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Cu-55Z-13 Catalysts Designed Through Interzeolite Conversion
Process From Different Structure Types of Zeolites for
NHs-SCR-DeNO,: Structure-Property Activity Relationships
and Intermediates Determination

Alejandro Molla Robles,?! Magdalena Jabtoriska',*12! Ana Pal¢i¢,®! Matej Bubas,! Jie Yang,!d!
Marek Rotko,®! Muhammad Fernadi Lukman,! Angi Guo,[9! Marko Bertmer,l Matej Hug, ™!
Junjiang Zhu,!4 Ulrich Simon,!9! Andreas Poppl,[! and Natasa Novak Tusar!!

The intermediates and their respective role in reduction and oxi-
dation cycles in the selective catalytic reduction of NO,, with
ammonia reaction mechanism (NH;-SCR-DeNOy) are widely and
controversially discussed. To finally clear up the discussion, a
variety of Cu-containing CHA structure type zeolites (Cu-SSZ-
13) were prepared using different zeolite sources, such as MFI,
BEA and FAU structure type zeolites. Cu-SSZ-13 prepared sam-
ples were investigated as catalysts for NH;-SCR-DeNO,. The
structure-property-activity relationship of the Cu-SSZ-13 pre-
pared samples varied depending on the applied initial zeo-
lite. Cu-SSZ-13 catalysts prepared from MFI and BEA structure

1. Introduction

The versatility of zeolites has allowed for their application in
diverse fields, from processes such as ion exchange and molec-
ular sieving to heterogeneous catalysis or drug delivery."! One
such field is emission control, where zeolites (most notoriously
CHA-type zeolites, due to their advantages, e.g., small-pore struc-
ture, thermal stability, etc.) have been used in diesel exhaust gas
systems for the selective catalytic reduction of nitrogen oxides
into nitrogen and water vapor, using ammonia as a reductant

types of zeolites are more N, selective than Cu-SSZ-13 catalysts
prepared from FAU structure type of zeolite. In situ spec-
troscopy, temperature-programmed and transient techniques
supported by density functional theory (DFT) were used to
investigate the reaction mechanism and confirmed the interme-
diates of the reduction- and oxidation-half cycles: NH,*, NH,~,
[(NH3)4Cu",0,**, NO,~/NOs~ species. The SCR paths involved
determine that the dominant reaction occurs between adsorbed
NH; on the catalyst surface and NO from the gas phase, as well
as the reaction between adsorbed NO,~ (nitrites/nitrates) and
NH;.

(NH5-SCR-DeNO,).I?! In addition to that, transition metals (e.g.,
iron, copper, manganese, etc.) have been broadly investigated
as active sites for this reaction, while Cu?* and Fe3* are con-
sidered the most active and selective towards the formation of
N,.3! SSZ-13 is a zeolite with a CHA-type framework composed
of two building blocks, a double six-ring and a chabazite cage.
The framework building blocks are formed by four-, six- (6MRs),
and eight-membered rings (8MRs). The eight-member ring pore
opening to the cha cage cavity is 038 x 038 nm in size;
thus, SSZ-13 is considered a small-pore zeolite. The introduction
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of cations (e.g.,, Cu?*) balances out the charge difference that
framework Al creates. Cu?* ions are mainly located in 6MRs neu-
tralizing the negative charges of two Al sites, while [Cu(OH)]* are
predominantly located in 8MRs neutralizing the negative charge
of a single Al site.**! The quantity of ions in these two locations
depends on different parameters (i.e., Cu loading, n(Si)/n(Al) ratio
and n(Cu)/n(Al) ratio).

The NH;3-SCR-DeNO, reaction mechanism consists of both
a reduction (Cu** — Cu*) and an oxidation (Cut — Cu?")
half-cycles. The reduction of copper species takes place under
its exposure to both NH; and NO, while oxidation occurs in
the presence of O, (NO is considered not relevant for the
catalyst re-oxidation at low temperatures).!*”! For the reduc-
tion half-cycle, mainly mixed NO-associated complexes (i.e.,
Cu"(OH)(NH3),1(NO)I )8! or HONO intermediates™™ are con-
sidered. The HONO-based low-temperature reduction half-cycle
mechanism was proposed to proceed via a reaction of NO
with a pair of Cu?* sites (e.g, Cu dimers or two proximate -
Two-P, [Cu"(OH)(NHs)s...Cu"(OH)(NH;);]). The formed HONO and
[CU'(NH;),]" react together with the formation of NH,NO,, finally
decomposing to N, and H,0.

For the oxidation half-cycle u-n?n*-peroxo diamino dicop-
per [Cu",0,(NHs);1** and nitrates are considered as the reac-
tion intermediates. The [Cu",0,(NHs),]*" peroxo complexes are
formed over Cu-containing SSZ-13 in a reaction between O,
and two mobile linear [Cu'(NHs),]* complexes, which come
into contact by migrating from their respective cationic sites
into the chabazite cage.l'” Besides Cu-containing SSZ-13, the
formation of [Cu",0,(NH;)4]>* complexes and thus, the oxida-
tion half-cycle was confirmed for other Cu-containing zeolites,
such as ZSM-5, Y, and ERL™®™ On the other hand, the mech-
anism associated with the reduction of the [Cu",0,(NH;5),1*"
peroxo complex is widely discussed (e.g.”™). Our last studies
revealed an enhanced capacity to generate a greater quantity of
Cu dimer species during NH;-SCR-DeNO, over Cu-SSZ-13 (com-
pared to Cu-ERI and Cu-ZSM-5). This observation aligns with its
superior activity below 200 °C.["! The reaction of NO with the
peroxo complex governs the NHs;-SCR-DeNO, activity. This con-
clusion aligns with previous findings for Cu-containing SSZ-13,
which demonstrate an enhanced activity for NH;-SCR-DeNO,."®!
Negri et al!”! have confirmed the complete reduction of the
[Cu",0,(NH;)4]+ peroxo complex in a mixture of NO and NH;
to the linear [Cu'(NHs),]* using in situ XAS, indicating that the
NHs-SCR-DeNO, activity is determined by this reaction step.
On the other side, Nasir et al.'™® claimed that Cu-NO; species
are key intermediates in the oxidizing step of Cu(l)-CHA in
the presence of gaseous NO and O,. Furthermore, taking into
account that NHs first fills the copper coordination sphere for
the oxidation half-cycle, mixed NO,-associated complexes (i.e.,
[Cu"(NH3)3(NO;)1*) are considered. Such complexes are approved
via FT-IR, DR UV-vis, and EXAFS spectroscopy as well as via den-
sity functional theory (DFT) calculations.[>! Overall, the lack of
an established mechanism hinders the rational design of cat-
alysts for improving the NH;-SCR-DeNO, activity, N, selectivity
and stability.

