
Ž .Journal of Molecular Catalysis A: Chemical 136 1998 185–194

Dissociation of methane on different transition metals

Meng-Sheng Liao ), Qian-Er Zhang
State Key Laboratory for Physical Chemistry of Solid Surfaces, Chemistry Department, Xiamen UniÕersity, Xiamen 361005, China

Received 24 November 1997; accepted 16 January 1998

Abstract

Ž .Dissociation of methane on different transition metals M MsRu, Ir, Rh, Ni, Pd, Pt, Cu, Ag, Au has been investigated
using a quasi-relativistic density-functional method. Reaction enthalpies for the steps involved are determined. The
activation energies have been estimated using the analytic BOC-MP formula. The transition metals, Ru, Rh, . . . , Pt are

Ž .shown to exhibit high activity in the dissociation of methane, whereas the coinage metals Cu, Ag, Au are very inactive.
The conclusion is in agreement with experimental observations. The total dissociation enthalpy DH for the complete

Ž .dissociation of CH to give surface C and H CH ™C q4H can be regarded as a measure for the activity of the metal4 4,s s s

in methane dissociation. The order of the calculated DH’s is consistent with the order of methane conversions over the
metals. The dissociation of methane is also examined in the presence of adsorbed oxygen. Oxygen at on-top site promotes
methane dehydrogenation. Oxygen at hollow site promotes methane dehydrogenation on Pt and the coinage metals, but is
not beneficial to that on the other transition metals. q 1998 Elsevier Science B.V. All rights reserved.

Keywords: Methane dissociation; Transition metals; Density-functional calculations

1. Introduction

The conversion of methane to higher hydro-
carbons constitutes an active subject for cat-
alytic research. Various processes have been
proposed. A possible route is the oxidative cou-

Ž .pling of methane OCM reaction to produce C2

hydrocarbons. Basic oxides such as rare earth
oxides, alkaline earth oxides and alkali metal-
doped metal oxides are known to be active and

w xselective catalysts in the OCM reaction 1 . Up
to now, however, only indirect routes via syngas
Ž .CO, H formation have been commercialized2

to utilize methane. Syngas is produced from

) Corresponding author.

Žmethane mostly by steam reforming CH q4
.H O™COq3H , which suffers from disad-2 2

vantage of high energy requirement, high
ŽH rCO ratio )4, which is not suitable for2 2

.methanol and Fischer–Tropsch synthesis and
poor selectivity for CO. The catalytic oxidation

Ž .of methane to syngas we denote it as OMS
1CH q O ™COqH 1aŽ .4 2 22

has been suggested as promising alternative
route. The OMS reaction is mildly exothermic,
more selective and produces more desirable
H rCO ratio. Recently, a series of supported2

nickel and noble metal catalysts were found to
w xbe active in OMS 2–22 .

Two different mechanisms for the catalytic
OMS process have been proposed in the litera-

1381-1169r98r$ - see front matter q 1998 Elsevier Science B.V. All rights reserved.
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w xture. Since the early work of Prettre et al. 23 ,
it has been accepted that the reaction process
involves first the oxidation of CH primarily to4

H O and CO followed by the steam reforming2 2

reaction of CH with H O and the water-gas4 2

shift reaction. Various data have been advanced
w xin support of this opinion 2–7 . The other

mechanism is direct oxidation via methane py-
w xrolysis as proposed by Schmidt et al. 8–12

based on experiments over monolith-supported
Rh and Pt catalysts at short contact time. Ac-
cording to the latter authors, the dissociation of
methane is an initial step; H and CO are2

Ž .formed via surface species CH , H originatedx

from the methane dissociation. The latter mech-
anism has been supported by a series of recent

w xpulse studies of OMS 13–22 . It was also
w xconcluded 16–18 that CH conversion de-4

pends on its dissociation.
Since the catalytic OMS process is rather

complex, the experimental conditions adopted
may strongly influence the reaction steps. From

w xthe various studies 2–23 , one may conclude
that the contact time between reactant and cata-
lyst is an important factor that can affect the
reaction scheme, as claimed by Schmidt et al.
w x11,12 . It is, therefore, expected that shortening
of the residence time can give direct catalytic
OMS. The objective of this paper is to present a
theoretical investigation of dissociation of
methane on a number of transition metals M
Ž .MsRu, Rh, Ir, Ni, Pd, Pt, Cu, Ag and Au ,

w xthereby extending the previous work 24 . An
experimental comparative study by Schmidt et

w xal. 11,12 has shown that the Ni and Rh cata-
lysts exhibit higher activity in the OMS than

