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A DFT study of the effect of K and SiO, on syngas conversion to methane and methanol

over an MogP; cluster
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Synthesis gas (CO + H,) conversion to CH, and CH3;0H over an MogP;5 cluster, an MogP3—Si309 and a K—MogP;—Si309
cluster has been studied using density functional theory (DFT). The study focused on the reaction between the intermediate
species CH,OH,4 + H,4, comparing methanol formation to C—O bond scission that yields CH, 4 + H>O,q species.
The activation energies of both the reactions decreased on the MogP3—Si309 and the K—MogP5;—Si30y clusters compared to
the MogP;5 cluster. However, on the K—MogP;—Si30g cluster, the activation energy for methanol formation (12.1 kcal/mol)
was higher than the C—O bond-breaking activation energy (9.9 kcal/mol). Although the DFT study predicted preferential
formation of CH, versus CH;OH on all the MogP; clusters, the study also predicted an increased formation of CH3;0H with
the addition of K and experimental measurements are in agreement with this prediction.
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1. Introduction

Modern theoretical chemistry can be used to understand
chemical reactivity and mechanisms of heterogeneous
catalytic reactions [1—4]. Density functional theory (DFT)
can be employed to calculate the formation energy of
molecules and solids with high accuracy and information
related to the surface reaction can also be determined.
Computational chemistry can be used as a tool for catalyst
design by calculating the catalyst’s suitability for a
particular reaction, without experimentation. Thus, a
computational approach towards understanding the role of
different catalyst components in a particular reaction is
available and this principle has been reported in the
literature [5,6]. Promoters also play a key role in
heterogeneous catalysis, their use being necessary in
many successful industrial catalysts. A simple tool for
modifying the surface properties of catalytic materials,
widely exploited in heterogeneous catalysis, consists of
alkali metal doping [7], the alkali metal acting as an
electronic promoter. The dopant enhances the catalytic
properties of the active phase, due to its ability to modify
the chemisorption properties of the catalyst surface and to
affect the chemisorptive bond strength of reactants and
reaction intermediates. The most pronounced electronic
promotion has been found in the case of K, Rb and Cs.
Many of the promotional effects of K are characteristic of
the other alkali metals [8].

Researchers have used computational chemistry to
investigate the influence of alkali metal (K) on transition
metals (Pt, Ru, Rh and Fe) to understand the dissociative

adsorption of CO and N, relevant to the Fischer—Tropsch
and ammonia synthesis, respectively [8,9]. Liu and Hu
[10] also used DFT to investigate surface structural effects
on C—O bond dissociation, and reported that surface kinks
facilitate bond scission.

For the methanol synthesis, CO must adsorb non-
dissociatively [11—14] on the active site before being
hydrogenated to produce the stable formyl (CHO) surface
species [15] that leads to the formation of methanol or
higher alcohols. Rh-based catalysts are known to be
effective for syngas conversion to alcohols [16,17] and
they give high selectivity to ethanol (44.5 C atom%) when
promoted with Mn [18]. Recent research has focused on
Mo-based catalysts (i.e. MoS,, Mo,C, Mo,N and MoP), as
they have the characteristics of precious metals (Pt and
Rh) [19]. Recently, Pistonesi et al. [20] have reported
methanol adsorption and dissociation to methoxy on an
Mo, C surface. No reports on the use of DFT to study the
effect of alkali promoter on syngas conversion over Mo
catalysts are available, although Kotarba et al. [21] have
reported on the modification of the surface electronic
properties of Mo,C as a function of K loading.

The microkinetic network of syngas (CO + H,)
conversion to methane and methanol over an MogP3
cluster, used to simulate an MoP catalyst, was reported
previously [22]. An adsorbed hydroxymethyl (CH,OH,q)
species was shown to be a common intermediate for both
CH,4 and CH3;0H formation. In the present paper, cluster
models of MogP3—Si309 and K—MogP3—Si309 were built
and used to investigate the hydrogenation of the CH,OH,q4
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species to yield methanol, as well as the C—O bond
scission of CH,OH,4 to yield surface CH, .4 and H;O,q
species. Results from this study provide insight into the
effects of K on MoP catalyst selectivity in syngas
conversion reactions.

