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A study of synthesis gas conversion to methane and methanol over a Mo6P3 cluster using
density functional theory

Sharif F. Zaman and Kevin J. Smith*

Department of Chemical and Biological Engineering, University of British Columbia, Vancouver, BC, Canada

(Received 3 January 2008; final version received 12 March 2008 )

Synthesis gas (CO þ H2) conversion to CH4 and CH3OH over a MoP catalyst has been examined using density

functional theory and a Mo6P3 cluster model of the MoP surface. A model of synthesis gas conversion was developed by

calculating adsorption energies of all possible arrangements of stable surface intermediates on Mo6P3. For CH4

formation, the potential energy surface (PES) followed the route (Had addition at each step is assumed but not shown)

COad ! CHOad ! CH2Oad ! CH2OHad ! CH2.ad þ H2Oad ! CH3.ad þ H2Oad ! CH4 þ H2O and CH3OH followed

COad ! CHOad ! CH2Oad ! CH2OHad ! CH3OHad. The activation energy for the formation of CH3OH from

hydroxymethyl (100.9 kcal/mol) is higher than for the formation of methylene and water (40.3 kcal/mol), suggesting that

CH4 rather than CH3OH will be produced from synthesis gas over MoP catalysts.

Keywords: synthesis gas; DFT; PES; methanol; methane; molybdenum phosphide

1. Introduction

The conversion of synthesis gas (CO þ H2) to alcohols

and hydrocarbons using heterogeneous catalysts is well

known. The production of CH3OH using Cu/ZnO

catalysts is practised commercially [1], as is the

production of gasoline and diesel fuels via the

Fischer–Tropsch synthesis using Fe or Co catalysts

[2,3]. The selective conversion of synthesis gas to liquid

fuels provides a route to renewable fuels that is almost

CO2 neutral, if the synthesis gas is produced from

biomass. Our interest is in the selective conversion of

synthesis gas to ethanol for use as a fuel or fuel additive.

Several catalysts, based on metals such as Cu, Co, Pd and

Fe, have been investigated for the higher alcohol

synthesis [4] but few reports on the synthesis of ethanol

from synthesis gas are available. Rhodium-based

catalysts are able to produce oxygenates from synthesis

gas [4,5]. The addition of appropriate promoters such as

Mn enhance the rate of formation of these oxygenates,

especially in the case of ethanol [5–10]. Mo-based

catalysts also have high selectivity towards higher

alcohols when Mo is doped with alkali metals [11].

Mo2O3 has also been used for the syngas conversion

reaction [12], although, high ethanol selectivity was not

achieved. The highest selectivity for ethanol has been

reported on MoS2 catalysts [13]. Interestingly, MoP

supported on metal oxides (Al2O3, SiO2), has been

investigated as an alternative to MoS2 catalysts for

hydrodenitrogenation and hydrodesulfurisation reactions

[14,15] and although there are no reports on the use of

MoP for synthesis gas conversion to alcohols or

hydrocarbons, previous researchers have suggested that

metal phosphides may have good activity in other

hydrogenation reactions, such as synthesis gas conver-

sion to hydrocarbons and alcohols [16].

The use of computational chemistry in heterogeneous

catalyst research and development has increased recently

because of improved computational power and accuracy.

Density functional theory (DFT) can be employed to

calculate the formation energy of molecules and solids

with high accuracy [17]. Information related to the

surface reaction, such as heat of reaction, the reaction

energy barrier and transition state (TS) structure, 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 experimen-

tation. Thus, a computational approach towards screen-

ing potential catalysts for a particular reaction is

available and this principle has been reported in the

literature [18]. Kubo et al. [17] used DFT to identify new

catalyst formulations for methanol and Fischer–Tropsch

synthesis based on the adsorption and formation energies

of stable surface species on potential catalysts. Greeley

and Mavrikakis [19] investigated the competitive

methanol decomposition pathway on Pt(111) considering

all combinations of stable surface species. Alcala et al.

[20] used DFT to generate the reaction energy diagram
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for ethanol decomposition on Pt(111). Similarly, a

kinetic model of methanol decomposition on Pt(111)

using DFT has been investigated by Gokhale et al. [21]

and Kandoi et al. [22], who also reported the potential

energy surface (PES) for this reaction.

