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Abstract

Studies of NO decomposition on Pd/�-Al2O3, Mo/�-Al2O3 and Pd-Mo/�-Al2O3 catalysts were made. The reaction was
investigated at 400◦C using a reactant mixture of 1100 ppm NO in He. Adsorption and dissociation of NO, O2 and N2 on
Pd(1 1 1), MoOx-Pd(1 1 1) and MoOx-�Al2O3 surfaces have been investigated using a molecular orbital approach of the
extended Hückel (EHMO) type, including repulsion terms.

The catalytic tests have revealed that the binary catalyst present a different behavior for the NO decomposition, the main
difference being a longer steady-state activity at low temperature. Characterization results by TPR and hydrogen chemisorption
have indicated that palladium physicochemical properties are altered by an effective interaction with molybdenum. This
interaction appears to be responsible for the observed modification in NO activity.

Our results of EHMO have showed that the NO adsorption energy on MoOx-Pd(1 1 1) model is lower than the one for
Pd(1 1 1) or MoOx-�Al2O3. Also, adsorption and dissociation of N2 and O2 are notoriously modified when an interaction
between the two metals exists. Those results would indicate the existence of a Pd–Mo interface with catalytic properties
different to the metals.
© 2002 Published by Elsevier Science B.V.
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1. Introduction

Nitrogen oxides (NOx), the term used to describe
the sum of NO, NO2 and other oxides of nitrogen,
play a main role in air pollution. The major sources of
man-made NOx emissions are high-temperature com-
bustion processes, such as those occurring in automo-
biles and power plants.

NOx have serious effects on human health and they
can cause serious injure to vegetation and animals. At
ground level, ozone is formed when NOx and volatile
organic compounds (VOCs) react in the presence of
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sunlight. Also, oxides of nitrogen are precursors to
acidic precipitation, which may affect both terrestrial
and aquatic ecosystems.

For these reasons, it is indispensable, the elim-
ination of the nitrogen oxides of gaseous shams.
Choosing the catalyst for NO elimination depends on
different purposes and reaction media. It is possible
to classify the processes in five categories:

• NO selective catalytic reduction with ammonia
(NH3-SCR) typical in chemical industries and
plants of energy generation.

• NO catalytic reduction in the presence of CO
and/or hydrogen, typical in control of automobile
pollution.
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• NO selective catalytic reduction (SCR) in the pres-
ence of hydrocarbons, that has still not reached in-
dustrial use but it can be applied for control of the
automobile contamination and in several industrial
plants.

• Direct decomposition of NO, which is an important
goal since it eliminates the need of reducing agents.

• Catalytic traps of NOx , promote the oxidation of
NO to NO2 over a noble metal followed by reaction
between NO2 and an oxide (BaO typically) to form
nitrate. It has special application in diesel motors.

Direct decomposition of nitric oxide by catalysts
has been considered to be the best NO removal tech-
nique from exhaust stream because nitrogen monox-
ide is thermodynamically unstable relative to N2 and
O2 at low temperatures (between 20 and 700◦C).
However, no suitable catalyst with sustainable high
activity has been found, since oxygen obtained by
NO decomposition is strongly bonded to the catalyst
surface, poisoning active sites and preventing further
NO dissociation[1,2].

Cu-ZSM-5 catalysts have showed the highest ac-
tivity for the direct NO decomposition among var-
ious analyzed catalysts[3,4]. However, the narrow
temperature window of operation for Cu-ZSM-5, its
rapid deactivation by water and susceptibility to SO2
poisoning severely limit its practical use.

Also, it must be consider that the study of NO de-
composition reaction is important because the reaction
for NO removal on catalysts containing noble metals
is described in terms of NO adsorption and dissoci-
ation, followed by oxygen elimination from catalyst
surface by reaction with a reducing agent[5–8]. There
are many publications about supported Pd catalysts
associated with the removal of NO in automotive ex-
hausts[9–13]. Gandhi et al.[14] were among the first
in the use of molybdenum, due to its promoting effect
in automotive three-way catalysts. Halaz et al.[15–17]
studied the catalytic reduction of nitric oxide by CO,
H2 and CO–H2 on Pd-Mo/�-Al2O3. They have re-
ported that at higher temperatures molybdenum could
improve the performance of the catalyst, especially at
slightly oxidizing conditions. Schmal et al.[18] have
confirmed the high selectivity for N2 in the CO and NO
reaction on Pd-Mo/�-Al2O3. Based on TPD analysis
of NO and CO adsorption, a redox mechanism for NO
reduction to N2 involving partially reduced molybde-

num oxide was proposed. The same group[19] has
studied the effect of MoO3 on Pd/�-Al2O3 catalysts
for the reduction of NO by methane and demonstrated
that the selectivity towards N2 was enhanced due to the
promoting effect of NO decomposition on the MoOx

surface.
The objective of this work is to examine the ef-

fects of Mo on the activity of Pd catalysts for NO
decomposition. Experimental results about NO de-
composition reaction over Pd/�-Al2O3, Mo/�-Al2O3
and Pd-Mo/�-Al2O3 catalysts are presented and dis-
cussed. This paper also reports the result of the study
of adsorption and dissociation of NO, O2 and N2 on
Pd(1 1 1), MoOx-Pd(1 1 1) and MoOx-�Al2O3 model
surfaces using a molecular orbital approach of the
extended Hückel (EHMO) type, including repulsion
terms.

2. Experimental

2.1. Catalysts preparation

The support material was�-Al2O3 (Condea, Pu-
ralox; 148 m2 g−1). Prior to impregnation, alumina
was dried under N2 at 150◦C for 2 h.

Pd/�-Al2O3 catalyst was prepared by wet impregna-
tion of Al2O3 with a solution of Pd(C5H7O2)2 (Alfa)
in toluene (Merck). Mo/�-Al2O3 catalyst was obtained
by incipient-wetness impregnation of alumina with a
solution of Mo7O24(NH4)6·4H2O (Alfa), at pH 7. Af-
ter impregnation, both the samples were dried in Ar
at 150◦C for 2 h and then calcined in air (chromato-
graphic grade) at 500◦C during 2 h.