Žother metal catalysts. Coinage metals Cu, Ag,
.Au are known to be far less active in the OMS

w x20,21 . To understand the chemistry of methane
on these materials, the study of dissociation of
methane on single-crystal surfaces would be a

w xkey step. According to pulse studies 16–22 ,
reduced catalysts activate CH much more eas-4

ily than metal oxides. It was therefore con-
cluded that reduced metals are the main active
site for syngas formation.

The paper is organized as follows. Computa-
tional method and models are given in Section
2. The adsorption properties of intermediate

Ž .fragments CH , H, O, OH , the dissociation ofx

methane on the metal surfaces, and oxygen-as-
sisted dissociation are discussed in Section 3.
Our conclusions are summarized in Section 4.

2. Computational method and metal surface
modelling

The quantum chemical calculations reported
in this paper were performed using the Amster-

Ž .dam Density Functional ADF program pack-
w xage developed by Baerends et al. 25,26 . The

w xfrozen core approximation 25,26 was used here
to reduce the computational cost. For C and O,
the 1s shell was frozen. For the metal atoms, the

Ž .electrons up to and including ny1 p shells
were kept frozen. The valence shells, i.e.,
Ž .ny1 dyns for the metal atoms, 2sy2p for
C and O, 1s for H are expanded in triple-zeta
STO basis sets extended by single-zeta STO
sets for the inner core wiggles and by single-zeta

Žpolarization function np for the metals, 3d for
.C and O, 2p for H . The exchange-correlation

potential used was based on the density-para-
meterized form of Vosko, Wilk and Nusair
Ž . w xVWN 27 . The non-local corrections used
were based on Becke’s gradient functional for

w xexchange 28 and Perdew’s gradient functional
w xfor correlation 29 . These corrections are in-

cluded in a self-consistent manner. Relativistic
corrections of the valence electrons were calcu-
lated using the quasi-relativistic method due to

w xZiegler et al. 30 .
Ž .We choose metal M 111 as the surface for

Ž .adsorption. M 111 is simulated by a two-
layer-thick M cluster which contains seven10

metal atoms in the first layer and three metal
atoms in the second for an on-top site model
Ž Ž .. Ž Ž ..M 7,3 , and vice versa M 3,7 for a hollow
site model. In practice, only a smaller Ni clus-7

Ž .ter was used for Ni 111 because we had the
SCF convergence problem with the larger Ni10
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cluster. A M cluster model contains one metal7

atom in the first layer and six metal atoms in the
Ž Ž ..second M 1,6 for an on-top site model and

Ž Ž ..vice versa M 6,1 for a hollow site model.
Therefore we have also presented here the cal-
culated results on Pd and Pt so that the results7 7

Ž .on Ni 111 could be compared adequately with
Ž . Ž .those on Pd 111 and Pt 111 within a same

group. Furthermore, a larger M cluster, where13
Ž . Ž .M 7,6 is for an on-top site model and M 6,7 is

for a hollow site model, was also tested for
MsPd and Cu in order to examine the influ-
ence of cluster size on the calculated results.

Ž .The geometries for the CH xs4, . . . , 1x

and OH species adsorbed on the metal surfaces
are shown in Fig. 1. The molecular parts above
the surface were fully optimized under the con-
straint of the symmetries given in the figure.
The O–H bond is found to be perpendicular to
the metal surface. The M–M distances are taken
from the experimental values for the bulk crys-
tals and kept frozen during the model calcula-
tions.

w xAccording to the pulse studies 16–18,22 ,
there were at least two possible pathways for

Ž .Fig. 1. Geometries of the CH xs4, . . . , 1 and OH speciesx

adsorbed on the metal M cluster.n

methane dissociation, viz. direct dissociation and
oxygen-assisted dissociation. Our calculations
considered two types of adsorbed oxygen species
Ž .O located at on-top and hollow sites, whichs

represent the ‘weakly’ and ‘strongly’ adsorbed
oxygen, respectively.

