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The catalytic conversion of N,O over Fe-exchanged zeolites is an essential process for controlling its
anthropogenic emissions and detrimental environmental impact. In the present study, we monitored an
industrial Fe—ferrierite catalyst under conditions of CO-assisted decomposition of N,O using operando
electron paramagnetic resonance (EPR) spectroscopy within the modulated excitation (ME) paradigm.
Exploiting this approach, we demonstrated that N,O decomposition occurs via reversible Fe'/Fe'
transitions localized exclusively on isolated Fe' centers located in the B-cationic position, successfully
distinguished among various spectator species. The temporal evolution of the reversible B-Fe'/Fe'
transitions under oxidizing and reducing atmospheres was determined with multivariate curve resolution
(MCR) and via double integration of their EPR signal, allowing us to calculate the apparent activation
energies for the oxidation and reduction half-cycles. Despite the reaction is controlled by the reduction
half-cycle, i.e. N,O promotes full oxidation of the active B-Fe'' centres irrespective of temperature, the
kinetic results indicate that temperature enhances the rate of this oxidation reaction more than the rate

of reduction in CO-rich conditions. This study shows that quantitative and qualitative reaction
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signal-to-noise can be obtained if the experiments are performed according to the ME approach and if
phase-sensitive detection (PSD) is employed. Furthermore, our results also indicate that analytical
methods, such as MCR, can produce reliable results in the framework of time-resolved EPR spectroscopy.
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vibrational and electron spectroscopies, paramagnetic species
are very frequently involved in catalytic cycles.” For these
species, EPR spectroscopy provides unique information on their
electronic structure, since the measured magnetic properties of

Introduction

Electron paramagnetic resonance spectroscopy (EPR) is
a powerful tool to gain insight into the nature and role of

transition metal ions (TMIs) in catalytic processes.' Due to its
working principle, EPR spectroscopy can only detect para-
magnetic species that contain unpaired electrons. Although this
seems to be a limitation in comparison to other techniques,
such as X-ray absorption and emission spectroscopy, as well as
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the unpaired electron(s) are directly linked to their electronic
and geometrical properties.>” Therefore, the EPR spectrum of
TMI-containing catalysts is highly sensitive to the oxidation
state, ligand field and coordination geometry of the respective
TMIs. Since these characteristics define the possible activity of
the respective TMI centre, EPR spectroscopy provides a handle
for determining the nature of the active species and unravelling
reaction mechanisms. Lastly, since EPR also allows quantifica-
tion of the sites with unpaired electrons, it is a suitable method
for the reliable extraction of thermodynamic data.>®’

While time-resolved EPR has shown an enormous potential
to gain molecular insights into working catalysts,">*%° the data
acquired in the context of heterogeneous catalytic reactions
often suffer from low signal-to-noise ratio (S/N) and/or poor
time-resolution. In order to solve these challenges while
simultaneously highlighting spectral features related to rele-
vant species reversibly involved in the catalytic reaction,
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dynamic operando experiments can be performed according to
the modulated excitation (ME) approach coupled with phase-
sensitive detection (PSD) analysis.'®* To demonstrate the
feasibility of MES-PSD in combination with operando EPR
spectroscopy and extract site-specific kinetic information we
studied the CO-assisted N,O decomposition reaction on
a commercial Fe—ferrierite (Fe-FER)" catalyst.

Nitrous oxide (N,O) is the third most important greenhouse
gas and since its anthropogenic emissions in nitric and adipic
acid production plants and fossil fuel combustion units
contribute to ozone layer depletion, effective catalytic after-
treatment technologies are required. By possessing
pronounced activity in N,O conversion strategies, Fe-exchanged
zeolites are industrially implemented to control N,O emissions,
generally via the decomposition route.*® In this view, upon an
activation step (eqn (1)) in which N,O oxidizes a reduced active
Fe centre (Fe" V") releasing N,, the rate of the reaction is
controlled by the reduction half-cycle, i.e. the auto-reduction of
the oxidized Fe centre (Fe"'-0) coupled with O, formation (eqn
(2)).** Hence, reducing agents such as CO can be used to
promote N,O conversion.' Indeed, the overall reaction rate is
promoted since CO accelerates the reduction half-cycle upon
interaction with Fe"'-O (eqn (3)).1%*¢

