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ABSTRACT: We have studied the effect of K on the adsorption and dis o ©10)
sociation of methyl iodide on the 3-Mo,C(001) surface using density L oo B2

functional theory calculations, and the results were compared with
experimental data. The most favorable sites for methyl iodide adsorption

are 3-fold sites on both clean and K-promoted surface. The changes in 237A,
the work function fit our model as the molecule withdraws charge from O. O. S, 0
the surface. The C—I bond weakens when the molecule adsorbs on the

surface, and this effect is more noticeable on the K-promoted surface. The
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dissociation to an I adsorbed atom and a methyl group adsorbed is energetically favorable for both surfaces, but there is a lower

activation barrier on the K-doped surface.

1. INTRODUCTION

The adsorption of the methyl group on metal surfaces is of
interest from a catalytic and theoretical point of view. A methyl
intermediate is expected to form during Fischer—Tropsch syn-
thesis and catalytic conversion of methane. Since nickel is a
catalyst for commercial steam reforming of methane, a lot of
experimental and theoretical study is focused on the investigation
of methyl groups on nickel surfaces; see, for example, ref 1. DFT
calculations addressed the effect of coadsorbed iodine” and the
decomposition pathway of CH fragments® as well. Taking into
account that the activation of the C—H bond in methane requires
high energy, while the C—I bond breaks rather easily, adsorbed
methyl iodide has been used as a precursor for generation of
methyl groups by thermal activation or photolysis on different
metal surfaces. There is a good deal of information about the
decomposition process deduced from experiments,” but theo-
retical works are scarcer. It was found that the interaction of CH;I
with the coinage metals is weak leaving intact the majority of
thermally desorbed molecules;* on the other hand, on active
metals like molybdenum the molecule decomposed at about
200 K6 It is advantageous to characterize the surface interaction
of molecules through simulation and experimental work at the
same time, and an example for this is a combined DFT and STM
study of CH5I decomposition on the Al(111) plane.”

It is of great demand to replace the expensive and rare
platinum metals with cheap and effective catalysts. It is known
that molybdenum carbide has catalytic activity similar to plati-
num metals, exhibiting also a higher sulfur resistance.® At the
same time, on molybdenum carbides, new reaction routes were
also experienced as compared to platinum metal catalysts. An
example for this is the aromatization reaction of methane on Mo,C
supported by ZSM-5,” which is of great practical importance. One
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of the elementary reaction steps of aromatization is the forma-
tion of a C, intermediate that is followed by trimerization. The
coupling reaction of methyl groups generated from decomposi-
tion of methyl iodide on molybdenum carbide model catalysts
was addressed under UHV conditions, and the formation of
ethene could be detected.' DFT calculations on a 3-Mo,C(001)
slab revealed the energetics of methane reforming and coupling
reactions."'

It is well documented that alkali metal additives may have a
substantial promotional effect on different metals like iron and
platinum in heterogeneous catalytic reactions like ammonia and
Fischer—Tropsch S%Inthesis.lz’1 Adsorption and bonding of
potassium on Mo,C" exhibit features similar to those determined
for alkali metals on single-crystal surfaces.'> Work function (WF)
changes following potassium deposition on the Mo,C/Mo(100)
surface were determined to establish the direction of charge
transfer.” WF of Mo,C/Mo(100) steeply decreases with K
coverage up to O ~1.0 (AD=—33eV), suggesting a consider-
able charge-transfer from potassium to the surface at lower
coverages. Further K deposition leads to a slight increase in WF,
corresponding to a gradual neutralization at and above one
monolayer. Accordingly, the potassium adlayer is mainly ionic
at low and metallic at high coverages. At low K coverage,
potassium is strongly bonded to the surface as reflected by a
high desorption peak temperature, T}, = 850 K. This peak shifted
to 525 K for monolayer and to 325 K for multilayer coverage,
indicating a much weaker bond at higher coverages.

