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ARTICLE INFO ABSTRACT

Keywords: Fe-containing zeolites were studied as catalysts for the standard NH5-SCR reaction with the primary aim of
NH;-SCR gaining insight into the structure-function relationship of these materials. Catalysts with different Fe nuclearity
NO (i.e. isolated species, clusters, large particles) were synthesised by incipient wetness impregnation, using H-ZSM-
Fe-containing zeolites 5, H-SSZ-13 and Silicalite-1 as supports, and characterised by in situ and operando X-ray emission spectroscopy
EESFD'XANES (XES) and high energy resolution fluorescence detected X-ray absorption near-edge spectroscopy (HERFD-
XANES) under NH3-SCR conditions. The combination of these techniques allowed us to obtain a detailed un-
derstanding of the changes in Fe coordination, oxidation state and geometry occurring during reaction. The
results obtained suggested that isolated octahedral Fe** species on H-ZSM-5 are highly active under the con-
ditions studied, undergoing reduction when exposed to NH;3 or under SCR conditions. In contrast, isolated tet-
rahedral Fe** sites present in Silicalite-1 exhibited lower redox properties, leading to a reduced NO conversion.

Clusters and Fe,O, particles on H-SSZ-13 exhibited low SCR activity.

1. Introduction

Nitrogen oxides (NO,) are one of the major sources of air pollution
produced from engines during fuel combustion processes. Today se-
lective catalytic reduction of NO with ammonia (NH5-SCR) is a widely
applied technology for converting the NO, emissions from diesel en-
gines into harmless N, and H,O.

Fe-containing zeolites are among the most active catalysts for NH;-
SCR [1,2]. Much research has been devoted to study catalyst prepara-
tion methods towards optimum activity [3-10] as well as to investigate
the relationship between structure and activity of the different Fe
species [12-18]. These studies are however challenging, mostly due to
the presence of many Fe species (i.e. isolated species, oligomers or large
particles) on the catalysts and the difficulties to unequivocally char-
acterise them. Thus, isolated Fe cations, binuclear species or Fe clusters
have been proposed as the most active centres by different groups.
Among the isolated Fe centres, tetrahedral (Td) Fe3+ species were in-
itially reported to be the most active sites [8], while more recent studies
suggest that isolated octahedral (Oh) and distorted Td Fe** are more

active than Td Fe®™ centres [11]. Furthermore, it has been proposed
that all Fe species show some NH3-SCR activity and that NO conversion
rates depend on the reaction temperature; monomeric species are re-
sponsible for SCR < 300 °C, with increasing contributions of dimeric
and oligomeric species at higher temperatures and even of Fe,O3 par-
ticles > 500 °C [13].

Debate is also ongoing regarding the reaction mechanism on Fe/
zeolites. Many research groups support oxidative NO activation by Fe**
resulting in an adsorbed NO, intermediate; NO, then reacts with NH, "
- adsorbed either over Fe®* or the zeolite Brgnsted acid sites (BAS)
[18-20], forming NH4NO, which decomposes to N5 and H>O. An al-
ternative mechanism proposes that NHj is first adsorbed on Fe®* giving
an Fe?*-NH, intermediate. Fe?*-NH, then reacts with NO in the gas
phase yielding N, and H,0, and leaving a reduced Fe®* centre [21].
Initially, oxidation of NO to NO, was proposed as the rate-determining
step in the standard SCR mechanism [1,22-25]; however, recent studies
have shown a lack of correlation between the rates of NO, formation
and standard SCR [26]. In their in situ XANES studies, Hgj et al. [17]
observed a higher reduction degree of Fe with increasing NO
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conversion, leading to the proposal that the rate limiting step must be
associated to the reoxidation of Fe>* to Fe3*.