Table 1
Characterization of catalysts

Catalyst Metal loading (wt.%) Preparation Pdexp
a

Pd Mo

Pd/�-Al2O3 0.82 – w.i.b 0.55
Mo/�-Al2O3 – 0.50 i.w.i.c –
Pd-Mo/�-Al2O3 0.74 0.50 i.w.i.–w.i.

sequence
0.51

Mo-Pd/�-Al2O3 0.82 0.88 w.i.–i.w.i.
sequence

0.46

a Fraction of exposed palladium.
b w.i., wet impregnation.
c i.w.i., incipient-wetness impregnation.
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The bimetallic samples were prepared by impregna-
tion in sequence utilizing the same precursors. Pd-Mo/
�-Al2O3 catalyst was obtained by wet impregnation of
Mo/�-Al2O3 with a solution of Pd(C5H7O2)2. Mo-Pd/
�-Al2O3 refers to catalysts prepared by incipient-
wetness impregnation of Pd/�-Al2O3 with a solution
of Mo7O24(NH4)6·4H2O. After impregnation the sam-
ples were dried and calcinated similar to monometallic
catalysts.

The prepared catalysts and their metal loading,
as measured by atomic absorption spectroscopy, are
given inTable 1.

2.2. H2 chemisorption

The chemisorption uptakes were measured in a con-
ventional glass apparatus[20]. Before reduction, the
catalysts were oxidized in air at 500◦C for 1 h. Then,
the samples were purged in He and reduced at 250◦C
in flowing H2 for 1 h. Following reduction, the sam-
ples were evacuated for 20 h at reduction temperature
and cooled to adsorption temperature (25◦C) under
vacuum. Irreversible uptakes were determined from
dual hydrogen adsorption isotherms measured using
the method of Benson et al.[21]. The fraction of ex-
posed palladium was calculated assuming that one
hydrogen atom is adsorbed per surface of palladium
atom.

2.3. TPR experiments

TPR experiments were performed in a conventional
apparatus, as described previously[22]. Before reduc-
tion, the catalysts were oxidized in flowing chromato-
graphic air at 300◦C for 1 h and purged and cooled
in Ar. Then a mixture of 5% hydrogen in argon flow
was passed through the sample and the temperature
was raised from−50 to 500◦C at a heating rate of
10◦C min−1.

2.4. Catalytic activity measurements

The catalysts were tested in a horizontal glass-made
packed bed reactor (6 mm o.d.) placed in an elec-
trically heated oven. The reaction products were
analyzed by on-line gas chromatography operating
in the TCD mode. Two Porapak Q columns operated

isothermally at 40 and−20◦C with He as carrier gas
were used for separation.

Prior to each activity measurement, the catalysts
were pretreated in situ in 5% H2 in Ar mixture. The
reaction mixture contains 1100 ppm of NO in balance
He. Catalyst weight was adjusted in order to keep con-
stant the weight of palladium in the different experi-
ments. The reaction mixture flow rate was maintained
at 35 cm3 min−1 and the catalytic bed temperature at
400◦C.

3. Theoretical model

The theoretical studies applied to catalysis may be
classified in semi-empirical and ab initio methods.
Amongst the formers, an EHMO method was selected
to perform the quantum mechanical study of the Pd
and Pd-Mo catalytic systems.

The EHMO was widely used by Hoffman[23],
Sumerville and Hoffman[24] and Hoffman et al.
[25] to study electronic structure of transition metal
complexes and adsorbed molecules, it provides use-
ful qualitative trends in large system models. The
electronic structure and derived properties are es-
tablished from electron equations for the molecular
orbitals, approximated by experimental data. In this
formalism, the non-diagonal elements of Hamiltonian
of the system are proportional to the overlap matrix
elements. More recently, Chamber et al.[26] and
Anderson and Hoffmann[27] introduced some cor-
rections were in order to improve the traditional
extended Hückel–Hamiltonian.

The total energy of a selected adsorbed molecule
on a palladium cluster is a sumatory of an attractive
and a repulsive term and may be represented by the
following equation:

Et =
∑

i

niEi + 1

2

∑

i

∑

i �=j

Erep(i,j) (1)

where the attractive energy is related to the electrons in
the valence leveli with an occupancyni . The repulsion
energy is originated between all the possible pairs of
nucleusi-fixed atomj.

Experimental parameters are necessary for calcula-
tions, being the EHMO a semi-empirical method. We
have used reported ionization potential obtained from
spectroscopic data[28]. Since for the level 4p only
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Table 2
Atomic parameters used for EHMO calculation

Atom Orbital Ionization
potential (eV)

Orbital
exponents

Pd 5s −7.24 2.19
5p −3.68 2.15
4d −11.90 5.98, 2.61, 0.55, 0.67

O 2s −31.60 2.163
2p −16.78 2.750

H 1s −13.60 1.00

Al 3s −12.30 1.670
3p −6.50 1.383

N 2s −26.00 1.8599
2p −13.40 1.8174

Mo 5s 9.10 2.256
5p 5.92 1.956
4d 10.06 4.542, 1.901

theoretical data are available in literature, we have
taken the data of Hartree–Fock–Slater[29]. Parame-
ters used in this work are presented inTable 2.

The program used to calculate the energy of the
different adsorbed species was the ICONC, originally
developed by Chamber et al.[26], which take into
account repulsive terms that are not originally in the
EHMO. In the present work, calculations were carried
out with a modified version of ICONC. This version
has been tested in previous work dealing with the ad-
sorption of metallocenes and Ziegler–Natta catalysts
[30,31].

The total energy of adsorbed species was calculated
as the difference between the electronic energy of the
system when the adsorbed molecule is at a finite dis-

Scheme 1. Pd(1 1 1) model. First and second rows are depicted (open and filled circles, respectively).

tance from the surface and when the molecule is far
away from the cluster surface. The geometry optimiza-
tion was done at 0.1 Å step and due to the approximate
nature of extended Hückel like methods the conver-
gence criterion to the energy was set to 0.01 eV.

The dissociation energies shown in tables are de-
fined as the total energy of dissociated species minus
the total energies of adsorbed species. It could be con-
sidered as dissociation energy of adsorbed reactives.
The semi-empirical MO calculations have been per-
formed in the framework of the cluster approximation,
that is the adsorption site and its neighborhood were
modeled by a portion of the otherwise infinite solid.