The promotional effect of alkali metals can be related to
indirect through-metal and to direct alkali—adsorbate interactions,
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resulting in ionic and covalent bond formation between the alkali
metal and adsorbate. The electron donation to the antibonding
orbitals of simple molecules, like CO, NO, etc., leads to bond
weakening between the constituent atoms, occasionally causing
the rupture of the bond. Promotion of weakening and scission of
chemical bonds in reactant molecules may enhance catalytic
performance. It is of great practical importance that alkali
additives can change the reaction route of surface hydrocarbon
fragment intermediates formed during the Fischer—Tropsch
synthesis.'> For this reason, we have addressed the effect of an
alkali metal, potassium, on the reaction path of the simple alkyl
group, CHj;, on the Mo,C surface, which behaves similarly to
platinum metals in many respects.'* The effect of potassium on
the reaction path of the methyl iodide molecule on molybdenum
carbide was that the surface concentration of methyl groups
could be remarkably enhanced, and their decomposition to
surface carbon was suppressed, allowing higher conversion
toward coupling products."> Note that on molybdenum carbide
the reactivity of other alkyl iodides’®™"” toward adsorbed
potassium was similar to that of methyl iodide, and potassium
was also reactive with other alkyl halides on other surfaces as well,
for example, with CH3Cl on Pd(100)"® and Rh(111)" crystal
planes. The explanation for the reactivity in simple terms is that
the electrons originating from K 4s orbital are easily donated to
halogen atoms (X), resulting in the formation of a strong K +
X— ionic bond, which facilitates the rupture of the C—X bond.
This mechanism suggests that the behavior of other alkali metals
with other alkyl halides on different transition metal surfaces is
expectably very similar. In the case of metal single crystals it was
observed that not only potassium influences desorption of
adsorbed species but also bonding of potassium is also affected
by the coadsorbed compounds, indicating a strong interaction
between them.?® This phenomenon also occurred on the Mo,C
surface, particularly at high K coverage.

To expand our understanding on the effect of alkali metal
additives on the generation of methyl groups, in the present work
the adsorption of the methyl iodide molecule and its dissociation
into iodine and methyl groups is investigated on a clean and
potassium-promoted Mo,C surface using DFT calculations and
work function measurements.

2. COMPUTATIONAL METHOD AND MODEL

DEFT calculations were performed with the Vienna Ab-Initio
Simulation Package (VASP).*' Potentials within the projector-
augmented wave method (PAW)** and the generalized gradient
approximation (GGA) with the Perdew—Burke—Ernzerhof
functional (PBE)**** were used. The calculations were per-
formed without spin polarization.

Geometry optimizations were performed by minimizing the
total energy of the system using a conjugated-gradient algorithm
to relax the ions.” A'§ x § X § Monkhorst—Pack k-point grid for
sampling the Brillouin zone was considered. Larger sets of
k-points were also considered (6 X 6 X 6 and 7 X 7 X 7),
finding differences in the configuration energy of about 0.02%.
The electronic charges on atoms were computed using the Bader
analysis.*

The 3-Mo,C phase has an orthorhombic crystal structure with
Mo atoms slightly distorted from their positions in close-packed
planes and carbon atoms occupying one-half of the octahedral
interstitial sites (many literature reports refer to the (0001) plane
as a closest-packed surface). The corresponding unit cell is

composed by eight molybdenum atoms and four carbon atoms.
The surface was modeled by four layers of slabs separated by a
vacuum 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 X 3 X 1 Mon-
khorst—Pack k-points was used. Besides, for adsorption calcula-
tions 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
energies of the gas-phase species and the surface from the energy
of the adsorbed system as follows

E,4s = E(adsorbate/slab) — E(adsorbate) — E(slab)

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

For a qualitative study on bonding, the concept of overlap
population (OP) as implemented in the YAeHMOP code was
employed.”’” For this, the optimized geometries previously ob-
tained from DFT were used. A similar procedure was imple-
mented by Papoian et al.”®

3. RESULTS

3.1. Surface Characterization. The calculated DFT lattice
parameters for the bulk 5-Mo,C are a = 5.273 A, b= 6.029 A, and
¢ =4.775 A, which are very close to the experimental values (a =
5.195A,b=6.022A,c=4.725 A).Zg Our computed value for the
bulk modulus was 307.1 GPa, in excellent agreement with the
experimental data of 307 GPa.>® Each of the lattice parameters
was overestimated by 1—2%. The bulk 3-Mo,C lattice param-
eters were determined for later use in investigations of supercell
properties described in the next section.

