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Abstract 

In this work, we focus on the simulated EXAFS spectrum of a Cu-oxo dimer sited in the eight-membered ring of the 
chabazite zeolite framework. We show the high level of complexity related to the analysis of the second and third shell 
of the EXAFS-Fourier transform due to the overlap of contributions stemming from atomic species present in the Cu-
local environment. Subsequently, we demonstrate the potential of Wavelet Transform Analysis as a new tool in the 
identification and visualization of EXAFS atomic contributions, providing an easier and effective interpretation of the 
data collected on Cu-zeolite systems. 
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1. Introduction 

Cu-exchanged zeolites, in particular Cu-chabazite (Cu-CHA) and Cu-mordenite (Cu-MOR), have been proven to possess 
the active sites able to cleave the C-H bond of methane, enabling methane’s direct partial oxidation to methanol (MTM) 
(Pappas et al., 2017; Wulfers et al., 2015). Clearly, the key to understanding the reliability and the potentiality of this 
material for the MTM process lies in a detailed characterization of the Cu-speciation during O2 activation, when Cu active 
sites are formed. It is worth noting that Cu moieties that are held to be active sites for one zeolite framework are not 
always held to be active sites for other topologies. Nevertheless, the experimental XAS data of the two types of zeolites, 
CHA and MOR, demonstrated that there were no sharp differences in the activated state, and the behaviour observed for 
all the investigated samples along the step-wise process was rather similar (Alayon et al., 2014; Pappas et al., 2017). 
However, the interpretation of the EXAFS signal significantly differs for the two topologies. While the first peak of the 
EXAFS Fourier transform (FT-EXAFS) is commonly associated to Cu-O single scattering paths (SS), the interpretation 
of the second peak seems to be more uncertain. We simulated an EXAFS spectrum referring to a mono-(µ-oxo) 
dicopper(II) species sited in CHA eight membered ring (8r) (see Figure 1a) proposed as one of the plausible Cu active 
sites for MTM (Chen et al., 2018). Here we used Wavelet Transform Analysis (WTA) in order to demonstrate the potential 
of this technique in the discrimination of different atomic contributions that could be difficult to resolve in an 
unambiguous way from the traditional Fourier Transform analysis of the EXAFS spectrum.  

2. Methods. 
2.1. Wavelet Transform of an EXAFS spectrum. 

Given a molecular structure, the easiest way to evaluate the interatomic distances R (direct space), of certain atoms around 
a determined absorber, consists in performing a spectral analysis of the related EXAFS signal 𝜒𝜒(𝑘𝑘) (Mino et al., 2013; 
Stern, 1974) using the Fourier Transform (FT). However, if two groups of different atoms are localized differently at 
close distances, their contributions in R-space overlap, becoming indistinguishable (Timoshenko and Kuzmin, 2009). It 
is possible to see that the backscattering-amplitude factor presents a strong dependence on the atomic number 𝑍𝑍: heavy 
atoms have large values of the atomic backscattering amplitude 𝐹𝐹𝑖𝑖(𝑘𝑘) at high wavenumbers whereas light atoms at low 
k-values. As a result, their contributions into the total EXAFS signal are differently localized in the k-space (Soldatov et 
al., 2018). Herein, this evidence can be used for signal discrimination obtaining a two-dimensional representation of the 
EXAFS spectrum with a simultaneous signal localization in k and R space. To this purpose, Wavelet Transform (WT) of 
the 𝑘𝑘𝑛𝑛-weighted EXAFS spectrum can be applied. It is described by the following two-dimensional integral transform: 
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This equation can be seen as the inner product between the analysed spectrum 𝜒𝜒(𝑘𝑘) and a defined window function 𝜓𝜓, 
called “mother wavelet” or simply wavelet (where the apex 𝜓𝜓∗ denotes the complex conjugate of 𝜓𝜓), which must decay 
at zero for higher values of |𝑘𝑘′| (Funke et al., 2005). Here, the signal 𝜒𝜒(𝑘𝑘) 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 (Soldatov et al., 2018). The variables a and b are connected to the k and R-space by the following 
relations: 𝑏𝑏 = 𝑘𝑘 and 𝑎𝑎 = 𝜂𝜂/2𝑅𝑅. The description of the parameter 𝜂𝜂 will be given below. 
In our study, we compared the results obtained from two different window functions applied on the same theoretical  
EXAFS spectrum: the Morlet and Cauchy wavelet (Funke et al., 2005; Munoz et al., 2003; Penfold et al., 2013; Soldatov 
et al., 2018; Timoshenko and Kuzmin, 2009). The first one is characterized by a fast oscillatory part localized by a 
Gaussian envelope, making its real and imaginary part similar to an EXAFS spectrum: 𝜓𝜓𝜂𝜂,𝜎𝜎(𝑘𝑘) =
1

