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Abstract

The aim of this thesis is to study the clustering and
growth of metallic species either confined or supported in
porous materials by in situ X-ray absorption spectroscopy. To
accomplish this task, palladium and silver species were
introduced into porous materials (γ-alumina, activated carbon
and zeolites) by wetness impregnation and ion-exchange
methods, respectively. Then, the clustering of these metallic
species was controlled by activation treatments in different
atmospheres (inert, oxidative and reductive) and followed by
XAS in a comprehensive way.
The principal goal of current work is to demonstrate that
both XANES and EXAFS can provide valuable and, at certain
point, innovative information during tuning of metallic species
(in terms of type and size). Taking advantage of unusual
analysis procedures, such as cumulant approach, fitting of
imaginary part of Fourier transform and others, it is possible to
obtain refined information about the investigated systems.
In the introduction section, a compilation of studies in
which XAS was used as important technique to characterize
metallic species in porous materials is provided. Conscious that
people can use such introduction as a basis for more complex
studies in the future, the discussion has been tentatively directed
toward this goal.
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The chapter 4 is focused on the study of the influence of
palladium precursors and the nature of support on the resultant
nanoparticles.

The

whole

activation

process,

i.e.

the

transformation precursor  nanoparticle, was followed in situ
by XAS. The analysis pathway was composed by the starting
point (as-impregnated), calcination in O2 flow and posterior
reduction with H2. The consequence of using distinct metal
precursors and supports were discussed in terms of average
coordination number obtained from EXAFS data analysis,
which

was

co-supported

by

laboratory

characterization

techniques.
The chapter 5 is dedicated to the study of silver
clustering during and after activation treatments using Agcontaining small-pore zeolites as precursors and nanocontainers.
The influence of framework structure and chemical composition
of Ag-based materials on formed Ag species at different
clustering and metal redispersion conditions (calcination using
distinct atmospheres, reduction in H2, redispersion in O2) were
studied using either in situ or ex situ characterization methods.
After, the catalytic consequences of tuned Ag-containing
zeolites in SCO-NH3 are discussed. In this section, the
combination of in situ XAS with several laboratory techniques
proved to be pivotal to have a full picture of the investigated
system.
Finally, a list of projects developed in parallel to this
thesis is provided at the end of this document.
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Resumen

El objetivo de esta tesis es estudiar la agrupación y el
crecimiento de especies metálicas confinadas o soportadas en
materiales porosos mediante espectroscopia de absorción de
rayos X in situ. Para lograrlo, las especies de paladio y plata se
han introducido en materiales porosos (γ-alúmina, carbón activo
y zeolitas) mediante impregnación vía húmeda y métodos de
intercambio iónico, respectivamente. Luego, el agrupamiento de
estas especies metálicas se ha controlado mediante tratamientos
de activación en diferentes atmósferas (inerte, oxidativa y
reductiva) y seguido por XAS de manera detallada.
El objetivo principal del trabajo actual es demostrar que
tanto XANES como EXAFS pueden proporcionar información
valiosa y, en cierto punto, innovadora durante el control de
especies metálicas (en términos de tipo y tamaño de las
especies). Aprovechando los procedimientos de análisis
inusuales, como el análisis de los cumulantes, el ajuste de la
parte imaginaria de la transformada de Fourier y otros, es
posible obtener información refinada sobre los sistemas
investigados.
En la sección de introducción, se proporciona una
compilación de estudios en los que se ha utilizado XAS como
técnica importante para caracterizar especies metálicas en
materiales porosos. Conscientes de que las personas pueden usar
dicha introducción como base para estudios más complejos en el
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futuro, la discusión se ha dirigido tentativamente hacia este
objetivo.
El capítulo 4 se centra en el estudio de la influencia de
los precursores de paladio y la naturaleza del soporte en las
nanopartículas resultantes. El proceso de activación completo, es
decir, la transformación precursor  nanopartícula, ha sido
seguido por XAS in situ. El análisis estuvo compuesto por el
punto de partida (material impregnado), calcinación en flujo de
O2 y reducción posterior con H2. La consecuencia del uso de
diferentes precursores metálicos y soportes se ha discutido en
términos del número de coordinación promedio obtenido a partir
del análisis de datos de EXAFS, que fue respaldado por técnicas
de caracterización de laboratorio.
El capítulo 5 está dedicado al estudio de la agrupación de
plata durante y después de los tratamientos de activación
utilizando zeolitas de poro pequeño intercambiadas con plata
como precursores y nanocontenedores. Se ha estudiado la
influencia de la estructura y la composición química de los
materiales basados en plata sobre las especies metálicas
formadas en diferentes condiciones de agrupamiento y
redispersión del metal (calcinación usando atmósferas distintas,
reducción en H2, redispersión en O2) utilizando métodos de
caracterización in situ o ex situ. Después, se discuten las
consecuencias catalíticas de las zeolitas que contienen Ag en la
reacción de SCO-NH3. En esta sección, la combinación de XAS
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in situ con varias técnicas de laboratorio ha demostrado ser
fundamental para un completo entendimiento del trabajo.
Finalmente, una lista de proyectos desarrollados en
paralelo a esta tesis se proporciona al final de este documento.
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Resum

L'objectiu d'aquesta tesi és estudiar l'agrupació i el
creixement d'espècies metàl·liques confinades o suportades en
materials porosos mitjançant espectroscòpia d'absorció de raigs
X in situ. Per a això, les espècies de pal·ladi i plata s'han
introduït en materials porosos (γ-alúmina, carbó activat i
zeolites) per mitjà de la impregnació via humida i mètodes
d'intercanvi iònic, respectivament. Una vegada preparats els
materials, l'agrupament de les espècies metàl·liques s'ha
controlat fent ús de tractaments d'activació en diferents
atmosferes

(inert,

oxidant

i

reductora)

s'ha

estudiat

exhaustivament per XAS.
L'objectiu principal del treball és demostrar que tant el
XANES com l'EXAFS proporcionen informació rellevant i, en
certa manera, innovadora per al control d'espècies metàl·liques
(en termes de tipus i grandària d'aquestes espècies). Fent ús de
procediments de tractament de dades no molt habituals com
l'anàlisi de cumulants, l'ajust de la part imaginària de la
transformada de Fourier i altres, és possible obtenir informació
detallada sobre els sistemes estudiats.
En l'apartat de la introducció, es proporciona una
recopilació d'estudis en els quals s'ha utilitzat XAS com a
tècnica principal per a caracteritzar les anomenades espècies
metàl·liques en materials porosos. Aquesta introducció ha estat
redactada per a que puga servir com a punt de partida per a
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futurs estudis que requereixen la utilització de XAS per a la
caracterització de les espècies metàl·liques presents en els
catalitzadors.
El capítol 4 es centra en l'estudi de la influència dels
precursors de pal·ladi i la naturalesa del suport front a les
nanopartícules resultants. El procés d'activació, és a dir, la
transformació precursor  nanopartícula, ha sigut estudiat per
XAS in situ. L'anàlisi per XAS va comprendre els següents
passos: punt de partida (material impregnat), calcinació en flux
d'O2 i reducció posterior amb H2. La utilització de diferents
precursors i suports metàl·lics ha permès dur a terme una
discussió, referent al nombre de coordinació mitjà obtingut a
partir de l'anàlisi de dades de la zona EXAFS, que ha estat
recolzat per altres tècniques de caracterització.
El capítol 5 s'ha dedicat a l'estudi de l'agrupació de plata
intercanviada en els catalitzadors durant i després dels
tractaments d'activació. S'han utilitzat zeolites de porus xicotet,
com la CHA i RHO, intercanviades amb plata. L'estudi de la
influència de l'estructura zeolítica i la composició química dels
materials

enfront

dels

diferents

tractaments

d'activació

(calcinació utilitzant diferents atmosferes, reducció en presència
d'H2, re-dispersió en atmosfera d'O2) es va realitzar fent ús de
mètodes de caracterització in situ o ex situ. A continuació, es
discuteix

la

influència

d'aquestes

espècies

metàl·liques

formades, utilitzant els diferents mètodes d'activació, per a la
reacció d'SCO-NH3. En aquest sentit, s'ha demostrat que la
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combinació de XAS in situ amb diverses tècniques habituals de
laboratori és fonamental per al desenvolupament d'aquest
treball. Finalment, es presenta una llista de projectes, en els
quals també s'ha treballat paral·lelament, on s'ha utilitzat XAS
com a tècnica de caracterització.
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Imm – Imaginary part of Fourier transform
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STEM – Scanning Transmission Electron Microscopy
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TGA – Thermogravimetric Analysis
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XANES – X-ray Absorption Near Edge Structure
XAS – X-ray Absorption Spectroscopy
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Chapter 1
Introduction

Chapter 1. Introduction

1.1 Metallic species in porous materials probed by XAS
From the 70's to the present years, the availability of
well-developed instrumentation on synchrotron light sources
allowed the characterization of diverse types of samples by
different advanced techniques in experiments requiring high Xray flux in continuous energy interval. Among the employed
characterization methods, X-ray absorption spectroscopy (XAS)
has become a powerful technique in all the fields of materials
science and, particularly, in catalysis.1 The reason relies on its
atomic selectivity which enables the characterization of a
specific element within complex matrices composed by several
chemical elements (e.g. perovskites and clays). XAS is highly
sensible to low element concentration as well, being able to
measure

the

absorption

edge

of

elements

containing

considerable small amounts (hundreds of ppm) respect to the
total mass of sample. Moreover, it is also important to underline
that XAS does not require local ordering around probed
element, which is a tremendous advantage respect to other
techniques. All these advantages coupled with the possibility to
control the sample environment attracted the attention of
research groups in the area of catalysis.
The catalytic community has gained space within the
synchrotrons over time which is mainly related to the
improvement or development of new and sophisticated
experimental setup for in situ or operando experiments.2 In the
last years great improvements have been made regarding
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coupling XAS with other techniques within beamlines all over
the world. Some examples that may be cited are the combination
of XAS with XRD/Raman3-4 and with DRIFTS.5 A small
example

among

several

possibilities

is

following

the

modifications on the support by XRD while XAS evaluates the
changes in the metallic species upon catalytic reaction or
activation processes.
Notwithstanding, the increasing of beamlines displaying
time-resolved XAS6 (from Energy dispersive or Quick-EXAFS
experiments) enabled the designing of complex experiments
focusing on unrevealing reaction mechanisms in time-dependent
reactions. It has also forced the researchers to develop more
sophisticated methods for data analysis and also those for
treating large amounts of data.7-8
In order to underline the importance of XAS to catalysis
and to demonstrate the strong relationship between them, Figure
1.1 shows the huge number of papers available in literature
searching the following keywords on search engines like Scopus
or ISI Web of Science (WoS): “in situ XAS” and “EXAFS and
Catalyst”.
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Figure 1.1 Number of publications related to in situ XAS (a)
and EXAFS and Catalyst (b) over the years.
The main focus of this doctoral thesis is the application
of XAS for the characterization of metallic systems, especially
focused on the area of catalysis. A compilation of interesting
works was done with the aim of highlighting the distinct
information that can be extracted in several systems (i.e. metal
nanoparticles,

metal-substituted

zeolites,

metal-exchanged

zeolites) by different approaches without intention to be
complete.

The topics can be divided into two groups: (i)

relevant topics in the context of this doctoral thesis and (ii)
topics related to the relevance of XAS to these subjects. In the
first group (i) we can include the methods for nanoparticle size
estimation from EXAFS, the reversible interconversion from
nanoparticles to single atoms and also metal-exchanged zeolites,
with some of them interconnected during the thesis. The second
group (ii) includes examples where XAS is really required
nowadays due to its element-sensitive character (bimetallic
nanoparticles) or due to its ability to handle data from non-
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ordered systems in which characterization by other techniques is
more complex (single atoms). A briefly description about each
system is also tentatively included along the text.
1.1.1

Supported metal nanoparticles
With the advent of nanotechnology age, the increasing in

manipulation and better understanding of matter at nanoscale
range is essential to guarantee prosper technological progress.9
Nanoparticles are the core of nanotechnology and are generally
described as particles with at least one dimension (length, width
or thickness) comprised in the nanoscale range (1 to 100 nm).9
By manipulating the size of matter (active sites, pore and
particle sizes) distinct properties can be achieved, which may be
different for single atoms and subnanometric clusters in
comparison with metal nanoparticles, which in turn are expected
to be unlike in those bulk counterparts. For example, constant
physical properties are expected in the bulk, regardless of its
size, while for nanoparticles, size-dependent properties are often
observed.
The dependence of dispersion and total number of atoms
in metal nanoparticles as a function of particle size is reported in
Figure 1.2. The plot shows only the range of sizes relevant to
XAS (up to 100 Å) and takes into account a cuboctahedral shape
for Pd nanoparticles with fcc structure. With increasing the
nanoparticle size, the number of surface atoms (in terraces,
edges and/or corners - depicted in right side of Figure 1.2)

6

Chapter 1. Introduction

respect to the total atoms in a nanoparticle is decreased, which is
translated into lower values of metallic dispersion. Moreover,
dispersion values drops abruptly from 10 to 60 Å whereas above
that value the dispersion is not significantly affected, varying
only 7% for particle size between 60 to 100 Å (for further
details on the dispersion relationships the reader is referred to
reference literature10).

Figure 1.2. Total number of atoms (Ntot) and dispersion (D =
Nsurf/Ntot) as a function of the particle size from the
cuboctahedral geometrical model Pd nanoparticles10-11 (left) and
examples of different types of surface atoms in metal
nanoparticles (right). (Adapted from reference12)
Notwithstanding, when the particle size is too small,
where all atoms or most of them are on the surface, the energy
contribution due to facets (terraces), edges and corners (right
side of Figure 1.2) is not negligible13 and consequently the
particle is not at a thermodynamic stable state. In order to
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minimize this problem, much effort have been done using
organic ligands, capping agents or metal salts in order to avoid
particle growth. The problem of using this approach is that
sometimes nanoparticles may suffer from poisoning, instability
of organic phases at high temperatures, resulting in deactivation
and/or loss of catalytic activity. In addition, the recovery from
the reaction media to successive uses and regeneration is a quite
difficult task. To overcome this issue, the combination of
nanoparticle and porous materials is very attractive and can be
of interest not only in catalysis but also from a multidisciplinary
point of view.9 Finally, it is important to underline that the
relative ratio of atoms in facets (terraces), edges and vertices
change with cluster size, which tune their properties.
Metal nanoparticles can be supported on different types
of materials, such as metallic oxides (mainly SiO2,14-15 Al2O3,1618

CeO219 and TiO220-21), LDH-derived oxides,22 carbons,23-26

polymers,27-28 zeolites,29-30 MOFs,31-32 ordered mesoporous
materials,33-34 clays,35 among others. Apart from nanoparticle
stabilization, the support can help in the tuning of nanoparticles
properties. For example, nanoparticle growing can be avoided
by restriction of support pore size,33 distinct metal reduction
pathways and blockage of determined surface atoms can be
observed due to strong metal-support interactions,20-21,

36

including other effects. Moreover, using the same support but
just changing the metal impregnation approach (by choosing
different metal precursors or methods)37-38 or activation
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parameters (calcination and/or reduction processes)37,

39

could

result in a metal-support system completely distinct.
Among
characterize

the

metal

variety

of

nanoparticles

techniques

employed

(spectroscopic,1

to

surface-

sensitive,40 imaging), the X-ray absorption spectroscopy is
certainly one of the most powerful tools due to its elementselective character, short-range and chemical sensitivities. The
information obtainable from XAS (both XANES and EXAFS
regions) is broad but in the case of nanoparticles the most
important and targeted parameter in literature is the coordination
number41 (specially for drawing conclusions about nanoparticle
structure), along with metal-metal distance and Debye-Waller
factor (not necessarily in that order) which is directly related to
thermal and static disorder of the metallic system (further
information can be obtained in reference41). However, in some
cases, the three parameters (CN, distance and disorder) can
separately provide information about nanoparticle size because
they are completely related due to quantum size effects already
known for nanosystems (which will be observed in some cases
along this work – see Chapter 4). In principle, with decreasing
the size of NP (and consequently the coordination number), the
metal bond length is contracted and more disordered system is
expected.42 In addition, XAS is able to distinguish different
neighbors/ligands bonded to the absorber atom, which is very
important when phase transition between one component to

9

Chapter 1. Introduction

another takes place, like decomposition of complexes into
oxides (see Chapter 4).
In comparison with other techniques, such as TEM and
XRD, XAS provide unique and valuable information. In general
characterization of nanosystems comprising particles sizes ≤5
nm is quite challenging either because the peaks are too broad
(or even absent) in XRD due to lack of long range order or also
due to the weak contrast between the metallic species and the
support (e.g. Cu/CeO2, Co/TiO2), which makes their distinction
by TEM very difficult. These factors make XAS a very
important technique, since the support does not interfere due to
the element-sensitive character of the analysis; no issues about
statistic, and the spectra can be acquired in harsh conditions (in
situ/operando) what is currently impossible to be performed
through standard TEM instrument.
The process of obtaining particle sizes begins with a
hypothesis about particle morphology (e.g. cuboctahedral,
icosahedral or truncated cuboctahedral) and first shell average
coordination number value from EXAFS fitting. Then, the
average particle size and other parameters (e.g. dispersion and
total metallic atoms in the nanoparticle) can be estimated by
applying some equations10 considering determined crystalline
topology. However, some considerations should be addressed,
such as the presence of significantly larger nanoparticles which
can affect the EXAFS signal through constructive scattering
effects. This can mask the real average coordination number,
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which would result in erroneous analysis of the data, leading to
wrong conclusions about the system. In literature some authors
have modeled nanoparticles with different shapes and sizes and
represented particle size vs average coordination number of
nanoparticles, highlighting the size regime feasible to be
obtained by EXAFS (between 2-4 nm), like those represented by
Nashner43 (Figure 1.3a) and de Graaf44 (Figure 1.3b). In both
cases, fcc structure and spherical shapes were considered in
advance. It can be noticed that as coordination number
increases, the particle size is higher, with curved profiles.
Similar plots based on modelling and calculations considering
other particles shape, structure and particle size distribution can
be found elsewhere.11, 45

Coordination Number

(b)

Coordination Number

(a)

Particle size (Å)

Particle size (Å)

Figure 1.3. Correlation between average first shell coordination
number

and

diameter

of

nanoparticle

considering

(a)

hemispherical and (b) spherical fcc metal nanoparticles
(Adapted from references43-44).
Another example for metallic particle size estimation is
based on metal-metal distances rather than average coordination
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number. Taking advantage of palladium hydrides formation
during exposure of Pd nanoparticles to H2 atmosphere at low
temperatures (<80 ºC), Wang et al.46 developed a method for the
determination of nanoparticle size by measuring the Pd metalmetal bond length. By measuring the EXAFS spectra of a 2 nm
Pd-based sample at different steps of thermal treatments in H2
and He (in conditions of stability and instability of PdHx) the
authors were able to determine the size of nanoparticles. To do
that, a correlation between H/Pd ratio obtained from the Pd-Pd
distance and the cluster model size was made.
The process of nanoparticle size estimation from EXAFS
has been extensively used through literature but in many cases
the lack of information about real particle morphology can lead
to wrong conclusions, as already commented. One fact that must
be taken into account when using this method is the average
metallic size. At determined size regimes (subnanometric
range), it is difficult to attribute the cluster shape and at the same
time most equations are based on crystalline phases, so the
determination of metallic average size is not straightforward and
should be carefully handled. One should pay attention also to the
higher shells of |FT| which were identified as extremely
important in terms of nanoparticle shape.47
Let's now focus on the group where the particle size
regimen is really small (less than or around 1 nm). In last years
an effort has been made regarding the preparation and
characterization of supported subnanometric metallic clusters
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(either mono or bimetallic) and single atom-claimed systems
due to their outstanding performance in catalytic reactions and
noble metal expend minimization.48 Despite the extensive
characterization by powerful techniques, the XAS investigation
is relatively poor and a consistent or comprehensive approach to
study subnanometric systems is missing until now. Several
contributions reporting metal single atoms on porous materials
are available.49-60 The general trend reported is that no metalmetal contributions are found in most systems, only the presence
of metal-support interactions or metal-ligands are stated. Also,
usually the metal single atoms are electronic rich and the white
line in XANES is more intense respect to those bulk
counterparts and the oscillations beyond the edge are damped
due to quantum size effects.
One of most interesting examples comes from PerezRamirez's group who used EXAFS to characterize Pd singlesites anchored into the cavities of mesoporous polymeric
graphitic carbon nitride.26 The catalyst named [Pd]mpg-C3N4
displayed 100 % of metal dispersion which was further
supported by other techniques (CO chemisorption, TEM, XPS).
From the XAS point of view, despite the lack of explanation
about XANES and χ(k), the authors claimed that neither Pd-Pd
contribution was observed nor peaks at a distance greater than 2
Å, contrasting with conventional nanoparticle-based systems.
This approach was further performed for Pt single atoms
supported on g-C3N461 and similar results were obtained, where
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no Pt-Pt contributions were observed. However, in this case, the
discussion was less extensive than the first example.26
Simulating phase and amplitude of Pt-C/N by FEFF code the
authors revealed that platinum atoms were dispersed on the top
of five-membered rings of C3N4 network.
Yang et al.62 studied Pt/TiN for selective electrochemical
reactions and XAS was used for Pt electronic and structural
characterization. Despite the lack of comparison with standards
and inconsistencies on Pt-Pt distances for samples with variable
Pt loading on EXAFS data analysis, the obtained coordination
number for single atom sample was 0.58. However, since the
catalysts were mildly reduced (100 ºC in H2 flow), rests of Clbased precursor with NPt-Cl = 3.03 were also observed, which
could be the explanation for such low NPt-Pt.
Atomically dispersed ionic platinum (Pt2+) on ceria
(CeO2) catalyst for CO oxidation63 was characterized by XAS
before and after steam-treatment. In brief, the impregnated
sample was submitted to thermal treatment at 800 ºC in air for
12 h and further steam-treated at 750 ºC for 9 h. The authors
claimed that even after harsh conditions the Pt is present as Pt2+
atomically dispersed (by XANES interpretation) within CeO2
and only Pt-O contributions are visible in |FT|, without presence
of further Pt-Pt shells. Despite this, only qualitative evaluation
of EXAFS is given and no extra information was provided by
the authors.
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Yin and co-workers64 developed a new method to
achieve highly loaded (4 wt.%) stable Co single atoms on
nitrogen-doped carbons. By using a bimetallic Zn/Co metalorganic framework as precursor, Co is reduced by carbonization
of organic part and Zn is evaporated away due to the high
temperature (800 ºC), as demonstrated in Figure 1.4. The
XANES indicated that Co valence state was between 0 and +1,
according to white line intensity in comparison with standards of
well-known structure and oxidation state. Moreover, Co-N
coordination peak positioned at 1.41 Å was observed in the |FT|
after MOF pyrolysis and no Co-Co bonds was identified, which
pointed out to the formation of atomically dispersed system. The
authors also postulated the Co coordination from obtained NCo-N,
being composed by Co-N4 and Co-N2, depending on pyrolysis
temperature.

Figure 1.4. Formation of Co single atoms from MOF
carbonization. (Adapted from reference64)
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The reversible transformation of nanoparticles into single
atoms (especially within zeolites) has been also a hot topic.65 By
this approach, cycles of metal regeneration (oxidation and
reduction treatments) can be performed to improve catalyst
lifetime. However, it is important to highlight that in most cases
redispersion of high metal amounts is challenging (for further
information the reader is referred to Chapter 5). This behavior
was

already

described

for

Ag-containing

zeolites

and

titanosilicates, but with significant low metal amounts.30, 66-68
Recently, some interesting contributions came out such
as the work of Moliner et al.69 In brief, the authors performed
XAS to follow reduction-reoxidation treatments on one-pot Ptencapsulated high-silica CHA zeolite. Firstly, the initial state of
Pt was investigated, being characterized to possess Pt-S paths
(~4 S atoms) coming from thiol compound used for Pt
stabilization during zeolite synthesis. This contribution was
eliminated after calcination, giving rise to Pt-O distances from
PtO3 units (possibly oxygen atoms from CHA framework). After
that, a reduction treatment in H2 flow to form Pt nanoparticles
was performed resulting into NPt-Pt of ~7 (Pt nanoparticles of ca.
1-1.5 nm) with subsequently reoxidation treatment in O2 to
redisperse the metal into single atoms (NPt-O = 3) within
chabazite structure. The whole process can be easily visualized
by both XANES and EXAFS since two clearly different species
were shown (oxidized and reduced Pt), as observed in the
moduli of Fourier-transform in Figure 1.5a.
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(a)

(b)

H2 Activation
80 °C

150-650 °C
chabazite

Pt
single-atoms

Small
Pt clusters
450-650 °C

100-200 °C

O2 Activation

Figure 1.5. |FT| of Pt-containing CHA zeolite under different
treatments (a) and general view of reversible transformation of
Pt species inside zeolite (b). (Adapted from reference69)
The authors claimed that it is possible to interconvert
reversibly the Pt species several times at high temperatures
probably due to the stabilization of metal species by zeolite
framework. Also, the internal zeolitic voids can help in avoiding
metal sintering. The XAS results were also supported by
environmental STEM under reduction-reoxidation conditions. A
picture exemplifying the reversible interconversion of metallic
species can be seen in Figure 1.5b.
The last subject on characterization of nanoparticles by
XAS is maybe the system which fully demonstrates the power
of the technique and its element-sensitivity strength. Bimetallic
nanoparticles are known for really impacting catalyst activity,
selectivity and stability.41 They can be synthesized in distinct
shapes,70-73 morphologies,70 compositions and types of atomic
and compositional ordering.41, 72-76
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Coordination

number

in

bimetallic

nanoparticles

measured by EXAFS can provide substantial information about
structure. Considering nanoparticles composed of atoms A and
atoms B, partial coordination numbers of NA-B, NB-A, NA-A and
NB-B can be obtained by corefinement fit of both edges at the
same time.77 In turn, these parameters can be used to obtain
intrinsic information about the system. Basically, three different
ordering of bimetallic atoms can be expected in these systems:
the so-called alloys (e.g. PtRu, PdAu), core-shell arrangement
(typically expressed as core@shell) and segregated phases
(separate metals not interacting with each other).
The recognition of each system can be done by according
to the following findings:
-

Segregated phases: when NA-A ≠ NB-B and the NA-B is

absent, the system is characterized to possesses two separated
metallic nanoparticles, A and B.
-

Core-shell: if NA-M < NB-M the A-type atoms will

segregate to the surface whilst B-type atoms to the core, since
surface atoms are less coordinated than in the core. “M” is used
when bimetallic nanoparticles with composing atoms of very
similar atomic number are studied.
-

Alloy: when NA-A = NB-B = NA-B is fulfilled,

homogeneous alloying can be expected.
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The three conditions are summarized in Figure 1.6.

Core-Shell

Alloy

Mixed phases

NA-A = NB-B = NA-B

NA-A ≠ NB-B
NA-B = 0

NA-A > NB-B
or

NB-B > NA-A
and

NA-B ≠ 0

Figure

1.6.

