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The direct activation of methane to methanol (MTM) proceeds through a chemical-looping process over
Cu-oxo sites in zeolites. Herein, we extend the overall understanding of oxidation reactions over metal-
oxo sites and C—H activation reactions by pinpointing the evolution of Cu species during reduction. To
do so, a set of temperature-programmed reduction experiments were performed with CH4, C;Hg and
CO. With a temperature ramp, the Cu reduction could be accelerated to detect changes in Cu
speciation that are normally not detected due to the slow CH, adsorption/interaction during MTM (~200
°C). To follow the Cu-speciation with the three reductants, X-ray absorption spectroscopy (XAS), UV-vis
and FT-IR spectroscopy were applied. Multivariate curve resolution alternating least-square (MCR-ALS)
analysis was used to resolve the time-dependent concentration profiles of pure Cu components in the
X-ray absorption near edge structure (XANES) spectra. Within the large datasets, as many as six different
Cu" and Cu' components were found. Close correlations were found between the XANES-derived Cu"
to Cu' reduction, CH4 consumption, and CO, production. A reducibility—activity relationship was also
observed for the Cu-MOR zeolites. Extended X-ray absorption fine structure (EXAFS) spectra for the pure
Cu components were furthermore obtained with MCR-ALS analysis. With wavelet transform (WT) analysis
of the EXAFS spectra, we were able to resolve the atomic speciation at different radial distances from Cu
(up to about 4 A). These results indicate that all the Cu" components consist of multimeric Cu'-oxo
sites, albeit with different Cu—Cu distances.
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methods to obtain a high selectivity has been through a cyclic,
stepwise reaction process where both products and reactants

1 Introduction

Methane, being the principal component of natural gas, is a vastly
underutilized raw material for the chemical industry.' Due to the
strong C-H bond in light alkanes, one of the biggest challenges to
overcome is the over-oxidation of the desired products. Therefore,
extensive research efforts have been devoted to reaction design
and material development to find direct reaction routes that can
overcome the issue of over-oxidation.>* These approaches involve
the direct activation of methane-to-methanol. A high selectivity
toward methanol has been obtained in a direct reaction route,
albeit at the expense of a high yield. One of the more promising
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are kept separate with the aid of Cu-loaded zeolites that form
Cu,Oymoieties when exposed to oxygen at high temperatures
(~500 °C).* In the second step, at lower temperatures (~200 °C),
the Cu,Oy-moieties are exposed to CH, leading to the reduction of
some of the Cu-oxo sites and the formation of methoxy interme-
diates. In the final step, steam is introduced to extract methanol
as the product. To increase the output of the reaction, while
maintaining the selectivity, fine-tuning of reaction protocols and
optimization of materials are essential.>* Consequently, the effect
of Cu speciation, material properties, and reaction mechanism
need to be unfolded and understood. Learning more about these
properties would also potentially open the doors to other oxida-
tion reactions and C-H activation routes.

Over the years, many zeolite systems have been studied,
where the more active ones are MOR,*™**, CHA,">"* FER,* FAU,"*
and MAZ." The mentioned zeolites feature a combination of
large and small ring systems, rendering it difficult to determine
which zeolite properties are most important for methane

© 2023 The Author(s). Published by the Royal Society of Chemistry
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activation and methanol formation. However, well-distributed
Cu ions," as well as an intermediate loading of Cu have been
identified as important requirements to achieve the highest
methanol yields.'®*® This is linked with the need to have Cu ions
in suitable proximity to form both accessible and reducible
multimeric species, while at the same time retaining a sufficient
number of Bronsted acid sites to effectively aid in stabilizing the
intermediates.” Both ~monomeric,’*** dimeric,"®** and
trimeric'** copper species have been proposed as the active
sites,** however, a redox mechanism involving mixed Cu"/Cu"
sites in dimeric Cu,O,-moieties, e.g. mono-y-oxo dicopper(i),
does seem to best meet the criterion of the two-electron process
of converting methane to methanol.*®>>>*

There are still many unanswered questions regarding the
changes to the Cu,O,-sites upon CH, activation, H,O extraction,
and subsequent reoxidation. Thus far, the literature indicates
that CH, activation proceeds via the formation of methoxy
intermediates upon interaction with the Cu-sites that are
stabilized on either Cu species or Brgnsted acid sites nearby.>*>°
Then, for the methanol formation, several groups have recently
suggested a mechanism where the role of H,O is not only to
displace the products but also to be the main oxygen donor.>”>°
It is, however, well established that activation in O, at high
temperature leads to a fully oxidized Cu" state of the zeolite.
Further, it has been demonstrated that a fraction of the Cu" is
reduced to Cu’ when CH, is introduced at e.g. 200 °C. However,
only a fraction of the Cu"™ is reduced, often around
30%.%714122123 Upon introduction of H,O for the extraction of
methanol, hydrolysis of Cu species have been reported, followed
by a slow reoxidation of Cu' back to Cu'".

Many different experimental and computational methods
have been used to clarify the mechanism and pinpoint perfor-
mance descriptors, as the stepwise nature of the reaction makes
it very difficult to obtain kinetically relevant information.**® A
potentially relevant method for the reaction is temperature-
programmed reduction (TPR) with CH,. In a recent work by
Sushkevich et al., they showed by comparing different zeolite
topologies that FAU zeolites needed a higher CH,-loading
temperature for the Cu,Oy-sites to be active towards methanol
formation." Similarly, Kvande et al. relied on CH,-TPR to show
that SAPO-34 needed a higher C-H activation temperature than
the isostructural CHA zeolite, SSZ-13, to increase the methanol
yield. This was associated with dissimilar Cu-sites or lattice
components in the two CHA-type frameworks.** As both of these
previous studies compare different zeolite topologies, we found
it intriguing to determine if CH,-TPR also could elucidate
differences within the same zeolite system, but with different
composition and MTM activity, to find relationships between
structure/reducibility and activity. To that end, we chose two
MOR zeolites with different Si/Al and Cu/Al ratio, well-
characterized from several previous studies.'®****3* To follow
the Cu-speciation throughout the TPR protocol and connect
CH, oxidation to Cu reduction, we have coupled the TPR
experiment with in situ X-ray absorption spectroscopy (XAS).
Multivariate curve resolution alternating-least-square (MCR-
ALS) analysis was performed to obtain the spectral signatures
of pure Cu species contributing to the Cu K-edge X-ray
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absorption near edge structure (XANES) signal as well as their
time/temperature-dependent concentration profiles. This is
a technique that has given impressive, value-added input to
understand the Cu-speciation in zeolites.***® Martini et al. used
MCR-ALS analysis to identify differences in the Cu-speciation in
a Cu-CHA when exposed to O, or He during activation and was
able to connect this with the reducibility of the samples.*® In
another work by Pappas et al. on the same Cu-MOR investigated
herein, it was shown with MCR-ALS analysis on high energy
resolution fluorescence-detected (HERFD) XANES that two
different framework-coordinated Cu" species form at high
temperatures.’ One of these species was linked to the Cu"
active site in Cu-MOR for MTM. To enhance our understanding
of the Cu reducibility and broaden the applicability of our
findings, C,He and CO were also employed as substrates/
reductants in the TPR protocol, while probing the sample
response by in situ XAS. C,H¢-TPR was performed to deepen and
expand our understanding of C-H activation in light hydro-
carbons over Cu-zeolites beyond the iconic CH, case. This is
important since ethane, although much less abundant than
methane, is the second largest component of natural gas, and
there are large repositories of underutilized natural gas, espe-
cially from the abundant shale gas reserves. The industrially
applied method for converting ethane is via steam cracking,
which is a very energy intensive method leading to a high
fraction of CO,.*” It is therefore important to find alternative
pathways for converting ethane, where some suggested
approaches thus far has involved oxidative and non-oxidative
dehydrogenation of ethane to ethylene, aromatization,
ammoxidation and also partial oxidation.* In parallel, CO
adsorption/desorption experiments on Cu-zeolites have been
widely wused to shed light on Cu-speciation and
accessibility.*»**** Notably, CO also represents a possible over-
oxidation product in MTM schemes, and low-temperature dry
CO oxidation to CO, has been proposed as an effective probe
reaction to assess the presence of multimeric Cu,O,-moieties in
zeolites.*>** For all these reasons, CO-TPR studies were per-
formed, under comparable in situ conditions.