2. Methods

The DMol® module of Materials Studio (version 4.0) from
Accelrys, Inc. (San Diego, CA, USA) was used to
complete the DFT calculations [23]. Accordingly, the
electronic wave functions are expanded in numerical
atomic basis sets defined on an atomic-centred spherical-
polar mesh. The double-numerical plus d-function (DND)
all electron basis set was used for all the calculations.
The DND basis set includes one numerical function for
each occupied atomic orbital and a second set of functions
for valence atomic orbitals, plus a polarisation d-function
on all non-hydrogen atoms. The Becke exchange [24] plus
Perdew—Wang approximation [25] non-local functional
(GGA-PW91) was used in all the calculations. Each basis
function was restricted to a cut-off radius of 4.7 1&,
allowing for efficient calculations without loss of accuracy.
The Kohn—Sham equations [26] were solved by a self-
consistent field procedure. The techniques of direct
inversion in an iterative subspace (DIIS) [27] with a size
value of 6 and thermal smearing of 0.005 Ha [28] were
applied to accelerate convergence. The optimisation
convergence thresholds for energy change, maximum
force and maximum displacement between the optimis-
ation cycles were 0.00002Ha, 0.004Ha and 0.005 10\,
respectively. The activation energy between two surface
species was identified by complete linear synchronous
transit and quadratic synchronous transit search methods
[29], followed by transition state (TS) confirmation
through the nudge elastic band method [30]. Spin
polarisation and symmetry were imposed in all the
calculations.

In the present work, a cluster model of the MoP
catalyst surface has been used. A cluster model is an
incomplete representation of the electronic properties of a
catalyst surface because of its small size and discrete
nature. But it enables rigorous quantum mechanical
calculation to elucidate the extent of orbital overlap and
electronic correlation of the adsorbate surface ensemble.
This allows one to predict the adsorption geometry,
adsorption energy and surface reactivity with less expense
in computational power compared to a complete surface
model. In the present study, we have investigated the
reaction steps on three cluster models.

The MoP cluster models and the reactant and product
species were created using the Material Studio Visualizer.
The adsorption energy was calculated by subtracting the
energies of the gas phase species and the cluster from the
energy of the adsorbed species according to the equation:

Molecular Simulation 119

Ead = E(adsorbate/cluster) - (Eadsorbate + Ecluster)~ With this
definition, a negative E,q corresponds to a stable surface
species. The activation energy was calculated by using the
TS search tool in DMol>, applied to the reactant, a stable
surface species plus an adsorbed H atom (H.q) on the
clusters, and the product.

3. Results
3.1 Building the Mo4P; clusters

The procedure for building a cluster model of MoP was
described in detail elsewhere [22]. Accordingly, we
have built the same MogP; cluster as a model of the
(100) surface of MoP in this study, as illustrated in
Figure 1.

A cluster model of SiO, was incorporated into the
MogP; cluster to simulate the effect of support properties
on MoP/Si0O, catalysts. The SiO, support can be modelled
in different molecular arrangements, described by the
number of Si atoms in the SiO, ring. Molecules with three,
five, seven and nine Si atoms have been proposed [31],
and in the present work, a three Si atom ring cluster with
three oxygen atoms in the ring and another six oxygen
atoms attached to Si atoms as dangling bonds was used.
The angles and bond lengths between Si and O in the
cluster ring are given in Table 1. The SiO, cluster model is
in good agreement with that described by the West and
Hench [31] model.

The procedure used to construct the cluster of the
present study is depicted in Figure 1. The Mo¢P5 cluster
was placed on the Si;Og cluster and the total arrangement
was geometrically optimised to determine the MogP3;—
Si309 cluster structure. Since the MogP5 cluster has three
different faces, three different arrangements of the MogP;
on the Si30y cluster were investigated and the minimum
energy configuration was used in further analysis. A K atom
was then introduced on one side of the MogP;—SizOqg
cluster and two different sites of Mo were investigated on
this cluster. Site I, designated as Moy, had the Mo atom
closest to the K atom. The influence of K would be
expected to be significant at this site whereas, on the Mo
atom far from the K atom - site II, designated as Moy —
the influence would be small. The adsorption of the
reaction intermediates on each of the Mo sites, bound
through the C and O atoms of the intermediates, was each
investigated separately as part of the study.