Different

atomic

ordering

of

bimetallic

nanoparticles and consequences in terms of coordination
numbers. (Adapted from references78)
Once the partial coordination numbers are known, the
total coordination number (NM-M) can be calculated79 and used
to determine the size and shape of nanoparticles, as for
monometallic systems.41
Hwang et al.80 and Frenkel79 developed methods for
quantitatively determinate atomic distributions like the tendency
to clustering preferentially to one or another atom type, i.e., the
preference of A atoms to be close to other A atoms. For more
detailed information the reader is referred to Frenkel's41 review
on bimetallic nanoparticles characterization by EXAFS.
The following examples are just a selection of many
excellent works demonstrating the capability of XAS to handle
bimetallic analysis and solving structures. Nashner et al.43
studied Pt/Ru bimetallic nanoparticles by in situ XAS and were
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able to follow the transformation of the starting structure of
molecular

bimetallic

cluster

PtRu5C(CO)16

toward

Pt

segregation to the core of the supported bimetallic nanoparticle
[PtRu5]/C. The authors used the extracted coordination number
from multi-edge data fitting and a combination of STEM-EDX
and electron microdiffraction for drawing the conclusions about
bimetallic structure. XAS demonstrated that, from one side, the
obtained NPt-Pt in first shell was 2.5 and NPt-Ru was 4.0. On the
other hand, the NRu-Pt was three times smaller (0.7) and NRu-Ru
was 5.4, which pointed out to a Ru-rich core nanoparticle.
Interestingly, in the case of bulk Ru nanoparticles, hcp structure
is normally expected. However, electron microdiffraction
analysis showed fcc structure for bimetallic nanoparticles. These
results demonstrate a high sensitivity of nanoscale effects in the
formation of nanoparticles. Also, considering a nanoparticle
with cuboctahedron fcc structure, significantly smaller average
values of nanoparticle size were obtained, contradicting STEM
analysis. However, when considering truncated (by a 111 plane)
cuboctahedron hemispheric fcc nanoparticle, the value of 1.5 nm
was in good agreement with the characterization performed by
other techniques.
Another contribution from the same group81 describes
the core-shell inversion during in situ activation of the same
bimetallic PtRu nanoparticles reported above. Initially the
nanoparticles were characterized by a disordered structure
containing Pt preferentially at the core (200 ºC). After heat
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treatment at higher temperature (400 ºC), the nanoparticles
adopted an inverted structure where Pt segregates to the surface.
Alayoglu et al.78 also investigated PtRu system, with
nanoparticles of ca. 4 nm synthesized either as alloy or coreshell by a multi-technique approach. The results demonstrated
that in the core-shell system, as for the above case, Pt segregated
to the shell and Ru to the core, but at this time Ru crystallized as
highly distorted (typical) hcp structure. The EXAFS oscillations
in this case were in phase with bulk phase at Ru edge (Figure
1.7a) and slightly phase-shifted at Pt edge (Figure 1.7b),
confirming Ru segregation at the core of the nanoparticle and Pt
distortion at the surface. On the other hand, the alloyed phase
displayed significant shifts at different k-space oscillations
respect to those of bulk counterparts, which indicates random
distribution of Pt and Ru atoms in this system.
(a)

(b)

Figure 1.7. k2-weighted χ(k) functions of Ru K-edge (a) and Pt
LIII-edge

(b)

of

different

configured

PtRu

bimetallic

nanoparticles and respective oxides and foil references.
(Adapted from reference78)
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One approach that is worth mentioning comes from
Iglesia's group and it is interesting in the context of this thesis.
The authors encapsulated metal nanoparticles (Pd, Pt, Ru, Rh,
Au) within zeolites (mainly small-pore ones which serve as
“containers” for stabilization of metallic species). In one of few
publications82-85 they studied bimetallic AuPd, AuPt and PdPt
clusters encapsulated within LTA zeolite.86 Despite the
extensive characterization on the bimetallic-zeolite system, only
indirect information about bimetallic species was obtained by
the other techniques, which led them to use XAS for a complete
understanding about the system.

(b)

(a)

Figure 1.8. |FT| of k3-weighted χ(k) of bimetallic samples and
respective standards at Au LIII-edge (a), Pd K-edge (b) and Pt
LIII-edge (c). (Adapted from reference86)
The authors studied the three samples at Pd K-edge and
LIII-edges of Au and Pt. As shown in Figure 1.8, by comparing
the |FT| of metal foils with those of the samples, in almost all
cases a split first shell contribution is visible, which is a good
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indication of the presence of truly bimetallic system. Both metal
edges fitting were performed to ensure data reliability (metal
distances and Debye-Waller factors). In the case of AuPd
nanoparticles (Figure 1.8a) the fit at gold edge resulted in AuAu and Au-Pd coordination numbers of 6.0 ± 1.0 and 3.2 ± 0.8
at distances of 2.73 ± 0.02 Å and 2.73 ± 0.01 Å, respectively, so
that the first shell mean coordination number was composed by
ca. 9.0 metallic neighbors. The fitting of same sample at Pd Kedge (Figure 1.8b - top) resulted in Pd-Pd coordination number
of 3.1 ± 0.7 at a distance of 2.69 ± 0.01 Å and a Pd-Au
coordination number of 5.0 ± 1.0 at a distance of 2.73 ± 0.01 Å
(first shell average coordination number of ca. 8.0), which
demonstrated a good similarity of first shell coordination
number for both metal edges and indicated that Au and Pd are in
intimate contact and homogeneously dispersed within the
nanoparticle. The results for PdPt-based system (Figure 1.8c)
were very similar to those for AuPd nanoparticles. Particle sizes
were extracted from total average coordination number (NA-B +
NB-A) using similar approaches to those commented for
monometallic at the beginning of this section and were in
agreement with TEM observations (between 1-2 nm). Moreover,
all distances were consistent with nanoparticulated systems, i.e.
shorter than those observed for bulk bimetallic lattices.
In this thesis, we have extensively used zeolitic materials
for hosting metallic nanoparticles. Then, this family of materials
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deserves a brief explanation about their structures and
properties.
1.1.2

Metal-exchanged zeolites and isomorphous substitution
The origin of the term zeolite born in 1756 when Alex F.

Cronsted, a Swedish mineralogist, noticed that when heating a
mineral (stilbite) vapors were released. Cronsted named this
family of minerals as zeolites, from the Greek, boiling stone
(where zeo means "boiling" and lithos means "stone").87-88 The
most appropriate definition of zeolite is matter of discussion,
therefore, the IZA (International Zeolite Association), the most
important organization in the zeolite area, says that any threedimensional network structure composed of tetrahedrally
coordinated atoms, bonded together by oxygen atoms and with a
structural density of less than 21 tetrahedrally coordinated atoms
(T atoms) per 1000Å3 can be considered as zeolite or zeolitelike materials (aluminum phosphates, silicoaluminophosphates
and metal-containing aluminum phosphates).89
From the point of view of their structure, the zeolites are
made of TO4 tetrahedra (T = Si, Al, Ti, Sn, among others),
linked to TO4 neighbors by sharing oxygen atoms. In a structure
composed only by silicon tetrahedra, the combination of the TO4
units (T = Si) leads to the formation of an uncharged silica
(SiO2), similar to quartz. However, the isomorphous substitution
of Si4+ atoms of the silica structure by Al3+ atoms creates an
electronic unbalance, resulting in a negatively charged material.
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To preserve the electronic neutrality, the presence of chargecompensating cations is required. For each substituted Al atom,
one negative charge is created that is neutralized by the positive
charge of a compensation cation (Na+, Ca2+, K+, TMA+, etc),
which remains electrostatically attached to the zeolite structure,
as summarized in Figure 1.9. It is thanks to this electronic
unbalance in the zeolite framework that the zeolites have cation
exchange properties.
Notoriously, when the structural negative charge is
compensated by protons, the resulting materials possess strong
Brönsted acid properties that have boosted the zeolite
applications in industry.

Figure 1.9. Structural scheme of a zeolite, where X represents
the compensation cation.
Generally, the chemical composition of the zeolites is
expressed as follows:
M x/n [(AlO2)x(SiO2)y]  mH2O
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Where:
M = cation with n valence
n = valence of M cation
m = number of water molecules
x + y = total number of tetrahedral per unit cell
y/x = Si/Al atomic ratio, which can vary from 1 to infinite
(according to Loewenstein rule)
According to the Loewenstein rule there are no Al-O-Al
linkages in the crystal lattice, so only 50% of the Si in the
crystal structure can be replaced by Al atoms.90 This is due to
the instability of these hypothetical compositions which are not
stable because of the repulsion between the very close negative
charges generated. However, there are some exceptions, such as
zeolites obtained by high temperature methods and also the
bicchulite mineral, with sodalite type structure, which contains
more Al than Si.91 The smallest structural unit of a zeolite is the
TO4 tetrahedron (primary building unit), which can be linked in
a different way to generates the secondary building units
(SBU's), exemplified in Figure 1.10.92
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Figure 1.10. Secondary building units (SBU).
The linkage of these secondary building units between
them generates more complex polyhedral units. A good example
of polyhedron is the sodalite cage, which is an important
building block in the construction of zeolites sodalite (SOD), A
(LTA), ZSM-20 (EMT) and Y (FAU), when combined with
others SBU's in a repetitive manner.
Some other examples of zeolite construction from
secondary building units and polyhedra are illustrated in Figure
1.11, where the pore system formed is also observed.
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Faujasite
X and Y

Sodalite unit

ZSM-12
Tetrahedron
ZSM-5

Silicalite-1
Pentasil unit
Theta-1
ZSM-22

Figure 1.11. Formation of zeolitic materials from the simplest
unit and growing until final products.93
In the classification of zeolitic materials the work of the
Structure Commission of the International Zeolite Association
(IZA) has been extremely useful. This commission is composed
by experienced crystallographers, who regularly examine the
proposals for new zeolite structures. Once the structure has been
recognized by the commission, the structure is assigned with a
three-letter code (FAU of Faujasite for zeolites X and Y, MTW
for zeolite ZSM-12, MFI for zeolite ZSM-5 and silicalite-1;
TON for zeolites Theta-1 and ZSM-22). Up to now, the
Structure Commission of the IZA has accepted 234 different
codes, that are of public access at IZA's website.94
The zeolites contain cavities and pores of different
dimensions, which are classified by the number of T atoms at
the pore aperture. According to the pore size, the zeolites can be
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divided into chlatrasils, small, medium, large and extra-large
pore zeolites, as summarized in Table 1.1.
Table 1.1. Summary
characteristics.
Definition – pore size
range (Å)
Macroporous (>500)
Mesoporous (20-500)
Microporous (<20)
Extra-large pore

Large-pore
Small-pore
Small-pore
a

Chlatrasil
main pore

of

porous

materials

containing

different

pore

M41S

Atoms in
pore
aperturea
-

Pore
diameter
(Å)a
15-100

-CLO
VFI
AET
FAU
AFI
*BEA
MFI
MWW
LTA
RHO
DDR

20
18
14
12
12
12
10
10
8
8
8

13.2 x 3.5
12.7 x 12.7
7.9 x 8.7
7.4 x 7.4
7.3 x 7.3
6.6 x 6.7
5.3 x 5.6
5.5 x 4.0
4.1 x 4.1
3.6 x 3.6
3.6 x 4.4

Material

Code

Pumice stone
MCM-41
Zeolites
Cloverite
VPI-5
AlPO-8
X and Y
AlPO-5
Beta
ZSM-5
MCM-22
A
RHO
DDR

As mentioned above, typical zeolites are composed
basically by SiO2 and Al2O3. However, other heteroelements
different than Si and Al can be incorporated into the framework,
such as Ti, Sn, Ga, Ge, Fe, among others. The isomorphous
substitution of heteroatoms became important mainly after the
discovery of Ti-Silicalite-1.95 The so-called TS-1 is a
titanosilicate zeolite with MFI topology, composed by Si and Ti,
which was found to be an outstanding catalyst for oxidation
reactions.96-97 After this breakthrough, the interest in this area
increased significantly due to the new opportunities that these
novel materials created, either in the discovery of new zeolite
structures (as for Ge-substituted zeolites)98 or in their
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application in reactions catalyzed by Lewis acid-containing
zeolites (Ti, Sn, Hf, Nb, etc)99-100.
Considering the variety of materials that could be
prepared by isomorphous substitution and taking into account
that each metal has its own chemistry, a different metallic
speciation (either in the framework or not) might be expected
depending on the synthesis conditions used to prepare zeolites.
The different pH normally used for the synthesis (either basic or
neutral media) can give rise to the formation of insoluble species
which precipitate as extraframework material (in the form of
metal oxides/hydroxides). It is known that the presence of
extraframework species can hindrance the catalytic activity and
in some cases is difficult to track by usual laboratory techniques.
Despite the complexity, the X-ray absorption spectroscopy is of
great importance in the characterization of metal-substituted
zeolites due to its element-sensitivity character and has been
successfully used for this purpose through literature.1
Due to the high number of publications related to TS-1
characterization, it is far to start discussing the isomorphous
substitution in zeolites from it. It was a question of interest to
assess the exact nature of Ti incorporated in TS-1 (and other Ticontaining zeolites) and several hypothesis were discussed from
the 80's to the beginning of 90's.1 Bordiga et al.101-102 proposed
that Ti active sites in TS-1 were the isolated Ti(IV) atoms
incorporated

within

MFI

framework,

but

many

other

environments for the active titanium species were proposed
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before, such as titanyl groups, extraframework defect sites,
monomeric or dimeric metal species and others.103-107 Also,
diverse local geometries were taking into account, ranging from
tetrahedral, square pyramidal up to octahedral.1 Unfortunately,
TS-1 syntheses were not identical among the different
characterization groups and therefore, it was not clear if the
different claimed Ti species were a result of the different
interpretation of the characterization techniques or the
discrepancies came from the differences between TS-1 samples.
In addition, the relatively small amount of titanium (ca. 3 wt.%
of TiO2) feasible to be incorporated in the zeolitic structure
makes difficult the characterization once the experimental data
are dominated by features of SiO2 matrix.1
Titanium atoms present in Ti-containing materials were
found to occupy a 6-fold octahedral environment (TiO2 anatase
and rutile) while in a zeolite the atoms were forced to be in a
tetrahedral coordination (4-fold).1 By this way, there was an
important repercussion on XANES spectra of Ti-zeolites in
comparison with titanium-based standards: the XANES spectra
of calcined TS-1 showed a narrow and intense pre-edge peak at
4967 eV characteristic of 1s  3p electronic transition related to
Ti(IV) in tetrahedral coordination.101-102 Conversely, in anatase,
rutile and ETS-10 titanosilicate, where the Ti(IV) atoms were
present

in

octahedral

coordination,

the

pre-edge

was

characterized to be much less intense due to the small p-d
hybridization

which

takes

place
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environment.108-110 On the other hand, when the sample was not
submitted to calcination (with organic cations occluded within
pores), the pre-edge peak intensity was strongly diminished due
to the presence of additional atoms coming from the TPA+
template into titanium coordination shell, increasing the
symmetry and favoring the p-d hybridization.111 Similar
behavior was observed when TS-1 interacted with reactants such
as ammonia and water.101-102 The EXAFS fits for the template
unburnt sample was only possible introducing an additional
C/N/O atom as first shell contribution, validating the XANES
observations.111 It is important to highlight that the insertion of a
N atom from the template in the fit, as stated by the authors,
seems odd from structural point of view and it must be discussed
carefully.
Taking into account that a coordination number of 4 was
expected for the metal in isomorphous substituted zeolites, for
TS-1 higher values were observed.101-102,

111-112

However, the

obtaining of such value was strongly related to the presence of
“closed” Ti(OSi)4 sites (Figure 1.12a), i.e. a defect-free zeolite.
Conversely, an average coordination number of 5 was expected
for samples with a considerable fraction of “open” sites
Ti(OSi)3OH

(Figure

1.12b).

In

practical

terms,

both

environments have 4 chemically bonded oxygens but for the
latter, despite of three Ti-O-Si and one Ti-OH, fifth oxygen
from an adjacent Si was observed, resultant of Ti-O-Si broken.1
The final average coordination number obtained was dictated by
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the amount of Ti incorporated. This has been demonstrated by a
systematic study on ten TS-1 samples with different TiO2
content (ranging from 0.97 to 3.59 wt.%).113 NTi-O values higher
than 4 were obtained in most cases, evidencing the presence of
both closed and open sites regardless the metal amount. Also,
samples with high loadings exhibited values closer to 4, while
low loadings produce the opposite (values close to 5). All
coordination number assumptions were confirmed by pre-edge
peak intensities, supporting the EXAFS fittings.

Closed site

Open site

Figure 1.12. Two possible Ti local environments in TS-1:
closed site (a) and open site (b). (Adapted from reference113)
Upon calcination, the metal in titanosilicates and
aluminosilicates remains tetrahedrally coordinated without any
modification in terms of speciation (unless it is treated under
harsh conditions). On the contrary, Fe and Ga-containing
zeolites

behave

extraframework

differently
was

and
111

observed,

metal

migration

however

to

without

compromising the catalytic activity.1 The phenomenon of
migration from framework to extraframework positions was
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characterized by a damping of the χ(k) functions which was
related to the reduction of first shell intensity (Fe/Ga-O
contribution) attributed to the decrease in the coordination
number N (Table 1.2). The damping can be correlated to the
high heterogeneity of extraframework (in terms of coordination
number and distances) species, causing higher Debye-Waller
factor values (σ2) (Table 1.2). This behavior was characterized
to be the opposite of the well-ordered Ga-O or Fe-O first shells
with N = 4 and well-defined distances found in zeolites.
Table 1.2. Metal-substituted MFI zeolites and their activation treatment
(Template = No Treatment), and results of the EXAFS data analysis for the
catalysts measured in different conditions.a (Adapted from reference114-115)
M-zeolite
Calcination (ºC)
NM-O
RM-O (Å)
DWF (Å)
Template
4.2 ± 0.3
1.82 ± 0.01
(5 ± 1) × 10-2
Ga
500
3.4 ± 0.3
1.80 ± 0.01
(6 ± 1) × 10-2
700
2.5 ± 0.4
1.78 ± 0.02
(5 ± 2) × 10-2
Template
3.8 ± 0.4
1.86 ± 0.01
(4 ± 1) × 10-2
Fe
500
1.7 ± 0.3
1.82 ± 0.02
(6 ± 1) × 10-2
700
1.2 ± 0.3
1.81 ± 0.03
(6 ± 2) × 10-2
a
EXAFS equation not valid for too disordered systems so the cumulant approach
is indicated for that. For further details the original publication114-115 is suggested.

Some other examples can be found in the literature for
heteroatom-substituted in zeolites. One of them is the case of
Sn-β, an important catalyst for biomass conversion, firstly
synthesized by Corma’s group.116 The use of EXAFS for Sn-β
characterization was fundamental since this zeolite is composed
by a highly faulted intergrowth of two polymorphs, A and B,
making the Rietveld refinement of X-ray diffraction data almost
impossible.117 The same authors observed a different Sn-O
distance of metal-substituted zeolite (1.91 Å) respect to the
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SnO2 (2.05 Å), which indicated the change from octahedral to
tetrahedral coordination of Sn when inserted in Sn-β structure.
However, a small amount of SnO2 was detected by the presence
of the second shell contribution of SnO2 (positioned between 2.5
and 4 Å). Further, using modelling and a multishell fitting
approach, the authors suggested a preferential location (T5 site)
of Sn in the β zeolite crystal structure.117
Diverse synthesis approaches have been used for
improving the activity and selectivity of stannosilicates in
biomass conversion reactions, some of them related to top-down
synthesis. Dijkmans et al.118 synthesized Sn-β via Sn-grafting
after creation of silanol nests by previous dealumination of Alcontaining beta zeolite, which resulted in a distinct local order
when compared with traditionally hydrothermal synthesis,
especially in terms of tin coordination (NSi-O = 4 for
hydrothermal synthesis vs NSi-O = 3 for Sn-grafted material). As
for the first example, the authors also used modeling to fit the
data and construct their hypothesis, which points out the
importance of modelling methods in this kind of system.118
Other examples can be found with quite similar EXAFS results
for Sn speciation.119-120
Different metal-substituted zeolite systems have also
been investigated by EXAFS as the Nb and Ta-containing beta
zeolites studied by Corma's group.121 Both elements were
applied as catalysts in Lewis acid-catalyzed reactions. Once Nb
and Ta formal oxidation states are 5+, M=O bonds were
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observed in both cases, apart from three siloxane bridges. For
Nb, the fitting using two different Nb-O paths were mandatory
while for Ta only one Ta-O contribution was necessary.
Moreover, no extraframework or M-O-M contributions were
observed, which indicated that both heteroelements were present
as isolated species within the microporous matrix.121
Although the study of the local environment of
aluminum in zeolites by
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Al NMR is a consensus and well-

established in the zeolitic community,122 there are also some
studies of Al speciation by XAS.123-124 However, aluminum is a
light element and its study by X-ray absorption spectroscopy
requires soft X-rays, complicating in situ and operando studies
due to the high absorption of soft X-rays by matter in general.1
The other way to introduce metals in zeolites, apart from
encapsulation82-86, 125-126 and impregnation127 methods, is by the
inclusion of cations in the ion-exchange positions generated by
the presence of M3+ (M = Al, B, Ga, Fe) in the zeolitic
framework.37 These cations can serve as nanoparticle/clusters
precursors30, 128-130 or as catalytic sites themselves.131-132 Several
ion-exchanged cations within zeolites have been studied by
XAS but here Cu and Ag-containing zeolites will be emphasized
due to the high attention that these materials have received
recently.
Copper-exchanged zeolites are relevant both industrial
and academic point of views. These materials are active
catalysts for selective catalytic reduction of NOx, which is
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responsible for converting it into nitrogen and water.133 Diesel
engines on ships, trains and automobiles contain this type of
catalyst, which in the past was based on metal oxides (tungsten,
vanadium, molybdenum), precious metal or, more recently,
transition metal ions (Co,134 Fe135-137 and Cu131,

133, 138-141

) in

zeolites. Another reaction in which Cu-exchanged zeolites are
used as catalysts is the conversion of methane to methanol.
Direct conversion of methane (abundantly available) to a liquid
would enable the transportation and a subsequent conversion
into fuels or chemicals, making methanol quite interesting.138
Due to its outstanding performance in SCR process in
terms of activity and stability, Cu-SSZ-13 catalyst with CHA
framework (one of the structures used as carrier for silver-based
systems of Chapter 5) was extensively studied by XAS in order
to understand the behavior of copper local environment and
valence state during activation of catalyst and also under
reactions conditions. The location of copper ions was first
addressed using XRD by Fickel and Lobo.142

They

demonstrated that Cu ions tend to be positioned at the center of
6-rings of CHA structure, since each 6-ring unit is likely to have
one negatively charged tetrahedral with Al replacing Si, the
copper atoms were expected to be shifted near to the charge.
This hypothesis was supported by a later work143 by studying
both as-prepared and calcined Cu-CHA, pointing out to the
copper atoms positioned off-axis of the 6-rings (Also observed
by Deka et al.144) in a much better agreement respect to the
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model of Cu in the plane of the ring. In addition, the
coordination numbers found for hydrated and calcined samples
were 4.0 and 3.2, respectively.
An interesting point concerning the hydration of copper
ions inside the zeolitic structure was addressed by Ribeiro's
group,145 which found that Cu K-edge XANES spectrum of
hydrated Cu-CHA (as-prepared) was closely related to Cu2+ ions
in aqueous solution. In a comprehensive XAS study related to
Cu-SSZ-13 activation, Borfecchia et al.146 confirmed this
observation. This highly cited paper discussed the influence of
the atmosphere (either under O2/He or He flow) during thermal
activation on copper species within CHA framework. Upon
activation (RT  400 ºC) under oxidant atmosphere, copper
atoms maintained the oxidation state (Cu2+) but experienced a
dehydration process, which was observed by a progressive
decrease of the white line intensity in the XANES spectra.
Moreover, the pre-edge peak (~8977.5 eV) typical from Cu2+ in
low symmetry (related to 1s  3d transition) was always
observed during thermal treatment under O2. In addition, the
intensity of the first shell peak in |FT| was decreased due to the
loss of water ligands.
On the contrary, upon activation under inert gas flow, the
copper ions experienced autothermal reduction to Cu+ (as
already observed for other Cu-zeolite systems147), with loss of
typical pre-peak feature for Cu2+ and a shift of the absorption
edge to lower energies. Comparing the EXAFS data from both
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activation treatments, the authors found that He-treated samples
was less coordinated respect to O2-treated at the end of the
treatment. However, the dehydration pathway was similar for
both activation procedures up to 250 ºC. After that, the evolution
in the spectrum of O2-treated stopped while the He-treated still
changed up to 400 ºC, which was an indicative of the presence
of an extra-ligand coordinated to copper after oxidizing
treatment. To confirm this hypothesis, the authors fitted the
EXAFS data for the distinct activated samples using a number
of DFT calculated model clusters with Cu (I and II) located at
different sites of the zeolite (either close to one or two aluminum
atoms of the framework) as shown in Figure 1.13.

Figure 1.13. DFT-optimized structures highlighting the
principal local coordination environment of Cu2+ and Cu+ sites
in the CHA framework. (Adapted from reference146)
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The best models for activated Cu-CHA were those with
Cu2+ in the 8-ring, as a [Cu2+(OH)-]+ complex (red transparent
marker in Figure 1.13) for O2-treated sample, while for Heactivated a bare Cu+ cation hosted mainly in the 8-ring (blue
transparent marker in Figure 1.13) with a minority occupancy at
d6r was found. The presence of [Cu2+(OH)-]+ species was
confirmed by IR, showing the ν(OH) stretching mode at 3657
cm-1 attributed to this site in a previous work.148
Still in the context of copper species on Cu-CHA system,
XAS has been pivotal for uncovering reaction mechanisms,
especially for SCR-NH3, and several groups put a great effort to
advance in the understanding of structure and reactivity of Cu
active sites.
Two kinds of experiments have been proposed to dissect
the mechanism of SCR-NH3: one based on the evaluation of
distinct copper species formed during operando conditions,
while the other type of experiment aimed to analyze the copper
species during contact with different gases that are present in the
reaction feed (NO + O2, NH3 alone, NO + NH3, etc). For more
information about the several species formed in both approaches
and proposed mechanism, contributions from van Bokhoven and
Lamberti,138 Janssens et al.149 and Paolucci et al.150 are
suggested.
Unlike copper-containing zeolites, silver counterpart is
much more complex due to the ability of silver to aggregate into
clusters of different nuclearity (with consequent unlike sizes and
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electronic properties) upon mild thermal treatments. Of course,
this aggregation depends on the type of zeolite used for allocate
the silver cations. Until now, the assignation of size and type of
silver species in zeolites is quite vast and remains unclear. Also,
a much less amount of studies regarding XAS studies on Agzeolites system have been published.
The group of Baba was one of the main contributors to
the study of silver clusters formation in zeolites by XAS and
also in the application of these materials as catalysts in the
conversion of methane in presence of ethylene.126, 128, 151-156 This
group studied the clustering of silver upon mild treatments under
H2 atmosphere in zeolites A and Y with different silver
exchange degrees. For the oxygen thermal activated (400 ºC)
Ag-exchanged samples the authors proposed a three-shell model
to fit the data of initial state of silver. This model was based on
Ag-O, Ag-T (T = Si, Al) and Ag-Ag contributions for two split
peaks at |FT|. From one side, the presence of Ag2O after
activation was excluded by the absence of typical XANES
features from this compound. On the other side, the calculated
Ag-O distance by EXAFS was longer than in the oxide
compound, which was in agreement with other RAg-O found in
literature for this kind of system.30,

157

Moreover, RAg-Ag was

significantly shorter than in the Ag foil, but similar to that of
Ag4δ+ cluster in ZSM-5.158 Other models for data fitting were
excluded due to inconsistencies between observed distances
such as the Ag-Ag pair in linear Ag3+ (2.95-3.17 Å),159 Ag63+
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cluster (2.92-2.94 Å),160 and another three-shell model161 with
distances between (2.81-2.88 Å). When submitted to H2 at 120
and 200 ºC, the Ag-Ag path became prominent instantaneously
respect to other Ag-O and Ag-T contributions in both AgLTA
zeolites, while for AgY the three scatterers were seen even after
treatment in H2 at 200 ºC, demonstrating the ability of zeolite
framework to control the clustering of silver.
Other groups have also been active in the study of Ag
clusters

in

zeolites

applying

characterization technique.67,

162-164

XAS

as

fundamental

Suzuki et al.164 studied the

cluster formation of silver within X zeolite after evacuation from
RT up to 300 ºC. Initially, the sample showed two peaks (A and
B) in the |FT| (Figure 1.14).
A

A B

Figure 1.14. |FT| of χ(k) functions of evacuated AgX zeolite at
different temperatures. (Adapted from reference164)
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The authors attributed the first one (A) to Ag-O1 paths
(H2O molecules and framework oxygens), while the second one
(B) was attributed to longer Ag-O2 and Ag-Ag paths present at
the same time. These paths were also named as three-shell
model, but with an Ag-O longer distance path instead of Ag-T
proposed by Baba's group (above-mentioned). By heating the
sample up, the relative intensities between these two peaks
changed, this indicated that a clustering process was taking
place. When the sample measured at RT and atmospheric
pressure was submitted to vacuum, all coordination numbers for
the three proposed paths changed, which indicated that some
water molecules coordinated to silver were removed and the
silver atoms were sit near to the zeolite walls. With increasing
temperature from RT up to 300 ºC under evacuation, Ag-O1,2
paths remained almost unaltered or slightly modified. According
to the authors, this pointed out to a mobility of silver within
different sites of the structure. On the other hand, the NAg-Ag
increased from 0.5 (100-200 ºC) to 2.9 at the end of the process
(300 ºC). These values led the authors to conclude that Ag+based cluster inside the zeolite framework was formed.
Despite the interesting conclusions on silver clustering, it
was not explained how the paths were selected for data analysis
and a lack of discussion from XANES and other powerful tools
of XAS was also noticed.
Lamberti et al.157 have used an alternative approach to fit
the data in AgFAU system in comparison with two above-cited
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groups. By using Rietveld analysis from synchrotron-derived
XRD data, the authors were able to localize the different
crystallographic positions of ion-exchanged silver within FAU
framework and used this information as output to build the
models for EXAFS fitting. By this way, it was possible (even
knowing

it

could

be

really

complex)

to

know

the

crystallographic positions that were being modified during a
clustering

process.

