Open Access Article. Published on 24 July 2017. Downloaded on 4/7/2026 7:08:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ROYAL SOCIETY
OF CHEMISTRY

Chemical
Science

View Article Online

EDGE ARTICLE

View Journal | View Issue,

Composition-driven Cu-speciation and reducibility
in Cu-CHA zeolite catalysts: a multivariate XAS/
FTIR approach to complexityt

i ") Check for updates ‘

Cite this: Chem. Sci., 2017, 8, 6836

A. Martini,? E. Borfecchia, {2 *2 K. A. Lomachenko, 2<% |. A. Pankin,®® C. Negri,?
G. Berlier,? P. Beato, 2 ° H. Falsig,® S. Bordiga®? and C. Lamberti (29

The small pore Cu-CHA zeolite is attracting increasing attention as a versatile platform to design novel
single-site catalysts for deNO, applications and for the direct conversion of methane to methanol.
Understanding at the atomic scale how the catalyst composition influences the Cu-species formed
during thermal activation is a key step to unveil the relevant composition—activity relationships. Herein,

we explore by in situ XAS the impact of Cu-CHA catalyst composition on temperature-dependent
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1 Introduction

Cu-exchanged chabazite (Cu-CHA) is currently the object of
intensive research efforts to rationalize its outstanding perfor-
mance in the NH;-assisted selective catalytic reduction (SCR) of
NO, (ref. 1-3) and its recently proven low-temperature activity in
the direct conversion of methane to methanol.*® Among the
multitude of zeolite topologies, CHA sticks out due to its
structural simplicity. The framework is built up by an arrange-
ment of double 6-membered rings (dér), connected via
4-membered ring units, giving rise to the so-called CHA cages,
which are accessible through 8-membered rings (8r). All of the
tetrahedral sites (T-sites) occupied by Si or Al atoms are in
crystallographically equivalent positions.'®"* Such a structural
simplicity fostered the investigation of Cu-CHA as a model
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the complex dynamics during the speciation of Cu-sites inside the framework of the CHA zeolite.

system to resolve fundamental questions of structure-perfor-
mance relationships in metal-exchanged zeolite catalysis."
Initial structural studies proposed that isolated Cu(1) or Cu(u)
cations exclusively occupy one extra-framework site in the plane
of the 6-membered rings (6r)."*** However, with the exponentially
increasing number of studies in recent years, it has become
evident that the CHA topology offers multiple docking sites for
cations, and that the chemical properties (oxidation state, coor-
dination geometry, and nuclearity) and location of Cu-species in
Cu-CHA are strongly influenced by the sample composition in
terms of the Si/Al ratio and Cu-loading."**** Importantly, Cu-
speciation in the catalyst appears to be a dynamic process and
largely driven by environmental conditions, such as temperature
and gas feed composition. In the particular case of the presence
of H,O or NHj;, framework-interacting Cu species can easily
convert into mobile complexes,’*?** freely suspended in the
zeolite cages while undergoing redox chemistry, as proposed in
a recently published low-temperature SCR mechanism.*
Advanced in situ/operando characterization approaches and
appropriate analytic tools allowing one to manage complex
spectroscopic datasets are thus mandatory to properly address
the fickle nature of the active metals sites as well as to catch the
dynamic host-guest interactions in these fascinating materials.
We have previously combined in situ/operando X-ray
absorption (XAS) and emission spectroscopy (XES) to shed
light on the structural and electronic properties of Cu-species
formed during thermal activation,* and during interaction
with a complete SCR-feed® or individual SCR-feed compo-
nents.>*? To limit the number of experimental variables, most
of these studies were systematically conducted on a Cu-CHA
catalyst with a fixed composition (Cu/Al ~ 0.44; Si/Al ~ 13),
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providing optimal SCR performance. However, as mentioned
above, Cu-speciation in CHA is strongly affected by the catalyst
composition (Cu/Al and Si/Al ratios), and in order to derive
structure-activity relationships in catalytic processes, it is
absolutely necessary to perform a systematic study on different
catalyst compositions.

Recent studies'®****” indicate the presence of two major
Cu-sites in activated Cu-CHA, with markedly different redox
properties and relative abundance depending on the composi-
tion. These include reduction-resistant Z,Cu(u) species hosted
in the 6r of the CHA framework (where Z, indicates coordina-
tion to framework oxygens Og, in the proximity of two neigh-
bouring charge-balancing Al in framework T-sites, i.e. 2Al) and
redox-active Z[Cu(u)OH] complexes (where Z denotes bonds to
Og, next to an isolated Al in a framework T-site, i.e. 1Al) prefer-
entially located in the 8r'* and identified as the dominant struc-
tural component in high-loading Cu-CHA with Si/Al ~ 13.>4%

Aiming for a comprehensive experimental exploration of the
composition effects on Cu-speciation in activated Cu-CHA, we
synthesized a systematic series of Cu-CHA samples, with Si/Al
and Cu/Al ratios in the ~5-29 and ~0.1-0.6 ranges, respec-
tively. A detailed description of the synthesis procedures and of
the compositional characterization of all catalysts is reported in
the ESI Section 1.1.1 We explore by in situ XAS the composition-
dependent Cu-speciation of such catalysts during thermal
treatment in He flow from RT to 400 °C (He-activation), in order
to differentiate between the different reducibilities of Cu-sites
and gain deeper insights into the so-called self-reduction
process in Cu-zeolites.>*>>

Indeed, even after decades of research, the formation of large
Cu(r) populations during the thermal treatment of Cu(u)-
exchanged zeolites under vacuum or inert gas flow, thus in
the absence of any manifest reducing agent, is still puzzling the
scientific community.>*** The self-reduction process is now
gathering renewed interest in the context of the direct methane
to methanol conversion on Cu-zeolites, where a mechanism is
envisaged that requires the reaction of Cu(i) sites with O, to
form CH,-activating Cu-oxo species.*

Multivariate curve reconstruction (MCR) analysis of
temperature-dependent XANES in combination with multi-
component EXAFS fits allowed us to single out the XAS signa-
tures of individual Cu-species formed in the CHA cages and achieve
unprecedented quantitative information on composition versus Cu-
speciation relationships. The composition-dependent reducibility
and the complex nature of the ZCu(i) species resulting from self-
reduction of Z[Cu(n)OH] complexes are further investigated using
FTIR spectroscopy of adsorbed N,. XAS and FTIR results reported
hereafter merge into a consistent picture, adding novel traits of
complexity to the state-of-the-art understanding of composition-
and conditions-driven Cu-speciation in Cu-CHA.