Zeolite SSZ-13 (CHA structure type) is often prepared via
interzeolite conversion using FAU-type zeolites as a parent
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material.?*?"! In our previous studies, we reported a series of
CHA structure-type materials prepared from FAU-type zeolite by
reducing the amount of structure-directing agent (i.e, N,N,N-
trimethyl-1-adamantammonium hydroxide, TMAdaOH).[??! Taking
this into consideration, it was found that the properties of the
initial reaction mixture in the interzeolite conversion process,
analogously as in the other zeolite synthesis paths, affect the
material properties and, consequently, the catalytic properties of
the resulting daughter zeolite.[

The reaction intermediates and their respective role in the
reduction and oxidation cycles of the NH3;-SCR-DeNOy reaction
are widely and controversially discussed, indicating difficulty in
the validation of a detailed DFT modelling with experimental
data. For this study, a set of Cu-SSZ-13 zeolite samples (CHA
structure type) was designed and developed to employ dif-
ferent starting zeolite materials (i.e.,, FAU, BEA, MFI). Thus, the
novelty of the studies is manifested in the systematic applica-
tion and comparison of interzeolite conversion from different
parent zeolite materials under tailored synthesis conditions -
offering new insights into how precursor choice affects final
catalyst properties. The final materials in their Cu-forms have
been physico-chemically characterized and evaluated for their
activity and N, selectivity in NHs;-SCR-DeNO,. The mechanis-
tic aspects of the reaction were explored via spectroscopic,
temperature-programmed and transient techniques supported
by modelling to gain a better understanding of the impact of
the involved reaction intermediates on the catalytic properties
of the investigated Cu-CHA materials.

2. Experimental Section

2.1. Catalyst Preparation

Chabazite-type zeolite samples (CHA) were prepared via interze-
olite conversion using commercial MFI- (IRZ-MFI001 - H-form,
n(Si)/n(Al) = 12, International Reference Zeolite material provided by
the Catalysis Commission of International Zeolite Association, pro-
duced by Tosoh; CBV3024E — NH,"-form, Zeolyst), BEA- (CBV8I4E —
NH4*-form, n(Si)/n(Al) = 30, Zeolyst) and FAU-type (CBV760 — H-
form, n(Si)/n(Al) = 30, Zeolyst) zeolite materials, sodium hydroxide
(NaOH, pellets, 97 wt.%, Acros organics), potassium hydroxide (KOH,
flakes, 89 wt.%, Gram-mol.) N,N,N-trimethyl-1-adamantammonium
hydroxide (TMADAOH, 20 wt.% solution, Sachem) and doubly dis-
tilled water. Prior to the synthesis, the materials in NH;"-form
(CBV3024E and CBV814E) were converted to H*-form through calci-
nation at 450 °C (1.42 °C min~', 5 h). The required quantities of the
chemicals were mixed in order to achieve the molar oxide composi-
tions of the synthesis mixtures listed in Table 1. These mixtures were
charged into polyterafluoroethene (PTFE) lined steel autoclaves and
hydrothermally treated at 150 °C for a given period of time. The
final product was recovered by centrifugation, washed repeatedly
until the pH value of the supernatant had reached 7, and dried in
a convection oven at 80 °C. Thus, the obtained CHA-type zeolite
materials were calcined at 600 °C for 6 h in static air, 1 °C min~',
afterwards they were subjected to a 3-fold ion exchange in an aque-
ous solution (0.5 M) of ammonium nitrate (> 99 wt.%, Merck) at
60 °C for 1 h, the resulting slurry was filtrated, washed and dried.
Subsequently, the solids were ion-exchanged in a solution (0.05 M)
of copper acetate (Cu(OOCCH;),, (> 98 wt.%, anhydrous, Alfa Aesar)
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Table 1. Synthesis parameters of the samples.

Sample Reaction Mixture Composition Time / d Source
SSZ-13_MFI_1 1 SiO,: 0.042 Al;03: 0.25 KOH: 0.125 TMAdaOH: 15 H,0 30 MFI - IRZ-MFI001
SSZ-13_MFI_2 1 SiO,: 0.042 Al,O3: 0.125 KOH: 0.125 TMAdaOH: 15 H,0 30 MFI - IRZ-MFI001
SSZ-13_MFI_3 1 SiO,: 0.042 AlLO3: 0.25 NaOH: 0.25 TMAdaOH: 15 H,O 30 MFI - IRZ-MFI001
SSZ-13_MFI_4 1 SiO,: 0.042 Al,O3: 0.125 NaOH: 0.125 TMAdaOH: 15 H,0 30 MFI - IRZ-MFI001
SSZ-13_MFI_5 1 Si0;,: 0.0167 Al;O3: 0.25 NaOH: 0.125 TMAdaOH: 15 H,0 12 MFI - CBV3024E
SSZ-13_BEA_6 1 SiO,: 0.042 Al,O3: 0.25 NaOH: 0.125 TMAdaOH: 15 H,0 6 BEA - CBV814E
SSZ-13_FAU_7 1 Si0,: 0.0167 Al;O3: 0.25 NaOH: 0.125 TMAdaOH: 15 H,0 12 FAU - CBV760

for 24 h at room temperature. Afterwards, the product was sepa-
rated by filtration and thoroughly washed. The obtained materials
were dried at room temperature. Finally, the solids were calcined
at 600 °C for 6 h with a heating rate of 1 °C min~". Table 1 gathers
sample names, preparation conditions and applied precursors.

2.2. Catalyst Characterization and Catalytic Experiments

The prepared Cu-containing CHA type zeolites have been thor-
oughly physico-chemically characterized through powder X-ray
diffraction (XRD), N, sorption, inductively coupled plasma optical
emission spectroscopy (ICP-OES), scanning electron microscopy
(SEM), solid-state nuclear magnetic resonance (NMR), diffuse
reflectance UV-vis spectroscopy (DR UV-vis), temperature pro-
grammed reduction with H, (H,-TPR), electron paramagnetic
resonance (EPR). The mechanistic aspects, i.e., reduction-oxidation
half-cycles over applied catalysts, were evaluated by in situ diffuse
reflectance infrared Fourier transform spectroscopy (in situ DRIFTS)
and time-resolved in situ FT-IR, in situ impedance spectroscopy (in
situ 1S), in situ diffuse reflectance UV-vis spectroscopy (in situ DR
UV-vis), catalytic experiments, as well as temperature-programmed
studies, steady-state isotopic transient kinetic analysis (SSITKA), and
DFT modelling.

Details concerning physico-chemical characterization, catalytic
experiments and modelling can be found in the Supplementary
Information.

3. Results and Discussion
3.1. Structural and Textural Properties

Figure 1a,b shows the X-ray diffraction profiles of the pro-
tonic form of zeolites and respective Cu-containing materials.
All samples exhibit patterns characteristic of a chabazite (CHA)
framework (with 26 = 9.5°, 12.9°, 16.2°, 18.0°, 20.8°, 25.3°, 26.2°,
30.9°, 31.5°.1%°! In addition to that, no reflections related to crys-
tals of copper oxides (e.g., 260 = 35°, 39°)?°] are present in the
profiles of the Cu-containing SSZ-13. The N, sorption isotherms
of the Cu-containing zeolites (Figures 1c and S1) can be classi-
fied as type |, which is characteristic of microporous materials.!?”!
However, the Cu-SSZ-13_FAU_7 sample exhibits a higher specific
adsorbed volume at high relative pressures, as compared to the
other samples. Moreover, Cu-SSZ-13_FAU_7 possesses a specific
mesopore volume one order of magnitude greater than the rest
of the samples (Table S1), which could be explained by the sam-
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ple exhibiting the smallest particle size (SEM images in Figure 2,
Table S2) and consequently larger interparticle volume. These
claims are also backed by the pore width distribution of the sam-
ples, all the catalysts are predominantly microporous (Figure 1d),
although Cu-SSZ-13_FAU_7 displays a higher derivative of the
adsorbed volume than the other materials. This data stays in line
with our previously investigated Cu-containing CHA samples.!?!

