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a b s t r a c t

The adsorption and subsequent dissociative reaction of methanol on the bald Mo-edge, 50% Mo-edge, and
50% S-edge of MoSx clusters were investigated by using density functional theory (DFT). The calculation
results showed that the adsorption of methanol molecule through its oxygen atom prefers the corner
sites to the edge sites of MoSx surfaces. The pathways of methanol dissociation via C–H, C–O and O–H
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bond scissions are considered and O–H bond scission is found to be the most favorable pathway on the
MoS2 surface; the activation barrier is 0.45 eV on the bald Mo-edge and about 1.0 eV on the 50% Mo-edge
and 50% S-edge. Among the intermediates formed from methanol dissociation, CH3O is the dominant
surface species after the MoS2 surface is exposed to methanol.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Methanol is an excellent fuel on its own and can also be readily
onverted to hydrogen, formaldehyde, methyl formate, dimethyl
ther, dimethoxymethane, olefins and alkenes via decomposition,
ehydration and partial oxidation [1–4]. Moreover, it is also a
recursor for the C–C bond formation during the higher alcohol syn-
hesis and the Fischer–Tropsch synthesis on Cu/ZnO catalysts and

oS2 catalysts [5–11]. Therefore, the dissociation and conversion
f methanol has attracted great interests of researchers.

Methanol dissociation can proceed via three routes involving
he breaking of O–H, C–O, and C–H bonds, respectively. Many the-
retical and experimental studies suggested that the exact route is
elated to the special catalyst used. The O–H scission was proposed
heoretically as the initial dissociation step over metal oxide (MgO,
iO3, SnO2, and CeO2) [12–14] and metal carbide (Mo2C) [15] cata-
ysts, while C–H scission was more favorable than O–H scission on
t (1 1 1) catalyst [16,17]. Among the three routes, the C–O scission
s suggested to be the impossible one by both experimental [18]
nd theoretical [19,20] studies.

MoS2 exhibits similar properties as noble metals and excellent

atalytic behavior in several reactions, especially for hydrodesul-
urization (HDS) and hydrogenation (HYD). A large number of
xperimental [21–25] and theoretical [26–34] studies were carried
ut to find the active sites on the catalyst surface and to exam-

∗ Corresponding author. Tel.: +86 351 4046092; fax: +86 351 4041153.
E-mail address: iccjgw@sxicc.ac.cn (J. Wang).

381-1169/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.01.024
ine the reaction mechanisms involved in HDS and HYD. Recently,
CO hydrogenation was studied by using density functional theory
(DFT); Huang and Cho [35] revealed that CHxO was the intermedi-
ate to produce CH4 on stoichiometric MoS2 surface, while Shi et al.
[36] found that CH2OH is the intermediate prior to produce CH4 on
the non-stoichiometric MoS2 surfaces.

Although the experimental studies suggested that methanol as
the primary product from CO hydrogenation [10,11] could undergo
secondary reactions to produce methane or higher alcohols, the
mechanism of methanol decomposition on MoS2 is still not fully
understood. In this work, the adsorption and subsequent dissocia-
tive reaction of methanol on MoSx clusters were investigated by
using DFT. The pathways of C–H, C–O and O–H bond scission were
considered. The construction and geometries of MoSx models were
described and the adsorption and dissociation of methanol over
bald Mo-edge, 50% Mo-edge, and 50% S-edge were examined.

2. Models and methods

2.1. Models

MoS2 catalyst has a closely packed layered sandwich structure
with each Mo atom coordinated by six sulfur atoms in a prismatic
unit, and Mo atoms are in a plane situated between two sulfur

layers [37]. The high-resolution scanning tunneling microscopy
revealed that the overall morphology of MoS2 nanoparticle is sen-
sitive to reaction conditions [38]. MoS2 nanocluster with triangular
morphology is predominant at an atmosphere of H2S/H2 = 500,
whereas it is converted to the hexagonally truncated structure

dx.doi.org/10.1016/j.molcata.2011.01.024
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:iccjgw@sxicc.ac.cn
dx.doi.org/10.1016/j.molcata.2011.01.024
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ig. 1. Optimized structures of (A) Mo20S40, (B) Mo20S43 and (C) Mo20S36 deduced
gure legend, the reader is referred to the web version of the article.)

