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I always thought
it was easier to measure
X-ray absorption than to calculate it

Hans Bethe (~1980)

PREFACE

The main aim of my PhD work is connected to the possibility to give an answer to
the following question: given a set of spectroscopic data, referring to a certain
sample and acquired under determined experimental conditions (/e. temperature,
pressure, gas feed composition, etc.), is it possible to recover i) the spectral
signatures and ii) the molecular geometries of the species/sites generating them?
These issues are not straightforward, principally for two reasons: first at all, they
require to solve an inverse problem: given a spectrum, it is asked to recover the
structure of the signal-source; second, different molecular species or sites can be
collectively responsible of the measured spectral features, making their
discrimination and relative speciation sometimes difficult to realize. The main
spectroscopic technique that I employed to analyze all the systems reported in this
thesis work is the X-ray absorption spectroscopy (XAS). The reason behind the
choice of this characterization technique stands in its chemical selectivity and high
sensitivity in the interatomic distance and local coordination environment
determination. Moreover, XAS can simultaneously provide information on the
electronic and local structural properties of the material, contributing significantly
to clarify the relation between the atomic structure and the peculiar physico-
chemical properties of the system under study.

I tried to solve the first aspect of the main issue assuming that, due to the element
selectivity of the XAS technique, an arbitrary XAS spectrum can be decomposed in
the sum of a series of spectra referring to all the absorbing element-containing
chemical species/sites present in the system, multiplied by their respective fraction.
This property, which usually goes under the name of Beer’s Law, can be realised
using just simple linear algebra concepts, thanks to the relation of linearity among
the spectral profiles and their concentrations. Moreover, it can be extended also to
the analysis of a XAS dataset, allowing to obtain a clear picture regarding the
speciation of the chemical mixture during the variation of a physical or chemical
parameter (e.g. time, temperature, gas feed, etc.) [1]. The spectral decomposition
procedure, described in this work, combines an unsupervised Machine Learning
(ML) approach, named Principal Component Analysis (PCA), with a series of
spectral refinements and transformations, which lead to the resolution of a spectral
dataset without the employment of any kind of references. The outcomes of this
approach are fundamental. Given a XAS dataset, it is possible, in fact, to retrieve
a set of physico-chemically meaningful pure spectra, without knowing a priori their
features and realising, in this way, a sort of blind source separation.

The possibility to obtain from a XAS spectrum the molecular structure of the
species/site generating it constitutes the second aspect of the issues described
above. It appears more complicated than the spectral decomposition problem. It



requires, in fact, a structural refinement assisted by a series of ab /nitio calculations.
During my PhD, I had the honour to take part to the development of the PyFitlt
code [2]. This software, written in Python, is the improvement of the old-code
named Fitlt developed by Smolentsev et al. [3]. PyFitlt allows to retrieve
quantitative structural information from the XANES part (X-ray Absorption Near
Edge Structure) of a XAS spectrum though a series of ML algorithm, ranging from
the linear regression approach till to Extra-Trees and Neural Networks. In
particular, this thesis work describes in detail the technique of fitting called /indirect
approach, which allows to predict a XANES spectrum as close as possible to the
experimental one starting from a guessed set of structural parameters (e.g. bond
lengths, angles, etc.).

Similarly to the XANES case, I extended the indirect approach of fit to the Extended
X-ray Absorption Near Edge Structure (EXAFS) part of the XAS spectrum. Herein,
the ML algorithms were employed to explain the non-linear relation between the
ab initio derived EXAFS parameters (i.e., the effective scattering amplitude, the
total phase shift and the electron mean free path) and the set of user-defined
parameters characterising the investigated sample. This approach resulted to be
innovative because it allowed retrieving a more general expression of the EXAFS
equation detached from the dependency of an input fixed geometry. In this
context, I employed the Wavelet Transform (WT) representation of the EXAFS
signal [4] to increase the amount of structural information which can be extracted
from the experiment and by means of this tool I extended the classical EXAFS fit
to the two-dimensional (k,R) space.

The programming knowledges acquired during the PyFitIt design demonstrated to
be fruitful also in relation to different topics. In particular, I exploited them in the
creation of a second software having as the main purpose the analysis of the soft-
XAS (Near Edge X-ray Absorption Fine Structure - NEXAFS) data collected under /in
situ conditions. The code is named THORONDOR [5], it features a graphical user
interface (GUI) and it allows the treatment (e.g. background subtraction, de-
glitching and normalization) and the pre-edge peak fitting of several NEXAFS
spectra preferentially acquired in Total Electron Yield (TEY) mode.

Most of the techniques described above have been applied to the study of a
particular class of systems, of relevance in the field of selective redox catalysis: the
Cu-exchanged zeolites. These materials are currently the object of intensive
research efforts due to their activity in the partial oxidation of methane to methanol
(MTM) and to their outstanding performance for deNOy catalysis via NH3-assisted
Selective Catalytic Reduction (NH3-SCR) [6, 7]. Understanding which are the active
sites characterising these reactions and how, at the atomic scale, the catalyst
composition influences the Cu-species formed during the activation is fundamental
to unleash the potential of this promising class of catalysts. Concerning this topic,
I performed the /n situ and operando spectroscopic characterization of these
samples in different experimental and reaction conditions in order to shed light on
the electronic and structural properties of the Cu-species relevant for the cited
reactions. Herein, the application of the spectral decomposition methods and of the
WT analysis of the collected EXAFS profiles allowed accessing an unprecedented
level of understanding in a complex multi-component system, vyielding novel



insights into the identification of the Cu-active sites in the cages of the CHA and
MOR zeolites.

The body of this thesis work can be formerly divided in two parts. After a general
introduction regarding the XAS spectroscopy provided in chapter 1, all the novel
analysis methodologies cited before are described in detail in chapters 2, 3 and
4. Chapters 5 and 6 focus on the /in situ and operando XAS studies conducted
over the Cu-CHA and MOR zeolites in connection with the methane to methanol
process and the selective catalytic reduction of NO, exemplifying the potential of
the developed analysis approaches. Finally, chapter 7 is dedicated to the
conclusions of the dissertation work, while chapter 8 provides the summary of my
publications and conferences/schools attended during the three years of PhD.
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1 FUNDAMENTALS OF XAS

Let's consider a collimated X-ray beam, possessing a flux @, evaluated as the
number of photons per unit time and unit cross-section. If the beam impacts and
traverses a sample of thickness x, as depicted in Figure 1.1, its flux is reduced
according to the Beer’s Law:
¢ = Pyexp[—p(E)X] (1.1)
Where @ is the photon flux passing through the sample, while u(E) is the linear
attenuation coefficient depending on the X-ray energy E = hw and on the sample
composition and density.
Detectors

"\\Monochromator

Storage Ring

> J k Sample holder

Source Optical apparatus Experim. Apparatus

Sample

Figure 1.1: Schematic picture of a Synchrotron Radiation laboratory for a XAFS experiment
(transmission mode). Once that that a high brilliance photon flux has been produced from
a storage ring (using a bending magnet or a wiggler for example) only determinate photons,
having a defined wave-length, are selected through a double crystal (usually Si 111 or Si
311) monochromator. Afterwards, the beam is focused on the sample using an ellipsoidal
mirror. The photon flux before ¢o and after ¢1 the sample is measured using two detectors
consisting, generally of two ion chambers working in Geiger mode regime providing for ¢o
and ¢1 two values of currents I, and I,. The natural log of their ratio is proportional to the
sample absorption coefficient u(E). Adapted from [1]

It is possible to assert that, varying the X-ray photon energy, two main mechanism
can contribute to the X-ray attenuation: the photo-electric absorption effect and
the photon scattering process [1]. In the first-one, when one photon is absorbed
from the beam, an atom is ionized or excited, while in the second-one, the photon
is deflected from the original trajectory by the collision with an electron. Herein the
scattering type can be elastic (Thomson) or inelastic (Compton). In general, the
energy range regarding most of the X-ray absorption applications is within (400 eV
and 40 keV). In this energy region, the photo-electric-absorption is dominant, see

1



Figure 1.2, and it is possible to approximate the total attenuation coefficient
appearing in (1.1) with the photo-electric absorption coefficient. This is the quantity
currently derived, as a function of the incident X-ray energy, from an X-ray
Absorption Spectroscopy (XAS) experiment. Focusing on it, it is interesting to note
that when the beam energy increase, the X-rays become more penetrating and, as
a consequence, their intensity generally smoothly decreases approximately as
1/E3. This smooth trend is interrupted by sharp discontinuities: the absorption
edges, which emerge from the fact that each X-ray photon liberates an electron
from an inner atomic level.
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Figure 1.2: X-ray cross sections for Germanium. Adapted from [1].

The nomenclature of the edges uses progressive letters and numbers depending
on the orbitals from where the electron is extracted, see Table 1.1. The following
table establishes the connection between the energy edges and the core electronic
levels up to the M transitions:

Edge K L1 L Ls M; M, M; M. Ms

Core 1s 7s 2 5 3s 3 3 3 5

Level 12 P32 P12 P3/2 P32 3psp
Table 1.1: Edge nomenclature as a function of the core electronic levels. Adapted from
[1]

The edge-energies represents, for each elements a sort of atomic fingerprint. In
fact, the since the binding energies of the electrons increase monotonically with
the atomic number, an edge energy corresponds to a well defined atomic species.
Here it comes one of the most important property of the XAS spectroscopy, which
is the element-selectivity.

After the absorption of an X-ray photon, an isolated atom can be either excited, if
the photon energy corresponds to the energy difference between an electronic core



level and an occupied bound level, or ionized, if the photon energy is larger than

the binding energy, in this case, the electron is ejected from the atom.

In correspondence of an edge, the absorption coefficient exhibits a series of

spectral features constituting the so-called: X-ray Absorption Fine Structure (XAFS)

[1]. For isolated atoms (e.g. noble gases, metallic vapours), the XAFS region is

limited to a few of eV around the edge and reflects the transitions of the core

electrons to unoccupied bound levels. On the other hand, considering molecular
gases or condensed systems, the XAFS appears to be strongly influenced by the
presence of atoms surrounding the absorber and it can extend up to and beyond

1 keV above the edge [1].

Traditionally, the XAFS signal is generally distinguished in in two parts, see Figure

1.3(a,b,c):

o The X-ray Absorption Near Edge Structure (XANES) or, Near edge XAFS
(NEXAFS), for the soft X-rays. It constitutes the region including a few tens of
eV before and after the edge and can be divided, in turn, into three parts: the
pre-edge, the edge and finally the post-edge.

o The Extended X-ray Absorption Fine Structure (EXAFS). It regards the fine
structure extending from the XANES post-edge region up to typically 1 keV.

In the following a more detailed description of each region of the XAS spectrum is

provided.
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Figure 1.3: (a) Pictorial representation of the K-edge Fe XAS spectrum. As it is possible
to see, it is formerly divided in two regions: XANES -blue curve- (b) and EXAFS -red curve-
(reported as a function of the photon energy) (c). The XANES part is further organised in
three parts: the pre-edge, the edge (Eo) and the post-edge regions.

1.1 THE ORIGIN OF THE XAFS SIGNAL

The physical origin of the XAFS signal can be explained by means of the scattering
theory [2]. For simplicity, the one-electron and the non-relativistic approximations
are here adopted. In this framework, the photoelectric absorption process is
described as a transition between an initial state |y5;) (incident photon of energy
hw and electron in a core orbital with binding energy E;) and a final state |ys)
(core hole and excited electron) with final energy equal to: Ef = Aw + E, . Here
two possible case can appear. i) If the photon energy is lower than E,, in the pre-
edge region, the electron is promoted to empty bound atomic states. On the
contrary, ii) when the energy of the photon is sufficiently high to promote the
electron to the continuum (ionization), then the free electron can be depicted as
an outgoing spherical wave with wavenumber k:

k = /zh—r;l(hw—Eo) (1.2)



Where m is the electron mass, # is the reduced Planck constant and the difference
Ex = hw — E, is the electron kinetic energy. If the photoelectron is scattered by the
electrons in the surrounding atoms, its wave function is modified by the atoms
potential and the final state is composed not only by the outgoing spherical wave
but also by the backscattered waves that perturb the system and consequently the
absorption cross section, which is the measured observable. These two processes
stand formerly at the basis of the XAFS signal.

1.1.1  The XANES signal

As previously stated, the extraction of an electron from an atomic core shell can
result either in an excited electronic state (if the electron is promoted to an
unoccupied discrete level) or in an ionized atom if the electron has sufficient energy
to reach the continuum valence band.

In the pre-edge, the so called pre-edge peaks, mainly originate from the dipole
allowed transitions from a core level to a discrete bound final state. Their peak
position indicates the energy needed for the transition, while the intensity is
proportional to the probability that the electron could be promote to a certain state
according to the selection rules. In case of solids, in this energy region, the
hybridization of the electronic levels is strongly affected by details of the crystalline
field caused by the ligand geometry, while in case of molecules the abundance of
empty states can be properly described through the Hartree-Fock (HF) LCAO
theory. As a consequence, this phenomenon gives rise to large spectral differences
also for elements in the same valence state but having different local structure. In
general, it is possible to notice that the K pre-edge features are dominated by
dipole allowed excitations of s electrons to p-symmetry orbitals, while transitions
to d orbitals are definitively scarce (quadrupolar transitions) [3]. However, the
hybridization may give origin to a p-d mixing determining intense dipole allowed
transitions of 1s electrons to the p-component of the hybrid orbitals [3].

The XANES edge energy Eo defines the onset of the continuum state and it is
related to the oxidation state of the photoabsorber [3]. It is worth noting, in fact,
that more the atom is oxidized, higher will be the energy needed to ionize it. The
Eo position has been early recognized as a valuable method to identify the valence
state of the absorbing atom [2]. The shape of the edge is often characteristic of
the chemical environment and of the ligand geometry. This fact lead to its
employment as a fingerprint of particular chemical species [2, 3]. The white line
(W.L.) (maximum of the edge), can represent either the more probable transition
to a discrete state or to the first unoccupied valence level. An interesting example
is represented, for example, by the L, and Ls edges of the nd metals signalling the
p12—nd and ps;—nd transitions, as it will be showed in chapter 4. Dealing with
low Z elements or with molecules the analysis can be even more complicated
because of transitions of core electron to Rydberg, states localised just below the
ionization threshold, or to states present in the continuum due to centrifugal
barrier, effect usually named as shape resonances [4].

The proper theoretical description of the pre-edge and of the edge region of XANES
spectra usually requires the many body corrections which can be treated by: (i)
using the multiplet approach [5, 6] and the more robust MLFT method based on
Wannier orbitals [7]; (ii) solving the Bethe-Salpeter equation [8, 9]; (iii) applying

5



post HF methods [10, 11]; (iv) by using the dynamic mean field theory [12]; or by
expanding the many-electron system self-energy in a series of products of Green
functions and the screened Coulomb interaction [13].

Finally, the post-edge region, extending within 30-50 eV above the edge, take
places from the to photoelectrons excited in continuum states. Due to the long
mean free path (1) of low energy electrons (see Figure 1.4) the absorption signal
is dominated by several scattering process involving the ejected photo-electron
with the atoms surrounding the absorber, which usually go with the name of
Multiple Scattering (MS). The recent progresses in ab-initio XANES modelling,
especially with the codes: CONTINUUM [14], FEFF [15] and FDMNES [16], provided
a valuable details about the local structure and coordination geometry of the
system under study. In section 1.1.3 a more detailed description of the process

at the basis of this region is provided.
4.0

1 Cu metal
3.54

N M @
o (3] o
MR TP
oy
h

-
o
L

1.0

Electron Mean Free Path (nm)

e
o
1

e
(=)

1 10 100 1000 10000
Energy above the Fermi Level
Figure 1.4: Electron mean free path A(E) trend for metal Cu. Adapted from [3].

Concerning the possibility to retrieve quantitative structural information from a
XANES spectrum, two approaches can be followed. The first-one, consists to guess
a particular structure which is supposed to be close to the molecular site
responsible of the XANES signal, afterwards the total XANES profile can be
simulated and the main XANES features can be compared qualitatively with the
experiment [2]. The second method foresees to perform a fit of the XANES region.
To this aim, it is possible to follow a Reverse Monte Carlo approach (RMC), as
realised by the MXAN code [17], or employ a multidimensional interpolation-based
approach, which is at the basis of Fitlt [18]and of its new version PyFitlt [19],
whose description and applications are reported in section 2.2 of chapter 2.

1.1.2 The EXAFS signal

The spectroscopic region extending after the XANES post-edge region (from 30-50
eV up to 1 keV) is named EXAFS. It is usually extracted from the XAS spectrum
subtracting a spline function fitting the monotonic progress of the absorption curve
uo (this profiles tries to mimic the absorption coefficient of a bare atom without any
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neighbour atoms), see the red profile in Figure 1.5(a). Afterwards, the incident
photon energy is, for convention, converted in the wavenumber k of the emitted
photoelectron (instead of the photon energy as it has been reported in Figure
1.3(c)), showed in Figure 1.5(b) and denoted with the symbol: x(k).
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Figure 1.5: (a) Experimental XAS (Cu K-edge) signal (black circles) plotted together the
bare atom absorption profile uo. The blue splines curve are employed to remove the XAS
background and to normalize the spectrum to the edge jump. More information about this
procedure can be found in 1.4.1.1 and in chapter 4. (b) y(k) EXAFS signal weighted for a
factor k2 in order to enhance its major spectral features. The red window is an apodization
function (here a Hanning window) employed to select the range in k which is then Fourier
Transformed. (c) Magnitude of the Fourier transform for the k% (k) signal showed in (b).
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The reason which stands at the basis the distinction between the EXAFS and the
XANES post-edge part arises from the profound differences on the major
phenomena involved and on the data analysis procedure used to treat the data [3].
Differently from the XANES region, the EXAFS part, due to the lower photoelectron
mean free path (see Figure 1.4) is characterised mainly by single scattering (SS)
phenomena, which are the principal responsible of the train of oscillations
characterising the signal. The following phenomenological picture, showed in
Figure 1.6(a,b,c), can be used to clarify the origin on of the EXAFS signal. As
already discussed in the introduction of section 1.1, once that a photoelectron is
promoted from an atomic core state (e.g. 1s) of an atom A to the continuum region,
the electron final state wavefunction would be an outgoing spherical wave
(maintaining the symmetry of the 1s orbital) and no fine structure would appear in
the absorption coefficient [1]. On the contrary, if the absorber atom is non-isolated,
the photo-electron can be scattered by a neighbour atom B, giving rise to incoming
spherical waves. Consequently, the total photo-electron wavefunction becomes the
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superposition of the outgoing and the scattered wave. This is an example of a SS
process. In case the photo-electron would be scattered, after the atom B, by a
second atom C, see Figure 1.6(d) it is possible to use the term MS to describe this
kind of process, which, as described in section 1.1.1, becomes relevant getting
closer to the absorption edge. Returning on the SS process involving the centres A
and B, it is possible to assert that the phase relationship between the outgoing and
the scattered wave, evaluated at the core site of atom A, depends on the photo-
electron wavelength and on the distance R between the atoms A and B. Moreover,
the variation of the phase as a function of the absorbed photon energy influences
the amplitude of the total wave-function at the core site, giving rise of the
observable modulations of the absorption coefficient. It follows that considering a
process characterized uniquely or principally by SS, the Fourier Transform (FT)
magnitude can show with its peaks the radial distances of the scatteres evaluated
from the absorbing atom position, see Figure 1.5(c). As pointed out, for the first
time, in 1971, by Sayer, Sterne and Lytle in their pioneering works [20-23], the
frequencies position of the EXAFS oscillations, evaluated through the magnitude of
the Fourier Transform (in the direct space R), depends on the distances between
the absorber and the back-scatterer atoms, while their amplitudes (in absence of
MS processes) are proportional to the number of atoms surrounding it. The same
authors proposed also an equation, known nowadays as the EXAFS equation,
describing the behaviour of the fine structure in the EXAFS region:

N, .
() = ng:sk_R% IFs (k)| sin(2kR; + s (K)) (1.3)

X exp(—ZRS/AS(k))exp(—Zkzcsz)

This equation is written in the SS approximation. For a more general equation of

the EXAFS equation including also the MS contributions and its further

implementations, the reader can refer to chapter 3 of this thesis. Considering

equation (1.3) it is possible to note that the sum is carried out on the variable s

denoting the so called shell number. The concept of shell is widely used in the

EXAFS analysis and it generally represents a group of N atoms (which can have

also different Z) sited at a common average distance R, from the absorber. Each

of these scatterers is employed in a SS process with the ejected photoelectron
coming from the absorbing atom and it is responsible of an oscillatory contribution
sin(2kRg + ¢(k)) abated by the exponentials: exp(—2Rg/A(k)) and exp(—2k?c4?).

The parameters appearing in (1.3) can be divided formally in two main groups.

The local structural parameters:

o Ng: is the number of atoms internal to the s coordination sphere and influence
the amplitude of the EXAFS signal.

o Rg: is the interatomic distance of the s coordination sphere and influences the
frequency of the EXAFS signal.

o o042 is so called Debye-Waller (DW) factor, it represents the mean square
relative displacement of the scattering atoms from their average position [1,
24, 25].

The physical quantities :



o Fs(k) and ¢ (k): are the effective backscattering amplitude factor and the total
phase shift, they can be experimentally obtained from the EXAFS spectrum of
a reference sample or from ab-initio calculation (as it will be described later),
reproducing the potential experienced by photoelectron [1, 24, 25].

o S3and A, (k): are the passive electron reduction factor (close to 1) and the
photoelectron mean free path. They are inelastic terms and modify the
amplitude of the EXAFS signal. More information about these terms can be
found in [1].

Having a theoretical curve and being in possess of an experimental EXAFS spectrum

it is possible to extract through a fit the coordination humber of the neighbours

atoms and their relative distances from the absorbing center. A detailed description

about the EXAFS fitting procedure is reported in section 1.3 and in chapter 3.
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Figure 1.6: (a,b,c) Pictorial representation of a SS process. In figure (c), on the left, the
stereo plot associated to the SS process, involving atoms A and B, is reported. (d) Scheme
depicting arbitrary MS processes. On the bottom are reported, using the arrows notation,
different typologies of MS paths (excluding the SS path (1) in red) characterized by different
legs and angles: (2) and (3) are three legs MS paths while (4) is a collinear MS characterized
by four legs.

1.1.3 Understanding the spectroscopic features of the XANES post-edge and
EXAFS regions

To give a mathematical description of the XANES post-edge and of the EXAFS parts,
it is worth underlying that, according to Fermi’s golden rule, reported in equation
(1.4), the transition rate between two states |{;) and |{;), in presence of a time-
dependent perturbation, is a function of the density of the final states and of the
matrix element of the Hamiltonian # describing the interaction of the electron with
the electromagnetic field [2]:

2
Wi = = Wl F€13) 2py Coce.) pr(unoce.) (1.4)

For medium-high Z elements and for K and L edges, p;(occ.) =1 and may be
neglected in equation (1.3) [2]. For a sinusoidal time-dependent electromagnetic
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field, the Hamiltonian H can be expressed as: H =~ €-rexp(ik-r) and the
coefficient of absorption becomes:

(E) o ) Gl rexpGik )l 8(E — Eo — hoo) (1.5)

Where € , hk, and hw are the X-ray electric polarization vector, momentum, and
energy, while the subscript f denotes that the sum is carried out over all the
unoccupied final quasi-particle states |{s).

A quantitative interpretation of the XAS fine structure can be obtained calculating
the matrix element present in equation (1.5). In order to simplify the expression,
it is possible to introduce a further approximation. The exponential of (1.5) can be
expanded as a series as: exp(ik-r) = 1 + k- r + 0(2), where the first and dominant
term is representing the dipole interaction while the subsequent terms are
associated with quadrupole and higher order multipoles. For the complete
calculation, different methods can be adopted. The most commonly used is the
Real Space Multiple Scattering (RSMS) approach [15], in which the atomic
potentials are approximated as spherically symmetric out to a finite radius while
the interstitial potential between them is considered constant. This approximation,
called Muffin Tin (MT), see Figure 1.7, shows however some problems: First, it
makes the results dependent on the size of the interstitial region between the so
called MT spheres. Second, this approximation becomes serious especially when
the photoelectron kinetic energy is close to the value of the approximation made
on the potential [2]. Generally, in the EXAFS region, the kinetic energy of the
electron is large enough that small variations in the interstitial potential do not
make much difference, and the muffin-tin approximation works well [24]. On the
contrary, in the XANES region, the muffin-tin approximation is less satisfactory and
in order to obtain finer and more quantitative results, it is necessary to employ
different techniques involving full-potential methods such as the finite difference
approach embodied in FDMNES [16]. Herein the Schrédinger three-dimensional
differential equation is solved numerically recurring to the finite difference
approach. This solution avoids to impose any constriction on the shape of the
potential, but it is very costly in terms of calculation time [2]. To partially reduce
the computational time, in concrete terms, the calculation of final states is done
differently in three regions, with spherical harmonics development in a short sphere
around the center of the atoms, with finite difference methods for a grid of points
selected in the inter-atomic zone, and with constant potential in an outer sphere
[16].
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Figure 1.7: Schematic representation of the construction of the muffin-tin potential
adapted from [26]. The overlap of atoms is handled using some variation of the Mattheiss
prescription [27] in which Wigner—Seitz cells are created about each position in the cluster,
then spheres are inscribed in the cells. These MT spheres are, in most cases, smaller than
the neutral atom spheres, as shown schematically by the red dashed circles in the figure.
The MT spheres necessarily contain less electron charge than the larger neutral atom
spheres. This excess of charge is distributed uniformly throughout the volume occupied by
the cluster.

Focusing on the RSMS theory, the employment of the Green function
representation of the scattering processes [28] lead to the possibility to decouple
the absorption expression into two contributions, u, and x:
n(E) = po(1 +x) (1.6)

The first factor y, is the contribution deriving from the bare absorbing atom. On
the other hand, the second term appearing in equation (1.6) is the fine structure
signal. The fact that the letter has been indicated with the same notation proper
of the EXAFS signal written in (1.3) is not surprising. Rehr and Albers, in [29],
demonstrated that the total EXAFS signal x(k) can be written as an infinite sum of
scattering processes: from the simple SS till to the higher order MS. Using this
approach the subscript s,appearing in equation (1.3), must be changed with the
letter i denoting the path followed by the electron during the interaction with one
ore more neighbouring atoms, see Figure 1.6(c). In case of a SS path, equation
(1.3) remain valid: R;, is the half-path length (independently from the scattering
type; the total path length of the photon-electron is, in fact, 2R;) and it represents
always the distance among the absorber and the i™ scatterer having a
backscattering amplitude, a phase and an electron free mean path equal to F;(k),
d;(k) and A;(k), respectively. The parameter N; continues to maintain the same
meaning of the one present in (1.3), indicating those SS processes involving the
same type of atoms and providing a comparable contribution to the total EXAFS
signal. On the other hand, for any kind of MS path, R; consists in a function (non-
linear) of the relative distances of the scatterers involved in the process. In case of
a MS process, the half paths length becomes a useful metric because the
contribution, from that path to the FT of the signal, will be peaked at approximately
the same place in R as a single scattering path of the same half path length [30].
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Similarly for a SS process, it is possible to estimate also for any MS path the related
Fi(k), &;(k) and A;(k) functions, while N;, for these cases, corresponds to the
number of MS paths of the same type and it is named as path degeneracy.

The approach described above and represented by equation (1.6) can be adopted
successfully only when the energy is sufficiently higher than the one characterising
the XANES post-edge region. In fact, at relatively lower energies (few eV over the
absorption edge), the scattering probability is much higher and the path expansion
usually don't converge. In this case more complex and time-consuming alternatives
need to be used, such as full matrix inversion based on the Green function
approach and implemented in CONTINUUM or in FEFF [31], the finite difference
method, introduced by Joly, described before [16] or the Haydock’s recursion
technique [32].

1.2 THEORETICAL CONSTRUCTION OF AN EXAFS SPECTRUM USING FEFF
In the following, a brief description regarding the generation of a FEFF-derived
theoretical EXAFS signal is provided. Afterwards, the procedure concerning the
EXAFS fit methodology is discussed in detail.

Starting from the input structure provided by the user, the FEFF program calculates
through the Dirac-Fock equation, the electronic structure of the atoms of the
materials as free, isolated entities. The atomic charge densities are then
superimposed in the desired geometry and averaged to create the MT potentials
with a prescribed degree of overlap, see Figure 1.7, (which can be modified by
the user through the keywords FOLP or AFOLP). The mean free path A;(k) is
calculated from the imaginary part of the interstitial potential between the atoms
and the core-hole lifetime. Once the spherically symmetric MT potentials are
generated, the scattering phase shifts ¢;(k) can be calculated by integration within
the atomic potential outward to the radius, and matching the boundary conditions
to free spherical waves between the atoms [24].

Finally, the effective scattering amplitudes F;(k), calculated through the Rehr and
Albers method [29], are associated to the SS and MS scattering process extracted
through the Zabinsky algorithm [33]. The latter is discussed now more in detail
because it stands at the basis of the result that are showed in chapter 3 (section
3.2).

The first step in the path generation process consists to identify and enumerate all
the possible paths which can provide a not negligible contribution to the total,
theoretical spectrum. To this aim, the FEFF routine employs the algorithm
developed by Zabinsky et al. [33]. .Basically, it begins by first enumerating all single
scattering (SS) paths within the input cluster, see Figure 1.8(a). Afterwards, every
possible scattering process involving two external scatterers (already catalogued
as a MS process) are constructed by extending each single scattering path to all
possible third atoms, as depicted in Figure 1.8(b). Because, the photoelectron
cannot scatter twice from the same atom, the successive atom must be clearly
different. Each subsequent higher order of scattering, see Figure 1.8(c), is then
constructed from the previous order by extending from the last atom of every path
to every other atoms in cluster [30]. The paths are sorted by increasing half-path
length using a heap, which is a tree-like data structure [33], constructed to
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guarantee that the path with the shortest half-path length is always at the top of
the tree. As already stated in section 1.1.3, for a SS path, then, the half-path
length is the atomic separation. As certain paths are removed from the heap, they
are compared for degeneracy with all paths previously removed from it. An obvious
example of degeneracy is two SS paths from atoms in the first coordination shell.
Since these two paths would produce identical contributions to the EXAFS, they are
considered degenerate. Various, non-obvious sorts of degeneracy are considered
in FEFF, including the time-reversal (scattering from the atoms in a multiple
scattering path in the opposite order) or mirror symmetry about a plane in a high

order path [33].
(a) (b)
(c) :‘ ”:

Figure 1.8: Schematic illustrating the sequential construction of the MS paths: (a) SS;
(b) three leg MS process, (c) higher order MS process generated starting from (b).

As discussed in section 1.2, the EXAFS signal can be written as an infinite sum of
different scattering paths. Some paths can be degenerate and, for this reason, they
can be grouped together. However, there will be always a certain number of paths
whose contribution to the total EXAFS signal can be neglected. In FEFF there are
in total four filters, which can be applied in order to reduce the number of paths
characterised by a low contribution in the total EXAFS representation. These are:
the Cheap s Ckeeps Cpw and Cc, filters. Using this constraints the paths are
eliminated at four stages during the FEFF calculation: (a) during the path
construction (Cpeap), (b) after construction but before the degeneracy checks
(Ckeep), (€) after the path list is complete and the check on the degeneracies has
been performed (C,,,) and finally after a full curved-wave XAFS calculation on the
surviving paths with further full degeneracy checks (Ccy). The last two filters, Cp,,
and C.,,, are more accurate but require more computations. They are, in fact, able
to filter alone all paths through the third SS distance. C,, and C,, are the only two
terms whose value can be modified by the FEFF user through the keyword
CRITERIA. In particular, the C,,, filter is based on the plane wave approximation
(more detail about its implementation can be found in [33]), while the C.,, quantity
is calculated for each path employing the mean curve-wave amplitude:

1 kmax
X = — f dkx; (0| (1.7)
Ak J,

13



Where the integral is approximated over nine evenly spaced k points, and x;(k)is
the full curved-wave calculation for path i, including degeneracy, electron mean
free path ...

_ X

The curved-wave filter is then implemented as the ratio: C,, = o where x{" is

1

normalized by the value at the first-neighbour x$" distance and expressed as a %.
This filter does not save any computation time in paths enumeration, but by
eliminating the remaining unimportant paths, it greatly simplifies the analysis, and
it provides a quick estimate of actual path importance [33].

The F;(k), ¢;(k) and A;(k) quantities retrieved by FEFF for each scattering topology
are evaluated on a coarse interval of k values within 0 and 20 A and then saved in
a feffNNN.dat file. Afterwards, external programs (such as IFEFFIT, Larch,
Arthemis, ...) can extract and interpolated these FEFF derived quantities over a
finer k grid (e.g. 0.05 A) and use them to reconstruct each oscillatory signal
associated to each selected path.

As it is possible to see, the EXAFS expression, retrieved through FEFF, is based on
the input cluster structure. This implies that F;(k), ¢;(k) and A;(k) are geometry
dependent terms. In case of SS paths these physical quantities don't vary a lot
deforming the molecular structure around the absorber. On the contrary, the MS
paths intensities and phases strongly depend on the considered input structure
and, similarly on the XANES region, can provide information about the angles of
the structure under investigation. The classic codes based on FEFF can refine,
through a fitting procedure, just the bond distances and the coordination number
of the atoms surrounding the absorber. This fact implies that if the analysis is
performed on a fixed geometry, the information about the bond angles cannot be
identified (differently for GNXAS [34] where it is possible to estimate the variation
of the angles contribution expanding F;(k), ¢;(k) and using a Taylor expansion).
In chapetr 3 it is showed how a multidimensional interpolation approach, based
on FEFF and similar to the one implemented in PyFitIt, can allow to provide a direct
estimation the bond angles.

1.3 EXAFS QUANTITATIVE ANALYSIS: THE FITTING METRIC

All various codes implemented to perform the fit of the EXAFS region of a XAS
signal involve always the minimization the square of the residuals between the
experimental EXAFS spectrum and the theoretical one. It is worth noting that the
number of parameter which can be estimated from the EXAFS fitting procedure is

limited by the Nyquist criterion to N;,q = 28R 11 [25], where Ak and AR are the

T

kand R range of the usable data under consideration. About this topic, in this
thesis, the maximum number of fitting parameters has been always estimated
using the conservative number of +1, although some authors claimed with
reasonable theses that the number +1 should be changed with +2[35]. Focusing
on the fitting routing realised by IFEFFIT [36] (and now by the its more advanced
version embedded in the Larch package [35]), the EXAFS parameters SZ, AR;, N;,
o? and AE, (shift in energy from the edge value) can be refined through a fit,
minimising the following target function:
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Where xPATA and xTHEORY are respectively the experimental and theoretical k-
depending signals weighted for a k™ term (where n is not necessary an integer).
The g; quantity is the uncertainty associated to each point of the experimental
spectrum composed by N values. Typically, the EXAFS data are quite over-sampled
compared to the information content justifying the weighting for N;,4. The fitting
procedure can be realised in the k-space but also in the Fourier (direct -R) space.
In this last case, the theoretical and the reconstructed signal are expressed in their
FT form: {(R)PATA and %(R)THEORY, The residuals appearing in (1.8) are provided
as the list composed joining together the real and the imaginary part of the
difference between experimental and the theoretical curve: R[¥;(R)PATA —
{(R)THEORY ] [5-(R)PATA — ¢ (R)THEORY]  On this basis, the sum appearing in
equation (1.8) will be extended up to N = 2M points, where M is the nhumber of
sampling points of the real and imaginary part of the experimental EXAFS FT
representation. An extension of the EXAFS fit to a higher dimensional space, offered
by the Wavelet Transform representation, is provided in chapter 3.

A brief note regarding the estimation of the uncertainties in the EXAFS region must
be provided. As far as the author of this thesis know, the error estimation on the
EXAFS (and more in general XAS) measurements do not have a very define protocol
allowing their extraction. This subject is still a matter of study [37, 38]. In case of
IFEFFIT the error estimation in the FT space is obtained following the method
proposed by Newville et al in [39]. Herein, the starting point stands in the
assumption that the FT associated to the k™x(k)PATA spectrum does not have any
structural signal and it is only due to noise gg. Then the high R-potion of the
F(R)PATA js then substituted with the variance of the values within (15-25 &) and
it is used in the FT version of equation (1.8). This quantity is the same for the real
and imaginary part of experimental spectrum §(R)PATA since the imaginary part of
the k™x(k)PATA is definitely zero. Dealing with the fit in the k-space, the options
which can be used to estimate the measurements uncertainties are different. First
at all, it is possible to realise several measurements of the same spectrum and take
the k"x(k)PATA as the average spectrum and &? as the variance affecting the mean
values. The second procedure, employed in IFEFFIT, consists to evaluate the
uncertainty in the k-space ¢, by means of the knowledge of the error in the R-
space. To this aim the Parseval’s equality is exploited:

[1]

kmax kmax
j dk|k"gy|? = zj dk|eg|? (1.9)
krnin kmin
Supposing g, constant, equation (1.9) lead to:
n(2n+ 1)
= 1.1
i SRJ Ak(RERET — KT (10

Finally, the last method is the one implemented in GNXAS, which appear to be (for
me), the most accurate. It is based on the technique described by Dent at al in
[40]. The idea is the following. Given an EXAFS spectrum, it is possible to
oversample it with a step lower than 0.02 A*. The procedure continues in three
steps: first of all, few points (from three to twenty) are selected in the spectrum
around an experimental point. Secondly, a low order polynomial (degree one, two
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or three) is fitted on the selected data. Third, the root mean square (rms) deviation
of all the data within the selected range, from the polynomial curve, is assigned to
the signal point. This last procedure is then repeated on several narrow intervals
along the total spectrum. Finally, all the extracted rms values are interpolated with
a smooth function and its inverse is used as the error term in (1.8).

The minimization of equation (1.8) can be realised using different algorithms. The
IFEFFIT code employees, for example the Leveremberg-Marquard routine [41].
The problem of this algorithm stands in the fact the minimization strongly depends
on the values provided by the user. A second method, more robust, is the Nelder-
Mead algorithm which exploits the simplex method [42] to identify the minimum of
the target function, or the minimization routine provided by the CERN MINUIT
library [43] as implemented in GNXAS. Finally, the global minima values can be
reached using convex minimization approaches as the one used to minimize the
target function associated to a generalised EXAFS equation as implemented in
PyFitIt, which are indicated in section 3.2.1.1 of chapter 3.

Looking at equation (1.8), it is possible to note that the E is equivalent to the chi-
square (x?) function and, for this reason, its minimum corresponds to the x? value
associated to the fit. It follows that, under the hypothesis that the residual values
(G (K)PATA — y; (k)THEORY)  are normally distributed, the confidence intervals
associated to each parameter can be extracted using the x? or the Fisher test fixing
a certain values of significance %a (usually fixed to the 95%). Basically, imposing
a number of degree of freedom v = N;,4 — p, where p is the number of parameters
refined by the fit, for each fitting parameter the = function is evaluated moving it
slightly from its minimum value (along the increasing and decreasing verse of
variation) until the integral of the normal distribution between that value and +co
is lower than 95%. A similar methodology involving the Fisher test [44] is applied
in section 3.2.1.1 of chapter 3. This is, for example the approach employed by
GNXAS or EXCURVE [34, 45]. Equivalently it can be shown that the probability P of
having certain (py,..,p,) Values is proportional to: P(pq,..,pn) *

exp [—%E(pl,...,pn)] .The region of parameter space delimited by the previous

criteria, in the second-order approximation, is a n-dimensional ellipsoid, which
becomes a circle in case of not correlating parameters. More in detail, the
covariance matrix of £ calculated in its minimum values, provides an insight into
the correlation between the fitting parameters. It is possible, in fact to demonstrate
that the diagonal elements of the correlation matrix corresponds to the
uncertainties of the fitting parameters, while the diagonal off elements their
correlations [24, 46].

Generally the best statistical estimator which can be used to express the goodness
of a fit is the x? value or its reduced form x2 = x2/v. Without executing any x?-test,
a good rule of thumb, which can be used to establish if the data are consistent with
the fitting model, is to verify that x2 ~ 1. However, this relation is rarely satisfied.
The reason is principally due to the uncertainty associated to the estimation of the
errors g; [30]. The tacit assumption behind this evaluation of ¢; is that the noise is
dominated by statistical variation. This is a poor hypothesis when a synchrotron
source is used for the EXAFS measurement. Except for the most dilute samples
measured in fluorescence, the flux incident upon the experiment, even from a
second generation source, is so high that statistical variation is typically small
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compared to instrumental sources of uncertainty and to the error in the theoretical
scattering factors. When the evaluation of ¢ is too small, x2 is too large, even for
an obviously good fit [30]. This evidence implies that the x2 parameter can be used
just for a different purpose, such as to understand, through a Fisher test if the
addition of a certain path or the choice of a determinate parametrization can
increase the level of correspondence among the experimental and the theoretical
curve.
A second term which can be used to evaluate the best agreement between the
experiment and the best fit curve is the %R-factor (%R¢.ctor)- This quantity is not
uniquely defined. In all the results reported in this thesis work, it has been defined
using the IXS standard formula [47] (only in the PCA section of chapter 2, this
equation is slightly modified substituting the squared term with theie absolute
value):
N n DATA THEORY\72

. _ [k 06 (R)PATA — xi(K) )]

YoRfactor = 100 X y=1[kn(Xi(k DATA]Z (1.11)
In the hypothesis that the signal to noise (S/N) ratio of the data is good, the
R%(%) of an adequate fit can be expected to be in the order of few percent (not
higher than 5%).

1.4 BASIC DETECTION METHODS AND EXPERIMENTAL SETUPS

The features of interest in XAFS spectra consist of small variations in the absorption
coefficient. For this reason, to perform correctly an experiment, a good S/N ratio
is required. This point is particularly critical for the energies appearing much higher
than the edge since, at the end of the spectra, the oscillation amplitude is strongly
damped because of the Debye-Waller effect. Therefore, an intense beam is
required to obtain satisfactory data quality in a reasonable acquisition time.
Moreover, a good energy resolution (lower than 1 eV) is necessary to resolve the
XANES features and to have access to a wide range of energies in order to measure
as many edges as possible. Synchrotron radiation sources [2], combined with the
use of a monochromator crystal (see Figure 1.1) mounted on a high precision
rotary motor, are optimal to fulfil these requirements and, in addition, they provide
the possibility to exploit their spatial and temporal resolution for more challenging
experiments [2, 48, 49].

The absorption coefficient (and consequently the XAFS spectrum) can be measured
in several modes: directly by transmission or indirectly through secondary
processes, such as fluorescence and electron detection mode... In the following
sections, the descriptions concerning all the experimental methodologies employed
to retrieve all the XAS spectra reported in this thesis work are provided.

1.4.1.1  Transmission mode

The photon fluxes @, and ® can be directly measured in front of and behind the
sample, see Figure 1.1. In general, the two detectors are ionization chambers,
with plane parallel electrodes, some tens of centimetres long [1]. The efficiency of
the ionizations chambers can be tailored to different X-rays spectral regions by
varying the atomic species and the pressure of the filling gas. The output of the
ionization chambers consists in two electric currents I, and I, having a magnitude
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of the order of 10% — 108 A. The absorption coefficient: u(E) will be related to
these two quantities through the relation:

n(hw) = 1n(P0/g,) = n ("0/;) — In(c()) (1.12)

Where C(E) is a smooth background, determined by the ionizations chambers
response, which can be easily subtracted during the data analysis procedure [1].
The latter foresees to subtract the XAS pre-edge background through a spline
curve. Afterwards, the spectrum is normalised to the absorption edge jump AE,.
This quantity is evaluated interpolating a second spline function in the XAS post
edge region and extrapolating the value of the absorption coefficient in
correspondence of E,. The value of u(E,), evaluated on the pre-edge subtracted
XAS spectrum, provides the jump of absorption Ap required for the normalization,
see Figure 1.5. More information concerning the implementation of this procedure
can be found in chapter 4.

Even if the transmission mode is the simplest and most direct way to measure a
XAFS spectrum, it cannot be used in every case. In fact, it requires that the
thickness of the sample and of the concentration of absorbing species are small
enough to allow the beam passing through the sample, but high enough to obtain
a satisfactory signal-to-noise ratio. The optimal combination of thickness and
concentration should reflect into an edge jump close to 1 (e.g. 30% of difference
in the transmitted beam before and after the edge) and a total absorption lower
than 90%. If the sample is a powder or a solution, it is suggested to dilute it with
a blank solvent (low Z atoms) to reach the optimal conditions. However, there will
be many cases when the sample is too diluted, or too thick, or supported on a
more absorbing material, where the transmission mode is not adequate and the
fluorescence mode is usually preferred [1].

1.4.2 Fluorescence mode

Fluorescence is a secondary effect of X-ray absorption. Once the X-ray photon has
extracted an electron from a core level of the absorbing atom, the core hole will
be filled by one of the electrons in the outer levels. As a consequence, a
fluorescence photon with energy equal to the difference between the two electronic
levels will be emitted by the atom. In a fluorescence detection-mode experiment,
such as the Partial Fluorescence Yield mode (PFY), the monitored quantity is
represented by the intensity I of the fluorescence emitted at a fixed frequency w
by the absorbing specie as a function of the incident X-ray energy hw having
intensity 1.

In fluorescence yield mode, I, is still measured by means of an ion chamber, but
the flux of fluorescence photons I, emitted at the energies characteristic of the
element (the so called region of interest or ROI), is measured by means of a multi-
element semiconductor (based on e.g. Ge or Si) detector [2]. Usually the
fluorescence detector is positioned at 90° with respect to the incoming X-ray beam
and the sample is turned at 45° to minimize the signal due to elastic scattering. If
the detector response is linear the signal is proportional to the flux and the

absorption coefficient can be calculated considering the relation: u(E) = Ii The
0

fluorescence measurements can be applied to a large variety of diluted samples,
whereas they are not appropriate for concentrated materials. Indeed, in the latter
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case, detector saturation may occur, causing a non-linear response. In addition,
the measure could be affected by self-absorption phenomena [147], which depend
on the different thickness of the sample probed by X-rays at the different energies
of the scan.

1.4.3 High-energy resolution fluorescence detected (HERFD) XANES mode

In a conventional XANES experiment, one monitors either: (i) the transmitted
photons or, (ii) the (partial) fluorescence yield (FY) (integrated over all the de-
excitations related to the excited atomic species). In such experiments, besides the
limits of the X-ray optics, there is a lower limit in the full width high maximum
(FWHM) of the observed spectral features (AEgy) that is set by the life-time
broadening of the core hole of the selected edge: AEgy = [ore = 1/ Tcores Where
Teore 1S the life time of the core hole created by the absorbed X-ray. The
experimental setup requires a high flux, high brilliance synchrotron radiation X-ray
source and a Rowland-type spectrometer equipped with analyser crystals or a
polychromator based on cylindrically curved Bragg crystal in von Hamos geometry
[2, 50]. In this condition, it is possible to follow the evolution of the fluorescence
emission fixing Aw (corresponding to a particular fluorescence decay channel)
upon scanning the incident photon energy 2Q. In such a way, being the decay
transition due to an electron coming from an higher level (HL-LUMO-), that has a
core hole with a longer tyy, life-time (typ, > Teore) ,the resulting spectrum will be
characterized by an intrinsic lower broadening AEgggrrp ~ ((Teore) 2 + (Tyr) ~2) ~1/?
where Iy, = h/ty, [51]. This effectively leads to spectra with a higher energy
resolution and sharper features named with the term high-energy resolution
fluorescence detected (HERFD) XANES [52].

1.4.4 Electrons Detection Mode

In order to perform a deep study of the surface properties of a determined material,
it is convenient to measure the flux of the photoelectrons and/or the Auger
electrons emitted as a consequence of the atomic de-excitation after the X-ray
absorption process [53]. It follows that as for the fluorescence case, the measure
of the X-ray absorption intensity is not direct. The X-rays are absorbed through the
excitations of core electrons to empty states above the vacuum or Fermi level. The
created holes are then filled by Auger decay (dominant in the soft X-ray region
over the X-ray fluorescence). The intensity of the emitted primary Auger electrons
is a direct measure of the X-ray absorption process and is used in so called Auger
electron yield (AEY) measurements, which are highly surface sensitive, similar to
XPS. In the total electron yield detection mode (TEY) the total number of electrons
(photoelectrons, Auger electrons, secondary electrons) delivered from the sample
are counted. The secondary electrons are the electrons ejected after the interaction
of the atoms of the sample with the fluorescence photons and/or the primary Auger
electrons and photoelectrons [2, 53]. The number of emitted electrons is
proportional to the number of holes created in the sample, which is proportional to
the number of the absorbed photons. Since the mean free path of the electrons is
very small, see Figure 1.4, the TEY mode is surface sensitive. Therefore,
measurements in the TEY procedure require atomically clean surfaces without any
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contaminants. Assuming a X-ray penetration depth of ca. 10 A, only the electron
emitted over 3 A of thickness have the possibility to be measured. Experimentally,
the TEY signal can be measured monitoring, through a pico-amperometer, the
intensity of drain current coming from the sample [54].
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2 XANES DATA ANALYSIS: METHODS AND
IMPROVEMENTS

In this chapter a detailed description of the XANES data analysis methodologies,
developed and employed, is provided. The first part (section 2.1) regards the
description of the spectral decomposition procedure for an arbitrary XANES dataset.
Particular attention is given to the examination of the methodologies exploited to
extract and reconstruct the XANES profiles of the chemical species characterizing
an experimental dataset, currently implemented in the PyFitlt code [1-3] (freely
downloadable at https://pypi.org/project/pyfitit/) and in Thorondor [4], whose
description will be provided in chapter 4. The second part (section 2.2) describes
how it is possible, through a Machine Learning methodology, to fit the XANES part
of the XAS spectrum and retrieving from it some quantitative and structural
information about the molecular structure under investigation. Finally, the last part
of this chapter (section 2.3) focuses on the ambiguities on the structural
parameters emerging from the XANES fit and indicates how the principal
component analysis can be employed to evaluate the accessibility of the
information that can be retrieved from a quantitative XANES analysis.

2.1 SPECTRAL DECOMPOSITION OF A XANES DATASET
When a sample consists of a mixture of absorbing atoms forming different chemical
species, or located in non-equivalent sites, the related XANES measurement
represents an average of the single spectra corresponding to each species/site. It
is worth noting that the XANES spectral features associated to a given absorbing
atom will depend exclusively on the local geometry of the related species/site. This
fact leads to the conclusion that the XANES spectra of each species characterizing
the sample measurement, will be different to each other and, for this reason, they
can be defined as pure spectra. It follows that an arbitrary XANES spectrum p(E)
can be expressed as the sum of these pure spectra weighted by their amount
(fraction) inside the sample:
N
W(E) = ) cisi(E) +2 (2.1)
i=1

Here, N is the number of pure spectral compounds involved in the decomposition,
E = (E,, ..,Ep) is the energy vector, s; is the energy dependent pure spectrum
corresponding to the i" species/site, c; is a scalar value representing the fractional
abundance or concentration of s; inside the sample under study, while € is a vector
containing m experimental noise values associated to the measure. Because of the
element-selectivity of the XANES technique, it is possible to assert that, in general,
the mass balance condition must be satisfied: YN , ¢; = 1.
Equation (2.1) can be extended to the case of a dataset X containing multiple
spectra collected during the variation of the physico-chemical system under study,
caused by controlled modification of one or more external factors (i.e.,
temperature, gas feed composition, sampling time, sample position, ...):

24


https://pypi.org/project/pyfitit/

X=SCT+& (2.2)

where X is composed by m energy points and n spectra, i.e. dim(X) = (m X n), S
is the matrix of the pure spectral profiles having dimensions dim(S) = (m x N)
while CT is the transpose of matrix C, with dimensions dim(CT) = (N xn),
containing on its rows the concentration profiles associated to each spectrum of S.
Finally, &€ represents the noise matrix of dimensions dim(€) = (m xn)
corresponding to dataset X. A pictorial representation of the described spectral
decomposition strategy is showed in Figure 2.1.

Experimental dataset Pure Spectral Profiles Pure Concentration Profiles Residuals
X (m xn) (m X N) CT (N xn) E(m xn)
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- N M 2
el e c Pure concentrationn® 3 - e~ c
- N c E E E £ ° ° °
cle|s = £ £ E 2 - :‘ ; ; ;
c clc £ = T ¢ © k] +| 8|83 [
3 08 8 a § § % § Pure concentrationn® N 2 2 2 2
g8 s g & 88 &
[- - - E

Figure 2.1: Schematic representation of the spectral decomposition regarding a XANES
experimental dataset X, composed by n spectra (scans) and by m energy points, in the
product of a matrix S, containing N pure spectral profiles, and matrix €, containing their
related concentration values. The error in the proposed decomposition is represented by
the residuals matrix €. It is worth noting that if the correct number of pure species
characterizing the measurements is identified, matrix £ must contains on its columns only
the contributions coming from the experimental noise.

The issue regarding the possibility to decompose a XANES dataset as showed in
(2.2), usually called mixture analysis problem, has attracted great attention in the
XANES community, especially for the analysis of data obtained from time-and space
resolved experiments [5]. For this reason, several methods, based on the Principal
Component Analysis (PCA), have been developed to realize it, which we will discuss
in more details in the following sections.

2.1.1  Principal Component Analysis (PCA) of a XANES dataset

The first step towards the decomposition showed by equation (2.2) foresees the
identification of the number of the N pure species characterizing the XANES dataset
under study. Ideally, imaging that X could be a noise-free data matrix, it is possible
to assert that each column (or spectra) of X can be properly expressed by the linear
combination of a set of N independent spectra. It follows that the rank of matrix X
(i.e. the number of irreducible columns or rows) must be equal to the number of
pure species contributing to the dataset. Unfortunately, this statement is generally
not true, because of the noise influencing the data, which makes the collected
spectra independent to each other (i.e., the rank of X is equal to the number of
spectra composing the dataset). However, the application of the Principal
Components Analysis (PCA) procedure is able to provide deeper insights on how

many components characterize a system and on the influence of the noise on the
XANES data.
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Generally speaking, PCA belongs to the family of unsupervised Machine Learning
processing algorithms [6] and can be used in the analysis of a XANES dataset to
correctly identify its rank. The PCA approach assumes that the XANES data mixture
can be expressed as a linear combination of a fixed number of components
weighted by their own fractions. The set of components employed in the spectral
decomposition procedure must be independent to each other, moreover they must
be able to account for the highest variance of the XANES dataset including the
noise. While different techniques can be applied in order to decompose a set of
spectroscopic data on the basis of its principal components, a standard matrix
factorization technique called Singular Value Decomposition (SVD) is generally
applied due to its robustness and accurateness. The SVD approach foresees the
decomposition of the XANES data matrix in the product of three matrices:

X =uzvT (2.3)

where U and V are two square unitary matrices (dim(U) = (m x m) and dim(V) =
(n x n)) while X is a diagonal rectangular matrix (dim(Z) = (m X n)).

Figure 2.2 shows schematically the output of the SVD procedure. It is worth
noting that this kind of decomposition is not unique and that there are different
ways to perform it; in some of them matrices U or V can be rectangular while £
squared. More information about the different algorithms employed to realize the
SVD can be found in [7].

Experimental dataset

X (m xn) U(m xm) Z(m xn) VT (n xn)

51 v]
S2 ";
vi
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HEE 5 B %
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Figure 2.2: Schematic representation of the SVD procedure applied on the XANES dataset
X. The experimental spectra composing it are displaced on its columns. Matrix X is
decomposed in three matrices: U, ¥ and V, having dimensions equal to (m x m), (m x n)
and (n x n), respectively. The quantities m and n indicate the number of energy points of
each experimental spectrum and the number of spectra composing X. The white squares
and rectangles showed in X underline that this matrix only contains non-null values on its
main diagonal, which are the so called singular values of X: s;. Matrices U and X can be
multiplied together in order to provide a new matrix, R, that, together with ¥7is able to
realize a decomposition similar to the one showed in equation (2.2). As it will showed in
Figure 2.4(b), the analysis of the spectra composing the new matrix R represents a
fundamental step for the identification of the correct number of pure species characterising
the dataset. Moreover, for some methods, it constitutes the initial step required to properly
realize decomposition (2.2). More details about this topic will be provided in 2.1.3.
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Matrix U contains on its columns the eigenvectors of the covariance matrix
associated to X, i.e., Z =XXT which are the so-called principal directions or
components. On the other hand, matrix VT shows on its rows the eigenvectors of
the transpose of Z which, from a geometrical point of view, can be interpreted as
the projection of dataset X over the entire set of principal directions contained in
U. These vectors can be also seen as the principal directions (or components) taken
directly from the rows of X rather than from its columns. For sake of clarity, in this
thesis, the name of principal components (PCs) will be used to indicate always the
columns of matrix U. As a didactic representation, the principal components
associated to a bi-dimensional dataset composed by 200 points are reported in
Figure 2.3.

