming ideal gas
behavior

µS = ∆Eel +∆ZPE +∆H(T )−T∆S (T )+RT ln
( pH2S

pH2

)
(11)

here, ∆H(T ) and ∆S (T ) stand for enthalpy and entropy
differences, respectively, at T for H2S and H2, and
∆Eel for the difference of their internal energies
[Eel(H2S ) − Eel(H2)], which are approximated by
their zero-temperature DFT total energies. ∆ZPE
represents the zero-point vibrational energy term
[(HH2S (0)− Eel(H2S )− (HH2 (0)− Eel(H2)] calculated
through evaluation of the Hessian matrix elements
using the normal modes analysis module implemented
in the program DMol3 .

Large values of µS correspond to sulphur-rich
conditions, whereas small values of µS relate to
strongly reducing conditions, in which hydrogen is
more abundant than H2S in the gas phase.

For the surfaces promoted with metal (Me) atoms
(V , Cr, Fe, Co, Ni and Cu) and with composition
MezNbxS y the canonical potential is given by;

Ω(T, p) = Gslab
MezNbxS y

− xGbulk
NbS 2
−

z
a

Gbulk
MeaS b

+

(
2x +

b
a

z− y
)
µS (T, p)

(12)

where Gslab
MezNbxS y

is total Gibbs free energy of the
promoted slab, containing x niobium atoms, y sulfur
atoms and z promoter atoms, and Gbulk

MeaS b
is the total

Gibbs free energy of the promoter bulk phase (VS ,
Cr3S 2, FeS 2, Ni3S 2, Co9S 8, CuS ) stable in reaction

conditions. The term
(
2x+ b

a z−y
)

stands for the excess

(or lack) of sulfur atoms in the slab with respect to the
stable monosulfide phases.

3 Results and discussion

3.1 Determining the stable S-edge
structures

Table 1 shows the binding energy values calculated
for the different border structures of the promoted
catalysts. The most energetically favorable structures
with the same number of atoms but different border
arrangement to carry out the thermodynamic stability
analysis have been selected. The analysis basically
depends on the free energy of the system as a function
of temperature and the ratio of the partial pressures for
H2S and H2.

3.2 S-border structure models of niobium
sulfide (NbS2) catalyst promoted with a
metal (Me=V, Cr, Fe, Co, Ni, Cu)

The S -border structure models were generated
through the substitution of promoter atoms at the
top border of the periodic slab shown in Fig. 1.
The nomenclature used to identify these structures
is XMeYS , where X indicates the percentage of
replacement by Me atoms and Y , the percentage of
sulfidation over the border. Thus, when the 4 Nb atoms
at the upper border have been substituted, X=100,
When only 2 have been substituted, X=50. Of course,
in the case of a two-atom substitution, there arises two
situations corresponding to the case of neighboring
(paired) and alternating substituents. As on each of the
border metallic atoms, at most 2 sulfur atoms can be
placed, we have that a Y=100 value (100%S sulfur
coverage) implies the presence of 8 sulfur atoms.
The distribution of these sulfur atoms on the border
metallic atoms is given by (n1n2n3n4) where ni is the
number of sulfur atoms over the “I" atom (the value of
“I" increases from left to right). In this nomenclature,
when the sulfur atoms are shared, the occupation
number ni corresponds to the sulfur atoms left of the
“i" atom.

In Fig. 2, we present the different structures
corresponding to a total X=100 replacement of the
upper border Nb atoms. The sulfur atom coverage,
described by Y, spans values of Y=100 with structure
(2222), Y=75 (1212) and (2220), Y=50 (1111) (linear
bridge), (1111) (seesaw bridge) and (2020) (dimer
pair), and finally, Y=37.5 with structure (0102).
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Table 1. DFT binding energies (in eV) calculated for several border structures of niobium sulfur (NbS 2) catalyst
promoted with a metal (Me = V,Cr,Fe,Co,Ni,Cu).

Structure
Energy (eV)

Cu Fe V Cr Ni Co

100% Me

100Me 100S -292.67 -309.03 -318.14 -304.32 -308.39 -310.34
100Me 75S -285.55 -301.54 -310.79 — -302.5 -304.16
100Me 75S+ — — -308.72 — — —
100Me 62.5S -283.65 — — — — —
100Me 50S bridge -278.8 -294.3 -303.1 — -294.59 -296.53
100Me 50S Bridge+ — — -298.55 — — —
100Me 50S dimer -280.16 — -299.16 — -295.73 -295.04
100Me 37.5S -276.58 — — — — —