4. Modeling of surface palladium structures

4.1. Surface Pd(1 1 1)

Since we do not have experimental information
about the catalyst surface, the Pd(1 1 1) was the plane
considered keeping in mind that Garbowski et al.
[32] reported that 1.95 wt.% Pd/�-Al2O3 catalyst
presented a larger exhibition of Pd(1 1 1) plane after
reduction in hydrogen at 500◦C.

A 74 atoms cluster was used to represent the
Pd(1 1 1) face: 50 Pd and 24 H atoms. The atoms
of hydrogen were used to complete the internal co-
ordination of the palladium and to avoid the effect
called “dangling bonds”. The palladium atoms were
distributed in three layers of 19, 12 and 19 atoms as
shown inScheme 1.

Pd present an fcc structure with the cell parameter
equal to 3.891 Å. This value leads to a triangular array



G.M. Tonetto et al. / Journal of Molecular Catalysis A: Chemical 193 (2003) 121–137 125

Scheme 2. MoOx -Pd(1 1 1) model: top and lateral views. First Pd row is depicted.

(hexagonal close-packed) with a Pd–Pd distance of
2.70 Å. The separation between layers is 2.20 Å for
the face (1 1 1)[33].

Keeping in mind previous results[34] we have
worked without considering surface relaxation in all
the calculations. This model will be identified as
Pd(1 1 1).

4.2. Surface MoOx-Pd(1 1 1)

A MoOx species was introduced on the first layer
of the Pd(1 1 1) cluster in order to represent the Pd-Mo
catalytic system. A cluster of 78 atoms was modeled:
50 Pd, 1 Mo, 3 O and 24 H located as shown in
Scheme 2.

Tetrahedral coordinating structure was assigned to
MoOx species because it is widespread accepted that
the structure of molybdenum oxides supported on
alumina depends on the metallic content[35–39]. It is
assumed that Mo forms monomeric tetrahedral species
when the metallic loading is smaller than 3–4%, while
polymeric octahedral species appear at higher metallic
loading. Crystalline MoO3 is detected when molybde-
num loading is equivalent or larger than a monolayer.

In general, the reducibility of molybdenum in-
creases with the metallic loading, regardless the sup-
port used[36]. Nag [40] considers that at very low
surface coverage, most of Mo remains in tetrahedral
form. Its low reducibility allows that only a small
fraction of total Mo generates species like the one
shown inScheme 3. To represent the MoOx species
we have used the model proposed by Nag[40].

It has been observed that the addition of Mo dec-
reases the hydrogen adsorption capacity of Pd[41,18].
Oxidation at high temperatures favors MoO3 forma-

tion. During reduction at high temperature, MoO3 re-
duces to mobile suboxides (MoOx), which are located
on the palladium surface. Because of this, the MoOx

species was placed on Pd(1 1 1).
Following the data found in the literature[42],

the Mo–O distance is fixed in 1.95 Å and the Mo=O
bond length is 1.67 Å. This model is identified as
MoOx-Pd(1 1 1).

4.3. γ -Al2O3 surface

To represent the support, a�-Al2O3 cluster was con-
structed. Hydrogen atoms complete the coordination
of aluminum. It was considered that an alumina clus-
ter of two layers is appropriate to model the support
[43,47].

�-Al2O3 model was built based on the tetrago-
nally distorted defect spinel structure[44,45], with
aluminum cations located in an approximately cubic
close packed oxygen array. The exposed plane stud-
ied was (1 0 0). This plane, together with C and D
faces of plane (1 1 0), is the preferred one[45,46].
Other planes as (1 1 1) could exist, but they are less
abundant.

The model contains 111 atoms: 53 O, 12 Al and 46
H located as shown inScheme 4 [47].

Scheme 3. MoOx species on Pd surface.
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Scheme 4.�-Al2O3(1 0 0) model: (a) top, and (b) lateral views.

4.4. MoOx-γ Al2O3 surface

In order to represent Mo/�-Al2O3 catalyst partially
reduced, a MoOx structure (Scheme 3) was placed on
(1 1 1) plane of�-Al2O3. Keeping in mind the lattice
parameter corresponding to�-alumina and angles and
bond lengths of MoOx species, two hydrogen atoms
were removed of OH surface groups to locate molyb-
denum species.

A cluster of 111 atoms was modeled: 54 O, 12
Al, 1 Mo and 44 H. This model was identified as
MoOx-�Al2O3 and it is shown inScheme 5.

4.5. Adsorption of oxygen and nitrogen on
Pd(1 1 1)

The adsorption and dissociation of nitrogen and
oxygen molecules was studied due to their relevance
in the NO decomposition reaction. N2 and O2 adsorp-

Scheme 5. MoOx -�Al2O3(1 0 0) model.

tion can be represented as:

O2 → O2
•

N2 → N2
•

where ‘•’ represents the adsorption site on Pd(1 1 1).
Adsorption energy was calculated subtracting to the

total energy of the adsorption system the energy cor-
responding to the free molecule and to the metallic
cluster:

Eads= Emolecule/cluster− Emolecule− Ecluster

Molecule–surface distance was optimized. In this
work, the bond lengths in the adsorbed molecules re-
main fixed in all the calculations and they are detailed
in Table 3 [48].

The molecule can adsorb either:

• perpendicular, molecular axis is normal to the sur-
face; or
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Table 3
Bond lengths for studied moleculesa

Molecule Bond length (Å)

O2 1.207
N2 1.097
NO 1.150

a [48].

• parallel, molecular axis is parallel to the metallic
surface.

The (1 1 1) face is the most compact in a fcc solid.
Based on its coordination number, there are three
possible sites for adsorption: ‘on-top’, ‘bridge’ and
‘hollow’. In the last case, two possibilities should
be considered: the molecule is located on a metallic
atom of the second layer (hcp site) or it is on an atom
belonging to third layer (site fcc).Scheme 1shows
adsorption sites location.

Scheme 6presents three possible places of adsorp-
tion for the molecule when its orientation is vertical
with regard to the palladium plane: (a) on-top, (b)
bridging and (c) hollow sites.