The structure of the 5-Mo,C(001) surface includes a series of
alternating 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 spacing between two repeated slabs was 11.8 A to ensure
no significant interaction between the slabs. During optimiza-
tion, surface Mo and subsurface C layers were allowed to fully
relax, while the other two layers were kept frozen at their bulk
lattice parameters. The resulting interlayer distances become
shorter than those in the bulk. Previous theoretical studies on this
surface conclude that the metal-terminated carbide surface
adsorbs H and methanol more strongly than the C-terminated
surface.>' %3

A low potassium coverage was added on the surface on 3-fold
positions. Although similar adsorption energies were obtained at
different adsorption sites, a preferential tricoordinated model at
low coverage was obtained on similar systems.>*** According to
the experimental procedure in ref 15, K was added neutral prior
to CH,I adsorption. For this system, surface Mo and subsurface
C layers, and also the K atom, were allowed to fully relax during
optimization.

We considered a K coverage of 1/8, defined as the ratio
between the number of adsorbed K atoms and surface Mo atoms.
The optimized K—Mo distance was 3.6 A (see Figure 1). A
similar K-metal distance of 3.5 A was obtained by Calzado et al.>*
for K adsorption on the tricoordinated TiO,(110) surface.

Regarding the electronic structure, surface Mo atoms showed
an increase in the electron density (0.14 e~ for the first neigh-
bor to the K atom), while K was positively charged. The Mo d
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Figure 1. Two views of the potassium-promoted Mo,C slab.
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Figure 2. Surface structure of methyl iodide adsorption on the Mo,C
surface on a Mo top site (a) and on a 3-fold site (b). For clarity, not all
the surface is shown, and only the first two layers are included. The
parentheses indicate C—I distances before adsorption.

population increases from 3.28 to 3.41 showing the influence of
K. Similar results were obtained by Kotarba et al.**

3.2. Methyl lodide Adsorption on the Clean Mo-Termi-
nated f-Mo,C Surface. Taking into account previous results
for adsorption on metal surfaces””*”** and for other similar
alkyl iodides,"®'”*** we considered the adsorption of the
molecule via iodine on a Mo-terminated surface. Two possible
sites for CH;I adsorption were investigated, a Mo top site and a
3-fold Mo site. The adsorbate and the first two layers of the slab
were fully relaxed.

For both cases, the final adsorption geometry presents the
molecule bonded perpendicularly to the surface as shown in
Figure 2.

For the top site, the I~Mo bond distance is 2.83 A, while the
C—I (from CHj3l) distance increases 3% with respect to the
isolated molecule. The calculated adsorption energy is —0.11 eV.
In the case of the 3-fold site, I—Mo distances range between 2.79
and 2.83 A with the molecule closer to the surface, with a
perpendicular distance of 2.20 A. In this case, the C—I bond
increases even more (9%) upon adsorption, and the adsorption
energy is —1.16 eV. This result represents a higher binding
energy than was established by TPD for molecular CH;l
desorption,"® but it must be taken into account that during
annealing the most strongly bonded molecules follow a reaction
channel ending in decomposition instead of desorption. The
above finding means that even though both (top and 3-fold) are
possible CH3I adsorption sites the 3-fold site is the most
favorable. Mo atoms and subsurface C atoms of the carbide
surface do not present noticeable location shift when compared

with the clean Mo,C surface. The molecular distances of isolated
and adsorbed methyl iodide for each adsorption site and the
corresponding adsorption energies are presented in Table 1.