As a first step in assessing MoP as a catalyst for

synthesis gas conversion, especially to ethanol, we report

herein on the reaction pathway for CH3OH and CH4

synthesis from CO and H2 over an Mo6P3 cluster,

determining the PES of the reactions. Due to limited

experimental evidence of stable surface species over

MoP, we investigated several likely stable surface

species in each step of the reaction network and used the

results of these calculations to determine the PES.

2. Methods

2.1 Calculation procedure

The DMol3 module of Material Studiow (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 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 cutoff radius of 4.5 Å,

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 [27] with a size

value of six 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 0.00002 Ha, 0.004 Ha/Å and 0.005 Å,

respectively. The k-point set of (1 £ 1 £ 1) was used for

all calculations. The activation energy between two

surface species was identified by complete linear

synchronous transit and quadratic synchronous transit

search methods [29,30], followed by TS confirmation

through the nudge elastic band method [31]. Spin

polarisation and symmetry were imposed in all the

calculations.

2.2 Modelling approach

The Mo6P3 cluster model and the reactant and product

species were created using the Material Studio

Visualiser. The Cartesian positions of the atoms of the

Mo6P3 cluster were fixed in a vacuum after performing

geometry optimisation. The reactants and products were

placed on the cluster in several different configurations,

based on probable surface structures reported in the

literature for CH4 and CH3OH synthesis. Geometric

optimisation of each structure was then done with the

atoms of the Mo6P3 cluster fixed and no constraints

placed on the reactants and products. 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: Ead ¼

E(adsorbate/cluster) 2 (Eadsorbate þ Ecluster). With this defi-

nition, a negative Ead corresponds to a stable surface

species. The activation energy was calculated by using

the TS search tool in DMol3, applied to the reactant, a

stable surface species plus an adsorbed H atom (Had) on

the Mo6P3 cluster, and the product.

3. Results and discussion

3.1 An Mo6P3 cluster model of MoP

MoP has a hexagonal crystal structure, belonging to the

P�6m2 space group with lattice parameters a ¼ 3.22 Å and

c ¼ 3.19 Å [16,33]. In the present study, an MoP crystal

was built using the above information from which the

(100) face was cleaved and a four atomlayer was taken as

the cluster model, after geometric optimisation. Note that

the cluster building unit resembles the (100) crystal face

of MoP, as shown in Figure 1. The distances and angles

between atoms for the cluster are tabulated in Table 1,

Mo1 Mo2

Mo3 Mo4Mo5
Mo6

P1

P2

P3

Mo1
Mo2

P1

Mo3
Mo4Mo6Mo5

P2

P3

Cluster Model

Slab model

Figure 1. Comparison between MoP slab (100) face and the
Mo6P3 cluster model of the present study.
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and these values compared favourably (within ^95%) to

those of the MoP (100) slab. Mulliken population

analysis showed a positive charge density (0.048e) on the

Mo atoms and a negative charge density (20.128e) on

the P atoms of the cluster. Liu and Rodriguez [33]

reported Mulliken charge densities of the MoP (001)

crystal plane as 0.045e for Mo and 20.077e for

P. Although, the electron charge on Mo is similar for the

cluster and the (001) plane of MoP, the P atoms have

higher electronegativity in the cluster compared to the

MoP (001) plane. The difference is due to the metal rich

stoichiometry of the Mo6P3 cluster.

3.2 CO adsorption on the Mo6P3 cluster

The adsorption energy of CO on the Mo6P3 cluster was

calculated as 250.73 kcal, in very good agreement with

values of 250.5 kcal [32] and 245.66 kcal [33] reported

for CO adsorption on the (001) plane of MoP. The CO

adsorption energies on Cu(111), Pd(111), Pt(111) and

Ni(111), as reported in the literature, are summarised in

Table 2. These data show that CO is adsorbed more

strongly on MoP than any of these metals. For CO, the

highest energy occupied molecular orbital (HOMO) is 5s,

a lone pair orbital, localised on the C atom. The lowest

unoccupied molecular orbital (LUMO) is the 2p* orbital,

a CZO p anti-bonding orbital also localised on the C

atom. Hence, CO adsorbs on the Mo atom through the C

atom. The LUMO energy of CO adsorbed on Mo6P3

is 275.18 kcal, the HOMO energy is276.56 kcal and the

Fermi level has energy 276.33 kcal. The HOMO energy

is lower than the Fermi energy level and the LUMO is

above the Fermi energy level, typical for surface

chemisorbed species and hence, CO is strongly adsorbed

on the Mo6P3 cluster. The density of states (DOS) of the

Mo6P3 cluster compared to the DOS of the CO–Mo6P3

system, show that all the s (Figure 2(a)), p (Figure 2(b))

and d (Figure 2(c)) orbitals are altered. The d-orbital

energy distribution, being the most affected, implies that

the d-orbital of Mo is the main contributor to the

adsorption process.

