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ABSTRACT: Cu-exchanged zeolites are known to be active
in the selective oxidation of methane to methanol at moderate
temperatures. Among them, Cu-exchanged mordenite (MOR)
is the system that has so far shown the highest methanol yield
per Cu atom. This high efficiency is attributed to the ability of
MOR to selectively stabilize an active tricopper cluster with a
[Cuy(u-0),]** structure when activated in the presence of O,
at high temperatures. In this study, we investigate the
elementary steps in the formation of [Cu,(-0);]** by in
situ X-ray absorption spectroscopy and ultraviolet—visible
spectroscopy. We demonstrate that the Cu cations undergo a
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series of thermally driven steps during activation that precede the formation of the active oxidizing species. We hypothesize that
the thermal formation of highly mobile Cu" species by autoreduction of Cu®" in an inert gas is essential to enable the
reorganization of Cu ions in MOR, which is necessary for the formation of a reduced precursor of [Cuy(u-O),]**. Such a
precursor can be oxidized in the presence of strong oxidants—such as O, and N,O—to form active [Cuy(u-O);]** at

temperatures as low as 50 °C.

1. INTRODUCTION

Direct conversion of methane to methanol at moderate
temperatures has been attracting enormous attention because
of the increasing availability of methane and its local dispersion
as well as the importance of methanol as a chemical feedstock
and as an energy source.” However, the high stability of CH, in
comparison to any of its partial oxidation products makes it
challenging to achieve high selectivities to methanol at
significant conversions.

In nature, methane monooxygenase enzymes in methano-
trophic bacteria are able to convert methane to methanol
under aerobic conditions at Cu- and Fe-active centers.” "
Inspired by these enzymes, Cu->~° and Fe-exchanged
zeolites” ' have been studied extensively as inorganic
biomimetic catalysts. Because of their crystallinity, framework
negativity, and microporosity, zeolites provide a highly
confined environment to host small metal and metal-oxide
clusters in an ordered and controlled way.”'*~"”

Studies on Fe-zeolites have shown that the active site
precursor in the catalyst has to be oxidized using N,O to form
Fe(IlI)—O°~ species, which are concluded to be able to
activate methane via highly active radical oxygen species.'”'"'*
However, methane oxidation with molecular O,, which is more
economical than N,O, has not been achieved on Fe-zeolites.
Conversely, Cu-exchanged zeolites have shown activity in the
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partial oxidation of methane to methanol with small
concentrations of 0,”'77% as well as with N,O***%*7 or
NO.? 1t should be noted that in all cases, methane oxidation
to methanol is carried out in three separated stages. First, the
catalyst has to be activated at high temperatures (450—600
°C) to form active Cu-oxo species. Then, at lower temper-
atures, typically 150—250 °C, CH, reacts on the activated
material via hydrogen abstraction, resulting in an intermediate
that is strongly adsorbed on the active sites.”” To desorb the
oxidized product as methanol, it is necessary to aid desorption
by adding H,O or by extraction in polar solvents. Once
methanol is extracted, the catalyst must undergo thermal
activation again at 450—600 °C to regenerate the active Cu
species and remove the polar solvent from the zeolite. Under

. o 7243031
these three-stage reaction conditions, Cu trimer
6,15,19,26,27,

and
Cu dimers #2733 have been reported as active species.
The continuous oxidation of methane to methanol on Cu-
zeolite catalysts in the presence of gas-phase H,O using O, or
N,0”" as an oxidant has been reported, although limited to

very low turnovers.
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The highest temperature of the three-stage methane
oxidation process is typically needed for the oxidative
activation of the catalysts, rather than for methane reaction
or methanol extraction steps. In general, activation temper-
atures lower than 450 °C seem to lead consistently to a
significant reduction in the activity of the cata-
lysts.O 202536738 Therefore, it seems highly important to
understand the formation and regeneration of Cu-active
species in zeolite frameworks to achieve higher methanol
yields.

The chemical processes during the synthesis of Cu-zeolite
catalysts, ranging from the Cu-ion exchange step to thermal
activation, determine the final speciation of Cu species in a
particular framework.”***>*>**=* Water ligands coordinated
to Cu®" ions—located in the zeolite cavities after the ion-
exchange step—are removed during thermal treatment. During
this process, Cu** ions move toward their final exchange
positions in the zeolite, which are closer to the negative
charges at Al-substituted T-sites.*”**"*° The generation of
monovalent [Cu—OH]* species attached to framework Al sites
has also been proposed to occur in this step.””*****” Such
species have the potential to generate multinuclear Cu-oxo
clusters via condensation with adjacent [Cu—OH]* and
formation of a y-oxo bridge between Cu** cations.”®>° The
activation of methane at low temperatures is attributed to this
p-oxo species bridging two Cu*.”?%**73%*! Therefore, the
processes of formation and decomposition of this moiety are
relevant to the synthesis of efficient Cu-zeolite catalysts.