The electronic charge on the Mo and the K for the
MogP5;—-Si309 and K—MogP3—-Si504 clusters is listed in
Table 2. Introduction of the K atom imposed a negative
charge (—0.263¢) on the Mo; atom, whereas Moy
contained a positive charge of 0.118e. In comparison, on
the MogP3—Si30g cluster, both the Moy and Moy atoms
possessed a positive charge of 0.160 and 0.145e,
respectively.
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Five atomic layer slab
model of MoP (100) plane

Geometrically optimised MogP; cluster

MogP;Si;0,

Site #2 Site#1

Silica cluster
6 atom ring cluster

K-MogP;Si;0,

Figure 1. Cluster models of MogP3, MogP3Si309 and K—MogP3Si30o.

Table 1. Threefold SiO, cluster model structure.

Isi-o ro_o si_si Oo_si-o Osi_o-si
(A) (A) (A)  (deg) (deg) Ref.

1.62 2.52 2.96 102.00 132.00 [31]
1.65 2.65 3.02 107.12 132.85 This work

Table 2. Atomic charge distribution on the MogP3—Si;09 and
K—-MogP3—-Si50q cluster.

MO] MOH K O C

M06P3

Empty cluster 0.60  0.60 - - -

CH,0OH,q + Hag 0.25 0.22 - —066 —047

CH;0H,4 0.14 0.04 - —0.67 -0.39
M06P375i309

Empty cluster 0.16  0.15 - - -

CH,OH,q + Hag 034 0.23 - —0.67 -049

CH3;0H,q4 021 0.13 - —-0.71 —-0.39
K—MO6P3—Si309

Empty cluster —026 0.12 0.89 - -

CH,OH,"+H,g —0.77 028 093 -0.53 -0.65

CH;0H,4" —0.17 0.08 086 —041 —0.67

%0 atom adsorbed on site I of the K—MogP3—Si30q cluster.

3.2 Reactions on the Mo4P3 clusters
3.2.1 C—O bond cleavage

The C—O bond cleavage of CH,OH,4 was initiated with a
hydroxymethyl species and a hydrogen atom adsorbed on
the cluster. The products were adsorbed methyl (CH, .q)
and water species. A comparison of this reaction step on
the three different clusters is depicted in Figures 2(a), 3(a)

and 4(a),(b). Relevant structural data are summarised in
Table 3.

Figure 2(a) shows that the hydroxymethyl species was
adsorbed on the MogP; cluster through a bridge bond, with
the C atom bound to one Mo atom and the O atom bound
to the other Mo atom. For MogP; (Figure 2(a)) and
K—MogP3—-Si509 site II (Figure 4(b)), the H atom was
adsorbed on the Mo atom where the O atom of the CH,OH,q4
species was bound. On the MogP;—Si;09 (Figure 3(a)) and
the K—MogP5;—Si50y site I (Figure 4(a)), the H was bound
on a different Mo atom. The molecular arrangement of the
reactants facilitates the C—O bond-breaking step on the
cluster. The results (Table 3) show that the C—Mo and
O—Mo bond lengths decreased with the addition of SiO,
and K to the MogP; cluster, implying that the CH,OH,q4
species was more tightly bound on the clusters with Si;Oq
and K, and this observation was supported by the increased
adsorption energy of the hydroxymethyl species on the
MogP3-Si309 and K-MogP3-Siz0q9 sites I and II,
compared to the MogP; cluster (Table 3).

After breaking the C—O bond of the CH,OH,4; species,
the surface species CH, ,q + H,0,q were generated on the
MogP3, MogP;—Si309 and K—MogP5—Si50g site I clusters,
and CH, 4 + HO.4q 4+ H,q4 species were formed on site II
of the K—MogP;-Si309 cluster. The adsorption energy
of CH,.4+ HyO,4 on the MogP3;, MogP3—Siz;O09 and
K—-MogP3—Si309 site I clusters was —145.97, —145.51
and — 154.27 kcal/mol, respectively. On site II of the
K—MogP3—-Si309 cluster, CH; .4 + OH,q + H.q species
had an adsorption energy of —156.35kcal/mol.
The adsorption energies increased on the MogP;—SizOq
and K-MogP3;-Si309 clusters compared to MogPs.
The highest adsorption energy was observed on the
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Hydroxymethyl & ‘_ I
Hydrogen atom \ :
E,q=-56 kcal/mol

\
E.=-6.19kcal/mol .
\
CH,.,¢+H,0,9
E,q=-146 kcal/mol |
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(b)

_' I Methanol
I 1 E,q=-33kcal/mol

E, = 8.45 kcal/mol

Hydroxymethyl &
Hydrogen atom
E,q=—-87kcal/mol

Figure 2. (a) C—O dissociation of CH,OH,4 species over MogP3 cluster; (b) methanol formation from CH,OH,q4 species over MogP3

cluster.

