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ABSTRACT: Cu-zeolites are able to directly convert methane to
methanol via a three-step process using O2 as oxidant. Among the
different zeolite topologies, Cu-exchanged mordenite (MOR) shows
the highest methanol yields, attributed to a preferential formation of
active Cu−oxo species in its 8-MR pores. The presence of extra-
framework or partially detached Al species entrained in the
micropores of MOR leads to the formation of nearly homotopic
redox active Cu−Al−oxo nanoclusters with the ability to activate
CH4. Studies of the activity of these sites together with
characterization by 27Al NMR and IR spectroscopy leads to the
conclusion that the active species are located in the 8-MR side
pockets of MOR, and it consists of two Cu ions and one Al linked by
O. This Cu−Al−oxo cluster shows an activity per Cu in methane oxidation significantly higher than of any previously reported active
Cu−oxo species. In order to determine unambiguously the structure of the active Cu−Al−oxo cluster, we combine experimental
XANES of Cu K- and L-edges, Cu K-edge HERFD-XANES, and Cu K-edge EXAFS with TDDFT and AIMD-assisted simulations.
Our results provide evidence of a [Cu2AlO3]

2+ cluster exchanged on MOR Al pairs that is able to oxidize up to two methane
molecules per cluster at ambient pressure.

KEYWORDS: Methane oxidation, Cu L3-edge XANES, HERFD, TDDFT, zeolite, AIMD

■ INTRODUCTION

Increased availability of light hydrocarbons from shale gas
raised the interest in methane as feedstock for the
petrochemical industry.1 Currently, methane is mainly
converted via synthesis gas to methanol, higher alcohols, and
a range of hydrocarbons.1,2 Despite the high maturity of these
routes, a single-step transformation would have significant
advantages, triggering substantial interest in the direct
conversion of methane to methanol.2−5

Copper-exchanged zeolites have shown activity in the
selective oxidation in repeatable single turnovers using O2 as
oxidant.3,6,7 Grootheart et al. were the first to demonstrate this
via a cyclic three-stage process, which is depicted schematically
in Figure 1.8 Among the variety of zeolite topologies, zeolite
MOR, having straight 12-membered-ring (MR) channels and
intersecting 8-MR side pockets, had the best utilization of
copper.3,6,9 Dimeric10−15 and trimeric16−19 Cu−oxo clusters
have been proposed to be the main active sites. Al pairs in the
8-MR side pockets of MOR favor the formation and
stabilization of such active Cu−oxo sites.17,18,20,21 It has been
established that each Cu−oxo cluster is able to oxidize one
CH4 at ambient pressure and up to two CH4 at higher CH4
chemical potentials.22
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Figure 1. Scheme of the three stage reaction cycle for the conversion
of methane to methanol over Cu-exchanged zeolites.
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The fraction of Cu that can be stabilized as active Cu−oxo
clusters in a zeolite depends on the concentration of Al in the
zeolite lattice, its crystallographic position, the fraction of Al T
sites among its next nearest neighbors, and the presence of
other cations in the zeolite. Optimized ion-exchange protocols
and the absence of cocations leads to high concentrations of
active Cu−oxo sites.17,18

In the absence of other metal cations, Brønsted acidic
zeolites undergo some dealumination, resulting in the
formation of (partially detached) extra-framework Al (EFAl)
species such as Al(OH)x (AlxOy).

23−27 These EFAl species
influence Brønsted acid site (BAS)-catalyzed reactions.28−32 A
recent study by Dyballa et al. reported Cu-MOR materials with
an increased activity in methane oxidation and associated it to
the presence of higher concentrations of extra-framework
aluminum.33 However, it is unknown how the EFAl influence
active Cu−oxo species.
In this work, we investigate the activity of methane oxidation

to methanol by Cu−oxo species in MOR in the presence of
EFAl. We report on a series of Cu-MOR with nearly 2× higher
productivity per Cu atom than so far established for the best
Cu-MOR materials (under 1 bar and stepwise mode).14,16,17

