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1 Introduction

1.1  NOxemission and NHj3 selective catalytic reduction (NHs-
SCR)

Air pollution is a significant global environmental issue. According to the
World Health Organization (WHO), ! every year, health risks caused by
air pollution cause millions of deaths and the loss of healthy years of life.
The recommended levels of harmful gases concentrations are often
exceeded in highly populated areas, and mortality rates caused by air
pollution continue to rise. 2 One of the important sources of air pollution is
the emission of nitrogen oxides (NOx) by diesel vehicles and industrial
plants. Exposure to NOx increases the risk of respiratory tract infections,
aggregating the symptoms of respiratory diseases such as asthma and
premature mortality risks. 3 The environmental impact of NOx is also

significant. "8

One of the major sources of NOx emissions is diesel vehicles. The
importance of reducing the emission of NOy is a matter of concern at the
European level. The Euro 6 regulation was introduced to achieve a
substantial decrease in the emission of NOy. ° The necessity to meet the
requirements outlined in the Euro 6 and the upcoming Euro 7 regulations
and to make the air cleaner for better and longer lives®® and for protecting
the environment, drives the development and advancement of the
technologies based on the selective catalytic reduction of NOx by NHs in
the diesel exhaust after-treatment systems. In this reaction, NO is
selectively reduced to N2 and H20 by NHz in the presence of Oz, according
to Equation (1.1).



4NO + 4NHs + 0, — 4N, + 6H,0 (1.1)

In the diesel exhaust after-treatment system, the reaction takes place in the
SCR catalyst. Cu-zeolites are efficient catalysts for this reaction, and the
current state-of-the-art catalysts for this technology are based on Cu-
chabazite (Cu-CHA). Such catalysts are commercially available for

application in vehicles.

1.2 Cu-CHA as a catalyst for NHs-SCR

The structure of the Cu-CHA has been actively studied for decades. 2
The chabazite is a porous material. The pores consist of layers of double
six-membered rings (d6r), which are bound by units of four-member rings
(4r). The blocks of two 6r layers are connected by the combination of 4r
and eight-member rings (8r) (Figure 1.1). *?> The building units consist of
Si** coordinated to oxygen atoms. If AI** replaces Si**, it creates a negative
charge in the framework. These negative charges must be balanced by
positively charged ions, which gives the zeolite the capability of ion
exchange. In the case of Cu-CHA, Cu atoms compensate for the negative

charge. Cu atoms work as active centers in NH3-SCR catalytic cycle. 1422

In the NH3-SCR reaction, the Cu-CHA catalyst demonstrates good low-
temperature activity and hydrothermal stability. ' 22> To describe the
mechanism of the NHs-SCR, two temperature regions are usually
discussed: 180-300 °C corresponds to low-temperature SCR, and 350-550
°C corresponds to high-temperature SCR. One of the main advantages of

Cu-CHA compared to other catalysts is its good low-temperature activity.
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Figure 1.1 (a) Schematic representation of CHA topology, underlining the
presence of 4r, 6r and 8r rings and the major dimension of the cages. (b)
Ilustration of the four different oxygens available in the framework. (c)
Possibilities of isolated and paired Al sites, considered in the literature as
most probable locations for Cu cations. Colour code: O red; Si grey; Al
orange in case of zeolites (CHA or SSZ-13). Reproduced from Borfecchia
etal., 2018 12

The proposed mechanism of the NH3-SCR in Cu-CHA is a redox cycle. &
26 The oxidation state of Cu active centers changes between Cu' and Cu'".
The reduction of Cu takes place in the presence of NO and NHs. At low
temperatures, it results in the formation of mobile [Cu'(NH3)2]* complexes.
19,2327 At high temperatures Cu' is bound to the framework (fw-Cu'). In
the presence of oxygen in the low-temperature region, mobile
[Cu'(NH3)2]* complexes can form Cu pairs in peroxo [Cuz"(NH3)402]*
complexes. 18 20.26.28-31 Then the [Cu2"(NH3)402]?* complexes are reduced
back by NH3 and NO with the formation of the reaction products N2 and
H20. The low temperature NH3-SCR reaction cycle directly depends on
the mobility of [Cu'(NHs)2]* complexes enabling the formation of the Cu

pairs required for O activation. The reaction cycle includes the formation



of many different Cu-species formed by adsorption and the reaction of NO,

NHs, and O2 as ligands inside the pores of the CHA zeolite. 18

1.3 SO; poisoning of the Cu-CHA

Despite the advantages of the Cu-CHA catalyst for low-temperature NHz-
SCR, its performance is limited by the presence of SO in the diesel
exhaust gas. Depending on the regional fuel quality, the concentration of
S in the diesel exhaust may reach 10 ppm, which is still within the Euro 6
standards. This results in the formation of 0.5-2 ppmv of SO in the exhaust
gas. Long-term exposure to SOz, even in such small concentrations,
significantly damages the exhaust after-treatment system, including the
SCR system. The sensitivity of the Cu-CHA catalyst to SO, at
temperatures below 300 °C is a severe challenge for its application in NHz-
SCR. 32-38

The effect of SO poisoning on the performance of the Cu-CHA catalyst
depends on the exposure temperature. Figure 1.2a shows the decrease of
NOx conversion by Cu-CHA in the case of exposure to 100 ppmv SO as
a function of reaction temperature. Indeed, the decrease in the NOx
conversion is especially strong in the low-temperature region (Figure

1.2a). ¥ High-temperature activity is much less affected by SO poisoning.

Various studies show that the activity of SO.-poisoned Cu-CHA catalyst
can be partially restored by heating the catalyst to 500-550 °C. However,
5-15 % of the deactivation remains. This remaining deactivation
corresponds to irreversible deactivation as opposed to reversible
deactivation, which can be removed by heating. 3> 3% 4 Figure 1.2b shows
the reversible and irreversible part of the deactivation in different

10



poisoning conditions. The nature of the reversibility of the deactivation

remains not understood.
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Figure 1.2 a) NOy conversion as function of temperature of a Cu-CHA
catalyst (Si/Al=14.7, Cu/Al=0.5, and 2.8 wt% Cu) in fresh, sulfated and
regenerated state. SCR conditions: 500 ppmv NO, 530 ppmv NHs, 10 %
02, 5 % H20, N2 balance to 0.225 NL/min on 5.0 mg catalyst in reactor
with an inner diameter of 2 mm. SOx exposure conditions: 100 ppmv SOz,
16 % O2, N2 balance to 0.2 NL/min for 16 h at 550 °C. Regeneration
conditions: 4.6 h at 550 °C in SCR-gas. b,c) The reversible deactivation
(blue bars), irreversible deactivation (red bars) and total deactivation (sum
of red and blue bars) plotted for each SOx exposure condition of the Cu-
CHA/cordierite catalysts. b) samples exposed to 100 ppmv SO, ¢) samples
exposed to 70 ppmv SOz and 30 ppmv SOs. Reproduced from Hammershoi
etal., 2018 %,

Another critical factor for the SO2 poisoning of Cu-CHA catalyst is the gas
composition during the poisoning. If oxygen is present in the gas mixture
with SO, sulfur can oxidize and form SOz, which causes similar

deactivation of Cu-CHA catalyst, but on a larger scale (Figure 1.2 b,c). 3%
34,39

A complete scheme of the SO poisoning of Cu-CHA is still under
investigation. One of the proposed mechanisms considers the physical
cause of the deactivation of the Cu-CHA. A recent theoretical study 3

suggests that upon exposure to SO, the NH3-SCR catalytic cycle

11



completes with the formation of several S-containing Cu species and
sulfuric acid H2SOa4 (Figure 1.3). In the presence of NHs, sulfuric acid can
form ammonium bisulfate HSO4(NHa), which is considered a primary
factor of the deactivation preventing the diffusion of mobile [Cu'(NHs)2]*
species for the formation of the [Cuy'"(NH3)s02]** complex. This effect
was proposed to cause the reversible deactivation of Cu-CHA as opposed
to the irreversible deactivation *2 caused by the formation of S-containing
Cu-species not participating in the low-temperature SCR catalytic cycle.
Ammonium sulfate was also suggested as one of the possible species

forming in the catalyst cages preventing the mobility of Cu species. 443

Another proposed mechanism includes the formation of the S-containing
Cu species such as Cu sulfate, *> *® and Cu bisulfate. 4" ** These S-
containing Cu species are proposed to make the Cu active sites unavailable
for the NH3-SCR redox cycle. Some studies also focus on the Cu oxidation
state and the structure of Cu species as critical factors defining the
deactivation mechanism. They show that SO, might absorb better on Cu!

than on Cu'" using the Density Functional Theory (DFT) calculations. 4% 4

Although many publications and studies discussed the deactivation of Cu-
CHA by SO2, most of the studies either focused on overall effect of SO>
poisoning on the activity of the catalysts or used pre-sulfated samples. This
brings us to the objectives of this work, monitoring the deactivation of Cu-
CHA catalyst by SO in situ and studying the active sites on the atomic

scale.
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Figure 1.3 Proposed reaction cycle for low temperature NHs-SCR in the
presence of SO.. The oxidation state for Cu is indicated. Al-O-Si
represents a negative charge on the framework, and is only shown if the
[Cu'(NH3)2]* complex is chemically bound to the framework. Oxidation
state of I* indicate an intermediate oxidation state between I and Il with
magnetic moment of 0.2-0.3. H2SO4 is formed during the SCR reaction.
Reproduced from Feng et al., 202133

1.4 Objectives
In the Introduction, it was discussed that in the NH3-SCR redox cycle, Cu
undergoes changes in its oxidation state between Cu' and Cu", resulting in
various Cu species when NO, O, and NHz are present in the gas mixture.
To understand the deactivation of Cu-CHA catalyst by SO, studying the
reactivity of individual Cu species towards SO is crucial. This can be

achieved by monitoring Cu oxidation state and the local environment
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during exposure to different Cu species and SO». Chapter 3 reports the

results of this part of the study.

The next step is the analysis of the products of the reaction between SO>
and the sensitive Cu species. In Chapter 4, a detailed analysis of the
structure of the SO»-poisoned species is presented. Additionally, the

mechanism of their formation is proposed.

One of the critical points of the reaction cycle is the interaction of the
peroxo [Cuz'(NH3)402]?* complexes with NO. Chapter 5 reports the
changes in this reaction for the fresh and SO»-poisoned Cu-CHA catalyst.
The kinetics study of the reaction on the fresh and poisoned catalysts
provides evidence of the chemical poisoning of the Cu-CHA catalyst by
SO..

Finally, Chapter 6 contains a summary and conclusions of this study on the
deactivation of Cu-CHA catalyst by SO,. The report on the Ph.D.
activities, including published articles and contributions to conferences can
be found in Chapter 7. In Chapter 8, I would like to thank everyone
involved in the project and my PhD journey. Chapter 9 presents the copies

of the published articles.
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2 Materials and Methods

2.1 Materials

Umicore Denmark, an industrial partner of the project, provided
commercial Cu-CHA catalyst samples.

The Cu-CHA catalyst was prepared by impregnating the parent H-CHA
zeolite material (Si/Al = 6.7) with the appropriate amount of an aqueous
solution of Cu-nitrate. After impregnation, the samples were dried for 2 h
at 90 °C, followed by 1 h of calcination at 500 °C in the air to decompose

the nitrates.

In this work, the Cu-CHA catalysts with two Cu contents were measured:
0.8 wt% Cu/CHA and 3.2 wt % Cu/CHA. The designations in the text are
low-Cu (0.8 wt% Cu/CHA) and high-Cu (3.2 wt% Cu-CHA) catalysts.

2.2 Methods

2.2.1 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is an effective technique in material
science to study materials' electronic and geometric structure at the atomic
level. It is based on the interaction of the X-rays with matter. When X-rays
pass through a sample, they can be absorbed by the core electrons of
specific atoms. The absorption probability depends on the X-rays' energy

and the targeted atoms' electronic configuration. *

The structural information of the sample is extracted from the absorption
coefficient, which corresponds to an exponential drop in the intensity of
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the X-ray beam passing through the sample. In the case of the transmission
experiment, the absorption coefficient p is measured by comparing the
intensities of the beam before and after the sample of the thickness d (the
Beer-Lambert law for absorption):

I

= e™H  (2.1)
The absorption spectrum is obtained by changing the incident energy,
which is possible to perform at synchrotron facilities. With the increase in
energy, more photons can go through the sample, x varies approximately
as the inverse third power of the photon energy. This trend is interrupted
by step-like increases in absorption as the photon energy matches the
ionization potential of an occupied electron state in the atom.! This makes
the technique element selective, allowing it to distinguish the contributions

from different atoms in a complex material.

Usually, a XAS spectrum is divided into two regions: X-ray Absorption
Near Edge Structure (XANES) and Extended X-ray Absorption Fine
Structure (EXAFS). XANES focuses on the features in the absorption
spectra near the absorption edge of an element, which corresponds to the
energy level at which an electron is excited from a core level to an
unoccupied state. XANES provides information about the oxidation state,
coordination geometry, and the electronic and chemical environment of the

absorbing atom.

EXAFS analyzes the fine structure oscillations in the X-ray absorption
spectrum at energies above the absorption edge. The oscillations in the

EXAFS signal are caused by single backscattering events by nearest-
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neighbor atoms of the outgoing photoelectron produced through X-ray
absorption. These scattered waves interfere with the original photoelectron
wave, causing variations in the electron density surrounding the absorbing
atom. Consequently, the absorption coefficient w(E) fluctuates when the
photon energy is scanned, revealing valuable information about the local
atomic environment, including the neighboring atoms' bond lengths,

coordination numbers, and chemical states.

XAS, including XANES and EXAFS, was successfully applied to study
the Cu-CHA catalysts for NH3-SCR. In situ, XAS measurements were

used for defining the species forming during the catalytic cycle. 22

2.2.2 X-ray emission spectroscopy

X-ray Emission Spectroscopy (XES) is a powerful experimental technique
used to probe the electronic structure of materials. XES measures the
emission of photons from the sample due to the deexcitation from a
conduction state to a valence state.’* An emission spectrum is related to
the density of occupied states. 1* Experimentally, the incident energy of the
X-ray beam is fixed, and the intensity of the emitted radiation is measured
for different emitted energies. For this, a set of crystal analyzers and an X-

ray detector are used.

XES using synchrotron radiation provides detailed information about the
electronic structure, including the energy levels of the valence electrons
and their chemical environment. The method proved especially useful for
identifying the preferential ligation of the Cu active centers. Valence to
core (vtc) XES allowed to distinguish between N and O ligands in Cu
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species formed in Cu-CHA. # It is also helpful to identify other types of

ligands, such as sulfur, > which is important for the current work.

2.2.3 X-ray absorption spectroscopy at BM23

The XAS experiments were performed at the BM23 beamline of the ESRF.
16 The storage ring operated in 4-bunch top-up mode at 30 mA maximum
current. We chose low-current modes to limit the radiation-induced effects
during the prolonged exposures. Measurements were performed in
transmission mode at Cu K-edge, using a double-crystal Si(111)
monochromator moving in a continuous mode. The acquisition time for
one XAS spectrum was 3 min, with an energy range of 8800-10000 eV and
an energy step of 0.3 eV. A pair of flat Si mirrors at 2.8 mrad angle was
used for harmonic rejection. lonization chambers were used to detect
incident and transmitted photons. lo chamber was filled with 1.57 bar No,
I1, and I> with 0.33 bar Ar, all three topped up with He to the total pressure
of 2 bar. The spectra of the Cu reference foil were measured together with
the sample and then used for alignment. A scheme of a typical in situ XAS

experiment in transmission is presented in Figure 2.1.

in situ cell Sample in a form of a pellet

beam intensity

| ﬁ - lonization
\: { chambers for
| t j measuring
y 4

Storage ring 4 &D Cu foil for energy calibration
Double-crystal Gas inlet J Gas outlet
monochromator

heater

Figure 2.1 Scheme of a typical in situ XAS experiment in transmission at
BM23.
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The samples were measured as self-supported pellets of a non-diluted
catalyst in a Microtomo cell for in situ measurements (Figure 2.2). The
pellet was fixed on the plate connected to the resistive heater. The
thermocouple was inside the plate to measure the temperature of the
sample. The plate was located perpendicular to the X-ray beam going
through the sample. The sample could be heated up to 600 °C. The cell
was covered with a cap (Figure 2.2) with two Kapton windows for
transmission measurements. The configuration of the cell allows to create
a gas flow inside the cap. A mobile gas mixing system was used to create

the desired gas composition for each experiment.

J X-ray beam

Figure 2.2 Microtomo cell for in situ XAS experiments in transmission
mode. a) Top view without the cap; b) The cap with Kapton windows for
transmission measurements.

2.2.4 XANES and XES at ID26

The XANES and XES experiments at the S K-edge were performed at the
ID26 beamline of the ESRF. The storage ring operated in uniform top-up
mode at 200 mA maximum current. The measurements were done using

the in-vacuum tender X-ray emission spectrometer based on eleven
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Johansson crystal analyzers (TEXS) " in a vacuum chamber to
minimize X-ray absorption along the sample-analyzers-detector path. The
view of the vacuum chamber and the setup of the spectrometer is presented
in Figure 2.3. The vacuum level inside the chamber is high with pressure

below 1 -10™° mbar.

The acquisition time for one XANES spectrum was 5 s, an energy range
of 2.465-2.51 keV. For the S Ko measurements, incident radiation energy
was fixed at 2.65 keV. Scans of emitted radiation energy were performed
using the reflection of five identical Si (111) analyzer crystals. S Ka XES
data were collected by integrating 1 s per point, each point collected at the

fresh spot of the sample.

Figure 2.3 Mechanical layout of the spectrometer of the TEXS chamber.
Three dimensional (3D) rendering of the external view (a). Internal view
(b) as 3D drawing (left, upper parts of the vacuum vessel are removed for
clarity) and photograph (right), showing the spectrometer frame with the
main sub-assemblies: analyzer table (1), detector (2) and sample
environment (3). The incoming beam direction (X) is represented with a
grey arrow. Reproduced from Rovezzi et al., 2020*’

Cu K§p valence to core (vtc) XES measurements were also carried out at

the 1D26 beamline of the ESRF. The storage ring operated in uniform top-
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up mode at 200 mA maximum current. The measurements were done using
a spectrometer with five analyzer crystals in vertical Rowland geometry.
Incident radiation energy was fixed at 9050 eV, set by a flat Si (311)
double-crystal monochromator. Scans of emitted radiation energy were
performed using the (800) reflection of five identical Ge (100) analyzer
crystals. The crystals were spherically bent following the Johann scheme
to focus the fluorescence radiation on the APD detector. Sample-analyzer
distance was ca. 1m. The FWHM of the elastic peak estimated the average
energy resolution of ca. 1.7 eV. A He-filled bag was placed between the
cell, analyzer crystals, and detector to minimize X-ray absorption along the
sample-analyzers-APD path. The incident beam was attenuated by a factor
of 10 to decrease radiation damage. Vitc XES data were collected
integrating 0.5 s per point, each point collected at the fresh spot of the
sample. After each vtc-XES scan, a correction scan was performed with
the same integration time, measuring the intensity of KB1,3 main line in
the same spots on the sample, which was then used to normalize vtc XES

data. A background function was subtracted from the XES spectra.

Cu Kp vte-XES was measured in the Microtomo cell discussed earlier. The
geometry of the cell was different in this case: the pellet was at 45 ° to the
incident beam and to the crystal analyzers reflecting the radiation to the

detector.

The S edge XANES and XES were measured in a TEXS chamber inside a
vacuum catalysis cell adapted for the chamber (Figure 2.4). The cell also
has a heater allowing it to heat the sample to 600 °C and a possibility to

have a gas flow inside the cell. The pellet is placed parallel to the Kapton
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window. The cell is placed at 45 ° to the incident X-ray beam and a set of

crystal analyzers reflecting the emitted radiation to the detector.

Figure 2.4 VVacuum catalyze cell for measuring in situ XANES and XES
inside a vacuum TEXS chamber on ID26 beamline of the ESRF.

2.2.5 XAS data analysis

The first essential step for analyzing XANES and EXAFS spectra is
normalization. Normalization regulates the data with respect to sample
preparation, absorber concentration, detection etc. The background
function must be subtracted from the spectrum for normalization. The
background function includes the contribution from the features referred
to the absorbing element, such as pre-edge and slowly varying post-edge
line, and the constant “external” contribution from the detection or other
elements in the sample. There is also a scaling factor dependent on the
concentration of the absorbing atom, the sample's thickness, and the
detectors' gains. The spectra are normalized by subtracting the background

and dividing by the edge step, representing the scaling factor.

26



After the common normalization procedure, the XANES and EXAFS parts

of the spectrum are analyzed separately.