However,

it

is

also

completely

understandable the fact that high quality XRD data and Rietveld
analysis are necessary to following this approach.
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The fundamental objective of this thesis is to study
metallic-based

catalysts

during

their

thermal

activation

conditions using in situ X-ray absorption spectroscopy (XAS) as
flagship technique for tracking the modifications in the local
environment of metal centers at different steps (calcination,
reduction, reoxidation). Two families of catalysts are studied by
XAS, which are divided into two distinct topics along the work:

i)

The first one is related to the influence of metal
precursor on the formation and evolution of Pd
nanoparticles supported on alumina and activated
carbon during activation procedures.

ii)

The other subject deals with the use of Ag-containing
small-pore zeolites as precursor and nanocontainer
for silver clusters and nanoparticles which are
applied as catalysts in the selective catalytic
oxidation of ammonia.

Moreover, another objective lies on the enhancement of
human resources dedicated to X-ray absorption spectroscopy at
the Instituto de Tecnología Química. As can be seen at the end
of this document, several other systems are investigated in
parallel (which are not included as complete content in this
thesis).
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3.1 Preparation of Pd-based catalysts
The Pd-based catalysts (7 wt.%) have been prepared by
impregnation and drying method using different Pd precursors,
Pd(OAc)2, PdCl2 and Pd(NO3)2. To prepare them, γ-Al2O3
(Merck) or granular activated carbon (Norit GAC 1240W) were
dispersed in an aqueous solution of the Pd precursor (containing
the intended amount of Pd), to achieve a liquid to solid ratio of
5. The mixture was put into the rotary evaporator until all liquid
phase was removed, resulting in a sample containing the carrier
and the studied precursor (as-prepared). In case of PdCl2, some
drops of HCl were introduced in the solution to increase the
solubility of precursor in water. Afterwards, the catalyst was
dried at 100 ºC for 1 h and stored before calcination/reduction
treatments.
The prepared catalysts were labeled as PdX-Y, where X
stands for Al2O3 (Al) or activated carbon (C) and Y refers to the
Pd precursor: palladium nitrate (N), palladium chloride (C) or
palladium acetate (A), as shown in Table 3.1.
Table 3.1. Summary of prepared Pd-based catalysts.
Sample
Support
Precursor
PdAl-Ac
Pd(OAc)2
PdAl-Cl
Al2O3
PdCl2
PdAl-NO3
Pd(NO3)2
PdC-Ac
Pd(OAc)2
Activated
PdC-Cl
PdCl2
carbon
PdC-NO3
Pd(NO3)2
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3.2 Preparation of Ag-zeolites
In this work, two different silver-containing small-pore
zeolites (CHA and RHO) with different chemical compositions
were studied. Parameters such as Si/Al ratio, presence of cocations and degree of silver exchange were evaluated. Thus, a
summary description of the materials preparation (e.g. zeolite
synthesis, ion-exchange processes and activation conditions)
will be presented in the following sections.
3.2.1 Synthesis of zeolites
The framework structure of zeolite RHO (Figure 3.1)
consists of large α cages linked via double eight-rings (D8Rs) to
six other α cages, giving rise to a body-centered arrangement of
two interpenetrating, but not interconnected pore systems. The
zeolite possesses small-pores (3.6 x 3.6 Å in the pore aperture)
and can be prepared with narrow chemical composition range
(Si/Al around 4.5). This material showed excellent adsorptive
properties, mainly due to the famous “trapdoor”-type behavior
during CO2 adsorption.165
The zeolite NaCs-RHO (Si/Al = 4.5) employed in this
work was synthesized following a similar procedure reported by
Chatelain.166 The exact synthesis procedure was as follows: 0.94
g of crown ether 18-C-6, 0.705 g of CsOH and 0.34 g of NaOH
were dissolved in 6.04 g of distilled water. Then, 1.32 g of
sodium aluminate (54 wt.% Al2O3, 39 wt.% Na2O) were added
to the above solution and the resulting mixture was stirred until
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a clear solution was formed. Subsequently, 10.5 g of colloidal
silica (Ludox AS-40) were added and the resulting reaction
mixture was stirred at room temperature for 24 h. The final gel
composition was: 1.8 Na2O: 0.3 Cs2O: Al2O3: 10 SiO2: 0.5 R:
100 H2O where R is the crown ether 18-C-6. All chemicals were
purchased from Sigma-Aldrich except sodium aluminate that
was supplied by Carlo Erba. Zeolite crystallization was carried
out in Teflon-lined stainless steel autoclaves at 125 ºC under
rotation for 3 days. The zeolite RHO recovered after filtration,
washed with distilled water and dried at 100 ºC, was calcined at
500 ºC for 3 h in order to remove the occluded organic material.

Figure 3.1. Schematic diagram of the RHO structure. (Adapted
from reference167)
Chabazite is also a very important small-pore zeolite (3.8
x 3.8 Å in the pore aperture) with three-dimensional structure
(Figure 3.2) that consists of double six-rings (D6Rs) arranged in
layers linked by tilted four-membered rings (4MRs).168 Contrary
to RHO, the chemical composition range that chabazite can be
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synthesized is very broad (Si/Al from 2 to infinite). It has also
been described its use in adsorption with “trapdoor”-type
behavior due to the tunable pore entrance by the presence of
extraframework charge compensating cations.169 Also, this
zeolite is widely used as catalyst in Methanol to Olefins process
(MTO)170-171 and more recently Cu-loaded chabazite (either the
SSZ-13 zeolite or SAPO-34 zeotype) have received great
attention in the selective catalytic reduction (SCR) of NOx with
ammonia.133, 138-140, 146, 149
In this work, zeolite K-CHA (Si/Al = 2) was synthesized
from the gel composition: 2.65 K2O: 1.0 Al2O3: 4.8 SiO2: 183
H2O, according to a published procedure.172 Zeolite Y
(CBV500), used as Si and Al source, was suspended in distilled
water (64 mL) and an aqueous solution of potassium hydroxide
(KOH; 9g; 98.5%; Fisher Chemicals) was added. The mixture
was stirred for 1 h, and then was transferred into a
polypropylene bottle. The gel was heated in the oven at 95 ºC
for 4 days and the solid product was recovered by filtration,
washed with distilled water, and dried at 100 ºC. The synthesis
of CHA (Si/Al = 4.5) was carried out according to Zones.173
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Figure 3.2. Schematic diagram of the CHA structure. (Adapted
from reference167)
3.2.2 Ion-exchange process (Ag incorporation)
The parent zeolites were ion-exchanged using AgNO3
(ACS Reagent 99.9%) in order to obtain a 100% degree of Ag
exchange (Ag/Al = 1), except for some cases that will be
mentioned throughout the text. The ion-exchange procedure was
performed in a Ag+ solution using a solid/liquid ratio of 1/100 at
25 °C for 16 h, under mechanical stirring and in absence of light
to avoid reduction of Ag+ to Ag0. Then, solids were filtered in
darkness and washed with distilled water to remove excess of
silver solution. Afterwards, the zeolite was dried at 100 °C for
24 h and stored in darkness. For the discussion of results
obtained after ion-exchange process, the former NaCs-RHO and
K-CHA will be named as AgCHA and AgRHO for
simplification. The other samples were treated in such a way the
nomenclature indicates the composition of the sample.
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3.2.3 Ion-exchange process (Cs removal)
A repetitive ion-exchange procedure was performed in
order to remove the Cs cations from NaCs-RHO zeolite for
further treatments (e.g. preparation of AgNa-RHO). For that,
3M NH4Cl solution was used as NH4+ source and successive
ion-exchanges were performed. The processes were carried out
at 60 °C (using a reflux) under mechanical stirring for 3 h,
keeping the solid/liquid ratio of 1/10 and without a washing step
between consecutive ion-exchange treatments (the liquid phase
was separated by centrifugation). The experiments were
repeated until Cs was not detected by EDS. Once the complete
removal was achieved, the solids were filtered out and washed
with 3 L of distilled water and dried at 100 ºC for 24 h.
3.2.4 Metal reduction and reoxidation
In order to study the influence of reduction temperature
on the particle size of Ag species, the Ag-zeolites were
thermally reduced under H2 (100 mL/min – 10% H2/He) at
different temperatures (400, 200 and 100 °C) for 40 min at a
heating rate of 10 °C/min. Nanoparticles redispersion within
zeolite was carried out treating the reduced samples in O2 flow
(100 mL/min – 10% O2/He) at 400 °C for 40 min at a heating
rate of 10 °C/min. For comparison purposes, the samples were
also submitted to treatments in pure O2 and He at 400 °C for 40
min at a heating rate of 10 °C/min. Thermally reduced Agzeolites were labeled as AgZEOREDX, where “X” stands for the
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reduction temperature (X = 400, 200 and 100 °C, respectively).
Furthermore, the samples after redispersion (reoxidation after
reduction) process were denoted as AgZEO-RXO, where “X”
stands for the reduction temperature (X = 400, 200 and 100 °C,
respectively) while “O” refers to the oxidative treatment at 400
°C after reduction. The samples treated under He and O2 were
labeled as “O2 (or He) – AT”, where “AT” stands for after
thermal treatment. The term AgZEO is related to silver
exchanged on a specific zeolite structure and ZEO is exchanged
by the three letter code specific for each framework (e.g. CHA
or RHO).
3.2.5 SCO-NH3 catalytic experiments
SCO-NH3 activity measurements over the Ag-zeolites
catalysts were carried out in a fixed-bed quartz tubular reactor of
1.2 cm of diameter and 20 cm of length, using a gas mixture of
500 ppm of NH3, 7 vol% O2 and N2 as a balance. Total flow rate
and amount of catalyst were 800 mL/min and 0.25 g,
respectively; resulting in 53.3 mL NH3·s-1·g-1 of GHSV for the
catalytic experiments. The outlet gases were analyzed by three
on-line detectors: UV-based detector for monitoring the NH3
(EMX400 Tethys Instruments), an analyzer with infrared
principles

for

N2O

analysis

(4900

Servomex)

and

a

chemiluminescence analyzer which allows the quantification of
NOx concentration (42C Thermo). In order to study the
influence of the thermal decomposition of NH3 and the effect of
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the parent zeolite, the activity measurements in these conditions
were performed.
3.3 Characterization by laboratory techniques
3.3.1 Chemical analysis by Inductively Coupled Plasma-Optical
Emission Spectrometry (ICP-OES)
The chemical analysis of the studied materials was
carried out by ICP-OES in a Varian 715-ES. The powder
samples (approx. 20-30 mg) were dissolved in an acid mixture
of 20%HNO3:20%HF:60%HCl (% volume). In all cases, the
calibration curve was fitted to the predicted approximate
concentration of analyte and determined using standard
solutions (Aldrich).
3.3.2 Thermogravimetric analysis
The thermogravimetric analysis (TGA) studies changes
in physicochemical properties (e.g. mass) of a determined
sample as a function of increasing temperature (with constant
heating hate) or as a function of time (with constant
temperature). In this work, TGA analysis was carried out to
following the decomposition process of palladium precursors.
The analyses were performed in an alumina pan with a Mettler
Toledo TGA/SDTA 851e by increasing temperature under
flowing air from ambient to 700 ºC at a heating rate of 10
ºC/min.
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3.3.3 X-ray powder diffraction (XRD)
The phenomenon of X-ray diffraction takes place when a
solid interacts with a monochromatic beam of X-rays of
wavelength similar to the interplanar spaces of crystalline
structures (~1 Å). The diffraction is the combination of two
physical phenomena: coherent scattering and constructive
interference. Diffraction peaks (diffraction maxima) will result
when coherently scattered X-ray photons of the same λ
constructively interfere. The technique is described by the Bragg
law, which relates the incident angle of the radiation to the
interplanar space for each diffraction peak, according to the
following Equation 3.1:
𝑛𝜆 = 2𝑑ℎ𝑘𝑙 · 𝑠𝑒𝑛𝜃

Equation 3.1

Where:
d: interplanar space of crystalline planes with Miller indices
(hkl)
λ: wavelength of incident X-ray beam
θ: incident angle of X-rays
This technique allows the identification of crystalline
phases and their modifications, since crystalline solids possess
characteristic diffractograms allowing qualitative and also
quantitative analysis.
In this thesis, the structural parameters of materials were
evaluated by XRD using a Philips X'Pert diffractometer
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operating at 45 kV and 40 mA and equipped with a graphite
monochromator and using Cu Kα radiation (λ = 1.542 Å). For
Pd-based catalysts, XRD patterns were compared with
crystallographic JCPDS standards of PdO (00-006-0515), γAl2O3 (00-010-0425) and AlCl3.6H2O (00-008-0453). In case of
treated Ag-containing zeolites, the XRD patterns were compared
to Ag0 (00-004-0783) and Ag2O (00-012-0793) JCPDS
crystallographic files, apart from that of zeolites CHA (00-0340137) and RHO (00-027-0015) zeolites.
3.3.4 Textural properties
Textural properties were determined from N2 adsorption
isotherms measured at −196 ºC in an ASAP-2420 equipment
(Micromeritics). Prior to the adsorption measurements, the
samples were degassed at 400 ºC (for γ-Al2O3) and 200 ºC (for
activated carbon) overnight. Specific surface areas (SBET) were
obtained using BET (Brunauer-Emmett-Teller) method174 at
relative pressures (p/p0) ranging from 0.05 to 0.1 and 0.02 to
0.09 for catalysts based on alumina and carbon, respectively.
Micropore volume for Pd/C catalysts was derived from t-plot
method175 at relative pressures (p/p0) ranging from 0.39 to 0.64.
The total pore volumes were determined using the Gurvich rule
at p/p0 of 0.97.176
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3.3.5 Field Emission Scanning Electron Microscopy (FESEM)
The morphology of the samples was studied by FESEM
using a ZEISS Ultra-55 microscope. The sample powder was
deposited in double-sided tape and analyzed without metal
covering by means

of collecting

either

secondary or

backscattered electrons (in separate measurements).
3.3.6 Transmission Electron Microscopy (TEM)
Metallic particle sizes were studied by electron
microscopy in a JEOL-JEM-2100F microscope operating at 200
kV in transmission mode (TEM). The samples were previously
reduced under H2 flow (10 % H2/He or pure H2) at variable
temperatures (depending on the study). Prior to microscopy
analysis, the samples were suspended in dichloromethane and
submitted to ultrasonication for approximately one minute.
Afterwards, the suspension was let to slowly decant and a drop
was extracted from the top side and placed on a carbon-coated
nickel grid. Metal particle size histograms were generated upon
measurement of more than 200 particles from several
micrographs taken at different positions on the TEM grid.
3.3.7 CO chemisorption
The gas chemisorption technique employs simple
molecules (e.g. H2, CO) to quantify the metallic surface in
reduced catalysts through a chemisorption process. Metallic
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surface area and metal dispersion can be obtained using
determined stoichiometric and geometric approximations.177
In this work, the active metal surface area (and
consequently metal dispersion) and average crystallite size of Pd
nanoparticles in Pd-based catalysts were studied by CO
chemisorption. The analyses were done using a Quantachrome
Autosorb-1C. The samples (ca. 0.3 g) were allocated inside U
shaped glass tube and reduced in situ under H2 at 200 ºC for 2.3
h. After reduction, the samples were degassed and cooled to 35
ºC to register the adsorption isotherm. Dispersion and
nanoparticle sizes were calculated assuming CO/Pd = 1 and
spherical shape of nanoparticles.
3.3.8

29

Si, 27Al and 109Ag MAS NMR

Magic Angle Spinning Nuclear Magnetic Resonance
(MAS NMR) is a suitable technique to characterize solid
catalysts and useful to understand the environment present
around the studied nucleus. Solid-state NMR spectra were
recorded at room temperature with a Bruker AV 400
spectrometer.

29

Si MAS NMR spectra were recorded with a

spinning rate of 5 kHz at 79.459 MHz with a 55° pulse length of
3.5 μs and repetition time of 180 s.

27

Al MAS NMR spectra

were recorded with a spinning rate of 10 kHz and a 9° pulse
length of 0.5 μs with a 1 s repetition time. 29Si and 27Al chemical
shifts were referenced to tetramethylsilane and Al3+(H2O)6,
respectively.

109

Ag MAS NMR experiments were recorded at
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18.60 MHz using a 7 mm probe and spinning the samples at 5
kHz. AgNO3 was used as a reference (δ = 0 ppm).
3.3.9 UV-Vis spectroscopy
UV-Vis spectroscopy measures the electronic transitions
taking place from low-energy to high-energy atomic or
molecular orbitals when the material is irradiated with light at
those wavelengths (UV and visible). Electronic transitions may
take place in transition metal ions (d-d and ligand-to-metal or
metal-to-ligand charge transfer transitions), inorganic and
organic molecules (mainly n  π* and π  π* transitions). For
solids, preparation of transparent films is quite challenging
which makes transmission experiments often used for gases and
liquids almost impossible. As an alternative, the spectrum can be
collected by diffuse reflectance (DR). In this way, it is possible
to obtain information about the oxidation state and coordination
environment of transition metal ions in catalytic solids.178 A
UV-Vis Cary 5000 spectrometer equipped with a diffuse
reflectance accessory (Praying Mantis Harrick) was used for
UV-Vis spectroscopic measurements. The spectra were taken
using BaSO4 as internal standard.
3.4 XAS measurements
X-ray

absorption

spectroscopy

was

the

flagship

technique used in this thesis to characterize the Pd and Ag local
environments in metal-based materials under activation and
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catalytic conditions. Currently, XAS is still a scarce technique
and the obtaining of data is completely related to the
competitive system of proposals submission to large facilities.
This thesis presents data obtained from several projects granted
with XAS beamtime in most synchrotrons around Europe, so it
is convenient to describe the technique with some detail below.
3.4.1 Synchrotron radiation
An X-ray source is necessary to scan a XAS spectrum
continuously through different energies. The best way to do that
is to use a synchrotron light source, or in a simple way, a
synchrotron. In this machine (main components are depicted in
Figure 3.3 – the following bold numbers within the text are
related to main individual machine components), electrons are
emitted through a linear accelerator (1 - linac) and pass to a
circular accelerator called booster (2) where are accelerated by
strong magnetic fields until reach the required speed (near the
light speed). Once the electrons are traveling near the light speed
the machine injects them into a storage ring (3) (with a
circumference of hundreds of meters) to produce wide energy
X-rays (so-called synchrotron radiation). The ring is composed
by straight and curved sections. In the curved ones, magnetic
fields created by bending magnets accelerate the electrons in a
circular way and after changes in the electrons trajectory the
broad-range X-rays are generated.179
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Additional X-rays can be provided by using insertion
devices formed by arrays of magnets arranged in the straight
sections. The generated X-rays coming either from bending
magnets or insertion devices are then targeted to beamlines (4),
where the beam is tuned (optical hutch) and the whole
instrumentation needed for the experiments and their control are
mounted (detectors, sample environment, etc). The main
components of a synchrotron radiation facility commented
above are represented in Figure 3.3.

Figure 3.3. Main components of a synchrotron light source,
where: (1) Injection system - electron gun and linac, (2) Booster,
(3) Storage ring, (4) Beamlines, (5) Front ends, (6) Optics hutch,
(7) Experimental hutch, (8) Control cabin, (9) Radiofrequency
(RF) cavity and (10) Synchrotron staff house.180
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The synchrotron light sources are classified by
generations, with different features for each one, mainly due to
the technological possibilities at the time that machines were
built.179 The installations are classified as follows:
1- First-generation sources are composed by the first
storage rings, what were originally made for particle
physics, which differs from the purposes that are
currently intended.
2- Second-generation sources were designed to be X-ray
sources.
3- Third-generation sources are designed and built to have
the insertion devices in the straight sections and to
possess beams with significantly better collimation.

Currently,

the

successors

to

third-generation

synchrotrons are available, such as free electron lasers and
energy recovery linacs. Free electron lasers displays extremely
intense X-rays in extremely short pulses. At the same time, the
radiation damage can be high due to such intense pulses. This
type of machine is useful for the study of sub-picosecond time
resolution of chemical reactions. On the other hand, energy
recovery linacs are more similar to storage rings but the
intensity is significantly higher. Both facilities are called fourthgeneration sources, despite the huge difference between them.179
The beam originated by a synchrotron can be
characterized by a concept called brilliance (Figure 3.4), which
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is known as the number of photons per second per square
millimeter of area per square milliradian of solid angle within a
bandwidth of 0.1% of any given energy.181 A typical brilliance
offered by bending magnets is in the range of 1014-1015 (usual
units) at around 10 keV (energy for XAS experiments, for
example). Despite the possibilities of tuning the X-rays using
mirrors and monochromators (important factor that limits the
beamlines energy capabilities), for example, the brilliance
cannot be increased by optical means.179 However, by using
tools such as wigglers and undulators, the brilliance can increase
significantly up to four orders of magnitude.179 It is important to
mention that not always more brilliance is better, because in
determined studies, especially in biology, the samples are beam
sensitive and can be damaged during the measurements. On the
other hand, in samples where the concentration of absorbing
element is very low and beam resistance is high, this might be
very useful.
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Figure 3.4. The brilliance of X-ray sources: a historical graph
showing the enormous increase in brilliance starting from the
second half of the twentieth century.

(Adapted from

reference182)
3.4.2 Interaction of X-ray with matter, XAS and related
phenomena
When X-rays interact with matter, mainly two processes
can take place: absorption and scattering.183-184
The absorption measures the capability of a material to
attenuate a photon beam, providing information about the
distribution of energy levels of a sample and giving insights on
its electronic properties. The absorption of a photon (which
consequently give all its energy to the atom)184 brings the
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system to its excited state and depending on the excitation level
some photoelectrons can be emitted, opening the doors for the
study of photoelectrons properties by emission spectroscopy.
The absorption attenuation can be measured directly by means
of a transmission experiment, where the attenuation of a photon
beam passing through a sample is determined as a function of
the incoming photon energy. The indirect way is by measuring
the secondary processes related to the absorption, such as the
yield of the photoemitted electrons or the consequence of a
decay process (fluorescence photons, Auger electrons, etc).183 In
more energetic regimen (use of hard X-rays) the appearance of
fluorescence photons are favored while for less energetic cases
(soft X-rays) the Auger process is dominant.185 The Figure 3.5
exemplifies both ways cited above.
Primary process
Absorption

Secondary processes
Fluorescence
Auger

Continuum

Continuum

Continuum

Energy

e- Auger

M
L

M
L

M
L

K

K

λ
Kβ

Kα

K

Figure 3.5. X-ray absorption (primary) and consequent decay
process (secondary).
The other mechanism of interaction of X-rays with
matter (scattering) is characterized by the finite probability of an
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X-ray to change its direction of propagation after diffusion
through the sample. This diffusion can be elastic or inelastic,
depending if an energy exchange between the photons and
matter exists. If so, the process is called inelastic, where the
outcoming photons have different energy respect to incoming
ones. One example of elastic scattering process is the X-ray
diffraction while Raman spectroscopy is based on inelastic
scattering.178, 183
Considering both mechanisms which contributes to
photon beam attenuation, in the energy range from 1 to 40 keV
the absorption process is dominant respect to those of scattering
(elastic and inelastic), as shown in Figure 3.6, where the solid
line is predominantly intense respect to the others.183

Figure 3.6. (a) X-ray absorption cross-sections for Ge. Solid
line: photoelectric absorption, with the three L edges (1217,
1248 and 1414 keV) and the K edge (11103 keV); dashed line:
elastic Thomson scattering; dotted line: inelastic Compton
scattering. (Adapted from reference183)
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When

discussing

about

X-ray

absorption,

it

is

fundamental to define the absorption coefficient μ, which
measures the probability of a photon to be absorbed. When a
collimated X-ray beam passes through a sample of x thickness,
the intensity is diminished according to Lambert-Beer Equation
3.2:
𝐼 = 𝐼0 −μ(E)𝑥

Equation 3.2

where I0 is the X-ray intensity incident on a sample, x is the
sample thickness, and I is the transmitted intensity after photon
attenuation. Moreover, the absorption coefficient depends on the
sample composition and incident energy (E) of X-rays. So that
with the increase in energy, there is a decrease in the absorption
coefficient, which can be correlated with the decrease of the
cross-section in Figure 3.6. This decreasing is given in first
approximation by:186
μ(E)
𝑍4
≈
ρ
𝐴𝐸 3

Equation 3.3

where ρ is the sample density, Z the atomic number (i.e., the
number of electrons) and A the atomic mass.1 This is a
fundamental property of X-rays and that is the reason this
radiation is useful for medical and imaging applications such as
X-ray computed tomography. Due to this Z4 dependence, the
absorption coefficient is different for each element, so that good
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contrast between different materials (orders of magnitude) can
be achieved by changing the X-ray energy.187
Notwithstanding, along solid line of Figure 3.6, sharp
discontinuities related to absorption edges are visible, which
take place when the photon has enough energy to extract an
electron from a deep atomic level. Once every atom possesses
specific core-level electrons with well-known binding energies,
the selection of the appropriate absorption edge can be done
tuning the energy of the X-ray, which makes XAS an elementspecific technique. The Table 3.2 exemplifies the relationship
between the energy required from electron extraction and
respective core levels. When the extracted electron comes from
the most intern atomic level (1s), the absorption edge is called
K-edge and so on.
Table 3.2. Electronic transitions as a function of core level. 183
Transition
Absorption edge (core level)
1s  continuum
K
2s  continuum
LI
2p  continuum
LII and LIII (2p1/2 and 2p3/2)
3s  continuum
MI
3p  continuum
MII and MIII (3p1/2 and 3p3/2)
3d  continuum
MIV and MV (3d3/2 and 3d5/2)

The edge energies change with atomic number
approximately as Z2, but both K and L levels can be used in the
hard X-ray regime (M edges can serve for heavy elements in the
soft X-ray regime, as well), which allows most elements to be
probed by XAS with X-ray energies between 5 and 35 keV, as
shown in Figure 3.7.
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Figure 3.7. The absorption cross-section μ/ρ for several
elements over the X-ray energy range 0-30 keV.
The absorption phenomena can be described by allowed
dipole transitions which are more intense and predominant.183
However, as for other spectroscopies, other less probable
transitions can be present in a XAS spectrum following the
selection rules (Fermi golden rules188), especially working with
hard X-rays. For example, for the first period of transition
metals on periodic table measured at K-edge, weak transitions
1s3d before the absorption edge (which corresponds to the
principal 1s4p transition) appear. These transitions in metals
with empty 3d orbitals are mainly due to local hybridization of
3d-4p orbitals as well as the possible quadrupole coupling.189-190
Therefore, the presence of these transitions can be used as a
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probe for geometry, with the intensity directly related to the
centrosymmetric distortion around the studied atom: Ioctahedral <
Isquare planar < Itetrahedral.189, 191
A XAS spectrum can be divided into two regions, being
the absorption edge (E0) the most important feature present on it.
The region surrounding the absorption edge is known as
XANES (X-ray Absorption Near Edge) and comprises an
energy range of E0 ± 50 eV. This region is important in the
determination of the oxidation state, empty density of states
(HOMO-LUMO) and geometry around the absorber. Since there
are a high number of factors (longer mean free path of low
energy photoelectrons enhances the multiple scattering terms)183
that affect considerably the absorption energy, the mathematical
interpretation and theory about XANES are complex. However,
XANES are less dependent on statistics, sample and beam
quality,183 which makes this technique very suitable for distinct
scientific areas, especially in catalysis.192 Moreover, the thermal
and structural disorder effects are generally weak close to the
edge, this allows extremely high temperature measurements
preserving the main structural information about the element.
Moreover, the data collection is normally fast so time-resolved
experiments can be performed even in the ps scale, which is
important for tracking really time-sensitive states of catalysts.193
The qualitative character of XANES usually makes the
data interpretation easier in comparison with EXAFS. Generally,
the shape and position of absorption edge are very sensible to
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variation in the formal oxidation state, ligand types and
geometry around the absorber. Because of that, XANES is
recognized as a fingerprint technique, where the studied sample
is compared with references of well-known crystalline structure
and oxidation state.