In addition to XANES, also the longer energy range corre-
sponding to extended X-ray absorption fine structure (EXAFS)
was collected and included in the MCR-ALS analysis,** allowing
us to extract and analyze EXAFS spectra of the pure Cu
components. An innovative approach, linking each pure EXAFS
spectrum to an average temperature based on the MCR
concentration profiles is implemented, to account for the
inherent temperature dependence of the EXAFS signal in the
interpretation of the results. Finally, Wavelet Transform (WT)
analysis was used to untangle the different scattering contri-
butions shaping the high-R region of the EXAFS spectra,* thus
providing unambiguous evidence for the nuclearity of the pure
Cu-species formed in the MOR lattice. In situ XAS results are
correlated with the CO, formation and reactant consumption
profiles obtained from Mass Spectrometry (MS) analysis and
combined with complementary insights from Diffuse Reflec-
tance ultraviolet-visible (UV-vis) and Fourier-transform infrared
(FT-IR) spectroscopies.
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2 Methods

2.1 Material properties

The two Cu-exchanged mordenites investigated herein were
prepared from commercially obtained zeolites from Zeolyst.
The 018Cu-MOR(7) was prepared from CBV10ADS (Na-MOR, Si/
Al = 7) and the 036Cu-MOR(11) from CBV21A (NH,-MOR, Si/Al
= 11). The zeolites were exchanged into their proton form
before Cu-loading. The preparation and physicochemical
characterization (scanning electron microscopy (SEM), energy
dispersive X-ray (EDX) analysis, and powder X-ray diffraction
(XRD)) of the materials have been described in detail in
previous work from our group.'®*® The samples have also been
subjected previously to an array of more advanced character-
ization involving CO-adsorption with FT-IR spectroscopy, XAS,
X-ray photoelectron spectroscopy (XPS), and magic angle spin-
ning (MAS) NMR spectroscopy.'®*>*** The sample nomencla-
ture is given as [Cu/Al]Cu-MOR([Si/Al]). The Cu/Al, Si/Al, and Cu
concentration (in pmol g~ ") as measured by EDX are reported in
Table 1. Also, the activity of the materials in the methane-to-
methanol reaction from fixed-bed laboratory tests under opti-
mized conditions is reported in Table 1. The values were first
reported by Dyballa et al.*

2.2 In situ XAS temperature-programmed reduction (TPR)
experiments with CH,4, C,He, and CO

TPR experiments were conducted in thin capillary reactors
simultaneously as X-ray absorption spectra were collected.
About 6 mg of sample were pressed and sieved (160-125 pm)
and placed into a quartz capillary (1.5 mm i.d. and 0.01 mm
thickness) with a quartz wool plug at each end of the bed. The
capillary was then glued to a special-designed bracket so that
gas could flow through. The capillary was heated with a heat
blower placed directly under the reactor bed. The temperature
set points were calibrated with a thermocouple placed inside an
empty capillary before the experiments. Three mass flow
controllers (MFCs) together with automatic 4-way valves (kept at
120 °C to remove traces of moisture) were used to control the
flows of He (100%), O, (100%), and either CH, (2%/rest. He),
C,Hg (3%/rest. He), or CO (5%/rest. He). All flows were set to 5
mlmin ", and the effluent was analyzed with an online MS. The
reaction protocol is depicted in Scheme 1. Before the TPR ramp,
the samples were heated to 500 °C in O, and kept in these
conditions for 2 h before it was first cooled (10 °C min™") to
200 °C and subjected to He for 30 min to clean away possible
contaminants when switching the automatic 4-way valve
between O, and He. Then the samples were cooled further to
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120 °C and kept in inert treatment for 1 h before being exposed
to the reducing agent. After reaching a steady trace (~20 min) in
the MS, the samples were heated at 5 °C min~" up to 550 °C.
The Cu K-edge in situ XAS data were collected in trans-
mission mode on the BM31 beamline of the European
Synchrotron Radiation Facility (ESRF, Grenoble, France).*” The
beamline was equipped with a water-cooled double-crystal
monochromator (flat Si[111] pair) and ionization chambers,
filled with a He/Ar mixture, were used for the detection of the
incident (I,) and transmitted photons (I;).** All the XAS spectra
were collected with an acquisition time of ca. 3 min per scan.
The obtained data were normalized to unity edge jump at the Cu
K-edge by the Athena software from the Demeter suite.*

2.3  In situ ultraviolet-visible (UV-vis) spectroscopy of CH,-
TPR experiments

Supporting CH,-TPR experiments coupled with UV-vis were
performed on a purpose-designed test rig for in situ and oper-
ando UV-vis gas-phase experiments, where the probe is placed
into the middle of an oven, touching the tubular quartz reactor
(9 mm i.d.) perpendicular to the reactor bed. About 100 mg of
pressed and sieved (500-250 um) sample was prepared and
placed inside the quartz reactor on a glass wool plug. The
temperature was controlled by a thermocouple touching the
pelletized sample bed. The spectra were recorded in reflectance
(%) mode on an Avantes AvaSpec-ULS2048XL-EVO fiber optics
spectrometer (100 pm slits) with an Avantes AvaLight-DH-S light
source (including both a deuterium and a halogen lamp). For
the collection of diffuse reflected light from the sample,
a custom high-temperature resistant fiber optic with a high-OH
fused silica core (diameter = 100 pm) was used. Polytetra-
fluoroethylene (PTFE) powder was measured at room tempera-
ture (RT) as a 100% reflectance reference before the TPR
experiments. The same protocol as reported in Scheme 1 was
followed. For the ramp, a flow of 15 ml min~" CH, (20%/rest.
He) was applied. UV-vis spectra were collected continuously at
all steps of the protocol. For the TPR ramp, one spectrum, ob-
tained as the average of 50 scans with 10 ms integration time
each, was collected every 50 s.

2.4 Multivariate curve resolution-alternating least squares
(MCR-ALS) analysis of in situ XAS data

XAS uniquely gives access to local structural information
without any need for long-range order in the Cu sites distribu-
tion.>>** However, in the presence of different Cu species in the
zeolite, the technique provides an average signal over all the Cu
sites in the mixture. In this regard, Multivariate Curve

Table 1 Relevant elemental composition and MTM performance results of the Cu-MOR samples

Cu (umol
Sample Cu/Al Si/Al g MTM* yield (umolyeon £ ) MTM* productivity (molyeon Molc, )
018Cu-MOR(7) 0.18 7 367 172 0.47
036Cu-MOR(11) 0.36 11 500 124 0.25

“ MTM yield and productivity as previously reported.*
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Temperature programmed
reduction (TPR)
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Scheme 1 Experimental protocol for in situ XAS during TPR experiments over Cu-MOR samples. The protocol consists of activation in oxygen
at 500 °C, followed by two cooling steps. First, the sample was cooled in oxygen until 200 °C before a second cooling step to 120 °C in inert (He).
Then the samples were exposed to a reductive atmosphere (either CH,4, CoHg, or CO) while the temperature was ramped up (5 °C min~?) to 550 °C.

Resolution-Alternating Least Squares (MCR-ALS) analysis
represents a powerful method to deepen the characterization,
by resolving individual contributions from pure Cu species.
MCR-ALS allows the decomposition of an experimental matrix
D into pure contributions, such as spectra § matrix and the
corresponding concentration profile C matrixx D = C-S.
Initially, the number of principal components (PCs) must be
determined following a critical assessment of the results in
terms of spectroscopic and chemical-physical
meaningfulness.”>** The principal results that MCR-ALS
returns are concentration profiles and spectra of pure compo-
nents. The generation of the pure components is performed by
initial guesses efficiently managed by specific methods, such as
SIMPLISMA.*

In the present work, the whole experimental energy range
(8800-9727 eV), including both the XANES and the EXAFS
spectral regions, of normalized and energy-aligned XAS spectra
was analyzed by MCR-ALS. The normalized u(E) XAS spectra,
starting from the pretreatment step under static conditions in
0O, at 500 °C, were organized in three datasets according to the
reducing agent used during the TPR step, joining the datasets
related to the two investigated Cu-MOR samples. MCR-ALS
reconstruction was carried out using the MATLAB-based MCR-
ALS Graphical User Interface (GUI) developed by Jaumot et al.,
using Matlab R2022a.*® For further details on the specific
method implementation and the ALS quality control parame-
ters, the interested reader is referred to ESI, Section S2 and S3.7

2.5 Wavelet transform (WT) EXAFS analysis

(FT-)EXAFS analysis is traditionally
employed to access detailed information about the local struc-
ture and coordination environment around a specific metal