The near-edge features are referred to as the XANES part of the spectrum.
The contribution of the multiple scattering of the photoelectron in the near-
edge range complicates the theory behind the XANES signal. Therefore,
XANES spectra are often analyzed by their interpretation and
fingerprinting. The features on the XANES spectra are susceptible to the
absorbing atom's oxidation state and local geometry. So, often plotting the
normalized spectra together and comparing them with the known reference

spectra already makes it possible to draw some conclusions.

Besides fingerprinting, there is progress in the theoretical modeling and
quantitative interpretation of the XANES spectra, 1922 put it remains
challenging for many systems. In this work, the theoretical modeling of
XANES will not be discussed.

Mixture-resolving techniques or XAS spectral decomposition techniques
are another way of extracting valuable information from the XANES
spectra. For a complex compound, the resulting XANES spectrum consists
of the contributions from the species present in the compound. Linear
combination fitting and other mixture resolving techniques discussed
further make it possible to find the distinct species present in the compound

and estimate their concentrations.

The theory behind the EXAFS analysis is more straightforward compared
to XANES since single scattering contributes to the EXAFS signal. The
modern analysis of the EXAFS was first presented in 1971 by Sayers, Stern
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and Lytle?® quite quickly developed further. 2* 2> Nowadays, the EXAFS
signal is modeled with the EXAFS equation:

N;S?

L kR
J

x(kK) = g(k)e—ZRf/Mk)e‘Zkz“iz sin[2kR; + (k)] (2.2)

where K is photoelectron wavenumber expressed through energy E:

_2n 2me(E —Ep)
k_T_[—7T——@a

Eo is the energy of the absorption edge, and me is the electron mass. The

sum in the EXAFS equation is a sum over shells of atoms of a particular
type j and similar distances from the origin of the initial photoelectron.
Nj is the coordination number, R; is the interatomic distance, and 01-2 Is the
mean-square disorder in the distance for the j-th shell. Fjis the
photoelectron (back-)scattering amplitude, and ®j(k) is the corresponding
(back-)scattering phase for the j-th atomic shell. S2is an amplitude
reduction factor accounting for the relaxation of the absorbing atom due to
the presence of the empty core level and multi-electron excitations. (k) is
the photoelectron inelastic mean free path, which has a strong dependence
upon k, and has values in the range of 1 to 100 A over the XAFS regime.
Both Fj(k) and ®j(k) depend upon the atomic number Z of the scattering

atom and have non-linear dependence on k.

Practically, for EXAFS analysis, a slowly varying background function is
subtracted from the experimental w(E) to isolate the fine structure y(E).
Then the energy is converted to the wavenumber to obtain y(k), which can
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be fitted with the EXAFS function. To increase the contribution of the
oscillations at high k, x(k) is multiplied by k? or k3. Then (y(k)-k") is
subjected to a Fourier transform which gives a function in real space
representing the average coordination of the absorbing atom. The EXAFS
data analysis based on the EXAFS equation is implemented in the classical
packages used for XAS data analysis, such as the Artemis program from
Demeter package?® and Larch?’ code. For building the EXAFS function
the structural information of the sample is required. So, EXAFS fit can be

used to verify an existing hypothesis on the structure.

2.2.6  XAS spectral decomposition

Sometimes, a XAS spectrum is an average of several contributions from
different species present in the sample. In this case, it is possible to
decompose XAS spectra and analyze distinct components. Generally,
mixture resolving techniques for XAS spectra are based on solving the

following matrix equation:
X =5SCT + ¢ (24)

Where X is an experimental dataset composed of m energy points and n
spectra, S is the matrix of the pure spectral profiles (m energy points, N
pure components), C' is the transpose of the matrix C, containing the
concentration profiles of n spectra associated to each pure spectrum of S,
dim(C") = (Nxn). ¢ represents the noise matrix (mxn) corresponding to the
dataset X. A pictorial representation of the described strategy of spectral

decomposition taken from the literature 2 is shown in Figure 2.5.
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Figure 2.5 Schematic representation of the spectral decomposition
regarding an X-ray absorption spectroscopy (XAS) experimental dataset
X, composed of n spectra (scans) and by m energy points, in the product of
a matrix S, containing N pure spectral profiles, and matrix C, containing
their related concentration values. The error in the proposed decomposition
is represented by the residual matrix e. It is worth noting that, if the correct
number of pure species characterizing the measurements is identified,
matrix € must contains on its columns only the contributions coming from
the experimental noise. Reproduced from Martini et al., 2020 28

Usually, the first step in the process of the XAS spectral decomposition is
to identify the number of pure components N in the dataset. For this,
several procedures can be used. In the case of a dataset with a simple
reaction, sometimes it is possible to locate isosbestic points visually. They
indicate the transformation of one species to another during the reaction,
thus proving the presence of only two pure components. However, this
method is not precise and does not exclude the formation of a small
fraction of other species. A more accurate method is Principle component
analysis (PCA). PCA is based on the singular value decomposition (SVD)
29 algorithm. In the output of the PCA, there are principal components of
the dataset without any chemical and physical sense. A more valuable
output is statistical results that estimate how many principal components

should be considered in further calculations. There are efficient software
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packages available for PCA, such as PyFitit, 3 providing necessary

statistics for choosing a suitable number of components.

Once the number of components N is identified, there can be two cases:
either the pure components and their spectra are known and available, or
the pure components are unknown. In the first case, a linear combination
fitting is an excellent instrument to resolve the composition of the spectra.
It is described in Section 2.2.7. In the case of not known components,
additional methods, such as multivariate curve resolution, can be employed
(described in Section 2.2.8).

2.2.7 Linear combination fitting

One of the most well-known mixture resolving techniques is a linear
combination fitting (LCF) of the spectrum with known reference spectra.
When the individual species contributing to the spectrum of interest are
known, but the ratio between them is not, LCF is an excellent instrument

for data analysis.

The instrumentation for the LCF analysis is included in the most popular
software for the XAS data analysis: Athena?® and Larch?’. It can also be
scripted using available tools in Python or other programming languages

to apply to large datasets.

2.2.8 Multivariate Curve Resolution — Alternating Least Squares

Multivariate curve resolution (MCR) is a generic denomination for a
family of approaches aimed at realizing the decomposition in Eq. (2.4)
from the sole information derived from the original data matrix, including

the contributions coming from different chemical species. The Alternating
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least squares method for MCR (MCR-ALS) allows to resolve datasets

blindly, without knowing the pure components (matrix S). 3134

The MCR-ALS resolving procedure starts by estimating a set of spectra or
concentration profiles, the number of which should correspond to the
number of pure components N defined earlier. For the analysis of XAS
data, one of the most widely used methods is the simple-to-use interactive
self-modeling mixture analysis (SIMPLISMA) algorithm. * SIMPLISMA
identifies a set of spectral or concentration profiles equal to the number of
the significant components. Each of them must experience a non-zero
contribution from one and only one mixture component. To identify the
spectral profiles, a series of vectors containing statistical variables are
generated and analyzed for each spectrum in the dataset. These statistical
variables express the level of purity associated with each spectrum. Then
the pure spectral profiles are identified and iteratively verified by
calculating the ratio of the standard deviation (o) to the mean of the XAS
dataset calculated over its rows and ensuring that the profiles are
independent (orthogonal) to each other. To ensure the retrieved
concentration profiles are physically meaningful, non-negativity

constraints are imposed on the spectra and concentration values.

A set of spectra obtained are either pure or just the most different spectra
possible. They need to be further refined with the ALS approach. Suppose
we initialize the set of pure components. The matrix with concentration
profiles C can be obtained by using a least squares approach, minimizing
the square of residuals between the experimental XAS dataset X and the
approximated one. After that, a set of constraints should be applied to C,

such as non-negativity and mass balance condition. Then, a new set of pure
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spectral components can be calculated from the corrected matrix of
concentration profiles, again minimizing the square residuals between the
reconstructed dataset and the experimental one. The corrected version S
and C can be employed to generate X and calculate the lack of fit parameter
(LOF), defined by the division of the error matrix by X. The LOF is
calculated for each iteration. If this quantity is lower than a user-defined
value or threshold (usually 0.1 %), the convergence is achieved, and the
ALS routine is stopped.

The resulting set of spectra is considered a set of pure components
corresponding to pure chemical species. However, they require an
assessment by the user for physico-chemical and spectroscopic reliability.
The availability of complementary information on the investigated systems
and chemical processes often plays a crucial role in retrieving a meaningful

solution.

In this work, MCR-ALS and SIMPLISMA were used to obtain new
spectral components and their concentration profiles. The dataset of XAS

spectra was processed using the pyMCR python library.3®

2.2.9 Temperature programmed reduction by NO

The Temperature programmed reduction by NO (NO-TPR) measurement
was used to compare the kinetics of the reaction for the fresh and SO»-
exposed catalysts. Briefly, a slow heating of the catalyst in NO flow gives
information about the temperature range of the reaction between the Cu-

CHA and NO. This information characterizes the kinetics of the reaction.
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NO-TPR was carried out in a flow reactor setup on a specific procedure
like the XAS experiment. A sample of 10 mg (based on dry matter) of the
fresh catalyst was diluted with 150 mg of Silicon Carbide. The experiments
were performed in a quartz U-tube reactor with an inner diameter of 4mm
and quartz wool to keep the catalysts as a fixed catalytic bed reactor, and
outlet gas were measured with a Gasmet CX4000 FTIR analyzer. The pre-
treatment protocols included the formation of [Cuz"(NH3)402]** complex
and the exposure of the [Cu."(NH3)s02]** complex to SO,. After pre-
treatment protocols, the reactor was purged in N2 and cooled down to 50
°C. An initial NO concentration was measured by bypassing the reactor.
Then, the catalyst was exposed to NO and heated in NO flow up to 550 °C
with a ramp rate of 1 °C/min. The position of the negative peak of NO
consumption as a function of the temperature depends on the Kinetics of

the reaction between the catalyst and NO.

2.2.10 Temperature programmed desorption of SO,

Temperature programmed desorption of SOz (SO.-TPD) allows to obtain
the temperature profiles of the concentration of SO, desorbing from the
catalyst. From the shape of the TPD profiles, it is possible to identify the
sulfur species present in the sample. Also, it is possible to estimate the SO»
uptake and calculate the S/Cu ratio in the sample by integrating the SO2-
TPD profiles.

SO,-TPD was performed after the same procedures as employed in the
XAS experiment on the same samples. The SO>-TPD was carried out with
a simultaneous thermal analyzer (STA 449 F3 Jupiter, NETZSCH), which
is coupled with an infrared (FTIR) spectrometer (MKS 2030, MKS

Instruments) for evolved gas analysis. The sample was first kept in
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nitrogen gas flow 100 ml/min at 50°C for 30 mins and then heated up to

1200°C with 10 K/min. The sample mass is typically 25 mg.

2.2.11 Fourier Transform Infrared spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy is an important technique
for studying the active sites of catalysts at the molecular level 3" Molecular
vibrations of compounds give rise to absorption bands throughout most of
the infrared region of the spectrum. Since the vibrational energies of
molecules have unique fingerprints in the IR spectra, FTIR spectroscopy

can provide useful insights into many chemical problems.

In the case of Cu-CHA catalyst in the context of NH3-SCR cycle, FTIR
provided very useful results allowing to identify the bands corresponding
to the Bronsted sites,> 3" physisorbed NHs, NHs* formed by NHs
protonation by the Bransted sites, % and the formation of particular Cu
complexes. 225837 |n this work, the FTIR spectroscopy was used mostly
for monitoring the absorption and desorption or consumption of NH3 and
NH." during specific steps related to NHs-SCRreaction and SO poisoning.
This information complements the insights obtained from XAS and other

techniques.

FTIR experiments were performed at the Chemistry department of the
University of Turin using a Bruker FTIR spectrometer and an operando
sandwich cell (IR rector-cell) developed for investigating chemical
reactions with FTIR. ***3 The general and detailed views of the IR reactor
cell are presented in Figure 2.6. The experimental procedures reproduce
the conditions of the XAS experiments and study the monitored reactions

from another perspective. The construction of the cell allows to heat the
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sample to 400 °C and to use gas compositions as in the XAS in situ

experiments.

Figure 2.6 General and detailed views of the “sandwich” reactor-cell. 1=
Spectrometer base-plate, 2=IR cell support, 3=adjusting nut for air
tightness, 4=gas outlet, 5=air cooling outlet, 6=gas inlet, 7=air cooling
inlet, 8=external shell, 9=thermocouple location, 10=IR beam, 11=
stainless steel ring, 12=Kalrez O-ring, 13=KBr windows, 14=wafer holder,
15=oven location. Reproduced from Lesage et al., 2003 42

2.3 New methods

2.3.1 X-ray adsorbate quantification (XAQ)

X-ray adsorbate quantification (XAQ) is a new method developed by our
team during the experiments at BM23 in the scope of this project. It proved
to be extremely useful for quantification of adsorbates during in situ XAS

experiments, complementing the mass-spectrometry data. 44

In Section 2.2.5, a normalization procedure for XAS spectra was

described. As already discussed, it aims to remove the effects associated
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with the experimental setup and the sample preparation to compare the data
from different datasets and samples effectively. However, one of the
factors we remove by normalizing a transmission XAS spectrum is the
total absorption of the sample. For a quantitative and qualitative analysis
of XANES and EXAFS, the total absorption of the sample is only a
regulator of the data quality. However, the total absorption may change
during an in situ XAS experiment involving the adsorption and desorption
of molecules on and from the sample. This change in the total absorption
is valuable information that has been ignored and removed from the data

before.

In Figure 2.7, (a) and (b) panels explain the abovementioned concept.
Panel (a) shows normalized XAS data as we are used to see them in
publications. Panel (b) shows raw data as they are usually seen during
beamline experiments. In panel (b), there is a clear shift of all the spectra,
indicating the change in the total absorption of the sample. The reported
spectra were obtained while heating the hydrated Cu-CHA zeolite in Oo.
Then the difference in the total absorption is explained by dehydration of

the sample, that is H.O desorption.

Panel (c) shows the XAQ signal during heating and temperature profile in
time. Presented this way XAQ technique seems similar to
Thermogravimetric analysis (TGA), monitoring the change in mass of the
sample during thermal treatment. Indeed, the methods have the same idea
behind them. An advantage of XAQ is that it can be monitored directly
during transmission XAS experiments and does not require additional

preparation and instrumentation. Even old datasets containing in situ XAS
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spectra measured in transmission can be analyzed to extract the XAQ

signal.

1.6 q
(a) 145 (b) Raw data
1.4 1.404 —20°C
Intermediate T
512- c 1.354 — 550 °C
= =]
a B
£1.0- £1.30
g g
@08 0125
k-1 ©
(1)
Hos4 £ 1.20-
E Normalized spectra o
5044 — () (e 1.154
z Intermediate T
0.2 ) — 550 °C 1.10
00 . . . 1.05 . . . N
8880 8990 9000 9010 9020 8800 8900 9000 9100 9200
Energy (eV) Energy (eV)
-11 -4
0.02 x10 x10°
(€) == Algam Temperature | goo 4.04(d)
. —o— —d(Apg,,)/dt 1.5
0.00+ 'i(; **************** 500 38 miz = 18 (H,0)
" O a6 o
-0.02- 0y = =t
3 5 Bss 2
éﬁ. 53 H,0 per Cu 300 g 5 3
-0.04 \ (10.6 Wt%) g 232 05 £
009 2 b
L] 3.04 oe,
-0.06 4 P05 ° .
1100 2.8 \o.og" Co0000 0.0
» (Ll T TTT LD
-0.08 4+ ' v T Q 26 T T T
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time (s) Time (s)

Figure 2.7 (a) Normalized Cu K-edge XANES spectra collected during
heating of Cu-CHA zeolite from RT to 550 °C in 10 % O2/He flow. (b)
Same data without normalization. Dashed lines indicate the XAQ fitting
region and solid line shows its center where the total absorption is
evaluated. (c) XAQ signal during heating (left) and temperature profile
(right). (d) Time derivative of the XAQ signal (left axis) and water mass
spectrometer signal collected simultaneously with the XAS measurements.
Reproduced from Lomachenko et al., 20224

Panel (d) in In Figure 2.7 shows a time derivative of the XAQ signal and
water mass spectrometer signal collected simultaneously with the XAS

measurements. The signals are very similar, which shows the reliability of
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XAQ. This work shows more examples of XAQ results compared with

other methods that show good reproducibility.

Experimentally, some points must be considered for obtaining a good and
reliable XAQ. First, the experimentalists need to know the composition of
species adsorbing on or desorbing from the sample. If there are parallel
processes involving different species, distinguishing their XAQ signals
will be a very challenging task. The same limitation applies to TGA as
well. Second, the spot of the sample under the X-ray beam should always
be the same. If the beam moves on the sample (or the sample moves under
the beam), and the sample is not homogeneous, the total absorption of the
sample will change because a different part of the sample with different
absorption is probed. Third, the XAQ signal takes into account the change
in total absorption of everything between the two ionization chambers used
for the detection. This is important if the sample is exposed to a gas and
the cell has some dead volume. In this case, the change in the total
absorption is expressed in the following way:

Iy
Apior = A(lnl_) = Mpsgm + A.ugas (2.5)
1

where psam and pgas are the total absorption of the sample and the gas inside
the experimental cell, respectively; lo and |1 are the counts of the ionization
chambers measuring the intensity of the incident and transmitted radiation,

respectively.

Practically, the Apgas can be measured separately in an empty in situ cell
and subtracted from the Apot measured during the experimental procedure.

So, carefully considered, it does not cause errors in the XAQ calculations.
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When Apsam is correctly identified, it can be recalculated to the molar
surface density of the adsorbed or desorbed species ®ags (that is, the
number of moles of the adsorbate per unit area of the sample surface
exposed to the X-ray beam) by the following expression:

-1

Oaas = Bltsam | 204N D Njf'y | (26)
J

where re is the electron radius, A is the X-ray wavelength, Na is the
Avogadro number, Nj and f;” are the number of atoms and imaginary part
of the atomic scattering factor of jun atomic species constituting the
molecule of adsorbates. This calculation can be performed using existing
codes to optimize the mass or thickness of the samples for XAS

measurements, such as XAFSmass. *°

Another important point to note is that Eq. (2.6) is expressed as (2.7) in

case if orientation of the pellet to the X-ray beam is not 90°:

-1

_ ZTeANA .
E')ads - A.usam sind N]f j (2-7)

]

Where 0 — is X-ray incidence angle (Figure 2.8). In most cases sind = 1,
since for the XAS transmission mode & is usually equal to 90°. However,
if the measurements are conducted in the fluorescence mode, where the
orientation of the sample is usually 45°, the X-ray incidence angle has to

be taken into account.
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Figure 2.8 Cut of the sample interacting with the X-ray beam. S is the area
of the sample surface interacting with the beam, V is the interaction
volume, d is the path of the beam through the sample, t — sample thickness,
0 — X-ray incidence angle. Reproduced from Lomachenko et al., 2022 44

In this work, XAQ was used to calculate the sulfur uptake by the catalyst
during its exposure to SO>. The XAQ data were obtained by monitoring
the change of the total absorption coefficient before the Cu K edge (at 8885
eV, averaging the region of 8820-8950 eV) during the interaction with
SO,. The change in the absorption coefficient was attributed to the
adsorption of SO». The corresponding number of moles of SO, per unit
area of the pellet was calculated by XAFS mass code* and, knowing the
parameters of the sample pellet (mass, surface density, and Cu content),

converted into Cu/S ratio.
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3 SO, Poisoning of Cu-CHA deNOy Catalyst: The Most
Vulnerable Cu Species Identified by X-ray
Absorption Spectroscopy

The results are published in JACS Au in 2022:

SO2 Poisoning of Cu-CHA deNOy Catalyst: The Most Vulnerable Cu
Species ldentified by X-ray Absorption Spectroscopy. Anastasia Yu.
Molokova, Elisa Borfecchia, Andrea Martini, llia A. Pankin, Cesare
Atzori, Olivier Mathon, Silvia Bordiga, Fei Wen, Peter N. R. Vennestrgm,
Gloria Berlier, Ton V. W. Janssens, and Kirill A. Lomachenko. JACS
Au 2022 2 (4), 787-792. DOI: 10.1021/jacsau.2c00053

3.1 Samples
This Chapter investigates Cu-CHA samples with 0.8 wt% Cu/CHA and 3.2
wt% Cu/CHA. The designation of the samples in this and the following
Chapters: low-Cu (0.8 wt% Cu/CHA) and high-Cu (3.2 wt% Cu-CHA).

The results for high-Cu catalyst were published in JACS Au, the results for
low-Cu catalyst were previously unpublished.

3.2 Experimental methods

In this chapter, we used in situ XAS (XANES and EXAFS) for monitoring
the oxidation state of the Cu during the experiment; in situ XAQ for
estimating the SO> uptake by the catalyst during the experiment; SO,-TPD
on the saturated sample for estimating the SO uptake by the catalyst after
the experiment; XES for identification of the ligands coordinated to Cu;
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EXAFS fitting, Linear Combination fitting (LCF) and wavelet analysis for

identification of the Cu intermediates forming during the experiment.