Table 2 shows the computed charges for the clean surface and
the CH;I molecule. The surface transfers charge to the molecule,
making it negative. When CHjl is adsorbed on top (on Mol)
there is a small decrease in the electronic charge of the surface Mo
atoms close to the CH;l (an increase in the positive charge
means a decrease in the electronic charge). The first row in
Table 2 shows that the electronic charge on Mol changes from
0.535 to 0.570, decreasing 0.035 e after adsorption. When
comparing the adsorbed species with an isolated CH3I molecule
in vacuum, the H and C atoms lose some of their orbital
occupation, while the I atom gains electron density changing
its charge from +0.119 to —0.020. As a result, the total charge of
the adsorbed CH;I becomes —0.031 e .

When CHjl is adsorbed on a 3-fold site (formed by Mo2,
Mo3, and Mo4), its electron density increases mainly from three
(instead of one) Mo atoms. The molecule becomes more
negatively charged than when it is adsorbed on top. Iodine is
the most affected part of the molecule, getting an additional
0.151 e . In this case, the net charge of the adsorbed molecule
becomes —0.247 e , which is larger than the charge for the
adsorbed molecule on top.

3.3. Methyl lodide Adsorption on the K-Promoted Mo-
Terminated f-Mo,C Surface. The adsorption of the methyl
iodide molecule was also investigated on the potassium-pro-
moted Mo,C surface. The adsorbate, the first two layers of the
slab, and the K adlayer were fully relaxed.

As mentioned before, two possible sites for CH3I adsorption
were investigated: the K top site and a 3-fold site. Different 3-fold
sites were considered, a 3-fold site close to the K atom being the
most energetically favorable (this is the 3-fold site formed by
Mo2, Mo3, and Mo4 atoms). The adsorption energy of CH;I on
the K top site is —0.17 eV, while that on the closest 3-fold site
is —0.94 eV. This means that the 3-fold is the most favorable
adsorption site also on the K-promoted surface.

For the K top site the I—K distance is 3.13 A, and the CH;lI
molecule is far from the surface. As a result, its geometry is similar
to that of the isolated molecule (see Table 1 and Figure 3).

On the other hand, for the 3-fold site the C—I distance
increases 21% upon adsorption. The stretch is even larger than
the case of adsorption on the clean surface. The I—Mo distances
range between 2.84 and 2.93 A, so the molecule is pushed away
from the surface compared to the clean system.

When CHjl is adsorbed on the K top site, there is less charge
transfer than in the previous cases resulting in a net charge
of —0.018 ¢ .

When CH;l is adsorbed on a 3-fold site closer to K, the charge
transfer from the surface to the molecule is much larger than in
the case on the clean surface. Both H and C atoms reduce their
charge, while there is an important increase on the iodine electron
density. As a result the net charge of the molecule is —0.516 e~
instead of —0.247 e~ on a 3-fold site on the clean surface.

To establish the charge transfer between the molybdenum
carbide surface and the methyl iodide molecule in the absence
and presence of potassium adatoms (O = 0.28), work function
(WF) measurements were carried out. WF data were collected
with the electron gun and analyzer used for Auger Electron
Spectroscopy in the way described previously, ** based on recording
the shift in the secondary electron energy threshold. Having a large
dipole moment, the adsorption and surface rearrangement of
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Table 1. Calculated Geometric Parameters for Isolated and Adsorbed Methyl Iodide on Clean and on K-Promoted Surface”

clean Mo,C K—Mo,C
isolated Mo top site Mo 3 fold site K top site Mo 3-fold site
Eoge (eV) ; —0.11 —1.16 —0.17 —0.94
distance (A) C—H 1.09 1.09 1.09 1.09 1.10
C—1 2.14 2.20 233 2.14 2.58
I—Mo - 2.83 2.79—2.83 - 2.84—2.92
I-K - - - 3.13 3.45
K—Mo - - - 349-3.53" 3.58-3.67"
“ Adsorption energies are also included. b See Figure 1.
Table 2. Net Charges for Specific Atoms on a Clean Mo,C
Surface, on Isolated CH;l, and after Adsorption
1.0

isolated adsorbed methyl iodide
charge surface methyl iodide on Mo top on Mo 3-fold

