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ABSTRACT: The structure of copper sites formed under an
oxidative environment and their evolution in the course of the
reaction with methane at elevated temperature was investigated by
means of Cu K-edge X-ray absorption spectroscopy for a series of
copper-containing MFI, MOR, and FAU zeolites. The pretreat-
ment in oxygen at 723 K leads to the formation of copper(II)-oxo
sites, whose nature depends on the framework type. Dimeric
species are formed in CuMFI material, dimeric and monomeric
sites coexist in CuMOR, and agglomerated copper-oxo nano-
clusters are found in large-pore copper-containing faujasite
(CuFAU). For all studied materials, the reaction with methane
resulted in the exclusive formation of copper(I) species; no
formation of metallic copper was detected even at 748 K. The nature of formed copper(I) species is governed by the structure of
corresponding copper(II) centers. In particular, monomeric and dimeric copper(II)-oxo sites hosted in CuMOR and CuMFI are
transformed into isolated copper(I) cations coordinated to ion-exchange positions of the zeolite. Contrarily, copper(II)-oxo clusters
present in CuFAU undergo restructuring with only a partial loss of extra-framework oxygen and form aggregated species with a
structure similar to that of bulk copper(I) oxide.

1. INTRODUCTION
Copper-containing zeolites are known as industrial catalysts for
the DeNOx process1−6 and active materials for direct methane
oxidation to methanol (DMTM).7−11 In both mentioned
processes, the transformation between CuI and CuII oxidation
states takes place, resulting in interconversion between
corresponding copper(I) and copper(II) sites. Understanding
the evolution of the structure of copper sites under reactive
conditions is essential for the fundamental understanding of the
mentioned processes, aiding the design of better-performing
materials.
The pretreatment of copper-containing zeolites in oxidative

conditions is the first step in both selective catalytic reduction
(SCR) of nitrogen oxides and DMTM processes.4,12 The
structure of copper(II) sites in zeolites formed under oxidative
pretreatment has been studied for several decades. The zeolite
framework type,10,13−18 Si/Al ratio,10,14,19−21 copper load-
ing,3,22,23 and the nature of co-cations24,25 influence the
copper(II) speciation. Monomeric,19,23,26 dimeric mono-μ-
oxo,8,18,27,28 bis-μ-oxo,7,29 μ-1,2-peroxo,14,25,30 trimeric,31,32
and oligomeric17,33 motifs were proposed for copper(II) sites
hosted in zeolites. Moreover, some recent studies suggest that
not one particular type, but a mixture of different copper(II)
sites may coexist in the copper-containing zeolite.23,28,34 All this

points to the existence of a variety of copper(II) sites, which
likely behave differently under reactive conditions.
When the activated material containing copper(II) sites is

exposed to the environment containing a reducing agent, as
happens during SCR and DMTM, a change of the oxidation
state and local environment of copper atoms takes place. The
nature of the reducing agent and the reaction temperature affect
the state of copper. For instance, the reduction in hydrogen
below 473 K leads to the formation of copper(I) sites in copper-
containing FAU and MFI materials.35,36 Above 573 K, the
reduction proceeds further, resulting in the formation of metallic
copper, which migrates out of the zeolite crystals and forms
metallic particles.35,37−41 Notably, only part of metallic copper
can be reoxidized to copper(II) extra-framework cations, while
the rest of copper forms copper(II) oxide particles. In contrast to
hydrogen, employing carbon monoxide as a reducing agent for
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copper(II)-containing FAU and MFI zeolites leads to the
formation of exclusively CuI sites even at a temperature as high
as 773 K.42−44 Notably, the corresponding copper(I) species
end up in a form of a CuI(CO)+ complex of a carbon monoxide
ligand strongly coordinated to a copper(I) cation.42,43 At a high
CO pressure and ambient temperature, monocarbonyl species
can be reversibly transformed into CuI(CO)2+ dicarbonyl
species.45 In the presence of ammonia, copper(II) species in
CHA andMOR zeolites are reduced into CuI(NH3)x+ (x = 2−4)
cations between 473 and 773 K. Notably, these cations possess
high mobility, hence enabling migration of copper between
different ion-exchange positions and justifying high catalytic
activity in the SCR process.46−49

The possibility of copper-containing zeolitic materials to
selectively oxidize methane has been demonstrated,7 hence
bringing attention to the reaction between copper(II) sites and
methane. The evolution of different copper(II) sites in the
course of the reaction with methane was mainly studied for
dimeric sites hosted in copper-containing MOR materials.
Borfecchia et al. studied the reaction of copper-containing CHA
and MOR with methane at 473 K and found that partial
copper(II) reduction does not lead to significant rearrangement
in the structure of copper sites for eithermaterial.47 In our recent
work, we came to a similar conclusion, showing the stability of
the Cu−Cu motif during the partial reduction of copper(II)
mono-μ-oxo dimeric sites in CuMOR with methane at 483 K.23
Alternatively, Deplano et al.50 recently demonstrated that the
reaction of oxygen-activated copper-containing mordenite with
methane at 523 K leads to at least partial reduction of dimeric
copper(II) sites into isolated copper(I) species. Lomachenko et
al. examined the effect of reaction conditions on the copper
speciation for copper-containing mordenite and found that the
longer reduction time promotes the rearrangement of dicopper
core into isolated copper(I) species.20 This indicates that the
conditions of the reaction between copper(II) sites andmethane
influence the resulting structure of copper(I) species. However,
the fate of copper(II) sites upon the complete reduction of
methane is not clarified yet. Even more importantly, the
evolution of various active sites, i.e., dimeric sites hosted in
zeolites of topologies other than MOR, and monomeric and
oligomeric copper(II) centers, upon a reaction with methane, is
poorly studied so far.
Establishing the structure of copper sites in zeolites and

