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Introduction

Supported nanometer scale clusters' consist one of the most
promising classes of materials, with wide applications not
only in chemistry> but also in physics* and biology.” Such
nanostructured materials used in heterogeneous catalysis, a
reseach field link to polymerization of olefins® represent a
transition between the individual molecules and bulk solids,
and have unique catalytic’ or physical® properties. More
precisely, heterogeneous supported metal catalysts’ consist
of a porous oxide such as alumina with a large specific area
(>200 m%g) on which metal nanoparticles are dispersed.
Among the several major industrial uses, note that this family
of materials is used in environmental applications.'’ Atomic
scale data being required to understand of the catalytic
mechanisms, synchrotron radiation related techniques and
more precisely X-ray absorption spectroscopy (XAS) has
been widely used." XAS, encompassing both the study of
the near edge region and the fine structure region at energies
above the absorption edge, has proven invaluable in under-
standing the structure of catalysts while the reaction
OCCLII'S.IZ'13

In this paper, the ultimate goal is to build a bridge between
surface science and nanosciences to understand heteroge-
neous catalysis. In a previous paper,'* we proposed that a
link exists between two parameters :

- the nature of the adsorption mode of the NO molecule
on metallic surfaces which can be either dissociative or non
dissociative. Its knowledge comes from surface science,"

- the behaviour of the nanometer scale metallic cluster fol-
lowing the NO adsorption. We distinguish at least three dif-
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ferent cases. The metallic cluster can be stable versus this
adsorption, a sintering process of the metallic cluster can
occur or a disruption of the metal-metal bonds in response
to this adsorption can be observed.

This intimate link which exists between the adsorption
mode and the behaviour of the cluster is finally used to
discuss the evolution versus time of the catalytic activity.

Synchrotron Radiation Related Techniques

Catalyst characterization is the cornerstone of the science
of catalysis. Thus, several excellent publications have been
dedicated to the characterization techniques used in hetero-
geneous catalysis.' The usual characterization techniques
help to delimit the problem but do not precisely show the
evolution of the structural and electronic characteristics of
the metallic particles while the chemical reaction occurs. In
fact, modern approaches include almost systematically syn-
chrotron radiation related techniques.'” It is quite difficult to
quote all of them but we can at least distinguish Fourier
transform-infra red spectroscopy,'® soft XAS,' in-situ time-
resolved dispersive XAS (DXAS),” anomalous wide angle
X-ray scattering’' and anomalous small angle X-ray scatter-
ing 2

Among all these different synchrotron techniques,” XAS™
has several specific advantages. Regarding the edge part of
the absorption spectrum, several physical parameters affect
the position as well as the morphology of the edge : the size
and the shape of the cluster, which can considered as an
intrinsic effect (density of states in Pt nanoparticles is sig-
nificantly different from that of bulk Pt), and a possible
charge transfer between the cluster and the support, which is
considered as an extrinsic effect.” Thus, special attention has
to be paid if a simulation of the edge is performed with a
linear combination of the edge of well-crystallised reference
compounds.?® For metal nanoparticles,”’ the knowledge of
the different structural parameters (i.e. average co-ordination
numbers and interatomic distances), allows us to determine
the cluster size, morphology and the degree of relaxation.

Some Generalities on the Adsorption Process

When a diatomic molecule such as NO approaches a metal
surface,” it may encounter three kinds of potential wells
corresponding respectively to a physisorbed state (far from
the surface), a molecular chemisorbed state and finally to a
dissociative chemisorption state. Dissociative chemisorp-
tion is the most stable situation if

/Eads(N)/+/Eada(O)/>Edn (NO) +/Eadb(NO)/

where E_;(X) is the atomic adsorption energy (<0) of atom
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Figure 1. Binding energies of N, O, F, and H for different sites on
(110) and (100) BCC transition metal surfaces as a function of
the number Nd of d electrons (from ref. 15).