Mol 0.535 - 0.570 0.540
Mo2 0.225 - 0.246 0.320
Mo3 0.538 - 0.561 0.646
Mo4 0.226 - 0.218 0.329
H (avg) - 0.040 0.061 0.039
C - —0.239 —0.194 —0.193
1 - 0.119 —0.020 —0.171
q(CH,D)" 0.000 —0.031 —0247

“Net charge of the CH;I molecule.

2.14 AC{ E,.=-0.17 eV
I 313 A
..
[ ©O ©0 ©0
(a) Methyl iodide on K top
E,..= -0.94 eV

253A 345A

2 92A
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(b) Methyl iodide on a three fold site

Figure 3. Surface structure of methyl iodide adsorption on the
K—Mo,C surface on a K top site (a) and on a 3-fold site (b). For clarity
only a section of the surface is shown. The parentheses indicate C—1I
distances before adsorption.

molecular CH3l is expected to be followed easily by WF
measurements.*> In Figure 4 the work function changes of the
above surfaces are plotted as a function of CH3l exposure
performed at 100 K. On both surfaces, a nearly linear change in
WEF was found up to ~4 L exposure. It was observed previously'

>

Slope_2

% 0,=0.0 ML
-4 0,028 ML

=
=

‘Work function change (eV)

!I\)
=
e

Slope_2/Slope_1=2.0

CH;l exposure (L)

Figure 4. Changes in the work function (WF) of K-free and K-dosed
(O = 0.28 ML) Mo,C/Mo(100) surfaces as a function of CHsl
exposure.

that 0.35 ML K promoted the decomposition of CH;I at 115 K
only about to 5% following 4 L exposure. Accordingly, the WF
values measured as a result of CH;I uptake (Figure 4) reflect the
charge transfer to the intact molecule up to 4 L exposure, except
those measured at the lowest exposures. The extent of charge-
transfer in the presence and in the absence of potassium can be
estimated from WF measurements. The slope of lines fitted to the
WE data points indicates that in the presence of K the surface dipole
moment is enhanced by a factor of 2.0, which is in excellent
agreement with the calculated total charge transfer to the molecule
bonded in 3-fold hollow sites (Table 2 and Table 3). The above
argument involves similar surface concentration for methyl iodide
at a given exposure on the K-free and K dosed surfaces, which was
really observed by XPS measurements."

Table 4 shows the computed overlap population, for bonds on
isolated and adsorbed methyl iodide. We can see in all cases that
the OP value for the C—I bond reduces when methyl iodide is
adsorbed, resulting in the weakening of the C—I bond before
adsorption.

On the clean surface, this reduction is 9% for adsorption on
top and 15% for adsorption on a 3-fold site. While on the
K-promoted surface, the reduction is only 1% when methyl
iodide is adsorbed on K top but is 38% on a 3-fold Mo site near K.
We can conclude that the C—I bond weakening is higher on the
3-fold Mo site near K. Such bond weakening is in agreement with
the elongation of the C—I distance.