This drastic increase in activity points to an intrinsically
different Cu−oxo species.
Using NMR and IR spectroscopy, we report evidence of the

interaction of Cu with extra-framework Al species in these
highly active Cu-exchanged zeolites. To better understand the
sites, the Cu-MOR samples were studied by a combination of
X-ray absorption spectroscopies (XAS) and theory. High-
energy-resolution-fluorescence-detected (HERFD) and X-ray
absorption near-edge structure (XANES) of the Cu K-edge
were used to define the nature and local geometry of Cu.34

The combination of structural and chemical information
derived from these measurements together with EXAFS of
the Cu K- and Al K-edges of the Cu-MOR materials and Cu L-
edge XANES is used to characterize the oxidation state of Cu
together with highly specific information about bonding of the
oxo ligands.35 To complement and augment our experimental
measurements, we have performed ground state spin-polarized
density functional theory (DFT)-based ab initio molecular
dynamics (AIMD) simulations and EXAFS and TDDFT-based
XANES calculations.36

■ RESULTS AND DISCUSSION

Activity of Cu-MOR Catalysts Prepared under Controlled
Conditions

We have measured the reactivity of two Cu-MOR series,
denoted as Cu-MOR-A and Cu-MOR-B, in a typical three-
stage reaction comprising of (1) high temperature activation of
500 °C in O2, (2) exposure to methane at 200 °C and 1 bar,
and (3) product desorption by steam treatment. In order to
compare the relative reactivity of Cu-MOR samples, we define
the Cu efficiency (Cueff) as the molar ratio of all converted
CH4 to the total amount of Cu present. Our previous reports
agree well with those of other authors in reporting an upper
limit of Cueff = 0.35 for Cu-MOR materials at 1 bar.14,16,17,22,37

Only when the CH4 chemical potential was significantly
increased (by increasing PCH4 to 40 bar, for instance) it was
possible to achieve higher Cueff values, in the range of 0.45−
0.6.14,22

Here, we report an unusually high Cueff for Cu exchanged on
a zeolite (H-MOR-B) that contains extra-framework aluminum

(EFAl) at a different T-site position. For this highly active Cu-
MOR zeolite series, an average Cueff of 0.58 was obtained at 1
bar for Cu loadings up to 300 μmol/g (Figure 2).14,15,33

Selectivities to MeOH and its dehydration product dimethyl
ether/DME) were in the range of 65 to 85% (see Supporting
Information, Figure S1) and activity was fully restored by the
oxidative treatment at least for seven consecutive catalytic
cycles (Figure S2). We include here for comparison the Cu-
MOR-A series, showing consistently a Cueff of 0.33 and
selectivities to MeOH + DME between 65 and 80% (Figure
S1). Our previous work on this material allows us to firmly
attribute the activity to the oxidation of one molecule of CH4
by a [Cu3(μ-O)3]

2+ cluster.17 Characterization of these
different Cu-MOR samples is used to elucidate the origin of
the high efficiency achieved for the new material.
Characterization of Parent MOR-A and MOR-B Samples

The distribution of Al in the zeolite framework is an important
parameter for the location of Cu2+ after ion exchange. Two
next-nearest neighboring Al tetrahedra (“Al pairs”) allows best
to stabilize divalent cations.38,39 The formation of dimeric and
trimeric Cu−oxo clusters is proposed to occur on such paired
Al sites.14,15,17,40,41 The concentration of Al pairs in the parent
H-MOR materials can be determined by aqueous Co2+

exchange.38,39 Here we have employed two commercial
zeolites, MOR-A and MOR-B, that only differ in their Al
distribution, originated by differences in the zeolite synthesis
parameters. Table S1 shows the concentrations of the Al pairs
for H-MOR-A (63%) and H-MOR-B (66%). As the number of
Al pairs is nearly identical, the concentration of exchange sites
alone is, thus, ruled out as a reason for the higher Cueff of Cu-
MOR-B.
The location of the ion exchange sites was determined from

the IR spectra of adsorbed n-hexane and pyridine on the parent
H-MOR samples. n-Hexane is only able to interact with BAS in
the 12-MR channels (Figure S3).17,42 Conversely, the more
basic pyridine is protonated by all BAS in 12-MR and in the
pore mouth of the 8-MR side pockets. Table 1 shows clearly
that the concentration and location of BAS, as obtained by a