The SEM analysis performed to study both the size and
morphology of the zeolite particles (Figure 2) shows that these
can be considered as cubic-shaped, although intergrowth also
occurs. Furthermore, the size of the particles was also evaluated
through this technique (Table S2). The samples Cu-SSZ-13_MFI_1,
Cu-SSZ-13_MFI_5, Cu-SSZ-13_BEA_6, and Cu-SSZ-13_FAU_7 have
an average size between 1555, 1430, 1048, and 196 nm, while
the samples Cu-SSZ-13_MFI_2 and Cu-SSZ-13_MFI_3 possess an
average particle size between 8643 and 7696 nm, respectively
(Figure 2b,c). Finally, the sample Cu-SSZ-13_MFI_4 exhibits the
biggest particles with an average size of 20,489 nm. The dif-
ferences in particle sizes appeared due to the changes in the
reaction mixture composition for each zeolite synthesis, i.e., the
properties of the starting zeolite employed. Moreover, a higher
content of hydroxide ions in the reaction mixture leads to the
generation of more nuclei from where crystals can grow, result-
ing in smaller crystal sizes.”? Furthermore, a distinction can be
made regarding the homogeneity of particle sizes. The sam-
ples Cu-SSZ-13_MFI_5, Cu-SSZ-13_BEA_6, and Cu-SSZ-13_FAU_7
possess a particle size with uniform monomodal distribution
and a smaller variability in particle size. However, for the other
catalysts, we can observe in the SEM images a bimodal parti-
cle distribution in which two different groups of particles with
different sizes are present. Moreover, for Cu-SSZ-13_MFI_3 and
Cu-SSZ-13_MFI_4, the presence of shard-like particles can be
detected. Clearly, there is a difference in the distribution of zeo-
lite growth species in each system, both in terms of the time
of their appearance and also in their concentration. Two groups
of particles having significantly different crystal sizes in Cu-SSZ-
13_MFI_1 suggest that two populations of nuclei were formed in
the system. Larger crystals started to grow in the earlier stage
of the reaction, while the onset of the growth of the smaller
particles began later in the reaction. Further, the amount of par-
ticles in each fraction indicates the number of nuclei formed in
the course of the preparation of SSZ-13 materials. However, a
thorough discussion on this matter is out of the scope of this

paper.
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Figure 1. XRD patterns of a) calcined SSZ-13 samples and b) their Cu-containing form. Sample labels as in Table 1 as well as c¢) N, sorption isotherms and d)
pore width distribution of the Cu-containing SSZ-13; see Figure S1 for the separate spectra.

Table 2. Results of the elemental analysis of the Cu-containing SSZ-13 samples (w;: mass fractions).

Sample wsi / wt.% wp 1 wt.% wcy / Wt.% n(Si)/n(Al) n(Cu)/n(Al)
Cu-SSZ-13_MFI_1 40.70 4.08 2.59 9.58 0.27
Cu-SSZ-13_MFI_2 40.60 3.40 1.81 1.54 0.23
Cu-SSZ-13_MFI_3 40.10 4.85 1.67 7.94 0.15
Cu-SSZ-13_MFI_4 42.60 370 0.96 1.10 0mn
Cu-SSZ-13_MFI_5 40.10 3.83 3.59 10.10 0.40
Cu-SSZ-13_BEA_6 38.80 429 341 8.69 0.34
Cu-SSZ-13_FAU_7 41.20 237 472 16.70 0.85

The analysis of the chemical composition of the samples
(Table 2) shows that the materials possess a n(Si)/n(Al) ratio
between 7.94 and 11.54, with the exception of Cu-SSZ-13-7,
with a n(Si)/n(Al) ratio of 16.70. All samples exhibit a value of
n(Cu)/n(Al) ratio lower than 0.5, again except Cu-SSZ-13_FAU_7,
whose n(Cu)/n(Al) ratio is 0.85. Considering that copper balances
out the negative charges of the Al in the zeolite framework, a
n(Cu)/n(Al) = 0.5 means that all the Al charges have been com-
pensated. However, if the amount of copper surpasses that value,
the excess can be converted through calcination into copper
oxide species located on the external surface of zeolite grains.
The differences in copper content can be attributed to the differ-
ent particle sizes that the zeolites possess, smaller particles have
a more available specific surface area that can interact with the

ChemCatChem 2025, 0, 01017 (4 of 16)

copper solution during the ion exchange.l??! Thus, that trend can
be seen in the seven samples (Figure 2h). Moreover, the pres-
ence of different size distributions can also affect the copper
loading of the samples. The materials that exhibit bimodal par-
ticle distributions possess bigger crystals, which can lead to a
lower amount of deposited copper. According to our previous
studies,?! Cu-containing SSZ-13 based on FAU zeolite possessed
a Cu loading of 4.4-5.2 wt.%.

In order to investigate the differences in Al and Si coordi-
nation between the samples, #Si and ZAl solid-state NMR was
applied (Figures S2 and S4, Tables S3 and S4). #Si solid-state
NMR serves to identify the distribution of silicon and aluminum
atoms, considering a central SiO, unit that can be surrounded by
four atoms (Si or Al). Out of the five possible coordination struc-
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Figure 2. SEM images of the Cu-containing SSZ-13 samples: a) Cu-SSZ-13_MFI_1, b) Cu-SSZ-13_MFI_2, ¢) Cu-SSZ-13_MFI_3, d) Cu-SSZ-13_MFI_4, e)
Cu-SSZ-13_MFI_5, f) Cu-SSZ-13_BEA_6, g) Cu-SSZ-13_FAU_7, h) average particle size of Cu-containing SSZ-13 samples evaluated via counting 100 particles

randomly from SEM images.
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Figure 3. a) DR UV-vis spectra and b) H,-TPR profiles of the Cu-containing SSZ-13 samples; a and b) sample labels are the same; c) cw-EPR spectra for the
activated Cu-containing SSZ-13 samples at —196 °C, d) the percentage of Cu?* speciation derived from the spectral simulation of the samples.

tures of Si(nAl) (n = 0, 1, 2, 3, 4), the main coordination structures
that can be identified are Si(2Si,2Al), Si(3Si,1Al), and Si(4Si,0Al)
which are ascribed to the resonances at —105 ppm, —107 ppm,
—111 ppm, and —112 ppm, respectively. The most prominent one
being Si(4Si,0Al), best deconvoluted by two sites (Figure S2c), fol-
lowed by Si(3Si,1Al), and Si(2Si,2Al). Figure S2c,d show examples
of the deconvolution for 2°Si and Al NMR, respectively, while
Figure S4 shows the schematic of the coordination environ-
ments of Si and Al. Regarding the results of the #Al solid-state
NMR, only two signals have been identified, corresponding to
Al atoms in tetrahedral (four-coordinated aluminum, Al"Y) and
octahedral coordination (six-coordinated aluminum, AIY"), Figure
S2d. Lowenstein’s rule forbids the possibility of an AI-O-Al pair-
ing, which explains why Al in the zeolite framework can only be
surrounded by Si atoms in a tetrahedral coordination.?s! More-
over, extraframework aluminum is detected as octahedral AlOg
coordination. However, there is no significant difference in the
coordination of Al and Si between the catalysts.

