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CO hydrogenation on a MoS, surface has been investigated by means of the density functional theory method.
CO was found to adsorb on the bridge position of the Mo-edge of a MoS, surface with a tilted configuration.
However, this tilted configuration is unlikely to dissociate into O and C on the MoS, surface, which is different
from CO adsorbed on a pure Mo metal surface. These differences are explained by their different structural
properties and the different catalyst activities of the surfaces themselves, indicated by different electronic
properties below the Fermi level. The reaction route analysis reveals methane and CO, as the main products
of the CO hydrogenation reaction on a pure MoS, surface, which agrees with the experimental results.

I. Introduction

The Fischer—Tropsch process is an important industrial
process. It offers potential to produce high-value transportation
fuels or petrochemicals from biomass feedstock. The process
begins with the production of syngas (either by gasification of
coal and biomass sources or by re-forming natural gas), which
is then reacted over a suitable catalyst to yield a wide range of
products, containing mainly n-alkanes and n-alkenes, ranging
from methane and ethane to high molecular weight waxes, as
well as oxygenates, including alcohols.

Transition-metal sulfide-based hydrotreating catalysts, specif-
ically molybdenum sulfides, were developed in the early
twentieth century'? and soon became extensively used in CO
hydrogenation and hydrodesulfurization processes for the
production of cleaner fuels.® Their tolerance for sulfur repre-
sented a great advantage over noble metal catalysts, which are
easily poisoned by even small amounts of sulfur. An early
experimental study on effects of various potassium promoters
on activity and selectivity of CO—H, reactions showed that
MoS, itself yielded almost exclusively C;—Cs hydrocarbons
composed mostly of linear alkanes.* Similarly, thermodynamics
analysis showed that without promoters, there is no alcohol
formed on a MgO—SiO,-supported MoS, catalyst; the only
product is hydrocarbon, in which methane is the dominant
species.” A more recent in situ diffuse reflectance infrared
Fourier transform (DRIFT) study on sulfide Mo/y-Al,O;
catalysts showed that the main products of CO hydrogenation
are CO, and CH,.° Murchison et al.” of Dow Chemical
Corporation discovered in the 1980s that alkali doping of MoS,
would shift the selectivity of CO hydrogenation production from
hydrocarbons to alcohols on undoped MoS,. Further addition
of promoters on an alkali-doped MoS, surface such as Ni or
Co would increase the selectivity of the reaction toward ethanol
and higher alcohols.®'? These reactions are complicated as they
may involve many complex elementary reaction steps such as
dissociative and nondissociative adsorption of H, and CO, C—C
bond formation, C—H bond formation, O—H bond formation,
and CO insertion into the surface alkyls on a MoS, surface.
The reaction mechanisms are very likely to be diverse, and it
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is generally assumed that the reaction proceeds via a number
of parallel reaction pathways.!?

The most typical heterogeneous catalyst used in the
Fischer—Tropsch synthesis is Fe/Ru/Co supported on an oxide
such as silica, often promoted with potassium and other
additives. Surface studies have shown that a CO molecule
dissociates spontaneously on an iron surface.'*”!® On the other
hand, both experimental and theoretical studies have shown that
CO adsorbs molecularly on a Mo surface with a tilted config-
uration; however, it dissociates easily into atomic carbon and
oxygen.!” 2! It is calculated that the activation energy for CO
dissociation on a Mo surface ranges from 0.45 to 0.56 eV,
resulting in lower energies of 1.71 and 0.59 eV after dissociation
at the CO coverage of 0.25 and 0.5 ML, respectively.?! However,
CO adsorption on a MoS, surface behaves differently from Mo
metal, as only molecularly adsorbed CO species were reported
by X-ray photoelectron spectroscopy (XPS)* and IR studies.”* %
A recent DFT calculation?® on CO adsorbed on stoichiometric
and nonstoichiometric molybdenum sulfide surfaces showed CO
tightly adsorbed on the MoS, surface with adsorption energy
as high as 1.94 eV. Meanwhile, most transition metal surfaces
are known to dissociate H, into atomic hydrogen. Previous
studies also showed that H, molecules spontaneously dissociate
on a MoS, surface.?”?® Hence, CO hydrogenation reaction
mechanics and reaction pathways on a MoS, surface are
predicted to likely be very different from those on metal
surfaces. To our knowledge, although the interactions of CO
and H, on MoS, were well-studied?? 2% and much experimental
research on hydrogenation reactions from syngas on MoS,
surfaces has been done,* !> there are very few systematic
theoretical studies on this topic. Identifying key mechanisms
in controlling CO hydrogenation reactions leading to CHy,
CH;0H, C,HsOH, and higher alcohols and hydrocarbons
theoretically would be useful for improving the activity of
catalysts by means of modifying catalysts or finding new
potential catalysts in experiments. In this study, we performed
a systematic density functional theory (DFT) study on the CO
hydrogenation reaction on a pure MoS, surface and determined
the relative energies of different reaction routes as well as the
most favorable products.
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Figure 1. Edge surface of MoS, and the 4 x 1 supercell used in the
calculation. Blue and yellow spheres represent Mo and S atoms,
respectively.
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Figure 2. Optimized adsorption structures for CO adsorbed on a MoS,
surface: (a) bridge-Mo, (b) top-Mo, (c) bridge-S. Blue, yellow, gray,
and red spheres represent Mo, S, C, and O atoms, respectively.
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II. Computational Method