y sulfurating at an atmosphere of H2S/H2 = 0.07. As the exis-
ence of S is usually infrequent and hydrogen is abundant when
t comes to the methanol conversion and dissociation processes,
he hexagonal MoS2 nanocluster is subjected in the present work.
he lattice of hexagonal MoS2 is of a layer type with weakly cou-
ling MoS2 sheets oriented along the (0 0 0 1) direction. Each MoS2
heet consists of two differently terminated layers, i.e. Mo and S
ermination, which may offer the active sites for the catalytic reac-
ions.

It is experimentally demonstrated that the particles size of
ctive MoS2 is in the range of 10–30 Å in the highly dispersed sup-
orted catalysts [39]. Theoretic studies demonstrated that Mo27S54
luster, with a diameter of 19 Å, is comparable to the size of
eal catalyst particle [40–42]. Our preliminary work proved that
simplified Mo20S40 cluster is effective enough in modeling the

dsorption of methanol [43]. In addition, the sulfur coverage of
oS2 surface is also sensitive to reaction conditions, especially

he ratio of H2S/H2. It was reported that both the addition of
ulfur to bare Mo edge and the removal of sulfur from full cov-
red S-edge are exothermic; the MoSx configuration with sulfur
toms bridging two neighboring Mo atoms (50% Mo-edge and 50%
-edge) is stable under high reductive conditions (H2S/H2 < 0.01)
27,28,44,45], while bare Mo edge (0% Mo-edge) may become sta-
le under a lower reductive conditions (0.01 < H2S/H2 < 0.07). MoS2
urfaces with different sulfur coverages may have a great effect on
he methanol adsorption and dissociation. In this work, therefore,

he stoichiometric cluster of Mo20S40 (0% Mo-edge) (A) as well as
he nonstoichiometric clusters such as Mo20S43 (50% Mo-edge) (B)
nd Mo20S36 (50% S-edge) (C) are all considered to investigate the
dsorption and dissociation of methanol on MoSx clusters, as shown
n Fig. 1.
Mo27S54 (blue: Mo; yellow: S). (For interpretation of the references to color in this

2.2. Methods

All calculations were performed with the program package
DMol3 in the Materials Studio 2.2 of Accelrys Inc. [46–48]. The
generalized gradient approximation (GGA) corrected functional by
Perdew and Wang (PW91) [49] was employed, and the real space
cutoff of atomic orbital was set at 5.5 Å. In DMol3 the physical
wave functions were expanded in terms of accurate numerical basis
sets. For structure optimizations and energy calculations, the effec-
tive core potential (ECP) was used on molybdenum atoms, while
the doubled numerical basis set with p- and d-polarization func-
tions was used for all other elements. The tolerances of energy,
gradient, displacement, and self-consistent field convergence are
2 × 10−5 au, 4 × 10−3 au/Å, 5 × 10−3 Å, and 1 × 10−5 au, respectively.

The medium quality mesh size was used for the numerical inte-
gration, and a Fermi smearing of 0.0005 au was used to count the
orbital occupancy. The Linear Synchronous Transit/Quadratic Syn-
chronous Transit method at the same level was used in searching
for transition states (TS). The vibrational frequency of possible TS
was calculated, and each TS was identified to have one imaginary
frequency.

To describe the interaction between the adsorbates and
the substrates, the adsorption energy was defined in Eq. (1),
where E(cluster), E(adsorbates) and E(adsorbates/cluster) repre-
sent the energies of optimized cluster, gas-phase adsorbates and
adsorbates–cluster complex, respectively. The spin-polarization

calculation in gas species and adsorption systems with open shell
character were considered:

Eads = E
(

adsorbates/cluster
)

− E(adsorbates) − E(cluster) (1)
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Fig. 2. Optimized methanol molecular structures on clusters A, B and C (blue, Mo; yellow
corner sites and the lower one is methanol adsorbed on the edge sites. (For interpretatio
version of the article.)

Table 1
Calculated adsorption energies and geometric parameters for one methanol
molecule adsorbed on the clusters A, B and C of MoSx .