X while E,;,(NO) and E,,,(NO) are respectively the dissoci-
ation energy (>0) of the free molecule and the molecular
chemisorption energy (<0). The term £, (NO) is obviously
independent of the nature of the metal. The adsorption ener-
gies (Figure 1) are more important for metals which are at
the middle of the transition series, metals for which we
observed here a dissociative adsorption.

This is a general tendency and the evolution of atomic
adsorption energy versus the number of electrons in the d
band is almost the same for the elements N, O, and also C.
We can note that the frontier between nondissociative and
dissociative adsorption can be given roughly by the dissoci-
ation energy of the molecule of interest. For example,
regarding the 3d transition elements, the frontier is between
Fe and Co for N, and between Ni and Cu for NO, a ten-
dency in line with the different values of the dissociation
energy of these two molecules (N,=9.76 eV, NO=6.50 eV).
Regarding the adsorption of O, on nanometer scale metallic
clusters, the different experiments done with XAS shows that
even Pt clusters are not stable versus the adsorption of O,.
At this dimension, it seems that there is no “noble” metals,
an observation in line with the low value of the dissociation
energy of this molecule (0,=5.12 eV).

Now, we would like to consider the relationship between
the adsorption mode of the molecule and the behaviour of
the cluster for simple molecules, namely NO and CO.

NO Adsorption on Metallic Nanoclusters

Combining recent calculations of the electronic structure
of nanometer-scale metallic clusters with the suggestion of
Brown® relating the melting point to the ability of metallic
surfaces to dissociate NO, we have proposed a relationship
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between the adsorption mode (dissociative or molecular) of
NO at room temperature and the behaviour of nanometer-
scale metallic particles (sintering or disruption) in response
to this adsorption.

Considering a range of elements, a straight line separates
two possibilities : associative adsorption of NO accompa-
nied by sintering of the particles and dissociative adsorption
accompanied by particle fragmentation. If this initial model
was only supported by experimental data on Pt***° and Ru,”'
a second set of publications is in line with this relationship.
More precisely, experiments performed on the following
nanomaterials: Rh/SiO,,”* Rh/»-ALO;,> II/H-ZSM-5* as
well as Cw/ALO;,” PY/SiO,™ are coherent with this simple
model. An interesting case is given by palladium. On a
perfect Pd(111) surface, NO adsorbs molecularly®” while
molecular adsorption and dissociation strongly compete on
Pd(100)*® and Pd(110)* surfaces. The position of Pd versus
the straight line (on Figure 2) is thus not defined. Conse-
quently, it is not really a surprise if the behaviour of Pd
clusters can vary. For example, for Pd particles supported
on Al,O3/NiAl(110), no overall morphological changes of the
nanocrystals were observed during NO gas exposure® while
for Pd particles deposited on CeO,/Al,Os, the formation of
PdO bonds are observed.*!

Now we would like to discuss the limits as well as the
advantages of this simple model. Special attention has to be
paid to the adsorption temperature as well as to the cluster
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Figure 2. Diagram showing a correlation between the adsorption
mode and the behaviour of a cluster based on experimental data
regarding the elements Cu, Ru, Rh, Ir, and Pt. A straight line sep-
arates the two adsorption modes : dissociative and non dissocia-
tive (from ref. 14).
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size. However, this relationship seems to be independent of
the preparation procedure as well as the nature of the support.

The adsorption temperature is one key parameter. This
parameter affects the adsorption mode as well as the stability
of the metal oxide particle. For example, NO adsorbs
molecularly on Rh at low temperatures and dissociatively at
higher temperatures. On Rh[100], molecular NO dominates
upon adsorption at 100 K, but heating leads to N, and O,
production, suggesting dissociation. On nickel, molecular
adsorption takes place at low temperature whilst at higher
temperatures both molecular and dissociative adsorption are
observed. Note that the temperature may affect the stability
of metal oxide particle through the decomposition process.
Also, it is well know that the catalytic activity is size depen-
dent.'® We have here to point out that most of the experiments
have been performed through XAS on very small clusters
with a dispersion close to 100%.