Figure 2. Yield of CH4 oxidation on the Cu-MOR catalysts prepared
from different parent H-MOR samples with different Cu loading of
Cu-MOR-A and Cu-MOR-B series. Numerical values of the Cueff are
given as y = Cueffx for Cu-MOR-A (black) and Cu-MOR-B (blue).
Activity tests were repeated three times on each catalyst and averaged
values are reported.
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combination of these probe molecules, are also similar for H-
MOR-A and H-MOR-B. The location of the EFAl species is
deduced from both pyridine adsorbed on Lewis acid sites and
from the total Al concentration derived from the elemental
analysis. If we assume that Lewis-coordinated pyridine adsorbs
in a 1:1 ratio to Al atoms of extra-framework species, the
inaccessible EFAl can be calculated as the total measured Al
concentration minus the sum of all BAS (framework Al) and
Lewis acid sites (LAS). While the total concentration of LAS
determined by pyridine is similar for H-MOR-A and H-MOR-
B (Table 1), the concentration of EFAl in H-MOR-B
inaccessible to pyridine was significantly higher than in H-
MOR-A. We hypothesize that this inaccessible EFAl is located
near the bottom of the 8-MR side pockets.

27Al MAS NMR spectra in Figure S4a show two peaks at 58
and 0 ppm, corresponding to tetrahedral and octahedral Al
species.33 The octahedral Al fraction was found to account for
approximately 20% of Al for both parent H-MOR samples
(Table 1). This concentration of octahedral Al determined by
27Al MAS NMR is smaller than that determined from pyridine
adsorption (Table 1), suggesting that some of the EFAl-related
Lewis acid sites have tetrahedral coordinated Al.43 It should be
emphasized that H-MOR-B has about a 3× higher
concentration of inaccessible EFAl than MOR-A.
Location of Exchanged Cu Species in Standard and Highly
Active MOR

All samples in this study have more than 90% of Cu at ion
exchange sites (determined by Na+ back-exchange, see Table
S2 in the SI). The preferred exchange sites for Cu2+ in H-MOR
were determined by analysis of the decrease in intensity of the
band of SiOHAl groups at 3600 cm−1 after Cu2+ ion exchange.
This band consists of two contributions at 3612 and 3590
cm−1, attributed to BAS in the 12-MR main channel and the 8-
MR side pockets, respectively.41 The preferred sites for ion-
exchange in MOR are the more constrained 8-MR side
pockets.44 In Cu-MOR-A, the formation of the active trimeric

Cu−oxo cluster was observed selectively at the pore mouth of
the 8-MR side pockets.17 Given the similar BAS distribution in
H-MOR-A and H-MOR-B (Table 1), it is not surprising that
the preferred exchange sites for Cu2+ in the Cu-MOR-B series
are also the Al sites located in the pore mouth of 8-MR
pockets.
However, it should be noted that while in the Cu-MOR-A

series about 0.7 BAS were consumed per Cu ion exchanged, it
was approximately 0.9 with the Cu-MOR-B series. The ratio of
0.7 BAS/Cu in the activated sample has been explained by the
location of a tricopper cluster stabilized by two Al tetrahedra.17

Thus, the higher involvement of BAS per Cu2+ ion in Cu-
MOR-B is a first indication for differences in the speciation of
Cu ions compared to the A series.