Furthermore, by using models and

reference compounds semi-quantitative information can be
extracted through linear combination approach.187 On the other
hand, quantitative information based on theoretical simulations
is quite complex to be obtained. The Figure 3.8 shows two of
the

most

classic

examples

of

using

XANES

in

the

characterization of oxidation states.
(b)

(a)

Figure 3.8. Cr K-edge XANES for Cr3+ and Cr6+ oxides (a) and
Sulfur K-edge chemical shift in different S compounds (b).
(Adapted from references183, 187)
The first one in Figure 3.8a is the case of chromium
oxides with different oxidation state, where the strong pre-edge
peak in the Cr6+ spectrum is a consequence of the tetrahedral
symmetry causing considerable overdue of the empty d-electron
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orbitals with the p-states that the photoelectron must fill. The
other example of Figure 3.8b is related to the shift in the
absorption edge of S-containing samples, characteristic to the
different formal oxidation state typical of each compound.
It is worth noticing that here it is not being considered
the pre-edge region as a distinct part of a XAS spectrum, once it
could be nicely correlated.
The second region of XAS spectra is called EXAFS
(Extended X-ray Absorption Fine Structure) and comprises the
range of (E0 + 50 eV – E0 +1000 eV), where the appearance of
pronounced

oscillations

takes

place.

These

oscillations

(dominated by single scattering processes) are characteristic of
interacting process between the “expulsed” photoelectron of the
absorber

with

the

electronic

waves

backscattered

by

neighborhood atoms (either in solids or liquid state). The crests
in the absorption spectra are due to constructive interference of
incoming and outcoming waves, whilst the valleys are
characterized to be the opposite, as better visualized in Figure
3.9. As the photon energy increases a decreasing in the intensity
of oscillations is observed, due to the short mean free path of the
photoelectron, typically limited to about 10 Å, which makes
EXAFS insensitive to long-range order.183 Notwithstanding, the
rigorous analysis of these oscillations allows one to have
information about the local environment around the absorber.
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Figure 3.9. Normalized XAS spectra where both XANES (red)
and EXAFS (blue) can be visualized as well as the
backscattering process of incoming and outcoming waves giving
rise to the spectra oscillations.
The EXAFS oscillations are described following the
function χ(E) which takes into account solely the interactions
with neighbor atoms187:

χ(E) =

𝜇(E) − 𝜇0 (E)
𝛥𝜇0 (E)

Equation 3.4

Where:
μ(E) = absorption coefficient measurement
μ0(E) = smoothed background function of isolated atom
absorption
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However, for a better understanding of EXAFS region an
undulating behavior of photoelectron originated from the
absorption process is assumed, converting the energy of X-rays
to wavenumber of photoelectron (k) units in which the
dimensions are distance-1 (so, k-1) and is defined by183, 187:

𝑘= √

2𝑚(𝐸 − 𝐸0 )
ℎ2

Equation 3.5

Where:
E = measured energy
E0 = electron excitation energy or energy of the absorption edge
m = electron mass
h = Planck constant

Taking it into account and considering the EXAFS
oscillations are the sum of frequencies related to different
coordination shells of the same neighbor atom, the Equation 3.6
as function of k comes out187:
𝑁𝑗 𝑓𝑗 (𝑘)𝑒 −2𝑘
χ(k) = ∑
𝑘𝑅𝑗2

2 𝜎2
𝑗

sin[2𝑘𝑅𝑗 + 𝛿𝑗 (𝑘)]

Equation 3.6

𝑗

Where:
fj and δj = properties of photoelectric scattering of neighbor
atoms
Nj = number of neighbor atoms (coordination number)
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Rj = bond distance from absorber to neighbor atoms
σ2 = thermal and static disorder on bond distances respect to the
neighbor atoms
The application of above mentioned Equation 3.6 allows
the obtaining of type, number (N) and distance (R) of neighbor
atoms surrounding the absorber element as well as the disorder
factor (σ2) that could be either thermal or static. The reader is
referred to reference books and reviews for further details about
fundamentals of XAS.187, 194-196
3.4.3 XAS experiment and data treatment
As already commented in the beginning of section 3.4.1,
a continuously tunable X-ray source with very high incident flux
is required to resolve the fine structure of XAS spectra, which
turns this technique synchrotron-dependent or synchrotron-only
method.181 Most EXAFS studies use hard X-rays mainly from 2
keV onwards. This regime comprises the K-edges for elements
up to the second row of the transition metals in periodic table
and L-edges for lanthanides and further heavier elements, in
which the K-edge EXAFS measurement is unpractical,181 as the
case of Os in Figure 3.10a. A scheme representing the basic
configuration for XAS measurements is found in Figure 3.10b,
where the transmission and fluorescence modes are pictured. In
the first case, the absorption coefficient at fixed energy E is
obtained by measuring the intensity of the X-ray beam before
the sample (I0) and transmitted after the sample (I1), usually
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using two ionization chambers filled with proper gas mixture for
energy range of interest. Once I0 and I1 are determined, μx (E)
can be obtained (x is the sample thickness), through the Lambert
Beer law:
μ𝑥 (E) = ln

𝐼0
𝐼1

Equation 3.7

Moreover, a reference sample (e.g. a metal foil of the
same element selected as the absorber element) is placed after
the I1 ionization chamber, followed by a third ionization
chamber along the beam path (named as I2 in Figure 3.10b). By
this measurement approach it is possible to simultaneously
acquire the XAS spectra for both the sample and the reference
(using the I1 and I2 outputs) and use the latter for an accurate
calibration of the sample spectrum.
Even if transmission is the most used mode due its
accuracy and easiness, in several cases it is not applicable. For
example, when the amount of absorber element is too low
(excessively diluted) or the specimen is too thick or supported,
fluorescence mode can be applied. By using this method, the
incident intensity of beam is measured by I0 ionization chamber,
whilst a multi-element semiconductor detector positioned at 90º
respect to the sample (which in turn is rotated at 45º) is used to
collect the fluorescence photons (secondary process of the X-ray
absorption phenomenon), as seen in Figure 3.10b. Here,
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considering

a

linear

response

of

the

multi-element

semiconductor detector, μx (E) is proportional to If/I0.

Figure 3.10. Schematic representation of general view of a XAS
experiment and different steps of data reduction. See text for
details. (Adapted from reference1, 181)
One of interesting features of XAS lies in the fact that
completely different spectra from different times can be
compared after data normalization, regardless the measurement
conditions (sample thickness, absorber concentration or detector
configuration) or theoretical simulations. The normalization is
generally done to the edge jump Δμ, as indicated in Figure
3.10c. The analysis of EXAFS spectra begins in k-space
extracting the oscillatory part of μ(E) by subtraction of the
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atomic-like background μ0(E) from the normalized XAS
spectrum, resulting into the determination of the EXAFS
function χ(E). The function is then converted into χ(k) by using
the Equation 3.5 (inset of Figure 3.10d). Afterwards, χ(k)
function can be Fourier-transformed to R-space, where the
different coordination shells are easily seen as maxima in the
modulus of the FT (Figure 3.10e).
For a better understanding of Figure 3.10, it is explained
as following: (a) X-ray absorption coefficient as a function of
the incident X-ray energy, in the 1–30 keV range, for a selection
of elements commonly found in coordination compounds. In
particular, μ(E)/ρ is reported for two “light” atoms, i.e. H (Z = 1)
and Al (Z = 13), and three metals belonging to the 1st, 2nd and
3rd row of the transition metal series, i.e. Cu (Z = 29), Pd (Z =
46), and Os (Z = 76). The X-ray absorption edges found in the
reported range are indicated for each element. Note the
logarithmic scale of the ordinate axis. (b) Schematic
representation of a typical experimental setup for XAS
measurements: I0, I1, and I2 are ionization chambers, If indicates
a fluorescence detector. (c) Cu K-edge XAS spectrum (black
thick line) for the Cu foil. In the figure are also reported: preedge (red) and post-edge (green) lines (obtained by fitting the
experimental data with two polynomial functions in suitable pre
and post-edge energy intervals) required to estimate the edgejump μ(E0) for normalization of the raw spectrum; atomic-like
background μ0(E) (not shown), employed in the extraction of the
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EXAFS oscillations. (d) Normalized XAS signal for Cu foil
obtained from the raw data reported in part (c). The inset shows
the extracted k2-weighted χ(k) EXAFS function obtained by
subtracting the absorption signal expected for an isolated atom,
labelled as μ0(E) in part (c), and converting the E-values in kvalues using the above-mentioned Equation 3.5. (e) R-space
EXAFS spectra obtained by calculating the FT of the k2χ(k)
spectrum reported in the inset of part (d) in the 2–16 Å−1 krange; both modulus (top part) and imaginary part (bottom part)
of the FT are reported.
3.4.4 Technique limitations
Even though XAS (especially EXAFS region) is wellunderstood and widespread, the technique has some limitations
such as the following197:


It is not possible to distinguish atoms with too similar
atomic numbers like: C, O and N.



The broadening of core-hole lifetime generated can make
XAS spectra intrinsically broad, which difficult the
detailed data interpretation, especially in XANES region
at high energies.



The uncertainty of coordination numbers obtained after
fitting are elevated and strongly correlated with DebyeWaller factor (σ2), i.e. thermal and static disorders. In the
case of in situ/operando studies where high temperatures
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or harsh conditions are used this should be taken into
account.


X-ray absorption spectroscopy is an average technique.
The spectrum is composed by all signals coming from
the absorber so that a sample with different absorber
sites could be difficult to be studied.

3.4.5 Beamlines specifications
X-ray absorption experiments, at the Pd (24350 eV) and
Ag (25514 eV) K-edges, were performed at the BL22 (CLÆSS)
beamline of ALBA synchrotron (Cerdanyolla del Vallès,
Spain).198 The white beam was monochromatized using a Si
(311) double crystal cooled by liquid nitrogen; harmonic
rejection has been performed using Rh-coated silicon mirrors.
The spectra were collected in transmission mode by means of
the ionization chambers filled with appropriate gases (Pd Kedge: 93 % N2 + 7 % Kr for I0 and 17 % N2 + 83 % Kr for I1; Ag
K-edge: 88 % N2 + 12 % Kr for I0 and 100 % Kr for I1).
Reference

patterns

(e.g.

metal

foil)

were

measured

simultaneously between I1 and I2 and used for spectra alignment.
3.4.6 Sample environment
Samples in the form of self-supported pellets of
optimized thickness (normally to obtain a jump of about 1,
approximately), have been located inside an in-house built
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multipurpose cell described by Guilera199 allowing in situ
experiments (Figure 3.11).

Gas in
Gas out

Figure 3.11. External view and scheme of the multipurpose in
situ cell for solid-gas catalysis.
3.4.7 Measurement protocol for Pd-based catalysts
The spectra (sample + Pd foil reference) were collected
at different steps (summarized in Figure 3.12 – the
measurements were launched at the beginning of each
temperature step), starting from room temperature (25 ºC) up to
500 ºC at 10 ºC/min under O2 flow (20 % O2/He) in the
calcination process, then the sample is cooled down to room
temperature. After, the temperature is raised to 200 ºC at 10
ºC/min under H2 flow (5 % H2/He - reduction process) and then
it is cooled down again. Several scans were acquired at each
measurement step to ensure spectral reproducibility and good
signal-to-noise ratio.
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Figure 3.12. Experimental steps used in the XAS study of Pdbased catalysts: calcination under O2/He flow (black line) and
reduction under H2/He flow (red line).
3.4.8 Measurement protocol for Ag-based catalysts
In a similar way as detailed for the Pd catalysts, the
spectra of Ag-based materials were collected at different steps
(summarized in Figure 3.13 – the measurements were launched
at the beginning of each temperature step). Three temperature
profiles were carried out during this study, all of them starting
from room temperature (25 ºC) up to determined limit of
temperature at 10 ºC/min, as explained in schemes (a), (b) or (c)
of Figure 3.13.
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Figure 3.13. Experimental steps used in the XAS study of Agcontaining zeolites: treatment at 400 ºC (a), 200 ºC (b) and 100
ºC (c).
During single treatments (only reduction in H2 or
calcinations in He and O2) the profile (a) was adopted for
acquiring the data. In the study of silver reduction/reoxidation,
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the three profiles were used in the reduction step followed by a
reoxidation according to profile (a), i.e. the temperature of metal
reduction was varied while the reoxidations were carried out
always in the same way (RT  400 ºC  RT). Several scans
were acquired at each measurement step (allowing 20 min for
temperature stabilization in each step) to ensure spectral
reproducibility and good signal-to-noise ratio.
3.4.9 Data treatment
The data reduction and extraction of the χ(k) function has
been performed using Athena code.200 EXAFS data analysis has
been performed using Artemis software.200 Two methodologies
of data fitting were adopted during this thesis: regular data
fitting and corefinement approach. In the first one independent
N, R, ΔE0 and σ2 parameters were refined for each spectrum.
The latter is based on constraining determined parameters in
order to decrease correlation problems usually found in XAS
data analysis. As common strategy, the ΔE0 is let to vary but
fixed (and equal) for spectra with atoms in same local
environment and the Debye-Waller factor can be constrained
considering similar disorder within the absorber atoms. These
strategies were adopted due to the reliability of the fits in terms
of small errors. Additional information will be displayed as a
note below the table of EXAFS results. Phase and amplitudes
have been calculated by FEFF6 code using crystallographic files
for well-known Pd- and Ag-based standards as input. In the case
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of as-made AgCHA and AgRHO spectra, crystallographic data
of similar materials were used, which were modified in order to
obtain experimentally reasonable results. Specifically, the FEFF
file used to fit the AgCHA data was built based on DFT
calculations considering two crystallographic positions within
CuCHA structure (Figure 3.14 - bottom). On the other hand,
the FEFF file used to fit the AgRHO data was built using
experimental XRD data of NaRHO available in literature
(Figure 3.14 - top). In both cases the input file was a modified
CIF file considering silver as cations instead Cu and Na.

Figure 3.14. Hypothetical clusters with silver crystallographic
sites used for EXAFS data analysis of as-made AgRHO (top)
and AgCHA (bottom).
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The average particle size of Pd has been obtained
following the method used by Agostini et al.11,

79

. In this

approach, layers of atoms are built around a central one giving a
determined dimension and a particle shape need to be assumed
(in our case, observed by TEM analysis, cuboctahedral). For
face centered cubic (fcc) metals, the number of layers added is
indicated by letter “m”10 obtained by equation 3.8:
𝐶𝑁 =

24𝑚(5𝑚2 + 3𝑚 + 1)
10𝑚3 + 15𝑚2 + 11𝑚 + 3

Equation 3.8

where CN is the coordination number obtained from EXAFS
data analysis. The relationship between the number m of layers
and cluster dimension changes as a function of the lattice
parameter and it is defined by the equation 3.9:
𝑑(𝑚) = 1.173𝑎𝑚 + 2𝑅𝑐𝑜𝑣

Equation 3.9

where a is the cell parameter (3.889 for Pd) and Rcov the
covalent radius of the chemical element considered (metallic
distance obtained by EXAFS). It is worth noticing that, although
this method does not put any constrain in particle size, the
empirical construction method using equation 3.9 does not
allow obtaining particles with less than a complete shell around
central atom. Nevertheless, below this limit it is not possible to
define a real shape as there is not a unique complete shell of
atoms which could be arranged in a precise way following fcc
structure.
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In a XAS spectrum the signal is composed by the
contribution of a large number of absorbing atoms, and the
distribution of scattering atoms in the neighborhood of each
absorber is different due to the static or thermal disorder.179 If
the local disorder is small, the distance distribution within a
coordination shell can be expressed as a Gaussian function.
When EXAFS equation is used to express systems with large
disorder, incorrect values can be obtained from fit parameters.42
The non-symmetric or anharmonic distribution of bond lengths
can be seen at elevated temperatures or caused by static
disorder. This asymmetry can influence directly the DebyeWaller factor and phase shift, which have consequences on
coordination numbers and distances determination. To overcome
this issue, the cumulant approach has been adopted by few
groups.42
The deviation of the radial distribution from the
Gaussian shape is measured by coefficients Cn called cumulants
(see reference literature179, 201-202). Odd cumulants should affect
the phase of χ(k) while even cumulants affect its amplitude.179
The first cumulant C1, according to literature, can be expressed
in different ways, while the second cumulant (C2) is the Debye–
Waller factor.179 For coordination shells showing Gaussian-type
distribution of bond lengths, all cumulants with n > 2 are zero
and the regular EXAFS equation serves to yield correctly the
target parameters. However, when a deviation of Gaussian shape
takes place, the higher cumulants may be important. The third
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cumulant (C3) measures the asymmetry respect symmetric shape
and the fourth cumulant (C4) the sharpening or broadening of
the radial distribution. The C3 may be negative, positive of zero,
although it is frequently positive, with values in the order of
0.001 Å3. If C3 is negative the bond distances were previously
overestimated and viceversa. Its effect is well seen in PDF
example of Figure 3.15, where the red curve is visibly shifted
and with alternate shape respect to the Gaussian one (blue
curve).203

Figure 3.15. Effect of deviation (red curve) of Gaussian
distribution (blue curve) frequently seen in disordered systems.
(Adapted from literature203)
Several studies describe radial distribution asymmetry in
highly disordered systems like liquids, molten salts and alloys
while in catalysis this issue has been addressed in much less
extension. In this thesis, the third cumulant was included as
parameter in some fits of Chapter 5 aiming to evaluate the
correct bond distances in different thermally treated Ag-loaded
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zeolites. In the study of Pd-based catalysts, this methodology
was preferably skipped due to the presence of palladium
hydrides. Because of this, we have chosen not to include this
methodology in the analysis of data in
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4.0 Introduction
Palladium-based catalysts are used since many years as
selective heterogeneous catalysts for hydrogenation reactions in
different industrial processes, from petrochemical to the
synthesis of fine and bulk chemicals and removal of water
pollutants.25, 204-210 Since palladium is one of the rarest elements
available on earth, the European Community has recently
included this metal in the list of raw materials deemed critical in
terms of supply risk.211 Because of this, the control of the
synthesis parameters of Pd-based catalysts, such as: metal
precursor, activation method and type of support, should be
evaluated for tuning the catalysts properties in order to
ultimately

impact

the

catalytic

performance.

On

this

optimization, proper characterization of the Pd-catalysts is a key
stone for increasing catalytic activity and selectivity, while
reducing the required amount of noble metal.
Among the variables that influence the catalyst activity,
the study of metallic precursor is important due to the different
decomposition pathway/kinetic of the precursor during catalyst
activation processes (calcination/reduction).37-38 Indeed, the
nature of Pd precursor can determine the final properties of the
metal nanoparticle, such as particle size and remaining
undecomposed species, which could poison the catalysts.212 A
second important parameter is the type of the activation process,
which

influences

the

final
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hydrogenation catalysts. Also, the transformation precursor to
nanoparticle can be dictated by the type of support due to its
different

thermal

and

properties.213

chemical

Therefore,

systematic investigation that makes possible the characterization
of complex and disordered nanoparticle systems capable to track
information at different catalysts activation steps is essential for
understanding the final catalytic performance of the Pd-based
catalyst.
Currently, X-ray absorption spectroscopy is one of the
most powerful tools for characterization of metal nanoparticles,
due to its element-selective character, making possible the in
situ follow-up of changes resulting from activation treatments,
as already observed in literature.214-217 Performing linear
combinations, mixed phases can be characterized, since XANES
features are considered the fingerprint of phases present in the
sample.195 Also, by analyzing the EXAFS region (either looking
at the imaginary or real part of Fourier transform), the absorber
neighbors with different scattering (Z > 1) can be discriminated,
helping in the understanding of complex systems which cannot
be characterized by other techniques due to the lack of order of
these compounds. Moreover, with development of methods for
data

analysis/interpretation,

it

is

possible

to

estimate

nanoparticle size, shape and disorder in the nm range by
different

approaches.46-47,

218-219

The

combination

of

characterization techniques is being used to rationalize particle
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size distribution interpretations, using EXAFS as a core
technique.11
In the present chapter, we have studied the influence of
the metal precursor on the formation of Pd species on two series
of catalysts, using two types of supports (activated carbon and γalumina), as well as the activation procedure for yielding to the
final catalysts. To do that, a comprehensive study by in situ Xray absorption spectroscopy has been performed during catalysts
activation (as-prepared/calcination/reduction), trying to follow
the evolution and changes in the physicochemical properties
(oxidation state, size of metal formed species) of the catalysts
and the difference among them for further structure-reactivity
relationships. Furthermore, an elegant approach has been used to
determinate the fraction of oxidized Pd and undecomposed
precursor, when the XAS spectrum is formed by both types of
species. Finally, the consequences of different activation
procedures

have

been

discussed

in

terms

of

average

coordination number obtained from EXAFS corefinement fits.
4.1 Results and Discussion
4.1.1 Characterization of supports and Pd-based catalysts
Crystallinity and crystal phase of samples were
investigated by XRD. Patterns of Al2O3 supported catalysts (in
their oxidized state), reported in Figure 4.1a, are dominated by
reflections of γ-Al2O3. Lower intense peaks of alumina in PdAl-
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Cl are due to loss of ordering attributed to acid treatment
suffered by the sample during Pd impregnation with PdCl 2 +
HCl (used for PdCl2 solubilization). Besides, the support
damage is also confirmed by the appearance of a peak at 27º
attributed to AlCl3·6H2O formation.

In addition to alumina

peaks samples exhibit reflections at 34.5º angles assigned
according literature data to PdO phase. This peak is much more
pronounced for PdAl-NO3 respect to catalysts synthesized with
other precursors (not well visible for PdAl-Cl). This behavior is
related to the easily decomposition of Pd(NO3)2 with
temperature, which consequently results in the formation of PdO
even during impregnation step.
On the other hand, the catalysts based on carbon (Figure
4.1b) present the broad peaks attributed to amorphous graphitic
carbon which are suppressed after metal impregnation. As
observed for PdAl-NO3, the catalyst PdC-NO3 also displays a
peak due to PdO formation during impregnation step. No
significant additional phase could be detected pointing out to
well dispersed palladium species.
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Figure 4.1. X-ray diffraction patterns of the as-made Pdsupported on γ-Al2O3 (a) and activated carbon (b) catalysts as
well as their supports.
In order to evaluate the textural properties and
consequently possible pore blockage, N2 adsorption isotherms
(Figure 4.2) for the Pd-based catalysts and supports were
performed and the derived textural properties are summarized in
Table 4.1. Catalysts based on γ-Al2O3 (Figure 4.2a) present
Type III isotherms, characteristic of non-porous or macroporous
solids. In this case, the isotherms do not present Point B and
consequently no identifiable monolayer generation. Moreover,
the adsorbed molecules are grouped around most favorable sites
on the surface of solid and most of amount adsorbed remain
close to saturation pressure (i.e., at p/p0 = 1).220 As γ-Al2O3 used
in this work does not present micropores, the contribution of
micropores to SBET is negligible. Conversely, the catalysts based
on activated carbon (Figure 4.2b) show Type I isotherms, which
are given by microporous solids having relatively small external
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surfaces. The steep increase in quantity adsorbed at very low
p/p0 is due to enhanced adsorbent-adsorptive interactions in
narrow micropores of molecular dimensions, resulting in the
filling of these pores at very low p/p0. Between two Type I
isotherms, the studied samples can be classified as Type I(b),
typical of materials with pore size distributions over a broader
range including wider micropores and possibly narrow
mesopores (< 2.5 nm).220
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Figure 4.2. N2 adsorption isotherms for the activated Pdsupported on γ-Al2O3 (a) and activated carbon (b) catalysts as
well as their supports.
The PdAl-Cl catalyst presented a slightly higher surface
area (97 m2/g) and decreased TPV value (0.28 cm3/g) among the
studied catalysts using γ-Al2O3 as support, which can be
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explained by the partially modification of support (as seen by
XRD) suffered by the addition of HCl drops during metal
impregnation. The other catalysts present roughly the same
textural properties in comparison with γ-Al2O3 (difference of
13% in TPV), demonstrating that metal impregnation does not
affect the porosity of the system. The textural properties of
carbon-based Pd catalysts remain essentially unchanged with
respect to the original activated carbon as is shown in Table 4.1,
regardless the nature of the Pd precursor used for catalyst
preparation.
The Pd content of the catalysts measured by ICP-OES is
presented in Table 4.1. The concentration of Pd in the catalysts
supported on alumina is in good agreement with the targeted
value (7 wt.%), with little deviation between 1-2% for PdAl-Ac
(6.9 wt.%) and PdAl-Cl (7.2 wt.%). On the other hand, it was
not possible to determinate the Pd content by ICP-OES on
samples based on carbon due to insolubility of carbon materials
in the acid mixture used for the measurement. Also, due to
presence of ashes in the carbon composition, the determination
of Pd content by other techniques becomes difficult working
with this system.
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Table 4.1. Chemical composition and textural properties of supports and Pdbased catalysts.
Sample
wt.% Pd
SBET (m2/g)
Vµ (cm3/g)
TPV (cm3/g)
γ-Al2O3
77
0
0.40
PdAl-Ac
6.9
76
0
0.35
PdAl-Cl
7.2
97
0
0.28
PdAl-NO3
7.0
75
0
0.35
Activated carbon
1068
0.26
0.52
PdC-Ac
n.d.
1109
0.36
0.52
PdC-Cl
n.d.
1050
0.35
0.50
PdC-NO3
n.d.
1094
0.33
0.52

4.1.2 Characterization of activation process of catalysts by XAS
It has been demonstrated that XAS can be a powerful
technique in the in situ characterization of metal systems during
catalysis and/or activation process, providing information on
local and electronic structure of metal atoms present in the
samples.19,

28, 30, 135, 146, 221-227

In order to allow correct

interpretation a set of reference compounds (Pd foil, PdO,
Pd(NO3)2, Pd(OAc)2, PdCl2) was measured under ambient
conditions and used as standards. Figure 4.3 exhibits the
XANES spectra (a) and k3-weighted (phase-uncorrected) |FT|
(b) of Pd standards with oxidation state 2+ and 0. All patterns
have been chosen considering possible Pd local environments
that could be present during the activation step of catalysts. The
absorption edge feature for Pd metal at 24350 eV (better seen in
first-derivative, inset of Figure 4.3a) is due 1s to 4d dipole
forbidden transition according to the selection rules, Δl=1 and
Δj=1, where l and j are the orbital angular momentum and the
total angular momentum of the local density of states,
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respectively.228 The first oscillations of Pd metal appear
immediately after the edge, positioned at 24367 and 24391 eV,
referent to 1s→5p and 1s→4f electronic transitions,228
respectively. These two strong features are due to the wellarranged local fcc structure, where 12 Pd atoms are coordinated
at the same distance from the central Pd atom.79 Therefore, the
intensity of these features contains intrinsically information on
the Pd particle size.
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Figure 4.3. Normalized XANES spectra (a) and |FT| of the k3weighted phase-uncorrected χ(k) functions (b) of Pd standards.
Inset (a) reports the first-derivative of XANES spectra while (b)
shows the imaginary part of |FT|.
When the size of Pd metal particles is small, there is a
large fraction of low coordinated atoms, causing low amplitude
of the EXAFS oscillation.228 Features in the pre-edge region are
not observed in any spectra of patterns, which suggest
centrosymmetric geometry around palladium atoms in any
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temperature/atmosphere studied (which will be the case of all
studied catalysts in this chapter).192 For compounds with
oxidation state 2+, such as PdO, PdCl2, Pd(OAc)2 and Pd(NO3)2
the energy threshold appears at 24354 eV. When a d-p orbital
hybridization take place, as for Pd2+ compounds, a significantly
strong absorption cross-section can be seen, compared with that
of Pd foil.228 The position and intensity of the peaks in the |FT|
(Figure 4.3b) reflect the coordination and the distances around
metal. The PdO, Pd(OAc)2 and Pd(NO3)2 show the first
coordination shell at the same position (~1.5 Å) in the k3weighted (phase-uncorrected) |FT|, characteristic of Pd-O bond
in square-planar compounds. With the exception of PdO, which
contain a significant contribution between 2-4 Å (red spectrum),
the higher shells of Pd(OAc)2 and Pd(NO3)2 are not easily
visible and it is hard to discriminate even looking at the
imaginary part of the |FT| (inset of Figure 4.3b). Unlike the
oxygen-based standards, the PdCl2 and Pd metal first shells lie at
longer distances (1.88 Å for PdCl2 and 2.5 Å for Pd0,
respectively) and are much more intense (15-20 Å-4 in intensity)
due to the presence of heavier atoms and/or in more quantity
(e.g. 12 Pd first-neighbors in Pd metal). In case of overlapping
of mixed phases (close R-values in |FT|), the imaginary part of
Fourier transform is very informative and can help in the
EXAFS data interpretation, for example, PdO and PdCl2 exhibit
the minimum position of first contribution at 1.57 and 1.69 Å,
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respectively. Nonetheless, the first shell in Pd and second and
third shells of PdO are composed by Pd-Pd contributions and
can be differentiated in the Imm of |FT| using the minimum at
2.79 and maximum at 2.97 Å of PdO which are not present in Pd
metal spectrum.
The quantitative results derived from EXAFS data
analysis of Pd standards are shown in Table 4.2.
Table 4.2. Summary of EXAFS fit of the Pd standards.
Standard
Pd foil

b

c

PdCl2

PdOd
d

Pd(OAc)2

2

2

2

CN

S0

Path

R (Å)

σ (Å )

ΔE0 (eV)

r-factor

12

0.75(7)

Pd-Pd

2.743(3)

0.0053(5)

4.3(8)

0.0013

4

1.07(7)

Pd-Cl

2.314(2)

0.0033(3)

4.2(6)

0.0013

4

0.77(7)

Pd-O

2.022(7)

0.0016(10)

-0.2(1.4)

0.0088

4

0.84(13)

Pd-O

2.001(10)

0.0021(8)

1.0(1.9)

0.0184

a

The fits were performed on the first coordination shell (at different ΔR) over FT of the k 3weighted χ(k) functions performed in the Δk = 2.3-13.7 Å-1 interval, resulting into a number
of independent parameters of 2ΔRΔk/π = 7.0 (6.8 for Pd foil). Non optimized parameters are
recognizable by the absence of the corresponding error bar. bΔR = 2.0-3.0 Å; cΔR = 1.4-2.4
Å; dΔR = 1.0-2.0 Å.