3.3 Determining the PES for CH4 formation

The search for the PES of CH4 formation from H2 þ CO

on the Mo6P3 cluster was accomplished by evaluating the

adsorption energy of several possible surface intermedi-

ates and calculating the activation energy between two

successive species. The reaction pathway for CH4 (and

CH3OH) formation is depicted in Figure 3, where the

surface reaction propagates by addition of Had to each

stable adsorbed surface species. We have considered all

combinations of Had attachment with the C and O atoms

of CO. Bond angle, bond length and adsorption energies

of adsorbed surface species and TS structures, heats

of reaction and heats of adsorption are reported in

Tables 3–5. The structure of the reactants, products and

TSs are shown in Figures 4–6.

3.3.1 Formyl (CHO) and hydroxymethylidyne (COH)

The addition of Had to the C of COad on Mo, yields

CHOad species with the C and O attached to two nearby

Mo atoms in a bridged structure (Figure 4(I)). The

adsorption energy of this species was calculated as

294.32 kcal (Table 3). The addition of Had to the C atom

of adsorbed CO species decreases the MoZC bond

strength, as indicated by an increase in bond length

(1.99 Å) with respect to COad on-top adsorption (1.97 Å).

The MoZO bond length is 2.10 Å. The hydroxymethy-

lidyne (COHad) species is formed by addition of Had to

the O atom of adsorbed COad (Figure 4(II)). The C atom

is bound to a Mo atom (on-top adsorption) and the

MoZC bond length decreases to 1.82 Å, indicating a

more tightly bound surface species with higher

adsorption energy (111.62 kcal) compared to CHOad. A

higher adsorption energy for COHad, compared to

CHOad, has also been observed on Cu(111) [19],

Pd(111) [34] and Pt(111) [22] surfaces. The CZO bond

length for CHOad is 1.31 vs. 1.34 Å for the COHad

species, whereas, for COad, it is 1.18 Å (Table 3).

Increasing the CO bond length increases the C and O

reactivity, as electrons are being accumulated on the

atoms rather than being shared and the Had added to COad,

Table 1. Comparison between Mo6P3 cluster and MoP (001)
slab dimensions after geometric optimisation.

Slab Cluster*

Distances (Å)
Mo(1)-Mo(2) 3.19 3.19
Mo(1)-P(1) 2.45 2.45
Mo(3)-P(1) 2.45 2.45
Mo(3)-P(2) 2.51 2.45
Mo(1)-P(2) 4.18 4.05

Angles (deg)
uMo(1)-P(1)-Mo(3) 82.18 82.04
uMo(3)-P(2)-Mo(5) 79.74 82.18
uMo(1)-P(3)-Mo(2) 81.39 81.26
uMo(3)-P(2)-Mo(4) 78.85 81.26

*See Figure 1 for atom locations.

Table 2. Adsorption energy of CO and CH3OH on transition
metals.

Metal
CO adsorption
energy (kcal)

CH3OH adsorption
energy (kcal) References

Cu(111) 216.14 24.38 [19,37]
Pd(111) 233.90 26.46 [34]
Pt(111) 241.97 27.61 [22]
Ni(111) 235.98 20.46 [36]
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also weakens the CZO covalent bond strength.

The activation energy associated with CHOad formation

from COad þ Had is 41.37 kcal/mol, whereas, for COHad,

a value of 50 kcal/mol was obtained (Table 5). Formation

of the CHOad is thermodynamically more favourable

than the formation of COHad, and both reactions are

endothermic, with a heat of formation of 10.13 kcal/mol

for CHOad species and 49.50 kcal/mol for COHad

species. Nunan et al. [35] reported CHOad as a precursor

for alcohol production on copper based catalysts.

The results presented herein suggest that CHOad is also

the energetically favoured precursor for CH4 and CH3OH

formation on the Mo6P3 cluster.