Xy

Figure 2.3: Pictorial representation of the principal directions or components (the red
and the green arrows) of a bi-dimensional dataset composed by 200 points. With the red
and green Gaussians are represented the fraction of the dataset variance expressed by the
first and second component.

Finally, the diagonal elements of £ are named as singular values and their
magnitudes are connected to eigenvalues of the covariance matrix of X through
the following formula:

A = si?/(m—1) (2.4)

where s; and }; are the i" singular value and eigenvalue corresponding to £ and to
the data covariance matrix, respectively. As already pointed out by Calvin in ref.
[8], in the field of XANES analysis, the A; terms are usually referred to as the
variances associated to the dataset principal components. However, this statement
is true only if the XANES data are centered (i.e., the mean calculated over all the
columns of X has been subtracted to every spectrum composing X). Because in
XANES analysis the dataset is usually not centered, the quantities retrieved by (2.4)
cannot be properly interpreted as the true data variances, despite they follow the
same decreasing trend as a function of the component number (see section
2.1.2). Nevertheless, the term variance is almost universally used in this context,
even though the data mean centering condition is not satisfied [8].

The factors appearing in (2.3) can be grouped as follows:
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X = RVT (2.5)

where R = UX. The columns of R will correspond to the ones of U scaled by the
correspondent singular values; the connection of this expression with equation
(2.2) will be discussed in more detail in section 2.1.3.

a b w1 PC
(a) (b) gL
3PC
0.5 il PC
£
g g
X »
- °
; g L
z 28
<
R N Anathadite s
x10
11565 11580
Energy (eV)
11560 11580 11600 11560 11600 11640
Energy (eV) Energy (eV)

Figure 2.4: (a) Pt Ls-edge XANES dataset composed by 32 spectra acquired on a Pt/Al.O3
catalyst kindly provided by E. Groppo [9]. The XANES scans monitor the interaction of the
catalyst with a flow of Hy/inert at 120 °C followed by a dehydrogenation process in inert
atmosphere (He). More information about the sample and the experimental conditions can
be found in ref. [9]. The inset reports a magnification of the energy range containing the
white line (W.L.) peak, where the more evident spectral modifications are observed. (b)
First five columns of matrix R for the dataset reported in part (a), plotted in the same
energy range and scaled by the factors indicated in the figure for visualization purposes.
These abstract spectral profiles do not have any chemical-physical meaning and they can
be considered just as a mathematical solution of equation (2.2), as discussed more in detail
in section 2.2. However, their visual/qualitative analysis is able to provide deeper insights
about the number of chemical species present in the sample.

As an example, Figure 2.4 reports a XANES dataset, in part (a), and the related
first five columns of R (abstract spectra) in part (b), plotted in the same energy
range. Because the first component is characterized by the highest variance, its
contribution appears higher than the other components. In particular, it is
interesting to note that its shape resembles an inverted XANES spectrum. The
reason of the inversion depends on the output provided by the SVD decomposition
(in some cases, it can be positive) while the similarity can be explained by the fact
that X has not been centered. Because the first principal component needs to
explain the highest variance of the dataset, it will assume a form resembling the
mean of all the spectra composing the dataset. The second principal component
captures the second highest spectral features of the XANES dataset while the third
one appears to be connected to minor but not negligible variation of the spectra.
Starting from the fourth component, it is possible to see that they appear

28



featureless on the scale of the XANES spectra. In particular, the distribution of their
values, as a function of the energy, appears to follow a trend typical of the
instrumental noise [8]. A second validation of this result can be obtained trying to
analyze the residuals and plotting the %R.ctor related to the reconstruction of each
spectrum of the XANES dataset as a function of the number of principal component
involved, see Figure 2.5(a-c). The %Rscor here is defined as: %Rector = 100 X
xRV
(IX112
considered to reconstruct matrix X, while the symbol || || is the Frobenius norm.
If the XANES dataset is not properly represented by the chosen number of PCs, it
will show, for certain scans, a higher %R, .o indicating that one (or more)
additional components are required to describe them. Once that the correct
number of PCs is found, the %Ry, .or Values associated to the reconstruction of
each spectrum, must have comparable magnitudes, as showed by Figure 2.5(c).

, Where the subscript k denotes the number of principal components
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Figure 2.5. (@) Reconstruction of the first scan of the experimental dataset showed in
Figure 2.4(a) using one, two and three components. The insets report magnifications of
the WL feature. The level of misfit between the experimental spectrum and its
reconstructed version diminish increasing the number of PCs. With two PCs there is a lack
of reproduction connected with the WL, as showed by the inset and by the related residuals
plotted in panel (b), while passing to three PCs the reproduction becomes excellent. (b)
Plot of the residuals associated with the reconstruction showed in panel (a). These profiles
have been calculated as the difference between the first experimental XANES scan and the
first spectrum of the dataset reconstructed with one, two and three PCs, respectively. It is
evident that with three PCs the residuals proper of the reconstruction of the first scan of
the series resemble only the noise. (c) Trend of the %Ry..r fOr €ach scan increasing the
number of PCs involved in the representation. With three PCs the %Rgq.,r appear
distributed uniformly along all the scans of the dataset, indicating that the correct rank of
the data matrix corresponds to three.

On the basis of the results showed in Figure 2.4 and Figure 2.5, it is possible to
conclude that the XANES dataset of Figure 2.4(a) can be properly described using
only three principal components. Because each PC is independent to each other
(i.e., they are orthogonal) their number represents a proper estimation of the rank
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of the XANES data matrix, corresponding to the number of chemical species
associated to it. While the methods described above constitute a first, qualitative
approach to the analysis, different techniques have been developed in the field of
the PCA in order to establish quantitatively the correct rank of a dataset. Among
them, in the field of XANES, the Scree Test, the Imbedded Error (IE), the
Malinowsky Indicator factor (IND) and Fisher test (F-test) are widely applied and
will be discussed in more details in the following section.

2.1.2 Quantitative methods to extract the correct number of PCs

The first widely used approach is named Scree Test (or Scree Plot) and it consists
in plotting the variance or the singular values magnitudes associated to each
principal component versus their number, as showed in Figure 2.6(a). As it is
possible to see, after the first component, the variance associated to the
components rapidly drops down, up to an elbow indicating the border between
components having a real physical/chemical meaning (i.e., the number of species
characterizing the dataset) from those related to the data noise. It is worth noting,
in fact, that the components associated to the noise must contribute
approximatively in the same way to the dataset variation and for this reason they
usually lie on a flat line.

The Imbedded Error function (IE) is given by the following expression:

_ ’kz?=k+17\i

where k represents the number of components used to reproduce the dataset X.
If the experimental errors are distributed randomly and uniformly along each
spectrum of X, then the sum of the squares of the projections of the residuals,
defined as: € = X — RyV;! onto the noise-related PCs, should be approximately the
same [10]. This means that the PCs representing the experimental noise must have
approximately the same variances: A; = A, =+ =21, . Hence, for k > N,
equation (2.6) can be rewritten as:

IE = n¥/2 b ; with h = (22)" (2.7)

mn

It follows that increasing the number of components, for k < N the IE function
progressively decreases until k = N, where it reaches a minimum corresponding
to the proper number of PCs to consider. Then, for k > N, the IE assumes a slowly
growing trend, as showed in Figure 2.6(b).
Malinowski discovered an empirical function called IND-function [10], which seems
to be more sensitive than the IE function in its ability to pick-up the proper number
of components [11]. The IND-function is defined as:

IND = 1 in=N+1}‘i

(n—N)2_[m(n—N) (2:8)

Similarly to the IE functions, the IND estimator is calculated incrementally by
increasing the number of PCs and, by definition, it reaches a minimum when the
correct number of components is employed, see Figure 2.6(c). However, it has
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been observed that in this function the minimum is more pronounced and can
appear in situations where the IE does not exhibit any valley. More details about
the IE and IND estimators can be found in [10-12].

The Malinowski F-Test, reported in Figure 2.6(d) [10, 11], is the last statistical
method applied to determine the true dimensionality of a dataset. It is based on
the observation that the reduced eigenvalues REV; are constant for non-significant
PCs [13]:

T (m—-i+Dm—-i+1)

Because the REV; values are still proportional to a variance, a Fisher test can be
applied. The test starts from the smallest REV; term, clearly associated to the noise,
and proceeds to those REV; values, with higher magnitude, until the first significant
one is found. The k™ component is considered significant on the basis of the Fisher
test applied on its related standardized F-variable:

Fink = <Z:_1(m i+ Dm—i+ 1)) (2.10)

If the percentage of significance level (%SL), associated with k" F variable, is lower
than a pre-fixed value (usually fixed to 5%), then the k" extracted component is
accepted as a pure component.

Although these estimators have been applied with success in several XANES studies
[14-17], it is worth noting that the identification of the number of PCs connected
with the existence of determined chemical species critically depends on the amount
of noise affecting the data, as showed by Manceau et al. [13]. In fact, deviation
from the correct number of chemical species notably occurs when the level of the
experimental noise is close to the variation of the data. Another cause of
uncertainty in the estimation of the correct number of PCs, must be found in an
inconsistent normalization of the XANES dataset under analysis [13]. Moreover, if
the concentration of some components is approximatively constant, or if the ratios
of the concentration of some components are the same in the whole dataset, their
independent contributions cannot be properly separated [5, 13, 18].

REV;

(2.9)
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Figure 2.6: Statistical estimators used to evaluate the number of PCs contributing to the
Pt Ls-edge XANES dataset showed in Figure 2.4(a). As it is possible to see, all the methods
show a number of signal-related PCs equal to three. The elbow of the scree plot appears
at the third component, in the Malinowsky F-test only three components are below the
significance level of 5%, while both the IND and IE factors show a minimum sited at PC=3.

Finally, it is important to clarify the question regarding how many spectra are
required for a proper identification of the significant components contributing to a
XANES dataset. Because PCA is a statistical approach, one could think that, the
higher the number of XANES spectra constituting a dataset, the higher would be
the possibility to successfully identify all the contributing chemical species. That is
ultimately not true, since PCA is a technique able to catch the highest independent
variations of a dataset. It follows that it is preferable to have a lower amount of
XANES spectra homogeneously sampling a chemical/physical process throughout
its whole development, than a larger number of XANES spectra collected uniquely
in determined moment of the reaction. Examples where the application of the PCA
on a limited set of XANES spectra has been able to provide interpretable result can
be found in the works by Beauchemin et al. [19], Lengke et al. [20] and Bugaev et
al. [21], where the analyzed XANES datasets are composed by six, eight and ten
spectra, respectively.

In PyFitlt is present a section designed specifically to help the user to identify
properly the number of chemical species characterized the dataset. It posses a
graphical user interface written exploiting the Jupyter notebook environment [22]
in order to make accessible all the methodologies described before for a general
user and it is reported here in Figure 2.7.

32



Select the energy range Companers Recens

Envgy - m— 15

10.004
Exp. XANES spectra Selected Region z

+0.002

Total Rfactor%

»
00" . . . . . - . ; :
1.0 1.0 11560 11580 11600 11620 11640 6 5 10 15 20

seeees 10,000
PO
. . Camnanante
0.005 t0.000003
0.8 0.8 ] g
% 0000 . T g t0.000002
£ : i £
€ H £ !
g 0.6 . & & 0.000001
& ~0.005{
= = = - = . . L0.00(
1 11640 6 5 10 15 20 25 30 0000

560 11580 11600 11620
Energy

Intensity
o
o

14
=

Spectrum

o
N

. . . . - 0.0 - - - :
11560 11580 11600 11620 11640 11560 11570 11580 11590 11600 Estrwiors
Energy Energy

rrrrrrrr

IND

Not Weighted Components

S et SO,

024 0 5 To 15 20 25 30 [ 5 1o _}'Jsm 0 25 3

. 40 ;o /"/

ol V
6 5 10 15 2 25 30 0 5 10 15 20 25 30
en Components

11560 11580 11600 11620 11640
Energy

Figure 2.7: First four panels of the PCA Jupyter notebook notebook, showing the methods
described before belonging to the PyFitlt code.

2.1.3 Models used to decompose a XANES dataset

As shown in section 2.1.1, PCA appears to be a fundamental tool to correctly
understand the number of pure species characterizing a XANES dataset. Moreover,
the PCA approach allows to decompose the set of data in a form resembling
equation (2.2): if the PCA of a XANES dataset leads to the identification of N PCs,
equation (2.5) can be rewritten as:

X = RyVWy +€ (2.11)

where the subscript N indicates that only the first N column of R and V have been
considered in the reconstruction of X. If the number of PCs has been chosen
correctly, each residual spectrum of &€ must resemble the white noise. It is
interesting to note that among the various methods that can be adopted to
decompose matrix X as (2.2), the one showed in (2.11) is able to guarantee the
highest approximation of X (i.e. the lowest residual matrix), as stated by the
Eckhart-Young theorem [23].

If analyzed, matrices Ry and Vy possess the same dimensionalities of S and C,
respectively. However, their set of spectra and concentration profiles do not have
any spectroscopic meaning, as showed by Figure 2.4(b). For this reason Ry and
Vy can be considered only as a mathematical solution of equation (2.2) and are
usually named as the abstract set of spectra S,,s and concentrations C,;,s of a
dataset X: S, = Ry and C,,s = V. Despite this problem, it is worth noting that
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the columns of S,;,; can be combined together linearly in order to construct one or
more pure spectral profiles with a chemical/physical meaning. This procedure is at
the basis of some approaches quite used in the field of XANES data analysis. These
include, for example, the Transformation Matrix (TM) method currently employed
in PyFItIt and described in section 2.1.3.2.2. On the other hand, several other
methods been developed to realize equation (2.2) without making any kind of
transformations on matrix S,;,; and C,,s, employing only some standard spectra or
a set of selected spectral profiles for a single or multiple least-squares refinement.
The most widely used are the Linear Combination Analysis (LCA) or Fit (LCF)
(present in THORONDOR [4], see chapter 4), and the Alternating Least Squares
(ALS) approach which will be added soon on PyFitlt.

In the following, each cited method will be described in detail.

2.1.3.1 Linear Combination Analysis

Given an experimental spectrum, if a set of k known reference spectra, named as
standards, is supposed to correspond to the independent species present in the
sample, they can be employed in (2.1) to retrieve the related fractions through the
following minimization procedure:

min(u(E) — 2, cisf™ () ) with TiC; ¢, = 1 (2.12)

where st (E) is the ith standard spectrum involved in the reconstruction. This
method is the so-called Linear Combination Analysis (LCA) and it can be properly
applied in the absence of non-linear effects, due to the sample thickness or
fluorescence self-absorption, distorting the experimental data [24]. Equation (2.12)
can undergo towards further modifications if one wants to optimize, besides the
fraction estimations, secondary parameters such as the shifts in energy AE; of each
reference. It is possible, in fact, to construct, in this case, a function returning each
selected reference, interpolated over a fine energy grid, depending on AE;
as: s$Y(E; AE;) = s$%(E + AE;). These quantities, together with each term c; can
then be refined minimizing (12) through a non-linear least squares approach [25,
26].

LCA can be clearly extended to the study of a dataset X once that the number of
components has been defined by means of PCA. However, it is worth noting that
the LCA of a series of XANES spectra can be performed properly only in the
hypothesis that the selected set of standards is able to describe adequately each
spectrum in the dataset. Moreover, how it was described by Giorgetti et al. [27], it
is required to safely exclude secondary processes affecting the measure, such as
the loss or the dissolution of some part of the sample, which can make the mass-
balance condition constraint incorrect. These phenomena can be detected by
analysing the XANES background of each spectrum; if it appears globally stable, it
is possible to conclude that the modifications of the XANES features are only due
to relevant physico-chemical processes and not to experimental artefacts. On these
bases, the minimization procedure reported in (2.12) can be realized employing
each spectrum composing X, resulting in a set of concentrations profiles which
describe, for each scan, the amount of each reference characterizing the
experimental spectra composing the XANES dataset.
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2.1.3.2 Multivariate Curve Resolution (MCR) Approaches Applied to XAS Data
Multivariate curve resolution (MCR) is a generic denomination for a family of
approaches aimed to realize the decomposition (2.2) from the sole information
derived from the original data matrix, including the contributions coming from
different chemical species [28]. Among the large humber of methods which have
been developed for this purpose [28], in the following sub-sections the main
approaches designed and employed in my research project are described. These
include: the transformation matrix approach (TM) and, finally, the alternating least
squares method (ALS). The ALS approach can be employed to realize the so-called
blind source separation of the dataset components [6], especially for the XAS
datasets showing large variations of their spectral features. On the other hand, the
TM method is mostly suitable for those datasets composed of spectra presenting
limited variations in the XAS spectral features. However, the resulting set of spectra
and concentrations require a careful a posteriori assessment by the user, who
needs to discriminate the feasible solutions retrieved by (2.2) based on their
physico-chemical and spectroscopic reliability. Generally speaking, although a priori
knowledge is not mandatory in implementing such approaches, the availability of
complementary information on the investigated systems and chemical processes
often plays a crucial role in retrieving a meaningful solution.

In case of the MCR approaches, some rules of thumb should be followed to have
higher possibilities to retrieve a feasible solution from equation (2.2). As in the PCA
case, it appears more useful to have a lower amount of XAS spectra but
homogeneously sampling the entire reaction process rather than a larger dataset
contained several spectra acquired only in some specific moment of the
experiment. The reason for this choice stands in the possibility to obtain a uniform
distribution of the variations of the XAS spectral features during the entire
measurement, thus increasing the probability to avoid a deficiency in the estimation
of the rank of the dataset. Moreover, this methodology helps in identifying an initial
set of spectra and concentration profiles as close as possible to the ideal, pure
ones, leading the subsequent refinement towards a chemical/physical interpretable
solution. Finally, it is worth to mention here a fundamental result obtained by
Manne [29], who proposed two theorems aimed at defining when a dataset can be
uniquely and correctly resolved. These states that: (i) the concentration profile of
a determined compound can be correctly resolved if all the components inside the
range of scans, where it is supposed to appear and evolve (i.e., its concentration
window) are also present outside; (ii) the pure spectrum of a compound can be
correctly recovered if its related concentration profile is not fully embedded into
the range of existence of another component [28]. If these requirements are
satisfied, a feasible solution can be identified using any MCR approach.

2.1.3.2.1 The Alternating Least Squares (MCR-ALS)

The ALS approach, usually referred to as MCR-ALS, is a spectral un-mixing method
introduced by Tauler and co-workers [30-32]. MCR-ALS has been largely used
during the last two decades in different fields of research, ranging from
chromatography to image analysis [28, 32]. This method was applied for the first
time in the field of XAS data analysis by the pioneering work of Conti et al. [14].
Afterward, an increasing number of research groups have begun to use it in the
analysis of XAS datasets relevant to different research areas, such as batteries [14],
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quantum-dots formation [33], solid-state chemistry [34] and heterogeneous
catalysis [16, 35-38]. The main reasons behind the spread of this algorithm can be
found in its simple implementation and robustness of the code as well as in the
availability of practical Graphical user interface (GUI)s and packages which facilitate
its application [39, 40].
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Figure 2.8: Flow diagram of the traditional ALS algorithm.

The flow diagram at the base of the MCR-ALS algorithm is showed in Figure 2.8.
The first step of the algorithm consists in the estimation of a set of spectra or
concentration profiles, whose number must correspond to the number of signal-
related PCs. This step can be realized using different methods. For the analysis of
XAS data the most widely used are the EFA and SIMPLISMA algorithms [41, 42].
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Supposing that the MCR-ALS initialization has been realized using a set of spectra
S,, the related concentration matrix C can be obtained, using a least squares
approach, minimizing the square of residuals between the experimental XAS
dataset X and the approximated one: micn[(X— SoCT)?] which lead to the linear

least squares solution: C = XTS(STS)_1 (step 1). Afterwards, a set of constraints
must be imposed on C to guarantee physico-chemical meaningfulness of the
retrieved concentration profiles. As described in the precedent sections, dealing
with XAS spectra it is possible to apply only two kind of constraints: the non-
negativity of the spectra and concentration values and the mass balance condition
(only if there are not phenomena involving the lost or dissolution of the sample
under measurement). It follows that the negative elements of each column of C
are set to zero while the row elements can be scaled by their related sum ensuring
the condition ZJN cij = 1, where c;; is the element of matrix C sited in row i and

column (scan) j. Afterwards, the corrected matrix C is involved in the calculation of

the new set of spectral profiles S minimizing, for a second time, the squared

residuals between X and the reconstructed dataset: min[(X — SCT)?], the solution
S

of which is: § = XC(CTC)~*. The negative values of S are then forced to be zero,
converting S in S (step 2). It is worth noting that the alternating computation of
matrices € and S in the linear least squares approach followed by setting negative
values to zero and by imposing the concentrations closure is simple but very crude
and can make the algorithm quite slows, especially if the XAS data matrix X is
composed by several spectra. This problem can be solved employing some non-
negative least squares algorithms (implemented in the most widely used codes for
data analysis such as Python, MATLAB and Wolfram Mathematica) which provides,
as solution, a positive set of spectra or concentration subjected to linear constraints
criteria (i.e., the mass balance condition) [43].
The corrected version of S and C can be employed to generate X as: X = SCT + &
(step 3). Finally, the residual matrix € is used for the calculation of the so-called
lack of fit parameter (LOF) (step 4):

LOF = 100 x % (2.13)
After the calculation of the LOF parameter, using Equation (2.13), for the first
iteration (i.e., LOF;), the ALS routine is re-started deriving a new set of
concentration profiles from step 1 using the corrected spectral profiles S obtained
from step 2 of the first cycle. The procedure then continues as described before
until the LOF parameter for the second cycle is calculated (LOF;). Once this step is
completed, the difference within LOF; and LOF; is evaluated. If this quantity is
lower than a user defined value or threshold (usually 0.1%) the convergence is
achieved and the ALS routine is stopped, otherwise the spectral profiles S are
employed in step 1 of the third cycle and so on. It is possible that among two or
more cycles the LOF parameter starts to increase, indicating the divergence of the
routine; in this case the algorithm is automatically stopped.
The main weakness of the MCR-ALS algorithm stands in this poor convergence and
in the so-called rotational ambiguity. This phenomenon expresses the fact that
there is not a unique solution for the task of decomposing the XAS matrix X into
the product of two positive matrices S and C [44]. In fact, as showed for the TM
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approach, it is always possible to decompose X as: X = STT-ICT + £. This
evidence indicates that sets of spectra and concentration profiles with different
shapes can reproduce the original dataset with the same fit quality. It follows that
the final result retrieved by by the ALS approaches strongly depends on the
initialisation of the routine, especially when the spectra composing the
experimental dataset are similar to each other [28]. Different ways to assess the
ambiguity of a solution can be found in references [45-48]. A common way to
decrease or suppress this phenomenon foresees the usage of further constraints
in the algorithm. These can involve, for example, the requirement that a pure
spectrum or concentration profile could correspond to a determinate XAS standard
or concentration values retrieved by other techniques (e.g., UV spectroscopy [49]).
A second method requires that different datasets, supposed to be characterised by
the same components, could be merged and analysed together in order to increase
the probability to have a certain region of the data matrix where a particular species
is dominant over the others. This procedure helps the initialization of the algorithms
to identify, from the analysis of the dataset, a proper initial set of spectral and
concentration profiles closer to the real solution. An example where this strategy
provided good results is described in details in chapter 5, where multiple XANES
datasets collected on Cu-Zeolites samples with different Si/Al and Cu/Al ratios,
during thermal pre-treatment process carried out under consistent conditions, were
joined in one larger dataset.

In order to clarify the concept of rotational ambiguity, an example is reported in
the following. Herein two spectra corresponding to Cu K-edge XANES for CuO and
Cu,0O oxides have been considered. A theoretical XAS dataset composed by 30
spectra, see Figure 2.9(a), was generated on the basis of two concentration
profiles following the kinetics curves: ccyzo(t) = exp(—0.1t) and ccyo(t) =1 —
exp(—0.1t), where t denotes the scan number (or time). A noise matrix composed
of 30 vectors, having their values selected following a normal distribution with
mean 0 and standard deviation equal to 0.005, was added to the noise-free
theoretical dataset in order to simulate the effect of the instrumental error in the
measurement. The MCR-ALS routine, shown in Figure 2.8, was initialized using
the EFA algorithm. Without any constraints, the algorithm converged after 21
iterations. The set of pure spectra and concentrations profiles are reported in
Figure 2.9(b,c) (dotted black and grey curves). Focusing on the spectral profiles,
small differences appear among the ALS retrieved spectra and the reference ones.
These are localized around the rising-edge (approximately 8982 eV), the white line
(W.L.) (approximately 8995 eV) and the post edge (approximately 9028 eV)
features and refer exclusively to the first component, while the second is
approximatively equal to the spectrum of CuO. On the other hand, bigger
differences appear analysing the concentration profiles. It is possible to see, in fact,
that the concentrations of the pure spectra retrieved without any constraint slightly
deviated from the real values. As described before, the deviations involving the
extracted spectra and concentrations were connected with the rotational ambiguity
affecting the solution of (2.2). Indeed, the ALS routine converged towards one of
the several minima. The requirement that one pure spectrum corresponds perfectly
to the Cu.O reference drives the algorithm to identify the correct solution
(convergence after 19 iterations), as shown in Figure 2.9(b,c), where the
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constrained pure spectral and concentration profiles (orange and azure dashed
curves) coincided with the standards.
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Figure 2.9: (a) Theoretical dataset (30 spectra), generated combining two spectra
referring to Cu20 and CuO compounds using the following kinetic equations for the
concentrations: ccyz0(t) = exp(—0.1t) and cc,o(t) = 1 — exp(—0.1t), where the variable ¢
denotes the scan number (or time). (b,c) Set of spectral and concentration profiles retrieved
from the MCR-ALS algorithm using unconstrained and constrained optimizations. The
arrows in part (b) highlight the main differences between the spectrum retrieved by the
unconstrained refinement (1%t component) and the CuO reference.

The example showed before demonstrated that under a proper set of constraints,
the ALS algorithm can provide a solution approximatively equal to the real one.
However, it worth noting that the possibility of reaching a meaningful result
depends also on the initial estimation of the spectral or concentration profiles. In
the case illustrated in Figure 2.9, the theoretical dataset was characterised by two
species, which, at scan 0, had a relative fraction set to 1 (Cu20):0 (CuO). This fact,
as stated before, helps the EFA algorithm (and the SIMPLISMA algorithm as well)
to identify a set of spectral profiles closer to the real ones.

2.1.3.2.2 Transformation Matrix Approach (TM)

The transformation matrix (TM) approach was introduced by Smolentsev et al. [17]
and then improved by me, A. A. Guda and S. A. Guda (The Smart Materials
Research Institute, Southern Federal University, Rostov on Don). It is currently
implemented in the PyFitlt software for the quantitative analysis of XANES spectra.
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This method is based on the observation that the decomposition shown in Equation
(2.11) is not unique. In fact, it can be rewritten as:

X =S, TTICh + & (2.14)
where T is a is a square invertible matrix, called transformation matrix. Because
the matrix product TT~!is equal to the identity matrix I, the variation of each
element T;; of T does not have any kind of impact on the decomposition shown by

equation (2.11). However, the abstract spectra and concentration profiles can be
grouped in the following way: S =S,,,T and CT = T-1C], . Afterwards, the
elements of T;; € T can be properly moved in order to retrieve a set of pure spectra

and concentration profiles spectroscopically interpretable and to find a solution to
equation (2.2). From a practical point of view, this step is realized in PyFitIt through
the usage of a set of sliders which can be directly moved by the user. Because
matrix T is a squared matrix with dimensions N x N, the general nhumber of sliders
that could be moved would be equal to N2. While for the simplest case (i.e., N =
2) four sliders can still be moved without large difficulties; however, when the
number of species in the dataset starts to increase, this approach appears to be
not so practical. Nevertheless, the possibility to impose a set of physical constraints
can substantially reduce the number of sliders to move, together with their range
of variation. As already stated in sections 2.1.3.1 and 2.1.3.2.1, it is possible to
include the non-negativity of the spectral and concentration profiles and the mass
balance condition. While the first two constraints can be implemented looking for
a set of parameters, Tj; of T is able to provide absorption coefficients and
concentration values that are non-negative, the mass balance condition is less
straightforward to realize. In general, one should move the sliders in order to
guarantee for each scan that the sum of all the concentration values is equal to
one. If the XANES profiles, composing the dataset, only show small variations in
their spectral shapes and intensities, it is possible to impose the normalization of

the spectral profiles through the following formula:
1 Emax

ol = —f dE y;(E)? (2.15)
Emax = Emin Emin
where o; is the normalization factor used to scale the i" spectrum determining o? =
1, while E;, and E,.x are the minimum and maximum energy values of the
XANES range, respectively. If the absorption edge region does not undergo towards
abrupt changes, the normalizations factors remain almost unvaried from spectrum
to spectrum: o; = o = constant (based on our experience, the variations of o
involve usually the third decimal digit), allowing to maintain the same jump of
absorption normalization (i.e., w;(Ey) = 1/0, where E, is the energy edge position)
approximatively constant for each XANES in the dataset. The requirement of the
dataset normalization ensures the equality between each element of the first
abstract concentration of (2.11) (i.e., v;;) and the normalization coefficient related
L [Pmax4Er, (E)2

max~Emin *Emin

to the first abstract spectrum: v;; = 0,, where o, = \/E

while r; is the first vector columns (i.e., the first abstract spectrum) of matrix Ry.
This result can be used to guarantee the condition Z]N=1 cij = 1. Infact, it is possible

to show that the normalization of the components reduces the number of matrix
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transformation elements from N2 to N2 —N and determines the following

simplification:
N N
Z Cl] z ik 1Vk] _Vll/ou =1 (216)
j=1 =1

The presence of these constralnts obviously limits the range of variation of the
elements of Tand only the construction of a proper set of strongly selective
constraints can lead to the isolation of a series of XANES components extremely
close to the real physical/chemical solution. These can foresee, for example, the
requirement that a particular spectrum in the dataset could be considered as pure.
It follows that a selected column of T could be recovered using a least squares
approach as in (2.12) in order to allow the equality between the pure spectrum
and the experimental one. The number of sliders to move is then reduced to N2 —
2N + 1. Furthermore, other constraints can be clearly implemented and imposed in
order to reduce the number of free sliders, as described in [50].
N2 — N : Norm.imposed;
Nparam: N2 — 2N + 1 : Norm.i and first/ last spectrum fixed; (2.17)
N2 — 3N + 2 : Norm. and both first and last spectrum fixed;

The output of the PyFitlt software concerning the TM method, is reported in the
following picture, Figure 2.10.
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Figure 2.10: Output of the TM approach provided by the PyFitlt code. On the lest are
present the set of sliders whose variation is able to change the weights related to the linear
combination of the PCs involved in the data mixture. Here it is worth noting that the labels
PC 1 and PC 2 do not stands for Principal Component n° 1 and 2 but for Pure Component
1 and 2. A similar notation will be used also in chapter 5.

As an example, in Figure 2.11, it is reported t the solution is found by applying
this approach to the set of Pt Ls-edge XANES spectra shown in Figure 2.4(a).
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Figure 2.11: The result of the TM approach applied to the set of data reported in Figure
2.4(a). Herein, the normalization constraint together with the requirement that the first
spectrum of the XANES dataset corresponds to a pure specie have been imposed. The
method shows that the process involves a three-step mechanism. The 1st component
corresponds to partially oxidized Pt nanoparticles (NPs). The 2" component corresponds to
the maximum hydrogen coverage upon interaction of Pt NPs with the Hz/He mixture at 120
°C. Finally, the 3rd component, forming during the dehydrogenation step, corresponds to
the minimum hydrogen coverage over the supported Pt NPs. More information about the
analysed process and complementary characterisation results for this system can be found
in Reference [9].

2.1.3.2.3 A remarkable application of the TM approach: Tracking the Ce-
Speciation in Pt/CeO: Catalysts under Redox Conditions

Noble metals on redox-active CeO, supports are largely employed in the automotive
sector to clean vehicles exhaust gases from polluting products such as CO, NOx and
unreacted hydrocarbons. In relation with their application in gas after treatment
systems, these catalysts naturally operate under rapid oscillations of the gas feed
composition [51], making transient XAS experiments particularly suited to
determine and correlate reduction/oxidation kinetics of both noble-metal NPs and
ceria support.

Herein the data concerning an experiment performed at the SuperXAS beamline of
the SLS are provided. The experimental setup consisted in a for fluorescence-
detected XAS with sub-second time resolution employed to track Ce-speciation in
1.5 wt% Pt/CeO; catalysts while cycling CO and O, gas feeds. The sample was
sieved to 100-150 um grain size and placed into an in situ plug-flow reactor cell
[52]. Afterwards, the reactor was connected to gas lines devoted to reductive (5%
CO in argon) and oxidative (21% O in argon) gas feeds; fast electro-valves allowed
quick switching between these two mixtures. The study involved XAS data
collection at both Pt Ls- and Ce Ls-edge; hereafter, only the latter dataset is
considered, addressing the response of the CeO, support. Figure 2.12(a) shows
the set of experimental spectra, recorded during two redox cycles at 26 °C and 90
°C, consisting into 120 s of reduction by CO gas flow followed by 60 s of oxidation
in O. These cycles were repeated for every energy point of the spectrum, selected
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by the monochromator; in each point, the Ce L; fluorescence signal was recorded
with 0.3 s time resqutjon, ultimately resulting in 1103 Ce Ls XANES spectra.
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Figure 2.12: (a) 3D (energy, scan index vs W(E)) and (b) 2D (energy vs W(E))

representation of 1103 Ce L3 XANES spectra. This dataset was used further as input for the

analysis of the principal component and the following spectral and concentration

decomposition.

The differences between subsequent spectra are hardly visible from simple
qualitative analysis of the dataset, as it can be noted in Figure 2.12(b). Thus,
quantitative analysis of the PCs was applied to clarify the number of pure
components in the set of spectra and their concentrations profiles. PCA performed
on the raw fluorescence-detected data indicated the presence of two components
affecting the dataset; all the statistical estimators (scree plot, IE, IND, and F-test)
suggested the same number of PCs. Similar to what was done in the previously
discussed example, also in this case the TM approach was employed to model the
abstract spectra and concentrations, starting from an initial transformation matrix
consisting of four elements. Imposing the normalization of the components, the
number of its free parameters was reduced to two. Afterwards, these elements
were moved in the range between -2 and 2 with a step of 0.05 guaranteeing the
non-negativity of the spectra and concentration values. A chemical/physical
meaningful solution was found with the following matrix:
T, = (—0.03 —0.03)
1.20 —0.05
The possible solution is reported in Figure 2.13(a) and (b).
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Figure 2.13: Pure Spectra (a) and Concentration profiles (b) recovered from the Ce L3
XANES spectra shown in Figure 2.9. With the blue and orange lines are represented,
respectively, the spectra and the related concentration profiles of Ce** and Ce3* species.

Kinetic curves obtained in Figure 2.13(b) contain important information about
catalytical system. First, it is possible to estimate directly the concentration of active
oxygen atoms which are released from ceria lattice at two temperatures: 26 and
90 °C. Indeed, each released oxygen leave two electrons in the system which
reduce two ceria atoms from Ce** to Ce3*. The amount of lattice oxygen that can
be extracted in CO atmosphere from the CeO./Pt increases six times upon
temperature increase. Another important feature is that at 26 °C ceria is not fully
oxidized in the O, atmosphere and some fraction of Ce3* atoms is constantly
present in the lattice which was also indicated by another methods [53]. Finally,
the time dependant concentrations reported in Figure 2.13(b) can be further used
to calculate kinetic constants of the system which are important to understand the
microscopical origin of the catalytic behaviour of the ceria-based system [54].

It is worth noting that, in general, an original dataset can be reconstructed with
the same quality fit using spectra and concentration profiles, with different shapes,
by varying each element of the corresponding transformation matrix Tcepia. In
order to reduce it, different further constraints can be imposed. In the case of the
Ce dataset, the transformation matrix is constituted by two free parameters. This
means that the areas of feasible solutions (AFS) can be represented graphically
(i.e. a 2D plot) and limited by further specific constraints. In this case, the study
was restricted considering only the couples of (T;, T,) able to isolate only the pure
non-negative spectra, with a white line lower than 2.5, and characterized by
concentration values between 0 and 1. The results of this calculation are reported
in Figure 2.14(a,b).
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Figure 2.14: Pure spectral (a) and concentration profiles (b) obtained by setting both
the free elements of matrix T,,;, respectively to: 1.20 and -0.05 (continuous lines) and to
1.60 and -0.15 (dotted lines) .(c) Related area of the feasible solution obtained selecting a
range of variation for variables T1 and T2 between -2 and 2 with a step of 0.1. The following
constraint have been considered: 1) non-negativity of the spectral profiles; 2) maximum
intensity of the spectral white line fixed to 2.5; 3) concentration values included in the
region between 0 and 1.

From Figure 2.14 (¢) it is possible to see the presence of a general symmetry in
the AFS representation. This behaviour can be explained on the basis that there is
no inherent order on the columns of the pure spectral matrix S and the
corresponding rows of C. The interchanging the two columns of S and rows of C is
realized by permuting the two columns of the transformation matrix (i.e. swapping
the two free elements of Tc.i,)- From this example it is possible to understand
that, without a set of appropriate constraints, it is literally impossible to identify a
unique solution.

2.1.3.2.4 Retrieving the Area of Feasible solutions associated to the TM approach
In the following, an experimental case regarding the identification of the AFS
associated to a XAS dataset is provided. The XANES spectra regards the evolution
of Cu K-edge associated to determined Cu-complexes, forming during the direct
conversion of methane (CH4) to methanol (CH;OH) (DMTM) catalysed by a
particular kind of Cu-zeolite (ferrierite (FER)). The intent here is not to provide a
detailed description of the process and of the Cu speciation (which will be discussed
in details in chapters 5 and 6) but it wants to underlie a method to visualize and
analyse the AFS associated to a three component mixture. The XAS test data were
collected during the DMTM conversion at beamline BM31 [55] of the European
Synchrotron Radiation Facility (ESRF, Grenoble, France). The followed protocol is
reported in Figure 2.15. Technical details concerning the XAS data acquisition can
be found in section 5.8.1 (Operando XAS measurements) of the appendix in
chapter 5.
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Figure 2.15: Graphical representation of the protocol followed: 120 min O activation at
500 °C (red), 180 min CH4 loading at 200 °C (green), steam-assisted CH3OH extraction at
200 °C for ca. 60 min (blue). The sample and the lines were flushed with He (grey
segments) after O activation and CH4 loading for ca. 60 min.

In order to obtain more insights into the conversion mechanism of CH4 to CH30OH
mediated by Cu-FER, the set of data acquired after the O, activation (see Figure
2.15) starting from the He flushing till to the extraction of CH;OH by means of
steam have been selected for the MCR analysis. The collected dataset shown in
Figure 2.16 is composed by 30 XANES spectra properly normalized to the unity
edge jump using the Athena software from the Demeter package [56].
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Figure 2.16:(a) Plot of the analysed time-resolved XANES dataset: the insets contain the
magnification of the spectral regions showing the highest variations during the followed
experimental protocol: W.L. variations (upper left inset), rising-edge peak variation (central
inset). (b) Contour maps associates to the insets reported in Figure (a).

As it is possible to see from Figure 2.16(a), during the entire DMTM process, only
small variations in the XANES spectra occur. In particular, these variations involve
the intensities of the XANES WL and the rising-edge transitions (see the insets of
Figure 2.16(a)). Analysing these spectral modifications together with the variation
of the scan index (that can be imagined as a temporal variable, being the adopted
sampling time in our experiment 5 min/scan) some interesting trends appear. By
sending CHs4, scans 1-20, the energy edge is shifted progressively towards lower
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values, the XANES white line magnitude becomes lower, while the intensity of the
1s—4p dipolar transition at ca. 8983 eV (characteristic of the Cu(I) ions) increases,
as showed in Figure 2.16(b). This phenomenon can be interpreted as the
reduction of a certain quantity of framework-coordinated Cu(II) sites, previously
formed during the activation process in the presence of O, to Cu(l) sites, always
coordinated to the zeolite lattice oxygens [57-59]. During the extraction of CHsOH
with water, scans 26-30, the edge energy is re-shifted towards higher energy, the
intensity of the Cu(I) 1s—4p transition is abated and the XANES white line feature
grows up again (see Figure 2.16(c)). These evidences underline the presence of
a higher abundance of Cu(II) sites in the chemical mixture, plausibly encompassing
both Cu(II) aquo-complexes and framework-coordinated Cu(II) ions.

The TM approach was applied on the experimental dataset showed in Figure
2.16(a). Each spectrum was initially normalised using equation (2.15). Then,
employing the TM method for three PCs, a 3x3 transformation matrix was defined.
Thanks to the normalization constraint, the number of sliders was adjusted from
nine to six. The elements of the matrix were then moved according to the non-
negativity of the spectra and concentration profiles.

A retrieved solution of equation (2.2) having a well-defined chemical/physical

1/ 1/o 1/0
meaning is given by matrix T = (3,40 —1.05 —0_7o>, with 1/0 = —0.18 and it
045 150 —-0.30
is showed in Figure 2.17(a,c).
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Figure 2.17: (a,c) Spectral and concentration profiles retrieved using the transformation
matrix approach. (b) Cu-references used to test visually the goodness of the spectral
decomposition.

It is possible to see that the identified spectral profiles are extremely similar to a
set of references showed in Figure 2.17(b). These include a pseudo-octahedral
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Cu(II) aquo-complex (Cu(Il) hydr.) as well as two framework-coordinated Cu(II)
and Cu(I) species referred to as Cu(II) and Cu(I) fw, respectively. The Cu(II) hydr.
was obtained measuring a Cu(II) acetate aqueous solution at RT. The Cu(I) fw
reference was collected at RT after heating the sample up to 400 °C in vacuum.
Finally the XANES acquired in He at 200 °C, just before the CH4 loading step, was
used as a Cu(II) fw reference.

The extracted profiles seem to be affected by a small amount of noise. This fact
can be explained remembering that if the correct number of components is chosen,
the PCA acts as a filter removing the highest amount of noise characterizing the
dataset. However, as described by Malinowsky [10], there is always a fraction of
residual noise depending on the quality of the measurement mixed in the pure
spectral and concentration profiles which cannot be removed deleting the
unnecessary components.

The analysis of the concentration profiles associated to the pure spectra extracted
showed in Figure 2.17(c) and can lead to the following interpretation. A fraction
of the Cu(II) sites (green profile) formed after that activation at high temperature
of the catalyst are converted, in presence of CHsOH, in Cu(I) sites (orange) still
interacting with the framework. During the water extraction, the framework-
coordinated Cu(II) fraction diminution can be explained by the hydrolysis
mechanism involving the methoxide group of the Z[Cu(II)(OCHs)] complex with
the consequent formation of Cu(II) fully hydrated complexes (blue profile), while
the small abatement of the Cu(I) concentration values can be associated with H,O-
mediated re-oxidation pathways. It is worth noting that a precise assessment on
the nature of this Cu(II) site is not straightforward. As it will be showed in chapter
5, depending on the zeolite topology, a number of Cu(II)-oxo species potentially
active towards DMTM have been proposed to form during the high-temperature
activation in O, and their structures are still debated in the literature [57-60].

As previously discussed in section 2.1.3.2.2, the solution obtained by the matrix
transformation method depends on the values of the elements of T;; and it is not

unique. In order to quantify the maximum and minimum values of the spectral and
concentration profiles for the solutions of (2.2), having a chemical/physical
meaning, the following protocol can be followed:

First, an objective function P can be defined as [61]:

m N n N
P(Ty1, T2z, Tz3, T31, Taz, Ta3) = Z 2 Hy(sij)si;” + Z Z He(e)ey?  (2.18)
i=1 j=1 k=1 j=1
Due to the normalization constraint, P does not depend on the first row of T, fixed
to 1/0. In (2.18) Hy is a Heaviside function that returns 0 if the spectral values s;;
are higher or equal to zero and 1 for their negative values, while H. is a second
function, associated with the concentrations profiles, that returns 0 for
concentrations within 0 and 1 while it is equal to 1 if this last condition is not
satisfied. Initializing randomly function P and minimizing it for a considerable
number of iterations (i.e. 1000 or more) it is possible to obtain a graphical
representation of all the combination of the elements of matrix T satisfying the AFS
conditions, see Figure 2.18. The ensemble of spectra associated to every
minimum point of (2.18) is showed in the bottom of this last picture.
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Figure 2.18: Graphical representation of two of the fifteen AFS, related to dataset
showed in Figure 2.16, for the couples of variables: (T,;,T3;;) and (T,,,T,3). These
distributions have been obtained using a brute force approach, initializing and minimizing
equation (2.18) for 1000 times. The initialization has been realized generating random
numbers between -10 and 10, while for the minimization process, the Nelder-Mead
algorithm has been employed [26]. With the red points are represented the sets of
parameters able to provide the solution of Figure 2.17, while the red cubes indicates,
pictorially, the projections of a six-dimensional hypercube with a side of 0.3 over the 2D
plane defined by these couples of parameters. The bottom plot represents all the spectra
associated to the points T;; reported on the top figure and satisfying equation (2.18).

The geometric shapes of the obtained AFS can be explained taking into account
the portions of a R® space enclosed in a subspace limited by the conditions s;; > 0
and 0 < ¢;; <1 [61]. Despite the large range of variation of the elements of the
transformation matrix, only a small number of combinations of these parameters
are acceptable. The retrieved spectra must satisfy the imposed constraints as
showed by Figure 2.18, but, at the same time, they must be characterized by
determined spectral features physically and chemically interpretable. This fact
reduces drastically the number of spectra and the related AFS of Figure 2.18.
Unfortunately, at the moment, there is no technique available able to automatedly
assess if @ XANES spectrum, generated by a determined combination of parameters
Tij, has a physical/chemical meaning. As already stressed in 2.1.3.2.2, the
transformation matrix approach is not able to realize the so-called blind source
separation of the experimental signal and only the user’s intuition and the
knowledge of the system under study can lead to a meaningful solution. Probably,
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the creation of a large dataset of reference XANES (experimental and simulated)
spectra together with a solid Machine Learning algorithm for spectral comparison
could improve the quality of the results. However, it is possible to select a region
surrounding a feasible point and try to identify the maximum and minimum band
boundaries of the feasible solutions having a physical/chemical meaning. To do
this, the following scalar function can be defined:
T
fk(Tij) = —”S(Tl)l)(i”(T)” (2.19)

This function gives the ratio between the contribution of a particular k' specie with
respect to the total contribution coming from all the components X. The
optimization of this objective function, either maximized or minimized under the
constraints, will give respectively the maximum and the minimum boundary for
each chemical specie present in the dataset. In this case, it has been considered a
subspace of the AFS consisting of a six-dimensional hypercube having a side equal
to 0.3 (six times the step variation used as a standard values in PyFitIt) surrounding
the point which provides the spectra and concentrations of Figure 2.17.
Afterwards, equation (2.19) has been minimized and maximized changing
progressively the components. This step was realised under constraints using the
Sequential Least Squares Programming method [43].

The obtained results are showed in Figure 2.19.
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Figure 2.19: Spectral (a) and concentration (b) band boundaries calculated for the
profiles of Figure 2.17 minimizing and maximizing for six times equation (2.19).

Analysing this picture, it is interesting to see that the lines constituting the spectral
variation bounds are extremely close to each other. Some small differences appear
in the rising-edge region (especially for the 1s—4p peak of the Cu(I) component)
and for the WL peak. Vice-versa, larger variations are observable for the related
concentration profiles. The explanation must be found in the selection of the
subspace of the T;; parameters used for the minimization procedure [62]. The
chosen hypercube has been defined in order to incorporate only the spectral
profiles characterized by interpretable spectroscopic features. This wuser-based
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constraint limited the shape of the pure spectral profiles that can be isolated but
not their concentrations that, in the selected range of variation of the Tj; can

undergo significant variations. Possible strategies to reduce the concentration band
boundaries amplitude could rely on the introduction of additional concentration
constraints or by fixing a reference spectrum as a pure component in the analysed
system.

2.1.4 Extending the Spectral Decomposition procedures to an EXAFS dataset

So far, an overview on the principal methods used to decompose a XAS data matrix
has been provided. It is worth noting that in the previous sections, the description
of the methodologies has been focused only on the XANES part of the XAS signal.
However, it is worth mentioning that there are articles which use the XAS term
instead of XANES. This choice is attributable to the fact that in the field of XAS data
analysis, there are works applying these spectral decomposition methods not only
in the XANES region but also in the EXAFS part. However, it is possible to verify
that, at the moment, the number of articles connected with the analysis of the
XANES region is higher than ones related to EXAFS. The reasons are multiple. First
of all, it is worth noting that the XANES part of a XAS spectrum is usually collected
faster than the EXAFS part; moreover, the spectral features affecting a XANES
spectrum are always more distinguishable than in the EXAFS. The second reason
is more conceptual, and it is still debated. Various works have been written dealing
with the application of PCA and MCR approaches on EXAFS spectra [63, 64].
However, considering the application of the PCA analysis on a set of EXAFS spectra,
some ambiguities on the retrieved result can appear. As stated by Klementiev in
[65], the EXAFS region is described by a sum of modulated sine functions. These
form a complete set of vectors and, for this reason, they can be linearly combined
to reproduce any kind of function. Moreover, the functional shape of EXAFS makes
each spectrum strongly correlated with any others, regardless of spatial structural
correlations, possibly translating into ambiguities in the PCA solution. A clever
solution to this problem is the one provided by Rochet et al. [37], and it consists
in processing by PCA the entire XAS spectra as they are (XANES + EXAFS),
exploiting the dominant fingerprints of the XANES part to drive the PCA algorithm
to suggest a reasonable number of pure species characterising the dataset. This
result is made also possible thanks to the usage of a Quick-EXAFS monochromator,
offering unique capabilities for the sub-second time-resolved characterisation of
catalysts under working conditions [66, 67]. Afterwards the MCR approaches can
be applied to decompose the XAS dataset and, once a feasible set of pure spectra
and concentration has been retrieved from each XAS pure spectrum, the EXAFS
part can be extracted according to standard procedures in the field, and properly
analysed in the direct space, after e.g., Fourier Transform.

A further problem influencing the spectral decomposition of an EXAFS dataset can
emerge when the EXAFS spectra are collected following a process as a function of
the temperature. In fact, while the XANES region is substantially unaffected by
thermal effects, the same is not true for the EXAFS part. Indeed, the Debye-Waller
factor o3,y strongly depends on the temperature [68] and can cause the rise of
misleading components during the PCA analysis of the EXAFS spectra.
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Finally, it is not recommended to use the PCA with derivative or difference spectra
since they show sharpened features and even small misalignments in energy will
have a substantial impact on the analysis [8].

2.2 THE FIT OF THE XANES ENERGY REGION THROUGH A MACHINE

LEARNING APPROACH

In this section, a description concerning the possibility to retrieve quantitative
structural information through a XANES fit procedure is provided. In particular, the
discussion verts on the XANES fitting part of the PyFitlt code, designed by S. A.
Guda and A. A. Guda (Southern Federal University-Rostov on Don-), in which I had
the possibility to contribute to its development and testing. The PyFitlt code is able
to provide an estimation of a set of structural parameters (i.e. distances, angles,
coordinates and different deformations) characterizing a XANES spectrum through
two machine learning (ML) approaches: the direct and the indirect methods. Both
the approaches foresee to generate, as initial step, a training dataset. In the direct
approach, the following reciprocal correspondence is defined: XANES — geometry.
The input features for the ML algorithms are then the data points of the XANES
spectra (or some particular XANES features characterising the spectrum named
descriptors, e.g. the energy edge, the pre-edge peaks position ...etc. ). Once the
algorithm is trained, the experimental spectrum is submitted as input of the
algorithm and the corresponding geometry is predicted as the output of the
process. On the contrary in the indirect approach, the ML algorithms are used to
approximate the XANES between different molecular geometries. In this case, the
inverse correspondence: geometry — XANES is established. Once a general XANES
function, depending on the set of input parameters has been defined, the
discrepancy between the experimental XANES curve and the new theoretical one
can be minimized. This approach is the analogous of the polynomial interpolation
method realised by the Smolentsev’s code Fitlt [2, 3] with the difference that the
latter is substituted with different ML algorithms, providing a higher level of
reproducibility of the interpolated XANES spectrum. It is worth to underlie, in fact,
that high order interpolation polynomials exhibit large oscillations, known as
Runge’s phenomena, while low order interpolation polynomials have a poor
approximation quality. Because my work has been focused uniquely on this last
method, the following discussion will regard jus it.

In general, a XANES spectrum u(E,P) can be considered as a multi-variable
function of k-structural parameters P = (pq,p,, -, px) (i-e. distances, angles,
coordinates and different deformations). The starting point of the Indirect method
of fitting consists to create an interpolation grid where each point corresponds to
a set of structural parameters obtained deforming determined part of the molecular
complex under study (i.e. the crystallographic or DFT optimized structure).
Different topologies of grid can be created; some examples are represented in
Figure 2.20.
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Figure 2.20: 16 sampling points distributed in the two-dimensional space of parameters
(p1, p2) according to the Grid, IHS and Random methods. Red points are the projections of
the sampling points on corresponding axes.

Among them the most performant in terms of projected inter-points distances over
a selected deformation is the improved Latin Hypercube Sampling scheme (IHS).
In case of a grid characterized by several sampling points, the performances
between the IHS and random sampling topologies becomes comparable.

Each point of a grid must be associated to a XANES spectrum. Each theoretical
profile can be calculated by various XAS software such as FDMNES or FEFF [69-
71]. The entire set of XANES calculation related to the defined grid constitutes the
training dataset. To predict a spectrum, consisting of many energy points,
regression models with multiple target variables can be applied. Among these
regressors, the most popular is the ridge regression which foresees to construct an
approximation fi of spectrum p linearly with respect to set of parameters P.

k

ACE, P) = wo(E) + W(E) - P = wo(E) + ) w;(E)p, (2.20)
j=1
When the linear regression is used, the unknown coefficients w; are obtained
minimizing the sum of squares (usually known also with the name of Euclidean or
L.-norm) between the approximated and the theoretical-one:

N
min (Z (ACE, Py — pT™EORY(E, P>)2> (2.21)
i=1
In such approach, the coefficients w = (wy, w,, ..., wy,) are usually large and thus
they decrease the quality of the XANES prediction between the points of the
training set. To avoid such large values, a regularization term is added to the
minimization function. In eq. (2.22) this term is written as sum of squares of
coefficients for the linear approximation multiplied by a constant factor C.

min (Z(u(E P) — w(E P))’ + C||w||2) (2.22)

The regularization procedure avoids the overfitting phenomenon and the best value
of factor C is obtained via cross validation procedure [72]. Approximation (2.20)
can be further improved by extending the structural parameters with their pairwise
products, i.e. using the quadratic regression:

k ]
ACE,P) = wo (E) + Zw] EBpy + ) > Wi E)pypm (223)

j=1 m=1
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where wj, is a coefficient for the quadratic term p;p,, . Several other
approximations, including also non-linear models such us Radial Basis Functions
(RBF), can be applied with success to construct the interpolating function fi. In
particular, this interpolation function is a well-proven mesh-free method [73]. In
this case, the unknown function {i(E, P) is represented in terms of a set of basis
functions characterised by certain factors and polynomial terms as follow:

N
((E,P) = Z w;(E)K(|[P = P;||) + Polynomial, (P) (2.24)

i=1
where K(r) — is the radial basis function. The term Polynomialz(P) — is a
polynomial function of k -structural parameters (p;,ps, ..,px) With energy
dependent coefficients. The unknown factors w; and the polynomial coefficients
are obtained by least squares method. Every basis function is a function of distance
from the training set point P;. For the XANES interpolation task, some good results
were obtained using linear basis functions and a second-order polynomial
(extracted by the ridge quadric regression method).
Finally, a second class of ML methods are those based on decision trees. Basically,
they divide the space of geometric parameters into non-intersecting rectangles. In
each of them the objective function u(E, P)is approximated by a linear expression
ii;(E,P) (where j is rectangle index) using the least squares method. Each node of
the decision tree contains a condition p; < t for one of the geometrical parameters

p;which divides the training subset into parts (see Figure 2.21).

distancel < 1.5

distance2 < 2

anglel < 35

distancel < 1.4

Figure 2.21.: Illustration of a decision tree for dividing set of theoretical spectra in groups
(ellipses, called leaves) corresponding to the combination of restriction on structural
parameters (rectangles, called nodes). While tree is constructing, the branching process
continues until the sample size of a node is more than 10 spectra.

Initially the overall training set P is randomly divided into training and test subsets
P;, P,, ..., Py which are used to construct and evaluate the quality of the tree
correspondingly. Each leaf of the tree (ellipses in the Figure 2.21) contain the
linear approximations of the XANES functions {i;(E,P)...i;(E,P), which are
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constructed based on the training subset for a given leaf (I — is the number of
leaves in the tree). Thus, a single tree is a specific form of piecewise linear function
of geometric parameters (p,, p», ..., px)- The values of t, for each node, are selected
from a random set based on the comparison of the approximation {i; (E, P) with the
exactly known values for the test subset. In the Extra Trees method [74] several
random trees are constructed, on the basis of a random subsample of the training
set. The results of the approximation from all the trees are then averaged. Such
method of combining machine learning models is called bagging.