Calculations were performed by using the Quantum
ESPRESSO/PWscf computer package? and the generalized
gradient corrected PW91 approximation®® for the exchange
and correlation functional. Electron—ion interactions were
described by ultrasoft pseudopotentials,’! while wave function
and electron density representation were described with a
plane wave basis set and were limited by kinetic energies of
30 and 300 Ry, respectively. The k-point meshes employed
in the calculations were generated according to the Monkhorst—
Pack scheme.?? The resulting Brillouin zone sampling used
for the supercells described below was equivalent to the one
obtained with (8 x 8 x 1) grids for the primitive (1 x 1)
cells of the surface. Energy barriers and transition states for
reactions were calculated with the nudged elastic band (NEB)
method.?* Zero-point energy corrections were applied to the
activation energy barriers. Vibration frequencies of the
adsorbates were calculated using the frozen phonon method.

Bulk MoS, is a hexagonal structure with six atoms per unit
cell, consisting of a single layer of S—Mo—S. The basal plane
(001) is fully covered by sulfur atoms and is inactive for catalytic
reactions. Cleavage of bulk MoS, parallel to the (100) or (010)
plane results in an edge surface with a coordinatively unsaturated
Mo-terminated edge (named Mo-edge or 1010 edge plane) or
alternately a S-terminated edge (named S-edge or 1010 edge
plane) (Figure 1). The same edge surfaces were found in the
experimentally triangular-shaped, single-layer MoS, nanopar-
ticles grown on a reconstructed Au (111) surface.>*% Our
calculation result also indicates the (100) edge surface being
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the most stable with the lowest surface energy except for the
basal (001) plane which is inactive; hence, only the edge surface
will be considered in this study.

The (100) edge surface was modeled with tetragonal (4 x 1)
supercell slabs consisting of eight atomic layers. We used our
theoretical equilibrium lattice parameters of ¢ = b = 3.18 A
and ¢ = 12.6 A and a vacuum thickness of 12.0 A to build the
supercell shown in Figure 1. The vacuum gap was tested to
give good convergence. The CO and H, molecules and reactants
were adsorbed on one side of the supercell; the coordinates of
the atoms in the upper four layers of the slab (containing the
adsorbates) were relaxed, while the rest of the atoms in the lower
half of the slab were fixed at their bulk positions. The atoms
were relaxed according to the Hellmann—Feynman forces until
the force on each atom was less than 0.02 eV/A. We compared
the calculated results of CO, H,, atomic C and O, and H
adsorption on (100) full surface (with both Mo-edge and S-edge,
the system size is double of that of Mo-edge only) and on Mo-
edge or S-edge only. The most stable configurations are
consistently located on Mo-edge, and the adsorption energy
difference is less than 0.10 eV, which is considered to be within
the computational error bar because the lowest adsorption energy
is 1.41 eV for H, on MoS,. Because the Mo-edge and S-edge
have distinct chemical behaviors, the reactions on the two edges
will be considered independently following previous studies.?’