tracking their evolution during the redox reactions appear to be
challenging due to the low content of active species and intrinsic
capability to formmixtures of sites possessing different structure.
X-ray absorption spectroscopy (XAS) is a powerful element-
specific technique to monitor the oxidation state and the local
environment of copper atoms in the course of the reaction with
methane. Commonly, two subtechniques are distinguished in
XAS: the X-ray absorption near-edge structure (XANES) and

extended X-ray absorption fine structure (EXAFS).51−54

Applied to copper-containing zeolites, the first technique allows
monitoring the oxidation state and the changes in the local
symmetry of copper sites.17,47,55 The use of reference systems
allows one to determine the fraction of different copper sites by
analyzing XANES using linear combination fitting.15,16,56,57 Ab
initio modeling of XANES spectra is possible; however,
derivation of structural information solely based on XANES
data remains challenging.58,59 The spectral shape of EXAFS is
determined by the local environment of the absorbing atom,
yielding distances, coordination numbers, types of neighbors,
and the Debye−Waller factor of the scattering neighbors.53,60
Modeling and fitting of EXAFS are well-developed and widely
utilized procedures, and there are several validated algorithms
and software packages applied for this purpose.61−63 Notably,
the simultaneous analysis of both XANES and EXAFS data
enables obtaining complementary information on the oxidation
state, the symmetry, and the geometrical environment of the
absorbing atom.
In the present work, we employed Cu K-edge X-ray

absorption spectroscopy to investigate the structure of the
copper sites hosted in zeolites of various topologies and
monitored the evolution of these sites upon a reaction with
methane at different temperatures. The nature of copper(II)
sites and of zeolite frameworks determines the structure of
copper(I) species formed in the course of the reaction with
methane. MFI, MOR, and FAU frameworks stabilize dimeric,
coexisting dimeric and monomeric, and oligomeric copper(II)-
oxo sites, respectively, after oxygen pretreatment. The reaction
with methane leads to the formation of isolated copper(I)
monomers in the case of CuMFI and CuMOR, while
rearrangement into copper(I)-oxo clusters takes place for
CuFAU.

2. EXPERIMENTAL SECTION
2.1. Materials Preparation.The commercial zeolites MOR

(CBV 10 ADS, Si/Al = 6.5, in sodium form), MFI (CBV2314,
Si/Al = 12, in ammonium form), and FAU (CBV300, Si/Al =
2.5, in ammonium form) were purchased from Zeolyst and used
as the starting materials.
The parent mordenite was converted to the ammonium form

using the experimental protocols described elsewhere.15,16 In
order to obtain copper form of zeolites, the ion exchange was
performed as follows: 10 g of the ammonium form of zeolite was
added to 500 mL of a 0.05 M aqueous solution of copper(II)
nitrate (99%, Sigma-Aldrich), and the suspension was stirred for
12 h at 323 K followed by filtration through the paper filter.
Afterward, the material was washed with deionized water and
dried at 393 K for 12 h. The ion-exchange procedure was
repeated three times in order to obtain complete ion exchange.

Figure 1. Schematic representation of the experimental protocol employed for the acquisition of XAS spectra corresponding to different stages of the
reaction between activated materials and methane.
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The resulting materials were ascribed as CuZEO, where ZEO
represents framework type of parent zeolite. Elemental
composition of resulting materials is presented in Table S1.
2.2. Cu K-Edge X-ray Absorption Spectroscopy (XAS)

Measurements. The measurements of Cu K-edge X-ray
absorption spectra (XAS) were carried out at the SuperXAS
beamline, Swiss Light Source, Switzerland. For the collimation
of a polychromatic beam, a silicon-coatedmirror at 2.5 mrad was
applied. Afterward, the beam was monochromatized using a
Si(111) channel-cut monochromator. The monochromatized
beam was focused to a linear size of 1500 μm × 300 μm. The
spectra acquisition was performed in a transmission mode using
the nitrogen-filled ionization chamber detectors. The energy was
calibrated using the reference copper foil spectra, which were
acquired simultaneously to each measurement.
The experimental protocol for acquisition of XAS measure-

ments at different stages of the reaction between activated
material and methane is presented in Figure 1.
For measurements, around 5 mg of each sample was placed

between quartz wool plugs in the quartz capillary with the outer
diameter equal to 1.5 mm and a wall thickness of 0.01 mm. The
capillary was mounted in the custom-made cell64 equipped with
a heating system and a thermocouple was placed in the sample
layer, enabling precise control of the temperature. The sample
was heated up to 723 K with a rate of 8 K·min−1 in a flow of 5%
O2/Ar and kept at this temperature for 1 h for the activation.
Afterward, the sample was cooled with a rate of 30 K·min−1 to
ambient temperature, purged with helium for 10 min, followed
by an acquisition of 1200 repetitive XAS spectra during 20 min.
At the next stage, a methane flow was introduced and the sample
was heated with a rate of 30 K·min−1 up to the desired
temperature, kept for 5 min, and cooled to the ambient
temperature followed by a gas switch to helium and the XAS
spectra acquisition. The temperature of the reaction with
methane was gradually increased starting from 423 Kwith a 25 K
increment to 673 K for CuMOR and CuMFI and 748 K for
CuFAU. Additionally, XAS spectra at the highest reaction
temperature were acquired for each sample. All gas sources
(grade 6.0) were equipped with moisture traps to exclude the
presence of water vapors; the flows were set at 10 mL·min−1 and
monitored by digital mass flow controllers (Bronkhorst).
2.3. Cu K-Edge X-ray Absorption Spectra Processing.

