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Abstract: This paper presents two mechanisms for the deNOx process and for the deN,O process
(in two variants). The processes were carried out on a clinoptilolite zeolite catalyst with a deposited
Cu-Cu monometallic dimer and Cu-Zn bimetallic dimer with bridged oxygen between the metal
atoms. Analyses were performed for hydrated forms of the catalyst with a hydrated bridging oxygen
on one of the metal atoms. Calculations were performed using DFT (density functional theory) based
on an ab initio method. The analyses included calculations of the energies of individual reaction steps
and analysis of charges, bond orders and bond lengths as well as HOMO, SOMO and LUMO orbitals
of selected steps in the mechanism. Based on the results obtained, it was determined that the most
efficient catalyst for both processes is a Cu—Zn bimetallic catalyst with a bridged hydroxyl group. It
shows higher efficiency in the limiting step (formation of the -N,H intermediate product) than the
previously studied FAU and MFI zeolites with a Cu-Zn bimetallic dimer. In addition, the possibility
of using the catalytic system from the deNOx process in the deN,O process was presented, which
can benefit SCR installations. In addition, it was proved that the order of adsorption of NO and N,O
has significance for further steps of the deN,O process. In order to improve the comparison of FAU,
MFI and CLI zeolite catalysts with a Cu—Zn dimer, further studies on the deN,O mechanism for the
first two zeolites are needed. This study allows us to propose a bimetallic catalyst for the deNOx and
deN,O processes.

Keywords: deNOx; bimetallic; deN,O; DFT; clinoptilolite

1. Introduction

Anthropogenically produced nitrogen oxides (NOx), which are components of fuel
exhausts as well as waste gases from the chemical industry, are the source of many air
pollutants such as acid rain and photochemical smog [1-5]. These pollutants are very
harmful to both the environment and human health. N,O is also an essential toxic gas [6-8].
This oxide is produced during the production of nitric acid and, among other things,
as a by-product of the NH3-SCR process. This gas is one of the greenhouse gases that
contributes to global warming, as well as damages the ozone layer. In addition, it has a
global warming potential (GWP) approximately 310 times higher than that of the much
more famous CO, [9].

One of the leading and most effective NOx reduction technologies is selective catalytic
reduction (SCR) using ammonia as a reducing agent [10-13]. In addition to experimental
studies, theoretical studies that provide a detailed look at the reaction mechanism [14-16]
and studies that combine experiment and theory to fully understand the deNOx process are
also very popular [17]. Theoretical calculations allow the investigation of many atoms and
systems in a relatively short time and with low financial effort, which can then contribute
to identifying the most efficient structure for experimental studies [18].
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Industrial vanadium catalysts of the SCR process can come in the form of honeycomb-
shaped monoliths or plates [19]. These catalysts show relatively high efficiency; however,
the temperature window of operation is quite narrow and is in the range of 300-400 °C.
Additionally, this catalyst tends to oxidise sulphur oxides (5O, and SO3), which react with
NHj3 to form ammonium sulphates that deactivate the catalyst [20].

In order to avoid the above-mentioned problems, low-temperature catalysts, op-
erating already at a temperature of about 100 °C, are still being studied, which could
avoid the formation of toxic SO, and fly ash and also reduce the costs of the SCR pro-
cess [21]. Zeolite catalysts doped with iron [22,23], copper [17,24,25] or zinc [26], as well as
bimetallic systems [15,27,28], have become a focus of interest and are potential catalysts for
SCR reactions.

The above-mentioned transition metals deposited on zeolites have attracted much
scientific discussion due to their high deNOx activity, wide temperature window, high ther-
mostability and chemical durability (lower probability of sulphur oxide oxidation) [29-32].
The application of zeolites with deposited transition metals has been presented in various
review publications, e.g., Branderberger et al. [33] described comprehensively the chem-
istry of the NH3-SCR process together with some aspects of the mechanism of formation
of transition products. Chen et al. [34] collected and detailed the characterisation of the
active sites of zeolite catalysts with Cu and Fe metals and also described the use of DFT
calculations for surface descriptions.

The activity of the deNOx process at low temperatures [35,36] has improved signifi-
cantly over the past few years. This is mainly due to the development of copper catalysts
supported on porous materials such as zeolites. One of them—Cu-55Z13—has been com-
mercialised as an SCR catalyst in diesel engines [37]. Copper-based catalysts are also very
promising due to their high activity and thermal stability [38,39]. The temperature window
is reduced to below 400 °C [40,41]; however, the determination of the species of copper
deposited on the support is still a significant problem. Research by Xu et al. [27] showed
that Zn doping of Cu-containing catalysts exhibits good catalytic activity, increases hy-
drothermal stability and also assists in the dispersion of Cu?* species, which are important
in the catalytic process. Zn forms bimetallic (Cu-O-Zn) complexes with Cu which have
greater stability than single copper ions [15,27,42]. Catalysts containing copper or zinc
were also considered in studies on N,O decomposition [43—47].