2 Results and discussion

2.1 In situ XAS during He-activation on Cu-CHA catalysts at
different compositions

As demonstrated by recent literature on Cu-zeolite cata-
lysts,*>7*1*%33 in situ Cu K-edge XAS is an ideal technique to

This journal is © The Royal Society of Chemistry 2017

View Article Online

Chemical Science

access direct information on the average electronic properties
and coordination environment of the metal centres hosted in
the zeolite cages.**?” In order to track the dynamic rearrange-
ments of Cu ions as a function of the environmental parame-
ters, we collected in situ XANES during He-activation from 25 °C
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.
Experimental details on the gas-flow setup and XAS acquisition
parameters are reported in the ESI Section 1.2.f

Fig. 1a shows the evolution of in situ XANES of the investi-
gated Cu-CHA catalysts during He-activation from 25 °C to
400 °C. The XANES features follow similar trends throughout
the whole series of samples, in agreement with previous studies
by us'*** and others.” The spectroscopic features emerging
during activation can be qualitatively interpreted on the basis of
the abundant literature on Cu K-edge XANES in metal-
exchanged zeolites'7192%242529,3038-45 apnd Cu active sites in
biologically-relevant systems.**** In particular, a progressive
decrease of the intense white-line peak at ~8996 eV, charac-
teristic of mobile five/six-coordinated Cu aquo-complexes,>***->>
is observed as the activation proceeds, paralleled by the devel-
opment of rising-edge peaks in the 8985-8987 eV range,
reflecting an increase in the population of four/three-
coordinated Cu(u) sites.>*"*** From ~230 °C upwards, the
self-reduction occurs in all of the samples, which can be tracked
by the development of XANES features in the 8981-8985 eV
range typical of Cu(i) sites in non-linear, low-coordination-
number environments,>34246,5455

We also collected higher-quality in situ XAS spectra of the
whole sample series upon stabilization at 400 °C in He. The
acquisition time was adjusted to achieve a satisfactory S/N ratio
in the EXAFS region (the corresponding k-space k*x(k) EXAFS
spectra are reported in the ESI, Section 5.1%), enabling quanti-
tative fitting of the resulting EXAFS spectra, see the ESI Section
1.2.2 for details.T Fig. 1b-d compare the final states reached in
He flow at 400 °C for all samples, in both the XANES (Fig. 1b)
and EXAFS region (Fig. 1c and 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)
species at 400 °C) of the samples seems to be mostly deter-
mined, in a non-monotonous way, by the Si/Al ratio. A lower
reducibility is observed for both the Si/Al = 5 and Si/Al = 19 and
29 samples, although the dominant dehydrated Cu(u) 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 Fig. 1b), in agreement with the XAS
spectra reported by Paolucci et al.** for a Cu-CHA catalyst with
a similar composition (Cu/Al = 0.08; Si/Al = 5). Conversely, the
samples with Si/Al = 19 and 29 show broader and less
pronounced white-line peaks, as well as a smoother post-edge
region. The catalysts with intermediate Al content, Si/Al = 14
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(@) In situ XANES of Cu-CHA catalysts with different compositions (different samples are denoted with (Cu/Al; Si/Al) labels) during

dehydration under 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 compositions, collected at 400 °C. The inset shows a magnification of the weak pre-edge peak mostly deriving from the

dipole-forbidden 1s — 3d transition in Cu(u) sites. (c, d) Magnitude (c)
transformed EXAFS spectra (k-range 2.4-12.4 A~%) of He-activated Cu
code for all of the panels: dashed thick lines: hydrated sample at 25 °
mediate spectra.

and 15, are characterized by very pronounced Cu(i) XANES
features, pointing out the presence of a majority of Cu(i) sites at
400 °C in He, irrespective of 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 unambiguously
fingerprints the presence of d° Cu(n) ions in the catalysts®*¢:475
(see Fig. 1b, inset). Such a peak is clearly visible for all the
investigated samples except for the Si/Al ~ 14 and 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 of the He-activated samples, two well defined maxima
are distinguishable in the phase-uncorrected FT-EXAFS spectra
(Fig. 1c and d), occurring in the 1.4-1.5 A and 2.2-2.4 A ranges.
Based on the DFT-assisted EXAFS analysis previously performed
on a Cu-CHA sample with Cu/Al ~ 0.44 and Si/Al ~ 13, we can
safely assign the first maximum to single scattering (SS) paths
involving extra-framework (Of) and framework (Og,) O atoms in

6838 | Chem. Sci,, 2017, 8, 6836-6851

and imaginary parts (d) of the k2-weighted, phase uncorrected, Fourier
-CHA samples with different compositions, collected at 400 °C. Colour
C; solid thick lines: dehydrated sample at 400 °C; grey thin lines: inter-

framework-coordinated = Cu-species. Remarkably, the
composition-induced modulation in the first-shell intensity
correlates with the reducibility as evaluated from XANES.
Indeed, samples with Si/Al = 5 and Si/Al = 19 and 29 show
higher first-shell intensities, suggesting a major population of
Cu(u) sites characterized by three/four-fold coordination to O
ligands. Conversely, a lower first-shell intensity is observed at
Si/Al 14 and 15, corresponding to a higher relative fraction of
two-fold coordinated Cu(i) sites.

Based on several recent XAS studies on Cu-CHA,>>'222413 we
assign the principal contribution in the second maximum of the
FT-EXAFS spectra to SS paths involving second-shell Al/Si
T-atoms of the zeolite framework (Tg,). Notably, this charac-
teristic EXAFS feature has been previously employed to
discriminate between framework-interacting Cu-sites and
ammonia-solvated mobile Cu-complexes in operando NH;-SCR
studies on Cu-CHA.**"** We observe a clear composition-driven
trend in both intensity and position (more evident from looking
at the imaginary part of the FT-EXAFS spectra in Fig. 1d) of the

This journal is © The Royal Society of Chemistry 2017
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second-shell EXAFS peak. As the Si/Al ratio increases from 5 to
29, the peak progressively shifts towards lower R-values,
evidencing an average shortening in Cu-Tg, bond distances (see
also Section 2.4 for quantitative analysis). The intensity of the
second-shell peak is mostly determined by the Si/Al ratio;
a minimum is found in correspondence of the Si/Al = 14 and 15
samples, according to the following trend: Si/Al = 5 > 19 and
29 > 14 and 15.

Interestingly, the highest reducibility at Si/Al ~ 15 is
accompanied by damped and broadened second shell peaks,
possibly connected with a higher heterogeneity in Cu(1) siting
(see below, Sections 2.4 and 2.5). The higher second-shell
intensity observed for Si/Al = 5 is in good agreement with the
presence of a major contribution from 2Al Z,Cu(u) sites. For
these Cu-sites, synchrotron radiation powder XRD'>** and DFT-
optimized geometries previously reported in the literature,*>*2®
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 distin-
guishable by EXAFS, nor by XRD, due to the very similar scat-
tering amplitude). Conversely, for the case of 1Al Z[Cu(u)OH]
sites, only one Al neighbour at ~2.7 A is predicted, which would
result in a lower second-shell peak in the FT-EXAFS spectra.

The qualitative observations presented so far will be ratio-
nalized in the following sections by combining multivariate
analysis of the temperature-dependent XANES dataset shown in
Fig. 1a and multi-component fitting of the EXAFS spectra re-
ported in Fig. 1c and d, together with simulated Cu K-edge
XANES spectra for DFT-optimized model structures of the
different identified Cu-species/sites.

2.2 Multivariate analysis of temperature-dependent in situ
XANES

As highlighted in the previous section, qualitative analysis of
the in situ XAS dataset during He-activation as shown in Fig. 1
strongly supports the presence of a common set of Cu-species,
occurring with different relative abundance as a function of
the temperature 7 and composition (Cu/Al; Si/Al). Thus,
normalized experimental XANES spectra at each temperature
and composition, uP(Cu/Al; Si/Al, T, E), can be described as
linear combinations (LC) of a limited number Ny, of reference
XANES spectra of pure Cu-species/sites, u?""(E), with compo-
sition- and temperature-dependent weights wP""(Cu/Al; Si/Al,
T), according to eqn (1):

Cu_ Si o Cu_ Si
(2. 2 7 g = pue (7. 2 p pure ( -
(Al’ Al ) ;”' (Al’ Al’ )X“' (E)
1)

XANES linear combination fit (LCF) analysis has been
established as a powerful tool for disentangling the different
contributions in complex multi-component spectral series, and
successfully applied to rationalize Cu-speciation during in situ/
operando experiments on Cu-based catalysts.”>*****” Nonethe-
less, a bottleneck in the effective application of this method is
the availability of a proper set of reference spectra.