Fourier-Transform

© 2023 The Author(s). Published by the Royal Society of Chemistry

center.”” However, when different neighboring atoms are
localized at similar distances around the absorber, their scat-
tering contributions can overlap in R space, becoming indis-
tinguishable.’®* In the present case, such overlap issues are
especially present in the 2.5-3.5 A range, involving framework T
atoms (Si, Al) and Cu atoms from multimeric Cu-species formed
in Cu-MOR at high-temperature treatment in O,. A possible
solution to overcome this problem is to associate the conven-
tional FT-EXAFS to its k-space EXAFS signal, thus enhancing the
sensitivity to the chemical nature of the scatterer by exploiting
the scatterer Z-dependency in the backscattering amplitude
functions, F(k).*>* This task can be performed by an innovative
spectral processing technique called Wavelet Transform (WT)
analysis. With this technique, a 2D representation of the EXAFS,
showing k- and R-space spectral features simultaneously is
possible.”” The mother function that is used to obtain the WTs
maps and the related power density functions is the so-called
Morlet function:
W) = o e et )
V2ro
where i denotes the complex unit, and 7 indicates the frequency
of a sine wave convoluted by a Gaussian curve with ¢ as the
standard deviation.** The selected values of the n and ¢
parameters regulate the resolution in R and k space, allowing
the operator to achieve the best visualization of the desired
spectral features.®® In this regard, knowing that the typical Cu-
Cu distance in dicopper(i)-oxo species formed in zeolites falls in
the 3-4 A range (average values of 3.5 A), the best resolution
condition at a given distance of interest is obtained choosing ¢
=1 and n = 7 for all the WT representations.®*****
To more easily compare different spectra, focusing on the
presence and properties of Cu-Cu contributions, the so-called

Chem. Sci., 2023, 14, 9704-9723 | 9707
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power density function ®*(k) of the WT representation was also
calculated.**** This function represents integrals of the squared
modulus of the WT over the R-space range of interest, according
to the following definition:

Rmax
(0 = | R |k RO @)
J Rinin

where W¥(k,R) is the WT representation of the EXAFS signal
using the mother function ¥, and the integral is computed from
Rinin t0 Rinax, here set to 2.5 and 4.0 A respectively.

2.6 In situ Fourier transform infrared (FT-IR) spectroscopy
of CO-TPR and desorption experiments

The CO-TPR experiment was conducted on a Bruker Vertex 80
instrument equipped with a Mercury-Cadmium-Telluride
(MCT) detector cooled with liquid nitrogen. The material
was pressed into a thin, self-supporting wafer (7.5 mg cm™?)
and placed inside an AABSPEC cell with low free volume
(model #CXX), where both temperature and gas flow can be
controlled. For the TPR experiment, the sample was heated to
500 °C (5 °C min~ ') in a flow of O, (100%), before being cooled
down to 120 °C (10 °C min ), where He (100%) was purged on
the sample for 1 h. Then, the gas flow was switched to CO
(10%/rest. He) and ramped up to 500 °C (10 °C min™'). A
spectrum was collected every 40 s. To calculate the CO
concentration (in pmol g™ %), the following form of Lambert-
Beer law was applied:

A=ex Cxp 3)

where A (em™') is the integrated absorbance defined in
a specific spectral region, p (mg cm™?) is the pellet density, ¢ (cm
umol ") is the molar attenuation coefficient (11.5 cm pmol )
obtained from Deplano et al,* and C (umol g~ ') is the
concentration of CO.

3 Results

3.1 In situ XANES of Cu-MOR during CH,, C,Hs and CO-
TPR: a qualitative overview

Two MOR zeolites, 036Cu-MOR(11) and 018Cu-MOR(7), with
different compositions and MTM activity (Table 1), were sub-
jected to three different TPR experiments. By following the
protocol presented in Scheme 1, CH,4, C,H,, and CO-TPR were
performed. XAS spectra were collected throughout the entire
experiment. The Cu K-edge XANES spectra collected during
pretreatment in O, and subsequent cooling step are reported in
the ESI, Section S1.1 Before O, activation, in the as-prepared Cu-
MOR zeolites, Cu ions mostly occurred as mobile hydrated Cu™
complexes.'™*® Then, as expected, during the high-temperature
activation step in O,, the Cu ions progressively turned into
framework-coordinated Cu" species with three/four-fold coor-
dination.***® When cooling from 500 to 120 °C, the Cu" oxida-
tion state is fully preserved. Small modifications in the spectral
shape are observed and are suggested to stem from
temperature-dependent rearrangements in the coordination
motif for a small fraction of framework-coordinated Cu ions.

9708 | Chem. Sci, 2023, 14, 9704-9723
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This has already been observed for Cu-MOR under equivalent
conditions.”*® Fig. 1 reports the XANES spectra obtained
during the TPR protocol for the three different reducing atmo-
spheres (CH,, C,H, and CO). In all cases, the reduction of Cu is
visible. Spectroscopically, this is indicated by the progressive
decrease of the pre-edge peak at 8977 eV related to the 1s — 3d
transition in Cu' ions (see ESI, Section S1t for further details),
paralleled by the development of a prominent Cu' 1s — 4p
rising-edge peak located at ca. 8983 eV.®* The intensity loss in
the white line (WL) peak region indicates a decrease in the
average coordination number of the absorber.®” This is consis-
tent with the progressive formation of linear or quasi-linear Cu’
species.”

During the reduction in CO, qualitative XAS analysis
suggests a more complex reaction pathway. The appearance of
an intermediate Cu' species is detected in the XANES spectra
and highlighted by the black boxes in Fig. 1, right panels. The
characteristics of this species will be discussed in the following,
based on MCR-ALS results. At the end of the TPR protocols (550
°C), signals related to characteristic Cu" transitions are no
longer visible in any of the experiments. Based on this, we
qualitatively confirm that a virtually pure Cu' state was reached
at the end of the TPR protocol. Comparing the two Cu-MOR
compositions, the reaction led to the development of very
similar spectral features in both samples, and it was therefore
evident that more advanced analysis was necessary to search for
composition-dependent differences in the spectra.

3.2 Finding spectroscopic fingerprints of different Cu-
species with MCR-ALS analysis

By employing MCR-ALS analysis on the in situ XAS data, we
obtained quantitative information on the Cu-speciation
throughout the TPR experiments as this advanced data anal-
ysis technique provides detailed insight into the speciation and
dynamics of the Cu species inside the zeolite."*® The MCR-ALS
analysis yielded a total of six principal components. The pure
XANES spectra of the six components are reported in Fig. 2a,
while their concentration profiles in the different experiments
are reported in Fig. 2b. A pictorial representation of possible Cu-
species linked with the pure XANES spectra discussed is finally
provided in Fig. 2c. Firstly, focusing on the O, activation step of
the protocol, two high-temperature (HT) Cu" species,
Cu”"_HT_a and Cu"_HT_b, are recognized with very similar
XANES signatures. The biggest difference is the shape and
intensity of the WL, supporting a conserved coordination motif
with only subtle differences in the first-shell bond distances and
angles. It is plausible that they could stem from the same Cu-
moiety, e.g., a mono-p-oxo dicopper(u) core, but docked at
distinct zeolitic exchange sites, also featuring different acces-
sibility. The third Cu" species recognized, Cu™_LT, is described
as a low-temperature (LT) Cu" species, since it increases in
concentration with a decrease in temperature. Cu™_LT is likely
to be more highly coordinated than the high-temperature
species, based on the higher WL intensity observed in this
case. Interestingly, the growth of Cu™_LT appears to correlate
with a decrease in the concentration of Cu™_HT_a, while

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc01677c

Open Access Article. Published on 22 August 2023. Downloaded on 6/15/2026 8:33:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
CH4 71
— @ = @ — @
ol % ? ? Ty
N N N
= 3 s =
s| E E W E
[=] —_ [ e
8 2 Initial state z Initial state z Initial state
b Ioz Final state lo.z Final state hal state
8970 8980 8990 9000 9010 9020 8970 8980 8990 9000 9010 9020 8970 8980 8990 9000 9010 9020
Energy (eV) Energy (eV) Energy (eV)
$| % ) = o
~— & =2 £ ‘ =3
o o " 3 \/ — x
o & ’ 3 Y 3
= 5 N N
0 g = =
B E £
© =z Initial state = Initial state S Initial state
8 IOZ L Final state [o.z Final state Final state
8970 8980 8990 9000 9010 9020 8970 8980 8990 9000 9010 9020 8970 8980 8990 9000 9010 9020
Energy (eV) Energy (eV) Energy (eV)

Fig.1 XANES TPR spectra for each sample/reducing agent combination. The temperature was ramped up (5 °C min~) from 120 °C to 550 °C for
1.5 h. The increased intensity of the rising edge 1s — 4p peak related to Cu' observed in all spectra, indicates the progressive formation of Cu'
species during the TPR experiments. A more complex situation is visible in the case of CO, in which an intermediate Cu' species is detected (black

boxes).