Apart from the removal of water ligands during the thermal
treatment performed at temperatures above 350 °C in an inert
atmosphere, autoreduction of Cu®* to Cu’ has been
observed.”****°~>3 This autoreduction process is supposed
to occur via recombination and desorption of the bridging O of
p-oxo-bridged Cu species as 0, 1495455

Pappas et al. studied the dehydration and oxidation of Cu
species in the Chabazite (CHA) framework and their effect on
Cu speciation and activity in methane oxidation.”” They
attributed the lower activity of Cu-SSZ-13 oxidized at mild
temperatures to differences in the Cu—O coordination
structure formed during the activation under different
conditions. Differences in the activity of O,- and N,O-
activated Cu-mordenite (MOR) catalysts were reported by
Kim et al.”* They attributed the higher activity obtained with
N,O to the lower negative change in entropy during activation
in N,O compared to O, and, in addition, to the necessary O—
O cleavage of an intermediate species when O, is used as the
oxidant. Recent theoretical studies have also tackled both the
generation and activity of [CuOCu]*" and [Cuy(u-O);]**
species in MOR.***’

Despite all these studies, it is still unclear why is it necessary
to activate the catalyst at temperatures above 400 °C to
achieve full activity. A better understanding of the formation of
active Cu-oxo clusters and its kinetically or thermodynamically
limiting steps is required to develop more efficient methane
oxidation catalysts.

In this work, we investigate the formation of Cu-oxo species
in a highly active Cu-MOR catalyst that was developed in our
laboratories.” This material has been shown to contain only a
tricopper-oxo cluster as active species when activated in O, at
450—500 °C.” The processes of dehydration, autoreduction,
and oxidation of Cu species in MOR were monitored in detail
by in situ spectroscopies, and the activity in methane oxidation
was correspondingly tested under various conditions. The
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mobility of auto-reduced Cu" species at high temperature was
found to be a crucial factor in the formation of active Cu-oxo
clusters.

2. EXPERIMENTAL METHODS

2.1. Preparation of the Cu-MOR Catalyst. Parent H-
MOR was obtained by the calcination of a commercial NH,-
MOR (Clariant, Si/Al = 11) in synthetic air (100 mL/min) at
550 °C for 6 h. The Cu-MOR catalyst was prepared by ion-
exchange of H-MOR in an aqueous solution of Cu-
(CH;COO0), at an ambient temperature using 60 mL/g,..je
of 0.01 M precursor solution. The pH of the solution was
adjusted to 5.7 by adding HNO; prior to the addition of H-
MOR. After the exchange, the solid phase was collected by
centrifugation and rinsed by redispersion in water (50 mL/
Z,eoiite); followed by centrifugation. The rinsing step was
repeated four times, and the sample was dried at 100 °C for 24
h. These ion-exchange conditions have been previously
adjusted to avoid precipitation of Cu-oxo species,”’ and
therefore, formation of significant concentrations of CuO or
Cu(OH), is excluded (see Table S2 in the Supporting
Information).

2.2, Selective Oxidation of Methane to Methanol.
CH, oxidation activity of the Cu-MOR catalyst (50 mg) was
tested under ambient pressure in a stainless steel plug flow
reactor with 4 mm inner diameter. The catalyst was pressed
and sieved to the particle size of 250—400 pm. In the typical
reaction testing, the catalyst was first activated in pure O, (16
mL/min) at 500 °C for 1 h. After cooling down to 200 °C in
O,, the catalyst was purged in He, and CH, loading was
performed for 4 h in 90% CH, in He (16 mL/min). The
catalyst was subsequently cooled down to 135 °C in He, and
H,O steam-assisted product desorption was performed for 30
min in 50% H,O in He (20 mL/min). The reaction products
were identified and quantified by online mass spectrometry
[m/z 31, 44, and 46 for CH;0H, CO,, and (CH,),0,
respectively]. (CH,;),0 was regarded as a product that stems
from the condensation of two CH;OH molecules and
therefore considered as a CH;OH equivalent. The sum of all
detected products was defined as the total yield of methane
oxidation products.

2.3. In Situ X-ray Absorption Spectroscopy. X-ray
absorption spectra were recorded on beamline P65 at PETRA
III of DESY in Hamburg, Germany. The electron energy was 6
GeV with a beam current of 100 mA. The beam size at the
sample was 200 X 300 pm. Around 10 mg of the sample was
sandwiched between quartz wools and packed in a quartz
capillary reactor (1 mm outer diameter and 0.02 mm wall
thickness) and placed on top of a gas blower for controlled
heating. A double-crystal Si(111) monochromator was used to
control the incident photon energy, and the spectra were
recorded with jonization chamber detectors in the transmission
mode. To suppress higher harmonics in the incident beam, the
monochromator was detuned to 70% of the maximum peak
intensity. Thermal activation of the samples was performed in a
flow of 10% O, in He as well as in He at S mL/min at 450 °C
for 1 h with the 10 °C/min heating rate. After the thermal
activation of the sample in He at 450 °C, the sample was
cooled down to 200 °C in a He flow and treated in a flow of
10% O, in He for 30 min. The gas flow over the samples was
controlled by mass-flow controllers. A moisture/oxygen trap
and a moisture trap were employed on He and O, gases,
respectively, to avoid unwanted contamination of the gas
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Figure 1. Comparison of the activity and selectivity of Cu-MOR with a Cu loading of 420 umol g™" after activation in (a) pure O, and (b) N,O at
various temperatures. Methane loading was performed at 200 °C in 90% CH, for 4 h.

stream on the catalyst. X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS) data processing were performed on Athena software
from the Demeter package.”

