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Abstract

The Cu-CHA zeolite today represents an attractive platform to design catalysts for deNOy applications by NH3-
assisted Selective Catalytic Reduction (NH3-SCR) and for the low-temperature selective oxidation of methane
to methanol (MTM). Accessing a quantitative understanding of Cu-speciation in this material is a key step to
unveil structure-performance relationships for these high-impact processes. Herein, we select Cu-CHA as a
case study to demonstrate the potential of chemometric approaches, such as Multivariate Curve Resolution
(MCR) applied in combination with Principal Component Analysis (PCA). We employ these methods to assist
the interpretation of X-ray Absorption Spectroscopy (XAS) experiments in the near-edge (XANES) region,
determining the spectroscopic signatures and concentration profiles of the pure Cu-species formed. We
pinpoint the composition impact on the material reducibility and highlight Cu-speciation-productivity
relationships for the MTM process. Furthermore, we report novel insights on the formation of O-derived
species in Cu-CHA, obtained from MCR analysis of High Energy Resolution Fluorescence Detected (HERFD)
XANES data collected during thermal treatment of Cu-CHA in both He and O; gas flow. Multivariate analysis,
in combination with the superior energy resolution adopted, allows us to identify an additional Cu(Il) species.
This component, different from the previously characterized Z[ Cu(II)OH] moiety, is only formed at significant
concentrations in O, and it is envisaged to play an important role in the MTM conversion.

Keywords
Cu-chabazite, zeolite-based catalyst, Multivariate Curve Resolution, Principal Component Analysis, XAS,
HERFD-XANES, methane-to-methanol conversion

Introduction

In the last few years, the Cu-exchanged form of chabazite (Cu-CHA) has attracted a lot of attention due to its
outstanding performance in NHs-assisted selective catalytic reduction (NH3-SCR) of NOy gases [1-3].
Together with Cu-MFI [4,5] and Cu-MOR [6-9], Cu-CHA has been also recently proven as an attractive
platform for the low-temperature selective partial oxidation of methane to methanol (MTM) [10-12], a dream
reaction with enormous energetic and environmental implications [13,14].

The CHA framework is composed of double six-membered rings (6r), connected in an AABBCC sequence
forming cavities with eight-membered rings windows (8r). Recently, thanks to the increasing number of studies
focusing on this Cu-zeolite, it has become evident that the CHA topology, despite its simple structure, offers
multiple docking sites for the Cu cations in both 6r and 8r [15,16,2,17-19].

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(Il) species (where Z, represents bonds
to zeolite framework oxygens Ogy next to two neighbouring charge-balancing Al sites in framework T-sites)
hosted in the 6r and redox-active Z[Cu(II)OH] complexes (where Z indicates bonds to Og, next to an isolated
Al atom in a framework T-site) preferentially stabilized in the 8r. Z[Cu(II)OH] species are known to undergo
so-called ‘self-reduction’ [25,26] to ZCu(I) during thermal treatment in vacuum or in inert gas flow from ~
200 °C upwards [18,23,24,27].

Recent studies in the MTM context have also shown that a number of framework-interacting O,-derived Cu(II)
species can be formed in Cu-zeolites after high temperature (typically 500 °C) activation in oxidant
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atmosphere, possibly resulting either from the reaction of self-reduced ZCu(I) species with O, or from internal
pathways involving redox-active Z[Cu(I[)OH] complexes [27,28,6]. For Cu-CHA, these include monomeric
Z[Cu(I1)O,7] superoxides in different coordination geometries, as well as dinuclear Z[Cu(I1)O,Cu(II)]Z and
Z[Cu(IT)OCu(1II)]Z Cu(II) moieties [27,28].

As an additional element of complexity, Cu-speciation in Cu-CHA is largely driven by the environmental
conditions, such as the gas feed composition and temperature [29,30,23,31]. For instance, the most recent
reports describe the dynamic formation of multinuclear Cu sites by NH;s-solvated Cu ions during low-
temperature NH3-SCR [32,33]. These works spectacularly exemplify how, in Cu-zeolites, temperature and
chemical environment can be tuned either toward heterogeneous-like chemistry over Cu-sites docked to the
zeolite framework, or towards cage-confined homogeneous-like chemistry over mobilized Cu-species.

In situ/operando X-ray absorption (XAS) and emission (XES) spectroscopy, often guided by DFT-assisted
data modelling [34-37], are ideal techniques to shed light on the local structural and electronic properties of
Cu-species formed during thermal activation and under reaction relevant conditions [35,38-41]. X-ray
Absorption Near Edge Structure (XANES) is particularly sensitive to coordination geometry and oxidation
state of the formed Cu species, with a variety of fingerprint peaks at the Cu K-edge [42,43]. Differently from
what is observed in the Extended X-ray Absorption Fine Structure (EXAFS) region, XANES dependence on
the data collection temperature can be safely neglected in most of the cases. The collection of High Energy
Resolution Fluorescence Detected (HERFD) XANES using an undulator source and an X-ray spectrometer
can further enhance the technique sensitivity, yielding the best possible signal-to-background ratio because the
energy resolution is of the order of the core-hole lifetime broadening [40,41].