Fe” D" + N,O — Fe"*-0 + N, (1)
2Fe™*-0 — 2Fe" V" + 0, (2)
Fe''-0 + CO — Fe" V" + CO, (3)

In the past decade, ground-breaking work from Solomon and
co-workers lead to the elucidation of the active iron Fe'" species
responsible for N,O activation, and the corresponding activa-
tion energies were reported based on DFT calculations.””
However, no site-specific kinetic data for the oxidation and
reduction half-cycles (OHC and RHC, respectively) of the cata-
Iytically relevant Fe'" centres are available at realistic and oper-
ative temperatures (i.e. T > 300 °C).

According to the reactions in eqn (1) and (3), the active Fe
centre/s are expected to undergo a red-ox process involving
reversible Fe"/Fe'™ red-ox. However, since only Fe species
exhibit a half integer spin quantum number, only this oxidation
state of the active centre/s is expected to exhibit a signal under
our experimental conditions, whereas Fe" and Fe' sites are
non-detectable by EPR."” Furthermore, EPR allows to differen-
tiate between high spin (S = 5/2) and low spin (S = 1/2) Fe™ ions
and rhombicity of the zero field splitting of the former is very
sensitive to the distortion of the geometry of the respective
site.® The EPR spectrum of isolated high-spin Fe™ sites,
commonly encountered in Fe-zeolites, is predominantly char-
acterized by zero-field splitting (ZFS) contributions in the spin
Hamiltonian. The observed transitions occur within different
Kramer doublets, which are often approximated as fictitious S =
1/2 systems with an effective g’ value. In very high symmetries,
such as cubic symmetry, the zero-field splitting vanishes to first
order, typically resulting in signals around g’ = 2. Axial coor-
dination produces characteristic signals at ¢ = 6 and g’ = 2,
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while strong rhombic distortion results in signals at g’ = 4.3 and
a long stretch up to g’ = 9.152022

Therefore, EPR is a highly suitable tool for differentiating
Fe™ ions located in different cationic positions and determine
their individual Fe"Fe™ red-ox dynamics.

Given the reaction under investigation, we achieved ME via
periodic variation of the gas composition, i.e. concentration of
oxidizing (N,0) and reducing (CO) agents involved in the reac-
tion (eqn (1) and (3)), while recording time-resolved EPR spectra
to monitor the red-ox dynamic of the possibly active Fe centres.
The raw time-resolved data collected during the pulse sequence
can be averaged into one period, the so-called averaged time-
resolved spectra, enhancing the S/N in function of the
number of pulse sequences applied. In order to further
emphasize the contribution of the active species the acquired
data can be processed with a demodulation function (eqn
(4)),"** which is equivalent to a digital lock-in amplifier sup-
pressing the parts of the spectrum which are not affected by the
modulation while maximizing the contribution to the spectra
that were reversibly perturbed during the experiment.

Ae™) = 7 |

0

' 1(t)sin(kwt + ¢™P)ds (4)

The transformation of time-resolved spectra consisting of
intensity data (I(¢)) into phase-resolved spectra is called phase
sensitive detection (PSD). PSD is performed by multiplying the
time-resolved spectra with a sine function of the same
frequency as the stimulation (w) and a demodulation phase
angle (¢™P), followed by integration over the modulation
period (7). The resulting spectra contain only information on
the signal/s of species that are reversibly perturbed during the
experiment, i.e. which are modulated, and the time delay with
which they respond to the external stimulus. Thus, in the phase-
resolved spectra (i.e. demodulated spectra) the spectral contri-
butions of the active species are maximized, simplifying their
identification.