The role of BAS on Fe/zeolites has also been largely discussed. On
the basis of reports showing an increased SCR activity with increasing
BAS density [7,24,271], it has been proposed that NH, " ions formed on
the BAS act as ammonia reservoir in the vicinity of the active Fe centres
[28]; alternatively, BAS could also have a role in catalysing the de-
composition of NH4NO, [29]. Contrary to these hypotheses recent
studies suggest that acidity is not a decisive factor for good NH3-SCR
activity [27]; in line, temperature programmed desorption and infrared
spectroscopy studies point that BAS are not required for activation of
adsorbed NH; [30]. The higher activity in acidic zeolites is thus at-
tributed to their role on Fe dispersion into highly active isolated spe-
cies.

Catalyst improvement for the control of NO, emissions requires a
better understanding of the effect of Fe speciation on the catalytic ac-
tivity, as well as further insight into the NH3-SCR reaction mechanism.
To this end, a set of Fe/zeolites (~ 0.5wt. %) were prepared using
different Fe precursors (i.e. Fe nitrate or Fe citrate) and zeolite supports.
The supports studied were H-ZSM-5 (MFI structure, Si/Al = 15), H-SSZ-
13 (CHA structure, Si/Al = 15) and Silicalite-1 (MFI structure, Si/Al =
o). The Silicalite-1 here used was post-treated after synthesis to gen-
erate a large population of silanol groups forming nests; these frame-
work defects are generated by the extraction of framework Si** and
constitute vacant framework sites, known to serve as grafting sites for
Fe>* and allowing a good dispersion [31]. The preparation methods
used led to catalysts with different Fe species distribution and varying
population of acid sites (i.e. with and without BAS). The catalytic ac-
tivity of these materials was compared while the structure of Fe centres
was studied by high energy resolution fluorescence detected X-ray ab-
sorption near-edge (HERFD-XANES) and X-ray emission spectroscopy
(XES).

Analysis of the Fe K-edge X-ray absorption spectra is an attractive
way to gain information on the structure of Fe species. In particular,
both position and intensity of the pre-edge peak (arising from 1 s—3d
electronic transition) are sensitive to the oxidation state and co-
ordination geometry of Fe species [32-34]. Collecting XANES in HERFD
mode results in increased spectral resolution allowing for a detailed
pre-edge analysis for qualitative and quantitative Fe speciation studies
[18,35,36]. The narrow fluorescence energy bandwidth selected by the
high-resolution spectrometer can overcome the core-hole lifetime
broadening [37]; this suppresses unwanted background level [37]
giving sharper spectral features and a greater separation of the pre-edge
structure from the main edge as compared to conventional absorption
spectroscopy. The non-resonant XES studies in this work were centred
in the analysis of the KB mainlines (3p — 1s electronic transition),
sensitive to the Fe valence spin and oxidation state, as well as the io-
nicity of metal-ligand bonds [38].

Furthermore, the spectra collection was carried out in situ and
under operando conditions by exposing the catalysts to NO, NH3 and
standard NH3-SCR conditions (with O,, NH3; and NO as the reactants),
this allowed to follow changes in Fe sites under different gas environ-
ments. The results enable to further evaluate the relevance of different
Fe speciation and the Brgnsted acidity in Fe/zeolite catalysts for the
standard NH3-SCR reaction.

2. Materials and methods
2.1. Catalyst preparation

ZSM-5 zeolite with MFI structure (Si/Al = 15) was purchased from
Zeolyst (CBV3024E) in its ammonium form. The proton form of the
material was obtained by calcination in static air at 550 °C for 6 h, the
heating rate used was 2 °C/min. Silicalite-1, was prepared by hydro-
thermal synthesis as described by Lobo et al. [39] and calcined at
550°C for template removal. Silicalite-1 was treated with
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ethylenediamine following the procedure reported by Wang et al. [40]
in order to generate silanol nests in the structure by the extraction of
framework Si**. The resulting Silicalite-1 is named as S1-T. H-SSZ-13
with CHA structure (Si/Al = 15) was prepared by hydrothermal
method in fluoride media following previously reported methods
[41-43]. The sample was calcined in air with the following temperature
program: 1 °C min~! to 120 °C, held for 2.5h; 2.2 °C min~* to 350 °C,
and 3 h at this temperature; and finally 0.8 °C min ™" to 580 °C, and held
for 3h.

