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Abstract

Methane is one of the most stable molecules. The first C–H bond activation of methane is a crucial step in methane conversion. Once the first C–H
bond was broken, the remaining C–H bonds could be very easily activated. In this work, DFT study of the first C–H bond activation of methane over
PdO/HZSM-5 catalyst for methane combustion was conducted. The 7T(6, 1) and 6T cluster models, correspond to the �- and �-sites of ZSM-5 that
take 85–100% of the total metal sites in the zeolite, were chosen for the study. The physisorbed state of methane and the transition state geometries
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f the first C–H bond dissociation were obtained. The study confirms that the oxygen in PdO directly involves in methane activation that means
dO is the active Pd species. The proton in the zeolite promotes the methane activation via the formation of H2O with OH, formed during methane
ctivation over PdO. The barrier energy was also calculated. The activation energy of methane dissociation over 6T1Al and 7T1Al-PdO/HZSM-5
s 98 and 94 kJ/mol, respectively, while the activation energy over 6T2Al and 7T2Al-PdO/HZSM-5 decreases 16 and 22 kJ/mol, compared to that
ver 6T1Al and 7T1Al clusters. This suggests more acidic sites would reduce the activation energy for methane activation.
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. Introduction

Catalytic combustion of methane can significantly reduce
mission of nitrogen oxides, and consequently has drawn a lot
f worldwide attention [1–7]. Palladium-based catalysts have
een proven to be as the most effective for the complete oxi-
ation of methane to carbon dioxide and water [2–7]. Previ-
us studies have confirmed that PdO is the active species for
he catalytic combustion of methane [5–7]. These studies sug-
ested that the reaction follows Mars and van-Krevelen mech-
nism [8,9], a redox one, which involves the activation of a
–H bond in methane by Pd2+O2− ion pairs through a het-
rolytic mode [5,10]. The rate-determining step is the breaking
f the first C–H bond in methane for the catalytic combustion
f methane [10–12]. Once the first bond is broken, sequen-
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tial reactions to form CO2 and H2O are much easier [10].
Therefore, an investigation of the activation of the first C–H
bond in methane molecule is important to better understand
the catalytic mechanism and thereby further to improve the
catalyst.

Previous investigations have demonstrated that the support
(zeolite) can affect the dispersion and oxidation of the supported
Pd and thus affect the catalytic activity and stability [2,6,11].
Okumura et al. confirmed that the activity and durability of Pd
is considerably dependent on the kind and the amount of acid
in the zeolite [6]. To further understand the reaction mecha-
nism, several investigations have been conducted to determine
the local structure of PdO/HZSM-5 and the relationship between
dispersed PdO and the acid sites of HZSM-5 [13–17]. Bell et
al. proposed the principal active species to be Z−H+(PdO) or
Z−H+(PdO)H+Z−, where Z− represents the aluminium site in
the zeolite [16,17]. Okumura et al. used EXAFS to show that
the local structure of dispersed PdO is similar to that of the bulk
PdO, a four-coordinated square planar structure [13–15]. We
have previously performed a density functional theory (DFT)
study of the structural and electronic properties of PdO/HZSM-
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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5 [18] and the results obtained in that study were consistent with
the experimental results [13–17].

Relatively few theoretical investigations of methane disso-
ciation over PdO catalyst have been conducted. A theoretical
understanding of methane dissociation is a very important funda-
mental issue. Previous investigations have focused on methane
dissociation over a transition metal by using first-principle DFT
methods [19–22]. Broclawik et al. studied the electronic struc-
ture of bare PdO and Pd2 and the interaction between these
species (PdO and Pd2) and a methane molecule by means of DFT
[23,24]. Tonetto et al. applied the Extended Hückel Molecular
Orbital approach to study methane oxidation on Pd catalysts
[25]. In that study, the Pd catalyst was modeled by different
Pd or PdO surfaces. In order to investigate the effect of chlo-
rine on the catalytic activity, a PdO model containing chlorine
was also studied [25]. Hwang and Mebel investigated the poten-
tial energy surface for the reactions of PdO with methane by
using DFT calculations [26]. However, none of these studies
considered the effect of the support on the catalytic activity. To
our knowledge, even no theoretical study of methane activa-
tion on HZSM-5 supported PdO catalyst has been previously
reported.