3.3 Experimental protocol

This Chapter investigates the individual reactivity of different Cu species

forming in the NH3-SCR cycle towards SO..

The protocol for preparing Cu species in Cu-CHA where Cu is in different
oxidation states and coordination is well known from previous works. 1
First step is to bring the Cu-CHA catalyst into a well-defined state by
heating it to 550 °C. This state can be followed by various pre-treatment
protocols ensuring the formation of one of the Cu intermediates. The

protocols are described in Table 3.1 and shown in Figures 3.1-3.6.

The first three procedures aim to obtain a Cu' state. In Procedure 1, the
oxidized state is followed by a reduction protocol at 400 °C in H.. After
cooling to 200 °C in He, the resulting state is Cu' attached to the framework
(fw-Cu'"). ! In Procedure 2, the reduction is performed by exposure to a
mixture of NO and NHs at 200 °C, forming the mobile [Cu'(NH3)2]*
complexes. ! In Procedure 3, this state is followed by heating to 550 °C in
He, which results in the release of NH3 ligands and formation of fw-Cu!'

again.

In Procedures 4-6, the goal is to obtain Cu'" intermediates. Procedure 4
includes only cooling down from 550°C to 200 °C in O.. This state is
proposed to be Cu" bound to the framework (fw-Cu'"). 2 Procedure 5 aims
to form the peroxo [Cuz"(NH3)20,]** complexes. To form them, the mobile
[Cu'(NH3)2]" complexes obtained in Procedure 2 have to be exposed to O
at 200 °C. 2 Finally, in Procedure 6, fw-Cu" species were exposed to NH3
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at 200 °C. As we show in this work, this procedure results in a mixture of

Cu' and Cu'" intermediates. # This state was assigned as Cu''+NHjs in the

text, figures and tables.

Table 3.1 Pre-treatment procedures and resulting Cu species.

Proce Domina | Designation in
Conditions nt Cu the text and Ref.
dure .
state figures
1 % Hzat 400 °C; | | 1
! cooling to 200 °C in He fw-Cu fw-Cu
500 ppm NO + 600 mobile
2 '(NH '(NH3)o]* |1
ppm NHs at 200 °C [CU(N [CU(NHz)2]
3)2]
fw-Cu'
500 ppm NO + 600 (after
ppm NHzat 200 °C; thermal
3 | heating tp 550 °Cin treatment | [CU'(NHs)2] "+ T | *
He; cooling back to 200 of
°CinHe [CUI(NH
3)2]")
4 10 % O at 200 °C fw-Cu' fw-Cu" 2
500 ppm NO + 600 mobile
ppm NHzat 200 °C; He | [Cu'"z(N I e | 3
> | purge; 10% 0,at 200 | Ha)a0a2* | LCU 2ANH2):02]
°C dimer
6 | 600 ppm NHsat 200 °C | mixed* Cu'' + NHs 4

* The mixed Cu'/Cu' composition of the species is discussed further in the

chapter.
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After the described pre-treatment protocols, the obtained Cu intermediates

were exposed to 400 ppm SO- at 200 °C for 3 hours

Procedure 1: SO, on fw-Cu' after reduction in H,

600 ‘ i
20mn oo 550 °C p-20MIN J
500 \He 1% H, He
30 min i
400 : 400 °C 40 min
. ,1 hour 20 min 400 ppm 802 He
O 300 200in
o Purge
F 200. 200 °C
3 hours
100 10% O, He purge 20 min
and cooling Purge
-
0 4
; : i ¢ :

time (hours)

Figure 3.1 Scheme of the followed experimental protocol comprising the
pre-treatment Procedure 1 leading to the formation of fw-Cu' species
prior to exposure to SO,. Reproduced from Molokova et al., 2022. *

Procedure 2: SO, on Cu'(NH,)3

600 20 min i
255000 550 °C IMI
5004
. 40 min
400430 min 500 ppm NO
. He 600ppmNH, He 400 ppm SO, He
—_ 25 min
Q 3004
L
P 2004 — 200 °C
our 30 min 3 hours
10% 0, 20 min 30 min 20 min
100+ Purge Purge Purge
-
0
0 2 4 6 8

time (hours)

Figure 3.2 Scheme of the experimental protocol comprising the pre-
treatment Procedure 2, leading to the formation of mobile [Cu'(NH3)2]*
complexes prior to exposure to SO.. Reproduced from Molokova et al.,
2022.4
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Procedure 3: SO, on fw-Cu' after decomposition of Cu'(NH,); at 550 °C

600 20 min 1 hour 40 min
»—a550 °C — 1550 °C 550°Cpr—1
=00 130 min 40 Gt 40 min 40 min
500 ppm NO 400 ppm SO
400 2
He600 ppm NH, He He
;6300 25 min
ﬁ 200 °C
200+ | ——— o
1 hour 30 min A 3 hours
100 10% O,
- 20 min 20 min 20 min
0 Purge Purge Purge
0 2 6 8 10

time (hours)

Figure 3.3 Scheme of the experimental protocol comprising the pre-
treatment Procedure 3 leading to the formation of fw-Cu' species prior to
exposure to SO2. Reproduced from Molokova et al., 2022.

Procedure 4: SO, on fw-Cu(ll)

600 20 min 40 min
a——a 550 °C 550°C p——™
500 +
30 min
400 40 min
-\ He 400 ppm SO He
- 25 min 2
8 300+
'—
200 a 3 hours 200°C
10% 02 20 min 20 min
100+ Purge Purge
L L]
0
0 1 2 4 5 6

time (hours)

Figure 3.4 Scheme of the experimental protocol comprising the pre-
treatment Procedure 4 leading to the formation of fw-Cu'' species prior to
exposure to SO2. Reproduced from Molokova et al., 2022.
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Procedure 5: SO, on [Cu'",(NH,),0,1*" dimer

600 20 min 40 min
F—1550°C 550°Cpr "
500
S0min 500 NO 40 min
4004 He 500 gg: NH He 10% O, He 400 ppm SO,
3
—_ 25 min
(O 300+
1
= 2004 : 200 °C
10% O, 1 hour 30 min 1 hour 3 hours
100
20 min 30 min 20 min 20 min
04 - Purge Purge Purge Purge
0 2 4 6 8

time (hours)

Figure 3.5 Scheme of the experimental protocol comprising the pre-
treatment Procedure 5 leading to the formation of mobile
[Cu"2(NH3)402]%* dimers prior to exposure to SO,. Reproduced from
Molokova et al., 2022.

Procedure 6: SO, after exposure of Cu' to NH,

600 20 min 40 min
N 550 UC W ———
5004 550 °C
30 min 40 min
400 He 600 ppm NH,; He 400 ppm SO, He
— 25 min
QO 3004
2
it
2004 0
10% 02 2 hours 3 hours AL
100 20 min 30 min 20 min
Purge Purge Purge
0
0 2 4 6 8

time (hours)

Figure 3.6 Scheme of the experimental protocol comprising the pre-
treatment Procedure 6 leading to the formation of mixture of NHz-
coordinated Cu'/Cu"" species prior to exposure to SO,. Reproduced from
Molokova et al., 2022. 4

3.4 XANES and EXAFS results

We followed the exposure of Cu intermediates to 400 ppm SO2/He flow
by measuring Cu K-edge XAS (XANES and EXAFS) in situ. Figure 3.7
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and Figure 3.8 show the evolution of XANES and EXAFS spectra during
the exposure to SO, of the Cu-CHA catalyst with 0.8 wt% Cu/CHA and
3.2 wt% Cu/CHA.
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Figure 3.7. Cu K-edge XANES (a) and FT-EXAFS spectra (b) collected in
situ during the exposure of Cu species obtained in Procedures 1-6 to SO2
at 200 °C for the low Cu/CHA catalyst.
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Figure 3.8. Cu K-edge XANES (a) and FT-EXAFS spectra (b) collected
in situ during the exposure of Cu species obtained in Procedures 1-6 to
SO2 at 200 °C for the high Cu/CHA catalyst. Reproduced from

Molokova et al., 2022. 4

For both catalysts, when Cu is in a Cu' state, the spectra show minor
changes during the exposure to SO, indicating that the interaction between
SO, the Cu' is insignificant (Procedures 1-3). Consequently, these Cu

species are not likely to react with SO alone during the NH3-SCR cycle.
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A similar result is observed if the sample is only exposed to O, (Procedure
4), indicating the limited reactivity of the fw-Cu" species towards SOx.
However, the result is different when the sample with Cu"' coordinated to
NH3 is exposed to SO,. We can see it in the case of Procedures 5 and 6.
Cu species obtained after interaction with NH3 demonstrate significant
rearrangement in the local structure and changes in the Cu oxidation state
upon interaction with SO». In both cases, the exposure to SO causes a
pronounced increase of the XANES peak at 8983 eV, characteristic for
linear Cu' complexes,>” and a drop of the first shell intensity in the EXAFS
FT, indicating the decrease in the coordination number of Cu and
consequently, the decomposition of the complex. After the exposure to
SO, the final state does not depend on the Cu content in both XANES and
EXAFS results.

3.5 The most SO sensitive Cu species: [Cus"(NH3)40,]%*
From the results of XANES and EXAFS, we found the Cu species most

sensitive to SO, poisoning being [Cu2'"(NH3)402]*" complex and Cu'" +
NHz3 species.

The [Cu2'"(NH3)402]** complexes were shown to be key intermediates of
the low-temperature SCR.># ° Their structure and properties were actively
studied. Low-Cu and high-Cu catalysts demonstrate similar shapes of
XANES and EXAFS spectra (Figure 3.9 a,b). The structure of the complex
is shown in Figure 3.9c. We fitted the EXAFS spectrum of the high-Cu
sample to confirm the assignment of the spectra to the complex. We chose
the high-Cu sample for the EXAFS fitting due to the lower noise level. The
resulting fit is presented in Figure 3.10 and shows perfect agreement with
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the experimental spectrum. The resulting parameters in Table 3.2 agree
with the ones of the [Cu,"(NH3)402]*" complex.

Since, as already mentioned before, the [Cuz"(NH3)402]** complex is an
essential intermediate in the NH3-SCR cycle, its sensitivity to SO is likely
responsible for the decrease of the catalyst’s activity at low temperatures
when exposed to SO2. When SO> is present in the gas feed, it may
decompose the [Cuz"(NHs)402]** complex and interrupt the catalytic
cycle, causing the NO conversion drop.

¢ b
,2]® gl ®
o 1 & ©)
=1 % 08 ‘
E 0.8+ = low-Cu
-
‘T 06| < 04 —— high-Cu
E =
2 04 low-Cu £ X
—— high-Cu 0.2 © [Cu'y(NH;),(0)]**
0.2
0- T T T T 0-
8980 9000 9020 9040 0 2 4
Energy (eV) R (A)

Figure 3.9 XANES (a), EXAFS (b) and structure (c)® of the
[Cuz"(NH3)102]%" complex for low-Cu and high-Cu catalysts. Panel (c)
reproduced from Negri et al., 2020 3

Table 3.2 The results of EXAFS fitting of the [Cu''2(NH3)202]%" complex.
Fitting ranges: k-range = 3-13 A%, R-range = 1.15-3 A.

Cu-species Path Parameters R-
factor,
%

Cu-0 | N=2,02=0.008(1)A% R=1.921(1) A
[Cu'"z(NH3),0,0* 0.2

(Procedure 5) Cu-N | N=2,02=0.006(1) A2 R=2.016(1) A
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Figure 3.10 EXAFS fitting results for the [Cuz"(NH3)40,]?* (Procedure
5) after pre-treatment procedures in R- (left panel) and k-space (right
panel) for the high-Cu catalyst. Green dashed lines show the fitting
ranges.

The presence of mixed oxygen-ammonia Cu-ligation in the dimeric
complexes found crucial for the reaction with SO, was independently
confirmed by valence-to-core XES. " 1% ! Figure 3.11 presents XES
spectra at different pre-treatment stages leading to [Cu''2(NH3)s02]%
complexes forming. The KpB’’ satellite peak in the XES spectra originates
from the transition between the ligand ns orbitals and the Cu 1s orbital.
This peak’s position depends on the species directly coordinated to Cu,
allowing discrimination between oxygen (O), nitrogen (N), and sulfur (S)
ligands.!?*  Figure 3.11 shows that after heating in Oz, Cu is
predominantly coordinated by oxygens (as expected for the fw-Cu"
species), while after exposure to NO+NH3 N-ligands are dominating, as
expected for [Cu'(NHs)2]* linear complex. After exposure to Oz and the
formation of [Cu'2(NH3)10,]?* complexes, the peak broadens, confirming
the presence of both N- and O-ligation. Furthermore, even after exposure

to SO, the mixed ligation is maintained, indicating the co-existence of
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both nitrogen- and oxygen-coordinated Cu species. Notably, the XES
spectrum collected after exposure to SO does not show a significant
contribution from sulfur ligands, which rules out the formation of a
substantial amount of species where sulfur directly coordinates with Cu.
However, the shape of the Kf2s-line changes upon exposure to SOg,

indicating the decomposition of the [Cu"2(NH3)402]** complexes.
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Figure 3.11 Background-subtracted Cu K vtc-XES spectra for different
stages of the Procedure 5 leading to the formation of [Cu'"'2(NH3)402]%*
complex. High-Cu catalyst (3.2 wt% Cu/CHA). Reproduced from
Molokova et al., 2022 4

3.6 The most SO; sensitive species: Cu" + NH3

The structure of the second reactive species obtained by the exposure of
fw-Cu' to NH3 is not certain. Previous studies have reported that similar
pre-treatment results in the mixture of linear [Cu'(NHs)2]* and either
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square-planar [Cu"(NHs)4]?* complexes or mixed-ligand [Cu"Ox(NH3),]**

moieties. 16
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Low-Cu catalyst —fit —— [Cu'(NHy),]"
—— [Cu",(NH,),0,]** —— [CU"(NH),J?* in sol. —— [CU"(NH,),1S0,-H,0
1.2] 1.2 1.2
—~ 14 —~ 1 —~ 1
= ] = u
= o8] = =
8 o6 8 g
ful a @ @
E E £
g 044 S S
z 2 2
0.2 0.2 0.2 - =
R-factor = 0.04 % || Refactor = 0.14 % Refactor = 0.25 %
04 — : 0 . ’ - 0 = a -
8950 9000 9050 8950 9000 9050 8950 9000 9050
Energy (eV) Energy (eV) Energy (eV)
High-Cu catalyst
— [Cu";(NH,),0,*" ——[Cu"(NH,),J*" in sol. — [Cu'(NH;),]SO,H,0
1.2 1.2 1.2
— 14 —~ 1 -~ 1
= = ,
= sl = = 0.8
b=l ¥ - o o k= _
% el g Rfactor=003%) | @ Rfactor=0.12% 8 ., ) | | Refactor =047 %
E E g
5 0.4 5 5 04
P4 =z =
0.24 0.2 0.2
04 ¢ - . 0 - 4 A———— 0 . . ;
8950 9000 9050 8950 9000 9050 8950 9000 9050
Energy (eV) Energy (eV) Energy (eV)

Figure 3.12 Comparison between LCF results with different references
for the XANES spectrum collected after pre-treatment in Procedure 6; the
reference spectra are the spectrum of linear diamine complex
[Cu'(NHs3)2]* (the same for all fits) and oxygen-bridged diamine dicopper
complex [Cu"2(NH3)102]?* (left panels), tetraamine copper complex in
solution [Cu"(NHs)4]?* (middle panels), tetraamine copper sulfate
monohydrate [Cu"(NH3)4]SO4-H20 (right panels). Low-Cu (0.8 wt%
Cu/CHA) and high-Cu (3.2 wt% Cu/CHA) catalysts. Adapted from
Molokova et al., 2022 *

In our investigation, we try to resolve its structure by applying linear
combination fit (LCF) with known references of [Cuz"(NH3)402]*

complexes and with pure Cu"(NHs)4 groups (either aqueous [Cu'(NH3)4]%*
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or solid-state [Cu''(NH3)4]SO4-H20) in addition to linear [Cu'(NH3)2]".
The best agreement was obtained for a mixture of [Cuz"(NH3)10,]?* and
[Cu'(NH3)2]* complexes (Figure 3.12). The ratio between the two spectral
components for the high-Cu catalyst was nearly 50 % / 50 %. For the low-
Cu catalyst, we observed 71 % of [Cuz'(NHs)402]** and 29 % of
[Cu'(NH3)2]". The fits with tetraamino groups exhibited visible
discrepancies with the data for both catalysts.

To form [Cuz"(NH3)402]>* complexes, the catalyst has to be exposed to
oxygen. This raises the question of the possibility of forming
[Cu2"(NH3)402]%" complexes after the exposure of the activated catalyst
only to NH3 without providing a source of oxygen. However, in Procedure
6, we expect that some oxygen is stored in the sample after the initial
heating to 550 °C in Oa.

We applied wavelet transform (WT) analysis to EXAFS data of the high-
Cu catalyst to confirm this. WT is used for distinguishing the contributions
of light and heavy atoms in the EXAFS signal. *> 16 The distinction comes
from the dependence of backscattering amplitude factors on the atomic
number Z. As a result, the contributions of heavier atoms are localized at
higher k. With WT, it is possible to represent the signal in both R- and k-
space making it possible to assign it to the scattering paths with better
precision. The high-Cu catalyst was chosen due to the lower level of noise

in the spectra.

Following the analogous procedure showed in works, ® 17 we used WT to
identify the presence of Cu-Cu bonds in Cu-CHA after initial heating in
02 to 550 °C and subsequent cooling to 200 °C. The Cu-Cu contribution
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is expected to be localized at ca. 6-7 A, according to the calculations of
the backscattering amplitude factors?. Such contribution is visible in WT
map of the Cu-CHA sample (Figure 3.13). Together with Z-Cu''(OH)
species, the dimers, that are usually oxygen-bridged, may constitute a
necessary stock of oxygen needed for the formation of mixed-ligand

Cu"(NH3)xOy complexes after the subsequent treatment in NH3 at 200 °C

in Procedure 6.
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Figure 3.13 Full-range WT representation of the EXAFS signal for the
high-Cu sample measured at 200 °C after heating to 550 °C in 10 % O2/He
and cooling to 200 °C; b) Magnification of the high-R WT region in ranges
Ak (0-10) A and AR (2-4.5) A. WT sub-lobes stemming from O, Al/Si
and Cu atomic neighbours are indicated by white arrows and labels.
Reproduced from Molokova et al., 2022 *

To further support the proposed composition of the Cu species obtained
from the linear combination fit (LCF), EXAFS fitting was performed using
the Athena and Artemis software from Demeter package. *® The EXAFS

fitting results are presented in Table 3.3.

For the mixed species obtained after (Cu'' + NHs) treatment in Procedure
6, the parameters of the fit (coordination numbers, Debye-Waller factors

and path lengths) were taken from the fits of the corresponding
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components:  [Cuz"(NHs)s02)?* and  [Cu'(NHs)2]*  complexes.
Coordination numbers were multiplied by the Nexars coefficient. This
coefficient was defined as Nexras = N for [Cuz''(NH3)402]>" component
and Nexars = 1-N for [Cu'(NH3)2]* component, where N was fitted.

Table 3.3 The results of EXAFS fitting. Fitting ranges: k-range = 3-13 A-
! R-range = 1.15-3 A. Color codes of the paths correspond to the
following species: green: [Cu''2(NHs)20,]?*, light-blue: [Cu'(NH3)2]".
Parameters without errors in parentheses were taken from the fit of the
corresponding component and fixed in the fit here

Cu-species Nexars Path Parameters R-
facto

r, %

Low-Cu 0.28(2) | Cu-N | N=2-0.28, 0°=0.008 42 R=1.91A | 0.4

(Cu"+NHs) | 0.72(2) | Cu-N | N=2-0.72,0°=0.003 A R=2.03 A

(Procedure 6) Cu-0 | N=2-0.72,02=0.004 A2 R=1.92 A

High-Cu 0.50(3) | Cu-N | N=2-0.5,0°=0.008A% R=1914 | 0.7

(Cu" + NHs) 0.50(3) | Cu-N | N=2-0.5,02=0.003A% R=2.03A

(Procedure 6) Cu-0 | N=2-0.5,0°=0.004 A2 R=1.92 A

The resulting values of Nexars are close to those obtained from LCF:
0.29/0.71 (LCF) and 0.28/0.72 (EXAFS fit) for low-Cu catalyst, and
0.51/0.49 (LCF) and 0.50/0.50 (EXAFS fit) for high-Cu catalyst.