2.4. In Situ Ultraviolet—Visible Spectroscopy. Meas-
urements of ultraviolet—visible (UV—vis) spectra of the Cu-
MOR catalyst were carried out on an Avantes AvaSpec 2048
spectrometer equipped with a high-temperature optical fiber
(Avantes FCR-7UV400-2ME-HTX). The sample (250—400
um particle size) was placed in a quartz flow reactor with
square optical-grade quartz windows. The intensity of the
diffuse reflectance UV—vis is shown as the Kubelka—Munk
function, defined as F(R) = (1 — R)?/2R, where R = R/R.. R,
and R, refer to the signal intensity of the sample and reference,
respectively. Parent H-MOR was used as the reference. The
catalyst was first treated in a N, flow (16 mL/min) at 450 °C
for 1 h and then cooled down to 200 °C. Then, the catalyst
was contacted with the O, flow (16 mL/min) for 30 min at
200 °C, followed by flushing in N, and subsequent contact
with the CH, flow (16 mL/min) for 1 h.

2.5. Density Functional Theory Calculation. Spin-
polarized density functional theory (DFT) calculations were
performed using VASP 5.3.5.°7°° The Perdew—Burke—
Ernzerhof functional based on the generalized gradient
approximation was chosen to account for the exchange—
correlation energy.”’ A plane-wave basis set in combination
with the projected augmented wave method was used to
describe the valence electrons and the valence—core
interactions, respectively.”’ The kinetic energy cutoff of the
plane-wave basis set was 400 eV. Gaussian smearing of the
population of partial occupancies with a width of 0.05 eV was
used. The threshold for energy convergence for each iteration
was set to 107> eV. Geometries were assumed to be converged
when forces on each atom were less than 0.05 eV/A.
Considering the large unit cell, Brillouin zone-sampling was
restricted to the gamma point. The supercell of the all-silica
MOR framework was constructed by doubling the monoclinic
primary unit cell along the c-axis.”” The positive charge of the
extra framework Cu-containing clusters is compensated by the
Al pair located in the 12-membered ring at the mouth of the
side pocket.”

3. RESULTS AND DISCUSSION

3.1. Impact of Activation Temperature and Oxidant
on the Activity of Cu-MOR. Activity tests of Cu-MOR in
methane oxidation after activation under different conditions
were performed in a typical three-stage reaction, as described
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elsewhere” and in the Experimental Methods section. Briefly,
unless stated, methane is allowed to react for 4 h in all
experiments performed in this work. The long reaction time
allows for a complete titration of all sites active for methane
activation. In this way, quantification of the methane oxidation
products yields quantitative information of the active site
concentration in Cu-MOR.”

To study the impact of activation temperature on the
methane oxidation activity, the freshly prepared sample was
activated in pure O, for 1 h at different temperatures,
subsequently cooled to 200 °C in O,, and then flushed with
He at the reaction temperature, before it was contacted with
methane. A significant increase in activity with increasing
temperature of activation was observed from 200 to 450 °C
before it leveled off at 450—500 °C (Figure 1a). The structure
of Cu-active sites for the sample treated at 450—500 °C is a
tricopper-oxo cluster (Cu;0;).” We would like to mention that
only a minimal concentration of Cu spectators was formed
when activation was performed at 450—500 °C.” Thus, the
high activity of Cu-MOR activated at 450—500 °C is attributed
to the high concentration of Cu species forming active sites. It
should be noted, however, that for activation temperatures as
low as 200 °C, about 30% of the maximum methane
oxidation yield is reached. This lower activity is hypothesized
to result from an incomplete formation of (Cu;0;)* -active
sites or from the formation of different active species such as
water-stable Cu'-oxide species."’ However, the constant
selectivity over the whole temperature range strongly points
to a gradual increase in the concentration of one structurally
well-defined type of active Cu species with activation
temperature. Ab initio calculations have shown that [Cu,(u-
0),]** is thermodynamically the most stable species at low
H,O partial pressures.” Infrared (IR) spectra of the Cu-MOR
sample were recorded at different temperatures in the O, flow
(Figure S1 in the Supporting Information). The spectra show a
band at 3610 cm™, attributed to Brensted acid sites of the
zeolite, already at 200 °C. This indicates that, although
dehydration of zeolite is not complete, local H,O concen-
tration in at least some regions is low enough to allow the
formation of [Cuy(u-O);]*" species. Hence, it is hypothesized
that the formation of active sites is either kinetically or
thermodynamically limited at temperatures below 450 °C, and
only a fraction of Cu reaches the configuration that is able to
activate methane.

Prolonging the duration of the activation step in pure O,
from 1 to 3 h at 350 and 500 °C resulted in the increment of
activity of only 6.5 and 3.3%, respectively, whereas the
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selectivity to methanol was maintained in the range of 70—77%
(Figure S2). Thus, we conclude that the formation of active Cu
species is mostly thermodynamically controlled in the
temperature range of 350—500 °C, and the increase in the
activity observed in Figure la is mainly due to increasing
concentrations of the active sites, with the maximum
concentration achieved at 450 °C. It should be noted that in
the case of the Cu-CHA catalyst, it has been reported that
prolonging the activation time from 1 to 2 and 8 h at 450 °C
increased the activity of the catalyst by ca. 25% and ca. 100%,
respectively.”” This different behavior is a first indication of the
strong impact of the zeolite framework structure on the
processes leading to Cu speciation in the micropores.