Once that the interpolating function {i(E, P) has been created on the basis of a
XANES dataset characterized by the same convolution parameters, the fitting of
the experimental spectrum can be realized minimizing the following (modified) L,
norm of the difference between the experiential profile and the fitting function as
follow:

max ~ Emin

~ 1 Emax ~ 2
2P) = | dF (hexp(®) ~ ACEP)) 2.25)
Emin

Where the integration is realized numerically using the trapezoidal integration
technique. It is worth noting the experimental and the theoretical curve must be
properly normalized in order to be properly compared. To do so both of them can
be divided for their variance defined as: \/# EE“‘,""‘ dE(w)?, where p is
Hexp(E) OF (E, P).

Different algorithm can be used to minimize this function. Among them, it is worth
citing the classical gradient and coordinates descendent approaches already cited
in chapter 1.

2.2.1 An application of the indirect approach. The structural refinement of the
Fe(terpy); excited state

Spin-crossover 3d metal complexes are potential candidates for molecular switches,
novel data storage devices and optical displays [75]. Iron complexes with
octahedral coordination can exist either in a low-spin (LS) or a high-spin (HS) state,
depending on the temperature or pressure. Green light pulse can trigger LS to HS
transition in solution of [Fe(terpy).]** (terpy: 2,2’:6’,2”-terpyridine) already at
room temperature [76]. To understand the fundamental processes upon electron
transitions and improve the photo-switching parameters, a detailed
characterisation of the excited state is required. In particular, the spin state and its
lifetime should be determined at first. Recently, high spin state of Fe(terpy). was
characterized by ultrafast time-resolved XANES [77] and the °E quintet state was
identified after irradiation through the laser pulse. Later, Vanko et al. [78] discussed
the difficulty in the selection between °E and °B, candidate quintet states. One of
the difficulties was that the standard DFT predicted °B; to be the more stable while
the more sophisticated CASPT2 approach predicted °E state to be at 150 meV lower
in energy. However, geometry optimization is almost impossible at such high level
of theory. The quantitative fitting of the time-resolved XANES data offers a new
independent source of structural information complementary to the EXAFS fit and
quantum chemistry simulations. The problem of the structural analysis of the HS
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state of Fe(terpy). is here selected as a demonstration of the capabilities of this
method.

Figure 2.22: Three structural deformations for one terpy ligand of Fe(terpy)2 molecule.
(a) shift of the axial ring along the Fe-N2 axis. (b) Shift of two equatorial rings along the
direction of Fe-N2 bond. (c) shift of two equatorial rings along Fe-N1 and Fe-N3 bonds
correspondingly. Total number of structural parameters for fitting equals 6 — three for each
ligand. Atoms are plotted with spheres only for the upper terpy ligand. Colour code: azure:
Fe, blue: N, grey: C.

Figure 2.22 shows the Fe(terpy). molecule. The distortions of the structure upon
spin transition were performed splitting the terpy ligand into three rings which are
moved independently. Six degrees of freedom were considered in the fit. Three of
them for one terpy are shown in the Figure 2.22 and the rest are identical but for
another terpy ligand. The first deformation, shown in panel (a) corresponds to the
translation of the axial ring along Fe-N2 axis. The second deformation is the
translation of two equatorial rings along the same Fe-N2 direction. Third
deformation is the simultaneous symmetric elongation of Fe-N1 and Fe-N3 bonds
for equatorial rings. The amplitude of all deformations was set equal to 0.8 A in
the range -0.3 & ... 0.5 A relative to the crystallographic low spin structure. These
values correspond to distances 1.58 A ... 2.38 A for axial Fe-N bond and 1.68 & ...
2.48 A for equatorial Fe-N bonds.

In the 6-dimensional space of parameters 729 sampling points were fixed according
to IHS scheme. In case of the classical grid method for sampling, such number
corresponds to three points along each deformation, i.e. 3% = 729 points. Despite
the large values of deformation along each parameter (0.8 A) the quality of
approximation was sufficient for the analysis even for such low number of points.
Figure 2.23 shows the resulting fit obtained in the inverse approach. The
experimental data used was kindly provided by W. Gawelda from [78]. The red
curve is the theoretical spectrum which fits best the experimental one. The
theoretical spectrum quantitatively reproduces the energy position and the
intensities of maxima A-D in the experimental spectrum. During the fitting
procedure, several close minima were found in terms of different combinations of
the structural parameters. Therefore, the region near the global minimum was
analyzed in more details by means of two-dimensional contour maps shown in
Figure 2.24.
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Figure 2.23: XANES best fit obtained from the indirect method.

Contour plots for the fit index indicate an obvious correlation between the
interatomic distances in the first coordination sphere of iron. As clear from Figure
2.24(a), small increment of Fe-Naia distance in one terpy ligand can be
compensated by the analogous decrease in the length of Fe-Naia bond in the
second terpy ligand. Similar behavior of the fit index is observed for the Fe-N
equatorial distances in the two ligands as shown in Figure 2.24(c) where the
minimum valley is located along the liney = —x + b. An interesting observation
can be made from Figure 2.24(b). Herein it is plotted the contour plot for the
variation of the fit index in the plane of Fe-Nayia and Fe-Nequatorial distances averaged
over the two ligands. Since the equatorial distortion involves two nitrogen atoms,
the valley of minimum of the fit index is located along the line y = —0.5x + b (i.e.
the shift on one axial nitrogen by 0.1 A is compensated by 0.05 A shift of two
equatorial nitrogen atoms).
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Figure 2.24: Contour plots for the fit index as a function of two selected structural
parameters. The rest parameters were fixed in the position of the best minimum. (a)

Due to the correlations indicated in Figure 2.24, the averaged Fe-N distances over
the two terpy ligands is reported. In Table 2.1 the values obtained in the fit of the
XANES spectrum are compared with the structural parameters obtained in DFT
simulations. The latter predict the difference between Fe-N axial and equatorial
distances equal to 0.1 A in 5E state and only 0.03 in 5B state. The results of the fit
agree better with the °E model of the excited state, which also follows from CASPT2
simulations of Vanko et.al. [78]. However, from statistical point of view the °E state
is difficult to distinguish from °B, state in the XANES fit. The valley of minima in the
multidimensional space of parameters contains many structures with similar fit
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indices but representing both °E and °B, excited spin states. The global minimum
depends on the choice of the parameters used for the FDMNES convolution, energy
region for calculating L, norm and energy shift between theoretical and
experimental spectrum.

Fe-N Fe-N

Axial Equatorial
(R) (R)
XANES fit 2.05 2.23
Exafs fit [78] 2.08 2.20
DFT °E [78] 2.10 2.20
DFT °E [77] 2.12 2.22
DFT °B; [78] 2.16 2.19
DFT °B; [77] 2.18 2.21

Table 2.1:Structural parameters obtained in the inverse approach. Due to correlations
between distances in two terpy ligands (Figure 2.24(a-c)) herein are showed the
averaged values for axial and equatorial distances.

2.3 MACHINE LEARNING POWERED BY PRINCIPAL COMPONENT

DESCRIPTORS

In the following, a novel theoretical method combining supervised and
unsupervised (PCA) ML algorithms is presented. It aims to provide to the user the
possibility to understand which is the combination of parameters able to influence
more a XANES spectrum. At the same time, it constitutes a tool which can be
exploited to visualize and understand the level of uncertainty associated on the
structural parameters that can be estimated through the indirect approach of fitting
described in section 2.2 of this thesis work.
Given a molecular structure, it is possible to select a set of k-structural parameters
characterizing it, and perform, for each of them, a series of deformations under
some reasonable ranges of variation. Each combination of these parameters (e.g.
p' = (p,, ..., pl), where the apex i denotes the i combination), can be considered
as a multidimensional point of a space of structural parameters, here indicated as
P. In order to sample it uniformly, different multidimensional sampling schemes
can be applied, such as the IHS topology.
Once that this procedure has been realized, it is possible to calculate, for each
sampling point, the corresponding XANES spectrum using different multiple
scattering (MS) codes (e.g. FDMNES [69], FEFF [79] and G4XANES [80]),
generating, in this way, a theoretical XANES dataset X. The latter can be considered
as a classic spectral matrix of dimensions (m x n), where m is the number of
XANES energy points while n is the number of theoretical spectra constituting it.
Furthermore, the dataset X is centered (the mean spectrum is subtracted from all
the spectra composing the theoretical dataset) and processed through the SVD
decomposition. As a consequence, an expression identical to equation (2.3) is
clearly found. The main differences among this approach and the one described in
section 2.1.1 regard, first at all, the nature of the dataset, which is here
theoretical and then the main aim of the decomposition. The SVD approach is used
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here not to perform a spectral decomposition (all the spectra are pure because
they are theoretical) but to understand which are the main spectral features
characterizing the XANES dataset as a function of the variation of the selected set
of parameters. The centering procedure is then required to delete the first
components, which would coincide with the mean of the dataset, and it does not
posses any relation with the parameters.

Matrix U contains on its columns the main directions of the dataset (the PCs)
common to each spectrum of the theoretical series of spectra. On the other hand,
matrix XV provides the weights which need to be employed to reconstruct each
spectrum of X from U. It follows that the i" XANES element p;of X, it can be
rewritten as:

w(E p') = Z wi;(pHu;(E) (2.26)
=1

Where E = (E;, ...Ep) is the XANES energy array, u; represents the j™ column
vector of U while wy; is the fraction of the j* component owning to the i spectrum
provided by matrix ZV. It follows that each coefficient w;;, here named as XANES
multipliers, can be intended as the projection of y; over u;. Because in equation

(2.26) the dataset components are common for every spectrum in X, it is possible
to assert that the parameters dependence of each XANES, resides in its multipliers,
constituting, in this way, a new class of XANES descriptors. The main difference
between equation (2.26) and (2.5) stands in the fact that the dataset singular
values weight matrix X instead of U.

Given an experimental XANES spectrum p®*P and supposing that it can be properly
reproduced by a XANES simulation performed over the same molecular structure
used to generate each profile contained in X, it is possible to retrieve, for it, the
related set of multipliers. Firstly, the mean of the dataset needs to be subtracted
from the experimental spectrum. Afterwards the main PCs, describing the highest
variations of the dataset and supposed to characterize also the corrected
experimental profile within the experimental error, have to be isolated from the
pool of components constituting U. The latter can be easily realized analyzing the
trend of the singular values associated to each dataset component. Finally, once
this step is completed, the XANES PCA-multipliers, proper of the experimental
spectrum, can be extracted through the scalar product among the mean-corrected
spectrum {i**P and each of the selected columns (u;) of U: w;™P = [i®*P - u;. On this
basis, the first weight: w;.T, constituting the first PCA-multiplier, will be the most
intense and it will be associated to the highest XANES features of the experimental
spectrum, while the subsequent PCA-multipliers w;,> will be responsible for the
lower spectral features in descending order of intensity (i.e. the second PCA-
multiplier will be associated to the second highest XANES features, the third PCA-
multiplier to the third-ones and so on...). On this basis, the sum of the PCs, weighed
for their related multipliers coefficients, will be able to reproduce as close as
possible the experimental spectrum, making possible to realize in in the PCs space,
a novel XANES fitting procedure.

The inner relation between the PCA derived XANES multipliers and the set of
structural parameters affecting an arbitrary XANES spectrum, appears to be
intriguing. It must be able to explain the connection of the highest variations of the
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XANES features with a certain combination of molecular deformations. Clearly, the
comprehension of this dependence is not straightforward, especially because it can
be non-linear. However, the usage of a supervised machine learning (ML) approach
demonstrated to be extremely useful to explore it. This method offers, in fact, for
each component, the possibility to construct a function that maps the space of
structural parameters P into its related multipliers space. In order to clarify this
concept, the results obtained analysing, two theoretical XANES datasets retrieved
from relatively simple molecules: the [Cu(I)(NHs);]* and the [Cu(II)(NHs)4]** are
provided in the next section.

2.3.1 Two dimensional space of parameters
In this section, the analysis described in the precedent section is applied on the
[Cu(I)(NH3)]* complex, represented in the inset of Figure 2.25.
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Figure 2.25: (a) Plot of the theoretical Cu K-edge XANES spectra calculated employing
the structural deformations (p,, p;) on the [Cu(I)(NHs)2]* molecule showed in in the inset.
The DFT optimized complex structure comes from [81, 82]. Color legend: green: Cu, blue:
N, white: H. (b) Plot of the first six columns of U (abstract components), weighted for their
related singular value, associated to the XANES dataset (centered) (a) vs the dataset
energy. (c) Trend of the first ten singular values plotted vsthe component numbers.

Herein the independent deformations of the NH3 groups distances along the Cu-
NHs bond-directions (contraction and elongation) were considered. This kind of
parametrization lead to the identification of two parameters, as reported by the
colored blue arrows in Figure 2.25. Accordingly with the IHS method, 100
deformed structures for the [Cu(I)(NHs).]* model were generated, varying each
parameter in the range within —0.2 and +0.2 A. The resulting simulated Cu K-edge
XANES spectra, retrieved exploiting the FDMNES code for each model-deformation,
constituted the dataset showed in Figure 2.25(a).

The analysis of the abstract spectra and of the singular values associated to the
dataset, represented in Figure 2.25(b) and (c) reveals the existence of two
dominant PCs: the first and the second-one. This result implies the presence of two
main combinations of structural parameters able to describe the most intense
XANES features of every spectrum in the theoretical dataset. On the contrary, the
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remaining components will be associated to combinations of deformations
generating only smaller XANES spectral variations, some of them even negligible.
For each XANES dataset, the radial basis functions (RBF) regressor, described in
section 2.2, was employed to establish a functional relation between the XANES
multipliers and the selected set of deformations. On the basis of the scree plot
analysis, the study is restricted to only to those multipliers corresponding to the
first and second PCs. It is worth noting that the selected RBF regressor allows to
generate, for each dataset, two functions returning the values of the first and
second PC multipliers depending on the set of deformations provided as input:
fipc(P1,P2) = Wipe and fopc(py,p2) = wype - The first and second multipliers
functions are reported in Figure 2.26(a,b) as two surfaces contour plot.
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Figure 2.26: Contour plot of the first (a) and second (b) XANES multipliers functions
associated to the [Cu(I)(NH3)2]* model, corresponding to the first and second PC,
respectively. The arrows showed in each plot represent the direction and the verse of the
gradient field emerging from the multipliers surfaces. (c) Plot of the parameters isosurfaces
(indicated here with dashed lines) solutions of the equations: f;pc(py1, p2) = wqpc (blue
curve) and f,pc(py, p2) = Wope (Orange curve). The red and green stars indicates the
intersection of the two isosurfaces showing directly the number of couples of parameters
(p1,p2) able to reproduce properly the XANES spectrum.

Analysing Figure 2.26(a) it is interesting to note that the functional-form of the
multiplier associated to PC 1 (f;pc) is extremely close to a plane while its gradient
field is characterized by a set of flow lines almost parallel. It follows that for a given
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arbitrary XANES spectrum depending on of p;and p,, its most intense features will
be explained by a quasi-linear combination of these structural parameters. On the
contrary, the multiplier function connected to PC 2 (f,pc) is clearly non-linear in
p;and p,, as showed by Figure 2.26(b). In particular, its isosurfaces are
comparable to ellipses, indicating that the second highest XANES features can be
properly described by a quasi-quadratic relation of the selected set of deformations.
An important insight can be extracted from the joined analysis of these plots. It
regards the possibility to establish if the chosen parametrization could appear
suitable to describe an experimental XANES spectrum avoiding the multivaluedness
phenomena. It is worth noting, in fact, that once that a specific set of parameters
have been defined, there could be different combination of them able provide the
same XANES spectrum. This fact, clearly, strongly affect the quality of their
estimation provided by the direct or by the indirect approach of fitting [1, 83, 84].
Because all the set of deformations generating an arbitrary spectrum, must be
common to all the related set of multiplier isosurfaces, their intersections becomes
very important because they can provide all possible combinations of parameters
characterizing it. Given an experimental XANES spectrum supposed to be described
by the parameters p;and p,, its first and second PC isosurfaces can be obtained in
the following way. First, it is necessary to extract the first and second PC multipliers
as described before. Afterwards their related isosurfaces can be retrieved
numerically minimizing for p; and p, (in the range within —0.2 and +0.2 A) the
system composed by the square of residuals: (f;pc(p1,p2) — Wpcr )? and
(fpc(P1,P2) — Wpez )2, Where wpe; and wpe, are the projection of the
experimental spectrum over the first and second PC. This procedure is repeated
for a large number of times (i.e. 2x103 in this case). The result of this approach,
applied on a XANES synthetic spectrum is reported in Figure 2.26(c). The latter
was generated considering the XANES spectrum associated to the test combination
(p1,p2) = (0.1,—0.05) A and assuming negligible the effect of the instrumental
noise on the XANES profile.

This result is curious because it graphically indicates that there is not just one
couple of parameters able to reproduce the given spectrum. The solutions consist
in points (py,p,) = (0.1,—0.05) A (solution 1: red star) and (py,p,) =
(—0.056,0.105) A (solution 2: green star). Their symmetry clearly depends on the
chosen parametrization: p, and p, are in fact symmetric respect to the Cu site. The
small differences occurring in solution 2, if compared to solution 1, are explained
considering that the DFT optimized distances of the two NH3 from the Cu site are
slightly different [81, 82].

2.3.2 N>2 dimensional space of parameters

Similarly to the [Cu(I)NHs]* case, a XANES dataset can be obtained for the
[Cu(II)(NHs)4]2*complex moving independently within —0.2 and 0.2 A all the NH;
groups along their related Cu-N directions, see the inset in Figure 2.27(a). The
resulting dataset, obtained for a set of 250 deformations is reported in Figure
2.27(a).
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Figure 2.27: (a) Plot of the theoretical Cu K-edge XANES spectra calculated employing
the structural deformations (p,, p,,,ps,,ps) on the [Cu(II)(NH3)4]>* molecule showed in in
the inset. The DFT optimized complex structure comes from [81, 82]. Color legend: green:
Cu, blue: N, white: H. (b) Plot of the first six columns of U (abstract components), weighted
for their related singular value, associated to the XANES dataset (centered) (a) vs the
dataset energy. (c) Trend of the first ten singular values plotted vsthe component numbers.

As for the [Cu(I)NHs]* complex, also in this case the analysis of the abstract spectra
and of the related scree plot suggests the presence of two main components
describing the highest features of all the spectra. It follows that it is possible to
define two new multipliers functions able to described the highest XANES variation:
g1pc(P1, P2, P3,P4) = W'ipc @nd gapc(P1, P2, P3,P4) = Wapc.

However, due to the presence of a number of structural parameters higher than
two, the representation of the XANES multipliers functions proper of the
[Cu(II)(NHs)4]?* structure deserve a deeper study. First at all, it is not possible to
represent them as in Figure 2.26(a) and (b). An an alternative visualization has
been obtained considering the multipliers sections retrieved varying only two of
them and fixing the remaining parameters to a null variation. Due to the high
degree of similarity among the [Cu(I)(NHs):]* and the [Cu(II)(NHs)4]** complexes,
in terms of geometry and parametrization, these last pair of plots appear very
similar to the ones showed in Figure 2.26 and for this reason are here neglected
The second problem concerns the identification of all possible intersection of the
multipliers curves. As it has been done through the approach described in the
precedent section, it is possible to see that the intersection of the functions: gpc;
and gpc; provides a four dimensional surface, see Figure 2.28(a) and (b). In
particular, Figure 2.28 shows that the range of possible solutions becomes
narrower increasing the number of PC used to describe the spectrum under study.
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Figure 2.28: (a) Plot of the sections here reported as dispersion of points, for the
variables p; and p; of the PC 1 and PC 2 multiplers function associated to the equation:
gpc1(P1, P2, P3, Ps) = W'pey (blue points) and to the system of equations (b)

gpc1(P1, P2, P3, Pa) = W'pcr @nd gpei(P1, P2, P3, Pa) = Wpc, (Orange points). The quantities
w'pc; and w'pe, have been obtained projecting a synthetic representative spectrum

(generated using the touple of parameters: (p;, ps, p3, p+) = (0.1,—0.05,—0.08,0.02)) over
the first and second PCs respectively.

In general, given a XANES spectrum described by the tuple (p;, p2, ps, p4), all the
possible solution could by identified numerically considering the further less
relevant XANES multipliers, involving PC 3 and PC 4 (i.e. gpc3 and gpc,)- However,
the level of precision provided by this approach strongly depends first on the quality
of the estimation provided by the ML-regressor for these multipliers, second on the
matching among the theoretical profiles and the experiment, which can be also
affected by some noise artifacts characterizing the experiment. For this reason, the
study is conducted here considering only the first two PCs and limiting, in this way
the amount of information which can be extracted through this technique. Herein
the four independent parameters solutions of gpc; and gpc, Were rearranged in
two new-derived linear variables (possessing an interpretable geometrical
meaning) employing the following procedure.

The new parametrization can be obtained directly looking at the isosurfaces of the
first and second PCs multipliers function. As already described above, these
functions describe the highest XANES variations and it appears interesting trying
to derive from them a new combination of parameters which could be predicted
with the lowest uncertainty. Because the first multiplier function gpci(p1, P2, P3, P4)
is basically linear, it can be approximated using a linear function of the parameters,
whose coefficients are obtained through the classic ridge regression, see Table
2.2. This represent the first combination of parameters or direction, which can be
estimated. Looking at this expression, it is interesting to note that all the four
coefficients have a similar magnitude and sign, indicating that the first major
variations of the XANES features are connected to an equal contribution coming
from each structural parameter, resembling a mean. On the other hand, the second
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multiplier function is close to a four dimensional ellipsoid. This fact implies that it
can be properly approximated using a quadric expression whose coefficient are
derived through a ridge quadric method. The four axis of this ellipsoid are linear
function of the structural parameters and are reduced to three imposing the
condition that the parameters must be related to each other through the equation
gpc1(P1,P2,P3,P4) = Wper, Where here gpc, is approximated using the linear
function (average function) showed in Table 2.2. In particular, starting from the
normalized coefficient characterizing the linear expression of gpc;, it is possible to
considered other three new vectors of coefficient enabling to constitute an
orthonormal basis in R*. The set of coefficients defines a 4x4 transformation
matrix which is employed to convert the old variables/structural parameters
(p1, P2, P3,P4) in the new-ones (14,1,,15,1,). Afterwards the new variables are used
to rewrite the second multiplier (quadric) function gpc,. The requirement that
gpc1(P1, P2, P3, P4) = W'pcy lead to the following relation: q; = w'pcy/IIK|l, where
k = (kq, ks, k3, k,) are the coefficient multiplying the linear terms (p;, p2, p3, ps) iN
gpc1- As introduced before, this constraint reduces of one dimension the ellipsoidal
equation of the second multiplier function. The latter is furthermore expressed in
canonical form and the equation of its three axis are rewritten again as a function
of (p1, P2, P3,P4), identifying three new directions for the gpc, function, see Table
2.2 together with their geometrical interpretation.

New parameters Geometry Interpretation

combination
8rc1 046]31 + 053]32 + 051p3 . _
direction + 0.48p, Average Cu distance Cu-N
gpc2 —0.07p, + 0.03p, — 0.67p; Asymmetry in p; and p,
direction 1 + 0.74p, bond lengths
gprc2 —0.78p, + 0.62p, + 0.08p3 Asymmetry in p; and p,
direction 2 —0.03p, bond lengths
Center of mass between 3
gprc2 —042p1 - 057p2 + 053p3 .
direction 3 ~0.47p, nitrogen atoms versus 1

nitrogen

Table 2.2: Combination of parameters obtained directly from the first gp-, and second
9rc2 Multipliers functions and employed in Figure 2.29. In the last column is indicated
their geometrical interpretation. The test spectrum used to derived these relations
corresponds to the touple of parameters: (pq, p2, p3,p+) = (0.1,—0.05,—-0.08,0.02)

These new combination of parameters, extracted from the first and second
multiplier function, can be employed to represent the tuples of points extracted
from the RBF approach solving the system of equations: gpc1(p1, P2, P3,P4) = Wpct
and gpc1(P1, P2, P3, P4) = Wpe and showed for (p;,p3) in Figure 2.28(b). The
mapped touples of points in the 2D plots are reported in Figure 2.29.
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Figure 2.29: Plot of the gp; direction vs the three new linear combination of parameters
given by gpc, direction 1 (a), 2 (b) and 3 (c) reported in Table 2.2.

Herein it is possible to see that among the three main direction of gpc,, the one
characterized by the narrower variations of the touples along the new combination
of parameters (or direction) is represented by the third direction which is also
affected by the highest coefficients. It follows that the new parameters function
represented by the gpc, direction and gpc, direction 3 constitutes a new set of
parameter which can be estimated with lowest uncertainty limiting the knowledge
of the system to two PCs. In the ideal case, a general user would be able to find in
Figure 2.29 just a point. This result would imply the minimal variation of the
solutions over the two axis and a perfect prediction of the two new variables. While
this condition appears to be almost satisfied for the first new variable (the average
or gpc, direction is almost equal to zero) the same is not valid for gpc, direction 3
which shows a larger variation. A possible solution could involve the introduction
of a non-linear relation of the parameter, which could make however their
interpretation difficult to understand.
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3 EXAFS DATA ANALYSIS: METHODS AND
IMPROVEMENTS

This chapter covers some recent developments related to the 2D representation of
the EXAFS signal realised through the Wavelet Transform. After the definition of
this topic and the description of the benefits that it can bring to the EXAFS analysis,
the discussion will proceed focusing on a new variation of this technique and it will
be showed how it is possible to realise the EXAFS fit in the joined k-R space (2D
dimension). Finally, a new methodology of fit of the EXAFS region, based on the
usage of Machine Learning algorithms (which will be soon added to the PyFitlt
code) is proposed and discussed.

3.1 WAVELET TRANSFORM ANALYSIS OF AN EXAFS SPECTRUM: A

QUALITATIVE AND QUANTITATIVE APPROACH

It is possible to assert that if two or more groups of different atoms are localized
at close distances around the absorber, their contributions in the direct space R
overlap, becoming often indistinguishable [1]. This fact makes the classical Fourier
transform (FT) analysis of the EXAFS spectrum rather uninformative. However,
from a detailed analysis of the EXAFS equation, it is possible to observe that
contributions, coming from the different scatterers surrounding the absorbing
atom, are localized in the k -space, principally because of their related
backscattering amplitude factor F(k), as showed in Figure 3.1.
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Figure 3.1: Backscattering amplitude factor calculated using FEFF, for the Cu-Cu (green)
Cu-O (red), Cu-Al (orange) and Cu-Si (grey) SS paths evaluated for the Cu-Cu dimeric
structure reported in [2]. As it is possible to see the contributions of Si and Al are completely
overlapped (similar Z), making impossible to discriminate their contribution through the WT
representation. At the same time, also the O backscattering amplitude is almost completely
overlapped under the ones of the Si and Al atoms Its discrimination in presence of these
elements result, also in this case, difficult to realise. On the other hand, the Cu
backscattering amplitude function is well separated from the precedent contributions
making the Cu-Cu interaction possible to be visualised through the WT analysis.
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The F(k) term depends strongly on the atomic number Z. In particular it is possible
to observe that signals produced by heavy atoms, being characterized by large
values of F(k), are usually localized at higher wavenumbers than lighter atoms [3].
This evidence can be exploited by a modern technique of spectral processing called
Wavelet Transform (WT) [4], which can efficiently replace the classical FT
representation of the EXAFS spectrum. The WT is able to provide a 2D
representation of the EXAFS, revealing, in this way, the signal features both in k
and R-spaces simultaneously, see Figure 3.2.

The WT of a general k"-weighted EXAFS spectrum is defined as:

Ww(a, b) = % f+oodkl ka(k,)lIJ* (k, a_ b) (3.1)

This equation can be seen as the inner product between the k"-weighted EXAFS
spectrum x(k) and a defined window function s, called mother wavelet or simply
wavelet (where the apex y* denotes the complex conjugate of ), which must
decay at zero for higher values of |k’|. Here, the signal x(k) is analysed through a
set of train-waves (wavelets) that are shifted by b units in the k-space and
distorted by a factor a in order to take account of the local frequencies of the signal
[2]. The variables a and b are connected to k- and R-space by the following
relations: a=n/2R andb = k.

In mostly of the treated examples, the Morlet mother function, expressed in the
following form, was used:

_ 1 : ) 2
k) = mceXp(mk)eXP( k*/2s%) (3.2)

Where i denotes the complex unit while n and s are two parameters regulating the
wavelet resolution in R and k spaces [5]. The selection of an appropriate set of
these two parameters is critical and must be optimized in order to have the best
visualization of the desired spectral features. In fact, it is worth mentioning that
the WT distributes the signal information over some k-R cells, usually named as
uncertainty or Heisenberg boxes [6], which are expressed for the Morlet wavelet

as.
ke o] x [ | 33
V2R “/2ns (3.3)

On this basis, it is possible to see that the resolution in k and R space are inversely
proportional; this means that a good resolution in k-space always implies a loss of
information in the related R-space, and vice versa.

The basic condition, regarding the possibility to process properly the EXAFS signal
through the WT approach, consists to guarantee a good localization of the signal
in the k-space and and in R-space (i.e., { has well defined characteristic frequency
/distance Ro). On this basis, the interpretation of the obtained wavelet image is
rather straightforward: the absolute value of wavelet image of spectrum (k) at
some point (k;,R,) is large, if in this spectrum, around a wavenumber point k =
k,, the amplitude of the spectral component that corresponds to frequency R = R,
is significant. Note that if the first condition is neglected and the mother-wavelet is
localized only in R-space, the wavelet transform becomes, actually, equivalent to
the Fourier transform [7].
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Figure 3.2: Graphical representation of the theoretical signal: xi(k) =
2sin(4k)e~ =3’ + sin(8k)e~*=7" in the indirect (k), direct (R) and WT space. How it is
possible to see from the expression, the two Gaussians act as the EXAFS backscattering
amplitudes and localise the two sine contributions at different k-values: k = 3 and 7 A.
Despite the two signals are properly separated in the k-space, the same is not true in the
R -space, where the two contributions are overlapped. In this scenario the WT
representation appear extremely useful because it is able to provide a 2D representation of
the signal in the k and R space simultaneously, allowing to have a higher level of
discrimination of the EXAFS features.

In the case one would employ the WT representation to identify the presence of a
contribution coming from a particular scatterer, the WT resolution parameters can
be optimised easily allowing to gain the highest resolution in both the spaces. As
told before, the magnitude of the integral transform, showed in equation (3.1), has
a maximum if the agreement of the integral kernel (wavelet) and the signal is at a
maximum. Because the EXAFS spectrum is given by a sum of sinusoidal functions,
it is possible to select a particular value of the frequency of the wavelet mother
function in order to enhance a particular contribution in the total EXAFS signal. This
requirements is easy to be satisfied and can be realised, considering a Morlet
function, just setting the wavelets parameters to s = 1 and n = 2R, Where
Rpath is the effective half path length of the SS involving the scattering atom that

one wants to visualize in the best way. This criterion has been exploited intensively
in the cases described in chapters 5 and 6.

As an example, the WT representation applied on an experimental spectrum is
reported in Figure 3.3. The EXAFS spectrum acquired in a precise step proper of
a low-temperature SCR protocol, described in chapter 6, is analyzed through a
Morlet Wavelet transform having the following resolution parameters: s = 1 and
n = 7. The choice of this last value is determined by the necessity to enhance the
Cu-Cu contribution of the Cu-complex (showed in Figure 3.3 ) which is assumed
to be responsible of the acquired signal and supposed to contribute at ca. 3.4 A.
As it is possible to see from the graph, the different WT lobes has been associated
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to determined scatterers on the basis on the position of the maximum of their
related F(k) function. The low k-value lobe within 1.75 and 3.25 A has been
connected to the mixed contribution of the N atoms (having a F(k) close to the
oxygen one) of the molecule but also to the O, Si, Al atoms composing the
framework of the zeolite (CHA framework) which can influence the EXAFS signal
coming from the dimeric specie.
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Figure 3.3: WT and FT magnitudes representation of the k?y(k) signal associated to the
Cu-complex reported in the figure. Colour legend: H: white, N: blue, O: red, Cu: green. In
order to enhance the Cu-Cu interaction, the following resolution parameters have been
adopted: s=1andn =7.

Looking at the WT representation showed in Figure 3.3, some questions could
arise about the attribution of the main lobe to the O contribution. It is in fact evident
that the ridges of the main lobe extend till to high k-values. The reason of this
behavior, present also in the theoretical example showed in Figure 3.2, is
attributable to a broadening effect characterizing the low R-values WT features. It
is possible to demonstrate, in fact, (evaluating the ratio among the second moment
of an arbitrary WT representation along k and R axis) that if for low R-values, the
relation i « 7 is satisfied, the wavelet lobes are distorted in the k-space showing a

profile similar to the one in the low R region of Figure 3.2 and Figure 3.3.

3.1.1 Increasing the EXAFS WT resolution through a FEFF-based wavelet
representation

As described in paragraph 2.3.1 if one or more groups of atoms are localized at

low distances from the absorber, their contributions in the R-space can overlap.

The WT representation of the EXAFS spectrum can be a good tool to overcome this

problem thanks to its ability to provide a two dimensional representation of the

EXAFS signal (in k and R spaces). However, when the absorbing atom is
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surrounded in the first, second or third shell by scatters having comparable F(k)
values, their features tend to be undistinguishable in the k x R plane too. In order
to overcome this problem, a novel method of analysis based on the construction of
a wavelet mother function, suitable to maximize the possibility to visualize a
determined absorber-scatterer path, has been developed on the basis of the work
realized by Funke et al [8].

A FEFF input file is written with one back-scatterer atom at the distance of interest.
The global Debye—Waller (DW) factor and the distance can be taken from first fit
estimations or from earlier results (for example the distance can be fixed from
DFT). The resulting feffIVVNN.dat file is used to reconstruct the theoretical, k"
(n=1,2,3) weighted spectrum: x(k)T"¢°, The full spectrum has to be restricted to
its left-hand slope, i.e. the k interval that contains information on the amplitude
function. The reason of this choice is due to the fact that the right part of the
x(k)Theo spectrum is attenuated substantially by the DW factor and the typical
amplitude information is suppressed. Therefore, the maximum of the envelope of
the theoretical spectrum is chosen as the upper limit of the relevant k range, k,.x,
while lower limit, ki, is taken from the spectrum showed Figure 3.4.

The construction of the FEFF based Morlet wavelet (FM) is based on three main
step. In the following all of them will be described. The method is tested on the
experimental spectrum showed in Figure 3.3. Although its classic WT
representation provides a good discrimination of the Cu-Cu feature, this novel
approach demonstrates the possibility to gain a level of resolution even higher.

0.3 1

: AL

3 L

k (A)
Figure 3.4: (k? weighted) FEFF Cu-Cu SS path EXAFS signal (blue spectrum) and the
related convolution profile (in red) used to isolate the modulated spectral part (y(k)™°¢)
containing the highest information about the SS contribution. The FEFF SS path has been
extracted from FEFF using as input structure the one showed in Figure 3.3.

o Adjustment of the amplitude information.

The envelope E(k) is built by a spline procedure connecting the maxima of the
oscillations of the spectrum (see Figure 3.4) between k,;, and k.- To avoid
truncation effects in the wavelet transform, the envelope is smoothed by adding
the right-hand half part of a Gaussian curve with a half maximum (FWHM) set to
1/2 A. The resulting model spectrum, included in the range within k,,;, and Kyax
by the total envelope, is called as x(k)™°d.

o Adjustment of the phase information of x(k)™°d,
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Knowing the envelope E(k), the real part of a complex function (k) (the future
FEFF—Morlet wavelet) is defined as:

R[W((k)] = E(k)cos(2kR + @) (3.49)

The values of the parameters in the cosine function, distance R and phase ¢, are
adapted from x(k)™°9 by means of a correlation procedure, see Figure 3.5. The
correlation function C(R, ) is calculated between the functions R[w(k)] and
x(kK)™°d varying R and the phase ¢:

kmax 3.5
CR @) = f dk E(K)cos(2kR + @) x(kymod (3:5)
kmin
Thereby the values of R and ¢ are perturbed in the ranges of Re [R— AR R+
AR] and ¢ € [0,2m] requiring to find a couple of values (R, ) satisfying the
condition: rEaX(C), which can be realised minimizing the correlation function
@

multiplied for -1. The result of the minimization process provides the following
parameters: R = 3.20 A and ¢ = 0.28 rad.
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Figure 3.5: Correlation plot between the distance and the theoretical phase used to

correct the phase and the frequency (Refr of the path absorber-scatterer) of the FEFF-
based wavelet.

The imaginary part of the wavelet is then simply built by the addition of a phase
shift of /2 to the phase of R[W (k)] with the implicit assumption that E(k) is a real
function:

S[W(] = EQ)sin(2kR + @) (3.6)

o Fulfilling the zero-mean condition.
The complex function (k) has to be converted into a mother wavelet, fulfilling the
zero mean condition. This requires to translate the (k) function on the k axis by
. . femax ko)
a correction kgr,, defined as: kgray = —oi————. With this final step, the FM
fiemax dien (k)

wavelet is fully defined, see Figure 3.6:

R[W(K + Kgray )| = E(k + Kgray ) cos(2(k + Kgray)R + @)

S[W(k + kgray )] = E(k + Kyray) in(2(k + kgra)R + @) (3.7)
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Figure 3.6: Final morphology of the modified FEFF-based Wavelet mother function (real
part) generated from the FEFF the Cu-Cu path.

The retrieved FEFF-modified mother wavelet can then be applied on the
experimental EXAFS spectrum of Figure 3.3. The result is reported in Figure 3.7.
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Figure 3.7: FEFF modified WT representation of the EXAFS signal reported in
Figure 3.3.

The morphology of the wavelet mother function, causes a distortion of the features
proper of the Fourier transform magnitude, attributable to the O contributions, and
enhances the noise effects present at high k -values. This can be easily
demonstrated by varying the envelope-range enclosing the FEFF signal: reducing
or increasing it the Cu-Cu feature remain stable while the high k-values ridges
change position in k. On the other hand, the Cu-Cu, Cu-Si/Cu-Al features (proper
of the zeolite framework) are well divided from the other contributions, maintaining
a position corresponding to a maximum of their own F(k) functions. This evidences
indicate that the dimeric structure showed in Figure 3.3 is sited in the cage of the
zeolite close to the framework, as it will be described in chapter 6.
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3.1.2 Retrieving quantitative information from the WT representation.: from the
power density function plot till to the WT fit

Up to now, the WT representation has been used to have just a qualitative
representation of the EXAFS signal. Clearly, the possibility to extract from the WT
representation a set of quantitative information acquires a certain importance as
an alternative to the classical EXAFS fit in the k or R space. Generally, there are
three directions which can be followed. The first-one derives from the signal theory
and it is almost unknown to the XAS community. It consists in a procedure which
can be employed to enhance the presence of some typologies of scatteres, similarly
to what has been discussed in section 3.1.1. Basically, it consists to calculate the
power density function of the modulus of the WT representation of an EXAFS
spectrum as follow:

Rmax
DY (k) = f dR|W¥ (k, R)|* (3.8)
Rmin

Through this equation, it is possible to obtain the representation of the modulus of
the WT limited to the k-dimension. If plotted vs k, the ®¥ (k) function (due to F(k)
term) will show a series of peaks distributed along the k-axis as a function of the
atomic number of the scattering elements affecting the EXAFS signal. As an
example, the experimental spectrum introduced in Figure 3.3 is processed
through this technique, see Figure 3.8. As it is possible to see, the ®¥ (k) function,
obtained evaluating the integral among 2 and 4 A shows two main peaks.
Considering , it is possible to attribute the first one to the contribution coming from
O/N, Al and Si, while the second-one shows a maximum around 7 A, that is where
the Cu-Cu SS backscattering amplitude shows a maximum, demonstrating, in this
way, the existence of a multimeric Cu site (a Cu-Cu interaction) in the sample. This
approach has been used to establish (qualitatively) the existence of Cu-Cu dimers
inside different typologies of Cu-zeolites during various working conditions. A more
detailed description of the results obtained using it can be found in chapter 5 and
6.
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Figure 3.8: Power density function of the wavelet transform showed in Figure 3.3
integrated within 2 and 4 A. It is possible to identify two main peaks. The first one can be
assigned to the mixed contributions coming from the Si, Al and O atoms of the zeolite

81




framework and from the N atoms (they are indistinguishable from the oxygens because
they have comparable Z) composing the complex. The second peak has a maximum around
7 & and can be attributed to the existence of a Cu-Cu dimeric interaction, as demonstrated
by the WT fit showed in Figure 3.9.

The second method is the one developed by Timoshenko et al. [9]. It consists to
perform, given an initial structure, the EXAFS fit of an experimental spectrum
following a Reverse Monte Carlo (RMC) scheme. The WT of the theoretical
spectrum, evaluated for each iteration of the process (based on a genetic
algorithm), is compared with the WT representation of the experiment following a
Monte Carlo scheme. The letter is realised calculating the norm of the discrepancy
among the two representation and normalise it for the norm of the experimental
signal. More information about this approach (here just mentioned), which has
been applied largely by Kuzmin and Puran’s group (University of Latvia) to study
the thermal properties of rare-earth oxides, can be found here [7, 9-11].

The last method has been introduced by me to shed light on the different EXAFS
contributions coming from the Cu,Oy moieties forming during the O, activation of
various Cu-zeolites, see chapter 5 and 6. In particular, this last approach was
used to reinforce quantitatively the evidences of the existence of a Cu-Cu
contribution emerging from the first method described above.

For the fitting procedure, the scheme exploited by IFEFFIT [12, 13] was followed.
Herein, for a determined structure, a FEFF input file is created selecting an atom
as the absorber. Afterwards, the FEFF6.0l [14, 15] software is used to generate
the feffNVN.dat file for each path. Finally, for all of them, the k-depended arrays
obtained by FEFF, (whose description is reported in chapter 1), are linearly
interpolated on the k-grid of the experimental EXAFS spectrum and then used to
build up the single path contribution x;(k), which is given by the following
expression:

(k) = SoiNiFi () i[2kR; + &;(K)]
Xt = k(AR; + R;)? expli iZR 0ol (3.9)
x expli(2pAR; — 4pa? /R;)] X exp[— —— — 2p20?]

A(k)

This is the equation used in all the versions of IFEFFIT to realise a fit (in absence
of higher order cumulants). As it is possible to see, it shows some differences from
the classical EXAFS fit discussed in chapter 1, in particular it shows some
additional terms. Here, the path length variation is represented by the AR; and it
constitutes, together with the DW term o?, the first cumulant of the atomic pair
distribution for the it" path. Finally, p is the complex values wavelength, introduced
to take account for the thermal or configurational disorder [12]. More information
about this quantity can be found in [14]. It is worth to underlie, that this equation
is suitable to deal with systems characterized by a higher level of disorder
(especially thanks to the variable p), however the result of the fitting procedure
are identical with those deriving form the classica/ MS EXAFS equation showed in
(3.16). Considering (3.9), the fitting parameters are, in this way: S3;, N;, 62, AE,
and AR;. Once that for each selected path the relative EXAFS signal has been
calculated using (3.9), the theoretical total signal is generated summing all the
contributions together:

82



XTHEORY (1) = > 501) (3.10)

The theoretical signal x™EORY (k) can be involved in the calculation of the residual
complex function for the wavelet transformed data using the following formula:

f(k: R) =R [W)I(I]JZ)ATA (k: R) - W;(I';‘HEORY (k; R)]+S [W;[I, ATA (k; R) -

W zory (K, R)|
The output of equation (3.11), calculated in the Ak and AR ranges of interest, is a
two dimensional grid which can be arranged to a one dimensional array, indicated
here as f;, including the real and imaginary parts, having in this way a length equal
to two times the length of the product of the k and R lists. On this basis, it is
possible to define a metric function =, similar to the one employed by Kuzmin in

the EDA XAS code [16], which is defined as:
2x(MxN)

1
) Z [£; (k, R)]2 (3.12)

This equation is a variation to the metric function showed in equation (1.8) of
chapter 1. The errors are uniformly set to 1 and the residuals are normalised for
the list length. However, the nucleus of the equation remain always the same, i.e.
the minimization of the sum of squares of the residuals. Both the equations must
provide, in fact, the same minimum value. The letters M and N indicate,
respectively, the lengths of the k and R arrays. Function £ can be properly
minimized using different algorithms. In all the examples described in this thesis,
the classical Levemberg-Marquard method [17] used also in IFEFFIT was adopted,
however it is possible also to employ more robust algorithms such as the Nelder-
Mead simplex scheme [18]. Finally, the errors and the correlation values associated
to the best-fit derived parameters, are obtained by the inverse of the Hessian (H-
1), calculated for Z, in correspondence of its minimum valueas, how described by
Kuzmin in [16].

As an example, the fit of the EXAFS spectrum, showed in Figure 3.3, using the
molecular structure depicted in the same graph, is reported in Figure 3.9. The
discussion about the number of EXAFS paths employed to realised the fit, together
with their parameterization is postponed in chapter 6. A summary table, indicating
the refined distances, is inserted after the comparison plot of Figure 3.9.

(3.11)
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Figure 3.9: EXAFS fit executed in the WT space. (a) Experiment. (b) Best-fit. The fit was
realise using for both the representation the same resolution parameters: s =1and n = 7.

Best Fit Parameters

s2 0.806 + 0.003
AE (eV) -0.22 + 0.07
ARg (R) -0.053 + 0.001
ARy (R) 0.022 + 0.001
AR¢, (R) 0.048 + 0.003
oo (A?) 0.002 + 0.0001
oy (A2) 0.0041 (fixed)
ocy (R2) 0.0139 +0.0004

Table 3.1: Best fit parameters associated to the EXAFS spectrum showed in Figure 3.9
and obtained starting from the structure reported in Figure 3.3. The s, has been fixed to
a reference value obtained from the fitting procedure involving the [Cu(I)(NHs)2]* complex.
More details about the fitting strategy are reported in chapter 6.

3.2 FIT OF THE EXAFS ENERGY REGION THROUGH A FEFF-BASED

MACHINE LEARNING APPROACH
As already introduced in chapter 1, within the Multiple Scattering (MS) theory, the
total EXAFS signal can be described through a sum of an infinite nhumber of
scattering events x; (k) as follow [1]:

X9 = D 39 (3.13)

Equation (3.13) involves different contributions coming from Single Scattering (SS)
and Multiple scattering (MS) paths. For both of the cases, their signal can be
properly expressed as the product of an amplitude factor for an oscillating function
[14]:

Xi(K) = Aj(k {r})sin(ZkR; + ¢i(k, {r};)) (3.14)
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The quantity {r}; represents all the set of vector positions characterising the i
path contribution: {r}; = (r, ..., r,), Where r, is vector coordinates of the n'" atom
involved in the scattering process. The amplitude A; and the phase ¢; appearing in
(3.14) depends on the scattering properties of the neighbouring atoms interacting
with the excited photoelectron before it returns to the absorbing site, while the 2R;
term is the total scattering path length. Equation (3.14) can be properly rewritten
in the more conventional form as:

N.
xi(k) = S(z)ik—Rl_z |Fi(k, {r};)|sin(2kR; + @;(k, {r};)
1

8;(k 2Ry
+ 28,05 rh0)exp (1055
Where the parameters appearing in equation (3.15) are the same as the ones of
equation (3.9) and have been already introduced in chapter 1. The main
difference among the classic FEFF derived EXAFS equation (written in the MS
formalism) and the one reported in equation (3.15) is represented by the geometry
dependence of the backscattering amplitude factor F;(k, {r};), of the effective total
phase shift ¢;(k, {r};) = @;(k, {r};) + 28;(k {r};) and of the energy-dependent free
mean path A;(k, {r};), which here is made explicit.
Although the series reported in equation (3.13) is infinite, it is possible to assert
that only the first few ¢ elements are able to produce a significant contribution to
the total EXAFS signal. The reason of this behaviour must be found in the finite
lifetime of the electron excitation, in the scattering path lengths and in the
cancellation effects [19]. Under these conditions equation (3.13) con be expressed
as the ordinary EXAFS equation:

4

(3.15)

XG0 = ) S5t IFyCk, () Isin(2kR,
i=1 i (3.16)
+ ik, {r};))ex (— i) exp(—20;%k?)
RSP N g/ TP T

With £ < . Equation (3.16) can be considered as a good candidate to perform the
fit of an experimental EXAFS signal. However it can undergo towards further
modifications involving the cumulant expansion technique, which is sometimes
needed to take account for the large disorder affecting a system [20, 21]. Focusing
on (3.16), for each paths, the fitting parameters will be represented by the
variables: S3;, N;, R; and AE;. The main difference among this fitting function and
the one reported in equation (3.9) consist in the fact that here the half paths length
is optimized instead of its variationAR; and the classical electron wave number k is
used instead of the complex variable p. Finally, the Debye-Waller ¢;? can be refined
during the fitting procedure or evaluated using a semi-empirical correlated Einstein
or Debye models [19, 22-25].

Despite this approach has been widely employed, for several years, from a large
part of the XAFS community and lead to a considerable number of successful results
in different areas of Physics and Chemistry [19, 26-29], some problem still remain
partially unsolved. As already pointed out by Ravel in [30], it is worth noting, in
fact, that contributions coming from scattering geometries not present in the input
cluster cannot be computed. Only small changes of the inter-atomic spacings can
be accommodated by the parametrization of R; during the fitting procedure, while
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for large changes their estimation becomes unreliable. This evidence is clearly
attributable to the geometry dependence of the effective scattering amplitudes and
phases shift profiles calculated by FEFFF that, from the classic codes employed in
the EXAFS fitting (e.g. IFEFFIT), is usually neglected. In addition, it is worth
mentioning that these functions show also, for the MS paths, a strong non-linear
angular dependence and are even sensitive to small variations of the angles along
the scattering path, especially in the case of linear atomic chains [19, 31]. This
problem has been addressed in the GNXAS code employing the first order terms of
the Taylor expansion for the amplitude and phase shift [32, 33] while other valid
alternatives can be found in advanced approaches regarding the classical molecular
dynamic [34, 35] and the reverse Monte Carlo technique [9, 36]. A second problem
often encountered during an EXAFS fit, is represented by the choice of the set of
variables, appearing in equation (3.16), which can be properly refined through the
fitting procedure. As described in chapter 1, the superior limit on the number of
fitting parameters is given by the Nyquist criterion, however as the number of
parameters involved in the fit increase, the correlation among all the couples of the
fitting variables can become higher. These two facts, clearly requires to express
some variables (e.g. R, 0;2,...) appearing in equation (3.16) as a function of the
pool of parameters usually associated to the SS paths, which can be further refined
through the EXAFS fit. Clearly, this approach is characterised by some
complications related to the definition of a corrected expression that needs to be
used to represent each of these EXAFS variables without introducing any new guess
parameter. In particular, there is not a common modus operandi, which can be
followed by all the users. Some empirical rules are used, for example, to constrain
the MS half path length on the basis of the path typology (e.g. focused, double,
conjoined ...) [37] or using a general expression containing the volumetric lattice
expansion term o [38]. Another methodology requires to represent the path length
associated to each MS path through the so called cosine theorem. However, all
these methods, assume fixed the angles among the path legs, moreover the
application of the cosine theorem can lead to long expressions when the number
of involved scatterers starts to be higher than four [39].

In the following, a new method of fitting which aims to solve these problems is
proposed. This new approach has been already used, with some changings, on the
XANES fitting procedure provided by the PyFitlt code [40] described in chapter 2.
It is based on the generation of a set of Machine-Learning-based interpolation
functions, which are employed to approximate each x;(k) path signals under the
variation of a set of user-defined structural parameters. Using this new
implementation, equation (3.16) is generalised to take account of any kind of
deformations: from the bond stretching till to the variation of multiple angles of the
selected molecular structure. Moreover, the effective path lengths associated to
each scattering process are obtained directly as a function the selected molecular
deformations without recurring to any elaborated formula.

3.2.1 Method description

The basic idea, behind this approach, stands in the construction, for each scattering
process, of a signal path functions y; that, under the variation of a user-defined set
of h structural parameters: p = (py,...,pn), iS able to return an accurate
approximation for the i" scattering signal. This contributions needs to be as close
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as possible to the one obtained through an ab /nitio calculation involving the
molecular complex affected by p.

The perturbation of each element of p is reflected automatically in the change of
the each vector distances {r}(p) = (r;(p),..,rn(p)) , from whom the
Fi(k {r}), &;(k {r};) and A;(k {r};) depend. These terms, in turn, determine a
modification of the correspondent path signal x;, whose dependence from p can
be then reported as: x;(k, p). The variations of the scattering amplitudes and the
total phase shifts, for a SS and MS path, from the bond distances angle of a test-
structure are represented, for sake of comprehension, in Figure 3.10.
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Figure 3.10: Plot of the scattering amplitudes, of the effective phase shifts and of the
related single path EXAFS signals as a function of the deformations regarding the Au(CN)2
molecule. Panels (a), (b) and (c) refers to a SS process involving the paths Au—C:—Au and
Au— C—Au proper of the carbon first shell. The curves have been generated extending
the CN groups along the Au-C bond directions of a quantity varying from —0.12 & (blue
profile) till to +0.12 A (red profile) respect to the unperturbed structure. How already
discussed in section 3.2, small variation characterize these profiles, in particular, the most
evident seems to affect the scattering amplitudes. On the other hand, the profiles showed
in panels (d), (e) and (f) are connected to the evolution of a three legs MS paths:
Au—C;—C—Au and Au—C,—Ci—Au, which evolves from a configuration almost collinear:
9 = 180° to a new one where the scattering geometry becomes triangular: 9 = 120°. The
progressive diminution of 9 is responsible of an abrupt diminution of the scattering
amplitude, which causes the abatement of the signal intensity, and of a non-linear variation
of the effective total phase trend.

3.2.1.1 Generation of a set of ML-based yx; functions and fit of the experimental
EXAFS signal

The first step of this approach consists to identify those scattering paths able to
contribute more in a selected region of the experimental spectrum where the fit
must be performed. In the classical (geometry independent) EXAFS fit this
requirement can be satisfied considering only those SS and MS paths having a
curve-wave amplitude C.,, higher than a certain user defined value. In case of a
geometry-variable molecular complex, this step is not straightforward and it
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requires a well defined methodology if the most relevant EXAFS path are not known
beforehand. The main reason is due to the strong geometry dependence of some
MS paths. The gradual evolution of a collinear MS path to a triangular-one can
cause, for example, the abatement of its intensity, expressed in terms of C.,, [15].
It follows that there could be some molecular configurations, involving the same
atoms, where a MS path is significant while in the others its fitting contribution is
completely negligible.

max pz, ................................. , ................................ ,
0- .’ ................................. ’. ................................ ’

min p2-....’i ................................. ’ ................................ ’

min P1 . 6 ' max P1

Figure 3.11: First multidimensional grid (here 2-dimensional) used to identify those
scattering paths which can assume a significant role in the total EXAFS signal representation
as a function of the variation of a user-defined set of structural parameter (i.e. p, and p,).
The grid includes all the combinations among the maxima (red) and minima (blue)
deformations plus the null (black) combination

In order to take account of this behavior, the following procedure can be proposed.
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Figure 3.12: Flow diagram reporting the procedure followed to fit, through the indirect
method fitting, the experimental EXAFS signal.