Despite the process of CO-assisted N,O decomposition
possesses limited industrial applicability, we chose this model
reaction because it develops cycling through an oxidation- and
reduction half-cycle theoretically occurring at substantial rates
and we wanted to prove that by combining operando EPR with
MES and PSD, one can monitor a fast red-ox reaction without
sacrificing spectral- or time-resolution.

Following this approach, it was possible to derive qualitative
and quantitative information by isolating and identifying the
active Fe centers responsible for the reversible red-ox cycle
involving the oxidation of Fe""Y* by N,O (eqn (2)) and the
subsequent reduction of Fe"*" by CO (eqn (3)). The temporal
evolution of these red-ox reactions was monitored by inte-
grating the EPR transition corresponding to the active Fe
centers and by using multivariate curve resolution (MCR). This
approach allowed us to derive detailed kinetic information
going beyond what can be typically achieved. The results show
that MCR can produce reliable outputs in the framework of
operando EPR spectroscopy.

Chem. Sci., 2025, 16, 4884-4891 | 4885
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Materials and methods

A commercial Fe-FER catalyst provided by Casale SA, which has
been previously fully characterized' and possesses a Fe content
of 0.7 wt% and a Si/Al ratio of 9.4 (from elemental analysis), was
crushed and sieved to 100-150 pm for all EPR experiments
(Fig. s11).

EPR measurements were performed using a homebuilt water-
cooled high-temperature resonator which was plugged into a CW
EPR spectrometer (Bruker EMX) operating at X-band frequencies
(~9.265 GHz).**** The resonator was heated by a flow of hot N, gas
controlled by a homebuilt temperature regulator. An EPR quartz
tube (4 mm outer diameter - Wilmad Labglass) and quartz
capillary (2 mm inner diameter - Qsil) were used as outer tube and
inner capillary, respectively (Scheme 1).>* The material was fixed
in the inner capillary between two quartz wool plugs (Roth). This
assembly was connected to an experimental setup comprising
mass flow controllers (Bronkhorst) and solenoid valves (Series 9,
Parker) to control the gas flows and automatically switch between
gases, respectively. A total flow rate of 15 ml min~" and ca. 12 mg
of catalyst were used for in situ and ME experiments.

In situ experiments were performed by heating Fe-FER in
a flow of Ar to 673 K followed by exposure and equilibration of
the catalyst first to 1 vol% N,O/Ar and then to 5 vol% CO/Ar at
the same temperature.

ME experiments were performed by pulsing alternatively
1 vol% N,O/Ar and 5 vol% CO/Ar over Fe-FER equilibrated in Ar
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Scheme 1 Schematic representation of the periodic variation of gas
composition and high temperature setup used in modulation excita-
tion experiments. The powder sample is exposed to alternated pulses
of 1 vol% N,O/Ar and of 5 vol% CO/Ar in a constant flow of Ar. In each
half-cycle (130 s) 10 spectra were recorded.
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in the 573-673 K temperature range. Pulses were performed
every 130 s for ca. 3 h (40 pulses) while recording a total of 20
spectra in one full period (1 spectrum = 13 s, see Table S17 for
details). A mass spectrometer (Omnistar, Pfeiffer) connected
downstream of the inner capillary was used for on-line moni-
toring of the outlet gas concentrations, m/z = 16 (CO,), 28 (CO),
40 (Ar) and 44 (N,O). In order to account for possible fluctua-
tions in the total flow rate, after each experiment, the ion
currents of the mass fragment of interest were normalized by
the ion current of Ar, ie. the inert gas. Since CO and N,O
significantly contribute to m/z of 28 and 44, respectively, we
chose to monitor CO, following m/z = 16. The CO, contribution
in the gas composition was further extracted from the m/z = 16
signal taking into account that also CO contributes to the m/z
signal. Furthermore, the ion current profile related to CO, was
smoothed using the Savitzky-Golay function built into the
Origin 2021 software. The phase-resolved EPR spectra were
obtained by averaging the time-resolved spectra from 40
modulation periods and by successively applying the PSD
function (eqn (4)).****2¢