The global warming potential of the N,O molecule, mentioned earlier, requires a
catalyst to be found to efficiently decompose this unwanted atmospheric compound to
non-toxic nitrogen and water molecules [48]. In the context of combining the deNOx
and deN,O processes in N,O decomposition studies, it is important to investigate the
interactions of N,O with NO or NO,. This is important for describing the mechanism
of these processes and for clarifying the ways in which the N-O bond is broken or the
N-N bond is formed [49]. Studies performed so far have concluded that, for deNOXx,
transition metals on supports can be beneficial in N,O decomposition [50-52]. Due to
the fact that NoO can be formed in the deNOx process, catalysts that are effective in the
two deNOx and deN,O processes are sought [23,53-56]. It is important to study the
competitiveness of NO and N,O [57]. At present, in plants producing, e.g., nitric acid, the
removal of NO and N,O proceeds separately. In order to reduce costs, and save space and
time, an important problem is finding a catalyst that allows the simultaneous removal of
these oxides. To completely explain the details of the SCR processes of both deNOx and
deN,O, it is necessary to have a detailed understanding of the reaction mechanism in these
processes [11,58,59], especially the step of the formation of the NoH intermediate, which is
described as limiting, e.g., for vanadium catalysts [60]. Theoretical studies have proved
that one of the most effective metallic systems in zeolites for NOx reduction is the bridged
oxygen metallic dimer (M;-O,—My) [61,62]. To analyse the systems, the visualisation and
energies of the HOMO, SOMO and LUMO orbitals are also used to determine the reactivity
of the system [63].
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In the present paper, the deNOx and deN,O processes are analysed over clinoptilolite
zeolite with two metal dimer systems, Cu—Cu and Cu-Zn. Hydrated structures with
an OH group on bridged oxygen or on one of the metal atoms are designed in order to
illustrate the reactions in the presence of water. The energies between the different process
steps are calculated. Two deN,O process pathways are proposed, in which the order of
adsorbates is of fundamental value. For a detailed interpretation of the mechanisms and
analyses of charges on atoms, bond orders and bond lengths, as well as the visualisation
and energies of the HOMO, SOMO and LUMO orbitals, the most relevant steps of the
mechanisms are presented. All calculations are carried out using the DFT-based ab initio
method. The results are visualised using Mercury 4.0 [64] and Molekel [65] software
(http:/ /ugovaretto.github.io/molekel/ accessed on 8 August 2023).

2. Results
2.1. Adsorption of Dimers

For the calculation of the reactions in the deNOx and deN,O processes, structures
based on clinoptilolite zeolites were used (Figure 1). Metallic dimers, including monometal-
lic Cu—O-Cu and bimetallic Cu-O-Zn with oxygen bridging between the metals were
placed on the active catalytic sites in the region of the Al atoms. In addition, partial hydra-
tion of these structures by adsorption of an OH group on one of the metals in the dimer or
by the formation of a bridging OH group was considered.

(b)

VLVoeeo.

Al Si O CuznH

Figure 1. Cluster model of the clinoptilolite zeolite structure with deposited mono- or bimetallic
dimer: (a) Cu-O-Cu dimer, (b) Cu—O-Zn dimer, (¢) Cu—O-Cu dimer with an OH group on Cu,
(d) Cu-O-Zn with an OH group on Cu and (e) Cu-O-Zn with an OH group on Zn. Adsorption
energy is shown below the structure. The colour of the atoms: orange—copper, grey-blue—zinc,
pink—aluminium, yellow—silica, red—oxygen, white—hydrogen.

Figure 1 shows the adsorption energies. The adsorption of the dimers in the clinoptilo-
lite structure is an endothermic process (Figure 1a,b), while the following step involving
the attachment of the hydroxyl group proceeds with the release of energy (Figure 1c—e).
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2.2. DeNOx Mechanism

Figure 2 presents a block diagram of the deNOx process as performed in this work.
Figure 2a shows a schematic description of the deNOx mechanism on a catalytic system
containing a zeolite, metal dimer and an OH group on bridged oxygen. Figure 2b represents
the deNOx mechanism on a catalytic system in which the OH group is located on one of
the metals in the dimer.

(a) NO NO NH, N; H,0 N,
N ) N
Dimer-OH, +2NO, Dimer +NH; pimer | transformation | pimer-oH, Dimer-OH, Dimer-OH,
Clinoptilolite - HNO, Clinoptilolite Clinoptilolite Clinoptilolite -H0 Clinoptilolite -N; Clinoptilolite
(b) NO NH, H0 N, H,0 N,

N PO
Dimer-OH, +NO+NH; Dimer-OH, transformation Dimer Dimer Dimer

Clinoptilolite Clinoptilolite Clinoptilolite - 2H,0 Clinoptilolite -N; Clinoptilolite

Figure 2. Schematic presentation of the deNOx process on a clinoptilolite catalyst with a metal

dimer: (a) dimer with an OH group on bridged oxygen, (b) dimer with an OH group on one of the
metal atoms.

The investigated structures were further used to represent the individual stages of the
deNOx and deN,O processes. Based on the literature [11,15,17], where a detailed mech-
anism was successfully used, a mechanism was proposed for the designed clinoptilolite
zeolite structures.

The lengths and orders of the bonds, as well as the ionicity of the systems selected for
further analysis, can be seen in the Supplementary Information in Figures S1 and S2.