The first step (phase 1 of Figure 3.12), clearly, consists to identify a set of
structural parameters which needs to be further refined through the fitting routine,
and a certain fitting range in the R space extending till Rg.. Then, a first
multidimensional grid constituted by all possible combinations, involving the
maxima and minima values of each selected structural parameter plus the null
deformations (i.e p=(p; =0,...,p, = 0)), is generated, see Figure 3.11. For
each grid-point, a FEFF input file employing the relative deformed input structure,
is created and runned. Afterwards, for each molecular configuration, the C,, terms
associated to each path, are extracted and analyzed. A good rule of thumb for a
first screening, foresees to consider only those paths possessing a C.,, equal or
higher than 15% and a maximum half path length (RMAX) around 6 A. Afterwards,
the fit can be improved including the lower intensity and farer paths . This approach
is fundamental, in fact it allows to take in consideration all the possible paths having
a strong impact on the fitting routine independently from the considered geometry.
Clearly, the first grid can be made finer evaluating also the combination of the
deformations corresponding to half of their variation, ensuring a more detailed
analysis of the generated paths. The employment of a grid having a different
topology (i.e. the IHS, see later) from the one showed in Figure 3.11 is advised
for a number of structural parameters higher than 2. At the same time, further
user-defined filtering criteria can be introduced in order to limit even more their
number. For example, if a relevant path (C.,,>15%) shows a R.;s >> Ry, for the
combination of deformed parameters corresponding to their minima, it can be
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properly excluded. Once this step is completed, it is necessary to consider those
significant scattering paths associated to an arbitrary distorted geometry and
compare them progressively with the ones related to the remaining molecules,
trying to establish, in this way, if they can be assumed equivalent or not. The term
of comparison, here adopted, foresees to consider equivalent two paths if they
have the same kind of scattering atoms and if they show the same half path length
and scattering angles evaluated taking as reference the unperturbed molecule,
within an error sited on the fourth decimal digit. The time-reversal symmetry [41]
is taken in consideration too. In fact, in case of disagreement of the scattering
angles between two paths presenting the same half path length and atoms type,
the comparison can be repeated inverting the order of the atoms involved in one
of the scattering processes. The final path-list, that from now will be named as
unigue list, will be composed by a series of scattering geometries, not equivalent
to each other, which will be further approximated as a function of the variation of
the selected set of structural parameters through the employment of a regression
approach. The letter is realized by means of a Machine Learning algorithm, which
must undergo towards a training procedure. The next step of this technique, see
(phase 2 of Figure 3.12), foresees to construct, in fact, a training set used for this
purpose. Herein the multidimensional space of the structural parameters
P,generated by the combination of the variations of each parameter (i.e. p; ® ... ®
pr ), is sampled uniformly using the Improved Latin Hypercube Sampling (IHS)
method, which ensures the narrowest distance among the projections of each
multidimensional point along every dimension of P [3]. The result will be a second
larger multidimensional grid. Similarly to the first grid construction, also in this case,
for every point of P, a distorted molecular complex is generated and used to
compose a FEFF input file which is subsequently runned. Afterwards the path
equivalence criterion, described above and depicted in Figure 3.13, can be
exploited to discriminate, among all the FEFF scattering contributions, those
contained in the unique list. It is worth noting that every path contained in this list
must be found among all the ones generated by FEFF for each sampling point of
P. As already discussed before, it is possible that some paths, because of the
molecular geometry, can have a very low contribution in term of EXAFS signal and,
for this reason, they can be neglected by FEFF. Because some of them can
correspond to some path present in the unique list, it appears necessary to avoid
their removal by the code. This purpose can be easily realized inserting, in each
FEFF file, the CRITERIA 0 0 command. Through this key-word no cut-off criteria
based on the evaluation of C., and of the path plane wave amplitude
approximation (Cp,) [15] will be used by FEFF to reduce the number of paths
found by the pathfinder. The contraindication of this choice is represented by the
large amount of scattering paths that can be generated by FEFF. However, this
problem can be easily bypassed including in each FEFF input file the RMAX and
NLEG key-words, limiting, in this way, the number of FEFF generated paths on the
basis of the maximum path length parameter and of the maximum number of legs
proper of the ones belonging to the unique list. Herein it is worth mentioning that
it necessary to set the RMAX keyword to a value not lower than the half path length
of the relevant path present in the unique list assumed during the highest
deformation of the molecular structure.
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Figure 3.13: Schematic representation of the equivalence principle employed to identify
the equivalent paths corresponding here to a 3 leg scattering process. (a) The paths
A—S1— S;—A and A—Ss3— Ss—A possess the same half path length and the same kind of
atoms. The two processes are symmetric over the axis y=A and for these reason are
equivalent. (b) The two scattering process define to two distinct processes. However, if
referred to the unperturbed molecule, the atoms order, the angles and the half path lengths
of the two paths are the same and for these reason they can be considered equivalent. (c)
The two path refers to different atoms type and are characterized by incompatible half path
length and angles. However, as in the precedent case (b) if referred to the unperturbed
structure, they identifies two paths equivalent for symmetry around the y=A axis.
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For each distorted molecule, in case of matching of a path with one owning to the
unique list, it is necessary to extract from the related FEFF output files its scattering
amplitude, its effective phase shifts and finally its electron mean-free path. These
arrays will be then interpolated over a wave-vector, finer than the one provided by
FEFF grid, within 0 and 20 A (a common step can be, for example 0.05 A1) and
then included together with their own R;, in the corresponding EXAFS single
contribution equation given by (3.15). Once calculated, this signal will be inserted
in a table containing all the single EXAFS contributions, associated to the selected
path present in the unique list, for every distorted molecule. This table constitutes
the dataset used to train a ML based regressor, providing as output an interpolating
function approximating the selected path, see (phase 3 of Figure 3.12). As a
result, each path proper of the unique list will be associated with a function
returning its single EXAFS contribution depending on the value of the structural
parameters given in input. Among the huge variety of regressors, which are
employed, at the moment, in the filed of the Machine Learning, the Extra-Trees
regressor with a number of leafs set to 200 was found suitable for this application
[3]. Afterwards, each interpolating path function can be weighted by its related
Debye-Waller parameter and then summed with the others as showed by equation
(3.16). Similarly to the fit by sliders method, described for the XANES spectra in
chapter 2, also here the same approach can be employed. In particular, through
the Jupyter ipywidgets class [42] it is possible to associate a slider to each
parameter involved in the fit and move it until the best qualitative agreement
among the experiment and the theoretical spectrum is obtained. This step is
qualitative but instructive because it allows to understand which are the structural
parameters influencing more the fit and to fix their related range of variation. As
an example, two Jupyter notebook prototypes of interface, designed for the fit the
EXAFS by sliders notebook (soon available in PyFitIt), are showed in Figure 3.14
(fit in the k-space) and Figure 3.15 (fit in the R-space). Both of them refer to the
EXAFS spectrum of the Au(CN), complex represented in Figure 3.10.

92



Fit in k space
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Figure 3.14: Fit by sliders interface reporting on the top graph the k? weighted
experimental and theoretical EXAFS spectrum. The latter is obtained summing all the SS
and MS contributions, reported in the bottom panel, resulting to be Au—C;— Au, Au—N;—Au,
Au—C;— N;—Au, Au — C;—N;— Ci— Au and Au — C;—Au— C,— Au . The orange square
window is used to select the range in k for the fitting procedure.

Fit in R space
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Figure 3.15: Fit by sliders interface reporting on the top graph the FT magnitude
representation of the k? weighted experimental and theoretical EXAFS spectrum. The latter
is obtained summing all the SS and MS contributions, reported in the bottom panel,
resulting to be the same employed in Figure 3.14. The orange square window is used to
select the range in R for the fitting procedure.
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For the sake of clarification, a detailed description concerning how the paths
functions involved in the slider plots of Figure 3.14 and Figure 3.14 are obtained
is now provided.

The EXAFS experimental spectrum at the Au Ls-edge (11919 eV) was performed at
the BM23 beamline of the European Synchrotron Radiation Facility (ESRF,
Grenoble, France). An EXAFS cell, specifically devoted to liquid samples, was filled
with a 5 x 10* M ethanolic solution of {Zn(L1)2[(M -CN)Au(CN)](H.0)}[Au(CN),]
with few drops of H,O to enhance the solubility of K[Au(CN).]. The XAS data have
been collected at room temperature. Due to low concentration of the complex,
EXAFS spectra were acquired in fluorescence mode, using a Si(111) double crystal
monochromator to select the incident X-ray energy and a single-element silicon
drift detector.

Starting from the crystallographic Au(CN), structure showed in Figure 3.10,
obtained through a SC-XRD refinement of Zn(L1)2[(M -CN)Au(CN)](H20)}[Au(CN):]
in solid state, two structural parameter have been selected for their refinement.
These are the two bond distances AR: Au-(CN), indicted in Figure 3.14 and
Figure 3.15 by the parameter elongation, and the variation of the angle A6
defined by the bond directions Au-C; and Au-C; respect to the initial position, and
named Rotation, see Figure 3.16. The first grid associated to these parameters is
equivalent to the one showed in Figure 3.11 and it was generated assuming a
range of variation for AR within —0.12 and 0.12 A, and for A9 within 0 and /6
rad. .

Figure 3.16: Picture representing the first set of structural deformations applied to the
molecule of Au(CN)2. These involve the common contraction/expansion of the Au-CN bond
lengths (AR) and the variation 46 from the crystallographic position. As already showed in
Figure 3.10, A9 is the variation of the angle defined by the two carbon bond lengths.
Color code: Au: yellow, C: grey, N: blue.

The criterion used for the selection of the most relevant paths was based on the
curve wave amplitude C,,, associated to each path: C., > 15%. The equivalence
criteria were then employed to determine, among all the most intense paths, the
unique list, which appeared composed by the following five terms: Au—C;— Au
(SS), Au—N;—Au (SS), Au—Ci— N;—Au (MS with 3 legs), Au — Ci—Ni— Ci—
Au (MS with 4 legs) and finally Au — C;—Au— C,— Au (MS with 4 legs). It is worth
to underlie here that these paths are the most representative for each extreme
deformation (see Figure 3.11). Clearly, it is possible that, for some perturbed
geometry, the FEFF pathfinder could provided, for example, the path Au—C,— Au
with degeneration 2 instead of Au—Ci;— Au, or in case of asymmetrical
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deformations (not considered here because, in this example, the parameter AR is
the same for each bond lengths) even both of them: Au—C;— Au and Au—C,—
Au with path degeneration equal to 1. Independently of the atoms enumeration,
these paths are catalogued under the same path typology, in this case: Au—Ci—
Au. The similar approach can be extended to every MS path. Once that the unique
SS and MS paths were found, the interpolation grid was built varying the quantities
AR and A6 for 300 times following the IHS scheme. For each couple of
deformations the related structure was generated and the correspondent input file
has been employed in the execution of the FEFF routine. Afterwards, for each
perturbed geometry, the equivalence criteria were applied and only the paths
satisfying them were considered and stored in the related matrix. In case of
presence of two (or more) equivalent paths for the same molecular deformation,
for example Au—C;— Au and Au—C,— Au with degeneration 1, both of signals
are extracted, summed and saved in the corresponding matrix named, in this case
Au—C;— Au matrix. This approach can be followed, if and only if, it is supposed
that both the paths are characterized by the same DW parameter. If this condition
is not satisfied the Au—C,— Au must be decoupled from the Au—Ci— Au paths.
It follows that if for one deformation, it is just present the Au—C;— Au path with
degeneration 2, this signal must by cloned, associated to the Au—C,— Au paths
and its degeneration must be then reduced of one term. The same procedure must
be pursued for any other kind of path if the decoupling is needed.

At the end of the selection procedure, the five data matrices (Au—Ci— Au,
Au—N;—Au, Au—C;— Ni—Au, Au — C;—N;— Ci— Au and Au — C;—Au— C—
Au), containing the related equivalent paths deriving from each IHS geometry,
were used for the training procedure of the ML algorithm (extra-trees). The
algorithm returned, for each matrix, the correspondent path function depending
from AR and A6. Afterwards, these functions were weighted for their own DW
factor. This is the only parameterization required by this method. The DW factors
associated to the SS paths: Au—C;— Au and Au—N;—Au, were defined using the
quantities oc and oy. On the other hand, the MS DW terms were parametrized as
the square root of the sum of squares of the DW factors associated to the atoms
involved in each path. For all the paths, the terms S3 and AE (enot) were assumed
common.

The fit by sliders procedure showed in the precedent figures, is clearly a qualitative
approach. In order to extract quantitative structural information it is required to
perform a fit. How described in chapter 1, the EXAFS fit is usually realized in k or
R space. However, it is worth noting that a good agreement, for instance, in the
Fourier space only, does not necessarily mean a good agreement in k-space. Thus,
the WT representation is a natural way to take into account features of signal both
in k- and Fourier space simultaneously. Additionally, the advantage of the WT over
the FT and over the representation of the spectra in k-space, can be seen in the
case when the agreement between two spectra is not good: in this situation the
WT, provides the information on the misfit of spectra both in k- and R-space
simultaneously, allowing to identify the problem more easily. The WT fit can be
realised employing the equation (3.12) or minimising the R-factor between the
experimental spectrum and the theoretical one as follow:
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Where f;(k,R) corresponds to equation (3.11) while g;(k,R) is the mono-
dimensional list containing the real and the imaginary part of the WT representation

of the experimental signal: g(k,R) = ER[W)‘(’;ATA(k, R)]+S [W;,’)ATA(k, R)]. Equation

(3.12) and (3.17) must bring to the same solution. The main difference stands in
the normalization of the residuals. In equation (3.17) the target function = can
varies between 0 and 1. This choice can in fact improve the convergence algorithms
towards a global minimum and, for this reason, equation (3.17) is suggested over
(3.12).

The minimization of equation (3.17) was performed using the coordinated
descended approach. The fitting parameters were: AR, A8, ¢, oy, S3 and AE. The
fitting ranges ware set to Ak = (2.6:12) A~* and AR = (1:3.5) A, determining a

number of independent points equal to N;,q4 = ZAEAR + 1 =10.

The fit was realized in the 2D range Ak x AR = (2.6:12) A~' x (1:3.5) A setting the
following bounds: AR € [—0.12:0.12] &, A8 € [o:g] rad., o¢ and oy € [0.001,0.015]
R?, s2 € [0.8,1.8] and AE € [—10,10] eV, while the WT parameters, chosen for both

the experimental and theoretical 2D plot, were: s = 1 and n = 5. The result of the
minimization (global minimum of (3.17)) is shown in the following table:

[1]

Best Fit Parameters Confidence Intervals (95%)
Y 0.89 0.8:1.1
AE (eV) 9 7.4:10
AR (R) 0 -0.02 : 0.02
A9 (rad.) 0.14 0: %
oc (A?) 0.002 0.01 : 0.007
oy (A?) 0.001 0.001 : 0.06

Table 3.2: Best Fit Parameters obtained minimising the target function of equation (3.17)
considering the set of deformations reported in Figure 3.16. The confidence intervals has
been evaluated using the F-test map considering a number of independent points equal to
16.

The R-factor, evaluated as the minimum value of (3.17) multiplied for a factor 100,
is equal to 1.9%, demonstrating that the molecular complex can be associated to
the experimental signal. The confidence intervals, for each parameter, were
evaluated using the F-test. Herein the following statistical variable was evaluated:

Nin - 5
Fina-pp = ° p<x_0_1> (3.18)

p \x?
The FY, ,—pp IS @ Fisher variable evaluated assuming the presence of six fitting
parameters: p = 6. Fixing a significance level of a = 95%, every parameter is
varied within its related interval until the integral of the Fisher distribution between
FN,.q-pp @nd +oo becomes higher of 0.95, see Figure 3.17(a). Considering a
determined parameter, the ration among the two chi-squares variables i—é is
obtained calculating the division of the target function £, (evaluated in the global
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minimum) for the same function calculated fixing all the parameters to the best fit
values and varying the selected one within the defined boundaries. Function (3.17)
can be interpreted, in fact, as a sort of x? function, normalized for the constant

uanti 2XMXN) [ k, R)]? and weighted for a uniform error factor set to 1.
i=1 gi
1.020
100 ﬁl L \ B 015
. > 1 0.7688
80- . . 0.4 | 0.6180
- 0.4673
60- F 0.3165
- L. 3 0.1658
? P {2 \ 0.01500
= %0 b (@) o 02
. g
20- P
0- o
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Figure 3.17: (a) Plot of the significance level associated to the AR parameter. The red
horizontal line correspond to the %S.L. of 95% while the vertical blue lines are the values
of AR allowing to obtain this significance level. (b) Plot of the section of = obtained varying
AR and 49 and maintaining fixed to the best fit values all the remaining parameters.

Analyzing the retrieved confidence intervals for each parameter of Table 3.2, it is
possible to see that most of them are not symmetric. One of the main difference
between the minimization of equation (3.17) with equation (3.10) stands in the
fact that the latter employs a minimization algorithm over a set of parameters
without bounds. It is possible to verify, in fact, that the error estimation retrieved
using the covariance matrix often fails in presence of bounds [43]. The usage of
the F-test (or equivalently of the y?-maps) is able to provide a more reliable
estimation of the uncertainties proper of the parameters refined through the WT
fit. It is interesting to note from Table 3.2 that the variation of the each angle A6
from the initial configuration is found to be by the fit equal to ca. 8°. However, the
error associated to the estimation of this parameter is extremely large, extending
over all its variation range. The reason of this evidence is explained considering the
curve wave amplitude associated to the Au — C;—Au— C,— Au contribution. This
is the only path having, in fact, a connection with the angle 9 between the two
carbon atoms (9 = C;AuC,). However, if compared with all the other paths
constituting the total EXAFS signal, it is also the one with the lowest intensity (see
in Figure 3.15 the red FT profile) and the highest half path length (independently
from the performed deformation). It follows that during the minimization routing
its influence on the variation of Z is overpowered by the AR effect, see Figure
3.17(b). A second interesting results is represented by the DW value associated to
the SS Au—N path. It is possible to see that this value coincides with the lowest
bound for the oy range of variation. This evidence can be understood remembering
that the DW factor is a measure of the mean square displacement of the atoms
from their equilibrium position. Because the each N atom is connected to their
related C atom through a triple bond (“robust” connection), this result appears
justified.
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The main conclusions emerging from this fitting routine is that it is possible to
estimate from the EXAFS analysis the bond distances with an uncertainty of ca. 2%
but not the bond angles among the two carbon atoms. Similarly to the XANES
fitting case discussed in chapter 2, this result implies that the number of
parameters with can be estimated is lower than the number of independent points
given by the Nyquist criterion.

As it has been demonstrated, the estimation of the 9 angle is impossible because
of the low intensity curve wave amplitude of the Au — Ci—Au— C,— Au path.
However, it is possible to estimate properly a second kind of angle o, which is the
one defined by the bonds: Au — C and C = N, ie. ¢ = AuCN, where C and N are C;,
N: and C;, Ny, respectively

4——» 4——»

N Q?—J—@) "

Figure 3.18: Picture representing the second set of structural deformations applied to
the molecule of Au(CN)2. These involve the common contraction/expansion of the Au-CN
bond lengths (AR) and the variation 4¢ of the AuCN angles. Colour code: Au: yellow, C:
grey, N: blue.

Herein the procedure described above is repeated. However the parameters
estimated by the fit are, this time: AR, o¢, oy, S3, AE an, Ag instead of A8. The AR
structural parameter represents always the common contraction/expansion of the
Au-C bonds within the range of [-0.12:0.12] &, while Ao consists in the
synchronous tilting of the N atoms from their initial position: ¢ = 0 rad. As in the

case of A8, the rage of variation of Ap was fixed to [O:E] for both the angles. The

unique list appeared composed by the same paths described for the precedent
fitting routine. The result of the WT fit executed through this new parametrization
is showed in Table 3.3 and in Figure 3.19.

Best Fit Parameters Confidence Intervals (95%)
Sé 0.89 0.8 :1.06
AE (eV) 8.463 6.8:10
AR (R) -0.002 -0.02 : 0.02
Ap (rad.) 0.024 0:0.26
oc (R?) 0.002 0.001 : 0.07
oy (R2) 0.001 0.001 : 0.07

Table 3.3: Best Fit Parameters obtained minimising the target function of equation (3.17)
considering the set of deformations reported in Figure 3.18. The confidence intervals has
been evaluated using the F-test map.
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Figure 3.19: (a) Plot of the best fit WT representation. In the bottom and right panels
are compared reported the best-fit curves EXAFS curves in the k ad R pace. The fit has
been realised in the Ak x AR = (2.6—12) A~ x(1—-35) A 2D space. (b) WT
representation of the experimental signal. As for the precedent case, the same WT
parameters were employed here too: s =1 and n = 5.

The quality of the fit, measured through the R-factor parameter indicates, also
here, an good agreement between the experiment and the theoretical model:
%Rfactor = 2%. Looking at Table 3.3, it is possible to note that the variation Ag
is comparable with zero and its confidence interval is narrower indicating that for
the EXAFS fit it is possible to obtain a proper estimation of the o angle. This is also
evident analyzing the contour plot of £ associated to the variation of AR and Ag.
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Figure 3.20: Plot of the section of = obtained varying 4R and 4e and maintaining fixed
to the best fit values all the remaining parameters.
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4 A NEW CODE FOR THE NEXAFS DATA ANALYSIS

In this chapter is presented a detailed description of a software, named
THORONDOR [1], realised for the analysis and treatment of low energy XAS spectra
(NEXAFS). The code has been completely designed by me and by my friend and
colleague D. Simonne (University of Turin, now at SOLEIL, France) and can be
downloaded freely at: https://pypi.org/project/ THORONDOR/.

After a brief discussion about the NEXAFS data analysis issues, which brought to
the development of this code, the chapter will focus on the different approaches
designed to manipulate, correct and visualise the experimental NEXAFS data.
Finally, the last section is devoted to explain the functionalities of the peak-fitting
toolbox embedded in the code.

4.1 THORONDOR A SOFTWARE DESIGNED FOR A FAST TREATMENT AND

ANALYSIS OF NEXAFS SPECTRA

As introduced in chapter 1, XAS is a fundamental tool for the characterization of
a large variety of materials thanks to its chemical selectivity and high sensitivity in
determining interatomic distances [2]. These fact render this technique powerful
to study surface/interface phenomena such as those found in heterogeneous
catalysis, fuel cells or batteries [3, 4]. In these contexts, the usage of soft X-rays
below 2.0 keV is extremely useful to study the oxidation state and the coordination
geometry of both light element (at K-edges) and transitions metals (at e.g. L-
edges), which play a fundamental role in these fields [5].

In the soft X-ray energy regime, the high X-ray absorption coefficients make it
often necessary to work under low-pressure environments [6]. Although the high-
vacuum condition produces an ideally clean environment for the sample under
study, a multitude of chemically relevant phenomena only take place under
ambient pressure [7, 8]. In an effort to bridge the pressure gap in this context,
different gas and liquid cells were designed in recent years, enabling to carry out
soft X-ray studies of different reactions under in situ conditions [5, 7-17]. In
general, their design implies that the X-ray beam penetrates inside the reaction
volume through a SisNs membrane of few tens of nanometres of thickness [7].
These membranes have sufficient mechanical resistance to resist the difference of
pressure between the vacuum of the chamber, where the cell is situated, and the
gas environment inside it, at atmospheric pressure [8]. Because of the high yield
of the photoelectric effect in the soft X-ray range and pushed by the experimental
simplicity, the so called Total Electron Yield measured by the replacement current
(or drain current) has emerged as the most popular way to perform XAS in the soft
X-ray range (below 2 keV). This technique combines surface sensitivity, resulting
from the short escape depth of photoelectrons in this energy range, and the
practical advantage of minimizing the alignment problems with the detector [8].
The standard way to acquire the absorption spectrum is realised by moving the
monochromator with a discrete step, recording the TEY intensity at the selected
energy, and repeating this operation for the entire energy range of interest.
Recently, the experimental practice has been improved by continuously scanning
the grating monochromator through the desired energy range (and sometimes also
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the undulator gap) while collecting the signal in a streaming mode. This last
methodology, sometimes known as fast-scan or on the fly scan, significantly
improves the time resolution of the NEXAFS measurements, allowing to follow
under in situ conditions different dynamic processes (e.g. chemical reactions) [6,7].
Although several software packages have been developed for the analysis of hard-
XAS data (e.g. GNXAS [18, 19], ATHENA [20], VIPER [21], EDAXAFS [22], SIXPACK
[23] ...), only a few of them have been specifically designed for the data treatment
of soft X-ray absorption spectra such as QANT [24], Blueprint XAS [25] or KKCalc
[26]. The critical features necessary for accurate and efficient treatment of NEXAFS
data are a user-friendly interface, a quick and straightforward installation of the
program on any machine, and a versatile range of functions covering the whole
data treatment, from the subtraction of the background until the fit of the
spectrum. THORONDOR aims to be a software for the analysis of multiple NEXAFS
spectra, flexible enough to manage data collected both in conventional ultra-high
vacuum (UHV) measurements and during more challenging experiments in
environmental conditions. Equipped with an intuitive graphical user interface (GUI),
this program, developed in Python, allows a fast data treatment and the
visualization of several spectral profiles collected under different working
conditions, ranging from UHV to ambient pressure atmosphere. Similarly to PyFitlt
[27], one of its strengths stands in the possibility to quickly perform the
conventional XAS data-handling procedures, such as the spectral background
subtraction and normalization, using an approach based on sliders and cursors. A
peak-fitting toolbox characterized by a high variety of peak functions and
ionizations step potentials is also included for in-depth studies. Herein, it is worth
noting that users can exploit different minimizations algorithms to perform the peak
fitting of a defined NEXAFS spectrum and evaluate, using different statistical
criteria, the quality of the chosen model and the uncertainties associated to the
parameters retrieved by the fit. THORONDOR has been designed principally for the
analysis of TEY measurements. However, its multiple functions can also be applied
for spectra collected using alternative detection modes such as Partial Fluorescence
Yield (FY).

4.2 STRUCTURE OF THE SOFTWARE

THORONDOR is based on two Python objects: the classes Dataset and GUI. During
the initialisation procedure, a new instance of the class GUI, containing only
temporary information, is generated.

Here, the user can provide several datasets as input to the GUI, as long as they
focus on the same absorption edge.

The term dataset herein refers to the n-columns contained in a single experimental
data-file, saved directly from the beamline with a minimum of two columns: the
incoming photon energy, and the corresponding NEXAFS intensity. The remaining
columns can contain supplementary data, such as the intensity of the incoming
beam or the NEXAFS spectrum of a reference compound. At the moment, despite
an important effort coming from several scientists, that consists in defining a
common data exchange and archival format for X-ray experiments nhamed NeXus-
NXxas [28], for the soft X-rays absorption measurements, there is not a well-
established conventional protocol describing how an output file containing raw data
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should be properly formatted and designed. The number of columns characterizing
a dataset thus varies depending on the beamline where the measurements are
taken.

If the datasets do not possess the same exact energy range and/or number of
points, all the contained spectra will automatically be interpolated on the common
energy range, with a step fixed by the user.

Once that one or more datasets have been selected, a new instance of the class
Dataset, having as its first attribute the raw data, is created for each of them, see
Figure 4.1. If a logbook was compiled during the experiment and saved in an .xIsx
format (common excel file), it can be imported in the program too. Specific
experimental parameters, such as the temperature, can then be extracted from it,
saved as classes attributes and used by the program. This method drastically
simplifies the data analysis procedure that every scientist needs to follow after an
experiment, allowing to rapidly visualize and manipulate several datasets together.
The Pandas package [29] is employed to transform any common format of data
into a DataFrame: a Python object that allows a quick manipulation and
visualisation of the data as array (provided by the NumPy package [30]).

It is worth noting that each new variable, parameter or model that is specific to
one dataset, will be automatically saved as an attribute of the associated class.
Hence, the user can always come back to resume his work, or to alternate between
different datasets without losing his progress.

The THORONDOR interface is based on the Jupyter widgets package [31]. The
displayed GUI window is divided in multiple tabs. Each of them is built exploiting
the ipywidgets.HBox and ipywidgets.VBox objects, containing several widgets. The
functions proper to the GUI class are used to perform the entire data analysis. They
are called interactively by the ipywidgets.interact and displayed. The result is a
user-friendly interface, allowing a quick data visualisation, analysis and fitting in a
Jupyter notebook environment. Each function can also be used outside the GUI for
users that possess a deeper knowledge of Python and of the class-objects
functionalities.
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Figure 4.1: Flowchart of THORONDOR. A Python graphical user interface (GUI) is
provided to help the user for each step of the analysis.

4.3 IMPORTING AND HANDLING RAW DATA

The experimental data files, in .txt or .dat format, directly retrieved from the
beamline, must be located inside a data folder, in the same directory as the Jupyter
notebook working file, where the THORONDOR package is imported. It is supposed
that the experimental files are stored in the same data folder and refer to the same
energy edge. The spectral profiles coming from different experiments and
belonging to different datasets can be processed only in the condition that they
refer to the same absorbing element and that they share the same file architecture.
As introduced in section 4.2, the raw data files can be accompanied by a logbook
from which the user can extract, through a filtering method provided by
THORONDOR, specific experimental information associated to each dataset, such
as the data collection temperature or the composition of the gas feed. These
working parameters play a fundamental role in the gas X-ray absorbance correction
(see section 4.4.2) and in the analysis of the XAS features.

To initialize the data treatment, the user needs to provide a name for each column
of every dataset contained in the working directory. Each spectrum recorded during
the experiment is imported inside a pandas.Dataframes object under a specific
column. This operation is realized thanks to the use of practical dropdown-widgets.
Once that all the columns of a dataset have been re-named, the same
nomenclature is applied directly to all the other columns of the remaining files. It
is worth noting that THORONDOR requires that at least two columns for each
dataset correspond to two specific channels: the photon energy (E), and the
NEXAFS intensity (). The latter can be computed as the ratio of the intensity of
the signal coming from the sample (1) over the incident flux beam intensity (I,) ,
see Figure 4.2. The nature of I, and I depends, clearly, on the kind of
measurement. In case of a TEY experiment, they consist of a current signal on the
pA range [7]. This procedure (i.e. recording the beam intensity before the incidence
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on the sample) is due to the non-constant intensity of the beam in the spectrum
energy range (due to the shape of the harmonic of the undulator and the
transmission of the beamline optics [6]), moreover the beam in the ring can present
variation in time (e.g. due to the top-up filling mode of the modern synchrotrons).
Thus, the division of the absorption signal, coming from the sample, by the beam
intensity, measured typically on a fine wire mesh of some noble metal, removes
those artifacts from the pu shape and has become very popular among the beamline
experimental stations. In addition, if present as part of the experimental data file,
the user may also specify a reference column useful for energy-alignment purposes
(see section 4.4.1) and a column containing the experimental uncertainties
associated to the measurement, which can be used during the peak fitting routine.
It is worth noting that sometimes the flux monitor mesh can be contaminated by
some elements, which are present in the sample under study too. This problem is
usually addressed by normalising p for the quantity u..¢ obtained as the ratio
among the NEXAFS signal of a reference sample free of that target element I, for
the intensity of the beam collected on the mesh I5: py.of = Ie¢/15¢F. This approach,
named as stable monitor method [32], is realised in THORONDOR selecting the so-
called check box after the creation of the working datasets. Once that this option
is activated, the user can declare which columns of the dataset (i.e. I, and I5f)
can be considered to evaluate the .o spectrum. Afterwards the new normalised
spectrum pg = u/pr is added to the dataframe and can undergo towards further
corrections.
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7754000 1.058620e-10 5459794e-11 1938938 6.548265e-11

Step: 0.05 Fix step

all data files have also been corrected for the negative values of the energy and for the flipping of values.

Figure 4.2: The pandas.DataFrame object allows the quick visualisation and treatment
of the dataset. Each spectrum of a dataset is recorded on the same energy range and is
represented as a column in the dataframe. Here the first table shows the raw data read
from the dataset referring to the first scan, while the second one reports the dataset
columns selected by the user. The column p contains here the ratio of Is over Io, resulting
from the first normalization procedure.

In THORONDOR, the signals coming from channel I are firstly normalized by I, if
such a procedure has not been performed beforehand, to produce p. This
procedure is called here first normalization and the related spectral intensities will
be indicated in the text as p. At the end of this scaling process, each dataframe will
possess an extra column containing the first normalized signal p. The description
of the signal background subtraction followed by a further data normalization is
provided in section 4.5. Finally, the plotting window tool of THORONDOR allows
the user to graphically represent the information contained in each dataframe. Each
NEXAFS spectrum can be plotted singularly or together with the other signals
collected during an experiment. Herein, in order to gain a better visualization, the
colour of each spectrum can be personalized by the user together with the energy
range of plotting. A sketch of the program window is showed in Figure 4.3.
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Figure 4.3: A sketch of the THORONDOR GUL. It is possible to display it in both Jupyter
notebook and Jupyter-lab under proper builds.

4.4 DATA TREATMENT

In general, an acquired NEXAFS scan requires some corrections in order to be
converted from a raw measure to an interpretable absorption spectrum. These
spectral modifications, in THORONDOR, can be realised in four steps. These consist
in: (i) the alignment of the measured spectrum to a determined reference and its
subsequent calibration; (ii) the removal of eventual glitches affecting the measure;
(i) the membrane and gas transmittance correction; (iv) the spectral background
subtraction and second normalization. In the following sections, each of these steps
and their implementation in the software will be described in detail.

4.4.1 Data energy alignment

It is quite common that monochromators do not retain a perfect energy calibration
over the course of multiple measurements. It follows that in some cases there could
be some drift or jump effects in energy within a range of a few electronvolts [33].
THORONDOR offers the possibility to align all datasets with respect to a common
spectral feature.
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If along each scan, a reference spectrum of a well-known compound (containing
the same selected absorbing element) is collected simultaneously with the sample
measurement, it can be used for the energy alignment procedure. The reference
spectrum must be imported during the data-importing step as described in section
2.1. Afterwards, the user, by means of a cursor, can select the position of the same
spectral feature for each reference spectrum per dataset. This yields to a list
containing the position of the same feature, perchance slightly shifted, for each
dataset.

Once this step is completed all the references will be shifted in energy of a quantity
equal to the difference among their features and the one of the selected reference.
The shifts in energy accompanying each aligned reference are automatically
exported to each spectrum of every dataset, realizing, in this way, their alignment.
Finally, it may happen that the reference spectrum is not acquired during the
measurement. In this case, the user can align the NEXAFS spectra over a feature
belonging to the I or p channel.

4.4.2 Treating the effect of the window and gas X-ray absorption
Under UHV condition, it is possible to measure the photon flux I, impinging on the
sample surface. This can be realized, for example, by measuring the TEY from a
highly transparent metal grid intercepting a fraction of the incoming beam,
localized, typically, before the entrance of the experimental chamber [7]. In case
of ambient pressure measurements, this important part of the XAS acquisition in
UHV cannot be done because of the presence of both the cell membrane and gas
layer, which act as photon absorbers. However, considering these limitations, the
photon flux hitting the sample IS can be estimated from a standard I,
measurement before the entrance in the reaction volume and the window and gas
slabs transmittances, as follow:

1§ = Ipexp[— (kwlw + Kglg)] (4.1)
Where k,, and 1,, together with k, and I, are respectively the X-ray attenuation
lengths and thickness of the membrane and of the gas. The attenuation length for
an element in a given material (in the solid or gas state) is calculated as the product
of the atomic density p, by the atomic photo-absorption cross section oS given
by:

02PS(E) = 2roAfiy, (4.2)

Where r, is the classical electron radius, A is the X-ray wavelength and f;,, is the
imaginary part of the atomic scattering factor of the element under analysis [34].
In THORONDOR, the attenuation length for the membrane refers to the SisN4
compound and has been taken from the tabulated value in [34]. The only free
parameter that, in this case, can be managed by the user is the window thickness
I, (in pym). Regarding the X-rays absorption phenomena due to the gases inside
the cell, the user can easily calculate the transmittance factor for any gas mixture
with THORONDOR, see Figure 4.4. In particular, given the working pressure p (in
Pa) and the temperature T (in K) of one molecular component of a N-gas mixture,
the related k, term used in (4.1) is derived, using the following formula:

N
abs
hjpo

k. =
g
L kT

(4.3)
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Where h; is the stoichiometric index of the j™ element composing the molecule,

while kg is the Boltzmann constant. Once recovered, the X-ray transmittances for
each gas component are multiplied by their percentual volume fraction, their final
product is then equal to the total gas-mixture transmittance. It is worth noting that
the described correction is not suitable if the measurement is performed at the
energy edge of the elements constituting the gas phase present in the cell.
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Figure 4.4: Plot of the gas transmittances calculated for four spectra as a function of the
composition (60% He and 40% O2) and of the temperature (showed in K for each scan in
the box on the bottom part of the graph). The dashed vertical lines indicate the working
energy range where the signal has been acquired (in this case within 775 eV and 815 eV).

4.4.3 Deglitching

At certain orientations, the diffraction peak being utilized by the monochromator
can interfere with multiple reflections associated with another set of crystal planes
[33], resulting in a glitch in I,. Thermal (especially at high temperatures) and
electrical noise can also cause some spikes in the I signal. The presence of glitches
can distort some fundamental procedures in the program such as the background
subtraction and the spectral normalization [33]. In THORONDOR, it is possible to
select, through a single slider, the energy region surrounding a glitch and to replace
it with a set of points obtained using a spline interpolating function (linear,
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quadratic and cubic). This curve is generated considering a user-defined number
of points, situated before and after the glitch, as showed in Figure 4.5.
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Figure 4.5: Picture of the deglitching module of THORONDOR. Moving the energy slider,
it is possible to select a spectral region surrounding the glitch. Through the Deglitch button,
these points will be replaced by values extrapolated by a user defined interpolating function
(linear, quadratic or cubic).

4.5 BACKGROUND SUBTRACTION AND SECOND NORMALIZATION
The background removal procedure for XAS with hard X-rays, in transmission mode
(excluding phenomena of self-absorption), is well established and relatively easy.
It aims to subtract a pre-edge background contribution p,, that is usually
approximated by a spline function represented by a Victoreen polynomial curve
p(E;a,b) = aE~3 + bE™*, whose coefficients (a,b) are obtained via least squares
methods [21]. Afterwards, the XAS normalization is performed employing the
scaling for the edge-step defined by the following formula:
E) — E

i (E) = u( )Auztb( )
Where p(E) is the raw XANES spectrum, while the normalization constant Ap,,
showed in (4.4), is the edge-step parameter. This last term is computed as the
difference between the pre-edge and post-edge curves (approximated with a spline
too), at the absorption edge energy E,. This energy value is usually identified
taking the maximum of the first derivative of the XANES spectrum.
The application of the procedure to a NEXAFS spectrum may be problematic in
some cases. A limitation of this method can be found when dealing with a spectrum
that possess a low ionization potential edge or when two edges are situated at

(4.49)
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close distances from each other, therefore limiting the pre and post-edge energy
ranges used to define the spline functions, see Figure 4.6. The estimation of the
edge jump will contain, in this case, a larger uncertainty.

Further problems can emerge also if the spectra have been acquired outside the
UHV conditions. In particular, the NEXAFS background can increase with the gas
absorption of the X-ray beam and, at the same time, some signal features can be
distorted if the gas concentration quickly changes during a spectrum acquisition
[7].

Beside these particular cases, the problem is caused by the electron detection mode
so popular in the soft X-ray range. In fact, for one absorbed photon, n electrons
are generated, a number depending from a high number of parameters that are
not always constant in the energy range of the spectrum. This effect give rise to
slopes that are superimposed to the NEXAFS spectrum (often called background)
and that alter the shape of the spectrum thus making difficult the extrapolation of
the meaningful information.

THORONDOR offers five different techniques which can be exploited to subtract
the NEXAFS background. In the GUI, these methods are indicated as: Splines,
Single spline, Polynomial curves, Asymmetric Least Squares and Chebyshev
polynomials. The first method, Splines, has been described earlier for hard X-rays.
It is recommended only for those spectra which have been acquired in ultra-high
vacuum (UHV) or referring to samples with a high concentration of the absorber
element. The Single spline method is the fastest to execute and allows a quick
visualization of the data quality during an experiment. The last three approaches
are suitable for NEXAFS data characterized by a non-linear variation of the
background and by an extremely small edge jump, as the ones reported in Figure
4.6. Each of these techniques, excluding the Chebyshev polynomials (resulted to
be unstable), is described in detail in the following section.

In THORONDOR, for each method, the parameters regulating the generation of the
background curves are completely accessible to the user through sliders. In
particular, the program allows, for a user-defined energy range, the simultaneous
visualization of the original (untreated) spectrum and the background subtracted
spectrum on two separated graphic windows. Once defined for a spectrum (e.g. p)
in a first dataset, the same background subtraction parameters can be applied to
the other spectra for all the acquired datasets. This is an important feature of
THORONDOR that allows the user to define a set of parameters on one dataset,
and to then, if satisfactory, to use the same parameters on the other datasets.
Thereby quickly correcting the background for all datasets and allowing a quick
visualisation of the corrected data.

In case of a NEXAFS signal treated using the Splines method, the second
normalization procedure is realised using equation (4.4). For the other cases, the
intensity of each NEXAFS point is divided by the total area under the background
subtracted curve.
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Figure 4.6: Plot of seven NEXAFS (u) scans referring to the Cu Lz and L3 edges acquired
during the cooling ramp (from 135 °C to 100 °C) in presence of CO for a Cu-exchanged
CHA zeolite (Cu/Al=0.5, Si/Al=15; Cu 2.6 wt%: typical example of diluted absorbing
element). It is evident from the graph that the classical background subtraction and
normalization procedure typical of the hard-XAS here cannot be applied because of low
edges absorption jump and due to non-linear background.

4.5.1 Splines method

The first step of this technique consists in the identification of the absorption energy
edge (E,) for the spectrum under analysis. This is done, in the program, by
calculating the first order derivative of the NEXAFS spectrum and taking the energy
value of its maximum. The selection of the maximum of the derivative is done
automatically by the program. However, the user has the possibility, through a
cursor, to select a specific point of the derivative curve and to save the related
energy value as E,. Once that the value of the edge energy position has been
defined, the user can start to manipulate two sliders controlling the number of
energy points situated, respectively, in the pre-edge and post-edge part of the
NEXAFS spectrum. These two set of points are used to define the pre-edge and
post-edge spline functions which are subsequently employed to remove the
background and normalize the spectrum in accordance to equation (4.4).
THORONDOR offers also different kind of interpolating functions which can be used
instead of the classical splines introduced in 4.5. These include linear, quadratic
and cubic polynomial models realised exploiting the numpy.polyfit method [30]. An
example where this method is applied with success is showed in Figure 4.7.
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Figure 4.7: Cu Ls and L. edge NEXAFS spectra for Cu20 (representative example of highly
concentrated absorbing element), before (left panel) and after (right panel) the background
subtraction and normalization provided by the splines method. The yellow and red vertical
lines and the colour-related points indicate the selected pre-edge and post-edge regions,
respectively. The green dashed line denotes in both graphs the position of the energy
position of the absorption edge (Eo).

4.5.2 Single Spline method

This method can be used as an alternative normalization procedure for a NEXAFS
spectrum whose background has been subtracted with the same kind of
interpolating curves (splines or polynomials) employed in the Splines method
described in section 4.5.1. Through a single slider, the user can select the number
of points situated in the pre-edge of the NEXAFS spectrum. Once this step is
completed, this range of points is fitted by a spline or a polynomial function, which
is subsequently subtracted to the raw NEXAFS spectrum. Contrary to the classic
Splines method, which foresees the edge-step normalization, this procedure is
realised by scaling the background subtracted NEXAFS spectrum to the magnitude
of a point in the curve (e.g. the maximum peak intensity of the NEXAFS white-line
(W.L.) or a point corresponding to the maximum value of the energy range [35]),
which is selected through the usage of a proper slider. A demonstrative
representation of this approach is showed in Figure 4.8.

115



Pick an y-axis | p Vv | Order: | Victoreen v

Energy range (eV): ( m— [p10.00 - 935.00
Cursor. 947.00
A: | 1000000000 B: | 1000000000
name value standard error relative error initial value min max vary
Background_A  1.1612e+10 4.2668e+08 (3.67%) 1000000000 -inf inf True
Background_B -8.7226e+12 3.9786e+11 (4.56%) 1000000000 -inf inf True
Remove background for all Save reduced data for this dataset
Raw Data Background subtrackted & normalized curve
P

Selected Region
== Background curve
10 Cursor for Normalisation

8l | | \\/

NEXAFS
N w
NEXAFS

930 940 950 960 970 930 935 940 945 950 955 960 965 970
Energy Energy

Figure 4.8: Sketch of the THORONDOR single spline method tab window. The orange
points enclosed within the two dashed black vertical lines represent the NEXAFS values in
the pre-edge employed to generate the green spline curve, which is then subtracted to the
experimental spectrum. The vertical orange dashed curve identifies a NEXAFS point whose
intensity is used to scale the entire NEXAFS spectrum.

4.5.3 Polynomial curves method

Given an experimental spectrum, a background curve is generated based on a
determined number of points u(E;) belonging to the NEXAFS signal. The amounts
of points and position in energy are user defined. Through sliders, the user can
distribute them along the entire spectrum selecting specific energy positions which
are not characterized by real spectral features but uniquely by the signal
background (e.g. some region of the spectrum without any peak), see Figure 4.9.
Once that this step is completed, the related background function, consisting in a
third order spline, is generated, using the splrep method of the SciPy package [36],
and directly subtracted to the raw data.
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Figure 4.9: Application of the polynomial curves method to remove the background from
a representative NEXAFS spectrum at Co L-edge (orange points, left panel) containing both
the L2 and Ls edges. After having selected the working energy range and the number of
spectral points needed to generate the background function, the user can move them along
the spectral profile through sliders while simultaneously observing their effect on the
background subtracted spectrum (blue curve, right panel).

4.5.4 Asymmetric Least Squares method

Among all the approaches, the Asymmetric Least Squares method has proven to
be the fastest and most accurate. This baseline subtraction approach was
introduced by Eilers and Boelens and it has been extensively used in the field of
Raman spectroscopy [37, 38]. It exploits an asymmetric least squares (AsLS)
method. The method aims at fitting a smooth background f to an experimental
spectrum p(E). To do so, it is necessary to minimize the following objective
function:
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N N
arg?in {z wi(h(Ep) — f) + AZ(Azfi)z} (4.5)
i=1 i=1

The first term of equation (4.5) expresses the fitness to the data while the second
one is related to the smoothness of f. Herein u(E;) and f; are respectively the it"
value of the experimental NEXAFS spectrum (u having N values) and the smoothed
function f evaluated at the i energy point. The A%f; term is a difference operator
defined as: A%f; = (f; — fi_;) — (fi.; — fi_,) = f; — 2f;_; + fi_,, A is a regularization
parameter while w; represents a set of weights chosen asymmetrically: w; = p if
u(E;) > f; and w; = 1 — p otherwise. In THORONDOR, the user can have direct
access to A and p and consequently move them in the recommended ranges within
107 — 10° for A and 0.001 — 0.1 for p [37]. Once that the parameters have been
chosen, the background function is automatically generated and subtracted to the
experimental spectrum. The THORONDOR tab window designed for this approach
is reported in Figure 4.10.
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Figure 4.10: Application of the asymmetric least squares method to remove the
background from a representative region of a NEXAFS spectrum, corresponding to the Co
L-edge (orange points, left panel), containing both the L2 and L3 edges. The parameters
lambda and p, controlled by sliders, are the ones appearing in equation (5) and modify
directly the shape of the background subtracting curve.

4.6 PEAK FITTING

Once that the data treatment procedure (described in section 4.4) is completed,
a NEXAFS spectrum can be further processed using the THORONDOR peak-fitting
toolbox.

In general, a NEXAFS spectrum is always characterized by resonances
corresponding to different transitions from an occupied core state to an unfilled
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final state [24]. These resonances can be usually modelled as peak shapes,
properly reproduced by Lorentzian peak-functions [6, 32, 39, 40]. The procedure
of peak decomposition becomes extremely important when someone wants to
decompose a NEXAFS spectrum into a set of peaks where each of them can be
assigned to an existing and physically reasonable electronic transition. Finally,
spectral energy shifts for a set of scans can be recovered from the fitting procedure
too. They correspond to inflection points in the absorption edge step function (i.e.
the maximum of their first derivatives). The evaluation of these quantities is
extremely important because they properly indicate the presence of reduction or
oxidation phenomena involving the absorber atoms in the system under study.
THORONDOR offers a large class of peak functions including Gaussian, Lorentzian,
Voigt and pseudo-Voigt profiles. The signal absorption edge step can be properly
modelled using an arc-tangent function [41] as well as an error function, which
have been proven to be suitable for this usage too [40, 42]. In general, the user
should pick a step-function according to his knowledge prior to the fitting, since it
has been shown that the width of the error function is related to the instrumental
resolution [42], whereas the width of the arc-tangent is connected with the life-
time of the excited state. The step localization depends on the quality of the
spectrum, usually several eV below the core level ionization energy [42].
Sometimes, the background in the pre-edge can slightly differ from the step
function due to features linked to transition to the bound states in the system [39].
In THORONDOR, if one wishes to focus on that energy range, it is possible to use
splines of different order to fit the baseline for those energy values and then pass
to fit and normalize the pre-edge peaks [43].
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Figure 4.11: Screenshot of the THORONDOR peak-fitting toolbox. In the graph on the
left is reported the comparison between the experimental spectrum and the best fit
referring to a Cu20 sample, while on the right are showed all the optimized profiles. The
associated R-factor, quantifying the misfit among the experiment and the best fit is
R#s(%) = 0.15%.

In THORONDOR, the parameters associated with the peak and step profiles (i.e.
the number of peaks and their energy position, their FWHM, the peak function
amplitudes, the number of step functions and their slopes ...) are defined by the
user via cursors and text-boxes, see Figure 4.11. After the definition of a fitting
model, the user needs to provide an initial guess to initialise the fitting routine. The
sum of all the user-defined functions with the current guess for the parameters is
plotted along the experimental spectrum by clicking on the button See current
guess. Therefore, by tuning the initial guess, the user can visualise the agreement
between the experimental curve and the reconstructed one. Once that this step is
performed, the user-defined parameters are employed to initialize the fitting
routine.

The fitting routine is based on the minimization of a square residual objective
function £, defined as:

N
exp Ei _ ,,theo Ei: 2
E(p)zz(u (Ep) — w™""(E;, p))
i=1

5 (4.6)

&

120



Where p = (p;, ..., pm) iS the set of M parameters characterizing the selected peak
and step functions, N is the number of the energy points, u®*P(E;) and u™e°(E;, p)
are respectively the i value of the experimental and the theoretical spectrum,
while ¢; is the uncertainty weighting related to the it experimental point. Equation
(4.6) assumes that the experimental signal is only affected by random Gaussian
noise with standard deviation equal to ¢; around the true signal [18].

Thanks to the use of the Imfit packaged [44], THORONDOR provides different
minimizations algorithm that can be applied to minimize equation (4.6). In
particular, the Levenberg-Marquardt algorithm [45] is recommended for the fitting
procedure if the user decides to start the analysis with a good initial guess. Indeed,
this method is quite fast and converges quickly towards a local minimum. If the
fitting routine does not succeed, some additional algorithms are provided, such as
the Nelder-Mead method [46] which has been demonstrated to be more robust
than the precedent one [44].

4.6.1 Estimating the experimental uncertainties

As it is possible to see from (4.6), the definition of Z requires the evaluation of the
experimental errors g;. If these are not provided by the user, THORONDOR offers
three different alternatives.

The first procedure has been inspired by the work by Dent et al. [47] and it is
employed in the GNXAS software to estimate the error associated to an
experimental EXAFS spectrum [18].The second method simply uses the errors from
the user, imported along with the data, as uncertainty weights for equation (4.6).
Finally, in case the errors provided by the first method seem under- or over-
estimated and if the user is unable to quantify the uncertainty on the measure, the
errors can either be equalled to the inverse of the background subtracted data or
to one, resulting in a non-weighted fitting routine for the latter.

4.6.2 Evaluation of the goodness of a fit

Mismatch between data and fit can be measured in a number of ways [33]. One of
the common methods implemented in THORONDOR is the XAFS R-factor. Similarly
to the one showed for the EXAFS analysis in of chapter 1, it is defined as:

2

Y1 (1P (B;) — phe°(E;, p)) 4.7)
L1 (neP(E)?)

In the hypothesis that the S/N ratio of the data is good, the Rix(%) of an adequate
fit can be expected to be in the order of few percent [33, 48].
Because of the presence of M parameters in the fit, the quantity Z(pY, ..., p}),
where the vector p° = (p?,...,pYy) is the minimum value of (4.6), can be
interpreted by a x%_y random variable. Thus, the statistical x* test can be
performed in THORONDOR to check if the actual value of Z(pY, ..., py) is only due
to the residual noise or otherwise it contains unexplained physical information [18].

R%5(%) = 100 x

4.6.3 Finding uncertainties in fitted parameters

In THORONDOR, the parameter uncertainties retrieved by the fitting procedure can
be estimated in different ways. In general, this is done by inverting the Hessian
matrix of (4.6) determining the related covariance matrix, whose diagonal elements
are the squared parameters errors [49]. However, sometimes the uncertainties
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cannot be estimated, which generally indicates that Hessian matrix cannot be
properly inverted because the fit is not actually sensitive to one of the variables
that must be optimized. Moreover, as already introduced in section 4.6, the
standard errors computation assume that the residuals follow a normal distribution
with mean equal to zero, and that a map of probability distributions for pairs of
parameters would be elliptical (the size of the ellipse gives the uncertainty while
the eccentricity the correlation) [44, 50]. The validity of the uncertainty estimation
can be discussed since it ignores outliers, highly asymmetric uncertainties, or
complex correlations between the estimated parameters. Nevertheless, the results
that yield from this estimation are usually pretty good when it is possible to
determine them, which is usually the case if one starts the algorithm with an initial
guess close enough to a local minimum.

A more detailed investigation of the probability distribution of the parameters can
be performed a posteriori via the emcee Markov Chain Monte Carlo package [51]
(version 3 or superior) by exploring the parameter space. This additional step is
recommended, especially if the estimation of the covariance matrix fails, roadblocks
can be present with models composed of numerous parameters and bounds or
constraints. Hence, one can estimate the uncertainties and find the correlations
between pairs of parameters. A corner plot can be drawn using the corner package
[52].

As described before, in THORONDOR, confidence intervals are determined in both
methods providing a clear idea of the uncertainties associated to each parameter.
Overall, the fitting module of THORONDOR allows one to quickly fit specific features
or entire spectra using different approaches and many degrees of freedom, without
neglecting the statistical analysis of the fit quality.
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5 INVESTIGATING BY XAS THE ACTIVE SITES FOR
THE DIRECT CONVERSION OF METHANE TO
METHANOL OVER CU-EXCHANGED ZEOLITES

Methanol is one of the most important building block in the chemical industry. It is
widely employed as a fuel, it can be converted into many added-value products like
dimethyl-ether, and it represents a chemical feedstock to produce ethylene, acetic
acid, formaldehyde and olefins. Furthermore, it is used as a solvent for the
extraction of bioactive compounds or for water treatment to reduce
environmentally damaging effluents [1-5]. Commercially, it has been obtained, for
a long time, using Cu/Zn oxide/alumina catalysts leading its synthesis from syngas:
a mixture of carbon monoxide and hydrogen [6]. This process requires both
elevated temperatures and pressures and the syngas is required to be synthetized
beforehand from different sources (e.g. natural gas, coal, biomass and
hydrocarbons). More recently there has been a great deal of interest in developing
some more direct and energy-efficient methods to produce methanol either from
hydrogenation of carbon dioxide or directly from methane [6]. Methane, in
particular, is emitted from a great variety of natural and anthropogenic sources as
a result of the anaerobic decomposition of organic matter, land-use alteration and
fossil-fuel related emissions [7].

However, the conversion of methane to methanol presents a considerable
challenge. Methane is, in fact, a highly stable molecule difficult to activate, due to
its low electron and proton affinity, low polarity, high ionization energy and strong
C-H bond (439 kJ'mol?) [8]. The latter can be kinetically and thermodynamically
activated by oxidation. However, the C-H bond in methanol appears to be ca. 47
kJ'mol?, implying that its over-oxidation in carbon monoxide and dioxide is
favoured under the reaction conditions for the methane activation. Finally, also
from a kinetic point of view, the methane oxidation in methanol and dimethyl-ether
(which is another relevant product of the partial oxidation of methane) is slower
than the reactions that may subsequently lead to the over-oxidation of the
methanol, see Table 5.1.

Possible Cu redox routes to products
[Cu(II)-O-Cu(II)]?*+CHs—[Cu(I)-(OCHs)-Cu(I)]*+H* methanol

2[CU(I)-(OCHs)-Cu(I)]*+2H*—CHs-0- dimethyl- gi:ggtt'l‘(’;
CH3+4[Cu(I)]*+H.0 ether
[Cu(D)-(OCHs)-Cu(1)]* +2[Cu(I1)-O-Cu(I)** —[HCOO] _ formate
+6[Cu(I)]*+ H0

[Cu(1)-(OCHs)-Cu(I)]*+2[Cu(1I)-O- carbon Over
Cu(II)]**—CO+6[Cu(I)]*+ 2H.0 monoxide Oxidation
[Cu(1)-(OCHs)-Cu(1)]*+2[Cu(1I)-O- carbon
Cu(ID)]*—CO»+3[Cu(D)]* dioxide

Table 5.1: Notional description on how methane may be converted to both selective and
unselective oxidation products. Adapted from [6].

126



One promising pathway for the direct conversion of methane to methanol (DMTM)
can be realised via the partial oxidation of methane over metal-containing zeolite
catalysts, which appear to mimic the methane oxidation process realised by certain
enzymes founded upon Cu and Fe centers (i.e. the methane monoxygenases) [9,
10]. Zeolites are microporous crystalline aluminosilicates of natural or synthetic
origin with highly ordered structures. Structurally, zeolites are constituted by TO4
tetrahedral units (T = Si**, A**) which are linked to each other by shared oxygen
atoms to give a three-dimensional network which can assume various topologies.
This framework structure is relatively open and characterized by the presence of
channels and cavities. In the literature, the Si/Al ratio ranges from a minimum of 1
(where the Si and Al atoms are in strict alternation) till to infinity. Most of the
systems with channels contain rings with even number of T sites, for example: 6,
8, 10, 12 and 14 rings. Due to the four oxygen bonds, the AI** site induces a net
negative charge to the framework, which can be compensated by an extra
framework cation. The latter can be simply a proton (H*) or a metal site such as
Cu that is hosted inside the zeolite rings and coordinated with the lattice oxygen
adjacent to the Al sites. These extra-framework cations are considered the main
responsible of the cleavage of the C-H bond in CH4 and of the stabilization of the
methyl group that will be hydrolysed later into methanol. The description of the
synthesis procedure regarding these materials, named generally as Cu-exchanged
zeolites, is out the scope of this thesis. However, the interested reader can find
more information about this topic in references [11, 12].