The acquired XAS spectra were averaged to increase the signal-
to-noise ratio using ProXAS software.65 Athena software from
the Demeter package was used for the normalization and
background subtraction.61 For the analysis of EXAFS, the
Artemis software package was used. The phase and amplitude
were calculated using the FEFF6 code.66 For the Fourier
transform (FT), k3-weighting was used in the k-range of 3.0−
16.0 Å−1.
For the wavelet transform, k3-weighted EXAFS spectra were

used. Wavelet transformation was performed using the Morlet
wavelet mother function within the k-range of 1−15 Å−1.
Mathematica software67 was used for the continuous wavelet
transformation with subsequent visualization as a two-dimen-
sional (2D) contour plot projection of a three-dimensional (3D)
graph.
2.4. Linear Combination Fitting (LCF) Analysis of

XANES Spectra. For linear combination fitting (LCF) of
XANES spectra, the spectra corresponding to oxygen-activated
materials were used as standards of copper(II), and the spectra
after a reaction with methane at the highest temperature and
acquired at this temperature were used as copper(I) standard.

2.5. EXAFS Fitting: The CuMFI and CuMOR Cases. For
spectra corresponding to CuMFI and CuMOR materials, the
fitting was performed in k3-weighted R-space in the 1.0−3.0 Å
region, except for the spectra acquired at high temperature,
where region 1.0−2.2 Å was employed for the fitting. The
amplitude reduction factor extracted from the fitting of Cu foil
equals to 0.90 and was used throughout the study.
A periodic structure of dicopper mono-μ-oxo species located

in the MOR framework and optimized with density functional
theory (DFT) was used as the initial model for the EXAFS
spectra corresponding to CuMOR and CuMFI materials.17 The
optimized geometry was used as the initial model, based on
which scattering paths were calculated using the FEFF code. A
singe Cu−O scattering path was used for the 1st coordination
sphere, and the presence of Cu−Al(Si) and Cu−Cu single
scattering paths simultaneously was taken into account to
describe the 2nd coordination sphere10,17,47,68 (Figure S5). The
coordination number, the distance to the scattering atom, and
the Debye−Waller factor were used as the fitted parameters for
each scattering path. Together with the adjustment to the
absorption energy, it resulted in 10 variables for each spectrum
corresponding to CuMOR and CuMFI materials. The employ-
ing the k-range of 3.0−16.0 Å−1 for the FT provides more than
15 independent points according to the Nyquist theorem,69

enabling the possibility of high-quality fitting.
2.6. EXAFS Fitting: The CuFAU Case. In the case of

CuFAU, the DFT-optimized structure of copper-oxo cluster
having all copper atoms in the CuII oxidation state and located in
the FAU structure has been used as a starting guess to fit the
spectrum of oxygen-activated material (corresponding material
is denoted as “CuIIFAU”).17 A singe Cu−O scattering path was
used for the 1st coordination sphere, and the second sphere can
be described as a superposition of one Cu−Al(Si) and two
distinct Cu−Cu single scattering paths (Figure S5). To fit the
EXAFS spectra of CuFAU after the reaction withmethane at 748
K (denoted as “CuIFAU”), the following paths were employed:
single Cu−O in the 1st coordination sphere and superposition
of Cu−Al(Si) and Cu−Cu and Cu−O paths in the 2nd
coordination sphere (Figure S5). All intermediate EXAFS
spectra of CuFAU reacted with methane at temperature lower
than 748 K were fitted as linear combination (LCF) of the
CuIFAU and CuIIFAU spectra, representing an intermediate
stage of transformation between two states described above.
To visualize the changes occurring in the course of the

CuFAU reduction with methane, the cumulative copper
coordination number and the average distance to copper and
aluminum (and/or silicon) atoms at different stages of the
reaction were calculated. The averaged oxygen, aluminum (and/
or silicon), and cumulative copper coordination numbers were
calculated as follows

= ·
+ ·

N f N

f N

(O) (Cu FAU) (O)

(Cu FAU) (O)

II
Cu FAU

I
Cu FAU

II

I

= ·
+ ·
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f N

(Al(Si)) (Cu FAU) (Al(Si))

(Cu FAU) (Al(Si))

II
Cu FAU

I
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II

I

= ·
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where f(CuIIFAU) and f(CuIFAU) are the fractions of CuIIFAU
and CuIFAU spectra determined from LCF of EXAFS data,
respectively; NCuIIFAU(O) and NCuIFAU(O) are the coordination
numbers due to oxygen scattering atoms in the first coordination
sphere; NCuIIFAU(Al(Si)) and NCuIFAU(Al(Si)) are the coordina-
tion numbers corresponding to aluminum (and/or silicon)
scatterers; and ∑NCuIIFAU(Cu) and NCuIFAU(Cu) is the sum of
coordination numbers due to all copper scatterers determined
from fit of CuIIFAU and CuIFAU spectra, respectively. The
summation was done to take into account the presence of two
distinct copper scattering atoms in the model used for the fitting
of the CuIIFAU spectrum.
The averaged distance to copper or aluminum (and/or

silicon) scatterers was calculated as follows

= [ · ·
+ · · ]
[ · + · ]