Cu"_HT_b remains almost stable. We conjecture that the
concentration of Cu™_LT increases with decreasing temperature
due to a dynamic change in some of the Cu™_HT_a species,
leading to a change in coordination motif from three-fold to
four-fold. A minor peak in the typical Cu' energy region (8983
eV) is visible in the pure Cu™_LT XANES spectrum and is
highlighted with an asterisk (*). This spurious spectral feature
is an artifact from the MCR-ALS analysis due to a high abun-
dance of Cu' in the mix of Cu species, previously documented by
Martini et al.*

When comparing the concentration profile for Cu™_HT_a
and Cu"_HT_b between 018Cu-MOR(7) and 036Cu-MOR(11)
during the O, activation, they behave similarly throughout all
experiments, with a higher concentration of Cu™_HT_b in
018Cu-MOR(7). Importantly, this is fully consistent with
previous results by Pappas et al, where a framework-
coordinated Cu" species with a Cu K-edge spectral signature
consistent with Cu™ _HT_b, was found to be more abundant in
the more productive 018Cu-MOR(7) sample, and tentatively
associated with the active site for the MTM reaction."® Pecu-
liarly, there is some discrepancy in the concentration profiles
during the activation step for the CO-TPR experiment, where
a higher concentration of Cu”_HT a is observed for both Cu-
MOR zeolites. However, we allocate this error to uncertainties
in the MCR reconstruction, possibly due to the high spectral
similarity between Cu™_HT_a and Cu™_HT_b.

Upon shifting our focus to the TPR step of the protocol, it can
be noted that new Cu-species develop, as Cu' species form at the
expense of Cu™.’” Depending on the experiment, three distinct

© 2023 The Author(s). Published by the Royal Society of Chemistry

principal components were detected, where Cu'_b and Cu' ¢
formed exclusively in C,Hes and CO, respectively. The two
species denoted as Cu' a and Cu' b show similar spectral
features, with a typical rising edge peak assigned to the 1s — 4p
transition of Cu', and no trace of the d° 1s — 3d pre-edge peak
(Fig. 2a). The WL intensity is significantly lower than for the Cu™
species, indicating Cu sites with lower coordination number.
Indeed, the spectral features are very similar to (quasi) linear Cu
sites coordinated with two lattice O atoms.” The minor modi-
fications in the XANES spectral shape between Cu'_a and Cu'_b
are likely related to small induced differences in bond length
and/or minor rearrangements when the sites are perturbed by
the different gaseous species (CH, vs. C,Hg). The XANES spec-
trum of the third Cu' species, Cu'_c, has very different spectral
features from the other two, where the 1s — 4p peak is shifted
towards lower energy values. This spectral fingerprint, clearly
distinguishable in the experimental data, initially suggested the
presence of an intermediate species during the CO-TPR ramp
(Fig. 1). This implies that the coordination geometry and envi-
ronment of this species is considerably different. When
studying the concentration profile, Fig. 2b, we observe how the
species reaches a maximum at about 260 °C and then slowly
diminishes up until ~400 °C. Due to the change in the coor-
dination environment of this species compared to Cu'_a and
Cu'_b, we conjecture the species is related to mono- or dicar-
bonyl complexes forming in the presence of CO, as CO is known
to form stable adducts with Cu' sites in zeolites.**** A small
fraction of Cu'_c species is still detected above 400 °C for 036Cu-
MOR(11), however, this quantity falls within the uncertainty

Chem. Sci., 2023, 14, 9704-9723 | 9709
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typically associated with MCR-ALS reconstruction (~10% of
total Cu), and can therefore not be ascertained as a stable
species.*®

Lastly, it should be noted that when the Cu' species start
forming in the CH,- and C,H¢TPR experiments, we see the
consumption of Cu™_HT_b slightly before the consumption of
Cu"_HT _a. This observation indicates that Cu™ HT b is more
easily reduced upon alkane activation, and as this is the
dominant Cu" species in the most MTM active 018Cu-MOR(7)
sample, we hypothesize the Cu reducibility to be linked with
the activity of the samples. This hypothesis is considered even
more closely in the following section, as we attempt to look
more meticulously at the overall reduction trends during the
TPR ramp.

3.3 Coupling Cu™ to Cu' reduction with reactant
consumption and product formation

To elucidate more easily the minor differences in the TPR
protocol step between the two MOR compositions and the
different substrates, the total Cu’ fraction during the TPR ramp
is plotted in Fig. 3. The data points are derived by summing the
fractions of all the pure Cu' species as determined by the MCR-

9710 | Chem. Sci,, 2023, 14, 9704-9723

ALS analysis above for each XANES spectrum collected. The Cu'
fraction in 018Cu-MOR(7) and 036Cu-MOR(11) as a function of
temperature during TPR is compared for all three reactants,
CH,4, C,Hg, and CO. In the bottom panel of Fig. 3, we report the
first derivative of the trace (d(Cu' tot.)/dE) to emphasize the
reduction rate. Several interesting differences may be observed.
Foremost, we observe that the onset of Cu reduction varies
depending on the substrate in the order of CO < C,Hs < CHy,
where the CH, atmosphere leads to the highest reduction
temperature. This is quite natural given the stronger bond
dissociation energy of CH, (439 k] mol™ ') compared to C,Hg
(422 kJ mol ").”* As the behavior of Cu in CO is markedly
different, we will discuss further the CO-TPR event at the end of
the section, and for now, focus on the results obtained with the
two alkanes as reducing agents.

At first glance, the two Cu-MOR samples are behaving very
similarly. Nevertheless, upon close examination, some small,
but consistent differences can be observed. First, 036Cu-
MOR(11) has a higher maximum reduction rate. This is
specifically evident in the derivative plotted in the bottom panel
of Fig. 3. Secondly, we observe that 018Cu-MOR(7) appears to
have a marginal temperature region initially, where Cu is
reduced faster than for 036Cu-MOR(11). This is consistent with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the Cu™_HT_b species reducing faster than the other Cu"
species, as observed in the previous section. This earlier
reduction behavior in 018Cu-MOR(7) could be sought-after
evidence of more readily reducible species in the highly active
Cu-MOR material.*®* A high “self-reduction” potential has been
linked directly to the materials’ methanol productivity in other
framework topologies like Cu-exchanged FER and CHA.*** This
however, has not been observed for the Cu-MOR zeolites pre-
sented herein, as previously reported results have indicated that
018Cu-MOR(7) has more “self-reduction” resistant species,
which then were coupled with well-distributed Cu-oxo species
with high coordination and uniform bond lengths.*®** It should
be noted, however, that the above-mentioned studies concern
the reducibility of Cu-zeolites in either vacuum or inert atmo-
sphere. Conversely, herein we are linking the high methanol
productivity of 018Cu-MOR(7) directly to the reducibility of the
Cu species in a methane atmosphere. This elucidates the
importance of working with as relevant conditions as possible.
Moreover, the higher reducibility observed for 018Cu-MOR(7)
herein is in full agreement with Lomachenko et al. who found
that more Cu" reduced to Cu' after methane loading for the
018Cu-MOR(7) material compared to 036Cu-MOR(11), when
investigating the samples with XAS in a full MTM cycle.*
Upon comparing the reduction rate of Cu™ to the substrate
consumption and CO, production obtained simultaneously
from MS analysis of the reactor outlet (Fig. 4), interesting
features are found. First, during CH4-TPR, both CO,, from over-
oxidation of CH,, as well as the consumption of CH,, appear in
the same temperature window as the Cu' formation. This direct
link between CH, consumption, CO, production, and Cu'