Scheme 7shows different configuration of adsorp-
tion for a horizontal molecule. Parts (a–c) as shown
in Scheme 7correspond to on-top site, when the
molecule is approaching the adsorbing site by its sym-
metry center or by one of its ends, (d) and (e) refer to
adsorption on a bridging site and (f) on a hollow site.

4.6. Dissociation of oxygen and nitrogen on
Pd(1 1 1)

N2 and O2 dissociation can be represented as:

O2
• → 2O•

N2
• → 2N•

Scheme 6. Model of N2, O2 and NO adsorption on Pd(1 1 1).
Molecular axis is normal to the surface.

Scheme 7. Model of O2 and N2 over Pd(1 1 1). Molecular axis is
parallel to the metallic surface.

The dissociation energy was calculated as follows:

Edissociation= E2N/cluster− EN2/cluster

whereEN2/cluster corresponds to the optimum value
found during adsorption studies (Emolecule/cluster in the
previous paragraph).

4.7. NO adsorption on Pd(1 1 1)

As it was already said, at the adsorption step, two
orientations of the incoming molecule are considered:
perpendicular or parallel. There are three possible sites
for the NO adsorption: on-top, bridge and hollow.
Three possible adsorption sites for a vertically ap-
proaching molecule are presented inScheme 6. Con-
sistent with previous calculation results of adsorption
energy[49,50], in the present work, the NO molecule
approaches via the nitrogen atom onto the Pd(1 1 1)
surface.

Scheme 8presents different geometries for NO
adsorption when the molecule is placed horizon-
tally to the surface. Gray and black circles represent
oxygen atoms and nitrogen atoms, respectively. In
Scheme 8(a–c), NO is adsorbed on an on-top site. The
adsorption site is contacted by the molecule symmetry
center, the oxygen or the nitrogen atom, respectively.
In Scheme 8(d) and (e), NO comes closer to a bridg-
ing site and, inScheme 8(f) and (g) to a hollow site,
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Scheme 8. Model of NO adsorption on Pd(1 1 1). Molecular axis
is parallel to the metallic surface. Open and filled circles represent
O and N atoms, respectively.

approaching by its symmetry center or by the nitrogen
atom. The molecule–surface distance was optimized
and the N–O distance (in the NO molecule) was kept
constant at 1.15 Å (Table 3).

4.8. NO dissociation on Pd(1 1 1)

NO dissociation was studied on Pd(1 1 1). Dissoci-
ation energy was calculated as follows:

Edissociation= EN,O/cluster− ENO/cluster

Scheme 10. Model of NO dissociation on MoOx -Pd(1 1 1).

Scheme 9. Model of NO adsorption on MoOx -Pd(1 1 1).

whereENO/cluster corresponds to the optimum value
found during the NO adsorption study. Atom–surface
distances were optimized: keeping constant the opti-
mum N–surface distance (found for NO adsorption)
and optimizing the O–surface distance. Then, main-
taining the optimized O–surface distance, the mini-
mum energy of the system is found, varying in the
N–surface.

4.9. NO adsorption and dissociation on
MoOx-γ Al2O3 and MoOx-Pd(1 1 1) surfaces

The NO adsorption on MoOx species was studied.
The selected model to represent MoOx was described
before (Scheme 3). It has been considered that the
NO molecule is adsorbed on a Mo atom in such a
way that the MoOx species preserves its tetrahedral
coordination, as it is represented inScheme 9. The
N–O distance was maintained fixed at 1.15 Å.

Scheme 10summarizes a possible NO dissociation
on MoOx . The calculations were carried out consider-
ing that the N atom is adsorbed on Mo with a N–Mo
distance equal to the optimum value found during NO
adsorption study, and varying the distance O–Mo.

4.10. N2 and O2 adsorption and dissociation on
MoOx-γ Al2O3 and MoOx-Pd(1 1 1) surfaces

The adsorption of N2 and O2 on MoOx-Pd(1 1 1)
and MoOx-�Al2O3 has been studied. It was consid-
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ered that these molecules were adsorbed on a Mo atom
in a similar way to NO adsorption (retaining the tetra-
hedral coordination on molybdenum species and the
bond length of the free molecules).

The dissociation over MoOx was studied in a similar
way as NO adsorption, using the optimum N–Mo and
O–Mo distances found in adsorption calculations.

5. Results

5.1. Experimental

The results of the palladium exposed fraction cal-
culated from H2 chemisorption are listed inTable 1.
In relation to the Pd/�-Al2O3 catalyst, bimetallic sam-
ples show a decrease in the H2 chemisorption capacity
of palladium following molybdenum addition. High
oxidation temperature favors the formation of MoO3
that after exposure to pure H2 at 300◦C, is reduced to
suboxides that are claimed to migrate onto palladium
surface impeding its contact with H2 [41]. Similar
results were reported for Ru-Mo samples[51,52] and
Rh-Mo catalysts[53–55].

The TPR profiles of the catalysts are shown in
Fig. 1. Those corresponding to Pd/�-Al2O3 and
to the bimetallic samples show a peak centered at
∼25◦C. This signal is assigned to the reduction of
palladium oxide. The Pd/�-Al2O3 catalyst presented
a slightly lower temperature for the PdO reduction
than the samples that were modified with molybde-
num. The negative peak around 60◦C is attributed
to palladium hydride decomposition. The small peak
correlates well with the average particle size showed
by the samples, since the hydride formation is a bulk
phenomenon.

On the other hand, the TPR profile of Mo/�-Al2O3
evidences a very low hydrogen consumption just be-
fore 500◦C. It is important to note that no change in
sample color was observed (Mo sample is white af-
ter calcination and this color remains after the TPR
experiment).

There are no important differences between Pd-Mo/
�-Al2O3 and Mo-Pd/�-Al2O3 catalysts. The TPR pro-
files of bimetallic samples show a hydrogen consump-
tion in the 80–200◦C temperature range. This broad
peak would be related to highly dispersed palladium
oxide, which is reduced at temperatures higher than

Fig. 1. TPR profiles. Oxidation temperature, 300◦C.

