
Comptes Rendus

Chimie

Dominique Bazin, Jelle Vekeman, Qing Wang, Xavier Deraet, Frank
De Proft, Hazar Guesmi and Frederik Tielens

Nanostructured materials and heterogeneous catalysis: a succinct
review regarding DeNox catalysis

Volume 25, Special Issue S3 (2022), p. 237-244

Published online: 11 April 2022

https://doi.org/10.5802/crchim.163

Part of Special Issue: Active site engineering in nanostructured materials for
energy, health and environment

Guest editors: Ioana Fechete (Université de Technologie de Troyes, France)
and Doina Lutic (Al. I. Cuza University of Iasi, Romania)

This article is licensed under the
Creative Commons Attribution 4.0 International License.
http://creativecommons.org/licenses/by/4.0/

Les Comptes Rendus. Chimie sont membres du
Centre Mersenne pour l’édition scientifique ouverte

www.centre-mersenne.org
e-ISSN : 1878-1543

https://doi.org/10.5802/crchim.163
http://creativecommons.org/licenses/by/4.0/
https://www.centre-mersenne.org
https://www.centre-mersenne.org


Comptes Rendus
Chimie
2022, Vol. 25, Special Issue S3, p. 237-244
https://doi.org/10.5802/crchim.163

Active site engineering in nanostructured materials for energy, health and environment /
Ingénierie de sites actifs dans les matériaux nanostructurés pour l’énergie, la santé et
l’environnement

Nanostructured materials and heterogeneous

catalysis: a succinct review regarding DeNox catalysis

Matériaux nanostructurés et catalyse hétérogène : une revue

succincte concernant la catalyse DeNox

Dominique Bazin ∗, a, b, Jelle Vekeman c, QingWang d, Xavier Deraet e,
Frank De Proft e, Hazar Guesmi d and Frederik Tielens e

a Institut de Chimie Physique, UMR CNRS 8000, Bâtiment 350, Université Paris Saclay,
91405, Orsay cedex, France
b Laboratoire de Physique des Solides, UMR CNRS 8502, Bâtiment 510, Université
Paris-Sud, 91405 Orsay Cedex, France

c Center for Molecular Modeling, Ghent University, Technologiepark-Zwijnaarde 46,
9052 Zwijnaarde, Belgium
d ICGM, Univ. Montpellier, CNRS, ENSCM, Montpellier, France

e Research Group of General Chemistry (ALGC), Vrije Universiteit Brussel, Pleinlaan 2,
1050 Brussel, Belgium

E-mails: dominique.bazin@universite-paris-saclay.fr (D. Bazin),
jelle.vekeman@ugent.be (J. Vekeman), qing.wang@enscm.fr (Q. Wang),
Xavier.Deraet@vub.be (X. Deraet), fdeprof@vub.be (F. De Proft),
hazar.guesmi@enscm.fr (H. Guesmi), frederik.tielens@vub.be (F. Tielens)

Abstract. In this contribution, we would like to underline the peculiar chemical properties of nanome-
ter scale metallic particles. To attain this goal, we select the case of DeNox catalysis (NOx reduction to
nitrogen molecule) for which such nanomaterials play a crucial role. Experimental data as well as re-
cent theoretical calculation through density functional theory are used to assess the relationship be-
tween the adsorption mode of NO and the behaviour of nanometre scale metallic particles.

Résumé. Les oxydes d’azote NOx issus des gaz d’échappement des moteurs Diesel participent à la dé-
térioration de l’environnement, la moitié des émissions de NO leur étant imputable. Le monoxyde
d’azote provient essentiellement des réactions chimiques entre l’azote de l’air et l’oxygène qui s’éta-
blissent à très haute température. Le défi consiste à réduire cette émission qui doit être sélective en
azote (éviter la formation de N2O ou de NO2). En ce qui concerne les catalyseurs mis en œuvre, on en
distingue trois groupes : les oxydes de métaux, les métaux nobles et les zéolites. A partir de données ex-
périmentales obtenues sur l’adsorption du NO sur des agrégats monométalliques, une relation entre
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les modes d’adsorption de cette molécule (adsorption moléculaire/chimisorption) et la réponse de
l’agrégat métallique face à cette adsorption (croissance/dissociation) a été proposée. Les études théo-
riques basées sur la théorie de la fonctionnelle de la densité confortent cette relation. Cette contri-
bution présente l’ensemble de ces résultats expérimentaux et théoriques et tache de montrer l’aspect
prédictif d’une telle relation.