In this study, a DFT study was conducted to investigate
methane activation over PdO/HZSM-5 catalyst for methane
combustion. Two issues have been considered: (1) the break-
age of the first C–H bond in methane over PdO/HZSM-5, which
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3. Results and discussion

3.1. Adsorption of methane molecule on PdO/HZSM-5

Fig. 1 shows the schematic structures of the clusters used to
describe methane adsorption. In all the cluster models, methane
adsorbs in a bridging mode, i.e., the methane molecule inserts
between the oxygen and Pd of PdO with a hydrogen atom point-
ing toward the oxygen. Further reaction between this hydrogen
and PdO represents the activation of methane, as discussed
below.

The detailed structural parameters are given in Fig. 2. After
methane adsorption, the change in the distance between the Pd
atom and the coordinated HZSM-5 framework oxygen atoms is
very small. There are also only very slight changes in the dis-
tances between protons (Ha and Hb) and the oxygen atom of
PdO. After methane adsorption, the Pd–O bond length changes
from 1.948, 1.961, 1.965 and 2.166 to 1.950, 1.961, 1.962 and
2.175 Å for the 6T1Al, 6T2Al, 7T1Al and 7T2Al-PdO/HZSM-5

Fig. 1. Schematic structure of the clusters used to descript methane on
PdO/HZSM-5 (the balls and sticks represent the clusters and the lines repre-
sent the zeolite structure).
s the rate-determining step for catalytic methane combustion
10,11]; (2) the effect of the support on the catalytic activity.

e have previously employed several different cluster mod-
ls to investigate the structural and electronic properties of
dO/HZSM-5 [18]. Among those clusters, the 7T(6, 1) and 6T
lusters correspond to the �- and �-sites of ZSM-5. The previ-
us investigations confirmed these two sites occupy 85–100%
f the total metal sites in the zeolite (ZSM-5, ferrierite and mor-
enite) [27,28]. In this work, the DFT study was conducted by
sing only the 7T(6, 1) and 6T clusters. The protonation sites
re determined by the Löwenstein rule. The model has been
escribed in detail in our previous DFT study on the interaction
etween PdO and HZSM-5 support [18].

. Theoretical methods

All the calculations have been performed using the MSI
Mol3 program (version 2.2). The double numerical plus polar-

zation (DNP) basis set was used in the calculations to describe
he valence orbitals of the atoms. The density functional semi-
ore pseudopotentials (DSPP) methods were adopted for core
reatment. The DFT study was performed with a generalized
radient corrected approximation (GGA) using the PW91 func-
ional [29,30]. During the optimization, methane, PdO and two
cidic protons (Ha and Hb) were fully optimized. The transition
tate was determined by complete linear synchronous transit and
uadratic synchronous transit (LST/QST) methods [31]. A LST
as performed, followed by repeated conjugate gradient min-

mizations and QST maximizations until a transition state was
ocated. The atomic charges were calculated using the approach
roposed by Mulliken [32].
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Fig. 2. Geometries of methane adsorption on PdO/HZSM-5 cluster (bond lengths are in Å).

clusters, respectively. The distance between the oxygen atom of
PdO and the hydrogen atom in methane molecule, which will be
dissociated, is 3.389, 2.476, 3.008 and 2.832 Å for the 6T1Al,
6T2Al, 7T1Al and 7T2Al-PdO/HZSM-5 clusters, respectively.
The distance between methane and PdO over 6T2Al and 7T2Al
clusters is shorter than that over 6T1Al and 7T1Al clusters.
Table 1 shows the Mulliken charge analyses for Pd, oxygen,
CH4, and Ha or Hb. The changes in charges for Pd, oxygen, Ha
and Hb are all very small.