This journal is © The Royal Society of Chemistry 2017
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It is now well known that under certain conditions, e.g. for
the as-prepared pre-catalyst at RT in air or during
low-temperature SCR," > the Cu cations in Cu-CHA are effi-
ciently solvated by H,O or NHj3;, yielding mobile aquo or amino
complexes that scarcely interact with the zeolite framework. In
such conditions, molecular complexes in solution can be
readily used as references in LCF analysis, yielding excellent
results in the determination of Cu-speciation.>** However, when
framework-interacting Cu-species are formed, the selection of
a suitable set of references is not straightforward, due to the
unusual coordination configurations. Intriguingly, these
resemble the low-coordination/low symmetry environments of
the active sites in metallo-proteins,****** and are difficult to
replicate synthetically. With this respect, we have attempted to
reproduce the XANES spectra of the He-activated Cu-CHA
samples reported in Fig. 1b using conventional LCF analysis
with a series of relevant experimental references, namely
hydrated Cu(n), [Cu(m)(NH;),]**, CuO and Cu,O. However, LCF
resulted in an unsatisfactory reproduction level of the experi-
mental data, with R-factor values in the 0.05-0.1 range,
depending on catalyst composition. Computational analysis
has played a key role in identifying major Cu-species in dehy-
drated Cu-CHA, but despite the enormous progress in
DFT-assisted XANES simulations,**~*%% in most of the cases
the line-to-line agreement between experimental and theoret-
ical spectra, required to directly employ theoretical references
for XANES LCF analysis, is still difficult to achieve.

To address this challenge, we explored a novel route in the
analysis of the multi-composition temperature-dependent
dataset reported in Fig. 1, exploiting multivariate curve resolu-
tion (MCR) techniques®*® to deduce XANES spectra of pure Cu-
species directly from the available experimental data. These
chemometric methods are helpful in resolving mixtures, once
the number of pure constituents, Npur., is independently
determined, by estimating their response profiles and their
concentrations (in our case normalized XANES spectra
uP""(E) and composition- and temperature-dependent weights
wP(Cu/Al; Si/Al, T), see eqn (1) and ESI Section 1.4%). The
proliferation of operando XAS spectroscopy, involving the time-
efficient collection of big datasets during dynamic process-
relevant conditions, is triggering an increasing demand for
automated data analysis strategies. In this context, MCR
methods, originally developed and widely employed by the
analytical chemistry community, have recently emerged as
versatile tools in the rationalization of time-resolved in
situ/operando spectroscopic data in heterogeneous catalysis,
and a few examples of application to XAS studies can be found
in the literature.®”"*

Notably, once a series of uP""*(E) spectra is extracted by
MCR-ALS, DFT-assisted XANES simulations represent a power-
ful tool to qualitatively guide a posteriori the assignment of each
component to specific metal environments (see below).

The first step in our analysis involved the determination of
Npure in the multi-composition temperature-dependent XANES
dataset in Fig. 1a. To this aim, we performed principal
component analysis (PCA) of the in situ XANES series
(He-activation from 25 to 400 °C) for each catalyst composition.

Chem. Sci,, 2017, 8, 6836-6851 | 6839
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PCA has been performed assuming that any systematic
thermal dependence of the XANES signal is negligible with
respect to the Cu-speciation-related contributions to the
experimental variance (see the ESI Section 2.17 for details and
justification of this hypothesis). From inspection of the
Scree plots and quantitative analysis using the Malinowski
F-test (5% significance level) and IND-factor,* we identified an
average number of pure species (Npyre) = 5 & 1 (see also the ESI
Section 271). Subsequently, we employed an MCR approach,
based on the alternating least square (ALS) method,**® to
extract chemically meaningful spectra and concentration
profiles of pure Cu-species/sites during the He-activation
process. MCR-ALS analysis was performed using the GUI
(Graphical User Interface) developed by Tauler and
co-workers,”* see the ESI Section 1.4 for details.t

Being aware that the selection of Ny, could significantly
influence the MCR-ALS results, we systematically repeated the
analysis for Ny values in the 3-6 range. The reconstruction
results obtained by upsizing/downsizing the component space
around Ny = 5 are reported in the ESI Section 3.7 These were
carefully assessed in terms of (i) convergence of the MCR-ALS
algorithm, (ii) ability to reproduce all the characteristic XANES
features (local maxima in the theoretical uP""(E) curves)
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identified in the experimental dataset, (iii) trends in the R-factor
values for reconstruction, (iv) presence of overlapping contri-
butions in the derived concentration profiles, and (v) chemical
and spectroscopic meaningfulness of the derived scenarios. All
these indicators strongly support the fact that the number of
pure components identified by statistical analysis, Npure = 5,
represents an optimal value within the available data quality
and time-resolution, as also confirmed by the low R-factor
values and residuals obtained for the adopted five-component
model (see below, Section 2.3 and ESI Section 1.4.2 and 3.2%).
Fig. 2 summarizes the results from the MCR-ALS analysis of
He-activation in Cu-CHA as a function of temperature and
catalyst composition. The five theoretical XANES spectra of pure
components uf""(E) are shown in Fig. 2a while the bar plots in
Fig. 2b report their corresponding temperature-dependent
concentration profiles for each compositional point. By
matching the characteristic XANES features of each
uPU(E) spectrum and the evolution trends for their weights
wP"(Cu/Al, Si/Al; T) with the rich experimental background
currently available on Cu-CHA, we were able to safely assign
each pure component to the Cu-species depicted in Fig. 2c, as
we will discuss hereafter. Further support to the assignment will
be derived from comparisons with the experimental Cu K-edge
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Fig. 2 Results of MCR-ALS analysis of global temperature-dependent XANES dataset collected for six Cu-CHA samples with different
compositions during He-activation from 25 to 400 °C (Fig. 1a), assuming Npure = 5. (a) XANES spectra of pure components uf"(E) derived from

MCR-ALS. The inset reports a magnification of the Cu(i) 1s — 3d tra

nsition region in the theoretical spectra. (b) Temperature-dependent

abundance of pure species, wP“"¢(Cu/AL; Si/Al, T), in each of the catalysts (bars have the same colours as the corresponding spectra in panel (a)).
(c) 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) and (b). Blue (PC1): mobile Cu(i)-aquo-complexes [Cu(i)(H,O),1%*/
[Culn(H20),_1(OH)I* with n = 6; green (PC5): Cu(i) dehydration intermediate, possibly represented by mobile [Cu(i)(H0),1?*/[Cuin(Ha-
0),,_1(OH)I* complexes with n = 4; black (PC3): 1Al Z[Cu()OH] sites in their oxidized form; red (PC2): 1Al ZCu() sites in their reduced form,
resulting from self-reduction of 1Al Z[Cu(n)OH] species; orange (PC4): 2Al Z,Cul() sites. Atom colour code: Cu: green; H: white; O: red; Si: grey;

Al: yellow.
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XANES spectra of selected reference compounds and by
DFT-assisted XANES simulations based on the models reported
in Fig. 2c.

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 uP""(E) (see Fig. 2a, inset).
The peak is clearly present in all of the uP"™(E) curves except in
the ub""(E) XANES for the PC2 component (red line in Fig. 2a).
Hence, this latter component can be unambiguously assigned
to a d'® Cu(i) species, whereas the other four components
correspond to Cu(u) moieties.

