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Abstract

A proposal of the theoretical adsorption of 2H-Mo,;,_, W ,,S,-Ni over graphene
using extended Hiickel tight-binding method was investigated. It is well
known that a theoretical prior investigation is well accepted by the scientific
community due to that provides information regarding electronic as well as
magnetic properties of the material under investigation. Energy bands for
2H-Mo,_yW,S,-Ni indicate a soft metal, while graphene with oxygen vacan-
cies and 2H-Mo,_yW,,S,-Ni yields indication of a semiconductor behavior
with a measured energy gap E,~0.98 eV between the Valence and Conduction
bands respectively. In addition, an electronic charge transfer from
2H-Mo,_yW,S,-Ni toward graphene is presented. The new hybrid system
presents high dispersion of 2H-Mo,_,yW,,S,-Ni on graphene. Total and par-
tial Density of States yield indication that an enhancement of the contribution
to the total DOS, in the vicinity of the Fermi level for the structure over gra-
phene has occurred, when compared to 2H-MoS, original. These results could
indicate that the new proposed system could be used as a catalyst for HDS in
the petrochemical industry.
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1. Introduction

During the latest few years, many researchers have been devoted to the investi-

gation of MoS, due to its variety of physical [1] [2], mechanical [3], optical [4]
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and chemical properties [5] [6].

Molybdenum and other transition-metal sulfide-based (TMS) hydro treating
catalysts were developed early in the twentieth century [7] [8] and soon became
extensively used in refineries worldwide, since they present activity toward hy-
drogenation and sulfur removal. Their tolerance for sulfur represents a big ad-
vantage over noble metal catalysts, which are easily contaminated by small
amounts of sulfur, and more over are less expensive when compared to the noble
metals.

Molybdenum and tungsten sulfides (separately or mixed on different propor-
tions) have been shown a good catalytic activity in hydrotreating processes [9];
moreover, according to recent theoretical studies Mo, ,W S, prefers to form
an alloy, opposite to Mo(,_,Cr,,S, and Mo,V ,,S,, in which a phase segregation
occurs [10], offering a homogeneous distribution of substituting atoms. Ni al-
loying to unsupported Mo,,_,W S, has shown significant improvement in the
catalytic activity as compared to any other hydrotreating catalyst available [11].
Among the properties determining the activity of these Mo, WS, catalysts,
their morphology plays a great importance [12] in their electronic properties.
The theoretical studies of unsupported Mo,_,,W,S, doped with M = Ni, Co, Fe
or Cu reveal that the configuration becomes more metallic when M is interca-
lated randomly between two sulfur layers [13]. The fact of the enhancement in
the DOS indicates that there exists a correlation in the increment in the catalytic
activity of the new material.

Confinement of MoS, nanoparticles or nanolayers within carbon materials has
proven effective in improving their catalytic properties [14] [15].

Graphene is a zero gap semiconductor [16]. A Dirac cone is formed at the in-
teraction point of the m and ©" bands on the Fermi surface in the K direction.
Growth of graphene on a surface distorts its electronic structure by the interac-
tion with the substrate. These distortions depend on whether the system is phy-
sisorbed or chemisorbed; chemisorptions cause disappearance of the Dirac cone
due to hybridization of bonds, such as on surface of Co (111) [17]. Physisorption
on graphene presents two various behaviors of the energy bands. In the first
type, as found in graphene grown on Cu and Boron Nitride [18], mini physi-
sorption gaps appear in the band structure of graphene. In the second type,
which can be realized in graphene supported on Au (111) or Al (111) surface
[19], the Dirac cone can still be distinguished in the energy bands but it is dis-
placed upward in the Au (111) and downward in the Al (111). Displacement of
the Dirac cone of graphene establishes a charge transfer between the metal sur-
face and the graphene.

The upward shift of the Dirac cone is owing to an electron donation from
metal to graphene, whereas the downward shift results from a vacancy donated
by the metal to graphene [19]. The charge transfer from the metal to graphene is
due to the m bands which is more than half filled and provides a low density of

states for graphene, as compared to the high density of states from the metal.
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Such a change in the density of states (DOS) requires to be equilibrated at the
Fermi level.

The aim of this paper is to propose a new kind of tri-metallic catalyst based on
2H-MoS, when one of the atomic positions of Mo is substituted by W, creating
bimetallic 2H-Mo,_yW,S,, and subsequently, Ni was intercalated in between
S-Mo-S sub unit, originating our final 2H-Mo,_,W,S,-Ni tri metallic structure.

In addition, the new tri-metallic catalyst is located above a graphene sheet.

