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Structure of copper centers in zeolite-mordenite at the activation stage

according to XAFS and computer modelling data
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The results of the investigation on the local structure of copper centers in mordenite-type zeolites obtained by

solid-phase ion exchange were presented. The location of probable models of copper centers in the mordenite-type

zeolite framework for the most significant stage of the catalytic cycle, oxygen activation, was established and the

features of 3D-models of the copper’s near environment at the studied stage of the catalytic cycle were determined

using a complex technique combining computer modelling with machine learning elements and X-ray absorption

spectroscopy XAFS.
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Introduction

Zeolites are a family of microporous crystalline alu-

minosilicate materials containing silicon, aluminum, and

oxygen atoms [1,2]. Compounds of this type are found in

nature, but can also be produced synthetically [3]. Zeolites
have a porous structure and can function as molecular

sieves, selectively adsorbing and separating molecules of

various sizes, shapes, and polarities, as well as catalyzing

processes that require separation of the reaction compo-

nents [4–6]. Due to their exceptional catalytic activity and

wide possibilities for modifications, zeolites are used in a

large number of industrial fields: as catalysts in the oil

refining and chemical industries, separation and purification

of gas mixtures, water purification, as well as in solar energy

and as hemostatic agents in medicine [3,7–9]. To increase

the catalytic activity, zeolites can be modified using heavy

and transition metal atoms such as Zn, Pb, Cu, Co, Fe, etc.

Such a modification may improve the reactivity of zeolites

by increasing their specific surface area and porosity [10].

The focus of this work is on zeolites, which are used

in C1-chemistry — a field of science that studies the

catalytic transformation of molecules with one carbon atom,

including CO, CO2, CH4, CH3OH and HCOOH [11,12].
C1-chemistry studies the possibilities of efficient and en-

vironmentally friendly synthesis of hydrocarbons and oxy-

genates from simple organic molecules, and zeolites, as

effective catalysts, are widely studied in this area [13]. One
of the most widely studied processes in C1-chemistry is

the transformation of CH4, which is formed during natural

gas extraction and decomposition of household waste and

can be used in the oil industry [14–16]. The key problem

of chemical transformation of methane lies in the strong

bond C−H with the bond dissociation energy of 435 kJ/mol,

which creates a large energy barrier for reactions and

requires the use of selective and effective catalysts such

as zeolites [17–19]. In our work, we consider a copper-

containing zeolite–mordenite (Cu−MOR), structurally con-

sisting of octal and duodecimal annular channels — 8

and 12, which run parallel to each other. Between

the unidirectional channels are
”
side pockets“, which are

enclosed in two octal rings — 8.8 and 8.12 (the rings were

named according to the nomenclature described in [20]).
This type of zeolite is much more effective in catalytic

oxidation of methane to methanol in terms of the resulting

moles of CH3OH per mole of copper used compared to

other zeolites such as MFI, CHA and FER [17,21,22]. The
catalytic properties of zeolites are largely determined by

the structure of metal centers, which transforms at various

stages of the catalytic cycle, one of the significant stages of

which is oxygen activation.

In our previous studies [23–25] in order to determine

the structure of mordenite type copper zeolite centers

formed during solid-phase synthesis in the temperature

range from 300 ◦to 400 ◦C, we have successfully used an

approach that includes a set of traditional methods such

as X-ray absorption spectroscopy and computer modeling

using DFT (Density Functional Theory) [26] calculations.

This approach is effective, but energy-intensive and time-

consuming, and today it is required to speed up the

process of obtaining information about the structure and

its relationship with the properties of new catalysts.

In this work, to solve the complex problem of find-

ing the local structure of zeolites copper centers during

oxygen activation, an approach was used to analyze X-

ray absorption spectra (XAFS) in situ, which is based on

the methodology proposed by us in [20] to determine the

location of the most likely copper centers in the zeolite
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Figure 1. Comparison of experimental Cu K-XANES (a), Fourier transformation modules|F(R)| (FT-Fourier transform) (b)
and imaginary parts Im(F(R)) — (c) oscillating part χ(k) of EXAFS spectra in Cu−MORTF zeolite measured during the solid-phase

synthesis at a temperature of 400 ◦C and at the stage of oxygen activation (O2).

carcass from the experimental data XANES using machine

learning algorithms.