Keywords. DeNox catalysis, NO adsorption, Metallic cluster, DFT approach, Nanoscience.
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1. Introduction

According to the European Commission, the defini-
tion of a nanomaterial is the following: “A natural,
incidental or manufactured material containing par-
ticles, in an unbound state or as an aggregate or as
an agglomerate and for 50% or more of the particles
in the number size distribution, one or more exter-
nal dimensions is in the size range 1 nm–100 nm. In
specific cases and where warranted by concerns for
the environment, health, safety or competitiveness
the number size distribution threshold of 50% may
be replaced by a threshold between 1% to 50%” [1].
Regarding heterogeneous catalysis, numerous stud-
ies have been conducted on nanomaterials serving
as catalysts (see for example references [2–8]). Such
catalysts are used [9–13] for different major chem-
ical processes encompassing Fischer–Tropsch [14–
20], reforming [21–23] or CO2 methanation [24] as
well as for the transformation of bio-renewable sub-
strates and reactions related to the realization of a
bio-refinery [25]. Among above cited works, the pub-
lications of Dumitriu play a major role [26–30]. In
this contribution dedicated to heterogeneous cataly-
sis, we will present an interplay between the adsorp-
tion process of simple molecules and the behaviour
of nanometre scale particles [31–33].

2. Defining a model catalyst

As underlined by Guillen-Hurtado et al. [34], pol-
lution removal in gasoline vehicles is successfully
accomplished at high temperature with a Three Way
Catalyst (TWC) which catalyses the reactions be-
tween oxidizing (O2 and NOx ) and reducing (CO
and unburned hydrocarbons) species in the exhaust.
Most current TWC consist of a ceramic monolithic
honeycomb where the different active phases are
loaded. These active phases are mainly composed of
noble metals, cerium-based oxides and alumina [35].

Several chemical reactions can hence take place on
industrial catalysts [36–40]. Investigations of com-
mercial catalysts [41–43] is quite difficult even with
characterization techniques specific to synchrotron
radiation such as X-ray absorption spectroscopy
(XAS) [42–47] able to bring structural information on
low ordered materials are used [48].

Following an approach defined and discussed by
Boudart: “model catalysts: reductionism for under-
standing”, a possible first step consists of focusing on
the main molecule which is related to the chemical
process [49]. In the case of DeNox catalysis (NOx re-
duction to nitrogen molecule) [50–53], one may con-
sider the interaction between one molecule i.e. ni-
trous oxide (NO) and nanometre scale mono metallic
particles deposited on one light oxide such alumina.
From an experimental point of view, the starting
point of our investigation is given by a set of exper-
imental data on the adsorption of NO on nanome-
tre scale clusters of Pt [54–56] and Rh [57,58] de-
posited on different supports. Regarding Pt, Schnei-
der et al. [54] have investigated by XAS [44–47] a cat-
alyst prepared by impregnation of neutral γ-alumina
with a solution of H2PtCl6, 6H2O. These authors no-
ticed that when the catalyst is pre-reduced in situ
before the introduction of NO, sintering of particles
is considerable above 200 °C. In the study of Loof
et al. [55], the catalysts were prepared by coating
a monolithic support of cordierite with γ-alumina
previously ground in a ball mill together with an
aqueous solution of H2PtCl6. They then observed
a rapid sintering in NO of nanometre-sized Pt par-
ticles by CO temperature-programmed desorption
and transmission electron microscopy. Finally, Wang
et al. [56] have prepared Pt catalysts by ion exchange
of Pt(II) tetraamine hydroxide [Pt(NH3)4(OH)2] onto
SiO2 and their results show that nanometre-sized Pt
clusters on SiO2 sinter during heating in 1% NO/He
at 300 °C. Regarding Rh, Evans et al. [57,58] have se-
lected a 4 wt% Rh/γ-Al2O3 sample reduced in situ
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in a flow microreactor to 573 K under 4% H2/He.
The XAS data obtained from their experiments is
consistent with the predominant formation of an ox-
idic Rh phase. Considering the complete set of re-
sults, it was quite surprising to observe that if we
consider the adsorption of NO on nanometre scale
metallic clusters at temperatures between 300 °C
and 500 °C, for Pt a sintering process was mea-
sured while for Rh, an oxidation process was clearly
pointed out.