We have calculated the atom-projected density of states
(PDOS) by projection of the one-electron states onto spherical

2801 dx.doi.org/10.1021/jp110423w |J. Phys. Chem. C 2011, 115, 2798-2804
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Table 3. Net Charges for Specific Atoms on the K—Mo,C

Surface, on Isolated CH;l, and after Adsorption

isolated adsorbed methyl iodide
charge surface methyl iodide on K top on Mo 3-fold
Mo2 0.213 - 0.218 0.323
Mo3 0.488 - 0.504 0.639
Mo4 0.089 - 0.102 0.261
K 0.774 - 0.764 0.785
H (avg) - 0.040 0.096 0.015
C - —0.239 —0.248 —0.232
I - 0.119 —0.058 —0.329
q(CH,I)* 0.000 —0.018 —0.516

“Net charge of CH;I molecule

Table 4. Overlap Population (OP) for Selected Bonds on
Isolated and Adsorbed Methyl Iodide

on clean Mo,C on K—Mo,C
OP  isolated on Mo top on Mo 3-fold onKtop on Mo 3-fold
C—H 0.856 0.859 0.855 0.860 0.866
C—1I 0.605 0.553 0.512 0.597 0.378
I-Mo — 0.441 0.453—0.472 - 0.308—0.382
I-K - - - 0.316 0.086
Side View Top View

% CH;,| adsorption site
before dissociation

Figure 5. Dissociation of CH;I on adsorbed CH3 and I. CH3I before
dissociation is represented in gray. On the side view, the dotted lines
represent the suggested reaction pathway. On the top view, the adsorp-
tion site before dissociation is indicated.

harmonic atomic orbitals centered on atomic sites (Figure 7).
PDOS on surface Mo, C, and K atoms is presented in Figure 7a.
The peak around —12.5 eV can be attributed to interactions
between C s-orbitals with Mo orbitals, while the band be-
tween —6 and 2 eV is mainly the Mo d-band interacting with
the C p-band on its lower-energy part (between —6 and —3 eV).
The peak at —15 eV correponds to the K p-orbitals. There is also
a strong peak at —35 eV from Mo p-orbitals and at —32.5 eV
from K s-orbitals (out of scale on these figures) which are not
relevant for the present analysis. Figure 7b shows the PDOS of
the adsorbed methyl iodide molecule and the Mo and C surface
atoms. T'wo peaks at —6.2 and —4.2 eV belong to the CH3 group
and to the I atom from the adsorbed methyl iodide, respectively.

Kitchin et al.>' compared the electronic d band structures of
B-Mo,C(001) surfaces with those of Mo(110) and Pt(111) and
also report similar bands that associate with hybridization
between d-orbitals and the carbon s—p orbitals.

3.4. Methyl lodide Dissociation. We also studied the pri-
mary dissociation process of an adsorbed CHzI molecule yielding

2802

15
] CH,l dissociation
A AE,=0.89 eV
\
X
— ] Y \
> adsorbed \ \
% 0.5 \ N
- | Eon Mo ,C surface Q\\ \\A
109 —a—on K-Mo,C surface \. \
1 \ \
1.5 \ \\
| Lo
204 dissociated
T T T T T T T T T T T T T
0 1 2 3 4 5 5

distance along the pathway(A)

Figure 6. Energy changes along the reaction pathway for the clean and
K-promoted Mo,C surface.

(a) Surface

PSDOS

(b) Methyl lodide/Surface

PDOS

Figure 7. PDOS on Mo, C, and K surface atoms for Mo-terminated
surface (a) PDOS on Mo, C, and K surface atoms and the CHjl
molecule, when CHjl is adsorbed on the surface (b). The marks
represent molecular states of CH,I prior to adsorption.

adsorbed CH; and I (CH;I = CHj,) + I(,)). The formation of
CH; fragments has been detected by HREEL spectroscopy on
the K-dosed Mo,C surface even at 100 K."*

We investigated the dissociation process and the effect of K by
first analyzing the stability of adsorbed species on the surface and
then modeling a plausible reaction path. The preferential adsorp-
tion sites for the CH; on a clean and K-promoted Mo,C surface
were found by placing the fragment at different positions on the
surface and performing a full geometry optimization. The
distances and OP values between the atoms of the different
fragments and the surface are shown in Table 5. On the clean

dx.doi.org/10.1021/jp110423w |J. Phys. Chem. C 2011, 115, 2798-2804
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Table 5. Distances and OP Values between Atoms from
Dissociated Species on Clean and Potassium Promoted Sur-
faces

clean Mo,C K—Mo,C
species distance oP distance opP
C—Mo (avg) 2.540 0.227 2.367 0.262
1-Mo2 2.850 0.388 3.627 0.027
I—-Mo3 2.960 0.280 4.080 ~0
I—Mo4 2.770 0.450 2.920 0.430
I-K - - 3.430 0.195