In Figures 3 and 4, the mechanism of the deNOx process for the Cu-O-Cu (Figure 3)
and Cu-O-Zn (Figure 4) systems with a bridged hydroxyl group is presented.
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Figure 3. Energy diagram of the proposed mechanism of deNOx on the clinoptilolite zeolite with a
bridged OH group in the dimer—Cu—O-Cu monometallic dimer.
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Figure 4. Energy diagram of the proposed mechanism of deNOx on the clinoptilolite zeolite with a
bridged OH group in the dimer—Cu—O-Zn bimetallic dimer.

As mentioned earlier, the mechanism proposed by Bendrich et al. [11] was used, which,
in the first step, allows the attachment of an NO molecule. Using the possibilities of the
StoBe program, the two most relevant intermediate states were calculated. The first refers to
the relatively complicated reaction of NO adsorption on the catalyst. First, with the release
of energy, two NO, molecules are stabilised near the metal dimer (Figures 3(Al) and 4(B1)).
This is followed by the formation of a complex that represents the first transition state in
this mechanism (TS1-A1" and TS1-B1’), obtained using the NEB method. Finally, there is a
spontaneous detachment of the formed nitric acid(V) molecule, followed by the attachment
of the leftover NO molecule. This process for both the Cu-O-Cu and Cu—O-Zn systems is
strongly exothermic. The subsequent attachment of the reductant molecule, ammonia, is
also exothermic. The barrier is lower for the copper complex (1.21 eV) in comparison to the
Cu-O-Zn complex (1.71 eV). However, the Cu—O-Zn system attaches the NH; molecule
more easily (see Figure 3(A3) or Figure 4(B3)). This is followed by the transformation, which
is also endothermic (TS2-A4 or TS2-B4), and it represents a second important transition
state. The transformation forms an imide group (-N,H) and a water molecule. In the case
of the Cu—O-Cu dimer, these intermediates are desorbed and located near the catalyst
(Figure 3 (TS2-A4)). However, for the Cu-O-Zn dimer, both water and the imide group
are adsorbed on the catalyst (Figure 4 (TS2-B4)). This is also represented in the energies
that the system requires to form an intermediate state and then desorb the water molecule.
For Cu-O—-Zn, the transformation requires less energy because the products both stay on
the surface (0.34 eV), while, for Cu—O-Cu, the amount of energy required to convert to
products (which are attached to the catalyst) is higher (0.96 eV). Water is then desorbed
from the system (as in the case of Cu—O—-Cu; —2.85 eV) or from the surface of the dimer
(as in the case of Cu—O-Zn; —1.72 eV). Because the water molecule in the system with two
copper atoms already desorbs from the surface at the transformation stage, its removal is
much more exothermic and therefore much easier. Next, N, desorption takes place, which
is easier (exothermic) on Cu—O-Zn (compared to the endothermic process for the Cu—-O-Cu
system). Differences in the binding mode of the individual molecules, as well as transitions,
are explained later.

Based on these mechanisms, we can conclude that the Cu—-O-Zn bimetallic dimer is a
slightly better catalyst for deNOx.
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The next stage of the work consisted of carrying out the deNOx process for partially
hydrated systems containing a hydroxyl group on one of the metal atoms (Figures 5 and 6).
For the Cu—O-Zn system, both variants—OH on copper and OH on zinc—were considered.
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Figure 5. Energy diagram of the proposed mechanism of deNOx on the clinoptilolite zeolite with OH

group on metal in the Cu-O-Cu monometallic dimer.
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Figure 6. Energy diagram of the proposed mechanism of deNOx on the clinoptilolite zeolite with OH

group on metal in the Cu—O-Zn bimetallic dimer: (a) OH group on Cu and (b) OH group on Zn.
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For Cu-O—Cu system:s, the direct coadsorption of NO and NH3 was used without the
participation of NO, or HNOj3 molecules (stages C1-C2). This type of approach worked
well in previous studies [17]. In Figure 5, the attachment of nitric oxide and ammonia
molecules can be seen to be strongly exothermic. In addition, the transformation process
takes place with the release of energy to the environment (C2-C3). In the next step (C4),
in contrast to in the previous systems, two water molecules are desorbed instead of one
(one of them is formed by an OH group adsorbed on the metal). This stage is endothermic.
Then, with almost no change in energy, the N, molecule is desorbed (C5), and the catalyst
is ready to accept another OH group and regenerate for the deNOx process.

The same procedure was followed for the Cu-O-Zn system (Figure 6).

The presence of an OH group on a copper or zinc atom does not relatively change
the behaviour of the catalyst (Figure 6). The same steps in either case are exothermic or
endothermic. Only the amount of energy needed or released changes. Thus, in the system
where the OH is located on copper, a much larger amount of energy is released to the
environment during the attachment of NO and NHj3 (D1-D2) than in the structure with the
OH group on zinc (E1-E2). In the transformation step, we have the completely opposite
situation. The desorption of H>O in both systems requires the addition of energy (less for
the Cu—O—Cu system—D4), while the desorption of N occurs with almost no change in
energy (D5 and E5). Comparing the two systems with each other, we concluded that the
one with the OH group on copper is slightly better. On the other hand, with respect to the
previous monometallic system, it is the one with higher energy efficiency.

By comparing all the structures on which the deNOx process was carried out, it can
be seen that the Cu-O-Zn bimetallic system with an OH group on bridged oxygen shows
the best energy efficiency. In addition, when the OH group is adsorbed on copper, it also
shows high efficiency. Unfortunately, by comparing the attached energy of the OH group
to the metal atom in the bimetallic system (Figure 1), it can be seen that it has a slightly
higher affinity for zinc.