R f N R

f N R

f N f N

(Al(Si)) (Cu FAU) (Al(Si)) (Al(Si))
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II
Cu FAU Cu FAU

I
Cu FAU Cu FAU

II
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II II
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where RCuIFAU(Al(Si)) and RCuIIFAU(Al(Si)) are the distances to
aluminum (and/or silicon) and copper scatterers, respectively,
and RCuIFAU(Cu) and RCuIIFAU

i (Cu) are distances to copper
scatterers calculated from the fit of CuIFAU and CuIIFAU
spectra, respectively. The summation accounts for the presence
of two pathways involving copper−copper scattering in the
model applied for the fitting of CuIIFAU spectra.
The reported errors of fitted parameters correspond to the

standard deviation. The errors in the calculated parameters,
namely averaged coordination numbers and averaged distances,
were estimated as an error of an indirect measurement with
coordination numbers and interatomic distances obtained from
fitting of CuIFAU and CuIIFAU spectra considered as
independent parameters.

3. RESULTS
3.1. Cu K-Edge XANES Spectra upon the Reaction with

Oxygen and Methane. Figure 2 shows the XANES spectra
acquired at different stages of the reaction between oxygen-
activated materials and methane. All spectra corresponding to
the oxygen-activated state of thematerials (dark blue thick lines)
in the 8970−9000 eV energy region contain the features typical
of copper(II) species: a weak peak at 8977 eV due to the 1s→ 3d
quadrupole transition, the shoulder at 8986 eV, and the peak at
8999 eV corresponding to the dipole 1s → 4p transitions.70−74

In contrast, the 8990−9020 eV region of the spectra of oxygen-
activated materials looks significantly different (Figures 2 and
S3). In the spectra corresponding to CuMFI and CuMOR, there
is one broad asymmetric peak at 8999 eV, while the spectrum of
oxygen-activated CuFAU comprises a sharp resolved signal at
8998 eV with shoulders at about 8993 and 9006 eV.
The reaction between activated samples and methane leads to

the appearance of a pre-edge peak centered at 8983 eV, which is
characteristic of copper(I) species.70−74 Notably, in the spectra
of CuFAU, an additional pre-edge feature at 8989 eV appears
during the reaction with methane starting at 548 K.16,17 A
gradual increase in the reaction temperature results in a
progressive decline of the signals due to copper(II) and
development of signals corresponding to copper(I) species.
For each sample, the spectra corresponding to the reaction with
methane at the highest temperature (dark red thick lines in
Figure 2) contain no peak at 8977 eV, indicating the complete
conversion of copper(II). The reaction with methane leads to
the decrease in the intensity of the white line, pointing to a
decrease of the coordination number in the first coordination
sphere in the course of reduction20,47 (vide inf ra). Apart from
that, the position of the white line shifts: the final spectra of
CuMOR and CuMFI have their maximum at about 8994 eV,
and in the corresponding spectra of CuFAU, it is located at
about 8996 eV. A notable isosbestic points are evident in Figure
2A−C at 8991 eV, suggesting the gradual transformation
between two states of copper atoms in oxygen-activated and
methane-reacted materials. For all materials, linear combination
fitting of the XANES spectra shows that upon an increase in the
temperature of the reaction with methane, the gradual reduction
of copper(II) to copper(I) takes place (Figure S4).
3.2. Cu K-Edge EXAFS Spectra in the Course of the

Reaction with Methane. Figures 3 and 4 show the k3-

Figure 2. XANES spectra acquired at different stages of the reaction between CuMFI (A), CuMOR (B), and CuFAU (C) and methane. Labels of the
signals corresponding to CuII and CuI species are colored in blue and red, respectively. The spectra shown in blue thick lines correspond to oxygen-
activated materials and are acquired at ambient temperature, the spectra shown in thin lines are related to the state of the materials after the reaction
with methane at various temperature and are acquired at ambient temperature, and the spectra shown in red thick lines correspond to the highest
reaction temperature with acquisition exactly at the corresponding temperature without cooling.
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weighted χ(k) spectra and the corresponding phase-uncorrected
Fourier transform (FT) and wavelet transform (WT) of Cu K-
edge EXAFS spectra of CuMFI and CuMOR, respectively, after

reaction at different temperatures. The evolution of the spectra
in the course of copper reduction with methane occurs in a very
similar manner for both materials: the gradual increase in

Figure 3. k3-weighted χ(k) spectra (A) and the corresponding phase-uncorrected magnitude (B) and real part (C) of Fourier transform and contour
plots of the wavelet transform (D) acquired at different stages of the reaction between CuMFI with methane. The spectra shown in blue thick lines
correspond to oxygen-activated CuMFI and are acquired at ambient temperature, the spectra shown in thin lines are related to the state of the material
after the reaction with methane at various temperatures and are acquired at ambient temperature, and the spectra shown in red thick lines correspond
to the highest reaction temperature with acquisition at 673 K without cooling.