3. Results and discussion

3.1. Adsorption energies of intermediate frag-
( )ments CH , H, Ox

Methane decomposition on ‘reduced transi-
Ž .tion metals’ results in CH xs3, 2, 1, 0 andx

H species. So the adsorption energies of the
various species play an essential role in the
methane dissociation. The results are collected
in Table 1, together with available experimental
data. The preferred sites for the various species
have been identified. At present, only two sites,
on-top and threefold hollow, are considered.
Table 2 gives the calculated heights of the
species above the metal surfaces. Table 3 shows
the Mulliken charge distributions on the whole
adsorbed species.

Let us first examine the cluster size effect.
For MsPd, three cluster sizes Pd , Pd and7 10

Pd are investigated here. We see that there is13

no significant variation of the calculated adsorp-
tion energies with cluster size. For MsPt, the
results on Pt are also quite close to those on7

Pt . Therefore, one may conclude that the clus-10

ter size effect on the calculated adsorption ener-
gies is small for the platinum group. For the
coinage metal Cu, the M and M clusters10 13

give also similar results.

3.1.1. Adsorbed CH4

The CH bond to the metal surface is very4

weak. This is to be expected since CH is very4

stable saturated molecule. The on-top site of the
metal surface is found to be slightly more favor-
able than the hollow site for the CH adsorp-4

tion. The M–H distances are generally large,
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Table 1
a Ž . Ž . Ž .Calculated adsorption energies E eV for various species adsorbed on M cluster model of M 111 ts top, hshollow Experimentaln

w xdata, which are indicated in italics here, are those cited in Ref. 31

Ru Rh Ir Ni Pd Pt Cu Ag Au10 10 10 7 10 10 10 10 10

Ž .CH t 0.03 0.03 0.12 0.09 0.04 0.14 0.02 0.01 0.024
b b0.08 0.18
c c0.04 0.01

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .CH 2.00 h 1.87 h 1.76 t 1.94 t 1.54 t 1.77 t 1.15 h 0.47 t 0.75 t3
Ž . Ž .1.31 t 1.75 t
Ž . Ž .1.66 t 1.28 h

Ž .CH h 4.26 4.37 4.33 3.92 3.21 3.66 3.01 1.87 2.152

3.54 3.48
3.28 2.75

Ž .CH h 6.81 7.14 7.21 7.14 5.74 6.71 4.50 3.02 4.19
6.26 6.27
6.19 4.51

Ž .C h 7.37 7.77 7.63 7.65 6.67 7.40 3.73 2.27 3.39
6.37 6.75
6.82 3.89

7.42
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .H 2.82 h 2.89 h 2.71 t 2.97 h 2.64 h 2.59 h 2.12 h 1.63 h 1.81 h

Ž . Ž .2.94 h 2.84 h
Ž . Ž .2.70 h 2.28 h

2.91 2.65 2.52 2.73 2.69 2.65 2.43 -2.47 -2.52
Ž .O t 4.42 3.64 3.13 4.79 3.15 2.71 2.28 1.66 0.89
Ž .O h 6.24 6.67 5.62 5.59 4.09 4.24 5.07 3.60 3.12

4.34 4.42 4.03 4.99 3.77 3.69 4.77 3.47 -3.25
dŽ .H™O t 2.88 2.94 3.17 3.66 3.32 3.34 4.49 4.75 4.68

4.19 3.44
3.45 4.21

dŽ .H™O h 2.74 2.57 2.58 1.76 2.51 2.91 2.67 3.51 3.18
2.39 2.84
2.20 3.12

a Ž .For the CH xs4, . . . , 0 H species, only the results calculated at preferred site are given.x
b,c Values in the second and third rows are results calculated on the M and M clusters, respectively; the same is true for the other species.7 13
dRepresents adsorption of H on surface O.