Entry Mode Eads (eV) RMo–O (Å) RC–O (Å)

1 Corner/A −1.27 2.18 1.46
2 Edge/A −1.17 2.22 1.46
3 Corner/B −0.94 2.22 1.46
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tion of intermediates including methoxide (CH3O), hydroxymethyl
4 Edge/B −0.13 3.62 1.43
5 Corner/C −1.00 2.27 1.45
6 Edge/C −0.58 2.37 1.45

A non-symmetric slab system charge rearrangements may
esult in large dipole that affected the accuracy of the adsorption
nergies Eads [36]. For the cluster system, however, the adsorbed
olecule breaks the dipole existence; the effect of dipole correction

s then presumed very small and can be ignored. This was verified
n the test calculations for the adsorption of acetyl and CH3CO on

o-edge and S-edge by employing the Vienna ab initio simulation
ackage (VASP) [50,51] in the preliminary work [43].

. Results and discussion

.1. Adsorption of methanol

The dissociation of methanol begins with its adsorption from the
as phase. A methanol molecule is top adsorbed on the corner and
dge sites, as shown in Fig. 2. Table 1 lists the calculated struc-
ure parameters and adsorption energies of methanol molecule
dsorbed on the clusters A, B, and C of MoSx.

Model A (Mo20S40): As given in Table 1, forms 1 and 2 denote
he configurations of one methanol molecule adsorbed on corner

o (Moc) and edge Mo (Moe) sites, respectively. The adsorption
nergies on Moc and Moe are −1.27 and −1.17 eV, respectively; it
ndicates that the adsorption of methanol on cluster A is strongly
xothermic and Moc is slightly higher active for methanol adsorp-
ion than Moe. The distances of C–O bond in methanol molecule
dsorbed on corner and edge sites are nearly the same, while the
istance of Moc–O is a little shorter than that of Moe–O. It indicates
hat the interaction of methanol with Moc is slightly stronger than
hat with Moe. The calculated C–O distance of methanol in gas-

hase is 1.43 Å, equal to the data obtained by Yudanov et al. [19];
his confirms that the method used in this work is reasonable. The
–O distance is elongated from 1.43 Å in free methanol molecule to
.46 Å in the adsorption complex.
, S; black, C; red, O; light, H). The upper row indicates methanol adsorbed on the
n of the references to color in this figure legend, the reader is referred to the web

Model B (Mo20S43): Forms 3 and 4 in Table 1 denote the config-
urations of one methanol molecule adsorbed on the Moc and Moe

sites of model B, with the Eads values of −0.94 and −0.13 eV, respec-
tively. The corner site shows much higher activity for methanol
adsorption than the edge site. This large difference can be rationally
explained by the structural diversity of Mo-edge. The Moc atom in
B coordinated by five S atoms is unsaturated, while the Moe is sat-
urated by coordination with six bridged-S atoms. It suggests that
the Moc site is much easier to be bonded with the adsorbates. The
higher activity of Moc site can also be supported by the distances
of Mo–O and C–O bonds. The Moc–O and Moe–O distances are
2.22 and 3.62 Å and the corresponding C–O distances are 1.46 and
1.43 Å, respectively. The Ce–O distance is equal to that of gas-phase
methanol (1.43 Å), about 0.03 Å shorter than the Cc–O distance. The
higher activity of Moc site for methanol adsorption may be ascribed
to its unsaturated coordination statues.

Model C (Mo20S36): The Moc atom centered in model C is coor-
dinated by three S atoms and is thus 3-fold unsaturated, while the
Moe is coordinated by four S atoms and is 2-fold unsaturated. Forms
5 and 6 denote the configurations of one methanol adsorbed on Moc

and Moe of model C, with Eads of −1.00 and −0.58 eV, respectively.
Analogous to model B, the corner site shows much higher activity
for methanol adsorption, as suggested by the Eads. The distances of
Moc–O and C–O bonds are 2.27 and 1.45 Å, respectively. The dis-
tances of Moe–O and C–O bonds are 2.37 and 1.45 Å, respectively.
Moc–O is 0.10 Å shorter than Moe–O, which is in accord with the
Eads values.

