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ABSTRACT: The stoichiometric conversion of methane to methanol by Cu-
exchanged zeolites can be brought to highest yields by the presence of
extraframework Al and high CH4 chemical potentials. Combining theory and
experiments, the differences in chemical reactivity of monometallic Cu-oxo and
bimetallic Cu-Al-oxo nanoclusters stabilized in zeolite mordenite (MOR) are
investigated. Cu-L3 edge X-ray absorption near-edge structure (XANES), infrared
(IR), and ultraviolet−visible (UV−vis) spectroscopies, in combination with CH4
oxidation activity tests, support the presence of two types of active clusters in
MOR and allow quantification of the relative proportions of each type in
dependence of the Cu concentration. Ab initio molecular dynamics (MD)
calculations and thermodynamic analyses indicate that the superior performance of materials enriched in Cu-Al-oxo clusters is
related to the activity of two μ-oxo bridges in the cluster. Replacing H2O with ethanol in the product extraction step led to the
formation of ethyl methyl ether, expanding this way the applicability of these materials for the activation and functionalization of
CH4. We show that competition between different ion-exchanged metal-oxo structures during the synthesis of Cu-exchanged zeolites
determines the formation of active species, and this provides guidelines for the synthesis of highly active materials for CH4 activation
and functionalization.

■ INTRODUCTION
Methane has emerged over the last decade as the key feedstock
for the transition to a carbon-neutral chemical and refining
industry.1−3 Among the different transformation routes, the
direct conversion of methane to methanol represents one of
the most enticing, yet challenging pathways. Due to the
perceived need to apply severe reaction conditions to cleave at
least one of the C−H bonds, very low methanol yields are
typically obtained.4,5

Inspired by the naturally occurring particulate methane
monooxygenases (pMMO),6−9 copper-exchanged zeolites
have been developed as selective methane to methanol
catalysts following a three-stage process that uses air as
oxidant. Multiple zeolite topologies have been shown to
accommodate active cationic Cu-oxo clusters for the trans-
formation, among which mordenite (MOR) is arguably the
most widely studied zeolite. Spectroscopic characterization of
these materials has led to different and, at times, conflicting
proposals of the geometry of the active sites in zeolites. Most
reports have found dimeric or trimeric Cu-oxo clusters as the
active sites in Cu-MOR.10−20 Numerous material and synthesis
parameters have been identified as relevant in directing the
structure of Cu-oxo clusters, including the presence of other
cations in the parent zeolite,15,21 the distribution of the
framework aluminum,22,23 and the ion exchange proce-
dure.11,24 The ability of Cu-oxo clusters to activate CH4 also

depends on the geometry and size of the pores as well as the
local environment.12,22,25−28 Understanding of the speciation
of Cu ions and charged Cu-oxo clusters has been found also to
be relevant for other redox catalytic applications such as NH3
selective catalytic reduction of NOx.

29,30 All of these
spectroscopic, theoretical, and catalytic studies of Cu-oxo
clusters have opened new possibilities for the synthesis of
structures capable to stabilize active oxygen species.

Recently, the presence of extraframework Al (EFAl) has
been found to increase the activity of Cu-MOR materials in
methane oxidation.24,31 The combination of spectroscopic and
computational studies links the origin of such activity increase
to the formation of active Cu2AlO3 clusters by the reaction of
the Cu ions with EFAl species located near the bottom of the 8
MR side pockets.31 The formation of such Cu-Al-oxo clusters
leads to higher productivity per Cu than clusters formed with
only Cu. This study investigates the increase in methane
oxidation activity observed for Cu-MOR materials�synthe-
sized by methods that leads to the predominant formation of
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[Cu3O3]2+ clusters15,16- when EFAl species are present inside
the micropores. The Cu2AlO3 core structure as previously
described31 is further stabilized by an additional OH group.
Methane oxidation tests are performed at a wider range of
methane pressures, revealing the upper limit in the number of
active oxygen atoms that Cu-oxo and Cu-Al-oxo clusters can
utilize to convert CH4. Ab initio thermodynamic analysis
(aiTA) and molecular dynamics (MD) combined with
spectroscopic methods reveal a dynamic equilibrium between
Cu-oxo and Cu-Al-oxo cluster structures, both active in
methane oxidation, determined by the concentration of Cu
ions and EFAl available during ion exchange. The reaction of
CH4-loaded Cu-MOR materials with ethanol sheds light on
the differences in the reactivity of CHx− surface intermediates,
which are related to either electronic differences or environ-
mental constraints of the clusters. Furthermore, this strategy
constitutes a novel pathway to generate methyl-based ether
compounds from CH4.