In the next step, oxidative activation of Cu-MOR was
studied using two different types of oxidants: O, and N,O. It is
widely accepted that y-oxo bridges connecting Cu ions activate
methane.”**%* In O,, the formation of y-oxo bridges (as well
as the subsequent insertion of an O atom in methane to
produce methanol) requires O—O bond cleavage. This implies
the migration of the second O atom in the zeolite pores and its
subsequent recombination to O, or, alternatively, the
formation of another u-oxo bridge between available Cu
ions. Conversely, N,O can readily provide one oxygen atom to
a Cu site, releasing N,. Thus, differences between the activity
after O, and N,O activations would allow to detect if the
oxidative activation is a limiting process for Cu-MOR.

Methane activation was performed on the same Cu-MOR
catalyst activated at different temperatures in O, and N,O
(Figure 1a,b). Both activity and selectivity of Cu-MOR after
activation at 200—500 °C in O, and N,O were similar, even
though small differences can be noticed in the activation
temperature range of 300—400 °C. The identical maximum
yield of ca. 140 pmol/g of converted methane was achieved
with both oxidants at temperatures of activation of 450—500
°C. This maximum yield corresponds to a stoichiometry of
approximately one CH, molecule activated per three Cu
atoms. Thus, we conclude that the formation of active Cu-oxo
species—in particular tricopper oxo clusters—is complete after
activation at 450—500 °C both in O, and in N,O. The nearly
identical activity and selectivity when activated either in O, or
N,O (Figure 1) shows also that the O—O bond cleavage in the
oxidation by O, does not limit the formation of active Cu
species in the zeolite under the conditions studied here.

It should be noted that a similar study by Kim et al. reported
significantly higher activities (2—3 times higher) for Cu-MOR
activated at 300—350 °C in N,O in comparison to activation in
O,. They attributed this behavior to the higher enthalpy release
of the formation of Cu(Il) oxide with N,O (82 kJ/mol more
exothermic than with O, under standard conditions).”*
However, the oxidations of Cu* to Cu®** in N,O and O, are
both thermodynamically favored under the conditions studied
here; therefore, we do not expect that this enthalpy difference
would have a remarkable impact on the formation of active Cu-
oxo species. Kim et al.** also suggested that the lower activity
of the O,-activated catalyst when treated at 500—600 °C is
because the formation of an intermediate species is hampered
at high temperatures.é4 On the contrary, we did not observe a
difference in the CH, oxidation activity between N,O- and O,-
activated catalysts.

3.2. Elementary Steps in the Activation of Cu-MOR
Catalysts. To obtain deeper insight into the elementary steps
involved in the oxidative activation of Cu species in MOR, it is
necessary to decouple the (re)oxidation of Cu from other
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thermally driven processes taking place during the high-
temperature activation, such as dehydration of the zeolite.
Thus, we activated Cu-MOR, first in a He flow at 500 °C for 1
h and then in 5% O,/He for 10 min at temperatures ranging
from 50 to 200 °C. Even though oxidation conditions in terms
of oxidant concentration and temperature were much milder
than in the standard procedure, Cu-MOR converted a similar
amount of CH, (Figure 2). Thermal activation of Cu-MOR in

160 co,
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Activation conditions

Figure 2. Activity and selectivity of Cu-MOR (Cu loading of 420
umol g™') after activation in O, at 500 °C and after activation in He
for 1 h and subsequent oxidation in 5% O, at various temperatures for
10 min. Methane loading was performed at 200 °C in 90% CH, for 4
h.

He and the subsequent low-temperature oxidation in N,O also
led to a similar conversion and selectivity (Figure S3). As a
reference, Cu-MOR was activated in He at 500 °C without the
subsequent O,/N,0 step, and this catalyst showed only 10% of
the full activity. This indicates that (re)oxidation of the Cu
species is required for developing activity in methane
conversion to methanol. On the other hand, when the Cu-
MOR catalyst was activated in He at moderate temperatures
(350 °C) and subsequently oxidized in O, at 200 °C, it
showed only 23% of the full activity obtained by thermal
activation in O, at 500 °C (Figure 2). Therefore, we conclude
that the maximum concentration of active sites in Cu-MOR is
produced upon contact with O, (or N,O) as long as the
material has been previously thermally treated at 450—500 °C.

It should be noted that similar experiments performed on
Cu-SSZ-13 catalysts (i.e, oxidation in O, at 200 °C after
thermal activation in He at 500 °C) resulted in 45% lower
activity compared to thermal activation in O, at 500 °C.>* This
was attributed to a different speciation of Cu. The difference
between zeolites convincingly shows that the nature of the
framework plays an important role in the type of active Cu
species stabilized under different conditions.

Our activity results shown in Figures 1 and 2 and Figure S2
in the Supporting Information suggest that the temperature
dependence of the activation step is related to the formation of
a Cu cluster precursor, which requires high temperatures. Such
a precursor can be easily oxidized (even at low temperatures)
by both N,O and O,, and it rapidly forms the active species
responsible for methane activation.

3.3. In Situ Spectroscopy of Cu-MOR Activation. The
redox chemistry of Cu embedded in zeolites during activation
was monitored by in situ X-ray absorption spectroscopy (XAS)
and UV—vis spectroscopy.