√2𝜋𝜋𝜎𝜎
exp (𝑖𝑖𝜂𝜂𝑘𝑘)exp (−𝑘𝑘2/2𝜎𝜎2). Here the parameter 𝜂𝜂 represents the frequency of sine and cosine waves while 𝜎𝜎 

corresponds to the Gaussian standard deviation. Both parameters must be chosen accurately because of their basic role in 
the signal resolution in k and R spaces. It is worth mentioning that the WT distributes the signal information The second 
window function used over k-R cells that are often referred to as Heisenberg boxes (Funke et al., 2005; Penfold et al., 
2013). On this basis, it is possible to demonstrate that the resolutions in k and R-space are inversely proportional (i.e. 
good resolution in k-space implies a loss of information in R-space and vice versa). is the Cauchy wavelet. It is represented 
by the following equation: 𝜓𝜓𝜂𝜂(𝑘𝑘) = (𝑖𝑖/(𝑘𝑘 + 𝑖𝑖))𝜂𝜂+1(where 𝑖𝑖 denotes the complex unit). By choosing this window 
function, it is possible to simplify the integral of equation (1). Moreover the usage of a complex-valued function seems 
to be well suitable for analysing frequency-modulated signals (Munoz et al., 2003). With respect to the resolution, the 
same considerations made for the Morlet wavelet remain valid (Soldatov et al., 2018). However the resolution is 
controlled here by just one parameter: (𝜂𝜂) instead of two (𝜂𝜂,𝜎𝜎). 

 
Figure 1: (a) DFT optimized structure of a mono-(µ-oxo) dicopper (II) species inserted in the 8r of CHA framework. (b) Plot of the 
backscattering amplitude factor multiplied for a k0 value. Each 𝐹𝐹𝑖𝑖(𝑘𝑘) term presented in the graph refers to the Cu-SS path with the 
atoms indicated with the coloured circles in (a).  

2.2. DFT-assisted EXAFS simulation procedure. 

We performed the EXAFS simulation of the DFT optimized-geometry (optimization has been performed using plane 
wave basis set and PBE pseudopotential (Kresse and Joubert, 1999) approach as implemented in the VASP 5.3 code 
(Kresse and Furthmuller, 1996)) reported in Figure 1a. Phase and amplitudes have been calculated by FEFF6 code using 
Arthemis software from the Demeter package (Ravel and Newville, 2005). Herein, we consider all paths up to 4 Å with 
a scattering amplitude higher than 15% if compared to the stronger one that is the single-scattering (SS) path with the first 
shell represented by the bridging oxygen atom. Using this cut off, only SS paths have been included in the model, being 
the amplitude of the stronger multiple scattering (MS) path of 12%. The structural parameters (i.e. coordination number 
𝑁𝑁𝑖𝑖 and bond distances 𝑅𝑅𝑖𝑖) for all the included shell were set to the DFT values. The Debye Waller (DW) parameters have 
been chosen for each shell according on the types of atoms and their distances from the absorber, this done on the basis 
of some recent experimental work conducted on this topic (Borfecchia et al., 2015; Pappas et al., 2017). We fixed, for the 
extra-framework oxygen (O_efw), a DW parameters to 0.005 Å2 .The same value has been used to describe the 