1. Experimental and theoretical methods

The samples of copper-containing zeolite of mordenite

type considered in this work were obtained by solid-phase

synthesis — Cu−MORTF (Si/Al = 8.5, Cu/Al = 0.30),
described in detail in [27]. For synthesis, a mixture of

H−MOR (zeolite of mordenite type) and CuCl crushed

in a mortar in an argon atmosphere was used; 15mg of

this mixture was fixed in a thin-walled quartz capillary,

then heated from room temperature to 120 ◦C in flowing

dry helium. To remove the water, captured in zeolite,

the gas flow was stopped, and the mixture stayed in

vacuum during 1 h, after which the heating in helium

flow continued with a speed of 1 ◦C/min to 400 ◦C. Solid

state reaction at temperature 400 ◦C lasted for 4 h. Then,

cooling was carried out to 200 ◦C and O2 was introduced

for activation.

XAFS X-ray absorption spectroscopy and computer mod-

eling with machine learning elements were used to study the

structure of copper active centers at the oxygen activation

stage. XAFS X-ray absorption spectra beyond K-copper

edge were measured at Paul Scherrer Institute in Villigen

(Switzerland) on SuperXAS line of a Swiss synchrotron

radiation source with a beam energy of 2.4GeV and a

current of 400mA. X-ray absorption spectra were obtained

in situ conditions in a
”
passage through“ mode using

a double-crystal monochromator Si(111). The obtained

spectra were processed in IFEFFIT software [28].
The X-ray absorption spectra of Cu K-XANES

Cu−MORTF were obtained by the finite difference method

in FDMNES software [29]. In modeling Cu K-XANES by

the finite difference method for the structures of copper

centers in Cu−MOR the following calculation parameters

were used: — 0.5 eV up to 10 eV, 1 eV up to 20 eV and

3 eV up to 80 eV after the absorption edge, sphere radius

for calculation — 6 Å. The arctangent model with standard

default parameters was used for spectrum blurring when

calculating in FDMNES [29] program. DFT-calculations

were performed in Quantum Espresso [30] program using

the exchange-correlation potential PBE for a mordenite

zeolite carcass cell with a size of 1× 1× 2 containing

288 atoms, which turned out to be sufficient to reproduce

all the main spectral features of Cu K-XANES of the

spectrum.

Technical Physics, 2025, Vol. 70, No. 6
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Figure 2. A set of possible structural models of copper centers considered as probable for the oxygen activation stage, and calculated Cu

K-XANES spectra in FDMNES software corresponding to the presented models.

2. Results and discussion

In this paper, we tested the proposed [20] approach,

which allows us to determine the location of the most likely

copper centers characteristic of the considered stages of

the catalytic cycle using computer modeling with elements

of machine learning based on experimental XAFS data.

The results of XAFS spectroscopy include the analysis of

experimental CuK-XANES/EXAFS spectra in Cu−MORTF

obtained at one of the most significant stages of the catalytic

cycle- oxygen activation(O2), followed by interaction with

methane (CH4) and then directly extraction of methanol.

As seen from Fig. 1, the form Cu of K-XANES spectrum

in Cu−MORTF, corresponding to the oxygen activation

stage (O2) is featuring specific features — pre-edge (A1),
peaks A, B and C . At the same time, compared to

experimental Cu K-XANES, which characterizes the near

environment of copper formed during solid-phase synthesis

at a temperature of 400 ◦ C, a transformation of the marginal

feature of A1 is noticeable, as well as a significant change

in the shape of the main maximum, namely, the increase in

the intensity of the peak A and the formation of the peak B .

Moreover, a change in the modules of Fourier transforms

|F(R)| of extended energy areas (EXAFS) was observed for

experimental Cu K-XAFS-spectra in Cu−MORTF zeolites.

Fourier functions F(R) of the oscillating part of χ(k) (k ,
wavenumbers of photoelectrons) of experimental spectrum

Cu K-EXAFS are given for the range 1k from 3 to 8 Å−1.

This behavior of experimental spectra indicates a change

in the near environment of copper in the zeolite at the

stage of oxygen activation (O2) compared with the previous

stage of solid-phase synthesis at a temperature of 400 ◦

C. To determine the structure of copper centers at this

stage of catalytic cycle, we tested a technique that is a

Table 1. Quantitative characterization of the correspondence of

the proposed models of copper centers to experimental data of Cu

K-XANES in Cu−MORTF at the oxygen activation stage

Mean-square error (1)

m1 m2 m3 m4 m5 m6 m7 m8 m9 m10 m11

0.11 0.10 0.07 0.08 0.09 0.05 0.10 0.16 0.07 0.07 0.07

combination of machine learning methods and X-ray ab-

sorption spectroscopy, which we proposed in our work [20].
In this study we used a fully-connected neural network

based on the modules of pytorch [31] library and trained

using a training set of synthetic data — Cu K-XANES

spectra calculated in FDMNES software for more than

14 000 models of copper centers given the presence of CuO

and Cu2O oxides. The machine learning algorithms used

are able to determine the location of the copper center in

the zeolite ring with an accuracy of 0.97 according to F1

metric. Thus, as a first approximation to determine the

most probable copper environment in the zeolite carcass

corresponding to the oxygen activation stage, using the

methodology proposed in [20], the location of copper

centers in a specific structural ring was determined. Further,

taking into account the obtained structural information

and literature data from [23,32,33], eleven most probable

variants of copper centers were modeled (Fig. 2), for each of

which CuK-XANES spectrum was calculated. Table 1 gives

the residual values (1) for experimental and theoretical Cu

K-XANES in Cu−MORTF calculated for eleven considered

models of copper centers at the stage of oxygen activation.