Fe-containing zeolites with metal loadings of ~ 0.5wt. % were
prepared by incipient wetness impregnation using either ferric nitrate
(Fe(NO3)3.9H,0, Sigma Aldrich, 99.95%) or ammonium iron citrate
(CeHgO,xFe; "-yNH3, Sigma Aldrich, 16.5-18.5% Fe) as precursors.
After impregnation the samples were dried overnight at 60 °C and cal-
cined at 500 or 800 °C for 3 h (the heating rate was 5°C/min). A Fe/
Silicalite-1 was prepared using ferric nitrate and calcined in air at
500 °C, this sample is denoted as Fe/S1-T-nitr. A second Fe/Silicalite-1
was synthesised using ferric citrate with calcination at 800 °C (coded as
Fe/S1-T-citr). Medium pore Fe/H-ZSM-5 and small pore Fe/H-SSZ-13
were also prepared following this latter procedure.

2.2. Catalyst characterisation

Powder X-ray diffraction (XRD) patterns were recorded using a
Rigaku SmartLab X-Ray Diffractometer fitted with a hemispherical
analyser. The measurements were performed using Cu Ka radiation
source (A = 1.5406 ;\) with a voltage of 40 kV, and a current of 30 mA.
The patterns obtained were compared to crystallographic data in the
reference library (ICSD database).

Fourier-transform infrared spectroscopy (FTIR) spectra were re-
corded in a Nicolet iS10 spectrometer. Samples were pressed into self-
supporting wafers with a density of c.a. 10 mg/cm?. The wafers were
dried prior the measurements by heating them up to 285°C for 3h
under 70 ml/min He flow. After dehydration, the sample was cooled
down to 150 °C under dry He for the spectra collection.

Temperature programmed desorption of ammonia (NH5;-TPD) was
performed in an AutoChem II 2920 micromeritics instrument equipped
with a moisture trap and a thermo-conductivity detector. Samples were
first preactivated by flowing pure N, and heating up to 550 °C for
30 min (5°C/min). The reactor was then cooled down to 100 °C for
ammonia absorption which was run by flowing 1% NH3/N, until sa-
turation (~ 1 h). Next, pure N, was flowed for 2 h to remove any excess
of NH;3 on the sample. Finally, NH; desorption was carried out by in-
creasing temperature up to 1100 °C with a heating rate of 10 °C/min. All
the signals were normalised to the sample mass.

UV-Vis diffuse reflectance measurements were carried out ex situ in
an UV-2600 Shimadzu spectrometer, using a light spot of 2mm. The
reflectance data was acquired from 200 to 800 nm which was trans-
formed into absorbance versus wavelength by applying the Kubelka-
Munk equation. BaSO,4 was used as white standard to remove back-
ground.

Chemical analysis was carried out using inductively coupled plasma
optical emission spectroscopy (ICP-OES) in a Perkin Elmer Optical
Emission Spectrometer Optima 3300 RL.

2.3. Catalytic tests

Catalyst testing was carried out by introducing 0.20g of sieved
catalyst (150-425 um sieved fraction) into a tubular quartz reactor (ID
0.7 cm), the catalyst bed was fixed in the isothermal zone of the oven by
quartz wool. The sample was first activated by heating at 500 °C for 1 h
under 20% O,/He flow; the heating rate used was 5 °C/min. The sample
was then cooled down to 300 °C under pure He. Once at 300 °C, NH3-
SCR reaction was performed for 1h by flowing 200 mL/min
(GHSV = 35,000h 1) of 5000 ppm NO, 5000 ppm NH; and 5% O, in
He. Pfeiffer Vacuum OmniStar, GSD 301 quadrupole mass spectrometer
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was used for the online gas analysis.

2.4. In situ and operando HERFD-XANES and XES

HERFD-XANES/XES measurements were carried out at Diamond
Light Source (Harwell Campus, UK) at the scanning branch of 120
beamline [44,45]. The beamline is equipped with an Si (111) Scanning
Four Bounce monochromator [46] for selecting the incident X-rays
energy. The X-ray emission spectrometer based on a 1m diameter
Rowland circle operating in the Johann configuration in the vertical
plane [47] was used for the experiment. The spectrometer was
equipped with three 100 mm Si (531) spherical analyser crystals for the
analysis of the fluorescence signal.