27Al MAS NMR spectra of Cu-MOR-B series shows a
significant decrease of octahedral Al, associated with EFAl with
increasing Cu concentration (Figure S4b). The decrease in
intensity for the tetrahedral Al species is accompanied by a
simultaneous line broadening due to the impact of para-
magnetic Cu2+. Integration of the peak area corresponding to
tetrahedral Al showed that its concentration remained constant
with Cu loading. The linear decrease of octahedral Al upon Cu
exchange is, therefore, attributed to the formation of new
NMR-silent Al or, alternatively, to the conversion from
octahedral to tetrahedral coordination upon Cu introduction.
The quantification of Al species having a different

coordination based solely on NMR spectroscopy is subject
to uncertainties due to the paramagnetism of Cu2+.33,45,46

Therefore, we used Al K-edge XAS to determine and quantify
Al in different coordinations. Figure 3 shows the XANES Al

spectra for samples of Cu-MOR-B series. The broad peak at
1568 eV decreases with Cu loading. Because this peak is
attributed to Al in octahedral coordination,47 the changes in Al
K-XANES with increasing Cu loadings are attributed to the
gradual transformation of octahedral into tetrahedral
Al.24,47−49

Linear combination fitting of XANES spectra was used to
determine the concentration of tetrahedral and octahedral Al
species. The spectra of dehydrated H-MOR-B was taken as a
reference for 0% octahedral Al, since extra-framework Al

Table 1. Quantification of Al Species and Their Distribution
in the Parent H-MOR-A and H-MOR-B, by a Combination
of Chemical Analysis, IR Spectroscopy of n-Hexane and
Pyridine Adsorption, and 27Al MAS NMR

H-MOR-A H-MOR-B

total Ala (μmol/g) 1440 1620
total BASb (μmol/g) 1090h 1130
total EFAlc (μmol/g) 350 490
BASmain_channel

d (μmol/g) 400h 419
BASside‑pocket

d (μmol/g) 690h 706
LASPy (μmol/g)e 260h 230
EFAlinaccessible

f (μmol/g) 90 260
Altetrahedral

g (μmol/g) 1156 1290
Aloctahedral

g (μmol/g) 284 330
aTotal Al concentration determined by elemental analysis (AAS).
bTotal BAS concentration determined by elemental analysis after Na
ion exchange of the parent H-MOR samples (assuming all H+ are
exchanged by Na+). cTotal EFAl concentration was determined by
[total Al] − [total BAS]. dConcentration of BAS located in 12-MR
and 8-MR, as determined by deconvolution of the IR band at 3600
cm−1 (Figure S3) after n-hexane adsorption. eConcentration of LAS
accessible by pyridine, as determined by IR spectroscopy.
fConcentration of EFAl located in the inaccessible bottom of 8-MR
side pockets was determined by [total EFAl] − [LASPy].

gBased on
27Al NMR. hValues as reported in ref 17.

Figure 3. Al K-edge XANES of Cu-MOR-B series with different Cu
loadings. Measurements were performed in hydrated states unless
stated.
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changes its coordination from octahedral to tetrahedral upon
losing water ligands. A small pre-edge feature at 1560.5 eV
appeared with the dehydrated form of H-MOR-B sample due
to the localization of H+ at the negatively charged framework
Al site, resulting from the loss of H2O ligand molecules.49

Hydrated H-MOR-B was used as a reference for octahedral Al
quantification, with a concentration of 20% EFAl, as
determined by 27Al MAS NMR. It can be seen from Figure
4 that the concentration of octahedral Al decreased with

increasing Cu concentration, in good agreement with 27Al
MAS NMR spectra (Figure 4, hollow symbols). The relative
amount of tetrahedral Al linearly increased with increasing Cu
concentration.
These results lead to the hypothesis that the direct

interaction of octahedral Al with Cu2+ ions induces the change
in Al coordination. In view of the calculated concentrations of
octahedral Al by XAS and NMR, we conclude that the linear
decrease of the octahedral fraction of Al is mainly due to the
change in coordination upon interaction with Cu ions. In
particular, concentrations obtained from Al XAS analysis
(Figure 4) point to the reaction of about two Cu atoms with
one Al. The specific interaction of Cu2+ with octahedral, that is,
extra-framework, suggests the formation of tetrahedral Al, and
of CuAlxOy nanoclusters as a possible structure, with x = 0.5.
X-ray Absorption Spectroscopic Study of Highly Active
Cu-MOR Species