The above results suggest that the adsorption of methanol is
much less stable on the edge sites than that on the corner sites,
with the exception of model A. The corner Mo center and edge Mo
center in model A are close in structural and electronic proper-
ties, leading to the almost the same adsorption energies. Therefore,
we only consider the corner-Mo sites for the dissociative adsorp-
tion of methanol and its decomposition species in the following
sections.

3.2. Adsorption of intermediates

Adsorbed methanol molecules can decompose in several steps
to form various CHxO and CHx intermediates. Therefore, the adsorp-
(CH2OH), formaldehyde (CH2O), methyl (CH3) and methylene
(CH2) are calculated in the present work. The optimized structures
of these intermediates adsorbed on the three clusters are shown
in Fig. 3. The adsorption energies of the intermediates and the C–O



Y.-Y. Chen et al. / Journal of Molecular Catalysis A: Chemical 338 (2011) 44–50 47

Fig. 3. Most stable configurations of some intermediates (CH3O, CH2OH, CH2O, CH3, and CH2, from up to down) adsorbed on clusters A, B and C of MoSx (blue, Mo; yellow,
S; black, C; red, O; light, H). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Table 2
Adsorption energies of several intermediates and the distances of C–O bond in the adsorbed and gas phase of these intermediates from methanol dissociation.

Intermediate Adsorption mode Eads (eV) Gas phase RC–O (Å) Adsorbed RC–O (Å)

A B C A B C

CH3O Top −4.29 −2.77 −3.02 1.365 1.425 1.414 1.417
2
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CH2OH � -(C,O) −3.36 −2.38
CH2O �2-(C,O) −2.90 −1.40
CH3 Top −3.08 −1.83
CH2 Bridge −5.09 −4.31

istances in the adsorbed and gas phase of these intermediates are
isted in Table 2.

Over model A, CH3O is adsorbed on Moc in top mode through its
xygen atom, which accounts for an adsorption energy of −4.29 eV.
he C–O bond in CH3O is perpendicular to the Mo-edge. The C–O
istance is 1.43 Å, elongated by 0.06 Å comparing with that in gas
hase. The hydroxymethyl CH2OH is formed via elimination of an

atom from the C center of methanol. CH2OH is adsorbed in a
2-(C,O) mode, in which C and O atoms bond to two Mo centers
eparately, with the adsorption energy of −3.36 eV. In CH2OH, the
–O bond is parallel to the Mo-edge with the C–O distance of 1.51 Å,
longated by about 0.13 Å comparing with that in gas phase. It is
oteworthy that the hybrid orbital of carbon is sp3 in the adsorbed
onfiguration, while sp2 in the gas phase. Similar to CH2OH, CH2O
s also adsorbed in �2-(C,O) mode with the adsorption energy of
2.90 eV. The C–O distance is 1.46 Å, elongated by up to 0.25 Å com-
aring with that of 1.21 Å in the gas phase. It is presumed that the
–O bond is easy to break because of the large elongation of C–O
ond length. CH3 is adsorbed in a top mode which accounts for
he adsorption energy of 3.08 eV. The dehydrogenation of CH3 may

ontinue to form CH2, which is adsorbed in the bridged mode with
he adsorption energy of −5.09 eV.

Over models B and C, all of these intermediates are strongly
xothermic for the adsorption, indicating all of them are stable on
oS2 surfaces. As shown in Fig. 3, CH3O and CH3 are adsorbed on
−2.37 1.375 1.508 1.455 1.479
−1.81 1.212 1.462 1.378 1.445
−2.01 – – – –
−4.15 – – – –

corner Mo atom in a top mode; CH2OH and CH2O are adsorbed in a
�2-(C,O) mode on one Mo atom and one S atom over the cluster B,
while on two Mo atoms over the cluster C. Moreover, CH2 is bridge-
adsorbed on one Mo atom and one S atom over the cluster B, while
on two Mo atoms over the cluster C. It is found that the adsorption
configurations of intermediates are almost the same as those on
model A, but their adsorption energies are much smaller. The C–O
distances in these adsorbed intermediates are slightly elongated
comparing with that in the gas phase.