The ability to convert the methane to methanol in a selective manner has its origins
in the capacity to stabilise the intermediate species, such as the methoxy groups
(which are at the basis of the formation of the methanol molecules) and protecting
them from subsequent oxidation processes. For Cu-zeolites, the Cu sites must be
activated by an oxidant in order to create one or more active sites. These sites
serve to activate the C-H bond and to stabilise the methoxy formed species from
further oxidation processes. This evidence determined the design of well-defined
procedures which can be followed to convert the methane in methanol over Cu
exchanged zeolites, following a step-wise approach. Among them, the most
frequently employed approach foresees a three-step process characterized by an
activation in oxygen, the methane reaction and finally the methanol extraction [8,
13]. Under typical operation conditions, the Cu- exchanged zeolite is activated for
several hours at 450°C or 500 °C in an oxygen atmosphere and subsequently
cooled and treated with an inert gas, such as He, in order to remove the O, used
in the activation of Cu-zeolite. Then methane is sent over the Cu-exchanged zeolite
for some time at about 135°C or 200°C, and the produced methanol or methoxy
group is desorbed or extracted from the Cu-zeolite using a solvent such as water
to obtain methanol [14]. A graphical representation of this procedure is reported
in Figure 5.1.
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Figure 5.1: Schematic representation of the stepwise process described in the text and
employed in the investigations described in the next sections. In the bottom is reported the
description of the possible oxidant gases and types of processes occurring within the step-
wise approaches to methane oxidation over copper containing zeolites. The double blue
linear curve at 200 and 135 °C indicates the possible extractions temperatures.

A large variety of Cu-zeolite catalysts have been evaluated during the last decade
for such step-wise DMTM process. In particular, it is worth to underlie that the Cu
exchanged zeolites possessing the chabazite (CHA) and the mordenite (MOR)
frameworks have been distinguished, among the various zeolite topologies, for
their high-activity for the methane to methanol conversion [6, 8, 15, 16]. The CHA
topology is built up by an arrangement of double 6-membered rings (6r), connected
via 4-membered ring units, giving rise to the so-called CHA cages, which are
accessible through 8-membered rings (8r), see Figure 5.2(a). On the other hand,
the MOR structure possesses 12 membered ring pores (12r) interconnected by 8r
channels, as showed in Figure 5.2(b).

More information about the geometrical properties can be found on the IZA
database: http://www.iza-structure.org/databases/.
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Figure 5.2: Pictorial representation of the main rings characterising the CHA (a) and MOR
(b) zeolites frameworks and suitable to host the active site for the direct conversion of
methane to methanol. Colour code: O: red, Si: grey.

Although the structure of copper-oxo active species inside zeolite pores involved in
the methanol production has been proposed since the beginning of the
investigation [14], it remains controversial. In particular, the main open questions
about this topic regard the nuclearity (i.e. the number of Cu atoms) and the
geometry of these active sites. The knowledge of these properties is fundamental
and can shed light on the mechanism for DMTM conversion over Cu-zeolites.
Moreover, they can provide clear information concerning how to optimise these
materials in terms of their structure and composition.

This chapter is organized in the following way. First at all in section 5.1, it is
showed how XAS in connection with the MCR-ALS approach can help to elucidate
the impact of the catalyst composition on the temperature-dependent Cu-
speciation and reducibility in Cu-CHA zeolites during the activation process. In
section 5.2 the individual process steps for the direct conversion of methane to
methanol, showed in Figure 5.1, are investigated in detail over a batch of Cu-CHA
materials and a relationship between their methane productivity and the Cu-
speciation is established. Section 5.3 proceeds on the analysis reported in the
precedent section and shows an attempt to identify, for a selected Cu-CHA sample,
the spectral profile associated to the active sites involved in the DMTM process.
Herein, the MCR-ALS method was employed on a large dataset composed by
HERFD-XANES collected during the oxygen and He activation of the catalysts. The
use the MCR-ALS algorithm is discussed also in section 5.4, where it is showed
how this approach has been employed to accurately quantify the fraction of active
Cu sites in Cu-MOR, allowing to obtain, in this case, an unambiguous determination
of the active site nuclearity as dicopper site (with unknown structure). In section
5.5, a theoretical screening of the EXAFS profiles, proper of a series of Cu(II)-oxo-
species, suggested from the literature to be the most probable active sites for the
DMTM conversion, is provided. These results, set the bases for an easier and more
robust interpretation of the XAS data collected on Cu-zeolite systems, moreover it
is demonstrated how, differently for the XANES analysis, the application of the WTA
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on these simulated signals is able to enhance the EXAFS sensitivity towards the
nuclearity of Cu-oxo species in Cu-zeolites. Focusing on this topic, in section 5.6
and in section 5.7 it is showed, for a selected set of Cu-MOR samples how,
combining ex situ XAS measurements under model red-ox conditions with /n situ
data collected after the key steps of the DMTM process, the EXAFS-WT enables the
unambiguous detection of Cu—Cu scattering contributions from multimeric Cu-
species. The latter is also demonstrated quantitatively through the employment of
the EXAFS fit in the WT space, which reveals a Cu local coordination environment
consistent with mono-(pu-oxo) di-copper cores.

5.1 UNDERSTANDING THE CU SPECIATION AND REDUCIBILITY OF Cu-CHA

CATALYSTS EMPLOYING AN IV SITU XAS STUDY

From the recent literature, it clearly emerges that Cu location in the
framework strongly depends on the sample composition in terms of Si/Al
ratio and Cu loading [20—24]. In particular, two major Cu—sites in dehydrated
Cu—CHA have been proposed. These include reduction-resistant Z,Cu(II)
species (where Z, represents the bonds to the zeolite framework oxygens Osy
next to two neighbouring Al sites in framework T-sites) hosted in the 6r and
redox-active ZCu(II)OH complexes (where Z indicates bonds to Ony next to
an isolated Al atom in a framework T-site) preferentially stabilized in the 8r.
The ZCu(II)OH species are known to undergo towards the so-called se/f-
reduction process [25, 26] to ZCu(I) complexes during thermal treatment in
vacuum or in inert gas flow from ~ 200 °C upwards [18, 23, 24, 27]. In
particular, how it will be showed in the next section (section 5.2), the
presence of these last sites appears to be strongly correlated with the
formation of the active species for the DMTM conversion. It follows that it is
necessary to explore the composition-dependence associated to the Cu-
speciation for this catalyst trying to differentiate between the different
reducibility phenomena involving the Cu-sites and gain deeper insights into
the self-reduction process.

In order to track the dynamic rearrangements of Cu ions as a function of
determined environmental parameters (i.e. temperature, gas feed
composition Si/Al and Cu/Al ration), different set of /in situ XANES
measurements have been collected during the He-activation, from 25 °C till
to 400 °C (flow rate 100 ml/min; heating rate 5 °C/min; XANES scan duration
~ 6 min), for six Cu-CHA samples with Si/Al ratios of ~ 5, 15, 19, 29 and
Cu/Al ratios from ~ 0.1 to ~ 0.6. The technical details concerning the XAS
data acquisition process are reported in section 5.8.1 of the appendix. The
activation in He (heating ramp 5 °C/min) was required in order to have a
higher level of discrimination between reducible and not reducible sites. The
detailed list of analysed samples is reported in Table 5.2. From now, for all
the cases of study reported in all the sections of this chapter, the following
notation will be used to denote the composition of an arbitrary Cu-exchanged
zeolite: zeolite framework type (Cu/Al; Si/Al).
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Sample

(23'/“;; %wtCu  Cu/Al %wtAl  %wtSi  Si/Al
Si/Al)

(0.1; 5) 1.51 0.11 6.03 31.0 4.94
(0.3; 5) 4.20 0.33 5.42 27.6 4.89
(0.1; 14) 0.76 0.13 2.47 36.1 14.06
(0.5; 15) 2.64 0.47 2.38 37.5 15.12
(0.6; 19) 2.59 0.56 1.98 38.5 18.68
(0.6; 29) 1.71 0.56 1.30 39.5 29.17

Table 5.2: Detailed description of the composition of the samples treated in this study.
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Figure 5.3: (a) In situ XANES of Cu-CHA catalysts referring to different composition
samples (different samples are denoted with (Cu/Al; Si/Al) labels) during dehydration in He
flow from 25 °C to 400 °C, heating rate 5 °C/min. (b) Comparison between XANES spectra
of He-activated Cu-CHA samples with different composition, collected at 400 °C. The inset
reports a magnification of the weak pre-edge peak mostly deriving from the dipole-
forbidden 1s— 3d transition in Cu(II) sites. (c, d) Magnitude (c) and imaginary parts (d) of
the k?-weighted, phase uncorrected, Fourier transformed EXAFS spectra (plotted in
modulus) ( k -range 2.4-12.4 A1) of He-activated Cu-CHA samples with different
composition, collected at 400 °C. Colour code in all the panels: dashed thick lines: hydrated
sample at 25 °C; solid thick lines: dehydrated sample at 400 °C; grey thin lines:
intermediate spectra.
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Figure 5.3(a) shows the evolution of the collected /n situ XANES employed
in the investigated Cu-CHA catalysts during the entire activation process. The
XANES features follow a similar trends in the whole series of samples, in
agreement with previous studies [17, 18]. The spectroscopic features
emerging during the activation process can be qualitatively interpreted on
the basis of the abundant literature on Cu K-edge XANES in metal-exchanged
zeolites [1, 2, 19-23]. In particular, a progressive decrease of the intense
white-line (W.L.) peak at ~ 8996 eV, characteristic of mobile five/six-
coordinated Cu aquo-complexes [9, 10, 24, 25] is observed as the activation
proceeds, paralleled by the development of the rising-edge peaks in the
8985—-8987 eV range, reflecting an increase in the population of
three/four/five-coordinated (intermediates of dehydration) Cu(II) sites [9,
10, 24-29]. From ~ 230 °C upwards, the reduction of Cu(II) in Cu(I) occurs
in all the samples. This phenomenon can be tracked by the development of
determined XANES features in the 8981-8985 eV range, typical of Cu(I)
sites, localised in non-linear, low-coordination-number environments [19, 30,
31].

Higher-quality /n situ XAS spectra on the whole sample series upon
stabilization at 400 °C have been collected too. The acquisition time was
adjusted to achieve a satisfactory S/N ratio in the EXAFS region, enabling to
quantitative fitting of the resulting spectra. Figure 5.3(b-d) compares the
final states reached in He flow at 400 °C for all samples, in both XANES
(Figure 5.3(b)) and EXAFS regions (Figure 5.3(c,d)). A progressive
modulation of the XAS features as a function of the composition can be
appreciated. The rising-edge and post-edge peaks in the XANES occur at very
similar positions in the whole sample series, although their relative intensity
is different depending on the composition. The reducibility (relative
abundance of Cu(I) sites obtained from Cu(II) complexes) of the samples
seems to be mostly determined, in a non-monotonous way, by the Si/Al ratio.
Lower reducibility is observed for both Si/Al = 5 and Si/Al =19, 29 samples,
although the dominant dehydrated Cu(II) species appear to be different in
the two cases. In particular, the XANES for He-activated Cu-CHA at Si/Al = 5
shows a more intense and structured white line region, with well-resolved
peaks at ~ 8998 and ~ 8992 eV, and a broad post-edge peak in the
9005-9010 eV range (blue asterisks in Figure 5.3(b)), in agreement with
the XAS spectra reported by Paolucci et al. [5] for a Cu-CHA catalyst with
similar composition (Cu/Al = 0.08; Si/Al = 5). Conversely, the samples with
Si/Al = 19, 29 show broader and less pronounced W.L. peaks, as well as a
smoother post-edge region. The catalysts with intermediate Al content, Si/Al
= 14, 15, are characterized by very pronounced Cu(I) XANES features,
pointing out the presence of a majority of Cu(l) sites at 400 °C in He,
independently from the Cu-loading.

The reducibility trends qualitatively identified throughout the series of
samples are also supported by the modulations in the intensity of the weak
pre-edge peak at ca. 8977 eV, mostly deriving from the 1s—3d transition,
which is an unambiguous fingerprint of the presence of d° Cu(Il) ions in the
catalysts [20, 28, 32] (see Figure 5.3(b), inset). Such peak is clearly visible
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for all the investigated samples except for the Si/Al ~ 14, 15 ones, where it
appears almost completely smeared at both high (Cu/Al = 0.5) and low
(Cu/Al = 0.1) Cu-loading.

For all the He-activated samples, two well defined maxima are
distinguishable in the phase-uncorrected FT (Fourier Transform) -EXAFS
spectra (Figure 5.3(c,d)), occurring in the 1.4-1.5 A and 2.2-2.4 A ranges.
On the basis of DFT-assisted EXAFS analysis, previously performed on a Cu-
CHA sample with Cu/Al ~ 0.44, Si/Al ~ 13 [17], it is possible to safely assign
the first maximum to single scattering (SS) paths involving extra-framework
(Oefw) and framework (Osv) oxygen atoms in framework-coordinated Cu-
species. Remarkably, the composition-induced modulation in the first-shell
intensity correlates with the level of Cu(I) species as evaluated from XANES.
Indeed, samples with Si/Al = 5 and Si/Al = 19, 29 show higher first-shell
intensities, suggesting a major population of Cu(Il) sites characterized by
three/four-fold coordination to O ligands. Conversely, a lower first-shell
intensity is observed at Si/Al 14, 15, corresponding to a higher relative
fraction of two-fold O coordinated Cu(I) sites [17].

Considering several recent XAS studies on Cu-CHA [17, 33-36] it is possible
to associate the principal contribution in the second maximum of the FT-
EXAFS spectra to SS paths, involving the second-shell, to the Al/Si T-atoms
of the zeolite framework. A clear composition-driven trend, in both intensity
and position, becomes evident looking at the imaginary part of the FT-EXAFS
second shell of the spectra in Figure 5.3(d). As the Si/Al ratio increases from
5 to 29, the peak progressively shifts towards lower R-values, evidencing an
average shortening in Cu-Tr bond distances. In particular, the intensity of
the second-shell peak is mostly determined by the Si/Al ratio and a minimum
is found in correspondence of the Si/Al = 14, 15 samples, according to the
following trend: Si/Al =5 > 19, 29 > 14, 15.

Interestingly, the highest amount of Cu(I) features at Si/Al ~ 15 is
accompanied by damped and broadened second shell peaks, possibly
connected with a higher heterogeneity in Cu(I) siting. The higher second-
shell intensity observed for Si/Al = 5 is in good agreement with the presence
of a major contribution from Z,Cu(II) sites. For these Cu-sites, DFT-optimized
geometries previously reported in the literature [17, 36, 37] evidence two
almost degenerated Cu—Al and Cu—Si SS paths at ~ 2.8 A contributing to the
second maximum in the FT-EXAFS (please note that Si and Al atomic
neighbours are not distinguishable by EXAFS due to the very similar
scattering amplitude, as discussed in section 3.1 of Chapter 3).
Conversely, for the case of ZCu(II)OH sites, only one Al neighbour at ~ 2.7
R is predicted, which would result in a lower second-shell peak in the FT-
EXAFS spectra.

The qualitative observations presented so far is rationalized in the following
section, by combining the MCR-ALS decomposition of the temperature-
dependent XANES dataset shown in Figure 5.3(a) with multi-component
fitting of the EXAFS spectra reported in Figure 5.3(c,d).
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5.1.1  Multivariate analysis of temperature-dependent in situ XANES

As highlighted in the previous section, the qualitative analysis of the /n situ
XAS dataset during He-activation reported in Figure 5.3 strongly supports
the presence of a common set of Cu-species, occurring with different relative
abundance as a function of the temperature and composition (Cu/Al; Si/Al).
Herein the MCR-ALS approach initialised through the SIMPLISMA algorithm,
described in detail in section 2.1.3.2.1 of Chapter 2, has been employed
to analyse the multi-composition temperature-dependent dataset reported in
Figure 5.3, in order to deduce the XANES spectra of pure Cu-species directly
from the available experimental data.

The first step in the analysis consisted the determination of the number of
pure species: Npure affecting the datasets reported in Figure 5.3(a). To this
aim, the PCA of the /in situ XANES series (He-activation from 25 to 400 °C)
for each catalyst composition was performed.

The PCA has been employed assuming that any systematic thermal dependence of
the XANES signal is negligible with respect to the Cu-speciation-related
contributions to the experimental variance. From the inspection of the quantitative
statistical indicators such as the Malinowski F-test (with a=5%) and IND-factor, it
has been possible to identify an average number of pure common species <Npure>
=5+ 1, see Table 5.3.

Npc(F-test)

Sample . . Nec(IND)
(Cu-CHA, Cu/Al_Si/Al) Ma"'}ﬁ‘ﬁ’;‘;}o';'te“ IND-factor

015 6 6

0.5;5 4 4

0.1; 14 4 6

0.5: 15 5 7

0.6; 19 5 6

0.6; 29 5 5

<Npc.> £ o 5+1 61

Table 5.3: Number of PCs (Nrc) identified using the Malinowski’s F-Test and IND Factor.
How it is possible to see the average number of PCs stands around five main components.

Having established the existence of five main species in the datasets and
supposing their presence in all the analysed samples, it is possible to create
an enlarged dataset composed by the all the spectra (76 in total) appearing
in Figure 5.3. This choice results extremely important because it allows to
reduce the rotational ambiguity phenomena, affecting the reconstructed
solutions. The five theoretical XANES pure components are shown in Figure
5.4(a) while the bar plots in Figure 5.4(b) report their correspondent
temperature-dependent concentration profiles for each compositional point.
By matching the characteristic XANES features of each pure spectrum and
the evolution trends for their weights with the rich experimental background
currently available on Cu-CHA, it is possible to safely assign each pure
component to the Cu-species depicted in Figure 5.4(c). For sake of
comprehension, from now, the term species or simply pure component (PC)
(of the chemical mixture) will be used to indicate the signal associated to the
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chemical sites extracted through the MCR-ALS algorithm. Although the
acronym PC reminds the one used in chapter 1 to indicate the principal
components extracted through the PCA procedure, it is worth to underlie that
the two thing are quite different. In particular, the principal components are
mathematical solution, without chemical physical meaning, of the spectral
decomposition problem, while the pure spectra extracted by means of the
MCR-ALS algorithm can be seen as a combination of the principal
components.

A first clue to identify the Cu oxidation state in each of the retrieved pure
components is provided by the 1s — 3d pre-edge peak in the theoretical pure
spectra (see Figure 5.4(a), inset). The peak is clearly present in all the
retrieved curves except in the XANES spectrum for the second specie (red
line in Figure 5.4(a)). Hence, this latter component can be unambiguously
assigned to a d!® Cu(l) species, whereas the other four components
correspond to Cu(II) moieties.

(a)

(0.1; 5) (0.3; 5)

0.8 llll
gl
11l

PC1: hydr. Cu(ll) 1.0
PC2: 1A ZCu(l) (b)
PC3: 1AIZ[Cu(l)OH]| o °¢

PC5: dehydr. int.

w
-
x
=
. (7]
E % 007550 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
) o4 Temperature (°C) Temperature s"C)
z O 1o (0.1; 14) o~ 3
@ ‘S o8 08
c c 06 0.6
o O 04 0.4
= B o2 0.2
=} g 5
= e 00750 100 150 200 250 300 350 400" 50 100 150 200 250 300 350 400
g ® Temperature (°C) Temperature (°C)
o 2 . (0.6; 19) o (0.6; 29)
- = 1 ;
o Cu(ll) 1s->3d B o0s . 0.8
= 2 o0s 0.6
o 8976 8977 8978 8979 "4

Incident X-ray Energy (eV)
T T

T T
8980 8990 9000 9010 9020  *7T50 100 150 200 250 300 350 400 %" 50 100 150 200 250 300 350 400
Incident X-ray Energy (eV) Températursi(.C) Temperature (°C)
c e —
(¢) L 4 o« %o 09
$e% - y ° °
A 9

Hydrated Cu(ll) Cu(ll) dehydr. int. 1AIZ[Cu(l)OH] 1Al ZCu(l)

Figure 5.4: Results of MCR-ALS analysis of global temperature-dependent XANES dataset
collected on six Cu-CHA samples with different composition during He-activation from 25
to 400 °C (Figure 5.3 (a)), assuming Npure = 5. (@) XANES spectra of pure components
derived from MCR-ALS. The inset reports a magnification of the Cu(II) 1s — 3d transition
region in the theoretical spectra. (b) Temperature-dependent abundance of pure species
(concentrations) in each of the catalysts (bars have the same colours as the corresponding
spectra in panel (a). (¢) Proposed assignment of the five pure components to specific Cu-
species/sites formed in the Cu-CHA catalyst as a function of composition and activation
temperature, using the same colour code as in parts (a,b). Blue (PC 1): mobile Cu(II)-aquo-
complexes [Cu(II)(H20)n]%*/[Cu(II)(H20)n-1(OH)]* with n = 6; green (5 PC): Cu(Il)
dehydration intermediate, possibly represented by mobile [Cu(II)(H20)n]?*/[Cu(II)(H20)n-
1(OH)]* complexes with n = 4; black (PC 3): ZCu(II)OH sites in their oxidized form; red (PC
2): ZCu(I) sites in their reduced form, resulting from self-reduction of ZCu(II)OH species;
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orange (PC 4): Z>Cu(II) sites. Atom colour code: Cu: green H: white; O: red; Si: grey; Al:
orange.

Considering the characteristic shape of the XANES spectrum, the first specie (PC
1) is easily assigned to mobile Cu(II)-aquo-complexes, namely [Cu(II)(H,0)n]** or
[Cu(IT)(H20)n-1(OH)]* with n = 6. For all the probed compositions, these fully
hydrated Cu(II) ions represent the dominant component at the beginning of the
activation process, and their concentration drops rapidly to values <10% of the
total Cu as the temperature reaches 150 °C. The decrease in the relative fraction
of fully hydrated Cu(Il) is paralleled by the transient growth in the contribution of
a different component, whose concentration peaks in the 100—130 °C range for all
of the samples. The correspondent spectrum (PC 5) is characterized by a lower
intensity and a broader shape in the XANES W.L. region. A shoulder becomes
evident in the edge-rising region at ~ 8987 eV. This component was associated to
a four coordinated, pseudo square-planar Cu(Il) dehydration intermediate, based
on the similarity of the corresponding MCR-ALS XANES to the spectra of reference
corresponding to four-coordinated Cu(II) species, i.e. [Cu(II)(H.0)4]** or
[Cu(IT)(NH3)4]?*. Mobile Cu(II) complexes such as [Cu(II)(H20)3(OH)]*, or
alternatively, four-coordinated Cu(II) moieties with mixed Or/Oesw ligation could
be envisaged. Remarkably, the contribution from this species is appreciable until
250-280 °C (albeit with longer tails in the Si/Al = 19, 29 samples), which matches
well the temperature threshold at which no more adsorbed molecular water was
observed by FTIR (Fourier Transform Infrared Spectroscopy) on a Cu-CHA catalyst
with Si/Al ~ 13; Cu/Al ~ 0.44 [17].

The decay in the population of the dehydration intermediate, described
above, paves the way to the actual birth of fully dehydrated framework-
interacting Cu-species. It is here that the impact of the catalyst composition
on temperature-dependent Cu-speciation comes strikingly into play. Two
Cu(II) species start to form almost simultaneously after ~ 130 °C, namely
the third and fourth component, that have been assigned to ZCu(II)OH and
Z,Cu(Il) sites, respectively. Such assignment is supported by several
evidences. Firstly, the fourth specie (PC 4) dominates the high-temperature
Cu-speciation at Si/Al = 5, reaching at 400 °C a relative fractions from ~ 40
to ~ 60% of the total Cu depending on the loading. Conversely, it always
represents a minor component (< 20% total Cu) at both intermediate (Si/Al
= 14, 15) and low (Si/Al= 19, 29) Al content. Moreover, after 250 °C, its
contribution is substantially stable (it doesn’t go towards its self-reduction in
Cu(I)), while the third specie population (PC 3) is progressively eroded in
favour of the second (PC 2): the only Cu(I) component extracted by MCR-
ALS. Spectroscopically, the pure spectra correspondent the PC 3 and PC 4
reflect, properly, the differences observed in the experimental data as a
function of the composition. In particular, the PC 4 XANES curve, associated
to the Z,Cu(II) sites, optimally reproduces both the higher, highly structured,
white line peak and the post-edge peak observed in the experimental XANES
of He-activated samples at Si/Al = 5.

Finally, the contribution of the second pure component is straightforwardly
attributed to the ZCu(I) sites, resulting from the reduction of the ZCu(II)OH
species. The correspondent spectrum shows all the characteristic fingerprints
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of two-coordinated (two fold) non-linear Cu(I) sites [17, 20, 31, 38] with a
prominent rising-edge peaks developing from ~ 8982 eV and a lower W.L.
intensity with respect to the other Cu-species identified so far.

To further support these assignments the Cu K-edge XANES spectra for all
the five model structures, reported in Figure 5.4(c), and proposed to
interpret the MCR-ALS retrieved spectra; have been simulated using TD-DFT
calculation realised through the Amsterdam Density Functional (ADF) code
[39], see Figure 5.5.

Focusing on the three framework-interacting Cu-species, which dominate the
Cu-speciation in the He-activated catalysts, it is possible to observe how the
simulated XANES curves properly reproduce the distinctive relative energy
shifts (and partially, intensity ratios) of the rising-edge peaks for each Cu-
site. The ZCu(I) model, in agreement with the PC 2 spectrum, results in
prominent peaks significantly shifted at lower energies and more intense with
respect to the ZCu(II)OH and Z,Cu(II) geometries. In line with the
assignment to the fourth species, the Z,Cu(II) site gives rise to a sharp peak
at ~ 8986 eV, to two well defined maxima in the white-line region at ~ 8992
eV and ~ 8998 eV and a broad post-edge peak around 9007 eV. The
alternative Cu(II) environment, ZCu(II)OH, is associated to a broader rising-
edge peak and less defined features in the white line region, globally shifted
to higher energy, in qualitative agreement with the third component curve.

(a)

[Cu(l)(H,0),]"
— 1A/ ZCu(l) 6r
— 1Al Z[Cu(Il)OH] 8¢
241Z,Cu(ll) 6r

[Cu(in(H,0) I

Pure Comp. Norm. px(E) Simulated ux(E) (a.u.)

8980 8985 8990 8995 9000 9005 9010

Energy (eV)
Figure 5.5: (a) Simulated Cu K-edge XANES spectra for the five DFT-optimized model
structures reported in Figure 5.4 and proposed to interpret the MCR-ALS pure spectra.
(b) Pure set of spectra obtained from the MCR-ALS analysis for comparison.

Theoretical spectra for fully- and under-coordinated Cu(II) aquo-complexes are
clearly distinguished from the ones of framework-interacting Cu-species due to the
presence of high-intensity transitions in the 8990-8998 eV range, as observed in
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the MCR-ALS spectra for PC 1 and PC 5. Interestingly, the simulations evidence
how, while decreasing the number of H,O ligands in the first Cu(II) coordination
sphere from six to four, a well-defined rising-edge peak develops at ~ 8987 eV.
The same behaviour is recognized while comparing the first and fifth MCR-ALS
derived-curves, together with a slight shift at higher energies of the W.L. peak for
the fifth component, which is also reproduced in the simulated spectra for
[Cu(II)(H20)4]%** and [Cu(II)(H.0)6]?*. Although the similarity with four-coordinated
reference compounds suggests predominant ligation to four H,O ligands,
simulations (see the supporting information of [40]) indicate that the spectrum
proper of the fifth component could actually evidence a dynamic mix of four-, five-
, and, possibly, even lower-coordinated Cu(II) aquo complexes, which are however
not readily resolvable within time- and energy-resolution of the available dataset.
To resolve the additional complexity associated with the transition between mobile
and framework-interacting Cu-species, it is necessary to envisage additional studies
employing molecular dynamics-assisted XANES simulations as showed by D’Angelo
et al. in [41-43].

5.1.2 Interpretation of the MCR-ALS results: novel elements of complexity
affecting reducibility in Cu-CHA
From the MCR-ALS analysis discussed above, several insights into the impact
of the catalyst composition on Cu-speciation during He-activation can be
derived. At RT, the Cu-speciation is largely dominated by mobile, fully-
coordinated Cu aquo-complexes (always > 60% total Cu). Nonetheless, small
populations of partially dehydrated Cu(II) species together with traces (<
5% total Cu) of framework-interacting Cu(II) and Cu(I) sites are already
found at the beginning of the activation process. The birth of fully dehydrated
Cu-sites occurs in all samples through the transient development of a
common Cu(Il) dehydration intermediate, as described before. As shown in
Figure 5.4(b), Cu-speciation for all the He-activated catalysts at 400 °C can
be described as a combination of redox-active 1Al sites (in their oxidized
ZCu(II)OH or reduced ZCu(I) form) and redox-inert 2Al, Z,Cu(II) sites (i.e.
which do not show self-reduction effects as a function of the temperature),
in agreement with the picture proposed in the recent report by Paolucci et
al. [36].
Nonetheless, the results obtained through the MCR-ALS analysis reveals
novel elements of complexity. To this aim, Figure 5.6 details the MCR-ALS
results for the most representative compositional points, comparing the
experimental and reconstructed XANES at key temperatures during the He-
activation (left panels) and reporting concentration profiles (right panels) for
the five pure Cu-species identified by the statistical analysis and assigned as
described in section 5.1.1. The residuals and the related R-factor values,
calculated on the selected set of time-dependent spectra, demonstrates that
the MCR-ALS procedure ensures an good reproduction of the experimental
XANES dataset for all the investigated samples. The description of these two
estimators is described in detail in section 2.1.2 of Chapter 2.
The highest deviations (peaks in R-factor vs temperature profiles, which
however is always well below 2%) are generally observed at the maximum
population of the Cu(II) dehydration intermediate or nearby, when different
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dehydrated Cu(lII) sites starts to develop. As already discussed at the end of
section 5.1.1, the transition from mobile aquo-complexes to framework-
interacting species could occur via additional intermediate states (possibly
composition-specific), which however are not resolvable within the
experimental time-resolution and cannot be reliably singled out by the MCR-
ALS algorithm.

Paolucci et al. have been able to estimate theoretically a Cu-site
compositional phase diagram for activated Cu-CHA, predicting the relative
fraction of 1Al and 2Al sites as a function of Si/Al and Cu/Al ratios.[36]. Such
a diagram, reported in Figure 5.7, represents a milestone in Cu-CHA
research. However, it involves some assumptions. In particular, it is derived
assuming that the Z,Cu(II) sites in the 6r represent the first framework sites
to be populated by the cations during dehydration.
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Figure 5.6: Detailed MCR-ALS results for the most representative compositional points:
(a) Cu/Al = 0.1, Si/Al = 5; (b) Cu/Al = 0.1, Si/Al = 14; (c) Cu/Al = 0.5, Si/Al = 15; (d) Cu/Al
= 0.6, Si/Al = 29. Left panels: comparison between experimental /n situ XANES during He-
activation (thin solid lines) and reconstructed spectra from MCR-ALS at the four key
temperatures of 25 °C, 125 °C, 230 °C, 400 °C with the corresponding residuals. Right
panels: concentration profiles for the five pure Cu-species/sites identified in the model as
a function of the activation temperature (coloured symbols) and correspondent R-factor
values (grey dashed lines).

Under this hypothesis, only after all the available 2Al sites at a given Si/Al
ratio are saturated, Cu is allowed to populate other kind of sites, primarily
forming ZCu(II)OH complexes in the 8r. According to this model, catalysts
with Cu-loadings below the saturation threshold would contain, after
dehydration, only Z,Cu(II) sites: for Si/Al = 5, 15 and 29, saturation is
predicted at Cu/Al = 0.24, 0.09, and 0.05 respectively.
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Figure 5.7: Predicted Cu site compositional phase diagram versus Si/Al and Cu/Al ratios.
Colour scale indicates predicted fraction of ZCuOH. White line demarcates the theoretical
transition from Z>Cu(II) -only region to mixed Z2Cu(II) = ZCu(II)OH region. White circles
indicated compositions of synthesized Cu-CHA samples analysed by Paolucci et al. [36].
This graph is based on two assumptions: i) the framework Al atoms are randomly sited
during zeolite crystallization following the Lowenstein’s rule (i.e. 2 neighbouring Al sites
must be separed by at least one SiOz unit), and second, that 2Al sites in the 6r are populated
by Cu(II) cations till to the saturation before the 1Al sites are populated by ZCu(II)OH.
Adapted from [36, 44].

However, the results reported in Figure 5.6 reveal a more complex picture
in relation with the population of Z,Cu(II) sites, particularly evident at
intermediate Si/Al values. It is possible to note, in fact, that for all the
investigated samples, Z,Cu(II) and ZCu(II)OH sites (orange and black lines
in Figure 5.6, respectively) start to form almost simultaneously during
dehydration, which deviates from an ideal 2Al saturation scenario. Comparing
the MCR-ALS results for the Si/Al = 5 catalysts with lower (Cu/Al = 0.1) and
higher (Cu/Al = 0.3) loading, a saturation tendency is confirmed: due to the
finite availability of 6rs hosting 2Al sites, at higher Cu-loading a lower relative
fraction of Z,Cu(II) species is observed, counterbalanced by a larger
population of reducible 1Al sites. Nevertheless, for the catalyst with Cu/Al =
0.1, Si/Al = 14 (Figure 5.6(b)), the final state at 400 °C is characterized by
a substantial fraction of reduced ZCu(I) sites (~ 80%), whereas the Z,Cu(II)
contribution reaches a maximum abundance of only ~ 18%. Assuming the
saturation of the 2Al sites, this sample should be dominated by redox-inert
2Al sites due to its low Cu-loading (> 90% total Cu according to the
compositional phase diagram in reported in Figure 5.7 and the saturation
threshold evaluated by Bates et al. [45]). Experimentally, this is however
clearly not the case: MCR-ALS evidences only a relatively small increase in
the abundance of 2Al sites with respect to the high-loading catalyst with
comparable Si/Al ratio (Cu/Al = 0.5; Si/Al = 15, Figure 5.6(c)). This effect
could be connected with high barriers for Cu migration towards 2Al sites,
possibly trapping the cations into local energy minima at 1Al sites.
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Another intriguing result, emerging from MCR-ALS analysis, is that the reducibility
level for the 1Al sites is clearly dependent on the Al distribution, with highest
reducibility for Si/Al ~ 15 (< 10% Cu is observed as ZCu(II)OH at 400 °C) and
lower reducibility at Si/Al = 19 and 29, with ~ 70% and ~ 60% of the 1Al sites still
surviving in the oxidized form, respectively (see Figure 5.6(b) and Figure 5.6(d)).
These results unambiguously demonstrate that the reduction proceeds though a
cooperative multi-step process involving proximal acid sites whose availability is
ultimately determined by the Al density and distribution in the zeolite. This is in line
with previously suggested mechanisms in the literature [3-5]. Plausibly, the process
initiates with the thermally-driven reduction of ZCu(II)OH to ZCu(I), accompanied
by the release of an hydroxyl radical, OH-. The availability/spatial proximity of a
reactive channel for the OH- radical might then determine the overall efficiency of
the reduction process, and the final balance between 1Al sites in the
oxidized/reduced form observed in the He-activated catalysts. Consequently, Al-
rich frameworks facilitate the reduction process. With respect to the Cu-loading
impact on the reducibility, when comparing concentration profiles for ZCu(I) on
low- (Cu/Al ~ 0.1) and high- (Cu/Al ~ 0.5) loading Cu-CHA at almost equivalent
Si/Al of ~ 15, a very similar temperature onsets and rates for the self-reduction
(see Figure 5.6(b,c)) can be identified. A slightly lower Cu(I) fraction is observed
at 400 °C in the low-loading sample, but it excellently correlates with the small
increase in the concentration of Z,Cu(II) sites. Hence, at optimal Si/Al values, Cu-
loading seems to poorly affect the reduction efficiency, which can be conjecturally
connected with a role of proximal Brgnsted sites along alterative pathways
efficiently affording by ZCu(I) species. Within the time-resolution (~ 6 min) of the
XANES experiments, intermediate Cu(II) species eventually formed along the
transformation from ZCu(II)OH to ZCu(I) are not detected.

Finally, it is possible to note that for most of the samples, the MCR-ALS analysis
evidences a non-monotonous trend in the concentration profiles of the hydrated
Cu(II)-species (the first species of in Figure 5.4), showing a small peak in the
high-temperature range (230-350 °C) which account for the 5% of the total Cu
increments in the relative fractions of fully hydrated Cu(II). Due to the reduced
entity of the variations and the absolute weakness of the contribution from this
structural component in the high-temperature range, it is difficult to conclusively
establish the physico-chemical meaningfulness of the effect. However, it is
interesting to note that the temperature position of the peak correlates with the
initial rise in the ZCu(I) component, supporting that the initial steps in the
pathway(s) of reduction involve the formation of small amounts of H,O. These
traces of water could transiently re-solvate and mobilize a small fraction of Cu sites:
for samples (Cu/Al = 0.5; Si/Al = 15) and (Cu/Al = 0.6; Si/Al = 29), the increase
in relative fractions of hydrated Cu(II) apparently occurs to the expenses of
Z,Cu(II) sites (see Figure 5.6(c,d)).

5.1.3 Structural analysis of the Cu-sites by multi-component EXAFS fits

Aiming to obtain a further validation of the composition-speciation relationships
discussed above and a deeper structural characterization of the local coordination
environment of the Cu ions hosted in the zeolite ring, a quantitative analysis of the
in situ EXAFS spectra collected at 400 °C after dehydration in He (experimental
data reported in Figure 5.3(c,d)) was performed. Herein, as already mentioned in
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the precedent sections, singling out the contributions from the different Cu-sites is
not straightforward due to the existence of different Cu locations. Unconstrained
multi-component fits can help to shed light on the Cu speciation, however it would
results in an excess of strongly correlated free parameters, definitely yielding to
not reliable results. In order to obtain a robust set of constrains to be further used
in the multi-component fit procedure, it is necessary to carried out a preliminary
fitting step by selecting the compositional points characterized by the purest Cu-
speciation at 400 °C, showing the dominant contributions from each of the
framework-interacting Cu-species evidenced by MCR-ALS, i.e. 1Al sites in their
oxidized ZCu(II)OH or reduced ZCu(I) form and the Z,Cu(II) sites.

Importantly, at this stage, it is also necessary to examine some alternative
environments for the ZCu(I) and Z,Cu(II) complexes, based on the DFT models
obtained in previous works [17]. It is worth noting, in fact, that the ZCu(I) species,
initially formed from the reduction of ZCu(II)OH moieties in the 8r, could either
remain in 8r plane, or migrate to the energetically-favoured site in the 6r, as
showed in [17]. The two locations are associated to different Cu local environments
(especially in the second coordination sphere), which might result in rather similar
XANES signatures but different EXAFS features in the 2—3 A range. On the other
hand, with respect to the Z,Cu(II) in the 6r sites, within the limits imposed by the
Lowenstein’s rule [46], two possible configurations exist, depending on the siting
for the two charge-balancing Al atoms within the 6r. In particular, —Al-Si—Al- and
—AlI-Si-Si—Al- linkages result in different Cu(II) local environments: in the latter
case, Cu is shifted towards the centre of the 6r, adopting a less distorted four-fold
coordination of the Orw.

5.1.4 Results of single-component fit on the purest He-activated states

The preliminary single component EXAFS fits were performed selecting the spectra
corresponding to the compositional points of the MCR-ALS concentrations plot
characterized by the purest Cu-speciation at 400 °C. In particular, looking at
Figure 5.4, it is possible to identify the samples where each of the dehydrated Cu-
species listed above is present in more abundance. These are: i) sample
(Cu/AI=0.5; Si/Al=15) where the ZCu(II)OH constituent is present with a fraction
of ca. 75%, ii) sample (Cu/Al=0.6; 19) characterized by an amount of ZCu(I)
species of ca. 90% and finally iii) sample (Cu/Al=0.1; Si/Al=5) showing ca. a 60%
of Z,Cu(II). As starting points for the EXAFS fits, the corresponding DFT-optimized
geometry/geometries described in the previous section 5.1.3, have been
adopted. The parametrizations adopted for each fit is described in detail in section
5.1.4.1. The results of mono-component fits on the samples showing the purest
final state at 400 °C are reported in Table 5.4-5.6. These fits inherently represent
an approximate description of the samples, and the refined parameters will suffer
of a certain level of contamination from the other minor Cu-species. However, due
to the presence of a largely dominant Cu-species, the refined structural parameters
represent a good starting point for the subsequent multi-component fitting step.
This is also supported by the good quality reached in the mono-component fits (at
least in correspondence of the preferred structural environments) in terms of R-
factor and physical reliability of the optimized parameters values. While for sample
(Cu/AI=0.6; Si/Al=19) the refined parameters provided by the EXAFS fit are in good
agreement with the related DFT model (ZCu(II)OH), see Table 5.4, for sample
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(Cu/AI=0.5; Si/Al=15) the situation is less neat, see Table 5.5. Unfortunately, the
local environment for ZCu(I) in 6r and 8r is difficulty distinguishable by EXAFS,
albeit structurally different. Indeed, in the 6r configuration, an intrinsic antiphase
is expected between the Ta shell (Nr¢w) = 2, <Rry> = 2.81 A from DFT) and the
O'w shells (Now) = 2, <Rowy> = 2.51 A from DFT), making the resulting EXAFS
signal rather similar to the one deriving from ZCu(l) sites in the 8r, where the Tsy
shell possess a lower coordination number Nrs) = 1. Considering the higher R-
factor = 0.071 observed for ZCu(I) sites in the 8r and, in general, on the higher
quality observed using the 6r model, this latter geometry was considered as the
most representative for the ZCu(I) sites. Finally, as shown in Table 5.6, for sample
(Cu/Al=0.1; Si/Al=5), a test fit performed using the Z,Cu(II) Al-Si—Al configuration
yielded significantly worse agreement with experimental spectrum (R-factor =
0.02826) with respect to what obtained for the Al-Si—Si—Al configuration (R-factor
= 0.0065) and very high deviations from the DFT geometry (e.g. ARotw) ~ 0.2 A).
The Z,Cu(II) site hosted in 6r with Al-Si—Si—Al linkages is hence assumed as the
most likely configuration describing the PC 4 species.

Composition:

e Cu-species:
Cu/Al = (;.g, Si/Al Z[Cu(II)OH]
DFT-model of
dominant
Cu-species
R-factor
Npar (Nind)
So?
AE (eV)
Roen (R) 1.81 £ 0.01 (1.76)
<Rogw)> (R) 1.90 + 0.04 (1.99)
Rrewy (R) 2.72 £ 0.02 (2.73)
Qlfw - 0.04 £ 0.01
o%ocen (A2) 0.007 + 0.003
o%ocrw) (R2) 0.004 % 0.003
2wy (A2) 0.010 % 0.003
ssrw (A2) 0.02 £ 0.1

Table 5.4: Results from mono-component EXAFS fits of He-activated Cu-CHA with
composition (Cu/Al = 0.6; Si/Al = 19) using the ZCu(II)OH model. Average bond
distances from Cu in the DFT-optimized geometry are reported in parentheses.
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Composition: Cu-species: 1Al ZCu(I)

Cu/Al = 0.5; Si/Al Pr_eferred AIt_ernative
= 15 environment environment
ZCu(I) 6r ZCu(I) 8r
1. (@) ')
DFT-model of @ 2 .
dominant Cu "
species . ®
T@ O,
Fit R-factor 0.019 0.071
Npar (Nind) 10 (13) 8 (13)
So? 1.0 £ 0.1 1.0 £ 0.1
AE (eV) -77+04 -7+1
<Rogwy> (R) 1.86 + 0.02 (1.91) 1.91 £ 0.01 (1.96)
<Rogw> (R) 2.59 £ 0.05 (2.51) -
<Rrw)> (R) 2.70 + 0.06 (2.81) 2.73 £ 0.04 (2.71)
O - 0.05 + 0.03 - 0.02 + 0.04
o2o(w) (R2) 0.008 + 0.001 0.009 + 0.001
o2ow) (A2) 0.008 + 0.001 -
o2rcewy (A2) 0.011 + 0.004 0.014 + 0.005
ssrw (A2) 0.017 + 0.008 0.011 + 0.008

Table 5.5: Results from mono-component EXAFS fits for He-activated Cu-CHA with
composition (Cu/Al = 0.5; Si/Al = 15) using the ZCu(I) models in both dér (preferred
environment) and 8r (alternative environment). Average bond distances from Cu in the
DFT-optimized geometry are reported in parentheses.
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Composition: Cu-species: Z,Cu(II)

Preferred Alternative
Cu/Al = 0.1; Si/Al environment environment
=5 Z,Cu(II) “Al-Si-Si-  Z,Cu(II) “Al-Si-Al"
Oy,
DFT-model of By 7
dominant Cu -
species
2
Fit R-factor 0.0065 0.017
Npar (Nin) 8 (13) 10 (13)
So? 0.9+0.1 0.9+0.1
AE (eV) -5+2 -1+£2
<Rogw)> (R) 1.96 + 0.01 (2.03) 1.98 + 0.01 (1.97)
Ro (R) - 2.62 + 0.08 (2.39)
Rty (R) 2.79 + 0.01 (2.80) 2.74 £ 0.04 (2.71)
Ofw - 0.02 £ 0.01 - 0.01 £ 0.01
o2ocw) (A2) 0.007 + 0.002 0.003 + 0.001
o2otw) (A2) - 0.001+ 0.001
o2rw) (A2) 0.011 + 0.002 0.007 + 0.005
ssrw (A2) 0.017 + 0.004 0.003 + 0.004

Table 5.6:: Results from mono-component EXAFS fits for He-activated Cu-CHA with
composition (Cu/Al = 0.1; Si/Al = 5) using the Z>Cu(II) in 6r with either Al-Si—Al
(alternative environment) or Al-Si—Si—Al linkages (preferred environment). Average bond
distances from Cu in the DFT-optimized geometry are reported in parentheses.

5.1.4.1 Fit details and shell model adopted for the EXAFS analysis
Both mono-component and multi-component fits of the /n sitv EXAFS spectra
collected at 400 °C on the He-activated Cu-CHA catalysts were performed in R-
space in the AR = 1.0 — 3.2 A range, on the FT of the k2-weigthed x(k) EXAFS
spectra transformed in the 2.4 — 11.0 A range, resulting in 13 independent points
(2AkAR/m + 1 > 13). Phases and amplitudes have been calculated by FEFF6I code
[47] and the minimization was realised using the Artemis (IFEFFIT) code [48]
The model included all the single-scattering (SS) paths contributing in the analysed
R-space range. In order to limit the number of optimized variables, all the SS paths
included in the fitting model have been associated to the same passive amplitude
reduction factor (S¢?) and to the same energy shift parameter (AE). The
Coordination numbers were fixed according to the relevant DFT-models discussed
above, see section 5.1.4.
In the employed fitting model, the following coordination shells around the Cu
absorber were identified:
o First-shell extra-framework oxygen atom (Oef), only present in the ZCu(II)OH
geometry with coordination number Noern = 1; parametrized with specific radial
shift ARogefw) and c2oerw) parameters to properly account for the different
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chemical nature of extra-framework O-ligands with respect to the zeolite Osw
atoms.

o First-shell framework oxygen atoms (Orw), present in all the examined
geometries with coordination numbers Noiw) in the 2—4 range; parameterized
with an independent radial shift (ARo¢w)) applied to the individual DFT-optimized
bond distances and Debye-Waller (DW) factor (c?o¢w)).

o Second-shell framework oxygen atoms (O’w), present in the geometries for
ZCu(I) in 6r (coordination number Now) = 2), and Z,Cu(Il) in 6r with Al-Si—Al
linkages (coordination number Now) = 1; parametrized with an independent
ARorw) and the same DW used for the SS contribution involving the first shell
framework oxygens: c%omw) = G20(fw).

o Second-shell framework Si/Al atoms (Tw), present in all the geometries, with
coordination number Nty = 1 in ZCu(II)OH in 8r and ZCu(I) in 8r and of Nrw)
= 2 in all the other geometries; parameterized with an independent radial shift
(ARt(fw)) and DW factor (c?7(w)).

o SS paths involving farer Si and O neighbours of the 6r and 8r (fw), with distances
from the Cu absorber in the 2.8-3.5 A range and coordination number of Nsy =
6 and N = 4 for 6r and 8r geometries, respectively; modelled considering a
common contraction/expansion factor as and DW factor % increasing as the
square root of the distance Rer; of the it" scattering atom from the absorber
(ARfw,i = afw Refr, 6%w,i = SStw (Refti/Ro)Y/2, where Ro denotes the shortest Resr for
the group of paths).

The number of fit parameters varied from 8 to 10, depending on the specific DFT-

optimized geometries employed as starting guess, being always below the number

of employed independent points (13). The fit quality was evaluated considering the

R-factor values.

5.1.5 Result of the multi-component fits on the purest He-activated states
Mono-component EXAFS fits provides the experimentally-optimized geometries for
the three framework-interacting Cu-species expected to dominate Cu-speciation in
He-activated Cu-CHA (see Figure 5.8(a)), setting the scene for a multi-component
fitting protocol extended to the whole series of catalysts. To this aim, three sets of
EXAFS paths including all the SS paths contributing in the 1.0 — 3.2 A& range for the
Cu-sites shown in Figure 5.8(a) have been considered. For each geometry, the
bond distances to the best-fit values obtained in the correspondent mono-
component fit were fixed, moreover a global Se?> has been set to the ideal value of
1. Hence, for each catalyst composition, the fitted parameters consisted in: i) the
DW factors for the relevant shell of atomic neighbours, and most importantly, ii)
the relative fractions x; for each component, i = ZCu(II)OH, ZCu(I), Z,Cu(II). The
results of the multi-component EXAFS fits are summarized in Figure 5.8(b) and in
Table 5.7. For all catalysts, a very good level of reproduction of the experimental
EXAFS spectra was achieved by combining the three structural components singled
out by MCR-ALS.

The highest levels of structural disorder are still seen for Si/Al = 14, 15 samples.
This is not surprising, due to the fickle nature of the Cu(I) component which
dominates in these highly-reducible catalysts. For all the other samples, R-factor
values well below 2% are obtained, in line with the lower mobility of Cu(II) ions.
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Compositi

on (0.1; (0.3; 5) (0.1; (0.5; (0.6; (0.6;
(Cu/Al; 5) il 14) 15) 19) 29)
Si/Al)
Fit R-factor 0.007  0.007 0.044 0.017 0.006 0.014
Noar (Nina) 8 (12)  8(12) 8 (12) 8 (12) 8 (12) 8 (12)
58+ —6.0+ -70+ -32+ -38%
-7 x
AE (eV) 0.6 0.5 71 0.8 0.4 0.4
y 00+ 0.0z 0.0 £ 0.1+ 1.0 + 0.4+
ZCu(InoH 0.2 0.1 0.3 0.2 0.2 0.1
. 02+ 04z 0.7 £ 0.8 + 0.0 + 0.6 +
Zeud 0.1 0.1 0.1 0.2 0.1 0.2
y 08+ 0.6 0.3 £ 0.1+ 0.0 + 0.0 +
22Cu() 0.2 0.1 0.1 0.1 0.1 0.1
o (A) 0.007+ 0.008+0. 0.008+0. 0.007+0. 0.007+0. 0.007+0.
Ole) 0.002 002 002 002 001 001
o () 0.007+ 0.007+0. 0.008+0. 0.009+0. 0.004+0. 0.007+0.
orw) 0.001 001 001 001 001 001
210 (R) 0.011+ 0.014+0. 0.010+0. 0.012+0. 0.014+0. 0.009+0.
T(Ew) 0.002 003 002 002 003 001

Table 5.7: Results from multi-component EXAFS fits of He-activated state at 400 °C for
the whole multi-composition sample series. Fits performed in the k-range (2.4-11.0) A
and R-range (1.0-3.2) A. For all the fits, geometries of ZCu(II)OH, ZCu(I), and Z>Cu(II)
Cu-species (i.e. radial shift parameters AR;) have been fixed based on the results on mono-
component fits on purest He-activated states ZCu(II)OH model for sample (0.6; 19), ZCu(I)
in 6r for sample (0.5; 15), Z2Cu(II) in 6r with Al-Si-Si-Al linkage for sample (0.1; 5). Finally,
the SZ have been set to unity
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Figure 5.8: (a) DFT-optimized structural models for framework-interacting Cu-species
dominating Cu-speciation in He-activated Cu-CHA at 400 °C, namely ZCu(II)(OH), ZCu(I),
and Z,Cu(II) sites. The atoms located the first and second coordination shell of Cu are
shown in ball-and-stick mode (atom colour code: Cu, green; H, white; O, red; Si, grey; Al,
yellow) and highlighted with coloured circles indicating the different coordination shells
included in the EXAFS fitting model (Cu—0ef: wine; Cu—0Osw: red; Cu—O'w: orange; Cu—Trw:
blue). For each shell, the average bond distances from Cu refined by mono-component
EXAFS fits are reported in A, whereas the correspondent starting values from DFT are
reported in parentheses. (b) Comparison between experimental (black circles) and best fit
(light grey thick lines) FT-EXAFS spectra (top panel: magnitude, bottom panels: imaginary
part) obtained from multi-component fits on the whole Cu-CHA sample series; for each
sample, the weighted contributions from the three dehydrated Cu-species included in the
fitting model are also reported as thin solid lines (ZCu(II)OH: grey, ZCu(I): red; Z>Cu(II):
orange).

Noteworthy, for all the investigated samples, the second-shell peak in the
FT-EXAFS spectra is properly reproduced solely considering Cu—Tsw
contributions, in excellent agreement with the different environments
predicted for 1Al and 2Al sites shown in Figure 5.8(a). In general, the multi-
component fits reported in Figure 5.8(b) discourage a significant
contribution of Cu—Cu paths in the second-shell region, i.e. in the 2.0-2.8 A
range of the phase-uncorrected FT-EXAFS. However, it is not possible to
exclude that such Cu—Cu scattering contributions could emerge at higher
distances, where unfortunately the technique is not accurate enough. Further
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experiments, as the ones that will be discussed in the sections 5.2 and 5.3,
focusing on high-temperature activation in O, and employing enhanced data
collection statistics to improve the S/N ratio in the high k-range, are able to
provide a more conclusive results on the presence of diluted multimeric Cu-
0X0 moieties.

In the view of a cross-validation of the employed methods, Figure 5.9
compares, as a function of the catalyst composition, the relative fractions of
ZCu(II)OH, ZCu(I), and Z,Cu(II) species in He-activated Cu-CHA at 400 °C
evaluated from MCR-ALS XANES analysis and multi-component EXAFS fits.
Within the EXAFS fitting errors, the two methods yield a substantially
comparable Cu-speciation in the final He-activated state, corroborating the
speciation-composition trends discussed in the precedent sections.
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Figure 5.9: Result of the fraction retrieved form the EXAFS LCF fit plotted together with
the fraction of species retrieved by the MCR-ALS analysis.

5.2 CORRELATING CU-SPECIATION FROM XAS ANALYSIS WITH DMTM

PRODUCTIVITY FOR CU-CHA
XAS spectroscopy is a technique able to provide important information on the
average coordination and on the oxidation state of the Cu species resulting from
different activation procedures. This fact determines that it can be employed
properly to understand the inner relation between the Cu-speciation and the
sample performance. To this aim, a representative Cu-CHA sample, possessing a
Cu/Al=0.5 and Si/Al=12 ratio, has been subjected to four different treatments.
These are: (i) standard O;-activation at 500 °C, (ii) activation in He at 500 °C, (iii-
iv) activation in He at 500 °C followed by the reaction with O,, either at 500 °C or
at 200 °C, see section 5.8.1 of the appendix for technical detail about the data
acquisition. It is worth noting that the sample (0.5; 12) resulted in an optimal
performance for the DMTM process (normalized productivity of ca. 0.17
molCHsOH/mol Cu) using optimized process conditions as described in details in
[15], this fact lead to the possibility to consider it as a good reference. For testing
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purposes, the sample, after the different activation processes, was subsequently
put in contact with 1000 mbar of CH4at 200 °C for 60 min and finally the steam-
assisted extraction of the products was performed at 135 °C.