2.3. DeN,O Mechanism

Figure 7 presents a block diagram of the deN,O process presented in this work.
Figure 7a shows a schematic description of the deN;O mechanism on a catalytic system
containing a zeolite, dimer and an OH group on bridged oxygen. In this scheme, the
first step is NO adsorption. Figure 7b represents a schematic visualisation of the deN,O
mechanism, where the first step is N,O adsorption. The presence of hydrogen on the
catalyst is not necessary here.

NO N,0 NO,

<O

a)
Dimer-OH,,
b)

Dimer

Clinoptilolite -HNO;
(

+N,0

il

o

NO
Dimer +N,0 Dimer Dimer-OH,, Dimer-OH,,
N,O

|

C

N
Dimer +NO Dimer-OH,,, Dimer-OH,,

Clinoptilolite

Clinoptilolite Clinoptilolite -N; Clinoptilolite -NO, Clinoptilolite
N,0 NO,
-N

i

Clinoptilolite Clinoptilolite -N, Clinoptilolite 0, Clinoptilolite

Figure 7. Schematic presentation of the deN,O process on a clinoptilolite catalyst with a metal dimer:
(a) dimer with an OH group on bridged oxygen which starts with NO, (b) dimer without an OH
group (here, the OH it is not necessary) which starts with N,O.

The next stage of the research consisted of carrying out the deN,O process on pre-
selected systems. Two approaches were analysed. In the first one, the NO molecule adsorbs
first, followed by N,O, while, in the second, the N,O molecule adsorbs first, followed by
NO. This order proved to be significant in the deN,O process.

First, as before, the systems with an OH group on bridged oxygen were analysed
(Figure 8).
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Figure 8. Energy diagram of the proposed mechanism of deN,O (first step of NO adsorption) on the
clinoptilolite zeolite with a bridged OH group in the dimer: (a) Cu-O-Cu monometallic dimer and
(b) Cu—O-Zn bimetallic dimer.

Figure 8 presents the deN,O process with the same first steps as the deNOx process
(therefore, the symbols A and B are shown at the beginning of mechanisms). The adsorption
of NO is then followed by the adsorption of an N,O molecule (Figure 8a (F3) and 8b (G3)).
In both cases, its adsorption is slightly exothermic. This is followed by a step in which the
N, molecule is desorbed (F4 and G4). In both systems, this reaction is endothermic, and
practically the same amount of energy is needed to release the nitrogen molecule. The last
step is the desorption of NO; (F5 and G5), which is also endothermic, probably due to the
distance of the oxygen from the NO molecule.

The deN,O process for the same systems starting with the N,O molecule (Figure 9)
was then carried out.

A very important aspect is that N,O does not attach to any of the atoms adsorbed on
the zeolite surface. The nitrous oxide molecule does not affect the system, so the same steps
as in the previous mechanism were followed. The analysis indicated that it is the presence
of NO that allows the N,O molecule drifting near the catalyst to attach (H1-H2 and I1-12).
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Figure 9. Energy diagram of the proposed mechanism of deN,O (first step of N,O adsorption) on
the clinoptilolite zeolite with a bridged OH group in the dimer: (a) Cu-O—-Cu monometallic dimer,
and (b) Cu—O-Zn bimetallic dimer.

The same blocked scheme is also presented for the deN,O mechanism on zeolite with a
dimer and an OH group on one of the metal atoms (Figure 10). In this case, two approaches
were also used—Figure 10a shows adsorption of NO as the first step, and Figure 10b shows
the adsorption of N,O as the first step.

{a) NO NO N,O
S
Dimer-OH,, +NO Dimer-OH,, +N,0 Dimer-OH,, Dimer-OH,, Dimer-OH,,
Clinoptilolite Clinoptilolite Clinoptilolite -N; Clinoptilolite -NO, Clinoptilolite
(b) N0 NO N,0
| NS
Dimer-OH,, +N,0 Dimer-OH,, +NO Dimer-OH,, Dimer-OH,, Dimer-OH,,
Clinoptilolite Clinoptilolite Clinoptilolite -N; Clinoptilolite -NO, Clinoptilolite
Figure 10. Schematic presentation of the deN,O process on a clinoptilolite catalyst with a metal
dimer and OH group on one of the metal atoms: (a) starts with NO, (b) starts with N,O.
As mentioned before, the same process for a system with an OH group on one of the
metals (Figures 11-13) was then carried out.
(a) (b)
AE [eV] v AE [eV]
1.00 —— i 1.00 —— 3] 5
—+ ' NO ' -+ / 8 N,0 %
0.00 —— ===, / % 0.00 — % — =
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1 il Veoe .
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Figure 11. Energy diagram of the proposed mechanism of deN,O on the clinoptilolite zeolite with
OH group on metal in Cu—O-Cu monometallic dimer: (a) first step of NO and (b) first step of N,O.
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Figure 12. Energy diagram of the proposed mechanism of deN,O (first step NO adsorption) on the
clinoptilolite zeolite with an OH group on metal in the Cu-O-Zn bimetallic dimer: (a) OH group on
Cu and (b) OH group on Zn.
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Figure 13. Energy diagram of the proposed mechanism of deN,O (first step N, O adsorption) on the
clinoptilolite zeolite with an OH group on metal in the Cu-O-Zn bimetallic dimer: (a) OH group on
Cu and (b) OH group on Zn.