3. Surface science to understand heterogenous
catalysis

An elegant way to understand in detail the results of
these experiments is given by the numerous investi-
gations which have been dedicated to the adsorption
of nitrous oxide on metallic surfaces [59–69]. The lit-
erature indicates that the ability of transition metal
surfaces to dissociate simple molecules (N2, O2, NO,
etc.) decreases across the transition series [59,63].
More precisely, a review of the literature distinguishes
two families of metals (Figure 1) following the ad-
sorption mode which can be either dissociative or
molecular [59,63].

Note that the melting points are a direct mea-
sure of the cohesive energies of the elements. The
higher the metal cohesive energy, the greater is the
propensity for NO dissociation. It is worth to keep
in minds that the adsorption process even of small
molecules is a complex process. Different NO ad-
sorption geometries are observed, metallic surfaces
may undergo reconstructions, and different factors
such as the coverage as well as the temperature play
a key role [59–69].

4. From surface science to nanoscience

To move from surface science to nanoscience, one
simple question arises. How does the Brown and King
diagram changes when we consider nanometre scale
metallic cluster (instead of metallic surface)? The an-
swer is given in different investigations of the elec-
tronic properties of nanometre scale metallic parti-
cles [70,71]. As it can be seen on Figure 2, a significant
decrease of the cohesive energy, around 30%, is ob-
served independently of the nature of the metal and
the morphology of the cluster.

The projection of this experimental finding in
nanoscience (Figure 3) leads to the conclusion that
both families of metals and their associated NO ad-
sorption mode, which can be either dissociative or
molecular (Figure 1), can be used for nanoscale metal
particles. In that case, using experimental data ob-
tained on different metals [31–33], one may estab-
lish a relationship between the adsorption mode of
NO and the behaviour of nanometre scale metallic
particle. More precisely, an oxidation process of the
metallic cluster corresponds to a dissociation mode
of NO while a sintering process is related to a molec-
ular adsorption (Figure 3). From a catalytic point of
view, the line which separates the two groups defines
an ideal catalyst (no sintering and no disruption), its
structural characteristics being stable.

5. Crucial contribution from density func-
tional theory

Density functional theory (DFT) [72–74] constitutes
an approach which has led to several significant
breakthroughs on the adsorption of small molecules
on metallic surface [75–77] as well as on nanometer
scale metallic clusters [78–80]. The important role of
DFT in catalysis and materials science is today unde-
niable [73,74]. Today one can say that DFT is a reli-
able tool to model nanometer scale metallic clusters
and other catalytic systems.

Different 13 atom-sized transition metal (Pt, Ir, Ru,
Rh, Cu, Pd and Ni) clusters have been selected to
elucidate the fundamental adsorptive properties and
interactions of NO on nanometre scale monometal-
lic catalysts [81]. The complete set of simulations is
in line with the initial model based on experimental
data. Indeed, the dissociation of NO on Ru, Ir, Rh, and
Ni, which lead to the formation of an oxide, was re-
covered. At the opposite, the DFT calculations indi-
cate no NO dissociation for Pt, Cu, and Pd.

Similarly, using density functional theory, Takagi
et al. [82,83] have calculated the activation energies
of NO dissociation reactions on several M clusters
(M = Cu, Fe, Co or Ni) containing 55 atoms. These
authors reported that Fe55, Co55 and Ni55 are reac-
tive toward NO dissociation in agreement with exper-
imental findings, whereby the reactivity followed fol-
lowing order Fe55 > Co55 > Ni55. Also, NO dissocia-
tion was most favoured on small Rh clusters [84,85].
It seems thus that such relationship between the
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Figure 1. The melting points of the transition metals, and rare earths, versus atomic number. On this
diagram we also show a suggested correlation between the propensity for a metal to dissociate NO, and
its melting point (according to Brown and King [63]).

adsorption mode of NO and the behaviour of the
nanometre scale metallic cluster is valid.