However, dealing with an element selective (probing only the Cu species in the system) but averaging
technique (probing a// the Cu species in the system), the resulting spectral datasets in most of the cases consist
in a mixture of different components related to the individual, ‘pure’ Cu-species, occurring with composition-
and conditions-dependent relative abundances. This often complicates the interpretation of the collected
spectra and prevents an accurate quantitative determination of Cu-speciation in the sample, ultimately
representing a key requirement to establish structure-activity relationships.

To overcome the above-mentioned problem, a factorial procedure called Multivariate Curve Resolution
(MCR) can be applied, in combination with Principal Component Analysis (PCA). This approach allows
decomposing the original spectral dataset into chemically/physically meaning spectra and their own
concentration profiles [44-48]. The method was initially introduced by Tauler and a/. [45] and largely used
during the last two decades in different fields of research, ranging from chromatography to image analysis
[49,48]. Despite its usefulness, the application of this method to XAS data remains still rather limited.
Nonetheless, in the last years, an increasing numbers of research groups have begun to use it in the analysis of
large XAS datasets on different topics, such as battery research [50], quantum-confined systems [51], solid-
state chemistry [52] and heterogeneous catalysis [53-56].

The MCR approach is especially useful and powerful when ‘big’ dataset (with typical size in the order of 100
scans or larger) are simultaneously analysed: this is becoming more and more the case for operando XAS
studies in catalysis. Today, thanks to the continuous instrumental developments at synchrotron sources,
efficient data collection at relatively short time-resolution (indicatively from few minutes on conventional
XAS beamlines, down to few ms using dispersive setups [57] for Cu-zeolites samples with Cu-loading in the
2—4 wt % range) can be achieved under reaction-relevant conditions.

Herein we will highlight the potential of the MCR method to accurately determine Cu-speciation in Cu-CHA
catalysts, summarising the recent results obtained by our group. We will then report novel insights derived
from PCA and multi-way MCR analysis of HERFD-XANES data collected during thermal treatment in both
inert and O, flow on a representative Cu-CHA sample (Cu/Al = 0.5; Si/Al = 12), discussing in detail the
adopted procedure and providing a critical overview on the point of strength and limitations of the method.
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Experimental

Details on Multivariate Curve Resolution Alternating Least Squares (MCR-ALS) analysis

General description of the MCR-ALS algorithm

The MCR procedure describes the original dataset D, constituted of q spectra, as the product of a S matrix,
composed by N < g complete set of pure spectra and a matrix C which elements correspond to signal-related
concentration profiles. The original dataset is thus described by the following equation: D = C ST + E, where
ST is the transpose of matrix S, while E represents the error matrix associated to the reconstruction.

In order to realize this kind of bilinear decomposition, a specific algorithm called MCR-ALS is used. Basically,
it performs the dissociation optimizing concentration profiles and pure spectra in an altering least square (ALS)
under constraints [58,46,59]. The outstanding feature of this method is that MCR is able to isolate the sources
of variation in a determinate data set without a priori assumption about the individual species contributions
related to the global response [60]. For further details on the method, the interested reader is referred to refs.
[58,49,48].

The first step of the algorithm requests the determination of the number of components that characterize the
original data matrix. To this purpose, Principal Component Analysis (PCA) or Single Value Decomposition
(SVD) are commonly performed [58,49,48].

Details on the implementation of MCR-ALS analysis in the present work

For MCR-ALS analysis we employed the Graphical User Interface (GUI) developed by Jaumot and co-workers
[48], freely downloadable at http://www.mcrals.info/, using Matlab R2011b. The analysed dataset consisted
in a column-wise augmented matrix obtained joining two data matrices composed by 53 HERFD-XANES
spectra each (461 energy points per spectrum, in the 8975 — 9021 eV energy range), acquired during the
temperature ramp from 37 to 500 °C, with a 5 °C/min heating rate in O, or He gas flow (data collection time

~ 2 min/spectrum).

The initial un-mixing data procedure was performed using the variable purity approach (i.e. SIMPLISMA
algorithm) with an allowed noise parameter fixed at 5% [58]. The ALS routine run with determinate soft
constraints: non-negativity for both pure spectra and concentration profiles (this constraint was carried out
thanks to the fast non-negative least squares algorithm, fnn/ [61]) and closure set to 1 applied to concentration
profiles. In particular, this last condition can be seen as the expression of the mass balance, that is valid in
XAS spectroscopy being technique element-selective on all the Cu-species present in the X-ray-probed sample
volume. The optimization routine successfully converged after 32 iterations, resulting in the final ALS quality
control parameters shown in Table 1.