Figure 3.14 shows the resulting fits in k- and R-space. For low-Cu and

high-Cu catalysts the agreement is sufficiently good.
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Figure 3.14 EXAFS fitting results for the outcome of (Cu''+NHs)
treatment (Procedure 6) after pre-treatment procedures in R- (left panels)
and k-space (right panels). Green dashed lines show the fitting ranges.
a,b) Low-Cu catalyst (0.8 wt% Cu/CHA); c¢,d) High-Cu catalyst (3.2 wt%
Cu/CHA). Adapted from Molokova et al., 2022 *

3.7 SO uptake
To verify our findings from XANES and EXAFS results, we estimate the

uptake of SO> by the catalysts for each of the 6 Procedures. We use two
different methods for that. The first is XAQ,® described in detail in the
Experimental, Section 2.3.1. It was measured in situ together with XAS.
The S/Cu ratio, in this case, is calculated from the change in the total

absorption of the sample due to the accumulation of SO; in the sample.
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The second method is Temperature Programmed Desorption of SO; (SO--
TPD). The desorption of SO> is monitored as a function of temperature
while heating the sample. In this case, the amount of SO> was measured
on the saturated sample after the in situ experiment. The SO>-TPD curves

for low-Cu and high-Cu catalysts are presented in Figure 3.15.

First, by comparing the obtained TPD curves with references, we can
exclude the formation of (NH4).SO4 as a main reason for deactivation.
(NH4)2S04 can be formed in a reaction of SO, with NHz and NH4* groups
stored in the zeolite framework. However, for the adsorbed (NH4)2SO4
(reference sample composed by a Cu free CHA impregnated with
(NH4)2SO4)we observe SO, desorption at around 380 °C, 530 °C, and 1000
°C (grey curve in Figure 3.15). The desorption at 380 °C matches the
known thermal decomposition of (NH4)2SO4;%° the other two peaks are
probably due to the interaction of either (NH4)2SOa4 or products of its
decomposition with the zeolite, their precise interpretation being beyond
the scope of the present argument. For both catalysts and all three Cu-CHA
samples containing NHz before exposure to SO, ([Cu'(NHs)2]",
[Cu"z(NH3)s02]>" and (Cu' + NHs) procedures), we observe SO,
desorption around 420 °C (Figure 3.15). As this does not match any of the
observed desorption characteristics of (NH4)2SO4 in Cu-free Cu-CHA, the
SO,-TPD feature at 420 °C reflects an interaction of Cu with SO.. Finally,
integrating the SO.-TPD curves allows us to calculate the S/Cu ratio in the

catalyst independently on the SO»-saturated sample.
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Figure 3.15 SO,-TPD profiles collected after exposing the species
obtained in Procedures 1-6 to SO2 compared to reference SO.-TPD curve
of a CHA zeolite without Cu impregnated with 20 wt% (NH4)2SOa,
downscaled x10. a) Low-Cu catalyst (0.8 wt% Cu/CHA); b) High-Cu
catalyst (3.2 wt% Cu/CHA). Adapted from Molokova et al., 2022 *.

We calculated the S/Cu ratio using the two methods and compared them
for the low-Cu and high-Cu catalysts for all six procedures. The results are
presented in Figure 3.16. For both catalysts, we find the highest sulfur
content (S/Cu ratio) for the [Cu''2(NH3)402]** and Cu''+ NH3 procedures.
The sulfur uptake of the [Cu'(NH3)2]* and fw-Cu' moieties was ca. 3 times
lower, and for the bare fw-Cu' species, it was ca. 6 times lower. These

results show that the reaction between the [Cu''2(NH3)40,]*" species and
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SO, contributes most to the accumulation of SO2 in the Cu-CHA catalyst.
This agrees with the XANES and EXAFS results discussed earlier.
Namely, complexes containing Cu' coordinated to NHs are the most

reactive to SO-.
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Figure 3.16 The S/Cu ratio in the samples after exposure to SO obtained
from SO2-TPD and XAQ. Low-Cu catalyst (0.8 wt% Cu/CHA) and
High-Cu catalyst (3.2 wt% Cu/CHA). Adapted from Molokova et al.,
2022 4

The obtained maximum level of S/Cu ratio does not exceed 0.3-0.35 after
3 hours of exposure of the reactive complexes to SO,. During the
experiment, we monitored the shape of XANES to ensure that the spectra
did not change anymore at the end of the exposure of the catalyst to SO,
indicating that the reaction was finished. To verify that the SO2 uptake by

the sample also reached saturation, we plot the evolution of the S/Cu ratio
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extracted from the XAQ signal during the in situ exposure to SO, of the
two reactive complexes in low-Cu and high-Cu catalysts (Figure 3.17). It
is possible to distinguish two regions: the fast growth of the S/Cu ratio
during the first 20-30 minutes and the saturation region. We can see that
by the end of the 3 hours of exposure to SO, the changes in the XAQ
signal become small, indicating the stabilization of the system. With the
time evolution of the XAQ signal, we can monitor the saturation of the

S/Cu signal together with the shape of XANES spectra.
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Figure 3.17 Evolution of S/Cu ratio extracted from XAQ signal during the
exposure to SOz of (a,b) [Cuz"(NHs)402]*" obtained in Procedure 5 and
(c,d) (Cu'" + NHs) species obtained in Procedure 6. Left panels: low-Cu
catalyst (0.8 wt% Cu/CHA), and right panels: high-Cu catalyst (3.2 wt%

CU/CHA.).
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3.8 Conclusions

This Chapter is dedicated to different Cu species forming in the Cu-CHA
catalyst during the NH3-SCR cycle and their interaction with SO2. Two
samples with different Cu content were investigated: low-Cu (0.8 wt%
Cu/CHA) and high-Cu (3.2 wt% Cu/CHA). The in situ XAS and XES
measurements of different Cu intermediates formed in Cu-CHA catalyst
exposed to SO, demonstrate that Cu'' species with mixed NHs and O-
ligation of Cu are susceptible to SO poisoning. In contrast, Cu' and Cu'"
without NHz are much less affected by it.

These results are confirmed by estimating the SO uptake by the catalyst
from in situ XAQ and SO2-TPD on the SO»-saturated samples. In the case
of the two SO; reactive species ([Cuz(NH3)402]** and (Cu'+NHs)), the
low-Cu catalyst shows slightly higher S/Cu saturation levels, probably

because not all of the S in the catalyst is associated with Cu.

One of the most vulnerable species is [Cuz'"(NH3)402]** complex, the key
intermediate of the low-temperature SCR reaction. Reaction with SO>
leads to its decomposition and accumulation of sulfur in the zeolite, which
explains the loss of the low-temperature activity of the material in NHs-

SCR upon SOz poisoning.
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4 SO, poisoning mechanism and identification of
sulfated species

The results are accepted for publication in Chemical Science in 2023:

Elucidating the reaction mechanism of SO2 with Cu-CHA catalysts for
NH3-SCR by X-ray absorption spectroscopy. Anastasia Yu. Molokova,
Reza K. Abasabadi, Elisa Borfecchia, Olivier Mathon, Silvia Bordiga, Fei
Wen, Gloria Berlier, Ton V.W. Janssens and Kirill A. Lomachenko
Chemical Science 2023

4.1 Introduction

In the previous Chapter, we identified that [Cu,''(NH3)402]*" complexes
are the most reactive to SO2 among Cu intermediates forming in the Cu-
CHA catalyst during the NH3-SCR cycle. From the XANES and EXAFS
results, we understood that the interaction with SO, leads to the
decomposition of the [Cuz"(NH3)s02]** complexes and the reduction of
Cu. However, the mechanism of their interaction with SO> and the nature

of the formed species still need to be understood.

This Chapter provides a more detailed analysis of the interaction between
[Cu2"(NH3)402]%" complexes and SO, including the identification of the
reaction intermediates by applying XAS spectra decomposition techniques
and identification of the structure of the sulfated Cu species by measuring
S K-edge XAS and S K, XES.

The reduction of Cu observed upon exposure of the [Cuz"(NH3)402]*
complexes to SO> inspired an experiment where SO, was mixed with O

to oxidize Cu' and increase the SO uptake. Another experiment included
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a series of subsequent exposures of [Cuz"(NH3)402]>* complexes to SO

and O separately to investigate their individual effects.

Finally, this Chapter proposes a reaction mechanism for the
[Cu2"(NH3)402]%* complexes and SO based on the discussed results.

4.2 Samples

This Chapter investigates Cu-CHA samples with 0.8 wt% Cu/CHA and 3.2
wt% Cu/CHA. The designation of the samples is low-Cu (0.8 wt%
Cu/CHA) and high-Cu (3.2 wt% Cu-CHA).

4.3 Experimental methods

In this chapter, we used in situ Cu K-edge XAS (XANES and EXAFS) for
monitoring the oxidation state of the Cu during the experiment; in situ S
K-edge XANES for monitoring the oxidation state and local environment
of S accumulated in the catalyst; XAQ calculations for estimating the SO
uptake by the catalyst during the experiment; SO>-TPD measurements on
the saturated sample for estimating the SO, uptake by the catalyst after the
experiment; S Ka XES for identification of the local environment of S
accumulated in the sample; EXAFS fitting, Linear Combination fitting
(LCF) and Multivariate Curve Resolution Alternating least squares (MCR-
ALS) analysis for the identification of the Cu intermediates and the

sulfated species forming during the experiment.

4.4 Experimental protocol

Experimental procedures aimed to expose the [Cuz" (NH3s)402]** complex
to SO2, a mixture to SO2/O2/He, and cycles of SO2 and O2. The detailed

schemes containing the information on the temperatures, gas
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compositions, and timing are presented in Figure 4.1, Figure 4.2 and

Figure 4.3.
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Figure 4.1. Scheme of the experimental protocol of the exposure of the
[Cu"2(NH3)402)?* to SO2. Same as Protocol 5 in Section 3.
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Figure 4.2. Scheme of the experimental protocol of the exposure of the
[Cu"2(NH3)402]?* to a mixture of SO2/O,/He.
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Figure 4.3. Scheme of the experimental protocol of the exposure of the
[Cu"2(NH3)402]?* to the cycles of SO, and Ox.

4.5 Exposure to SO, without O;
The exposure of the [Cu."(NH3)sO2]** complexes to SO is already
described in the previous Chapter. Here, the changes in XANES and

EXAFS spectra are investigated in more detail.

Figure 4.4 shows the Cu-K edge XANES and EXAFS FT data collected
during the exposure of [Cu2''(NH3)402]%" complex to SO at 200 °C for the
low-Cu/CHA and high-Cu/CHA catalysts. The observed trends in the
XANES and EXAFS spectra in these measurements are similar, indicating
that the reaction of SO proceeds similarly for both catalysts. There is an
apparent increase of the XANES peak at 8983 eV, indicating the partial
reduction of Cu' to Cu', and a decrease in the intensity of the first shell in
the EXAFS FT, indicating a reduction of the coordination number, which

indicates the decomposition of the [Cu,"(NH3)402]*" complex. !
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Figure 4.4. Cu K-edge XANES (a) and FT-EXAFS spectra (b) collected
in situ during the exposure of [Cu,"(NH3)402]%" species to SO at 200 °C
of low Cu/CHA (0.8 wt% Cu/CHA) and high Cu/CHA(3.2 wt%
Cu/CHA) catalysts. Reproduced from Molokova et al., 2023. 1

A better understanding of the reaction of SO, with the [Cu2"(NH3)402]*

complex is needed. To extract more information from XANES, we apply

a combination of XAS spectra decomposition techniques to our dataset.

As already mentioned in the Introduction, this Chapter discusses three in
situ experiments at Cu K-edge: [Cu2"(NH3)402]** complexes exposed to
SOz, [Cu2'(NH3)402]** complexes exposed to SO,+0; and
[Cuz2"(NH3)402]%* complexes exposed to cycles of SO, and O,. For
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applying the XAS spectra decomposition techniques, it is convenient to

consider these three experiments in one dataset.

We apply a combination of Multivariate Curve Resolution alternating least
squares method (MCR-ALS) 2 3 and Linear combination fitting (LCF).
Usually, experimental spectra are used as references for the LCF of the
data. However, because the species formed after the exposure to SO are
unknown, it is impossible to identify proper reference spectra for the
reaction with SO>. Therefore, we combined the LCF procedure with MCR-

ALS to resolve the shape of XANES spectra of the unknown components.
1

The MCR analysis utilized a dataset of six sets of spectra: two sets for the
procedure involving SOz only, two for the procedure involving SO2+03,
and two for SO2/O2-cycles. The two sets for each procedure included data
for low-Cu and high-Cu catalysts. By resolving these six datasets together,
we were able to obtain the known spectra of fw-Cu'", [Cu'(NH3)2]", fw-
Cu', and [Cuz'"(NH3)202]%" and a new spectrum which we assigned as
“sulfated component”. Some spectra generated by MCR have artefacts, so
we took experimental spectra as references instead. The choice of

references is explained in detail below.

We chose one set of references for all datasets for LCF. The first reference
is fw-Cu"". The spectrum obtained with MCR has some artefacts in the pre-
edge region, so we took an experimental spectrum (Figure 4.5a). We chose
the spectrum of the low-Cu sample because it was closer in shape to the
MCR-generated spectrum and, therefore, can be considered a purer

reference in this case.
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The experimental spectra of [Cu'(NHs)2]* were very similar to the
spectrum generated by MCR, so we took the experimental spectrum of
[Cu'(NH3)2]* for the sample with higher Cu content due to a lower level of
noise. The spectra of [Cuz"(NH3)402]** complex of low-Cu and high-Cu
samples were very similar, so we employed the spectrum of the high-Cu
catalyst as a reference because of its lower noise. The spectrum
corresponding to fw-Cu' was taken from the MCR because the spectra of
the two samples collected in the conditions that favored the formation of
fw-Cu' species were noticeably different (Figure 4.5b). However, since the
spectral features were qualitatively the same, the difference in the
experimental spectra is most probably due to the different content of
minority species (such as fw-Cu'"), whereas the dominant component
deduced by MCR and corresponding to pure fw-Cu' species is the same for

both samples.
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Figure 4.5 Comparison of the spectra of fw-Cull (a) and fw-Cul (b)
generated by MCR and experimental spectra of the low-Cu and high-Cu
catalysts, for choosing the reference components for LCF. Reproduced
from Molokova et al., 2023. *

Figure 4.6 shows the reference spectra used in the linear combination fits.
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Figure 4.6. Spectra used as references in the linear combination fit. The
spectra of fw-Cu"!, [Cu'(NH3)2]" and [Cu2"(NH3)402]*" are experimental
spectra. The spectra of fw-Cu' and the “sulfated component” was
obtained with MCR-ALS. Reproduced from Molokova et al., 2023. !

Figure 4.7 presents the resulting concentration profiles for the different Cu
compounds obtained from the linear combination for both the low-
CU/CHA and the high-Cu/CHA catalysts. When the [Cuz"(NH3)402]*
complex is exposed to SO, the sulfated component's concentration
increases, confirming this component's assignment to the S-containing
species. The final fraction of the sulfated component is 17 % in the high
Cu/CHA sample and 22 % in the low Cu/CHA sample. After the exposure
to SO, we find around 50 % of the Cu present as the linear [Cu'(NHs)2]*
complex, and 25 % as fw-Cu', confirming that most Cu in the catalyst is

reduced to Cu'.

77



Importantly, the [Cuz"(NHs)402]%* complex is no longer present after

exposure to SO, consistent with the high reactivity of this complex with

SO..

The results of LCF indicate that the reaction of the [Cuz"(NH3)402]*

complex with SO, is not very much affected by the Cu content, the

fractions of different components are very similar for low-Cu and high-Cu

catalysts.
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Figure 4.7. Quantification of Cu compounds during the in-situ Cu-K edge
XANES measurements from linear combination fits, using the reference

spectra shown in Figure 2. Upper panels: R-factors of the linear
combination fits. Lower panels: Concentration profiles for the different
Cu species during reduction in NH3+NO, the formation of the

[Cu2"(NH3)202]?*-complex, and exposure of the [Cuz''(NH3)402]%*-

complex to SO, for the low-Cu/CHA (left) and high-Cu/CHA (right)
catalysts. Reproduced from Molokova et al., 2023. !
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4.6 Exposure to SOy in the presence O3

Following the exposure of [Cu.'(NH3)402]* dimers to SO, around 50 %

of the Cu species transform into [Cu'(NHs)2]*. And the exposure of
[Cu'(NHs3)2]* to Oz leads to the formation of [Cuz"(NH3)402]?* complexes

as it is already well known. ® These complexes subsequently can react

with SO2. Consequently, to enhance the SO, uptake, the samples need to

be exposed to a mixture of SOz + Oz. This exposure facilitates the

regeneration of [Cuz'(NH3)402)?* complexes from [Cu'(NHs)2]* , thus

increasing the SO, uptake process. *
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Figure 4.8. Cu K-edge XANES (a) and FT-EXAFS spectra (b) collected
in situ during the exposure of [Cu,"(NH3)402]%" species to 360 ppm SO
and 10 % O at 200 °C low-Cu (0.8 wt% Cu/CHA) and high-Cu (3.2 wt%
Cu/CHA\) catalysts. Reproduced from Molokova et al., 2023. 1
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Figure 4.8 shows the evolution of XANES and EXAFS FT when exposing
the [Cuz"(NH3)20,]?* complex to a mixture of 360 ppm SO and 10 % O
at 200 °C. XANES spectra reveal a slight initial increase and subsequent
decrease of the peak at 8983 eV, corresponding to the formation of
[Cu'(NHs)2]" complexes. This indicates that intermediate Cu' species are
formed during this experimental stage. These Cu' species react with Oz and
form Cu" species as predicted. The presence of Cu'! species can be seen
from the 1s-3d transition at 8978 eV.! The presented XANES results
suggest a similar interaction mechanism as in the reaction of the
[Cu2"(NH3)402]%* complex with SO only.

EXAFS FT results indicate that the average coordination number of the
first shell of Cu remains close to four since the intensity of the first peak
does not exhibit significant changes. That shows that 4-coordinated Cu
species are dominant after exposure to SO, + O>. Moreover, the second
peak becomes more pronounced, evidencing the presence of a relatively
heavy neighbor at a well-defined distance in the second shell of Cu. The
possible candidates are Si or Al from the zeolitic framework or S in case

of the formation of sulfated species.!

Figure 4.9 displays the resulting concentration profiles of Cu species
obtained by the combined MCR-ALS and LCF fitting of the XANES
spectra collected during the formation of the [Cuz"(NH3)402]%* followed
by the exposure to the SOz + O mixture. The LCF fit used the same set of
references as for the procedure involving only SO,. Compared to the
results obtained after exposure to SO in the absence of Oy, the fraction of
the sulfated component has become significantly larger, especially for the

low-Cu sample. Furthermore, both samples show a transient increase of
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fw-Cu' and diamino [Cu'(NHs)2]* components at the beginning of the
exposure to SOz + O, but very rapidly their concentration goes to zero.
This confirms that the reaction with SO, proceeds similarly with and

without Oz in the gas mixture.
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Figure 4.9. Quantification of Cu compounds during the in situ Cu K-edge
XANES measurements from LCF, using the reference spectra shown in
Figure 2. Upper panels: R-factors of the linear combination fits. Lower
panels: Concentration profiles for the different Cu species during
reduction in NHz + NO, the formation of the [Cuz"(NH3)402]**-complex,
and exposure of the [Cuz''(NH3)202]%*-complex to SO, + Oy, for the low-
Cu (left) and high-Cu (right) catalysts. Reproduced from Molokova et al.,
2023.1

The final state for the low-Cu catalyst consists of around 80 % of the
sulfated component and 20 % of fw-Cu''. For the high-Cu sample, there is
around 60 % of the sulfated component, 25 % of [Cuz"(NH3)402]%*, and
15 % of fw-Cu'". In the high-Cu sample, a significant fraction of

component assigned to [Cuz(NH3)s02]** complex remains even after
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exposure to SO + O.. To further investigate this effect and better
understand the role of oxygen in the reaction, an experiment with a series

of subsequent exposures to SO2 and O is needed.

4.7 Alternating exposure to SO; and O3

In the procedure SO,/O2 cycles, [Cuz"(NH3)s02]?* complexes were
exposed to alternating switches between SO, and Oo; the results of the LCF
are shown in Figure 4.10. Upon exposure to SO- in the first two cycles, the
[Cu.'(NH3)102]%" complexes underwent decomposition, resulting in the
formation of fw-Cu', [Cu'(NHs)2]" and the species corresponding to the
sulfated component. However, in the subsequent 3rd and 4th cycles, the
sulfated component did not exhibit significant growth during the exposure
to SO,. At each subsequent exposure to SOz, less and less Cu' is formed,
concomitantly with a decreasing amount of the [Cuz"(NH3)s02]*

component.