© 2023 The Author(s). Published by the Royal Society of Chemistry

formation contrasts with previously reported results by Sus-
hkevich et al.*® They observed a temperature region where CH,
was consumed before CO, production over Cu-MOR (200 > 325 ©
C) and signified this window to be linked with oxidation
processes of partially oxidized methane intermediates.
However, as we observe the complete oxidation occurring
simultaneously with Cu' formation and CH, consumption, we
speculate that with a continuous temperature ramp, the over-
oxidation occurs too fast to be singled out from the CH,
consumption and Cu" reduction in a meaningful way. Never-
theless, about 10% of the total Cu’ fraction is forming before the
onset of CH, consumption (below 250 °C). We postulate this
minor Cu’ fraction, yet very close to the uncertainty of the MCR-
ALS method, to possibly come from a “self-reduction” of
dimeric Cu™-oxo sites to Cu', as made possible by an electron-
rich environment after O, activation, where O>~ ions have
remained stabilized in the framework.”” We must point out that
the results also show small traces of CO, produced in this low-
temperature window. However, we allocate this to an effect of
the low signal resolution caused by the small amounts of
material and gas flows used in the experiment. Also due to this,
we cannot exclude the possibility that some CH, (not visible in
the CH, trace) is being consumed already from around 200 °C
when Cu is being reduced. Regardless, some Cu' is forming
before consumption during C,H4TPR, especially discernible
for 018Cu-MOR(7), supporting the “self-reduction” event sug-
gested above. Another intriguing observation during C,H¢-TPR
is that there is a secondary region, where no more ethane is
being consumed, but there is still a reduction of Cu, as well as
continued production of CO,. This behavior indicates that

Chem. Sci., 2023, 14, 9704-9723 | 971
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when ethane acts as a substrate, there are secondary oxidation
processes with fragments from ethane oxidation, that are less
potent reducing agents, occurring on remaining Cu' sites that
did not react directly with ethane or were somehow not acces-
sible to ethane.

Coming back to the CO-TPR protocol, two reduction regions
are observed. The primary reduction starts directly upon contact
with CO and leads to ca. 80% of reduced Cu". Then as the
temperature increases, a secondary reduction event happens at
higher temperatures, involving the residual fraction of ca. 20%
of total Cu. For 018Cu-MOR(7), an apparent transient reox-
idation involving <10% Cu' can be observed at high tempera-
tures. However, given the unlikely nature of this event, we
assign this peculiar behavior to an error in the reconstruction of
the XANES spectra. In contrast to the behavior of the Cu-zeolites
in the alkane atmosphere, it appears the Cu-sites in 036Cu-
MOR(11) reduce in a lower temperature range. Focusing on
Fig. 4, we surmise that the first, broad reduction peak is linked
with the above-suggested formation of Cu’~(CO), (x = 1 or 2).
This is also well supported by a clear consumption of CO, and

9712 | Chem. Sci, 2023, 14, 9704-9723

a smaller CO, production coming from the oxidation at the Cu-
oxo sites. Then, during the high-temperature reduction event,
we do see a much larger fraction of CO, being produced in
combination with a smaller consumption of CO. As most Cu
already has been reduced to Cu' at this point, we postulate that
the production of CO, is linked with trapped CO, being released
as the temperature increases, or possibly the release and
oxidation of CO from Cu'-carbonyls. This could proceed via
a reaction with residual O>~ present, or by a disproportionation
reaction between two CO molecules in a Boudouard reaction.”
As we do not have any evidence for the formation of elemental
C, the latter reaction pathway is only speculations by the
authors at this point.

3.4 Complementary in situ UV-vis TPR experiments

To support the observations presented in the previous sections,
a complementary experiment was performed in-house with
a purpose-designed in situ UV-vis setup. The UV-vis spectra were
obtained in diffuse reflectance mode during a CH,-TPR exper-
iment for both 018Cu-MOR(7) and 036Cu-MOR(11) and are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reported in Fig. 5. Even though we here operated with
a different sample amount and gas flow, the CH, consumption
and CO, production followed closely the same temperature
window (~250-400 °C) as obtained during the in situ XAS
experiments. The MS traces for CH, and CO, are reported in the
ESI, Section S6.f1 Interestingly, we are also seeing the biggest
changes in the UV-vis spectra in the same temperature window.
We observe that at about 250 °C, three bands at 20 250, 16 850,
and 13 000 cm™ " grow, reaching a maximum at about 325 °C.
This is also approximately the temperature at which
a maximum is observed for CH, consumption and Cu' forma-
tion rate during the XAS experiment. At 325 °C, the bands
decrease again, giving the biggest evidence of reduction from
Cu" to Cu', as this is what one would expect when the Cu ion
goes from a d° configuration to a d'° configuration, where the
d-d electron transfer is forbidden. When the temperature rea-
ches about 400 °C, the changes slow down, and mostly
temperature-induced shifts in the ligand to metal charge
transfer (LMCT) region (25 000-45000 cm ') are observed from
450-550 °C.” The final state reached at 550 °C shows for both
samples a rather flat profile in the d-d spectral range, consistent
with the virtually pure Cu' state revealed by XAS. The weak
negative features still observed at the end of the TPR around 16
000 cm ™' most likely stem from a combination of high-
temperature background fluctuations and, possibly, residual
traces of highly absorbing Cu" species (vide infra), with abun-
dance below the XAS detection limit.

The growth of the bands in the d-d region between 250 and
325 ©°C, especially visible in 036Cu-MOR(11), is counter-
intuitive, as it could be at first glance interpreted as an
increase in the abundance of Cu" species. However, the
combination of these three bands shares similarities with the
so-called “multiplet” formation also observed previously in Cu-
CHA during O, activation.” The literature suggests that the
multiplet formation is linked with a diluted Cu" species with

© 2023 The Author(s). Published by the Royal Society of Chemistry

a very strong extinction coefficient.” Interestingly, it is evident
from the band at 38 500 cm ™" that the species must also affect
the LMCT region, as there is no evidence of reduction here
before the temperature reaches 325 °C. Nevertheless, we
conjecture that even though this species is forming, it is likely to
involve a minor fraction of total Cu ions, and there is still
a reduction process occurring before T = 325 °C, as evidenced
by the XAS experiments. To the best of our knowledge, the
observation of a multiplet has not previously been reported for
Cu-MOR. The Cu" species is temperature dependent, and
forms, contrary to Cu-CHA, in a CH, atmosphere. Why this
species is much more prominent in 036Cu-MOR(11) than in
018Cu-MOR(7) would only be subject to speculation at this
point, but it is alluring to suggest it is linked with the
Cu"_HT b, as this is much more abundant in the 036Cu-
MOR(11) sample.

3.5 MCR-ALS-derived EXAFS spectra

By analyzing the EXAFS region, we get further information on
the local environment of Cu ions after key steps in the TPR
protocols (Scheme 1). Since the results thus far have shown the
same Cu species in 018Cu-MOR(7) and 036Cu-MOR(11), we
decided to combine data obtained over both zeolites to optimize
the signal quality in the EXAFS region. As we had performed an
MCR reconstruction on the whole data set, including the EXAFS
energy range, the EXAFS spectra could be obtained directly from
the MCR-derived u(E) spectra by following a recently reported
approach.” This allowed us to get EXAFS signals of the pure Cu
species dominating Cu-speciation in the key experimental
steps. The EXAFS signals were then extracted with standard
procedures and visualized in both k- and R-space (Fig. 6). To
guarantee signal reproducibility while avoiding as much as
possible high-k noise, the Fourier Transform was performed in
a narrow k-range from 2.5-9.0 A~* (grey box in Fig. 6a), see ESI,
Section S57 for more details. The collection temperature is
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known to strongly influence the EXAFS oscillation intensity,
being increasingly dampened as temperature increases.”” This
is due to an effect of the Debye-Waller factor in the EXAFS
equation. As the MCR-ALS derived EXAFS spectra are obtained
from the collective analysis of a temperature-dependent dataset,
we have defined an average temperature associated with each
spectrum to guide the interpretation of the EXAFS spectra. In
particular, for each i™ pure species, a reference average
temperature, T,,i, representing the weighted average temper-
ature using the MCR-derived concentration of each scan in the
dataset as weights, was calculated (ESI, Section S4f). The
temperature dependence is evident in the k*x(k) spectra re-
ported in Fig. 6a. All HT Cu" (Cu"_HT_a and Cu™ HT_b)
species show dampened oscillations compared to Cu™_LT. This
is consistent with the latter having a significantly lower Tayi
value (254 °C vs. 385 and 326 °C, respectively for the HT Cu"
species). Then, compared to the Cu' species, the ¥*x(k) curves of
all Cu' species present lower signal amplitudes and detectable
frequency differences, regardless of temperature. Hence, we
point out that the oxidation state of the absorbing atom,
although not directly monitored by EXAFS, is relevant for
further discussion, as it influences the average number and
distribution of atomic neighbors and, to some extent, their
interatomic distance from the Cu centers. Finally, we note that
the EXAFS spectra in k-space of Cu'_a and Cu'_b, as well as
Cu"_HT a and Cu™_HT_b, are very similar, again pointing to
the structural similarities between these species as suggested
above.