Considering the characteristic shape of the XANES spec-
trum, the PC1 component is easily assigned to mobile Cu(u)-
aquo-complexes, namely [Cu(m)(H,0),]>" or [Cu(u)(H,0),_1
(OHT)]" with n = 6. For all of the probed compositions, these
fully hydrated Cu(u) ions represent the dominant component at
the beginning of the activation process, and their concentration
drops rapidly to values <10% total Cu as the temperature rea-
ches ~150 °C. Further support to such assignment and, in
general, to the spectroscopic reliability of the theoretical XANES
derived by MCR-ALS, is provided by the comparison between
the uP"™(E) curve and the reference XANES for an aqueous
solution of Cu(u) acetate, see the ESI Section 4.1.}

The decrease in the relative fraction of fully hydrated Cu(u) is
paralleled by the transient growth in the contribution of
a different component (PC5), whose concentration peaks in the
100-130 °C range for all of the samples. The correspondent
uB"(E) spectrum is characterized by a lower intensity and
a broader shape in the XANES white-line region. A shoulder
becomes evident in the edge-rising region at ~8987 eV. We
tentatively assigned such a component to a four coordinated,
pseudo square-planar Cu(u) ‘dehydration intermediate’, based
on the similarity of the corresponding MCR-ALS XANES to the
spectra of the reference four-coordinated Cu(u) species, i.e.
Cu(m)O and [Cu(n)(NH;),]** (see the ESI Section 4.17). Mobile
Cu(n) complexes such as [Cu(u)(H,0),]*"/[Cu(u)(H,0)s(OH)]"
or alternatively four-coordinated Cu(u) moieties with mixed
Or,/O¢t ligation could be envisaged. Remarkably, the contribu-
tion from this species is appreciable until 250-280 °C (albeit
with longer tails in the Si/Al = 19 and 29 samples), which
matches well the temperature threshold at which no more
adsorbed molecular water was observed by FTIR on a Cu-CHA
catalyst with Si/Al ~ 13 and Cu/Al ~ 0.44.**

The decay in the population of the dehydration intermediate
described above paves the way to the actual birth of the 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(u) species
start to form almost simultaneously after ~130 °C, namely the
PC3 and PC4 components, that we assign to the 1Al Z[Cu(u)OH]
and 2Al Z,Cu(u) sites, respectively. Such an assignment is sup-
ported by a wealth of evidence. Firstly, the PC4 component
dominates high-temperature Cu-speciation at Si/Al = 5, reach-
ing at 400 °C relative fractions from ~40 to ~60% of 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 and 29) Al content. Moreover,
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after 250 °C, the contribution from PC4 is substantially stable,
whereas the PC3 population is progressively eroded in favour of
PC2, the only Cu(i) component extracted by MCR-ALS. Spec-
troscopically, the correspondent u'y(E) spectra properly reflect
the differences observed in the experimental data as a function
of the composition. In particular, the u§""*(E) curve associated
to the 2Al Z,Cu(u) 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 PC2 contribution is straightforwardly attributed
to the 1Al ZCu(i) sites, resulting from self-reduction of the 1Al Z
[Cu(u)OH] species. The correspondent u5"**(E) spectrum shows
all of the characteristic fingerprints of two-coordinated non-
linear Cu(r) sites,>*?*3%424654%5 with a prominent rising-edge
peak developing from ~8982 eV and a lower white line inten-
sity with respect to the other Cu-species identified so far.

As anticipated, to further support these assignments we have
simulated the Cu K-edge XANES spectra for all of the five model
structures reported in Fig. 2c and proposed the interpretation of
the MCR-ALS uP“"(E) spectra; computational details on the
strategy adopted to calculate the theoretical XANES for each
DFT-model can be found in the ESI Section 1.5.7 The five
simulated XANES spectra and the correspondent uf"**(E) curves
from MCR-ALS analysis are compared in Fig. 3(a) and (b),
respectively.

Focusing on the three framework-interacting Cu-species
which dominate Cu-speciation in the He-activated catalysts,
we 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()

——[Cu(ll)(H,0),]""
e JAIZCu(l) 67
e 1A/ Z[Cu(Il)OH] &r
——— 2A/Z,Cu(ll) 6r
= [Cu(Il)(H,0) ]

N I I
T T

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

8980 8985 8990 8995 9000 9005 9010

Energy (eV)

Fig. 3 (a) Simulated Cu K-edge XANES spectra for the five DFT-opti-
mized model structures reported in Fig. 2c and proposed for the inter-
pretation of the MCR-ALS uP“"®(E) spectra. (b) uP“"(E) spectra obtained
from MCR-ALS analysis for comparison; same spectra as in Fig. 2a.
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model, in agreement with our assignment to PC2, results in
prominent peaks significantly red-shifted and more intense
with respect to the Z[Cu(u)OH] and Z,Cu(u) geometries. In line
with the assignment to PC4, the Z,Cu(u) site gives rise to a sharp
peak at ~8986 eV, 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(u) environment, Z
[Cu(u)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 PC3 curve.

Theoretical spectra for fully- and under-coordinated Cu(u)
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 the MCR-ALS spectra for PC1 and PC5. Interestingly, the
simulations evidence how, while decreasing the number of H,O
ligands in the first Cu(u) coordination sphere from six to four,
a well-defined rising-edge peak develops at ~8987 eV. The same
behaviour is recognized while comparing the wP""(E) and
wuB"¢(E) curves, together with a slight blue-shift of the white-line
peak for PC5, which is also reproduced in the simulated spectra
for [Cu(u)(H,0)4]”" and [Cu(u)(H,0)e]**. Beside the simulations
reported in Fig. 3a, we have also considered an intermediate
[Cu(m)(H,0)5]** model, aiming to improve the reproduction of
the PC5 species. As can be observed in the ESI Section 4.2,f
[Cu(m)(H,0),]** and [Cu(m)(H,0)5]*" substantially give rise to an
equivalent set of peaks, but their relative intensity and energy
position (especially in the white-line region) are affected by the
number of H,O ligands. Although the similarity with four-
coordinated reference compounds (see Fig. S10bf) suggests
predominant ligation to 4 H,O ligands, simulations indicate
that the uB"™(E) spectrum could actually evidence a dynamic
mix of four-, five-, and, possibly, even lower-coordinated Cu(u)
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, we
envisage additional studies employing molecular dynamics-
assisted XANES simulations’™”* in combination with High
Energy Resolution Fluorescence Detected (HERFD) XANES
measurements, ensuring both higher energy resolution and
improved time-resolution to accurately sample the 130-200 °C
temperature range where the highest concentration of PC5 is
observed.

2.3 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, Cu-speciation is
largely dominated by mobile, fully-coordinated Cu aquo-
complexes (always >60% total Cu). Nonetheless, small pop-
ulations of partially dehydrated Cu(u) species together with
traces (<5% total Cu) of framework-interacting Cu(u) and Cu()
sites are already found at the beginning of the activation
process. The birth of fully dehydrated Cu-sites occurs in all
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samples through the transient development of a common Cu(i)
‘dehydration intermediate’, as described before. As shown in
Fig. 2b, Cu-speciation for all of the He-activated catalysts at
400 °C can be described as a combination of redox-active 1Al
sites (in their oxidized Z[Cu(i)OH] or reduced ZCu(i) form) and
redox-inert 2Al Z,Cu(u) sites, in agreement with the picture
proposed in the recent report by Paolucci et al.,** and with the
two reduction peaks observed for Cu-CHA during H,-TPR at
~230 and 380 °C.'**¢ Of note, the different redox properties of
the 1Al and 2Al sites greatly favour their discrimination during
thermal treatment under an inert atmosphere, since Cu(i) and
Cu(n) XANES features are much more readily discernible with
respect to those of Cu(u) sites with slightly different coordina-
tion geometries.