Through comparing these intermediates adsorbed over the
three clusters, it is found that their adsorption stability is in the
order of CH2 > CH3O > CH2OH > CH3 > CH2O, which is consistent to
the result of a slab model calculation of these intermediates on
MoS2 [36]. DFT calculations of various dehydrogenated intermedi-
ates (CH3O, CH2OH, CH2O and CHO) on Pd (1 1 1) suggested that the
most favorable configurations are CH3O and CH2OH species [19].
Moreover, the order of adsorption stability for CHx species on Pd
(1 1 1) is also consistent with the result in this work. It indicates
that MoS2 is similar to noble metal in the dissociative adsorption
of methanol.
3.3. Methanol dissociation

To understand the properties and reactivity of methanol on
MoS2, the pathways of methanol dissociation via initial C–O, O–H
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ig. 4. Energy diagrams for methanol dissociation over clusters A, B and C (blue, M
nd C–H scission pathways, respectively. (For interpretation of the references to co

nd C–H scissions and the pathways of intermediates dissociation
n MoS2 are systematically examined. The energy diagrams for
ethanol dissociation through C–O, O–H and C–H bond scission

ver the three clusters A, B and C are shown in Fig. 4. Here, IS repre-
ents the initial state (adsorbed methanol), TSx and FSx (x = 1, 2, 3)
epresent the transition states and the final states in the reactions
f bond scissions (x = 1, C–O; 2, O–H; 3, C–H), respectively.

.3.1. Methanol dissociation on model A (Mo20S40)
As shown in Fig. 4(a), the pathway of C–O scission is initiated

ia TS1, producing methyl (CH3) and hydroxyl group (OH) (FS1).
he carbon in methyl exhibits sp2–like hybridization in TS1, while
p3–like hybridization in FS1. The C–O length elongates consid-
rably from 1.46 Å in IS to 2.22 Å in TS1. This reaction is highly
xothermic by 1.91 eV with an energy barrier of 1.63 eV.

The pathway of O–H scission is initiated by the cleavage of the
ydroxyl group via TS2, producing methoxide (CH3O) (FS2). The
ydrogen atom derived from the hydroxyl group is adsorbed on
oc in TS2 and is transferred to Sc in FS2. The O–H length elon-

ates considerably from 0.97 Å in IS to 1.30 Å in TS2. This reaction
s exothermic by 0.81 eV with an energy barrier of 0.45 eV. The
athway of C–H scission starts with methanol dehydrogenation
roducing hydromethyl (CH2OH). Methanol (IS) adsorbs on Mo-
dge in a �1-(O) mode (only O atom is bound to Mo), while methanol
dsorption in TS3 and FS3 shows approximative �2-(C,O) [19]. The
–H length elongates from 1.09 Å in IS to 1.40 Å in TS3. This reaction

s exothermic by 0.64 eV with the lowest energy barrier of 1.09 eV.
Reaction energies and the activation barriers obtained here sug-

ested that for the methanol dissociation on A, all three pathways
C–O, O–H and C–H scission) are highly exothermic and ther-

odynamically favorable. O–H scission to form the co-adsorbed
ethoxide and hydrogen is kinetically preferred on A. The activa-

ion barrier of the O–H scission is only 0.45 eV, much lower than
he barriers of 1.09 eV for the C–H scission and 1.63 eV for C–O scis-
ion. Meanwhile, C–O scission is unfavorable although it produces
he most stable product states.

.3.2. Methanol dissociation on model B (Mo20S43)
As shown in Fig. 4(b), the energy barriers of C–O and C–H scis-

ion on cluster B are 2.38 and 2.07 eV, respectively. C–O scission
s slightly exothermic or thermoneutral (–0.07 eV), while C–H scis-

ion is endothermic (0.60 eV). The hybrid orbital of C atom converts
o sp2-like in TS1. The C–O distance in TS1 is 2.26 Å. The product
H3 in FS1 is adsorbed on the bridged S atom. The C–H distance

n TS3 is 1.79 Å. CH2OH (FS3) is adsorbed in �2-(C,O) mode bind-
ng to Moc (corner-Mo) and So (outer-S) [28]. O–H scission is the
ow, S; black, C; red, O; light, H). For TSx and FSx, x = 1, 2, and 3 represent C–O, O–H,
this figure legend, the reader is referred to the web version of the article.)

most favorable pathway which requires the lowest energy barrier
of 1.0 eV. The O–H distance in TS2 is 1.67 Å. The hydrogen derived
from hydroxyl group is transferred to corner bridged-S.