By analyzing the FT-EXAFS spectra shown in Fig. 6b, we can
get more information on the Cu environment of the different
pure components. The first-shell peak corresponds to single-
scattering (SS) contributions involving framework (O¢) and
extra-framework oxygen (Ocf) atoms.” A higher intensity in the
first shell should be linked with higher Cu coordination and

9714 | Chem. Sci, 2023, 14, 9704-9723

a lower T,,i temperature, which fit well with the proposed cu'
and Cu" speciation, based on the MCR-ALS derived pure XANES
spectra (Fig. 3b). In addition to Cu'_c having a higher first-shell
peak than the other Cu' species (indicating higher coordina-
tion), the structured shape of the first-shell peak suggests the
presence of another scattering contribution in addition to Og¢
and Og¢. The observed shift of the first shell maximum to higher
R is also consistent with an earlier study of CO interacting with
Cu'-ZSM-5.” Combined with the XANES results indicating
a Cu'-CO formation, we accredit this contribution to the carbon
atom in a CO ligand.

A well-defined second shell peak is visible in the Cu™ species.
This we attribute, based on previous studies, to a framework
bound Al near the Cu atoms (ca. 2.8 A).*® Importantly, the
presence of this signal for the Cu™_LT FT-EXAFS eliminates the
possibility of Cu™_LT being a mobilized, hydrated Cu™ species,
as hydration of Cu would dampen this signal. In Cu"_a and
Cu'_b, the second-shell region is strongly dampened. This is
consistent with previous studies on “self-reduced” Cu-MOR,
causing a higher degree of structural disorder in the Cu'
cation local environment, which ultimately led to destructive
interference between the EXAFS scattering paths.**7*

The third shell peak (3.0-3.3 A), although, only visible for
Cu" species, could stem from several types of scattering
contributions with similar radial distances like framework Si/
Al/O atoms or Cu atoms in multimeric moieties. To unravel
the contributions in the third shell, we performed Wavelet
Transform (WT) analysis on the EXAFS data.

3.6 Shedding light on the nuclearity of Cu-species with WT-
EXAFS analysis

The limitations of conventional, FT-EXAFS analysis in the
assignment of the third shell EXAFS contributions can be solved

© 2023 The Author(s). Published by the Royal Society of Chemistry
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by performing a WT-EXAFS analysis, where information on
interatomic distances from the R-space is combined with
element-specific information obtained from k-space.”” In k-
space, Cu—Cu scattering paths can be discriminated from those
involving framework Si/Al/O atoms due to a different EXAFS
backscattering amplitude function (F(k)) of the elements,
leading to a k-value that is element-specific. The typical Cu-Cu
distances of dicopper(u)-oxo species in zeolites is ~3.5 A% An
example of the resulting WT-EXAFS density maps is depicted in
Fig. 7. We remind that this and all the WT-EXAFS maps reported
herein are obtained by applying a Morlet Wavelet Transform
(see Section 2.5) to the MCR-derived k*x(k) pure EXAFS spectra
reported in Fig. 6a. In part (a), the full-range WT-EXAFS map for
a representative pure Cu species, Cu"_HT_a, is given. The first
lobe located at Ak (0-12.5) A~ x AR (0.5-2.0) A is from Of and
Ot first shell SS contributions. The elongation effect of this low-
R first lobe towards higher k-values is due to spectral broad-
ening, well explained by Timoshenko et al.** The more inter-
esting high-R EXAFS contributions are magnified in Fig. 7b for
better visualization. The F(k) functions for the relevant atoms
(O, Al, Si, and Cu) are presented above in Fig. 7b to aid in the
sub-lobe assignment. Two sub-lobes are detected. The low-k
sub-lobe (~3 A™') indicates the contributions of lighter
elements (O, Al, and Si), while the second, high-k sub-lobe at ~7
A, fit well with the maximum of the Cu backscattering func-
tion and can undoubtedly be assigned to Cu-Cu scattering
contributions.®****

IFT(R)] (A)
ROeITNS
oo ooo
- o c
™
g—: ................... .
14
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To compare the WT-EXAFS maps of the six pure Cu species
more easily, the maps were integrated in the relevant R-space
range, giving the power density functions of the Cu species. The
power density functions are reported in Fig. 8, together with the
WT-EXAFS maps of the high-R EXAFS region for all Cu species.
In both representations, the position of the sub-lobes provides
valuable information on the elemental identity of the atomic
neighbors surrounding the Cu absorber in the radial distance of
interest. When comparing the power density functions of the
Cu" species, they all have detectable Cu-Cu contributions,
visible from the high-k sub-lobe, in the accessible R-space range,
leading us to describe these species as dicopper(i) moieties (or
proximal Cu™ monomers), also in line with previous literature
proposals.>**%%¢* Consistently with previous studies on the use
of CO dry oxidation to titrate dicopper(u) species in zeolites,*>**
having most of the Cu organized into dimeric species at the end
of the oxidative pre-treatment falls in line with the effective
reduction observed during CO-TPR, already in the 150-300 °C
range.

We observe that the signal intensity of the Cu" species
decreases with increasing temperature (Tyei) in the whole k-
range, which is consistent with the temperature dependence of
EXAFS spectra and cannot be directly linked with a reduction in
the coordination number of specific species. However, the two
sub-lobes distinctly have the same intensity in Cu™_LT which is
not the case for the HT Cu" species, where the high-k sub-lobe
has a lower intensity. Dealing with pure-species WT-EXAFS, this
observation can solely be linked to differences in the Cu-Cu

Intensity
~max

. z,, [
X

) 4 6
k (A1)

Fig.7 (a) Full-range WT representation of the EXAFS signal for a representative pure Cu species, namely Cu''_HT_a, formed at high temperature
during the pre-treatment step. (b) Magnification of the high-R WT region highlighted by the red dashed box in (a), in the ranges Ak (0-9) A~* and
AR (2.5-4.5) A. On the top is reported a plot of the relevant backscattering amplitude functions, F(k), calculated from FEFF6.0 considering SS

paths involving O, Si, Al, and Cu scatterers.>*
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Fig.8 (aand b) Power density functions (left) and WT maps (right) obtained by WT-EXAFS analysis for (a) Cu' species and (b) Cu' species. For each
i™ species, the average temperature (Tavgl) is reported. The shadowed grey boxes in (b) highlight the high-k range affected by possible artifacts

due to poor S/N ratio in the MCR-derived k?x(k) curves for Cu'_b.

interatomic distance. Indeed, considering the inherent damp-
ening of the EXAFS contributions as the interatomic distance
increases, the observed differences in the relative intensities of
the low- and high-k peaks point to a longer Cu-Cu distance in
the two HT Cu" species compared to Cu™_LT. Looking at Fig. 8,
is possible to identify differences in the signal distribution of
the second sub-lobe in Cu_HT species, suggesting a shorter Cu—
Cu interatomic distance in Cu”_HT_b with respect to
Cu"_HT_a. Indeed, the former species shows a distinctly higher
intensity in the 2.5-3.0 A R-space range, consistent with the
slight shift towards lower R-values visible by comparing the FT-
EXAFS spectra of the two species in Fig. 6b.