First, oxidative activation under standard conditions (pure
O, atmosphere, 450 °C, 1 h) was studied by in situ XAS.
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Figure 3 shows the Cu K-edge XANES of Cu-MOR during the
heating stage and after the activation treatment. The presence
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Figure 3. (a) Cu K-edge XANES of Cu-MOR during thermal
activation in O, and (b) comparison of the Cu(I) feature at 8983—
8984 eV after activation at 350 and 450 °C.

of a weak pre-edge feature at 8978 eV, because of the 1s — 3d
transition of Cu**, indicates the dominant Cu®* character of all
spectra taken along the activation process. The rising edge
feature at 8987 eV, assigned to the 1s — 4p transition of Cu*”,
is attributed to a change in the coordination geometry of Cu*
because of the loss of ligated water and an increasing
interaction with the zeolite framework during thermal
treatment.”” The loss in intensity of the maximum absorption
feature at 8997 eV with increasin§ temperature is indicative of
the removal of water ligands"' and indicates that the
dehydration of the octahedral Cu®* complexes in the pores
leads to framework-coordinated Cu®* species. The white line
intensity at 8997 eV did not change at temperatures above 350
°C, revealing that dehydration of the Cu®* centers is already
complete at this temperature.

Comparison of the XANES recorded during activation at
350 °C with the spectra after activation at 450 °C for 1 h
(Figure 3b) showed a feature at 8983 eV attributed to the 1s
— 4p transition of Cu" at 350 °C, which disappears on
increasing the temperature to 450 °C. Hence, we hypothesize
that a small fraction of Cu (ca. 5%) is reduced to Cu" during
the heating ramp even in the presence of O,.

The state of Cu during thermal activation of Cu-MOR in an
inert atmosphere was followed by XANES. Figure 4 shows the
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Figure 4. Cu K-edge XANES of Cu-MOR during thermal activation
in He.
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XANES recorded while heating the fresh sample in He to 450
°C. Similar to activation in O,, the intensity of the peak at
8997 eV decreased with increasing temperature and reached an
almost constant intensity at 350 °C, indicating that
dehydration of Cu®" species is largely complete at 350 °C.
The most characteristic change during activation in He was the
emergence of a pronounced absorption at 8984 eV, which is
attributed to the 1s — 4p transition of Cu®. At 350 °C, this
feature corresponded to approximately 60% of the total
reducible Cu, that is, the Cu population that underwent
autoreduction in He at 450 °C. Because dehydration was
completed at 350 °C, the Cu®* — Cu’ reduction was the
dominant reaction in the range of 350—450 °C.

The autoreduction of Cu** to Cu* during thermal treatment
in an inert atmosphere has been widely re-
ported.*¥*>#35055,6576% The most widely proposed mechanism
is the desorption of an O radical from y-oxo-bridged Cu**
followed by the subsequent recombination to O,.>*’~*" It has
also been suggested that Cu” is formed via the loss of a —OH
ligand from [CuOH]*-exchanged species, resulting in a Cu*
species coordinated to an Al-site.”””° The different pathways
are hypothesized to be caused by different Cu species, that is, a
single Cu** coordinated to two Al tetrahedra cannot be auto-
reduced by oxygen desorption under the described con-
ditions.”

The autoreduction of exchanged Cu®* appears to be
favored’® because even in the presence of O,, reduction of a
fraction of Cu** to Cu" was detected by XANES (Figure 3),
which is in good agreement with the literature.”*”"

The radial distribution function (rdf) of the coordination
structure around Cu during activation probed by EXAFS is
compiled in Figure S. The most prominent peak was observed

1.5

—50°C
— 100

333360

FT(K2(k)) (A®)

Figure 5. k*-weighted Fourier-transformed (FT)-EXAFS of the Cu-
MOR sample during thermal activation in the O, flow with a heating
rate of 10 °C/min.

below 2 A in the R-space and is associated with backscattering
from oxygen directly linked to Cu. The features above 2.0 A
are assigned to Cu—Cu and second shell Cu—O single-
scattering paths.”” The appearance of these features is
attributed to the formation of the active tricopper-oxo cluster.”
EXAFS fitting analysis of the Cu-MOR sample after activation
in O, at 450 °C, including Cu—Al scattering, showed that the
intensity of the Cu—Al path is lower compared to that of Cu—
Cu (see details in the Supporting Information). Therefore,
although we cannot rule out a small contribution of Cu—Al
scattering to the feature at ca. 2.3 A, we attribute the observed
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intensity to Cu—Cu single scattering. The decrease of the first
shell intensity with increasing temperature is attributed to a
decrement of the number of O atoms coordinated to Cu®".
These results indicate a change in the coordination structure of
Cu with increasing temperature, in good agreement with
XANES (Figure 3) that is attributed to the dehydration of the
Cu’*-aquo complex and the formation of tricopper-oxo
clusters.