Table 1. Final quality control parameters extracted from MCR-ALS algorithm. The two different values of %LOF differ
on the definition of the initial data matrix: the experimental data matrix for %LOF (Experiment) and the PCA
reconstructed data matrix in case of %LOF (PCA).

Quality control Parameters Values
%LOF (Experiment) 0.823
%LOF (PCA) 0.264

Percent of variance explained R? 99.993

Sample synthesis and compositional analysis

The CHA zeolite with Si/Al ~ 12 characterized in this work was prepared following the procedure reported in
a previous study [3], by modulating the composition of the synthesis gel to achieve the desired Si/Al ratio in
the framework. To introduce Cu ions, the calcined CHA zeolites was suspended in a Cu(Il) acetate solution,
and stirred at room temperature (RT) for 24 h; the resulting copper-exchanged zeolite was recovered by
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filtration and dried at 50 °C. The elemental composition of the sample was evaluated by Energy Dispersive X-
Ray Spectroscopy (EDS), resulting in Si/Al = 12.1; Cu/Al = 0.49, Cu concentration = 620 umol/g (3.8 wt%).
In situ HERFD-XANES spectra acquisition and data reduction procedures

High Energy Resolution Fluorescence Detected (HERFD) XANES spectra reported in Figure 3 were acquired
at the ID26 beamline of The European Synchrotron (ESRF, Grenoble, France). Each spectrum was acquired
in fluorescence mode, detecting only photons whose energy corresponded to the maximum intensity of the Cu
K13 emission line (~8906 eV). This energy selection was performed using the (800) reflection of a Ge (100)
analyser crystal set up in vertical Rowland geometry. The crystal was spherically bent following the Johann
scheme to focus the fluorescence radiation onto an 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 cell
(developed by the ESRF Sample Environment team) [62], that allowed to precisely control the gas composition
and the temperature inside, as described in details in our previous works [29,18]. The Cu-CHA sample was
prepared in the form of a self-supporting wafer (ca. 100 mg of sample) and fixed inside the reactor cell. /n situ
XAS experiments during He and O, activation were performed heating the samples from 37 °C to 500 °C with
a heating ramp of 5 °C/min and flowing in the Microtomo reactor cell 100 ml/min gas He or O,, depending on
the type of activation. All the collected HERFD-XANES spectra were normalized to unity edge jump using
the Athena software from the Demeter package [63].

For preparation protocols and experimental details regarding the samples and the conventional transmission-
mode XANES data used to derive the results reported in Figure 1 and Figure 2, the reader is referred to the
Supporting Information of the original publications, refs. [24] and [27], respectively.

Results and discussions.

Composition-driven Cu-speciation and reducibility in He-activated Cu-CHA from MCR-ALS analysis

In our previous work [24], we applied the MCR procedure to Cu K-edge XANES spectra of series of six Cu-
CHA samples, synthesized by systematically tuning their composition (Si/Al and Cu/Al ratios in the ~ 5 — 29
and ~ 0.1 — 0.6 range, respectively). The Cu-CHA samples were characterized by in situ XANES during the
activation procedure in He, from 25 to 400 °C, to achieve a better spectroscopic contrast between reducible
and not reducible Cu-sites and gain deeper insights in the self-reduction process in Cu-zeolites. After PCA of
the temperature-dependent multi-composition XANES dataset (globally 72 scans), MCR-ALS analysis
allowed us to single out the XAS signatures of the five pure Cu-species formed in the CHA cages during
thermal treatment in inert gas flow.

These results are summarized in Figure 1. The theoretical XANES spectra obtained from MCR-ALS (Figure
l1a) showed an excellent agreement with previous XAS studies on Cu-CHA [29,18] and the recent report by
Paolucci et al. [23]. Based on the spectroscopic fingerprints of each theoretical XANES and the correspondent
temperature-dependent concentration profiles, we were able to reliably assign each pure spectrum to the Cu-
species shown in Figure 1b. The concentration profiles for the most representative compositional points (top
panel: Cu/Al = 0.1, Si/Al = 5; middle panel: Cu/Al = 0.5, Si/Al = 15; bottom panel: Cu/Al = 0.6, Si/Al = 29)
are reported in Figure 1c.

We found that at RT, Cu-speciation is largely dominated by mobile fully-hydrated Cu(Il) ions (PC1: blue
curve/bars in Figure 1), namely [Cu(IT)(H20).]** or [Cu(I1)(H20)..1(OH)]" with n = 6. For all the investigated
compositional points, the appearance of fully-dehydrated, framework-interacting Cu-sites is observed after the
transient development of a Cu(Il) ‘dehydration intermediate’ (PC5: green curve/bars in Figure 1). This species
is most likely characterized by a four-coordinated pseudo square-planar structure, based on the similarity
between the corresponding pure XANES spectrum and four-fold coordinated Cu(Il) references, such as
Cu(I1)O and [Cu(IT)(NH3)4]*".
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Figure 1. 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. (a) XANES spectra of pure components
derived from MCR-ALS. Spectra have been vertically translated for the sake of clarity. (b) 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). Atom colour code in the structures: Cu, green; H, white;
0, red, Si, grey; Al, yellow. (c) Bar plots reporting temperature-dependent concentration profiles of pure species for the
most representative compositional points. Unpublished Figure, reporting data previously published in ref. [24].