2. Theoretical Calculations

The calculations reported in this study, had been carried out by means of
tight-binding approach [20] within the framework of extended Hiickel [21] me-
thod using YAeHMOP (Yet Another Extended Hiickel Molecular Orbital Pro-
gram) computer package with f-orbitals [22]. It is necessary to stress that the ex-
tended Hiickel method is a semi empirical approach for solving Schrodinger’s
equation for a system of electrons, based on the variational theorem. In this ap-
proach, explicit electron correlation is not considered except for the intrinsic
contribution included in the parameter set. More details about the mathematical
formulation of the method have been described elsewhere [23] and will be omit-
ted here.

Despite its simplicity this method has proven itself as a trustworthy and relia-
ble one to study electronic properties of molecules adsorbed on a surface [24]
metal complexes [25] including MoS, nanostructures both free [26] and sup-
ported on graphene surface [13] [27].

Theoretical calculations were performed on a system selected as a repeated
cluster originated from a super cell. The super cell was generated from a crystal-
line structure which arouse from crystalline 2H-MoS, with the following vectors
a=3.1604 A, c = 12.294 A and space group P6;/mmc (194) [28]. Table 1 pro-
vides the atomic parameters used in the Extended Hiickel tight-binding calcula-
tions. Also, the H;(eV) (Valence orbital Ionization potentials) as well as { (ex-
ponents for the Slater type orbitals) for Mo, W, S, O, C and Ni atoms are pro-
vided from S. Alvarez [29].

To create a single graphene sheet, we call it further “graphene sheet”, a super
cell consisted of 24 carbon atoms with a honeycomb arrangement obtained from
the infinite 2D graphene hexagonal lattice (P6mm plane group) with two car-
bons in the primitive unit cell was used. This primitive unit cell will be referred
as “graphene original”. In order to simulate a real scenario comparative to the
experimental, a defect was introduced in the graphene sheet: carbons C, and C,,
were substituted by oxygen atoms, respectively adding vacancies to the calcula-
tions, see Figure 1.

For the Mo(,_yW,S,-Ni, first one of the atomic positions of Mo was substi-
tuted by W atom. Then a Ni atom was intercalated in between the two half
structures of 2H-MoS, original structure. This structure was located 2 A above

the graphene sheet with a vacancy defect considered.
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C13

C13

Figure 1. Graphene sheet with oxygen vacancies with 2H-Mo, ;W ,S,-Ni cluster grown
over it. Turquoise balls are carbon atoms, Red balls are oxygen, gray balls are Ni, Yellow
are Suphur, Tungten are black balls while Mo are violet balls.

Table 1. Atomic parameters used in the extended Hiickel tight-binding calculations, H;
(eV) and { (Valence Orbital ionization potential and exponent of Slater type orbitals).
The d-orbitals for Mo, W and Ni are given as linear combination of two Slater type orbit-
als. Each exponent is followed by a weighting coefficient in parentheses. A modified
Wolfsberg-Helmholtz formula was used to calculate H;; [42].

Atom Orbital H; G C; Giz C,

5s -8.34 1.96

Mo 5p -5.24 1.90 (0.6397) 1.90 (0.6097)
4d -10.50 4.54
S 3s -20.00 2.12
3p —11.00 1.83
o 2s -32.30 2.27
2p —14.80 2.27
c 2s -21.40 1.62
2p —-11.40 1.62
6s -8.26 2.34

w 6p -5.17 2.30 (0.6940) 2.06 (0.5631)
5d -10.30 4.98
4s -10.95 2.10

Ni 4p -6.27 2.10 (0.5683) 2.30 (0.6292)
3d -14.20 5.75
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3. Energy Bands

Figures 2(a)-(e) provide information regarding Energy Bands (eV) vs k points
in the reciprocal space spanning the First Brillouin zone from I'(0 0 0) to K (n/3a
1t/3a 0) to M(m/2a 0 0) to I'(0 0 0) for each one of the structures enunciated for-
merly. The Fermi level (Ep) is indicated by a horizontal dotted line separating the
Valence (VB) to the Conduction bands (CB) respectively. Note, for Figure 2(a),
that the Fermi level (at K point) yields the typical Dirac cone separating two
bands (multiple degenerate) which are 7 and n" in behavior, which yield indica-
tion of the 0-gap semiconductor which originally was reported by Geim and
Novoselov [30] [31]. The summary is provided in Table 2. Table 2 provides the
analysis for the forbidden Energy gap (eV), Fermi level location (eV) and beha-
vior for each configuration like graphene original, 2H-Mo_,W,S,-Ni, gra-
phene sheet, graphene sheet with Oxygen vacancies (defect), and graphene sheet
with oxygen defect and with 2H-Mo,_,,W,S,-Ni over it.