3.2. Nature of Copper Species
The copper speciation of the samples was analyzed through DR

UV-vis spectroscopy (Figure 3a). The spectra showed that all of
the samples exhibit two distinct bands between 200-250 nm
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and above 600 nm. The first band is related to the ligand-to-
metal charge transfer (LMCT) between isolated Cu*" and oxygen
from the zeolite framework, and the second band (600-800 nm)
arises due to the d-d transition of isolated Cu?* species. More-
over, the Cu-SSZ-13_FAU_7 sample exhibits an additional band
between 250-300 nm, which is related to the presence of cop-
per oxide species.>*! The reduction profiles (Figure 3b) display a
peak present in all the samples located between 200 and 250 °C,
which relates to the reduction of Cu?* located in 8MRs to Cu™.
Moreover, at around 350 °C, a peak also appears, correlated with
the reduction of Cu** in 6MRs into Cu™. Furthermore, at 550—
600 °C, another peak can be seen associated with the reduction
of Cu™ into Cu®.% For the Cu-SSZ-13_FAU_7 sample, the reduc-
tion peak centered at 280 °C appeared due to the reduction
of Cu,O, species to Cu.?! This phenomenon is in line with
the ICP data (Table 2), which shows that the n(Cu)/n(Al) ratio of
Cu-SSZ-13_FAU_7 is 0.85, thus supporting the hypothesis of the
presence of Cu,O, in this sample, which is, however, amorphous.
Paolucci et al.l®! demonstrated through DFT and stochastic mod-
elling that Cu ions prefer to be located in 6MRs with two Al
sites. Thus, Cu ions first populate the sites in 6MRs until they
are saturated; after that, they can become cationic sites in 8MRs.
Moreover, they also modelled the fraction of[Cu(OH)]* as a func-
tion of both the n(Cu)/n(Al) ratio and n(Si)/n(Al) ratio. As the
n(Si)/n(Al) increases, a lower quantity of copper is needed to
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reach a higher fraction of [Cu(OH)I™ with respect to the total
loading of copper. This behavior can be explained by the posi-
tion in which the [Cu(OH)]* ions are located. As the amount
of Al decreases, the number of 6MRs with two Al sites dimin-
ishes; thus, the amount of copper needed to fully populate the
6MRs will be lower, and the remaining copper cations can pop-
ulate 8MRs as [Cu(OH)I™. Consequently, a low n(Si)/n(Al) ratio
and low copper loading favor the formation of Cu?* in 6MRs,
while a high n(Si)/n(Al) ratio and high copper loadings favor
the formation of [Cu(OH)I™.*! Furthermore, the N,O decompo-
sition over the investigated samples revealed that the highest
conversion was achieved by Cu-SSZ-13_FAU_7, followed by Cu-
SSZ-13_MFI_5 (Figure S5), which further supports the presence
of CucO, in these samples. According to literature (e.g.**?)), the
enhanced catalytic activity for N,O decomposition over copper-
based mixed metal oxides has also been proved, while bulk CuO
is inactive. Figure S6 shows the normalized concentration of the
main compounds (°0,, °*0™0, and ®0,) during the temperature-
programmed isotopic experiments (TPIE) over Cu-SSZ-13_MFI_2
and Cu-SSZ-13_BEA_6. The results indicate that in the tempera-
ture range corresponding to the NHs-SCR-DeNO, process, there
is no oxygen exchange between the gas phase and the crystal
lattice of the catalysts. Therefore, it can be concluded that oxy-
gen originating from the zeolite framework probably does not
play a significant role in the NH;-SCR-DeNO, process.

cw-EPR spectroscopy has been vastly employed to study the
coordination environment of Cu*" species (d°, S = % coupled
to both copper isotopes *Cu and %°Cu with nuclear spin | =
3/2) as an extraframework species in chabazite structure.>*34 It is
also known that the location of Cu?* species or its coordination
environment will depend on multiple factors, some of them are
thermal activation, the properties of zeolites (e.g., n(Si)/n(Al) ratio
and topology) and the extent of the ion exchange process.!3*3%
At the hydrated state, all Cu-SSZ-13 samples measured at —196 °C
possess relatively similar EPR spectral patterns dominated by
[Cu(H,0)6]?* species with the EPR parameter g,, = 2395 and A,
= 440 MHz as deduced from the simulation (Figure S7) except
for Cu-SSZ-13_MFI_2 and Cu-SSZ-13_MFI_4 samples, which also
have a contribution of another species (around 40%) with the
EPR parameter g,, = 2.33 and A,, = 390 MHz.

Figure 3c displays all experimental spectra of the activated
Cu-containing SSZ-13 samples, whereas their respective EPR sim-
ulation is given in Figure S8, Tables S5 and S6. Sample Cu-SSZ-
13_FAU_7 exhibits the largest content of [Cu(OH)]* species, Cu?*
with one OH group and three zeolitic O species at 8MR position
(Table S7 for detailed EPR parameter)®3! with g,, = 2291 and A,,
= 410 MHz and approximately 33% of the EPR spectra (Figure
S89). These species are often observed when the n(Si)/n(Al) ratio
is higher than 11 (consequently lower amount of Al).3 The rest
of the signal (67%) can be attributed to the Cu O-6MR species
(Cu?* in a distorted tetragonal planar coordination in the six-
membered ring position) with g,, = 2353 and A,, = 480 MHz.
Interestingly, Cu-SSZ-13_MFI-1(2,3) and Cu-SSZ-13_FAU_7 contain
Cu O-6MR species as the major component of their EPR spec-
tra, while Cu-SSZ-13_MFI_4(5) and Cu-SSZ-13_BEA_6 contain Cu
0O-6MR-2 species with simulated EPR parameters of g,, = 2.370
and A;, = 440 MHz. The Cu O-6MR and Cu O-6MR-2 species
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only differ in the arrangement of the 2Al position on the 6-MR
which alters the local electronic density of the Cu?* ions within
the 6MR site (Figure 3d).** We have approved that [Cu-O-Cul**
species were not present for the samples activated at 500 °C
for 12 h under vacuum. Both Cu?** and [Cu(OH)]* ions in Cu-
containing SSZ-13 are active for the NHs-SCR-DeNO,. Paolucci
et all®l demonstrated similar activation and reaction energies
for the two active sites. Furthermore, Tronconi et al., 3! as
well as Daya et al.!™ indicated that there is no need to dif-
ferentiate between Cu** and [Cu(OH)]* in describing reduction
half-cycle (RHC) kinetics. Contrary, Liu et al®! claimed that
[Cu"(NH5);(OH)I* is more reactive than [Cu"(NHs),]** and that
the NO reduction of [Cu"(NH3);(OH)I* is kinetically significant in
the initial stage of the low-temperature RHC pathway.