At 400 °C, the entire speciation can be described as a combination of three specific framework-interacting Cu-
species, occurring with composition-dependent relative abundance. The first one is represented by ZCu(]) sites
(PC2: red curve/bars in Figure 1). Its pure spectrum can be unambiguously assigned to a Cu(I) species, due to
the absence of the quadrupole 1s — 3d transition in the pre-edge region (which is instead present in all the
other pure spectra), and by the presence of a high intensity peak at ca. 8983 eV, assigned to 1s — 4p transitions
in two- and three-fold coordinated Cu(l) centers. The other two pure spectra are associated to two specific
Cu(ID) species: redox-active Z[Cu(II)OH] (PC3: grey curve/bars in Figure 1), preferentially located in the 8r,
and redox-inert Z,Cu(Il) sites in 6r (PC4: orange curve/bars in Figure 1).

The concentration of Z[Cu(II)OH] peaks around 200 °C and therein starts to progressively decrease, in favour
of reduced ZCu(l) species. This is particularly evident for the Cu/Al = 0.5, Si/Al = 15 compositional point in
Figure 1c, where at 400 °C ca. 90% total Cu occurs as ZCu(]) self-reduced species. Conversely, Z>Cu(Il) sites,
dominant at Si/Al =5, reach a steady population in the 200—300 °C range and remain stable until 400 °C (see
e.g. Cu/Al=0.1, Si/Al =5 in Figure 1¢). Remarkably, the MCR-ALS results indicate that the reducibility level
of Z[Cu(II)OH] complexes depends on the Al distribution in the framework. Indeed, as it can be clearly
observed for Cu/Al = 0.6, Si/Al = 29 in Figure lc, at high Si/Al values, the efficiency of the self-reduction
process for Z[Cu(I[)OH] is significantly lowered with respect to the Si/Al = 15 case, and only ca. 35% of
ZCu(]) is detected at 400 °C.

The assignment of pure XANES spectra to specific Cu-species/sites presented above has been independently
validated by DFT-assisted multi-component EXAFS fits and XANES simulations, and corroborated by
complementary FTIR experiments using N, as a probe molecule for ZCu(l) sites [24].

In recent years, several studies [64,65,3,66,67] employed Electron Paramagnetic Resonance (EPR)
spectroscopy to identify the Cu-species formed in Cu-CHA as a function of catalyst composition, temperature,
and chemical environment. EPR ensures a high sensitivity to low-concentration Cu(Il) species, while
diamagnetic Cu(I) species are inherently silent. The technique thus shows a specific complementarity to the
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averaging information from XAS. For this reason, herein we briefly compare the results reported in Figure 1
with complementary EPR insights reported in the literature.
EPR confirms that, irrespectively of the composition, mobile Cu(Il) aquo complexes (PC1 in Figure 1)
represent the major component in as-prepared Cu-CHA at ambient conditions. The correspondent EPR spectra
are dominated by an isotropic species showing spin Hamiltonian parameters very similar to the ones of
[Cu(IT)(H,0).])** with n = 5, 6 species found in aqueous solution, with unresolved hyperfine coupling [66].
Conversely, low-field hyperfine structure is reported to become evident from ~ 250 °C, during thermal
treatment in both inert and oxidant atmosphere. As reported by Gao et al. [65] for a Cu/Al = 0.032, Si/Al =6
Cu-CHA sample, at the intermediate temperature of 150 °C, the intensity for the high-field EPR feature
decreases dramatically, and the low-field hyperfine structures are completely absent. The authors explain these
observations by dipolar interactions between Cu(Il) ions. Considering the very low Cu loading for the
investigated sample, such dipolar interactions below 250 °C imply the presence of highly mobile Cu(Il)
species, in good agreement with the under-coordinated Cu(Il) aquo complexes highlighted by our MCR
XANES analysis (PC5 in Figure 1).
Mossin and co-workers explored in detail by EPR the different copper positions in dehydrated Cu-CHA
[64,66,67]. The authors rationalized the corresponding hyperfine structure with two EPR-active tetragonal
Cu(Il) sites, assigned to Z,Cu(Il) species in 6rs with Al-Si-Al and Al-Si-Si-Al linkages. Local structure and
composition-dependent abundance trends for these EPR-active species are in good qualitative agreement with
the redox-inert PC4 component in Figure 1, although the different measurement conditions complicate a direct
quantitative comparison. Overall, XANES MCR analysis indicates a lower fraction of 2Al Z,Cu(Il) sites with
respect to EPR spin quantification at equivalent composition. The same research group also suggested
monomeric Cu(Il) species with an approximate trigonal coordination, such as the 1Al Z[Cu(II)OH] complexes
(PC3 in Figure 1), to be EPR-silent due fast relaxation [64,66]. In this case, specific in situ EPR experiments
(rehydration in the presence or absence of O» traces of samples previously dehydrated in He or 20% O»/He at
250 °C) allowed the authors to indirectly quantify these species hosted at 1Al sites. From these studies, 1Al
Cu species are reported to represent the major Cu component (50% total Cu) at Cu/Al = 0.46, Si/Al = 14,
occurring in their oxidized Z[ Cu(II)OH] or reduced form ZCu(I) after dehydration in O»/He or He, respectively
[64,66]. The presence of small (< 13%) populations of EPR-silent, reduction-resistant CuOy species or small
Cu oxide clusters is also suggested at the same catalyst composition. As we discussed in our previous work
[24], these additional Cu(Il) species are expected to show a XANES quite similar to the one Z[Cu(II)OH], and
could not be discriminated by MCR-ALS XANES analysis during He-activation.
The use of MCR pure spectra as references in XANES Linear Combination Fit (LCF) analysis: correlating
reducibility and productivity for methane to methanol conversion over Cu-CHA
LCF analysis is a well-established and easy-to-use method for disentangling the different species contributing
to a XANES spectrum. Briefly, a normalized experimental XANES spectrum, uie *P(E), can be expressed as