Table 2
a ˚Ž . Ž .Calculated heights in A above the metal surface ts top, hshollow

Ru Rh Ir Ni Pd Pt Cu Ag Au10 10 10 7 10 10 10 10 10

Ž .CH t 2.20 2.19 2.02 2.29 2.10 2.05 2.29 2.70 2.304
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .CH 1.61 h 1.70 h 2.05 t 1.91 t 2.04 t 2.08 t 1.65 h 2.26 t 2.16 t3

Ž .CH h 1.50 1.41 1.53 1.23 1.35 1.36 1.40 1.55 1.492
Ž .CH h 1.24 1.15 1.16 1.06 1.09 1.18 1.19 1.57 1.16

Ž .C h 1.22 1.11 1.19 1.00 1.03 1.05 1.18 1.37 0.98
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .H 1.04 h 0.95 h 1.64 t 0.81 h 0.78 h 0.79 h 0.94 h 0.93 h 0.82 h

Ž .O t 1.71 1.72 1.75 1.61 1.87 1.87 1.80 2.07 2.05
Ž .O h 1.26 1.16 1.26 1.05 1.20 1.21 1.22 1.40 1.40
Ž .HO t 1.90 1.92 1.91 1.73 2.07 2.08 1.94 2.19 2.28
Ž .HO h 1.56 1.62 1.70 1.40 1.62 1.65 1.46 1.75 1.73

a The heights calculated on the different cluster sizes are very similar, and so the values on Pd , Pd , Pt and Cu are not listed here.7 13 7 13
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Table 3
Ž . Ž .Mulliken charge distributions in e on the whole adsorbed species ts top, hshollow

Ru Rh Ir Ni Pd Pt Cu Ag Au10 10 10 7 10 10 10 10 10

Ž .CH t 0.12 0.10 y0.09 0.05 0.15 y0.08 0.18 0.10 0.094
a a0.05 y0.17
b b0.16 0.19

Ž . Ž . Ž . Ž . Ž . Ž . ŽŽ . Ž . Ž .CH y0.75 h y0.47 h y0.19 t y0.14 t y0.32 t y0.14 t y0.02 h y0.17 t y0.27 t3
Ž . Ž .y0.42 t y0.60 t
Ž . Ž .y0.28 t 0.08 h

Ž .CH h y0.88 y0.84 y1.12 y0.17 y1.02 y1.32 y0.46 y0.67 y1.412

y0.98 y1.36
y1.00 y0.25

Ž .CH h y1.18 y1.11 y1.78 y0.38 y1.27 y1.72 y0.79 y1.19 y2.10
y1.24 y1.91
y1.29 y0.57

Ž .C h y0.80 y0.79 y1.06 y0.31 y0.93 y1.30 y0.51 y0.65 y1.88
y0.92 y1.26
y1.08 y0.32

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .H y0.42 h y0.38 h y0.19 t y0.02 h y0.85 h y0.89 h y0.07 h y0.33 h y0.98 h
Ž . Ž .y0.69 h y0.77 h
Ž . Ž .y0.93 h 0.00 h

Ž .O t y0.51 y0.54 y0.51 y0.64 y0.54 y0.54 y0.65 y0.69 y0.58
Ž .O h y0.92 y0.90 y0.94 y0.64 y0.87 y0.98 y0.82 y0.83 y0.86
Ž .HO t y0.39 y0.44 y0.44 y0.36 y0.44 y0.44 y0.45 y0.56 y0.46

y0.48 y0.58
y0.46 y0.42

Ž .HO h y0.56 y0.46 y0.44 y0.30 y0.56 y0.48 y0.43 y0.51 y0.49
y0.39 y0.28
y0.56 y0.37

a,b Values in the second and third rows are results calculated on the M and M clusters, respectively; the same is true for the other species.7 13

especially the Ag–H one. The Ir–H and Pt–H
distances are relatively small. So there are also
relatively large M–H bond strengths. It is inter-
esting to find that the M–H distance decreases
in the order Ni–H)Pd–H)Pt–H. The Rh–H
distance is also significantly larger than the
Ir–H one. Due to the close approach, there is a

Ž .little charge transfer 0.1 e from Ir or Pt to10 10

CH . On the other metals, the Mulliken charge4

on the whole CH species are positive, indicat-4

ing charge transfer from the adsorbate to the
cluster.