3.3.3. Methanol dissociation on model C (Mo20S36)
As shown in Fig. 4(c), the energy barriers of C–O and C–H scis-

sion on cluster C are 1.90 and 2.60 eV, respectively. C–O scission is
slightly exothermic or thermoneutral (−0.12 eV), while C–H scis-
sion is highly endothermic (0.82 eV). The distances of C–O in TS1
and C–H in TS3 are 2.35 and 1.81 Å, respectively. The hybrid orbital
of carbon atom in TS3 is sp2-like. O–H scission requires the lowest
energy barrier of 1.16 eV and the O–H distance in TS2 is 1.67 Å. It
indicates that O–H scission is the most favorable reaction route for
methanol dissociation on cluster C, which is consistent with the
results for the clusters A and B.

3.4. Dissociation of intermediate species

To identify the possible intermediates formed during methanol
dissociation, the formation and dissociation of the resulting CH3,
CH3O and CH2OH species on the clusters A, B and C are shown in
Fig. 5.

As shown in Fig. 5(a), the overall reaction of methanol decom-
position is thermodynamically favorable on cluster A. Methoxide
produced from methanol dissociation may continue to dissociate
via C–O bond breaking to produce methyl with the energy barrier
of 1.69 eV, while methoxide dissociation via C–H bonds is impossi-
ble with a high energy barrier up to 4.00 eV (not shown in Fig. 5).
The C–O distance in the transition states for producing CH2OH dur-
ing C–H scission (Fig. 4) is 1.53 Å, which is 0.16 Å (16 pm) longer
than that in the gas phase. This large elongation of C–O length sup-
ports that C–O breaking in CH2OH is favorable to produce CH2 and
hydroxyl. Consistently, the calculated energy barrier of C–O break-
ing of CH2OH is small (0.35 eV), which is close to the result (0.31 eV)
by slab calculation [35]. However, the O–H breaking of CH2OH to
form aldehyde (CH2O) is unfavorable with an energy barrier of
1.75 eV. As shown in Fig. 5(a), the energy barriers of CH3 forma-
tion from methanol and methoxide are comparable, and then the
formation of CH2 via elimination of one H atom of CH3 requires
0.66 eV. The breaking C–H distance is 1.64 Å.

Although the formation of CH2 from CH2OH needs the lowest

energy barrier of 0.35 eV, the initial elementary step of O–H scis-
sion of methanol dissociation producing methoxide is much more
favorable than C–H scission producing CH2OH. The reaction rates
can be estimated by the Arrhenius formula r = � exp(−Ea/kBT). For
the methanol dissociation over the cluster A, the activation barriers



Y.-Y. Chen et al. / Journal of Molecular Catalysis A: Chemical 338 (2011) 44–50 49

F and C
r this fi

o
r
t
a
a
r
s
s
f
p
i
1
a

ig. 5. Formation and dissociation of some intermediate species on clusters A, B,
eactions (�E) are in the unit of eV. (For interpretation of the references to color in

f the O–H scission and the C–H scission are 0.45 eV and 1.09 eV,
espectively; by assuming a standard value of pre-exponential fac-
or (� ≈ 1013), such a difference in the activation barrier will lead

reaction rate ratio of two pathways r(O–H)/r(C–H) = 3.3 × 104

t 714 K used for CO hydrogenation [52]. This indicates that the
eaction rate of O–H scission is much faster than that of the C–H
cission and the latter may then be negligible for the methanol dis-
ociation. On the contrast, although the energy barrier of 1.69 eV

or the reaction of CH3O to CH3 may look very high, it is still
ossible to be overcome under reasonable reaction conditions

f there is no other better substitute; the reaction rate reaches
.0 s−1 at 629 K with Ea = 1.69 eV, suggesting that it is consider-
ble under the typical CO hydrogenation conditions. As a result,
(blue, Mo; yellow, S; black, C; red, O; light, H). Reaction barriers (Ea) and heat of
gure legend, the reader is referred to the web version of the article.)

we may conclude that the favorable pathway of CH2 formation is
CH3O → CH3 → CH2.