Figure 4. k3-weighted χ(k) spectra (A) and the corresponding phase-uncorrected magnitude (B) and real part (C) of Fourier transform and contour
plots of wavelet transform (D) acquired at different stages of the reaction between CuMOR material with methane. The spectra shown in blue thick
lines correspond to oxygen-activated CuMOR and are acquired at ambient temperature, the spectra shown in thin lines are related to the state of the
material after the reaction with methane at various temperatures and are acquired at ambient temperature, and the spectra shown in red thick lines
correspond to the highest reaction temperature with acquisition at 673 K without cooling.
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reaction temperature leads to an overall decrease in the intensity
of oscillations in k-space in the range between 2 and 10 Å−1

without affecting their position. At the same time, in the region
between 10 and 16 Å−1, slight shift of the location corresponding
to minima and maxima of oscillations is observed. In the phase-
uncorrected FT EXAFS spectra, there are two peaks at radial
distances of about 1.5 and 2.3 Å. The first peak is due to oxygen
atoms in the first coordination sphere and the second peak
originates from the interference of scattered waves from silicon
or aluminum atoms in the zeolite framework and extra-
framework copper atoms.10,17,20,47,68 The reaction of CuMFI
and CuMOR with methane leads to the gradual decrease of
intensity of the first peak and almost complete disappearance of
the second peak. Analysis of WT spectra reveals similar results:
after activation in oxygen, the spectra contain pronounced lobes
at (7 Å−1; 2.4 Å) and (12 Å−1; 2.3 Å), that diminish upon a
reaction with methane (Figures 3D and 4D and Movies S1 and
S2).
Notably, the evolution of the spectra corresponding to the

CuFAUmaterial is completely different (Figure 5). The reaction
with methane leads to significant changes in the entire range of
k-space. The intensity of oscillations having their minimum at
5.6 Å−1 and maximum at 6.5 Å−1 significantly decreases, while a
new oscillation possessing a minimum 4.9 Å−1 and a maximum
at 5.6 Å−1 develops in the spectra. Similarly to the evolution of
the XANES spectra of CuFAU (Figure 2C), the k3-weighted
χ(k) spectra corresponding to different stages of the reaction
possess isosbestic points. In the course of the reaction, the
intensity of the first peak in the magnitude of Fourier transform
decreases, and the position of the maximum shifts from 1.55 to
1.60 Å. The second peak undergoes significant changes as well:
the shape transforms from a peak having a maximum at 2.47 Å

with a clear shoulder at 2.85 Å to an asymmetric one centered at
2.64 Å. The wavelet transforms show significant changes in the
signals due to the second coordination sphere (Figure 5D and
Movie S3): for the oxygen-activated sample, the main signal
originates from an intense and pronounced lobe at (6 Å−1; 2.8
Å) and additional weak lobes at (3 Å−1; 2.6 Å) and (11 Å−1; 2.6
Å). The reaction with methane leads to a decrease in the
intensity of the lobe at (6 Å−1; 2.8 Å) and the appearance of a
signal at (5 Å−1; 3 Å), dominating at the final stage of the
reaction between CuFAU and methane.
3.3. EXAFS Fitting: CuMOR and CuMFI. Quantitative

information about the structure of the copper sites and their
evolution in the course of the reaction with methane was
obtained by fitting of the EXAFS data. To monitor the evolution
of the structure of copper sites in the course of the chemical
reaction and exclude any effects due to the temperature
variation, we performed the analysis using the data acquired at
ambient temperature. Moreover, the structure at high temper-
ature generally demonstrates higher degree of disorder, resulting
in higher values of the Debye−Waller factor,75 hence
complicating the interpretation; in the case of CuFAU, even
causing the fitting to not to converge. Therefore, we have limited
the analysis of the spectra, acquired at high temperature, to the
fitting of only first coordination sphere.
The reduction of copper(II) sites in MOR and MFI zeolites

leads to a decrease of the intensity of the signals in both first and
second coordination spheres, without the appearance of signals
due to additional scattering paths.20,47,50 The reaction with
methane leads to the formation of copper(I) carbonyl
species.21,75,76 We quantified the amount of these copper
species by means of in situ Fourier transform infrared (FTIR)
spectroscopy, given recently reported attenuation coefficient,77

Figure 5. k3-weighted χ(k) spectra (A) and the corresponding phase-uncorrected magnitude (B) and real part (C) of Fourier transform and contour
plots of wavelet transform (D) acquired at different stages of the reaction between CuFAU material with methane. The spectra shown in blue thick
lines correspond to oxygen-activated CuFAU and are acquired at ambient temperature, the spectra shown in thin lines are related to the state of the
material after the reaction with methane at various temperatures and are acquired at ambient temperature, and the spectra shown in red thick lines
correspond to the highest reaction temperature with acquisition at 748 K without cooling.
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and found that their overall fraction is not more than 7% for all
studied materials even at the highest reaction temperature
(Figure S1 and Table S1). Moreover, modeling of the EXAFS
spectra of these centers predicts pronounced characteristic
signals in the second coordination sphere; such features were
not observed in the experimental spectra of materials after the
reaction with methane (Figure S2). Based on this, we conclude
that copper(I) carbonyls represent the minority of species, and
themodel comprising Cu−O, Cu−Si/Al, and Cu−Cu scattering
paths was used as an initial guess for fitting of EXAFS data
corresponding to CuMFI and CuMOR materials before and
after the reaction with methane. Figure 6 and Tables S2 and S3
summarize the fitting results corresponding to CuMFI and
CuMOR samples; the comparison of experimental and fitted
data are shown in Figures S6−S18 for CuMFI and S19−S30 for
CuMOR, respectively. In line with the selected model, the peak
in the first shell originates exclusively from oxygen atoms; the
fitting of this region is straightforward. For the oxygen-activated
CuMFI and CuMOR, the distance to oxygen atoms corresponds
to 1.94 ± 0.01 and 1.93 ± 0.01 Å, and the coordination number
is 3.6 ± 0.3, respectively, in line with literature data reported for
these systems.25,73,78−80 The progressive reaction with methane
does not significantly affect the distance between copper and
oxygen atoms. At the same time, a gradual decrease in the
coordination numbers to 2.4± 0.3 and 2.5± 0.3 for CuMFI and
CuMOR, respectively, was observed, indicating the removal of
the extra-framework oxygen from the copper sites. The values of
the coordination number due to oxygen atoms and the distance
to copper are similar to that reported for copper(I)-containing
MFI and MOR materials,71−73 confirming close to complete