5.1. Is this simple model valid for similar
molecules?

A simple question arrives. Can we expect to use
such relationship for other molecules? One more
time, we can start from surface science. When a di-
atomic molecule such as NO approaches a metal
surface [86], it may encounter three kinds of poten-
tial wells corresponding respectively to a physisorbed
state (far from the surface), a molecular chemisorbed
state and finally to a dissociative chemisorption state.
Dissociative chemisorption is the most stable situa-
tion if

/Eads(N)/+/Eads(O)/ > Ediss(NO)+/Eads(NO)/

where Eads(X) is the atomic adsorption energy (<0) of
atom X while Ediss(NO) and Eads(NO) are respectively
the dissociation energy (>0) of the free molecule and
the molecular chemisorption energy (<0). The term
Ediss(NO) is obviously independent of the nature of
the metal. The adsorption energies are more impor-
tant for metals which are at the middle of the transi-
tion series, metals for which we observed here a dis-
sociative adsorption [86].

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 ele-
ments N, O, and also C. We can note that the frontier
between nondissociative and dissociative adsorption
can be given roughly by the dissociation energy of the
molecule of interest. For example, regarding the 3d
transition elements, the frontier is between Fe and
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Figure 2. Cohesion energy of the nanometre scale metallic cluster for different morphologies versus the
number of atoms inside the cluster (from Refs. [70,71]).

Co for N2 and between Ni and Cu for NO, a tendency
in line with the different values of the dissociation
energy of these two molecules (N2 = 9.76 eV, NO =
6.50 eV). Regarding the adsorption of O2 on nanome-
tre scale metallic clusters, in situ XAS experiments
shows that even Pt clusters are not stable versus the
adsorption of O2 [87]. At this dimension, it seems that
there are no “noble” metals, an observation in line
with the low value of the dissociation energy of this
molecule (O2 = 5.12 eV).

5.2. Is it possible to use this simple model to
predict some simple chemical reactions on
nanometre scale monometallic cluster?

Another point which can be discussed is related to
simple chemical reaction on nanometre scale metal-
lic cluster. Again, we can start from the fact that NO
reactions on surfaces can also exhibit oscillatory be-
haviour, particularly in the case of reactions on met-
als such as Rh and Pt. As underlined by Brown and
King [63], oscillatory reactions on metallic surfaces

such as the reactions of NO and CO, NO and H2 and
NO and NH3, have been reviewed by Imbihl [88], by
Nieuwenhuys and co-workers [89], and by Gruyters
and King [90].

At least we can use this simple model to predict
the behaviour of the metal nanoparticles when a mix-
ture of NO+O2 is considered. For Rh, on which NO
molecules undergo dissociative adsorption with the
formation of metal–oxygen bond formation, it is pos-
sible that the presence of oxygen will not change
significantly this simple scheme. Such behaviour
is expected for other metals such as Ru or Rh. In con-
trast, for Pt the situation is more complex because the
temperature plays a significant role.

Regarding experiments, Schneider et al. [87] have
concentrated their investigation, on the one hand, on
the influence of NO, C3H6 in the presence or not of
an excess of oxygen and, on the other hand, on the
influence of the total mixture. The most striking re-
sult is the growth of the platinum particles under NO.
Moreover, when the catalyst is submitted either to a
mixture of NO + O2 or C3H6 + O2, the particles are
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Figure 3. Cohesion energy of 3d, 4d and 5d
nanometre scale metallic clusters. Here, all the
metallic clusters of these metals have the same
size and the temperature is the same.

not fully oxidised. With the total mixture, the parti-
cles both grow and are oxidised. Note that the relative
concentrations of the two gases, as well as the tem-
perature, are probably significant parameters.

To a first approximation, we can conclude that for
metals above the straight line, namely Rh, Ru or Ir, it
is necessary to add to a NO+O2 mixture, a reducing
agent in order to re-establish 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 O2 to
keep a metallic state of the Pt (or Cu) atoms.

Following this approach, we can consider also an-
other simple reaction namely NO + H2. For metals
above the straight line, namely Rh, Ru or Ir, we may
observe oscillatory behaviours between oxidation of
the metallic clusters induced by NO dissociative ad-
sorption and reduction of the metallic clusters in-
duced by H2 dissociative adsorption. This is not the
case for metals below the line (Pt,Cu) for which we
will observe a growth of the metallic cluster.

5.3. Is it possible to use this simple model to
predict some simple chemical reactions on
nanometre scale bimetallic clusters?

Is it possible to consider bimetallic catalysts? This
purely energetic model leads to a complete rejection
of some bimetallic systems [31–33,91]. For example,
if we consider a RhRu bimetallic cluster (or a RhIr as
well as RuIr 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 like Rh or Ru.
If we consider the CeO2 support, the PtPd bimetallic
seems to be acceptable while the PtPd system sup-
ported on alumina has to be rejected.