3.3. Catalytic and Spectroscopic Studies

We conducted our catalytic experiments, including temperature-
programmed studies, without water vapor in the feed to prevent
the competitive adsorption between NH; and H,O on the active
sites. Figure 4a-c presents NO conversion and selectivity during
standard NHs-SCR-DeNO, (4 NO + 4 NH; + O, — 4 N, + 6
H,0). Cu-SSZ-13_MFI_5, Cu-SSZ-13_BEA_6, and Cu-SSZ-13_FAU_7
can operate in the temperature window of 150-500 °C, which is
required for its application in exhaust systems.

The NO conversion results reported for these catalysts are
similar to the other Cu-containing SSZ-13 given in our last
publications.>'! The correlation of the Cu loading together with
NO conversion at 150 °C (Figure S9) revealed that the Cu-SSZ-
13_MFI_4 sample exhibits the lowest NO conversion among all
samples (below 400 °C), which is attributed to its lower copper
content. An exception from this correlation is Cu-SSZ-13_FAU_7
(with 4.72 wt.% of Cu), which exhibited a similar conversion to
both Cu-SSZ-13_MFI_5 and Cu-SSZ-13_BEA_6 (with 3.41-3.59 wt.-
% of Cu). The three catalysts with the highest NO conversion
possess the highest copper loading and the lowest particle sizes.
However, the nature of the introduced species is closely related
to the n(Si)/n(Al) ratio of the sample. Thus, Cu-SSZ-13_FAU_7,
with a n(Si)/n(Al) ratio of 16.70 was overexchanged with cop-
per species, which led to the formation of Cu,O, species in the
catalyst. Consequently, this sample along with Cu-SSZ-13_MFI-5
and Cu-SSZ-13_BEA_6, exhibited one of the highest activity for
NH; oxidation. Above 300 °C, NO conversion reflects the NH3
oxidation ability of the respective catalysts, as the oxidation of
ammonia is a competitive side reaction of NH;-SCR-DeNO,.

Prodinger et al.!*! focused on the effect of the particle
size of the Cu-SSZ-13 (yielding particle sizes ranging between
260 nm and 1.3 pum, while the n(Si)/n(Al) ratio was maintained
constant, thus keeping similar Al and Cu content, in NH3-SCR-
DeNOy. However, they reported comparable catalytic properties
and hydrothermal stability for the Cu-containing SSZ-13 sam-
ples independent of their particle size. Thus, they claim that
intracrystalline mass transfer limitations are not significant under
the applied conditions. This is further approved in our NHs-
SCR-DeNO, experiments with different grain sizes. We tested
the catalytic activity of Cu-SSZ-13_MFI_1 and Cu-SSZ-13_MFI_5 in
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Figure 4. NO conversion a) and selectivity b-c) of Cu-containing SSZ-13 samples during NH3-SCR-DeNOy. Reaction conditions: mcx = 0.1 g,
c(NO) = 0.1 vol.%, c(NH3) = 0.1 vol.%, c(O,) = 10 vol.%, diluted in He, Fror = 120 mL min~', GHSV = 30,000 h~', and d) NH; oxidation. Reaction conditions:
Meat = 0.1 g, c(NH3) = 0.1 vol.%, c(O,) = 10 vol.%, He balance, Fror = 120 mL min~', GHSV = 30,000 h~".

three different ranges of grains (100-200 um, 200-400 um, and
400-500 pm). For these two samples, no difference in activity
was found in the studied temperatures, i.e., below 150 °C.

All the materials were N, selective, presenting more than
95% N, selectivity up to 500 °C (Figure 4b). For all the sam-
ples, a small amount of N,O was also detected above 300 °C
as a result of NH; oxidation. Only for Cu-SSZ-13_FAU_7, N,O was
detected below 200 °C due to NH;NO; formation, and above
200 °C due to NH; oxidation.!“) Our last data for Cu-SSZ-13 based
on FAU zeolite revealed N,O formation below 55 ppm for the
whole studied temperature range.l”?! Apparently, the formation
of N,O is favored over amorphous Cu,O, species. Still, lower
N,O is found over Cu-SSZ-13_FAU_7 than over Cu-containing Y-
zeolites (e.g.[**?]). According to the mechanism proposed by
Feng et al.[*! the selectivity towards N,O is influenced by the
availability of Brensted acid sites. Catalysts with a high Cu load-
ing lack sufficient Brgnsted acid sites for the decomposition of
H,NNO and HONO intermediates in the NH;-SCR-DeNO, cycle,
leading to a higher expected selectivity towards N,O, which can
also be applied to our case. Contrary to that, our last studies over
commercial SSZ-13 samples did not reveal any N,O formation.!'®!

Cu,Oy species on the external surface of the zeolites were
responsible for the oxidation of NH; into NO, (Figure 4d), while
Cu** species in zeolite cages are responsible for the reduction
of NO, into N, following the i-SCR reaction mechanism. However,
according to Wang et al.[*! NH;-solvated mobile [Cu"(NH5);OH]*
species are active for the NH; oxidation at low temperatures, and
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the same species further catalyze the reduction of NO (produced
from NH; oxidation) to N, and H,O.

Based on the outcome of NH3;-SCR-DeNO,, we selected three
samples, i.e, Cu-SSZ-13_MFI_2, Cu-SSZ-13_MFI_5, and Cu-SSZ-
13_BEA_6, for a further investigation of the reaction interme-
diates to discriminate the contribution of quantity and reac-
tivity change in the active sites in the Cu-containing SSZ-
13. In particular, Cu-SSZ-13_MFI_2 has a much lower Cu con-
tent and particle size that is more than five times larger
than that of the other samples. Meanwhile, Cu-SSZ-13_MFI_5
and Cu-SSZ-13_BEA_6, with very similar compositions and cat-
alytic performances, were selected to approve the mechanistic
insight.

Figure 5a,b show in situ DRIFTS spectra of the Cu-SSzZ-
13_MFI_5 and Cu-SSZ-13_BEA_6 samples after their exposure to
0.1 vol.% NHs diluted in N, for 0.5 h followed by an exposure
to 0.1 vol.% NO. Two distinct peaks can be singled out from the
graph. The first one at around 1457 cm~" is related to the bending
vibration of NH,;* cations on Brgnsted acid sites (B-NH,; ™), while
the second one at around 1269 cm™' is related to the vibration
of the N-H bond from adsorbed ammonia on Cu sites (attributed
to the Lewis acid sites, L-NH;, Cu-NHs).[*>#¢1 For Cu-SSZ-13_MFI_5
and Cu-SSZ-13_BEA_6 with pre-adsorbed NHjs, the peak related
to NH,™ cations increased after their exposure to NO, indicating
the reaction of Cu?* sites to Cu* with the formation of H* inter-
mediates. Furthermore, the reaction between H intermediates
and NH; leads to NH,*t cations.!%*”! The reduction of Cu®* sites
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Figure 5. DRIFTS spectra recorded at 150 °C of a) Cu-SSZ-13_MFI_5 and b) Cu-SSZ-13_BEA_6 after exposure to NH; and a subsequent exposure to NO.