■ RESULTS AND DISCUSSION
Oxidative Conversion of CH4 over Cu-Al-Oxo Clusters

Hosted in MOR. Prior to this study, we synthesized and
reported on a series of Cu-MOR materials with a capacity to
activate ca. 0.6 molecules of CH4 per Cu atom, in a typical
three-stage process of methane oxidation at 1 bar. The
selectivity to methanol was in all cases in the range of 65 to
85%. This high Cu efficiency (Cueff, defined as the molar ratio
of converted methane to the total Cu content) is attributed to
the formation of highly active Al-containing clusters by the
reaction of exchanged Cu ions with EFAl species entrained in
the zeolite pores.31 On the other hand, it has been shown that
Cu-MOR materials can reach significantly higher Cueff under
high methane pressures (ca. 40 bar).13,17,32 This has been
attributed to the fact that, at high CH4 chemical potential, a
second oxygen atom from a Cu-oxo active cluster becomes
active for methane oxidation.10,17 In order to determine
whether the reactivity of Cu-Al-oxo clusters could be increased
at high CH4 chemical potentials, we studied the activity of an
EFAl-containing Cu-MOR series at 40 bar and compared it to
activity at 1 bar. As shown in Figure 1, the total yields achieved
at 40 bar of methane pressure increased by at least 10%.
However, the increase is significantly smaller than the ca. 100%
activity increase we had previously achieved for Cu-MOR
materials containing solely [Cu3O3]2+ clusters.16,17 This shows
that the response to the CH4 chemical potential of Cu-Al-oxo
clusters is different from that of pure Cu-oxo clusters. It should
be noted that this is true for samples in the Cu-MOR series
with low to medium Cu concentrations. However, for Cu
loadings above 400 μmol/g, we observed an increase in
methanol yields of nearly 100% when increasing pressure from
1 to 40 bars, similar to the Cu-MOR series containing only Cu-
oxo species. This is the first indication of a complex Cu
speciation in the presence of EFAl, likely because different Cu-
oxo structures are formed, in dependence of the Cu
concentration available during ion exchange.

In a different experiment, we subjected the Cu-MOR
materials to a treatment with ethanol instead of water, after
reacting CH4, in order to extract the reaction products. While
water is known to hydrolyze and solvate the Cu-oxo clusters
during the methanol desorption stage,16 ethanol on the other
hand is expected to dehydrate to diethyl ether on the zeolite
and form ethyl methyl ether (EME) with the CH3 moiety
without affecting Cu structure. This, together with the larger

molecular diameter of ethanol in comparison to H2O will
contribute to determining the location and reactivity of
surface-activated CHx groups.