3.1.2. Adsorbed CH3

CH can adsorb rather strongly on the metal3

surfaces. The bonding sites are not same for the
different metals. On Ru, Rh and Cu, the hollow
site is preferred, while the on-top site is pre-

ferred on the other metals for adsorbed CH . It3
Ž .is found that the energy difference D between

Ž .the sites is rather small on Rh Ds0.14 eV
Ž .and Ag Ds0.06 eV . With use of a larger

Ag cluster, the hollow site is calculated to be13

slightly more favorable than the on-top site
Ž .Ds0.10 eV . Because of some uncertainties in
the calculated results, the differences in energy
may be too small for one to make a definite
assignment of the bonding site on the two met-
als. Our calculated adsorption energy of 1.94 eV
on Ni is quite close to the accurate contracted
CI value of 2.0–2.2 eV calculated using varying
cluster model and so-called ‘bond-prepared’

w xstates 32 . The adsorption energies on metals in
a same group vary in the order: Ni)Pt)Pd
and Cu)Au)Ag. The adsorption energies on
the coinage metals are significantly smaller than
those on the other transition metals.
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3.1.3. Adsorbed CH , CH and C2

For the adsorptions of these species, the hol-
low site is clearly preferred. There are major
differences in the adsorption energies of these

w xspecies at the different sites. The argument 33
is that C in the un-saturated CH species has ax

tendency to restore its missing bond. Hence the
energy difference D

topyhol for CH or C is found
to be much more pronounced than for CH . The2

only experimental adsorption energy is for C on
Ni. The calculated and experimental values are
in very good agreement. For the transition met-
als, Ru–Pt, the adsorption energy E of CHads x

increases on going from xs3 to xs0. There
is a strong increase in E from xs3 toads

xs1. In contrast, the difference between the
metal–CH and metal–C bond strengths is rela-
tively small. For the coinage metals, there is an
abnormal order of E ’s: CH -CH. Theads 2

charge transfer from the metal to the CH groupx

is significant. The negative charge SQ on CH x

increases from Ni to Pt and from Cu to Au,
indicating a decrease in the surface electronega-
tivity from the top to bottom of a column.

3.1.4. Adsorbed H and O
H favors the hollow site on the metals. Ir is

the only exception, where atomic H is more
strongly bound at the on-top site than at the
hollow site. Unlike C, experimental values of
the adsorption energy of H are known for many
metals. All the calculated values are close to the
experimentally measured ones, the error typi-
cally not exceeding 0.3 eV. For MsAg and
Au, experimental studies suggested that the val-
ues are -2.5 eV. The calculated results are
about 1.8 eV, in agreement with the experimen-
tal predictions. The calculations also show that
adsorption energies of H on coinage metals are
significantly smaller than those on the other
transition metals. A notable fact is that the
values of the adsorption energy of H are much
smaller than the energy required for the break-

Ž calcage of the tetrahedral CH bond 4.85 eV ,
exp.4.51 eV . Hence the generation of gas-phase

CH via H-abstraction from CH is difficult on3 4

the metal surfaces. This is the reason why CH 4

activated by metal surfaces is selectively oxi-
dized to syngas, rather than higher carbon prod-
ucts.

Ž .For adsorption of O on M 111 , the better
location is also at the hollow site, similar to the

w xC and H cases. The BOC-MP model 31 pre-
dicts that high-coordination site is always pre-
ferred for atoms. Our calculations provide an
evidence for this conclusion. On the coinage
metals, the adsorption energies E of O areads

Ž .larger or comparable for MsAu than those of
C. On the other transition metals, the E val-ads

ues of O are considerably smaller than those of
C. Compared with the experimental data, the

Ž .calculated values at the preferred site are all
too large, by 0.1–2.2 eV, depending on the
metal. The net charge of O at the hollow site is
higher than at the on-top site.