Nonetheless, our analysis reveals novel elements of
complexity, which will be addressed in more detail in the
following sections. To this aim, Fig. 4 details the MCR-ALS
results for the most representative compositional points,
comparing experimental u®P(Cu/Al; Si/Al, T, E) and recon-
structed u"™(Cu/Al; Si/Al, T, E) XANES at key temperatures
during the He-activation (left panels) and reporting concentra-
tion profiles (right panels) for the five pure Cu-species identified
by statistical analysis and assigned as described in Section 2.2.
Reconstruction residuals for the selected temperatures and
temperature-dependent R-factor values are also reported,
demonstrating that the MCR-ALS procedure ensures an excel-
lent reproduction of the experimental XANES dataset for all of
the investigated samples (almost 100 spectra).

The highest deviations (peaks in R-factor vs. temperature
profiles, which however are always well below 2%) are generally
observed at the maximum population of the Cu(u) dehydration
intermediate or nearby, when different dehydrated Cu(u) sites
start to develop. As already discussed at the end of Section 2.2
and suggested by the MCR-ALS results for Ny = 6 (see ESI
Section 37), 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 our experimental time-
resolution and cannot be reliably singled out by MCR-ALS.

Paolucci et al. computed 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.** Such
a diagram represents a milestone in Cu-CHA research. However,
it involves some assumptions. In particular, it is derived
assuming that the 2Al Z,Cu(u) sites in the 6r represent the first
framework sites to be populated by the cations during
dehydration.

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 1Al Z[Cu(un)OH] complexes in
the 8r. Similar assumptions were previously adopted by Bates
et al.”® to compute the Cu/Al ratio required to saturate the
available 6r 2Al sites as a function of the Si/Al ratio in the parent
zeolite. According to this model, catalysts with Cu-loadings
below the saturation threshold would contain, after dehydra-
tion, only 2A1 Z,Cu(u) 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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Fig. 4 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 in situ XANES u®® during He-
activation (thin solid lines) and reconstructed spectra u'®¢ from
MCR-ALS (thick dashed lines) at the four key temperatures of 25 °C,
125 °C, 230 °C, and 400 °C with the corresponding residuals
(thick full lines). Right panels: concentration profiles for the five pure
Cu-species/sites identified in our model as a function of the activation
temperature (coloured symbols) and correspondent R-factor values
(grey dashed lines).

However, the results reported in Fig. 4 reveal a more complex
picture in relation with the population of the 2Al Z,Cu(u) sites,
particularly evident at intermediate Si/Al values. We note that
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for all of the investigated samples, 2Al Z,Cu(u) and 1Al Z[Cu(u)
OH] sites (orange and black symbols in Fig. 4, 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 a higher Cu-loading a lower relative fraction of Z,Cu(u)
species is observed, counterbalanced by a larger population of
reducible 1Al sites. Nevertheless, for the catalyst with Cu/Al =
0.1 and Si/Al = 14 (Fig. 4b), the final state at 400 °C is charac-
terized by a substantial fraction of reduced ZCu(j) sites (~80%),
whereas the Z,Cu(u) contribution reaches a maximum abun-
dance of only ~18%. Assuming saturation of the 2Al sites, this
sample should be dominated by redox-inert 2Al sites due to the
low Cu-loading (>90% total Cu according to the compositional
phase diagram in ref. 21 and the saturation threshold evaluated
by Bates et al.”®). 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 a comparable Si/Al ratio (Cu/Al = 0.5; Si/Al = 15, Fig. 4c).
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.

Another intriguing result emerging from MCR-ALS analysis
is that the reducibility level for Cu-species formed at 1Al sites is
clearly dependent on Al distribution, with the highest reduc-
ibility for Si/Al ~ 15 (<10% Cu observed as 1Al Z[Cu(u)OH] at
400 °C) and the lower reducibility at Si/Al = 19 and 29, with
~70% and ~60% of the 1Al sites still surviving in the oxidized
form, respectively (see Fig. 2b and 4d). These results unam-
biguously demonstrate that self-reduction proceeds though
a cooperative multi-step process involving proximal acid sites,
the availability of which is ultimately determined by Al density
and distribution in the zeolite. This is in line with previously
suggested mechanisms in the literature.”*°?** Plausibly, the
process initiates with the thermally-driven reduction of Z[Cu(u)
OH] to ZCu(1), accompanied by the release of a hydroxyl radical,
OH".**** The availability/spatial proximity of a reactive channel
for the OH" radical might then determine the overall efficiency
of the self-reduction process, and the final balance between
Cu-species at 1Al sites in oxidized/reduced form observed in the
He-activated catalysts. Consequently, Al-rich frameworks facil-
itate self-reduction. Nevertheless, in Cu-CHA (and, we might
speculate, in general for dér zeolites) the same condition also
promotes large populations of redox-inert Z,Cu(u) sites hosted
in érs, lowering the average reducibility of the catalysts and
blurring the overall picture. With respect to the Cu-loading
impact on 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, we observe
very similar temperature onsets and rates for the self-reduction
(see Fig. 4b and c). 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 the Z,Cu(u) sites.
Hence, at optimal Si/Al values, Cu-loading seems to poorly affect
the self-reduction efficiency, which can be conjecturally
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connected with the role of proximal Brensted sites along
parallel/alterative pathways efficiently affording ZCu(i) species.
Within the time-resolution (~6 min) of our XANES experiments,
intermediate Cu(u) species eventually formed along the trans-
formation from Z[Cu(u)OH] to ZCu(1) are not detected. From
a structural point of view, it is however important to underline
that the initial [Cu(n)OH]" complexes and other putative mono-
and multi-meric intermediates proposed in the literature (e.g.
[Cu(m)O]" (ref. 30 and 31) and mono-(p-oxo) dicopper’**7¢) all
retain a very similar tridentate coordination geometry for the
Cu(n) centres, expected to result in very similar XANES signa-
tures. Hence, even assuming that such tridentate Cu(u)-moie-
ties do form and have a macroscopic lifetime in the catalyst
before undergoing reduction to Cu(i) via extra-framework
oxygen desorption,”””® they could be easily assimilated in the
same structural component as Z[Cu(u)OH] in MCR-ALS analysis.
[Cu(mOH]" and [Cu(m)O]" complexes would also be virtually
indistinguishable by EXAFS, due to the low scattering ampli-
tude of H. Conversely, the formation of significant fractions of
dicopper cores, possibly as a result of self-organization
phenomena,” should be traceable in the FT-EXAFS spectra via
high-amplitude metal-metal contributions.

Finally, we note that for most of the samples, MCR-ALS
analysis evidences a non-monotonous trend in the concentra-
tion profiles of hydrated Cu(u)-species (PC1 in Fig. 4), showing
a small peak in the high-temperature range (230-350 °C) which
accounts for up to 5% total Cu increments in the relative frac-
tions of fully hydrated Cu(u). 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 mean-
ingfulness of the effect. However, it is interesting to note that
the temperature position of the peak correlates with the initial
rise in the ZCu(1) component, supporting the fact that the initial
steps in the pathway(s) to self-reduction involve the formation
of small amounts of H,O. These traces of water could tran-
siently 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 the relative fractions of hydrated Cu(u) apparently
occurs at the expense of the 2A1 Z,Cu(u) sites (see Fig. 4c and d).

2.4 Structural analysis of 1Al and 2Al Cu-sites by multi-
component EXAFS fits

Aiming for a further validation of the composition-speciation
relationships discussed above and for a deeper structural
characterization of the local coordination environment of the
Cu ions hosted at 1Al and 2Al sites, we performed quantitative
analysis of the in situ EXAFS spectra collected at 400 °C after
dehydration in He (experimental data reported in Fig. 1c and d).