In order to investigate a representative member of the Cu-
MOR-B series, a sample with a Cu concentration of 283 μmol/
g and a Cueff of 0.58 was selected for detailed XAS
experimental studies in combination with computational
studies.
Figure 5 shows the Cu K-edge and Cu L3-edge X-ray

absorption near edge structure (XANES) of O2 activated Cu-
MOR-B-280. The combined use of K- and L3-edge XANES
allows unambiguous determination of the coordination
structure and environment of Cu. Using HERFD-XANES
resolves spectral features in the Cu K edge (Figure 5a) that are
not detectable using conventional XANES.50−53 However, it
must be noted that the peak heights are different between the

two measurements. The Cu K-edge XANES spectrum is
provided for comparison (Figure S5a) in the SI.
In Cu K-edge XANES the pre-edge peak at about 8977.3 eV

is attributed to quadrupole allowed 1s to 3d transitions. The
appearance of the pre-edge feature is an indicator that Cu
species in this Cu-MOR material are predominantly Cu2+.
Between the pre-edge at 8977.3 eV and the peak at 8986.7 eV
(ΔE = 9.5 eV), a peak appeared at about 8982.8 eV (ΔE = 5.6
eV; Figures 5a and S5a). The energy corresponds to the Cu+ 1s
to 4p transition and is hypothesized to indicate either presence
of Cu+ stabilized by the zeolite14,15,41,50 or is caused by beam
damage due to the larger X-ray dose in HERFD-XANES.54,55

In either form, this cation would not be actively involved in
CH4 oxidation. Figure 5b shows the L3-edge XANES of Cu-
MOR-B-280 with the main peak at about 928.8 eV and distinct
satellite peaks at about 932.4 and 936.5 eV.
Structural Assignment of Cu Species Using AIMD and
Simulated K- and L3-Edge XANES and EXAFS Spectra

After establishing that Al is part of the active site, 11 Cu−Al−
oxo and Cu−oxo clusters have been explored by AIMD
simulations. The cluster models studied and the snapshots
extracted from AIMD trajectories are shown in Figure S6.
AIMD simulations at 298 K with clusters and Al atoms at
different sites are compiled in Figure S8. As Cu2+ has been
established to be located in the 8-MR side pockets of
MOR,17,18,56,57 only clusters in that location were considered.
For a tentative composition of Cu2AlO3, two configurations are
considered, that is, one with the Al atom away from the MOR
surface (Cu−Al−Cu) and another with Al near the surface
(Al−Cu−Cu). Spin multiplicities were found only to have a

Figure 4. Concentration of tetrahedral, octahedral, and total Al of
hydrated Cu-MOR-B series obtained by LCF of Al K-edge XANES
(full symbols) and 27Al NMR measured on a 500 MHz instrument
(hollow symbols).

Figure 5. (a) Cu K-edge HERFD-XANES; (b) Cu L3-edge XANES of
Cu-MOR-B-280 activated in O2 at 450 °C for 1 h.
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minor influence on the results. The simulated systems are
listed in Table S3 of the SI. It should be emphasized at this
point that the strength of the spectroscopic characterization
and the associated modeling lies in the fact that three probes
must yield agreement: XANES at the K- and the L3-edge as
well as the K-edge EXAFS. Only this combination provides
now the ability of an unequivocal assignment, while each of the
approaches alone would remain ambiguous, even when
experiment and modeling are combined.
The comparison of both k- and R-space EXAFS simulated

spectra with the experiments indicates that neither Cu
monomers, nor mono-oxo and monohydroxo dicopper clusters
or the Cu2AlO3 cluster with the Al−Cu−Cu configuration are
likely structures. For these model clusters EXAFS simulations
show large discrepancies with the experimental data obtained
on the current samples in peak positions and intensities
(Figure S8 in the SI). Figure 6a compiles snapshots of
simulated structures having a reasonable agreement with the
experiment. Figures 6 b and S10 show the averaged k- and R-
space EXAFS, respectively, for these selected structures. In
Figure 6c,d, we also show the corresponding ensemble
averaged K-edge and L3-edge XANES spectra. It should be
noted that, for the Cu3O3 and Cu2AlO3 clusters in Figure 6,
the spectra from S2−S4 sites were averaged (see Figures S8
and S10 in the SI that show the spectra for each site). This
allows a reliable comparison with experimental spectra, which
likely also represent an average of slightly different locations of
the clusters.