To a first approximation, this relationship seems independ-
ent of the preparation protocole and more precisely of the
precursor as well as the nature of the support. The different
precursors used in these previous works are the following
Ruy;(CO)z,  IrCly(H,0)s,  Ir(NH;)Cly(H;0),  RhCI(CO),,
H,PtCls, Pt(NH;),(OH),. In the case of copper, we have even
a physical procedure (evaporation). In addition, nanometer
scale metallic clusters are supported on a wide range of sup-
port: »-ALO; (Ru) H-ZSM-5 (Ir), -ALO;, ZrO,, CeO,(Rh),
ALO; (Cu), AL)Os, Si0, (Pt).

We have proposed two different mechanisms. For metals
below the straight line (Figure 2), we may observe a struc-
tural situation close to the one observed by K. Asakura et al.*
in the case of platinum i.e. atomic species linked to several
NO molecules. Then, the mobility of the nitrosyl species over
the surface of the support leads to the formation of large
clusters. At the opposite, when we consider metals above
the line, according to the work of T. Campbell ef al.”* the
metallic atoms may have bonds either to oxygen or nitrogen
atoms. At high temperature, the formation of a metallic
oxide can be observed due to desorption of nitrogen species.

Adsorption of CO Molecules

First, as for the NO molecule, we would like to consider
the adsorption process on a metallic surface. On Table I, the
ability of transition metal surface to dissociate the CO mole-
cule has been reported from the work by R.B. Anderson.*”
As for the NO molecule, metals at the end of the series are

Table 1. Ability of Transition Metal Surfaces to Dissociate the
CO Molecule at Room Temperature from R.B. Anderson*

Sc Ti \'% Cr Mn Fe Cu
Y Zr Nb Mo Te Ru
Lu Hf Ta W Re Os
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associated to a non dissociative adsorption process (metals
in bold characters). If we consider this ability of transition
metals to dissociate the CO molecule at higher temperature,
namely 200-300°C, only the metals which are underlined are
associated with a non dissociative adsorption mode. At this
point, we have to consider the behaviour of metal clusters
versus the CO adsorption.

On Pt clusters, A. Berko et al.** found that CO adsorption
induces a significant increase in the initial size of the Pt
nanoparticles of 1-2 nm even at room temperature. This
agglomeration preceded by disruption of the smaller Pt nano-
clusters at lower CO pressures 1s explained by CO-assisted
Ostwald ripening, in which the mass transport proceeds via
surface carbonyl intermediates. Similar results have been
obtained in the case of ruthenium by T. Mizushima ef al..*®
Adsorption of CO at room temperature results in a drastic
change of local structure around Ru atoms : Ru-Ru bonds
are disrupted and Al-0-Ru-(CO),, (n=1-2) is formed. When
the temperature is raised, Ru atoms agglomerate and small
metal clusters are recovered. In the case of rhodium, the
CO-induced disintegration process of Rh clusters on an
AlLO; surface has been observed in the case of static
experiments*® as well as by DXAFS.* Finally, note that the
formation of Cu metallic clusters induced by CO adsorption
has been also pointed out.® As for Pd clusters, several
studies™* have noticed -CO adsorption driven growth in
supported Pd clusters.

For all these metals, we are in the case of a non dissociative
adsorption mode and it seems that the structural evolution
of the nanometer scale metallic atoms follows the same
scheme. Based on all these experimental facts, we can sup-
pose that CO adsorption leads to a disruption of metal-metal
atoms and to the formation of Metal-(CO), species. Then,
metallic clusters can be observed and as supposed in the
case of Pt, mass transport proceeds via surface carbonyl
intermediates. This general schema is quite close to the one
proposed in the case of NO adsorption process.

What happens if we consider metals which displays a dis-
sociative adsorption mode. A beginning of the answer is
given by the study performed by O. Ducreux et al.>' on the
Co/AlL,Os system. Through in situ X-ray diffraction experi-
ments, the formation of a carbide is pointed out.