reduction of copper(II) sites into copper(I). Interestingly, the
fitting of the spectra acquired in methane at 673 K gives even
lower values of the coordination number, namely, 1.6 ± 0.3 for
CuMFI and 1.7 ± 0.5 for CuMOR, respectively.
The fitting of the second coordination shell is more

challenging due to the contribution from at least two
scatterers�framework silicon or aluminum atoms and extra-
framework copper (Figure S5). The distances to the aluminum/
silicon and copper scatterers in the oxygen-activated CuMFI
were 2.71 ± 0.02 and 2.94 ± 0.01 Å, and corresponding
coordination numbers were 1.0± 0.4 and 0.8± 0.5, respectively.
For the oxygen-activated CuMOR, fitting reveals the distance to
the aluminum/silicon and copper atoms of 2.68± 0.01 and 2.87
± 0.01 Å, respectively, with corresponding coordination
numbers of 1.1 ± 0.4 and 0.3 ± 0.2, respectively.
3.4. EXAFS Fitting: The CuFAU Case. The reaction of

CuFAU with methane leads to drastic changes in EXAFS.
Notably, the XANES and EXAFS spectra contain pronounced
isosbestic points (Figures 2C and 5), indicating that each
spectrum in between can be described as a linear combination of
spectra corresponding to the initial, CuIIFAU and final, CuIFAU,
ones. Both CuIIFAU and CuIFAU spectra contain pronounced
signals in the second coordination sphere (Figure 5B,C), yet
significantly different wavelet transform maps (Figure 5D)
indicate that the reduction leads to the rearrangement in the
second sphere. Therefore, two independent models should be
developed to fit these two states corresponding to copper(II)
and copper(I) sites in CuFAU.
The pronounced signals in the second coordination sphere

shell of FT of CuIIFAU and CuIFAU EXAFS spectra (Figure

Figure 6.Coordination numbers (A−C) and the distances to corresponding scatterers (D−F) providing the best fit for the k3-weighted EXAFS spectra
at different stages of the reaction with methane for CuMFI, CuMOR, and CuFAU, respectively. The data highlighted in blue correspond to oxygen-
activated materials, the data highlighted in yellow are related to the state of the materials after the reaction with methane at various temperatures and
spectra acquisition at ambient temperature, and the data highlighted in red and marked with asterisks are acquired exactly at the corresponding
temperature with no cooling.
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5B,C) and the presence of lobes located in the region of k > 10
Å−1 in WT spectra (Figure 5D and Movie S3) indicate the
possible contribution from Cu−Cu scattering paths. In this
respect, the comparison with the bulk copper(II) and copper(I)
oxides helps in the development of the models. Figure S34A,B
compares the real part of FT and the WT of k3-weighted EXAFS
data of CuIFAU, CuIIFAU, and bulk copper(I) and copper(II)
oxides.
The comparison of the WT spectra corresponding to bulk

copper(II) oxide and CuIIFAU shows similarities: in both cases,
there is an intense lobe at (6 Å−1; 3 Å) and a lobe at (12 Å−1; 3
Å), indicating significant contribution to the second coordina-
tion sphere from Cu−Cu scattering paths. However, the shape
of the real part, as well as the relative intensities of lobes in the
WT are different. Therefore, the structure of the bulk copper(II)
oxide can not be directly used as an initial guess for the fitting of
the CuIIFAU spectrum. In this respect, a DFT-optimized model
of copper oxide Cu8IIO64+ cluster hosted in the FAU supercage
was used.17 This model accounts for the presence of copper(II)
sites preferably in a form of aggregated copper(II)-oxo species,
and at the same time, takes into account possible confinement
effects of the zeolite framework on the structure of copper(II)-
oxo cluster. Figure S31 shows the fitting of experimental data for
CuIIFAU after the oxygen pretreatment, and the best fit
parameters are summarized in Table S4. According to the
utilized model, the signal in the first coordination sphere is due
to the copper−oxygen scattering path with oxygen atoms at the
distance of 1.96± 0.01 Å having a coordination number of 3.9±
0.3. The signal in the second coordination sphere has
overlapping contributions from aluminum (and/or silicon)
and two distinct copper scatterers, with distances to the
absorbing atom equal to 2.73 ± 0.02, 2.94 ± 0.02, and 3.09 ±
0.01 Å and corresponding coordination numbers of 0.8 ± 0.3,
1.7 ± 0.6, and 1.7 ± 0.7, respectively. The cumulative
coordination number of copper scatterers for oxygen-activated
CuFAU calculated as a sum of individual copper scatterers was
equal to 3.4 ± 1.0. This value was used only for the comparison
with the model describing CuIFAU (vide inf ra).
The comparison of the data for copper(I) oxide and CuIFAU