In addition, it has been reported that crystalline 2H-MoS, is a semiconductor
reported by several groups of investigators. Moreover, the reported forbidden
energy gap was in the order between 1 - 1.9 eV from different authors [32] [33].
Although, when the 2H-Mo,_,,W,,S,-Ni our result yield a soft metal behavior as
provided in Figure 2(b). Notice also, that only two bands (multiple degenerate
crosses the Fermi level. Due that we have experience with similar systems like
2H-MoS, nanoparticles grown over Reduced graphene oxide [34] [35] we pro-
pose that the most likely place to locate the 2H-Mo(,_,,W,,S,-Ni above O,,-O
defect and 2 A above the graphene sheet.

When the graphene sheet was constructed, see Figure 2(c), the system be-
haves as a semiconductor with a measured E,~0.90 eV. Also notice that three
bands are located in the vicinity of the Fermi level, the top band is almost flat in-
dicating small interaction between the atoms and small velocity. When the Oxy-
gen vacancies are introduced into the graphene sheet C,,-C,, substituted by oxy-
gen atoms, a similar scenario appears see Figure 2(d), the forbidden Energy gap
is wide open with a reported E,~1.29 eV. Notice that only two bands are located
in the vicinity of the Fermi level and one of the bands barely touches it being
almost a flat band. Last, Figure 2(e) corresponds to graphene with oxygen defect
(Vacancies) and with 2H-Mo, ;W ,,S,-Ni over it. A measured Energy gap of the

Table 2. Analysis for the forbidden energy gap E, (eV), Fermi level location (eV) and be-
havior for each configuration under investigation.

Structure E,(eV) atK Fermi level (eV) Behavior
Graphene cluster original 0.00 —-11.2450 0-gap Semiconductor
2H-Moy,_yW yS,-Ni 0.0 ~10.0670 Soft Metal
Graphene sheet 0.90 —-0.5222 Semiconductor
Graphene sheet with oxygen defect 1.29 -0.3093 Semiconductor

Graphene with oxygen defect,

K 0.98 —4.5214 Semiconductor
Moy W S,-Ni
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Figure 2. (a) corresponds to Band structure calculations for Graphene original, the Fermi
level is indicated by an arrow; (b) corresponds to 2H-Mo,_,W,,S,, the Fermi level is in-
dicated by an arrow; (c) corresponds to Graphene sheet, the Fermi level is indicated by a
horizontal arrow; (d) yields Graphene sheet with oxygen vacancies, the Fermi level is
again indicated by an arrow; (e) yields indication of Graphene sheet with vacancies (de-
fect) with 2H-Mo,_,,W,S,-Ni cluster grown over it, as the former cases, Fermi level is
indicated by a horizontal arrow.

order of 0.98 eV is reported providing a semiconductor behavior. Two bands
touch the Fermi level and two or more bands (multiple degenerated) form the
forbidden gap. The top bands are almost flat indicating the slower velocity pro-
vided by the electrons that form the band.

A very important fact considered when the Dirac cone is careful monitored
throughout the research when it travels up or down with respect of the Fermi
level establish a charge transfer between the metal surface and the graphene.

When the cone travels up electrons are provided to the system under considera-
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tion, while the cone travels down, vacancies are added instead. Let us concen-
trate in the location of the Fermi level for graphene (original). Notice that it is
located at —11.2450 eV, and take this value as reference. When the graphene
sheet was constructed, the Fermi level was located at 0.90 eV. The Fermi level
traveled up a clear indication that electrons was provided to the new system. In
addition, for graphene sheet with oxygen defect, the Fermi level is shifted up to
1.29 eV an indication similar to the former case. When the 2H-Mo,_,W,S,-Ni
cluster was located over the graphene sheet with oxygen vacancies, the location
of the Fermi level is shifted down to 0.98 eV. This fact indicates that vacancies
were added to the graphene sheet. This important fact allows us to predict in

advance, new materials suited for special purposes.