After the CH4 reaction, treating the activated Cu-MOR with
ethanol produced small concentrations of EME as the only
product apart from diethyl ether. EME is an important
asymmetrical ether, which is commonly accessible via synthetic
methods involving using highly toxic methyl iodide. Using Cu-
MOR materials, however, EME (and potentially other methyl
ethers) can be formed from merely CH4, O2, and the
corresponding alcohol, which follows an SN2-type reaction
between the alcohol molecules and the surface methoxy
groups. In Figure 2, it can be seen that the EME yield increased
monotonically with the Cu concentration in the zeolite, up to
the sample containing 380 μmol/g of Cu. Interestingly, EME
yields are approximately 75% of the methanol yields obtained
in reaction with H2O. Only on those samples with Cu loadings
above 300 μmol/g we quantify similar amounts of EME and
methanol yields in corresponding activity tests. Based on this,

Figure 1. Total yields achieved on Cu-MOR series after activation in
O2 at 500 °C for 1 h, followed by reaction in CH4 flow at 200 °C (at 1
or 40 bar) for 3 h and subsequent treatment in 20% H2O/He flow at
135 °C.

Figure 2. EME yields achieved on Cu-MOR series and the ratio if
normalized to methanol yields.
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we speculate that the cluster structures formed at low Cu
loadings have specific nature or location that renders them less
reactive to EtOH than to H2O. This observation, in agreement
with the observed activity increase at high CH4 chemical
potentials (Figure 1), indicates that Cu speciation changes
with Cu concentration for EFAl-containing MOR materials, in
contrast to the homogeneous speciation observed for Cu-MOR
materials in the absence of EFAl.16 In particular, our results
point to two different Cu speciation regions with a transition
occurring at a Cu concentration of ca. 300 μmol/g.

Based on our previous studies on Cu clusters in MOR,17,31

we hypothesize that EFAl-containing MOR materials form
both Cu-Al-oxo and Cu-oxo clusters, and their concentrations
are determined by the availability of Cu ions and EFAl species
during ion exchange. Therefore, the activity of Cu-MOR is
expected to be quantitatively related to the concentrations of
clusters with Cu-Al-oxo bimetallic31 and pure Cu-oxo species
structures.16 A modest increase of activity with CH4 pressure,
as seen for low Cu loading samples in Figure 1, is indicative of
a large proportion of Cu forming Al-containing clusters
because such cluster has already reached its activity upper
limit at 1 bar, activating two CH4 molecules.31 Conversely, it is
known that [Cu3O3]2+ clusters activate ca. 1 CH4 molecule at 1
bar16 and 2 CH4 molecules at 40 bar.17 Based on these CH4-
to-cluster stoichiometries, and assuming that only these two
types of clusters participate in the reaction, the concentrations
of each of the two clusters can be calculated from the Cu
concentration and the total yields of CH4 to CH3OH reaction
at 1 bar (see Section S3 in the Supporting information). As
shown in Figure 3, materials with Cu concentrations below 300

μmol/g contain approximately 50% of each type of cluster,
while the proportion of the Cu-oxo cluster significantly
increases at higher Cu concentrations, at the expense of the
Cu-Al-oxo cluster.

In order to test the experimentally induced concentration of
each type of cluster, we studied the thermodynamic stability of
the Cu-oxo and Cu-Al-oxo clusters at different Cu concen-
trations with DFT-based aiTA. The stability of the respective
models and their potential reactivity toward the sequential
activation of several methane molecules were studied utilizing
the periodic spin-polarized calculations at the PBE-D3(BJ)

level of theory, where active sites were stabilized by the
negative charges of framework Al T-sites located in the side
pocket of mordenite.