The rdfs of Cu-MOR (Figure 6) measured in situ during
thermal activation in He shows the most prominent peak to be

1.5
—50°C

Cu-O —100°C

——200 °C

°C

°C

& °C

< 1.0 .
=
<
<
3
'_
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Figure 6. k*-weighted FT-EXAFS of the Cu-MOR catalyst during
thermal activation in He flow with a heating rate of 10 °C/min.

caused by Cu—O back scattering, observed below 2 A in the R-
space. With increasing temperature, a distinct peak appears at
large interatomic distances (R & 2.3 A—not phase corrected)
corresponding to the second coordination shell of Cu, which is
assigned to a Cu—Cu path.>” This feature can be observed at
100 °C and is attributed to the formation of y-oxo bridges
between Cu®* species. We conclude that it is the result of
condensation of two adjacent [CuOH]" species. This feature
remains largely unchanged in intensity up to 300 °C. The
intensity of the first shell feature decreased with increasing
temperature, indicating a decrease in the number of O atoms
coordinated to Cu®'. Both observations are attributed to the
dehydration of Cu*'-exchanged species. However, above 300
°C, the intensity of the Cu—Cu path decreased, and it
disappeared completely at 400 °C. In the temperature range of

300—450 °C, further decrease of the Cu—O first shell intensity
is observed, leading to a final Cu—O coordination number of
approximately 2.

In situ XANES showed that dehydration of Cu-MOR is
largely complete at 350 °C (Figure 3). Taking into account
that a significant fraction of Cu®*" is still present at this
temperature, it is reasonable to assume the presence of [Cu—
O—Cu]*" species formed via condensation of two [CuOH]*
species. It is reported that the autoreduction of such O-bridged
Cu species proceeds by desorption and recombination of the
bridging oxygen atoms.’>*’~*’ Therefore, the further decrease
in O coordination in the range of 300—450 °C together with
complete reduction of Cu®* to Cu”, as observed in XANES, is
attributed to autoreduction via elimination of O, from p-oxo
bridges. Thus, the lower intensity of the Cu—Cu path at
temperatures above 300 °C (Figure S) is likely due to the
formation of Cu*—Cu" species that is either stabilized by an Al
pair or redispersed across the framework.*

Finally, the XANES and EXAFS of Cu-MOR activated in O,
(1 h) are compared with Cu-MOR activated in He at 450 °C
(1 h) followed by oxidation at 200 °C for 15 min (Figures 7
and $9). Both activation treatments have yielded equally active
catalysts, as seen in Figure 2. The Cu" feature at 8984 eV
emerged after activation in He and disappeared completely
after exposure to O, at 200 °C as well as 450 °C. The XANES
obtained after treatment of Cu-MOR at 200 °C for 15 min in
O, was identical to the one obtained for a sample activated in
O, at 450 °C for 1 h. Overlapping EXAFS of the Cu-MOR also
indicates that the structure of Cu species obtained by both
activation treatments can be regarded as identical. Thus, we
conclude that a precursor of the trinuclear copper-oxo cluster
is formed during treatment at high temperatures (450—500
°C). Given the autoreduction process observed in thermal
treatment under an inert atmosphere, such a precursor seems
to consist of Cu’ or a mixture of Cu*/Cu*" species. The
identical structure (Figure 6) and activity in methane oxidation
(Figure 2) of Cu species in Cu-MOR samples oxidized at 200
and 450 °C indicate that the trimer precursor is fully
reoxidized when contacted with O,, regardless of the oxidation
temperature applied.

The formation of active trinuclear copper-oxo clusters upon
contacting the cluster precursor with O, has been associated
with specific bands in the UV—vis spectra.” The in situ UV—vis
spectra of Cu-MOR during oxidation of the cluster precursor
at 200 °C after activation at 450 °C in the N, atmosphere are
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Figure 7. Comparison of (a) Cu K-edge XANES and (b) k*-weighted FT-EXAFS of Cu-MOR treated at 450 °C in O, and Cu-MOR oxidized at

200 °C in O, after treatment in He at 450 °C.
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Figure 8. In situ UV—vis spectra of Cu-MOR during activation in O, at 200 °C after having been thermally treated in N, at 450 °C (a) and the
corresponding difference spectra obtained by subtracting the spectrum taken at 0 min (b).

shown in Figure 8. The band observed at ca. 13 000 cm™" and
the weak shoulder at ca. 16 500 cm™ are attributed to the d—d
transition of Cu?" in square-pyramidal or pyramidal and
square-planar coordination structures.””’* Previously, we
tentatively associated the trinuclear copper-oxo cluster in
activated Cu-MOR with a contribution to a broad band at ca.
31000 cm™" in the UV—vis spectrum because this band was
the only one that decreased upon reaction with methane.” We
have observed that this characteristic band at ca. 30 000 cm™
is weakly present in a N,-activated Cu-MOR sample, and its
intensity increased after contact with O, at 200 °C. Inspection
of the difference spectra showed a shoulder at 24 000 cm™,
which also increases upon contact with O,. The low resolution
of the spectra, however, does not allow for an assignment of
this shoulder to a particular electronic transition. Upon
reaction of CH, on the oxidized catalyst, a decrease in the
intensity of the UV—vis absorption at ca. 30 000 and 38 000
cm™! was observed (Figure S10). These bands are assigned to
the Cu®" « O charge transfer. The band at 30 000 cm™" is
associated with [Cu,(u-0);]**.” We hypothesize that the band
at 38000 cm™' is also due to this Cu species because the
tricopper-oxo cluster contains Cu and O atoms with different
electron spin densities.””” This indicates that an active species
consistent with a Cu-oxo trimer’ is formed under oxidative
activation of Cu-MOR at low temperatures (200 °C), as long
as the material is subjected to a thermal pretreatment in an
inert atmosphere at 500 °C.