Kinetic analysis on the temporal evolution of the Fe''/Fe™
transitions in Fe centres at g’ = 6.5 was performed after baseline
subtraction of the averaged time-resolved EPR spectra by double
integration in the region between 80 and 120 mT using Origin
2021 software. The spectrum at the end of the reduction half-
cycle was used as an experimental baseline. The double inte-
grated results were fitted using an exponential decay of the type
A(t) = Age ¥ + C, to derive kinetic constants (k) associated with
the oxidation and reduction half-cycles employing the build in
Levenberg-Marquardt-algorithm in the Origin 2021 software.
Alternatively, the multivariate curve resolution with alternating
least squares (MCR-ALS) approach was used by employing the
Matlab toolbox MCR-ALS 2.0.”” Simulated EPR spectra calcu-
lated using the Matlab toolbox EasySpin®® (see Table S2t) were
employed as initial guesses of the spectral components fitting
the averaged time-resolved EPR spectra. Due to the derivative
lineshape of the EPR data the non-negativity constraint could
not be employed. In agreement with the simulations, compo-
nent 2 was further restricted to the field range above 120 mT.

Results and discussion

In a first attempt to investigate the red-ox dynamics during CO-
assisted N,O decomposition, we performed in situ experiments
in which Fe-FER was heated in Ar to 673 K and subsequently
treated and equilibrated first in 1 vol% N,O/Ar and then in
5 vol% CO. The corresponding spectra are shown in Fig. 1.

After equilibration in N,O, the spectral features at effective g’
= 6.5 and g’ = 4.3 increased in intensity in comparison to the
spectrum of Fe-FER in Ar, while the transition resonating
around g’ = 2 exhibited only a small increase in signal intensity.
Due to the sensitivity of EPR spectroscopy regarding the
oxidation state of transition metal ions,"” an increase in signal
intensity can be associated with an oxidation process in which
EPR-silent Fe'' centres initially present in Ar at 673 K are
transformed in EPR-active Fe'"" species.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 In situ EPR spectra of Fe—FER at 673 K after heating in Ar from

RT to 673 K (bottom trace, grey), after oxidative treatment in 1 vol%
N,O/Ar at 673 K (centre trace, green) and after reducing treatment in
5 vol% CO/Ar (top trace, black). The effective g’ values corresponding
to transitions in different Fe centres are reported.

The feature around g’ = 2 was previously assigned to highly
symmetric isolated Fe'" species or small iron-oxide clusters in
o position of the zeolite structure (10-membered rings).'** In
this sample, the temperature dependence of the intensity of this
feature did not follow the Curie-Weiss law, thus indicating that
small iron-oxide clusters are the dominant species (Fig. S2t).*
The changes in intensity observed between room temperature
and 673 K in the spectral region of 200-250 mT are attributed to
the broadening of the Fe,O, particles (Fig. S31). The signal at g’
= 4.3 corresponds to isolated tetrahedrally-coordinated high-
spin Fe' sites in y position, i.e. y-Fe'" sites accommodated in
a complex framework structure composed of 5-membered rings,
based on the large rhombicity (E = D/3) of their zero field
splitting (Table S2t).***° Finally, the signals at ¢ = 6.5 are
assigned to isolated high-spin Fe™ sites in B position, (6-
membered ring, B-Fe'™).22?* We recently demonstrated that in
this Fe-FER catalyst such sites correspond to square pyramidal
Fe** complexes.*!

The N,O-treated catalyst was exposed to 5 vol% CO/Ar (Fig. 1)
at the same temperature in order to investigate the RHC (eqn
(3)). Comparison between the spectra for the oxidized and
reduced state revealed that the signal associated with a-Fe'" and
Fe,O, clusters was largely static, suggesting that despite the
partial ability to perform the OHC (eqn (1)), no remarkable Fe™™/
Fe" red-ox behaviour can occur after switching the reaction
atmosphere.*" Differently, the signal associated with p-Fe™ sites
was almost completely consumed and the intensity related to v-
Fe'! species was only marginally affected after equilibration in
CO-rich conditions. These results suggest that the -Fe centres
can provide full red-ox behaviour under reaction conditions, i.e.
shuffle from EPR-silent B-Fe™ to EPR-active B-Fe'™ and vice versa.
However, these observations do not provide a definitive answer
to whether also y-Fe species can participate in both OHC and
RHC (eqn (1) and (3), respectively).