K-doped cluster, implying greater stability of the adsorbed
species on the K-doped cluster than the un-doped MosPg—
Si309 cluster. C—Mo bond lengths on the MogP3;, MogP5—
Si309 and K—MogP;—-Si30y sites I and II were 1.96, 1.92,
2.17 and 2.12A, respectively. Compared to MogP3, the
C—Mo bond length decreased on the MogP3;—Siz;09 but
increased on the K-doped MogP;—Siz0q cluster. On both
the MogP3—Si309 and K—MogP;—-Si30y clusters, the CH, .4
species formed a geminal structure (the carbon atom was
attached to two different Mo atoms as shown in Figure 4(a)),

(a)

. E, = 1
1 2.61Kkcal/mol

‘_I_Y_
Hydroxymethyl &
Hydrogen atom \ (.;t
E,4=—68 kcal/mol

Xad ;
E,=23.44kcal/mol \ ﬁ( ,
1% v :

CH,+H,0
E,=145 kcal/mol !

\
. | -\
\

and this resulted in an increase in adsorption energy
compared to the other two structures. The geminal carbon
of the CH, .4 species and the strong binding energies on the
K-doped catalysts may promote either the insertion of CO,q
species to produce higher oxygenates or the homologation
of CH, .4 species to produce higher hydrocarbons.

The O—Mo atomic distance for H,O,q4 species on the
M06P3, M06P3—Si309 and K—M06P3—Si309 (site I)
species was 2.23, 2.31 and 3.35 A, respectively.
The distance increased with Si3;O9 and K addition to the

(b)

Methanol
E,4=—24 kcal/mol

v 1 I E,=4.0kcal/mol
9, i
Hydroxymethyl &

Hydrogen atom
E,4=—79cal/mol

Figure 3. (a) C—O dissociation of CH,OH,4 species over MogP3—Si30y cluster; (b) methanol formation from CH,OH,4 species over

MogP5;—Si309 cluster.
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(a) (b)
TS
TS
@ . [
!' ' \ Exothermic reaction ,’ ’I \.
ol I B
I . \. 1 .f .
!' 1 \. E, = 9.86 kcal/mol ; I} ! \_ E, =9.08 kcal/mol
\ . ” | \
. Geminal carbon | o f '\
Species » 2P I 3
=,

Hydroxymethyl &
Hydrogen atom
E,4=-70 kcal/mol

E =-28.98
kcal/mol

CH,.,¢+H,0,4
E, =154 kcal/m

Site# 1 Oxygen atom close to K atom

ol

L
Hydroxymethyl &
Hydrogen atom
E,4=-92 kcal/mol
E = -23.44kcal/mol

CH,.,q+OH,4+H,4
E, =156 kcal/mol

Site# 2 Oxygen atom away from K atom

Figure 4. C—O dissociation of CH,OH,4 species over K—MogP3—Si309 cluster: (a) O atom adsorbed on Mo atom close to K atom;

(b) C atom adsorbed on Mo atom close to K atom.

Table 3. Reactant and product bond length, bond angle and adsorption energy for C—O bond scission step.
Bond length Bond angle
O-Mo; C-Moy C-O ZC-Mopg-Moy Z20-Moj-Moy 2£C-O-Moy Adsorption energy AE
Cluster models (A) (A) (A) (deg) (deg) (deg) (kcal/mol)
CH,OH,4 + Ha.g
MogPs 2.28 2.20 1.49 69.17 66.46 - —54.88
MogP5-Si30q 2.26 2.18 1.49 68.52 66.68 111.64 —68.49
Site I. K—=MogP3;-Si309 2.20 2.15 1.51 65.96 68.62 113.74 —170.56
Site II. K-MogP3—Si30o*  2.18° 2.14° 148 63.72¢ 69.94¢ 105.27" —92.47
CHj.aq + HyO44
MogP3 2.23 1.96 - 97.60 79.28 - —145.97
MogP;-Si309 2.31 1.92 - 91.31 125.32 - —145.51
Site I. K—=MogP5-Si309 2.35 2.17 - 43.62 135.90 - —154.27
Site II. K—MogP;—Siz0o"  2.93° 2.12¢ - 43.47¢ 144.70° - —156.35

#CHa.aq + OH 4g + H_4q species on site II.
> 0-Moy.