3.3.2 Formaldehyde (CH2O) and hydroxymethylene

(CHOH)

Addition of Had to the C atom of the formyl species forms

CH2Oad (Figure 4(IV)), with an adsorption energy of

267.79 kcal. The MoZC bond length is 2.22 Å and the

MoZO bond length is 1.96 Å. Compared to the CHOad

species, the MoZC bond length is increased, whereas, the
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Figure 2. (a) DOS (s-orbital) of Mo6P3 cluster and CO and CH3OH adsorbed on Mo6P3 cluster. (b) DOS (p-orbital) of Mo6P3 cluster
and CO and CH3OH adsorbed on Mo6P3 cluster. (c) DOS (d-orbital) of Mo6P3 cluster and CO and CH3OH adsorbed on Mo6P3 cluster.
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MoZO bond length is decreased, CH2Oad is tightly bound

through the MoZO and electrons are withdrawn from the

substrate by the O atom. The CZO bond length (1.41 Å)

increases compared to CHOad (Table 3). The molecular

orbital of the CH2Oad species weakens the CZO bond

strength. The p electron interaction between CH2 (p

bonding and anti-bonding orbitals) and O (p type loan

pair electron) gives rise to a new molecular orbital. Since,

the energies of these interacting orbitals are similar, the

new orbital is CZO anti-bonding and CZH bonding. If a

H atom adds to the O atom of adsorbed CHOad species,

CHOHad is formed (Figure 4(V)) with an adsorption

energy of 296.63 kcal. The MoZC bond length (1.95 Å)

decreases and the MoZO bond length (2.33 Å) increases

compared to the adsorbed CHOad species. The CZO bond

length for CH2Oad species (1.41 Å) is higher than CHOad,

but lower than CHOHad (Table 3).

The activation energy for CH2Oad formation is

56.24 kcal/mol compared to 69.53 kcal/mol for CHOHad

(Table 5). Formation of CH2Oad is thermodynamically

more favourable; formation of CH2Oad is exothermic

(DEr ¼ 23.25 kcal/mol) whereas, formation of CHOHad

is endothermic (DEr ¼ 2.59 kcal/mol). CHOHad can also

be formed by the addition of Had to COHad (Figure 4(III))

with a lower activation energy (13.22 kcal/mol) and

formation energy of 2.59 kcal/mol (Table 5) compared to

Had addition to CHOad. This route is important for the

decomposition of CH4 and CH3OH to CO and H2.

COad CHOad

CHOHad

CH2Oad

CHad + H2Oad

CH2OHad CH2 ad + H2Oad CH3 ad + H2Oad
CH4 free + H2Ofree

CH3Oad
CH3OHad

+ 
H ad

+ Had
+ 

H ad

+ Had

+ H
ad

+ H
ad

+ Had

+ H
ad

+ Had

+ Had

+ Had

+ Had

+ 
H ad

COHad

+ 
H ad

41 kcal/mol

69
.5

 k
ca

l/m
ol

+ Had

56 kcal/m
ol

26
 k

ca
l/m

ol

36 kcal/mol 72 kcal/mol

100 kcal/mol

26 kcal/mol

28
 k

ca
l/m

ol

26 kcal/m
ol

41kcal/mol 19 kcal/mol 12 kcal/mol

50
 k

ca
/m

ol

13.22 
kcal/mol

Figure 3. Reaction network and activation energies for syngas conversion to methanol and methane over the Mo6P3 cluster.

Table 3. Properties of surface adsorbed species on Mo6P3 cluster from DFT calculations: angle to the surface, distance between
atoms, total energy and adsorption energy of stable surface species relevant to methane and methanol formation from syngas.

Species Figure
uCZMoZMo

(deg)
uOZMoZMo

(deg)
dCZMo

(Å)
dOZMo

(Å)
dCZO

(Å)
Eelement

(au)
Ead

(kcal)