In order to investigate this matter and explore the effective
red-ox reversibility of the B-Fe and y-Fe sites, dynamic operando

© 2025 The Author(s). Published by the Royal Society of Chemistry
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experiments were performed by modulating the gas feed
composition between 1 vol% N,O/Ar and 5 vol% CO/Ar at rele-
vant temperatures (573 K =< T = 673 K) while scanning the
magnetic field in the region of interest (80-170 mT).

The raw time-resolved EPR spectra (Fig. S47) displayed
a reversible and periodic change in the intensity of the spectral
features associated with B-Fe™ (107 mT) and y-Fe™ (153 mT),
thus demonstrating a potential red-ox dynamics, in agreement
with previous findings.** Simultaneously, a slight non-reversible
trend was detected in the high field region of the spectra at 170
mT (Fig. S51), which is associated with changes in the clusters
and also in the signal associated to y-Fe™ (Fig. S4ht), where
a slow increase in intensity occurred over time at 673 K. In situ
measurements demonstrated that the signal associated with
the Fe,O, clusters underwent a slow and irreversible change
during the modulation experiment (Fig. S5 and S6%). This well-
known behaviour is attributed to changes in size of the Fe,O,
clusters in CO-rich atmospheres.*® Hence, the drift in the signal
intensity of y-Fe" at 673 K probably occurs because of the
overlapping with the signal contribution related to the changing
Fe,O, clusters. Nevertheless, since the relevant transitions
associated with B-Fe™ and y-Fe™™ display full reversible behav-
iour (Fig. S6%1), the spectra collected during 40 modulation
cycles were averaged and processed via PSD. This data treat-
ment allows to maintain a sufficiently high time-resolution
while simultaneously increasing the S/N thus assisting in
monitoring fast chemical processes (Fig. S7t)." The averaged
time-resolved operando EPR spectra are reported in Fig. 2a, c, e
and g.

The intensity of the signal associated with B-Fe centres
increased in N,O-, and decreased in CO-rich environments
irrespective of the reaction temperature. In agreement with the
in situ experiments discussed previously (Fig. 1), B-Fe centres
shuffled from the EPR-silent p-Fe™ state to the EPR-active p-Fe™
form when N,O was added, and vice versa upon introduction of
CO in the reaction environment. In the case of the y-Fe sites, the
changes were subtle, which is in line with the data recorded in
the in situ experiments (Fig. 1). Furthermore, given the over-
lapping between their signal and the transition associated with
B-Fe'™ centres, it is challenging to describe their behaviour just
using these time-resolved results. Simultaneously with the
spectroscopic changes, the online MS data (Fig. S81) showed
that the CO and CO, signals were correlated, proving that CO,
was produced in the CO-rich part of the pulse sequence and that
the red-ox dynamics observed by operando spectroscopy
occurred while the CO-assisted N,O decomposition was
proceeding according to eqn (1) and (3).

Comparison between the time-resolved EPR spectra (Fig. 2a,
¢, e and g) collected at different temperatures indicated that the
most striking variation consisted in a progressive decrease in
intensity of the B-Fe'™ centres at the end of the CO-rich part of
the pulse sequence. Differently, the intensity of their signal in
the presence of N,O was only marginally affected by the
temperature. In order to highlight this observation, the inte-
grated signal intensity of the spectral feature associated with B-
Fe'" sites at the end of the CO- or N,O-half cycles was plotted in
Fig. 3. The data indicated a progressive decrease in the area of