For all optimized compounds, only the first coordination
sphere was fitted using a specific k-range for each studied
standard, depending on the distance of Pd-ligand path. For Pd
metal foil, a characteristic coordination number of 12 is fixed
according to bulk value and the Pd-Pd distance of 2.74 Å was
obtained, typical of noble metals arranged in fcc local structure.
The other standards exhibit coordination number of 4, typical of
palladium compounds in oxidation state 2+ in square-planar
geometry,229 with distances Pd-O of 2.022 and 2.001 Å for PdO
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and Pd(OAc)2, respectively, and a distance Pd-Cl of 2.314 Å for
PdCl2, in accordance with crystallographic data of these
compounds. All studied standards show a Debye-Waller factor
typical of well-ordered materials.28
The state of Pd in the catalysts was evaluated in different
stages of the activation process. The normalized XANES spectra
collected during the activation process of PdAl-Ac catalyst are
represented in Figure 4.4, bulk Pd(OAc)2, PdO and Pd foil are
also reported for comparison.
Reduction

Calcination
(a)

(b)
0.2

Normalized x

Normalized x

0.2

25 ºC
100 ºC
300 ºC
500 ºC
PdO
Pd(OAc)2
24300

24350

24400

25 ºC
100 ºC
200 ºC
Foil
24300

Energy (eV)

24350

24400

Energy (eV)

Figure 4.4. Normalized XANES spectra of PdAl-Ac during
calcination in O2 (a) and reduction in H2 (b).
The spectrum of PdAl-Ac at room temperature reported
in Figure 4.4a surprisingly presents the same features of PdO
instead Pd(OAc)2, indicating a decomposition of the organic
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precursor

during

the

impregnation/drying

step

with

consequently formation of PdO. The absorption edge is
positioned at 24354 eV during the whole calcination process,
characteristic of Pd in oxidation state 2+. Nevertheless, when the
atmosphere is changed to hydrogen (Figure 4.4b), the edge is
immediately displaced to 24350 eV even at room temperature,
indicating a fast reduction of Pd2+ species to Pd0. Also, the first
oscillations beyond the edge are flattened respect to foil,
indicating a large fraction of low coordinated Pd atoms. It is also
worth noticing that at room temperature (in the beginning of
reduction) the oscillations beyond edge are slightly shifted 3 eV
to the left respect to spectrum of Pd metal foil, which could be
explained by the formation of PdHx, which decomposes at
higher temperatures.230-231
The k3-weighted phase-uncorrected χ(k) functions
attributed to the calcination/reduction steps of PdAl-Ac catalyst
are represented in Figure 4.5 and compared to those of bulk
Pd(OAc)2 and PdO. As already discussed in XANES above, all
spectra at different stages of activation are different compared to
Pd(OAc)2 and this is also reflected in the EXAFS signal. The
intensity of oscillations shows the nanometric character of
formed species during calcination (Figure 4.5a). In the
reduction process (Figure 4.5b) the changes in intensity are
more visible respect to normalized XANES, also the
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displacements (0.3 Å-1 compared to Pd0) respect to the formation
of palladium hydride is visible, as well as its decomposition.
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Figure 4.5. k3-weighted phase-uncorrected χ(k) functions (top)
and |FT| EXAFS spectra (bottom) of calcination (a,c) and
reduction (b,d) process of PdAl-Ac.
The big difference in the intensity of foil oscillations
reinforces the differences already observed in XANES spectra.
However,

the

increasing

of

Debye-Waller

factor

with

temperature should be mentioned when the intensity of the
oscillations is discussed, which strongly affects these features.47
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The k3-weighted EXAFS data were Fourier transformed and the
results are expressed in Figure 4.5c-d. FT spectra of catalyst
during calcination (Figure 4.5c) present essentially two peaks.
The first one between 1-2 Å (not corrected in phase), related to
the contribution Pd-O from the PdO phase and the second one
falling between 2-3.5 Å is attributed to Pd-Pd contribution, not
attributed to Pd metal formation, but to the higher coordination
shells of PdO. The impact of Debye-Waller is well visualized in
this case, being the spectrum obtained at 500 ºC flattened 2.1 Å-4
respected to the spectrum obtained at room temperature. Also,
the difference in the second coordination shell of Pd(OAc)2
respect to the sample and PdO is seen, which, one more time,
suggest the absence (with the technique limitation) of acetate in
this sample. In the reduction step, a difference of 0.1 Å in
distance between the sample at 200 ºC under H2 flux and cooled
down to 25 ºC after reduction can be stated, due the PdHx
formation. Only one peak between 2-3 Å is present in all
spectra, related to Pd-Pd distance of Pd metal. The nanoparticles
are less ordered than the foil, because of the absence of peaks at
high R-range, due to Pd second, third and fourth shells.
However, this behavior is not rare and has been well discussed
in literature for nanoparticles.232
The normalized XANES spectra collected during the
activation process of PdAl-Cl catalyst are represented in Figure
4.6 and compared to those of bulk PdCl2, PdO and Pd foil.
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Figure 4.6. Normalized XANES spectra of PdAl-Cl during
calcination in O2 (a) and reduction in H2 (b).
It is possible to observe a different behavior for this
catalyst respect to the first one (PdAl-Ac). The spectrum of
sample at beginning of calcination is different from PdO and
closely attributed to PdCl2, suggesting that PdCl2 is not
decomposed like Pd(OAc)2 during impregnation/drying step of
catalyst preparation. During calcination, an evolution in the
XANES spectra (Figure 4A.1) from that typical of PdCl2 at 25
ºC to an intermediate (possibly PdOxCly233-234 mixed phase)
spectrum that does not resembles PdO at the end of thermal
treatment is observed. Two main isosbestic points (A and B)
positioned at 24363 and 24381 eV, respectively, can be seen. It
is well-known that PdCl2 is difficult to decompose (see TGA
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analysis in Figure 4A.2 in Appendix),235 which makes it a
complicated candidate in catalyst preparation when the final
phase needs to be surface clean (without rests of precursor). As
both PdCl2 and PdO have the absorption edge at same position,
no changes in this feature could be observed. However, during
the reduction step it is possible to see that already at room
temperature, the spectrum resembles to the spectrum of metal
foil (but with different intensities of the oscillations beyond the
edge), with the edge positioned at 24350 eV. Also, an evolution
of the marked feature in the spectra during the reduction can be
noted. The spectrum of the sample after reduction (cooled down
to room temperature) presents the same oscillations of metal
foil, but slightly displaced (3 eV), related to the formation of
PdHx. The displacement is also observed in the beginning of
reduction (5 eV), where the temperature is low and the insertion
of H in the Pd cell parameter is favored. When the temperature
is increased (200 ºC), the PdHx is no longer stable and
consequently is decomposed. This behavior is better visualized
in the EXAFS oscillations (k-space - light gray and red curves)
of Figure 4.7. It is noticed in EXAFS signal of initial sample
that its oscillations resemble the oscillations of PdCl2 (Figure
4.7a), confirming the presence of the chloride precursor, as
observed in normalized XANES spectrum. During the process
of calcination the oscillations become flattened due the thermal
effect on these features and no oscillations similar to PdO could
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be observed. However, even with a little shift of oscillations to
higher k-values, the features still very similar to PdCl2,
reinforcing the difficult decomposition of PdCl2.
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Figure 4.7. k3-weighted phase-uncorrected χ(k) functions (top)
and |FT| EXAFS spectra (bottom) of calcination (a,c) and
reduction (b,d) process of PdAl-Cl.
The calcined catalyst has been submitted to reduction
process with H2, which lead to a reduction of Pd2+ to Pd0, as
discussed above. The EXAFS signal (Figure 4.7b) changed
dramatically respect to as-prepared and/or calcined material,
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being similar to metal foil, as expected in the final of reduction
process. The intensity of oscillations of the material after
reduction at 25 ºC is approximately 5 Å-3, when the metal foil
present oscillations close to 20 Å-3, indicating that formed Pd
species are not bulk. The already discussed formation and
decomposition of Pd hydride can also be visualized in this case.
The EXAFS signal has been Fourier transformed from kspace to r-space and the results are represented in Figure 4.7(cd). The sample presents essentially one peak in FT during all
calcination process, attributed to the contribution Pd-Cl. With
increasing temperature, the peak becomes flattened and starts to
shift to the left. This shift is due to Pd-O distance in PdO (2.0 Å)
that is shorter than Pd-Cl distance in PdCl2 (2.3 Å), being this
displacement another indicative of formation a mixed PdOxCly
compound. The use of features (maxima and minima) of
imaginary part of |FT| to obtain subtle information about metal
systems is already known through literature.236 In order to find
the proportion of PdO and PdCl2 present in the catalyst at the
end of calcination we have used the position of the feature a
present in the imaginary parts of |FT| of spectra collected during
calcination (inset of Figure 4.8) as fingerprint for PdO fraction
(b value) and the results are expressed in Table 4.3. At 25 ºC,
the feature a lies at 1.684 Å, closely related to the position
obtained for PdCl2 (1.696 Å) and as the temperature increases
the position of a shifts to lower R (related to higher PdO
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fraction) values until reaching 1.608 Å at 500 ºC, giving rise to
the formation of a PdO0.75Cl0.25 compound.
In the reduction process, a peak between 2-3 Å related to
Pd-Pd contribution of formed metal nanoparticle and a
significant difference in intensity attributed to the size of formed
Pd nanoparticle respect to Pd foil are noticed. However, a little
shoulder can be visualized in the left side of the main peak,
being this shoulder a vestige of Cl attached to the Pd
nanoparticles, which cannot be visualized in XANES or in kspace. The presence of this shoulder reinforces the difficult to
remove Cl traces from the sample, even after calcination at 500
ºC and reduction at 200 ºC. It is well-known that Cl vestiges in
nanoparticles can act as poisoner in some catalytic reactions,
which turns the utilization of PdCl2 a drawback in catalyst
preparation for determined applications.9, 212
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Figure 4.8. |FT| of the k3-weighted χ(k) functions of PdAl-Cl
sample during calcination. The inset shows the imaginary parts
of the FT of the k3-weighted χ(k) functions of the sample during
calcination.
Table 4.3. Correlation between the position of feature a in the imaginary
parts of the FT of the k3-weighted χ(k) functions and the fraction of PdO (b)
in the PdAl-Cl sample at different steps of calcination.
Sample
T (ºC)
a Position (Å)
PdO Fraction (%)a
PdO
1.580
1
PdCl2
1.696
0
25
1.684
0.10
100
1.680
0.13
PdAl-Cl
300
1.667
0.25
500
1.608
0.75
a
Calculated according PdO fraction = (1.696-a)/-0.116

The normalized XANES spectra collected during the
activation process of PdAl-NO3 catalyst are represented in
Figure 4.9 and compare to those of bulk Pd(NO3)2 and PdO
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used as references for Pd2+ and Pd foil, used as reference for Pd0
species.
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Figure 4.9. Normalized XANES spectra of PdAl-NO3 during
calcination in O2 (a) and reduction in H2 (b).
This catalyst present XANES spectrum different from
Pd(NO3)2 and exactly equal to PdO even at RT due to the easily
decomposition of Pd(NO3)2 at low temperature (see TGA
analysis in Appendix) and consequently formation of oxide
phase. The position of the edge (24354 eV – related to Pd2+) is
maintained constant during whole calcination process without
changes in XANES oscillations. Changing the gas atmosphere to
H2, immediately reduction is observed, although spectrum is
slightly different respect to foil at 25 ºC. As already reported for
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above mentioned catalysts, shift in oscillations to the left due
formation of PdHx can be observed after cool the sample down
in H2 flow, which cannot be observed at higher temperatures due
hydride decomposition. The nanosized nature of nanoparticle
can be noticed by intensity of the oscillations, which are crushed
in relation to foil spectrum.
The EXAFS signals attributed to calcination/reduction
process of sample PdAl-NO3 are shown in Figure 4.10. In the
beginning of calcination step, the presence of oscillations
referent to PdO instead Pd(NO3)2 as already explained above in
XANES discussion are visible. Here, differences in intensity of
oscillations are nicely visible and reinforce the nanosize of
formed species during activation of catalyst. In the reduction
process the changes in intensity could be better seen respect to
normalized XANES, the alteration respect to the formation of
palladium hydride is explicit, as well as its decomposition. The
big difference in the intensity of foil oscillations reinforce the
differences already observed in XANES spectra. However, the
increasing of Debye-Waller factor with temperature should be
mentioned when the intensity of the oscillations is discussed,
which strongly affects these features. The FT spectra (Figure
4.10) of catalyst during calcination present two peaks: the first
one between 1-2 Å, related to the contribution Pd-O from the
PdO phase and the second one falling between 2-3.5 Å is
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attributed to Pd-Pd contribution, not attributed to Pd metal
formation, but the second coordination shell of PdO.
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Figure 4.10. k3-weighted phase-uncorrected χ(k) functions (top)
and |FT| EXAFS spectra (bottom) of calcination (a,c) and
reduction (b,d) process of PdAl-NO3.
The impact of Debye-Waller is well visualized in this
case, being the spectrum obtained at 500 ºC flattened respected
to the spectrum obtained at room temperature. Also, the
difference in the second coordination shell of Pd(NO3)2 respect
to the sample and PdO is noticed. In the reduction step, it can be
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seen

the

difference

in

phase

due

the

PdHx

formation/decomposition. Only one peak between 2-3 Å is
present in all spectra, related to Pd-Pd distance in Pd metal. The
nanoparticles seem to be less ordered than the palladium metal
pattern, due the absence of the peaks at high R-range.
From this point, the catalysts based on Pd/C will be
discussed. Owing the sensitivity of carbon to oxidation in O2
atmosphere and temperature, the catalysts have been activated in
one step using hydrogen up to 200 ºC. XANES spectra of PdCAc during reduction are plotted in Figure 4.11.
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Figure 4.11. Normalized XANES spectra (a), k3-weighted
phase-uncorrected χ(k) functions (b) and |FT| of the k3-weighted
EXAFS spectra (c) of PdC-Ac during reduction in H2.
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XANES spectra of bulk Pd(OAc)2 and Pd foil standards
were used as fingerprint for Pd2+ and Pd0, respectively. It is
possible to observe that initial spectrum presents similar features
compared to Pd(OAc)2 (not resembling exactly to the standard),
but since the first spectrum was collected already in H2 (only for
this sample), a reduction of Pd can occur, changing the features
attributed to palladium acetate. At 100 ºC, the spectrum of
catalyst shifts 4 eV to lower energy, indicating the reduction of
Pd2+ to Pd0, and the two features at 24367 and 24392 eV
corresponding to Pd metal formation appear. The features of Pd0
are maintained until the end of process, only being able to
observe the formation of PdHx when the sample is cooled down.
Without the calcination step, at the end of reduction process, the
catalyst presents oscillations of 10 Å-3 at higher-k in χ(k)
compared to 30 Å-3 of foil, which supports the difference in size
between the Pd standard (bulk) and the catalyst (nano). The
formation of PdHx results in a shift to the left of about 0.1 Å-1 in
spectrum of catalyst respect to foil. These differences observed
in χ(k) can also be extrapolated to the peaks related to Pd-Pd
contribution in |FT| where different intensities can be visualized
comparing the sample after the treatment (blue line) and the
pattern (6 Å-4 for the sample and 22 Å-4 for the Pd0). It is worth
noticing that is also possible to observe a tail between 1-2 Å in
Fourier transform that cannot be observed in XANES and in
EXAFS signal. This feature is probably attributed to the
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presence of some Pd2+ bonded to ligands due to incomplete
decomposition of precursor/reduction process. Once in this case
there is no calcination step, the complete removal of precursor is
more difficult; on the other hand, a sintering process from
calcination process at high temperature is avoided.
XANES spectra of PdC-Cl during reduction are
represented in Figure 4.12. XANES spectra of bulk PdCl2 and
Pd foil patterns were used as fingerprint for Pd2+ and Pd0,
respectively. Unlike the catalyst mentioned above, the initial
spectrum of PdC-Cl was measured initially in O2 atmosphere. It
is noticed from XANES spectrum of PdC-Cl at room
temperature in O2 that features corresponding to PdCl2 matches
perfectly with features of studied sample, indicating that there is
no modification of sample, as already reported for PdAl-Cl
catalyst where PdCl2 has been used as Pd precursor. The
changes in atmosphere from O2 to H2 do not alter the profile of
XANES at 25 ºC, only been visible changes when the
temperature is increased to 100 ºC, where the catalyst presents
similar features to palladium metal. From the beginning of
activation to 200 ºC, the feature of PdCl2 present between 24368
and 24384 eV is gradually suppressed and a shift in 4 eV in edge
position is observed, confirming the reduction of Pd2+ to Pd0.
The Figure 4.12b represent the χ(k) functions of PdC-Cl
during activation. It can be seen that oscillations of impregnated
sampled closely resemble those of PdCl2 standard. On the other
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hand, when the atmosphere is changed to H2, the spectra no
longer resemble the PdCl2, only being possible to see one
feature at approximately 6 Å-1, indicating an almost complete
change in Pd environment. From 100 ºC to the final spectrum
(25 ºC after cooled the sample down – blue line) is possible to
observe a huge difference in intensity of EXAFS signal respect
to foil, indicating the nanosize of species formed. As in all cases
presented so far, a displacement of blue spectrum to higher-k
can be observed, which corresponds to the formation of
palladium hydride.
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Figure 4.12. Normalized XANES spectra (a), k3-weighted
phase-uncorrected χ(k) functions (b) and |FT| of the k3-weighted
EXAFS spectra (c) of PdC-Cl during reduction in H2.
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The k3-weighted EXAFS data were Fourier transformed
and the results are expressed in Figure 4.12c. The initial sample
measured at 25 ºC in O2 present essentially one peak between 12.5 Å, related to contribution Pd-Cl (at 2.3 Å) and when the
atmosphere is changed to H2 and the temperature increased to
100 ºC, the intensity decrease considerably and another weak
contribution appears between 2-3 Å, attributed to Pd-Pd
contribution related to Pd nanoparticle formation.
However, increasing the temperature by 100 ºC and
cooling the sample to room temperature (end of activation), the
contribution of Pd-Cl is still present, which was already reported
for the PdAl-Cl catalyst. Nevertheless, for the catalyst based on
alumina, the sum of calcination plus reduction process is able to
remove almost completely the precursor. Furthermore, is
possible to observe in the moduli of |FT| the large difference in
magnitude between the foil and nanoparticle formed in activated
sample, indicating that nanodomains of Pd are formed in this
sample. Also, comparing both supports (Al2O3 and C)
impregnated with PdCl2, once again is possible to conclude that
calcination step is crucial in the size of Pd species formed, for
instance, the nanoparticle supported on alumina present a
magnitude of 7 Å-4 compared to 3.8 Å-4 related to nanoparticle
supported on carbon.
XANES spectra of PdC-NO3 during reduction are
represented in Figure 4.13. The spectra of bulk Pd(NO3)2 and
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Pd foil patterns were used as fingerprint for Pd2+ and Pd0,
respectively.
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Figure 4.13. Normalized XANES spectra (a), k3-weighted
phase-uncorrected χ(k) functions (b) and |FT| of the k3-weighted
EXAFS spectra (c) of PdC-NO3 during reduction in H2.
Surprisingly, the initial sample measured in O2 and H2
present features between Pd(NO3)2 and PdO with edge position
at 25354 eV, attributed to Pd in oxidation state 2+. A reduction
of Pd2+ to Pd0 is immediately observed with increasing the
temperature to 100 ºC by displacement in edge position from
25354 to 25350 eV and the spectrum resembles to the metal foil
(but with different intensities of the oscillations beyond the
edge). After the activation, the spectrum collected at room
temperature presents flattened oscillations in comparison with
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Pd foil, which is due to size effects of nanoparticle formed.
Also, the PdHx formation can be seen by the shift in spectrum to
lower energy. The character of Pd species present in the sample
just after impregnation can be better visualized in χ(k) EXAFS
functions (Figure 4.13b). Comparing the samples measured in
O2 and H2 at room temperature with their respective patterns, it
can be seen that, in fact, the catalyst in initial state present
contributions from PdO and Pd(NO3)2, being the two first waves
in EXAFS signal very similar to Pd(NO3)2. Conversely, at
higher-k values (beyond 7 Å-1), the features are very similar to
PdO, giving indicia that contributions of Pd species present in
the beginning are coming from both standards. The EXAFS
signals were Fourier transformed and moduli are represented in
Figure 4.13c. It can be seen in moduli of FT that initial sample
possess mainly two peaks, the first one centered at 1.5 Å,
regarding to Pd bonded to O (2.0 Å), and a second broad
contribution between 2-3.5 Å, related to higher shells of PdO. It
is important to note that, even XANES and χ(k) functions
showing a mixed contribution of PdO and Pd(NO3)2 for initial
sample, the features in |FT| are much more similar to PdO than
Pd(NO3)2. Except for the peak at 1.5 Å (not corrected in phase)
of nitrate precursor, the higher shells are not visible or are
covered by the contribution of PdO. After increasing the
temperature to 200 ºC and cool the sample down, just one peak
attributed to Pd-Pd bond between 2-3 Å is visible; this confirms
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the reduction of sample. The nanosized character of Pd species
and formation of PdHx are also observed in this case.
The quantitative results derived from EXAFS data
analysis of as-prepared Pd catalysts are shown in Table 4.4.
Most catalysts present the expected average coordination
number of approximately 4, with the exception of PdAl-Ac,
measured in presence of H2, which presented an average
coordination number of 1.9, corresponding to the loss of ligands
due the reduction step (Pd(OAc)2  Pd0). For this catalyst, a
higher Debye-Waller factor (0.0052 Å2) has been observed in
comparison with other samples, possibly due to a disorder effect
with respect to decomposition process of precursor. Except for
PdAl-Ac catalyst, all catalysts in their as-prepared state
presented main parameters in accordance with crystallographic
data of respective studied precursors.
Table 4.4. Summary of optimized parameters by fitting EXAFS data of as-prepared
catalysts at 25 ºC in H2a
2
2
ΔE0 (eV)
Sample
CN
Path
R (Å)
r-factor
σ (Å )
PdAl-Ac
4.0(5)
Pd-O
2.028(6)
0.0033(8)
1.5(1.8)
0.0077
PdAl-Clb
3.7(1)
Pd-Cl
2.311(2)
0.0034(2)
4.3(0.5)
0.0009
PdAl-NO3 4.2(5)
Pd-O
2.030(6)
0.0034(8)
0.2(1.7)
0.0068
PdC-Ac
1.9(5)
Pd-O
2.021(11)
0.0052(15)
2.1(2.7)
0.0144
PdC-Clb
3.6(1)
Pd-Cl
2.308(2)
0.0040(2)
4.3(0.4)
0.0007
PdC-NO3 3.9(8)
Pd-O
2.023(11)
0.0039(15)
2.1(2.9)
0.0185
a
The fits were performed on the first coordination shell (ΔR = 1.0-2.0 Å) over FT of the
k3-weighted χ(k) functions performed in the Δk = 2.3-13.7 Å-1 interval, resulting into a
number of independent parameters of 2ΔRΔk/π=7.0. bΔR = 1.4-2.4 Å.

The quantitative results derived from EXAFS data
analysis of Pd catalysts during reduction at 200 ºC are shown in
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Table 4.5. The results obtained fitting the spectra at 200 ºC have
been used to obtain the average particle size due the absence of
PdHx, which lead to an increase in Pd-Pd distance and
consequently affect the particle size calculation. The average
coordination number obtained for the studied catalysts at 200 ºC
presented small deviation respect to the spectra measured after
reduction (25 ºC) and varied significantly according to the
precursor.

As

already

discussed

above,

the

difficult

decomposition of PdCl2 generates catalysts with significantly
low average coordination number irrespective to the studied
support (4.7 for Pd/Al2O3 and 2.3 for Pd/C). These obtained
coordination numbers point to the formation of aggregated Pd
species using PdCl2 as precursor. It is worth noticing that despite
the presence of remaining Pd-Cl contribution visible in |FT|, it is
challenging to fit these contributions since we do not have a safe
model. On the other hand, using Pd(NO3)2 the catalysts
presented higher number of neighbors (12 for Pd/Al2O3 and 7.6
for Pd/C), achieving bulk size of formed Pd species in the case
of Pd/Al2O3. Among the examined precursors, the nitrated
compound produces Pd nanoparticles with higher CN for Pd-Pd
contribution and consequently bigger nanoparticles. The catalyst
PdAl-Ac similarly presented considerable Pd-Pd coordination
number (CN = 10.7), which can also be considered as bulk. As
expected, the Pd-Pd distance for the investigated catalysts is
shorter than in Pd foil (RPd-Pd = 2.74 Å), equivalent to quantum
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size effects. In the case of PdC-Cl, the Pd-Pd bond is even
shorter than the other catalysts due to substantially small size of
Pd aggregates.
The r-factors explicit the quality of adjusted parameters
and the catalysts prepared with PdCl2 showed the higher error
among their data set, for instance, 0.0746 for PdC-Cl among
Pd/C samples, and 0.0198 for PdAl-Cl among Pd/Al2O3
samples. This can be explained by the unfitted “tail” visible in
|FT| related to the presence remaining ligands of PdCl2
precursor, which is also visible in PdC-Ac. The other catalysts
presented very small errors, confirming the high quality of the
fit. The fits in both R-space and q-space are included in the
appendix (Figure 4A.3 and Figure 4A.4, respectively).
Table 4.5. Summary of optimized parameters by fitting EXAFS data of catalysts at
200 ºC in H2a
2
2
ΔE0 (eV) r-factor
Sample
CN
Path
R (Å)
σ (Å )
PdAl-Ac
10.7(4)
2.731(2)
0.0024
PdAl-Cl
4.7(2) Pd-Pd 2.735(3)
0.0198
PdAl-NO3 12.0(4)
2.733(2)
0.0026
0.0095(2)
2.4(4)
PdC-Ac
4.9(3)
2.733(3)
0.0123
b
2.3(2) Pd-Pd 2.726(8)
0.0746
PdC-Cl
PdC-NO3
7.6(4)
2.729(4)
0.0007
a
A simultaneous fit of the spectra was adopted, fixing the σ2 and ΔE0 values; the fits
were performed on the first coordination shell (ΔR = 2.2-3.0 Å) over FT of the
k1k2k3-weighted χ(k) functions performed in the Δk = 2.3-13.7 Å-1 interval, resulting
into a number of independent parameters of 2ΔRΔk/π=38.8. bΔR = 1.4-3.0 Å.