III. Results

In CO hydrogenation reactions with syngas, CO molecules
first adsorb on MoS,; surfaces and then participate in elementary
reaction steps, including dissociation and reacting with hydrogen
to yield products. Therefore, identification of the energetic,
structural, and electronic properties of CO and H, adsorbed on
a MoS, surface could increase our understanding of CO
hydrogenation on MoS, catalysts and facilitate the search for
more effective catalysts.

A. CO Adsorption and Dissociation on a MoS, Surface.
CO molecules were found to chemisorb on the Mo-edge and
S-edge of MoS, surfaces with adsorption energy ranging from
0.79 to 2.24 eV. The C—O bond length elongates from the
calculated value of 1.14 A for free CO (1.13 A for experiment®®)
to 1.22 A (Table 1). Optimized adsorption configurations are
shown in Figure 2. Our calculated adsorption energies are
slightly larger than those from the previous DFT study,’ and
the CO vibration frequencies and C—O bond lengths are in good
agreement. Furthermore, the calculated CO vibration frequencies
are in reasonable agreement with the IR spectra of adsorbed
CO on unsupported MoS,, which shows a broadband at 2070
cm™! with a tail extent to 2000 cm™!.2>7>* The bridge-Mo (B-
Mo) CO at the Mo-edge (Figure 2a) is a tilted configuration,
and it is expected to be more activated than the end-on top-Mo
configuration (Figure 2b) because of its longer C—O bond length
and lower vibration frequency. We can estimate that the barrier
energy for the adsorbed molecular CO diffusion on the MoS,
surface is likely to be around 0.2 eV. Adsorbed molecular CO
was predicted to easily diffuse from the B-Mo site to the
symmetrically equivalent site because of the small energy
difference between CO at the bridge site and at the top site
(top site structure is the transition state).

The dissociation of CO might be one of the key steps of the
CO hydrogenation reaction. Atomic C was found to adsorb on
a Mo-edge of a MoS; surface at a bridge-Mo site with a binding
energy of 10.31 eV (Table 2). An asymmetric configuration at
a bridge-Mo site was identified with an energy slightly higher
by 0.11 eV than that of the bridge configuration. The most stable
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TABLE 1: Calculated Adsorption Energies, E,q3, C—O Bond Lengths, Lc—o, and CO Vibration Frequencies, v, for the Stable
and Metal Stable Adsorption Modes of CO on a MoS, Edge Surface and Mo Metal Surface

adsorption mode E. (eV) Lc—o (A) v (cm™)
bridge-Mo (Mo-edge) 2.24,1.93% 1.223, 1,229%¢ 1551, 1545%
top-Mo (Mo-edge) 2.05, 1.94%¢ 1.169, 1.154%¢ 1942, 1970%
bridge-S (S-edge) 0.79, 0.512¢ 1.198, 1.194%¢ 1725, 1781%
H—Mo (Mo surface) 3.17,3.08% 1.335, 1.387% 839, 969!

TABLE 2: Calculated Adsorption Energies of C, O, H, OH,
CH,, and CO, on a MoS, Surface*

adsorbates adsorption mode adsorption energy (eV)
C bridge-Mo 10.31
(0] bridge-Mo 7.27
H bridge-Mo 3.05
OH bridge-Mo 4.32
CH bridge-Mo 6.48
CH, bridge-Mo 4.55
CH; tilted top-Mo 2.62
CH,4 top-Mo 0.16
CO, bridge-Mo 1.60

“ Adsorption energies are respective to the species in a vacuum.
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Figure 3. Energy diagram for CO dissociation on a MoS, surface.