111
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Fig. 2 Averaged time-resolved (a), (c), (e) and (g) and phase-resolved (b), (d), (f) and (h) dynamic operando EPR spectra of Fe—FER during 130 s
pulses of 1 vol% N,O/Ar alternated to 5 vol% CO/Ar in a constant flow of Ar at 573 K (a) and (b), 598 K (c) and (d), 623 K (e) and (f) and 673 K (g) and
(h). The bold spectra in the time-resolved panels are drawn to indicate the effect of N,O or CO on the EPR spectra of the catalyst, while in the

phase-resolved panels are drawn to guide the eye.

the signal at the end of the CO-half cycle, suggesting that CO
can reduce a higher fraction of oxidized B-Fe™ centers during
the half-cycle at higher temperature. Contrarily, the intensity of

N,O
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Fig. 3 Integrated signal intensity of the spectral feature at g’ = 6.5
calculated from the spectra measured at the end of the N,O- or CO-
half cycles at 573 K, 598 K, 623 K'and 673 K (showed in the inset) during
the time-resolved dynamic operando EPR experiments.

4888 | Chem. Sci, 2025, 16, 4884-4891

the p-Fe'™ signal in N,O-rich environments was nearly constant,
indicating that N,O can promote re-oxidation of all the available
B-Fe'" centres irrespective of the reaction temperature, thus
indicating that the re-oxidation of the EPR-silent f-Fe' centres
is probably not rate-limiting. Since the fraction of oxidized B-
Fe' sites in oxidizing conditions is almost constant while the
extent of reduction in CO-rich conditions progressively
increases at higher temperature, the RHC is probably rate-
limiting.

The modest change in the line shape of B-Fe™ in the oxida-
tion and reduction half cycle visible in Fig. 2 could point
towards the presence of several species with slightly different
ZFS due to variation in the local AI™ distribution or small
changes in the ZFS in the different chemical environments in
the RHC and OHC.

The phase-resolved results (Fig. 2b, d, f and h) constructed by
application of the PSD function (eqn (4)) clearly emphasize that
the majority of the reversible changes in the time-resolved
spectra were associated with the pB-Fe sites. However, also the
signal associated to transitions in y-Fe'" centres appeared in the
demodulated spectra, indicating that they also responded to the
applied perturbation. Considering the B-Fe sites, the observa-
tion of demodulated signal within the whole temperature range
investigated demonstrates that they are reversibly perturbed,
and thus ensure reversible red-ox dynamics, irrespective of
reaction temperature. With the timing of half cycles that we use,
the extent of this reversible variation increases at higher
temperatures, primarily because the reduction - probably the
oxidation as well - does not proceed to completion within each
half cycle, as indicated in Fig. 4a. This observation

11
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demonstrates that the fraction of B-Fe sites shuftling according
to reversible Fe''/Fe'" transitions grows at higher temperature,
in agreement with the more pronounced reduction shown
above (Fig. 3).

During these operando EPR experiments the signals related
to the y-Fe™ and B-Fe™ sites (¢’ = 4.3 and g = 6.5, respectively)
were in anti-phase (Fig. S91), i.e. when the signal intensity of y-
Fe' increased, the one associated with B-Fe™ decreased.
Accordingly, since the intensity of the y-Fe'" feature decreased
when N,O was introduced and increased in CO-rich atmo-
sphere, the associated dynamics cannot originate from changes
in valence state while participating in the reactions reported in
eqn (1) and (3). The small increase in intensity can be attributed
to a decrease in the linewidth of the y-Fe' species. One possible
explanation could be a slight change in geometry in CO-rich
atmosphere, which in turn changes the zero-field splitting.
Alternatively, the dipole-dipole interaction may decrease due to
the reduction of a fraction of the p-Fe'™ sites to the p-Fe™ form.*
Irrespectively, the only active species able to undergo the full
red-ox dynamics required for the CO-assisted N,O decomposi-
tion under these conditions are the B-Fe sites, which, exploiting
the PSD paradigm, can be evidently recognized and isolated
from the inactive species.