100◦C [56] or to Pd-Mo species, more strongly linked
to the support than the PdO species, which would
explain the reduction at higher temperature. Another
possible explanation would be the bronze formation,
due to the hydrogen spillover from the noble metal to-
wards MoO3 [57]. This H2 consumption is not present
in Pd/�-Al2O3 sample and it demonstrates the inter-
action between palladium and molybdenum. Further-
more, the hydrogen consumption at high temperature
corresponds to the partial reduction of molybdenum.

Fig. 2 presents NO conversion as a function of the
reaction time, at 400◦C after a reduction treatment at
300◦C. Since the same palladium mass was used in
the reaction, relative performances can be discussed.
The Pd containing samples have presented a similar
qualitative behavior: the initial NO decomposition was
total and then it diminished gradually. The only ob-
served products were N2 and N2O. It would indicate
that the decrease of the activity in the time was origi-
nated by the oxygen retention on the catalytic surface.
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Fig. 2. NO conversion as a function of reaction time at 400◦C. SV= 4 × 104 mol of feed (h mol of Pd)−1.

In all the cases, the nitrogen balance allowed to dis-
card the possible formation of NO2.

The Mo/�-Al2O3 catalyst was not active for the NO
decomposition. The activity fluctuated among 2–5%
during the reaction time. A catalyst mass was used in
such a way that the total content of Mo was similar to
that used in the catalytic test of the Pd-Mo/�-Al2O3
sample. According to the TPR results (Fig. 1), molyb-
denum is present as MoO3 over the support after re-
duction at 300◦C.

The bimetallic samples have a better catalytic per-
formance than the monometallic palladium sample.
It is observed that Pd-Mo/�-Al2O3 have exhibited a
longer time working at very high conversions, and al-
though they deactivate, the steady-state conversions
after a reaction time of 120 min are higher. In these
catalysts, the Mo reducibility increases (TPR profiles
as shown inFig. 1); therefore, there would be a higher
proportion of MoOx species in the Pd-Mo systems
than in Mo/�-Al2O3 catalyst. Oxygen vacancies or
co-ordinative unsaturated sites (CUS) are postulated
in [58–60]as the possible active site for NO decompo-
sition on metallic oxides. Anderson et al.[61] studied
Rh-MoO3/�-Al2O3 catalyst and found that although
a small proportion of Mo could be reduced to MoO

following high temperature reduction, cycles of high
temperature reduction and oxidation produced Rh/Mo
oxide phases in which a proportion of Mo could be
reduced to MoO at 473 K. The presence of reduced
Mo would appear to play an important role in the im-
proved performance of Rh-MoO3/�-Al2O3 catalysts
in NOx decomposition reaction.

If the activities of Pd/�-Al2O3, Mo/�-Al2O3 and
Pd-Mo/�-Al2O3 systems are compared, it is found
that those corresponding to the bimetallic one are not
just the sum of the activities of the corresponding
monometallics. Then, it should be considered that in
the bimetallic catalysts the interaction between the
metals is important and could affect the properties
in the Pd–MoOx interface. There are many exam-
ples about strong metal–support interaction (SMSI)
effect on supported catalysts. Hussain[62] investi-
gated the SMSI effect on supported Ru:Mn bimetal-
lic catalyst supported on TiO2. Their studies reveled
that the CO chemisorption suppresses on the sam-
ples reduced at 723 K. The SSIMS technique indicates
the presence of TiOx species forming two new sur-
face sites TiOx-Ru and TiO-Mn. On TEM study, these
new species were found to be located at the imme-
diate vicinity of metal particles. Modifications were
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observed on activity and product selectivity when the-
ses species were present. According to the author,
these new surface sites modify the surface geome-
try electronically. The results showed by Pande and
Bell [63] demonstrated that NO chemisorption is sup-
pressed with increasing catalyst reduction tempera-
ture for Rh/TiO2 and TiO2-promoted Rh/SiO2. While
this trend is similar to that observed for H2 and CO
chemisorption, the amount of NO adsorbed is signifi-
cantly larger than the amount of H2 and CO adsorbed.
The suppression of NO, CO and H2 chemisorption
with increasing reduction temperature is believed to
result from physical blockage of rhodium surface sites
by TiOx moieties transferred from the support. The
higher adsorption capacity for NO relative to CO and
H2 is ascribed to NO adsorption on partially reduced
sites present on portions of titania closely adjacent to
Rh crystallites. These adsorption sites are formed by
spillover of atomic hydrogen from Rh crystallites onto
the support and consequent reduction of a portion of
the support surface. A similar effect was found on
Pd/CeO2. According to the author, these new surface
sites electronically modify the surface geometry. The
same effect was found on Pd/CeO2 [64], Pd/TiO2 [65]
and Pd-Cu/NiO2 [66]. We consider a similar interac-
tion between Mo and Pd, and as it will be shown, our
theoretical results confirm this hypothesis.

5.2. N2 and O2 adsorption on Pd(1 1 1)

Tables 4 and 5show the relative adsorption energy
and optimum distances for N2 and O2 molecules ad-
sorbed on Pd(1 1 1) surface. For each adsorption-site
examined, it is only reported the geometry more
energetically favored, which is indicated between
parenthesis.

Table 4
Calculated relative energies (eV) and N–Pd distances (Å) for N2

adsorbed on Pd(1 1 1)

Site N2 vertical N2 horizontal

E (eV) d (Å) E (eV) d (Å)

On-top −7.56 1.3 −2.61 (a)a 1.5
Bridging −5.21 1.0 −10.13 (d) 1.0
Hollow fcc −4.37 1.0 −7.89 0.8

a Diverse geometries were analyzed and the minimum energy
value is reported. The letter between parenthesis refers to the
corresponding figure ofScheme 7.

Table 5
Calculated relative energies (eV) and O-Pd distances (Å) for O2

adsorbed on Pd(1 1 1)

Site O2 vertical O2 horizontal

E (eV) d (Å) E (eV) d (Å)

On-top −13.64 1.5 −13.29 (a)a 1.6
Bridging −12.94 2.5 −18.95 (d) 1.1
Hollow fcc −12.95 2.6 −16.89 1.0

a Diverse geometries were analyzed and the minimum energy
value is reported. The letter between parenthesis refers to the
corresponding figures ofScheme 7.