The Cu-oxo species was represented by the [Cu3O3]2+

trimeric cluster configuration determined with a recently
developed expert bias-free computational procedure.33 The
structure of the Cu-Al-oxo cluster, on the other hand, has been
constructed assuming a metal-oxo core with metal stoichiom-
etry Cu/Al = 2:1 and an overall +2 charge, based on the
stoichiometry of the Cu-EFAl interactions and the concen-
tration of BAS exchanged with Cu.31 Based on the higher
thermodynamic stability obtained for a [Cu2AlO4H]2+ cluster,
we prefer this structure over the previously proposed
[Cu2AlO3]2+ cluster (see Section S4.4 and Figure S2 in the
Supporting Information). To determine the most stable
geometries of this cationic complex, an exhaustive configura-
tional search was carried out using the combination of the low-
mode molecular dynamics (LMMD) and machine-learning
clustering algorithm k-medoids approach33−35 (see S4.1. and
S4.2 in the Supporting Information). The employed molecular
dynamics procedure provides an enhancement in the
configurational search by dragging the system along the low-
frequency mode. Linking the results of the LMMD with the
clustering algorithm allows us to efficiently analyze the
trajectories by grouping them based on the similar structural
features they possess. The results of this postprocessing
analysis are depicted in Figure 4, where the extracted centers
of the formed clusters are shown. As the geometries derived
from the clustering of the trajectories have uncompensated
forces acting on atoms, they have been optimized to local
minima and their respective energies have been compared with
respect to the most stable configuration identified. A general
workflow of analyzing the LMMD trajectories simulated with
two distinct [Cu2AlO4H]2+ starting geometries is illustrated in
Figure S1.

In all geometries in Figure 4, a [Cu2AlO3]2+ core can be
identified. We also observe a few similar structures displayed
within a single clustering procedure (Figure S1). This can be
justified by a relatively low value of the Silhouette score�the
separation quality metrics�for a portion of trajectories causing
an overlap of the clusters in Figures S1a.2 and S1b.2.
Nevertheless, there is substantial structural diversity in the
extracted isomers. Taking into account the similarities, we have
displayed structures as colored groups featuring the same
structural identity within the group.

Among the isomers identified (Figure 4), the most stable
configuration (a.) consists of a [Cu2AlO3]2+ core augmented
by an additional bridging μ-OH ligand coordinated to Cu and
Al centers featuring distorted tetrahedral environments.
Additional distortion of the Cu coordination environment
gives rise to a similar but 0.5 eV less stable configuration (b.).
Structures (c.)−(d.) that are 0.7−0.8 eV less stable than (a.)
feature trigonal coordination of the EFAl ion bearing a
terminal OH− group. Structures (e.)−(g.) contain the OH
ligand in the terminal coordination to the tetrahedral EFAl
center, resulting in only slightly lower stability of the respective
isomers compared to a. (ΔE = 0.1−0.3 eV). Our procedure
also identified less stable configurations containing a terminal
oxyl ligand (h.) and (j.), at the EFAl (ΔE = 1.3 eV) and Cu
(ΔE = 0.6 eV), respectively. Our sampling results indicate
substantial configurational flexibility of the extraframework
clusters with the most stable structures all featuring the
experimentally observed [Cu2AlO3]2+ core�with geometrical

Figure 3. Distribution of Cu-oxo and Cu-Al-oxo clusters in EFAl-
containing Cu-MOR materials, calculated based on the assumption of
1 CH4 activated per Cu-oxo cluster containing 3 Cu and 1 CH4
activated per Cu-Al-oxo cluster containing 2 Cu, and the experimental
yields obtained for selective methane oxidation at 1 bar (see Section
S3 for calculation details).
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features similar to those identified by EXAFS31 (see Figure S7
in the Supporting Information)�and different positions for
the OH ligand. Hirshfeld charge analysis reveals that similar to
that in pure Cu-oxo [Cu3O3]2+ species,18 all Cu ions in
[Cu2AlO4H]2+ complexes are in +2 formal oxidation state,
while two of the three extraframework oxygens have a
pronounced radical character (Table S6, Figure S4).