Figure 6b clearly shows that the calculated k2χ(k) EXAFS
spectra of the Cu2AlO3 species agrees well with the
experimental spectra. This can also be seen for the R-space
(Figure S9a−c). The simulated spectra for Cu3O3 reproduce
the positions of the first and second peaks very well, but show
higher intensities than the experiment.
For the bis(μ-hydroxo) and peroxo dicopper systems, only

the position and intensity of the first peak of k2χ(k) EXAFS
shows a good agreement with experimental data. The k2χ(k)
EXAFS of bis(μ-oxo) Cu dimer can be ruled out, therefore, as
neither the intensity of the first peak nor the shape of the
second peak is reproduced and also scattering above k = 8 Å−1

is poorly reproducing the experimental data (Figure S8). The
detailed analysis of the EXAFS peaks and their relation to the
structure are compiled in section S6 of the SI.
Analysis of K-edge and L3-edge XANES simulated spectra

offer further insight in the structure of the active species.
Figure 6c,d shows the simulated XANES spectra with guiding
lines added to facilitate comparisons of the calculated energy
difference (ΔE) with the experimental values (Figure 5 and red
line in Figure 6c,d). The simulated K-edge XANES spectra of
Cu2AlO3, Cu3O3, and the bis(μ-oxo) and peroxo Cu2O2

clusters show a transition at ΔE greater than 10 eV, which is
attributed to the dipole allowed 1s to 4p transition, but at
higher energies than the experimental value of 9.5 eV (see
Figure 5).
All simulated L3-edge XANES spectra show a main peak at

∼929 eV, corresponding to Cu2+ 2p to 3d dipole transitions,
with distinct satellite features. Simulated L3-edge XANES

Figure 6. (a) Annealed structure, (b) compared k2-weighted EXAFS (k2χ(k)) from calculation (blue line) and measurement (red lines), (c) K-edge
XANES, and (d) L3-edge XANES spectra of selected systems. For spectra of the Cu trimer and Cu2AlO3, we plot ensemble averaged data with
different Al and Cu cluster sites where individual spectra can be found in Figures S6 and S8. K-edge and L3-edge XANES spectra are shifted by 88
and 2.1 eV, respectively, in order to match experimental pre-edge and main peak, and their intensities are with arbitrary units. (c) and (d) compare
theoretical (blue lines) spectra with experimental ones (red line) along with red vertical guiding lines and energies, as shown in Figure 5a and b,
respectively.
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spectrum of Cu2AlO3 species shows transitions at ΔE = ∼3.3
and ∼7.8 eV, which agree well with the features observed at
ΔE = ∼3.5 and ∼7.6 eV (Figure 5b). While the Cu3O3
structure shows a main peak and satellite peaks at ΔE values
similar to the Cu2AlO3 structure, the additional peak at ΔE =
∼2.0 eV has not been detected in the experiment, and the
structure can be ruled out on this basis. For the bis(μ-hydroxo)
and peroxo dimers, the satellite peak at ΔE = ∼3.5 eV was not
observed in simulated spectra. Interestingly, for the bis(μ-oxo)
dimer, which is ruled out on the basis of the EXAFS
calculations, the simulated spectra show energy differences
similar to the experiment although with higher peak energies.
Based on L3-edge XANES, the spectra calculated for Cu2AlO3
is consistent with all experimental spectra and is, therefore,
concluded to be the most likely structure causing the
transformation of methane to methanol; see SI (section S7
and Figure S11) for further discussion. We conclude, therefore,
that the activation of CH4 in the highly efficient Cu-MOR
materials is indeed performed by a Cu2AlO3 species, with the
structure shown in Figure 6a, top. The data suggest that the
formation of such Cu2AlO3 clusters requires the presence of
extra-framework alumina at the bottom of the side pocket (i.e.,
not accessible for pyridine).