Figure 11 shows the deN,O process for the Cu-O-Cu system with an OH group on
copper. The system behaves completely differently to when the OH group is on bridged
oxygen. If NO adsorbs on the structure first, for N,O, there is an attachment that sig-
nificantly changes the structure of the system (J1-J2 and K1-K2). Coadsorption is not
possible in either the first case (Figure 11a (J3)) or the second one (Figure 11b (K3)). With
the addition of a second molecule, the energy of the system practically does not change. In
both cases, further steps, such as the desorption of N, and NO;, are endothermic (J4-J5
and K4-K5), but the first one is much more favourable when N,O adsorbs first (it already
forms the N, molecule detached from the system at the moment of adsorption) than in
the situation when NO adsorbs first. The position of an OH group significantly affects the
reaction mechanism.

The next two figures show this mechanism for the Cu—O-Zn system with an OH group
on one of the metals. As shown in Figure 13, both when the OH group is located on the
copper atom and on the zinc atom, NO attaches to the dimer (L1-L2 and M1-M2). The
difference takes place in the next step, i.e., the adsorption of N,O (L3 and M3). In the
system with the OH group on copper, the N,O molecule does not attach, in contrast to in
the system with the OH group on zinc.

The presence of the OH group again influences the method of adsorption. In addition,
in spite of the low energy needed for the attachment of N,O to the system shown in
Figure 12b, we can conclude that the subsequent steps—the N, desorption as well as the
NO, desorption—occur more favourably than in the case of the system shown in Figure 12a.
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(a)

(b)
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The last mechanism analysed was deN,O with N,O adsorption at the beginning of
the process (Figure 13).

In systems with a hydroxyl group on bridged oxygen, when the OH group is present
on copper in a bimetallic system, N,O does not attach (N1-N2 and O1-02). The structure
of the dimer changes, and there is a reduction in energy, even though the N,O only drifts
near the catalyst. The next steps were taken from previous calculations, as N,O still does
not form a bond with the catalyst when NO is added to the reaction system (N3 and O3).
Things are different for the system with the OH group on zinc (Figure 14b). N,O attaches,
and the Ny molecule detaches at the beginning of the reaction. On the other hand, when an
NO molecule is added to the system, it significantly reduces its energy, but NO does not
attach to the catalyst as it does after the N, desorption. Only the catalyst regeneration step
and the desorption of the NO, molecule are strongly endothermic.

M=9 @00

Si,Al,Cu,zn O N H

Figure 14. (a) SOMO and LUMO orbitals for the three most important steps in the deNOx mechanism
for Cu-O-Cu with an OH group on bridged oxygen and (b) HOMO and LUMO orbitals for three
important steps in the deNOx mechanism for Cu—O-Zn with an OH group on bridged oxygen.
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Summarising all the mechanisms presented for the deN,O process, the best system
appears to be Cu-O—Cu with the OH group on copper, especially in the case where the N,O
adsorption occurs earlier. However, due to the high affinity of the catalytic system for NO, if
such a catalyst is used in industry, it will have to be contacted first with an N;O-containing
gas and then with NO. The Cu-O-Zn bimetallic catalyst with the OH group on bridged
oxygen proved equally interesting. In the case of this catalyst, the order of adsorbates does
not matter, as NoO only attaches after the NO attachment. Additionally, in the case of the
deNOx process, this catalyst shows good energetic properties for the process.

Comparing all the collected information on the mechanism of the deNOx and deN,O
processes, the catalyst that is able to be used for both processes is a system with a bimetallic
Cu—O-Zn dimer and a bridged OH group on clinoptilolite.

2.4. Molecular Orbitals

The final step of the analysis was the visualisation of the HOMO, SOMO and LUMO
orbitals. Due to the different multiplicity of the systems (all energies are shown in Table S1
in the Supplementary Information), in some cases, we were dealing with HOMO orbitals
(double filled for systems where there is no odd number of electrons or excitation states),
SOMO orbitals (single-filled orbitals with the highest energy among the filled ones for
systems where there is an odd number of electrons or excitation states) and LUMO orbitals
(the first unfilled orbital with the lowest energy). The changes in orbitals for the three
most relevant steps in the deNOx and deN,O processes are shown below. For clarity of
the analysis, only the system containing the OH group on bridged oxygen was selected
for comparison due to the fact that the previous analyses indicated that it is the Cu-O-Zn
bimetallic catalyst with the OH group on bridged oxygen that shows the most promising
properties for nitrogen industrial processes. Analyses of the orbitals of the other structures
are presented in the Supplementary Information (Figures S3-56).

Figure 14 shows the orbitals for structures with an OH group on bridged oxygen for
the Cu—O—Cu system (Figure 14a) and for the Cu—O-Zn system (Figure 14b).