3.2. Dissociation of methane molecule on PdO/HZSM-5

The optimized structure for methane dissociation on 6T1Al,
6T2Al, 7T1Al and 7T2Al-PdO/HZSM-5 clusters is shown in
Fig. 3. Compared with the initial PdO/HZSM-5 clusters, the
local structure of the PdO and the coordination environment of
Pd have changes. First, the distances between Pd and the zeolite
framework oxygen have more significant changes with 6T1Al
and 7T1Al clusters, compared to the changes with 6T2Al and

Table 1
Mulliken charge analysis for CH4 on PdO/HZSM-5 clusters

Pd O CH4 H

6T1Al 0.614 Oa −0.841, Oc −0.889, Od −0.862, O −0.552 0.012 Ha 0.315
6T2Al 0.511 Oa −0.849, Od −0.836, Og −0.655, O −0.597 0 Ha 0.334, Hb 0.376
7T1Al 0.557 O −0.554, Oa −0.817, Od −0.872, Og −0.857 −0.002 Ha 0.279
7T2Al 0.605 O −0.486, Oa −0.824, Od −0.866, Og −0.795 0.003 Ha 0.295, Hb 0.372
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Fig. 3. Geometries of methane dissociation on PdO/HZSM-5 cluster (bond lengths are in Å).

7T2Al clusters. For 6T1Al-PdO/HZSM-5, the distance between
Pd and Od or Oc is 2.825 and 2.659 Å, respectively. The Pd–Oa
and Pd–Og bond lengths in 7T1Al-PdO/HZSM-5 are 2.718
and 3.154 Å, respectively. For 6T2Al-PdO/HZSM-5 and 7T2Al-
PdO/HZSM-5, the distances between the Pd and the framework
oxygen atom of HZSM-5 only change slightly. On the other
hand, the distance between Pd and oxygen in PdO itself has a
more significant change with 6T2Al and 7T2Al clusters. The
Pd–O bond distance is 2.592 and 2.162 Å for 6T1Al and 7T1Al-
PdO/HZSM-5 clusters, respectively. The distances are larger
than the initial values of 1.948 and 1.965 Å. For the 6T2Al
and 7T2Al-PdO/HZSM-5 clusters, there is no bond interaction
between Pd and the oxygen atom because the distance between
Pd and oxygen changed from 1.961 and 2.166 Å initially to 4.415
and 4.111 Å, respectively. This suggests that oxygen in PdO
involves in the methane activation directly.

After methane dissociation, it can be seen that a methyl bound
to Pd ion and a free H2O are produced, as shown in Fig. 3.
This suggests too that oxygen in PdO participates in the cat-
alytic reaction, which is consistent with previous experimental

results [8,9]. In addition, Fig. 3 exhibits that the proton in zeo-
lite will participate in the reaction to produce H2O molecule.
The bond distance between the Pd and the carbon atom of
methane is 2.011, 2.048, 2.162 and 2.057 Å over the 6T1Al,
6T2Al, 7T1Al and 7T2Al-PdO/HZSM-5 clusters, respectively.
The distance between the dissociated hydrogen and oxygen is
0.973, 0.970, 0.972 and 0.972 Å for the above-mentioned clus-
ters. The oxygen–Ha bond distance is 0.986, 0.985, 1.023 and
0.980 Å for each of the clusters.

The Mulliken charge analyses for Pd, oxygen, H, CH3, and
Ha or Hb are given in Table 2. The charge of Pd decreases after
methane dissociation. The charge of methyl is positive for the
clusters containing one Al, whereas that value is negative for
those clusters containing two Al.

3.3. The transition state geometries and the overall energy
diagram

In order to better describe the breaking of the first C–H
bond in methane, the transition state (TS) was determined by
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Table 2
Mulliken charge analysis for methane dissociation on PdO/HZSM-5 clusters

Pd O CH3 H

6T1Al 0.428 O −0.521, Oa −0.856, Oc −0.876, Od −0.873 0.110 H 0.275, Ha 0.325
6T2Al 0.359 O −0.568, Oa −0.842, Od −0.860, Og −0.662 −0.003 H 0.242, Ha 0.302, Hb 0.344
7T1Al 0.384 O −0.487, Oa −0.907, Od −0.889, Og −0.867 0.068 H 0.288, Ha 0.375
7T2Al 0.483 O −0.516, Oa −0.838, Od −0.769, Og −0.892 −0.143 H 0.294, Ha 0.299, Hb 0.445