To theoretically describe the experimentally observed
change in the Cu-oxo and Cu-Al-oxo speciation as a function
of Cu concentration (Figure 3), a new thermodynamic model
has been developed and integrated within the aiTA framework.
In this approach, we take as reference states the ideal H-form
of the zeolite and the relevant stable metal oxide (CuO in this
case). Such reference states are condition-independent,
allowing for an unbiased thermodynamic analysis of the
stability of different extraframework species in the zeolite
pores. This reference state has earlier successfully been used
for the analysis of different Cu species.16,36 In this work, we
propose to treat the extraframework (EF) cations as defects in
the zeolite matrix.37 The Gibbs free energy change for the
formation of an EF ensemble with a given stoichiometry
includes the intrinsic free energy of the formation of a single
EF species, the concentration of the EF species, as well as the
associated configurational entropy terms (eq E8 in S4.5 in the

Supporting Information). Here, we consider the formation of
the Cu-oxo or Cu-Al-oxo cationic complexes as “defects” in a
MOR material with a given concentration of isolated EFAl
species and BAS, at conditions similar to the activation of Cu-
zeolite materials: 1 bar and 700 K.

The reaction of CuO as the reference copper source with
either the BAS or EFAl species yields Cu-oxo or Cu-Al-oxo
complexes, respectively. For the Cu-oxo extraframework
species, the number of defects is proportional to the
experimental concentration of Cu defined in a range of [0;
500] μmol/g, whereas the number of defects of the Cu-Al-oxo
species depends on both the concentration of the EFAl species
and Cu. The concentration of the EFAl species in the parent
MOR material was experimentally set as 260 μmol/g,
according to 27Al MAS NMR and the IR spectra of adsorbed
pyridine.31 The key approximations for the concentration-
dependent standard Gibbs free energy expressions for the
[Cu3O3]2+ and [Cu2AlO4H]2+ defects (eq E12 and E13) are
explained in detail in S4.5 based on earlier computational
studies.37,38

Figure 5 compares the stability of the bimetallic
[Cu2AlO4H]2+ species and the separate [Cu3O3]2+ and EFAl
as a function of Cu contents in a model MOR zeolite. The
thermodynamic analysis shows that, at low loadings, copper

Figure 4. Centers of the clusters resulting from the k-medoids clustering of [Cu2AlO4H]2+ LMMD trajectories analysis, grouped and colored based
on their structural similarities: (a, b) [Cu2Al(μ3-O)(μ2-O)2(μ2-OH)]2+, (c−g) [Cu2(μ3-O)(μ2-O)2Al(OH)]2+, (h) [Cu2(μ3-O)(μ2-O)2Al-
(O)]+,HZ

+, and (i) [(O)Cu2(μ3-O)(μ2-O)(μ2-OH)Al]2+ coordinations. Relative stabilities of the extracted configurations with respect to the
lowest-lying [Cu2Al(μ3-O)(μ2-O)2(μ2-OH)]2+ state presented in (a) are given in eV.

Figure 5. (a) Thermodynamic stability of the [Cu2AlO4H]2+ and [Cu3O3]2+ complexes in EFAl-containing MOR zeolite model as a function of Cu
contents computed under reactive conditions of 700 K and 1 atm. (b) Defect model approximation and accounting for concentration dependencies
and configurational entropy terms.
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preferentially binds with the EFAl sites to form the bimetallic
species. However, with increasing Cu contents, the separation
of the cationic EFAl and Cu species becomes thermodynami-
cally more favorable. Our model predicts that for overall Cu
concentrations of ca. 200 μmol/g, the formation of Cu3O3
cluster is preferred over the formation of Cu2AlO4H, in
excellent agreement with the experimental results (Figure 3).
Note, however, that this might be coincidental because the
standard free energies computed in the presented scheme
depend on the choice of the EFAl structure and the initial
assumption of the zeolite composition (BAS and EFAl
concentration). In practice, the formation of clusters occurs
during the thermal treatment in oxidative conditions after ion
exchange, after the removal of H2O coordinating Cu ions.23,39

In that process, it will be the concentration of Cu and EFAl
ions near preferred exchange sites�which are known to be the
8 MR sites in MOR40�the factor determining the formation
of a Cu-oxo or a Cu-Al-oxo cluster. Based on our
thermodynamic calculations, at sufficiently high concentrations
of Cu, the Cu-oxo cluster will be preferred.