COad – 78.28 – 1.97 – 1.18 2113.345 250.73
CHOad 4(Ic) 57.68 66.22 1.99 2.10 1.31 2113.857 294.32
COHad 4(IIc) 77.27 – 1.82 – 1.34 2113.782 2111.62
CHOHad 4(IIIc) 68.15 63.22 1.95 2.33 1.44 2114.403 296.63
CH2Oad 4(IVc) 59.70 70.43 2.22 1.96 1.41 2114.504 267.79
CH2OHad 4(VIc) 67.50 67.95 2.22 1.96 1.41 2115.052 277.02
CH3Oad 6(XIVc) – 119.32 – 1.92 1.41 2115.047 2109.08
CH3OHad 6(XIIIc) – 110.03 – 2.32 1.45 2115.711 233.21
CHadþH2Oad 5(VIIIc) 97.67 78.86 1.82 2.29 3.02 238.457 2173.42
CH2.adþH2Oad 5(IXc) and (Xc) 97.60 79.28 1.96 2.30 3.05 239.130 2145.97
CH3.adþH2Oad 5(XIc) 123.65 85.80 2.16 2.36 4.26 239.814 266.42
CH4þH2Ofree 5(XIIc) Free Free 2.65 2.39 – 240.492 46.35

Energy of free H2O ¼ 276.422778 au. Adsorption energy of hydrogen atom ¼ 20.58213 au. [au ¼ atomic unit]
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3.3.3 Hydroxymethyl (CH2OH)

CH2OHad species can evolve either by addition of Had to

the C atom of CHOHad species or by the addition of Had

to the O atom of adsorbed CH2Oad (Figure 4(VI) and

(VII)). The calculated adsorption energy of CH2OHad on

the Mo6P3 cluster was 277.02 kcal. The bond lengths are

MoZC 2.22 Å, MoZO 1.96 Å and CZO 1.41 Å. These

lengths are close to those calculated for the CH2Oad

species, whereas, compared to CHOHad, the MoZC bond

length is increased and the MoZO and the CZO bond-

lengths are decreased. The activation and reaction

energies for CH2Oad þ Had ! CH2OHad are 59.12 and

34.56 kcal/mol, respectively, and for the CHOHad þ

Had ! CH2OHad they are 25.67 and 0.49 kcal/mol,

respectively.

3.3.4 CZO bond scission and the formation of CH4

Three intermediates are relevant for CZO bond scission:

COHad, CHOHad and CH2OHad. Bond scission from

COHad is described in a later section that discusses carbon

formation on the catalyst surface. Adding Had to CHOHad

yields CHad (carbene) species and H2Oad, whereas, adding

Had to CH2OHad forms CH2.ad (methylene) and H2Oad.

Table 4. Properties of surface adsorbed species on Mo6P3 cluster from DFT calculations: angle to the surface, distance between
atoms, total energy and adsorption energy of stable surface species relevant to methane and methanol formation from syngas.

Species Figure
uCZMoZMo

(deg)
uOZMoZMo

(deg)
dCZMo

(Å)
dOZMo

(Å)
dCZO

(Å)
Eelement

(au)
Ead

(kcal)

COad þ Had 4(Ia) 78.23 – 1.98 – 1.18 2113.345 262.03
COad þ Had 4(IIa) 78.89 – 1.99 – 1.18 2113.345 261.11
CHOad þ Had 4(IVa) 52.98 66.41 1.99 2.10 1.30 2113.857 2106.31
CHOad þ Had 4(Va) 57.47 66.31 1.99 2.10 1.30 2113.857 2106.31
COHad þ Had 4(IIIa) 78.40 – 1.82 – 1.33 2113.782 2123.61
CHOHad þ Had 4(VIa) 67.89 63.57 1.97 2.23 1.44 2114.403 2117.84
CHOHad þ Had 5(VIIIa) 68.53 63.26 1.94 2.29 1.47 2114.403 285.09
CH2OHad þ Had 5(IXa) 69.17 66.46 2.20 2.28 1.49 2115.052 254.88
CH2OHad þ Had 6(XIIIa) 67.70 67.03 2.21 2.23 1.48 2115.052 286.94
CH2Oad þ Had 4(VIIa) 58.21 71.71 2.23 1.96 1.41 2114.504 281.86
CH3Oad þ Had 6(XVa) – 128.83 – 1.92 1.41 2115.047 2120.61
CHad þ H2Oad þ Had 5(Xa) 96.02 78.83 1.81 2.27 2.98 238.457 2192.56
CH2.ad þ H2Oad þ Had 5(XIa) 96.08 78.89 1.97 2.29 2.97 239.130 2103.31
CH3.ad þ H2Ofree þ Had 5(XIIa) 123.18 – 2.16 2.36 4.23 239.814 281.64

Table 5. Properties of TS for reactions shown: structure, angle with the surface, distance between atoms, energy of reaction and
activation energy for methane and methanol formation from syngas.