configuration of atomic O adsorbed on a Mo-edge of a MoS,
surface is the bridge-Mo site with a binding energy of 7.27 eV.
The metastable configuration is at a top-Mo site, which is 0.6
eV higher in energy than the one at the bridge site. The
coadsorption of atomic C and O results in the most stable
configuration with C and O located at the B-Mo sites. The next
stable configuration is with atomic C at a B-Mo site and O
located at a top-Mo site. The calculated energy difference
between the two configurations is 0.51 eV. Figure 3 shows the
energy diagram of CO dissociated on a Mo-edge of a MoS,
surface. Although the dissociated configuration is 0.14 eV more
stable than that of CO adsorbed at B-Mo site, the barrier energy
was predicted to be 2.60 eV, which is higher than the adsorption
energy (2.24 eV). The adsorbed CO molecule desorbs rather
than dissociates on a MoS, surface. The calculated barrier energy
for CO dissociation on a Mo metal surface is 0.74 eV, which is
slightly larger than the value of 0.58 eV in the previous study.?!
Hence, dissociation of CO is fairly difficult on a Mo-edge of a
MoS, surface, which is significantly different from a Mo metal
surface. In the configuration of the transition state, the C—O
distance is 2.53 A, which is 1.31 A longer than that of the CO
adsorbed at the bridge, showing the breaking of the C—O bond.
Dissociated C and O are located at the tilted top-Mo site, which
is a metastable site for adsorption of O and C. The frequency
calculation showed an imaginary frequency obtained, confirming
a transition state.

To understand the difference between the interactions of CO
with a MoS, surface and Mo metal surface, we also studied the
adsorption of CO on a clean Mo (100) metal surface. In

agreement with both experimental'® and previous theoretical

studies,?*?! CO was predicted to adsorb in a tilted configuration
at the 4-fold hollow sites on a Mo (100) surface, with a
calculated adsorption energy of 3.17 eV and tilt angle of 56.5°
with respect to the normal of the surface. The bond length of a
CO molecule is elongated up to 1.35 A, which is larger than in
the case of a MoS, surface by 0.13 A, resulting in CO being
more reactive and easily dissociated, as shown by the low
stretching frequency in Table 1. In the case of a MoS, surface,
a C atom in adsorbed CO forms covalent bonds with two surface
Mo atoms (Mo, and Mo,) (Figure 2a) and an O atom. These
bonding characteristics are indicated by the projected density
of states (PDOS) of the C, O, Moy, and Mo, atoms in Figure
4a and the bonding charge density in Figure 4b. Bonding charge
density was defined as the charge density difference between a
system of CO adsorbed at the bridge-Mo of a MoS, surface
and pure MoS, surface and free CO. The bonding charge
densities shown in Figure 4b clearly revel the charge redistribu-
tion due to CO adsorption mainly involves a CO molecule and
two neighboring Mo surface atoms, showing the bond formed
between a C atom and two Mo surface atoms. The C—O bond
was predicted to be a double bond saturating the coordinates
of a C atom. In the most stable 4-fold hollow structure of CO
adsorbed on a Mo metal surface, a C atom binds with four Mo
surface atoms allowing the C—O bond to break easily. The
electronic properties of Mo atoms at a pure MoS, surface and
Mo surface were compared in Figure 4c. The contributions of
the d orbitals of surface Mo atoms on two surfaces are different
at the Fermi level. The surface Mo atoms on a Mo metal surface
showed high density of states below the Fermi level, indicating
higher activities than those on a MoS, surface, which was
confirmed by the higher adsorption energy of CO on a Mo metal
surface.

On the other hand, CO was found to adsorb at a S-edge of a
MoS; surface at a B-S site (Figure 2¢) with an adsorption energy
of 0.79 eV, which is much weaker than in the case of a Mo-
edge. The barrier energy of CO dissociation is predicted to be
as high as 5.0 eV, which is larger than the calculated barrier
energy for the diffusion of adsorbed CO from S-edge to Mo-
edge (2.30 eV). Adsorbed CO molecules would prefer to diffuse
to the Mo-edge rather than dissociate. Therefore, only the
calculations on a Mo-edge of a MoS, surface will be considered.