The beam size at the sample was ~ 400 x 400 um (HxV) FWHM. The
X-ray absorption spectra in terms of HERFD-XANES were measured by
scanning the incident energy (7062-7400 eV) and detecting the fluor-
escence at the maximum of the Fe K, 5 emission line (7059.25 eV) with
the energy resolution better than the core-hole life-time of Fe K-edge.
The X-ray emission spectra around KP’ and Kf; 3 emission lines were
recorded between 7020 and 7130 eV while applying an excitation en-
ergy of 7212eV, far above the K-edge energy of Fe (7112eV). The
emission lines were normalised to the Kf3; 3 spectral intensity.

The Fe/zeolite samples were measured under flowing gas using a
heated borosilicate capillary as the microreactor (diameter 1.5 mm,
wall thickness ~ 10 pm). Around 15 mg of sample were fixed in the
capillary using quartz wool, the capillary was mounted over a hot air
blower and gas mixtures were dosed with mass flow controllers to ob-
tain the desired volume concentrations. First the catalyst was activated
by heating at 500 °C for 1 h under 20% Oy/He flow, then the sample
was cooled down to 200 °C in He. Once the temperature of 200 °C was
achieved, 40 mL/min (GHSV = 120,000h~1) of 0.1% NO/He or 1%
NH;/He were flown through the reactor. Finally, operando NH3-SCR
measurements were performed at 300°C by flowing 100 mL/min
(GHSV = 300,000h~ ") of 0.5% NO, 0.5% NH; and 5% O, in He. For
Fe/H-SSZ-13, only the activation and NH3-SCR steps were performed,;
with this catalyst a larger amount of sample (~ 25 mg) was used which
resulted in lower GHSV of around 180,000 h™* for the operando NHj-
SCR experiments. Between each adsorption or SCR experiments the
sample was reactivated by heating at 400-500 °C in air for 1h. All
heating rates employed were 5°C/min. A Pfeiffer Vacuum OmniStar,
GSD 301 quadrupole mass spectrometer was used for the online gas
analysis.

The following references were measured ex situ: Fe,O; (Sigma
Aldrich, 99.995%), FeSO4.7H,O (Sigma Aldrich, 99.990%),
FeP0O,4.2H,0 (Sigma Aldrich, 29% Fe) and FePO, (obtained by calci-
nation of FePO4.2H,0 at 400 °C for 6 h). The references where diluted
in cellulose to minimise self-absorption aiming for ~ 0.5 wt. % loading
of Fe and then pressed into pellet form for the spectra collection.

Normalisation and HERFD-XANES data processing were carried out
using the Athena software [48]. For a detailed analysis of the pre-edge
peak features the contribution of the main Fe K-edge in the pre-edge
region was determined using Origin 9.1 software and using a cubic
spline function obtained by interpolating the data several eV before and
after the pre-edge. The subtraction of the modelled main edge con-
tribution from the XANES spectra over the full energy ranges yields the
isolated pre-edge feature. The pre-edge spectral shape was deconvo-
luted with R® > 0.997 using gaussian components. Contributions >
7115 eV were excluded for the total area and centroid position calcu-
lations as the intensity in this region correspond to Fe-Fe scattering
contributions and bring no relevant information regarding oxidation
state or coordination symmetry. The spectra collection time was 12 min
for HERFD-XANES and 20 min for XES. The possibility of beam-induced
damage was ruled out by ensuring no spectral changes occurred in
consecutive scans under the same sample environment.
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Table 1
Chemical analysis results for Fe/zeolites synthesised using different zeolite
topologies and Fe precursors.