It was observed that adsorption values for hollow
fcc and hollow hcp sites were equals. For this reason,
we have only studied hollow fcc site as tri-coordinated
place of adsorption.

Table 4presents results for N2 adsorption. The hor-
izontal orientation is energetically favored on bridging
site (figure (d) inScheme 7).

Table 5 presents the relative energy and O–Pd
distance for O2 adsorption on Pd(1 1 1). N2 and O2
molecules are preferentially adsorbed on bridging site
with horizontal orientation.

It was found that oxygen adsorption energy is higher
than the one for nitrogen. This information agrees with
experimental observations, since during NO decom-
position, the catalyst surface is poisoned by oxygen
retention.

5.3. N2 and O2 dissociation on Pd(1 1 1)

Table 6presents the results obtained for dissocia-
tion. When the nitrogen molecule is dissociated, the
atoms are located on bridging sites with a minimum

Table 6
Calculated relative energies (eV) and distances (Å) for N2 and O2

dissociation on Pd(1 1 1). In all cases, distances are reported toxy
plane. Values of O implies that the atom is at the same height
than Pd

Molecule On-topa Bridginga Hollowa

E (eV) d (Å) E (eV) d (Å) E (eV) d (Å)

O2 −12.00 3.4 −12.00 3.2 −8.74 3.0
N2 −12.55 1.3 −12.83 0.0b 0.06 0.1c

a Site.
b Pd–N=0.8 Å.
c Pd–N1=1.35 Å and Pd–N2=1.29 Å.
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energy value, although it should be noticed that on-top
sites present similar energy.

When the oxygen dissociation was studied, a well-
defined minimum of energy was not found. The oxy-
gen atoms are located preferably on-top and bridging
sites.

Garda [67] observed that it was not possible to
find a well defined minimum value for the total en-
ergy when she optimized N–O distance, in the NO
molecule. She also found that the oxygen atom ac-
quired an excess of negative charge that would in-
crease the electron–electron repulsion. This can be
related to parameters. However, because of the usage
of the method, used as qualitative tool, this drawback
does not affect the general trend.

Looking at the Pd–O distances for adsorption, the
energy found for Pd on-top at a distance of 1.6 Å is
closer to reported distances in PdO and PdO2. Pd–O
is 1.75 Å and 1.85 Å in PdO2 [68]. In the case of
1.85 Å, it can be considered to be a double bond[69].
It seems that these oxygen atoms from NO decom-
position are incorporated in the bulk and, thus cause
oxidation of the highly dispersed Pt and Rh particles
[70]. Xu and Goodman[10] studied NO decompo-
sition over Pd catalysts and found that there was no
detectable O2 evolution below 1000 K for all sizes of
Pd particles. However, O2 desorption was observed
in a peak at approximately 1250 K, concurrent with
the desorption of Pd. Therefore, oxygen from NO
decomposition was apparently dissolved into the bulk
of the Pd particles. The long distance found at the
dissociation step for O is related to the lack of rel-
ativistic effects in EHMO. It has been reported that
it is very difficult to treat second-row metal oxides
[69]. The partly covalent–ionic character of Pd–O
can be a part of the problem, with an overestimation
of electronic repulsion Pd–O by EHMO, because of
the high number of d-electrons in Pd[68,69]. Even
sophisticated methods are not powerful enough to
represent the ground and excited states of oxides of
high-occupied d-orbital atoms like Pd. Because of the
structure of Mo, this problem does not arise (not filled
d-orbitals).

5.4. NO adsorption on Pd(1 1 1)

NO adsorption was favored on on-top sites, with
vertical orientation. The results are reported inTable 7.

Table 7
Calculated relative energies (eV) and N–Pd distances (Å) for NO
adsorbed on Pd(1 1 1)

Site NO vertical NO horizontal

E (eV) d (Å) E (eV) d (Å)

On-top −13.61 1.3 −9.25 (c)a 1.6
Bridging −11.62 0.8 −11.93 (d) 1.1
Hollow fcc −10.53 0.8 −10.89 (f) 0.9
Hollow hcp −10.42 0.8 −10.87 (f) 0.9

a Diverse geometries were analyzed and the minimum energy
value is reported. The letter between parenthesis refers to the
corresponding figures ofScheme 8.

When the molecule is adsorbed with vertical orienta-
tion, it can be observed that the relative energies are a
decreasing function of the coordination number.

Wickham et al.[71], using EELS, showed that for
saturation coverage of NO on Pd(1 1 1) at−173◦C,
NO co-exists adsorbed on on-top and two-fold bridge
sites.

Hoost et al.[72] investigated the NO adsorption on
2 wt.% Pd/�-Al2O3 using IR at 25◦C. They found that
NO adsorbs in linear form over the reduced catalyst,
while on oxidized sample it was detected that NO
connected two- and three-folds.

5.5. NO dissociation on Pd(1 1 1)

In Table 8, the obtained results are shown. For
the sake of simplicity, we have only considered two
possible adsorption sites: on-top and bridged. These
sites present the smallest energy of NO adsorption
(Table 7). The dissociation energy is slightly higher
when N is placed in on-top site. Again, a well de-
fined minimum of energy for the oxygen atom was not
found.

Table 8
Calculated relative energies (eV) and distances (Å) for NO disso-
ciation on Pd(1 1 1)

N d (Å) O d (Å) E (eV)

On-top Bridging On-top Bridging

1.3 3.4 −12.36
1.3 3.6 −12.35

0.0 3.4 −12.09
0.0 3.6 −12.09
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Table 9
Calculated relative energies (eV) and distances (Å) for NO ad-
sorbed on MoOx -�Al2O3 and MoOx -Pd(1 1 1) models

E (eV) d (A)

N → Mo
MoOx -�Al2O3 −8.27 1.4
MoOx -Pd(1 1 1) −17.47 1.3

O → Mo
MoOx -�Al2O3 −6.31 1.4
MoOx -Pd(1 1 1) −10.53 1.4

5.6. NO adsorption and dissociation on
MoOx-γ Al2O3 and MoOx-Pd(1 1 1) surfaces

Table 9shows the relative energy and distance when
the NO molecule is adsorbed on a Mo atom (MoOx

species maintains the tetrahedral coordination and
the N–O distance is 1.15 Å). The calculations have
indicated that the molecule would approach to Mo
by its N atom. The relative energy corresponding to
MoOx-Pd(1 1 1) model is higher than MoOx-�Al2O3
(9.2 eV).