In the case of the low-Cu sample, the conversion of [Cuz"(NH3)s02]%*
complexes at each step was nearly complete. In contrast, for the high-Cu
sample, almost complete conversion was observed only after the initial
exposure to SO;. The effect of the “unreactive” [Cuz"(NH3)s02]*
component is observed as after exposure of the high-Cu catalyst to SO, +
O- discussed in the previous section (Figure 4.9). Also, the concentration
of the “unreactive” [Cu2'(NH3)402]** component stabilizes at
approximately the same level as after exposure of the high-Cu catalyst to
SO2 + O,. At each subsequent exposure to SO, less and less Cu' is formed,
concomitantly with a decreasing amount of the “reactive”
[Cu2"(NH3)402]?* component. Two explanations can be suggested for this

effect.
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Figure 4.10. Quantification of Cu compounds during the in situ Cu K-
edge XANES measurements from linear combination fits, using the
reference spectra shown in Figure 2. Upper panels: R-factors of the linear
combination fits. Lower panels: Concentration profiles for the different
Cu species during reduction in NH3+NO, the formation of the
[Cu2"(NH3)202]?" complex, and consequent exposures of the
[Cu2"(NH3)202]?* complex to SO, and O, for the low-Cu (left) and high-
Cu (right) catalysts. Reproduced from Molokova et al., 2023. *

The first one suggests that some of the [Cuz'(NH3)402]** complexes
become physically inaccessible to SO». This could happen due to physical
poisoning of the Cu-CHA catalyst proposed by Bjerregaard et al. ’
According to this mechanism, the formation of the sulfated species
prevents the mobility of [Cu'(NHs)4]" in the catalyst’s cages. A similar
effect can explain the non-reactivity of some [Cuz''(NH3)40,]** complexes
to SO.. The inaccessibility of the [Cuz'(NH3)402]** complexes to SO, may
also happen when two [Cuz"(NH3)402]* complexes occupy the same cage,

thus impeding the interaction with SO. and the formation of a sulfated
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component. This conclusion agrees with earlier measurements of a limited
uptake of SO, in Cu-CHA catalysts & °, and the observation that Cu-CHA
catalysts show residual activity after saturation with SO 8. With such an
interpretation, the structure of [Cuz'(NH3)4O2]** complex remains

unchanged, directly reflected in the XANES spectra.

The second explanation for the persistence of the component assigned to
[Cu2"(NH3)402)>* complex involves a transformation of the
[Cu2"(NH3)402)%* complex to a different structure, having similar
coordination of the Cu-ions. A possible candidate is a peroxo-dicopper
complex Cu20, attached to framework, ° which can be formed by
exposure of the Cu-CHA to O at 400-500 °C. Such species are expected
to have a very similar XANES spectrum as the [Cuz"(NH3)s02]*
complexes because the coordination of the Cu-ions is similar, and the
oxidation state is the same. Therefore, XANES spectra of such framework-
bound complexes may be difficult to distinguish from those of
[Cuz''(NH3)102]%" complex by MCR-ALS analysis, which merges them

into a single component.

This explanation is also supported by the presence of the component
assigned to [Cuz'"(NH3)202]%" complexes during the initial oxidation of the
high-Cu catalyst at 500 °C in the pre-treatment part of the experiment. At
this stage of the protocol, it would be impossible to form [Cuz"(NH3)402]*
complexes due to the absence of NH3, which is required for the formation
of the [Cuz2"(NH3)402]** complexes.
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Also, since the peroxo-dicopper complexes Cu.0; are essentially fw-Cu"
species, their reactivity to SO is very low, as shown in Chapter 3 and our

recent paper. 1!

4.8 Uptake of SO, monitored by XAQ and SO,-TPD

The goal of adding O in the gas mixture with SO, was to increase the SO
uptake by the catalyst. The results of XAS decomposition techniques in
previous sections show an increase of the component assigned to sulfated
species. In this section the SO> uptake by the catalyst is discussed. It was
quantified by two methods: X-ray adsorbate quantification (XAQ) 2 and
SO»-TPD.

The XAQ was described in detail in Section 2.3.1. This technique relies on
the phenomenon that the total absorption of X-rays depends on the
composition of the sample. Therefore, the increase in total X-ray
absorption during SO2 exposure reflects the increase in the amount of SO>
in the sample. So, the S/Cu ratio can be calculated. S/Cu ratio from the
XAQ signal was calculated during the in situ XAS experiment, where
[Cuz"(NH3)102]%" complexes were exposed to SOz alone and to SO»+0;
gas mixture. Figure 4.11 shows the measured XAQ signals for the low Cu
and high Cu catalysts during exposure to SO, and SO2 + O. All S/Cu
curves have a similar shape, exhibiting rather fast changes in the first 30-
40 minutes of the measurement, followed by a much slower growth at a
later stage. The final S/Cu levels reached in the presented experiments are
0.32 for the low-Cu sample and 0.22 for the high-Cu sample. In the
presence of O, the final levels increase to S/Cu=1.04 and 0.63 for the low-

Cu and high-Cu catalysts, respectively.
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Figure 4.11. S/Cu ratio calculated from XAQ during exposure to SO> and
S0O,+0; for low-Cu (0.8 wt% Cu/CHA) and high Cu (3.2 wt% Cu/CHA)
catalysts. Reproduced from Molokova et al., 2023. !

The second method to measure SO> uptake is SO,-TPD. It is applied to a
saturated sample. We used the samples that we measured in situ XAS. In
SO,-TPD, the desorption of SO2 is monitored as a function of temperature
during heating of the catalyst. Figure 4.12 shows the SO>-TPD data for the
two catalysts after exposure to SOz and SOz + Oo; the SO,-TPD of a Cu-
free CHA a Cu-free CHA impregnated with (NH4)2SOs is included for
comparison. All desorption curves for the Cu-CHA catalysts show a
desorption feature in the range of 400-600 °C and one in the range of 750-
1000 °C. Because these profiles are different from that of the adsorbed
(NH4)2S04 on the Cu-free zeolite reference, we conclude that the SO in
the Cu-CHA catalysts predominantly interacts with the Cu, * without a
significant amount of free (NH4)2SO4. This agrees with the conclusion that
SO, mainly reacts with the [Cu2'"(NH3)202]?* complex. The features in the
range 750-1000 °C remain largely unaffected by the presence of Oz, while

the peak around 420 °C becomes larger and shows a slight shift towards
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higher temperatures. These results indicate that the presence of O leads to
a larger amount of SO in the Cu-CHA catalysts and that SO> binds
predominantly to the Cu ions in the zeolite, in agreement with our earlier

results .
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—— high-Cu after SO,+0, (x0.25)

Reference:
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Figure 4.12. SO,-TPD profiles collected after exposure of the catalysts to
SOz (red and blue lines) and SO».+0- (orange and light blue lines) in
comparison to a reference SO>-TPD curve of a Cu-free CHA zeolite
impregnated with 20 wt % (NHa)2SO4, downscaled x10. Pre-treatment is
the same as for the procedures followed by in situ XAS. The curves for
the high Cu catalysts (3.2 wt% Cu/CHA) (blue and light blue lines) are
downscaled x4. Reproduced from Molokova et al., 2023. *
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Figure 4.13 S/Cu ratios in the low-Cu (0.8 wt% Cu/CHA) and high-Cu
(3.2 wt% Cu/CHA) samples after exposure to SO, and SO> + O obtained
from XAQ and SO>-TPD compared to the concentration of the sulfated
component obtained from the XANES LCF. Reproduced from Molokova
etal., 2023.1

XAQ and TPD show that exposure to SO»+0O> leads to a greater sulfur
uptake compared to the exposure to only SO> (Figure 4.13). Importantly,
the S/Cu molar ratio is in good correspondence with the concentration of
the sulfated component in the XANES LCF, which confirms the
assignment of the latter mainly to sulfated species. * Also, there is a good
agreement between XAQ and SO»-TPD, confirming again the reliability
of XAQ.

4.9  Sulfur K-edge XANES and Ka XES

To resolve the oxidation state of sulfur and the structure of sulfur species
in the sulfated Cu-CHA catalyst, we measured S K-edge XANES during
the exposure of the [Cuz'"(NH3)202]%>* complex to SO, and Ka-XES spectra
at the end of the exposure. Figure 4.14 shows the evolution of S K-edge

88



XANES spectra during exposure of the [Cuz"(NH3)402]%* complex to SO,.
The spectra were collected in fluorescence. The increase of the edge jump
corresponds to the increasing concentration of sulfur, which means that S

is accumulated in the sample.

—start SO, exposure
end SO, exposure
in He after SO, exposure

u (E) (a.u.)

247 2475 248 2485 249 2495 25
Energy (keV)

Figure 4.14. S K-edge XANES spectra of the high-Cu catalyst (3.2 wt%
CUu/CHA) collected in situ during exposure of the [Cuz"(NH3)102]?*
complex to SO; at 200 °C and in He after exposure to SO.. Reproduced
from Molokova et al., 2023. ?

To identify the structure the sulfated species and the oxidation state of S,
the XANES and K, XES spectra of the catalyst after exposure to SO, were
compared with references. The comparison is presented in Figure 4.15.
Panel (a) shows that S in the sample predominately exists in the S®*
oxidation state, most probably forming an SO4% group. Panel (b) presents
K« XES spectra of the [Cuy"(NH3)202]?* complex after exposure to SOz in
comparison with references. The positions of the two features at 2.3066
and 2.3078 keV in the K, XES and the shape of the K, line of the complex
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agree well with the references containing S®* in SO4? group, which is in
line with the findings from S K-edge XANES. *

S K-edge XANES S K, XES
. A [CUQ(NHa)Aozlz‘ b) Tl [CUQ(NHa)Aozlz’
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Figure 4.15. S K-edge XANES spectra of the [Cuz"(NH3)402]** complex
exposed to SO2 and of the reference compounds. K-alpha XES spectra of
the [Cu2"(NH3)202]?* complex exposed to SO, and references. High-Cu
catalyst (3.2 wt% Cu/CHA). Reproduced from Molokova et al., 2023. !

4.10 The sulfated component
Among the spectra obtained by MCR-ALS in Section 4.5 we can identify
the [Cu'(NHs)2]*, fw-Cu", fw-Cu' and [Cuz"(NH3)2s02]*" complexes. The
structures of some of these species are still under debate, but the pre-
treatment procedures to obtain the corresponding spectra and the oxidation

state of Cu in these species are well known. Together with the known
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species, we obtained a new component, which we assigned to sulfated
species. The assignment is confirmed by the fact that it appears when the
catalyst is exposed to SO, and by the correlation of the concentration of
the sulfated component and the SO, uptake shown in Section 4.8. Section
4.9 also unravels the oxidation state and local environment of S atoms (S®*
in an SO4% group). From XANES results in Section 4.6, it is possible to
suggest that Cu in the sulfated component exists in Cu?* oxidation state.
However, a more detailed study of the structure of the sulfated component

would improve the investigation of the reaction mechanism.

To elucidate the structure of the species associated with the sulfated
component, we compared the spectrum generated by MCR-ALS with the
experimental spectra of 3 references: [Cu'(NH3)4]SO4-H20, the
[Cu2"(NH3)402]%* complex formed in Cu-CHA and Cuz"(NHs)s complex
in solution (Figure 4.16). The XANES spectrum of the sulfated species is
very similar to the spectrum of Cu(NH3)4SO4-H20. Therefore, we propose
that the species give rise to the sulfated component contain 4-coordinated
Cu'"in the square-planar environment similar to the one of Cu(NH3)4SOs4,
where a square-planar Cu''ion is coordinated to four NHs ligands. It is also
possible that a geometrically similar Cu'" configuration with mixed NHs/O
ligands realizes in the zeolite, since the XANES spectrum is expected to
be very similar. Because the S atoms are not directly coordinated to the Cu
in the structure of the [Cu'"(NH3)4]SO4-H.0, and the Cu-S distance is about
4.6 A, it is not possible to determine the precise location of the S atom in
the sulfated species in the zeolite based on XANES data alone.
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Figure 4.16. Comparison of the sulfated component obtained with MCR-
ALS with the Cu K-edge XANES spectra of the [Cu(NH3)4]SO4-H20,
[Cu2"(NH3)402]%* complex inside the CHA and Cu"2(NHa)4 in solution
(left); the fitting results for the reconstructed EXAFS of the sulfated
component (right). Reproduced from Molokova et al., 2023. *

To locate the S atoms in the “sulfated component”, we extracted the
EXAFS part of the sulfated component by subtracting the weighted
reference spectrum for fw-Cu'" from the spectrum after exposure of the
low-Cu catalyst to SO. and O, using the weight coefficients derived from
the LCF in Section 4.6. Then EXAFS spectrum of the sulfated component
was fitted with two N and two O in the first shell and S in the second shell.
The fitting results are reported in Table 4.1. Figure 4.16 shows the
comparison of the resulting fit with the EXAFS spectrum. Also, the
contribution of the Cu-S path is highlighted. This analysis shows a Cu-S
distance of 2.58 A, which is much shorter than in the Cu(NH3)2SO4-H.0
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reference compound (4.6 A). This means that the structure of the sulfated
component is different from Cu(NH3)sSO4-H-0.

Table 4.1 Results of the EXAFS fitting for sulfated component. *

Path N So? o?, A? R,A | EoeV | R-factor
Cu-0 2 0.002(2) | 1.94(2)
Cu-N 2 0.9(1) | 0.003(3) | 2.09(2) | 24 0.02
Cu-S 1 0.006(2) | 2.58(2)

4.11 Unraveling the mechanism of the sulfation reaction

The final goal of this Chapter is to propose a mechanism describing the
reaction of SO, with Cu-CHA catalysts. The results presented above

contain important points crucial for understanding the mechanism.

First, sulfur XES and XANES show that S is stored in the sample as S®*,
most probably as SO4? tetrahedra. This indicates an oxidation of SO, by
the [Cuz"(NH3)s0,]%* complex. A formation of an SO4% group in the
absence of O in the gas implies the oxygen transfer from the

[Cu2"(NH3)402]?* complexes to the SO, molecule.

Second, in the reaction of SOz with the [Cuz"(NH3)402]%* complexes in
absence of Oy, the S/Cu ratio reaches only around 25 % (Figure 4.13).
Nevertheless, all Cu in the catalyst changes its coordination environment,
since all [Cuz""(NH3)202]* complexes are converted (Figure 4.7). The fact
that all Cu in the catalyst is affected at a S/Cu uptake of 0.25, suggests that
a single SO2 molecule reacts with at least two [Cuz"(NH3)402]*
complexes.  This either  sufficient

requires mobility of the

[Cu2"(NH3)402]?* complexes or that first a mobile intermediate product is
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formed in the reaction between SO and the first complex, which then
reacts with a second [Cuz"(NH3)402]?*. Since the mobility of the bulky
[Cu''(NH3)202]%" complex is expected to be limited, the formation of a

smaller mobile intermediate product seems more likely.

Bringing these considerations together, we arrive at a reaction pathway
consisting of two steps. In the first step (Eq. 4.1), SO reacts with a
[Cu.''(NH3)s02]>" complex, peroxo bond breaks, a mobile SOaX
intermediate forms, and Cu'" reduces to Cu'. The Cu' appears in the form
of diamino [Cu'(NHs).]* and fw-Cu', as indicated by the LCF (Figure 4.7).
A possible candidate for the mobile intermediate SO.X is SOs, formed by
oxidation of SO, upon the formation of Cu'-species. It is known that SO3
has similar effect on the NH3-SCR activity of Cu-CHA as SO, & 1315
which would be consistent with the proposed reaction scheme. However,
our data do not allow to determine the exact structure of the mobile SO.X
complex, so the formation of SOz remains to be proven (or ruled out)

experimentally.

In the second step (Eq. 4.2), the mobile SO.X intermediate reacts with
another [Cuz"(NHs)402]** complex, breaking the peroxo-bond to form the
(SO4)%* group within the “sulfated component” (Cu''SO4Z) and another
linear diamino complex [Cu'(NHas)2]*. Z in the sulfated species Cu''SO4Z
may comprise O, framework O or NH3 to result in a square-planar
coordination of Cu with 4-ligands proven by our EXAFS and XANES
results (Figure 4.16). Such two-step reaction scheme is in line with the Cu
concentration profiles obtained by the LCF analysis in the case of exposure

to SOz in absence of O.. Note that Equations 4.1 and 4.2 aim to summarize
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the experimental findings in this article, and therefore do not represent a

complete mechanism of the reaction of SO> with the Cu-CHA catalyst.
Cu2"(NH3)402+ SO2 — Cu'(NH3)2 + fw-Cu' + SOX + ...  (4.1)
S0X + Cuz''(NH3)402 — Cu'(NHs)2 + Cu"'SO4Z + ... (4.2)

When the sample is exposed to SO: in the presence of O, we observe an
initial transient formation of the same Cu' intermediates, as in case of the
exposure to SO> alone (Figure 4.9). This indicates that O2 reoxidizes the
[Cu'(NH3)2]" complexes into new [Cu2"(NHsz)402]** complexes. In this
way, the Cu'-species formed in the reaction with SO, become available
again for further reaction with SO». Such a reaction scheme also implies
that it is possible to reactivate the Cu' species formed in the reaction with
SO2 by exposing these to O, to form new [Cu."(NH3)402]** complexes; a
re-exposure to SO, should then lead to additional SO uptake. This is
corroborated by the results obtained with alternating exposure of the Cu-
CHA catalysts to SO, and O: (Figure 4.10), showing alternating
conversion of the [Cuz''(NH3)202]%" complexes in the SO, phases and their

restitution from the Cu' during the exposures to Ox.

However, the exposure of the sample to alternating SO2/O- cycles (Figure
4.10) also reveals that the growth of the sulfated component is not only
limited to SO, but also occurs when the sample is exposed to Oa.
Moreover, during the later stages of the cycles (3rd and 4th cycle), the
growth of the sulfated component is observed only in the presence of Oy,
while exposure to SO> alone at this stage does not lead to its formation at
all. Nonetheless, even at this stage the reactive [Cuz"(NH3)s02]*

complexes undergo decomposition in the presence of SO, resulting in
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sulfur adsorption on the sample surface, as further evidenced by the in situ
evolution of the S/Cu ratio obtained from the XAQ signal (Figure 4.17).

A possible explanation for this effect is that at the late stages of the cycles,
when the reactive Cu species are few, it is less likely to have two
[Cu2"(NH3)2402]%" complexes close enough to perform the second step of
the sulfation reaction (Eq. 4.2). Therefore, the mobile sulfur species SO.X
formed in the first step (Eq. 4.1) can be converted into the sulfated Cu
species only after the stock of [Cu,''(NH3)402]%" complexes is replenished
upon the exposure to O,. It is possible that in such regime SO.X undergo
further transformations (e.g. reacting with NHsz or NH4") before reacting
with newly formed [Cu.'(NH3)202]** and yielding the sulfated Cu species,
but the obtained data do not allow to unambiguously identify the
corresponding reaction pathways. Nonetheless, the observed effect serves
as indirect confirmation of the multi-step nature of sulfation process

involving at least two [Cuz"(NH3)402]** complexes per SO..
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Figure 4.17. The evolution of the XAQ signal in the Procedures SO2/O>-
cycles for the high-Cu sample (3.2 wt% Cu/CHA). Reproduced from
Molokova et al., 2023. !

96



4.12 Conclusions

This Chapter investigated the interaction of the [Cuz"(NH3)402]*
complexes with SO». In situ XAS measurements at Cu K-edge combined
with XAS spectral decomposition techniques allowed us to follow the
reaction and identify the reaction intermediates and reaction products.
Upon reacting the [Cuz'"(NHs)402]?* complex with SOz, a mixture of fw-
Cu' (approximately 1/4 of total Cu), [Cu'(NHs)2]* complexes
(approximately 1/2) and a new sulfated Cu'' compound (approximately
1/4) are formed. The presence of oxygen in the gas mixture with SO
enhances the reaction, leading to higher concentrations of the sulfated
species and an increased S/Cu ratio in the sample. This effect is explained
by reoxidation of the [Cu'(NHs).]* species to the reactive
[Cu2"(NH3)402]?* complexes. The catalysts with 0.8 wt% Cu/CHA and 3.2

wt% Cu/CHA demonstrated similar results.

Following a multi-technique experimental approach, the structure of the
Cu and S local environment of sulfated species accumulated in the sample
was uncovered. Copper in the sulfated species exists as Cu?* and adopts a
square-planar coordination with four light ligands in the first coordination
shell, which, most probably, are NHs and O. Sulfur in the sulfated species
is in the S®" oxidation state, forming an SO4 group. The sulfur atom is
located in the second shell of Cu at an approximate distance of 2.6 A,

suggesting that Cu and S are connected through two oxygen ligands.

4.13 References

1. Molokova A. Yu., A. R. K., Borfecchia E., Mathon O., Bordiga S., Wen F.,
Berlier G., Janssens T. V.W., and Lomachenko K. A., Elucidating the reaction
mechanism of SO2 with Cu-CHA catalysts for NH3-SCR by X-ray absorption
spectroscopy. Chem. Sci. 2023 (accepted).