B. H, Molecule and Atomic H Adsorbed on a Mo-Edge
of a MoS; Surface. A H, molecule spontaneously dissociates
on a Mo-edge of a MoS, surface forming a H—Mo bond. The
calculated dissociative adsorption energy is 1.41 eV, with respect
to a H, molecule in a vacuum, which is smaller than the
calculated dissociative adsorption energy (1.68 eV) of H, on a
Mo (100) surface. However, it is larger than the calculated value
of 0.92 eV for a Mo metal surface,’” for which the calculations
were done on a bce (210) surface rather than the flat (100)
surface we used. Dissociation of a H, molecule was also
predicted in a fully and partially sulfide Mo-edge.?” Atomic H
adsorbed at a bridge-Mo site was found to be most stable, and
a metastable structure at a top-Mo site was identified to be 0.20
eV less stable than the most stable one. We found that atomic
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Figure 4. (a) Projected density of states of CO adsorbed at a bridge-Mo site of a MoS, surface. (b) Bonding charge density of CO adsorbed at a
bridge-Mo. Red and blue colors represent positive and negative values, respectively. (c) Comparison of density of states of a surface Mo atom of
a MoS, surface and Mo surface. The Fermi level is indicated by the vertical line at zero.
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Figure 5. Energy diagram for sequential hydrogenation of CO by H atoms on a MoS, surface. Blue, yellow, gray, red, and light blue (small)
spheres represent Mo, S, C, O, and H atoms, respectively. The unit for labeled C—O and Mo—O bond length is A. (a) CO reacts with one H atom.

(b) CO reacts with two H atoms. (¢) CO reacts with three H atoms.

H on a Mo-edge of a MoS, surface was fairly mobile. Similar
mobile hydrogen was also predicted on a Mo,7Ss, cluster.?® The
calculated activation energy for atomic H diffusion from a
bridge-Mo site to a nearby symmetric equivalent bridge-Mo site
on a Mo-edge of a MoS, surface is predicted to be ~0.20 eV.
Hence, in the Fischer—Tropsch process for a MoS, surface from
syngas, a H, molecule will supply atomic H.

C. Reaction of CO and H Atoms on a Mo-Edge of a MoS,
Surface. Adsorbed CO was predicted to be unlikely to dissociate
on a MoS, surface as described above, and the adsorbed CO
molecules would react with the spontaneously dissociated
hydrogen atoms in the Fischer—Tropsch reaction to yield
products. This process is described in the following individual
steps of CO hydrogenation.

1. CO and One H Atom. The coadsorption configuration is
shown in Figure 5a with CO and a H atom located at nearby
bridge-Mo sites. Because atomic H is mobile on the surface
(calculated barrier energy is predicted as low as 0.20 eV), it is
likely to be located at a metastable top-Mo site and react with
adsorbed CO at a Mo bridge (adsorbed CO and H share one
Mo atom) to form the CHO* complex spontaneously on the
surface, which is 0.51 eV less stable than the coadsorption
configuration. The formed CHO* complex is not a stable
structure, as it will dissociate to a configuration with a CH*
complex and atomic O coadsorbed on the surface, which is 0.18
eV more stable than the coadsorption configuration of CO and
H (Figure 5a). The calculated activation energy is 0.51 eV. The
transition state (TS) is with CH and O located at the titled top-
Mo site (Figure 5a). Our frequency calculation results show that
—541 cm™! was obtained for this TS configuration. It is
noteworthy that the migration of a H atom results in a C—O
bond parallel to a surface Mo—Mo bond and thus is highly
activated, as indicated by the long C—O distance of 1.34 A
compared with the distance of 1.22 A for the bridge site-
adsorbed CO. The CO molecule in the CHO* complex tilted

more toward the surface, resulting in a Mo—O distance of 2.05
A, which is close to the calculated Mo—O bond length of 2.03
A for atomic O adsorbed on a surface. Therefore, for a covalent
bond formed between an O atom and surface Mo atom, the C—O
bond is predicted to be a weaker single bond rather than a double
bond. It is not surprising that the dissociation of a CHO*
complex is favored. We also found that a C—OH complex is
~1.20 eV less stable than a CHO* complex on a surface.
Therefore, a CHO* complex and CH are relevant intermediates
for the reaction of CO and one H atom.