Here, singling out the contributions from the different Cu-
sites is not straightforward. Unconstrained multi-component
fits would result in an excess of strongly correlated free
parameters, definitely yielding unreliable results. To obtain
a robust set of constrains, we carried out a preliminary fitting
step by selecting the compositional points characterized by the
purest Cu-speciation at 400 °C (see also the ESI Section 57),
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showing dominant contributions from each of the framework-
interacting Cu-species evidenced by MCR-ALS, i.e. 1Al sites in
their oxidized Z[Cu(u)OH] or reduced ZCu(i) form and 2Al
Z,Cu(u) sites.

Importantly, at this stage, we also examined alternative
environments for ZCu(1) and Z,Cu(u), based on the DFT models
obtained in our previous study,** and already employed for the
XANES simulations reported in Fig. 3. ZCu(1), initially formed
from the reduction of Z[Cu(u)OH] moieties in the 8r, could
either remain in the 8r plane, or migrate to the energetically-
favoured site in the 6r.*** The two locations are associated to
different Cu local environments (especially in the second
coordination sphere, see Table S5, ESI Section 5.3t), which
might result in rather similar XANES signatures® but different
EXAFS features in the 2-3 A range. Here, EXAFS analysis iden-
tifies the 6r site as the most likely configuration, but also
evidences an increased structural disorder accompanying the
self-reduction process. Indeed, both models resulted in a lower
fit quality and higher Debye-Waller (DW) factors with respect to
the case where the Cu(u) oxidation state is largely dominant,
either in the form of 1Al Z[Cu(w)OH] or 2Al Z,Cu(u) species.
Notably, Goltl et al® have recently modelled by ab initio
molecular dynamics simulations the movements of bare Cu()
and Cu(u) cations in Cu-CHA at 300 K. The authors highlight
how, already at RT, the local coordination of the Cu cations
changes significantly, with larger movements for Cu(), pre-
dicted to be more weakly bound to the framework with respect
to Cu(u). The possible compresence of a favoured docking site in
the 6r with a secondary contribution from 1Al ZCu(j) sites in the
8r, together with the enhanced mobility of Cu(i) at 400 °C, is in
excellent agreement with the blurring effect emerging for our
EXAFS analysis. The co-existence of two different sites for Cu(i)
in the 6r and 8r was also pointed out in a very recent quasi-
simultaneous powder XRD/XANES study.®* Further insights on
this point will be provided by in situ FTIR of adsorbed N,, as
discussed in Section 2.5.

With respect to the 2Al Z,Cu(u) 6r sites, within the limits
imposed by Lowenstein’s rule,® two possible configurations
exist, depending on the siting for the two charge-balancing Al
atoms within the 6r. In particular, -Al-Si-Al- and -Al-Si-Si-Al-
linkages result in different Cu(u) local environments: in the
latter case, Cu is shifted towards the centre of the 6r, adopting
a less distorted four-fold coordination to Og,. EXAFS analysis
indicates that this -Al-Si-Si-Al- configuration optimally
describes the 2Al Z,Cu(u) site, yielding a significantly lower fit
R-factor with respect to the -Al-Si-Al- geometry (see Table S6,
ESI Section 5.31). This result provides experimental support to
recent DFT calculations predicting a more efficient stabilization
of bare Cu(u) sites in the 6r with -Al-Si-Si-Al- linkages."*

Mono-component EXAFS fits provided wus with
experimentally-optimized geometries for the three framework-
interacting Cu-species expected to dominate Cu-speciation in
He-activated Cu-CHA (see Fig. 5a), setting the scene for a multi-
component fitting protocol extended to the whole series of
catalysts. To this aim, we calculated 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 Fig. 5a. For each geometry, we fixed bond

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) DFT-optimized structural models for framework-interacting Cu-species dominating Cu-speciation in He-activated Cu-CHA at
400 °C, namely 1AL Z[Cu()(OH)], 1AL ZCu(), and 2AL Z,Cu(i) sites. The atoms located at 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—Og¢: wine; Cu—0Ox,: red; Cu—0O',: orange; Cu-Tg,: 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 panels:
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 (1Al Z[Cu(i)OH]:
grey, 1ALZCu(): red; 2Al Z,Cu(i): orange). The correspondent experimental and best fit k2x (k) curves in k-space can be found in the ESI, Section
5.5.1 In part (b), sample composition is indicated by (Cu/Al; Si/Al) labels.

distances to the best-fit values obtained in the correspondent
mono-component fit, and set a global S, to the ideal value of 1.
Hence, for each catalyst composition, we fitted DW factors for
the relevant shell of atomic neighbours, and, most importantly,
relative fractions 4; for each component, i = Z[Cu(i)OH], ZCu(1),
or Z,Cu(u). The results of the multi-component EXAFS fits are
summarized in Fig. 5b and Table 1. For all catalysts, we were
able to achieve a very good level of reproduction of the experi-
mental EXAFS spectra by combining the three structural
components singled out by MCR-ALS. The DW values refined
for the different sub-shells of atomic neighbours are consistent
with those found in previous studies, falling in the typical
expectation ranges for high-temperature data collection on
complex, multi-component systems.

This journal is © The Royal Society of Chemistry 2017

The highest levels of structural disorder are still seen for the
Si/Al = 14 and 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 of the other samples, R-factor
values well below 2% are obtained, in line with the lower
mobility of the Cu(u) ions.

Of note, for all of the investigated samples, the second-shell
peak in the FT-EXAFS spectra is properly reproduced solely
considering Cu-Tg, contributions, in excellent agreement with
the different environments predicted for the 1Al and 2Al sites
shown in Fig. 5a. In general, the multi-component fits reported
in Fig. 5b 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. We cannot however exclude that
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Table 1 Results from multi-component EXAFS fits of the He-activated state at 400 °C for the whole multi-composition sample series. Fits are
performed in the k-range (2.4-11.0) A™* and R-range (1.0-3.2) A, resulting in a number of independent parameters TARAK/2 > 12.3* For all of the
fits, geometries of 1Al Z[Cu(1)OH], 1Al ZCu(1), and 2Al Z,Cu(i) Cu-species (i.e. radial shift parameters AR,) have been fixed based on the results of
mono-component fits on the ‘purest’ He-activated states (1Al Z[Cu(1)OH] model for sample (0.6; 19), 1Al ZCu() in the 6r for sample (0.5; 15), 2Al
Z>Culi) in the 6r with Al=Si—Si—Al linkage for sample (0.1; 5); see the ESI Section 5.3), and So? has been set to unity

Composition (Cu/Al; Si/Al) (0.1; 5) (0.3; 5)

Fit R-factor 0.007 0.007

Npar (Nind) 8 (12) 8 (12)

AE (eV) —5.8 4+ 0.6 —6.0 £ 0.5
Az[cu(un)oH] 0.0 £ 0.2 0.0 £ 0.1
Azcu() 0.2 +£0.1 0.4 £0.1

Az, cu(m) 0.8+ 0.2 0.6 + 0.1
Toen” (&%) 0.007 & 0.002 0.008 + 0.002
Toiw) (A%) 0.007 £ 0.001 0.007 £ 0.001
Ty (A%) 0.011 = 0.002 0.014 + 0.003

such Cu-Cu scattering contributions could emerge at higher
distances, where unfortunately the technique is not accurate
enough. Further experiments focusing on high-temperature
activation in O, and employing enhanced data collection
statistics to improve the S/N ratio in the high k-range would be
needed to achieve conclusive results on the presence of diluted
multimeric Cu-oxo moieties.

In view of a cross-validation of the employed methods, Fig. 6
compares, as a function of the catalyst composition, the relative
fractions of the Z[Cu(u)OH], ZCu(1), and Z,Cu(u) 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 above.