The characteristic XANES features detected after the different activation protocols,
showed in Figure 5.10 can be interpreted on the basis of previous studies on the
Cu K-edge XANES in Cu-zeolites [17, 20, 29, 49, 50]. The XANES spectrum
associated to the high-temperature O,-activation results appears to be in a virtually
pure Cu(II) state.
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Figure 5.10: XAS characterization of the (0.5;12) Cu-CHA sample after different pre-
treatment and impact of the pre-treatment on productivity. (a) Main panel: Cu K-edge
XANES of the (0.5;12) Cu-CHA sample after standard Oz-activation at 500 °C (red curves),
activation in He at 500 °C (black curves), activation in He at 500 °C followed by oxidative
treatment in pure Oz at 500 °C (violet curves) and at 200 °C (blue curves), after cooling
the He-activated sample from 500 to 200 °C in He; left inset: background-subtracted pre-
edge 1s — 3d peak fingerprinting the presence of d® Cu(II) ions in the system; please note
that XANES of the O-activated sample has been measured using a slightly different energy
sampling step, which results in an apparent broadening of the background-subtracted pre-
edge peak with respect to the other investigated cases. Right inset: first derivative of the
XANES spectra reported in the main panel in the rising-edge region. Labels (1) and (2) in
main panel and right inset refer to the rising-edge 1s — 4p peaks characteristic of Cu(I)
and Cu(I)/Cu(Il) ions, respectively. (b) Magnitude (left) and imaginary part (right) of the
FT-EXAFS spectra for the (0.5; 12) Cu-CHA sample realised in the k range within
(2.4-10.8) A3 using the same colour code as in part (a). The insets report a magnification
of the high-R region of FT-EXAFS spectra, highlighted by light grey boxes in the main
panels.

A pronounced rising-edge shoulder is, in fact, observed in the 8985-8990 eV range,
assigned to 1s — 4p transitions in three-/four-fold coordinated Cu(II) sites. The
weak pre-edge peak, arising from the 1s — 3d transition in d° orbitals of the Cu(II)
ions, is also well evident (see Figure 5.10(a) , left inset). Within the spectral
resolution of this data, no evidence of Cu(I) species is found after the O,-activation
step. Indeed, the presence of Cu(I) would be fingerprinted by well-defined rising-
edge peak at energies below 8984 eV, yielding a maximum around 8982 €V in the
first derivative of the XANES spectrum. This is visible also at very low relative
abundance of Cu(I) species, see the right inset in Figure 5.10(a). It follows that
the presence of oxygen during thermal treatment from RT to 500 °C completely
inhibits the formation of Cu(I) sited during the activation that, in section 5.1, has
been named as self-reduction effect [1, 3, 27].
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The k?>-weighted, phase uncorrected, Fourier transform (modulus and imaginary
part) of the EXAFS spectra collected at 500 °C after O,-activation (Figure 5.10(b),
red curves) shows three well defined maxima, peaking at ca. 1.4, 2.4, and 3.2 A in
the phase-uncorrected spectrum. In the first- and second-shell region the spectrum
is very similar to what was observed in a previous study performed by Borfecchia
et al. [17] on a set of O;-activated CHA zeolites. In particular, the EXAFS fitting,
whose description is reported in section 5.2.1, reveals that the first maximum
derives from the Cu-O single scattering (SS) paths involving two framework (Orw)
and one extra-framework (Oefw) OXygen in the first coordination shell of Cu at 1.97
+ 0.04 and 1.86 + 0.05 A, respectively. As described in in section 5.1, the second
maximum in the FT-EXAFS is associated to the EXAFS features of SS paths involving
the second-shell of Al/Si atoms occupying the T-sites of the zeolite lattice. The
EXAFS fit refines, in fact, the location of the Cu-Al contribution at 2.72 + 0.02 A.
Finally, it is plausible to connect the third maximum in the FT-EXAFS spectra with
neighboring Cu sites in diluted CuxOy moieties with metal-metal separations around
3.5 A, also considering the lack of other important scattering contributions in this
R-space range. This supposition is confirmed by the Cu-Cu distance refined by the
EXAFS fit at 3.41 + 0.06 A.

When the sample is activated in He at 500 °C, a picture similar to the ones
described in section 5.1 is proposed again. The XANES (Figure 5.10(a), black
lines) prominently exhibit the characteristic Cu(I) 1s — 4p peak at 8982.5 eV while
the pre-edge peak mostly arising from the Cu(II) 1s — 3d transition is significantly
abated, although not completely. The overall XANES spectral shape is, in this case,
representative of a largely dominant Cu(l) state. In the corresponding FT-EXAFS
spectrum (Figure 5.10(b)) it is possible to observe a distinctly lower intensity in
the whole range confirming the presence of states consisting in bare ZCu(I) ions
sited in both 6r and 8r of the CHA framework [17, 40]. Such heterogeneity,
together with the higher mobility of Cu(I) ions with respect to Cu(II)_causes a
broadened and dampened second-shell signal in the FT-EXAFS spectrum. After He-
activation, the third maximum at ca. 3.2 A, well evident after O,-activation and
tentatively associated with high-R Cu-Cu scattering contributions as discussed
above, is barely detectable.
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Figure 5.11: Normalized methanol productivity (molCH3OH/mol Cu) over the
(0.15; 12) sample in correspondence of each pre-treatment described above,

151



followed by CH4 activation at 200 °C for 60 min using 1000 mbar CH4 feed, and
H,0O assisted extraction at 135 °C.

After the two different pretreatments, the productivities of CH3;OH, normalized for
the total amount of Cu for each sample (measured by D. Pappas (Oslo University)),
are equal to 0.008 molCH3z0OH/mol Cu (4.65 pmol/g) and 0.082 molCH3OH/mo ICu
(50.8 umol/g) for He and O, activation, respectively, see Figure 5.11. This graph
clearly indicates a positive correlation between CH3OH yield and the existence of
Cu(Il) species in the activated materials. Clearly, a drastic reduction of the
productivity is seen when the pretreatment is carried out in the absence of O..
Focusing more in detail on Figure 5.10(a) it is possible to note that, though
significantly dampened, the Cu(II) 1s — 3d peak is still detectable after the He-
activation, indicating that a small fraction of Cu(II) remains in the sample even
after thermal-treatment in He at 500 °C. It follows that the residual CHsOH yield
observed after He-activation is most likely to be connected with the minor
contribution from such residual Cu(II) species. Among these, it is possible to safely
include the redox-inert bare Z,Cu(II) in the 6r, that compose a minor structural
component in high Cu-loading . Other possible configurations could include diluted
CuxO, moieties and minor CuO aggregates, escaping from the self-reduction as
suggested by EPR studies [51]. However, based on the results reported in the
following (see section 5.2.2), a contribution from bare Z,Cu(Il) sites in 6r is
discouraged. Hence, diluted CuxO, moieties in CHA not undergoing self-reduction
during pre-treatment could be responsible for C—H bond cleavage at these
conditions.

To decouple the high-temperature treatment in inert, leading to dehydration, and
self-reduction of Cu from the reaction with O, resulting in the oxidation of Cu(I)
species, the He-activated sample was subjected to a flow of O, for 30 min at two
different temperatures (i.e. 500 and 200 °C, violet and blue curves/bars in Figure
5.10(a-c)). The subsequent oxidation at 500 °C yields very similar XAS spectra
with respect to the sample activated directly in O,. Similarly, the productivity after
the two different activations is almost equivalent, only a ca. 10 % of difference was
observed, see Figure 5.11. Nonetheless, as it can be clearly noted by looking at
the first derivative of the XANES spectrum, a small Cu(I) amount (ca. 10% total
Cu) is still present after the subsequent oxidation, which is in line with the slightly
lower productivity. Persistent Cu(I) sites may have positioned into less accessible
locations during the He-activation, which seemingly does not occur during direct
O;-activation. Upon subsequent oxidation at 500 °C, FT-EXAFS clearly evidences
an increased coordination number in the first shell of Cu with respect to the He-
activated state: the intensity of the first maximum becomes only slightly lower with
respect to the one observed after O-activation, in line with the presence of a minor
fraction of two-fold coordinated Cu(I) sites. The second-shell peak in the FT-EXAFS
of the material exposed to O, at 500 °C is more intense and well defined compared
to what has been observed after He-activation. The third maximum at ca. 3.2 &
also markedly develops, reaching a very similar intensity as after O,-activation.
Carrying out the reaction with O, at 200 °C, it results in the same relative
Cu(II)/Cu(I) abundance as observed at 500 °C (this evidence emerges looking at
the intensities of the 1s — 3d peak transition for both the activations typologies).
Herein a largely dominant Cu(II) state is formed, with a residual fraction of ca.
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10% Cu(I), indicating that the same fraction of Cu(I) species, formed during inert
treatment react with oxygen even at lower temperature. Although XAS evidences
that the relative fraction of Cu(II) species formed upon re-oxidation at 500 °C and
200 °C is virtually equivalent, performance evaluation indicates a yield equal to
0.046 molCH30OH/mol Cu, 45% less compared to the highest-one. Hence, low
temperature oxidation alters the balance between active and inactive Cu(II)
species, making it less efficient with respect to the re-oxidation process at the
higher temperature.

Further insights can be obtained by comparing to each other the XAS spectra of
the material contacted with O, at 500 °C and 200 °C, which reveal significant
differences in the average coordination environment of the Cu(II) component. In
particular, re-oxidation at 200 °C yield a higher intensity of the XANES W.L. peak
around 8998 eV and of the first-shell peak in the FT-EXAFS. Both these
observations point towards a higher relative fraction of four-fold coordinated Cu(II)
sites formed when Cu(l) is reacted with O, at 200 °C, possibly connected with a
preference towards a side-on O; binding mode in Cu(II) complexes. Matching these
evidences, it is possible to suppose that the Cu(II) complexes, stemming either
from Oy-activation or oxidation of a pre-reduced sample, have temperature-
dependent coordination preferences: three-coordinated species are favored at 500
°C but undergo a partial conversion to four-coordinated species at 200 °C. If the
reaction between Cu(I) and O, is directly conducted at 200 °C, the preference
towards four-coordinated Cu(Il) complexes appears more pronounced. The
significantly lower productivity observed in the latter conditions suggests that the
tridentate coordination mode of the Cu(II) centers, with first-shell ligation to two
Orv and one Oesy atom, should be the most favorable one for the active Cu sites
responsible of methane to methanol conversion of the sample.

Such a coordination mode is the one characteristic of ZCu(II)OH species, which are
currently considered as the prototypes for redox-active framework-interacting Cu-
sites in Cu-CHA. It is worth noting that their presence after the O-activation at 400
°C has been ascertained by /n situ FTIR [18, 36, 44] detecting their v(OH)
fingerprint band at 3656 cm™ and their high stability in the proximity of 1Al sites in
the 8r has been confirmed by DFT [5, 33, 36]. Nevertheless, from the results
discussed above, it is difficult to conclude that the ZCu(II)OH could be the Cu(II)
species responsible for the CH4 conversion, as it has been suggested theoretically
[52]. Indeed, it is reasonable to expect a significant population of such species
after both He and O, activation at 250 °C, i.e. when dehydration is completed and
before the self-reduction process initiates [17, 40]. However, these kinds of pre-
treatment does not yield significant methanol productivity, as proved by the testing
results reported in the S.I. of ref. [15].

The reaction involving the (0.15; 12) reduced sample at 500 °C with O, most likely
yield Cu-O,* moieties which give much higher productivity, fully comparable with
O»-activation.

5.2.1 EXAFS analysis on CHA (0.5; 12) after O, Activation at 500 °C

The EXAFS fitting for the CHA (0.5; 12) sample after O, activation at 500 °C was
performed in the R-space, in the AR = 1.0 — 4.0 A range, on the FT of the k2-
weigthed x(k) EXAFS spectrum transformed in the 2.4 — 10.8 A range, resulting
in 17 independent points (2AkAR/r +1> 17). As starting guess for the EXAFS fit
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the DFT-optimized geometry of the ZCu(II)OH site reported in section 5.1.1 was
used. Here, the local environment of Cu includes one extra-framework oxygen atom
(Oetw, Roerw) = 1.76 A from DFT) and two framework oxygen atoms (Orw, <Rogw)>
= 1.99 A from DFT) in the first-shell; one Al atom (Tsw, Rrw) = 2.73 A from DFT) in
the second shell and eight framework Si/O neighbours (fw) in the 2.8-3.5 A range.
Similarly to the fitting procedure reported in for the 400 °C - He activated sample
(see section 5.1.4), the SS paths involving these far atomic neighbours were
modelled considering a common contraction/expansion factor as and a DW factor
o’ increasing as the square root of the distance Re; of the it scattering atom
from the absorber (ARw,i = asw, Refti, %w,i = SStw (RefryRo)Y/2, where Ro indicates the
shortest first-shell path present in the fitting model). Excluding the contribution of
H atoms, in principle, the analysed structural model can be representative also for
other tridentate Cu(II)-moieties formed in the presence of O,

The best-fit values for the 10 parameters optimized in this fit are reported in Table
5.8 (second column), while the best-fit and experimental spectra are compared in
Figure 5.12(b,0).

Z[Cu(II)Oetw] + Cu—Cu

EXAFS Parameters Z[Cu(II)Octw] @35A
R-factor 0.011 0.009
Npar (Nind) 10 (16) 11 (16)
Se? 0.9 + 0.1 0.9
AE (eV) -3+1 —2+1
Rocen (R) 1.86 + 0.05 1.86 + 0.05
o20(en (R2) 0.005 + 0.003 0.005 + 0.003
<Row)> (R) 1.97 + 0.04 1.97 + 0.04
020wy (R2) 0.004 + 0.003 0.004 + 0.003
Rrw) (R) 2.75 £ 0.02 2.72 + 0.02
021wy (R2) 0.009 + 0.003 0.009 + 0.003
Ofw - 0.03 £ 0.01 - 0.03 +0.01
ssrw (A2) 0.017 £ 0.005 0.016 + 0.005
XCu(ef) - 0.3+0.3
NCU(ef) - 1
Reuerw) (R) -~ 3.41 + 0.06
02CU(ef) ('&2) - 0_01

Table 5.8: Results from EXAFS fit for the (0.5; 12) sample after O activation at 500 °C
using as starting guess for the fit: (i) only the ZCu(II)Oew model, second column; (ii) the
ZCu(II)Oefw model plus a Cu-Cu SS path. Fixed parameters in fit (ii) are underlined.

Overall, a good fit is obtained (R-factor = 0.01). All the guessed parameters are
refined to physically-meaningful values falling within the expectation ranges for
high-temperature data collection. EXAFS analysis confirms that the average local
environment for the Cu(II) sites in the O.-activated material at 500 °C is well
described by a tridentate sites with asymmetric first-shell ligation to one Oesv atom,
at a shorter distance from the Cu centre, and to two Or from the zeolite lattice,
with longer Cu—Os bond lengths. A significantly elongated Cu—Oer distance of
(1.86 + 0.05) A was found with respect to the Cu-Oon bond length of 1.76 A
predicted by DFT for the ZCu(II)OH model. Although such deviation is still
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acceptable within the respective errors of DFT and EXAFS fit, it could also supports
the possible conversion of a fraction of ZCu(II)OH into other tridentate Cu(II)
species, formed at high temperature in the presence of O, and characterized by
longer Cu—Oerw bond distances.
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Figure 5.12: (a) Geometry for ZCu(II)Oesw sites: Cu (absorber), green; O, red, Al, orange;
Si, grey; the atoms belonging to the first and second coordination shells of Cu are shown
in ball-and-stick mode and highlighted by coloured circles according to the following color
code: violet, Oerw; red Orw; light blue, Trw. (b, c) Magnitude (b) and imaginary part (c) of
the experimental phase-uncorrected FT-EXAFS spectra for the (0.5;12) sample after Oz
activation at 500 °C (black circles) compared with correspondent best fit curves (grey thick
lines) obtained using the ZCu(II)Oerw geometry reported in part (a). The principal
contributions to the EXAFS signal are also reported as coloured thin lines, using the same
colour code as in part (a). (d) As part (a) but including in the model geometry an additional
Cuerw atom (green circle) at 3.5 A from the Cu absorber. (e, f) As parts (b, c) but using the
geometry shown in part (d); the Cu—Cu SS path at 3.5 A has been modelled with a guessed
coordination number (Ncu) and a fixed DW factor (o2cy = 0.01 A2). The Cuefw contribution is
reported in green and allows reproducing the third maximum peaking at ca. 3.2 & in the
experimental FT-EXAFS spectrum.

As it can be observed in Figure 5.12(b,c), the second-shell peak at ca. 2.4 A
mostly derives from the SS path involving the Als, atom refined at (2.75 + 0.02) A
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from the Cu center. Conversely, by exclusively considering the scattering
contributions from the ZCu(II)Oesw geometry, the third maximum at ca. 3.2 & in the
experimental FT-EXAFS spectrum is basically not reproduced. Indeed, the
contributions from the farer Si/O atoms of the 8r give rise to a broad feature
peaking around 2.5 A and are not adequate to fit the well-defined peak observed
in the FT-EXAFS spectrum of the O;-activated sample at ca. 3.2 A. In the absence
of high-amplitude multiple scattering paths, the shape and the R-space location of
this feature suggest a long-range contribution from a high-Z atomic neighbour,
plausibly an additional Cuesv center in multinuclear Cu(II) moieties. To qualitatively
explore such possibility, a Cu—Cuer SS path was added to the previously described
ZCu(II)Oew fitting model, simulated for Reuen= 3.5 A, with a fixed coordination
number Neuen = 1 and fixed DW factor 02cuen = 0.01 A? (adequate to account for
the high thermal disorder due to 500 °C data collection and to the high static
disorder expected in a long-range metal-metal shell). Conversely, the
corresponding relative weight xcuefwy and radial shift ARcyery were guessed. The
results of this fit are also reported in Table 5.8 (third column), and the best fit and
experimental spectra are compared in Figure 5.12(e,f). The fit R-factor lowers to
0.009 and the optimized values of the common parameters are mostly unchanged
with respect to the initial fit using only the ZCu(II)Oesv model. However, the
addition of the Cu—Cuesw contribution significantly improves the reproduction of the
experimental spectrum in the high-R range: the third peak the FT-EXAFS is well
modelled in correspondence of Reyen= (3.41 £ 0.06) A and xcuen = 0.3 0.3 (i.e.
ca. 30% of Cu-sites in the material have another Cu neighbour at ~ 3.4 R).

5.2.2 XAS analysis of composition-dependent reducibility in Cu-CHA and
correlation with DMTM productivity
In the precedent section (5.2) the impact of the different process parameters on
the methanol yield and Cu-speciation for the Cu-CHA (0.5; 12) reference material
has been described. In the following, the same investigation is proposed for a batch
of four Cu-CHA samples with different compositional characteristics (Cu:Al ratio (~
0.5) and Si:Al ratios varying within 5—-29). The samples were studied by XAS after
He activation at 500 °C followed by the subsequent reaction with O, at the same
temperature.
The CHsOH productivity trend (whose measurement approach can be found in
[15]), normalized with respect to the Cu loading (i.e. molCHsOH/mo ICu) exhibits
a maximum, equal to 0.172 molCH3OH/mol Cu, for the sample with Si:Al = 12
among the four tested materials while, in the case of the sample with the highest
aluminum content (i.e: Si/Al=5), the productivity is equal to 0.112 molCHs;OH/mol
Cu. For samples with Si:Al ratios of 12 and 15 a very similar normalized productivity,
in line with the similar compositional characteristics is found. Conversely, increasing
Si:Al to 29 results in a decrease of the productivity; it lowers to 0.131
molCH3OH/mol Cu, see Figure 5.13.
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Figure 5.13: Normalized methanol productivity (molCH3OH/mol Cu) (green points) as a
function of Si:Al (5, 12, 15 and 29) ratio for four CHA samples with Cu:Al=0.5.

O+

The XAS measurements were hence employed in order to interpret the normalized
methanol yield derived from the samples with different Si:Al and also to gain in-
depth knowledge on the Cu speciation in the pre-treated materials. Having
established in section 5.2 that the O.-activation and high-temperature reaction
with O, of the He-activated state result in equivalent performance, it is possible to
safely infer that the two pre-treatments result in equivalent populations of active
Cu-sites. Figure 5.14(a-c) shows the XANES and FT-EXAFS spectra of He-
activated Cu-CHA samples with fixed Cu:Al ratio of 0.5 and Si:Al ratios f 5, 15, 29.
The corresponding spectra collected on the same materials after subsequent
oxidation at 500 °C are reported in Figure 5.14(d-f).

He Act. 500°C He Act. + O, 500°C

a
@ ) Si:Al=5 (d) = SIAI=5
124% Si-Al =15 124% Si:Al =15
E Si:Al = 29 : Si:Al = 29
£ S E 0.01
= z
g 5
@ - 5 g @ = 5 89’76 8979 :
s X i
§: ETo.ﬂi (2) = Energy (eV) %o £
£ X E g
S g 1 S 210 " f@
- 0.4 3 (1) 4 0.4 Cu(l) 1s +4p 5
Z0.0s ; Z0.05
2 2
& ]
Cu(ll c 2 0.00 Cu(i cuycuty S 0.00 e
1s3d 1s-+4p 8979 8982 8985 8988 1s->3d T 1s-4p 8979_ 8982 8985 8988
0.0 r . : — O] 0.0 icsic ok
8975 8980 8985 8990 8995 9000 9005 9010 ‘8075 8980 8985 8990 8995 9000 9005 9010
Energy (eV) Energy (eV)
(b) (c) (e) ()
'.‘A ? ,_,A r_.n(
< = < =
g 3 3 . B
t lt‘ t 0.2A E‘.
Io.z A? Ioz A?

2
R'(A)

2
R(A)

2
R(A)

157



Figure 5.14: (a) Main panel: XANES spectra collected on samples (0.5; 5) (red curves),
(0.5; 15) (black curves) and (0.5; 29) (blue curves) after He-activation at 500 °C; left inset:
background-subtracted pre-edge 1s — 3d peak; right inset: first derivative of the XANES
spectra reported in the main panel in the rising-edge region. (b, c¢) Magnitude (b) and
imaginary part (c) of the FT-EXAFS spectra for the He-activated samples reported in part
(a). Herein the (2.4-10.8) A range of transformation has been employed. (d-f) XAS
spectra for the same materials of part (a-c) but collected after re-oxidation in Oz at 500 °C
of the He-activated samples.

The XANES spectra of all the He-activated samples show the presence of a certain
fraction of Cu(I) ions and the abundance of reduced Cu(l) sites influenced,
increases in the following order: Si:Al = 15 > 29 > 5, as can be qualitatively derived
by monitoring both the intensity of the characteristic Cu(I) 1s—4p peak at 8982.5
eV and the background-subtracted Cu(II) 1s—3d pre-edge peak. These results are
in line with the results of section 5.1, where it has been demonstrated that the
self-reducibility is dependent on the compositional characteristics of the sample.
The pure XANES curves, retrieved by the MCR-ALS algorithm, have been employed
here as references to accurately assess, by simple LCF analysis, the Cu-speciation
in the spectra reported in Figure 5.14(a). The best-fit curves obtained through
the LCF procedure are reported in Figure 5.15, while the fractions associated to
each component involved in the fitting procedure are showed as histograms in
Figure 5.16.
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Figure 5.15: Comparison between experimental in situ XANES of He-activated Cu-CHA
samples with equivalent Cu:Al = 0.5 and different Si:Al, namely (a) (0.5; 5), (b) (0.5; 15),
(c) (0.5; 29), with the correspondent best-fit curves. LCF analysis has been performed
employing, as references, the XANES spectra of the five the pure Cu-species derived from
MCR-ALS analysis showed in section 5.1.1.For each fitted spectrum, the LCF components
scaled by their respective optimized weights, the LCF residuals and the fit R-factor are also
reported.
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Focusing on Figure 5.16, at Si:Al = 5, the He-activated state is found to contain
ca. 50% of redox-inert Z,Cu(II) sites in 6r, whereas the remaining Cu is present as
ZCu(I). The substantial contribution from Z,Cu(II) sites in 6r is also evident in the
corresponding FT-EXAFS spectrum (Figure 5.14(b,c)). There, it is possible to
observe an enhanced intensity for both of the first and second maximum with
respect to the other He-activated materials, in line with the increased coordination
numbers for the first Cu—Om (Norw) = 4) and the second Cu—Tay (Ntgw) = 2)
coordination shells in Z,Cu(II) sites. The sample with Si:Al = 15 shows an optimal
reducibility: the LCF analysis reveals ca. 80% of ZCu(I) species plus some minor
contributions around 10% from both residual ZCu(II)OH species and Z,Cu(II) sites
in 6r. Concomitantly, the FT-EXAFS spectrum is equivalent to that already described
in the previous section for the He-activated (0.15; 12). Such conditions result into
lower first-shell intensity, due to the presence of a majority of twofold-coordinated
sites, and a dampened/broadened second-shell peak, in relation with higher
mobility of Cu(I) cations and heterogeneity in ZCu(I) siting [40, 53]. Finally, the
sample with Si:Al = 29 shows an intermediate reducibility, with an estimated
percentage of ca. 60% of ZCu(I) and ca. 40% of ZCu(II)OH surviving in their
oxidized state; at such low Al-loading while the Z,Cu(II) sites are actually
undetectable. In the FT-EXAFS, a slightly higher first-shell intensity and an
enhanced definition in the second-shell peak with respect to the Si:Al = 15 case
are in good agreements with the higher relative fraction of threefold-coordinated
ZCu(II)OH complexes to the expenses of self-reduced ZCu(I) species, see Figure
5.14(b, ¢).
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Figure 5.16: Bar plot describing Cu-speciation in Cu-CHA samples with Cu:Al = 0.5 and

Si:Al = 5, 15 and 29 after He-activation at 500 °C, as derived from LCF using the theoretical

XANES spectra retrieved in section 5.1.1 as references.

Figure 5.14(d-f) shows how the re-oxidation in O, at 500 °C effectively restores
a largely dominant Cu(II) state irrespectively of the composition, as evidenced by
the rise in the Cu(Il) 1s—3d pre-edge peak, reaching the same background-
subtracted intensity in the three samples, and by the simultaneous decrease in the
Cu(I) 1s—4p rising-edge peak, apparently more complete at Si:Al = 5. Noteworthy,
the re-oxidized (0.5; 29) and (0.5; 15) samples show a very similar XANES.
However, significant differences are found for the FT-EXAFS. In particular, at Si:Al
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= 29, a lower first-shell peak is observed, together with an evident deterioration of
the EXAFS signal in correspondence of the second and third maxima, possibly
deriving from a higher heterogeneity in the Cu(II) component. Indeed, in terms of
Cu(II)-speciation. The absence of a well-defined third maximum in the high-R
region of the FT-EXAFS does not point to the formation of multinuclear oxo or
peroxo Cu(II) species upon re-oxidation. This observation is in line with the
statistical scarcity, at Si:Al = 29, of suitable docking sites with Al-Al separation <
10 &, as predicted by theoretical studies [54, 55].

Correlating the spectroscopic features discussed above with the performance of
the investigated Cu-zeolites with Si:Al = 5, 15, 29, it is possible to find a linear
dependence between the normalized productivity and the sample reducibility in the
He-activated state, quantified through the relative fraction of ZCu(I) sites from the
LCF of the XANES spectra reported in Figure 5.14(a). The productivity-reducibility
correlation is highlighted in Figure 5.17, demonstrating that the normalized
CHsOH vyield is directly proportional to the relative abundance of Cu(l) sites
available for high-temperature reaction with O; to a set of Cu(II)«O, species among
which the active sites should be searched.
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Figure 5.17: Correlation between the normalized productivity of Cu-CHA samples with
Si:Al = 5, 15, 29 and their reducibility in the He-activated state, quantified through the
relative fraction on ZCu(I) from LCF of the XANES spectra reported in Figure 5.14(a).

The best fit line through the experimental points is reported in grey.
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An attempt based on the usage of HERFD XANES to discern the spectral signature
associated to the Cu(II)«Oy species formed during the activation in O; is reported
in the following section (5.3).

Two major causes are identified for a low reducibility — and thus productivity — in
Cu-CHA, as detailed here below. (i) At low Si:Al values (e.g. Si:Al = 5) large
populations of Z,Cu(II) are formed along the dehydration process: the productivity
results clearly show that these redox-inert Cu(II) species are not active towards the
direct methane conversion, and basically block the corresponding relative fraction
of Cu centers. Therefore, it is possible to link the lower normalized productivity
observed in low-loading CHA samples (Cu:Al = 0.15) at Si:Al = 12, see Figure
5.10 and Figure 5.11 with a higher relative abundance of Z,Cu(II) species. (ii) At
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very high Si:Al (e.g. Si/Al = 29) values, although Cu-speciation is largely dominated
by potentially redox-active species, self-reduction is hindered, confirming the
existence of a critical threshold in the material acid site density to efficiently
progress with self-reduction [40]. As already suggested in section 5.2 and
supported by the lower productivity at Si:Al = 29, most likely ZCu(II)OH is the
precursor to the active Cu(II) moieties but it is inactive for the conversion.

It still remains an open question about the nuclearity of Cu(II)«O, species derived
from the re-oxidation of ZCu(I), and how their nuclearity correlates with
productivity in Cu-CHA. Unfortunately, the EXAFS signature of such species is only
found in the high-R range, where the technique sensitivity inherently decreases
(especially for high-temperature measurements on complex, multi-component
systems). Moreover, Cu-Cu contributions prevail over the more abundant Cu-O
ones only in high k-range, where the increased noise could significantly affect the
FT-EXAFS signal.

5.3 COMPARING HE- AND O2-ACTIVATION IN Cu-CHA THROUGH A MCR
ANALYSIS OF HERFD-XANES DATA

As discussed in sections 5.1 and 5.2.2, the availability of redox-active Cu-species,
efficiently undergoing self-reduction during thermal treatment, represents a crucial
requirement for the DMTM conversion over Cu-CHA. Although ZCu(II)OH species
are inactive by themselves, most likely they represent the precursors to different
Cu(II) active sites, whose formation requires high-temperature reaction with O..
To obtain deeper insights in this point, a detailed XAS analysis, focused on a
selected Cu-CHA sample (0.5; 12) (resulting in an optimal performance for the
MTM process, see section 5.2), was employed. In particular, the MCR-ALS
analysis on a combined HERFD-XANES dataset including both O»- and He-activation
for the selected material was performed in order to attempt to single out the
contribution from the O,-derived Cu-species.

5.3.1 HERFD-XANES during O>- and He-activation. qualitative analysis

Figure 5.18 shows the two /n situ HERFD-XANES datasets collected for the
investigated Cu-CHA sample during the activation in O, (Figure 5.18(a)) and in
He (Figure 5.18(b)) (temperature ramp 5 °C/min). More details about the data
acquisition procedure can be found in section 5.8.3 of the appendix. From a
qualitative analysis, it is clear that the evolution of XANES features, during both
activations, is consistent with thermally driven dehydration of the Cu centres: the
intensity of W.L. peak gradually decreases as the temperature increases, reflecting
the progressive lowering in the average first-shell coordination number of Cu. In
line with what has been stated in section 5.1 , the spectral evolution is rather
insensitive to the gaseous environment up to ~ 250 °C. In both O, and He flow,
the lowering in the W.L. intensity is accompanied by the development of a rising-
edge shoulder around 8986 eV, which is imputable to the 1s — 4p transition in a
four-fold or three-fold coordinated Cu(II) sites.

The use of HERFD-XANES instead of the conventional XANES spectra allows an
optimal detection of the 1s —» 3d weak pre-edge peak at 8977.5 eV (see Figure
5.18, insets) . The pre-edge peak is observed to slightly shift to higher energies
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and gain in its intensity as dehydration proceeds. Overall, the distinctive traits of
the final spectrum at 500 °C in O; are in agreement with previous studies [44, 56]
indicating a largely dominant Cu(II) oxidation state. However, it is possible to
observe that in the high-temperature range in O, certain modifications occur in
the intensity and position of the Cu(II) 1s — 4p rising-edge peak at 8986 eV, which
could be connected with the presence of different dehydrated Cu(II) species.
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Figure 5.18: In situ temperature-dependent HERFD-XANES data collected at the ID26
beamline of the ESRF during (a) Oz-activation and (b) He-activation for Cu-CHA (Si/Al =
12, Cu/Al = 0.5). The top bar reports the colour code adopted to indicate the collection
temperature for each scan, with the starting spectrum (37 °C) and ending spectrum (after
ca. 10 min at 500 °C) reported as blue and red thick lines, respectively. The insets report
a magnification of the 1s—3d Cu(II) pre-edge peak, highlighted by a grey box in the main
panels; the energy positions for Cu(I) and Cu(II) 1s—4prising-edge peaks and of the white-
line peak (W.L.) are also indicated.

Regarding the activation in He, from ~ 250 °C upwards, the same trend already
discussed in sections 5.1.1 and 5.2 is repeated. The development of prominent
rising-edge peaks from 8983 eV, is characteristic of ZCu(I) sites formed after self-
reduction of redox-active Cu-species hosted at 1Al sites. The presence of a minor,
but still significant, fraction of Cu(II) species in the He-activated sample is
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evidenced by the persistence of the pre-edge 1s — 3d peak after ca. 15 min at 500
°C (see inset of Figure 5.18(b), red thick curve). As anticipated, it can be better
identified thanks to the improved energy resolution and lower signal-to-background
ratio offered by HERFD-XANES. Similarly, it is possible to note the presence of a
weak but well-defined peak in the characteristic Cu(I) 1s — 4p energy region
already at 37 °C, in both O, and He atmosphere. In O, this feature remains visible
until 250 °C, while at higher temperature it is no more distinguishable from the tail
of the rising-edge peak at 8986 eV. Conversely, in He, from 250 °C upwards, the
8983 eV peak it is observed to progressively develop in intensity, concomitantly
with the formation of a large Cu(I) population via self-reduction.

In the following section, these qualitative insights will be translated into a
quantitative evaluation of the Cu speciation during the O, and He-activation
processes recurring again to the MCR-ALS algorithm.

5.3.2 MCR-ALS results: evidences for O»-derived Cu(Il) species

Figure 5.19 reports the set of spectral and concentration profiles provided by the
MCR-ALS analysis initialised using the SIMPLISMA algorithm.

The same statistical procedure described in section 5.1.1 was executed on both
the datasets resulting in a number of components equal to six and five for the O,
and He activated samples, respectively. In order to reduce the level of ambiguity
affection the retrieved XANES profiles provided by the ALS algorithm an enlarged
dataset composed by 106 spectra, joining together the O, and He activated XANES
dataset (containing, respectively, 53 HERFD-XANES spectra), was generated.

The pure HERFD-XANES spectra in Figure 5.19(a) show a substantial
correspondence with the ones reported in Figure 5.4, derived by applying MCR-
ALS analysis to the conventional transmission-mode XANES data on a
compositionally larger dataset. Overall, beside some specific limitations in the
reconstruction which will be discussed below, the resulting MCR-ALS spectra could
be safely attributed to physically-chemically meaningful contributions, involving the
same set of Cu-species identified in the previous study summarized in section
5.1.2 (namely PC 1, PC 2, PC 3, PC 5, PC 6, assigned as indicated in Figure 5.4
to hydrated Cu(II), ZCu(I), Z,Cu(IIl), ZCu(II)OH and under-coordinated Cu(II)
dehydration intermediate, respectively) plus an additional O,-derived Cu(II)
species, PC 4 (yellow curve and bars).

164



-PC1: hydr. CU(") DPC3: ZZCU(") -PCSZ Z[Cu(II)OH]
B PC2: ZCu()) [JPca4: zicu(iy/o,] [ PCS: dehydr. int. Cu(ll)

(a)

c
Z 3
=
= g
: .
& O
o to.s
© [ =
@ i)
T ©
E g
- o
° (&)
2 3
: T
/* . . " scan# 10 20 30 40 50
8980 8990 9000 9010 I L TR R R . RN I L iiate
X-ray Absorption Energy (eV) 50 100 150 200 250 300 350 400 450 500T (°C)

Figure 5.19: (a) Pure spectra isolated through combined MCR-ALS analysis of the in situ
HERFD-XANES data collected during O2-activation and He-activation of a Cu-CHA samples
with Cu/Al = 0.5; Si/Al = 12 (experimental data reported in Figure 5.18). The spectra
have been vertically translated for the sake of clarity. The * symbol indicates the presence
of reconstruction artefacts in the form of spurious rising-edge peaks for the spectra of PC
5 and PC 6. (b, c) Concentration profiles for the pure HERFD-XANES spectra reported in
part (a) during (b) Oz-activation and (c) He-activation, plotted as a function of the scan
number (2 min/scan, black axis and labels) and of the correspondent data collection
temperature (grey axis and labels, from 37 °C to 500 °C, plus ~ 15 min dwelling time in
isothermal conditions at 500 °C). For both parts (a) and (b), the same colour code is
adopted to indicate the identified Cu-species, according to the legend reported in the top
panel of the figure; the colour code is the same as in Figure 5.4 for the five PCs present
in both studies, namely PC 1, PC 2, PC 3, PC 5, PC 6. PC 4 (yellow curves and bars) is
assigned to a novel Oz-derived Cu(II) species.

In the present case, the reconstruction suffered of some limitations connected with
the use of a one-composition dataset, which appeared to be enhanced due to
higher energy resolution employed. In particular, some spurious peaks are
observed in the energy range 8980 — 8984 eV (typical of Cu(I) 1s — 4p
transitions), in the MCR-ALS spectra for the last two components, PC 5 and PC 6
(denoted with * symbols in Figure 5.19(a)). As described in section 5.3.1, a
weak contribution in this range is observed experimentally already in the low-
temperature range during both O, and He activation and could derive from traces
of Cu(I) species other than ZCu(I), which could easily escape detection in
conventional XANES due to their low concentration. Dealing with a very minor
contribution, whose concentration profile is completely embedded in the
concentration window of much more abundant Cu species, it was impossible to
retrieve its spectral signature from the ALS approach, and its most distinctive trait,
/.e. the peak around 8982 eV, is fictitiously embedded into the PC 5 and PC 6 pure
XANES spectra.

Further insights can be derived from the analysis of the concentration profiles in
Figure 5.19(b,c). Starting from the activation in He (Figure 5.19(c)), the trends
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in the Cu-speciation evolution are qualitatively consistent with the one reported in
Figure 5.4 for the sample with Cu/Al=0.5 and Si/Al=15. The decreasing in the
population of fully hydrated Cu(II) correlates with the appearance of the Cu(II)
species previously described as a four-coordinated dehydration intermediate. At
higher temperature, from ca. 170 °C upwards, ZCu(II)OH, progressively forms. The
ZCu(II)OH concentration reaches a maximum of 80% at 200 °C and then
progressively diminishes in the favour of ZCu(I). The Z,Cu(II) species appear from
~ 200 °C. Their concentration linearly growths with temperature until 400 °C,
remaining then stable at ~ 15% of the total Cu during the final part of the heating
ramp. The final state probed during He-activation, after 15 min in He at 500 °C, is
characterized by a substantial fraction of reduced ZCu(I) sites, accounting for 51%
of total Cu. The new Cu(II) species identified in this dataset, PC 4, shows a very
marginal role in the total signal representation. Its formation seems to be linked to
the appearance of Z,Cu(II) species, although its concentration during He-activation
always remains below 7%.

During Os-activation, the MCR analysis evidences important differences in
temperature-dependent Cu speciation with respect to the treatment in He. For the
initial state, fully hydrated Cu(II) complexes are still the largely dominant structural
component, but an important contribution from under-coordinated Cu(II) aquo-
complexes (PC 6) is already observed, representing the 24% of the total Cu at 37
°C. Similarly, a minor population of Z,Cu(II) sites (ca. 7%) is detected at the very
beginning of the activation ramp. The concentration of these species undergoes to
a linear increase up to ca. 16%, reached at 170 °C. At higher temperature, their
abundance remains rather stable, although in the 400-500 °C range larger
fluctuations are observed. Noteworthy, the final abundance of redox-inert Z,Cu(II)
species is poorly influenced by the activation atmosphere. It appears to be
determined by the Si/Al ratio of the zeolite framework, which gives the statistical
availability of docking sites in 6r hosting two charge-balancing Al sites.

The most intriguing result is connected with the dynamics of ZCu(II)OH and the
new Cu(II) species (PC 4) only detected in significant abundance in O, atmosphere.
In particular, the two Cu(II) components seem to simultaneously develop from ca.
150 °C upwards, correlating with the diminution of the Cu(II) dehydration
intermediate. Nonetheless, the ZCu(II)OH species concentration remains rather
low, oscillating around 13% until 400 °C, and further decreasing to below 10% at
higher temperature. In parallel, the concentration of PC 4 component progressively
increases, becoming the dominant Cu component in the high-temperature range
(70% total Cu at the end of the protocol). All along the O;-activation, ZCu(I) always
occurs only as a very minor species, with concentrations in the 2—5% ranges.
Comparing the behaviour of the PC 4 component during thermal treatment under
oxidant and inert conditions, it appears that this species is strongly associated with
the availability of O, in the feed, whereas the Z[Cu(OH)] species is transiently
present in large abundance also in He, before it undergoes self-reduction to ZCu(I).
The XANES signatures of these two Cu(Il) species are overall quite similar,
indicating a similar Cu coordination geometry in the two cases. However, they do
differ in the intensity and shape of the white line peak, being more intense for PC
4 with a sharper maximum at 8997 eV, as well as in the energy position of the
rising-edge peak, shifted at lower energies of 1 eV for the PC 4 with respect to PC

166



5. With this evidence, the use of HERFD-XANES it is crucial to discriminate the two
structural components.

These results highlight how the components space for the Oj-activation has a
higher dimensionality with respect to what found for He-activation. The additional
Cu-oxo component was associated with an O,-derived Cu(II) species which could
continuously originate from ZCu(II)OH precursor species, possibly though their
transient reduction, on a timescale faster than time resolution employed here (2
min), and the re-oxidation of the newly formed Cu(I) species by O..

The similarity of the MCR-ALS XANES spectra for the PC 4 with the one assigned
to ZCu(II)(OH) suggests a similar three-fold coordinated Cu species, which most
likely plays a crucial role in the DMTM conversion. Possible candidates could include
monomeric Z[Cu(II)O,~] superoxo species with end-on coordination mode, as well
as three-coordinated di-nuclear peroxo and oxo Cu(II) moieties, already identified
in Oz-activated Cu-CHA from Raman spectroscopy [15].

5.4 ASSESSING THE NUCLEARITY OF THE ACTIVE SITES FOR THE DMTM

CONVERSION IN Cu-MOR

As already discussed in the introduction of this chapter, similarly to the CHA
topology, also Cu-exchanged MOR zeolites have been widely employed in the step-
wise DMTM conversion. Also in this case, the main question arising from the
spectroscopic data acquired during operando measurements, concerns the
structure of the Cu active involved in the methanol formation [6]. The results
showed and discusses in this section take their origin from the analysis of the
normalized CH3OH vyield trend showed in the following figure (Figure 5.20).
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Figure 5.20: (Top panel) Normalized productivity (mol CH3OH/mol Cu) as a function of
the Cu/Al ratio, comparing the Cu-MOR Si/Al=7 and 11 series. (Bottom panel) Bar plot
representing the duration b of the O activation and CH4 loading steps employed to obtain
the productivity trend showed in the top panel.
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Figure 5.20 shows the normalized productivity (measured by D. Pappas) for a
batch of Cu-MOR zeolites having Si/Al ratio of 7 and 11. From the plot, it is possible
to see that the Cu-MOR samples with Si/Al=11 exhibit a flat trend of the yield with
increasing Cu loading. A similar behaviour is exhibited also by the materials with
Si/Al=7, having the lowest and highest Cu-loading in the series. These finding are
in agreement with the reports concentring Cu-MOR [6]. However, the material with
intermediate Cu loading (Cu/Al=0.18) shows a normalized productivity of 0.47
moICH3OH/mol Cu close to the maximum value allowed by the stoichiometry
assuming a dicopper active site and pointing towards the existence of a uniquely
high density of active species [16].

5.4.1 Cu active site spectroscopic fingerprints from operando XAS

To rationalize the composition-productivity trends highlighted in Figure 5.20, an
operando XAS experiment at the Cu K-edge was performed, the interested reader
can find the data acquisition details in section 5.8.2. Two representative materials
for each Si/Al ratio, namely MOR (0.18; 7) and (0.36; 11) were selected. Using a
capillary reactor, the MTM stepwise reaction over each material was performed,
while the average electronic and structural properties of the Cu ions were
monitored by XAS. The experimental protocol is analogous to the one presented in
Figure 5.1. It is constituted by the O; activation at 500 °C in pure O; (90 min),
pure CH4 loading at 200 °C (120 min), and CHsOH extraction by steam admission
at 200 °C (70 min). The heating and cooling ramps were always performed using
a rate of +/—5 °C/min. For the extraction step, a flow of Ne/He was passed through
a saturator containing deionized water at 44 °C. The steam was then introduced
to the sample and the effluent was analyzed by a quadrupole MS (Pfeiffer Vacuum),
to quantity the productivity for investigated samples at the operando XAS
conditions. It is clear from the precedent sections that the methane-converting Cu
sites are formed during the high-temperature activation step in an oxidizing
atmosphere. Hence, the comparison of the XANES and the FT-EXAFS spectra of
the O-activated materials constitutes the basis of the analysis, see Figure
5.21(a,b and ¢).

The XANES features can be interpreted based on previous studies on Cu-CHA [1,
2,5, 17, 56, 57]. For all the samples, O,-activation results in a virtually pure Cu(II)
state; no Cu(I) contribution is observed within the detection limit. The XANES
spectra of the four Cu-MOR zeolites show remarkable similarities, thus revealing
comparable coordination environments for the Cu ions in the frameworks.
Nonetheless, a trend is observed in the intensity of the so-called W.L. peak at ca.
9.0 keV in the XANES (faded grey arrow in the inset of Figure 5.21(a)). Low Si/Al
and low Cu/Al both appear to promote a higher W.L. intensity, with the
outperforming MOR (0.18; 7) showing the highest W.L. peak.

As already showed for the Cu-CHA cases, also here a higher W.L. intensity in Cu
K-edge XANES is commonly associated with a higher coordination number in the
first shell of the cation and/or a more symmetrical coordination environment. The
FT-EXAFS spectra in Figure 5.21(b,c) confirm this observation. The intensity of
the first-shell peak, stemming from scattering contributions by O, and Oerv OXygen
atoms, follows the same trend. The FT-EXAFS for the four catalysts also shows a
well-defined peak in the second shell region, extending from 2 to 3 A in the phase-
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uncorrected spectra. On the basis of previous studies [1], it is possible to expect
both Al and Si atoms belonging to the framework (Tr) and Cu—Cu scattering from
CuxOy multimeric moieties to contribute in this R-space range. Notably, the peak
undergoes intensity modifications as a function of the composition (insets of
Figure 5.21(b) faded grey arrow). MOR (0.18; 7) displays the highest intensity,
followed by MOR (0.24; 7) and then by the two Si/Al=11 catalysts. The latter show
an equivalent development of the EXAFS features in this R-space range.
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Figure 5.21: (a) Normalized Cu K-edge XANES spectra of selected Cu-MOR catalysts
after Oz-activation at 500 °C. For all the catalysts, a virtually pure Cu(II) state is detected.
This is evident from the rising-edge shoulder at 8986 eV, in the typical range of 1s—4p
transitions in three-/four-coordinated Cu(lII) sites and the weak pre-edge peak at 8977 eV,
mostly arising from the dipole-forbidden 1s—3d transition in d® Cu(II) ions. The inset
reports a magnification of the so-called W.L. peak, highlighted by the grey box in the main
panel. (b, c) Magnitude (b) and imaginary part (c) of the corresponding phase-uncorrected
FT-EXAFS spectra. FT have been calculated transforming the k?y(k) curves in the (2.4-8.7)
A1 range. The insets in both part (b) and (c) report a magnification of the second-shell
peak, directly correlating with the normalized productivity of the catalysts shown in part
(e). (d) Bar plots representing the duration of the O2-activation and CH4 loading steps and,
(e) corresponding normalized productivity at the operando XAS conditions (full coloured
bars and circles) in comparison with the reference testing conditions (empty bars and
circles). In all the panels, the same colour code is used to indicate the different investigated
materials.

After 90 min in O; at 500 °C, the catalysts were cooled to 200 °C and reacted with
methane for 120 min. The MS analysis of the reactor effluent during the final
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steam-assisted CHs;OH extraction step allowed for on-line quantification of the
methanol yield obtained from each sample. Figure 5.21(e) compares the
normalized productivity evaluated at the operando XAS conditions Figure 5.21(d)
as well as at the reference testing conditions measure by D. Pappas (Figure
5.21(e)). On the one hand, the results demonstrate that these materials were
active under the XAS conditions pointing out the impact of the reaction times
(taking into account that the temperature as well as gas composition were
identical) on the methanol yield. At the operando XAS conditions, the normalized
productivity decrease on average by ca.70 % with respect to the reference
conditions. However, exactly the same trend is maintained in the performance of
the investigated materials.

Intriguingly, the normalized productivity directly correlates with the intensity of the
second-shell peak in the FT-EXAFS spectra discussed before. A higher second-shell
peak results into a higher fraction of active Cu in the materials. Cu—Ts, scattering
contributions are expected to be equally present into both monomeric and
multimeric framework-interacting Cu(II) moieties (fw-Cu(II)). Hence, such a
correlation provides direct structural evidence for a multicopper active sites in Cu-
MOR, resulting in a stronger Cu—Cu contribution in the second-shell region of the
EXAFS. Nonetheless, the relatively low abundance of active species formed at the
XAS conditions, together with the limited contrast between the spectral signatures
of active and inactive Cu(II), hampered the quantification of the fraction of active
Cu from the operando XAS data in Figure 5.21.

5.4.2 Enhancing the spectroscopic contrast by MCR analysis of HERFD-XANES
In order to retrieve a quantitative understanding of the structure-activity
relationships for Cu-MOR, time-dependent High Energy Resolution Fluorescence
Detected (HERFD)-XANES were employed during high-temperature treatment in O,
and inert gas (He) flow for Cu-MOR (0.18; 7) and (0.36; 11). As showed in
sections 5.1 and 5.2, inert treatment at high temperature has been proven an
excellent probe of the different barrier towards self-reduction, assisting in the
discrimination among different Cu(II) species hosted in the zeolite framework. In
parallel, the higher energy-resolution, ensured by using an X-ray spectrometer,
[58, 59] was crucial to successfully resolve the XANES of active and inactive Cu. As
for section 5.3 the data acquisition detail are reported in section 5.8.3 of the
chapter appendix.

Figure 5.22(a) displays the evolution of the HERFD-XANES for the two Cu-MOR
samples as a function of the temperature, from 60 to 500 °C. In line with the CHA
case described in the precedent sections, the XANES evolution up to ~ 250 °C is
poorly affected by the gaseous environment. All the observed spectral
modifications in this temperature window are consistent with thermally-driven
dehydration of the Cu centers. However, at higher temperatures, the pre-treatment
environment drastically impacts the XANES features, resulting into distinct O.- and
He-activated finale states.

The HERFD-XANES spectra at 500 °C in O, match the respective conventional
XANES in Figure 5.21, indicating largely dominant framework interacting Cu(II)
species. However, considerably more defined peaks are observed in line with the
adopted detection scheme. A substantial population of self-reduced Cu(I) species
is instead detected at 500 °C in He. The intense peak developing at 8983 eV points
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to quasi-linear Cu(I) configurations in line with what has been proposed by
Solomon et al. in [9, 10]. The outperforming MOR (0.18; 7) appears to be more
resistant to self-reduction compared to (0.36; 11). Indeed, it shows an almost
halved intensity of the Cu(I) peak at 8983 eV, a significantly higher Cu(II) 1s—3d
pre-edge peak and a W.L. peak more similar to what is otherwise observed after
O»-activation.

Similarly to what has been showed in section 5.3, the He and O; activated XANES
dataset were joined together in order to create an enlarged set of spectra
composed, in total, by 180 XANES profiles. The PCA analysis executed on the entire
dataset suggested the existence of five common species. On the basis on this
statistical evidence, the MCR-ALS algorithm was applied on these data employing
as initialization step the SIMPLISMA algorithm. The MCR results are summarized in
Figure 5.22(c,d), reporting the theoretical HERFD-XANES spectra and their
concentration profiles for the tested catalyst/activation protocols combinations.
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Figure 5.22: (a) Time-dependent HERFD-XANES collected on MOR (0.18; 7), left panels,
and MOR (0.36; 11), right panels, during thermal treatment in O2 (O:z Act.) and inert gas
flow (He Act). Spectra have been collected with a time-resolution of 2 min, while increasing
the sample temperature from 60 °C (blue curves) to 500 °C (red curves). The insets report,
for each sample/activation protocol, a magnification of the weak pre-edge peak mostly
deriving from the dipole forbidden 1s—3d transition in d°® Cu(II) centers. The global dataset
consists into 180 time/temperature-dependent spectra (45 scans per sample/activation
protocol). (b) Theoretical HERFD-XANES spectra of pure Cu-species from MCR-ALS analysis
of the dataset in part (a). (¢) Corresponding bar plots reporting the temperature-dependent
concentration profiles of each pure Cu-species. In a similar way as recently found for Cu-
CHA in section 5.1.1, fully coordinated, pseudo-octahedral Cu(II) aquo-complexes (PC 1)
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undergoes partial dehydration to a four-coordinated Cu(II) species (PC 4). These
intermediate Cu(II) species reach maximum concentration around 200 °C, and then
progressively converts into framework-interacting Cu(II) species (fw-Cu(II)). Among these,
a low-temperature (LT) redox-active component (PC 3) is found, efficiently undergoing self-
reduction to fw-Cu(I) (PC 2) in inert atmosphere from 250 °C upwards. A LT redox-inert
component is also identified (PC 5): it remains stable in inert atmosphere up to 400 °C and
is more abundantly formed in the highly active MOR (0.18;7) catalyst.

The characteristic XANES features of theoretical spectra, together with their
temperature-dependent dynamics, provide the basis for a robust assignment to
well defined Cu-species, as detailed in the caption of Figure 5.22. The MCR
analysis reveals two framework interacting (fw) Cu(II) species, characterized by
different barrier towards self-reduction, and distinct XANES features. A first Cu(II)
species is found to efficiently undergo self-reduction already from 250 °C in He
low-temperature (LT) redox-active fw-Cu(Il), PC 3 in Figure 5.22(b,c). In
contrast, the specie referred to as low temperature (LT) redox-inert fw-Cu(II) (PC
5 in Figure 5.22(b,c)), remains stable until 400 °C in inert atmosphere. This
behaviour is consistent with the higher stability predicted for multimeric Cu-oxo
cores [60], with respect to monomeric Cu(II) species. The latter could include
[Cu(ID(OH)]*, [Cu(ID)O]*, and, in the presence of O, [Cu(II)O.]*formed at a
single-Al docking site during dehydration. LT redox-inert fw-Cu(II) is significantly
more abundant in the highly productive (0.18; 7). Its XANES is characterized by
more intense and sharper peaks with respect to the LT redox-active component,
especially in the W.L. region. LT redox-inert fw-Cu(II) is observed in both inert and
oxidant environments, which supports anaerobic pathways (e.g. through
condensation of neighbouring [Cu(II)(OH)]* complexes) as a viable alternative to
direct routes involving molecular oxygen activation at Cu sites. Nonetheless, after
400 °C, an oxidant environment appears necessary to its stabilization, in agreement
with O, temperature-programmed desorption results reported by Solomon and co-
workers for Cu-ZSM-5 [61].

5.4.3 Quantitative evidences for a di-copper active site
The same Cu-MOR materials were further investigated by operando XAS by
collecting higher-quality HERFD-XANES after the samples were kept at 500 °C in
O, for 30 min. Using the pure spectra in Figure 5.22 as references, the linear
combination fit (LCF) analysis was employed to accurately determine the Cu-
speciation in the four O-activated Cu-zeolites (see Figure 5.23(b)). In these
conditions, the outperforming Cu-MOR (0.18; 7) contains the highest fraction of LT
redox-inert fw-Cu(II) (47% of total Cu) and 42% of LT redox-active fw-Cu(II).
Instead, in the other three materials, the LT redox-active species is promoted: it
accounts for 52-78% of total Cu, at the expense of the presumed active site (18-
24%). Contributions from the Cu(II) species denoted as four-coordinated
dehydration intermediate (PC 4) in the 10-20% total Cu range are still detected in
all the samples except for the (0.36; 11) sample.
Having discovered how the duration of each process step impacts the performance
of the tested materials, as reported in Figure 5.21(e), the batch of four Cu-MOR
zeolites were re-evaluated under an ad hoc set of conditions (HERFD-XANES testing
conditions depicted in Figure 5.23(a)). Here, the O,-activation step was set to 30
min, as probed by HERFD-XANES, whereas a 360-min-long CH4 loading step was
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employed to efficiently saturate all the available active sites. This ensured that the
measured yield of C-containing products (CH3zOH along with CO and CO, from minor
over-oxidation during steam-assisted extraction at 200 °C) per Cu was a
trustworthy measure of the fraction of active Cu formed during the O;-activation
step at the HERFD-XANES conditions, able to activate CHs4 in the subsequent step.
Figure 5.23(d) correlates the determined moles of activated CH4 per mol Cu with
the fraction of LT redox-inert fw-Cu(II) (PC 5) from LCF analysis. The experimental
points for this Cu-MOR sample series after Oj-activation (full coloured circles in
Figure 5.23(d)) excellently approximate the ideal trend line for stoichiometric
DMTM conversion over a di-copper active site (dashed dark red line in Figure
5.23(d)), unambiguously demonstrating that two Cu ions are cooperatively
involved in the activation of a CH4 molecule over these materials.