Scheme 10represents the NO dissociation on MoOx

species. The results of EHMO calculations in this topic
are given inTable 10. Our results seem to indicate
that it is energetically probable. NO dissociation on
Mo is easier for MoOx-Pd(1 1 1) model than if molyb-
denum is over alumina (−9.48 eV versus−4.44 eV).
The close contact between Mo and Pd favors the ad-
sorption and dissociation of NO.

5.7. N2 and O2 adsorption and dissociation on
MoOx-γ Al2O3 and MoOx-Pd(1 1 1) surfaces

The results are presented inTable 11. Adsorption
energies of N2 on MoOx are similar in the two models
studied (approximately−11 eV). When the molecule
is oxygen, there is an important difference in the val-
ues:−4.79 eV for MoOx-�Al2O3 and−17.34 eV for
MoOx-Pd(1 1 1).

Table 10
Calculated relative energies (eV) and distances (Å) for NO dissoci-
ation on adsorbed on MoOx -�Al2O3 and MoOx -Pd(1 1 1) models.

Model E (eV) N–Mo d (Å) O–Mo d (Å)

MoOx -�Al2O3 −4.44 1.4 1.3
MoOx -Pd(1 1 1) −9.48 1.3 1.1

Table 11
Calculated relative energies (eV) and distances (Å) for N2 and O2

adsorbed on MoOx -�Al2O3 and MoOx -Pd(1 1 1) models

E (eV) d (Å)

N2

MoOx -�Al2O3 −11.47 1.5
MoOx -Pd(1 1 1) −11.03 1.3

O2

MoOx -�Al2O3 −4.79 1.4
MoOx -Pd(1 1 1) −17.34 1.2

Table 12
Calculated relative energies (eV) and distances (Å) for N2 and O2

dissociation on MoOx -�Al2O3 and MoOx -Pd(1 1 1) models

E (eV) d (Å)

N
MoOx -�Al2O3 −5.60 1.4
MoOx -Pd(1 1 1) −13.27 1.1

O
MoOx -�Al2O3 −3.11 1.4
MoOx -Pd(1 1 1) −12.00 1.2

Dissociation energies are collected inTable 12. The
values differ notably with the models for both the
studied molecules. The Pd–Mo interaction causes an
increase in the dissociation energy and a decrease in
atom–surface distances.

6. Discussion and conclusions

The difference ‘Edissociation− Eadsorption’ is the rel-
ative formation energy of the molecule from its ad-
sorbed atoms on the catalyst. Considering the Pd(1 1 1)
model and the horizontal mode of adsorption on bridge
sites, the value is−2.70 eV for nitrogen and+6.95 eV
for oxygen (as shown inTables 4–6). According to
experimental evidence, these results indicate that ad-
sorbed N atoms form N2, while oxygen atoms poison
the Pd catalyst surface.

The O2 adsorption on Pd is energetically favored
with regard to that of NO (−18.95 versus−13.60 eV).
These results explain the quick poisoning of the cata-
lyst during the reaction of NO decomposition.

When the NO molecule has been analyzed, it
was found that adsorption and dissociation energies
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for Pd(1 1 1) model are higher than the ones for
MoOx-�Al2O3. This result agrees with the experimen-
tal results obtained for Pd/�-Al2O3 and Mo/�-Al2O3
catalysts (Fig. 2). Adsorption is from N-side whatever
the surface. Dissociation energies are almost 2.8 times
higher for Pd(1 1 1), as shown inTables 8 and 10.

On the other hand, our results of EHMO calcula-
tions have showed that the catalytic properties of Mo
supported on�-alumina differ notably of Mo in contact
with Pd. This Pd–Mo interaction was evident in the
TPR experiments as well as in hydrogen chemisorp-
tion. This can be related to the changes due to Pd–Mo
close contact.

The NO adsorption energy on MoOx-Pd(1 1 1) is
higher than the one for Pd(1 1 1) or MoOx-�Al2O3.
Also adsorption and dissociation of N2 and O2 are
modified notoriously when an interaction exists be-
tween the two metals. For nitrogen molecule, the
difference ‘Edissociation− Eadsorption’ is 5.87 eV for
MoOx-�Al2O3 model and −2.54 eV for MoOx-
Pd(1 1 1). It indicates that N atoms are more easily
desorbed forming N2 in the bimetallic sample. These
results are important, and they would indicate the ex-
istence of an interface Pd-Mo with catalytic properties
different to the metals taken separately.

In terms of stability and NO conversion (as shown
in Fig. 2), the order is:

Pd-Mo> Mo-Pd> Pd> Mo

The strength of the NO-surface bond at adsorption
decreases in the order:

MoOx-Pd(1 1 1) > Pd(1 1 1) > MoOx-γ Al2O3

The dissociation energy follows the trend:

Pd(1 1 1) > MoOx-Pd(1 1 1) > MoOx-γ -Al 2O3

Actually, Pd-Mo catalysts can be seen as MoOx sup-
ported on Pd(1 1 1) and, therefore, some kind of SMSI
takes place. It seems that the sticking coefficients of
NO for MoOx-Pd(1 1 1) is higher than for Pd(1 1 1)
and, therefore, the activity would be higher.

Differences between the first two surfaces can be
related to exposed Pd (as shown inTable 1). It seems
that Pd-Mo has the best combination of conditions
to optimize performance. It is clear fromScheme 2
that MoOx occupies bridging sites on Pd(1 1 1). The
relative amount of on-top Pd increases on Pd(1 1 1)

exposed, being present MoOx . These facts could be
related to preferentially exposed on-top Pd in Pd-Mo,
where N2 formation would be favored in−9.94 eV,
whereas, O2 formation has an energy of+1.29 eV.
For NO, adsorption of NO horizontal (a needed step
for dissociation) has an energy of−9.25 eV instead
of −11.93 eV for pure Pd(1 1 1). In this case, NO ad-
sorption is not so favored as in case of Pd(1 1 1). The
resulting increase in activity could be a compromise
between both effects from both the metals Pd and
Mo: lower adsorption energy for NO on Pd(1 1 1) in
bimetallic sample and an even much lower adsorption
energy for the product N2 once formed. The effect is
clear on Mo: NO adsorption is strongly favored ver-
sus pure Pd, but not dissociation. For N2 as product,
the result is the same as in the case of Pd in Pd-Mo.
The fact that the required energies for O2 formation
decreases in the order:

Pd(1 1 1)bridging > Pd-MoOx > Pd(1 1 1)on-top

can be related to higher stability (and then lower poi-
soning effect of oxygen) when Pd-Mo is analyzed.