contributions involving the second sub-shell of framework oxygens (O_fw). Subsequently, we set the DW factor, related 
to the Al site shell, to 0.008 Å2. The same DW factor was fixed for the Cu site too.  
For the framework atoms, we employed a lower level parametrization strategy for the O and Si atoms that compose the 
zeolite framework, providing a minor but not negligible contribute to the EXAFS signal. We assigned a DW factor defined 
in the following way: 𝜎𝜎2 = 𝜎𝜎𝑓𝑓𝑓𝑓2 ∙ �𝑅𝑅𝑖𝑖/𝑅𝑅𝑇𝑇, where 𝜎𝜎𝑓𝑓𝑓𝑓2  has been fixed to a global value of 0.01 Å2, 𝑅𝑅𝑖𝑖 is the position of the 
O or Si atoms in the zeolite ring, while the term 𝑅𝑅𝑇𝑇 represents the distance of the nearest framework atom from the Cu 
site that has been parametrized following this procedure. This choice seems appropriate; in fact, it provides a slow 
increasing of the DW factor as the distance increases (isotropic increasing), keeping account of the structural variation or 
thermal motion typically more pronounced at higher distances (Sevillano et al., 1979). Finally, we set the amplitude factor 
S0 and the threshold energy to 1 (ideal value for S0) and 0 eV (no spectrum energy shifting) respectively. The entire 
parametrization procedure, described above, has been applied for each Cu site in the dicopper species separately, 
considering the same shell subdivisions. Consequently, the simulated final spectrum was obtained by averaging the two 
total spectra retrieved from each Cu atom chosen as absorber. Thus, we were able to reproduce a reasonable “theoretical” 
EXAFS spectrum from the DFT optimized structure. Concomitantly, we could ascertain the contribution of each shell of 
Cu-atomic neighbours from the total EXAFS signal, as it is possible to see from Figure 2a. 

 
Figure 2: (a) Magnitude and Imaginary part of the phase uncorrected FT-EXAFS signal calculated starting from the structure reported 
in Figure 1(a). For the FT signal calculation an hanning type apodization window (Δk=2.4 -11 Å-1; dk=1) has been used on a k2 
multiplied 𝜒𝜒(𝑘𝑘). We chose a k-range defined in this way in order to reproduce an EXAFS signal as similar as possible to experimental 
spectra, previously reported in ref. (Pappas et al., 2017). (b),(c) Morlet (𝜎𝜎 = 1 , 𝜂𝜂 = 12 )and Cauchy (𝜂𝜂 = 200) wavelet transforms of 
the simulated EXAFS signal. (d) Magnification of the Cauchy WT third lobe. The black contour line emphasizes the presence of two 
sub-lobes localized at low and high k-values. In particular, this last feature is associated to the presence of the Cu-Cu path.  

3. Result and Discussions 

The magnitude and the imaginary part analysis of each contribute related to the total simulated signal allows us to obtain 
deeper insights into the FT peak assignment. Analysing Figure 2a it is possible to clearly distinguish two main peaks, 
arising from SS involving first- and second-shell atomic neighbours, respectively. The first-shell peak is further structured 
into two different contributions. The first one, less intense, is due to the extra framework oxygen (violet line) while the 
second peak (red line), much more intense, depends on the averaged contribution of the two framework oxygens 
coordinated to the Cu site. It is interesting to observe how the O_efw imaginary part contribution compensates the O_fw 
one, reducing the global magnitude of the first-shell peak. Significantly, the Al site takes part in the total spectra in the 
second shell (orange line). Seemingly, the framework atoms (grey line) contribute in the second shell too. The phase-
uncorrected FT of the simulated EXAFS spectrum shows the Cu-Cu contribute peaking at ca. 2.8 Å (green line) and 
extending in the range between 2.4 and 3.5 Å. Globally, Cu peaks are always more intense than the ones due to the  
framework signals; however, the much lower coordination number (NCu =1) and the rather long Cu-Cu distances render 
these metal-metal contributions much weaker than what is observed in the bulk Cu-metal or Cu-oxide references. It 
follows that, from the simulated FT-EXAFS spectrum, we are not able to appreciate the principal feature coming from 
Cu-Cu contribution that lies in the second shell region and at these distances the Cu signal intensity decreases 
significantly. Under these conditions, WTA seems to be the only way we can ascertain the presence of a Cu-dimer 
geometry. In Figure 2b,c are reported two WTs applied to the same theoretical EXAFS signal: Figure 2b: Morlet wavelet,  
Figure 2c: Cauchy wavelet. Globally, neither wavelet shows a huge difference from the other in spectral-features 