Reaction conditions: ¢(NH3) = 0.01 vol.%, ¢(NO) = 0.01 vol.%, diluted in N, as

well as in situ DR UV-vis spectra of ¢) Cu-SSZ-13_MFI_5 and d)

Cu-SSZ-13_BEA_6 during NH3-SCR-DeNOy at a range of temperatures. Reaction conditions: ¢(NH;) = 0.045 vol.%, ¢(NO) = 0.045 vol.%, c(O,) = 10 vol.%,

diluted in N,.

is also indicated by the decrease in intensity of the second peak
after exposure to NO. Similar results were obtained over other
samples, such as Cu-SSZ-13_MFI_2 and Cu-SSZ-13_MFI_3 (Figure
S10), as well as in previously reported SSZ-13-based samples.!'®!
Nevertheless, the intensity of the respective lines varied depend-
ing on the available copper species, in line with the ICP-OES
data and the differences in catalytic activity of these materi-
als. NH,™ intermediates near Cu™ sites are expected to interact
with nitrosamines (H,NNO), resulting in the formation of N, and
H,0.1%81 H,NNO forms as a reaction product between NH; and
NO™* (activated via the cage-confined [Cu'(NHs),]* pairs). Further-
more, the cation conductivity of Cu-SSZ-13_MFI_5 and Cu-SSZ-
13_BEA_6 was investigated by in situ impedance spectroscopy
coupled with in situ DRIFTS. In Figure S11, the normalized sig-
nal of the ionic conductivity, as well as the normalized IR signal
related to NH,* cations on Bransted acid sites (ca. 1457 cm™) can
be observed. During the ammonia adsorption step, both sam-
ples experience an increase in ionic conductivity, while the IR
band related to B-NH,* steadily rises. However, as NH; is cut off
and NO is introduced, a significant increase in the B-NH,™" sig-
nal can be observed as described before. Nevertheless, for both
catalysts, the sudden increase in ionic conductivity decreases
in time, possibly due to the consumption of ammonia on Cu
sites (Figure Slic,e) upon exposure to NO, which occurs to a
greater extent than upon exposure to N, (Figure S11d,f) and can

be observed through the evolution of the band ca. 1290 cm™.
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This might indicate that, for these catalysts, both NH,* ions and
Cu-bound ammonia species contribute significantly to the ionic
conductivity of the zeolite.

Figure 5c,d shows in situ DR UV-vis spectra during NHs-
SCR-DeNO, over Cu-SSZ-13_MFI_5 and Cu-SSZ-13_BEA_6. Below
200 °C, NH; solvates over Cu* species forming linear [Cu'(NH3),]*
reaction intermediates. Two of these linear intermediates can
diffuse 0.9 nm away from their ionic site towards each other
and, in the presence of O,, react to form [(NH;),Cu",0,]?+.[12"]
In our previous works, we have attributed the formation of the
w-n?,n>-peroxo diamino dicopper (I) complex ([(NH3),Cu",0,1*")
to a broad band in the d-d region centered at ca. 720 nm,
along with a red-shift of the ligand-metal charge transfer (LMCT)
transitions (e.g.,/™"). Furthermore, the [(NH3),Cu",0,1** complex
can be identified by in situ DR UV-vis by a distinct absorp-
tion at 350 nm and is consistent with an absorption band at
225 nm.[84%1 Upon exposure of both Cu-SSZ-13_MFI_5 and Cu-
SSZ-13_BEA_6 to an NH;-SCR-DeNO, feed at 75 °C, a distinct
band at around 225 nm becomes prominent. The band related
to this compound reaches its highest intensity at the lowest tem-
perature, but as the temperature increases, it diminishes above
200 °C. The disappearance of this band is due to the loss of the
NH; solvation shell of copper species; thus, the mobility of the
Cu diminishes. Other bands with a maximum at 660 nm were
more pronounced for Cu-SSZ-13_BEA_6. The band located at
350 nm is not visible for both samples. The absence of the band
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Figure 6. Schematic description of the concentration pulse sequence used for the modulated excitation experiments, and in situ IR spectra on b)
Cu-SSZ-13_MFI_2 and c) Cu-SZ-13_MFI_5 and d, e) corresponding phase-resolved spectra. Reaction conditions: c(NHs) = 0.1 vol.%, ¢(NO) = 0.1 vol.%, c(O,) =

10 vol.%, diluted in Ar.

at 350 nm suggests that the amounts of Cu dimers is very low in
both samples. Similarly, in our previous studies, we reported the
differences in the intensity of this band for Cu-containing SSZ-
13 with different n(Si)/n(Al) ratios,!"® hence, with different copper
content.

Figures 6b,c and S12 present the IR spectra recorded dur-
ing transient experiments as indicated in Figure 6a. Thus, in
the first approach, NH; and O, were introduced to the cata-
lysts for adsorption over Cu-SSZ-13_MFI_2 and Cu-SSZ-13_MFI_5
at 125 °C (Figure 6a,b). The peaks associated with NH; coordi-
nated to Lewis acid sites (L-NH;) appeared at ca. 1623-1627 cm~',
together with the strong peaks at 3500-3250 cm™' assigned to
the stretching modes of N-H vibrations of L-NH;. The negative
peaks in the range of 3445-3925 cm™' appeared due to both
external and internal silanols groups (Si—OH), as a result of NH3
adsorption on Lewis acid sites reactions.”® The Cu-SSZ-13_MFI_5
material possesses a higher NH; sorption capacity than Cu-SSz-
13_MFI_2, which is reflected by the higher intensity of the FT-IR
spectra (as well as NH3-TPD, Figures S17a and S19a). As the solva-
tion of NH; into the Cu coordination sphere is the first step of the
SCR reaction, [Cu"(NH;)4]1*" and [Cu"(OH)(NH;);]" are assumed to
be formed. In the next step, a gas mixture of NO and O, was
introduced, which resulted in the reduction of Lewis acid sites.
This can be supported by the increased intensity of the pos-
itive peak at ca. 3657 cm~" indicative of adsorbed H,O0. After
switching back to the mixture of NH; and O,, the Lewis acid
sites were partly restored. After running the NH3-SCR-DeNO, for
30 min, a repeatedly pulsing of NO followed (Figure 6a). After
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phase-sensitive detection (PSD, Figure 6d,e) transfer, both Cu-
SSZ-13_MFI_2 and Cu-SSZ-13_MFI_5 responded to the NO pulsing
in the range of 3800-2700 cm™' and 2300-1250 cm™'. NH; first
filled the copper coordination sphere, followed by Brgnstead
acid sites, while both of the sites responded to the NO modu-
lated excitation (ME) experiments. The surface of both catalysts is
dominated by the Cu*(NO) mononitrosyls (1930 cm™"), Cu*(NO)
species (1775 cm™), and peaks related to NO* and NO;~ species
appeared at ca. 2130 cm~" and 1460 cm™, respectively. Again
taking into account the solvation with NH; as the first step
of the NH3-SCR-DeNO, process, these bands can be assigned
to ammino-complexes, as approved by in situ IR and DFT
calculations.!”"]