The quantitative results derived from EXAFS data
analysis of Pd catalysts after reduction at 200 ºC and cooled to
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room temperature under H2 flow (state in which the catalysts
will be used) are shown in Table 4.6.
Table 4.6. Summary of optimized parameters by fitting EXAFS data of catalysts after
reduction in H2 at 25 ºCa
2
2
ΔE0 (eV)
Sample
CN
Path
R (Å)
r-factor
σ (Å )
PdAl-Ac
PdAl-Cl
6.4(3)
Pd-Pd
2.792(3)
0.0027
PdAl-NO3 12.0(6)
2.823(3)
0.0041
0.0082(3)
2.9(5)
PdC-Ac
5.6(3)
2.783(3)
0.0126
b
3.1(2)
Pd-Pd
2.775(6)
0.0559
PdC-Cl
PdC-NO3
7.6(4)
2.806(4)
0.0029
a
A simultaneous fit of the spectra was adopted, fixing the σ2 and ΔE0 values; the fits
were performed on the first coordination shell (ΔR = 2.2-3.0 Å) over FT of the k1k2k3weighted χ(k) functions performed in the Δk = 2.3-13.7 Å-1 interval, resulting into a
number of independent parameters of 2ΔRΔk/π=33.3. bΔR = 1.4-3.0 Å.

With exception of Pd-Pd distance, there are only small
differences between the samples after reduction and during
reduction at 200 ºC, the average coordination numbers and the rfactors slightly deviate from the spectra measured at 200 ºC. The
biggest differences are attributed to Debye-Waller factor (which
in this case is smaller at room temperature than at 200 ºC due to
decrease in temperature) and Pd-Pd distances. With the decrease
in temperature, the distances Pd-Pd increase due to the insertion
of H in Pd lattice in the formation of PdH x. However, the
distances seem to be different for each catalyst, and it is possible
to correlate the different Pd-Pd distances to the different
coordinate numbers obtained, thus the shorter is the distance, the
smaller the coordination number is. This behavior can be
explained by the fact that when the particle is bigger, there are a
higher number of interior octahedral sites available for hydrogen
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incorporation. Frenkel et al.46 has been proposed a method for
the determination of Pd cluster size from H/Pd ratio in nm-size
metal particles. However, we decided to adopt another
methodology to evaluate the size of particles since we do not
have the spectrum of PdAl-Ac after reduction.
For a better visualization and comparison, the moduli of
Fourier transform of catalysts during reduction in H2 at 200 ºC
are gathered in Figure 4.14.

Intensity of Pd-Pd contribution (Å-4)

PdAl - Ac
PdAl - Cl
PdAl - NO3
PdC - Ac
PdC - Cl
PdC - NO3

|FT| (Å-4)

Pd foil

15

Pd/Al2O3
Pd/C
10

5

0
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NO3
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Figure 4.14. |FT| of the k3-weighted χ(k) functions of catalysts
during reduction in H2 at 200 ºC. The inset shows the plot of
intensity of |FT| versus type of Pd precursor in Pd/Al2O3 and
Pd/C catalysts during reduction in H2 at 200 ºC.
A clear trend between Pd precursor and intensity of PdPd contribution in |FT| is observed for both supports, with larger
nanoparticles observed for the catalysts based on Al2O3 in
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comparison with carbon (better seen on inset of Figure 4.14).
Therefore, the average size of nanoparticles among all catalysts
is as follows: PdC-Cl < PdAl-Cl ≈ PdC-Ac < PdC-NO3 < PdAlAc < PdAl-NO3. On the other hand, comparing the three
precursors, both classes of catalysts (Pd/Al2O3 and Pd/C) behave
equally, i.e., the PdCl2 generates smaller nanoparticles than
Pd(OAc)2, which in turn generates smaller nanoparticles than
Pd(NO3)2.
Since studies comparing particle size distribution by
multitechnique approaches (using EXAFS as a way to obtain
metal particle sizes) are reported in literature,11 it is also
important to perform other characterization methods (e.g. TEM
and CO chemisorption) in order to validate EXAFS results.
With this purpose, CO chemisorption analyses have been
performed on Pd-based catalysts studied by EXAFS and results
are reported in Table 4.7 compared with CN and corresponding
average particle sizes obtained by EXAFS calculated according
the method reported in literature.11, 218
Table 4.7. Average particle sizes obtained by EXAFS and metallic surface area
obtained by CO chemisorption of Pd-based catalysts after H2 reduction.
CO chemisorption
EXAFSa
Sample
2
Metallic surface area (m /g)
CN
<d> (Å)

PdAl-Ac
3.2
10.7
40

PdAl-Cl
9.4
4.7
9

PdAl-NO3
2.4
12.0
126

PdC-Ac
3.5
4.9
9.2

PdC-Cl
15.9
2.3
6.9

PdC-NO3
3.7
7.6
13.8
a
Values obtained from spectra measured at 200 ºC during reduction in H 2
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Small particle diameter corresponds to low values for
CN and the opposite in case of big nanoparticles. On the other
hand, higher metallic surface area is correlated with small
particle size whereas for larger nanoparticles low surface area is
expected. Comparing the data reported in Table 4.7 it can be
seen that the trend observed by EXAFS is evidenced also by CO
chemisorption.
Unfortunately, in this study it was not possible to
perform a reliable quantitative comparison across EXAFS,
chemisorption and TEM as reported in literature converting
metal surface area in particle size. The general issue is that the
samples described in this chapter undergone to the same
condition during XAS measurements in terms of temperature,
gas feed, timing of each reduction step, and sample
environment. In this way we were able to collect a homogeneous
and consistent data set for our comparison. In case of CO
chemisorption and TEM it was not possible to reproduce the
final experimental condition of XAS experiment since thermal
treatment was not exactly the same since temperature was not
increased by stepping as during XAS experiments. Additionally,
the XAS cells for sample treatments has not the same design
than the reactor used in preparation of TEM and chemisorption
samples, resulting in different conditions like temperature, dead
volume, and contact time sample-gas. All these parameters
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could affect particles size distribution making impossible a
direct and reliable comparison.
In addition, we observed by TEM (see Figure 4.15) that
Pd particles often result into a well-ordered core surrounded by
a disordered external shell. According to this observation some
consequences can be pointed out: (i) EXAFS results could be
undergone to underestimation of CN and so particles size of
nanoparticle population; (ii) disordered metal surface can affect
the absorption of CO on nanoparticles and so the surface area
calculated; (iii) the geometrical model adopted to correlate CN
versus particle size assumes perfect cluster with cuboctahedra
shape: moving from this hypothesis particle size determination
can be affected.
A few TEM images of Pd/Al2O3 catalysts are included in
Figure 4.15 to demonstrate the presence of Pd nanoparticles
even with the high metal loading used for catalyst preparation (7
wt.%). The presence of larger nanoparticles in the PdAl-NO3
catalyst (bulk Pd nanoparticles), is the evident explanation for
the higher CN for Pd-Pd contribution and higher value of
chemisorbed CO among the whole set of samples.
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PdAl-Ac

PdAl-Cl

PdAl-NO3

Figure 4.15. TEM images of Pd nanoparticles formed upon
reduction in H2 of Pd/Al2O3 catalyst.
4.2 Conclusions
In this work we followed by in situ XAS the activation
process of 7 wt.% Pd-based catalysts (Pd supported on Al2O3
and activated carbon) using three different metal precursors:
Pd(OAc)2, PdCl2 and Pd(NO3)2. We find that the nature of Pd
precursor and activation procedure (e.g. calcination process)
influence metal dispersion and average particle size. First, the
easiest decomposition of Pd(NO3)2 respect to other precursors
always gives rise to PdO formation, even during the
impregnation step, and consequently larger nanoparticles are
formed at the end of activation process. Similarly, Pd(OAc)2
follows a very similar activation path through PdO species, but
its formation needs slightly higher temperatures. Finally, the
activation of the catalysts in which PdCl2 was used as precursor
goes by a different way. Al2O3-based catalysts pass through an
intermediate phase (PdO0.75Cl0.25) during calcination in air,
which is decomposed during reduction. On the other hand, Cl-
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species were identified in the carbon-based sample even after
reduction. Moreover, according to the decrease in EXAFS
amplitude, we found that PdCl2 generates smaller nanoparticles
than Pd(OAc)2, which in turn generates smaller nanoparticles
than Pd(NO3)2, independent of used support. The use of in situ
XAS has allowed tracking the activation processes of a series of
Pd supported catalysts and could be useful for the selection of
the right Pd precursor during synthesis of Pd based catalysts.
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4.3 Appendix
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Figure 4A.1. Thermogravimetric analysis (a) and respective
derivative (b) of Pd(OAc)2, PdCl2 and Pd(NO3)2 precursors.
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Figure 4A.2. Normalized XANES spectra of PdAl-Cl sample during
calcination.
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Figure 4A.3. |FT| of the k3-weighted χ(k) functions of catalysts
during reduction in H2 at 200 ºC: (a) PdAl-Ac (b) PdC-Ac (c)
PdAl-Cl (d) PdC-Cl (e) PdAl-NO3 (f) PdC-NO3.
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5.0 Introduction
Zeolites are microporous aluminosilicates, constituted by
[TO4] tetrahedra (T = Si, Al, etc) that belong to the family of
tectosilicates, and are highly interesting due to their multiple
applications in industrial processes, mainly in separation and
catalysis. The functional and catalytic properties of zeolites
usually can be modulated either by the framework composition
or by the presence of different extraframework cations located in
the channels and cavities of zeolites.237
As discussed in the introduction section, XAS has been
proven to be a very efficient tool for studying ion-exchanged
zeolites. Among them, silver loaded zeolites have been studied
as catalysts and in other applications (such as antimicrobial
agents).126,

238

Ag-exchanged zeolites are of particular interest

because of the unusual properties of the Ag+ cations.239 Ag+ is
the only noble monopositive cation that forms mononuclear
stable species in water. Thus, Ag+ can be easily exchanged into
zeolites from aqueous solution. The reversible oxidationreduction of silver in zeolites provides an excellent model
system for studying the mechanism of formation of noble metal
clusters within zeolite channels and cavities.240 Moreover, the
use of zeolites as silver-hosts meets the requirements for
obtaining clusters of noble metals at nanoscale. The size of
zeolite-entrapped clusters is constrained along one or more
dimensions. Such constraints usually render substantial changes
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in the structural, physical, electronic, magnetic and also optical
properties of the clusters. Furthermore, the zeolite cages provide
practical means of preventing the cluster coalescence, because
small metal clusters have a strong tendency to form larger
particles (d > 10 nm) driven by surface energy minimization.241
It would be expected that the zeolite porosity could favor the
clustering of Ag species during thermal activation of Agzeolites, preventing the formation of large metal particles.
The formation and growth of clusters in some silvercontaining zeolites (or zeotypes) have been studied under
several conditions.129,

151, 164, 242-245

However, the influence of

zeolite properties (particularly, small-pore zeolites) on the
formation of silver clusters has been poorly studied.30,

246-249

Apart from typical activation treatments used to generate
clusters and nanoparticles, the inverse path has also been
reported, where silver cations are redispersed within zeolite
extraframework positions once the nanoparticle is formed in a
process

involving

atmosphere.30,

thermal

67, 128, 155

treatments

in

an

oxidizing

This approach has been also extended

for other metal-containing zeolites69 and is often used as a
convenient procedure to regenerate the active metal center of
catalysts.65 Furthermore, reduction/reoxidation treatments are
pivotal in the catalyst design, especially for those applied in
certain reactions, such as selective catalytic oxidation of
ammonia to N2 (SCO-NH3).
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Ammonia (NH3) is one of the key chemicals with
worldwide massive industrial production around millions of tons
per year. This fact is related to its extensive use in agriculture
for the manufacturing of fertilizers, such as urea, anhydrous
ammonium nitrate, etc.250 It is estimated that 75% of ammonia
release to atmosphere is connected with its use in agriculture
while the other 25% are related with non-agriculture sources like
biomass burning, fossil fuel combustion and emission from
industrial processes.250 Among several ways to control the
ammonia emissions, SCO-NH3 is one of the most promising
technologies and it is often associated to selective catalytic
reduction of NOx (SCR-NOx). The latter uses ammonia as
reducing agent, which can be incompletely oxidized during SCR
process. The oxygen containing waste gases after SCR process
require no additional reactants for ammonia conversion. Low
temperature (250-400 ºC) conversions of ammonia are highly
desirable for use in power plants while the temperature of
exhaust gases emitted by diesel engines can reach up to 600 ºC.
Recent works suggest the catalytic activity of Ag-based
catalysts in selective catalytic oxidation of ammonia and their
selectivity to N2 depend on several parameters, such as the
oxidation state of silver (e.g. Ag+, Ag0), the size of Ag0 domains
and the amount of metal used as catalyst.251-252 According to
this, controlling the silver oxidation state and size of species by
appropriate selection of the support, which could modulate these
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properties, combined with the adequate thermal treatment, is a
key step during catalyst design.
In this chapter, we have comprehensively studied, by a
multitechnique approach, the redox behavior of Ag-exchanged
small-pore zeolites CHA and RHO

and the catalytic

consequences of differently-activated Ag-zeolites in SCO-NH3
reaction. The influence of thermal treatments performed under
different atmospheres (O2, H2 and He) on the silver
clustering/aggregation was followed by in situ XAS and
complementary characterized by ex situ techniques. The
influence of framework structure, zeolite chemical composition,
silver loading and nature of co-cations on the formation of silver
species have been evaluated. To the best of our knowledge, it is
the first time that the correlation between catalytic activity for
SCO-NH3 and type/size of silver species in Ag-loaded zeolites is
addressed so far.
5.1 Results and Discussion
The results in this chapter can be divided into three parts.
The first one is dedicated to the characterization of as-prepared
zeolites, their Ag-exchanged and thermal-treated forms but
characterized mainly by laboratory techniques. The second one
is related to the in situ tracking of silver species by X-ray
absorption spectroscopy during redox treatments with other
laboratory techniques supporting the observed features detected

146

Chapter 5. Zeolite-driven Ag species during redox treatments and
catalytic implications for SCO of NH3

by XAS. Finally, the last part is dedicated to discuss how
different (in terms of type and size) silver species formed on
small-pore zeolites CHA and RHO can affect the catalytic
results for selective catalytic oxidation of ammonia. Some
results obtained for AgCHA (Si/Al = 4.5) will be included for
comparison purposes, as this material has similar chemical
composition than AgRHO. Additional samples as AgCHA
(Si/Al = 4.5) will help in drawing the conclusions about the role
of zeolite structure type on silver clustering and consequently on
the catalytic performance for the SCO-NH3.
5.1.1 Characterization of as-made and ex situ thermallyactivated Ag-exchanged zeolites
The as-synthesized zeolites were characterized initially
by XRD to confirm the success of the syntheses and the results
are shown in Figure 5.1.
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Figure 5.1. X-ray diffraction patterns of as-prepared zeolites
RHO, CHA and CHA(4.5) compared to those profiles obtained
from IZA94 for both structures.
The as-prepared zeolites present the same peaks as for
the simulated patterns obtained from IZA database, without the
presence of concurring or dense phases (e.g. quartz or
cristobalite), which confirm the synthesis success. The
differences in angle and intensity of some peaks between
samples and the standard from IZA can be attributed to the
different composition between them since the standard pattern is
calculated considering a pure silica material as well as the
presence of water within the zeolite pores. By changing the
chemical composition of the zeolite, the unit cell parameters are
modified with repercussion on XRD patterns.124
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Moreover, SEM (see Figure 5.2) investigation reveals
that the typical morphology for NaCs-RHO and K-CHA
structures is observed.

Figure 5.2. FESEM images of CHA (a) and RHO (b) zeolites.
The inset of part (a) reports the morphology of natural chabazite
crystal.
The NaCs-RHO crystals are characterized to be cubic
with homogeneous size of ca. 2-4 μm while K-CHA zeolite
possesses intergrowth of spiral-shaped crystals (typical for
natural chabazite – see inset of Figure 5.2a) with crystal sizes
smaller

than

complementary

1

μm.

Taking

technique

advantage

available

of

during

the

EDS

FESEM

measurements, the Si/Al ratio was verified for the zeolites
(Table 5.1). From these measurements it is confirmed that target
Si/Al ratios were achieved in all zeolites, since CHA and RHO
show Si/Al ratio of ca. 2.2 and 4.3, respectively. These values
were supported by 29Si MAS NMR analysis, which shown very
similar results (Table 5.1) after deconvolution of different Q-
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type species of Si atoms in different local environment. The
coincidence between bulk (EDS chemical analysis) and
framework (29Si MAS NMR) Si/Al ratios suggest that there is
no extraframework Al species in the synthesized zeolites (or in
very small amount). This was further confirmed by

27

Al MAS

NMR. Indeed, the absence of any resonance at ca. 0 ppm and the
presence of a single resonance around 50 ppm indicate that all
Al atoms are isomorphically incorporated in both CHA and
RHO frameworks with target Si/Al ratios.

Both

29

Si and

27

Al

MAS NMR spectra of as-prepared samples are in agreement
with those for Ag-exchanged materials which will be shown
after.
As-made

zeolites

NaCs-RHO,

K-CHA

and

KH-

CHA(4.5) were submitted to ion-exchange process in order to
replace Na+, K+ and Cs+ cations by Ag+. The theoretical amount
of silver was calculated to incorporate silver cations in 100 % of
ion-exchange positions. As can be seen in Table 5.1, for both
zeolitic structures the obtained degree of exchange reached ca.
70 % after silver exchange, being the remaining ion-exchange
positions occupied by Cs+ and K+ for RHO and CHA,
respectively. These values are compatible with ca. 6 (AgRHO)
and 8 (AgCHA) Ag+ per unit cell. In the case of RHO, it can be
seen that sodium cations are selectively exchanged by silver,
while Cs+ remains at the same proportion than before ionexchange procedure (ca. 30 %), most likely due to the large
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ionic diameter of Cs+ and its high stabilization inside the cages
of RHO. For both AgCHA and AgRHO, the chemical analyses
confirm that all exchange positions are occupied by cations
since the (Ag++M+)/Al ratio is close to 1, resulting in a silver
loading of 26 and 16 wt.%, respectively (Table 5.1).
Table 5.1. Chemical composition of Ag-loaded zeolites.
Sample
Si/AlEDS Si/AlNMR Ag/AlEDS
(Ag++M+)/AlEDS Ag wt.%
AgCHA
2.22
2.20
0.66
1.02 (K+)a
26
AgRHO
4.38
4.51
0.67
1.09 (Cs+)a
16
AgCHA(4.5)
4.23
0.53
0.86 (K+)a
14
a
+
+
+
+
co-cation (M = Na , Cs or K ) present after silver ion-exchange procedure

Differently,

the

obtained

exchange

degree

in

AgCHA(4.5) was slightly smaller (Ag/Al = 0.53, 14 wt.% of
Ag) respect to the other samples, which can be attributed to the
presence of small amount of H+ as compensating cation in the
starting material (formed during the decomposition of OSDA
used for zeolite preparation). The presence of protons is known
to suppress the exchanging of silver. In this case, the Ag/Al is
decreased in comparison with AgCHA and AgRHO samples and
the (Ag++M+)/Al ratio (M+ = Na+, Cs+ or K+) is smaller than 1.
It is important to comment that it was not possible to
obtain the chemical composition of Ag-based materials from
ICP-OES due to the difficult sample disaggregation in the acidic
mixture used during sample preparation. It is widely known that
Ag+ precipitates in presence of Cl- ions, which made difficult the
samples to be correctly analyzed. However, a good response was
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obtained from EDS since the results for Si/Al ratio matched
those obtained from solid state NMR.
The incomplete incorporation of silver in the three cases
could be explained by the size of pore entrance in these smallpore zeolites which can hindrance the mobility of the cations.
This problem has been reported in the preparation of Fe-CHA
used as catalyst in NH3-SCR. The ionic diameter of hydratedFe3+ cations (>8 Å)253 is larger than the pore entrance of the
zeolite (3.5 Å), making impossible the ion-exchange procedure.
To overcome this problem the use of Fe2+ (under inert
atmosphere to avoid Fe oxidation) instead of Fe3+ is necessary to
prevent the formation of undesired bulky extraframework
species. For this reason, some “one-pot” methodologies to
introduce the cations already in the synthesis gel have been
proposed.136-137
The zeolite stability after silver incorporation was
verified by X-ray diffraction (Figure 5.3).
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Figure 5.3. X-ray diffractograms of as-made and Ag-loaded
CHA and RHO zeolites.
The silver-exchanged zeolites present similar diffraction
patterns as for as-synthesized zeolites, with no structural
amorphization indicia. It is known that silver (as well as other
metals) as extraframework cation affects significantly the
electronic densities of hkl planes,254 which explain the
differences in intensities of some diffraction peaks in Agzeolites respect to as-synthesized ones. It is possible to localize
the silver cations in the zeolite channels by means of XRD, but
in this work we were not able to perform such analysis.
However, a similar procedure will be addressed by EXAFS
further in the text. Importantly, no diffraction peaks related to
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Ag2O or metallic phase were observed, indicating that silver are
well-dispersed within extraframework positions of zeolites.
XAS, UV-Vis spectroscopy and

109

Ag MAS NMR were

used to assess the electronic structure and local environment of
silver species and Figure 5.4 gather the respective results from
these techniques. The as-prepared Ag-loaded materials as well
as Ag foil, AgBF4, and bulk Ag2O standards were analyzed by
XANES at Ag K-edge (Figure 5.4a). They present several welldefined features regarding the multiple scattering at around
25520 eV, and other bands arising from continuum resonances
involving multiple scattering effects in the region above 25550
eV.255 The shape of XANES spectra of AgCHA and AgRHO
was close to that of AgBF4, suggesting that Ag species in both
zeolites are present as Ag+ ions. Features in the pre-edge region
are not observed in any spectra, indicating centrosymmetric
geometry around silver atoms in the starting point. The |FT| of
k3-weighted χ(k) signal of Ag-zeolites (Figure 5.4b) shows that
the local environment of silver is very similar in both zeolites
since there is only one prominent peak centered 1.7 Å (not
corrected in phase) attributed to Ag-O resembling in intensity
either in CHA or RHO. Ag-O contribution of Ag2O is more
intense respect to that in zeolites and it is also slightly shifted to
shorter distances, which confirm that the local order of Ag2O is
not found in the studied samples (see Figure 5A.1 for data in kspace). The absence of higher shells in the spectra of samples

154

Chapter 5. Zeolite-driven Ag species during redox treatments and
catalytic implications for SCO of NH3

indicates that most likely the cations are highly dispersed within
the zeolite. The chemical shift observed at 115 ppm in

109

Ag

MAS NMR spectra is attributed to isolated Ag atoms in Agzeolites (Figure 5.4c). The small shift observed between the
spectra can be explained by the different environment imposed
by the unlike crystalline structure of the materials. In addition,
the line width is typical from hydrated silver cations in
zeolites.239 Both Ag-loaded samples exhibit a band at 220 nm
attributed to the charge transfer transition between 4d10 and
4d95s1 levels of highly dispersed Ag+ cations (Figure 5.4d), in
agreement with earlier data from literature.256 All these results
from different characterization techniques strongly indicate that
silver is present as Ag+ and no clustering or nanoparticle
formation were observed in the exchanged CHA and RHO
zeolites.
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Figure 5.4. Normalized XANES (a) |FT| of the k3-weighted
EXAFS spectra (b),
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Ag MAS NMR (c) and UV-Vis (d)

spectra of as-made AgCHA and AgRHO.
The quantitative results derived from EXAFS data
analysis for the initial state of AgCHA and AgRHO samples
are reported in Table 5.2. Despite of using two completely
different models to fit the data of both initial samples, the
results converged to similar local environment around the
silver atoms (curve-fittings available in Figure 5A.2). Two
different Ag-O distances at 2.26 and 2.43 Å were necessary to
fit the EXAFS signal, with average coordination number close
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to 3. The introduction of Ag-T (T = Si or Al) path in the fit
gave rise to results with no physical meaning and no Ag-Ag or
Ag-K(Cs) distances were observed. Similar results were
previously obtained by our group when studying the initial
state of AgLTA zeolites, in which Ag-O distances ranging
from 2.29-2.32 and similar NAg-O were obtained.257 The results
indicate that silver cations are interacting with oxygens atoms
from the framework. However, the contribution of oxygen
atoms from water molecules cannot be ruled out once the
measurements were performed with samples in their hydrated
state.
Table 5.2. Summary of EXAFS fit of the as-prepared Ag-loaded zeolites.a
2
2
ΔE0 (eV)
Sample
CN
Path
R (Å)
σ (Å )
AgRHO

1.6(4)
1.2(2)

AgCHA

1.7(2)
1.7(2)

a

2.265(26)
Ag-O

2.432(36)
2.269(40)

Ag-O

2.427(43)

r-factor

0.0060(35)

2.5(2.2)

0.0455

0.0082(52)

1.6(2.6)

0.0567

Fits were performed on the first coordination shell (ΔR = 1.1-3.0 Å) over FT of the k3-

weighted χ(k) functions performed in the Δk = 2.3-11.8 Å-1 interval, resulting into a
number of independent parameters of 2ΔRΔk/π = 11.2. Non optimized parameters are
recognizable by the absence of the corresponding error bar. S02 = 0.80.

The clustering and nanoparticle formation on AgCHA
and AgRHO upon ex situ thermal activation treatments under H2
and O2 flow were studied by a combination of laboratory
techniques, such as XRD, UV-Vis, FESEM, TEM and solid-
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state multi-nuclei NMR. The thermal treatment seen in the
scheme of Figure 5.5 was adopted.
Air or H2

Temperature (oC)

400

100 mL/min
0.1 g solid

300

200

100

0
0

50
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200
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Figure 5.5. Scheme of ex situ thermal activation treatments
performed on AgCHA and AgRHO.
During an experiment in chemistry several ways can be
used to figure out if some phenomenon is taking place or not.
One, though rather simple, is based on visual observation of
sample coloration after a treatment. We compared the colors of
AgCHA and AgRHO after “calcination” and “reduction”
processes, and clear indication about the presence of different
species can be observed in Figure 5.6. Both as-prepared silverexchanged samples have a slightly yellowish coloration before
treatments, which turned into completely white after calcination.
It is know that for some Ag-zeolites the calcination strongly
affects the sample colors, which can be dark yellow, orange or
red in FAU and LTA structures.239,
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strongly correlated with silver location in particular sites upon
treatment. For instance, the yellow color in AgLTA is attributed
to partially dehydrated Ag+ cations coordinated to four member
rings of the structure.258 On the other side, the red color in the
same zeolite is attributed to fully dehydrated Ag+ cations in the
four member rings but with a second Ag+ cation in its
neighborhood.259
AgCHA

AgRHO

Reduced

Calcined

As-prepared

Figure 5.6. Color changes in zeolites AgCHA (left) and
AgRHO (right) after ex situ activation treatments.
The CHA and RHO samples submitted to calcination in
this work did not show any change in coloration after treatment,
which is pointing out that there is no strong interactions between
silver cations and framework oxygens or even cluster formation.
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It is also important to highlight that an immediately rehydration
process (after contact of the sample with the humidity of the air)
does not produce any modification on samples' color, once it is
not observed for other zeolite frameworks where colors were
observed after activation (e.g. AgLTA257). Conversely, after the
reduction process, the color of the samples rapidly changed from
white to dark brown (CHA) and brown (RHO), indicating that
clustering or nanoparticle formation occurred. Apart from
differences in coloration, the color tones evolved over time,
especially for AgRHO, going from brown to yellow only during
storage while AgCHA remained almost unaltered. This behavior
suggests that: i) different silver species or particle sizes are
expected in the two samples and ii) evolution of silver species
may occur specially on AgRHO sample.
UV-Vis spectroscopy (Figure 5.7) was used to study the
electronic properties of samples after the above-mentioned
thermal activation procedures (the spectra of as-made samples
were included for comparison). The band at 220 nm assigned to
the 4d10 to 4d9s1 transition of Ag+ ions initially present in spectra
of as-made samples is maintained after calcination and no
additional bands either in the UV region or in the visible can be
detected, which is in agreement with the absence of color in
samples before and after calcination in air. This indicates that
the silver cations are very stable in the zeolite structure and
resistant to the clustering process under oxidative conditions.260
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On the other hand, when the samples are submitted to reduction
under H2 atmosphere, the evolution of different bands can be
observed in two regions of the spectra. The UV-Vis profile
observed for AgCHA will be named profile (I) while that
observed for AgRHO will be named profile (II) along the text.
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Figure 5.7. UV-Vis spectra of ex situ thermal
treated AgCHA
He-treated
O2-treated

F(R)

(top) and AgRHO (bottom) zeolites.