These results, together with the lack of dependence of the
methanol selectivity with temperature or nature of the oxidant
(Figures 2 and S3), support the conclusion that the cluster
precursor formed at high temperatures can be oxidized in the
presence of O, or N,O at lower temperatures (at least 200 °C)
to form the active tricopper-oxo cluster.

3.4. Formation of Active [Cus(u-0);]** in MOR. Having
established that thermal activation of Cu-MOR is essential for
the generation of copper-y-oxo species active in methane
oxidation to methanol, we address the pathway for this
chemistry. Several mechanisms for the formation of active Cu
species during the activation of Cu zeolites have been
previously proposed for Cu-ZSM-5,>> Cu-$§Z-13,>° and Cu-
MOR.** Smeets et al.>> proposed that the active sites in Cu-
ZSM-S are [Cu(u-O)Cu]* species, with the fingerprint UV—
vis band at 22 700 cm™". According to these authors, a different
formation mechanism of active [Cu(u-O)Cu]** species is
verified depending on the nature of the oxidant.

In the present work, differences between oxidation in O, and
N,O were not observed either in the yield of CH, oxidation or
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in the selectivity to methanol, as long as the oxidation is
preceded by high-temperature pretreatment (Figures 2 and
S3). Thus, we conclude that the cleavage of the O—O bond in
molecular O, is not kinetically or thermodynamically limiting
and occurs close to ambient temperature to form active
[Cuy(u-0)5]** clusters in MOR. This conclusion, however,
may not necessarily be transferable to other zeolite frameworks
in view of the different behavior reported for Cu-ZSM-5 and
Cu-SSZ-13 by other authors.””* Differences in Cu speciation
with the zeolite framework have been widely reported
before,”*>** and it is therefore not surprising that the
processes involved here in the formation of Cu-oxo species
active in methane oxidation also follow different mechanisms.

Our results indicate that the necessity of high-temperature
treatment (in either inert or oxidant atmosphere) to achieve a
high catalytic activity in Cu-MOR must be related to steps
preceding the (re)oxidation of the precursor of the Cu active
species. In situ XAS (Figure 3) showed that the transformation
of the octahedral Cu** complexes in the zeolite pores into
dehydrated and framework-coordinated Cu®" was largely
complete at 350 °C. However, when Cu-MOR was activated
at 350 °C in O,, it only reached 54% of the full activity
(achieved at 500 °C in O,). Hence, we hypothesize that
dehydration is not the sole reason for high-temperature
activation. Above 350 °C in an inert atmosphere, the majority
of Cu** was concluded to be reduced to Cu* (Figure 4), partly
even during activation in O, (Figure 3). We hypothesize that
the appearance of Cu” in samples treated at high temperatures
is due to the reversible emission of O from pu-oxo bridges
between Cu* species. Such a reaction equilibrium would be
shifted toward the desorption of O as O, at increasing
temperatures. Small concentrations of Cu® were observed
during activation in O,, which indicate that the autoreduction
reaction is feasible in the presence of oxygen, even though the
equilibrium is shifted toward higher concentrations of Cu®*
species. The stabilization of Cu® species provided by the
localized negative charges of the zeolite””® could explain the
presence of Cu’ in spite of being thermodynamically not
favored.

Studies on Cu speciation in Cu-SSZ-13 have shown a higher
mobility of Cu* compared to Cu** because of the weaker ionic
interactions of monovalent Cu® with the negatively charged
zeolite framework.” In line with this conclusion, Hall and Li
speculated that the reduction of Cu®** to Cu' facilitated
redistribution of Cu and therefore enhanced the formation of
active sites in Cu-ZSM-5.>> Recently, both reduction of Cu**
to Cu’ and migration of Cu cations to 6R of the CHA
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structure at temperatures above 375 °C were observed for Cu-
$SZ-13.** Thus, the formation of a mobile Cu* species is
hypothesized to facilitate the redistribution and migration of
Cu in MOR. The lower concentration of active sites in Cu-
MOR, activated in He at 350 °C and subsequently oxidized at
200 °C in O, (Figure 2), is attributed to limited mobility or a
limited concentration of Cu®. Conversely, activation at 450—
500 °C provides the conditions for a larger concentration of
Cu’ to form the precursor of active Cu-oxo clusters.

On the basis of the results obtained here, we propose that
formation of the active Cu-y-oxo cluster occurs via the series of
elementary steps shown in Scheme 1. The scheme is valid for

Scheme 1. Reaction Steps Proposed for the Formation of
Tricopper-oxo Clusters in Cu-MOR”

@)lCu"H0)* == Z[Cu'(H,0),(OH]" + ZH* @.1)
Z[Cu(H,0)p.OH ~ — Z{CU"OH]*af + (n-1) H,0 (4.2)
2ZCu-OH]"ar — (@)lCu"-O-Cu'"* 0 + H,0 43)
@) lCu"-O-Cu'Ptype — 2(Z'Cu*pp) + 1120, (4.4a)
Z[Cu"OH]afr — Z'Cu*pg + *OH (4.4b)
2(Z'Cu*pf) + Z'CU* g + Oz + *OH — (@)lCu"3(w-0))*"2ar + ZH"  (4.50)
(Z ICU"-O-CuU"* 0 + Z'CU* ig + 1/2 0 + *OH ——= (Z)[Cu"3(u-O)3l?* o + ZH'  (4.5b)