the linear combination (LC) of N reference XANES spectra ,uiref (E) for known Cu-species: u®*? (E) =

N wiref . uiref (E), where wiref indicate the weights of each reference spectrum in the LC (i.e. the

fractional concentration of the corresponding Cu-species). The LCF approach simply consists in optimizing
the weights Wiref for each reference to obtain the best agreement to the experimental spectrum.

This approach has seen a widespread application to evaluate Cu-speciation during in situ/operando XAS
experiments on Cu-exchange zeolite catalysts [31,6]. However, a pre-requisite for the successful application
of the LCF analysis is the availability of an appropriate set of reference spectra. With respect to Cu-zeolites,
the direct applicability of LCF largely depends on the environmental conditions. As mentioned above, within
specific temperature ranges and chemical environments, the Cu cations are mobilized, occurring as well-
defined molecular complexes suspended into the zeolite cages. This is e.g. the case for the as-prepared
materials in air at RT or for low-temperature NH3-SCR conditions [29,23,31-33], when the cations are
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efficiently solvated by H.O or NH3, respectively. In such conditions, solution-phase references can be safely
used to evaluate Cu-speciation by XANES LCF analysis [31]. Conversely, when framework-interacting Cu-
species are formed, obtaining a proper set of experimental references is not straightforward, due to the unusual
coordination modes to the zeolite framework adopted by the cations.

As discussed above, in the latter case MCR-ALS analysis represents a valid support to resolve spectral
complexity. However, to improve the reconstruction results, it is important to collect a large dataset. Moreover,
the global dataset should include scans where each structural component is present in a suitably large
concentration, indicatively > 30% total Cu. Importantly, once the MCR-ALS pure spectra are obtained from a
dataset which satisfies these criteria, they can be employed to precisely evaluate Cu-speciation in different Cu-
CHA samples/conditions by simple LCF analysis.

As an example, we have recently taken advantage of the MCR-ALS results summarized in Section 0 to quantify
the reducibility in a different batch of Cu-CHA zeolites with equivalent Cu/Al ratio of ~ 0.5 and different Si/Al
ratios of ~ 5, 15 and 29 after He-activation at 500 °C [27]. To this aim, we applied LCF analysis as described

above, but using as uiref (E) the five MCR-ALS curves reported in Figure 1a instead of experimental reference
spectra.