Focusing on the Cu' species (Fig. 8b), the low-k WT-EXAFS
signals associated with Cu' a and Cu' b are overall weaker
and broader concerning what is observed for the Cu' species.
This is consistent with the FT-EXAFS results and is due to the
already-mentioned structural disorder in the second-shell
region and the relatively high temperature at which the Cu'
species form. Conversely, the power density function and WT-
EXAFS map of Cu'_c present a dominating peak/sub-lobe shif-
ted towards higher k values (k=4 A~") compared to the sub-lobe
detected in the WT-EXAFS map of the Cu" species (k = 3 A™").
Based on the above-mentioned observations, we assign this sub-
lobe to the presence of additional single and multiple scattering
contributions from Cu-C/O in Cu'-carbonyl adducts, reinfore-
ing the assignment of Cu'_c to Cu'-(CO), complexes (vide infra).
Focusing on the high-k region for the Cu' species, it is impos-
sible to detect a well-defined sub-lobe at ca. 7 A™?, as it was for

9716 | Chem. Sci., 2023, 14, 9704-9723

the Cu" moieties. We note an intensity increase above ca. 8 A~
for the Cu'_b species (shadowed grey boxes in Fig. 8). However,
due to poorer S/N ratio in the MCR-derived k*x(k) curve for this
species, likely also due to the high Tf;‘g(l)fb (430 °C), we allocate
the intensity increase to an artifact that causes a spurious signal
increase in the high-k portion of the WT map that cannot be
safely interpreted. Accordingly, we recognize that the absence of
a high-k sub-lobe in the Cu' species corroborates previous
studies suggesting that multimeric copper-oxo moieties are
cleaved during reduction, forming isolated Cu' ions that have
Cu-Cu interatomic distances higher than the EXAFS-accessible
R-space range.*®

3.7 Confirming the formation of Cu'-CO with in situ FT-IR
spectroscopy measurements

To verify that the Cu'_c component is indeed from Cu'-(CO),
formation, and whether it is linked with mono- or dicarbonyl
species, we performed in situ CO-TPR experiments coupled with
FT-IR spectroscopy on a pre-oxidized 018Cu-MOR(7) sample.
The results are reported in Fig. 9a. As CO atmosphere is intro-
duced to the sample, a band at 2158 cm ™" evolves slowly, con-
firming the formation of some Cu' species that is then available
to form Cu'-CO adducts on Cu-MOR zeolites.?* Additionally, we
observe the presence of the gaseous phase of CO, contributing
with the presence of rotational-vibrational branches on both
sides of the Cu’~CO band. The maximum intensity of these
branches is marked with an asterisk (*). Then, as the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 (a) FT-IR spectra obtained during CO-TPR. Spectra are background subtracted. (b) A comparison of the fraction of Cu'-CO species found
with XAS throughout the TPR protocol (Cu'_c), and the corresponding Cu'-monocarbonyl fraction calculated from Lambert—Beer law by
integrating the band at 2158 cm™™. The error bars (grey band) are given as the standard deviation determined from three different baseline
positions on the rotational-vibrational features when obtaining the integrated area.

temperature increases, the monocarbonyl band increases, until
a maximum is reached at about 350 °C. The intensity of the
band at 2158 cm ™! reflects both the amount of Cu' (growing
according to the reducing effect of CO) and the stability of the
Cu'-CO adducts. For this reason, it is not directly coinciding
with the evolution of the Cu'_c component, which is found to
have a maximum at about 300 °C (Fig. 2b), however, clearly
present up to at least 400 °C. The formation of a Cu'~-CO band
on a Cu zeolite with no Cu' as evidenced by XAS, suggests that at
120 °C, CO is instantaneously able to reduce some Cu' species
to Cu', that are then able to form the Cu’~CO adduct and form
CO,. This is consistent with the reduction of Cu", the early
consumption of CO, and the subsequent formation of CO,, as
observed above when performing the parallel CO-TPR/XAS
experiment. Due to the strong presence of rotational-
vibrational features, CO-TPD was also performed to verify that
only monocarbonyl species form when exposed to CO and that
the prolonged presence of the 2158 cm™" band was indeed due
to a strong interaction with the framework-coordinated Cu'
ions, and not due to the presence of gaseous CO. The results are
reported in ESI, Section S7,t and show undoubtedly the Cu™~CO
band at 2158 cm !, with no presence of the symmetric or
asymmetric stretches of dicarbonyl species.®® The band
decreases in intensity with temperature but is not completely
lost until 7= 300 °C. This suggests that even without a constant
atmosphere of CO, the monocarbonyl has a strong interaction
with the Cu sites, confirming that Cu’~CO is the intermediate
species observed during CO-TPR.

To more quantitatively compare the temperature-dependent
evolution of the 2158 cm ™" band from FT-IR with the evolution
of the Cu'_c component, we calculated the CO concentration
from the integrated feature at 2158 cm ' by applying the
Lambert-Beer law given in eqn (3). Deplano et al. recently
determined the molar attenuation coefficient, ¢, for mono-
carbonyl species forming on Cu-ZSM-5 zeolites,* and as long as
the band shape of the Cu™~CO band is similar, this value should
be somewhat comparable for other zeolite systems. We

© 2023 The Author(s). Published by the Royal Society of Chemistry

therefore used this value for our calculations herein. By dividing
the calculated CO concentration by the total Cu concentration
of the system we indirectly find the fraction of Cu'-CO species
with FT-IR. The results are reported in Fig. 9b, and lead to
a strong correspondence with the Cu'_c concentration deter-
mined by XAS. Both traces give a maximum Cu'-CO formation
(~300 °C) of about 55% of the total Cu concentration in 018Cu-
MOR(7). At this temperature, almost 80% of the Cu in the
sample has become Cu' (Fig. 3), indicating that some CO
species have already desorbed, leaving bare Cu’ sites. The CO
reduction on Cu" sites is a two-electron process, and should
therefore only be possible on Cu-dimers, or possibly two iso-
lated Cu" species nearby.* Overall, these results, combined
with the WT-EXAFS results described above, suggest that a very
large fraction of the Cu-species are forming dimeric species
already after O, activation, and do not need to be made mobile
with, e.g., an NH; molecule to form the dimers, as suggested for
other zeolite systems, like CHA.***> We note that there is a small
shift in the temperature profile for the CO/Cu trace (calculated
from absorbance) compared to Cu'_c; nonetheless, we allocate
this to the different setups utilized, causing small variations in
the measured temperature. Additionally, we explain the slower
CO desorption in the FT-IR setup to the vast difference in the
sample environment. FT-IR was measured on a thin wafer,
while XAS was performed on a pelletized sample in a capillary
reactor. The different pellet morphology and sample environ-
ment likely leads to a slower diffusion through the sample in
the FT-IR cell compared to the capillary.

4 Discussion

In the previous sections we have combined advanced spec-
troscopy methods in different spectral ranges with qualitative
MS analysis to accurately determine the chemical nature, local
structure and abundance of Cu species formed in two repre-
sentative Cu-MOR samples after pretreatment in O, and
subsequent TPR using CH,4, C,Hs and CO as reducing agents/
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substrates. The two studied Cu-MOR samples were selected
based on their significantly different performance in the direct
MTM conversion,'®* and the results obtained herein unlocked
novel insights on the Cu active site for this iconic reaction.

In this section, we critically discuss the obtained results in
view of previous literature findings, to underline how the
innovative approaches implemented in this work could
contribute to deepen the atomic-scale understanding of Cu-
zeolite based materials towards selective C-H bond activation.
To this aim, Scheme 2 summarizes the main Cu-species iden-
tified throughout our experiments, illustrating their depen-
dency on temperature, gas feed and compositional
characteristics of the samples. We will examine separately the
two key steps addressed in this work, namely the Cu" speciation
after pretreatment in O, and reduction dynamics/Cu' speciation
under TPR conditions.

4.1 Cu" speciation after pre-treatment in O,

Resolving the Cu speciation in zeolites after high-temperature
thermal treatment in O, represents an essential, yet chal-
lenging, step before further analysis of Cu reactivity/reducibility is
undertaken. A number of possible species has been proposed in
literature, depending on zeolite topology, compositional charac-
teristics, and synthesis/pre-treatment conditions."?** The
experimental findings obtained here, including for the first time
MCR-ALS-based extraction of pure EXAFS spectra and their visual
interpretation by WT, points to mono--oxo dicopper(u) cores as

(a) Pretreatment in O, — Cu' speciation

Low T

®

High T

Y

Other
Cu-species

View Article Online

Edge Article

dominant configurations at 500 °C in O,. Consistently with
previous HERFD-XANES analysis of the same samples,'® two
closely related components are found at 500 ©°C, namely
Cu"_HT a and Cu™ HT b, with sample-dependent relative
abundance (see pie charts in Scheme 2a) and shorter Cu-Cu
interatomic distance in the latter component. According to recent
literature,*>*+® different Cu-O-Cu angles (and thus Cu-Cu
internuclear separation) in mono-p-oxo dicopper species can
influence the selectivity and reactivity of dicopper sites for MTM.
In particular, according to Artsiusheuski et al,** dicopper cores
featuring a smaller Cu-O-Cu angle and a shorter Cu-Cu distance
are characterized by a higher selectivity towards methanol and
promoted at low Cu loading. This is fully consistent with both the
MCR-ALS analysis and testing results reported previously for
018Cu-MOR(7) and novel structural insights obtained here, where
WT-EXAFS indicate a shorter Cu-Cu distance in Cu™ HT_b,
which is the more abundant species in 018Cu-MOR(7). In parallel,
the clear Cu-Cu scattering signal in WT-EXAFS for both HT Cu"
species, allows ruling out trans-ui-1,2-peroxo-dicopper(u) species,
which would imply an excessively long internuclear separation
(typically > 4 A (ref. 85)), not consistent with the observed signal.
In contrast, “coupled” [CuOH]" monomers remain a plausible
alternative for Cu™ _HT a. The coupled monomers, also recently
considered among the viable MTM active sites,*® would conserve
the same tridentate coordination motif as mono-p-oxo dicopper
and, assuming Cu-Cu distances up to ca. 3.3 A range, would fit
with the Cu-Cu scattering observed in WT-EXAFS.