¢C-Mo;.

dLC—N[OI—IVIOH.

¢ LO*MollfMOI.

f/C-0O-Moy.

MogP5, indicating that H,O will form readily on the
K-doped MoP. For the OH species adsorbed on site II of the
K—-MogP5;-Si50q cluster, the O—Mo distance was 2.93 A.

The TS structure information for the hydroxymethyl
reaction step over the MogP3, MogP3—Si309 and the K—
MogP3—Si30g sites I and II clusters is reported in Table 5.
Enthalpies of reaction were calculated as —6.19, —23.44,
—2898 and —23.44kcal/mol for the MogP3;, MogP3—
Si309 and K—-MogP3;—-Si309 sites I and II clusters,
respectively. As the bond-breaking reaction is highly
exothermic, very high negative values for the heat of
reaction were observed for this step. Comparing the
activation energies, the value calculated on the MogP;

cluster (27.88 kcal/mol) decreased to 2.61 kcal/mol on the
MogP5—Si50q9 cluster, whereas on the K—MogP3;—Si309
cluster the values were 9.85 and 9.08 kcal/mol for sites I
and II, respectively.

3.2.2  Methanol formation

Methanol formation was modelled by H,4 attached to
different Mo sites close to the C atom of the CH,OH,q4
species as the reactant, with the formation of CH30H,4 as
the product. The CH3;0OH,4 species was adsorbed via the O
atom on a Mo site of the clusters. The reaction step for the
MO6P3, M06P3—Si309 and K—M06P3—Si309 sites I and II
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(a)

. Methanol
! E,q=-21 kcal/mol

! E,=-4.24 kcal/mol

Hydroxymethyl &
Hydrogen atom
E, 4= -78 kcal/mol

Site# 1 Oxygen atom close to K atom

Figure 5.
(b) C atom adsorbed on Mo atom close to K atom.
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()
op TS

"\E,=113.95 kcal/mol

Methanol
E, 4= —36 kcal/mol

E_.=10.97 kcal/mol

rai i R R R 1 W

®

Hydroxymethyl &
Hydrogen atom

E, 4= —88 kcal/mol

Site# 2 Oxygen atom away from K atom

Methanol formation from CH,OH,4 species over K—MogP3—Si30y cluster: (a) O atom adsorbed on Mo atom close to K atom;

Table 4. Reactant and product bond length, bond angle and adsorption energy for methanol formation.

Bond distance Bond angle
O0-Mo, C-Moy C-O ZC-Mog-Moy £0-Moj-Mopg 2£C-O-Mo; Adsorption energy, AE
Cluster models (A) (A) (A) (deg) (deg) (deg) (kcal/mol)
CH,OH_4 + Hy.q
MogP3 2.23 2.21 1.48 67.70 67.03 - —86.94
MogP3—Si309 2.24 2.189 1.50 66.08 69.17 113.85 —178.86
Site I. K—MogP3—Si309 2.20 2.15 1.51 65.96 68.62 113.74 —78.86
Site II. K—MogP3—Siz09  2.19% 2.16° 1.48 62.31°¢ 71.01¢ 102.58° —88.32
CH;O0H,q4
MogP3 2.32 - 1.45 - 110.03 - —33.21
MogP5;-Si509 2.24 - 1.46 - 146.03 125.69 —23.75
Site I. K—MogP3—Si309 2.28 - 1.46 - 113.16 119.71 —20.75
Site II. K—MogP5-Siz0y  2.23% - 1.46 - 105.07¢ 128.84° —35.74
a O—MOH.
®C-Mo,.
¢ LC—MO]—MOH.
d LO—MOH—MOI.
¢ LC*O*MOH.

is depicted in Figures 2(b), 3(b), 5(a),(b) and the bond
information of each surface species is reported in Table 4.