(a) [siial=5 SilAl =15 Si/Al = 29
He-activation 500 °C
— X
----- LCF
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Scaled LCF components:
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Figure 2. (a) Comparison between experimental XANES spectra of He-activated Cu-CHA samples with equivalent Cu/Al
= 0.5 and Si/Al = 5 (left panel), 15 (middle panel), and 29 (right panel) with the correspondent best-fit curves from
XANES LCF analysis using as reference the MCR-ALS spectra obtained in ref. [24] and reported in Figure 1a. For each
fitted spectrum, the LCF components scaled by their respective optimized weights and the LCF residuals are reported.
(b) Bar plot reporting the XANES LCF results for Cu-speciation in the He-activated state at 500 °C for the same samples
reported in part (a). (c) Linear correlation between the productivity per Cu for the MTM process measured for the same
Cu-CHA samples reported in part (a) and their reducibility in the He-activated state, quantified through the ZCu' fraction
obtained from XANES LCF analysis. Unpublished Figure, reporting results previously published in ref.[27].
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The high LCF quality obtained using the theoretical XANES from MCR-ALS analysis can be noted in Figure
2a, which compares the experimental XANES for the three He-activated materials (black thick lines) with their
correspondent best-fit curves (grey dashed lines): in all the cases, the fit R-factor was below 0.001. Such a
high LCF quality is diagnostic for the presence of the same set of Cu-species, whose individual XANES
signatures have been isolated using MCR-ALS in the previous work [24]. The Figure also reports the LCF
scaled components, using the same colour code as in Figure 1, and the LCF residuals, as light grey thin lines.
The bar plot in Figure 2b provides an overview on the Cu-speciation from LCF analysis for the three
investigated Cu-CHA samples. Not surprisingly, Cu-speciation in the He-activated state at 500 °C is dominated
by framework-interacting Cu-species, including Cu-species hosted at 14/ sites, in their oxidized, Z[ Cu(II)OH],
and self-reduced, ZCu(I), form as well as Z,Cu(Il) species, hosted at 24/ sites in 6r. The contribution from
mobile Cu(Il) aquo-complexes, both fully and under coordinated, is < 3% total Cu for all the investigated
samples. The composition-reducibility trends highlighted in Section 0 are confirmed here. Indeed, the Si/Al =
15 sample shows the highest reducibility (i.e. fraction of ZCu(I) species, being in this case (79 £ 1)% of total
Cu). The reducibility is significantly lower at Si/Al = 5 (ZCu(I) species only account for (47 £ 1)% of total
Cu), due to a large population of 24/ Z,Cu(Il) sites. Also at Si/Al =29 a lower fraction of ZCu(l) is detected,
accounting for (64 + 1)% of total Cu. Here, in line with the statistical scarcity of 24/ docking sites in 6r at
Si/Al = 29, the contribution of redox-inert Z,Cu(II) species is negligible. However, the efficiency of the self-
reduction process appears lowered with respect to the Si/Al = 15 case: (35 £ 4)% of total Cu is still present as
oxidized Z[Cu(I)OH] species.

The same Cu-CHA samples characterized by XANES LCF analysis in their He-activated state at 500 °C were
evaluated for the step-wise MTM process by laboratory fixed-bed reactor tests, as described in detail in ref.
[27]. Correlating the LCF results reported in Figure 2b with the MTM performance of investigated Cu-CHA
materials with equivalent Cu/Al = 0.5 and different Si/Al =5, 15, 29, we observed a linear correlation between
the normalized CH3;OH productivity and the sample reducibility in the He-activated state, quantified through
the fraction of ZCu(I) from LCF analysis, as shown in Figure 2c.

Thus, the quantitative determination of Cu-speciation by XANES LCF analysis using MCR-ALS-derived
references, allowed us to show how the reducibility in the He-activated state at 500 °C can be used as a
descriptor for the methanol productivity in the MTM process over Cu-CHA. This correlation, together with
many other lines of evidence, implies that: (i) 24/ redox-inert Z,Cu(ll) sites are completely inactive for the
MTM conversion; (ii) Z[Cu(I)OH] complexes at /4! sites are not directly active but are identified as the
precursors to the active sites, possibly formed though Z[Cu(II)OH] self-reduction to ZCu(I) and subsequent
reaction of ZCu(I) with O, to different CuxOy active moieties.

Comparing He- and O:-activation in Cu-CHA: preliminary results from MCR analysis of HERFD-XANES

As discussed in Section 0, the availability of redox-active Cu-species, efficiently undergoing self-reduction
during thermal treatment, represents a crucial requirement for the MTM conversion over Cu-CHA. Although
Z[Cu(II)OH] species are inactive by themselves, most likely they represent the precursors to different Cu(Il)
active sites, which formation requires high-temperature reaction with O,. To obtain deeper insights in this
point, herein we focus on a selected Cu-CHA sample (Si/Al = 12, Cu/Al = 0.5), resulting in an optimal
performance for the MTM process (normalized productivity of 0.16 molCH3OH/molCu with 87% selectivity,
using optimized process conditions as described in details in ref. [27]). We applied MCR analysis on a
combined HERFD-XANES dataset including both O»- and He-activation for the selected material, in an
attempt to single out the contribution from O»-derived Cu-species.

HERFD-XANES during O»- and He-activation: qualitative analysis

Figure 3 shows the two in situ HERFD-XANES datasets collected for the investigated Cu-CHA sample during
activation in O (Figure 3a) and in He (Figure 3b). From qualitative analysis, it is clear that the evolution of
XANES features, during both activations, is consistent with thermally driven dehydration of the Cu centres:
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the intensity of the white-line (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 previous studies [18],
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 four-fold or three-fold coordinated Cu(lI) sites.