Sample Fe (wt. %) Al (wt. %) Si (wt. %) Si/Al Fe/Al
Fe/H-ZSM-5 0.74 2.45 40.70 15.9 0.14
Fe/S1-T-citr 0.48 / / / /
Fe/S1-T-nitr 0.51 / / / /
Fe/H-SSZ-13 0.53 2.27 35.00 14.8 0.11

3. Results and discussion
3.1. Fe/zeolites characterisation

The elemental analysis carried out for all Fe/zeolites studied is
shown in Table 1. Fe content of the samples is between 0.48 to 0.74 wt.
%. Al content is comparable for H-ZSM-5 and H-SSZ-13 zeolites with Si/
Al ratio of 16 and 15 respectively.

UV-Vis spectroscopy was used to investigate the nature of Fe>*
species by observation of the Fe**«— 0? ligand to metal charge-
transfer bands (Fig. 1). Absorption between 215 and 300 nm has pre-
viously been attributed to the presence of isolated Fe®* species; bands
between 215 to 240 nm are typically associated with Fe** in tetra-
hedral coordination while bands between 250 to 300 nm are ascribed to
Fe®" in octahedral coordination [49]. Absorption between 300 and
400 nm arise from Fe,O, clusters in an octahedral environment while
absorption > 450 nm corresponds to large Fe,O3 particles outside the
zeolite pores [49].

As designed by the use of different Fe precursors and zeolite sup-
ports, UV-vis spectra revealed that the syntheses resulted in catalysts
with different Fe speciation. For Fe/H-ZSM-5 (with BAS associated to
framework Al) and Fe/S1-T-citr (with no BAS), most of the absorption
occurs below 300 nm which can be attributed to isolated Fe species.
Unlike for Fe/S1-T-citr, two distinct bands can be observed on Fe/H-
ZSM-5 with maxima at 220 and 272 nm, suggesting presence of both
tetrahedrally and octahedrally coordinated Fe** on the acidic zeolite
[49]. The good Fe dispersion obtained using ammonium Fe citrate
precursor can be attributed to the chelating effect of the bulky citrate
ligand which keeps Fe centres separated resulting in isolated Fe** upon
calcination of the ligand.

Compared to Fe/S1-T-citr, the catalyst prepared with nitrate pre-
cursor (Fe/S1-T-nitr) presents a weaker absorption below 300 nm and
increased absorption intensity at 345 and 493 nm, suggesting a lower
Fe dispersion and the formation of Fe,O, clusters and large Fe,Os
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Fe,O; particles
—
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Fig. 1. UV-vis absorption spectra of Fe/zeolites (0.5 wt. %) synthesised using
different zeolite topologies and Fe precursors.
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particles. As expected, Fe/H-SSZ-13, a small-pore zeolite material, ex-
hibits intense bands between 400 and 650 nm pointing out to the pre-
sence of large Fe,O3 particles. Nonetheless, absorption < 250 nm sug-
gests some Fe to be present as isolated species, probably in tetrahedral
symmetry. The formation of clustered and Fe,O3 particles when using
H-SSZ-13 as support might be due to the smaller pore size of this ma-
terial (3.8 Z\) as compared to the size of the Fe-citrate precursor (~
5.5x6.7 A) [50]; i.e. the precursor is too bulky to enter and disperse
into the pores during the impregnation process, leading to the forma-
tion of Fe oxide particles on the external zeolite surface.

Also, for verifying that aimed zeolite framework structures and
acidic properties were obtained, the synthesised zeolites where char-
acterised by powder X-ray diffraction (XRD), Fourier-transformed in-
frared spectroscopy (FTIR) and ammonia temperature programmed
desorption (NH3-TPD). The characterisation results can be found in Fig.
S1 in the electronic supporting information (ESI).

3.2. In situ and operando HERFD-XANES/XES

3.2.1. HERFD-XANES and XES analysis of Fe references and the activated
Fe/zeolite samples

In order to gain further insight into the oxidation state and geo-
metry of the Fe species present on the as-prepared catalysts, Fe K-edge
HERFD-XANES measurements were performed at room temperature
after in situ activation at 500 °C (20% O,/He). The integrated intensity
and energy position of the pre-edge peak are correlated using a scatter
plot. The points corresponding to the pre-edge spectra of model re-
ference compounds (i.e. with known oxidation states and coordination
geometries) have unique coordinates in such a plot. These coordinates
can be used for qualitative and quantitative analysis of Fe species in
unknown compounds such as Fe/zeolites [32,34].