5.4. Some perspectives

It is possible that other major industrial processes in
which nanometer scale clusters are involved namely
hydrogen evolution reaction [92] or lithium–oxygen
batteries [93] can take advantage of this simple
model. For example, it is well known that the elec-
tron population of CO increases steadily from Ni to
Ti [94–96]. Although interesting and systematic re-
sults have been gathered and are partly explained,
this adsorption process still remains a challenge [96].

Also, nanometre scale metallic clusters constitute
materials of interest in the case of lithium–oxygen
batteries. Recently, Lu et al. [93] report the deposi-
tion of subnanometre silver clusters of exact size and
number of atoms on passivated carbon to study the
discharge process in lithium–oxygen cells. Note that
DFT is an efficient technique to investigate the ef-
fects of LiO and Li2O adsorptions on small bimetal-
lic nanoparticles [97].

6. Conclusion

In this small review dedicated to DeNox catalysis, we
combined experimental data and recent DFT results
to show the efficiency of such approach which seems
to be already adopted by several research teams.
Work is in progress.

Conflicts of interest

Authors have no conflict of interest to declare.



Dominique Bazin et al. 243

Acknowledgment

FDP and FT wishes to acknowledge the VUB for sup-
port, among other through a Strategic Research Pro-
gram awarded to their group.

References

[1] J. Potocnik, Off. J. Eur. Union, Legis., 2011, 275, 38-40.
[2] M. Boudart, Adv. Catal., 1969, 20, 153-166.
[3] B. M. Weckhuysen, Chem. Commun., 2002, 97-110.
[4] B. Zhou, S. Han, R. Raja, G. A. Somorjai (eds.), Nanotechnology

in Catalysis, Springer, New York, 2007.
[5] J. K. Nørskov, T. Bligaard, B. Hvolbæk, F. Abild-Pedersen,

I. Chorkendorff, C. H. Christensen, Chem. Soc. Rev., 2008, 37,
2163-2171.

[6] Ph. Serp, K. Philippot (eds.), Nanomaterials in Catalysis, Wi-
ley, New York, 2012.

[7] S. Schauermann, N. Nilius, S. Shaikhutdinov, H. J. Freund, Acc.
Chem. Res., 2013, 46, 1673-1681.

[8] D. Astruc, Chem. Rev., 2020, 120, 461-463.
[9] J. H. Sinfelt, Acc. Chem. Res., 1977, 10, 15-20.

[10] L. Guczi, D. Bazin, Appl. Catal. A Genet., 1999, 188, 163-174.
[11] W. Yu, M. D. Porosoff, J. G. Chen, Chem. Rev., 2012, 112, 5780-

5817.
[12] K. An, G. A. Somorjai, Catal. Lett., 2015, 145, 233-248.
[13] L. Guczi, D. Bazin, Z. Schay, I. Kovács, Surf. Interface Anal.,

2002, 34, 72-75.
[14] A. Khodakov, J. Lynch, D. Bazin, B. Rebours, N. Zanier, B. Mois-

son, P. Chaumette, J. Catal., 1997, 168, 16-25.
[15] D. Bazin, P. Parent, C. Laffon, O. Ducreux, J. Lynch, I. Kovacs,

L. Guczi, F. De Groot, J. Synth. Radiat., 1999, 6, 430-432.
[16] D. Bazin, P. Parent, C. Laffon, J. Lynch, I. Kovacs, L. Guczi,

F. De Groot, J. Catal., 2000, 189, 456-462.
[17] D. Bazin, L. Guczi, Stud. Surf. Sci. Catal., 2004, 147, 343-348.
[18] N. E. Tsakoumis, M. Rønning, Ø. Borg, E. Rytter, A. Holmen,

Catal. Today, 2010, 154, 162-182.
[19] O. Ducreux, B. Rebours, J. Lynch, M. Roy-Auberger, D. Bazin,

Oil Gas Sci. Technol.– Rev. IFP, 2009, 64, 49-62.
[20] E. Rytter, A. Holmen, Catalysts, 2015, 5, 478-499.
[21] D. Bazin, H. Dexpert, P. Lagarde, J. P. Bournonville, J. Catal.,