■ CONCLUSIONS
A series of Cu-MOR catalysts with an unprecedently high
fraction of Cu being active in selective methane oxidation to
methanol has been synthesized. The activity to form oxidized
molecules in a stepwise reaction combined with character-
ization by NMR, IR, and X-ray absorption spectroscopy point
to the formation of Cu−Al clusters in the 8-MR side pockets,
linking exchanged Cu2+ species with extra-framework Al
moieties that were originally located at the bottom of the
side pocket of MOR.
The combined experiment and simulation of Cu K and L3

XANES together with EXAFS spectra allows unequivocally
identifying the oxide clusters to consist of two Cu atoms and
one Al atom linked by oxygen (Figure 6a). This cluster is
located in the side pocket and shows the ability to oxidize 1.2
methane molecules on average when exposed to 1 bar of
methane. Therefore, the amount of CH4 activated per Cu in
these materials corresponds to the utilization of one to up to
two O atoms per cluster, analogous to the variations in
reactivity observed for μ-oxo species in Cu3O3 clusters with
chemical potential.22 However, we cannot unambiguously rule
out the presence of a minority species, a highly active Cu−oxo
cluster with Cueff > 0.5, that could also account for the excess
of CH4 activated.
At present, we can only speculate about the reason for the

higher reactivity of the oxygen or the easier reducibility of Cu2+

in the [Cu2AlO3]
2+ cluster. One of the currently preferred

hypotheses is that the distortion of the cluster decreases the
stability of the Me−O bond strength. Detailed calculations on
the chemical reactivity are currently being performed, but the
discussion of these aspects is beyond the scope of the current
paper.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

Preparation of Cu-MOR Samples

Commercial NH4-MOR (Si/Al = 10 and 11) were purchased by
Clariant, and the corresponding H-form was obtained after calcination

in synthetic air (100 mL/min) at 550 °C (10 K/min) for 6 h. The H-
MOR samples with Si/Al = 11 and 10 were denoted as H-MOR-A
and H-MOR-B. Cu-MOR samples were prepared by aqueous ion
exchange of H-MOR at ambient temperature in aqueous solutions of
Cu(CH3COO)2 (Sigma-Aldrich, 99.99%) for 20 h. The pH of the
solution was kept to 5.5−6.0 with during the Cu-exchange. Si, Al, Na,
and Cu contents were measured by atomic absorption spectroscopy
(AAS) on a UNICAM 939 AA spectrometer after dissolution in
boiling hydrofluoric acid.

Activity Tests in Selective Oxidation of CH4

The activity was tested under atmospheric pressure in a stainless steel
plug flow reactor with a 4 mm inner diameter. In a typical reaction, 50
mg of Cu-MOR was first activated for 1 h in O2 at 500 °C, cooled
down to 200 °C, and then flushed with He. In the next step, 90% CH4
in He was flown over the sample for 4 h. The samples were then
cooled to 135 °C in He and a steam-assisted product desorption was
performed with 50% H2O in He. Reaction products were identified
and quantified with online mass spectroscopy by monitoring the m/z
signals of 31, 44, and 46 for CH3OH, CO2, and (CH3)2O,
respectively.

In Situ Infrared (IR) Spectroscopy

The samples for IR spectroscopy were pressed as self-supporting
wafers with a density of about 10 mg/cm2 and activated in vacuum
(1.0 × 10−7 mbar) at 450 °C with a heating rate of 10 K/min for 1 h.
IR spectroscopy of pyridine adsorption were measured on Thermo
Nicolet 5700 FT-IR spectrometer with a resolution of 4 cm−1. The
measurements were performed before and after pyridine adsorption at
150 °C.
27Al Magic-Angle Spinning (MAS) Nuclear Magnetic
Resonance (NMR) Spectroscopy
27Al MAS NMR spectra were recorded on a Bruker Avance 500
Ultrashield NMR spectrometer with a magnetic field of 11.75 T
corresponding to the Lamor frequency of 130.3 MHz and the rotor
was spun at 12 kHz. 2400 spectra were accumulated in a single pulse
sequence with a pulse width of 1.16 μs and the relaxation delay of 2 s.
Parent H-MOR zeolites were measured on a Varian-Agilent Inova 63
mm wide-bore 900 MHz NMR spectrometer. The samples were
packed in a 3.2 mm pencil type MAS probe with a magnetic field of
21.1 T, corresponding to the Lamor frequency of 234.56 MHz and
the rotor was spun at 20 kHz. A total of 5000 scans were recorded in a
single pulse sequence with a pulse length of 2.0 μs and relaxation
delay of 1 s.