The use of HERFD-XANES instead of conventional one allows an optimal detection the weak pre-edge peak
at 8977.5 eV (see Figure 3, insets) mostly arising from the 1s — 3d transition in d° Cu(Il) sites. The pre-edge
peak is observed to slightly shift to higher energies 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
[29,17,68,24,18] indicating a largely dominant Cu(Il) oxidation state. However, we observe that in the high-
temperature range in O», certain modifications occur in the intensity and position of the Cu(Il) 1s — 4p rising-
edge peak at 8986 eV, which could be connected with the presence of different dehydrated Cu(Il) species.
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Figure 3. In situ temperature-dependent HERFD-XANES data collected at the ID26 beamline of the ESRF during (a) O»-
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(Il)
pre-edge peak, highlighted by a grey box in the main panels; the energy positions for Cu(I) and Cu(Il) 1s — 4p rising-
edge peaks and of the white-line peak (W.L.) are also indicated.

Regarding the activation in He, from ~ 250 °C upwards we observe the development of prominent rising-edge
peaks from 8983 eV, as it is characteristic of ZCu(l) sites formed after self-reduction of redox-active Cu-
species hosted at 14/ sites [18,24,29]. The presence of a minor, but still significant, fraction of Cu(Il) species
in the He-activated sample is evidenced by the persistence of the pre-edge 1s — 3d peak after ca. 15 min at
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500 °C (see inset of Figure 3b, 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, we 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 we will translate these qualitative insights into a quantitative evaluation of Cu
speciation during the O»- and He-activation processes, using chemometric approaches. Additional details on
PCA analysis and results, as well as on the implementation of the MCR-ALS procedure with the support of
experimental reference spectra can be found in the Supplementary Material.

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

Figure 4 reports the MCR-ALS pure spectra for the 6 Principal Components (PCs) indicated by PCA (see
Supplementary Material, Section 1), together their correspondent concentration profiles.

The pure HERFD-XANES spectra in Figure 4a show a substantial correspondence with the ones reported in
Figure 1a, derived by applying MCR-ALS analysis to conventional transmission-mode XANES data on a
compositionally larger dataset. Overall, beside 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 0 (namely PC1, PC2, PC3, PCS5, PC6, assigned as indicated in Figure 4 to hydrated Cu(Il), ZCu(I),
Z>Cu(ll), Z[Cu(II)OH] and under-coordinated Cu(Il) dehydration intermediate, respectively) plus an
additional O,-derived Cu(Il) species, PC4 (yellow curve and bars).

EEPC1: hydr. Cu(l) EETPC3:ZCu(l)  EEEPCS: Z[Cu(ll)OH]
B PC2: ZCu() [CPca4: zicu(myo,] EEAPCE: dehydr. int. Cu(ll)

(a)

O,-activation

Normalized HERFD XANES

He-activation

- . . scan# 10 20 30 40 50
8980 8990 9000 9010 — ; . . . ; e

| I J 1 I T  EELIN B |
x-rayAbsorption Energy (ev) 50 100 150 200 250 300 350 400 450 SOOT(DC)

Figure 4. (a) Pure spectra isolated through combined ‘multi-way’ MCR-ALS analysis of the in situ HERFD-XANES data
collected during O»-activation and He-activation of a Cu-CHA samples with Cu/Al = 0.5; Si/Al = 12 (experimental data
reported in Figure 3). 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 PC5 and PC6. (b, ¢) Concentration
profiles for the pure HERFD-XANES spectra reported in part (a) during (b) O»-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 1 for the five PCs present in both studies, namely
PC1, PC2, PC3, PC5, PC6. PC4 (yellow curves and bars) is assigned to a novel O»-derived Cu(Il) species.
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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, PC5 and PC6 (denoted with * symbols in Figure 4a). As described
in Section 0, 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
casily 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 MCR, and its most distinctive
trait, i.e. the peak around 8982 eV, is fictitiously embedded into the PC5 and PC6 pure XANES spectra.
Further insights can be derived from the analysis of the concentration profiles in Figure 4b,c. Starting from the
activation in He (Figure 4c), the trends in the Cu-speciation evolution are qualitatively consistent with the one
reported in Figure 1¢ for the sample with Cu/Al=0.5 and Si/Al=15 [24]. The decreasing in the population of
fully hydrated Cu(Il) correlates with the appearance of the Cu(Il) species previously described as a four-
coordinated dehydration intermediate. At higher temperature, from ca. 170 °C upwards, Z[Cu(I)OH],
progressively forms. Z[Cu(Il)OH] concentration reaches a maximum of 80% at 200 °C and then progressively
diminishes in the favour of ZCu(I). Z,Cu(Il) species appear from ~ 200 °C. Their concentration linearly
growths with temperature until 400 °C, remaining then stable at ~ 15% 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(]) sites, accounting for 51% of total Cu. The new Cu(Il) species identified
in this dataset, PC4, 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 O»-activation, MCR analysis evidences important differences in temperature-dependent Cu speciation
with respect to the treatment in He. For the initial state, fully hydrated Cu(Il) complexes are still the largely
dominant structural component, but an important contribution from under-coordinated Cu(Il) aquo-complexes
(PC6) is already observed, representing 24% total Cu at 37 °C. Similarly, a minor population of Z,Cu(ll) sites
(ca. 7%) is detected since the very beginning of the activation ramp. The concentration of these species
undergoes 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 61s hosting two charge-balancing Al sites.