shows that the shape of the CuIFAU signal in the region of 2.0−
3.3 Å in real space of FT resembles that of cuprite. Moreover, the
part of the WT spectra corresponding to the second
coordination sphere for copper(I) oxide and CuIFAU look
similar: there is a pronounced lobe at (6 Å−1; 3 Å) and an
additional weak lobe at (8 Å−1; 3 Å). The fitting of the data
acquired for bulk copper(I) oxide using the crystal structure of
cuprite shows that the signal in the second coordination sphere
originates from Cu−Cu and Cu−O scattering pathways (Figure
S35 and Table S6). Based on that, for the fitting of CuIFAU, we
employed the model with the following scattering paths: Cu−O
in the first coordination sphere and Cu−Al(Si), Cu−Cu, and
Cu−O in the second coordination sphere (Figure S5). The
aluminum (and/or silicon) scatterers in the second coordina-
tion sphere were added to account for the zeolite framework
surrounding cuprous oxide cluster. Figure S32 and Table S4
summarize the results of the fitting for CuIFAU spectrum. The
signal in the first coordination sphere originates from the oxygen
atoms at a distance of 2.01± 0.01 Å with a coordination number
of 2.8 ± 0.5. The signal in the second coordination sphere is
represented by a superposition of aluminum (silicon), copper,
and oxygen scatterers located at distances 2.87 ± 0.03, 2.88 ±
0.02, and 3.37 ± 0.04 Å from the absorbing copper atom and
having coordination numbers of 0.5 ± 1.1, 4.9 ± 3.2, and 3.2 ±

1.2, respectively. Calculations show that during the restructur-
ing, the coordination number due to aluminum/silicon
gradually decreases, while the corresponding distance increases.
In contrast, the cumulative copper coordination numbers
increase, accompanied by the decreasing averaged distance to
copper.
The results of linear combination fitting of the EXAFS spectra

corresponding to CuFAU at the different stages of the reaction
with methane using CuIFAU and CuIIFAU components are
presented in Table S5 and Figure S33. The approach provides a
close match of the experimental spectra with the one obtained as
linear combination, and fitting results show that the contribution
from CuIFAU gradually increases from 0.2 to 1, indicating
transformation of copper(II) sites into copper(I) species.
Notably, the fraction of copper(I) determined using LCF of
XANES (Figure S4) is very close to the fraction of the CuIFAU
component extracted from LCF of EXAFS spectra (Figure S33).

4. DISCUSSION
The analysis of XANES and EXAFS provides complementary
information on the oxidation state of copper atoms and their
local environment after oxidative activation and a subsequent
reaction with methane, allowing tracking the evolution of
different copper sites. The reduction of copper(II) sites with
methane leads to the formation of exclusively copper(I) sites,
and no metallic copper(0) is formed even at temperatures as
high as 748 K. This is important for repetitive methane
conversion to methanol via chemical looping, since the
reduction to metallic copper is a partially irreversible process,35

while copper(I) sites can be easily reoxidized into copper(II)
species.48,49,57 The XANES spectra of oxygen-activated CuMFI
and CuMOR materials look similar, while the spectrum of
oxygen-activated CuFAU differs from them (Figure S3) due to
distinct coordination of ligands around copper atoms.17 The
difference between CuMFI/CuMOR and CuFAU becomes
even more pronounced when the spectra corresponding to the
final stage of the reaction with methane are compared (Figure
S3). This indicates that the zeolite framework significantly
affects the nature of copper(II) species present in the oxygen-
activated material, as well as that of the structure of copper(I)
sites formed by the reduction with methane.
Copper atoms in oxygen-activated CuMFI, CuMOR, and

CuFAU are surrounded with four oxygen scattering atoms in the
first coordination sphere (Figure 6A−C and Tables S2−S4).
The gradual reduction of copper(II) sites leads to a gradual
decrease in the oxygen coordination number. This is in line with
the loss of extra-framework oxygen upon reduction of
copper(II) sites, which has been shown in numerous
studies.20,23,47,50,73 Interestingly, the loss of oxygen in the first
sphere for CuFAU is less pronounced than in those of CuMFI
and CuMOR (Figure 6A−C). Thus, in the spectra acquired at
the highest reaction temperature, the oxygen coordination
number for CuFAU stays above 2.5 ± 0.5, while for CuMFI and
CuMOR, it drops to 1.7± 0.3. The higher coordination number
observed for CuFAU suggests that copper atoms still partially
coordinate extra-framework oxygen. Notably, for CuMFI and
CuMOR, the copper reduction has no significant effect on the
Cu−O interatomic distance in the first coordination sphere,
while in the case of CuFAU, the average distance to oxygen
scatterers increases due to the formation of other type of
copper(I) sites.
The results of the fitting of the second coordination sphere