50% Me Pairing

50Me 100S -305.38 -313.94 -318.42 -311.28 -313.62 -314.73
50Me 75S bridge — -305.11 -310.05 -302.73 -305.62 -306.47
50V 75S bridge + -299.31 -306.17 -310.72 -303.56 -307.25 -307.67
50Me 75S dimer -299.47 -305.46 -303.86 -302.32 -307.57 —
50Me 62.5S + — -302.6 -296.3 -299.77 -303.59 -304.17
50Me 62.5S New -295.62 — — — — —
50Me 62.5S -294.4 -300.5 -304.58 -298.64 -302.4 —
50Me 62.5S New+ — — -306.94 — — —
50Me 50S bridge -292.06 -298.63 -303.02 -295.95 -299.61 -300.1
50Me 50S dimer -289.79 -295.71 -299.14 -292.64 -297.75 -297.23
50Me 37.5S -288.675 — — — — —

50% Me Alternated

50Me 100S -304.98 -313.93 -318.26 -311.45 -313.18 -314.46
50Me 75S -298.33 -306.65 -308.44 -303.67 -307.84 -308.15
50Me 62.5S -296.44 -302.61 -304.57 -299.98 -303.2 -304.3
50Me 50S bridge -293.07 -298.37 -303.01 -296.22 -299.98 -300.33
50Me 50S dimer -287.65 -294.04 -298.48 -292.46 -297.08 -297.32

The S -border structures corresponding to X=50%
where the replaced neighbor atoms are paired are
shown in Fig. 3. As we can see in this figure, there
is a single structure with Y=100% S coverage (2222).
A sulfur coverage of Y=75% corresponds to 6 sulfur
atoms placed over the metal ones. This gives rise to the
structures (2121), (1212), (2002) and (2220). When
there are 5 sulfur atoms, the coverage is Y=62.5%
and the structures are (1121), (2111), (1202) and
(1220). A Y=50% corresponds to the distributions of 4
atoms giving rise to the structures (1111) and (2020).
Finally, when there are 3 sulfur atoms Y=37.5% and
the structure is (1011). Similarly, in Fig 4 we present
the ball and rod models of structures corresponding
to an X=50% replacement of the promoter atoms but
where the replacing atoms occupy alternating sites. As

in the previous case there arise a number of different
border structures due to different sulfur coverage. In
the present case, we have included only the most stable
structures. For a sulfur coverage of Y=100% we have
the border structure (2222). For Y=75% the structures
are (2121) and (2220). For Y=67.5% sulfur coverage,
we have the structures (1121) and (1220). Finally, for
Y=50% we have the structures (1111) and (0202).

3.3 Canonical potentials of promoted
catalyst models

An important issue, having direct relevance to the
nature of the active sites is the study of the H2 −

H2S/MezMyS x gas-solid interface.
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Case I. 100% Me substitution

Fig. 2. Ball and rod models of the S -border structures generated by a 100% replacement of the upper Nb layer in the
slab model of Fig. 1 by Me atoms for different coverage of sulfur atoms. Note that for 75%S, two different structures
arise. In the case of 50%S coverage, we observe the appearance of three different structures bridge, bridge+ and
dimer. The color code for atoms is: Yellow = sulfur (S ), red = Promoting metal (Me), Blue = Niobium (Nb).

Case II. 50% Me paired substitution

Fig. 3. Ball and rod models of the S -border structures generated by a 50% replacement of the upper Nb layer in the
slab model of Fig. 1 by Me atoms for different coverage of sulfur atoms. The substituted Me atoms are placed at
neighboring sites (paired). The color coding is the same as in Fig. 2.
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Case III. 50% Me alternating substitution

Fig. 4. Ball and rod models of the S -border structures generated by a 50% replacement of the upper Nb layer in the
slab model of Fig. 1 by Me atoms for different coverage of sulfur atoms. The substituted Me atoms alternate with
the Nb atoms. The color coding is the same as in Fig. 2.

For MoS 2, for example, this study was carried
out by Raybaud et al. (Raybaud et al., 2000). Thus,
a main objective of the present work is to examine
the stability of the promoted NbS 2 catalyst S -border
structures under working refinery conditions in order
to assess the influence of the promoters on the catalytic
process. The promoters examined are V , Cr, Fe,
Co, Ni and Cu. For this purpose, we undertake the
thermodynamical analysis of the reactions of the
catalyst S -border atoms with H2 and H2S gases
which is shown in section 2. These results have
been presented in terms of graphical displays of the
canonical potentials Ω(T, pH2S/pH2) obtained in the
present DFT calculations. These canonical potentials
are given as functions of the temperature and the
pressure ratio pH2S/pH2. For the present calculations
the temperature was set at the working value of
T=650K.

As an example, we present in Fig. 5 graphs of the
stability behavior of Ω(T, pH2S/PH2), measured in
units meV/Å2, corresponding to the border structures
promoted by V. We can see in this figure that
the catalysts present different behaviors at different
pressure ranges. The overall most stable structure at
T=650K and both at low and high H2S/H2 pressures
corresponds to 100V50S -bridge (1111) alternated one.
When the pressure ratio increases the stable structure
still in the low-pressure region is 100V75S .