4. Total and Partial Density of States

Due that we also are interested in identifying which atoms contributes most to
the Total DOS, a Partial DOS analysis in order to see which atoms contribute to
those orbitals close to the Fermi level was performed. This information is pro-
vided in Table 2 and arises from Figures 3(a)-(e), respectively, for each case
enunciated formerly in the manuscript. Each figure provides Energy (eV) vs
percentage of contribution, considering that the highest peak is 100% and the
other peaks are rescaled with respect to it. The Fermi level is indicated by a ho-
rizontal dotted line, while the selected projected contribution from each atom is
indicated by a hatched line and the Total DOS is indicated by a solid line in the
respectively figure. Due that we are interesting in monitor the carbon p, orbital
contribution, and indicated by an arrow, in Figure 3(a) provides information
regarding graphene original structure. Notice that carbon p, orbitals contribute
with 36% to the total DOS. It is necessary to underline, that we have projected
only 6 out of 24 Carbon atoms, just to save time. This contribution appears in
the band bellow the Fermi level, due to its semiconductor behavior. In order to
obtain the information provided in Table 3, it is necessary to underline that for
each structure under investigation, a projected DOS was calculated for the atoms
that form such structure like the structures provided on the next paragraph.
Henceforth, Mo d-, p- and s-orbitals, W d-, p- and s-orbitals and Ni d-, p- and
s-orbitals were calculated separately, and from each graph the contribution from
each orbital to the Total DOS was obtained. Table 3 provides information re-
garding the contribution (in %) to the total DOS from each atom in the selected
structure, concentrating only on 2H-MoS, (original) and 2H-Mo,,_,W,,S,-Ni. No-
tice that for the first case, 2H-MoS, mo d- and S p- contribution is of the order

Table 3. Contribution (in %) to the total DOS from each atom in the selected structure.
The analysis was performed in the vicinity of the Fermi level.

Structure Mo d-% Sp-% W d-% Ni d-% Ni p-%
2H-MoS, <1 <1
2H-Moyg_yW yS,-Ni 12 18 14 <1 <1
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Figure 3. (a)-(e) Total (solid line) and projected (hatched lines) DOS for the cases enun-
ciated in the former paragraph. (a) yields indication of Total and projected DOS Gra-
phene original, notice that for some cases Carbon p, is indicated by an arrow; (b) yield
information regarding Total and Projected DOS for 2H-Mo, ;W ,S,, Graphene sheet; (c)
Total and Projected DOS for Graphene sheet with oxygen vacancies, notice that Carbon
p, DOS is highlighted. (d) and (e) yields Total and Projected Carbon pz DOS for Gra-
phene sheet with vacancies (defect) and with 2H-Mo,_,yW ,,S,-Ni cluster grown over it,
respectively.
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of <1% due that these values were considered to those orbitals in the vicinity of
the Fermi level. On the other hand for the second case, 2H-Mo,_,W,,S,-Ni Mo
d-, S p- and W d-contributions are 12%, 18% and 14%. A considerable en-
hancement obtained in the new structure.

Using the reported results provided by Topsee et al [36] [37] [38] [39] [40]
from the University of Aarhus for the existence of metallic one dimensional
states on MoS, clusters which established a new view of catalytic active site
which yielded new concepts used in catalysis. This new concept indicates that
whenever you will have ordinary 2H-MoS, with different crystalline 1T-MoS,
the catalysis is increased considerably. Afterwards, recently has been reported a
catalyst of MoS,,,,, (x~0.5) [41] which yielded selectivity toward hydrogenation
when compared with the activity of a reference industrial and other prepared
catalysts which contained one-dimensional structures. This indication provides
support that the new structure presented could be considered a likely candidate
for HDS catalysis.

5. Conclusions

The conclusions obtained in this investigation are as follow: from the Energy
band analyses, the original graphene yields indication for a “zero: gap semicon-
ductor, as expected. In addition for graphene sheet, graphene sheet with oxygen
vacancies (defect) and graphene with vacancies and with 2H-Mo, W ,S,-Ni
located over the defect of the E, ranging between 0.90, 1.29 and 0.98 eV respec-
tively. On the other hand, for the new proposal material 2H-Mo,_,W S,
yielded indication for a soft metal.

Total and projected DOS analysis on each case enunciated formerly, provided
information on the contributions from each orbital from each atom to the total
DOS. A considerable enhancement on the contributions from Mo-, S p- and W
d-orbitals was obtained for 2H-Mo,_,WS,-Ni when compared to 2H-MoS,
original. This fact provides indication that the new hybridized set of orbitals
could indicate that the new material could be exploited toward a catalytic ma-
terial in the HDS process.

Furthermore, sulphur atoms adjacent to the graphene sheet form an electronic
cloud sheared between these two structures generating that the electronic con-
duction increased. The active sites from 2H-Mo,_yW,S,-Ni will perform as at-
tractive centers for the charge carriers and take them from it to the graphene
sheet with a greater facility.
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