(b) TPR - Cu' speciation

Low T High T

co C,Hs CH,
Ca.225°C Ca.250°C  Ca.275°C

Reduction Onset

018Cu-MOR(7) 036Cu-MOR(11) 018Cu-MOR(7) 036Cu-MOR(11) Lower T
Cu' HT b Reduction in CH, TS Cu' a
270 °C
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> 9 ¥ 9 °o O
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in CO in C,H,,
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Scheme 2 Summary of the identified Cu species and their evolution as a function of temperature, gas feed and Cu-MOR composition. (a) Cu"
speciation after pre-treatment in O;; pie charts illustrate the fractions of Cu-species determined by XANES MCR analysis at 500 °C in O, and at
120 °C in He just before exposing to the selected reducing agent (Fig. 2b, averaged values over all the available datasets). (b) Reduction behavior
and Cu' speciation under TPR conditions with CH,4, CoHg and CO; reduction onsets are estimated based on the temperature values corre-
sponding to the first maximum in the first derivative curve of the Cu' tot. (7) profiles (Fig. 3, bottom panel). In all cases, pictorial models of the
identified Cu species are reported; in part (a) the main assignments are displayed in the top boxes, while plausible alternatives, also consistent
with our spectroscopic findings, are shown in the bottom boxes. Atoms color code: Cu, green; H, white; O, red; C, black; Si, grey; Al, yellow.
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Importantly, we observe changes in Cu" speciation while
cooling down from 500 to 120 °C, under O,/He flow, mostly con-
nected with an increase in the concentration of Cu™_LT, prefer-
entially forming at the expense of Cu™_HT_a. A similar behavior
was already reported for both Cu-CHA and Cu-MOR zeolites,* but
was not quantitatively addressed by MCR analysis. Both the XANES
and the EXAFS features of Cu™ LT points to a four-fold coordi-
nated, multimeric Cu" species. The species increase in abundance
also when the feed is switched from O, to He in the final cooling
step before TPR. A plausible assignment starting from a mono-p-
oxo dicopper(u) core could entail bis-p-hydroxo dicopper(u) formed
upon interaction with residual H,O traces, favored as temperature
decreases. This hydroxo-bridged dicopper(u) species is specifically
discussed in enzymatic systems and complex formation,*”*® but
a similar hydration event forming trimeric Cu species in zeolites
has also been suggested.* In a recent theoretical study on Cu-
CHA,” Goltl et al. indicated such hydroxylated dicopper(u) species
as the most stable around the typical CH, exposure conditions,
and plausibly active towards MTM. Alternatively, pu-n*n>peroxo-
dicopper(n) species could be proposed as a way for the system to
prevent self-reduction by using O, molecules supplied in the first
part of the cooling step. A resonance structure between the latter
species and a bis-(u-oxo) dicopper cluster has been recently
proposed to describe MTM-active cores in Cu-FER.”

4.2 Reactivity and Cu' speciation under TPR conditions

MCR-ALS analysis of XAS data obtained under consistent TPR
conditions revealed a common linear Cu'_a species for all the
three reducing agents employed. Its spectroscopic signature is
fully consistent with bare Cu' ions coordinated to the MOR
framework.?*”® Overall, the XAS results obtained under CH,-
TPR well align with the recent report by Artsiusheuski et al.,*
confirming for Cu-MOR the absence of either metallic or oxidic
aggregates at the end of the TPR step. Nonetheless, during both
C,He- and CO-TPR, additional Cu' species were found. Cu'_b,
observed at T'> 300 °C during C,Hs-TPR is again a quasi-linear
Cu, likely with a slightly different geometry/siting with respect
to Cu'_a. Considering the recent findings about ethane-to-
ethylene conversion over Cu-MOR,* both the reactant and the
formed hydrocarbons could trigger long-range interactions
leading to certain distortion in the Cu' centers local coordina-
tion, especially in the high-temperature portion of the TPR. The
Cu'_c species found during CO-TPR was established herein as
a chemisorbed Cu'-CO intermediate by the combination of
results from XAS and FT-IR. We were also able to verify the
number of Cu'~CO species formed throughout the TPR protocol
by quantifying the absorbance observed with FT-IR. By exploit-
ing CO oxidation as a probe reaction to titrate dimeric Cu
species in zeolites,*>** CO-TPR results also showed, in agree-
ment with WT-EXAFS, that dicopper(u) species are largely
dominant in both Cu-MOR samples before reductant exposure.

By coupling the transformation of Cu™ to Cu', observed with
XAS and UV-vis spectroscopy, with the evolvement of the CO,
and CH, MS fragments, we found an unambiguous connection
between the three traces. Additionally, a small but consistent
difference was observed between the two different MOR

© 2023 The Author(s). Published by the Royal Society of Chemistry
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compositions. The 018Cu-MOR(7) sample, with the highest
methane activity in MTM*® as well as the highest abundance of
Cu"_HT b after pre-treatment, showed a faster reduction at low
temperatures compared to 036Cu-MOR(11) (see Scheme 2b).
This observation offers an additional piece of evidence in con-
necting the Cu™_HT_b, described as a mono-p-oxo dicopper(1)
core with Cu-Cu internuclear separation around 3 A, with the
MTM active site in the investigated Cu-MOR samples.

Notably, in situ UV-vis during CH,-TPR evidenced the
evolution of a complex “multiplet” band in the d-d region of
036Cu-MOR(11). This band, previously observed in Cu-CHA™"®
and reported here for the first time in Cu-MOR, was loosely
assigned to a high-temperature, three-fold coordinated Cu"
species, much more abundant in 036Cu-MOR(11) and thus
likely related to the Cu™_HT_a component.

5 Conclusions

In this work, detailed insight into the dynamic changes of the Cu-
speciation during light alkane selective oxidation has been ob-
tained. We collected in situ XAS spectra on two compositionally
different Cu-MOR zeolites during temperature programmed
reduction experiments with CH,, C,Hg, and CO. Upon coupling
the relevant MS traces with MCR-ALS analysis of the XANES data,
we reveal clear behavioral differences among the reducing agents
and trends related both to local structure and Cu reducibility. The
relevant experimental conditions allowed us to connect reduc-
ibility to the MTM activity for mordenites, which has previously
been dubious due to “self-reduction” resistant Cu species in the
highly active sample, 018Cu-MOR(7). Additional in situ UV-vis and
FT-IR spectroscopy experiments allowed for confirmative and
additional information related to the Cu-speciation. We also
applied a leading-edge method using the MCR-ALS derived
spectra to extract EXAFS signals for all pure Cu species. Wavelet
transform (WT) analysis on the pure EXAFS spectra provided
confirmative information on Cu-Cu single scattering contribu-
tions in the 3.0-3.5 A™" interatomic distance range for all three
Cu" species, which confirmed the hypothesis of these species
being related to dimeric copper species. This study has pushed
the boundaries for how MCR-ALS analysis and EXAFS-WT
mapping can be used. We anticipate that the experimental
procedure and data analysis strategy presented herein, especially
when combined with complementary techniques like UV-vis and
FT-IR spectroscopy, will have great impact on our understanding
of other systems. In particular, we anticipate that such research
will be very important in the advancing our understanding of
other transition metal loaded zeolites in selective oxidation, and
also to shed further light on the reactivity of substrates other than
methane. Finally, the approach can further be transferred to
many other reactions where the complex superimposition of
various phenomena has led to inconclusive results thus far.

Data availability

ESIt is available in the additional files and further supporting
data is available from the authors upon request.
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