The difference related to the energy of the individual orbitals in a given system is the
most important. As shown in Figure 14b, the energy of the SOMO orbital first increases,
then decreases, while the opposite behaviour is observed for the LUMO orbital for this
system. Its energy first decreases and then increases significantly. In contrast, the Cu-O-
Zn structure (Figure 14b) shows that the energy change for both the HOMO and LUMO
orbitals is not significant. Additionally, in the case of the Cu-O-Cu structure, it is visible
that the location of the orbitals also changes. Only the central system shows that the orbital
is located close to the atoms of the metal dimer. On the other hand, in the case of the
Cu—O-Zn system, both the HOMO and SOMO orbitals are located close to the metal dimer.
The location of the LUMO orbital on the metallic dimer in the Cu—O-Zn structure confirms
that this system is transformed more easily and participates in the deNOx process.

The SOMO and LUMO orbitals were then analysed for the deN,O process on the
Cu—O-Cu system with an OH group on bridged oxygen (Figure 15).

A significant reduction in the energy of the LUMO atom, where the N,O molecule
adsorbs first on the system, was observed. Similarly, the final energy of the SOMO orbital
decreases. This confirms previous analyses showing that beginning the adsorption from
the N,O molecule results in an easier deN,O process. The system always moves to a lower
energy. The second characteristic of this system is that, when starting the adsorption from
both NO and N,O, the SOMO orbital is located on the zeolite, while LUMO is located on
the metallic dimer.

The orbitals for the Cu—O-Zn system with an OH group on bridged oxygen were
analysed finally (Figure 16). A strong similarity to the deN,O process on the Cu-O-Cu
system with an OH group on bridged oxygen was noted.
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Figure 15. SOMO and LUMO orbitals for the three most important steps in the deN,O mechanism
for Cu—O-Cu with an OH group on bridged oxygen: (a) starts with NO; (b) starts with N,O.
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Figure 16. SOMO and LUMO orbitals for the three most important steps in the deN»,O mechanism
for Cu—O-Zn with an OH group on bridged oxygen: (a) starts with NO; (b) starts with N,O.

In both cases, starting from both the NO molecule (Figure 16a) and the NoO molecule
(Figure 16b), the last step is characterised by the reduced energy of the SOMO and LUMO
orbitals. In the case of the N,O adsorption as the first molecule, the reduction in the energy
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of the LUMO orbital is significant. In addition, similarly to the previous system, the SOMO
orbitals are located on zeolite, while the LUMO orbitals are located on the metallic dimer.

2.5. Electron Analysis

A full ionicity and electron analysis is presented in the Supplementary Information
(Figures S7-521).

3. Discussion

Putting together the analyses of the orbitals for the presented systems, it was observed
that they confirm previous conclusions, i.e., the most favourable catalytic system for both
deNOx and deN;O processes is the Cu-O-Zn bimetallic system with an OH group on
bridged oxygen, and starting the deN,O process from the N,O molecule increases the
efficiency of the deN,O process. In the deNOx process, when it takes place on a catalytic
system where the hydroxyl group is located on a bridged oxygen, the -N,H intermediate
mentioned in the literature [60] is formed (Figure S15). As expected, the formation of
this intermediate is the limiting step (energy input to the system is needed to form it)
(Figures 3 and 4). However, in the case of the Cu—O-Zn bimetallic dimer, this energy is
lower, showing that the presence of zinc in the dimer can improve the efficiency of the
deNOx process.

Looking globally at the calculations and analyses carried out, we also observed several
regularities for the deN,O process. The main aspect is the order of adsorption of NO and
N;O, which has a significant influence on the further paths of the mechanism. In the dimers
without an OH group on one of the metals, the N,O molecule adsorbs on the catalyst
surface only when a NO molecule is present in the reaction environment. This shows
that the dimer alone, without interaction with NO, is unable to affect N,O decomposition
(Figures S17 and S18). This was also confirmed in the analysis of the orbitals, where NO
forms the LUMO orbital, which is reactive (Figure 15).

If, on the other hand, we consider dimers with a hydroxyl group on one of the metals,
it can be observed that Zn does not have a very significant effect on the limiting step,
which is the desorption of the N, molecule. Only in the case of a bimetallic dimer with an
OH group on zinc and N,O adsorption first does this step have a significantly reduced
energy barrier.

However, the deN,O process carried out on a Cu—O-Zn bimetallic system with an OH
group on bridged oxygen is relatively efficient and can occur regardless of the order of NO
or N,O adsorption.

It is also interesting to note that, in the case of NO and NHj3 adsorption on the Cu-
O-Zn system, the dimer structure is disrupted at one of the stages (Figure S15), contrary
to the literature report of increased catalyst stability upon Zn addition. Further studies
of this system may provide an explanation for this difference. One more thing to present
is a comparison of the results obtained with previous studies. A comparison with the
mechanism of the deNOx process carried out on FAU and MFI zeolites with Cu-O-Zn
bimetallic dimer is deserving of special attention [15]. In the case of the FAU zeolite, the
energy barrier of the limiting step (formation of -NyH) is 0.45 eV, while, for the MFI zeolite,
it is equal to 0.75. We can confidently state that our calculations prove that the clinoptilolite
with Cu-O-Zn dimer is more efficient in the deNOx process, because the energy barrier of
the limiting step is 0.34 eV.

4. Experimental
4.1. Computational Details

The ab initio density functional theory (DFT) method was used to calculate the electron
structure of the presented clusters with StoBe software (http://www.thi-berlin.mpg.de/
KHsoftware/StoBe/ (accessed on 8 August 2023)) [66]. The exchange and correlation
functional was approximated with a Perdew—-Burke—Ernzerhof (PBE) functional [67,68]. It
was used for electron exchange and correlation. By linear combinations of atomic orbitals
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(LCAO) and using conventional Gaussian basis sets for atoms, Kohn—-Sham orbitals were
presented [69].