The adsorption of H on surface oxygen Os

results in the formation of OH . The surface-Otop
s

˚distances are then expanded by 0.15–0.2 A. The
expansion of surface-Ohol is much more pro-

˚nounced, by 0.3–0.4 A. The calculated adsorp-
tion energies of H on Otop are larger than those
on Ohol, by 0.2–2 eV, depending on the metal.
Compared to the bare metal surfaces, the pres-
ence of Otop increases the adsorption energy of
H, but the magnitude of the increase in E isads

different for the different metal. The presence of
surface-Ohol increases the adsorption energies
of H on Pt and on all coinage metals, but plays
an opposite role on the other metals.

3.2. Dissociation of methane

The dissociation of methane on the metal
surface involves a sequential dehydrogenation

Ž .of CH sssurface4

CH ™CH qH xs4,3,2,1 1bŽ . Ž .x ,s xy1,s s

Because it is difficult to determine transition
states for the reactions on metal surface, we
focus mainly on an evaluation of the reaction
enthalpies DH which should be one of thes

important factors that determine the OMS pro-
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cess. The calculated adsorption energies given
in Table 1 together with the calculated C–H
bond strengths in the gas-phase CH can bex,g

used to determine DH . The scheme is showns

as follows:

DH s

CH ™ CH q Hx , s xy1, s s

≠yE ≠yE ≠yE 2Ž .1 2 H

CH ™ CH q Hx , g xy1, g g
DH g

DH sDH qE yE yE 3Ž .s g 1 2 H

where E , E and E are the adsorption ener-1 2 H

gies of CH , CH and H, respectively; thex xy1
Ž .term DH represents the reaction dissociationg

enthalpy of CH in the gas-phase.x

In order to acquire some ideas about the
barrier heights, the Bond-Order Conservation

Ž .Morse-Potential BOC-MP approach developed
w xby Shustorovich 31 is employed here to evalu-

ated the activation energies. This approach has
proven to be efficient for treating energetics of
molecular adsorbates on transition metals. The
analytic BOC-MP formula relates the activation
energy E) to the adsorption energies of an

adsorbate and its dissociative fragments on the
surface. For reaction 1, the formula is given by:

1 E E2 H
)E s DH q qE yE yEg 1 2 Hž /2 E qE2 H

1 E E2 H
s qDH 4Ž .sž /2 E qE2 H

Here the energy terms are shown in Scheme
Ž .2. According to Eq. 4 , the BOC-MP formula

also reveals a correlation between the activation
energy and reaction enthalpy for reaction 1. The
calculated reaction enthalpies and activation en-
ergies are given in Tables 4 and 5, respectively.

There have been many experimental studies
w xof methane activation on Ni surfaces 34–36 .

For the dissociative chemisorption of CH on4
Ž . )Ni 111 , the activation energy E determined

w x Žby Beebe et al. 35,36 is 12.6 kcalrmol 0.55
. w xeV and is believed to be likely accurate 37 .

Our calculated value of 0.60 eV agrees well
with the experimental value. Several theoretical

Ž .studies of methane activation on Ni 111 with
metallic clusters of finite size have been re-
ported in the literature. The calculated activa-

w x w xtion energies are 0.66 eV 37 , 0.74 eV 38 ,
w x w x w x1.25 eV 39 , 0.97 eV 40 , 1.04 eV 41 . The

Table 4
Ž . Ž . Ž .Calculated dissociation enthalpies DH eV Scheme 2 sssurfaces

Ru Rh Ir Ni Pd Pt Cu Ag Au10 10 10 7 10 10 10 10 10

CH ™CH qH 0.06 0.12 0.50 0.03 0.71 0.63 1.60 2.76 2.314,s 3,s s
a a0.68 0.44
b b0.54 1.30

CH ™CH qH 0.05 y0.26 y0.15 0.18 0.82 0.65 1.15 2.33 1.923,s 2,s s

y0.02 0.56
0.81 1.38

CH ™CH qH y0.44 y0.73 y0.66 y1.26 y0.24 y0.71 1.32 2.15 1.082,s s s

y0.73 y0.70
y0.68 0.89

CH ™C qH 0.34 0.20 0.59 0.24 0.15 0.44 2.37 2.84 2.71s s s

0.67 0.40
0.39 2.06

CH ™C q4H 0.01 y0.67 0.28 y0.81 1.44 1.01 6.44 10.08 8.024,s s s

0.58 0.70
1.06 5.63

a,b Values in the second and third rows are results calculated on the M and M clusters, respectively; the same is true for the other7 13

reactions.
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Table 5
Ž . Ž Ž .. Ž .Calculated activation energies E) eV Eq. 4 sssurface