complete linear synchronous transit and quadratic synchronous
transit (LST/QST) methods [31]. Fig. 4 shows geometries of the
transition state structures. In the TS, methane approaches toward
PdOH when compared with methane adsorption. The distance
between the Pd and carbon atoms is 2.369, 3.004, 2.680 and
3.063 Å, respectively for the TS of methane dissociation over
6T1Al, 6T2Al, 7T1Al and 7T2Al-PdO/HZSM-5 clusters. The
Pd–O bond length has been increased to 2.086, 2.574, 2.001 and
2.326 Å for the above-mentioned clusters. For the TS structure
over 6T1Al, 6T2Al, 7T1Al and 7T2Al-PdO/HZSM-5 clusters,

the distance between the dissociated hydrogen and carbon is
1.364, 1.567, 1.576 and 1.633 Å, and the distance between the
dissociated hydrogen and oxygen is 1.278, 1.504, 1.491 and
1.573 Å, respectively.

The overall energy diagrams for methane adsorption and dis-
sociation over PdO/HZSM-5 are shown in Figs. 5 and 6. All
energies are relative to the energy of individual PdO/HZSM-5
and methane molecule. The energy of the methane-adsorbed
complex over 6T1Al and 6T2Al-PdO/HZSM-5 is −35 and
−37 kJ/mol, respectively. The methane dissociation complex is
Fig. 4. Geometries of the transition state for the first C–H
 bond activation of methane (bond lengths are in Å).
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Fig. 5. The energy diagram for the first C–H bond activation of methane on
6T-PdO/HZSM-5.

66 and 97 kJ/mol lower than the reactant in the energy profile
for 6T1Al and 6T2Al-PdO/HZSM-5, respectively, while ener-
gies of the transition state are 63 and 45 kJ/mol for these clusters.
The energy of the methane-adsorbed complex on the 7T1Al and
7T2Al-PdO/HZSM-5 clusters is −31 and −40 kJ/mol, respec-
tively. The dissociation complex is very stable. Its energy
is 66 and 93 kJ/mol compared to that of the reactant for
the clusters 7T1Al and 7T2Al-PdO/HZSM-5. The energy of
the transition state for methane dissociation over 7T1Al and
7T2Al-PdO/HZSM-5 is 63 and 32 kJ/mol higher than the reac-
tant. For 6T1Al, 6T2Al, 7T1Al and 7T2Al-PdO/HZSM-5, the
activation energy of methane dissociation is 98, 82, 94 and
72 kJ/mol, respectively. Lyubovsky and Pfefferle have reported
that the apparent activation energy for methane oxidation is
67–75 kJ/mol over PdO catalyst [33], while Ribeiro et al.
obtained the apparent activation energy of 70–90 kJ/mol when
the catalysts reach the stable status [34]. Other investigators con-
firmed too that the apparent activation energy is ranged from
70 to 90 kJ/mol [35–37]. The activation energies obtained in
this work are in good agreement with those previously reported
experimental results [33–37].

F
7

4. Conclusions

The activation of the first C–H bond of methane over
PdO/HZSM-5 for methane combustion has been examined by
means of DFT study. Within all the cluster models, methane
adsorbs in a bridging mode, i.e., the methane molecule inserts
between the oxygen and Pd of PdO with a hydrogen atom point-
ing toward the oxygen. After methane adsorption, the change in
the distance between the Pd atom and the coordinated HZSM-5
framework oxygen atoms is very small. There are also only slight
changes in the distance between protons (of the zeolite) and the
oxygen atom of PdO with methane adsorption. The study shows
that both the oxygen in PdO and the proton of HZSM-5 partic-
ipate in the activation of the first C–H bond of methane. This
confirms that PdO is the active Pd species for catalytic methane
combustion. The proton in the zeolite promotes the methane acti-
vation via the formation of a H2O molecule with OH, formed
during methane activation over PdO. The activation energies of
methane dissociation over 6T1Al and 7T1Al-PdO/HZSM-5 are
97.74 and 94.08 kJ/mol, respectively. The activation energies
over 6T2Al and 7T2Al-PdO/HZSM-5 are 16 and 22 kJ/mol less
than those over 6T1Al and 7T1Al-PdO/HZSM-5. This suggests
that the catalytic activity of PdO can be affected by the acidity of
zeolite and more acidic sites would reduce the activation energy
for methane activation.
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