Next, periodic DFT calculations were carried out to evaluate
the reactivity of the most stable [Cu2AlO4H]2+ in MOR
toward the activation of multiple methane molecules. Figure 6
presents the computed reaction energy diagrams for the
sequential methane activation by the bimetallic cation. In both
steps, C−H bond activation follows a homolytic radical
reaction followed by a facile rebound to form CH3OH (1st
CH4 activation, FS1) or CH3O− and OH− species (2nd CH4
activation, FS2) adsorbed to the cationic cluster. An additional
annealing procedure on the reaction intermediate formed via
the elementary C−H activation processes showed that a facile
isomerization leads to an additional stabilization of the surface
intermediates by 0.4−0.6 eV. Both steps proceed with
relatively low activation barriers. The oxidation of the first
CH4 molecule proceeds with a barrier of about 0.5 eV, whereas
the subsequent C−H activation by the thus formed partially
reduced dual-metal cation faces a much higher barrier of 1.1

eV. The values of the single imaginary frequencies along the
reaction paths are listed in Table S5.

To further assess the thermodynamics of methane activation
under the experimentally relevant conditions, an ab initio
thermodynamic analysis has been carried out, and the results
are presented in Figure 7 (the computational details and the
model definitions are summarized in Section S4.6 in the
Supporting information). For comparison, a similar analysis
has been carried out for pure [Cu3O3]2+ (see Section S4.6 for
details). The computations show that the hydroxylated
[Cu2AlO4H]2+ cluster proposed here, despite its high intrinsic

Figure 6. Reaction energy diagrams for (a) the first and (b) second methane molecule oxidation by the [Cu2AlO4H]2+ cation in MOR. Spin states
are indicated. The annealing procedure revealed the possibility of an additional stabilization of the surface oxidation products (FS → FSanneal) via a
facile isomerization process. The final states undergo the procedure of annealing to converge to the near-lying energy basin on the potential energy
surface.

Figure 7. Computed Gibbs free energies of sequential activation of
methane by [Cu2AlO4H]2+ active site situated in the side pocket of
mordenite as a function of ΔμCH4. The geometries of the
corresponding intermediate surface products are displayed.
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thermodynamic stability, is capable of oxidizing up to two
methane molecules per complex under ambient pressure. On
the contrary, the activation of the second methane molecule by
the pure Cu-oxo species [Cu3O3]2+ is only feasible at elevated
pressures (Figure S3).

Based on aiTA calculations, [Cu3O3]2+ clusters activate 1
CH4 molecule at 1 bar and 2 CH4 molecules at 40 bar,17 while
[Cu2AlO4H]2+ clusters activate 2 CH4 molecules at pressures
≥1 bar (Figure 5a). By using the concentrations of
[Cu2AlO4H]2+ and [Cu3O3]2+ clusters as determined from
activity tests at 1 bar (Figure 3), we show that this model
predicts well the activity at 40 bar of EFAl-containing Cu-
MOR samples with different Cu loadings (Figure 8a).

Likewise, we have observed that, in the case of Cu-MOR
materials with low Cu loading, the ethanol post-treatment
extracted less CH3− than the treatment with H2O (Figure 2).
According to our model, at low loadings, a majority of Cu-Al-
oxo clusters are expected to be present in the material. The
experimental data in this study show the higher stability and
lower reactivity of the CH3 moieties formed on the Cu-Al-oxo
clusters than on pure Cu-oxo under the ethanol treatment
applied here, and only a fraction of the activated methyl species
reacts further to gas products. We speculate that this lower
reactivity is related to the higher stability of the structure of the
spent Cu-Al-oxo cluster. Overall, and based on our data, both
structures are expected to form one EME molecule per cluster
after reaction at 1 bar. Based on this assumption, we have
calculated the EME yields expected for each Cu-MOR sample,

given the concentration of each type of cluster (Table S2 and
Figure 3). In Figure 8b, it can be seen that the calculated EME
yields correlate very well with the experimental data. These
results show that the two-cluster model agrees well with the
activity performances in various conditions.