provides additional information on the copper speciation. For
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oxygen-activated CuMFI material, the coordination number for
both aluminum (and/or silicon) and copper scatterers in the
second coordination sphere is close to one, suggesting the
presence of mostly dimeric copper sites, in line with previous
reports.8,17,81 For activated CuMOR material, the optimized
Cu−Cu coordination number is 0.3, significantly lower than 1,
indicating the presence of a significant fraction of copper
monomeric species in addition to copper dimeric
sites.17,19,20,23,81 Different copper speciation in MOR and MFI
materials is apparently the result of the zeolite framework
confinement effect and, possibly, different copper loadings and
Si/Al ratios. Notably, the Cu−Al and Cu−Cu interatomic
distances are slightly different for CuMFI and CuMOR,
indicating different geometry of mono-μ-oxo copper dimers
due to the effect of the zeolite framework, confirmed by DFT
studies.82 While the presence of trimeric copper-oxo species was
reported for copper-containing mordenite,31 we did not observe
any spectroscopic signatures of these centers (presence of
scattering paths due to copper scatterers located at a distance
above 3 Å) in the studied oxygen-activated CuMOR material.
This may be associated with the utilization of different parent
zeolites and synthetic protocols. The reaction of CuMFI and
CuMOR with methane leads to similar gradual changes in the
second coordination sphere. The progressive reaction with
methane leads to the gradual decline of the amplitudes
corresponding to both scattering paths in the second shell,
albeit without a prominent effect on the position of aluminum
and copper scattering atoms. After the reaction with methane
(Figures S17 and S29), the peak due to the second shell is almost
absent, resembling data for MOR and MFI materials containing
exclusively cationic CuI sites prepared via gas-phase exchange
between zeolites in proton form and CuCl.71−73 The results are
in line with the presence of the signal in the second coordination
sphere in FT EXAFS of copper(II)-containing MFI and the
absence of the corresponding signal in the spectra of copper(I)-
containing MFI reported by Palomino et al.73 Lomachenko et
al.20 and Deplano et al.50 recently demonstrated that the
reduction of a substantial fraction of copper(II) sites in CuMOR
leads to a similar trend of vanishing of the signal in the second

coordination sphere. The decrease of coordination numbers of
scattering atoms in the second coordination sphere for CuMOR
and CuCHA was also reported by Borfecchia et al.47 Notably, in
the mentioned studies, only a partial decrease of the intensity of
the signals in the second coordination sphere was observed,
possibly due to incomplete reduction of copper(II) sites with
methane. We demonstrate that the complete reduction of
copper(II) dimeric sites with methane leads to total conversion
of the dicopper cores into isolated CuI sites, apparently existing
in a cationic form balancing the charge in the zeolite framework.
A significantly different speciation of both copper(II) and

copper(I) sites was observed for CuFAU. First, the FAU
framework stabilizes aggregated copper(II)-oxo clusters after
the oxidative pretreatment.17 In the course of the reaction with
methane, the presence of the pronounced signal in the second
coordination sphere is preserved, yet the nature of the scatterers,
their positions, and their coordination numbers change
dramatically, hence indicating significant restructuring of the
copper-oxo clusters. The structure of these reduced copper(I)-
oxo clusters resembles that of bulk copper(I) oxide, yet the
zeolite framework and the presence of charged aluminum on
ion-exchange positions affect the interatomic distances.
Interestingly, the observed presence of copper(I)-oxo clusters
in CuFAU after a reaction with methane is completely different
from the copper(I) speciation for CuFAU prepared via a
reaction between the proton form of the parent zeolite and
gaseous CuCl, where isolated copper(I) cations constitute the
majority of sites.83,84 This shows that the nature of the hosted
copper(I) sites in zeolitic materials depends not only on the
properties of the zeolite host but also is a function of the
preparation method.
Figure 7 summarizes the structures of copper species in

different zeolites and their evolution in the course of the reaction
with methane. First, the zeolite framework significantly affects
the nature of the copper(II) sites formed after activation
pretreatment in oxygen. For CuMFI, mono-μ-oxo dicopper(II)
sites are major type of copper centers and for CuMOR, there is a
combination of dimeric and monomeric copper(II) sites and
CuFAU hosts copper(II)-oxo clusters. In turn, the reduction of

Figure 7. Structures of different copper sites hosted in zeolites of various framework types and their evolution during the reaction with methane.
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different copper(II) sites leads to formation of different
copper(I) species. Copper(II) monomeric and dimeric centers
are both transformed into isolated copper(I) cationic sites. The
copper(II)-oxo clusters in the course of reduction with methane
are restructured, forming copper(I)-oxo clusters.

5. CONCLUSIONS
Cu K-edge XANES and EXAFS identified the oxidation state
and the local environment of copper atoms in copper-containing
MFI, MOR, and FAU zeolites. Oxygen-activated materials
contain copper(II)-oxo sites, which are gradually reduced to
copper(I) species in the course of the reaction with methane; no
formation of metallic copper has been observed up to 748 K.
The nature of formed copper(I) sites is governed by the
structure of copper(II) sites, which, in turn, is defined by the
zeolite framework. Dimeric and monomeric copper(II) sites
hosted in the MFI and MOR framework are reduced to
copper(I) cationic species. In contrast, copper(II)-oxo clusters
stabilized in CuFAU undergo restructuring upon the reduction
with formation of copper(I)-oxo clusters having a structure
resembling that of bulk copper(I) oxide. The findings will aid in
the fundamental understanding of the process of methane
oxidation over different copper(II) active sites at the molecular
level.
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