Table 6. Electron Charges of Adsorbed and Dissociated
Species on Clean and on K-Promoted Surface

species clean Mo,C K—Mo,C
adsorbed CH;l —0.246 —0.515
dissociated CH;3 —0.507 —0.570

1 —0.405 —0.606

surface, the methyl group locates on a 3-fold site after dissocia-
tion at an average distance of 2.54 A from its Mo first neighbors,
and the I atom, which remains on a 3-fold site, gets closer to the
surface (with average I—Mo distances of 2.86 A).

When dissociation occurs on the K-doped surface, the methyl
group also adsorbs on a 3-fold Mo site with a rearrangement of
the K and I atoms on the surface, keeping almost the same
distance between each other of about 3.4 A (see Figure S). This
value is similar to the experimental value of the K—I distance of
3.526 A for bulk fcc KL.*® Due to this rearrangement, I atom
results almost on top of Mo4.

Figure S shows the suggested reaction path as the adsorbed
molecule on a 3-fold site breaks its C—I bond and the CHj;
fragment locates on another 3-fold site. During this process, on
the clean surface, the energy of the system decreases by 1.83 eV
with respect to energy of the molecular adsorbed state with an
activation energy barrier of 1.21 eV. In the case of the K-promoted
surface, we observed a similar decrease in the energy of the
system, 1.86 eV, with a lower activation energy, 0.89 eV. Figure 6
shows the energy changes along the reaction pathway for the
clean and K-promoted Mo,C surface. A reduction of 1.43 eV was
obtained under a similar dissociation path for CH;I on Ni(111)
using the BOC-MP method.*’

Table 6 shows the charges of adsorbed and dissociated species on
both surfaces. On the clean surface, the dissociated CH; and I have
negative charges of —0.507 e and —0.405 e , respectively. As a
whole, all the adsorbed species have a net charge of —0.912 ¢ . On
the K-promoted surface, starting with a more negatively adsorbed
CHal, the dissociated species have a larger amount of electron
density. As aresult, the net charge transfer to the speciesis —1.177¢ .

We can conclude that the promoter effect of potassium can be
explained by the extended electron donation from the K—Mo,C
system to the adsorbed CH;I to form a partially negatively
charged species that dissociates more easily. This conclusion is
in agreement with Farkas et al.">

4. CONCLUSIONS

The adsorption of methyl iodide and the first step on its
dissociation on a clean and K-promoted [5-Mo,C(001) surface

were computed using DFT calculations. The methyl iodide ad-
sorbs preferentially on 3-fold Mo sites on both surfaces, being
more favorable on clean 3-Mo,C(001).

In both cases, the molecule withdraws charge from the surface
being the higher transfer from the K-promoted surface, which is
also verified by work function measurements.

The C—I distance increases when the molecule is adsorbed on
the surface. The largest elongation occurs on the K-promoted
surface, where the OP value between C and I atoms presents the
largest decrease. This corresponds to a larger weakening of the
C—Ibond.

The dissociation to an I adsorbed atom and a methyl group
adsorbed is energetically favorable for both surfaces, but there is a
lower activation barrier on the K-doped surface. Also, consider-
ing the changes in the bonding, in the case of methyl iodide the
C—1I bond becomes weaker when the molecule adsorbs on the
surface with potassium. These observations indicate that potas-
sium promotes the cleavage of the C—I bond. The promoter
effect of potassium can be explained by the extended electron
donation from the K—Mo,C system to the adsorbed CH,I to
form a partially negatively charged species that dissociates more
easily.
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