97



2. Martini, A.; Borfecchia, E., Spectral Decomposition of X-ray Absorption
Spectroscopy Datasets: Methods and Applications. Crystals 2020, 10 (8), 46.
3. Martini, A.; Borfecchia, E.; Lomachenko, K. A.; Pankin, I. A.; Negri, C,;
Berlier, G.; Beato, P.; Falsig, H.; Bordiga, S.; Lamberti, C., Composition-driven
Cu-speciation and reducibility in Cu-CHA zeolite catalysts: a multivariate
XAS/FTIR approach to complexity. Chem Sci 2017, 8 (10), 6836-6851.

4, Paolucci, C.; Khurana, I.; Parekh, A. A.; Li,S. C.; Shih, A.J.; Li, H.; Di
lorio, J. R.; Albarracin-Caballero, J. D.; Yezerets, A.; Miller, ). T.; Delgass, W.
N.; Ribeiro, F. H.; Schneider, W. F.; Gounder, R., Dynamic multinuclear sites
formed by mobilized copper ions in NOx selective catalytic reduction. Science
2017, 357 (6354), 898-903.

5. Martini, A.; Negri, C.; Bugarin, L.; Deplano, G.; Abasabadi, R. K.;
Lomachenko, K. A.; Janssens, T. V. W.; Bordiga, S.; Berlier, G.; Borfecchia, E.,
Assessing the Influence of Zeolite Composition on Oxygen-Bridged Diamino
Dicopper(ll) Complexes in Cu-CHA DeNOx Catalysts by Machine Learning-
Assisted X-ray Absorption Spectroscopy. J Phys Chem Lett 2022, 13 (26), 6164-
6170.

6. Negri, C.; Selleri, T.; Borfecchia, E.; Martini, A.; Lomachenko, K. A,;
Janssens, T. V. W.; Cutini, M.; Bordiga, S.; Berlier, G., Structure and Reactivity
of Oxygen-Bridged Diamino Dicopper(ll) Complexes in Cu-lon-Exchanged
Chabazite Catalyst for NH3-Mediated Selective Catalytic Reduction. J. Am.
Chem. Soc. 2020, 142 (37), 15884-15896.

7. Bjerregaard, J. D.; Votsmeier, M.; Gronbeck, H., Mechanism for SO2
poisoning of Cu-CHA during low temperature NH3-SCR. J. Catal. 2023, 417,
497-506.

8. Hammershoi, P. S.; Jangjou, Y.; Epling, W.S.; Jensen, A. D.; Janssens,
T. V. W,, Reversible and irreversible deactivation of Cu-CHA NH3-SCRcatalysts
by SO2 and SO3. Appl. Catal. B: Environ 2018, 226, 38-45.

9. Hammershoi, P. S.; Jensen, A. D.; Janssens, T. V. W., Impact of SO2-
poisoning over the lifetime of a Cu-CHA catalyst for NH3-SCR. Appl!. Catal. B:
Environ 2018, 238, 104-110.

10. Ipek, B.; Wulfers, M. J.; Kim, H.; Goltl, F.; Hermans, I.; Smith, J. P,;
Booksh, K. S.; Brown, C. M.; Lobo, R. F., Formation of [Cu202]2+ and [Cu20]2+
toward C—H Bond Activation in Cu-5S5Z-13 and Cu-SSZ-39. ACS Catal. 2017, 7
(7), 4291-4303.

11. Molokova, A.Y.; Borfecchia, E.; Martini, A.; Pankin, I. A.; Atzori, C.;
Mathon, O.; Bordiga, S.; Wen, F.; Vennestrgm, P. N. R.; Berlier, G.; Janssens,
T. V. W.; Lomachenko, K. A., SO2 Poisoning of Cu-CHA deNOx Catalyst: The
Most Vulnerable Cu Species Identified by X-ray Absorption Spectroscopy. JACS
Au 2022, 2 (4), 787-792.

12. Lomachenko, K. A.; Molokova, A.Y.; Atzori, C.; Mathon, O.,
Quantification of Adsorbates by X-ray Absorption Spectroscopy: Getting TGA-

98



like Information for Free. The Journal of Physical Chemistry C 2022, 126 (11),
5175-5179.

13. Cheng, Y. S.; Lambert, C.; Kim, D. H.; Kwak, J. H.; Cho, S. J.; Peden, C.
H. F., The different impacts of SO2 and SO3 on Cu/zeolite SCR catalysts. Catal.
Today 2010, 151 (3-4), 266-270.

14. Jangjou, Y.; Wang, D.; Kumar, A,; Li, J.; Epling, W. S., SO2 Poisoning of
the NH3-SCR Reaction over Cu-SAPO-34: Effect of Ammonium Sulfate versus
Other S-Containing Species. ACS Catal. 2016, 6 (10), 6612-6622.

15. Auvray, X.; Arvanitidou, M.; Hogstrom, A.; Jansson, J.; Fouladvand,
S.; Olsson, L., Comparative Study of SO2 and SO2/S0O3 Poisoning and
Regeneration of Cu/BEA and Cu/SSZ-13 for NH3 SCR. Emission Control Science
and Technology 2021, 7 (4), 232-246.

99



5 Chemical poisoning of Cu-CHA by SO,. How the
chemistry of the reaction of [Cuz?*(NH3)40,]** with
NO changes upon exposure to SO,+0;

5.1 Introduction

Chapter 3 found that [Cu2?*(NH3)402]** is the most sensitive to SO among
Cu intermediates forming in Cu-CHA during the NHs-SCR cycle.?
[Cu22*(NH3)402]?* is also known as an important species for NH3-SCR. %
4 S0, as we have already discussed, the reactivity of the [Cu2**(NH3)202]%*
complex to SO can be the key factor for the SO2 poisoning of the Cu-CHA

catalyst.

In Chapter 4, we found a possible mechanism of the interaction of the
[Cu2?*(NH3)402]** complexes with SO, and the structure of the sulfated
Cu species forming as a product of the oxidation of SO by the
[Cu2?*(NH3)102]?* complex. We also found that the presence of O
enhances the sulfur uptake by the sample and the formation of the sulfated
species. Moreover, the concentration of the sulfated species correlates with
the S/Cu ratio, which is confirmed by two independent techniques. °

Based on the presented results, the current hypothesis is that the SO>
poisoning of the Cu-CHA is caused by the reaction between the
[Cu2?*(NH3)402]** complexes and SO, preventing the participation of the
[Cu2?*(NH3)402]?* complexes in the NH3-SCR catalytic cycle and leading
to accumulation of sulfated Cu species in the zeolites. However, no
experimental evidence exists that SO interrupts the NH3-SCR cycle. On
the contrary, in the theoretical study of Bjerregaard et al. , the main reason
for the deactivation is proposed to be physical. Namely, the formation of
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ammonium bisulfate in the catalysts cages prevents the mobility of
[Cu*(NH3)2]* complexes and the formation of new [Cu2?"(NH3)402]?"
complexes. ®° If the [Cu2?*(NH3)s02]** complexes are not formed, the
NH3-SCR redox cycle stops. Nevertheless, while we still have
[Cu2?*(NH3)402]** complexes, even in the presence of SO, the catalytic
cycle can be completed, and the [Cu,?*(NH3)402]%" complexes can interact
with NO at 200 °C as before.

The authors do not exclude the formation of the sulfated Cu species.
However, they attribute their formation to the minor cause of the
poisoning, probably corresponding to the irreversible part of the

deactivation. ® 1% This is not yet experimentally confirmed.

Since there are sulfated Cu species, chemical poisoning may also take
place. As an addition to the physical effect or as the primary poisoning

mechanism.

Thus, the goal of this Chapter was to monitor the reaction between
[Cu2?*(NH3)402]** complexes and NO in the fresh and SO,-poisoned
catalyst to verify if the reaction between [Cuz?*(NH3)s0:]** and NO
changes upon SOz exposure. Specifically, if the kinetics of the reaction

changes, indicating the Cu-CHA catalyst's chemical poisoning by SO..

5.2 Samples

This Chapter investigates Cu-CHA samples with 3.2 wt% Cu/CHA (high-
Cu).
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5.3 Experimental methods

In this chapter, we used temperature programmed reduction measurements
with NO (NO-TPR) on the Cu-CHA catalyst to monitor the reaction's
kinetics between the catalyst and NO. We also used in situ Cu K-edge XAS
(XANES and EXAFS) for monitoring the oxidation state of the Cu during
the interaction of the catalyst with SOz and NO; Linear Combination fitting
(LCF) and Multivariate Curve Resolution Alternating least squares (MCR-
ALS) analysis for identification of the Cu intermediates forming during the
experiment. The outlet of the cell during the in situ XAS experiment was
connected to the Mass spectrometer for monitoring the gas composition
during the reaction. We also performed an in situ FTIR experiment
following the same protocol as in the XAS experiment to identify better
the chemical species forming in the reaction.

5.4 Experimental protocol

The NO-TPR experiment on the fresh catalyst consisted of the formation
of the [Cuz?*(NH3)402]?* complex described in detail in Chapter 3 Section
3.3, the cooling of the system to 50 °C and then exposure to 500 ppm of
NO while heating to 550 °C with a ramp rate of 1 °C/min.

The NO-TPR experiment of the sulfated catalyst consisted of the formation
of the [Cuz**(NHs)402]?* complex, the exposure to 400 ppm SO, for 3
hours, the cooling of the system to 50 °C and then exposure to 500 ppm of
NO while heating to 550 °C with a ramp rate of 1 °C/min.

Following the results of the NO-TPR, we conducted an in situ XAS
experiment at Cu K-edge and an in situ FTIR experiment using the same

experimental protocols.
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The experimental protocol for the fresh catalyst (Protocol (1)) included
two steps after the standard pre-treatment of the catalyst at 550 °C in 10 %
O2: 1. The formation of the [Cu»?*(NH3)402]** complex and 2. The
exposure of the [Cuz**(NH3)402]** complex to NO at 200 °C. The

experimental scheme of the procedure is presented in Figure 5.1.
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Figure 5.1 Scheme of the experimental protocol (1) of the exposure of the
[Cu'>(NH3)402]** to NO at 200 °C.

The experimental protocol for the sulfated catalyst (Protocol (2)) included
four steps after the standard pretreatment: 1. The formation of the
[Cu2?*(NH3)402)?* complex; 2. The exposure of the [Cuz®*(NH3)402]%
complex to a mixture of SO2 and Oz; 3. The exposure to NO at 200 °C, and
4. Heating to 300 °C in NO.

The experimental scheme of the procedure is presented in Figure 5.2. We
chose to expose the [Cu2?*(NH3)402]?* complex to a mixture of SO, and
O- instead of SO only because earlier in Chapter 4, we show that the

mechanism of the sulfation in these two cases is similar, but in the presence
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of O, the SO> uptake and the formation of the sulfated species are more

efficient.
600
«—s 550 °C
500
400 4
— 300 °C
8 3004 1
|_
2001 200 °C
100
T 500 ppm NO o 10% O,
o4 10% 0, He 600 ppm NH, He 10% O, He 360 ppm SO, He
0 2 4 6 8 10

time (hours)

Figure 5.2 Scheme of the experimental protocol (2) of the exposure of the
[Cu"2(NH3)402]** to a mixture of SO,/O»/He at 200 °C, to NO at 200 °C
and heating to 300 °C in NO.

5.5 NO-TPR: how the kinetics of the reaction between
[Cu2?*(NH3)402]?" and NO changes after SO, poisoning
The chemical mechanism of the interaction of Cu-CHA with NO is an
essential part of the SCR cycle and, consequently, a subject of many
studies. #1118 In this work, we focus on the Kinetics of the reaction between
[Cu2?*(NH3)102]** complexes and NO for the fresh and SO poisoned
sample. To this aim, we carried out NO-TPR experiments, which have
been proposed as a characterization technique to quantify the amount of

Cu active sites in Cu-CHA.13

In this work, the consumption of NO by its reaction with [Cuz"(NH3)402]%*
complexes in the fresh 3.2 wt% Cu/CHA sample is found at 120 °C (Figure
5.3). The shift of this peak to around 250 °C for the SO.-treated sample

indicates that the chemistry of the reaction of NO has changed and that the
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low temperature reaction at 200 °C is blocked. This proves that the

interaction with SO results in the chemical poisoning of the catalyst.
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Figure 5.3. NO-TPR measurements and NHs-TPD measurements for the

fresh [Cuz?*(NH3)402]* complex and [Cuz?*(NH3)402]** complex after
the exposure to SO..

We also monitored the desorption of NHs in this experiment (NHs-TPD).
The desorption of NHs starts at around 300 °C for both fresh and SO-
poisoned catalyst. According to a theoretical study,’’ the peak of NHs
desorption around 400-430 °C corresponds to the desorption of NH3 from
the Bransted sites, that is to the decomposition of ammonium ions. In our
experiments, NHs from ammonium ions is produced after (i.e. at a higher
temperature than) the reaction between NO and the [Cuz"(NH3)s02)?
complexes or the sulphated ones is completed. This shows the significance
of the chemical poisoning in the SOz poisoning of the Cu-CHA. If the

poisoning was a physical effect, the reaction with NO could not be restored
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until the ammonium sulfates and bisulfates preventing the mobility of the
[Cu(NH3)2]" complexes decomposed. But according to our results in
Figure 5.3, our SO»-TPD results in Chapter 3, and to literature!®, both
ammonium sulfate and bisulfate decompose only at temperatures higher
than 345-350 °C.

5.6 XANES and EXAFS: monitoring the local structure of Cu
upon the reaction between [Cuz**(NH3)102]?* and NO for
fresh and SO, poisoned catalyst

Following the results of the NO consumption experiment and considering
that the temperature region of interest for the low-temperature SCR is 200-
350 °C, we decided to monitor the Cu oxidation state and local
environment with Cu K edge XANES and EXAFS during the following

two experimental protocols:
(1) Exposure of the fresh [Cuz?*(NH3)402]** to NO at 200 °C.
(2) Exposure of the fresh [Cu2?*(NH3)402]** to SO,+0> at 200 °C and:
a. Exposure to NO at 200 °C;
b. Then heating up to 300 °C in NO.

This set of experiments allows us to monitor how the Cu oxidation state
and local environment changes in the condition of the normal reaction
between fresh [Cuz?*(NH3)402]%* complexes and NO (1) in the state of the
blocked reaction with NO due to the chemical poisoning of the catalyst

(2a), and in the condition of restored reaction with NO (2b).
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Figure 5.4 shows the XANES and FT-EXAFS spectra of the sample during
treatments (1) and (2a,b). In protocol (1), we expose [Cuz?*(NH3)s02]%*
species to NO. Several studies show that this reaction leads to the reduction
of Cu 13 1 19 This is confirmed by our XANES results on the fresh
[Cu2?*(NH3)202]** complex (Figure 5.4). The weak 1s-3d transition at
8977.3 eV characteristic for Cu'' species disappears, while the 1s-4p
transition at 8982.5 eV grows. In the EXAFS part, the intensity of the first
shell decreases significantly, indicating the decomposition of the
[Cu2?*(NH3)402]** complexes. The peak in the second shell broadens,

which may reveal a presence of a mixture of different Cu species.

When we expose the fresh [Cu2?*(NH3)202]*" complexes to a mixture of
SO2+0z, the prevalent species is the “sulfated component”, and all Cu is
in a Cu®* oxidation state.’ Following the protocol, we expose the sample
to NO at 200 °C (2a). There is some reduction of Cu according to the
XANES results. The 1s-4p transition at 8982.5 eV is slightly growing but
to a lesser extent compared to the reaction with fresh [Cuz?*(NH3)402]%
complexes. In the EXAFS region the intensity of the first shell decreases,

but also much less compared to the fresh sample.

Following the experimental protocol, we heat the sample to 300 °C in NO
(2b). From the XANES point of view, it completes the reduction of the Cu
as in the case of a fresh sample. In the EXAFS part, there is a further
decrease of the first shell and a broadening of the second shell, comparable

to the results for the fresh sample (1).

Overall, the XANES and EXAFS results confirm the NO consumption

results. We can conclude that SO poisoning blocks the reaction between
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[Cu22*(NH3)402]?* complexes and NO at 200 °C, but at 300 °C, there is a
reaction that results in a similar Cu oxidation state and local environment

as for the fresh sample.
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1.2 after NO 1.2 after NO at 200 °C 1.2 after NO at 300 °Cf
— 1 14 14
w — —_
= 0.8 Y o8 < 08
= El
5 064 g 0.6 g 0.6
z $0,+0, poisoned = $0,+0, poisoned
0.4 Fresh at 200 ° < 041 22 0.4
resh at 200 °C at 200 °C at 200-300 °C
0.24 0.24 0.24
01 0+ 0+
8980 9000 9020 9040 8980 9000 9020 9040 8980 9000 9020 9040
Energy (eV) Energy (eV) Energy (eV)
0.84 —— before NO 0.84 —— before NO 0.84 ——after NO at 200 °C
after NO after NO at 200 °C ——after NO at 300 °C|
Z 06 Z 061 Z 081
@ 04 Frash at 200 °C § 04 $0,+0, poisoned i 04 80,+0, poisoned
T resha £ at 200 °C £ at 200-300 °C
= £ i
L 0.2 L 024 L 024
04 0 0
0 2 4 0 2 4 0 2 4
R(A) R(A) R(A)

Figure 5.4. Cu K-edge XANES (top panel) and FT-EXAFS spectra
(bottom panel) collected in situ during the exposure of fresh
[Cu2?*(NH3)402]?* species to NO at 200 °C (left), SO2+02 poisoned
[Cu2%*(NH3)402]?* species to NO at 200 °C (middle), and SO»+0;
poisoned [Cu2?*(NH3)s02]%* species to NO at 200-300 °C (right).

To monitor the changes in XANES during the experimental protocols and
resolve the forming species, we performed a combined MCR-ALS and
LCF study, as was done in Chapter 4. This allowed us to obtain the
evolution of the species during the procedures. As components for the LCF
as in Chapter 4, we took experimental spectra of fw-Cu",
[Cu2?*(NH3)402]** and [Cu*(NHs)2]*, and MCR-generated spectra of fw-
Cu' and the sulfated component (Figure 5.5).
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In protocol (1), all the pre-treatment stages of the procedure aimed to
prepare [Cuz?"(NHs)402]*" complexes, and the final spectrum of the
complex correspond to the previous results. The result of the interaction of
the fresh dimer with NO is a mixture of fw-Cu' and [Cu*(NHs).]* (Figure

5.6). So, the final oxidation state of Cu is indeed Cu'.

In protocol (2a,b) we prepare the [Cu2**(NHs)402]?* complexes and expose
them to SO,+O,. The resulting spectrum is a mixture of the sulfated
component, fw-Cu", and [Cu2?*(NH3)202]*>" complexes, also described in

detail in Chapter 4.

[CU'(NHg),l"

fw-Cu!

[Cu3(NH;),0,1

Norm p (E)

"sulfated component”

8980 9000 9020 9040
E (eV)

Figure 5.5. Spectra used as references in the linear combination fit. The
spectra of fw-Cu"!, [Cu'(NHs)2]*, and [Cuz"(NH3)40,]?" are experimental
spectra. The spectra of fw-Cu' and the “sulfated component” were
obtained with MCR-ALS.

109



Following protocol (2a) we expose the SO2+O, poisoned
[Cu2?*(NH3)202]** complexes to NO at 200 °C. The concentration of the
sulfated component is decreasing, and the concentrations of the fw-Cu' and
[Cu*(NHs)2]* are going up. Fw-Cu' is not affected at all by the presence
of NO, and the concentration of the [Cuz?*(NH3)402]>* complexes

decreases.

When we start heating the system to 300 °C (2b), the concentrations of the
sulfated component, fw-Cu'", and [Cu2?*(NH3)402]*" complexes quickly go

to zero. The fw-Cu' and [Cu*(NHs)2]* concentrations go up and stabilize.

Upon heating the system to 300 °C, we observe the formation of the same
reaction products as those obtained for the fresh sample at 200 °C, although
with a slightly different ratio between the components. Namely, the
concentration of [Cu™(NHs3)2]" is 12-15 % lower. Less species with NH3
form, probably because some NHs was likely lost from the sample during
the exposure to SO2+0,. The formation of around 15 % of ammonium-free
fw-Cu'" during exposure to SO,+0; aligns with this hypothesis.

Based on the findings obtained through LCF analysis, it is evident that the
restoration of the [Cuz®"(NH3)s02]** complexes does not occur.
Consequently, the heating process does not involve the transformation of
the sulfated species to the [Cu.?*(NH3)402]** complexes capable of
reacting with NO. Instead, the sulfated species themselves react with NO.
And higher temperatures are necessary for the sulfated species to react with
NO.
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Figure 5.6. Linear combination fit results for the experimental
procedures. Left — exposure of the [Cuz?*(NH3)402]?* to NO at 200 °C;
Right — exposure of the [Cuz?*(NH3)402]?* to SO2+0;, then to NO at
200°C, and then to NO at 200-300 °C. Upper panels — R-factors of the fit
as a function of time, lower panels — concentration profiles of the
reference spectra as a function of time.

