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a b s t r a c t

We have studied the adsorption and dissociation of methanol on b-Mo2C(001) model surface using den-
sity functional theory calculations. We modeled the bulk and the Mo-terminated carbide surface using a
four layer slab. Methanol is adsorbed with the OH group pointing towards the surface and the formation
of the methoxy specie is energetically favorable after H abstraction. The surface outward dipole moment
and adsorption heat computed are in agreement with previous experimental data in chemically analo-
gous systems. The bonding analysis using the crystal orbital overlap population (COOP) curves shows a
Mo–Mo weakening upon adsorption and a strong H–Mo interaction after dissociation.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Mo2C, among other transition metal carbides, presents similar
electronic properties to platinum metals and exhibits excellent cat-
alytic behavior in several reactions, accompanied by less sensitivity
to sulfur poisoning [1,2]. There are two extensive reviews that have
compilated the catalytic properties of these carbides [3,4]. Mo2C
exhibits a unique catalytic property in the aromatization of meth-
ane [5–11]. Barthos et al. and Széchenyi et al. [12,13] have reported
that Mo2C on ZSM-5 can markedly enhance the aromatization of
ethanol and methanol [12–14]. The adsorption of methanol on
Mo2C has been studied by UHV spectroscopy by Hwu and Chen
[15] and the effect of K on the adsorption and dissociation pathway
of methanol and ethanol have been reported [16,17]. On other car-
bides like TiC(100) and VC(100), a fraction of ethanol dissociates
at 100 K giving alkoxy intermediates [18]. Then at higher temper-
atures the alkoxy species are dehydrated to gas phase alkenes.

When Mo2C is deposited on a carbon support, the reaction path-
way of ethanol and methanol is altered and their decomposition to
H2 comes into prominence. In order to obtain more information on
the interaction of these alcohols with Mo2C/Mo(100) surface,
several spectroscopy methods have been applied [19–22,16,23].

However, there are still several unsolved questions concerning
the adsorption and reactivity of methanol on Mo2C surfaces. The
increasing applicability of modern theoretical methods in various
fields of chemistry and catalysis provides an alternative tool to
model and understand catalytic reactions at a molecular level.
ll rights reserved.

.

There are some theoretical studies at density functional theory
(DFT) level related to the chemical properties of early transition
metal carbide (TMC) surfaces. Kitchin et al. [24] investigated the
physical, chemical, electronic structure and hydrogen adsorption
on close packed TMC (including Mo2C(0001) and the surfaces of
TiC, VC, NbC and TaC). Their results indicated that H adsorbs more
strongly to the metal-terminated carbide surfaces than to the cor-
responding closest-packed pure metal surfaces. A DFT study for the
adsorption of hydrogen on several iron–carbides was published by
Cao et al. [25]. Piskorz et al. also reported theoretical studies on
Mo2C surfaces [26] and the K-doping of Mo2C surfaces has been re-
cently computed by Kotarba et al. using Mo2C clusters as surface
models [27]. Ren et al. [28] have theoretically studied the adsorp-
tion of O2, H and CHx (x = 0–3) and C2H4 on a-Mo2C(0001). These
authors found that CO2 adsorbs dissociatively into CO and O in
agreement with experimental findings. The O, CH4 and H species
prefer the site of three surface molybdenum atoms over a second
layer carbon atom.

To the best of our knowledge, there are no studies at DFT level
of methanol adsorption on a Mo2C surface. In the following section
we will confirm several experimental data and provide more in-
sight on the adsorption site and about the mechanism for decom-
position of methanol to methoxy species.
2. Computational method

The results presented in this paper were obtained with self-con-
sistent DFT calculations using the Vienna Ab Initio Simulation
Package (VASP) [29]. This package uses a plane-wave basis and a
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periodic supercell method. Potentials within the projector-aug-
meteted wave method (PAW) [30] and the generalized gradient
approximation (GGA) with Perdew–Burke–Ernzerhof functional
(PBE) [31,32] were used. For bulk optimization, the lattice param-
eters for b-Mo2C were determined by minimizing the total energy
of the unit cell using a conjugated-gradient algorithm to relax the
ions [33]. A 5 � 5 � 5 Monkhorst–Pack k-point grid for sampling
the Brillouin zone was considered. Larger sets of k-points were se-
lected (6 � 6 � 6 and 7 � 7 � 7) making sure that there is no signif-
icant change in the calculated energies.

The surface was modeled by four layers slabs separated by vac-
uum using the DFT lattice parameters previously obtained from
bulk optimization. During optimization the first two layers were
allowed to fully relax and a set of 3 � 3 � 1 Monkhorst–Pack
k-point set was used. Besides, for adsorption calculations the
adsorbed species and the first two surface layers were allowed to
relax. In all cases, the cutoff energy used was 750 eV.