Since our results demonstrate that B-Fe centres are the only
active species, the temporal evolution associated with their red-
ox dynamics was investigated. On the one side, we double
integrated their EPR signal intensity in the interval of 80-120
mT (Fig. S10t), and simultaneously, the averaged time-resolved
spectra were analysed with a multivariate curve resolution
algorithm (MCR)* assuming two different components (see
Fig. S11, S12 and Table S27). The concentration profiles of the -
Fe™ sites obtained with both methods are shown in Fig. 4.

Irrespective of the approach, the results are in good agree-
ment with each other, proving that the MCR method can
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provide reliable and useful information for analysis of EPR
spectra and unravel kinetic trends of its components. The
temporal evolution of the B-Fe™ sites exhibited different
profiles in the OHC compared to the RHC. In the former case,
the time-profile indicated the presence of two regimes upon
N,O introduction. A first induction period, in which the inten-
sity of the signal did not increase, was followed by a regime in
which the signal intensity grew. This suggests that in the OHC
under our experimental conditions an additional step precedes
the actual oxidation of the EPR-silent B-Fe™ centres by N,O.
Furthermore (i) the length of the induction period progressively
decreased and (ii) the effective oxidation profile became steeper,
with increasing temperature. It has been shown that CO and
CO, can adsorb over Fe" species at room temperature.®
Therefore, we speculate that CO is adsorbed over the B-Fe"
centres after the RHC during the CO-rich part of the experi-
ment, and needs to be removed by N,O before the actual re-
oxidation of the catalytically relevant EPR-silent B-Fe" centre
can occur. Alternatively, N,O molecules might require rear-
rangement after the adsorption on Fe' and prior to the O-N,
bond cleavage and Fe"/Fe'™ transition.'® However, a definitive
and more detailed chemical interpretation is beyond the scope
of this paper.

To gain further insights into the reaction dynamics, the
oxidation and reduction profiles derived from the integration
were fitted with a first-order reaction rate law, neglecting the
points collected during the induction periods characterizing the
OHC (Fig. S137). The kinetic constants derived from the fitting
are reported in Table S31 and were used for construction of the
Arrhenius plot of Fig. 4b. Linear fitting of these data allowed to
extract the apparent activation energies. For the OHC, an acti-
vation energy of 73 (+9) k] mol " was found, whereas the acti-
vation energy of the RHC was substantially lower (about 27 +
4 k] mol™"). The decomposition of N,O resulting from the

2.0
. b)
1 W, E_=73 kJ/mol
254
= 1@~
< 30 RRTSUREN
£* T
2 STl
® ;5. E,=27 kJ/mol . e
c N ‘-
s .
® -4.0-
) . . \‘\
o m Oxidation .
454 B Reduction .
----- . [
Linear fits
'50 T T T T
0.00149 0.00161 0.00167  0.00175

Temperature (1/K)

Fig. 4 Temporal evolution of the spectral feature at g’ = 6.5 during the oxidation and reduction half-cycles (a) expressed as (i) normalized
intensity of the double integrated EPR results (dots) and concentration profiles obtained by MCR analysis (line). Arrhenius plots for the reduction
and oxidation half-cycles (b) using kinetic constants derived from the time-resolved operando EPR spectra (see Experimental section, Table S3

and Fig. S137).
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oxidation of Fe' to Fe™ has been studied both experimentally
and theoretically. Values of 53.5 k] mol*,*® 68 k] mol " (ref. 16
and 34) and 81-85 k] mol ' (ref. 35) have been reported,
showing an overall good agreement with the value found in this
work. Differently, for the CO assisted decomposition of Fe-O
(eqn (3)) experimental values in the range of 39-50 k] mol " and
theoretical predictions of 56 k] mol™' can be found for Fe-
BEA.*®

Our results indicate a lower apparent activation energy for
the reduction of Fe'" in CO rich atmosphere. This discrepancy
with the value derived by us probably originates from the
different Fe speciation and content as well as different experi-
mental conditions used in the studies.