2. CO and Two H Atoms. A CHO* complex is an interme-
diate species on a MoS, surface; it may capture one more H
atom to form a more complicated complex. The coadsorption
configuration is a CHO* complex described together with a H
atom adsorbed at a nearby bridge-Mo site (Figure 5b). A slightly
more stable configuration was found, namely, a CH,O* complex
on a surface (Figure 5b), which is different from that in the
case of the one H atom. However, it is not surprising as the C
atom in a CH,O* complex is 4-fold coordinated. Meanwhile, a
CH,0O* complex dissociates easier to a CH, complex and atomic
O than does a CHO* complex. This is indicated by the larger
energy difference between a CH,O* complex and the coad-
sorption of a CH, complex and atomic O on a MoS, surface
(0.73 eV), together with the smaller barrier energy of 0.32 eV.
Similar to the cases of CO and CHO* complexes, the transition
state is CH, and O adsorbed at the metastable top-Mo sites.
Similar to the case of CHO*, our frequency calculation produced
an imaginary value of —366 cm™! for the TS configuration. The
C—O0 bond length in a CH,O* complex is 0.11 A longer than
that of a CHO* complex, and CO is further tilted toward the
surface, resulting in a Mo—O length being the same as that for
adsorbed atomic O. We also found a CH—OH complex is ~1.20
eV less favored than a CH,O* complex configuration, which is
the same as in the case of one H atom. The main intermediates
for continued CO hydrogenation are CH,O* and CH,.
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Figure 6. Thermodynamic energetic scheme of CH, (x = 0, 1, 2, and 3) sequential hydrogenation system and diagram for CO oxidation.

3. CO and Three H Atoms. When one more H atom was
added to a CH,O* complex, the obtained structure is either a
coadsorption of a CH,O* complex and a H atom adsorbed at a
nearby bridge-Mo site or a spontaneous coadsorption of CHj
and atomic O (Figure 5c). The latter structure is favored by
0.78 eV energy than the former. Because in a CH,O* complex
the coordination of a C atom has already been saturated, it is
not likely to form a CH;0* complex. A weak C—O bond in a
CH,0O* complex allows the C—O bond break easily and form
a C—H bond when atomic H available. Furthermore, when an
O atom in a CH,O* complex captures a H atom, an unstable
configuration, which is 0.91 eV higher in energy, was obtained
as the coadsorption of the CH, and OH species. This similar
configuration was not predicted in the cases of the CO reactions
with both one and two H atoms, further showing the cleavage
of a C—O bond in a CH,O* complex is quite easy as indicated
by the long C—O bond length and short Mo—O bond length.
The dominant intermediate species is therefore CHj.

4. Desorption of CH, and CO,; Once a formed CHj;
intermediate species reacts further with a H atom, methane will
form. A methane molecule was found to physisorb on a MoS,
surface with a low adsorption energy of 0.16 eV. The desorption
of methane from CH; and H on a MoS, surface is shown in
Figure 6a. The calculated barrier energy is ~0.58 eV.

Adsorbed CO molecules react with oxygen atoms from the
dissociation of the CHO* and CH,O¥* species, resulting in CO,
adsorbed on a surface spontaneously (when top-site O and CO
share a Mo atom). The chemisorption energy is 1.60 eV and
physiosorption energy is 0.30 eV. The adsorbed CO, is a bent
structure with a O—C—0O bond angle of 134.5°. Although the
coadsorption configuration of CO and atomic O is more
energetically favored by 0.67 eV than that of CO, adsorbed on
a MoS, surface, the adsorption of CO is strong with high
adsorption energy showing that adsorbed CO molecules are very
rich on a surface. The formation of CO, is becoming more likely.
The calculated barrier energy of desorption of CO, is 1.30 eV,
which is larger than the value of 1.0 eV for CO, desorption on
a Au (110) surface®® (Figure 6b).

IV. Discussion

According to Muramatsu et al.,*® the dissociated CO favors
chain propagation, leading to the synthesis of higher hydrocar-
bons and alcohols, whereas the nondissociated CO favors
synthesis of the C; product. In contrast to the typical
Fischer—Tropsch synthesis catalysts such as iron, which dis-
sociate CO easily; our calculated results show that the MoS,
catalyst does not dissociate CO. The most likely intermediate
species of the CO hydrogenation reaction from syngas on a pure
MoS, catalyst surface are CH; and O, which can be further
converted to CHy and CO, by atomic H and CO on surfaces,
respectively. These results are in agreement with the previous
in situ diffuse reflectance infrared Fourier transform (DRIFT)
study on sulfide Mo/y-Al,Oj; catalysts, which showed the main

products of CO hydrogenation are CHy and CO,.° For the
hydrogen-mediated CO dissociation, the CHO* and CH,O*
intermediate species are adsorbed on the surface, where the
cleavage of the C—O bond (i.e., dissociation of CHO* and
CH,O* to CH and O or CH,, CHs, and O) is facilitated, with
significantly low barrier energies more than 2.0 eV lower than
that of direct C—O bond cleavage. These show the hydrogena-
tion routine is the main reaction pathway rather than the carbide
mechanism on a MoS; surface. Interestingly, many recent studies
also indicated that CHO* and CH,O* are important reaction
intermediates in the Fischer—Tropsch process on metal
surfaces.**~* The difference between metal surfaces and a MoS,
surface is that the reverse reactions of forming CH,O are not
favored on a MoS, surface.