As shown in Fig. 5(b), the overall reaction of methanol decom-
position is thermodynamically unfavorable on cluster B. CH3
formation from CH3O and its dissociation to CH2 are unfavorable
with high energy barriers of 2.63 and 2.23 eV, respectively. Differ-
ent to that on the cluster A, CH2OH on the cluster B prefers to form
aldehyde via the O–H breaking rather than to form CH2 via the C–O

breaking, aldehyde is however not favorable for producing CH2.

On the cluster C, as shown in Fig. 5(c), C–H scission is the most
thermodynamically and kinetically unfavorable path. The energy
barrier and reaction energy of O–H scission on the cluster C are
similar to those on the cluster B. The breaking of C–O bond in CH3O
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n the cluster C requires an energy barrier of 1.74 eV, which is close
o that on cluster A; however, the reaction of CH3 to CH2 on the clus-
er C is thermodynamically and kinetically unfavorable, indicating
hat the possible intermediate on cluster C is CH3 rather than CH2.

As comparing the methanol dissociations over the three clus-
ers of MoS2, it is found that the cluster A is the most active one
ith the lowest energies, while the relative orders of thermody-
amic feasibility for the three possible bond scission routes are
he same: C–O > O–H > C–H. However, three clusters are different
n the feasibility order based on the bond breaking barrier; over
he Mo-edge (A and B clusters), the feasibility is in the order of
–H > C–H > C–O [20], while over the S-edge (C cluster) it is in the
rder of O–H > C–O > C–H. It is obvious that O–H scission is the
ost favorable pathway on the MoS2 surface. The C–O scission,

or which the smallest activation barrier is 1.63 eV, is unfavorable
n the MoS2 surface. Thus, the reaction of C–O scission is prob-
bly restricted, consistent with the results obtained on Rd (1 1 1)
19].

It is interesting to note that C–H scission on C cluster is the least
avorable pathway, possibly due to the steric hindrance. The tran-
ition state for the C–H bond breaking is highly strained and then
he hybrid orbital of carbon atom in the transition state has to be
p2-like. When the H atom adsorbed on corner Mo in the transition
tate is transferred to corner S in the final state, the product CH2OH
s bridged on two Mo atoms in which the hybrid orbital of carbon
tom in the final state turns to be sp3.

For the intermediates from methanol dissociation, it can be con-
luded that the possible intermediates are CH3O, CH3 and CH2
n the cluster A while they are CH3O and CH3 on the cluster C.
ecause O–H scission is kinetically most favorable among the three
ond-scissions and the energy barrier for the C–H scission produc-

ng CH2OH is relatively higher, methoxide is the dominant surface
pecies after the MoS2 surface is exposed to methanol; this is con-
istent with the result of methanol adsorption on the CeO2 (1 1 1)
urface [14].

. Conclusions

DFT calculations were carried out to investigate the methanol
dsorption and dissociation through three pathways of C–O,
–H and C–H scission on Mo20S40 (0% Mo-edge), Mo20S43 (50%
o-edge), and Mo20S36 (50% S-edge). The reactivity of several inter-
ediate species from methanol dissociation was also identified.

he results showed that methanol molecule adsorbed is much more
table on the corner sites than on the edge sites of Mo20S43 and
o20S36. The adsorption stability order of the intermediate species

dsorbed on MoS2 surface is CH2 > CH3O > CH2OH > CH3 > CH2O.
For methanol dissociation, the favorable bond scission order

s O–H > C–H > C–O on the Mo-edge over Mo20S40 and Mo20S43,
hile it is O–H > C–O > C–H on the S-edge (Mo20S36). O–H

ond scission is found to be the most favorable pathway on
oS2 surface; the activation barrier is 0.45 eV on the bald
o-edge and about 1.0 eV on the 50% Mo-edge and 50%

-edge. Among the intermediates formed from methanol disso-

iation, CH2 is the most thermodynamically stable intermediate
nd CH2 formation through CH3O → CH3 → CH2 is favorable.
or the dissociation of intermediates, CH3O is the domi-
ant surface species after the MoS2 surface is exposed to
ethanol.
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