5.7 Mass spectrometry results

300

250

We monitored the outlet gas composition with a mass spectrometer during

the XAS experiment. The results also provide valuable insights into the

reaction of the fresh and SO2-poisoned [Cu2?*(NH3)402]** complexes with

NO.

In the case of the fresh [Cuz**(NHs)402]?* complexes exposed to NO

(Protocol (1)), when we introduce NO to the system, we immediately see

NO consumption and production of N2 and H20 (Figure 5.7 left panel).
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Figure 5.7. Mass spectrometer data during the exposure of fresh (left
panel) and SO poisoned (right panel) [Cu2**(NH3)202]*" complexes to
NO.

In the case of the poisoned [Cu2?*(NH3)202]** complexes (Protocol (2a,b)),
the main peak of the NO consumption and the production of N2 and H20O
is shifted to a higher temperature, around 250 °C (Figure 5.7 right panel).
This is in line with our previous investigations. There is desorption of SO,
corresponding to the decomposition of the sulfated species visible on LCF
results. This occurs at the same temperature of N> and H>O evolution,
confirming the hypothesis that NO is reacting with the sulphated

component.

In the case of the poisoned [Cuz?"(NH3)sO2]** complexes, we also
observed some NO consumption and production of N2 and H>O at the
beginning of the exposure to NO at 200 °C, although significantly lower
than for the fresh sample. This suggests that some of the [Cu2?*(NH3)402]%*
complexes that did not react with SOz, according to LCF results, retained
their ability to react with NO. One possibility is that the portion of
[Cu2?*(NH3)402)?* complexes previously referred to as “unreactive" in
Chapter 4 actually correspond to [Cu2?*(NHs)402]** complexes able to

react with NO.
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Since the reaction of the Cu-CHA catalyst with NO can be restored by
heating it to 300 °C, the effect of forming the sulfated Cu species also
corresponds to the reversible part of the deactivation. This means that the
reversible part of the deactivation consists of two processes: the restoration
of the reaction with NO at 300 °C and the decomposition of the ammonium
bisulfate at 400 °C.

5.8 FTIR results

The in situ FTIR experiments followed the same protocols as in situ XAS

experiments.

Figure 5.8 presents the FTIR spectra of the [Cuz"(NH3)402]** exposed to
NO at 200 °C (Protocol (1)); [Cuz"(NH3)402]** exposed to SO/O2/He at
200 °C, then to NO at 200 °C, and then to NO at 300 °C (Protocol (2)).
The [Cu2?*(NH3)402]%* spectrum is subtracted in all four spectra to identify
the spectral features better. The [Cu2?*(NH3)202]** and fw-Cu'' spectra are

presented in Figure 5.9 as reference spectra.

When we expose the [Cuz?*(NH3)s02]** complexes in the fresh Cu-CHA
catalyst to NO (Protocol (1)), the OH stretching mode (v OH) of Brgnsted
sites 22! in the region 3530-3630 cm™ grows, and the broad and complex
absorption related to vOH of NH; and NH,* (2500-3500 cm*) goes down
20,2223 See Figure 5.8. The corresponding bending modes of NHs and
NH4* (1620 and 1439 cm™) also go down. This indicates the consumption
of NHs from [Cu2?*(NH3)402]*" complexes and of NH4* from the Bransted
sites, which are restored. This is an interesting result, since it indicates an
involvement of the NH3 stored as NH4* at the framework negative charges

of the zeolites.
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The consumption of the NH3z and NH4* from the Brensted sites in the
presence of NO at 200 °C does not agree with the interpretation of the NH3
desorption presented in Section 5.5. Another interpretation of the NHs
desorption peak in Figure 5.3 is the desorption of NH3 from [Cu'(NH3)2]*
complexes. 1”2 This interpretation fits better with FTIR results and with
XANES results demonstrating the formation of the [Cu'(NHs)]*

complexes upon exposure of the [Cuz"(NHs)202]?* to NO.

In the following Protocol (2), [Cu2?*(NH3)402]%" complexes are exposed
to SO,+0,, and the signal of the Bransted sites (3530-3630 cm™) stays
unchanged. See the purple line in Figure 5.8. However, the NH4* (1439
cm™ and broad positive band between 3150 and 2720 cm™) is growing,
while NH3 adsorbed on Cu ions decreases (negative band at 1620 cm™).
According to the results shown in Chapter 4, when the [Cu2?*(NH3)402]*
complexes are exposed to SO2+0-, around 15 % of Cu forms fw-Cu'"!, so
some NHs can be released. The interpretation of the growth of NH4" during
the reaction with SO»+0O; is not straightforward. One could argue that the
released NHz molecules are protonated by Brgnsted sites forming
ammonium, but no changes are observed in the Brgnsted region. Another
possibility could be the formation of ammonium sulphate or bisulfate,
predicted by DFT calculations.

After the exposure to SO,+0O>, the Cu-CHA catalyst is exposed to NO at
200 °C (red line in Figure 5.8). This causes a decrease of the NH4" formed
during the reaction with SO>+0>, a decrease of adsorbed NHz and a
restoration of the Brgnsted sites. This is similar to what observed by

reaction of NO with the [Cuz?*(NH3)402]** complexes. However, at 200
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°C it was impossible to reach the state of the fresh [Cuz?"(NH3)402]?"
complexes reacting with NO (light-blue line in Figure 5.8).

The spectrum of [Cu,"(NH;),0,]* is subtracted

é%'j‘:::::igs NH stretching modes (vNH) NH," on Bransted
of absorbed NH, molecules acid sites
and NH," ions on Brgnsted sites
c \
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Figure 5.8 in situ FTIR spectra of Cu-CHA catalyst during exposure of
the [Cu2?*(NH3)402]** complexes to NO at 200 °C, a mixture of
S0O,/02/He and NO at 200 °C, NO after heating to 300 °C. The initial
spectrum of the [Cu2?"(NH3)402]?" is subtracted.

The heating of the Cu-CHA catalyst to 300 °C in NO results in the
complete release of NHz and NH4" from the Bregnsted sites, reaching a final
state (orange line in Figure 5.8) comparable to the state of the
[Cu2?*(NH3)402]?* complexes reacting with NO in the fresh catalyst (light-
blue line in Figure 5.8). The signal of the Bregnsted sites does not
completely reach the level of the fresh catalyst. It is noteworthy that the
consumption of NH4" groups in this step is not in agreement with its
assignment to ammonium sulphate or bisulphate, since these are expected

to decompose at higher temperature (345-350 °C and higher).
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Figure 5.9 in situ FTIR spectra of the [Cu2?*(NH3)402]%* complex and fw-
Cu'' species in Cu-CHA catalyst.

These results confirm that restoring the reaction between the sulfated
catalyst and NO is possible by heating the system to 300 °C. However, the
observed changes in the region of NH4" suggests a complexity in the
mechanism that still needs to be understood.

5.9 Conclusions

This Chapter investigates the reaction between the [Cuz?*(NH3)s02]%*
complexes in the fresh and sulfated Cu-CHA catalyst. The NO-TPR results
reveal significant changes in the reaction kinetics between Cu-CHA and
NO upon exposure to SO.. This indicates that the exposure of the Cu-CHA
catalyst to SO causes chemical poisoning at low temperatures (200 °C). It
is possible to restore the reaction with NO by heating the catalyst to 300
°C. The in situ Cu K-edge XAS and in situ FTIR spectroscopy confirm the
result. The analysis of the outlet gas during the in situ XAS experiment
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also confirms that the exposure of the Cu-CHA catalyst to SOz or SO2/O;
blocks the reaction between Cu-CHA and NO at 200 °C, and the heating
to 300 °C restores the reaction. While these findings do not exclude the
potential influence of physical poisoning by SO> on Cu-CHA, they
emphasize the significant role of chemical poisoning in the reversible

deactivation of the Cu-CHA catalyst.
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6 Summary and conclusions

The main objective of this work was the investigation of the SO, poisoning
of the Cu-CHA deNOx catalyst.

First, the most SO reactive Cu species were identified using in situ XAS
at Cu K-edge. Since in the NH3-SCR redox cycle, Cu atoms change the
oxidation state and local environment, it was essential to investigate the
impact of SO on different Cu species. Among Cu intermediates forming
during the NH3-SCR catalytic cycle, the [Cuz"(NH3)102]?* complex was
the most reactive to SO>. Before, [Cu,''(NH3)402]*" was proved to be the
key intermediate of the NH3-SCR redox cycle, directly participating in NO
reduction. Consequently, the reactivity of the [Cuz"(NH3)402]%" complex
can be the main reason for the poisoning of the Cu-CHA by SO; and the
interruption of the NH3-SCR catalytic cycle.

Second, the vulnerability of the [Cu2"(NHs)402]** complex was also
confirmed by estimating the SO, uptake by the Cu-CHA catalyst using the
SO»-TPD and a new method, XAQ. XAQ was developed during one of the
project's experiments and made it possible to monitor the S/Cu ratio in the
sample in situ during the XAS experiment. XAQ and SO>-TPD also
showed that the presence of O enhances the reaction between the
[Cu2"(NH3)402]?" and SOz by oxidizing Cu' species into the reactive
[Cu2"(NH3)402]%" complexes.

Third, a combination of experimental and data analysis techniques allowed
us to identify the intermediates and products of the reaction between the
[Cu2"(NH3)402]** complex and SOz, propose a mechanism of the reaction,

and resolve the structure of the sulfated Cu species. The multi-technique
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approach included in situ XAS at Cu K-edge, in situ XAS at S K-edge, S
Ka XES, MCR-ALS method, LCF, and EXAFS fitting.

Finally, it was shown that exposure to SO causes chemical poisoning of
the Cu-CHA catalyst. NO-TPR measurements demonstrated that the
kinetics of the reaction of the Cu-CHA with NO changes upon exposure to
SO>. The in situ XAS, in situ FTIR, and mass-spectrometry measurements
confirmed that the reaction between the Cu-CHA and NO was blocked at
200 °C and shifted to higher temperatures. These results did not exclude
the effect of physical poisoning. However, the importance of the chemical

poisoning and the formation of the sulfated Cu species was proven.

In conclusion, the study provided insights important for understanding the
SO, poisoning of the Cu-CHA catalyst. Concerning the future
perspectives, verifying the presented results under Operando conditions in
the SCR gas mixture (NHs, NO, Oz, H20) would be interesting. It would
be helpful to monitor the formation of the sulfated Cu species in the
presence of SO in the SCR gas and to verify the correlation of the
concentration of the sulfated species with the loss in activity. A better
understanding of the SO poisoning mechanism can help to find solutions
for dealing with the deactivation without replacing the catalyst and to make

the air cleaner.

121



7 Report on PhD activities

7.1 Publications

1. SO, Poisoning of Cu-CHA deNO, Catalyst: The Most Vulnerable Cu
Species Identified by X-ray Absorption Spectroscopy. Anastasia Yu.
Molokova, Elisa Borfecchia, Andrea Martini, Ilia A. Pankin, Cesare Atzori,
Olivier Mathon, Silvia Bordiga, Fei Wen, Peter N. R. VVennestrgm, Gloria
Berlier, Ton V. W. Janssens, and Kirill A. Lomachenko. JACS
Au 2022 2 (4), 787-792. DOI: 10.1021/jacsau.2c00053

2. Quantification of Adsorbates by X-ray Absorption Spectroscopy: Getting
TGA-like Information for Free. Kirill A. Lomachenko, Anastasia Yu.
Molokova, Cesare Atzori, and Olivier Mathon. The Journal of Physical
Chemistry C 2022 126 (11), 5175-5179. DOI: 10.1021/acs.jpcc.2c00226

3. Elucidating the reaction mechanism of SO2 with Cu-CHA catalysts for NH3-
SCR by X-ray absorption spectroscopy. Anastasia Yu. Molokova, Reza K.
Abasabadi, Elisa Borfecchia, Olivier Mathon, Silvia Bordiga, Fei Wen,
Gloria Berlier, Ton V.W. Janssens and Kirill A. Lomachenko. Chemical

Science 2023 (accepted)

7.2 Conferences

* - personally attended the conference
int. — international conference, nat. — national conference

[*, int, poster] A. Yu. Molokova, O. Mathon, G. Berlier, E. Borfecchia, S. Bordiga,
T.V.W.Janssens, F. Wen, P.N.R. Vennestram, K.A. Lomachenko. Investigation of
Cu-zeolite-based industrial deNOx catalyst by means of X-ray absorption

spectroscopy. 26.02.2021, Hercules 2021 Poster Session, online.
122



[*, nat, poster] A. Yu. Molokova, G. Berlier, E. Borfecchia, S. Bordiga, T.V.W.
Janssens, O. Mathon, P.N.R. Vennestrgm, F. Wen, K.A. Lomachenko. Monitoring
sulphur poisoning of Cu-CHA deNOXx catalysts by X-ray absorption spectroscopy.
21-23.06.2021, SILS 2021, online.

[*, int, oral] A.Yu. Molokova, G. Berlier, E. Borfecchia, T.V.W. Janssens, S.
Bordiga, F. Wen, P.N.R. Vennestrom, K.A. Lomachenko “Cu-CHA deNOXx
catalyst: Sulfur poisoning monitored by X-ray absorption spectroscopy” 6-

8.06.2022, Nordic symposium on catalysis, Espoo, Finland.

[*, int, oral] A.Yu. Molokova, G. Berlier, E. Borfecchia, T.V.W. Janssens, S.
Bordiga, F. Wen, P.N.R. Vennestrom, K.A. Lomachenko “Observation of sulphur
poisoning of Cu-CHA deNOx catalysts by X-ray absorption spectroscopy” 27-
30.06.2022, ISHHC19, Oslo (online).

[*, int, oral+poster] A.Yu. Molokova, G. Berlier, E. Borfecchia, C. Atzori, O.
Mathon, S. Bordiga, F. Wen, P.N.R.Vennestram, T.V.W. Janssens, K.A.
Lomachenko “Monitoring the SO2 poisoning of Cu-CHA deNOx catalysts by X-ray
absorption spectroscopy” 06-07.07. 2022, InnovaXN Plenary event, European
Photon and Neutron (EPN) Campus Grenoble — France.

[*, int, poster] A.Yu. Molokova, G. Berlier, E. Borfecchia, C. Atzori, O. Mathon,
S. Bordiga, F. Wen, P.N.R.Vennestrgm, T.V.W. Janssens, K.A. Lomachenko, The
mechanism of the SO, poisoning of the Cu-CHA deNOx catalyst, 04.06.2023,
InnovaXN Plenary Event, Grenoble, France.

[*, int, poster] A.Yu. Molokova, G. Berlier, E. Borfecchia, T.V.W. Janssens, S.
Bordiga, F. Wen, P.N.R. Vennestream, K.A. Lomachenko, SO> poisoning of Cu-
CHA deNOx catalyst monitored by X-ray spectroscopy, 06-08.02.2023, ESRF Users

Meeting 2023, Grenoble, France.
123



[*, int, poster] A.Yu. Molokova, G. Berlier, E. Borfecchia, T.V.W. Janssens, S.
Bordiga, F. Wen, P.N.R. Vennestram, K.A. Lomachenko, SO> poisoning of the Cu-
CHA deNOy catalyst monitored by X-ray absorption spectroscopy, 27.08-
01.09.2023, Europacat 2023, Prague, Czech Republic.

[int, poster] R. K. Abasabadi, A. Y. Molokova, K. A. Lomachenko, P. N. R.
Vennestrgm, F. Wen, T. V. W. Janssens, S. Bordiga, E. Borfecchia, G. Berlier,
Effect of the Si/Al ratio on SO poisoning of Cu-CHA zeolites studied by in situ DR

UV-Vis spectroscopy and deactivation measurements, 7-11.05.2023, Operando VI,
Grindelwald, Switzerland

[int, oral] R. K. Abasabadi, A. Y. Molokova, K. A. Lomachenko, P. N. R.
Vennestrgm, F. Wen, T. V. W. Janssens, S. Bordiga, E. Borfecchia, G. Berlier,
Following SO poisoning of Cu* and Cu?* on CHA zeolites for the NH3-SCR
reaction: an in situ UV-Vis study, 3-8.07.2022, 12C2022, Valencia, Spain

7.3 Schools
XAS/XES School 2021 on Advanced Synchrotron Methods: X-ray Absorption and

Emission spectroscopy, Moscow, Russia (online), 02-04 June 2021

HERCULES 2021: Higher European Research Course for Users of Large
Experimental Systems, online, from 22 February to 26 March 2021 (5 weeks)

InnovaXN School of Innovation and Entrepreneurship (Grenoble, France) 15-18
November 2022

124



8 Acknowledgements

I am deeply grateful to the individuals and institutions whose support, guidance, and
encouragement have been essential in the successful completion of this PhD

journey.

First, 1 would like to thank my supervisors, Dr. Kirill Lomachenko, Prof. Gloria
Berlier, and Dr. Ton V.W. Janssens, for their constant support, deep knowledge and
wisdom, and active participation in every aspect of the project. Working with you

has been incredible!

| want to thank Dr. Elisa Borfecchia, Prof. Silvia Bordiga, Dr. Fei Wen, Reza K.
Abasabadi, Dr. Peter N.R. Vennestrgm, and Dr. Andrea Martini, who have shared
ideas and provided valuable perspectives on the project. We had a lot of interesting

and inspiring discussions. Thank you!

I would like to acknowledge the administration of the InnovaXN program and the
administration of the doctoral school at the University of Turin for their efficiency

and patience, which provided a conducive environment to explore, learn and evolve.

A special note of gratitude goes to my colleagues and friends at the ESRF, Dr.
Olivier Mathon, Dr. Cesare Atzori, Dr. Davide Salusso, Sofia Balugani, Luca
Bugarin, Clément Bonnet, and Dr. Elvina Dilmieva. Your wise advice has been an
essential source of inspiration, and your support means a lot to me. | hope we stay

in touch.

Finally, I am very grateful to my family, especially my mom, who has always

supported every one of my ideas.

Thank you all for being a part of this journey!

125



8.1 InnovaXN project

This project has received funding from the European Union's Horizon 2020 research
and innovation programme under the Marie Sktodowska-Curie grant agreement No
847439.

InnovaXN brings in collaboration two large-scale research facilities: European
Synchrotron Radiation Facility (ESRF) and Institute Laue-Langevin (ILL), with
Industrial partners and Universities. This project is a collaboration between the
ESRF (BM23 and 1D24 beamlines), the University of Turin, and Umicore, a leading

European producer of automotive catalysts.

126



9 Appendix

The copies of the publications produced during the PhD are reported below.

127



share published articles.

Downloaded via INST LAUE-LANGEVIN on August 7, 202.

See https://pubs.acs.org/sharingguidelines for options on how to legitimate

JACSE
= Oe®
| Letter |

SO, Poisoning of Cu-CHA deNO, Catalyst: The Most Vulnerable Cu
Species Identified by X-ray Absorption Spectroscopy

Anastasia Yu. Molokova, Elisa Borfecchia, Andrea Martini, Ilia A. Pankin, Cesare Atzori, Olivier Mathon,
Silvia Bordiga, Fei Wen, Peter N. R. Vennestrom, Gloria Berlier, Ton V. W. Janssens,*
and Kirill A. Lomachenko*

Cite This: JACS Au 2022, 2, 787-792 E Read Online

ACCESS | |l Metrics & More | Article Recommendations ‘ @ Supporting Information
ABSTRACT: Cu-exchanged chabazite zeolites (Cu-CHA) are effective Sulfur poisoning of Cu-CHA
catalysts for the NH;-assisted selective catalytic reduction of NO (NH;- 1.2

SCR) for the ab of NO, emission from diesel vehicles. However, — 4]

the presence of a small amount of SO, in diesel exhaust gases leads to a Ei, o8

severe reduction in the low-temperature activity of these catalysts. To shed 13 ’ Q
light on the nature of such deactivation, we characterized a Cu-CHA & %7 + »
catalyst under well-defined exposures to SO, using in situ X-ray absorption Z 041

spectroscopy. By varying the pretreatment procedure prior to the SO, 0.2 [ [Cul(NH,),0,7>* S0,
exposure, we have selectively prepared Cu' and Cu" species with different 0

ligations, which are relevant for the NH;-SCR reaction. The highest 8980 2000 9020 9040

reactivity toward SO, was observed for Cu'’ species coordinated to both
NH; and extraframework oxygen, in particular for [Cu",(NH;),0,]**
complexes. Cu species without either ammonia or extraframework oxygen
ligands were much less reactive, and the associated SO, uptake was significantly lower. These results explain why SO, mostly affects
the low-temperature activity of Cu-CHA catalysts, since the dimeric complex [Cu",(NH;),0,]*" is a crucial intermediate in the low-
temperature NH,-SCR catalytic cycle.
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he emission of nitrogen oxides (NO,) from diesel formation of [Cu",(NH,),0,]* dimers around 200 °C, which
vehicles is a global environmental challenge."” State of is a crucial step in the NH;-SCR reaction cycle.'”"?
the art exhaust gas aftertr y contain catalysts for In practice, the application of Cu-CHA catalysts for the

selective catalytic reduction of NO, by ammonia (NH;-SCR), NH;-SCR i restricted to ultralow-sulfur diesel fuels, due to the
capable of reducing well over 90% of the NO, emitted by the fact that a few ppm of SO, present in the exhaust gas

engine. In the NH;-SCR reaction, NO reacts with NH; in the drastically reduces the activity at low temperatures.”""*
presence of O, to form N, and H,0. At present, Cu-exchanged Multiple studies show that SO, affects the Cu mobility, the
chabazites (Cu-CHA) are the preferred catalysts for NH;-SCR, amount of Cu active sites,'* and the redox behavior of the Cu
due to their superior low-temperature activity (150-350 in the NH,-SCR cycle.”'® Most studies have focused on the

°C)** and hydrothermal stability.”® The temperature depend-
ence of the NH;-SCR activity of Cu-CHA catalysts shows a
minimum at around 350 °C, which indicates that the reaction
mechanism at low temperatures is different from that at higher
temperatures.”