The most intriguing result is connected with the dynamics of Z[Cu(II)OH] and the new Cu(Il) species (PC4)
only detected in significant abundance in O, atmosphere. In particular, the two Cu(Il) components seem to
simultaneously develop from ca. 150 °C upwards, correlating with the diminution of the Cu(II) dehydration
intermediate. Nonetheless, the Z[Cu(I[)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 PC4
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 Os-activation, ZCu(I) always occurs only as a very
minor species, with concentrations in the 2—5% ranges.

Comparing the behaviour of the PC4 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 W.L. peak, being more
intense for PC4 with a sharper maximum at 8997 eV, as well as in the energy position of the rising-edge peak,

iris-AperTO

University of Turin’s Institutional Research Information System and Open Access Institutional Repository



red-shifted of 1 eV for PC4 with respect to PC5. With this respect, the use of HERFD-XANES it is crucial to
discriminate the two structural components.

These results highlight how the PC space for O,-activation has an higher dimensionality with respect to what
found for He-activation (see also Supporting Material, Section 1). We associate the additional component with
an O,-derived Cu(Il) species which could continuously originate from Z[Cu(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(l) species by O». Such process is in good agreement with the FTIR evidences
reported by Pappas et al. [27], showing how the characteristic band at ~ 3650 cm™!, assigned to the v(OH)
vibration in Z[Cu(OH)]species [69,18,23], decreases in intensity as temperature increase during O»-activation
in the RT-400 °C range.

The similarity of the MCR-ALS XANES spectra for PC4 with the one assigned to Z[Cu(OH)] suggests a
similar three-fold coordinated Cu species, which most likely plays a crucial role in the MTM process. Possible
candidates include monomeric Z[Cu(II)O, ] superoxo species with end-on coordination mode, as well as three-
coordinated di-nuclear peroxo and oxo Cu(Il) moieties, already identified in O,-activated Cu-CHA from
Raman spectroscopy [27,28]. Further studies will be needed to assess the exact chemical nature of the
corresponding O»-derived Cu(Il) species, possibly in combination with DFT-assisted simulation of the
XANES signatures for the different possible CuOy moieties indicated above.

Conclusions

In this work we have highlighted the potential of the MCR technique, applied in combination with PCA, to
facilitate the interpretation of in sifu XAS experiments aimed at the quantitative determination of Cu-speciation
in Cu-CHA zeolites. These materials, intensively investigated in the context of high-impact processes such as
NH3-SCR and MTM conversion in mild conditions, have been selected as a representative example to
demonstrate the general validity of the method in catalysis. Indeed, the CHA framework has been shown
capable to host a rich variety of Cu species depending on compositional characteristic and chemical
environment. These species often occur as a multi-component mixture, difficultly resolvable with the
conventional data analysis approaches.

Focusing on Cu-CHA, we have provided an overview on MCR applications to identify pure Cu-species as a
function of composition and to establish Cu-speciation-productivity relationships for the MTM process. In
particular, MCR-ALS analysis on a large temperature/composition-dependent XANES dataset allowed
singling out the XANES signatures of individual Cu-species formed and achieve unprecedented quantitative
information on composition-induced effects on Cu-speciation and reducibility in Cu-CHA. The ‘pure’ XANES
curves from MCR analysis have subsequently been employed to accurately determine Cu-speciation in a
different series of He-activated Cu-CHA zeolites (Si/Al = 5, 15, 29; constant Cu/Al = 0.5) by simple LCF
analysis. Correlating the LCF results with the performance of the investigated Cu-zeolites for the MTM
process, we found a linear correlation between the normalized methanol productivity and the sample
reducibility. These results indicated that high populations of Z,Cu(Il) sites in 6r, favoured at low Si/Al ratios,
inhibit the material performance by being inactive for the MTM conversion. Z[Cu(I[)OH] complexes, although
shown to be inactive, are identified as the precursors to the methane-converting active sites.

These latter points, connected with the presence of specific O,-derived Cu(Il) species in Cu-CHA, has been
deepened in the present work, by applying the MCR-ALS technique to the analysis of a ‘multi-way’ HERFD-
XANES dataset including spectra collected during activation in both O, and He gas flow. With this respect,
we 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 us to highlight an higher degree of complexity in Cu-speciation during O,-activation
with respect to the He-activation, which would have been difficult to appreciate using the conventional
approaches in XAS data analysis. Data analysis revealed the presence of an additional Cu(Il) species, different
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from the previously characterized Z[Cu(II)OH] one. This component, only formed at significant
concentrations in the case of O-activation, it is envisaged to play an important role in the MTM conversion.
Overall, the reported results for Cu-CHA, evidence how synergizing the structural/chemical sensitivity of
synchrotron-based X-ray spectroscopy with chemometric techniques can result in an enhanced quantitative
understanding of conditions- and composition-dependent metal speciation in complex nano-catalysts.
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