The adsorption energy was computed by subtracting the ener-
gies of the gas phase species and the surface from the energy of
the adsorbed system as follows:

Eads ¼ Eðadsorbate=slabÞ � EðadsorbateÞ � EðslabÞ

With this definition a negative adsorption energy corresponds to a
stable adsorption on the surface.

For a qualitative study on bonding the concept of crystal orbital
overlap population (COOP) as implemented in the YAeHMOP code
[34] was employed. For this, the optimized geometries previously
obtained from DFT were used. A similar procedure was imple-
mented by Papoian et al. [35].
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Fig. 1. PDOS on Mo and C atoms for bulk Mo2C (a), and Mo-terminated surface (b).
PDOS on Mo, C and methanol molecule, when methanol is adsorbed on the surface
(c).
3. Results

3.1. Bulk and surface characterization

3.1.1. Bulk properties
We first tested the parameterization of the DFT method (cutoff

energy value, k-point set, smearing function, etc) for the descrip-
tion of the bulk b-Mo2C. The b-Mo2C phase has an orthorhombic
crystal structure with Mo atoms slightly distorted from their posi-
tions in close-packed planes and carbon atoms occupying one-half
of the octahedral interstitial sites. In such a way, many reports re-
fer the (0001) plane as a closest-packed surface. The correspond-
ing unit cell is composed by eight molybdenum atoms and four
carbon atoms.

The calculated DFT lattice parameters for the bulk b-Mo2C are
a = 5.273 Å, b = 6.029 Å, c = 4.775 Å which are very close to the
experimental values (a = 5.195 Å, b = 6.022 Å, c = 4.725 Å) [36].
Our computed value for the bulk modulus was 307.1 GPa in excel-
lent agreement with the experimental data of 307 GPa [37]. Each of
the lattice parameters were overestimated in 1–2%. The bulk b-
Mo2C lattice parameters were determined for later use in investi-
gations of supercell properties described in the next section.

The atom projected density of states (PDOS) were calculated by
projection of the one-electron states onto spherical harmonic atom-
ic orbitals centered on atomic sites (Fig. 1). PDOS on C and Mo
atoms is presented in Fig. 1a. The peak around�12 eV can be attrib-
uted to interactions between C s-orbitals with Mo orbitals, while
the band between �7 and 2 eV is mainly Mo d-band interacting
with C p-band on its lower energy part (between �7 and �4 eV).
There is also a strong peak at �27 eV from Mo p-orbitals (out of
scale on these figures) which is not relevant for the present analysis.

3.1.2. Surface properties
The structure of b-Mo2C (001) surface includes a series of alter-

nating Mo and C layers. We modeled the surface with a slab of four
layer thickness (two layers of Mo atoms and two layers of C atoms)
and each slab has two formula unit cells width. The vacuum spac-
ing between two repeated slabs was 11.8 Å to ensure no significant
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interaction between the slabs. During optimization, surface Mo
and subsurface C layers were allowed to fully relax while the other
two layers were frozen at their bulk lattice parameters. The result-
ing interlayer distances become shorter than those in the bulk
(around 17%).

Projected DOS on surface atoms are shown in Fig. 1b. The new
peak at �10 eV is mainly due to the interaction between subsur-
face C s-orbitals and Mo orbitals. C p-band is narrower and more
intense than the corresponding bulk band. The same behavior is
observed for the Mo d-band below the Fermi level. Kitchin et al.
[24] compared the electronic d band structures of b-Mo2C (001)
surfaces with those of Mo(110) and Pt(111) using DACAPO, they
also report similar bands that associates with hybridization be-
tween d-orbitals and the carbon s–p orbitals. The locations of the
peaks and band widths calculated using DACAPO program are in
excellent agreement with our results.

3.2. Methanol adsorption and dissociation

3.2.1. Methanol adsorption
The adsorption of the methanol molecule and its dissociation on

H and methoxy specie was investigated using DFT. Previous results
for the H adsorption on this surface concludes that H adsorbs more
strongly to the metal-terminated carbide surface than to the C-ter-
minated surface [24]. Also Ren et al. [38] found adsorption energies
for O and CO 37 and 31% higher on Mo-terminated than on
C-terminated surfaces. Mo-terminated surface is very important
for catalytic activity and the catalytic reactions occur mainly on
it [39–42]. Following this ideas, methanol was adsorbed on a
Mo-terminated surface. UHV experimental studies have suggested
the presence of methoxy and ethoxy species during methanol or
ethanol adsorption and decomposition on the b form of Mo2C
[15–17]. According to this, we have started with the O atom from
H
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Fig. 2. Surface structure of methanol adsorption on Mo-terminated Mo2C surface,
side (a) and top (b) views. For clarity, not all the surface is shown and only first two
layers are included.
the methanol molecule pointing towards a Mo-terminated surface.
The adsorbate was fully relaxed and so the first two layers of the
slab. The final adsorption geometry is shown in Fig. 2. O is finally
bonded to a Mo atom on a top position with a O–Mo distance of
2.2 Å and with the H atom pointing towards a 3-fold position.
The H–O–CH3 angle increases by 5%, also O–H and O–C distances
increase by 5% and 1% after adsorption. Distances and angles for
isolated and adsorbed methanol are indicated in Table 1.