The residual error is a value determined using a mean-

square error between the simulated and experimental Cu

18∗ Technical Physics, 2025, Vol. 70, No. 6
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Figure 3. Visual representation of Dirichlet distribution for coefficients characterizing the contributions from two different models of

copper centers and copper oxide.

Table 2. Quantitative characterization of the reliability of the

considered coatings of the near environment of Cu atoms in

zeolite Cu−MORTF, taking into account contributions from various

copper centers characteristic of the oxygen activation stage

Contribution
Mean-square error (1)

LCM-1 LCM-2 LCM-3 LCM-4 LCM-5

before optimization 0.037 0.075 0.057 0.097 0.033

after optimization 0.100 0.040 0.037 0.055 0.003

K-XANES spectra in Cu−MORTF according to the follow-

ing formula:

1 =





1

E2 − E1

E2
∫

E1

(µ(E) − µexp(E))
2 dE





1
2

,

where µ(E) — theoretical spectrum, µexp(E) — experimen-

tal spectrum, E1 and E2 — limits of energy interval.

The energy interval 8969−9059 eV, corresponding to

the appropriate XANES spectra was used to calculate

the residual error. As can be seen from Table 1, the

best consistency with the experiment is demonstrated by

the theoretical spectra calculated for the models m3, m6,

m9, m10 and m11. However, none of these models

allowed reproducing all the features of the experimental

CuK-XANES spectrum (Fig. 2). Since XAFS contains

averaged information about the local atomic structure for

a certain type of atom across the sample, in order to

comply with the experiment, it is necessary to allow for the

contributions to the theoretical CuK-XANES from several

probable copper centers peculiar to the oxygen activation

stage. Also, it should be taken into account that at the

stage of oxygen activation some copper oxides like CuO

and Cu2O may make some contribution to Cu K-XANES

spectrum. To automatically determine the contributions of

each of the considered models of the copper center and

the corresponding oxide (CuO and Cu2O), an algorithm
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Figure 4. Experimental and theoretical Cu K-XANES

in Cu−MORTFcalculated for the considered LCM before op-

timizing the geometry of structural models of copper centers,

presumably corresponding to the near environment of copper

at the stage of oxygen activation.

for selecting coefficients responsible for the magnitude of

the contribution from a particular model of the copper

center was written in Python. Using Dirichlet function

from numpy [34] library (Fig. 3) was formed with param-

eters α = [0.9, 0.9, 0.9] as a matrix of weight coefficients

3× 1000.

The sum of each row of such a matrix was one. For each

combination of coefficients, models of copper centers were

found by iteration, allowing us to obtain the smallest

residual error between the experimental and theoretical Cu

K-XANES spectra. For example, quantitative characteristics

of the quality of consistency between experimental and

theoretical Cu are given in Table 2. K-XANES of the spec-

trum corresponding to different combinations of coefficients

taking into account the contributions from the determined

most probable m3, m6, m9, m10 and m11 models of the cop-

per centers and one of the considered copper oxides CuO

Technical Physics, 2025, Vol. 70, No. 6
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Figure 5. Comparison of experimental and theoretical CuK-XANES in Cu−MORTFfor the oxygen activation stage corresponding to

LCM-5, taking into account contributions from the most probable models of copper centers, and visualization of their structures before

and after improvement of their geometry in Quantum Espresso software: m3 (a, b) and m6 (c, d).