The lack of reactivity with ethanol of the second CH4
molecule on the [Cu2AlO4H]2+ cluster is tentatively attributed
to the local constraints resulting from the bulky transition state
during the ether formation process in the MOR pore structure.

Spectroscopic Evidences on the Cluster Distribu-
tions. The identification of active Cu-oxo structures using
spectroscopies has emerged as a particularly challenging task.
In spite of the enormous potential of X-ray absorption to
identify small-size structures, experimental and theoretical
analysis have led to conflicting results, often as a result of large
contributions or interferences of inactive Cu species to the
spectral task.41 Therefore, we address here the characterization
of Cu-MOR materials containing virtually only active Cu
species31 with a set of different and complementary spectros-
copies. The spectra reveal features that either confirm or rule
out structural proposals. Such proposals are based on theory
calculations and the CH4-to-metal (and CH4-to-oxo) stoi-
chiometries obtained from methane oxidation tests.

First, we examined the differences observed in the Cu L3-
edge X-ray absorption near-edge structure (XANES) of O2-
activated Cu-MOR samples with different Cu loadings. The
main peak at 929 eV corresponds to 2p to 3d dipole transitions
of Cu(II) species. The position of the satellite feature that
arises from the mixing of Cu 3d orbitals with 2p orbitals from
the oxygen ligands generally reveals information on the local
chemical environment of the Cu species hosted in each
material.42,43 While the materials containing 160 and 280
μmol/g of Cu both show a satellite peak at ΔE = 3.5 eV, the
satellite feature for the sample with ca. 450 μmol/g of Cu
appears at ΔE = 3.2 eV (Figure 9). In our previous work, the
satellite peak for the simulated spectra of [Cu2AlO3]2+

homologue appears at ΔE 3.3 eV, while the satellite feature
for [Cu3O3]2+ cluster shows up at ca. ΔE 2.0 eV.31 Therefore,
we propose that the shift toward lower energies of the satellite

Figure 8. (a) Correlation of the methanol yields achieved at 40 bar
and the deduced value from the cluster distribution; (b) correlation of
the EME yields achieved at 1 bar and the deduced value from the
cluster distribution.

Figure 9. Cu L3-edge XANES of Cu-MOR samples activated in O2 at
450 °C for 1 h. Spectra normalized to the intensities of the main edge
for the sake of visualization of the satellite position.
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peak with increasing Cu loading is indicative of a larger
contribution of [Cu3O3]2+ clusters, in good agreement with the
relative concentrations calculated in Figure 3.

The EFAl-containing Cu-MOR samples after CH4 exposure
were investigated by in situ UV−vis spectroscopy. The
difference spectra, obtained by subtracting the spectra after
CH4 exposure for 30 min from those of the oxygen-activated
samples, show decreasing absorption bands at 29 000 and
39 000 cm−1 (Figures 10a and S5 and S6), which have been

attributed in literature to the intensity change of the charge
transfer bands of extraframework11,16,44 and framework oxygen
atoms,45,46 respectively, to Cu species during CH4 reaction.
Note also the appearance of an adsorption band at 18 000
cm−1 that becomes increasingly intense for Cu-MOR samples
with high Cu loadings (Figure S5) and that we tentatively
attribute to the d−d transition of Cu(II) species formed upon
reaction with CH4. The presence of Cu(II) in the spent Cu-
oxo clusters can be expected for the case in which only one
CH4 molecule is activated per cluster (see Supporting
Information Table S7), which is, as described here, the
stoichiometry of CH4 activation at atmospheric pressure over
[Cu3O3]2+. The relative ratios of the two Cu-oxo-related
features at 29 000 and 39 000 cm−1 stay roughly between 0.2
and 0.3 for samples with Cu concentrations lower than 300
μmol/g, while they gradually increase up to 0.54 at higher Cu
loadings (see Section S5 in the SI and Figure S5 therein). It
should be noted that ratios of ca. 0.5 have been observed for