1988, 110, 209-215.
[22] D. Bazin, H. Dexpert, J. P. Bournonville, J. Lynch, J. Catal.,

1990, 23, 86-97.
[23] A. Bensaddik, A. Caballero, D. Bazin, H. Dexpert, B. Didillon,

J. Lynch, Appl. Catal. A: Genet., 1997, 162, 171-180.
[24] A. I. Tsiotsias, N. D. Charisiou, I. V. Yentekakis, M. A. Goula,

Nanomaterials (Basel), 2021, 11, article no. 28.
[25] M. Sankar, N. Dimitratos, P. J. Miedziak, P. P. Wells, C. J. Kielye,

G. J. Hutchings, Chem. Soc. Rev., 2012, 41, 8099-8139.
[26] F. Secundo, G. Roda, M. Vittorini, A. Ungureanu, B. Dragoi,

E. Dumitriu, J. Mater. Chem., 2011, 21, 15619-15628.
[27] A. Ungureanu, B. Dragoi, V. Hulea, T. Cacciaguerra, D. Meloni,

V. Solinas, E. Dumitriu, Microporous Mesoporous Mater., 2012,
163, 51-64.

[28] A. Ungureanu, B. Dragoi, A. Chirieac, C. Ciotonea, S. Royer,
D. Duprez, A. S. Mamede, E. Dumitriu, ACS Appl. Mater. Inter-
faces, 2013, 5, 3010-3025.

[29] C. Rudolf, I. Mazilu, A. Chirieac, B. Dragoi, F. Abi-Ghaida,
A. Ungureanu, A. Mehdi, E. Dumitriu, Environ. Eng. Manag.
J., 2015, 14, 399-408.

[30] A. Chirieac, B. Dragoi, A. Ungureanu, C. Ciotonea, I. Mazilu,
S. Royer, A. S. Mamede, E. Rombi, I. Ferino, E. Dumitriu,
J. Catal., 2016, 339, 270-283.

[31] D. Bazin, C. Mottet, G. Tréglia, J. Lynch, Appl. Surf. Sci., 2000,
164, 140-146.

[32] D. Bazin, Top. Catal., 2002, 18, 79-84.
[33] D. Bazin, Macromol. Res., 2006, 14, 230-234.
[34] N. Guillen-Hurtado, V. Rico-Perez, A. Garcia-Garcia,

D. Lozano-Castello, A. Bueno-Lopez, Dyna, 2012, 79, 114-121.
[35] M. V. Twigg, Appl. Catal. B, 2007, 70, 2-15.
[36] C. Howitt, V. Pitchon, F. Garin, G. Maire, Stud. Surf. Sci. Catal.,

1995, 96, 149-161.
[37] V. Pitchon, F. Garin, G. Maire, Appl. Catal. A: Genet., 1997, 149,

245-256.
[38] M. A. Palacios, M. Moldovan, M. M. Gómez, in Anthropogenic

Platinum-Group Element Emissions (F. Zereini, F. Alt, eds.),
Springer, Berlin, Heidelberg, 2000.

[39] H. Shinjoh, Catal. Surv. Asia, 2009, 13, 184-190.
[40] M. V. Twigg, Catal. Today, 2011, 163, 33-41.
[41] C. Larese, F. C. Galisteo, M. L. Granados, R. Mariscal, J. L. G.

Fierro, M. Furio, R. F. Ruiz, Appl. Catal. B, 2003, 40, 305-317.
[42] C. Larese, F. C. Galisteo, M. L. Granados, R. M. Lopez, J. L. G.

Fierro, P. S. Lambrou, A. M. Efstathiou, Appl. Catal. B, 2004,
48, 113-123.

[43] M. L. Granados, C. Larese, F. C. Galisteo, R. Mariscal, J. L. G.
Fierro, R. Fernandez-Ruiz, R. Sanguino, M. Luna, Catal. To-
day, 2005, 107–108, 77-85.

[44] D. E. Sayers, E. A. Stern, F. W. Lytle, Phys. Rev. Let., 1971, 27,
1204-1207.

[45] D. Bazin, D. Sayers, J. Rehr, J. Phys. Chem. B., 1997, 101, 11040-
11050.

[46] D. Bazin, D. Sayers, J. J. Rehr, C. Mottet, J. Phys. Chem. B, 1997,
101, 5332-5336.