Table 3. Structural parameters obtained as a result of geometry

improvement for the copper center model–m3, characteristic of the

oxygen activation stage in Cu−MORTF

Cu−O Cu−Cl Cu−Cl Cu−O Cu−Al Cu−Cl−Cu

R ± 0.01 (Å) angle ±1◦

R1 = R5 R2 = R6 R3 = R7 R4 = R8 R α = β

1.98 2.24 2.21 2.04 2.80 74

or Cu2O. Thus, the following linear combinations (LCM)
are considered, taking into account the contributions from

various most probable models of the copper environment

with the corresponding coefficients C1, C2 and C3 : LCM-

1 with coefficients C1 = 0.7 and C2 = 0.3, taking into

account the contributions from the copper center m6 and

CuO oxide; LCM-2 — C1 = 0.4, C2 = 0.4 and C3 = 0.2,

contributions from models m11, m9 and Cu2O oxide; LCM-

3 — C1 = 0.7, C2 = 0.2 and C3 = 0.1, contributions from

models m3, m6 and Cu2O oxide; LCM-4 — C1 = 0.6,

C2 = 0.3 and C3 = 0.1, contributions from models m10,

m9 and Cu2O oxide; LCM-5 — C1 = 0.7, C2 = 0.2 and

C3 = 0.1, contribution from models m3, m6 and Cu2O

oxide.

Figure 4 shows a comparison of the experimental and

calculated Cu K-XANES in Cu−MORTF corresponding to

the considered LCM, presumably characterizing the local

atomic structure of the copper’s closest environment during

oxygen activation. A set of qualitative and quantitative

estimates of experimental and theoretical Cu K-XANES in

Cu−MORTF, presented in Fig. 4 and in Table 2 allows to

identify LCM-5 as the most probable one characterizing the

copper’s nearest environment during oxygen activation.

As can be seen in Fig. 4, the found combination of coef-

ficients corresponding to LCM-5 allows us to reproduce the

main trends of experimental Cu K-XANES corresponding

to the oxygen activation stage, however, in the region of the

main maximum of the characteristic A and B , as well as

in the energy range from 9008 to 9018 eV, there is a slight

discrepancy between theoretical and experimental spectra.

The improvement of geometry of the structural models m3

and m6 (LCM-5) performed in Quantum Espresso software

made it possible to minimize the observed discrepancies

between the experimental and theoretical CuK-XANES

spectra corresponding to the nearest environment of copper

at the stage of oxygen activation, and to reproduce all

the main spectral features in the experiment. Thus, it

was found that if taking into account the contributions

of the copper centers models m3, m6 and Cu2O oxide

with the corresponding coefficients C1 = 0.7, C2 = 0.2

and C3 = 0.1 we may achieve the consistency between

theoretical and experimental data (Fig. 5). The mean-square

error for the obtained LCM-5 was 0.003, which is an order

of magnitude less than all the other LCM considered by us,

taking into account contributions from other types of copper

centers. Table 3 and 4 provides a full 3D-geometry of the

obtained structural models of the copper centers m3 and

m6 — interatomic distances and bond angles.

Thus, it was found that the copper centers m3 and

m6 (Fig. 5), characteristic of the oxygen activation stage,

are located in the structural ring — 8.12 of the mordenite

zeolite carcass. The obtained models m3 and m6 represent

two-copper and three-copper centers where either two

oxygen atoms and two chlorine atoms or four oxygen

atoms are located in the nearest environment of copper,

respectively.

Technical Physics, 2025, Vol. 70, No. 6
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Table 4. Structural parameters obtained as a result of geometry improvement for the copper center model–m6, characteristic of the

oxygen activation stage in Cu−MORTF

Cu−O Cu−CO Cu−CO Cu−O Cu−O Cu−Al Cu−O−Cu

R ± 0.01 (Å) angle ±1◦

R1 = R5 = R8 R3 = R11
R2 = R7 R4 R6 R α = β = γ

= R9 = R12 = R10

1.77 1.91 1.95 1.81 1.99
2.77(1)

112
2.72(2)

Conclusion

An approach is proposed that allows using a combination

of computer modeling methods with machine learning

elements and X-ray absorption spectroscopy to solve the

problem of determining the most likely structures of

copper zeolite centers that transform at various stages

of the catalytic cycle. The difficulty of determining the

structural models of the copper environment using only

traditional approaches such as XANES or EXAFS is due

to the presence of various types of copper centers in

zeolite carcass, since such methods allow obtaining average

structural information. However, using the proposed

approach, it was possible to determine a probable model of

the nearest environment of copper atoms in Cu−MORTF,

which is specific for the most significant stage of the

catalytic cycle —oxygen activation. It was found that

theoretical linear combination (LCM-5), corresponding to

the nearest environment of copper in the zeolite-mordenite

carcass during oxygen activation, contains contributions

from Cu2O oxide, as well as from copper centers m3 and m6.

The structural characterization of the obtained models is

performed, the structural parameters of the interatomic

distances and bond angles for both types of copper centers

are determined. Thus, this technique has proven to be an

effective tool for determining the structure of copper centers

of mordenite-type zeolites relatively quickly compared to

conventional approaches. In the future, the study of such

porous materials, in particular other types of zeolites, using

the proposed methodology requires its improvement and

generalization.
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