conventional Cu-MOR sample containing solely [Cu3O3]2+

clusters (Figure S5f). The concentration of extraframework
oxygens directly bound to Cu in the [Cu3O3]2+ cluster is
higher than that in [Cu2AlO4H]2+ clusters and, therefore, the
Peak 1/Peak 2 ratio as in Figure 10 is expected to increase with
the relative concentration of [Cu3O3]2+. Based on this, we
attribute the decrease of the band at ca. 39 000 cm−1 upon
CH4 loading to the activation of CH4 on μ-oxo bridges present
on both Cu-oxo and Cu-Al oxo clusters. Conversely, the
29 000 cm−1 band decrease is a fingerprint of CH4 activation
over monometallic Cu-oxo clusters, namely, Cu−O−Cu
bridges in [Cu3O3]2+ clusters, as previously reported.16

Therefore, the changes in the relative contribution of each
UV−vis band agree well with the present structural proposal of
Cu-oxo and Cu-Al-oxo clusters, and they are qualitatively
consistent with the expected concentrations of each type of
cluster for Cu-MOR materials with different Cu loadings
(Figure 3).

■ CONCLUSIONS
A series of highly active Cu-MOR samples containing EFAl
were synthesized and investigated for selective CH4 oxidation
at ambient and elevated CH4 pressure. These materials have
significantly higher yields to methanol than previously reported
materials. This is attributed to the formation of Cu-Al-oxo
species that are more efficient than their Cu-oxo counterparts.
Their synthetic potential has been expanded further to the
preparation of ethyl methyl ether by replacing H2O with
ethanol in the extraction step. The aiTA combined with MD
calculations allowed us to identify the stoichiometry and
geometry of the active Cu-Al-oxo clusters as a Cu2AlO3
structural core with an OH ligand. Contrary to the previously
described [Cu3O3]2+ cluster, this [Cu2AlO4H]2+ cluster can
readily activate two CH4 molecules per cluster at 200 °C and 1
bar CH4. A thermodynamic equilibrium has been found
between the formation of [Cu2AlO4H]2+ and [Cu3O3]2+

clusters as a function of the Cu concentration in MOR during
the ion exchange. Based on the CH4 oxidation activity at
different pressures, we have calculated the concentration of
each type of Cu-(Al-)oxo cluster formed in MOR. Spectro-
scopic characterization supported the presence of the two
clusters and the change in relative proportions with Cu
loading.

Based on the observations reported here, we conclude that,
in the synthesis of highly active catalysts based on Cu and
other metal ion-exchanged zeolites, it should be considered the
competition between different metal-oxo cluster structures and
stoichiometries within the available metal ion concentrations,
together with the thermodynamic stability of the clusters at the
reaction conditions.

The positive impact of EFAl on the activity of Cu-MOR has
been described quantitatively, aiding the synthesis of novel Cu-
based catalysts with highly active and selective oxygen species
for the conversion of light alkanes. The understanding of the
speciation of Cu ions and oxo clusters in zeolites has enabled
the geometric description of active structures, and the results
shed light on metal-oxo ensembles capable of stabilizing
oxygen species with exceptional catalytic properties.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.3c04328.

Figure 10. (a) In situ UV−vis difference spectra of an oxygen
activated Cu-MOR containing 100 μmol/g Cu, after exposure to CH4
at 200 °C for 30 min. (b) Peak area ratio of the decrease of two
LMCT bands from UV−vis absorption spectra upon activation of
methane at 1 bar as a function of Cu concentration in MOR (see
UV−vis spectra of all Cu-MOR materials in Section S5).
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