Data for the reactant structure, reported in Table 4,
show that the adsorption energy decreased on the MogP3—
Si309 and K—MogP;—-Si50g clusters (O atom adsorbed at
site I) but increased on the K—MogP5—Si30q cluster (O
atom adsorbed at site II), compared to the MogP5 cluster.
The O—Mo bond length decreased with the addition of K
and the same trend was observed for the C—Mo bond
length. The distances between C—O were similar on all the
clusters.

The CH30H,4 species was adsorbed on all the clusters
via the O atom. The O—Mo distances and the C—O bond

lengths are reported in Table 4. The adsorption energy of
CH3OHad on the M06P3, M06P3—Si309 and K—MO6P3—
Si50g sites I and II clusters was —33.21, —23.75, —20.75
and — 35.74 kcal/mol, respectively. The lowest adsorption
energy was observed on the K—MogP3;—Si30y cluster at site
I (O adsorbed close to the K atom), but the adsorption energy
was much higher than that reported on other methanol
producing catalysts such as Cu(111) —4.38 kcal/mol [32],
Pd(111) —6.46 kcal/mol [33], Pt(111) —7.61 kcal/mol [34]
and Ni(111) —0.46 kcal/mol [35]. Recently, Pistonesi et al.
[20] have reported an adsorption energy of — 8.97 kcal/mol
for methanol on a Mo,C cluster. Since the MogP; clusters of
the present study show much higher adsorption energy for
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Table 5. Transition state for the reaction steps, C—O bond scission and methanol formation from CH,OH,,.

Cluster O-Mo; C-Moy C-O 4C-Moy-Mo; £0-Moj-Moy £C-0-Moy E, E,

models (A) (A) (A) (deg) (deg) (deg) (kcal/mol) (kcal/mol)

CHonad + Had -

CHz.4a + H204q
MogP3 1.80 1.99 - 94.31 76.84 - 27.88 —6.19
MogP5;—Si309 1.96 1.973 - 67.82 107.53 - 2.61 —23.44
Site I. K—MogP3—Si309 2.21 1.93 - 65.83 101.71 - 9.86 —28.98
Site II. K—-MogP3—Siz00"  2.02° 2.11° - 62.25¢ 75.65¢ - 9.08  —23.44

CH,OHyq + Hag —

CH5OH,q4
MogP; 2.30 2.28 1.52 - 73.94 - 100.91 8.45
MogP3—Si309 2.22 - 1.41 - 103.82 111.73 60.96 4.00
Site I. K—MogP3—Siz09 2.11 - 1.44 - 76.98 - 12.07 —4.24
Site II. K—MogP3—Si309 2.20° - 1.47 - 92.48° 118.29" 113.95 10.97

#CHa_ g + OH,q + Hag species on site I1.

b O—MOH.

¢C-Mo;.

d LC—MOI—MO]I.

€ LO—MOH—MOI.

f/C-0-Moy.

methanol than these metals, there is a likelihood that on MoP
catalysts, strongly adsorbed CH3;0H may be available for
further reaction and C-addition to yield C, products.

Figures 2(b), 3(b), 5(a),(b) depict the CH,OH,q +
H.q — CH30H,_4 reaction step over the MogP3;, MogP;—
Si309 and the K—MogP3—-Si309 sites I and II clusters.
The TS structure information is summarised in Table 5.
Activation energies for this reaction step were 100.91,
60.96, 12.07 and 113.95 kcal/mol and the enthalpies of the
reaction were 8.45, 4.00, —4.24 and 10.97 kcal/mol on the
MO6P3, M06P3—Si309 and K—M06P3—Si309 sites I and II
clusters, respectively. The lowest activation energy was
for site I of the K—MogP3;—Si309 cluster. The activation
energy decreased by a factor of five compared to the
MogP3—Si30g cluster and by a factor of eight compared to
the MogP; cluster. Enthalpies of reaction were positive
(endothermic) except for the configuration where the O
atom was adsorbed on site I of the K—MogP;—Siz;Oq
cluster, which had a TS configuration that gave rise to an
exothermic value.