Reactions
uCZMoZMo

(deg)
uOZMoZMo

(deg)
dCZMo

(Å)
dOZMo

(Å)
dCZO

(Å)
DEr

(kcal/mol)
DE

(kcal/mol)

Common (see Figure 4)
COad þ Had ! CHOad 70.99 – 1.98 – 1.18 10.13 41.37
COad þ Had ! COHad 82.83 – 1.92 – 1.24 49.50 50.00
CHOad þ Had ! CHOHad 65.08 62.87 1.98 2.32 1.32 32.95 69.53
COHad þ Had ! CHOHad 40.40 – 2.07 – 1.36 2.59 13.22
CHOad þ Had ! CH2Oad 56.09 67.76 2.01 2.11 1.30 23.25 56.24
CHOHad þ Had ! CH2OHad 68.23 63.29 1.96 2.23 1.47 0.49 25.67
CH2Oad þ Had ! CH2OHad 70.21 62.48 2.22 2.15 1.45 34.56 59.12

Methane synthesis (see Figure 5)
CHOHad þ Had ! CHad þ H2Oad 96.09 82.61 1.80 1.98 3.16 25.87 42.16
CHad þ Had þ H2Oad ! CH2.ad þ H2Oad 93.83 79.96 1.83 2.23 2.94 25.45 60.94
CH2OHad þ Had ! CH2.ad þ H2Oad 94.31 76.84 1.80 1.99 2.88 26.19 27.88
CH2.ad þ Had þ H2Oad ! CH3.ad þ H2Oad 110.36 82.63 1.97 2.35 3.62 26.01 18.67
CH3.ad þ Had þ H2Oad ! CH4.ad þ H2Oad 118.95 – 2.11 2.36 4.39 8.70 12.16

Methanol synthesis (see Figure 6)
CH2Oad þ Had ! CH3Oad 63.04 83.21 2.38 2.13 1.33 26.22 71.13
CH3Oad þ Had ! CH3OHad – 112.98 4.74 2.03 1.42 36.65 71.54
CH2OHad þ Had ! CH3OHad 62.62 73.94 2.30 2.28 1.52 8.45 100.91
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These steps are shown in Figure 5(VIII) and (IX),

respectively. The adsorption energies of CHad þ H2Oad

and CH2.ad þ H2Oad are 2173.42 and 2145.98 kcal,

respectively. The MoZC bond length is 1.82 Å for CHad

species and 1.96 Å for CH2.ad species. CHad species are

more strongly adsorbed on the surface than CH2.ad

species. With two H atoms attached to the O atom, the

octet condition for O, the most stable condition, is

satisfied. The H2Oad molecule subsequently desorbs from

the catalyst surface. The activation energy for CZO

bond scission via the CHOHad route is 42.16 kcal/mol,

whereas, via the CH2OHad route it is 27.88 kcal/mol

(Table 5). Bond breakage results in heat generation

with CHOHad þ Had ! CHad þ H2Oad yielding DEr ¼

2 5.87 kcal/mol and CH2OHad þ Had ! CH2.ad þ H2

Oad yielding 26.19 kcal/mol.

Addition of Had to CHad species yields CH2.ad species

(Figure 5(X)). The H2Oad molecule produced by the

CZO bond scission is adsorbed on a Mo atom and

the total adsorption energy of CH2.ad þ H2Oad is

2145.97 kcal with an adsorption energy of H2Oad on

the cluster calculated as 232.52 kcal. Separate calcu-

lations for the CHad, CH2.ad and CH3.ad species on the

cluster yielded adsorption energies of 2116.23,

2106.08 and 280.94 kcal, respectively. The total

adsorption energy for CH2.ad þ H2Oad is marginally

lower than the sum of the energies of the separately

adsorbed species in the system, likely due to interaction

effects between the adsorbed species. The activation

energy for this reaction step is 60.94 kcal/mol with

an exothermic reaction energy DEr ¼ 25.45 kcal/mol.