AgRHO reduced

The profile (I) is composed by two broad bands ranging
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from 250-330 and 350-500
nm, (nm)
which was attributed in
Wavelength
literature to (bulk) silver nanoparticles.261 More in detail, it is
widely known that plasmon resonance band typical from Ag0
and Au0 nanoparticles is observed in the second range (350-500
nm)262 while the first range is characteristic of metal clusters.
Importantly, the AgCHA(4.5) in the reduced state also displayed
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UV-Vis bands characteristics of profile (I), despite the
differences in intensity that could be originated from
instrumental effects (sample thickness, color, etc).
On the other hand, zeolite AgRHO shows profile (II),
which is characterized by a split band ranging from 300 to 375
nm. This profile has been previously found in Ag-exchanged
mordenite and erionite zeolites and ascribed as Ag8 (Ag80 and
Ag8δ+) clusters, although with slightly different peak positions
due to the matrix effect (which could result in ca. 10 nm peak
shift).263-265 However, a tail is observed in the spectrum of
reduced AgRHO, at the same position as for reduced AgCHA,
which is an indicative that Ag metal particles could be also
present in reduced AgRHO. A series of different silver clusters
was reported for Ag-exchanged RHO,266-268 but none of them
are compatible with those observed in this work, most likely due
to the different conditions used for activation.
The zeolite structure stability was also verified by X-ray
diffraction after the thermal treatments under O2 or H2 (Figure
5.8). The presence of well-defined reflections typical of
crystalline CHA and RHO materials demonstrates that no
structural amorphization happened after oxidative and reductive
treatments for both samples. The calcination with O2 leads to
almost equal XRD patterns as for as-prepared samples, despite
some differences observed in the intensities of some diffraction
peaks. Also, no peaks from silver oxide (Ag2O – vertical red
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lines in Figure 5.8) were observed, which confirms the
interpretation performed by UV-Vis regarding the permanence
of silver cations within the structure after activation. On the
other hand, samples treated under H2 atmosphere showed peaks
assigned to metallic silver (black vertical lines in Figure 5.8)
with fcc crystalline structure. Formation of silver nanoparticles
gave rise to the main peaks positioned at 38, 44, 64, 77 and 81
degrees (asterisks). Moreover, the peaks from the zeolite are
strongly suppressed due to the presence of reflections related to
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the formation of silver nanoparticles.
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Figure 5.8. XRD patterns of ex situ thermal treated AgCHA (a)
and AgRHO (b) zeolites.
Comparing XRD patterns of reduced AgCHA and
AgRHO it is evident that the higher metal amount in AgCHA
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result in narrow and well-defined peaks of Ag0, which are much
less pronounced in the pattern of reduced AgRHO. Using
Scherrer equation for determination of crystallite size, values of
38 and 42 nm are obtained for AgCHA and AgRHO,
respectively. As a comparison and in order to understand the
results for zeolites with similar chemical composition (AgRHO
and AgCHA(4.5)), the calculation of Ag metallic crystal size for
reduced AgCHA(4.5) resulted in silver nanoparticles of 64 nm.
It is important to underline that the overlapping of peaks from
the matrix with those of Ag0 could lead to inaccurate results.
As complementary information to verify the framework
integrity, 27Al and 29Si MAS NMR were carried out. As for Agexchanged materials, the Al atoms remained tetrahedrally
coordinated (chemical shift at ca. 50 ppm) in AgCHA (Figure
5.9a) and AgRHO (Figure 5.9a) after calcination with O2, with
minor differences in intensity related to the different number of
scans during data acquisition.
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Figure 5.9. 27Al and 29Si MAS NMR spectra of treated AgCHA
(a-c) and AgRHO (b-d), respectively.
In both cases, the activation with H2 gave rise to a
slightly formation of octahedral aluminum as extraframework
species (chemical shift at 0 ppm). When silver species are
reduced from Ag+ to Ag0, the negatively charged zeolite
structure needs protons to compensate the charge that was
previously compensated by silver ions. If this condition is not
fulfilled, Al atoms come out of the framework, which results
into the formation of Al species octahedrally coordinated (i.e.
extraframework aluminum) and structural defects must be
generated. Moreover, Al migration from framework to
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extraframework positions could happen since aluminum-rich
zeolites are less thermally stable than those silicon-rich.69 On the
other hand, the 29Si MAS NMR spectra (Figure 9bc) shown the
typical features observed in spectra of aluminosilicate zeolites
with a Si/Al ratio up to 10, with few peaks corresponding to
different number of AlO4 tetrahedra connected to the silicon via
oxygen atoms.122 Furthermore, these peaks are related to the
presence of only one T crystallographic sites in both CHA and
RHO zeolites. The deconvolution of the spectra revealed
minimum changes (Table 5A.1) in the local environment of the
silicon atoms after treatment.
The silver particle sizes and morphology in reduced
samples were characterized by transmission electron microscopy
and some selected images are represented in Figure 5.10.
Firstly, it is observed the typical morphology of zeolite crystals
already seen by FESEM analysis (Figure 5.2). The CHA
crystals appeared as an intergrowth, like fan-type crystals (see
draw as example in Figure 5.10a), while RHO grows as
cuboctahedra crystals (Figure 5.10c), as shown by FESEM. The
silver

nanoparticles

possess

spherical-type

shape

with

heterogeneous particle size distribution, since large silver
particles can be seen in both cases.
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Figure 5.10. Selected TEM images of reduced AgCHA (a-b)
and AgRHO (c-d).
It is important to underline that samples submitted to
calcination were strongly affected by the electron beam and
metallic nanoparticles were forming as far as the magnification
was increased. Because of this, the results on calcined zeolites
are clearly not reliable and will not be discussed here. The
histograms showing the particle size distribution are gathered in
Figure 5.11. Despite heterogeneity in size distribution is
observed for AgCHA and AgRHO, both of them differ
significantly in averaged size.
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Figure 5.11. Particle size distributions of reduced AgCHA (a)
and AgRHO (b). The histograms were divided into two (red and
blue profiles) to express individual mean and σ for each part of
the particle size distribution.
Both histograms of reduced AgCHA (Figure 5.11a) and
AgRHO (Figure 5.11b) show bimodal profiles with significant
maximum amount of particles between 2 and 8 nm, being the
particles in this range (more specifically between 2 and 4) those
which contribute more to frequency values. Moreover, it is clear
that in both regions (red and blue columns) AgCHA displays
higher mean values than AgRHO. Notwithstanding, due to the
presence of significantly large nanoparticles (30-70 nm), the
standard deviation (σ) is higher for AgCHA than AgRHO in the
range of large particles (blue profiles). The large particles
observed in AgRHO are shifted to smaller values (up to 40 nm)
in comparison with AgCHA, most likely due to the lower silver
amount present in this sample. Since beam sensitivity was
observed in oxidized samples, with particles growing as
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magnification was increased, the reduced samples could also be
affected by this phenomenon, so apart from obvious formation
of large particles at first seen, some care must be taken and the
reliability of these results is not completely guaranteed.
5.1.2 In situ characterization of Ag-loaded zeolites during
thermal treatments in oxidative and inert atmospheres
The activation procedure under O2 atmosphere was also
studied in situ by means of XAS. Alternatively, a similar
thermal treatment was performed under inert atmosphere (He
flow) to figure out if the so-called “autothermal” reduction
under these conditions takes place. Here, the main advantage is
that a powerful element-selective technique, such as XAS, was
used to follow the evolution of silver species formed upon
treatment without contacting the sample with air and/or
moisture. The use of ex situ characterization techniques for
tracking the evolution of silver species are useful for
understanding the changes suffered by the material after
activation. However, in situ XAS can provide strong additional
information, like mobility of silver within framework, small
clustering and corresponding local neighbors.
Figure 5.12 shows the XAS spectra of AgCHA and
AgRHO collected at RT before and after thermal treatments
under oxidative and inert atmospheres. The whole set of
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temperatures (i.e. spectra collected at 100, 200, 300 and 400 ºC)
is not included for brevity.
As already mentioned in literature, XANES features for
Ag-based system are not so informative due to the small
changes between the most common oxidation states found for
silver, i.e. Ag+ and Ag0,68 so the edge position cannot be used to
following reduction process and also to estimate fractions of
different compounds by linear combinations, as usually
performed for other metals.134 Nevertheless, the shape of
XANES (Figure 5.12) in Ag-containing zeolites, Ag2O and Ag
metal is different and can be used as phase fingerprinting. The
XANES spectra (Figure 5.12ac) of samples submitted to
thermal activation do not suffer any strong modification
regardless the used atmosphere, supporting the results obtained
from previous ex situ techniques about Ag+ stability. The moduli
of Fourier transform (see Figure 5A.3 for data in k-space) show
that the Ag-O first shell contribution at 2.3 Å (not corrected in
phase), which is related to silver interacting with framework
oxygens, is retained. Also, it is observed the appearance of a
second weak contribution between 2.5-2.6 Å (not corrected in
phase) that is related to silver clustering (Ag–Ag path). The
emergence of this second shell peak is more pronounced for Hetreated samples (ca. 0.3 Å-4 higher intensity) and a shift at lower
distance is appreciated, which suggest different size or
nuclearity of formed cluster. The term “cluster” is used due to
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the enormous difference in intensity of this second shell peak in
comparison with Ag foil, which is 10 times higher for metallic
silver than for the sample.
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Figure 5.12. Normalized XANES spectra (left side) and |FT| of
the k3-weighted EXAFS spectra (right side) of AgCHA (a-b)
and AgRHO (c-d) zeolites before and after thermal treatments
under oxidative and inert atmospheres.
The pellets recovered from the in situ cell after XAS
measurements were grinded (consequently exposed to air) and
UV-Vis measurements were carried out to study the electronic
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transitions of activated Ag-materials (Figure 5.13). As already
observed in the case of samples treated ex situ the calcination
with O2 does not alter the initial UV-Vis profile of both AgCHA
and AgRHO. Contrarily, the calcination under inert conditions
does modify the spectra of Ag-loaded zeolites. In fact, in the
spectrum of He-treated AgCHA the appearance of a double band
positioned between 300 and 350 nm and another substantially
broad band beyond takes place. He-treated AgRHO presented
merely a broad band beyond 300 nm. The observed split band
for He-treated AgCHA falls in the same region of the observed
band in ex situ reduced AgRHO, which is attributed to the
formation of Ag8 clusters (UV-Vis profile (II)). However, the
fact that most Ag atoms should be present as Ag+ due to the
maintaining of Ag-O contributions in |FT| and XANES features
(Figure 5.12) of Ag-exchanged zeolites point out to a formation
of small amount of clusters with this nuclearity. The presence of
an additional broad band in plasmon region could be related to
the formation of few silver nanoparticles.
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Figure 5.13. Ex situ UV-Vis spectra of in situ thermal treated
AgCHA (top) and AgRHO (bottom).
As already observed in the case of samples treated ex situ
the calcination with O2 does not alter the initial UV-Vis profile
of both AgCHA and AgRHO. Contrarily, the calcination under
inert conditions does modify the spectra of Ag-loaded zeolites.
In fact, in the spectrum of He-treated AgCHA the appearance of
a double band positioned between 300 and 350 nm and another
substantially broad band beyond takes place. He-treated AgRHO
presented merely a broad band beyond 300 nm. The observed
split band for He-treated AgCHA falls in the same region of the
observed band in ex situ reduced AgRHO, which is attributed to
the formation of Ag8 clusters (UV-Vis profile (II)). However,
the fact that most Ag atoms should be present as Ag+ due to the
maintaining of Ag-O contributions in |FT| and XANES features
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(Figure 5.12) of Ag-exchanged zeolites point out to a formation
of small amount of clusters with this nuclearity. The presence of
an additional broad band in plasmon region could be related to
the formation of few silver nanoparticles.
The differentiation of heavy atoms from lighter ones by
FESEM using backscattered electrons mode can be an
alternative way to visualize nanoparticles in solid matrices since
under TEM analysis conditions the local environment of silver
can be strongly modified. The red arrows in Figure 5.14
indicate the presence of silver particles in both AgCHA (a) and
AgRHO (c) upon thermal treatment under inert conditions in
agreement

with

previous

characterization

techniques.

Conversely, oxidative environment did not generate silver
particles (or not large enough to be seen by FESEM) what
suggests that under these conditions silver growth can be
avoided (Figure 5.14bd). These results support the data
obtained by XAS and UV-Vis which demonstrate that silver
particles formation under inert conditions takes place although
in minimal extension.
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Figure 5.14. FESEM images collected in backscattered
electrons mode of He- and O2-treated AgCHA (a-b) and
AgRHO (c-d), respectively.
The following scheme (Figure 5.15) is depicted aiming
to sum up graphically the results obtained in this chapter so far,
in which single thermal treatments under different atmospheres
have been discussed.
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Figure 5.15. Summary of obtained results on silver speciation in
AgCHA and AgRHO upon single thermal treatments under
different atmospheres .
5.1.3 Nanoparticles formation and silver redispersion on Agloaded zeolites by thermal treatments
Since different species were observed for ex situ reduced
AgCHA and AgRHO zeolites, an in situ XAS study of the
influence of the reduction temperature on the size of silver
nanoparticles was proposed. Also, the study of the reoxidation
of reduced samples has been carried out for understanding the
mechanism of redispersion of nanoparticles and clusters down to
monoatomic silver cations (Ag+).30,
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loaded zeolites were submitted to reoxidation after formation of
Ag nanoparticles. This could be interesting for catalyst
regeneration and for controlling the silver speciation, in terms of
both size and type of species, for catalytic applications. Figure
5.16 shows the XAS spectra of metal reduction in H2 on
AgCHA and AgRHO at increasing temperatures.
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Figure 5.16. Normalized XANES spectra (left side) and |FT| of
the k3-weighted EXAFS spectra (right side) of AgCHA (a-b)
and AgRHO (c-d) after reduction treatments.
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After each reduction samples were cooled down at RT
under H2 atmosphere before data collection in order to minimize
DWF and allow direct comparison. Normalized XANES spectra
of reduced AgCHA at 400, 200 and 100 ºC (Figure 5.16a) did
not present any shift in edge position compared to as-made
AgCHA (E0 at 25514 eV) according to the previous results
discussed above. However, despite the absence of an edge
displacement, the whiteline decreases and shifts to the right
respect to the initial spectrum, being an indication of metal
reduction and subsequent formation of an fcc-type spectrum
resembling those for Ag0 (black dashed line) in all cases. In
addition, the oscillations beyond the absorption edge are
flattened and slightly shifted around 25560 eV in spectra of
samples reduced at lower temperatures (100 ºC > 200 ºC > 400
ºC). This behavior is related to the formation of different size
metal

nanoparticles

where

metallic

atoms

with

lower

coordination number give rise to the observed flattening.
The moduli of Fourier transform showing the changes
before and after reduction processes are shown in Figure 5.16b
(see Figure 5A.4 for data in k-space). It is clearly seen that AgO (1.7 Å – not corrected in phase) first shell peak initially
present completely disappears after metal reduction in all cases,
giving rise to the appearance of intense Ag-Ag contribution at
2.6 Å coming from the formation of metallic silver. Here, the
differences observed in XANES respect to the size of silver
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nanoparticles become evident due to the different peak
intensities formed depending on the reduction temperature.
Sample AgCHARED400 gives rise to almost bulk silver metal
since the spectra is similar in both shape and intensity in
comparison with that of Ag0 foil. Conversely, the samples
AgCHARED200 and AgCHARED100 show a decrease of peaks
intensity (ca. 6 and 8.2 Å-4, respectively) accompanied by
contraction of bond distances (0.02 and 0.09 Å, respectively).
Both phenomena suggest the formation of much smaller
nanoparticles under these reduction conditions. Furthermore,
this is supported by the contraction on bond distances of 0.02
and 0.09 Å in |FT| (not phase corrected) for AgCHARED200 and
AgCHARED100, respectively.
The normalized XANES at Ag K-edge related to the
reduction treatments of AgRHO are shown in Figure 5.16c. As
for AgCHA, the transition between Ag+ to Ag0 is observed after
all reduction treatments and the effect of different particle size
on XANES features as well. However, the spectra of sample
reduced at higher temperature (AgRHORED400) did not resemble
perfectly the XANES of Ag metal which suggests that particle
sizes in AgRHO sample treated under harsher conditions are not
as observed in AgCHA cases. This is confirmed by the |FT| in
Figure 5.16d where is possible to see the same trend observed
for AgCHA but with the Ag-Ag contribution significant less
intense respect to chabazite-based samples, especially at 400 ºC.
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In addition, the position of the nearest-neighbor peak is also
shifted to smaller values of R (not phase corrected), which once
again indicates the different reduction treatments generate silver
nanoparticles with different sizes, following this order: NP's
formed at 400 ºC > 200 ºC > 100 ºC.
The quantitative analysis on EXAFS data of reduced Agloaded zeolites was performed and is gathered in Table 5.3
(curve-fittings available in Figure 5A.5).
Table 5.3. Summary of EXAFS fit of the reduced Ag-loaded zeolites.a
2
2
ΔE0 (eV)
Sample
CN
R (Å)
σ (Å )

C3

r-factor

b

AgCHARED400
11.1(8)
2.852(12)
0.0093(6)
0.0045
AgCHARED200b
7.6(8)
2.837(16)
0.0127(11)
0.0148
AgCHARED100
5.1(5)
2.828(17)
0.0144(14)
0.0007(3)
0.0577
2.0(5)
b
AgRHORED400
8.6(7)
2.850(14)
0.0114(9)
0.0085
AgRHORED200
6.6(6)
2.835(15)
0.0134(11)
0.0006(3)
0.0221
AgRHORED100
4.5(5)
2.817(18)
0.0126(15)
0.0007(3)
0.0550
a
The fits were performed on the first coordination shell (ΔR = 2.0-3.0 Å) over FT of the k1k2k3weighted χ(k) functions performed in the Δk = 2.3-11.8 Å-1 interval, resulting into a number of
independent parameters of 2ΔRΔk/π = 34.3 without C3 (56.4 with C3). S02 = 0.80 bValues
obtained without C3 fitting Ag metal reference.

As discussed in Chapter 1, the clearest parameter to
discuss nanoparticle size is the coordination number but also the
2

bond distances and σ can provide additional and valuable
information about the system. The results summarized in Table
5.3 show that there are at least 3 trends in the results: CN, R and
r-factor. As the reduction temperature increase, the coordination
number increase, demonstrating a clear sintering effect upon
heating in H2 flow. In principle, the fact that AgCHA has almost
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twice amount of metal than AgRHO makes sensible the
observed results (the effect of zeolite structure on the size of
species will be further discussed). The Debye-Waller factor in
all cases is relatively high in comparison with data of metal
nanoparticles in literature (ca. 0.006 Å2).28,

69

This σ2 value

clearly increases with decreasing the metallic size, although for
AgRHO sample the reduction at 100 and 200 ºC leads to similar
results. The trend is also observed in fitting errors, which can be
attributed to the fact that the model used for the fitting employs
as FEFF input a crystallographic file coming from bulk metallic
silver. When the number of low coordinated atoms is high in
nanoparticles/clusters, the model of a bulk metal fails to
unequivocally determine the parameters of the analysis,
although good approximation can be achieved. Last but not
least, increasing the CN, the bond distance also increases, which
was already observed for Pd-based catalysts in Chapter 4 and
can be directly related to the different particle size. The
application of the cumulant approach for characterizing the
reduced Ag-loaded zeolites indicates that for CN below 8, the
changes in RAg-Ag are really significant (Figure 5.17). For
coordination numbers higher than 8 the values of C3 obtained in
fitting procedure was 0 within the error, for this reason for the
final fit it is neglected and C3 fixed to 0. This behavior is in
agreement with literature where smaller errors were found for
large metallic clusters in which most atoms are in the bulk.42
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The obtaining of positive C3 values for samples with
coordination numbers smaller than 8 (more specific for
AgRHORED100 and AgRHORED200) indicates that Ag-Ag bond
distances were underestimated and needed a correction to obtain
reliable values. Despite the inconsistencies found on using the
cumulant approach or not to determine the Ag-Ag bond
distances, a good trend is observed in both cases (see Figure
5.16), demonstrating that particle size affects directly the bond
distance in silver nanoparticles.
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Figure 5.17. Consequences of using the cumulant approach on
Ag-Ag bond distances in AgCHA (a) and AgRHO (b) zeolites.

The different reduction treatments were performed ex
situ in order to correlate the coordination number with UV-Vis
bands appearing at each reduction step (Figure 5.18). It can be
seen that AgCHARED100 and AgCHARED200 displayed similar
UV-Vis bands as for the AgCHA treated under inert conditions
(UV-Vis profile (II)) which was previously ascribed as indicia
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of clusters formation, more specifically Ag8-type. With
temperature rising up to 400 ºC, the spectrum attributed to bulk
Ag0 is formed. Conversely, AgRHO also presented a trend (from
100 ºC to 400 ºC) but never reaches the formation of bulk silver
according to its spectra. In comparison with the obtained
coordination numbers, it is reasonable to say that below CN = 8,
the Ag8 clusters are present which is in line with the discussion
about bond distances where only samples with smaller
coordination numbers are affected by RAg-Ag underestimation.
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Figure 5.18. Ex situ UV-Vis spectra of reduced AgCHA (a) and
AgRHO (b) at different temperatures.
Both EXAFS results and UV-Vis spectra strongly
suggest the influence of RHO zeolite on the formation of silver
species with different size respect to CHA zeolite. To support
this hypothesis, 109Ag MAS NMR was performed (Figure 5.19).
Interestingly, the knight-shifts (chemical shifts attributed to
Ag0)239 of AgCHARED400 and AgRHORED400 display different
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broadening profiles in comparison with Ag metal. The first
reproduces perfectly the broad background while AgRHO are
significantly narrower, fact that proves the results obtained by
other techniques. Moreover, the AgCHARED100 displayed the
same narrowing effect in comparison with AgRHORED400,
confirming the observations done so far. However, it is
important to underline that knight-shifts observed for the
samples should be related to silver metal particles present
outside the zeolite cavities, since the assignation of this
chemical shift is related to relatively large particles.269

Figure 5.19.

109

Ag MAS NMR spectra of reduced AgCHA and

AgRHO zeolites.
The in situ reoxidation of silver nanoparticles formed on
Ag-containing zeolite was studied employing the same
reoxidation temperature (400 ºC) for all samples. The
prolongation of reoxidation up to temperatures higher than 400
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ºC, as reported in literature,69 was not performed due to the time
limitation during XAS beamtime. The normalized XANES
spectra of reoxidized AgCHA (Figure 5.20a) and AgRHO
(Figure 5.20c) demonstrate that silver reoxidation from Ag0 to
Ag+ occurs regardless of reduction temperature used to form the
silver nanoparticles. This oxidation is characterized by the shift
of the white line upwards with maintenance of absorption edge
positioned at 25514 eV as for as-made samples. This process
takes place along with the disappearance of the typical
oscillations related to metallic fcc-type structure of silver.
However, for the AgCHA-R4O sample (reoxidized after
reduction at 400 ºC), it is still possible to observe some
reminiscent

oscillations,

which

indicates

that

complete

reoxidation is not achieved in this case, most likely due to the
large size of silver nanoparticles formed at the reduction step.
As for the O2- and He-treated samples reported above, no Ag2O
formation was observed, which demonstrate that silver is being
redispersed within the framework as Ag+.
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Figure 5.20. Normalized XANES spectra (left side) and |FT| of
the k3-weighted EXAFS spectra (right side) of AgCHA (a-b)
and AgRHO (b) after subsequent reoxidation treatments.

In fact, the moduli of Fourier transform (see Figure 5A.6
for data in k-space) of reoxidized samples (Figure 5.20b-d)
show that, the first shell peak of Ag-O path is reestablished as
for as-prepared samples. On the other hand, the contribution of
the Ag-Ag distance in the |FT| strongly decreases (from 11.1 to
1.0 Å-4) upon reoxidation but it is still present in most cases. As
observed in XANES spectrum, AgCHA-R4O still displays the
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metallic feature in a greater extent (in intensity terms) respect
other samples (2.6 against 1.0 Å-4), pointing out that bulk size
species are harder to redisperse as Ag+ cations. Interestingly, the
position of Ag-Ag contribution peak for reoxidized spectra
respect to that of reduced sample is shifted to higher R-values
(Rshift = 0.08 Å). This indicates that small particles with shorter
Ag-Ag bond distance are being oxidized while the remaining Ag
species are those with large size (and consequent longer Ag-Ag
bonds), which is in agreement with the idea that larger particles
are harder to be transformed into cations. Although the
determination of the amount of remaining Ag0 particles cannot
be estimated on the basis of these data, it is very likely that only
a small amount (per total mass of silver) is present due to the
discrete intensity of Ag-Ag contribution in the Fourier transform
and the XANES profiles, which are mainly composed by
features characteristic from Ag+ in zeolites.
The samples after reoxidation were also characterized by
XRD,

109

Ag MAS NMR and UV-Vis spectroscopies. The XRD

patterns of reoxidized Ag-loaded samples (Figure 5.21) show
that zeolite structures was maintained after two successive
thermal treatments (1st reduction  2nd reoxidation).
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Figure 5.21. XRD patterns of AgCHA (a) and AgRHO (b) after
reoxidation processes. Inset: selected 2θ range for better
visualization of Ag0 peaks.
The peaks related to Ag0 were still present mainly in
samples AgCHA-R4O and AgRHO-R4O, with emphasis on
AgCHA where the peak at 38º is quite intense, confirming the
permanence of large silver particles in this sample after
reoxidation. This peak can be also seen in AgRHO-R4O but
with much less intensity respect to AgCHA-R4O. A modest
shoulder (almost imperceptible) is visible for AgCHA-R2O at
38º which indicates the presence of a small amount of metallic
silver in this sample. The other samples did not show any visible
peaks attributed to metallic silver or silver oxide: if present they
are below the detection limit of the technique.
UV-Vis spectra of reoxidized samples are gathered in
Figure 5.22.
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Figure 5.22. Ex situ UV-Vis spectra of reoxidized
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purposes.
Wavelength
(nm) For AgCHA-R1O and
AgCHA-R2O samples, the first band of UV-Vis profile (I) (250330 nm) is strongly consumed which can be attributed to the
easy oxidation of clustered species while the second band
(centered at 425 nm) is still present but much less intense
respect that for AgCHARED400, which confirms the presence of
metal silver particles after reoxidation treatment. Nonetheless,
AgCHA-R4O show both bands typical from that profile
attributed to bulk Ag0 although with some differences in
intensity for the first band (250-330 nm) due to clusters
oxidation.261 The band at 220 nm attributed to the charge
transfer transition between 4d10 and 4d95s1 levels of highly
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dispersed Ag+ cations256 is reestablished and well visualized for
AgCHA-R1O and AgCHA-R2O samples. On the other hand, for
all RHO-based samples the typical band of Ag+ species is shown
while a quite similar band centered at 355 nm attributed as Ag0
nanoparticles261 can be seen. The observed differences in the
position of bands related to silver nanoparticles (350 nm for
RHO and 425 nm for CHA) can be attributed to different
nanoparticle sizes between the two series of samples.
To support the hypothesis that smaller nanoparticles
were being reduced leaving only those of large size present,
109