For the high-pressure range, the most stable
structure is 100V100S . Note that all these lines lie
below the value of 12 meV/Å2.

Fig. 5. Comparison of the grand canonical potentials
obtained for the least-energy catalyst S -border
structures of niobium sulfide promoted with
vanadium. The temperature is T=650K. The graph
presents the grand canonical potential as a function of
ln (pH2S/pH2).
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Fig. 6. Comparison of the grand canonical potentials
obtained for the least-energy catalyst border-structures
of niobium sulfide promoted with chromium. The
temperature is T=650K. The graph presents the grand
canonical potential as a function of ln (pH2S/pH2).

Fig. 7. Comparison of the grand canonical potentials
obtained for the least-energy catalyst border-
structures of niobium sulfide promoted with iron. The
temperature is T=650K. The graph presents the grand
canonical potential as a function of ln (pH2S/pH2).
Notice that there is an overlapping of the 100Fe100S
structure with the 50Fe100S _alt structure.

Fig. 8. Comparison of the grand canonical potentials
obtained for the least-energy catalyst border-structures
of niobium sulfide promoted with cobalt. The
temperature is T=650K. The graph presents the grand
canonical potential as a function of ln (pH2S/pH2).

In Fig. 6 we present the behavior of the canonical
potential for the S -border structure of NbS 2 promoted
by Cr. In the low pressure region, the most stable
structure is 50Cr50S -bridge-alt. At higher pressures
there is a shift, however, to the structure 100Cr100S .
Similarly, in Fig. 7 we present the canonical potentials
for the S -border structures promoted by Fe. We
can see that the catalysts present different behavior
at different pressure ranges. There are three main
structures: 100Fe50S Bridge for low pressures of
H2S/H2, 50Fe75S -alt for the working range, and
50Fe100S -alt for high pressure ratios. The lowest
values of the canonical potential for the S -border
structures promoted by Co are presented in Fig
8. These lowest values change with increasing
ratio of pH2S/pH2, and correspond, respectively
to 50Co50S -bridge-alt, 50Co62.5S -alt, 50Co75S -
alt, and 100Co100S . The behavior of Ni-promoted
S -border structures of the catalyst is depicted in
Fig 9. Again, we observe that there are several
structures which alternate as the most stable ones
when the pressure ratio pH2S/pH2 is increased. These
structures are in consecutive order: 50Ni50S -bridge-
alt, 100Ni50S -dimer, 100Ni75S and 100Ni100S . In
Fig. 10 we present graphs of the stability behavior
of Ω(T, pH2S/pH2) corresponding to the S -border
structures promoted by Cu. We can see in this
figure that the catalysts present different behaviors at
different pressure ranges.
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Fig. 9. Comparison of the grand canonical potentials
obtained for the least-energy catalyst border-structures
of niobium sulfide promoted with nickel. The
temperature is T=650K.

Fig. 10. The behavior of the grand canonical potential
at the working temperature T=650K and as a function
of (pH2S/pH2) obtained for the least-energy catalyst
S -border-structures of niobium sulfide promoted with
copper.

The overall most stable structure at T=650K at low
H2S/H2 pressure corresponds to 50Cu50S -Bridge
(1111) alternated one. The stable structure in the high-
pressure range is 50Cu62.5S -alt.

3.4 Promoter effect

Comparison with promoted MoS 2 catalysts

In Fig. 11, we present the combined results of
thermodynamical stability analysis for V , Cr, Fe, Co,
Ni and Cu. These lines were selected as the lowest
ones obtained at the refinery working conditions of
650K and at pH2S/pH2= 0.05. These results show
the stabilizing effect of vanadium and chromium as
effective promoters for the niobium sulfide catalyst.

In order to examine the stability of promoted
catalysts at other refinery conditions, we have
calculated the behavior of the most stable
structures selected at a temperature T=650K and at
pH2S/pH2=100. It is seen that also at these working
conditions the most stable catalysts are those promoted
by Cr and V .

3.5 Determining the nature of the active
sites

3.5.1 Electrostatic potential analysis

In order to gain insight on the nature of the active
sites in the catalyst, we resort to the study of the
electrostatic potential of vanadium promoted niobium
sulfide catalysts.

Fig. 11. Comparison of the grand canonical
potentials obtained for the least-energy catalyst S -
border-structures of niobium sulfide promoted with
vanadium, chromium, iron, cobalt, nickel and copper.
Only the most stable structure for each kind of
promoter, selected at a temperature T=650K and
at pH2S/pH2=0.05 (working refinery conditions) is
shown.
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Fig. 12. Comparison of the grand canonical
potentials obtained for the least-energy catalyst S -
border-structures of niobium sulfide promoted with
vanadium, chromium, iron, cobalt, nickel and copper.
However, in contrast to the results shown in Fig.
11 the structures were selected for the minimum at
pH2S/pH2=100.