representations, apart from the wavelet magnitude, which is higher for the Morlet wavelet. However, this phenomenon 
depends exclusively on the functional form of the wavelet used. For all the wavelet representations, we can recognize two 
lobes localized at low R values ΔR=(1-1.5 Å) in the direct space. They can be clearly associated to the Cu-O_efw and Cu-
O_fw, respectively. Nevertheless, the lobes maxima tend to be stretched in the k-space towards high k-values (around 9 
Å-1). This region is typically populated by atoms heavier than oxygen. However, the reason for this particular behaviour 
must be found in the so-called broadening effect. It is a general problem of WTA and it is not only restricted to the Morlet 
and Cauchy wavelets (Timoshenko and Kuzmin, 2009). There is a third lobe that extends in both wavelets between ΔR=(2-
3.5 Å) and Δk=(0.5-11 Å-1), as we can see from the magnification reported in Figure 2c. Analysing it in details, it is 
possible to observe that it is composed by the union of two sub-lobes. The first sub-lobe develops in the k-range between 
Δk =(0.5-6 Å-1). It is possible to confirm that it is generated by the contribution of framework oxygens (low k-contributes) 
and by Si and Al, whose backscattering amplitude factor peaks in the k-space around 4 Å-1. Having a comparable Z, the 
features related to Si and Al atoms can not be identified through WTA. The second sub-lobe extends between Δk =(6-11 
Å-1). The maximum of the Cu backscattering amplitude falls within this range and this is the main reason for the sub-lobe 
shifting towards high k-values. However, the FT analysis illustrates that, where the Cu-Cu peak is present in the R region, 
the Si/O framework contributions overlap the Cu shell. In particular, the Si (SS) path is characterized by a backscattering 
amplitude factor that is lower in magnitude at high k-values than the factor of the Cu, but it is not negligible (see Figure 
1b). This is the main reason why the Cu sub-lobe is not completely separated from the Al, Si and O sub-lobes, making its 
complete resolution impossible to realise.  
  
4. Conclusions and perspectives 

We applied the WTA analysis on a theoretical signal obtained starting from a DFT optimized Cu-dimer structure sited in 
the CHA (8r). The analysis of the EXAFS-FT showed the complexity associated with the peak assignment because of the 
overlapping contributions of the different shells of scatterers (O, Si, Al and Cu) sited around the absorber. Here, the 
application of WTA showed how it is possible to overcome this problem leading to clearer identification of the Cu-Cu 
contribution. The next step of our study will take advantage of the higher sensitivity to the scatterer nature, proper of the 
wavelet representation, to perform fits of experimental data, as already done in the pioneering work of Kuzmin and co-
workers (Jonane et al., 2018; Jonane et al., 2016; Timoshenko et al., 2015; Timoshenko et al., 2014a; Timoshenko et al., 
2012, 2014b).At present, the major difficulty in applying this approach consists in the heterogeneity of Cu species present 
in the real zeolite-based catalysts (i.e. different Cu-monomers and dimers can coexist) and in their relative concentration 
as a function of the pre-treatment and process conditions (Borfecchia et al., 2015; Lomachenko et al., 2016; Martini et 
al., 2018; Martini et al., 2017; Pappas et al., 2017; Pappas et al., 2018). 
Globally, the results highlight that WT approach could represent a more promising technique than conventional FT, both 
for the visualization and the interpretation of theoretical and experimental EXAFS signals, permitting to discriminate 
contributions from heavy and light scatterers in the Cu local environment in zeolite-based catalysts, thus shedding light 
on the long-standing question about nuclearity of Cu-oxo species formed in these materials after high-temperature 
activation in O2. 
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