The NH;-SCR reaction cycle for the low-temperature
activity is a redox cycle, consisting of a series of oxidation
and reduction steps, in which the oxidation state of Cu changes
between Cu' and Cu". The NO and NH; coordinate to Cu in
the zeolite, giving rise to a variety of Cu species along the NH;-
SCR cycle."™"" The low-temperature activity of Cu-CHA
catalysts originates from the ability to form mobile Cu'(NH;),
complexes under SCR conditions. Pairs of these species
constitute the active Cu sites capable of O, activation via the

overall effect of SO, on the performance of the catalysts,"* '

while the chemistry behind SO, poisoning at the molecular
level remains poorly understood. To determine a mechanism
for SO, poisoning, one must identify the species in the Cu-
CHA catalysts that interact with SO,. To this end, we have
selectively prepared well-defined Cu' and Cu" species with
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of the XANES data on the basis of references for the linear
[Cu'(NH;),]* complex and pure Cu"(NH,), groups (aqueous
[Cu"(NH,),]** or solid-state [Cu'(NH;),]SO4H,0) resulted
in visible discrepancies with the data (Figure S7 in the
Supporting Information). A better agreement is obtained when
the spectrum of oxygen-bridged diamine di compl

[Cu",(NH;),0,]*" is used as a Cu'" reference in combination
with [Cu'(NH;),]*, with approximately equal weights for each
component (Figure 2). The necessary stock of available oxygen

Procedure 6: Cu'" + NH,

—O=data PR [Cu‘(NH;),]‘

— fit
——residual _— [CU";(NH,),0;)**

-
N

R-factor = 0.03 %

e 9
o o =

Normalized p(E)
o
e

0.2

8950 9000

Energy (eV)

9050

Figure 2. Linear combination fit of Cu K-edge XANES spectra
obtained in Cu-CHA after exposing fw-Cu" species to NH; at 200 °C
(Cu" + NH; pretreatment).

needed for the formation of the mixed-ligand species is
expected to be present in the sample, as a wavelet analysis of
the EXAFS collected after heating to 550 °C and cooling to
200 °C in 10% O,/He flow reveals the presence of Cu—Cu
scattering usually attributed to the oxygen-containing
dimers”™"" (Figure S8 in the Supporting Information), which
may be susceptible to form mixed-ligand species upon
exposure to NH;.

The evolution of XANES spectra upon interaction with SO,
shows that the most susceptible species are Cu" with mixed
(NH;),0, ligation, whereas Cu' species or Cu"" in the absence
of NH; are much less affected. These findings are supported by
X-ray adsorbate quantification (XAQ) data,*' collected
simultaneously with the XAS measurements during the
exposure to SO, and a TPD analysis of a parallel set of
catalyst samples, exposed to the same pretreatments used in
XANES experiments (Figure 3a). We find the highest sulfur
content (S/Cu ratio) for the [Cu",(NH;),0,]* and Cu" +
NH; procedures. The sulfur uptake of the [Cu'(NH;),]* and
fw-Cu™" moieties was ca. 3 times lower, and for the bare fw-Cu'
species, it was ca. 6 times lower. These results show that the
reaction between the [Cu",(NH;),0,]** species and SO,
contributes the most to the accumulation of SO, in the Cu-
CHA catalyst.

Interestingly, the sulfur content in the Cu' + NH, sample
lies between those for samples with pure [Cu'(NH;),]* and
[Cu",(NH;),0,]** species, which in combination with the
linear combination fit shown in Figure 2 suggests that the
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Figure 3. (a) S/Cu ratios in the samples after exposure to SO,
obtained from SO,-TPD and XAQ. (b) SO,-TPD profiles collected
after exposure of the species obtained in procedures 1—6 to SO, in
comparison to a reference SO,-TPD curve of a CHA zeolite without
Cu impregnated with 20 wt % (NH,),SO,, downscaled x10.

reactivity of the Cu"(NH;,),0, species obtained after Cu" +
NH; treatment toward SO, is similar to that of
[Cu Iz(NH3)¢02]Z+-

By comparing the SO,-TPD curves of Cu-CHA samples
with that of (NH,),SO,, adsorbed on Cu-free CHA (Figure
3b), we can also deduce that the elevated sulfur content in the
samples with the Cu"(NH;),0, species is due to the reactivity
toward SO, and not to the formation of (NH,),SO, in a
reaction of SO, with NH; and NH," groups stored in the
zeolite framework. For the adsorbed (NH,),SO,, we observe
SO, desorption at around 380, 530, and 1000 °C (gray curve
in Figure 3b). The desorption at 380 °C matches the known
thermal decomposition of (NH,),SO,;** the other two peaks
are probably due to the interaction of either (NH,),SO, or
products of its decomposition with the zeolite, their precise
interpretation being beyond the scope of the present argument.
For all three Cu-CHA samples containing NH; before
exposure to SO, ([Cu'(NH,),]*, [Cu",(NH;),0,]*, and
(Cu" + NH;) procedures), we observe SO, desorption at
around 420 °C (Figure 3b). As this does not match any of the
observed desorption characteristics of (NH,),S0, in Cu-free
Cu-CHA, the SO,-TPD feature at 420 °C reflects an
interaction of Cu with SO,. Interestingly, the SO,-TPD
curve for the sample with the dominant fw-Cu" species shows
a significant SO, desorption peak close to 1000 °C, which,
together with the lack of changes in Cu K-edge XANES upon
exposure to SO,, indicates the formation of some sulfur
deposits not directly coordinated to Cu.

The presence of Cu—N and Cu—O bonds in the
[Cu',(NH;),0,]*" complex has been independently con-
firmed by valence-to-core XES.””**** XES spectra at different
stages of pretreatment leading to the formation of
[Cu",(NH;),0,]** dimers are reported in Figure 4. The
origin of the Kf'’ satellite peak is the transition from the ligand
s orbitals to Cu s, which makes its position sensitive to the
species directly coordinated to Cu and allows it to discriminate

https://doi.org/10.1021/jacsau.2c00053
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Figure 4. Background-subtracted Cu Kf valence-to-core XES spectra
for different stages of procedure S leading to the formation of the
[Cu",(NH;),0,]** complex and its exposure to SO,.

among Cu—0, Cu—N, and Cu—S$ bonds.**~*" Figure 4 shows
that after heating in O, Cu is predommantly coordinated by
oxygens (as expected for the fw-Cu" species), whereas after
exposure to NO + NH; N ligands are dominating, as expected
for a [Cu'(NHj;),]* linear complex. After sub
to O, and formation of [Cu' Z(NH3)401]2‘ duners, the peak
broadens, confirming the presence of both Cu—N and Cu—O
bonds. These bonds remain after exposure to SO,, while no
significant contribution from Cu-$ bonds®* is observed,
suggesting that the possible SO, binding to the Cu is carried
out through an oxygen atom.
In conclusion, the in situ XAS and XES measurements of
different Cu intermediates formed in a Cu-CHA catalyst
d to SO, d rate that Cu"" species with mixed NH;
and O ligation of Cu are particularly reactive toward SO,,
whereas Cu' species and Cu'" without NH; are much less
affected by it. In particular, the [Cu",(NH,),0,]** complex,
which is formed upon activation of O, in the NH;-SCR cycle,
shows a clear reaction with SO,, resulting in a partial reduction
of the Cu" and accumulation of sulfur in the zeolite. Therefore,
we conclude that this reaction is responsible for the poisoning

of Cu-CHA catalysts in NH;-SCR by SO,.
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ABSTRACT: Hard X-ray absorption spectroscopy (XAS) is
fr ly applied in catalysis and gas sorption studies to monitor
changes in oxidation states, coordination numbers, and interatomic
distances of active sites under in situ and operando conditions.
However, transmission XAS data can reveal also the change in the
total amount of guest species adsorbed on the whole sample.
Surprisingly, to the best of our knowledge, the latter property has
never been exploited. Here, we present a simple method to
quantify the amount of adsorbates from XAS data collected during
the interaction of the sample with gases or liquids. The method
relies on monitoring the change of the total absorption level below
the measured absorption edge and does not require any additional
instrumentation or modification of the XAS data collection
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procedure. Essentially, it is a way to obtain the information analogous to the one delivered by temperature-programmed reduction
(TPR), temperature-programmed desorption (TPD), or thermogravimetric analysis (TGA) directly from XAS at no extra cost.

B INTRODUCTION

X-ray absorption spectroscopy (XAS) is a versatile element-
selective tool to determine the parameters of local atomic and
electronic structure of materials, such as interatomic distances,
bond angles, coordination numbers, and oxidation states."””
Elemental selectivity is an advantage of the XAS-based
methods, which is particularly important in chemical studies
where the research interest is focused on particular minority
species (active sites) arranged inside the hosting matrices. This
is often the case of functionalized MOFs, metal-exchanged
zeolites, supported nanoparticles, and doped oxides (the list is
certainly not exhaustive). High penetration depth of hard X-
rays allows to collect data under in situ and operando
conditions, which is particularly useful in catalysis.

XAS measurements are mainly conducted at synchrotron
beamlines, so the availability of the method is much lower
compared to the laboratory techniques. To get the most from
the beamtime, in situ and operando XAS experiments are often
panied by simul compl y measur
such as X-ray diffraction, mass spectrometry, infrared spec-
troscopy, gas chromatography, UV—vis spectroscopy, etc. Such
an approach yields complementary datasets collected in
identical conditions, providing extra information about the
sample and serving as diagnostics to compare the conditions at
the beamline with those adopted in the laboratory.

Despite their obvious value for gas sorption and catalytic
studies, thermogravimetric analysis (TGA) and techniques for
gas adsorption/desorption quantification such as temperature-
programmed desorption or reduction (TPD/TPR) are seldom

ace
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coupled with XAS measurements in the same experiment due
to difficulties in constructing the combined setup and different
requirements for sample preparation. To address this problem,
here, we suggest a simple method to extract TGA/TPD/TPR-
like information directly from XAS data, hereafter designated
X-ray adsorbate quantification (XAQ).

W METHODS

While the X-ray absorption near-edge structure (XANES) and
the extended X-ray absorption fine structure (EXAFS)
comprise features at or above the absorption edge, XAQ
focuses on the flat region at approximately 50—150 eV below
the absorption edge. Adsorption or desorption of molecules
caused by the variation of external conditions (temperature,
gas feed, irradiation) change the total absorption coefficient of
the sample, causing the vertical shift of the spectrum. The
XAQ method essentially relates the amplitude of this shift to
the amount of adsorbed or desorbed species.

The experimentally observed change of the total absorption
Apy,, in two different measurements has two main
contributions
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Figure 1. (a) Normalized Cu K-edge XANES spectra collected during heating of Cu-CHA zeolite from RT to 550 °C in 10% O,/He flow. (b)
Same data without normalization. Dashed lines indicate the XAQ fitting region and solid line shows its center where the total absorption is
evaluated. (c) XAQ signal during heating (left) and temperature profile (right). (d) Time derivative of the XAQ signal (left axis) and water mass-
spectrometer signal collected simultaneously with the XAS measurements.

=Au

Sam

L
Ap, = A[ln T] + A;{w

1 (1)
where /i, and pig, are the total absorption of the sample and
the gas inside the experimental cell, respectively; I, and I, are
the counts of the ionization chambers measuring the intensity
of the incident and transmitted radiation, respectively.

At can be obtained directly from the experimental data by
calculating the difference of the total absorption in the XAQ
region between the first spectrum of the procedure of interest
and each consecutive spectrum. To increase precision, the
XAQ region of around 50—100 eV can be fitted by a straight
line and its value in the center of the region can be taken as y,,,
for each spectrum.

Apg,, is negligible compared to Ap,, when the concen-
tration of reactive components is limited to a few hundred
ppm, the rest being light He carrier gas, or when the
temperature, pressure, and composition of the gas feed do not
change. Otherwise, it has to be calculated using the simple
expression provided in the Supporting Information (SI).

Measuring A, and calculating (or neglecting) Aptg, allows
to calculate Ap,,,

Ap - Ay

sam gas

= My, )
which can then be directly linked to the molar surface density
of adsorbed or desorbed species ©,4, (that is, the amount of
moles of the adsorbate per unit area of the sample surface

5176

exposed to the X-ray beam) by the following expression
(derivation provided in the SI)

O = M, | 2N, N7
j (3)

where r, is the electron radius, /4 is the X-ray wavelength, N, is
the Avogadro number, N; and f;" are the number of atoms and
imaginary part of the atomic scattering factor of jth atomic
species constituting the molecule of adsorbates.

Since the mass, bulk density, elemental composition, and
shape (e.g, diameter of the pressed pellet or capillary with
loose powder) of the sample are usually known, obtaining 0,4,
then allows to calculate the adsorption capacity (in moles of
adsorbates per unit mass of the sample)

_ 9
Mg = A
sam

(4)

where pZ, is the surface density of the sample. It is equally
straightforward to obtain a molar ratio between the adsorbates
and particular atomic species present in the sample.
Calculation (3) can be carried out using the existing codes
to optimize the mass or thickness of the samples for XAS
measurements, such as XAFSmass,” all terms being either
tabulated”* or known from the experimental conditions. Very
similar calculations with the same codes are required to

https://dol.org/10.1021/acs jpec.2¢00226
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Figure 2. (a) Normalized Co K-edge XANES spectra collected during the heating of Co,CLLBTDD MOF from RT to 290 °C in He flow. (b) Same
data without normalization. Dashed lines indicate the XAQ fitting region and solid line shows its center where the total absorption is evaluated. (c)
XAQ signal during heating (left) and temperature profile (right). The point at 300 °C corresponds to the spectrum that was stopped after the data
in the XAQ region were collected (bottom-most curve in panel b). (d) TGA of the same material performed separately. Panel (a) adapted with
permission from Tulchinsky et al,,” copyright 2017 American Chemical Society.

calculate the absorption edge step for each sample, so the
majority of XAS users are already familiar with them.

B RESULTS AND DISCUSSION

To illustrate the possibilities of the XAQ_approach, Figure 1
shows the activation of copper-exchanged chabazite zeolite
(Cu-CHA) with Si/Al = 6.7 and Cu/Al = 0.06, employed as
the deNO, catalyst. The sample was heated in the flow of 10%
0, in He flow (100 mL/min) from room temperature to 550
°C at the BM23 beamline of the ESRF.® This treatment causes
the dehydration of the zeolite and coordination of the isolated
Cu centers to the zeolitic framework (Figure la).

The evolution of Cu K-edge XANES spectra agrees well with
the literature data for Cu-CHA zeolites with similar Cu/Al and
Si/Al ratios.”® The usual way of presenting normalized
XANES data, such as in Figure la, however, does not allow
to appreciate the change of the total absorption level due to
desorption of water. However, in the raw data, the vertical shift
of the spectra is clearly visible (Figure 1b). The corresponding
XAQ_ signal shows a pronounced time and temperature
dependence (Figure 1c) with the dehydration being completed
at around 300 °C, equivalent to desorption of ca. 53 water
molecules per Cu ion, or 10.6 wt % of the whole material
(details of the calculation are presented in the SI). It is in good
agreement with the TGA value of 11.7 wt %, the slight
discrepancy being due to the partial dehydration of the sample
in the dry gas flow during the alignment of the pellet under the

5177

beam before the first XAS spectrum was measured. Water
desorption was also confirmed by a mass spectrometer
connected to the outlet of the experimental cell during the
XAS experiment (Figure 1d). Notably, the derivative of the
XAQ _signal agrees well with the signal of m/z = 18 (water),
showing even faster and sharper time response due to its
insensitivity to the large dead volume of the experimental cell
that affects the MS data.

Another example of application of the XAQ_technique is
dechlorination of the Co,CI,BTDD (BTDD = bis(1H-1,2,3-
triazolo[4,5-b],[4,5-i])dibenzo[1,4]dioxin) metal-organic
framework.” This material was the first MOF reported to
reversibly capture and release halogens, such as chlorine and
bromine. The Co(III)—Co(II) redox process accompanying
the desorption of one chlorine per Co during heating to 300
°C was revealed by XANES spectroscopy (Figure 2a).” The
resulting XANES spectrum of the MOF after heating was
similar to the one of the parent Co,CL,BTDD Co(II) MOF
before chlorination, thus proving the reversibility of the
process. However, the amount of desorbed chlorine was not
measured during the XAS experiment, which did not make
possible direct comparison of XAS conditions with those
employed for separate TGA ts. The ad ge of
the XAQ method is that it allows such quantification even if it
was not foreseen in the original experiment. Since the XAS
data were collected including more than 100 eV below the
absorption edge (Figure 2b), XAQ_signal could be reliably

https://doi.org/10.1021/acs jpce.2c00226
J. Phys. Chem. C 2022, 126, 5175-5179

135



The Journal of Physical Chemistry C pubs.acs.org/JPCC
extracted from raw data (Figure 2c). The drop in the total but simul ly with XAS and essentially at

absorption was equivalent to the loss of around 0.71 Cl atoms
per Co, constituting 9.6 wt % of the material. It is in good
agreement with the value of ca. 9.5 wt % obtained by TGA
(Figure 2d).” These data ensure the compatibility of the
conditions employed for TGA measurements with those
during the synchrotron XAS experiment, thus confirming the
reliability of the collected XAS data.

As demonstrated above, the XAQ method delivers the
information analogous to the one typically obtained from TGA
or TPD/TPR. Importantly, with XAQ, this information is
collected at the same time, in the same conditions and from
the same spot on the sample as the XAS data, which ensures
perfect compatibility of the two datasets.

Nonetheless, there are several important points to be
considered when assessing the feasibility of XAQ_extraction
from XAS data. In particular, Ay, exhibits strong dependence
on the atomic number of the adsorbates and the energy of the
incident radiation, which can be approximately expressed as

At
compared to the light ones and leads to a significant decrease
of the XAQ contrast at high energy, which makes the
quantification of low amounts of light adsorbates difficult at
high-energy edges.

In addition, inhomogeneities of the sample can introduce
errors in the XAQ signal during the temperature ramps if the
experimental cell moves with respect to the beam because of
the thermal expansion. This effect is detrimental also for the
XAS data quality and therefore should be avoided regardless of
the need for XAQ measurements by designing the
experimental cells with minimal thermal expansion, by
compensating for the thermal expansion moving the sample
stage, or by preparing highly homogeneous samples.

Finally, a significant temperature gradient may exist along
the X-ray optical path inside the sample cell, so the average
temperature of the gas mixture may be different from the
sample temperature. Assessing this gradient by an additional
thermocouple would allow to decrease the associated error in
the calculation of Apg, in the experiments with varied
temperature. Alternatively, Ay, can be measured directly by
conducting XAS scans without the sample in the short pre-
edge region at the temperatures of interest. An ultimate
solution would be to use experimental cells with short optical
path and diluted gas mixtures, thus decreasing the absolute
value of Apg,,.

[ % It makes the detection of heavy adsorbates easier

B CONCLUSIONS

To summarize, the XAQ method allows to determine from the
transmission XAS data the amount of guest species adsorbed
on the sample during the interaction with reactive gases or
liquids. While it is unreasonable to perform a synchrotron XAS
experiment only to obtain XAQ_data, an important advantage
of XAQ_is that it can be extracted from properly collected
transmission XAS spectra without any modification of the
experimental procedure or need for additional equipment or
software. Notably, combining XAQ with XANES/EXAFS does
not cause an increase in the measurement time because the
data in the XAQ region usually are collected anyway, being
essential for normalization of the XANES and EXAFS spectra.
The method offers a possibility to get quantitative information
analogous to what is usually obtained by TPD, TPR, or TGA
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no extra cost with respect to the performed XAS experiment.
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