On the Way to Discuss the Catalytic Activity

Is it possible to extract, from the NO adsorption process
alone, some information regarding the catalytic activity of
the metallic clusters from this purely energetic approach?
For metals above the stability line, NO adsorption leads to
the formation of a metal oxide. Thus, the catalytic activity
tends to decrease. This conclusion is in line with the experi-

" mental results obtained by T. Campbell ef al..>* On the con-

trary, for metals below the line, large metallic clusters are
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finally generated and evolution of the catalytic activity will
follow these structural modifications.

What kind of information do we have regarding the
metal-support interaction ? As we have seen the relationship
we have proposed between the adsorption mode of NO and
the behaviour of the metallic cluster seems to be independent
of the nature of the support, except for palladium. For this
metal, a great difference exists between MgO and CeQ,. We
have linked this dependency to the position of the metal
versus the line which separates the two adsorption modes. If
this assumption is correct, this dependency is not so signifi-
cant for other metals for which the position versus the
straight line (Figure 2) is more clear, namely Rh or Pt.

Is it possible to select some bimetallic catalysts? This
purely energetic model leads to a complete rejection of some
bimetallic systems. For example, if we consider a RhRu
bimetallic cluster (or a Rhlr as well as Rulr bimetallic), the
NO adsorption process leads probably to the formation of a
metal oxide i.e. the dissociation of NO will stop. On the
other hand, if we consider a PtCu system, it is probable that
the NO adsorption will lead to large clusters. A guideline
for the choice of the bimetallic system is to add to platinum
a second metal such Rh or Ru. If we consider the CeO, sup-
port, the PtPd bimetallic seems to be acceptable while the
PtPd system supported on alumina has to be rejected.

Is it possible to use this simple model to predict the
behaviour of the metal nanoparticles when a mixture of
NO+Q, is considered? For Rh, on which NO molecules
undergoe dissociative adsorption with the formation of
metal-oxygen bond formation, it is possible that the pres-
ence of oxygen will not change significantly this simple
scheme. Such behaviour is expected for other metals such
Ru or Rh. In contrast, for Pt the situation is more complex
because the temperature plays a significant role. In a recent
paper, we have studied the effect of gas mixtures (NO+0O,)
with excess oxygen. XAS gives a direct structural evidence
of a Pt/O substitution in the Pt environment. However, some
Pt-Pt bonds persist till 300 °C, which was not the case when
oxygen was present alone. Thus, the presence of NO allowed
the Pt particles to conserve a metallic character. Note that
the relative concentrations of the two gases, as well as the
temperature, are probably significant parameters. To a first
approximation, we can conclude that for metals above the
straight line (Figure 2), namely Rh, Ru or Ir, it is necessary
to add to a NO+O, mixing, a reducing agent in order to
reestablish the metallic state of the atoms. This is not the
case for metals below the line (Pt,Cu). In this case, we can
probably adjust the relative concentration of the two gases
NO and O, to keep a metallic state of the Pt (or Cu) atoms.

We can also consider the reaction NO+C,H,. For RW/TiO,
catalysts, as noticed by Th. 1. Halkides,*? reduction of NO
requires the presence of reduced Rh sites and the role of the
hydrocarbon is to remove adsorbed oxygen and restore the
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catalytically active sites. This point is clearly in line with a
dissociation mode of NO on Rh clusters. We have also per-
formed similar experiments on Pt clusters.** Although carbon
and/or oxygen neighbours appear around Pt, platinum atoms
still exist around the central Pt atoms. It seems thus that the
catalytic activity associated to these two catalysts may be
understood through the link we have suggested between the
NO adsorption mode and the behaviour of the metallic cluster.

Conclusions

Here, we have considered the adsorption of simple mole-
cules such NO and CO on nanometer scale metallic cluster
and discussed the possibility of an intimate relationship
between the adsorption mode and the behaviour of the clus-
ter. Even if parameters such the pressure™ which play a sig-
nificant role have not been discussed, it seems that several
experimental results regarding different transition elements
are line with this purely energetic model. At this point, it is
worth repeating that all the above assumptions have to be
confirmed by experimental results. Finally, it is quite clear
that the opportunities given by synchrotron radiation related
techniques are well suited to pursue this line of reasoning.
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