Addition of Had to CH2.ad yields adsorbed CH3.ad

species. The MoZC bond length associated with the

CH3.ad intermediate increased to 2.16 Å and the

adsorption energy decreased to 266.42 kcal compared

to the adsorbed CH2.ad species. The activation energy for

Reactant
(a) 

Transition state
(b)

Product
(c)

I

II

III

IV

V

VI

VII

Phosphorus [     ], Oxygen [   ],Carbon [   ], Hydrogen [   ]}{ Molybdenum [     ],

Figure 4. Methane and methanol formation reaction steps on Mo6P3 cluster.

Molecular Simulation 1079

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
0
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



Reactant
(a)

Transition state
(b)

Product
(c)

VIII

IX

X

XI

XII

Figure 5. Methane formation reaction steps on Mo6P3 cluster.

Reactant
(a)

Transition state
(b)

Product
(c)

XIII

XIV

XV

Figure 6. Methanol formation reaction steps on Mo6P3 cluster.
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the process is 18.67 kcal/mol with an exothermic heat of

reaction DEr ¼ 26.01 kcal/mol. The reaction step is

depicted in Figure 5(XI).

Adding another Had to the C atom of CH3.ad species

forms CH4. Both the CH4 molecule and the H2Oad

molecule are desorbed from the surface. CH4 has a

positive adsorption energy (46.35 kcal), indicating that

CH4 is not adsorbed on the surface at the simulation

temperature (273 K). Consequently, once CH4 is formed

it will not engage in further reaction and will emerge as a

product. The activation energy of this step is

12.16 kcal/mol. The reaction is endothermic and the

reaction energy is 8.7 kcal/mol. Figure 5(XII) shows this

reaction step.

3.3.5 Carbon formation on the surface

Addition of Had to the O atom of COad, rather than to the

C atom, yields hydroxymethylidyne (COHad) species.

COHad has the C atom attached to Mo, (CO on-top

adsorption), whereas the O is not bonded to the catalyst

surface. The adsorption energy for COHad is

2111.62 kcal, making it more stable than CHOad species

on the Mo6P3 cluster. COHad proceeds in the reaction by

adding another H atom to C forming hydroxymethylene

species. The COHad route is not energetically favoured

(DE ¼ 50 kcal/mol) compared to the CHOad route. If Had

adds to the O atom of COHad, the CZO bond breaks and

H2Oad and surface adsorbed carbon are produced.

Carbon is strongly bound to the surface between two

molybdenum atoms and a phosphorus atom. This carbon

atom is very difficult to remove from the surface and will

eventually deactivate the catalyst (Figure 7).

Based on the above analysis of the reaction

intermediates, the PES for CH4 formation is constructed

and depicted in Figure 8, in which the thermochemical

data and activation energy of the elementary reaction

steps are also shown. Accordingly, the favourable PES

pathway for the formation of CH4 may be summarised as

(Had addition of each step is assumed but not shown):

COad ! CHOad ! CH2Oad ! CH2OHad ! [CH2.ad þ

H2Oad] ! [CH3.ad þ H2Oad] ! [CH4 þ H2O].

3.4 Determining the PES for CH3OH formation

Methanol formation occurs via two precursors, CH2OHad

and CH2Oad, which are common to CH4 formation as

well. Methanol can be generated from the bridge-bonded

CH2OHad species by adding Had to the C atom (Figure

6(XIII)). The MoZC bond breaks and the CZO bond

length is 1.45 Å and the MoZO bond length is 2.32 Å.

The CH3OHad adsorption energy is 233.21 kcal,

relatively high compared to adsorption energies on

other metals as shown in Table 2. CH3OHad is attached

to a Mo atom through the O atom. The DOS for

the CH3OH–Mo6P3 system (Figure 2) shows that the

d-orbital (which belongs to Mo) distribution is not

altered to a great extent, suggesting that the d-orbital

does not have strong overlap with the O atom. Similar

behaviour has been observed with other transition metals

[38,39]. The main interaction occurs between the

p-orbital and the s-orbital. The p-orbital interaction

comes mostly from the P atom of the Mo6P3 cluster and

the oxygen atom. Hence, the adsorption energy of

CH3OHad on the Mo6P3 cluster is higher than other

transition metals, i.e. Pt(111), Pd(111), Cu(111),

Ni(111), (Table 2) that do not have p-orbitals available.

Most of the transition metals show low adsorption energy

of CH3OH due to a small p-orbital contribution to the

bond with the O atom. The HOMO energy of CH3OH–

Mo6P3 system is 22.48 kcal and the LUMO is

22.25 kcal, whereas, the Fermi energy is 2.25 kcal.