Ag MAS NMR analysis were carried out (Figure 5.23).
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Ag MAS NMR spectra of reduced and

reoxidized AgCHA (a) and AgRHO (b) zeolites.
The spectra show chemical shifts in both regions of Ag0
and Ag+, with narrower peaks width in comparison with Ag
metal, which once again confirm the above mentioned
discussion about silver redispersion. RHO-based samples
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possess roughly the same amount of species in each sample.
However, the CHA-based samples displayed less Ag+ in
AgCHA-R4O sample among the samples, while AgCHA-R1O
showed the higher amount of Ag+, suggesting that the amount of
cations after redispersion is dependent on the reduction
temperature of AgCHA.
The observed color change of the samples upon
oxidation is a strong support of the above phenomenon. Figure
5A.7 demonstrates that different redox treatments give rise to
different coloration in AgCHA, being darker for AgCHA-R4O
and so on. On the other hand, AgRHO samples presented quite
similar color regardless the reduction temperature.
The “consumption” of large particles after redox cycles
can be confirmed by TEM in Figure 5A.8 where AgCHA-R4O
and AgRHO-R4O are shown. However, it was already
commented that electron beam can affect significantly the state
of Ag+ so that showed histograms should be considered
carefully.
Finally, after the whole characterization on Ag-loaded
zeolites submitted to redox treatments it is important to
comment some aspects about the influence of framework
structure on the generated metallic silver species. It is clear that
tuning the reduction temperature of these systems can lead to
materials with different properties in terms of nuclearity, which
can be posteriorly redispersed across the whole zeolite by
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reodixation, with possibility to start a new reduction cycle and
so on. However, a large part of the characterization techniques
were performed with two samples of different Ag loading,
which can generate different results due to their chemical
composition. To support the assumptions of this chapter and try
to prove that RHO can generate silver species with different
properties (e.g. in terms of size) respect to CHA, some extra
samples were prepared and submitted to the harsher treatment
(reduction in H2 at 400 ºC).
One of the samples was already mentioned in some
previous sections, i.e. AgCHA(4.5), which has similar chemical
composition of AgRHO. The second sample was prepared by
exchanging all cesium cations of RHO by sodium cations, in
order to evaluate the effect of a smaller co-cation in silver
aggregation, which, in principle, would facilitate intraparticle
diffusion. Both samples were submitted to reduction in H2 flow
at 400 ºC and were analyzed by in situ XAS and ex situ UV-Vis
spectroscopies. The quantitative EXAFS results of reduced
samples are summarized in Table 5.4.
Table 5.4. Summary of EXAFS fit of the additional reduced Ag-loaded zeolites.a
2
2
ΔE0 (eV) C3
Sample
CN
R (Å)
r-factor
σ (Å )
AgCHA(4.5)RED400
11.3(6) 2.857(2)
0.0102(5)
0.0029
1.5(2)
AgNaRHORED400
9.3(5)
2.845(3)
0.0124(6)
0.0032
a
The fits were performed on the first coordination shell (ΔR = 2.0-3.0 Å) over FT of the
k1k2k3-weighted χ(k) functions performed in the Δk = 2.3-11.8 Å-1 interval, resulting into a
number of independent parameters of 2ΔRΔk/π = 11.4 without C3. S02 = 0.80
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The reduced CHA-based sample showed similar results
as AgCHARED400, with average coordination number close to
that typical of bulk silver (CNAg-Ag = 12) and RAg-Ag already
observed for the Ag nanoparticles of this work. On the other
hand, the AgNaRHORED400 sample displayed slightly higher
average coordination number in comparison with AgRHO, but
smaller NAg-Ag and also shorter RAg-Ag respect to silver metal
(curve-fittings available in Figure 5A.9). All fits showed good
r-factors which indicate a good fit of the experimental data. For
these two samples the cumulant approach resulted in C3 values
close to 0 as expected by the high CN, indicating that regular
least-squares fit is sufficient for a good estimation of RAg-Ag. The
UV-Vis spectra of the additional Ag-containing zeolites are
shown in Figure 5.24.
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Figure 5.24. UV-Vis spectra of reduced AgCHA(4.5) and
AgNaRHO zeolites.
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As expected, the AgCHA(4.5)RED400 presents UV-Vis
profile (I) typical of large nanoparticles. Conversely, the
AgNaRHORED400 displays the “RHO” profile, previously
denominated as profile (II), which is attributed to the presence
of silver clusters (Ag8-type). These results clearly indicate that,
under harsher conditions (400 ºC – H2 flow) and regardless of
the cation type (Cs+ or Na+), RHO structure drives the formation
of Ag8-type species. This behavior was further confirmed
preparing some catalysts by incipient wetness impregnation
rather than ion-exchange, which shown same UV-Vis profile
than AgRHO-based materials reported in this thesis (data not
shown).
The in situ reoxidation of AgCHA(4.5)RED400 was studied
by means of XAS (Figure 5A.10). As for AgCHA, similar
results were observed for AgCHA(4.5). The reoxidation resulted
in the maintenance of Ag-Ag contribution in larger quantity than
for AgRHO. It is possible to underline that now the comparison
between chemical composition can be straightforward in terms
of silver loading once AgCHA(4.5) has a similar Ag/Al ratio in
its composition. This points out that redispersion degree is more
dependent on the size of the formed species than on the amount
of metal.
In general, the only explanation that could elucidate the
results found for the RHO zeolite lies on its framework
structure. The RHO zeolite is known for its high flexibility and
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can also display negative thermal expansion with heating, where
the material suffers a contraction.165, 239 If so, when RHO-based
materials undergone silver reduction, a significant amount of
cations remain trapped inside the zeolite, resulting in the species
that have the UV-Vis profile (II) presented throughout this
work. A smaller coordination number would be expected for
AgRHO-based samples in the case of the presence of clusters in
a whole. However, the formation of silver nanoparticles that
migrate out of the zeolite causes the coordination number to be
higher than that expected just for Ag clusters. In any case, these
results will be interesting for the next section when the catalytic
consequences will be addressed.
The following scheme (Figure 5.25) summarizes some
results

obtained

during

subsequent

reduction/reoxidation.

195

treatments

of

Chapter 5. Zeolite-driven Ag species during redox treatments and
catalytic implications for SCO of NH3

Subsequent treatments (silver speciation)
400 °C 200 °C

H2

Bulk
Ag

+

100 °C

AgCHA
AgRHO

100 °C

Reduced
state

+

O2

200 °C

+

400 °C

+

+
O2

400 °C

+

Ag-exchanged
RHO + few Ag NP’s

Reoxidized
state

H2

Ag-exchanged
RHO + few Ag NP’s

Where:

Ag Nuclearity
Figure 5.25. Summary of obtained results on silver speciation of
AgCHA

and

AgRHO

upon

subsequent

redox

thermal

treatments.
5.1.4 Catalytic implications of different activated Ag-loaded
zeolites for SCO-NH3
A preliminar study performed by our group suggested
that catalysts composed essentially by silver cations or slightly
clustered species are considerable inactive in SCO-NH3 in
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comparison with reduced silver species (data not shown).
Taking this into account, the following results were obtained
with catalysts containing silver nanoparticles in its composition,
regardless of their extent or size.
Figure 5.26a shows the NH3 conversion as a function of
the reaction temperature in the NH3-SCO reaction for
AgCHARED400 and AgRHORED400 catalysts and the blank reaction
without any catalyst.
100
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Figure 5.26. Catalytic activity for the SCO-NH3 reaction of
AgCHARED400 and AgRHORED400 (a) and respective UV-Vis
spectra of the catalysts before and after reaction (b).
The catalytic activity of AgCHARED400 at lower
temperatures is higher respect to AgRHORED400. The former
reached 50 % of NH3 conversion (T50%) at 200 while the latter at
475 ºC. Moreover, they reached 100 % of NH3 conversion
(T100%) at 300 and ~600 ºC, respectively. In fact, AgRHORED400
behaves similarly to the thermal decomposition of NH3 without
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catalyst. The results point out that the type or amount of silver in
Ag-based catalysts are playing an important role in the catalytic
conversion of ammonia. Importantly, after reaction there is a
change in the color of AgRHO catalyst: AgRHORED400 turned
from brown into white, which indicates that most likely silver
species are being reoxidized to Ag+ during catalytic conditions,
while the color of AgCHARED400 remained almost unaltered. To
test this hypothesis, the electronic properties of catalysts before
and after reaction are investigated and the resultant spectra are
shown in Figure 5.26b. The AgCHARED400 catalyst maintains
roughly the same UV-Vis spectrum as in the reduced state after
reduction, while the spectrum of AgRHORED400 was completely
changed after reaction. The band present in reduced sample
disappeared giving rise to the formation of typical band at 220
nm characteristic of Ag+ in exchange positions within the
zeolite.256
In order to understand the low activity of AgRHO,
AgCHARED100 catalyst was evaluated in NH3 conversion once
this sample presented similar UV-Vis spectra as AgRHORED400
and same silver loading as AgCHARED400 so that both
parameters can be then compared. Moreover, the catalytic
activity of AgCHA(4.5)RED400 was also compared since it has
similar chemical composition in comparison with AgRHO
although they have proven to have different silver species (Ag0
bulk vs Ag8 clusters). These results are shown in Figure 5.27a.
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Figure 5.27. Catalytic activity for the SCO-NH3 reaction of
AgCHARED100 and AgCHA(4.5)RED400 (a) and respective UV-Vis
spectra of the catalysts before and after reaction (b).
NH3

conversion

in

the

NH3-SCO

reaction

for

AgCHARED100 and AgCHA(4.5)RED400 catalysts demonstrated to
be both higher than AgRHORED400. Furthermore, AgCHA(4.5)
shows 50% of NH3 conversion at 300 ºC while for
AgCHARED100 it is shifted to higher temperatures (375 ºC).
However, the change in solids coloration to white after reaction
indicates that silver species were redispersed within the zeolite,
which

has

been

further

confirmed

through

UV-Vis

spectroscopy. Figure 5.27b shows the reestablishment of the
band at 220 nm characteristic of silver in extraframework
positions. These results suggest that the maintaining of silver
species after SCO-NH3 reaction is strongly dependent on the
silver loading.
The Ag8-type of species observed for all AgRHO-based
samples and also seen in AgCHARED100 cannot be undoubtedly
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defined as inactive for SCO-NH3 once AgCHARED100 displays
catalytic activity. At the same time, the NH3 conversion for this
catalyst can be explained by the simultaneous presence of silver
nanoparticles together with the major part of silver forming
clusters, so that the attribution of the active center is difficult in
this case. The difference in NH3 conversion between
AgRHORED400 and AgCHARED100 can be ascribed to the silver
loading (16 vs 28 wt.%), respectively.
Interestingly, the complete redispersion of silver species
in AgCHA(4.5)RED400 was not observed during in situ XAS
experiments using only O2/He mixture (Figure 5A.3). However,
during reaction conditions the reoxidation seems complete,
which could be due to an cooperative effect between O2 and
some nitrogen oxides formed as side products, which are known
to be efficient in metal redispersion.270
Pure Ag powder271 and Ag0 supported nanoparticles
(Ag/Al2O3 and Ag/SiO2 – 10 wt.% Ag)272-275 have been used in
literature as catalysts for NH3-SCO leading to 100 % of NH3
conversion in the same range of low temperature (200-300 ºC)
as reported in this work for AgCHARED400. However, in those
papers softer reaction conditions (5.5-16.6 mL NH3·s-1·g-1) were
used in comparison to ours (53.3 mL NH3·s-1·g-1) in terms of
GHSV. However, by expressing the space velocity per grams of
silver instead of grams of catalyst, the difference is not as great
as it looks like by considering the total amount of catalyst,
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although it is still significant (ca. 194.4-380.5 mL NH3·s-1·g-1) in
comparison with some reports for Ag/Al2O3 (ca. 61.1-166.6 mL
NH3·s-1·g-1), for example. In this sense, our GSHV expressed
per grams of Ag is 3-6 times higher than those reported in
literature.
Figure 5.28 shows the product distribution (N2, NO and
N2O) for the NH3-SCO reaction on Ag-containing zeolites at
T50% and T100% of NH3 conversion. The product delivery at 50 %
of NH3 conversion depends on the temperature in which the
catalyst reached such conversion. For low temperature
conversion, as the case of AgCHARED400 (T50% = 200 ºC), the
N2O is the main product with 60% of selectivity while the rest is
composed by N2. AgCHA(4.5)RED400 also displayed a significant
amount of N2O as product output at T50% but in less extent
respect to AgCHARED400 (52 % of N2 vs 48 % of N2O). The
difference in selectivity relies on the higher temperature (T50% =
~300 ºC) required to achieve T50% of AgCHA(4.5)RED400 in
comparison with AgCHARED400. The correlation between
temperature of conversion with N2O output was already stated in
literature for Ag-based catalysts for SCO-NH3 and it is
explained in terms of thermodynamics of oxidation process.250
On the other hand, the catalysts where the NH3 conversion is
achieved at much higher temperatures, i.e. AgRHORED400 (T50% =
~460 ºC) and AgCHARED100 (T50%

=

~380 ºC), reached N2

selectivities between 80-87 % with consequent formation of
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N2O and also NO, which was not observed in previous catalysts
with T50% lying at lower temperatures. As for N2O, the formation
of NO is also related to the temperature range where the catalyst
is working, which, in this case, is favored at >350 ºC. Once T50%
in AgRHORED400 is 100 ºC higher in comparison with that of
AgCHARED100, the selectivity to NO is higher in the former (9.8
% vs 3 %, respectively).
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80

Selectivity (%)

Selectivity (%)

80
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40
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RED400

AgRHO
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AgCHA(4.5) AgCHA
RED400 RED100

AgCHA
RED400

AgRHO
RED400

AgCHA(4.5) AgCHA
RED400
RED100

Figure 5.28. Product selectivities obtained at 50 and 100 % NH3
conversion over Ag-based catalysts.
Furthermore, when NH3 is fully converted (T100%), N2 is
the main output along with NO, which is present due to high
working temperatures. Nevertheless, AgCHARED400 still displays
a small amount of N2O because T100% is in the range where this
product is still thermodynamically favored.
Further efforts are being carried out to design better
catalysts (silver alloying with transition metal atoms known to
catalyze N2O reduction/decomposition) to disentangle the
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selectivity

problem

at

low

temperatures

regimes

and

consequently avoid N2O formation.
5.2 Conclusions
In this chapter, silver species in different Ag-containing
small-pore zeolites (CHA and RHO) were comprehensively
followed by the combination of in situ XAS with a set of
laboratory techniques.
It was shown that silver species with different nuclearity
can be formed through thermal treatments under different
reactive atmospheres (oxidant, inert and reductive), from cluster
to bulk silver. Interestingly, it was demonstrated mainly by XAS
and UV-Vis spectroscopies that RHO zeolite seems to play an
important role on avoiding silver aggregation until bulk size
(under our studied conditions). Moreover, by performed
reduction/reoxidation experiments it was shown that the larger
the Ag nanoparticles, the more difficult the redispersion of
metallic silver to cation-exchange positions is, which is
straightly related to the silver loading on Ag-based materials.
The different properties of the silver species of the
catalysts are evidenced in their catalytic properties for SCONH3. Our results indicate that at low temperatures, the large Ag0
particles (AgCHA-based materials) show higher activity, despite
the formation of N2O as side product in this temperature regime.
On the other hand, the AgRHO-based materials only show high
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NH3 conversion at high temperatures (~600 ºC) which is really
close to the conversion obtained without catalyst (i.e. thermal
test).
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5.3 Appendix
Table 5A.1. Framework composition of AgCHA and
AgRHO before and after ex situ activation treatments
derived from 29Si MAS NMR.
Sample
Si/AlEDS
AgCHA
2.20
AgCHAreduced
2.19
AgCHAoxidized
2.10
AgRHO
4.51
AgRHOreduced
4.43
AgRHOoxidized
4.26

AgCHA
AgRHO
AgBF4
Ag2O

k3 (k) (Å-3)

Ag0

2 Å-3

0

2

4

6

8

10

12

-1

k (Å )

Figure 5A.1. k3-weighted phase-uncorrected χ(k) functions of
as-made AgCHA and AgRHO zeolites and Ag-based standards.
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Figure 5A.2. Curve-fittings and |FT| of the k3-weighted χ(k)
functions of as-made AgCHA and AgRHO zeolites.
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Figure 5A.3. k3-weighted phase-uncorrected χ(k) functions of
AgCHA (top) and AgRHO (bottom) zeolites before and after
thermal treatments under oxidative and inert atmospheres.
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Figure 5A.4. k3-weighted phase-uncorrected χ(k) functions of
AgCHA (top) and AgRHO (bottom) samples after reduction
treatments.
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Figure 5A.5. Curve-fittings and |FT| of the k3-weighted χ(k)
functions of AgCHA (top) and AgRHO (bottom) zeolites
reduced at 100, 200 and 400 ºC. Solid lines refer to experimental
data while colored circles represent the fits.
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Figure 5A.7. Colors of AgCHA (top) and AgRHO (bottom)
samples after reduction and posterior reoxidation process.
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Figure 5A.8. Representative TEM images and particle size
distribution of reoxidized (a,c) AgCHA-R4O and (b,d) AgRHOR4O zeolites, respectively.
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Figure 5A.9. Curve-fittings and |FT| of the k3-weighted χ(k)
functions of AgCHA(4.5) and AgNaRHO zeolites reduced at
400 ºC. Solid lines refer to experimental data while colored
circles represent the fits.
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Figure 5A.10. Normalized XANES spectra (left side) and |FT| of
the k3-weighted EXAFS spectra (right side) of reduction (a-b) and
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The following are the most relevant conclusions derived
from the results obtained during this doctoral thesis:

X-ray absorption spectroscopy demonstrated to be an
extremely important tool to following the pathways of metal
nanoparticles formation and subsequent tuning during activation
treatments under different atmospheres.
In chapter 4, it was demonstrated that the thermal
stability of the metal precursor dictates the size and speciation of
the Pd species during and after the activation process. XAS was
able to track different features during the study of Pd
nanoparticles formation such as the speciation of PdOxCly, PdO
ordering and its transformation to Pd0 after immediate contact
with reductive atmosphere, formation/decomposition of PdHx
and the different metallic sizes discussed in terms of average
coordination numbers. Summing up, PdCl2 generates smaller
nanoparticles than Pd(OAc)2, which in turn generates smaller
nanoparticles than Pd(NO3)2, regardless of the support used for
catalyst preparation.
In chapter 5, silver species in different Ag-containing
small-pore zeolites were comprehensively followed by the
combination of in situ XAS with a set of laboratory techniques.
By selecting the reduction temperature, different silver species
can be formed which can be partially redispersed as Ag+ within
extraframework positions of the zeolites upon a subsequent
treatment under oxidative conditions. It was demonstrated that
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bulk silver species present in AgCHA-based samples were
harder to be reoxidized while the reoxidation in AgRHO reaches
always the same extent.
Interestingly, it was shown that zeolite framework can
play an important role on silver clustering, preventing that silver
species were fully aggregated to bulk size under the studied
conditions. More specifically, RHO zeolite tends to confine
Ag8-type clusters while CHA allows the formation of bulk
metallic species, regardless of Si/Al ratio or type of co-cation
present in the sample. These results point out to an influence of
RHO zeolite structure on formed silver species.
At the same time, the cumulant approach was used to
correctly estimate the Ag-Ag bond distances in silver
nanoparticles with CN < 8, which were underestimated when
only least-squares fittings were taken into account. Moreover, an
interesting correlation between CN and R Ag-Ag were shown for
both differently reduced AgCHA and AgRHO.
Last but not least, the tuned Ag-based materials were
tested as catalysts for SCO-NH3, showing interesting results for
AgCHA-based materials which possess bulk-type of species
with high selectivity to N2 within the range of interest.
Conversely, the AgRHO-based materials only showed high NH3
conversion at high temperatures (~600 ºC) which is close to the
conversion obtained without catalyst (i.e. thermal test).
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During the activities of my PhD I collaborated with other
researchers in the collecting and analysis/interpretation of XAS
data. A brief description of each project and my respective
participation are reported below:
1)

Nonoxidative methane dehydroaromatization using

Mo/zeolite catalysts (Prof. Jose Manuel Serra and Prof.
Agustín Martínez)
Nonoxidative methane dehydroaromatization (MDA:
6CH4 ↔ C6H6 + 9H2) using shape-selective Mo/zeolite catalysts
is a key technology for exploitation of stranded natural gas
reserves by direct conversion into transportable liquids. One of
main problems about this process is that catalyst deactivates
quickly through kinetically favored formation of coke. In this
study, the electronic properties of fresh and spent Mo/ZSM-5
catalyst were investigated by XANES on Mo K-edge. By
performing linear combinations of spectra in comparison with
the standards the oxidation state of Mo in the samples were
characterized. I helped with XANES data analysis and
interpretation.
Results published at:
Morejudo et al.; Science, 353 (2016) 563-566.
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2)

Structural information of isolated copper species

stabilized in chabazite like zeolites. Stability and evolution
under DeNOx reaction conditions (Prof. Avelino Corma)
Selective catalytic reduction (SCR) of NOx with
ammonia is an important technology that enables the reduction
of environmentally harmful NOx in the exhaust gases of
vehicles, ships, and power plants to the low emission levels
required by legislation in many places. Metal substituted
zeolites, in particular with Cu and Fe, are well known catalysts
for SCR of NOx with NH3 and are currently used in automotive
applications. In the automotive sector, besides high activity and
selectivity, high hydrothermal stability is an important issue. In
this sense, Cu-zeolite structures containing small pores, such the
CHA or AEI topologies, have shown a high hydrothermal
stability being recently commercialized on diesel vehicles. The
enhanced stability of Cu‐chabazite materials is rationalized in
terms of the unique small-pore structure of this zeolite. On the
other hand, fundamental knowledge about the nature of the
catalytically active site is still under discussion, being an
important issue in the design of new efficient catalytic materials.
The aim of this project was to obtain structural information of
the copper environment in distinct Cu-zeotype systems (CuSAPO-34, Cu-SSZ-13, Cu-SAPO-18) in order to determine the
coordination degree and clustering degree of the copper ions and
their bonding environment as isolated or Cu-Cu aggregates at
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different reaction conditions. In this project I participated in the
data collection and treatment of whole data set, performing
mainly linear combinations analysis to determine the fraction of
Cu+/Cu2+ present during reaction conditions.
3)

Analysis of the active site on CuZnGa catalysts with

enhanced catalytic performance in the low temperature
Methanol Steam Reforming (Dra. Patricia Concepción)
Methanol, as a H2 storage material, has significant
advantage in terms of energy density over other means of H2
storage such as hydrides and compressed or liquefied hydrogen,
and therefore is an attractive source of H2 for fuel cell powered
portable devices. In order to avoid poisoning of the Pt anode of
the PEM fuel cell, CO formation in the MSR process must be
strongly minimized. While the low temperature MSR (LT-MSR)
is an attractive source of nearly CO-free H2, the design of the
catalyst is crucial in order to achieve large amounts of H2 at low
temperature with low CO formation. Cu-based catalysts have
been commercially produced and successfully used in industry
for many years, however, they are quite sensitive to the process
conditions. Therefore, in the last years many efforts have been
devoted to the development of more efficient Cu-MSR catalysts
as alternative to the conventional CuZnAl systems. In this sense
CuZnGa systems has been shown as promising alternatives to
the MSR catalysts. In this project, highly active and selective
Cu/ZnO/Ga2O3 catalytic systems for LT-MSR were developed,
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whose promising results, particularly at very low temperatures
(180-200 °C). The properties of all the Cu/ZnO/Ga2O3 catalysts
are similar to industrial catalytic formulations (high Cu loading,
5-20 nm Cu particle sizes and exposed Cu surface areas of 10
m2/g or greater). MSR activity results obtained in the laboratory
have shown remarkable differences in the activity and
selectivity of the various CuZnGa catalysts tested. The
conventional physicochemical characterization techniques did
not provide satisfactory experimental evidence for explaining
the huge differences in the performance of the distinct CuZnGa
samples. The local environment and electronic properties of the
metallic catalysts were investigated in this project measuring
XAS in the respective Cu, Zn and Ga K-edges during catalysts
activation step and under MSR reactions conditions. My role in
this project was to participate in the data collection and data
analysis. In one of the studied samples was possible to observe
the formation of a Ga-containing wurtzite (possibly Ga
substituting ZnO framework), while the Cu and Zn were present
as Cu metal nanoparticles and ZnO, respectively, during the
whole activation and catalytic processes. Conversely, the Ga
local environment for the second sample seems to be composed
by different phases, while the Cu and Zn are present as Cu and
ZnO as well.
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4)

In situ characterization of Co-Ru/TiO2 catalysts by X-

ray Absorption Spectroscopy during activation conditions
(Prof. Agustín Martínez)
The Fischer-Tropsch synthesis (FTS) is a wellestablished process that produces high-quality fuels from carbon
sources alternative to oil via syngas (mixture of CO and H2).
Cobalt supported on SiO2, Al2O3, or TiO2 are preferred catalyst
for this process. Usually, small amounts of noble metals (Ru, for
example) as promoters are used in catalyst formulation aiming
to improve the reduction degree and/or the density of Co0 active
sites, which result in higher activity and selectivity to C5+
products. A synergic effect between Co and Ru in bimetallic CoRu nanoparticles or a higher concentration of accessible Co0 as a
consequence of a higher Co reduction degree in presence of Ru
have been proposed as the origin of Ru promoting effects.
Despite the reported results, the role of Ru on metal-promoted
Co-based catalysts remains unclear. To disentangle this issue,
XAS measurements on Ru K-edge were performed to
investigate samples with variable Ru loading (0.2, 0.7 and 1.2
wt.%) as promoter in cobalt catalysts supported on TiO2anatase. It was demonstrated by a corefinement fit of EXAFS
data that ruthenium at low concentrations is in the form of a
metal alloy with cobalt, with ruthenium being mostly on the
surface of the bimetallic nanoparticle. With the increase in the
promoter content the segregation of Ru in monometallic
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nanoparticles is favored; being the catalysts composed by a
mixture of Co-Ru metal alloy and small isolated Ru
nanoparticles. In this work I participated in the data collection
and whole process of data analysis.
5)

Structural evolution of bimetallic PtSn clusters in

zeolites (Prof. Avelino Corma)
Propylene is an important bulk chemical with wide
application for polymer and raw material for production of other
intermediates in chemical industry. In recent years, the
production of shale gas has been increasing rapidly and it is
becoming highly interesting to production of propylene by direct
dehydrogenation of propane since a large amount of propane can
be extracted from shale gas. So far, the industrial catalyst for
propane dehydrogenation mainly includes two types of catalysts,
PtSn/Al2O3 for Oleflex process and CrOx/Al2O3 for CATOFIN
process. For the bimetallic PtSn/Al2O3 catalysts, the catalyst will
deactivate

quickly

under

the

propane

dehydrogenation

conditions due to the formation of coke. Therefore, a
regeneration process (usually by calcination treatment in air at
high temperature >600 °C) is required to recover the activity.
However, such regeneration treatment will cause the sintering of
Pt, leading to loss of activity. Nevertheless, considering the
dehydrogenation of light alkanes is a structure-sensitive
reaction, it can be a promising way to obtain highly active
catalyst for dehydrogenation of propane by preparing ultra-small
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Pt-based particles, especially subnanometric Pt clusters. With
this in mind, a series of Pt and PtSn-based catalysts with
significant small particle sizes were prepared and the results
shown that the presence of Sn (apart from small Pt particle size)
improves significantly the catalytic performance. XAS was used
in this project to figure out what is the relationship between Pt
and Sn atoms in the bimetallic clusters. In this project I
participated in both data collection and interpretation of XAS
results. After studying the catalysts at both Pt LIII-edge and Sn
K-edge, the results pointed out to the presence of small metallic
Pt clusters and highly dispersed SnOx species without intimate
contact between Pt and Sn.
6)

XAS study on As environment in tetraalkylarsonium

cations for zeolite synthesis and their derivatives (Prof.
Fernando Rey)
Obtaining the distinct zeolitic structures closely depends
on the organic structure-directing agent (OSDA) used during the
synthesis. Among different classes of OSDA's described in
literature, the alkylammonium group is by far the most
frequently used. In the last few years our group have
rationalized the use of tetraalkylphosphonium cations (PR4+) as
OSDA, which allow the synthesis of zeolites under more severe
conditions compared to those of ammonium-type and enable the
synthesis of new zeolites, such as ITQ-27, ITQ-34, ITQ-49,
ITQ-53, etc. Unfortunately, the X-ray absorption edges of N or
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P atoms appear at very low energies and therefore, their XAS
spectra cannot be measured easily. Recently, we succeeded have
used in the synthesis of MFI and BEA zeolites using
tetrapropylarsonium (Pr4As+) and tetraethylarsonium (Et4As+),
respectively. The presence of atoms heavier than phosphorous,
nitrogen and carbon in these OSDAs (As atoms) could help to
characterize the species filling in the zeolitic voids, which could
be of interest for assessing the relation between the size and
shape of the organic used and its location in the obtained
material, providing new insights for understanding zeolite
crystallization processes. In addition to understanding the use of
R4As+ as OSDA, different subnanometric metallic arsenides or
arsenites (e.g. GaAs, GaAsO4, etc) could be formed inside
zeolite cavities and channels through elimination of OSDA by
calcination/reduction treatments in a gallium-containing zeolite.
In this case, we expect that gallium atoms migrate from outside
zeolite framework through calcination and interact with arsenic
atoms provided by OSDA burnt. Therefore, studying by XAS
the As local environment in AsR4+ cations, as well as entrapped
in zeolite voids and their evolution under thermal treatment
under oxidative atmosphere was proposed. Also, the changes of
Ga local environment in these zeolites upon thermal treatment
were studied. In this project I participated in the XAS data
collection and analysis of whole data set.
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