Al K-Edge and Cu L-Edge XAFS

X-ray absorption spectra at Al K-edge and Cu L-edge spectra were
measured at the Swiss Light Source (SLS) of the Paul Scherrer
Institut (Villigen, Swiss) on PHOENIX II. All measurements were
carried out in fluorescence mode. X-ray fluorescence signal was
detected by an one-element energy dispersive Silicon drift diode
(DSS, manufacturer KeteK, Germany). The introduced gases were
further dried by using Supelco 5A Moisture trap. ATHENA software
was used during the background processing. XANES normalization
follows standard protocol used within the Athena software.58

Cu K-Edge XANES

HERFD XANES measurements were carried on beamline P64 at
PETRA III of DESY (Hamburg, Germany). Conventional Cu K-edge
XANES measurements were carried out on beamline P65 at PETRA
III of DESY in Hamburg, Germany. A double-crystal Si(111)
monochromator was used to control the incident photon energy,
and the spectra were recorded with ionization chamber detectors in
the transmission mode. The gases were further dried by using Supelco
5A Moisture trap. ATHENA software was used during the
background processing. XANES normalization follows standard
protocol used within the Athena software.58

Further details of the experimental methods are provided in the
section S1 of the Supporting Information.
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DFT Calculations
Periodic spin-polarized density functional theory (DFT) calculations
are performed within the generalized gradient approximation (GGA)
with the exchange correlation functional of Perdew, Burke, and
Ernzerhoff (PBE)59 as implemented in the CP2K package.60,61

Grimme’s third-generation corrections (DFT-D3) are used to take
into account dispersion forces or van der Waals interactions to
describe energies more precisely.62 For the core electrons,
Goedecker−Teter−Hutter (GTH) pseudopotentials are used,63

while the valence wave functions are expanded in terms of double-ζ
quality basis sets optimized for condensed systems to minimize linear
dependencies and superposition errors.64 Electrostatic terms are
calculated using an additional auxiliary plane-wave basis set with a 400
Ry cutoff. The Γ-point approximation is employed for the Brillouin
zone integration because of the significant size of the supercell.
AIMD Simulations. Starting with a cell-optimized mordenite

supercell, DFT-based ab initio molecular dynamics (AIMD)
simulations are performed within the canonical NVT ensemble at
room temperature using a1.0 fs time step and a Nose−́Hoover chain
thermostat with a frequency of 1500 cm−1 to control the temperature
to determine the local structure and their dynamic properties. We
considered the different spin multiplicities for each system. For each
simulation, well-equilibrated trajectories of ≥35 ps were collected to
obtain reliable statistical properties.
EXAFS Simulations. We simulated K-edge EXAFS spectra with

FEFF8.5 program65 using ≥500 snapshots extracted from NVT
trajectories with equally spaced by ∼0.05 ps for each system. For each
system, each snapshot was used to calculate a full set of scattering
(single and multiple scattering) paths for all atoms within 6.5 Å of
each Cu site using FEFF8.5 program.65

XANES Calculations with Time-Dependent DFT. Excited-state
XANES calculations were performed at the Cu K- and L3-edge for
selected systems screened from a comparison of experimental and
simulated XANES spectra using a TDDFT-based restricted excitation
window approach,66,67 as implemented in the NWChem quantum
chemistry program.66,68 All calculated spectra were Lorentzian-
broadened by 0.6. The ensemble averaged TDDFT XANES spectra
were generated from >50 structures that were equally spaced by 0.5
ps.
Further details of the computational methods are provided in

section S4 of the Supporting Information.
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