At a first grasp, these results might indicate that the OHC
controls the overall reaction rate because of its higher apparent
activation energy. However, these kinetic results derive from
analysis of the normalized temporal evolution of the Fe"/Fe™
red-ox (and vice versa) in the active B-Fe sites within the
reversible regime. They do not take into consideration that the
average degree of oxidation and reduction, and thus the extent
of reversibility, might change and shift towards one of the two
conditions depending on the reaction temperature. In fact, we
showed that the extent of reversible Fe'/Fe™ transitions does
change (Fig. 3). While the degree of oxidation is constant in the
temperature regime investigated and N,O can fully oxidize the
available B-Fe' sites irrespective of temperature, the degree of
Fe"'/Fe" transition at the end of the RHC in CO-rich conditions
is highly temperature-dependent and, thus, limits the process.
Accordingly, the different values in apparent activation energies
herein reported give an indication of how strongly the temper-
ature affects the rates of the oxidation and of the reduction
reactions. They do not take in consideration the extent of
oxidation and reduction achieved. In the case of the OHC, an
increase in temperature does not lead to an increase in the
fraction of active Fe' centers that N,O can oxidize in the half-
cycle. However, it strongly increases the rate at which their
complete oxidation is achieved. Differently, in the case of the
RHC, an increase in temperature does increase both the frac-
tion of Fe™ centres that is reduced to the Fe™ state in the half-
cycle and the rate of this reduction reaction in CO-rich
conditions.

Conclusion

In this study, the potential of combining operando EPR spec-
troscopy with modulation excitation (ME) and phase sensitive
detection (PSD) methodologies for time-resolved monitoring of
red-ox mediated catalyzed reactions was investigated. Focusing
on the CO-assisted N,O decomposition and using a commercial
Fe-FER catalyst, we demonstrated that isolated Fe" centers in B-
cationic positions are the only active sites sustaining the reac-
tion by undergoing reversible Fe"/Fe™™ transitions. Isolated Fe'"
sites in y-cationic positions and oligomeric Fe species are
spectator species during the reaction since they can ensure only
the oxidation half-cycle. Being stacked in the oxidized state,
they do not exhibit the reversible red-ox dynamics required for
the red-ox mediated reaction under study. Following the
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temporal evolution of the reversible B-Fe'/Fe™ transitions, it
has been shown that the concentration profiles obtained from
double integration of the EPR results and from multivariate
curve resolution analysis (MCR) are in excellent agreement with
each other, thus proving that MCR analysis can be applied in
the framework of EPR spectroscopy. The kinetic analysis of
these profiles indicated that an increase in temperature
promotes more the rate of conversion from B-Fe to B-Fe™ in
N,O-rich conditions compared to the reduction of B-Fe™ to B-
Fe' in the presence of CO. However, we would like to stress that
despite the kinetic analysis of these reversible red-ox transitions
yielded important information, one should also always take into
account the extent of these processes, i.e. the degree of oxida-
tion and reduction, in order to deliver reliable information on
the half-cycle limiting the red-ox mediated reaction.

The implementation of MES-PSD in EPR spectroscopy
provides a versatile experimental toolbox for monitoring and
differentiating catalytically active species. This methodology is
certainly transferable to other metal centers such as Cu", V",
and Mn", as well as applicable with other stimuli such as
temperature and pressure modulation. As demonstrated, MES-
PSD is particularly effective at disentangling active centers from
observer species and differentiating between individual kinetics
of various active sites. Current experimental efforts aim to
explore the limitations of this approach in respect to the
number of different species. In some systems, spin-lattice
relaxation, especially at high temperatures, can be quite fast,
resulting in very broad lines. MES-PSD can help elucidate subtle
changes in broad lines that would otherwise be indistinguish-
able from background noise. Furthermore, this approach
extends to other fields of catalysis where different stimuli can be
applied, such as periodic perturbations with electric potential
in electrocatalytic studies or the modulation of incident light
beams in photocatalysis. These techniques have the potential to
enhance time resolution and improve SNR, thus enabling the
detection of short-lived intermediate species.
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