HERFD-XANES Testing Conditions

CH, Load 200 °C
4 I 0. 7800
. 0O, Act. 500 °C ] 4
———————r————————— nl1.0 4.0x10
a 0 60 120 180 240 300 360 420 480 [}
Step duration (min) ‘c o)
- o] o 20.81 8
—LCF ©
o res| & g - E
% % o™ .
o = .= 12.0x10
[T (TR
o o = 0.4+
w w )
< 4 =
: : 8 0.2
S S =
Zilal Zpd—| WL
8980 9000 9020 8980 9000 9020 0.0 0.0
b Energy(eV) Energy(eV) C
3 0.5 —
5 0.18Cu-HMOR(7) ik
0.24Cu-HMOR(7) R
€ 0.4 o28cunmor(tn) o7
= 0.36Cu-HMOR(11) L,
<~ % % g
L 0.3- ‘ “A e
(&) i N = ae= -
- | s
sesamk
2 0.2 _.—\’,\I'S
>
| I S [ sl T A ] Mono-copper AS
2 0.1+ —— Di-copper AS
I e e e T A Tri-copper AS
2 0.04
E d ' V.\

Figure 5.23: (a) Bar plot representing the duration of the O activation and CH4 loading
steps at the HERFD-XANES testing conditions, adopted into parallel laboratory tests to
effectively correlate spectroscopy results and performance. (b), Comparison between
experimental HERFD-XANES of representative O2-activated Cu-MOR samples, namely MOR
(0.18; 7) and MOR (0.36; 11), with the correspondent best-fit curves from LCF analysis,
using the pure spectra from MCR analysis (Figure 5.22(b)) as references. For each fitted
spectrum, the LCF components scaled by their respective optimized weights and the LCF
residuals are also reported. (c), Cu-speciation in (0.18; 7) and (0.36; 11) as determined
from LCF analysis of HERFD-XANES spectra. The PCs corresponding to pure Cu-species are
indicated using the same colour code as used in Figure 5.22(b,c). The LCF R-factor is
also reported (grey stars, right ordinate axis). (c), Quantitative correlation between the
normalized productivity evaluated at the HERFD-XANES testing conditions and the fraction
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of LT redox-inert fw-Cu(II) (PC5 — the presumed DMTM active site) from LCF analysis (Oz-
activation: full coloured circles; He-activation + O2: empty coloured circles). All the
experimentally-determined values match the ideal trend line for stoichiometric conversion
over a di-copper active site, [mol activated CH4/mol Cu] = 0.5 [Fraction Cu in active site],
reported as a full dark red line.

For the Si/Al = 7 Cu-MOR samples a different pre-treatment was also investigated.
It consisted in the exposition of the He-activated materials to O; at 500 °C, similarly
to what has been described in section 5.2 for the Cu-CHA. The corresponding
experimental points, obtained correlating results of HERFD-XANES LCF analysis and
productivity per Cu evaluated after the same pre-treatment, are reported as empty
squares in Figure 5.23(d). The points keep following the di-copper active site
trend line, evidencing how the same active site nuclearity is conserved also when
the latter is obtained by interacting self-reduced Cu(I) with molecular O,.
Interpolating the normalized yield obtained at the reference testing conditions (480
min-long O:-activation) for the (0.18; 7) on the spectroscopically-validated di-
copper trend line, it is possible to estimate more than 90% of total Cu coordinated
into Cu,Ox active species for this outperforming material, resulting in the highest
productivity per Cu reported to date for MTM over Cu-exchanged zeolites. Hence,
prolonged exposure to O; at 500 °C promotes important reorganization phenomena
in the Cu ions siting, resulting in the dynamic transformation of inactive Cu into
active species (or possibly precursor to active species). In the presence of the most
favourable compositional landscape, such as in (0.18; 7), these processes finally
yield a guasi-single-site catalyst, where virtually all Cu is organized into active Cu,Ox
cores.

5.5 IDENTIFYING Cu-0x0 SPECIES IN CU-ZEOLITES BY XAS: A
THEORETICAL SURVEY BY DFT-ASSISTED XANES SIMULATION AND

EXAFS WAVELET TRANSFORM

In the precedent sections, it has been showed that Cu-CHA and Cu-MOR zeolites
possess Cu-oxo active sites able to cleave the C—H bond of methane at
temperatures < 200 °C, enabling its partial conversion into methanol. Clearly, to
understand their reliability and the potential towards the DMTM conversion, it is
crucial to accurately characterize the Cu-speciation during the O, activation, when
Cu active sites are formed.

The previous experimental XAS data for Cu-CHA and Cu-MOR demonstrated that
there is no sharp spectroscopic contrast in the O;-activated state for the two
topologies, neither in the XANES nor in the EXAFS region, once samples with
equivalent Si/Al and Cu/Al ratios are considered. Moreover, the behavior of these
two Cu-zeolites along the stepwise DMTM process, as probed by operando XAS, is
rather similar [17, 62]. Nonetheless, the structural models adopted for the
quantitative analysis of the related EXAFS spectra significantly differs for the two
topologies. While the first peak of the magnitude of the EXAFS Fourier Transform
(FT) is fully recognized to be associated to Cu—O single scattering path (SS), the
interpretation of the well-defined second-shell peak, most often observed in O,-
activated samples, appears to be more uncertain, see sections 5.1.4 and 5.2.1.
In particular, this feature in Cu-CHA has been associated to the single scattering
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(SS) paths involving the second-shell Al/Si atoms in monomeric Cu-complexes.
Conversely, for Cu-MOR, the second-shell region is often modelled solely by the
Cu—Cu SS paths characteristic of multimeric Cu species [1, 63].

This issue lead my friend and colleague Ilia A. Pankin (The Smart Materials Center-
Southern Federal University) to build a set of theoretical models of Cu(II)-oxo
complexes hosted in the CHA and MOR zeolites. These structures constituted the
basis for further simulations involving the related Cu K-edge XANES spectra, whose
characteristic features should represent a useful tool to aid the analysis of the
experiments. Concerning the structural screening regarding all the possible siting
of the Cu(Il) ions, only the larger rings offered by the CHA (8r) and MOR (8r and
12r) topologies were considered. The main reason behind this choice must be
found in the fact that these sites are intuitively more accessible to O,. A quantitative
demonstration of this last assertion can be also found in the detailed computational
study realized by Vilella et al. [55].

Focusing on the location of Cu(II) sites, and excluding the Z,Cu(II) sites, because
considered inactive for the MTM reaction, see section 5.2, the complete batch of
analyzed Cu(II) structures consisted of ten sites and it is reported in Figure 5.24.
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Figure 5.24. DFT-optimized geometries of different monomeric and dimeric Cu-oxo
species incorporated into 8r of CHA and 12r of MOR frameworks (the rest of the zeolite
framework is omitted for clarity). DFT-optimized interatomic distances are indicated in A.

The technical details about the DFT optimizations can be found in the supporting
information of [64].

How it is possible to see, concerning the monomeric species, in addition to the
Z[Cu(II)OH] site, two super-oxo Cu(II) moieties with four-fold coordinated side-on
(ZCu(I1)0O5%) and three-fold coordinated end-on (ZCu(II1)0>%") binding mode were
considered. With respect to the dimeric Cu(II) species, three-fold coordinated
mono-(p-oxo) cores ZCu(II)OHCu(II)Z and ZCu(II)O,*"Cu(II)Z peroxides, with end-
on Oz binding mode were investigated. Finally, for the CHA topology, on the basis
of previous theoretical investigation realized by Falsig et al. [54], the
ZCu(II1)O,*"Cu(II)Z geometry locating the two Al atoms in adjacent 6r and 8r of
the framework were considered too.

The overall selection of structures was motivated by previous works [1, 2, 15, 16,
55], which point towards to two possible routes to form Cu-oxo framework-
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coordinated species: (i) from a self-reduced ZCu(I) by interaction with an oxygen
molecule which can result to the formation of monomeric superoxo or dimeric
peroxo species or (ii) due to internal pathways e.g. via condensation of proximal
ZCu(IT)OH yielding to mono p-oxo dicopper(II) cores. In both mechanisms, redox-
active ZCu(II)OH species represent a viable starting point, which also implies quite
abundant population of this species in the activated samples.

5.5.1 XANES simulations results

Figure 5.25(a) reports the Cu K-edge XANES spectra simulated using the FDM
(full potential finite difference method) approach, provided by FDMNES, for the
DFT-optimized monomeric and dimeric Cu-species in the CHA framework reported
in Figure 5.24. The XANES spectrum simulated for the sole four-fold coordinated
geometry, namely ZCu(II)O.*“, demonstrates a sharper difference with respect to
the rest of the theoretical curves for the models considered, exhibiting quite similar
shape of the profiles. The XANES spectrum of ZCu(II1)O,¥% is characterized by a
well-defined W.L. peak (denoted as C in Figure 5.25(a)) and two less intense
rising-edge shoulders (denoted as A and B in Figure 5.25(a)). Conversely, the
theoretical spectrum stemming from ZCu(II)O" shows less intense W.L. peak and
more pronounced rising-edge peaks. The latter is also shifted towards higher
energy. Another appreciable difference between the theoretical XANES for
ZCu(I1)02%% and ZCu(II)02%™ is the energy positions of the white line peak, that is
shifted towards higher energy in correspondence of end-on O; binding mode.
Overall, the shape of the theoretical XANES spectrum for ZCu(I1)0O®™ is almost
overlapped in the W.L. region with the spectra calculated for the other dimeric and
monomeric Cu species, where the Cu(II) centers are three-fold coordinated to two
O and one Oery atom.
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Figure 5.25. Cu K-edge XANES simulations for DFT-optimized Cu-oxo species in CHA (a)

and MOR (b). Vertical dashed lines correspond to the energy position of the features A, B

and C defined, for indication, based on ZCu(II1)O25% model for CHA in part (a) and for

ZCu(I1)02"Cu(II)Z for MOR in part (b).

Subtle differences can be noted in the relative intensities of the A and B
contributions in the rising-edge shoulder. In particular, for ZCu(II)O*™ and
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ZCu(II)OMCu(II)Z, feature B is more pronounced with respect to the rest of three-
fold coordinated geometries. Moreover, the theoretical spectrum obtained for
ZCu(IT)OHCu(II)Z shows a slight shift to higher energy of the rising-edge feature A
and significant shift of the white line peak C, while retaining the same energy
localization in the absorption edge region. There is also a clear trend in the energy
distance between the absorption edge and the white line peak C obtained for
different Cu(II) species, increasing as the Cu—Oerv distance decreases, thus being
minimum for ZCu(I)OX“ (<Cu—Oerw >=1.97 A) and maximum for
ZCu(I1)O*Cu(I1)Z (<Cu—Oerw> = 1.74 A).

Similar trends can be emphasized also from qualitative analysis of the theoretical
spectra for the DFT-optimized monomeric and dimeric Cu-species hosted in 12r of
MOR, reported in Figure 5.25(b). Again, the spectrum simulated for the four-fold
coordinated ZCu(II)O;% exhibits larger differences with respect to all the other
models, reflecting into higher intensity of white peak C and lower intensity of rising-
edge features A and B. It should be noted that in case of ZCu(II)O,*“ in MOR, the
feature B is not visible, being instead present in the spectrum of the same species
in CHA. At the same time the feature B for ZCu(I1)O,®" is significantly more intense
with respect to what it is observed for the other Cu-species in the MOR framework,
being even more intensive than the W.L. peak itself. For the others three-fold
coordinated species incorporated into MOR framework, feature B appears to be
less intensive and more convoluted with respect to the spectra simulated for the
same moieties in CHA.

Overall, the observed differences in the shape of the XANES spectra computed for
the geometry of the same Cu-species hosted in different framework - resulting into
very similar DFT-optimized distances - highlight an appreciable effect of the distant
framework environment on the simulated XANES.

In summary, the XANES simulations do not allow to highlight nuclearity-sensitive
fingerprints in the spectra simulated for the selected monomeric and dimeric
species incorporated into CHA and MOR topologies to conclusively discriminate
between them. However, it is evident that in both cases, the larger differences are
obtained for the ZCu(II)O:*“ species, representative of four-fold coordinated
Cu(II) sites. Conversely, for the other three-fold coordinated monomeric and
dimeric moieties, no pronounced differences are observed. In all the cases, the
computed curves show more intense rising-edge features and a less developed
W.L. peak with respect to ZCu(II)O2*“ with very similar XANES shape between the
different three-fold coordinated models.

5.5.2 Wavelet Transform Analysis on simulated EXAFS spectra

Herein, similarly to what has been shown in section 5.5.1 the EXAFS signal
simulation stemming from two Cu(Il) species, namely ZCu(II)OH and
ZCu(IT)OMCu(II)Z are provided. This species are representative of the Cu(II)
monomers and dimers in the CHA and MOR framework, characterized by a similar,
three-fold coordinated Cu local environment. As discussed in the previous section,
they are difficulty discriminated solely based on their Cu K-edge XANES spectra.
The procedure employed to simulate reasonably the EXAFS spectra can be
described as follow. For each Cu site in the CHA and MOR framework, the phases
and amplitudes of each path were calculated using the FEFF 6.0l code. Herein, the
simulations were based on the assumption, supported by experimental results [40,
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44, 49, 62, 65], that in the R-space range of interest (up to 4 R), the SS paths
represent the dominant contribution to the EXAFS signal. The structural parameters
(i.e. coordination number N; and bond distances R;) for all the included
coordination shells were set to the DFT values. The Debye Waller (DW) parameters
have been chosen for each shell according to the types of atoms and their distances
from the absorber. This was done similarly to the single and multi-component fit
showed in section 5.1.4. For the extra-framework oxygen (Oefw), @ DW parameter
was fixed to 0.005 A2 with the exception of the second extra-framework oxygen
(Oefw2) in the ZCu(I1)0O2*™ and ZCu(I1)O,*"Cu(II)Z geometries where, in order to
account for the higher disorder effect, the DW was set to 0.006 A2. The same value
(0.005 A2) has been used to describe the contributions involving the second sub-
shell of framework oxygens (Or). The DW factor related to the Al coordination
shell was fixed to 0.008 A2, while always at 0.008 A2 DW value was also fixed for
the second Cu site in di-copper species. For the farer O and Si framework atoms,
which provide a minor but not negligible contribution to the EXAFS signals, a lower-
level parametrization strategy was employed. A DW factor defined in the following
way: o2 = o2, - /R;/Rz, Where oZ, has been fixed to a global value of 0.01 A2, R;
is the optimized distance from the Cu absorber for i" atom, while the term Ry
represents the distance of the nearest framework atom from the Cu absorber. This
choice seems appropriate; in fact, it provides a slow increasing of the DW factor as
the distance increases (/.e. isotropic increasing), accounting for the structural
variation or thermal motion typically more pronounced at higher distances [66].
Finally, the amplitude factor So was set to 1 (ideal value) and the absorption edge
energy shift to 0 eV. In case of di-copper sites, the local environments associated
to the two Cu-absorbers are not fully equivalent, some small but not negligible
differences appear, see Figure 5.24. For this reason, initially, each Cu atom was
considered separately (i.e. one Cu atom has been set as the absorber while the
second-one as the scattering atom) applying the parametrization described above
for each Cu site. Afterwards, the two simulated k?y(k) EXAFS signals were merged
in order to obtain a single common spectrum. Once that the set of theoretical
EXAFS spectra were calculated, they have been processed through the WT integral
representation employing the Cauchy mother function [67]:,

W0 = H)]1+1 (5.1)

Where i denotes the complex unit. The choice of this function must be attributed
to its ability to simplify the WT integral showed in chapter 3, moreover the usage
of a complex-valued function seems to be suitable for analyzing frequency-
modulated signals indeed, through equation (5.1), the signal resolution is
controlled by just one parameter (i.e. n ) instead of additional terms, as in the case
of the Morlet mother function. However, it is worth noting that, despite the
reduction of the computational time required for the calculation of the WT integral,
the results obtained through the Cauchy and Morlet wavelet are approximatively
the same, as demonstrated in [68].

For all the selected theoretical signals, the Cauchy parameter n was set to 200,
which allows the best compromise, in term of resolution, among the k and R
spaces. Finally, it is worth noting that for all the structures analyzed, the Fourier
transforms of the EXAFS signals are phase-uncorrected and they have been
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obtained transforming the simulated k2x(k) EXAFS signals in the 2.4-11.0 A
range.
The atomic contributions of the simulated conventional EXAFS-FT signal for the two
species hosted in CHA and MOR are described at first. The results, reported in
Figure 5.26, underpin the complexity related to the interpretation of the second-
shell signal, due to the simultaneous presence of single scattering (SS) paths
involving the Al and Cu atomic neighbors, as well as the distant framework Si/O
atoms. Moreover, the analysis of the magnitude and the imaginary part of each
contribution provides deeper insights into the EXAFS-FT peaks assignment. The
same simulated EXAFS spectra were further subjected to WTA, as illustrated in
Figure 5.27, aiming to assess the potential of this alternative EXAFS analysis
approach in discriminating among monomeric and dimeric Cu(II) moieties.
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Figure 5.26: EXAFS-FT contributions of the simulated signals (magnitude: top panels,
imaginary part: bottom panels) for ZCu(II)OH monomers (CHA: (a); MOR: (b)) and
ZCu(II)OHCu(II)Z dimers (CHA: (c); MOR: (d)), vertically translated for the sake of clarity.
(e, f) Direct comparison between the magnitude (top panel) and the imaginary part (bottom
panel) of the simulated EXAFS-FT for monomeric ZCu(II)OH and dimeric ZCu(II)O+Cu(II)Z
species (e) in CHA and (f) in MOR. The selected range in k-space for all the EXAFS-FT
spectra goes from 2.4 to 11.0 AL, All the reported EXAFS-FT spectra are phase uncorrected.
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Starting from the monomeric Z[Cu(II)OH] structures, a common trend is evident
for both the framework topologies, consistently with the high similarity between
ZCu(IT)OH geometries in both CHA 8r and MOR 12r (see Figure 5.24). The
ZCu(II)OH site results into a structured first-shell peak in the EXAFS-FT, where two
sub-peaks are evident. The first sub-peak, less intense, is due to the Oesw atom
from the hydroxyl ligand, while the second one is related to the two nearest O
atoms from the zeolite lattice, see Figure 5.26(a,b). Scattering contributions
stemming from Al and framework Si/O atoms are mostly in phase, thus promoting
the growth of a well-defined second-shell peak at ca. 2.5 A in the phase-
uncorrected EXAFS-FT spectrum.

Considering the WTA results for ZCu(II)OH, two main lobes are visible (Figure
5.27(a,b)). The first one, localized in the AR = (1.0-1.8) A and Ak = (0-12) A
range, is associated to the Orny contributions, with a sub-lobe, due to the Oesv atomic
neighbor localized at lower R values. These features tend to be stretched in
k —space towards higher k-values (around 12 A?). Nevertheless, only the atoms
much heavier than oxygen should typically populate this region. The reason for this
particular behavior represents a limitation of the analysis and it is due to the so-
called broadening effect, whose description is provided in Chapter 3. The second
main lobe collects the contributions coming from the Al atom and the farer Si/O
atoms from the zeolite lattice. It elongates till ca. 10 Al because of the separate
contributions coming from the Si and Al atoms from one side and the framework
oxygens from the other, having a backscattering amplitude factor less intense at
high k-values. It is worth noting that for all the analyzed cases, the spectral
features related to the Si and Al atoms cannot be discriminated through WTA,
because of their virtually equivalent backscattering amplitude factor.
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Figure 5.27: (a-d) Full-range EXAFS WT 2D plots for monomeric ZCu(II)OH and dimeric
ZCu(II)OHCu(II)Z species in CHA 8r, parts (a) and (c), and MOR 12r, parts (b) and (d). (e-
h) Respective magnifications of the second WT lobe located between 2.0 and 3.5 A,
corresponding to the second-shell region in conventional EXAFS-FT.

Analyzing the dimeric ZCu(II)O*Cu(II)Z configurations, more differences appear
between the two framework topologies. In CHA framework, the mono-(p-0xo)
dicopper(II) complex is located in the 8r, while in MOR it lies on the 12r plane. This
implies that in CHA, from the second coordination shell upward, the distances
between the Cu absorbers and its atomic neighbors (Al, farer framework Si/O and
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Cu) are lower than in MOR. Consequently, a higher overlap of the atomic
contributions in the 2.0-3.5 A range is observed for ZCu(II)O*Cu(II)Z in CHA with
respect to the same species in MOR, see Figure 5.26(c,d).

The simulated EXAFS-FT spectra for ZCu(II)O*Cu(II)Z and ZCu(II)OH in the CHA
8r are almost overlapped (Figure 5.26(e)): by standard EXAFS analysis it would
be very challenging to discriminate among these mono- and di-copper(II) species.
Conversely, for ZCu(II)O*Cu(II)Z in the MOR 12r, the second-shell peak in the
standard EXAFS-FT shows two sub-peaks, whose conformation is more complex if
compared to what observed for ZCu(II)OH in the same framework (Figure
5.26(f)). The first sub-Al shell peak is principally due to the SS contributions from
the Al and framework Si/O atoms, while the second one is mostly related to the
presence of the framework Si/O atoms and the second Cu site.

A more evident representation comes, in this case, from the WT analysis of the
EXAFS signal (Figure 5.27). At low R values the WT plots show the characteristic
structured lobe due to the first-shell Os and Oesw contributions, broadened in k-
space as discussed before for monomeric ZCu(II)OH species. However, the second
main lobe, extending in the region between AR = (2.0-3.5 A) and Ak = (0.5-12.0
A1) presents an interesting conformation. As visible in the magnification reported
in Figure 5.27 (g,h), it is clearly composed by the combination of two sub-lobes.
The first one, in the Ak = (0.5-5.0 A1), stems from the contributions of Al and
farer framework Si/O and atoms, whose backscattering amplitude factor peaks in
the k-space around 3-4 A, see the backscattering amplitudes plot of Chapter 3.
The second sub-lobe extends in the Ak = (6.0-12.0 A!) range. The maximum of
the Cu backscattering amplitude falls exactly within this k-space region, allowing
an unambiguous assignment of this sub-lobe to Cu—Cu contributions.

Standard EXAFS-FT analysis highlights how for ZCu(II)O*Cu(II)Z in the CHA 8r the
Si/O framework contributions overlap with the Cu—-Cu one in the same R space
range (Figure 5.26(d)). The Si SS paths are characterized by a backscattering
amplitude factor that is lower in magnitude at high k-values than for Cu, but still
not negligible. This is the main reason why the Cu sub-lobe is not completely
separated from the sub-lobe collectively stemming from O, Al, and Si scatterers,
making its complete resolution impossible to realize for this structural configuration
of the dimeric core. Nevertheless, considering the poor contrast between the
standard EXAFS-FT spectra simulated for ZCu(II)O*Cu(II)Z and ZCu(II)OH in CHA
(Figure 5.26(e)), it clearly emerges how WTA can, in such case, provide enhanced
sensitivity to the nuclearity of the investigated Cu-species.

For ZCu(II)O*Cu(II)Z in the MOR 12r, the larger ring size reflects into a better peak
resolution in the EXAFS-FT plot, see Figure 5.26(d). Here, the Cu—-Cu path is
associated to a well-resolved third-shell maximum and its contribution becomes
clearly evident in the WT representation, where a lobe extends in the region
included between AR = (2.7-3.4 A) and Ak =(6.0-12.0 A1), characteristic of Cu
(Figure 5.27(d,h)).

5.5.3 Critical comparison between theoretical and experimental XAS results

In the previous sections, the characteristic XANES and EXAFS features for well-

defined Cu(II)-oxo species in the CHA and MOR frameworks have been analyzed

by computational modelling and DFT-assisted simulations. In the following, a

critical comparison of these theoretical findings with some representative
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experimental result is provided. With this respect, Figure 5.28 reports a selection
of experimental XAS spectra for the O.-activated Cu-CHA and Cu-MOR zeolites,
with similar compositional characteristics (CHA (0.5; 12) and MOR (0.36, 11)) and
measured after identical activation protocols, similar to the ones showed in the
precedent section and showed in Figure 5.1 and described in section 5.2.

In line with simulations reported in section 5.5.1 , Cu-MOR and Cu-CHA show
very similar Cu K-edge XANES spectra. The experimental XANES, characteristic of
Cu(II) centers, show a rising-edge peak at ca. 8987 eV and an intense W.L. peak
at ca. 8997 eV, with a shoulder on the low-energy side at ca. 8993 eV. Simulations
reasonably reproduced the major experimental XANES features and their energy
location. However, the relative intensity of rising-edge peaks with respect to the
W.L. peak is over estimated, especially for three-fold coordinated Cu(II) moieties.
Herein one should recall that the full potential FDM approach tends to overestimate
the intensity and sharpness of rising-edge feature for Cu(II)O. Assuming a similar
behavior for XANES simulation of Cu-oxo species in zeolites, it is possible explain
the difference with the experimental XANES reported in Figure 5.28(a), as well as
in other XAS studies [15, 16], where a broader, lower-intensity rising edge peak is
detected. Also, different Cu(II) species have been shown to be simultaneously
present in Cu-CHA [15, 40] and Cu-MOR [1, 16, 69] after activation — plausibly
involving a mixture of three- and four-fold coordinated Cu centers. In addition,
especially at high temperature, a significant mobility level have been proposed even
for framework-coordinated ions [53]. All these factors are expected to contribute
to a dampening/broadening effect in the experimental XANES features.

The experimental FT-EXAFS spectra in Figure 5.28(b,c) also corroborate the
indications by DFT-modelling about the similarity of local environment of Cu-
centers in the two investigated zeolites. In both cases, three maxima are observed,
at equivalent R-values for the two frameworks. The rather broad first-shell peak
contains contributions from O atoms in the first coordination shell of Cu centers. In
line with previous EXAFS fit for Cu-CHA showed in section 5.2.1 , two Cu-Oesvand
Cu-Or sub-shells at slightly different distances (refined e.g. at 1.86 + 0.05 A and
1.97 + 0.04 A, respectively) are required to reach a satisfactory fit of the EXAFS
spectra. This asymmetric coordination mode is typically observed in DFT
geometries of three-coordinated Cu-species. Nonetheless, it is clear that Oesv and
Orn contributions in the experimental spectra are more overlapped in R-space with
respect to what has been observed in the simulated EXAFS spectra in section
5.5.2, reflecting larger differences between Cu-Oesv and Cu-Ory distances in the
DFT models of the three-fold coordinated Cu(II)-sites.

182



a) b)

~ =
= S
= 3
5 x
e
-
LS 0 2 4 6 8 1012
k(A7)
(2]
w
P4 .
§ 05 10 15 20 25 30 35 40 4.
] R (A)
E c) f\ I\
(=] | L i
- 4 nEAU
‘_:, | ng Vhyﬁv
Cu-MOR, 500 °C | & Jo\=
~——Cu-MOR200°C | Z / | v [|heA
- Cu-CHA,500°C | &| \ 2
; s w| | | 0 2 4 6 & 1012
Cu-CHA, 200 °C A k(A-l)
T T T 02A \
8960 8980 9000 9020 N
Energy (eV) 05 10 15 20 25 30 35 40 45

Figure 5.28: Selection of experimental /n situ XAS results collected at 500 °C and 200
°C on Ogz-activated Cu-CHA (0.15; 12) and Cu-MOR (0.36; 11) zeolites. (a) Cu K-edge
XANES spectra, vertically translated for the sake of clarity. (b. ¢) Magnitude of FT-EXAFS
spectra for (b) Cu-CHA and (c) Cu-MOR, obtained transforming the k2?x(k) curves shown in
the respective insets, in the k-range 2.4-11.0 AL, (d, e) Experimental EXAFS WT 2D plots
for the 200 °C EXAFS spectra reported in part (b, c), chosen for its better S/N ratio in the
EXAFS and magnified in the region of the second WT lobe between 2.0 and 3.5 A. The
same ranges in k and R spaces and Cauchy resolution parameter employed in the
theoretical WT plots have been adopted also in this case.

It is interesting to observe how, for both Cu-CHA and Cu-MOR, cooling to 200 °C
in Oz results into an appreciable increase in the intensity of the white line peak in
the experimental XANES spectra together with an intensity enhancement of the
EXAFS first-shell peak, beside what is expected is only due to lower thermal
contribution to Debye-Waller factors. In line with the XANES simulations, such
behavior could be connected with an increased relative fraction of four-fold
coordinated Cu(II) moieties, such as ZCu(II)O.*“, at lower temperature.

The WTA to the experimental EXAFS spectra is reported in Figure 5.28(b,c).
Figure 5.28(d,e) reports the resulting of the EXAFS WT 2D plots, magnified in the
2.0-3.4 A range. Indeed, the interpretation of the experimental signal is more
demanding in this region, due to overlapping contributions from different types of
atomic neighbors. For both Cu-zeolites, it is possible to observe some lobes
extending in the Ak = (6.0-10.0 A?) interval, characteristic of the Cu-Cu scattering
contributions. Thus, WTA supports the presence of an appreciable fraction of
multimeric Cu-species in both cases, which would have been difficult to
unambiguously assess only from conventional FT-EXAFS spectra in Figure
5.28(b,c). Interestingly, the WT plots for Cu-CHA and MOR also show a slightly
different morphology. For Cu-CHA, the high-k lobe appears at higher R-values than
in Cu-MOR, in the AR = (2.7-3.0 A) range - across the second and third maxima
are observed in the FT-EXAFS spectrum. Conversely, for the Cu-MOR, a more
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pronounced high-k lobe is observed in the AR = (2.2-2.6 A) range, corresponding
to the second maximum in the FT-EXAFS spectrum.

5.6 EXAFS WTA oF Cu-MOR uUNDER MODEL RED-OX CONDITIONS: THE

IMPACT OF TREATMENT AND COMPOSITION

In this section, as a further proof of the potential of EXAFS WTA in the advanced
characterization of Cu-zeolites, a study regarding how the reaction conditions can
influence the Cu speciation and nuclearity for a batch of different Cu-zeolites,
possessing the MOR framework, is provided. In particular, the results obtained from
an ex-situ experiment involving four kind of Cu-MOR samples are described. These
are the Cu-MOR: (0.24; 7), (0.18; 7), (0.36; 11) and (0.1; 11).

Each sample underwent to two distinct treatments: (i) vacuum activation — heating
in vacuum from room temperature (RT) till to 400 °C keeping the sample at 400
°C for 1 hour and cooling down to RT always in vacuum. (ii) Vacuum activation +
0O, 200 °C - starting from the vacuum-activated sample, pre-heating in vacuum up
to 80 °C to 200 °C, keeping the sample at 200 °C for 1 hour in Oy, cooling down
to RT (always in Oy), finally outgassing O from the cell at RT. In both cases, the
Cu-MOR samples were measured at RT. The data acquisition procedure followed
the methodology described in section 5.8.1.

Figure 5.29(a,b) reports an overview of the ex situ XAS data, collected at RT for
the investigated Cu-MOR zeolites, after thermal treatment in vacuum and in O,
according to the protocol described above. Considering the XANES spectra obtained
for the vacuum-activated samples, it is clear that, for all the Cu-MOR compositions,
that the Cu ions in the systems exist in a virtually pure Cu(I) oxidation state. Cu(I)
species are formed via self-reduction. Within the resolution of these
measurements, no trace of the pre-edge peak, arising from 1s —3d transition in d°
Cu(Il) ions, is in fact detected. All these XANES spectra are dominated by a
prominent rising-edge peak at 8982.5 eV, assigned to the 1s—4p transition in Cu(I)
ions. Overall, all the acquired XANES spectra for the Cu(I) state closely resemble
the one of the linear [Cu(I)(NHs)2]* model compound [33, 56, 70]. In line with the
previous studies on Cu K-edge XANES [10] the characteristic XANES features
observed here point to quasi-linear Cu(I) sites.

In the phase-uncorrected FT-EXAFS, it is possible to note a first maximum at 1.5
R, with a broad shoulder at 2.1 A. At longer R-values, only a broad feature peaking
at 2.9 A is observed. The first shell intensity is comparable with the one observed
for the [Cu(I)(NH3)2]* model compound, suggesting, on average, the presence of
two framework O atoms (Or) in the first coordination shell of Cu(I) species. For
the MOR (0.36; 11), the EXAFS signal at higher R-values has been previously found
consistent with partially overlapped scattering contributions involving framework
Al/Si as well as Cu atomic neighbours [10, 70]. Nonetheless, the fit results were
blurred by rather high correlations among the parameters employed to model the
Al and Cu scattering paths, translating into a general accuracy loss in the structural
refinement.
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Figure 5.29: (a) £x situ Cu K-edge XANES spectra for Cu-MOR zeolites with different
compositions, obtained after vacuum-activation at 400 °C (warm colours) and exposure to
02 until 200 °C (cold colours). The inset reports a magnification of the pre-edge peak arising
from 1s —3d transition in d° Cu(II) ions. (b) Correspondent phase-uncorrected moduli of
the Fourier transform obtained transforming the k? x(k) EXAFS signals (showed in the inset),
in the 2.4-13.0 A range. Compositional characteristics of each sample are indicated by
Cu/AL_Si/Al labels.

Focusing on the /n situ XAS of Cu-MOR after exposure to O, the related XANES
features can be qualitatively interpreted based on the results showed in the
precedent sections .For all the samples, the thermal treatment in O, up to 200 °C
results into oxidation to Cu(II) of most of the Cu-species, characterized to occur as
Cu(I) after vacuum activation. Nonetheless, a minor Cu(I) contribution is still
detectable, as indicated by the residual peak at 8982.5 eV. Compared to the spectra
collected after vacuum activation, it is possible to observe that the XANES of the
four Cu-MOR zeolites after exposure to O, show remarkable similarities. This
evidence points to comparable coordination environments for the Cu(II) ions in the
zeolite cages across the investigated compositional series.

More pronounced variations are instead visible analysing the FT-EXAFS spectra
reported in Figure 5.29(b). Here, the first-shell peaks, arising from scattering
contributions by framework (Om) and extra-framework (Oerw) OXygen atoms,
exhibit almost equivalent intensity. For all the four compositions, a well-defined
feature is visible in the second-shell region, peaking at ca. 2.4 A and extending
with rather broad tails until 3.5 A in the phase-uncorrected EXAFS spectra. Such
feature exhibits composition-dependent intensity variations, being more intense for
the samples MOR (0.10; 11) and (0.18; 7). Based on previous findings [1, 71] it
is possible to expect that both scattering paths involving Al/Si atoms from the
zeolite framework (for both mono- and multimeric Cu-species) and Cu-Cu
scattering contributions are due to the contribution coming from Cu,O, multimeric
moieties influencing this R-space range.

Due to its sensitivity to the chemical nature of the scatterers surrounding the
absorbing atom, the WT analysis can be exploited to validate the existence of Cu-
Cu EXAFS paths, thus providing a more robust assignment to the high-R EXAFS
features discussed before, based on classical FT analysis. To this aim, the WT
analysis was applied on the Cu-MOR EXAFS spectra reported in Figure 5.29(b):
an overview of the obtained results is presented in Figure 5.30.
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Differently from section 5.5.2, for all the wavelet representations, a Morlet mother
wavelet with the following set of parameters controlling the WT resolution was
chosen: ¢ = 1 and n = 7. The reason of this choice must be identified in the fact
that, as suggested theoretically by the models showed in Figure 5.24, the typical
distances for Cu pairs forming during the investigated treatments fall in the 3-4 A
range, with average values of ~3.5 A. On this basis, for all the representations, the
condition of optimal resolution at a given distance of interest was satisfied, see
chapter 3 for a more detailed explanation.
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Figure 5.30. (a) Full-range WT representation of the EXAFS signal for a representative
Cu-MOR sample, namely (0.18; 7) measured at RT after vacuum activation at 400 °C. (b)
Magnification of the high-R WT region highlighted by the red dashed box in (a), in the
ranges Ak (0-10) A and AR (2-4) A. On the top is reported a plot of the relevant
backscattering amplitude functions F(k) as the one showed in chapter 3, calculated from
FEFF6.0l considering the SS paths involving O, Si, Al and Cu scatterers. (¢, d) High-R WT
region for the ex situ EXAFS of Cu-MOR samples (c) after vacuum activation and (d) after
subsequent thermal treatment in O2 up to 200 °C. Compositional characteristics of each
sample are indicated by Cu/Al, Si/Al labels.

All the WT representations show a main lobe at low R values (Ak (0-12.5) A1 x AR
(0.5-2.0) R): Figure 5.30(a) reports a representative example for vacuum-
activated MOR (0.18; 7). As described before, this feature is associated with the
single scattering contributions (SS) arising from Oz and Oerw atoms. The evident
elongation of the first lobe toward large k-values should not be connected with the
presence of heavier scatterers. Rather, it is explained in section 5.5.2 introducing
the concept of spectral broadening.

Figure 5.30(b) shows, for the same exemplificative case, a magnification of the
WT-EXAFS in the high-R region (2.0-3.5 A AR range). Here, two distinct sub-lobes
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can be visualized: the first one extends at lower k —values, Ak (3-5) A1, while the
second occurs in the range Ak (5-9) A. Comparing the k-space ranges where
these sub-lobes extends with the relevant backscattering amplitude factor curves
F(k), also reported in Figure 5.30(b), it is possible to safely assert that the first
sub-lobe is dominated by the contributions of lighter elements (O, Si, Al).
Conversely, the second sub-lobe peaks at ca. 7 A%, precisely matching the k-value
where the Cu backscattering function has its maximum. Thus, it can be
unambiguously assigned to Cu-Cu scattering contributions.

Figure 5.30(c) compares the high-R WT maps obtained for the vacuum-activated
Cu-MOR samples. Here, the two sub-lobes discussed above are always
distinguishable, albeit certain differences as a function of the sample composition
can be appreciated. These results provide direct structural evidence for the
presence of coupled Cu(I)'*-Cu(I) sites [70] giving rise to the high-k sub-lobe in
the WT maps. However, such feature appears to be more emphasized at lower
Si/Al and Cu/Al ratios.

Considering the ex situ EXAFS data obtained upon thermal treatment in O, the
same considerations about the WT main lobe at low R-values made for the vacuum-
activated materials, remain valid. This feature is always associated to the
contributions involving Osy and Oesw atoms, which may be located at different
distances from the Cu centre, but possess the same elemental identity.

Focusing on the high-R WT features summarized in Figure 5.30(d), it is possible
to observe clearly, for all the investigated compositions, the presence of two sub-
lobes. Again, their localization in k-space is consistent with major contributions
from framework elements (O, Si, Al) and Cu, for the first and second sub-lobe,
respectively. Thus, WT analysis visually demonstrates the presence of framework-
coordinated multimeric Cu,Oy cores, plausibly formed upon interaction with O, with
the coupled Cu(I):**Cu(I) ions detected after vacuum activation.

Comparing these WT representations with the ones obtained after vacuum
activation, it becomes evident that the high-R the WT features are morphologically
different. In particular, the high-k sub-lobe, fingerprinting Cu-Cu scattering, is
shifted towards lower values of R. At the same time, all the low-k sub-lobes
become more intense and expand to higher distances. This behaviour can be
rationalized assuming that, upon interaction with O,, Cu***Cu pairs undergo
substantial structural rearrangement, involving contraction of the interatomic
distances between the Cu(II) centres in multimeric cores and approaching to the
framework of Cu(II) ions.

The WT results reported here for Cu-MOR provide direct structural support to these
theoretical insights, which would have been difficult to access solely by
conventional FT-EXAFS analysis.

In order to better compare the different compositions and treatments explored in
this work in term of presence/relative abundance of Cu-Cu contributions, the power
density k-dependent function ®R(k), described in chapter 3 has been calculated
in the R range within 2 and 4 & and it is reported in Figure 5.31.
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Figure 5.31: Wavelet power density functions ®R®(k) calculated for all the investigated
samples from ex situ EXAFS data collected (a) after vacuum activation and (b) after

suAbsequent thermal treatment in Oz up to 200 °C. The range of calculation is within 2 and
4

All the ®R(k) functions in Figure 5.31 show a main peak localized at lower k-
values followed by a weaker peak localized at around 7 A1. The peak FWHM
essentially depends on the broadening of the FT-EXAFS features in the relevant R-
space range, which is higher after the vacuum activation with respect to the
following treatment in O,. Based on the previous considerations about k -
dependency of F(k) functions, the main peak can be associated with SS and MS
contributions involving lighter elements (i.e. Si, Al, and On, atoms belonging to the
zeolite lattice, as well as O,-derived Oerv after O, thermal treatment). More
interesting is the localization of the second peak. This last feature corresponds with
the maximum of the backscattering amplitude function associated to Cu-Cu SS
paths and can be considered as a direct fingerprint for the presence of this kind of
contributions, reflecting the high-k sub-lobe in the WT maps discussed before.
While the 2D representations in Figure 5.30(c,d) carry out simultaneous
information in both R- and k-space, the ®R(k) integral functions offer a more
practical way to compare different samples/conditions over the relevant R-space
range. Indeed, analysing Figure 5.31(a,b), it is possible to note a characteristic
trend for the intensity associated with the Cu-Cu feature. At fixed Si/Al ratio in the
zeolite framework, the peak intensity is higher for that samples having a lower
content of Cu (i.e. Cu/Al = 0.18 and 0.10, at Si/Al = 7 and 11, respectively). The
same trend can be observed after both vacuum activation and subsequent thermal
treatment in O,. This observation points to a saturation mechanism driving the
formation of Cu-Cu pairs in MOR, whose abundance appears, counterintuitively,
seems to be inversely correlated with the amount of Cu in the sample. Notably, a
similar behaviour is well documented for 2Al sites in the same six-member ring of
the CHA topology, ions, as properly described in section 5.1.2. Framework
composition and synthesis parameters are known to shape the Al distribution in
the zeolite lattice [72], giving rise to a limited number of 2Al docking sites, with
Al*--Al separation potentially suitable to support multi-copper moieties once Cu is
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exchanged into the zeolite. The compositional trend emerging from this analysis
suggests that, along the dehydration process, Cu should preferentially occupy such
2Al sites, resulting into Cu-Cu pair detectable by EXAFS WT. Once the available 2Al
exchange sites are saturated, Cu ions will start to populated isolated 1Al sites,
forming monomeric Cu-species, which are silent in the high-k region of the WT
plane. In this scenario, for the same parent zeolite, higher Cu-loading translates in
a higher relative abundance of mono-copper species over total Cu in the system.
Remembering that XAS is an absorber-averaged technique, this causes an
abatement of the spectral features associated to multimeric configurations (sub-
lobes and peaks around 7 A! in Figure 5.30(c,d) and Figure 5.31(a,b),
respectively) in the EXAFS-WT response, representing an average over all the Cu-
species present weighted by their relative abundance.

5.7 FOLLOWING BY EXAFS-WTA THE DMTM CONVERSION OVER MOR
(0.18; 7)

This section shows the results obtained monitoring through the XAS technique the
key steps of the DMTM process over the MOR (0.18; 7). In particular, similarly to
section 5.1, XAS was used here to monitor the dynamic evolution of the Cu local
environment along the MTM reaction protocol. The MOR (0.18; 7) was selected
because of its outstanding activity towards the target reaction, resulting in a
methanol productivity per Cu of 0.47 mol activated CHs/mol Cu, at optimal process
conditions [16, 62]. Moreover, as already discussed in section 5.4, by combining
MCR analysis of HERFD XANES data with DMTM testing at consistent conditions
has been shown how for this specific Cu-MOR sample, the CH4 is activated over a
dicopper(II) site, involving the large majority of the Cu ions in the system.

5.7.1 Key DMTM reaction steps monitored by EXAFS WT

Figure 5.32(a,b) shows the /n situ XANES and EXAFS spectra acquired for each
step involved in the DMTM conversion (the inset of Figure 5.32(a) shows the
scheme of the followed protocol, which appears to be analogous to the one
depicted in Figure 5.1).

The O;-activation at 500 °C results into a largely dominant Cu(II) oxidation state.
The observed XAS features are consistent with tridentate O-ligated Cu(II) units,
located at defined ion-exchange sites in the zeolite framework. Certain
modifications are observed in the XANES spectra at the end of the O,-activaton
step at 200 °C, principally regarding the W.L. region. In particular, a higher W.L.
intensity is observed, pointing to a higher first-shell coordination number. A similar
trend is observable analysing the related FT-EXAFS where the diminution of the
temperature correlates with an increasing of the intensity of the first and second
shell. This behaviour is primarily due to the diminution of the Debye-Waller (DW)
factors as a function of the temperature. However, the thermal effect is
accompanied by a structural rearranging in the first coordination sphere of Cu,
upon cooling from 500 to 200 °C in Oy, as also observed in Cu-CHA, see section
5.2.
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Figure 5.32. (a) XANES spectra of MOR (0.18; 7) after the key steps of the DMTM
process. The upper inset reports a magnification of the pre-edge region. (b) k?y (k) signals
and related magnitudes of the EXAFS-FT modulus. (c) High-R WT region for the EXAFS
spectra reported in (b). (d) Power density functions calculated for the WT plots reported in
(c) in the integration range within 2 and 4 A.

A comparison of the WT-EXAFS plots for the states at 500 and 200 °C, Figure
5.32(c) - top panels, does not evidence important differences in the high-R range,
except for a general increase of signal intensity at 200 °C, attributable to the
natural reduction of DW factors at the lower data collection temperature.
Importantly, it is possible to recognize a very similar morphology of WT as the one
discussed in section 5.6 for O,-treated MOR (0.18; 7) measured ex situ, with sub-
lobes stemming from both Cu-O/Si/Al and Cu-Cu scattering contributions. In
agreement with the results showed in section 5.6 framework-coordinated CuxOy
species are thus confirmed to form during high-temperature O;-activation. Such
multimeric species persist with a virtually equivalent second-shell coordination
environment during the subsequent cooling step in O, preceding to CH4 loading.

The pronounced modifications occurring in the XAS spectra during the CHs-loading
and steam-assisted CH3OH extraction step reflect the Cu(II) to Cu(I) reduction
process and the subsequent hydration phenomena. From the spectra reported in
Figure 5.32(a,b), it is clear that Cu(I) species are formed during CHs-loading at
200 °C and persist after the CH3OH extraction step. This is evidenced in the XANES
by the 1s—4p rising edge peak at 8982.5 eV, characteristic of Cu(I) sites in a linear
of quasi-linear coordination geometry, as already observed in the ex situ XAS of
(0.18; 7) after vacuum activation (section 5.6). In parallel, the first-shell intensity
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in the EXAFS diminishes, consistently with the formation of a fraction of two-fold
coordinated Cu(I) species. At higher R-values, standard FT-EXAFS highlight a
substantial decrease of the well-defined feature observed in the O;-activated
material, evolving towards an almost unstructured signal after steam-assisted
CH30H extraction.

Wavelet analysis performed on these two steps, Figure 5.32(c) — bottom panels,
evidences a simultaneous attenuation of both sub-lobes associated to framework
and Cu contributions. This result is further supported from the WT power density
functions ®R(k) for the four steps of the DMTM process and reported in Figure
5.32(d). Here, it is possible to see that the contribution associated to the Cu-Cu
paths, peaking at 7 A, undergoes to a substantial attenuation after the CH4 loading
step, albeit remaining detectable. A closer look at the corresponding WT map in
Figure 5.32(c) evidences a weak, residual sub-lobe in the k-range diagnostic for
Cu-Cu contributions, shifting to higher R-values (3.0-3.5 &) with respect to the O,-
activated state. After CHsOH extraction, the Cu-Cu peak in ®R(k) remains very
weak and further it broads so that it is difficult to resolve it as a distinct feature.
Here, the features associated with low-Z scatterers in both ®®(k) and WT map
appear slightly intensified with respect to the CH4-loading step. Conventional FT-
EXAFS shows an intensity enhancement of the low-R side of the first-shell peak,
consistent with an increased coordination number in a fraction of Cu-sites, most
likely undergoing to partial hydration upon exposure to steam. This translates in
an average enhancement of MS contribution involving first-shell O ligands, hence
accounting for the intensity increase of the WT features in the low-k range.

The structural insights emerging from WT analysis prove how the CH4 activation
on Cu-active sites is accompanied by severe rearrangements in the local
coordination environment of Cu ions, involving the breakage of CuxOy multicopper
moieties, and the average elongation of interatomic distances between Cu and
framework atoms. These resemble, in an inverse order, the structural
transformations detected in ex sitv experiments upon thermal treatment in O, of
self-reduced Cu-MOR, presented in section 5.6.

5.7.2 EXAFS fitting using the WT representation

An important pre-requisite to advance in the understanding of the DMTM process
is the experimental determination of the local structure of the active Cu species.
Due to its sensitivity to the chemical nature of the scatterers and to the possibility
to conjugate the information coming from the k-space with the R-space, here it is
proposed a fit of the EXAFS spectrum using the WT representation. A technical
description of the strategy employed to implement this novel fitting technique is
provided in chapter 3.

To assess the feasibility and potential of the WT EXAFS fitting, the EXAFS spectrum
of the O,-activated MOR (0.18; 7) after cooling to 200 °Cin O, and He flush (orange
curves in Figure 5.32(b)) was employed. This choice it is principally due to the
fact that that this state immediately precedes the CH4 loading step, while ensuring
a better S/N ratio with respect to the EXAFS data collected at 500 °C. Moreover,
as showed in section 5.4.3 at the process conditions adopted in the in situ XAS
experiments, this state should contain almost exclusively active dicopper Cu,Oy
moieties.
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A simple SS shell model for the fitting procedure was considered. In particular, a
first-shell composed by both Or and Oerw atoms was used, while the signal at high-
R was modelled including three separate coordination shells, involving framework
Al and Si scatterers, as well as Cu atoms form multicopper species. The distances
used to initialize the minimization procedure were defined according to the DFT
models provided showed in section 5.5. In the fitting procedure, for each shell,
the average distances <Ri> and the coordination numbers N; were refined,
resulting into a number of guessed parameters N°,a- = 9. On the basis of previous
results obtained from standard EXAFS fits of O-activated Cu-zeolites, as the one
showed in section 5.2.1, all the SS paths were fixed on a common amplitude
reduction factor (So?) as well as the DW factors associated to each shell; a global
energy shift parameter (AE) was instead optimized in the fit. The fitting procedure
was performed in the two dimensional range within Ak =(2.4-10.5) A! and
AR=(1.0-3.5), resulting into a number of independent point N°, = 13. Figure
5.33 compares experimental and best-fit full-range WT plots while the results of
the WT fitting procedure are reported in Table 5.9.

The best-fit WT plot in Figure 5.33(a) properly reproduces all the main features
associated to the experimental WT features, as quantified by the R-factor
associated to the reconstruction, equal to 0.01. At the same time, from the
graphical analysis of the individual WT contributions in Figure 5.33(b), it is
possible to observe how their location in the (k, R) space falls in line with the
qualitative analysis and the assignments provided before.
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Figure 5.33. (a) Comparison between the best fit and the experimental WT
representation of the EXAFS signal acquired on Oz-activated MOR (0.18; 7). (b) WT
representation associated to the individual scattering contributions (Cu-O, Cu-Al, Cu-Si and
Cu-Cu) extracted from the fit. The intensity for the Cu-O contribution (top left plot) refers
to the colour scale displayed in part (a), whereas all the other (high-R) contributions have
been plotted according to the colour scale reported in part (b), to facilitate comparison
among the relevant WT features.
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EXAFS Best Fit values

Parameters
AR (R) 2.5
Ak (A1) 8.1
NOpar/N%ind 9/13
Reactor 0.01
So® 0.9
AE (eV) -1.93 £ 0.07
<Ro> (R) 1.939 + 0.001
<Ra> (R) 2.724 + 0.002
<Re> (R) 3.112 + 0.003
<Rs> (R) 3.138 £+ 0.003
o (R?) 0.004
oal (B2) 0.006
otu (B2 0.007
o3 (R?) 0.008
No 3.03 £ 0.01
Na 0.90 + 0.02
Neu 0.99 + 0.03
Ns; 2.22 + 0.04

Table 5.9: Results of the WT EXAFS fit for O2-activated MOR (0.18; 7) after cooling to
200 °C in O2 and He flush (orange curves in Figure 5.32(b)). The parameters fixed in
the fit are underlined.

The Fitting results support the dominant presence of di-copper species (Nc. ~1)
surrounded by a first shell of O atoms with coordination number No ~ 3. The
number of Al and Si atoms, identified by the fit, is refined to ca. 1 and 2
respectively. These values are in accordance with the coordination numbers
associated to Al and Si shells previously found in O; activated Cu-zeolites [1]. At
the same time, the optimized interatomic distances are consistent with the DFT
values showed in Figure 5.24 by precedent theoretical works [55, 64]. Based on
these available models for Cu local environment, it is possible to envisage the
presence of two O and one Oesv atoms, bridging the two Cu centres. A possible
configuration compatible with the obtained results could involve Cu-mono-(u-0xo)
dimers. The presence of Cu-peroxo dicopper species with an end-on O,-binding
mode is instead discouraged, based on the Cu-Cu distance found by the fit. Indeed,
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the optimized value of <Re,> ~ 3.1 A is significantly shorter than the DFT value of
ca. 4.3 A predicted for the latter species in Cu-MOR [64].

It is worth to note that several constraints have been adopted in this initial,
exploratory EXAFT-WT fit. In the model was considered a single O shell entailing
both Ory and Oerw, to fix the DW factors and neglect the farer O atoms of the zeolite
lattice. These choices had the purpose to building of a flexible structural model,
capable of describing different types of Cu-species, allowing to obtain a first
screening on the most likely configuration [68].

5.8 APPENDIX: EXPERIMENTAL METHODS

5.8.1 Insitu Cu K-edge XAS

Experimental data were collected in transmission mode at the BM23 of the
European Synchrotron Radiation Facility (ESRF), using double-crystal Si(111)
monochromator for the incident energy scan and ionization chambers for the
detection of incident and transmitted photons. The chambers were filled with a
He/Ar mixture up to 2.2 bar with the partial pressure of argon of 0.1 and 0.3 bar
for Ip and I chambers, respectively. For an accurate edge energy calibration, a
copper foil was measured simultaneously with all the acquired spectra using a third
ionization chamber 1. The Cu-CHA and MOR catalysts were measured in the form
of a self-supporting wafers (optimized samples weights in the 90-140 mg range
for 1.3 cm? area pellets, resulting in edge jumps Apx in the 0.3—1.1 range for a
total absorption after the edge of ux = 2.5) fixed inside the Microtomo reactor cell
developed at the ESRF [73]. Two different XAS acquisition modes were employed.
The evolution of the XANES features during the He, O —activation or other kind of
gas flux was monitored with faster acquisitions of ~ 6 min, from 8900 to 9182 eV
(up to ~ 7 A1), allowing to appreciate the variation of the XAS signal as a function
of the temperature (pre-edge region energy step = 5 eV, edge region energy step
= 0.3 eV. On the other hand, the EXAFS part was collected with variable sampling
step in energy, resulting in Ak = 0.08 A%; integration time was 1 s/point in all
regions). Two consecutive higher-quality XAS scans of ~ 30 min each were collected
from 8800 to 9955 eV (up to ~ 16 A1) with enhanced k-space sampling (Ak = 0.035
A1) and acquisition time in the EXAFS region, quadratically increasing with k from
1 to 4 s/point to account for the lower signal-to-noise ratio as k increases. The final
spectra employed for EXAFS fitting were obtained as the average of the two pu(E)
curves corresponding to the consecutive scans, after checking reproducibility
among the two acquisitions. All the collected XAS spectra were aligned in energy
using the corresponding Cu metal foil spectra detected by the I, ionization chamber
and normalized to unity edge jump

5.8.2 Operando XAS
Operando XAS experiments were performed at the BM31 beamline (Swiss
Norwegian Beamline, SNBL-II) of the ESRF. Cu K-edge XAS spectra were collected
in transmission mode, using a water-cooled flat Si(111) double crystal
monochromator. To measure the incident (Io) and transmitted (I;) X-ray intensity,
30 cm-length ionization chambers filled with a mixture of He and Ar were used.
Continuous scans were performed in the 8800-10000 eV range, with an energy
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step of 0.7 eV in the pre-edge range, of 0.5 eV in the edge region, and a fixed k
step of 0.05 Al in the EXAFS region. Collection of one XAS spectrum required 10
min. The O;-activated state for each catalyst were characterized collecting two
consecutive XAS scans and averaging the corresponding p(E) curves after checking
for signal reproducibility. For the measurements, the Cu-MOR powder was ground
and sieved with 425 to 250 um sieves; ca. 3 mg of catalyst were then packed in a
capillary reactor (1 mm diameter) connected to an appropriate gas-flow setup for
the stepwise MTM reaction. Temperature at the measurement position was
controlled by a heat gun. A total flow rate of 2 ml/min was employed for all the
reaction steps, including. XAS spectra were normalized to unity edge jump.