We also studied the relative energies of adsorption of the
possible intermediate species of OH and CH, (x = 1, 2, and 3)
on a surface. The OH* species adsorbed on a surface is 0.60
eV less favorable than coadsorption of atomic O and atomic H.
Even in the more complicated structures, including the reaction
of CO and H atoms, our calculations showed that the OH*
species is at least 0.91 eV less stable on a MoS, surface.
Therefore, alcohols are difficult to form on a pure MoS; surface,
and the intermediate species of O will be converted to CO, by
a CO molecule, not H,O. The CH, (x = 1, 2, and 3) species
were found to chemisorb on a MoS, surface at a bridge-Mo
site. with adsorption energies of 6.48, 4.55, and 2.62 eV,
respectively (Table 2). The sequential hydrogenation of CH, (x
=0, 1, 2, and 3) on MoS, is exothermic, as shown in Figure
6a, except for the desorption of CH,4, which physisorbs on a
MoS, surface, in contrast to the cases of CH, (x = 1, 2, and 3).
These confirm that the main products of CO hydrogenation on
a MoS, surface are CO, and CH,. However, the early experi-
mental study showed that pure MoS, yielded hydrocarbons
composed mostly of linear alkanes,* which is different from
our results. Alkyl chain growth was also investigated. Because
dissociation of CO is difficult, the possible prototypical CH,
coupling reactions are CH—CH, CH—CH,, CH—CH;,
CH,—CH,, CH,—CHs;, and CH3;—CHs;. Our calculations showed
that all of the CH, coupling reactions are energy unfavored by
up to 0.64 eV. The study of CH;—CHj coupling shows the
methane is unlikely to be formed, not only because of the higher
energy of methane on MoS; but also because of the saturated
coordination of C in CHj. The barrier energy for formation of
C,Hg is therefore predicted to be high. This again shows CHy
is the main CO hydrogenation product on a pure MoS, surface.®
Doped with alkali and other promoters, the formate species for
reaction from syngas on a MoS, catalyst is converted to
methanol and higher alcohols and hydrocarbons. Hence, the
effects of promoters and chain growth will be future research
topics.
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DFT Study of CO Hydrogenation on a MoS, Surface

V. Conclusions

We have performed a systematic density functional theory
study on the hydrogenation reaction of syngas on a pure MoS,
surface. CO was found to adsorb at a bridge-Mo site with a
tilted configuration and a longer C—O bond length than that of
free CO. We also found the dissociation of CO was difficult on
a MoS, surface, which is different from the typical heteroge-
neous catalysts used in a Fischer—Tropsch synthesis such as
iron and a Mo metal surface that dissociate CO easily. The
calculated barrier energy is as high as 2.60 eV. Different
dissociation properties of CO on MoS, and Mo surfaces resulted
from the different structural properties of CO adsorbed on
surfaces and different catalyst activity of MoS, and a Mo
surface. The H, molecule was found to dissociate spontaneously
on a MoS, surface, which will supply H atoms in the
hydrogenation reaction. Our calculation also showed the hy-
drogenation routine is the main reaction pathway on a MoS,
surface.

The calculation showed the most likely products of CO
hydrogenation on a MoS, surface are CH, and CO,, which is
in agreement with experiment results.® The hydrogenation of
CH, on a MoS, surface is exothermic, showing the formation
of methane on the surface. Further study of alkyl chain growth
and adsorption of intermediate species of OH* on a MoS,
surface confirms the result. However, addition of promoters such
as potassium, nickel, or cobalt on a MoS, surface causes the
products of a hydrogenation reaction from syngas to convert to
alcohols or higher hydrocarbons. The effect of promoters will
be our next research topic.
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