2.5 Reducibility trends and Cu(i) siting from in situ FTIR of
adsorbed N,

In situ FTIR spectroscopy was employed as a complementary
technique to corroborate the reducibility trend of Cu sites
observed by XAS in the same set of Cu-CHA samples. In more
detail, herein we discuss the spectra obtained using N, as
a probe molecule, on vacuum-activated samples. Spectra were
normalized with respect to pellet thickness and Cu content, as
detailed in the ESI Section 1.3.1 N, is a weakly interacting probe,
enabling discrimination between similar adsorption sites due
to the very low perturbation induced on the involved
cations.**®* Moreover, it selectively forms adducts (stable at
liquid nitrogen temperature, ~—160 °C) with Cu(i) sites,***® and
it is widely accepted that vacuum activation is equivalent to
treatment under inert flow (such as He), with respect to self-
reduction.”?*! This means that the results described hereafter
can be compared on a semi-quantitative ground to those
discussed above for XAS.

N, adsorption on a vacuum activated Cu-CHA sample with
Cu/Al ~ 0.44 and Si/Al ~ 13 was reported by Giordanino et al.,
and compared to the results obtained on Cu-beta and Cu-ZSM-5
with similar compositions.*® The spectra are in perfect agree-
ment with those of the (Cu/Al = 0.5; Si/Al = 15) Cu-CHA sample
studied in this work, clearly showing two components:
a predominant band at ~2292 cm™" (light grey vertical line in
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(0.1; 14) (0.5; 15) (0.6; 19) (0.6; 29)
0.044 0.017 0.006 0.014
8 (12) 8 (12) 8 (12) 8 (12)
—-7+1 —7.0 £ 0.8 —3.24+0.4 —3.8+ 0.4
0.0 + 0.3 0.1 + 0.2 1.0 £ 0.2 0.4 + 0.1
0.7 + 0.1 0.8 + 0.2 0.0 + 0.1 0.6 + 0.2
0.3 +0.1 0.1 +0.1 0.0 + 0.1 0.0 + 0.1
0.008 £ 0.002 0.007 £ 0.002 0.007 £+ 0.001 0.007 £+ 0.001
0.008 £+ 0.001 0.009 £+ 0.001 0.004 £+ 0.001 0.007 £ 0.001
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Fig. 6 Relative fractions of framework-interacting Cu-species formed
in He-activated Cu-CHA as a function of the catalyst composition
(Z[Cu(OH]: grey; ZCu()): red; Z,Cu(i): orange), evaluated from muilti-
component EXAFS fits (darker colours with error bars) and by MCR-ALS
analysis of in situ XANES (lighter colours). Sample composition is
indicated using (Cu/AL; Si/Al) labels.
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Fig. 7a) with a shoulder centred at ~2300 cm ™' (grey vertical
line in Fig. 7a). This implies the presence of two significantly
different Cu(i) sites, in terms of the cation local environment, in
line with the report by Dédecek et al. who observed two distinct
emission bands - assigned to Cu(i) ions in the 8r and 6r - on
a set of natural and synthetic Cu-CHA zeolites.*

Interestingly, the relative intensity of the two N, IR compo-
nents changes in the set of samples, indicating a dependence of
Cu(y) site distribution on the composition. In particular, in the
spectra obtained for the sample with Si/Al = 5 (first panel in
Fig. 7a) the high frequency component (HF) around 2300 cm ™"
seems dominant with respect to the low frequency one
(~2292 cm™ ", LF). An opposite trend is observed for the sample
with Si/Al = 29 (right hand panel), while the samples with

Si/Al = 14 and 15 (middle panels) clearly show both

(a) (0.1;5) (0.1; 14) (0.5; 15) (0.6; 29)
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g = g g

] 8 8 8
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Fig. 7 (a) Low temperature (~—160 °C) normalized FTIR spectra of N,
dosed at increasing equilibrium pressure (from 1072 to 5 Torr) on
vacuum-activated Cu-CHA catalysts with different compositions,
indicated by (Cu/Al; Si/Al) labels. Black, red and light grey curves refer
to the lowest, highest and intermediate N, coverage, respectively. (b)
Normalized areas of the N,/Cuf() IR peaks measured at the highest
coverage, including normalized areas of LF and HF components
calculated by spectral deconvolution.
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components with relative intensity depending on the Cu/Al
ratios. Spectral deconvolution was carried out on the high
coverage bands reported in Fig. 7a (red curves), to semi-
quantitatively estimate the abundance of the two Cu(i) sites.
The procedure was first optimized for sample (Cu/Al = 0.1;
Si/Al = 14), where the two components are more clearly defined.
The resulting two best fits were then used as a starting point to
analyse the other samples, keeping fixed the peak width and/or
its shape (see the ESI Section 6 for detailst). The average values
of the normalized integrated areas calculated for each compo-
nent are reported in the bar plot of Fig. 7b, while Table 2 also
shows the corresponding average position and width. The bar
plot in Fig. 7b also reports the total peak area, which will be
discussed in the following.

Concerning the quantitative estimations summarized in
Fig. 7b and Table 2, which confirm the dependence of the
concentration of the two components upon composition, some
considerations have to be made. First, the extinction coeffi-
cients of the HF and LF bands can be different, since they
depend on the specific interaction of the dinitrogen ligand with
the Cu(1) sites. As discussed elsewhere,®* the formation of
Cu(1)-N, adducts involves both o-donating and w-accepting
interactions through the Cu(i) d orbitals and the dinitrogen
filled 36, and empty 17, molecular orbitals, respectively. These
interactions weaken the N=N bond, resulting in the observed
redshift with respect to the (Raman active) gas-phase value of
2321 em™'. Thus, a higher value for the redshift indicates
a more effective o-donation/d-back-donation interaction, which
can be associated with a larger available space and/or a more
effective cation ionic character.** On this basis, we can assign
the LF component at ~2292 cm ™" to ZCu(1) sites in the 8r, and
the HF one at ~2300 cm™ ' to ZCu(1) sites in the 6r, characterized
by a more crowded coordinative environment, including two
first-shell Og, ligands at ca. 1.9 A and two additional O's, atomic
neighbours at ca. 2.6 A (see DTF optimized structures in the ESI,
Table S57).

As pointed out in Section 2.4, these two ZCu(i) sites are ex-
pected to have very similar XANES signatures, and their possible
co-existence can account for the increased structural disorder
observed in correspondence to large ZCu(i) populations. These
observations are in very good agreement with the FTIR results,
since the sites are distinguishable only by using the weak N,

Table 2 Average position, width and normalized integrated area of the two Cu(1)-N, IR components (high frequency, HF and low frequency, LF)

calculated by spectral deconvolution, including assignment

Composition (Cu/Al; Si/Al) (0.1; 5) (0.1; 14) (0.55 15) (0.65 29)

HF ~ 2300 cm " ZCu(i) 6r

Position (Cmfl) 2299.0 + 0.2 2299.0 £ 0.8 2296.0 + 0.1 2297.0+1
Width (crn*l) 11.2 £ 0.2 11.9 £ 0.9 12.0 = 0.2 12 +2
Norm. area (em ™) 0.45 0.62 1.00 0.35

LF ~ 2292 em " ZCu(1) 8r

Position (Cmfl) 2291 £1 2291.0 £ 0.3 2292.00 + 0.01 2291.0 + 0.2
Width (em™) 11+ 3 7.9+ 0.6 51+0.1 6.7 £ 0.4
Norm. area (cm™ ") 0.06 0.33 0.56 0.56

This journal is © The Royal Society of Chemistry 2017
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probe, while this is not the case with the CO probe (only one
single band is observed in relation to Cu(i}-CO adducts at
2155 cm™ ! on Cu/Al ~ 0.44 and Si/Al ~ 13 Cu-CHA,*® and on the
other samples studied in this work).