[47] J. Moonen, J. Slot, L. Lefferts, D. Bazin, H. Dexpert, Physica B,
1995, 208–209, 689-690.

[48] D. Bazin, F. Maire, S. Schneider, G. Meunier, F. Garin, G. Maire,
J. Phys. IV, 1997, C2, 841-846.

[49] M. Boudart, Top. Catal., 2000, 13, 147-149.
[50] A. Bensaddik, N. Mouaddib, V. Pitchon, F. Garin, G. Maire,

M. Krawczyk, Stud. Surf. Sci. Catal., 1998, 116, 265-274.
[51] O. H. Khadija, S. Ziyade, M. Ziyad, F. Garin, Appl. Catal. B:

Environ., 2002, 37, 49-62.
[52] D. Bazin, C. R. Chim., 2014, 17, 615-624.
[53] F. Garin, Catal. Today, 2004, 89, 255-268.
[54] S. Schneider, D. Bazin, F. Garin, G. Maire, M. Capelle, G. Meu-

nier, R. Noirot, Appl. Catal. A, 1999, 189, 139-145.
[55] P. Loof, B. Stenbom, H. Norden, B. Kasemo, J. Catal., 1993, 144,

60-76.
[56] X. Wang, S. M. Sigmon, J. J. Spivey, H. H. Lamb, Catal. Today,

2004, 96, 11-20.
[57] M. A. Newton, A. J. Dent, S. G. Fiddy, B. Jyoti, J. Evans, Catal.

Today, 2007, 126, 64-72.
[58] T. Campbell, A. J. Dent, S. Diaz-Moreno, J. Evans, S. G. Fiddy,

M. A. Newton, S. Turin, Chem. Commun., 2002, 304-305.
[59] G. Broden, T. N. Rhodin, C. Brucker, R. Benbow, Z. Hurych,

Surf. Sci., 1976, 59, 593-611.



244 Dominique Bazin et al.

[60] R. Imbihl, G. Ertl, Chem. Rev., 1995, 95, 697-733.
[61] H. Over, Prog. Surf. Sci., 1998, 58, 249-376.
[62] B. E. Nieuwenhuys, Adv. Catal., 1999, 44, 259-328.
[63] W. A. Brown, D. A. King, J. Phys. Chem. B, 2000, 104, 2578-2595.
[64] F. Garin, Appl. Catal. A, 2001, 222, 183-219.
[65] M. Gajdos, J. Hafner, A. Eichler, J. Phys.: Condens. Matter,

2006, 18, 13-40.
[66] M. Gajdos, J. Hafner, A. Eichler, J. Phys.: Condens. Matter,

2006, 18, 41-54.
[67] Y. Hu, K. Griths, P. R. Norton, Surf. Sci., 2009, 603, 1740-1750.
[68] N. Sheppard, C. De La Cruz, Phys. Chem. Chem. Phys., 2010,

12, 2275-2284.
[69] A. Shiotari, H. Koshida, H. Okuyama, Surf. Sci. Rep., 2021, 76,

article no. 100500.
[70] A. Khoutami, PhD Thesis, Paris XI University, France, 1993.
[71] R. A. Guirado-Lopez, PhD Thesis, Paris XI University, France,

1999.
[72] P. Hohenberg, W. Kohn, Phys. Rev. B, 1964, 136, 864-871.
[73] R. O. Jones, Rev. Mod. Phys., 2015, 87, 897-923.
[74] N. Mardirossian, M. Head-Gordon, Mol. Phys., 2017, 115,

2315-2372.
[75] B. Hammer, J. K. Nørskov, Phys. Rev. Lett., 1997, 79, 4441-4444.
[76] D. Loffreda, D. Simon, P. Sautet, Chem. Phys. Lett., 1998, 291,

15-23.
[77] T. Hirai, M. Okoshi, A. Ishikawa, H. Nakai, Surf. Sci., 2019, 686,

58-62.
[78] G. Wu, M. Yang, X. Guo, J. Wang, J. Comput. Chem., 2012, 33,

1854-1861.
[79] Y. Nanba, M. Koyama, J. Phys. Chem. C, 2019, 123, 28114-

28122.
[80] R. V. de Amorim, K. E. A. Batista, G. R. Nagurniak, R. P. Orenha,

R. L. T. Parreira, M. J. Piotrowski, Dalton Trans., 2020, 49,
6407-6417.
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