Ru Rh Ir Ni Pd Pt Cu Ag Au10 10 10 7 10 10 10 10 10

CH ™CH qH 0.62 0.63 0.79 0.60 0.84 0.84 1.12 1.54 1.424,s 3,s s
a a0.79 0.76
b b0.77 1.01

CH ™CH qH 0.88 0.74 0.76 0.94 1.14 1.09 1.20 1.60 1.453,s 2,s s

0.80 1.06
1.15 1.31

CH ™CH qH 0.78 0.67 0.66 0.42 0.79 0.58 1.38 1.61 1.172,s s s

0.64 0.63
0.60 1.20

CH ™C qH 1.19 1.16 1.30 1.19 1.02 1.18 1.86 1.90 1.95s s s

1.34 1.20
1.16 1.75

a,b Values in the second and third rows are results calculated on the M and M clusters, respectively; the same is true for the other7 13

reactions.

activation energies of CH calculated on Ru and4

Rh are similar to that on Ni. The activation
energies of CH on the other metals are larger4

than that on Ni, by ;0.2 eV for MsPd and
Pt, ;0.5 eV for MsCu, ;1 eV for MsAg

Ž .and Au. A schematic illustration of E) CH 4

calculated on the various metals is shown in
Fig. 2. There is the following order of the

Ž .E) CH values: RufRhfNi- IrfPdfPt4

-Cu-AgfAu.
Dehydrogenations of CH to CH are highlyx x -1

endothermic in the gas-phase, the calculated
DH values being: CH –H, 4.85 eV; CH –H,g 3 2

5.13 eV; CH–H, 4.93 eV; C–H, 3.72 eV. On
the metal surface, there is a significant reduc-
tion in the DH’s, owing to the presence of
strong metal-CH and metal-H bonds. On Ni,xy1

the first dehydrogenation step CH ™CH q4,s 3,s

H is nearly thermoneutral. For the subsequents
Ž .dehydrogenations of CH xs3,2,1 , one stepx,s

is rather exothermic and two steps are slightly
endothermic. On Pd and Pt, one step is mildly
exothermic and three steps are mildly endother-
mic. On Rh, two steps are mildly exothermic
and the other two steps are slightly endother-
mic. On the coinage metals, all steps are rather
endothermic. It is clear that a smaller dissocia-
tion enthalpy corresponds to a lower activation
energy.

Summation of the enthalpies for the four
discrete steps gives the total dissociation en-

thalpies DH tot for CH ™C q4H . It shoulds 4,s s s

be a more realistic measure for the activity of
the metal in methane dissociation. The obtained
DH tot values for the various metals are given ins

the last row of Table 4 and schematically shown
in Fig. 2. The total dissociation is shown to be
quite exothermic on Ni and Rh; it is slightly

Ž .endothermic on Ru and Ir by ;0.3 eV
and it is rather endothermic on Pd and Pt
Ž .by ;1 eV . This indicates that the total disso-
ciations of methane on Ni and Rh are thermody-

Fig. 2. Schematic illustration of calculated activation energies E)

Ž .CH sCH qH and total dissociation enthalpies for the4,s 3,s s
Ž .complete dissociation of methane CH sC q4H .4,s s s
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Table 6
Ž . Ž .Difference D in eV between the dissociation enthalpies with and without the involvement of chemisorbed oxygens sssurface

top holŽ . Ž .D O at on-top D O at hollow

CH qO ™CH qOH Ru y0.06 q0.08x ,s s xy1,s s 10

Rh y0.05 q0.3210

Ir y0.46 q0.1310

Ni y0.69 q1.217

Pd y0.68 q0.1310

Pt y0.75 y0.3210

Cu y2.37 y0.5510

Ag y3.12 y1.8810

Au y2.87 y1.3710

namically significantly more favorable than on
the other transition metals. The DH tot valuess