Unfortunately, to the best of our knowledge, nothing can be
said about the extinction coefficient of the two corresponding
bands. For N, adducts formed with alkali-metal ions, mainly
characterized by an electrostatic interaction, the intensity of the
IR vibration was found to be a function of the electric field, and
thus proportional to the observed blue shift.®® Since the
formation of Cu(1)-N, adducts is driven by c-donation/d-back-
donation interactions, no direct relation between the observed
redshift and the corresponding extinction coefficients can be
drawn. On the other hand, the average peak width values re-
ported in Table 2 show that the HF component is distinctly
broader with respect to the LF one. The only exception is the
sample with Si/Al = 5, where both the components are found
with an equivalent peak width of ca. 11 cm™". In this sample,
however, the LF component represents a very minor contribu-
tion poorly defined in the deconvolution, as also evidenced by
the higher error associated to its width. Such peak broadening
further supports the assignment of the HF component to ZCu(1)
in the 6r, where the N, adduct could be perturbed by interac-
tions with the framework in the small space of the 6r window.
This broadening, however, could induce an overestimation of
the relative amount of this site, based on the integrated peak
areas (bar plot of Fig. 7b).

As mentioned above, Dédecek et al. showed a dependency on
the intensity of the two Cu(1) luminescence bands on Cu
loading.*” According to the authors, the 8r should be populated
first (low Cu-loading) and reach saturation at Cu/Al ~ 0.3, while
the 6r is supposed to be populated only from Cu/Al = 0.1-0.2
and is not supposed to saturate at higher Cu/Al ratios (~0.35).
Unfortunately, the Si/Al ratio of the Cu-CHA zeolites studied by
photoluminescence was not precisely stated, so that we cannot
directly compare our results to those reported by Dédecek et al.
However, these observations are in fair agreement with the
estimated distribution of HF and LF Cu(i) sites on the two
samples with Si/Al = 14 and 15 at low and high Cu loading
(middle bars in Fig. 7b).

Finally, and more importantly in this context, the integrated
area of the N, peaks reported in Fig. 7a (highest coverage, red
curves) is compared in Fig. 7b as coloured bars. These data
(which are normalized with respect to Cu loading) can give an
estimation about the Cu reducibility in the set of samples,
similarly to what is discussed on the basis of XAS data. This
estimation is limited by the following considerations: (i) the
integrated area is not strictly proportional to the Cu(1) content,
since the N, adducts with the two possible ZCu(y) sites are likely
to be characterized by different extinction coefficients, as dis-
cussed above; (ii) measurements were carried out at low
temperature, while the XAS data was obtained in situ on the He-
activated state at 400 °C; (iii) the efficiency of the self-reduction
could be influenced by the activation conditions (vacuum vs.
inert flow). Notwithstanding these limitations, the observed
trend in reducibility among the set of samples is in good
agreement with the XAS conclusions. Namely, reducibility
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increases passing from Si/Al = 5 to 15, where it reaches
a maximum and then decreases at Si/Al = 29. Notice that, on the
basis of what is discussed above about the broadening of the HF
component, self-reducibility could be slightly overestimated in
samples with a relatively high amount of the ZCu(1) 6r site, thus
justifying the small discrepancies of these results with the XAS
ones.

3 Conclusions

In this work, we have employed in situ XAS to monitor the He-
activation process in a multi-composition platform of Cu-CHA
zeolites, aiming to clarify the influence of the catalyst compo-
sition on the temperature-dependent Cu-speciation and reduc-
ibility. The abundance of redox-active Cu species is indeed
expected to profoundly impact the performance of Cu-CHA in
two of the currently most intensively studied processes over
zeolite-based catalysts: NH3-SCR and direct methane to meth-
anol conversion, both known to involve redox chemistry at the
metal centres. After principal component analysis of the
temperature-dependent multi-composition XANES dataset, we
employed a multivariate curve resolution method 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 finger-
prints of each theoretical XANES and the correspondent
temperature-dependent concentration profiles, we were able 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. For the first time, this approach allowed us to
rationalize in a quantitative frame the complex dynamics of Cu-
cations in the CHA cages during the activation process. Of note,
it will now be possible to use the theoretical XANES generated
by MCR-ALS as references in the quantitative determination of
Cu-speciation in Cu-CHA samples with arbitrary composition
and/or treated under different conditions by simple linear
combination analysis.

In summary, the formation of framework-interacting
Cu-species from the mobile Cu(u) aquo-complexes present at
RT occurs, irrespectively of catalyst composition, via a Cu(u)
dehydration intermediate, peaking around 130 °C. Then, 1Al
Z[Cu(u)OH] and 2Al Z,Cu(u) species develop almost simulta-
neously, with relative abundances strongly influenced by the
Si/Al ratio in the parent zeolite. 1Al Z[Cu(in)OH] species, domi-
nant for samples with Si/Al in the 15-29 range, peak around
200 °C and then progressively decrease at elevated tempera-
tures, in favour of reduced 1Al ZCu(i) species. Conversely, 2Al
Z,Cu(u) sites, dominant at Si/Al = 5, reach a steady population
in the 200-300 °C range and remain stable until 400 °C.
Cu-speciation at 400 °C can be described for all samples as
a combination of redox-active 1Al sites, in their oxidized and
reduced form, and redox-inert 2Al Z,Cu(u) sites.

By quantitatively monitoring the composition-driven
Cu-speciation during He-activation of Cu-CHA, we highlighted
novel traits of complexity accompanying the transition from
mobile Cu-complexes to framework-interacting Cu-species and

This journal is © The Royal Society of Chemistry 2017
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the subsequent self-reduction process. In particular, the high
reducibility observed in the low-loading sample (Cu/Al = 0.1)
with Si/Al = 14 and the almost simultaneous development of
1Al and 2Al populations both contrast with an ideal 2Al site
saturation scenario, often assumed in the current literature.
Moreover, the reducibility level of the 1Al sites is shown to
depend on 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 involving
proximal acid sites, whose availability is ultimately determined
by Al density and distribution in the zeolite.

The MCR-ALS XANES results are also combined with multi-
component 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 infor-
mation on the preferred Cu local coordination environment
associated with 1Al and 2Al sites. EXAFS fits substantially
confirm the Cu-speciation evaluated from MCR-ALS analysis of
temperature-dependent in situ XANES, but evidence that
self-reduction is accompanied by higher levels of structural
disorder in the Cu local environment. The composition-driven
reducibility trends and the nature of the ZCu(i) structural
component are further investigated using FTIR spectroscopy.
Low-temperature IR spectra of N, adsorbed on vacuum-
activated Cu-CHA catalysts with different compositions clearly
show two components at 2292 cm™ ' and at 2300 cm ™, that we
rationalize in terms of the different cation local environment for
1Al ZCu() sites in the 8r and 6r, respectively.

All of these findings synergically demonstrate that reduc-
ibility in Cu-CHA results from the balance between two distinct
Cu-speciation-related effects: (i) at low Si/Al values (e.g. Si/Al =
5), redox-inert 2Al sites in the 6r are favoured; (ii) at high Si/Al
values (e.g. Si/Al = 29), redox-active 1Al sites largely dominate,
but the self-reduction of the correspondent Z[Cu(u)OH]
complexes is hindered due to the low interaction probability
among proximal acid sites, yielding a counterintuitive enhance-
ment of the relative Cu(u) fraction in the He-activated state.

Finally, this study addresses the grand challenge of charac-
terization in heterogeneous catalysis, demonstrating the
potential of chemometric techniques, such as MCR-ALS, in the
modelling of a complex spectroscopic dataset, and enabling an
unprecedented level of understanding in a complex multi-
component system.
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