The gas composition of the outlet gas from the reactor has been continuously
monitored by means of a mass spectrometer.

5.8.3 In situ and Operando HERFD XANES

The measurements were performed at the ID26 beamline of the ESRF. The spectra
were acquired in fluorescence mode, detecting only photons whose energy
corresponded to the maximum intensity of the Cu Kg 1,3 emission line (~8906 eV).
This energy selection was performed using five Si(553) analyser crystals (6 =
79.92°), set up in vertical Rowland geometry, resulting in spectra resolution of 1.06
eV (elastic peak). The crystals were spherically bent following the Johann scheme
to focus the fluorescence radiation onto an avalanche photodiode (APD) detector.
For the incident beam a flat double-crystal Si (311) monochromator was employed.
The time acquisition for each spectrum was set to 2 min. The measurements were
conducted using a well-established gas flow setup, based on the Microtomo reactor
[73] cell (developed by the ESRF Sample Environment team), that allowed to
precisely control the gas composition and the temperature inside. The Cu-CHA and
MOR samples were prepared in the form of self-supporting wafers (ca. 100 mg of
sample) and fixed inside the reactor cell.
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6 STRUCTURE AND REACTIVITY OF
[Cu2(NH3)402]** COMPLEXES IN Cu-CHA
CATALYST FOR NH3-MEDIATED SELECTIVE
CATALYTIC REDUCTION: A XAS STUDY

The selective catalytic reduction of NOy to N, by ammonia (SCR-NH3) has played
an important role in the abatement of the NOy emissions in the exhaust of diesel
engines and power plants since 1970s. Catalysts based on Cu-ion exchanged
chabazite (Cu-CHA) are very effective for this reaction and are commonly applied
today in the automotive sector. These catalysts feature a high activity around 200
°C, a good selectivity for N, formation, and excellent thermal stability in the harsh
conditions of exhaust after-treatment systems [1, 2].

The standard NH3-SCR reaction is a redox reaction following the equation:

4NO + 4NHs3 + O2 - 4Nz + 6H0

Concerning Cu-zeolites, a few standard SCR mechanism proposals have appeared
in recent literature, derived from combined experimental and theoretical works. All
of them agree on the fact that the NH3-SCR activity of Cu-CHA catalysts is due to
the capability of the Cu ions to reversibly change the oxidation state between Cu(I)
and Cu(Il) [3-6]. The reaction cycle can be performed stepwise, by alternating a
reduction in a mixture of NO and NH3;, and an oxidation in a mixture of NO and O,
[5, 7]. For the reduction half-cycle, there is converging evidence that the reduction
of Cu(II) by NO and NHs3 at around 200 °C results in the formation of linear
[Cu(I)(NH3).]* complexes. These complexes are weakly bound to the zeolite, and
therefore mobile [5, 7-9].

In the oxidation half cycle, the Cu(I) species reacts with O, to form a Cu(II) species.
Therefore, the reaction of O, with the linear [Cu(I)(NH3).]* complexes is an
essential step in the NH3-SCR reaction cycle at low temperature. In a milestone
work, Paolucci et al. [9], demonstrated that due to the effective diffusion of
[Cu(I)(NHs).]* complexes inside the zeolite cage (ca. 9 &, although still constrained
by the electrostatic tethering to charge balancing Al sites), it is possible that in
presence of O, two [Cu(I)(NHz).]* could determine the formation of a NH3 -solvated
dicopper Cu(II)-oxo complex. In particular, the structures that are formed after the
reaction of an O, molecule and two [Cu(I)(NHs):]* complexes are Cu molecules
containing two Cu-centers bridged by oxygen. The general formula of these
complexes is [Cuz(NH3)40,]?* [9]. Efforts to determine the structure of this complex
have mainly been based on DFT calculations. Figure 6.1(a,b,c) shows three
possible structures assumed to be plausible candidates to represent the
[Cu(NHs)402]** complexes, which differ in the way the oxygen molecule is bound
to the Cu, and whether dissociation of the O-O bond takes place or not [4, 9-11].
The calculated stabilities of these structures with DFT have been shown to strongly
depend on the method and functionals chosen in the calculation and an
experimental verification is needed [10].
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Figure 6.1: Pictorial representation of the [Cu2(NH3)402]** complexes proposed in [9] :
a) trans p-1,2-peroxo diamino dicopper (II) (peroxo end-on); b) u-n?n2-peroxo diamino
dicopper (II) (peroxo side-on) and c) bis-p-oxo diamino dicopper (III).
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In the following, the XAS investigation and analysis of the structure and reactivity

of the [Cuz(NHs)40:]** complexes, formed upon reaction of O, with the mobile

[Cu(I)(NH3).]* complexes in a Cu-CHA catalyst for NH3-SCR, is showed (section

6.1). Therefore, the the reactivity of the [Cuz(NHs)40,]** complexes towards NO

and NH3 is analyzed and discussed (section 6.2).

The catalyst used in this study was a Cu-CHA zeolite possessing the following

composition: (0.5; 15) (see chapter 5 for the nomenclature criteria here adopted).

The selection of this composition was led by the knowledge of its higher yield of N,

during the NH3 mediated SCR reaction [8]. The steps depicted in Figure 6.2 were

used to form the [Cuz(NH3)402]** complexes, and to study the reactivity towards NO

and NH3 experimentally. They can be divided in four parts:

o pretreatment in O, at 400 °C;

o reduction in a mixture of 1000 ppm NO and 1000 ppm NH3 at 200 °C to form
[Cu(I) (NHs3)2]* [4, 7-9]; oxidation of the [Cu(I)(NH3).]* complexes by O, at 200
°C to form the [Cuz(NH3)402]?* complexes [9];

o reaction of the [Cuz(NHs)+0,]>* complexes with NO or NH; at 200 °C

The steps in this protocol were followed by XAS coupled to an online mass

spectrometer for effluent gas analysis (BM23 beamline of the European

Synchrotron Radiation Facility) [12]. The description regarding the XAS data

acquisition protocol can be found in section 5.8.10f the appendix part in chapter

5.
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Figure 6.2: Experimental protocol followed by XAS: #1) pre-treatment at 400 °C in pure
0O2; #2) reduction in 1000 ppm NO/1000 ppm NHs/He; #3) oxidation in 10%0Q02/He; #4)
reaction with 1000 ppm NH3/He or 1000 ppm NO/He (#4"). Total gas flow: 100 ml/min.

6.1 OXIDATION AND COORDINATION STATE OF CU IONS

The starting point of the experiment is represented by the formation of the linear
[Cu(I)(NH3)2]* complexes. These complexes are formed by exposure of the Cu-
CHA catalyst to a NO/NH3z mixture at 200 °C. The presence of this state is indicated
by a characteristic rising-edge peak at ~8982.5 eV in the Cu K-edge XANES
spectrum, corresponding to the 1s—4p transition of linearly coordinated Cu(I)
centers (Figure 6.3(a), blue curve). Upon reaction of this linear [Cu(I)(NHs)2]*
complex with a mixture of 10% O; in He, this distinct peak at 8982.5 eV disappears
almost completely, the XANES resembles that observed after pre-treatment in O,
(Figure 6.3(a), red and grey dashed lines) and the dipole-forbidden 1s—3d
transition of Cu(II) becomes visible at 8977.3 eV (Figure 6.3(b)). These changes
clearly indicate that the linear [Cu(I) (NHs)2]* complex is oxidized by O,. After 30
minutes in O2/He, a small feature at 8982.5 eV is still recognized, but the spectra
do not change any more. This indicates, that not all [Cu(I)(NHs).]* complexes are
oxidized: in agreement with the earlier observations [9] about 10-20% of the
[Cu(I)(NHs3)2]* complexes do not react, based on qualitative XANES analysis.
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Figure 6.3: Evolution of the Cu K-edge XANES (a) of Cu-CHA during exposure to 10%
0O2/He at 200 °C after reduction in NO/NHs/He at 200 °C. The Inset in panel (b) reports a
maghnification of the pre-edge peak arising from the Cu(Il) 1s — 3d transition. Dark blue

thick line: after NO/NH3/He exposure; red thick line: final spectrum after exposure to 10%
02; grey thin lines: intermediates; dark grey dashed line: Cu-CHA pre-treated in O-.

6.1.1 Structure of the [Cux(NH3):0:F* complexes

To determine the precise structure of the Cu(II) complex formed by the oxidation
of the linear [Cu(I) (NH3)2]* species with O, it appears necessary to analyse the
FT (Fourier Transform) -EXAFS spectra. Figure 6.4(a) shows these data without
phase correction. The first-shell peak is almost doubled in intensity after the O,
interaction (from blue to red), indicating that the coordination number of Cu in the
Cu(II) complexes is higher than in the linear [Cu(I)(NHs).]* complex. In the next
shell, the unstructured feature observed for the mobile [Cu(I)(NHs).]* complex
evolves towards a broad scattering feature peaking at ca. 2.4 A. Even though this
feature is close to the second-shell EXAFS signature of framework-coordinated
Cu(Il) ions after pre-treatment in O, (dashed grey line), it can be clearly
distinguished, indicating that, at least a substantial part of the Cu(II) complex is
still mobile in the cage. Finally, a third peak around 3.2 A develops, which could
correspond to contributions from a Cu-Cu scattering in the Cu complexes shown in
Figure 6.1. All these features in the FT-EXAFS are consistent with the formation
of [Cuz(NH3)40.]?* complexes, though a more detailed analysis is required to
identify the precise structure, based on the three possibilities shown in Figure 6.1.
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Figure 6.4: (a) Phase-uncorrected k?-weighted FT-EXAFS curves during exposure of the

Cu-CHA catalyst to NO/NHs/He (dark blue thick line), followed by 10% O: in He (grey thin

lines; red thick dashed: pretreatment in O2. (b) Illustration of [Cu(I)(NHs)2]* and (c) p-

n?n%-peroxo diamino dicopper (II) (side-on) complexes. Atom colour code: Cu, green; H,

white; O, red; N, blue. Part (c) also report selected DFT bond distances in A.
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To determine the precise structure of the [Cu,(NH3)40.]>* complexes, first the
structures for the three complexes shown in Figure 6.1 have been optimized by
DFT (based on the HSEO06-HF hybrid functional [13]), including NH3-solvated side-
on and end-on peroxides as well as the bis-(u-oxo)-dicopper core proposed earlier
[9]. Then, these structures were used as input to fit the observed EXAFS features.

6.1.2 EXAFS fitting methods and results

The EXAFS fits, reported in Table 6.1, have been performed taking into account
the experimental k2-weighted EXAFS spectrum of the sample re-oxidized at 200 °C
in Oy, after reduction of the O.-activated sample in the NHz + NO mixture (red
curve in Figure 6.4). The DFT-optimized structures shown in Figure 6.1 for three
candidate [Cuz(NH3)4(02)]** species have been used as initial guesses for the fitting
procedure. The fit was performed on the experimental FT curve obtained by
transforming the k2 x(k) curves in the Ak 2.4 — 13.0 A* range.

For the peroxo side-on and bis-u-oxo geometries, a common AR = (1 —4) A range
of fit was chosen while for the peroxo end-on complex, a larger range AR = (1 —
4.4) A was selected, in accordance with the higher DFT Cu—Cu distance for this
structure. This choice implied that the number of independent points (Ning) is equal
to 20 for the peroxo side-on and bis--oxo geometries, while for the peroxo end-
on complex it is equal to 23.

Phases and backscattering amplitudes have been calculated by means of FEFF6.0I,
using the Arthemis software from the Demeter package [14]. The selected fitting
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models included all the single (SS) and multiple (MS) scattering paths contributing
in the defined R-ranges of fitting. An exception is represented by the SS and MS
contributions coming from the H scatterers, whose scattering amplitude in the
analysed models was found to be negligible in the fitting procedure. In order to
limit the number of optimized variables, all the SS and MS paths have been
parametrized using the same passive amplitude reduction factor (S¢?) and the same
energy shift parameter (AE). The coordination numbers were fixed according to
the related DFT-models.

In the employed complexes, all the SS paths were identified, and the related

distances from the absorber were parametrized using a common guess value of

radial shifts AR, (with x=0!, 0%, N and Cu) guessed starting from an initial value
of 0 A (i.e. no structural variation from the initial DFT distances). At the same time,
the related Debye-Waller (DW) parameters were guessed on the basis of precedent

fitting results, as reported in chapter 5.

The identified SS path can be then grouped as follow:

o SS involving first-shell bridging oxygen(s): Cu-O!, with coordination number
equal to 2 for the peroxo side-on and bis--oxo geometries and equal to 1 for
the peroxo end-on complex.

o SSinvolving first-shell nitrogen atoms of the two NH3 molecules coordinated to
the Cu absorber: Cu-N. In this case the DW factor, associated to the Cu-N
paths, has been set to a value of 0.0041 A2 obtained by fitting with the
[Cu(I)NH3).]* model structure the Cu K-edge EXAFS spectrum acquired at 200
°C under NO + NH;s gas flow (dashed dark blue line in Figure 6.4).

o SS involving second-shell bridging oxygen of the peroxo end-on configuration:
Cu-02.

o SSinvolving the second Cu atom of the di-copper species.

Finally, all the MS paths have been parametrized, using the radial shifts AR proper

of the SS paths on the basis of geometrical considerations. The DW parameters

associated to each MS path were evaluated as the square root of the sum of
squares of the DW terms of each paths involved in the process.

In the analysed models, as it is possible to see from Table 6.1, the number of

identified fitting parameters is equal to 7 for the peroxo side-on and bis-p-oxo

geometries, while for the peroxo end-on configuration this number is increased up
to 8, because of the second bridging oxygen O?, closer to the second Cu atom.

However, in both of cases, the number of retrieved fitting parameters remains

always significantly lower than the number of employed independent points (i.e. ~

22428+ 1) of 20 and 23.

The fit quality was evaluated considering the R-factor (Rractor) Values and following
this criterion of acceptance described in chapter 1.

6.1.2.1 Results from single-component EXAFS fits based on DFT-optimized
candidate geometries

Table 6.1 reports the fitting results using, as initial models, the DFT-optimized

geometries of various [Cux(NHs)4(0,)]** moieties: peroxo side-on, peroxo end-on

and bis-p-oxo geometries. How it is possible to observe, these last two complexes

lead to unreliable results in terms of distances from the Cu absorber, showed in

red in Table 6.1. In particular, the EXAFS fit starting from the bis-p-oxo resulted
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in a large elongation of the Cu-Cu (~ +0.28 &) and Cu-O! (~ +0.14 A) distances,
if compared to the respective DFT models. In the same way, high variation of the
Cu-Cu (~ +0.1 &) and Cu-0? (~ +0.23 A) DFT-optimized distances are found for
the peroxo end-on configuration. For the fit starting from the peroxo end-on
geometry, also certain DWs assumed unphysical values (highlighted in orange in
Table 6.1), excessively small for the Cu-O! path (3x 10 A2) and too large for the
Cu-Cu (0.02 A?) contribution.

EXAFS Fit Peroxo side-on Peroxo end-on Bis-p-oxo
o ‘@’ »° o G & “‘J
N 2 » 0 @ . '@ %
Parameter @ :'%G o @c ® @5@ - d: @:l Q‘
S 0 9 3 . JUJ JyJ ( L o 2
°e,
AR (R) 1-4 1-4.4 1-4
N°par/NOind 7/20 7/23 7/20
Rfactor 0021 0004 0011
So? 0.82 £ 0.05 1.05+0.06 0.80 + 0.03
AE (eV) 1+£1 2+1 1.7+ 0.8
<Ro1> (R) 1.911 £ 0.009  1.903 + 0.008 (1.86) 1.912 + 0.006
(1.95) (1.77)
Roz (R) - 2.86 + 0.04 (2.63) -
<Ry> (R) 2.06 + 0.02 2.04 £ 0.01 (2.02)  2.06 + 0.01 (1.93)
(2.03)
Reu (R) 3.40 + 0.05 4.4 + 0.2 (4.3) 2.93 + 0.02 (2.65)
(3.44)
o1 (R2) 0.0020 + 0.0008  0.0003 + 0.0009 0.0022 + 0.0006
ooz (R2) - 0.008 + 0.005 -
on (R2) 0.0041 0.0041 0.0041
ocu (A2) 0.014 + 0.007 0.02 £ 0.03 0.012 + 0.002

Table 6.1: Results of the fits executed on the k?-weighted FT-EXAFS spectrum of Cu-CHA
re-oxidized at 200 °C in O, after reduction of the O;-activated sample in the NH3z + NO
mixture (red curve in Figure 6.3). The models used as initial guesses for the fitting
procedure are also shown, including two Cu-peroxo dimers with side-on (peroxo side-on)
and end-on (peroxo end-on) configuration and by a Cu-bis-p-oxo dimer (bis-p-0x0). The
averaged distances of the oxygens and nitrogen shells of atoms surrounding the Cu
absorber are reported in brackets, "< >". Distances retrieved from the fitting procedure
having a variation larger than 0.1 A from the ones reported by the DFT optimized structures
are reported in red. Unphysical values of DWs refined from the fit are indicated in orange.
Colour code in the structures: white: hydrogen; blue: nitrogen; red: oxygen, green: copper.

As it is possible to see from the first column of Table 6.1, among all the analysed
models, the only reasonable fit, in terms of physical reliability of the optimised
structural parameters, is obtained using the peroxo side-on geometry, see Figure
6.5. In particular, the Cu-Cu distance is refined by the EXAFS fit to 3.40 £+ 0.05 A,
which is comparable within the fit error with the one provided by the DFT optimised
model of 3.44 A. However, in the 2.2 — 2.8 A range, the experimental curve profile
is not perfectly reproduced by the best fit curve (a possible explanation is provided
below in section 6.1.2.2).
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Nonetheless, the Rractor @ssociated to the fitting procedure is still representative of
a good agreement with the experimental spectrum. It is interesting to note the
higher complexity associated to the third-shell feature, sited around 3.1 A (phase-
uncorrected value). Herein, the fit shows that this feature cannot be attributed
solely to the presence of the Cu-Cu path, but it is also shaped by relatively intense
MS contributions. This result confirms the representation showed by the WT in
chapter 3 and in the following section (6.1.3). In fact, the second lobe projection
of the wavelet in the R-space falls in the region of the FT-third shell. Here the WT
shows two contributions: the first one, localised at low k-values Ak ~ (2-4) A1,
typical of light scatterers (i.e. O and N) and the second one sited around k ~7 A,
where the Cu backscattering amplitude F(k) has its maximum value.

& o Experiment
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Figure 6.5: Phase uncorrected, modulus (a) and imaginary part (b) of the experimental

and best fit FT EXAFS spectra. The experimental data are shown as black open circles and

the best fits with orange solid lines. The SS and MS contributions are reported as solid lines

vertically translated for sake of clarity.

6.1.2.2 Multi-component fit considering the peroxo side-on dimer and the
[CU(I)NH3):J* complex
Analysing the XANES spectrum of Cu-CHA re-oxidized at 200 °C in O, (red curve in
Figure 6.3), it is possible to observe the presence of a peak sited at ca. 8982 eV.
This feature arises from the 1s — 4p transition in Cu(I) centres and can be
explained supposing that not all the [Cu(I)NHs);]* complexes formed upon
exposure to the NO+NHs mixture have been oxidized, in presence of O, to peroxo
side-on dimers. In order to quantify the amount of [Cu(I)NHs).]* complexes still
present in the sample after the oxygen treatment, a multi-component EXAFS fit
has been performed, considering both the Cu(II) peroxo side-on dimer and the
[Cu(I)NHs3),]* complex. In the fit, the amplitude reduction factor So?> was set to the
value of 0.9 by fitting the EXAFS reference of Cu(II)O, moreover, the Cu(I)-N
distances (i.e. <Rnicuy>) were defined to a common value found fitting the
spectrum of Cu-CHA reduced in the NHs + NO mixture at 200 °C using the
[Cu(I)NH3).]* model (how showed for the on in the precedent section). In order
to estimate the total amount of [Cu(I)NHs):]*, a new parameter x, expressing the
fraction of Cu(II)-dimers in the zeolites cages, was introduced in the fit. In case of
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the peroxo side-on dimer, the common So?> term was then multiplied for the
parameter x expressing the fraction of the dimeric component, while for
[Cu(I)NH3).]*, a (1 — x) factor was used. The result of the fit are reported in Table
6.2 while Figure 6.6 compares experimental and best-fit curve, as well as scaled
contributions by the two structural components.

Peroxo (Side-On)

Parameters & [Cu(I)NH3)2]*
Complexes
AR (R) 1-4
Nopar/Noind 7/20
Rfactor 0020
So? 0.9
AE (eV) 01
<Ro>(A) 1.916 + 0.009 (1.95)
<Ry>(R) 2.065 + 0.009 (2.03)
<Rycun>(R) 1.913
Reu (R) 3.39 + 0.05 (3.44)
oo (R?) 0.0020 + 0.0009
on (A2) 0.0041
ocu (R2) 0.013 + 0.007
X 0.84 + 0.08

Table 6.2: Best fit parameters obtained by two-component EXAFS fitting, including in the
fitting model the structures of (1) side-on peroxo Cu(II) dimer and (2) Cu(I) di-ammino
complex.

From the fit output, it is possible to observe that the variation of the Cu-Cu distance,
together with the new Rrctor Value, remain approximately the same as obtained by
the single component fit in Table 6.1. The fit refines the fraction of [Cu(I)NHz)2]*
to the (16 £ 8) % of total Cu. This value is in good agreement with the intensity
of the corresponding Cu(l) features observed in the corresponding XANES
spectrum.

Nonetheless, a slight mismatch between the best-fit curve and the experimental
one persists in the 2.2-2.8 A R-space range. It is possible to tentatively connect
this local lack in the fit quality to scattering contributions arising from zeolite
framework atoms (Si, Al or even O), unaccounted in this model and likely present
once the rather bulky peroxo side-on complex is hosted inside the CHA cages.
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Figure 6.6: k?-weighted (k) phase uncorrected, modulus (a) and imaginary part (b) of
the experimental and best multicomponent fit FT EXAFS spectra. The experimental data
are shown as black open circles and the best fits with red solid lines. The contributions
coming from the peroxo side-on Cu dimeric and [Cu(I)NHs)2]* complexes weighted for
their respective fractions (see Table 6.2) are reported as solid lines, vertically translated

for sake of clarity.

6.1.3 Validating the structural dynamics of Cu-species by EXAFS Wavelet
Transform analysis

The DFT-guided EXAFS fitting results allowed to define a consistent experimentally-
based model for the [Cu.(NH3)4(0,)]?>* complexes previously proposed [4, 9]. A
conclusive assignment of the features observed in conventional FT-EXAFS spectra,
however, is hindered by the simultaneous presence of various types of atomic
neighbours surrounding the Cu absorber, especially in the high-R region. For the
Cu-CHA zeolite showed here, these potentially include single scattering paths from
framework Al/Si/O in zeolite-coordinated Cu moieties as well as Cu in multi-copper
species, which can be coordinated to the zeolite or mobile. The intense multiple
scattering paths involving first-shell O/N neighbours in the proposed u-n?n2-peroxo
diamino dicopper (II) moiety mentioned above are also expected to fall in this R-
space range.

To resolve this this problem, the WTA was applied. A detailed description of this
approach can be found in chapter 3 of this thesis as well as in chapter 5.
Figure 6.7(b-f) reports the moduli of EXAFS WTs for the key reaction steps
explored in this work, carried out isothermally at 200 °C. Herein the a Morlet
mother wavelet was employed with the following resolution parameters: s = 1 and
n = 7. The latter term was chosen in order to enhnce the Cu-Cu contributions
supposing to influence the EXAFS signal at ca. 3.5 A, see Table 6.2. The EXAFS
WTs are magnified in the 2—4 A R-space range, where the signal interpretation with
conventional FT-EXAFS approach is mostly complicated by overlapping
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Figure 6.7: (a) Backscattering amplitude factors associated to the elements present in
the system under study. Moduli of EXAFS WTs magnified in the 2—4 A R-space range for
the following reaction steps: (b) #1 pre-treatment in O, (c) #2 reduction in NO/NH3/He,
(d) #3 oxidation in 10% Oz/ne, (e) #4 exposure to NO/He or (f) #4' to NHs/He. For all the
WT representations a common intensity scale is employed. Part (d) also shows the
corresponding EXAFS spectra in k-space and R-space (conventional FT) in the relevant
ranges, as well as the k-space range characteristic of low-Z (O/N, Si/Al) and high-Z
scatterers (Cu). All spectra were measured at 200 °C.

In the relevant R-space range, EXAFS WT for the spectrum collected in O, at 200
°C after pre-treatment in O, at 400 °C (Figure 6.7(b)), clearly splits in two lobes.
The first sub-lobe, localised in the k range 1-5 A and R range 2-2.8 & is
associated to the framework atoms: O, Si and Al. The second-one, localised at
higher k values (i.e. 6-8 A1), is principally related to Cu-Cu contributions in
oxygen-bridged Cu dimers or, more in general, multi-copper moieties. The
presence of Cu-oxo dimeric/polymeric cores in oxygen activated Cu-CHA catalysts
represents a novelty with respect to previous literature in the context of the NH;-
SCR reaction [2]. The EXAFS backscattering amplitude factors in Figure 6.7(a)
show that the F(k) functions of lighter elements, such as O/N and Si/Al, have
maxima at around 3—4 A1, while for Cu, the position of the main peak significantly
shifts to a k-value of around 7 Al These differences lead to the observed lobe
splitting, enabling an unambiguous, visual discrimination of contributions stemming
from Cu or framework atomic contributions. Due to the substantial overlap of the
related backscattering amplitude functions, it is not possible to discriminate by
means of WT among O/N and Si/Al contributions.

A WT analysis of the EXAFS spectrum for the mobile [Cu(I)(NH3).]* complexes
(Figure 6.7(c)), which is obtained after exposure of the catalyst pretreated in O,
to the NO/NH3 gas mixture at 200 °C, shows a complete reduction and mobilization
of the Cu ions in the system [2, 5, 7-9]. The second-shell peak in the conventional
FT-EXAFS disappears (see, Figure 6.4(a)) and all the high-R features are
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substantially decreased in the corresponding WT map in Figure 6.7(c). Even
though the sub-lobe at k = 7 A associated to the Cu—Cu signal is completely lost
at this step, a low-intensity feature is still visible in the k-space range 1-5 A1, which
is most likely due to multiple scattering paths involving the first-shell N ligands in
the linear [Cu(I)(NH3)2]* moieties.

The crucial step for the activation of oxygen is the isothermal re-oxidation of the
[Cu(I)(NH3).]* complexes, and the corresponding WT analysis is shown in Figure
6.7(d). The most important observation here is the appearance of a sub-lobe at
around k = 7 A indicating a contribution of Cu-Cu scattering. The presence of
this feature unambiguously demonstrates the formation of a Cu complex containing
more than one Cu atom. This agrees well with the formation of [Cux(NH3)40,]**
complexes, and is in line with the EXAFS results, see Table 6.2. The second sub-
lobe occurs in the same k-space range observed in the EXAFS WT after
pretreatment in O at 400 °C. However, it is possible to note a different morphology
of the WT along the R direction in the two probed states, indicating that there is a
difference in Cu-Cu coordination after pre-treatment in O, or oxidation of
[Cu(I)(NH3).]* at 200 °C. After oxidation of [Cu(I)(NHs).]* (step #3, Figure
6.7(d)), the WT intensity is rather localized in R-space. It peaks at ca. 2.8 A in the
phase-uncorrected R-axis, pointing to a uniform Cu-Cu interatomic distance
around 3.5 A. This indicates, that the reaction of [Cu(I)(NHs).]* with O; results in
a well-defined structure, compatible with the side-on u-n%n?-peroxo diamino
dicopper (II) complex shown in Figure 6.1(b) and Figure 6.4(c). In contrast,
after heating in O, at 400 °C and subsequent cooling to 200 °C in O, (step #1,
Figure 6.7(b)), a broader intensity distribution in R-space is observed in the k-
space region characteristic of Cu-Cu scattering, indicating the presence of more
heterogeneous multi-copper species in the pretreated Cu-CHA catalyst.

Figure 6.7 also reports the EXAFS-WTs related to the reactivity of the formed p-
n?%,m?-peroxo diamino dicopper (II) complexes with the key SCR reactants, NO (step
#4, Figure 6.7(e)) and NHs (step #4', Figure 6.7(f)). In both cases, the sub-lobe
at k = 7 Al is clearly lost, providing direct structural evidence for the cleavage of
di-copper cores upon separate exposure to NO or NH3 at 200 °C. A moderately
intense sub-lobe is instead still visible in the low-k range, characteristic of low-Z
scatterers. As argued before, this feature most likely stems from multiple scattering
contributions involving N and O atoms.

Finally, to comparatively assess the presence of Cu—Cu scattering contributions
throughout the investigated reaction steps, the power density function ®* of the
WT representation was computed. This quantity was obtained integrating the
square of the modulus of the WT over the R-range 2—4 A, that should contain the
Cu—Cu signal contribution.
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Figure 6.8: Density power function @* calculated for the WT representations showed in
Figure 6.7(b-f). k-space ranges diagnostic for light-Z scatterers (O/N, Si/Al) and high-Z
scatterers (Cu), based on backscattering amplitude factors F (k) reported in Figure 6.7(a),
are indicated.

Figure 6.8 presents the results of these calculations, summarizing the above
observations about EXAFS-WT representations. A common first peak, for all the
steps, is localized in the 0.0-5.5 A range: it corresponds to the WT low-k sub-
lobe, collectively accounting for the contributions from O, N, Si and Al atoms. The
second main peak is present only in catalyst pre-treated in O, (curve #1) and after
[Cu(I)(NH3).]* reaction with O, (curve #3). The position of this peak exactly
corresponds to the maximum of the Cu backscattering amplitude function shown
in (), clearly indicating the formation of [Cux(NHs)4(0,)]** complexes.

6.2 REACTIVITY OF [Cu2(NH3)4(02)]%* SPECIES TOWARDS NH3 AND NO
To determine the reactivity of p-n?n?-peroxo diamino dicopper (II) complexes
towards NO and NHs, which are the main reactants in NH3-SCR, the sample after
the re-oxidation process has been exposed to NO and NHs separately, and ina 1:1
mixture, whose description is reported in the following sections.

6.2.1 Reactivity towards NH;

As shown by EXAFS-WT analysis above (Figure 6.7(f)), the exposure of the p-
n?%,m?-peroxo diamino dicopper (II) complexes to NHs results in the separation of
the copper centers. No significant N, evolution was observed during this
transformation through the mass spectrometry measurements. Figure 6.9 reports
the XAS spectra for the pu-n?n2-peroxo diamino dicopper (II) complexes during
exposure to NHs at 200°C. The characteristic Cu(I) transition at ~8982.5 eV for the
linear [Cu(I)(NH3).]* appears, but does not reach the intensity observed in the
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fully-reduced catalyst (dashed dark-blue curve in Figure 6.9(a)). The intensity of
the 1s—3d pre-edge peak (Figure 6.9(c)) decreases, corroborating that some
reduction of the Cu takes place. In conclusion, exposure of the p-n?n%-peroxo
diamino dicopper (II) complexes to NHs leads to a change in the ligands of the Cu
and to a partial reduction to a Cu(I) species.
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Figure 6.9: Exposure to NHz/He at 200 °C of Cu-CHA catalyst after step #3. (a) Cu K-
edge XANES spectra; (b) Phase uncorrected k? -weighted FT-EXAFS curves; (c)
Magnification of the Cu(II) 1s — 3d transition. Red thick line: spectrum collected in step
#3 (same as Figure 6.3 and Figure 6.4); blue thick line: after NH3/He exposure; grey
thin lines: intermediates; dashed dark blue: step #2 (NO/NHs at 200 °C after pre-treatment
in O2, same as dark blue in Figures 2 and 3.

Globally, the XANES and EXAFS give average information on all copper species
formed in this reaction step. A decrease in the average number of ligands
surrounding Cu ions is indicated by the reduced intensity of the EXAFS first shell
peak (Figure 6.9(b)). The intensity, shape and energy position of the XANES
features suggest the presence of a mixture of [Cu(I)(NHs):]* and
[Cu(II)(NH3)3(X)]* complexes, with a geometry similar to the [Cu(II)(NHs)3(OH)]**
species, as reported earlier [15]. A XANES linear combination fit, reported in Figure
6.10(a,b), indicates that the fractions of [Cu(I)(NHz).]* and [Cu(II)(NHs)3(X)]* at
equilibrium are 65% and 35%, respectively. Herein, the XANES spectrum referring
to the [Cu(II)(NHs)4]**complex was used as reference, which is supposed to
possess a coordination and a local environment (in terms of chemical elements)
similar to [Cu(II)(NHs)3(X)]*. Considering the presence of ca. 16% Cu(I) and 84%
Cu(II) before exposure to NHs3 (see the result from the estimation provided in
Table 6.2 for the multi-component EXAFS fit), it is possible to assert that
approximatively the 58% of the amount of the copper ions in the the p-n?n?
peroxo diamino dicopper (II) complexes are reduced to Cu(I). The lack of fit in
correspondence of the XANES white line (W.L.) peaks are explained remembering
that the [Cu(II)(NHs)4]** do not match completely with the [Cu(II)(NHs)s(X)]*
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species formed, however together with the [Cu(I)(NHs).]*, it is able to explain
properly the intense 1s—4p transition of the XANES pre-edge. This evidence
implies that the two references describe properly the Cu oxidation state despite a
higher uncertainty connected to the speciation.
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Figure 6.10: (a) Cu K-edge XANES spectra of [Cu(II)(NHs)s] (green curve), of
[Cu(T)(NHs)2] (dark blue curve) and after 80 min of 1000 ppm NH3z/He exposure at 200 °C
(light blue curve); (b) Result for the Linear Combination Fit.

The results described above indicate that NHs is reacting with the p-n?n?-peroxo
diamino dicopper (II) complexes, breaking the copper dimer and reducing a
consistent fraction of the Cu(II) ions to Cu(I). The fact that no N, was observed
during this reaction is in agreement with the experimental evidence that direct
oxidation of NHz ammonia only occurs on Cu-CHA at higher temperature [16], see
equation (6.1).

NH3+302—2N;+6H,0 (6.1)

The XANES spectra showed in Figure 6.9 (a) are consistent with the presence of
Cu(II) ions in a pseudo-square planar geometry, similar to the [Cu(II)(NHs)3(OH)]
* species predicted by Paolucci et al [9]. Thus it is possible to hypothesize that the
corresponding Cu(II) ions are in the form of a superoxo amino [Cu(II)(NHz);(0O0*)]*
complex possessing a tetragonal geometry. This structure is consistent with the
relatively high intensity of the low-k sub-lobe in EXAFS WT data (Figure 6.7(f)
and curve #4' in Figure 6.8), related to multiple scattering contributions from N/O
ligand atoms.

The superoxo [Cu(II)(NHs)3(0O0*)]* complex could be formed by a one-electron
transfer from the bridged peroxo group in the u-n2,n?-peroxo diamino dicopper (II)
complexes to one of the Cu(II) ions, with consequent formation of Cu(I) ions and
of the superoxo ligand. The resulting Cu(l) ions are thus stabilized as
[Cu(I)(NH3)2]*. This could be rationalized with equation (6.2), which should result
in the reduction of 50% of the Cu(II) ions in the dimer to Cu(I).
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[Cuz(NH3)402]°* + NH3 — [Cu'(NH3)2]* + [Cu™(NH3)3(00")]* (6.2)

The XANES linear combination fit indicates a higher efficiency of the Cu(II) to Cu(I)
reduction with NH3z (ca 58% of Cu(II) reduced) slightly higher from what is
predicted from equation (6.2). This could be related to a further reduction of the
superoxo [Cu(II)(NHs)3(00°)]* complexes by the available NHs; present in the
system, with formation of [Cu(I)(NHs):]*. Despite the clear indications provided by
the linear combination fit, the associated uncertainties are too high to use it as an
ultimate proof for the reaction (6.2).

6.2.2 Reactivity towards NO

The reaction of the p-n?,n?-peroxo diamino dicopper (II) complexes with NO results
in the separation of the copper centers, as shown by EXAFS-WT analysis (see
above, Figure 6.7(f)). This is accompanied by some formation of N,, as monitored
by online mass spectrometry. This section provides information about the dynamics
of the reaction and summarizes the main experimental findings. Figure 6.11
reports the XAS spectra collected when contacting the p-n?n?-peroxo diamino
dicopper (II) complexes formed in step #3 with NO at 200°C.
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Figure 6.11: Exposure to NO/He at 200 °C of Cu-CHA catalyst after step #3. (a) Cu K-
edge XANES spectra; (b) Phase uncorrected k? -weighted FT EXAFS curves; (c)
Magnification of Cu(II) 1s — 3d transition; Red thick line: spectrum collected in step #3
(same as Figure 6.4); light blue thick line: after of NO/He exposure; grey thin lines:
intermediates; dashed dark blue: step #2 (NO/NH3 at 200 °C after pre-treatment in O,
same as dark blue in Figure 6.4).(f) Temporal evolution of the intensity of the Cu(I) 1s —
4p transition at ~8982.5 eV during exposure to NO or NHs after step #3. (g) Illustration of
Cu species proposed to be formed upon reaction with NO. Atom colour code: Cu, green; H,
white; O, red; N, blue; Si, yellow; Al, pink.
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The changes in the pre-edge features at the Cu K-edge in XANES reveals a fast
and effective Cu(II) to Cu(I) transformation. The characteristic 1s—4p transition at
~8982.5 eV reappears in the spectrum (Figure 6.11 (a)), and the weak 1s—3d
transition at 8977.3 eV, indicative for a Cu(II) species, disappears (Figure
6.11(c)). To illustrate the differences in the formation of Cu(I) species in the
reactions of the u-n?n2-peroxo diamino dicopper (II) complexes with NO and NHj,
the temporal evolution of the 1s—4p transition at ~8982.5 eV in the two cases was
compared (see Figure 6.12). These data show that the reduction of the p-n?n?
peroxo diamino dicopper (II) complex is faster and more efficient with NO than
with NHs, since the Cu(I) peak reaches about 76% of the intensity observed for
the fully reduced reference state, i.e. [Cu(I)(NHs):]* as formed in step #2 (dark
blue dashed line in Figure 6.11(a)) after only 5 minutes, stabilizing at about 84%
after 35 min. In the case of reduction in NHs;, the intensity is about 43% after 5
min, and reaches about 62% after 35 min, at the static state. It is possible to note
that the intensity of the Cu(I) rising-edge peak can be affected by the geometry of
Cu-complexes, as showed in section 5.1 of the precedent chapter. However, even
though these data cannot be used to obtain precise kinetics of the reaction, they
clearly show a difference in the reduction behavior in the two cases.
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Figure 6.12: Temporal evolution of the intensity of the Cu(I) 1s — 4p transition at
~8982.5 eV during exposure to NO or NH3 after step #3

Looking at Figure 6.11, it is possible to observe that the XANES data do not reveal
the presence of a Cu(Il) species after reaction with NO, suggesting that the
observed Cu(Il) fraction remains below the XAS detection limit under the
experimental conditions, which is estimated at around 10% of the total Cu content.
The structure of the Cu(l) ions formed during the reaction of p-n?mn?-peroxo
diamino dicopper (II) complex with NO is different from those observed after
reduction in NO/NHs at 200 °C or in the reaction with NHs. The shape of the XANES
rising-edge and white-line peaks clearly differ from those of the linear
[Cu(I)(NH3).]* complexes, as indicated by the light-blue and dotted dark-blue
curves in Figure 6.11(a), and those of ligand-free, framework coordinated ZCu(I)
showed in chapter 5. Overall, the Cu K-edge XANES resembles those observed
after the desorption of NHs; in Cu-CHA catalysts of comparable composition as
studied here which has been assigned to framework-coordinated linear Cu(I)
amino-complexes, Z[Cu(I)(NHs)]. This assignment is supported by the decrease
observed in the first-shell peak in EXAFS (Figure 6.11 (b)), indicating a change
from a four-fold to a two-fold coordination of Cu. The broadening of the second
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and third shell regions can be moreover connected to the relatively high degree of
freedom (in terms of bond length and angles) of the proposed Z[Cu(I)(NHs)]
entities with respect to [Cu(I)(NHs):]* or bare ZCu(I) species [7, 8]. Even though
the XANES results point to a complete reduction of the Cu(II), a minor fraction of
Cu(II) is still present after reaction with NO, which remains below the detection
limit of XANES under the experimental conditions. The presence of these Cu(II)
moieties in the XAS experiment is indicated by the small amount of N; that is
formed upon adding NHs to the NO feed after step #4, to restore the fully reduced
state consisting of [Cu(NH3).]* complexes. The formation of N; indicates that some
reduction of Cu(II) takes place, thus proving that the reduction with NO alone was
not complete. Thus, it is possible to expect that the amount of this residual Cu(II)
fraction to depend on the Cu content and Si/Al ratio of the Cu-CHA material.
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7 CONCLUSIONS

In the first part (chapters 2-4) of the thesis, a series of techniques, employed to
solve the spectral decomposition problem, have been described. All of them are (or
will be) implemented inside the PyFItIlt and THORONDOR framework. In particular,
it has been underlined the superiority of the TM approach over the MCR-ALS
algorithm, albeit the latter still represent an extremely useful approach in guiding
the interpretation of large XAS datasets characterized by high variance. It has been
showed, in fact, that differently from the MCR-ALS algorithm, the TM method, is
able to identify, under a proper set of constraints, a set of pure and uncorrelated
XAS spectra extremely close to the real solution. The problem connected to the
uncertainty associated to the extracted spectral and concentration profiles has
been addressed through the introduction of a minimization algorithm executed over
the AFS region of the XAS dataset providing the boundaries corresponding to the
maxima and minima variation of the spectral and concentration profiles. The pure
XANES profiles possessing a chemical/physical meaning can be properly fitted
through a series Machine Learning approaches currently implemented in PyFitlt. In
particular, in this thesis work, it has been demonstrated how, through the
employment of the /ndirect methodology of fit, it is possible to refine a set of user-
selected structural parameters influencing more an experimental XANES. In
addition, a new method of XANES analysis, based on the combination of a
supervised and unsupervised machine learning approach (PCA), was provided.
Through this procedure it has been possible to understand which are the
combinations of parameters influencing more an experimental XANES spectrum
and to derive a linear expression of the structural deformation which can be
properly predicted from the indirect (and direct) approach.

The Machine Learning algorithms employed for the XANES fitting routine have been
extended to the EXAFS case. Herein, it has been showed that it is possible to
retrieve a generalised expression of the EXAFS signal that goes beyond the classical
formulation provided by Rehr and Albers in [1], allowing to obtain even a
quantitative estimation of the angles characterising the molecular structure under
examination. Additional insights on the EXAFS analysis were also derived through
the WT analysis that demonstrated to be more suitable to represent the EXAFS
spectrum than the classical k-space and R-space (via FT) representations. This new
kind of signal visualization appeared to be able, in fact, to single out different
contributions from scatter atoms of different Z that, from the classical FT-analysis,
could appear of ambiguous identification. For this reason, the fit in the joined (k,R)
space, provided by the WT representation, was implemented and tested with
success in connection to the identification of the Cu dimeric complexes in Cu-CHA
and MOR, supposed to the be the active sites for the conversion of methane to
methanol.

Finally, the main interface features of PyFitlt constituted the basis for the design
of a second software, named THORONDOR, devoted to the data analysis of the
NEXAFS spectra collected under /n situ conditions. The versatility of this code is

221



principally due to its GUI. The presence of a sophisticated toolbox, developed for
the peaks fitting of the NEXAFS pre-edge/edge resonances, and the possibility to
treat mathematically the NEXAFS profiles through a series of sliders differentiate it
from most of the available XAS codes and it constitutes one of the few codes
completely designed to analyse low-energy XAS datasets.

The application of some of the techniques implemented and developed as
discussed in the first chapters have been reported in chapters 5 and 6. Herein,
the results concerning the /n situ and operando spectroscopic characterization of
Cu-exchanged zeolites (CHA and MOR frameworks) [2, 3] in different experimental
and reaction conditions have been reported.

In situ XAS measurements were employed to monitor the He activation process in
a multi-composition platform of Cu-CHA zeolites, aiming to clarify the influence of
the catalyst composition on the temperature-dependent Cu-speciation and
reducibility. After the principal component analysis of the temperature-dependent
multi-composition XANES dataset, the MCR-ALS method has been employed to
extract chemically-meaningful spectra and concentration profiles of pure
components formed during He-activation as a function of the catalyst composition.
Based on the spectroscopic fingerprints of each theoretical XANES and the
correspondent temperature-dependent concentration profiles, it was possible to
reliably assign the theoretical spectra to pure Cu-species/sites. The assignment was
subsequently corroborated by simulating the Cu K-edge XANES spectra for the
correspondent model geometries. It has been showed that the formation of
framework-interacting Cu-species from the mobile Cu(II) aquo-complexes present
at RT occurs, irrespectively of catalyst composition, via a Cu(II) dehydration
intermediate, peaking around 130 °C. Then, ZCu(II)OH and Z,Cu(II) species
develop almost simultaneously, with relative abundances strongly influenced by the
Si/Al ratio in the parent zeolite. ZCu(II)OH species, dominant for samples with Si/Al
in the 15-29 range, peak around 200 °C and then progressively decrease at
elevated temperatures, in favour of reduced ZCu(I) species. Conversely, Z,Cu(II)
sites, dominant at Si/Al= 5, reach a steady population in the 200-300 °C range
and remain stable until 400 °C. In general, the Cu-speciation at 400 °C can be
described for all samples as a combination of redox-active Cu-species at 1Al sites,
in their oxidised, ZCu(II)OH, and reduced, ZCu(I), form and redox resistant
Z,Cu(II) sites. The high reducibility observed in the low-loading sample (Cu/Al
=0.1) with Si/Al 14 and the almost simultaneous development of framework-
coordinated Cu-species at 1Al and 2Al both contrast with an ideal 24/ site
saturation scenario, often assumed in the current literature. Moreover, the
reducibility level of the 1Al sites is shown to depend on the Si/Al (optimal
reducibility for Si/Al = 15, lower reducibility at Si/Al = 19 and 29), evidencing that
self-reduction proceeds though a cooperative multi-step process possibly involving
proximal acid sites, whose availability is ultimately determined by Al density and
distribution in the zeolite.

The MCR-ALS XANES results have been also validated with multicomponent fits of
the in situ EXAFS spectra collected at 400 °C after He-activation, to independently
validate the employed reconstruction method and access detailed structural
information on the preferred Cu local coordination environment associated with 1Al
and 2Al sites. EXAFS fits substantially confirm the Cu-speciation evaluated from
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MCR-ALS analysis of temperature-dependent in situ XANES, but evidence that the
self-reduction is accompanied by higher levels of structural disorder in the Cu local
environment.

The individual process steps in the direct conversion of methane to methanol over
Cu-CHA materials have been investigated in detail and relationships between the
productivity and Cu-speciation have been established. It has been demonstrated
that high-temperature treatment at 500 °C in oxygen and a prolonged activation
in time, positively impact the productivity, as a result of an increased formation of
reactive Cu(II) species.

The EXAFS fit executed on the spectrum of a representative Cu-CHA zeolite (05;
15), collected at the end of the activation process in O, supports tri-coordinated
framework-interacting Cu(II) centers, with two On and one Oesw ligands in the first
metal coordination sphere, as the most favourable sites for methane conversion. It
has been showed that this coordination motif is the dominant one at 500 °C,
whereas at 200 °C four-coordinated Cu(II) species appear to be also present,
resulting in a lower productivity. By coupling the XAS spectroscopic insights with
the results from activity measurements, it has been possible to exclude the direct
involvement of ZCu(II)OH complexes. On this basis, it has been proposed that
these species progressively deplete during exposure to high temperature oxidative
treatment, and are proposed to be the precursor of the active species.
Furthermore, the correlation between elemental composition (Cu:Al and Si:Al
ratios) in Cu-CHA and methanol productivity has been explored. The combination
of testing and XAS measurements clearly evidence a positive linear correlation
between the methanol productivity and the reducibility of the Cu centers. The high
redox inertness of the Z,Cu(II) sites in 6r, favoured at low Si:Al and low Cu-loading,
results in completely inactive Cu sites for the methane-to-methanol conversion.
Instead, intermediate Si:Al ratios (~12—15) and high Cu loading (~0.5) lead to a
high population of ZCu(II)OH precursor sites, ultimately resulting in high methanol
yields per Cu.

Afterwards, the presence of specific O2-derived Cu(II) species in Cu—CHA, has been
deepened by applying the MCR-ALS technique to the analysis of a combined
HERFD-XANES dataset including two set of spectra collected during activation in
both O2 and He gas flow. With this respect, it has been underlined both the
strengths and the weakness of the method, together with possible strategies to
improve the quality of the reconstruction. The use of PCA and MCR-ALS, in
combination with the superior energy resolution of the HERFD—XANES technique,
has allowed to highlight a higher degree of complexity in Cu—speciation during O2-
activation with respect to the He-activation, which would have been difficult to
appreciate using the conventional approaches in XAS data analysis. The latter
revealed the presence of an additional Cu(II) species, different from the previously
characterized ZCu(II)OH one. This component, only formed at significant
concentrations in the case of O2-activation, it is envisaged to play an important role
in the DMTM conversion.

Focusing on Cu-MOR, conventional XAS under operando conditions evidenced
specific fingerprints of the active site, revealing that both active and inactive
framework interacting Cu(II) species coexist after the O, activation. Enhancing the
spectroscopic contrast by the MCR analysis of HERFD XANES data, it has been
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possible to capture the XANES signature of each Cu species present in the MOR
framework. This approach enabled an accurate quantification of the Cu speciation
in the activated materials. The O, activation and CH4 loading time typical of the
DMTM stepwise process were observed to drastically impact the yield. Thus, it has
been adopted a consistent protocols for both spectroscopy and testing to
quantitatively correlate the Cu speciation to the productivity per Cu. Furthermore,
a specific Cu(II)-oxo moiety was linked with the DMTM active sites, characterized
by a higher resistance toward the self-reduction process and mostly favoured in
MOR (0.18; 7). Herein the abundance of such Cu(II) species have been directly
correlated to the yield of CH4 oxidation products per Cu, over several combinations
of compositional parameters, demonstrating that the active site for selective
methane oxidation over Cu mordenite is a dicopper site.

In order to address the limitations and the potential of the XAS technique applied
to the characterization of O,-activated Cu-zeolites, a number of Cu(II)-oxo species
hosted in the CHA and MOR frameworks have been then explored by theory. In
particular the XAS features, stemming from the DFT-optimized geometries for both
monomeric and dimeric Cu(II) moieties in the 8r and 12r of CHA and MOR,
respectively, have been simulated and critically compared.

The Cu K-edge XANES simulations indicated that the XANES is mostly sensitive to
the first-shell coordination geometry, providing sufficient spectroscopic contrast
among four-fold and three-fold coordinated Cu(II) centers. Conversely, it lacks of
specific sensitivity to the nuclearity of Cu-species, so that monomers and dimers
retaining the same three-fold coordination mode result into very similar XANES
spectra. On the other hand, EXAFS is a well-established technique to accurately
determine the local structure around dispersed metal centers. However, when the
standard EXAFS-FT approach is applied to these specific systems, it also encounters
difficulties, mostly due to the co-localization in the second-shell R-space range of
scattering contributions from different types of atomic neighbors, including O, Al,
Si and Cu atoms. With this respect, the potential of the EXAFS WTA has been
explored, computing the theoretical WT 2D-maps for the same monomeric and
dimeric species in the CHA and MOR zeolites. For the Z[Cu(II)O*Cu(II)]Z dimers,
specific features unambiguously assigned to Cu—Cu scattering contribution arise in
the high-k range of the WT plane, which appear to be absent in the case of
ZCu(IT)OH monomers. Based on these findings, WTA has been envisaged as a valid
complement to conventional EXAFS-FT approach, to unravel the elusive
contributions from Cu-oxo dimers, and in general small metal-oxo clusters,
stabilized into zeolitic lattices upon high-temperature oxidative treatment.

As a case of study to assess the potential of the WT methodology, the Cu-MOR
zeolites has been selected for the DMTM conversion, characterized by XAS both ex
situ, under model conditions resulting into Cu(I) and Cu(Il) states, and /in situ,
along the key DMTM reaction steps over the most productive material, MOR (0.18;
7). Overall, the reported results demonstrate how Cu—Cu scattering contributions
can be successfully distinguished from those involving lower-Z atoms (O, Al/Si)
through a diagnostic sub-lobe in WT-EXAFS maps, centred at ca.7 A in k-space.
The WT-EXAFS analysis of Cu-MOR samples with different compositional
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characteristics provided direct evidences for the presence of Cu(I):**Cu(I) pairs in
the vacuum activated, self-reduced state. Thermal treatment in O2 causes the
substantial rearrangements in the local coordination environment of the Cu ions.
Upon oxidation, the Cu atoms are observed to approach the zeolite framework and
to re-organize with shorter Cu—Cu separations, consistently with the formation of
multimeric Cu-oxo cores. Aided by WT power density functions, it has been possible
to rationalize the intensity trends observed for the Cu—Cu features as a function of
the compositional parameters through a possible saturation mechanism of the 2Al
sites, driving the docking of Cu ions to zeolite lattice along dehydration. Such
dynamical response of Cu coordination motifs to the chemical environment has
been then also recognized during the key steps of DMTM. Framework-coordinated
multimeric Cu-oxo species have been unambiguously detected in the Oz2-activated
state. Upon CH4loading and subsequent steam-assisted CH3OH extraction, EXAFS-
WT highlights the breakage of CuxOy multimeric moieties together with the increase
of the interatomic distances between Cu ions and zeolite framework.

It has been possible to pass then from a qualitative to quantitative utilisation of
WT-EXAFS, proposing an EXAFS fitting procedure based on the wavelet
representation. The WT-EXAFS fit of the Oz-activated state measured /n situ for
Cu-MOR (0.18;7) revealed a local structure compatible with a Z[Cu(II)O+Cu(II)]Z
di-copper cores, with a Cu—Cu separation of ca. 3.1 A. Albeit obtained using a
simplified model, the fitting results are encouraging and will pave the way to
improved implementations of the method.

In chapter 6, the XAS results concerning the activation of oxygen over the mobile
linear [Cu(I)(NH3).]* complexes in a Cu-CHA catalyst for NH3-SCR (Si/Al ratio=15
and 2.6 wt% Cu), have been reported. The reaction of the linear [Cu(I)(NHs).]*
complexes with O, at 200 °C results in the formation of a side-on pu-n?n? -peroxo
diamino dicopper (II) complex ([Cuz(NHs)402]%*). Through a multi component
EXAFS fit, it has been showed that about 84% of the Cu present is oxidized by O;
while the remaining 16 % stays present as linear [Cu(NHs).]* species. The structure
of the [Cuz(NHs)40,]>* complex also indicates that an O-O bond is retained in this
reaction. Wavelet transform analysis of the EXAFS data was then employed to verify
qualitatively the presence of the Cu-Cu scattering contributions after the reaction
with O, providing unprecedented direct spectroscopic evidence for the formation
of Cu-pairs in the NHs-SCR reaction.

The [Cuz(NHs)40,]** complexes showed a different reactivity towards NHs, NO, or
a mixture of NO and NHs at 200 °C. It has been possible to demonstrate that the
reaction with a mixture of NO and NHs leads to a complete reduction of the
[Cuz(NHs)402]%* complexes, and the linear [Cu(NHs).]* complexes are restored,
confirming that the [Cuz(NHs)402]?* complex plays a role in the NHs-SCR reaction
cycle. In the reaction of the [Cuz(NHs)40,]** complex with NHs, in the absence of
NO, ca. 58% of the Cu(II) species is reduced to Cu(I), while no N; is formed. The
[Cu2(NHs)402]?* complexes dissociate and a variety of mononuclear Cu-complexes
is formed, consisting of Cu(I) and Cu(II) species with NH3 and oxidic ligands. In
the reaction with NO, some N; is formed and the [Cuz(NHs)40:]** complexes are
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almost completely reduced. The formation of N, indicates that the NH3-SCR cycle
involves a reaction of the [Cux(NH3)40,]** complex with NO. The Cu(I) species
formed in this reaction could be, probably, a Z[Cu(I)(NHs)], which is attached to
the zeolite framework. A minor part (<10%) of the Cu remains in a Cu(Il) state,
due to a lack of reactive NHs in the catalyst. The addition of NH; at this stage lead
to the restoration of the linear [Cu(I)(NHs);]* complexes, further confirming the
role of the reaction of NO with the [Cux(NH3)40:]** complexes in the NH3-SCR
reaction cycle.
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