“Z~ stands for a negatively charged AlI-O™—Si site of the zeolite
framework. “AlF” indicates the cationic species coordinated to the
negatively charged framework Al sites of MOR, and “mig” indicates
migrated cationic species.

the formation of the active cluster from fresh and spent Cu-
MOR samples in a hydrated form. First, the exchange of Cu**
species in aqueous solution can take place either in Al pairs or
in one isolated Al T-site of the zeolite. At the moderate pH
used in this study, partial dissociation of water ligands takes
place, and ion exchange occurs also via the Hirschler—Plank-
mechanism in the zeolite pores leading to (Cu—OH)*
(reaction 4.1).°"”” Then, as seen by XAS (Figures 4 and 6),
Cu?* species is dehydrated when the temperature is increased,
resulting in a change of coordination from the octahedral to
framework-coordinated [Cu"OH]" species (reaction 4.2). The
formation of p-oxo bridges occurs via condensation of two
adjacent [Cu"OH]* species (reaction 4.3)* in the temper-
ature range of 50—300 °C (Figure 6). At 450 °C, significant
concentrations of Cu?* have been auto-reduced to Cu®
(although formation of first Cu* species can be detected
already at 200 °C). This autoreduction is hypothesized to
involve the emission of O, from the Cu—O—Cu p-oxo bridges
(reaction 4.4a)." The autoreduction of [CuOH]* has been
also proposed to take place by the formation of a OH radical
from the OH ligand,"**° leading to Cu* species coordinated to
isolated Al-sites (reaction 4.4b).

Larsen et al. proposed that the OH radical species generated
in reaction 4.4b decompose by reaction with a second
[CuOH]*, releasing H,0 and forming a Cu®**O~ species.”’
Such a scheme implies the mobilization of OH radicals to a
second Cu ion in the framework. However, if Cu* formed in
reaction 4.4b is mobilized above 400 °C, the local negative
charge of the zeolite framework left behind needs to be
compensated. We speculate that the OH radical species may
decompose into a H'—compensating a negative charge at the
Al T-site—and an O~ species. In the next step, the Cu* mobile
species reacts with Cu pairs located at Al pairs and are
reoxidized to Cu®** by a combination of O, (or N,O) and the
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generated O~ species, leading to the active [Cuj(u-O);]*"
cluster. Taking into account the Al distribution for the present
MOR under study, with a high concentration of Al sites in 8-
MR positions, it is to be expected that Cu pairs are located in
8-MR, whereas the Cu® mobile species originates in isolated
exchanged sites in the 12-MR channels.

Two possible pathways for the overall reaction of formation
of the oxidized cluster are shown in reactions 4.5a and b. As
mentioned above, previous characterization of Cu-MOR has
shown that Cu-oxo species are preferentially located at the
pore mouth of 8 MR side pockets of MOR because such
framework positions are often multiple Al-substituted.” There-
fore, it is reasonable to expect the presence of species such as
those proposed in reaction 4.5a, [Cu'—O-Cu"]**—2Al;
species, or in reaction 4.5b, Cu*—Cu" (which is the reduced
analog of [Cu"—0O—Cu"]**) at the 8 MR side pocket of MOR.

The experiments emphasize the necessity of a thermal
treatment inducing the formation of the mobile species via
reaction 4.4. Nearly full activity of Cu-MOR was reached after
oxidation at low temperatures of a He-activated sample (Figure
2). Thus, the last step in the mechanism of formation of the
active Cu-oxo cluster (any of the alternative reactions 4.5) has
a high driving force in the presence of O, or N,O and occurs
to near completion already at S0 °C. This is confirmed by the
observation that the rdf and XANES (Figure 7) of Cu species
after high-temperature and low-temperature oxidations were
identical.

4. CONCLUSIONS

The formation of Cu-p-oxo species in Cu**-exchanged MOR
was shown to occur through a combination of thermal
activation of the cationic species followed by an oxidation step.
XAS demonstrated that dehydration of the octahedral Cu**
complexes leads to y-oxo bridged Cu** species coordinated to
framework Al sites in the temperature range of 50—300 °C.
Formation of Cu* occurs by autoreduction via thermally driven
emission of the Cu—O—Cu bridging oxygen and/or by the
generation of OH radicals from [CuOH]". The autoreduction
starts at 200 °C in an inert atmosphere but reaches its
maximum only at 450—500 °C. It is unclear at present to what
extent this reduction is required to induce cation mobility. We
hypothesize that the high mobility of Cu” is essential to enable
the reorganization of Cu ions to form a precursor of the active
multicopper cluster. The last step is the oxidation of this
precursor to form the active (tri)nuclear copper-oxo cluster,
which takes place under mild conditions (50—200 °C) in the
presence of strong oxidants such as O, or N,O. The fact that
Cu speciation in MOR micropores seems to be significantly
different from Cu in ZSM-5 or SSZ-13 highlights the critical
role of a specific zeolite lattice. The high efliciency of MOR in
forming active Cu-oxo clusters even at low oxidation
temperatures is attributed to a high concentration of Al pairs
at the pore mouth of the 8 MR side pocket of MOR, which is a
position structurally accessible for the formation of Cu-oxo
clusters. Although the present study highlights the importance
of individual steps in the formation of the active species, more
work is needed to understand how aluminum siting and
structural aspects of zeolite lattice can be used to direct and
maximize the concentration of the active sites.
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