The high adsorption energy of CH3OHad on the Mo6P3

cluster suggests that it may be available for further

reaction to form ethanol and other higher carbon-number

products. The activation and formation energies for

CH3OHad via the CH2OHad route are 100.91 and

8.45 kcal/mol, respectively.

3.4.1 Methoxy (CH3O) and methanol (CH3OH)

Addition of Had to bridge-bonded CH2Oad yields CH3Oad

species (Figure 6(XIV)), with the carbon atom detached

from the metal surface. The CZO bond length is 1.41 Å

and the MoZO bond length is 1.92 Å. The CH3Oad

adsorption energy is 2109.08 kcal and the activation

energy of this step is 71.13 kcal/mol. Addition of another

Had to the O atom of CH3Oad yields CH3OHad

(Figure 6(XV)) with an activation energy of 71.54 kcal/

mol and energy of reaction of 36.65 kcal/mol.

The PES pathway for CH3OHad formation (Figure 9)

follows the route (Had addition of each step is assumed

but not shown) COad ! CHOad ! CH2Oad ! CH2Figure 7. Carbon formation on the Mo6P3 cluster.
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Figure 8. Kinetic pathway of methane formation over Mo6P3 cluster.
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Figure 9. Kinetic pathway of methanol formation over Mo6P3 cluster.
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OHad ! CH3OHad. This route has the lowest energy

surface species up to CH2OHad. However, the final step

has the largest energy barrier, 100.91 kcal/mol, compared

to all other reaction steps. Hence, we conclude that

adsorbed COad and Had will form hydroxymethyl but the

CZO bond will then break, as the energy barrier is too

high to form methanol, resulting in the formation of

CH2.ad and water species. This pathway explains the

higher selectivity to CH4 than CH3OH when synthesis

gas is reacted over MoP catalysts [40]. Blocking the CH4

production path would enhance alcohol production and

this may be possible by hindering the approach of a H

atom towards the O atom to prevent cleavage of the CZO

bond and inhibit water formation. Alkali metals like K

should promote this kind of reaction since K provides

additional electrons to the nearby O atom and hence, can

hinder the formation of H2O and enhance alcohol

production.

Note that the reverse order of the reactions, i.e. the

decomposition of methanol and methane over MoP

catalysts can also be examined from the data presented

herein. Formation of H2 and CO from CH3OH follows

the decomposition path [CH3OHad ! CH3Oad þ Had !

CH2Oad þ Had ! CHOadþHad ! COad þ Had] and from

CH4 þ H2O the path is [CH4 þ H2O ! CH3.ad þ H2-

Oad ! CH2.ad þ H2Oad ! CH2OHad ! CHOHad !

COHad ! COad]. The same CH3OH decomposition path

is observed on Pt(111) [19] and Ni(111) [36].

3.5 Hydrogen dissociation energy

Both reaction pathways to CH4 and CH3OH(ad) formation

show that most of the intermediate reaction steps are

endothermic. However, both CH4 and CH3OH(ad)

formation from CO þ H2 are exothermic. Heat evolution

occurs from adsorption and bond dissociation, whereas

bond formation and desorption are endothermic. Bond

dissociation can occur between the CZO bond (CH4

formation), and the HZH bond. The exothermic nature of

the reactions is mainly attributed to the dissociation of the

hydrogen molecule, which was not included in the energy

calculations reported herein. The simulation was accom-

plished taking a H atom adsorbed on a Mo atom with a

stable surface carbon bearing species. The hydrogen

molecule adsorbs on ‘Mo’, and dissociates into atoms that

adsorb on two different Mo atoms. The energy released by

HZH bond dissociation is 220.56 kcal/mol and the

activation energy is 89.34 kcal/mol.

4. Conclusion

A DFT study of CH4 and CH3OH formation over an

Mo6P3 cluster model is described. The Mo6P3 cluster was

representative of the (100) face of MoP and had similar

adsorption energies to MoP. Hydroxymethyl (CH2OH)

is a common intermediate for both CH4 and CH3OH

formation. However, the energy barrier for CH3OH

formation from CH2OH was significantly higher than for

the formation of methylene and water that leads to CH4.

Thus the simulation predicts the formation of CH4 rather

than CH3OH over MoP.
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