3.4. Transient and Temperature-Programmed Studies

Figures S13 and S14 show the normalized concentration of the
main compounds (®NHs;, “NHs;, “N,, “N®N, ®N,, Kr, and Ar)
during the SSITKA experiments over Cu-SSZ-13_MFI_5 and Cu-
SSZ-13_BEA_6, at 100 °C (NO conversion below 25%), 125 °C (NO
conversion below 50%), and 150 °C (NO conversion below 75%).
For comparative purposes, we also included results for Cu-SSZ-
13_MFI_2 (Figure S15). The delay between the decrease of “NH;
and the Ar signal, as well as the delay between the increase
of ®NHs and Kr, proves that ammonia is reversibly adsorbed on
the surface of the catalysts. On the other hand, the large delay
between N, and Ar suggests that the reaction intermediates
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Figure 7. Logarithm of the normalized response of N, after the isotope switch during the SSITKA experiments over a) Cu-SSZ-13_MFI_5 and b)

Cu-SSZ-13_BEA_6, average surface life-time of absorbed c) NH3 and d) N,.

are present on the catalyst surface for a long time. Moreover,
the minor contribution of N, in the reactor output compared
to ¥N®N proves that nitrogen is mainly formed by one nitro-
gen atom of nitrogen oxide and one nitrogen atom of ammonia.
Nonetheless, the presence of N, suggests that other processes
occur in addition to NH;-SCR-DeNOy. The only pathway in which
>N, could be formed is through ammonia oxidation (NH;-SCO).
No other products with labeled nitrogen can be detected, which
is in line with the selectivity values at that range of temperatures
for the Cu-SSZ-13_MFI_5 and Cu-SSZ-13_BEA_6 catalysts.

Figures 7a,b and S16a show the logarithm of the normalized
response of “N, after the isotope switch for both materials. The
response of this value over time can be used to fit a mecha-
nistic model for the catalysts. The surface of the catalyst can
be regarded as a group of interconnected pools, which are
considered as homogeneous systems within the reaction path-
way and, in each pool, a reaction intermediate can be formed,
adsorbed and desorbed. This model does not conceive hold-
up times between pools, except for the residence time of a
reaction intermediate in a pool.®™ The mechanistic model that
fits the logarithm of the normalized response of “N, for both
catalysts is the pools in the series model, where the exit of a
pool is connected to the entrance of the next, and the surface
life-time can be calculated as the sum of the surface life-time
of each pool.®2 However, this interpretation considers that the
only reaction that takes place is the NH;-SCR-DeNO,. With some
caution, it can be suggested that both processes (NHs-SCR-
DeNO, and NH;-SCO) proceed according to a pools-in-series
model.
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Figure 7c,d presents the average surface life-time of NH;
and N, on Cu-SSZ-13_MFI_5 and Cu-SSZ-13_BEA_6 (Figure S16b,c
for Cu-SSZ-13_MFI_2). With the increase in temperature, a sig-
nificant decrease in the average surface life-time of both NH;
and N, was observed, indicating that the reactants and prod-
ucts stay for a shorter time on the surface of the catalysts due
to the increase in the reaction rate. The calculation of the sur-
face concentration of NH; and N, was not as straightforward as
in our previous study™ due to the coexistence of both NH;-
SCR-DeNO, and NH3-SCO already below 150 °C, which was not
previously detected. As both reactions occur simultaneously, the
assessment of which NH; and N, molecules are consumed and
formed by each reaction is beyond our current means.

Figure S17a,b show the desorption of NH; in pure helium or
in the mixture of O,/He, respectively over Cu-SSZ-13_MFI_5. In
the temperature-programmed desorption studies of NH; in He,
two main peaks can be observed between 210 °C and 350 °C,
indicating the presence of adsorbed NH; on Lewis acid sites
(Cu*t isolated sites), and on Brensted acid sites,***! respec-
tively. It is worth mentioning that some studies assigned these
two respective peaks of NH; desorption in Cu-SSZ-13 from six-
(6MRs) and eight-membered rings (8MRs), respectively.”>*%! In
the profile recorded for the desorption of NH; in the presence
of O,/He mixture (Figure S17b), there was a significant contri-
bution to H,0, indicating that a selective catalytic oxidation of
ammonia into N, and H,O occurs. Indeed, Cu-SSZ-13_MFI_5 pos-
sesses aggregated Cu,O, species (Figures 3b and 4d) that are
active species for NH; oxidation. Further experiments approved
NH; as the main adsorbed species, while NO was adsorbed
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on the surface of this catalyst only to a minor degree. NH;
oxidation is preferred in other experiments where NHs is pre-
adsorbed while O, is dosed from the gas phase (Figure S17g).
The desorption of NO, indicates (Figure S17d) that NO is partly
oxidized by O, on the surface of the catalyst. Otherwise, the
reaction between adsorbed NH; and NO from the gas phase
led to the formation of N, and H,O (Figure S17e) up to 400 °C.
Above 400 °C, the signals of NH;, N, and H,O recede, while
the NH; oxidation starts to be more prominent than the
NH;-SCR-DeNO,.

Figure S18 presents the selected experiments performed for
Cu-SSZ-13_BEA_6. Due to their similar physico-chemical char-
acteristics, such as particle size and copper content, the TPD
results are comparable to the ones seen above for Cu-SSZ-
13_MFI_5. Figure S19 depicts the temperature-programmed des-
orption experiments performed over Cu-SSZ-13_MFI_2. Notably,
this catalyst exhibits a reduced desorption of ammonia at 350 °C
compared to the other two catalysts (Figure S19a). Moreover,
the desorption of NH; in the presence of O,/He indicates that
the NH; oxidation takes place, although to a minor degree as
compared to the other two catalysts. Cu-SSZ-13_MFI_2 has also
exhibited diminished NO adsorption capabilities (Figure $19¢),
which contributes to its lower N, production during the desorp-
tion of NO + O, under an NH; flow (Figure S19d). The reaction
of adsorbed NH; with NO and O, (from the gas phase) results
in N, formation up to 450 °C, potentially due to the reduced
NHs oxidation activity of this sample relative to the other two
(Figure 4d). Furthermore, the desorption of NO and O, under
the flow of the NH; isotope (complementary to the experiment
with non-labeled NH;) was also performed (Figure 8c—e versus
Figures S17d, S18b, and 519d). The “N®N formation indicates that
it is formed from NH; and NO during NHs-SCR-DeNO,. Interest-
ingly, a peak of m/z 30 at the same temperature can also be
seen. This approved that ®N, is formed as a result of the selective
catalytic oxidation of ammonia over the catalysts, which occurs
simultaneously as NH3;-SCR-DeNOy. This is also approved by the
presence of a m/z 30 signal above 200 °C during the desorp-
tion of ®NH; over NO and O, (Figure S17f). Also, Fedyna et al.[®
showed that above 200 °C, the NH;-SCR-DeNO, is accompa-
nied by NH; oxidation. Furthermore, they claimed that ammonia
may be released from the coordination sphere of the Cu** sites,
migrating to the chabazite cage and reacting through the NH;
oxidation (at ca. 300 °C), mainly due to the strong NHs-SCR-
DeNO, domination, which results in an excess of NH; molecules.
Overall, N, is mainly formed as a product of the reduction of pre-
adsorbed NH; and NO (dosed from the gas phase), which is in
line with our previous studies.l'! Besides, NH; oxidation leads
to N, formation between 150-450 °C, as well as reduction of in
situ formed NO,~ species via NH; from the gas phase. Compar-
ing these results with the N, production over Cu-SSZ-13_BEA_6,
there is a small shift towards lower temperatures of the N, gen-
erated from the NH; oxidation. However, the N, signal from the
desorption of NO and O, over a flow of NH; shows the same
results.
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3.5. DFT Modelling Results