vary in the order: RhfNi-Ru- Ir-Pt-Pd.
In the OMS experiments of Schmidt et al.
w x11,12 , the methane conversions were found to
be 80% on Rh and Ni, 73% on Ir, 67% on Pt,
56% on Pd. The difference in the total dissocia-
tion enthalpies is in line with the experimentally
observed difference in methane conversions over
the metals. We see that with use of the smaller
M cluster, Pd and Pt show similar DH tot. This7 s

may not be thought in contradiction with the
conclusion obtained. For the coinage metals, the
total dissociation enthalpies are very positive,

Ž .more than 5 eV 115 kcalrmol . Therefore, the
coinage metals are inactive in the dissociation
of methane to give surface C and H . Thes s

reaction endothermicity increases in the order
Cu-Au-Ag.

3.3. Oxygen-assisted dissociation

w xAccording to the pulse studies 16–18,22 ,
Ž .the adsorbed O species O formed in the de-s

composition of O as well as the oxygen in2

metal oxide and catalyst support could partici-
pate in methane dissociation. Accordingly, in
addition to the direct dissociation of methane on
bare metal surface, we may consider the follow-
ing reactions
CH qO ™CH qOH xs4,3,2,1Ž .x ,s s xy1,s s

5Ž .
The methane dissociation reactions in the

wpresence of O were investigated in Refs. 16–s
x18,22 by applying the BOC-MP model, where

different surface oxygens at on-top, bridge and
hollow sites were examined. The BOC-MP re-
sults show that oxygen atom at on-top sites
promotes methane dehydrogenation. Here we
consider the adsorbed oxygens O at on-top ands

Ž .hollow sites only. The differences D between
the dissociation enthalpies with and without the
involvement of chemisorbed oxygens are given
in Table 6.

Because the H atom binds more strongly with
Otop than with bare metal, the methane dissocia-s

tion reactions in the presence of O located ats

on-top sites have lower reaction enthalpies due
to hydroxyl formation. This means that Otop

s

promotes the dehydrogenation of CH . The cal-x

culations also show that the D
top values may be

rather different for the different metals. They
are in fact very small for Ru and Rh, but are
large for the coinage metals. The O species at
the hollow site, Ohol, shows different behaviors

towards the methane dissociation. Ohol increasess

the adsorption energies of H on Pt and the
coinage metals, but decreases those on the other
transition metals. Therefore, on Pt and the
coinage metals, Ohol also promotes methanes

dissociation, but can be found to be much less
strongly than Otop. On the other transition met-s

als, Ohol is not beneficial to the methane disso-s

ciation.

4. Conclusions

In this paper, the dissociation of methane
Ž .CH ™ CH q H , x s 4,3,2,1 on ax,s xy1,s s
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number of transition metals M has been exam-
Ž .ined MsRu, Rh, Ir, Ni, Pd, Pt, Cu, Ag, Au .

Reaction enthalpies for the steps involved are
determined and the activation energies have been
estimated using the analytic BOC-MP formula.
The results support that the metals from Ru to
Pt are active in methane dissociation. The disso-
ciation enthalpies are shown to be an important
factor determining the catalytic activity of the
metal. The order of the calculated total dissocia-

Ž .tion enthalpies DH CH ™C q4H can be4,s s s

correlated to the order of methane conversions
over the metals. According to the trend in the
calculated DH’s, the most efficient catalysts for
methane dissociation are Rh and Ni, and the Ru
and Ir metals are more active than Pd and Pt.
The total dissociations of methane on the

Ž .coinage metals Cu, Ag, Au are found to be
very endothermic. Therefore, the coinage metal
catalysts do not mediate methane dissociation,
in agreement with experiment facts. Ag is the
most inactive catalyst among the coinage met-
als.

In the presence of adsorbed oxygens, oxygen
located at metal on-top site promotes methane
dissociation; oxygen located at hollow site pro-
motes methane dissociation on Pt and coinage
metals, but exerts the opposite effect to that on
the other transition metals.
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