Mulliken populations [70] and Mayer’s bond order factors [71,72] were used to pre-
cisely analyse the electron structure of the clusters. Molecular orbitals were also analysed.
Visualisations were presented with the Molekel program [65].

Double-zeta valence polarisation (DZVP) functional bases were used for orbital basis
sets Si and Al (6321/521/1), Cu and Zn (63321/531/311), O and N (621/41/1) and H (41).
Additionally, auxiliary functional bases were used to adjust the electron density and the
exchange potential of the correlation of individual atoms: Si and Al (5,4;5,4), Cu and Zn
(5,5,5,5), O and N (4,3;4,3) and H (4,0;4,0).

The NEB parameter in StoBe software was used to determine the structure and energy
of the transition state. This keyword defines control parameters of a reaction path opti-
misation using the nudged elastic band (NEB) method (see C1), where both the standard
NEB [73-75] and the climbing image NEB (CI-NEB) approach [76] were implemented. The
quasi-Newton Broyden—Fletcher—-Goldfarb—Shanno variant was used for the local optimisa-
tion and path extrapolation method used in the NEB path optimization. The 0.5 and 0.1
spring constants (Rx8 values) for the basic spring constant and the variation of the spring
constant for the lowest images, respectively, were used in the elastic coupling between
adjacent images along the NEB reaction path.

4.2. Geometrical Models

The structure for calculations was taken from [77,78] (Figure 1). A single crystal
unit cell contains 197 atoms, a cubic phase of clinoptilolite zeolite framework type is
characterised by the monoclinic space group C 12/m 1 (# 12) with a lattice constant of
a=1752A,b=1764 Aand c=7.40 A, and « =y =90°, and B = 116.104°.

To create a cluster for the calculation, a section containing the most important five
T-points was cut out. The structure of the obtained cluster was as follows: Si;gO50Hzg
(Figure 17). The broken bonds were saturated with a single positive charge—a hydrogen
atom. The distance of the oxygen atom to the hydrogen was 0.97, and the direction was
in line with that of the removed atom. For analyses related to catalytic reactions, alu-
minium atoms were introduced into the system, as proposed by Uzunova and Mikosch [79].
The results of the calculations can be seen in the Supplementary Information. The most
energetically favourable system was selected for further analyses (Figure 522).

(b)

Figure 17. Cluster model of clinoptilolite zeolite structure Al,SijsO50H30: (a) view along (100) and
(b) view along (001). The colour of the atoms: pink—aluminium, yellow—silica, red—oxygen,
white—hydrogen.

5. Conclusions

Summarising the calculations and analyses carried out, we can come to certain con-
clusions. The presence of water in the reaction system can have a beneficial effect on the
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catalyst by facilitating the formation of bridging OH groups or the attachment of OH
groups to metal atoms in the dimer. The location of the OH group influences the behaviour
of the catalytic system, changing the different steps in the process, as well as the number of
end products (one water molecule when the OH group is on bridged oxygen or two water
molecules when the OH group is on one of the metals in the dimer).