Tables 2 and 3 present the computed charges for the surface and
the methanol molecule. The surface withdraws charge from the
molecule making it more negative in such a way that the molecule
becomes positively charged as a whole, creating a positive outward
dipole moment. A similar result was experimentally determined in
the case of methanol and ethanol on Mo2C [15–17] from changes in
the work function. When comparing the adsorbed specie with an
isolated methanol molecule in vacuum, the H of the OH group also
looses some of its orbital occupation reinforcing the idea of charge
transference towards the surface. The computed adsorption energy
for methanol on Mo2C results �0.39 eV (�37.8 kJ/mol), which is in
excellent agreement with the value of 37 kJ/mol measured from
temperature programmed desorption [16]. The subsurface C atoms
of the carbide surface do not present any significant change when
compared with the clean Mo2C surface.

Regarding the electronic structure, Fig. 1c shows the PDOS of
the adsorbed methanol molecule, the Mo atom bonded to the O
of the OH group and the subsurface C of Mo2C. Two peaks at
�5.5 and �4 eV belong to the CH3 group and to the O atom from
the adsorbed methanol, respectively. There is also a small peak at
�9.5 eV which also corresponds to the C–OH bond of methanol.

3.2.2. Methanol dissociation to methoxy (first step on methanol
reaction on the surface)

According to [16,17], the analysis of the HREEL spectra obtained
at 100 K leads to the condition that ethanol adsorbs dissociatively
Table 1
Calculated geometric parameters for isolated methanol and adsorbed species

Isolated
methanol

Methanol
on surface

Methoxy + H
on surface

Distance (Å) C–O 1.42 1.43 1.42
O–H 0.95 1.00 –
O–Mo1 – 2.20 1.98
H–Mo – 2.40 (Mo1) 1.92 (Mo4)

Angle (�) COH 106.8 112.6 –

Closest atom distances are indicated and atom labels are indicated in Fig. 3.

Table 2
Net charges for specific atoms on the surface and on isolated and adsorbed species

Charge Isolated Methanol on surface Methoxy + H on surface

Surface Methanol

Mo1 0.993 – 0.968 0.655
Mo2 0.866 – 0.852 0.671
Mo3 0.989 – 0.970 0.726
Mo4 0.993 – 0.992 0.212
C �1.252 – �1.283 �1.283

H(CH3) – �0.050 �0.040 �0.032
H(OH) – �0.313 �0.195 0.762
C – �1.760 �1.704 �1.715
O – 2.352 2.348 2.411

Dq = 0.201a Dq = 1.233ª

Atom labels are indicated in Fig. 3.
a TheDq on all the adsorbed species is referenced to an hypothetical charge on an

isolated methanol calculated using the same geometrical parameters as in the
adsorbate state.



Table 3
Overlap population (OP) for surface bonds

OP Isolated
surface

Methanol
on surface

Methoxy + H
on surface

Mo–Mo Mo1–Mo2 0.248 0.232 0.236
Mo1–Mo3 0.285 0.269 0.270
Mo4–Mo3 0.280 0.281 0.228

Mo–C Mo1–C5 0.402 0.406 0.401
Mo4–C6 0.409 0.401 0.411
Mo2–C6 0.373 0.369 0.362

Atom labels are indicated in Fig. 3.
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Fig. 4. PDOS on methanol and PDOS on methoxy and H. It is also included PDOS on
surface Mo atom bonded to methoxy, shifted upwards.

Table 4
Overlap population (OP) for bonds on isolated methanol and adsorbed species

OP Isolated methanol Methanol on surface Methoxy + H on surface

C–H (CH3) 0.807 0.779 0.788
C–O 0.536 0.549 0.579
O–H (OH) 0.619 0.642 –
O–Mo – 0.222 0.463
H–Mo – 0.015 0.274
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on Mo2C/Mo(100) to yield adsorbed ethoxy and hydrogen C2H5

OH(g) ? C2H5OH(ads) ? C2H5O(ads) + H(ads). These authors sup-
port this idea by the strong evidence for the dissociative adsorption
from the absence of the 3260 cm�1 peak due to the OH at lower cov-
erages [16]. These experimental results suggested to look for a pos-
sible H abstraction from the OH group. Fig. 3 shows a modeled
reaction pathway while H is moved away from the methanol to give
finally an adsorbed methoxy on top and a H at a 3-fold Mo site. We
used a similar methodology to the well known the climbing Nudge
Elastic Band (cNEB) method, finding minimum energy position on
specific spatial regions to determine this pathway. During this pro-
cess the energy of the system reduces 0.84 eV for the final state,
while there is an activation energy barrier of 0.6 eV The final geom-
etry was fully optimized and the corresponding distances are
shown in Table 1.