We compare the results of VS (r) for MeMoS 2
with those of the present study, namely, MeNbS 2.
The electrostatic potential V(r) is a function of three
dimensional space vector r and is directly derivable
from electrostatics (Scrocco et al., 1978; Sjoberg et
al., 1990). It may also be obtained from experimental
results and hence, as is the case with the density
rho(r), it is a bona fide variable for the calculation of
the molecular electronic structure (Theophilou et al.,
2005). Moreover, it is related to the density through
the Poisson’s equation.

The surface potential VS (r) has been used to
introduce regions related to chemical reactivity. The
surface potential is the value of V(r) on the surface
generated by the condition rho(r)=0.001 (van der
Waal surface). Actually, the justification for relating
it to chemical reactivity comes from the assumption
that in chemical processes proceed through charge
transfer in molecules from regions which are electron-
rich to others which are electron-deficient. VS (r) has
maxima VS ,max(r) and minima VS ,min(r) points. The
local maxima on the molecule surface occur in regions
where the potential is positive and the minima in
regions where it is negative.

Fig. 13. Graphs of VS ,max(r) for some selected
lowest canonical potential structures presented in
Figs 11 and 12. (a) The 100Cr100S structure which
is the second lowest one both at pH2S/pH2=0.5
and pH2S/pH2=100 (T=650K). %(b) The 100V100S
structure which is the lowest one at pH2S/pH2=100
(T=650K). (c) The 100V75S (1212) structure which is
the lowest one at working conditions pH2S/pH2=0.5
(T=650K). (d) The 100Ni50S -dimer (0202) structure
which is the third lowest lying one at pH2S/pH2=0.5
(T=650K). The color scale defines the values of
the VS ,max(r) potential. Notice that the most positive
values are located at the S -border atoms.

The former is related to acid sites and the latter
to basic ones. It has been determined (Sjoberg et
al., 1990) that in covalently bonded atoms there
are regions of VS ,max(r) (denoted as sigma(σ)-holes)
where apparently there is a depletion of electronic
density of the orbital forming the sigma bond (Halldin
et al., 2018). Thus, a halogen bond, for example,
is an electrostatically driven interaction taking place
between a positive sigma-hole and a region of negative
potential. Bond formation takes place by an electron
density transfer between a Lewis base, acting as an
electron donor, and a Lewis acid, acting as an electron
acceptor (Mohan et al., 2014).

The extension of these concepts to determine the
reactivity of compounds containing transition metal
atoms, such as the catalysts structures considered here,
is not straightforward. In a recent work, it has been
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found that the maxima of VS (r), (σ-holes) are either
localized or diffuse. However, for H2O adsorption, the
maxima of VS (r) can be related to O-down adsorption
sites whereas minima in VS (r) leads to H-down
adsorption (Halldin et al., 2018).

We present in Fig. 13 the results of the electrostatic
potential analysis carried out for the three lowest
structures at working conditions given in Fig 11 by
100V75S and 100Cr100S and 100Ni50S and also for
the two lowest structures at high pH2S conditions
given in Fig. 12 by 100V100S , 100Cr100S . Note
that in both cases we have 100Cr100S as a stable
repeated structure. For the 100Me100S structures, we
have four highly positive regions for VS ,max(r) at the
lateral positions of the edge sulfur atoms. Similarly, for
the 100Me75S and 100Me50S , we have two lateral
regions for VS ,max(r) associated with S -border atoms.
These maxima represent sigma holes and are regions
for catalysis.

Conclusions

We have studied the thermodynamic stability of
the promoted niobium sulfide catalyst intervening in
the H2 − H2S/MezNbyS x gas-solid interface, where
Me = V,Cr,Fe,Co,Ni and Cu. We have examined
the behavior of the canonical potential of the S -
border promoted NbS 2 structure as a function of both
the temperature and the relative pressure pH2S/pH2.
Under working refinery conditions T=650K and
pH2S/pH2=0.05, the most stable structures follow the
order: 100V75S < 100Cr100S < 100Ni50S -dimer <
50Cu50S−bridge−alt < 50Fe50S−alt < 50Co62.5S -
alt. The order of the most stable structures at other
refinery conditions, T=650 and pH2S/pH2=100 is:
100V100S < 100Cr100S < 100Nt75S < 50Fe100S −
alt < 50Cu75S -alt < 50Cu50S -bridge-alt.

Let us notice that in the three lowest structures
in the first working conditions (T=650K and and
pH2S/pH2 = 0.05) the replacement of Nb atoms by
promoter atoms (V,Cr and Ni) is complete.
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