Density functional theory (DFT) was used to evaluate the pos-
sible reaction pathways in the NH;-SCR-DeNO, reaction (details
in the Supporting Information). Leaning on the experimental
observations in this work and existing literature data (e.qg.>"),
we propose the following pathway. In the oxidation half-cycle, a
pair of (NHs),Cu' complexes activates an O, molecule to produce
the pu-n%,n%-peroxo diamino dicopper(ll)-complex intermediate
(Figure 9, structure 2), as observed by in situ DR UV-vis spectra
measurements (Figure 5¢,d). This intermediate is well reported in
the literature, with some controversy regarding its stability rela-
tive to the trans-u-1,2-peroxo diamino dicopper(ll) intermediate,
shown as structure 12.[7°°! Different computational approaches
exhibit conflicting data on the relative stabilities of the two
intermediates.!®! In this work, we adopted a Hubbard correction
approach, which predicts the intermediate 2 to be energetically
favored (for 0.03 eV) compared to 12, consistent with recent
findings.>>*®! Due to a small energy difference, our calculations
suggest that both intermediates can form. We tested several val-
ues of the Hubbard U (0, 2, 4 and 6 eV) and noted that the
minimum U value which produces the correct order of rela-
tive stabilities is 6 eV. Further discussion on the methodology
is given in the section Importance of the Hubbard correction in
the Supporting Information. With the introduction of NO in the
system, the cycle progresses by the attachment of NO and NH;,
and a transfer of one H atom from NH; to O (intermediates 3
and 4), followed by the detachment of H,NNO and subsequent
decomposition into N, and H,O0.

The reduction half-cycle has been proposed to follow multi-
ple pathways. It can proceed by several steps in which H,NNO is
produced (5 through 9). We note that the reaction intermediates
and their energies are in good agreement with previous theoret-
ical work.”) Moreover, the experimental evidence supporting the
structure 9 recently obtained by Tarach et al.!”! and indicated in
this work by IR measurements (Figure 6), further supports this
structure and the presence of the related reduction half-cycle in
this work. Another pathway through which the copper reduc-
tion can proceed is by the creation of HONO intermediates (10,
11).[10,57]

Interestingly, the intermediate 10 is similar to a two-p
structure obtained in'"™ - a proximal configuration of two
[Cu"(OH)(NH3);]* species - while our calculations suggest dimer-
ization. The bond lengths between copper atoms and bridging
oxygen atoms are not the same length, implying a structure
between two proximal species and a fully symmetrical dimer.
This structure follows naturally from 7, thus connecting it to the
OHC characterized by the u-n?n?-peroxo diamino dicopper(ll)-
complex intermediate detected by in situ DR UV-vis measure-
ments. Therefore, the intermediates do not have to split into two
species prior to the HONO pathway, and the split could instead
be a consequence of the reactions with NO, similar to in the
H,NNO pathway. The intermediate 10 can, in principle, be viewed
as an intermediate 7 solvated by more amino species, a simi-
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Cu-SSZ-13_MFI_2.

larity reflected in their nearly identical energies. As such, they
might coexist in an equilibrium, in proportion depending on the
temperature and concentration of NH; in the system. The rela-
tive energies of the following intermediates in both cycles are
also rather similar (8, 9, and 11), which is consistent with a recent
report that pathways can be present simultaneously.!']

Finally, a pathway that involves copper(ll) nitrates is con-
sidered, as some related species were detected in this work
by IR measurements. This pathway is tentatively connected to

ChemCatChem 2025, 0, 01017 (13 of 16)

the others via intermediate 12, which is supported by previous
computational work,*®! although the initial steps to 13 and 14
might also involve copper detachment from the zeolite frame-
work. We note that, although a much different DFT approach
was used, the complex 14 is consistent with the structure sug-
gested by experiments and calculations by the work of Negri
et al.®! Although the relative energies of the intermediates in
this pathway compare favorably with the first few intermedi-
ates in the other cycle (13 is 2.2 eV lower in energy than 3),
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Figure 9. a) Proposed pathways of the NH3;-SCR-DeNOy reaction connecting the most probable intermediates (based on experimental observations and
computations). Reaction intermediates are shown as ball-and-stick models while the CHA cage is shown as a wireframe. For better clarity and visibility of
the intermediates, a part of the CHA cage is removed. Oxygen atoms are colored red, nitrogen blue, hydrogen white, copper brown, silicon light yellow,
and aluminum grey; b) Relative Gibbs energies of the stable intermediates with colors depicting different pathways or branches of the cycle.

which explains the indications of their presence by experimen-
tal results, the rest of this pathway is considered to be relevant
only at much higher temperatures. This is evidenced by reports
of high calculated activation energies in the proposed reaction
steps following these intermediates.l® For that reason, and since
proposing the alternative is not within the scope of this work,
the pathway is modelled only until the intermediate 14.

Overall, the DFT results provide a comprehensive reaction
framework consisting of multiple branches. These branches are
constructed around intermediates consistent with experimental
findings, thus supporting the thermodynamic feasibility of their
presence in the catalytic cycle and contextualizing them within
the proposed reaction pathway.

ChemCatChem 2025, 0, 01017 (14 of 16)

4. Conclusions

A series of Cu-containing samples of zeolite SSZ-13 (Cu-SSZ-13)
with structure topology CHA were prepared from zeolites with
different structure topologies (MFI, BEA, FAU) and were tested in
NH;-SCR-DeNO,. These studies provide a systematic application
and comparison of interzeolite conversion using various parent
zeolite materials under customized synthesis conditions, pro-
viding new insights into how the choice of precursor influences
the properties of the final catalyst. Although the Cu-SSZ-13
obtained from different zeolite structure topologies revealed
similar catalytic activity, significantly higher N, selectivity was
reached over materials obtained from MFI and BEA topologies.
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The activity and N, selectivity of the catalysts were recognized
to be influenced by their particle size, and the nature and loca-
tion of Cu species, which in turn were affected by the n(Si)/n(Al)
ratio of these materials. The detailed reaction mechanism is
still under debate, indicating the complexity of both RHC and
OHC. The spectroscopic, temperature programmed (including
studies with isotopes) as well as transient studies revealed the
intermediates of reduction and oxidation half-cycles, including
NHs*, NH,~, [(NH3),Cu",0,]**, NO,~/NO;~ species. Thus, we
approved the significance of nitrites/nitrates as intermediates
in NH3-SCR-DeNO,. Furthermore, the DFT modelling confirmed
that the presence of the mentioned intermediates is thermo-
dynamically possible. NH;-SCR-DeNOy predominantly involves
the reaction between NH; adsorbed on the catalyst surface
and NO (dosed from the gas phase), however, the reaction
between adsorbed NO,~ species (nitrites/nitrates) and NHs also
takes place. Above 200 °C, both the NH;-SCR-DeNO, and NHs;
oxidation occur, which is approved by applying isotopically
labeled NH;. The investigations provide a pathway to gain
deeper insights into the relationships between the structure
and activity of zeolite-based materials.
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