Kao et al. [73] considered that the top-site NO
on Rh(1 1 1) either desorbs or shifts to bridge-site
NO instead of dissociating; however, the bridge-site
NO is the major contributor to the dissociation of
NO to atomic oxygen and nitrogen in the temper-
ature range of 350–480 K. Similar findings were
reported on Ru(0 0 1)[74]. The adsorption of NO on
Pd/MgO(1 0 0) model catalyst has been studied by
Piccolo and Henry[75], in the temperature range of
430–700 K, for various cluster sizes (d = 2.8–45 nm),
using pulsed molecular beam. The ability of a Pd
surface to dissociate NO is highly structure-sensitive.
On a perfect Pd(1 1 1) surface, NO adsorbs molec-
ularly [76]. Molecular adsorption and dissociation
strongly compete on Pd(1 0 0)[77] and Pd(1 1 0)[78]
surfaces. The degree of dissociation is much higher
on stepped Pd(1 1 1)[79]. These supported model cat-
alysts are more suited for understanding of size and
support effects in catalysis. For all the studied sam-
ples, whatever the particle size (15.6, 6.6 and 3.1 nm)
the measured rates of nitrous oxide (N2O) formation
is so low that it can be considered as negligible, con-
trary to the observation made by Xu and Goodman
[10] and Goodman and co-workers[81] on SiO2 and
Al2O3 supported Pd catalysts[80]. This discrepancy
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probably originates from the differences in cluster
shapes, which are strongly substrate-dependent.

The adsorption behavior of NO on Pd(1 1 1) surface
appeares to be similar to that on Rh(1 1 1). HREELS
studies indicated that the adsorption site of NO on
Pd(1 1 1) depends on surface temperature and cover-
age[73]. Bridge-site NO populates first at both 130 K
and room temperature; but top-site NO exists only be-
low 250 K at high surface coverage on Pd(1 1 1). At
room temperature, all the top-site NO desorbs first,
followed by bridge-site desorption at 400 K. Because
of steric reasons, vertical NO would be favored at
high NO coverages. Comparing the energies, horizon-
tal NO is energetically favored for the sites, except for
on-top. Being available, NO prefers vertical adsorp-
tion on-top but if these are not, horizontal NO is fa-
vored. The change from vertical to horizontal on-top
is needed for dissociation. In this sense, horizontal NO
can be seen as a transition state. Taking this fact into
consideration, it is evident that on-top Pd(1 1 1) disso-
ciation would be activated with high activation energy,
whereas, on the other sites (bridging and hollow), the
activation energies would be lower. The experimental
facts are in line with this.

This analysis can explain our experimental results.
Activity in Pd-Mo is not so high because, although the
on-top Pd(1 1 1) sites relative concentration increases
and vertical NO adsorption is favored, the activation
for NO dissociation would be higher.

The experimental differences observed in the cat-
alytic tests for Pd/Al2O3 and Pd-Mo/�-Al2O3 sam-
ples would be consequences of the presence of new
MoOx–Pd interface with different properties to those
observed in the metals separately and the existence of
higher number of CUS on molybdenum surface (ac-
cording to TPR results). The higher activities for
Pd-Mo seem to be kinetic in nature: higher stability
of active phase and a decrease of the poisoning effect
of O on Pd. The O can be oxidizing Mo instead.

In view of the obtained results, we could ask what
would happen if Pd-Mo catalyst were exposed to a
gas-stream containing NO and some reducing agent.
The SCR of NOx by hydrocarbons is an attractive
technique for NOx control. One of the hydrocarbons
of interest is methane, the chief component of natu-
ral gas. Burch and Scire[7] reported that the NO and
CH4 reaction on Pd catalysts takes place via NO ad-
sorption and dissociation on metallic Pd sites forming

N2, whereas, the O generated is retained in the catalyst
surface and is removed by reaction with CH4, regener-
ating the active sites. In agreement with this, it would
appear that the addition of Mo generates new sites for
the adsorption and dissociation of NO, the first step
of the mechanism. Now, the question is if the oxygen
taken up by the MoOx species will be removed by
methane, or if these new sites will be poisoned during
the course of the reaction.

The SCR of NO to N2 by hydrocarbons in the
presence of excess oxygen is an important commer-
cial process for removing of pollutants from exhaust
fumes. Pd catalyst is very active for the total oxida-
tion of methane[82,83,22]. This is one of the major
impediments for the use of methane as a reductant
for the catalytic NO conversion (particularly in lean
mixtures): its low selectivity towards the reaction with
NO in competition with O2 [84,85]. However, in re-
cent years, several authors[8,86,87]have shown that
when Pd is supported on acidic materials it can be ac-
tive for the selective reduction of NO with CH4. Chin
and Resasco[88] and Resasco and co-workers[89]
demonstrated that the morphology of the Pd species,
under SCR reaction conditions, strongly depends on
both, the metal loading and the acidity of the support.
On low Pd-loading catalysts over acidic supports the
metallic Pd particles, initially present on the catalyst,
are rapidly transformed into Pd2+ ions by the reac-
tion mixture. By contrast, on non-acidic materials, the
Pd particles are transformed into PdO clusters, which
have high activity for methane combustion. In view
of these preceding works, Pd-Mo catalysts would be a
possible alternative for the SCR of NO by CH4, con-
sidering that the molybdenum addition increases the
acidity of the Pd/alumina catalyst.

Considering the results presented in this paper, the
goal of future works will be to studyNO + CH4 and
NO + CH4 + O2 reaction over Pd-Mo/�-Al2O3 cata-
lysts, using experimental and theoretical techniques.
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