4. Discussion

The charge distribution on the C and O atoms of the
CH;0H,4 and CH,0OH,4 + H,q4 species, adsorbed on the
MogP3, MogP5—Si309 and K—MogP3—-Si509 clusters, is
reported in Table 2. The C atom of the free CH;0H had
positive charge of 0.062¢ and the O atom had negative
charge of —0.502¢. However, the adsorbed C and O atoms
had negative charges for all the cases investigated herein.
For the MogP5; and MogP3;—Si309 clusters, the O had more
negative charge than the C and the magnitude of the
charges on the atoms did not vary significantly over each
of the two clusters. For the K—MogP5—Si30q cluster, the C

atom showed a more negative charge than the O atom.
In this case, electron donation from K to the Moy followed
by electron transfer to the O occurred. Hence, charge was
shifted to the C atom to compensate for the surface bond
between Moy and O. The negative charge on the Moy atom
of the K—-MogP5;—SisOq site I cluster decreased the
adsorption energy of CH;OH (20.75 kcal/mol) compared
to the MogP3;, MogP;—SizO9 clusters because of the
repulsion of negative charges.

A decrease in the activation energy of the methanol
formation step was observed on the MogP3;—Si304 cluster
compared to the MogP5 cluster. The activation energy was
100.91 kcal/mol for the MogP; cluster and 60.96 kcal/mol
for the MogP3—Si309 cluster. Similarly, the activation
energy of the C—O scission reaction step decreased from
27.88 to 2.61kcal/mol. With the addition of K, the
activation energy for CH30H,y formation was signifi-
cantly decreased to 12.07 kcal/mol on site I of the K—
MogP5-Si309 cluster. For site II, a higher activation
energy of 113.95kcal/mol was observed. On the other
hand, for the C—O bond-breaking step, the activation
energy increased to 9.85 and 9.08 kcal/mol for the K—
MogP;-Si30y sites I and II, respectively. Clearly, these
results show that the C—O bond scission of the CH,OH,q4
species is favoured over CH3;0H,q4 species formation over
all of the MogP5 clusters investigated.

The authors recently reported on the activity of 10 wt%
MoP on SiO, catalysts, promoted with 1 and 5 wt% K [36].
The catalyst activity was determined in a laboratory fixed
bed microreactor under reaction conditions of 275°C,
8.2MPa and a gas-hourly space velocity (GHSV) of
3600h~ . The catalysts were operated at these conditions
for an average of at least 50h time-on-stream. For the
10 wt% MoP on SiO; catalyst, a high selectivity to methane
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(35.2 Catom%) was measured. With increased K doping,
selectivity to CH,4 decreased to 22.1 and 9.0 C atom% over
the 1 and 5wt% K-doped MoP-SiO, catalyst, respect-
ively. Methanol selectivity was low in all cases with values
of 0.6, 2.2 and 0.3 C atom% measured over the MoP-SiO,
catalysts, the 1wt% K-MoP-SiO, and the 5wt% K-
MoP-Si0,, respectively. For the 1 wt% K-doped cata-
lysts, an increase in methanol selectivity and a decrease in
methane selectivity were observed, whereas for the 5 wt%
K-doped catalyst, both the selectivity to methanol and
methane decreased, relative to the MoP catalyst. High
selectivity towards C,, oxygenates, especially ethanol,
acetaldehyde and acetone, was also observed with
increased K loading. Low selectivity to methanol over
the 5wt% K-doped catalyst suggested the conversion of
methanol to other products, i.e. ethanol and acetone.
The DFT model presented herein is in agreement with
these experimental findings. Both the model and the
experimental data show that methane is produced
selectively over MoP and increased methanol selectivity
was observed for the K-doped cluster and -catalyst.
The high adsorption energy of methanol over MoP clusters
suggests that methanol will undergo further surface
reaction to produce higher alcohols and/or other
oxygenates, as observed on the K promoted MoP catalysts.

5. Conclusions

The DFT calculations on model MogP5 clusters showed
that the addition of K decreased the activation energy for
the formation of methanol on site I of the K—MogP;—
Si509 cluster to 12.07 kcal/mol, whereas the activation
energy for the C—O bond cleavage reaction was lower
(9.88 kcal/mol). Hence, the model calculations predicted
that addition of K would enhance methanol production
on MoP catalysts, although CH,; would dominate the
product compared to methanol, in agreement with
experimental data reported over K-doped MoP catalysts
supported on SiO,.
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