Concerning the reaction pathway for the dissociation of metha-
nol on Pd(111) there is an agreement that the dehydrogenation to
CO and H2 proceeds via methoxy species. The methoxy is more
strongly adsorbed on Mo2C than methanol. In addition, methoxy
becomes closer to surface than adsorbed methanol because the
Mo–O distance is reduced by 10%. Mo–H final distances after disso-
ciation are similar to that obtained by Ren [28].
H
C
O

H
C
O

H
C
O

H
C
O

H
C
O

H
C
O

H
C
O

(100)

(010)Mo

Mo1

Mo2

Mo3

Mo4

C5C6

initialfinal

0.84 eV

-1.0 -0.5 0.0 0.5

-0.9

-0.6

-0.3

0.0

0.3

0.6

ΔE
(e

V)

distance along

Fig. 3. Reaction pathway and the corresponding energy variation for methanol dissocia
methoxy and H (bonded to a surface 3-fold site, final state).
In the case of adsorbed H, the charge changes from �0.195 on
the adsorbed molecule to +0.762 in the dissociated state. Table 2
presents all the charges during methanol and methoxy formation.
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Considering the changes in the electronic structure, PDOS of
methanol is compared with PDOS of methoxy + H curves in Fig. 4
(also PDOS on surface Mo bonded to methoxy is presented). The
two main peaks from methoxy are further apart from each other
than in the case of methanol and the peak at �9.5 eV disappears
because it belonged to the OH group. There are also peaks for H
between �4 and �5 eV and a new peak at �3 eV interacting in a
region where the Mo presents some density of states.

3.2.3. Bonding analysis
The crystal orbital overlap population commonly referred as

COOP [43] was used to shed more light on the bonding between
methanol, the surface atoms and the methoxy and H species after
dissociation.

Table 3 shows the overlap population (OP) for the clean surface,
after adsorption and after dissociation. The OP of the Mo–Mo bond
decreases upon adsorption while the bulk Mo–C bond remains al-
most unchanged. When the methoxy group is considered, there is
some Mo–Mo bond weakening for the metal bonded to the oxygen
from methoxy. However, there is a strong change on the Mo–Mo
bond close to the dissociated H form the OH group. In this last case
the metal–metal bond wakening is about 20%. The Mo–C bonds
close to the H adsorption site present a slight change in bonding
of 2%. The changes in the adsorbate OP are presented in Table 4.

The C–H bond from CH3 group presents slight changes during
adsorption and reaction (a 3% decrease). There is an initial rein-
forcement of the OH bond upon adsorption. There also appears
an OP for the O–Mo interaction which is increased more than
100% when the methoxy specie is formed. There is also an OP value
for the H–Mo interaction when methanol is adsorbed, which in-
creases significantly when H is finally dissociated.

Fig. 5 shows the COOP curves for the OH and CO bonds of meth-
anol before and after adsorption. It can be seen than the peaks
around �16 eV after adsorption increase its bonding contribution
while the peaks at �14 eV decrease its antibonding contribution
for the C–O bond.

Fig. 5 also shows the COOP curve the Mo–O bond. Finally in the
case of methoxy + H, the COOP curves show Mo–O bonding contri-
butions and a strong H–Mo bonding peak at �15 eV.

4. Conclusions

The adsorption of methanol and the first step on its dissociation
on b-Mo2C(001) surface have been computed. The methanol
adsorption results to be a favorable process on a Mo-terminated
surface with an adsorption energy of �37.8 kJ/mol, which is very
close to the experimental value.

Regarding the bonding, the methanol was found positioned
with the O atom towards the surface in a close a-top position with
a O–Mo distance of 2.2 Å and with the H atom pointing towards a
3-fold position.

Besides, the surface withdraws charge from the molecule, creat-
ing a positive outward dipole moment as previously determined by
work function changes.

The dissociation to a methoxy specie is energetically favorable
although there is an activation energy barrier and our results sup-
port the idea of H abstraction from the OH group.

Considering the changes in the bonding, the Mo–Mo bond
strength decreases when methanol is adsorbed. When the methoxy
is formed, the Mo–O contribution is bonding and a strong H–Mo
peak is clearly seen.

Finally, calculations show an excellent agreement with previous
data for methanol on b-Mo2C [15–17] and our results compare very
well in the case of methanol and ethanol due to their chemical
similarity.
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