Catalytic systems appear to be more favourable energetically when N,O is first ad-
sorbed onto the surface, but this is difficult to achieve due to the high affinity of NO for the
system. An industrial solution could be to introduce a gas containing N,O and then NO
onto the catalyst. However, in some catalytic systems, such as Cu—O-Cu and Cu-O-Zn
with an OH group on bridged oxygen, the sequence of molecules does not matter, as N,O
only attaches after NO adsorbs into the system. From the analysis of the reaction mecha-
nisms for the deNOx process, the most energy-efficient catalyst is the Cu—O-Zn bimetallic
dimer system with an OH group on bridged oxygen, while, for the deN,O process, it is the
Cu—-O—Cu monometallic system with an OH group on the copper atom and preadsorption
of N>O. However, due to the fact that it may be difficult to obtain N,O adsorption first
for the latter system, we can conclude from the comparisons that the best catalyst for the
deNOx process, i.e., Cu—O-Zn with a bridged OH group, is also very effective for the
deN;O process.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13081210/s1, Figure S1: Bond order and length (in brackets)
for zeolite clinoptilolite structures: (a) Cu-O-Cu dimer with OH group on copper, (b) Cu-O-Zn dimer
with OH group on copper, (c) Cu-O-Zn dimer with OH group on zinc and ionicity for: (d) Cu-O-Cu
dimer with OH group on copper, () Cu-O-Zn dimer with OH group on copper, (f) Cu-O-Zn dimer
with OH group on zinc; Figure S2: Bond order and lenght (in brackets) for zeolite clinoptilolite
structures: (a) Cu-O-Cu dimer with OH group on oxygen bridge, (b) Cu-O-Zn dimer with OH group
on oxygen bridge and ionicity: (c¢) Cu-O-Cu dimer with OH group on oxygen bridge, (d) Cu-O-Zn
dimer with OH group on oxygen bridge; Figure S3: SOMO and LUMO orbitals for three most
important steps in deNOx mechanism for (a) Cu-O-Cu with OH group on copper; (b) for Cu-O-Zn
with OH group on copper and (c) for Cu-O-Zn with OH group on zinc; Figure S4: SOMO and LUMO
orbitals for three most important steps in deN,O mechanism for Cu-O-Cu with OH group on copper:
(a) starts with NO; (b) starts with N, O; Figure S5: SOMO and LUMO orbitals for three most important
steps in deN» O mechanism for Cu-O-Zn with OH group on copper: (a) starts with NO; (b) starts with
N,O; Figure S6: SOMO and LUMO orbitals for three most important steps in deN;O mechanism
for Cu-O-Zn with OH group on zinc: (a) starts with NO; (b) starts with N,O; Table S1: Energies for
different structure and considered multiplicities for deNOx process; Table S2: Energies for different
structure and considered multiplicities for deN,O process; Figure S7: Ionicity for zeolite clinoptilolite
structures from deNOx process: dimer Cu-O-Cu with OH group on bridged oxygen—(a) step A3,
(b) step A4, (c) step A5; dimer Cu-O-Zn with OH group on bridged oxygen—(d) step B3, (e) step
B4, (f) step B5; Figure S8: Ionicity for zeolite clinoptilolite structures from deNOx process: dimer
Cu-O-Cu with OH group on copper—(a) step C2, (b) step C3, (c) step C4; dimer Cu-O-Zn with
OH group on copper—(d) step D2, (e) step D3, (f) step D4 and dimer Cu-O-Zn with OH group on
zinc—(g) step E2, (h) step E3 and (i) step E4; Figure S9: Ionicity for zeolite clinoptilolite structures
from deN,O process: dimer Cu-O-Cu with OH group on copper—(a) step F2, (b) step H2, (c) step F3
(H3), (d) step F4 (H4); Figure S10: Ionicity for zeolite clinoptilolite structures from deN,O process:
dimer Cu-O-Zn with OH group on bridged oxygen- (a) step G2, (b) step 12, (c) step G3 (I3), (d) step
G4 (14); Figure S11: Ionicity for zeolite clinoptilolite structures from deN,O process: dimer Cu-O-Cu
with OH group on copper—(a) step J2, (b) step J3, (c) step J4 when NO is first, (d) step K2, (e) step K3
and (f) step K4 when N, O is first; Figure S12: Ionicity for zeolite clinoptilolite structures from deN,O
process: dimer Cu-O-Zn with OH group on copper—(a) step L2, (b) step N2, (c) step L3 (N3) and
(d) step L4 (N4); Figure S13: Ionicity for zeolite clinoptilolite structures from deN,O process: dimer
Cu-O-Zn with OH group on zinc—(a) step M2, (b) step M3, (c) step M4 when NO is first, (d) step
02, (e) step O3 and (f) step O4 when N,O is first; Figure S14: Bond order and length (in brackets) for
the zeolite clinoptilolite structures from two molecule NO2 adsorption: (a) step Al (see Figure 4),
(b) step B1 (see Figure 4); Figure S15: Bond order and length (in brackets) for the zeolite clinoptilolite
structures from deNOx process: dimer Cu-O-Cu with OH group on bridged oxygen—(a) step A3,
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(b) step A4, (c) step A5; dimer Cu-O-Zn with OH group on bridged oxygen—(d) step B3, (e) step B4,
(f) step B5; Figure S16: Bond order and length (in brackets) for the zeolite clinoptilolite structures
from deNOx process: dimer Cu-O-Cu with OH group on copper—(a) step C2, (b) step C3, (c) step C4;
dimer Cu-O-Zn with OH group on copper—(d) step D2, (e) step D3, (f) step D4 and dimer Cu-O-Zn
with OH group on zinc— (g) step E2, (h) step E3, and (i) step E4; Figure S17: Bond order and length
(in brackets) for the zeolite clinoptilolite structures from deN,O process: dimer Cu-O-Cu with OH
group on bridged oxygen—(a) step F2, (b) step H2, (c) step F3 (H3), (d) step F4 (H4); Figure S18:
Bond order and length (in brackets) for zeolite clinoptilolite structures from deN,O process: dimer
Cu-O-Zn with OH group on bridged oxygen- (a) step G2, (b) step 12, (c) step G3 (I3), (d) step G4 (I4);
Figure S19: Bond order and length (in brackets) for the zeolite clinoptilolite structures from deN,O
process: dimer Cu-O-Cu with OH group on copper—(a) step J2, (b) step J3, (c) step J4 when NO is
first, (d) step K2, (e) step K3 and (f) step K4 when N, O is first; Figure 520: Bond order and length (in
brackets) for the zeolite clinoptilolite structures from deN,O process: dimer Cu-O-Zn with OH group
on copper—(a) step L2, (b) step N2, (c) step L3 (N3) and (d) step L4 (N4); Figure S21: Bond order and
length (in brackets) for the zeolite clinoptilolite structures from deN,O process: dimer Cu-O-Zn with
OH group on zinc—(a) step M2, (b) step M3, (c) step M4 when NO is first, (d) step O2, (e) step O3
and (f) step O4 when N O is first; Figure S22: Clinoptilolite structure with two aluminium atom in
different T-position with ex-change energy below structure: (a) aluminium on T1-T1, (b) aluminium
on T1-T2, (c) aluminium on T2-T3 and (d) aluminium on T3 and T3.
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