Normalised HERFD-XANES spectra are shown in Fig. 2a together
with the spectra of different Fe references; detailed features of the pre-
edge region are shown in Fig. 2b. For better visualisation of Fe struc-
tural properties, the pre-edge peak intensity vs. centroid position scatter
plot resulting from the pre-edge peak isolation and analysis is shown in
Fig. 3. The isolated deconvolution plots can be found in Figs. S2 and S3
in the ESI while the resulting component, centroid and integrated in-
tensity values are shown in Table S1.

If we first compare the HERFD-XANES features of reference com-
pounds, simple visualisation of the spectra in Fig. 2 shows that Fe,O3
exhibits increased spectral intensity between the pre-edge peak and the
absorption edge (i.e. from 7115 to 7120eV, labelled as Fe-Fe in
Fig. 2b). The Fe,0j3 structure comprises interconnected FeOg octahedral
units, and this contribution is attributed not to electronic transitions but
to a neighbouring Fe-Fe scattering effect [32]. Consequently, a lower
intensity is observed in this region for FePO,, FePO,.2H,O and
FeSO4.7H,0 references, which consist of FeO, units isolated by
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Fig. 3. Pre-edge integrated area vs area-based average centroid for Fe in se-
lected reference compounds and Fe/zeolite samples. Dotted vertical lines
around 7112.6 and 7113.5eV indicate the average energy position of the
centroid for Fe>* and Fe** compounds respectively.

phosphate or sulphate groups.

The integrated pre-edge peak intensity and shape is indicative of
metal coordination symmetry; it is known to increase for non-cen-
trosymmetric species (i.e. tetrahedral) due to the higher degree of
3d-4p hybridisation in such geometries [18]. Accordingly, as seen in
Figs. 2 and 3, FePO, comprising isolated Td Fe>" units, exhibits a sharp
and strong pre-edge peak with integrated area of 0.42 (see Table S1 for
the values of integrated areas). FePO,4.2H,0 and Fe,O3 exhibit a two-
component pre-edge peak (with maxima around 7113.0 and 7114.5eV)
characteristic of Oh Fe** compounds [34]. As expected for geometries
with inversion symmetry, these references present a weaker integrated
intensity. Note, the slight pre-edge intensity increase from FePO,4.2H,0
to Fe,O3 with integrated areas of 0.16 and 0.21 respectively (Table S1);
this is attributed to the highly distorted Oh structure of Fe>* in Fe,0s
(with three short and three long Fe-O bonds) [51] which deviates sig-
nificantly from being centrosymmetric.

FeS0,4.7H,0 with Oh Fe?* also exhibits a two-component weak pre-
edge peak; nonetheless the maxima of these are shifted to lower en-
ergies (to 7111.3 and 7113.3 eV) as a result of the lower Fe oxidation
state. Thus, while all ferric references exhibit the pre-edge peak cen-
troid around 7113.5 eV the centroid for the ferrous reference appears at
7112.6 eV. Note here that the integrated pre-edge area for FeS04.7H,0
(0.083) is lower than for the ferric compounds studied. As the Fe,O3/
FeS0,4.7H,0 area ratio obtained (c.a. 2.5) is comparable to previous
reports [32,52], the decreased intensity in the ferrous reference can be

b)
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Fig. 2. Fe K-edge HERFD-XANES spectra of Fe references and Fe/zeolites (at RT after calcination in flowing air at 500 °C): a) Full XANES region and b) the pre-edge

region.
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explained by the lower probability of 1s—3d transition for reduced
Fe?" due to its more populated 3d orbital. Low degree of distortion in
its octahedral FeOg units in this reference probably also contributes to
the weak peak intensity [53].

Considering the spectral features of the reference compounds dis-
cussed above, structural information on Fe species in the catalysts can
be extracted by comparative analysis of HERFD-XANES. Thus, data in
Fig. 2a show a featureless post-edge for Fe/H-ZSM-5, Fe/S1-T-citr and
Fe/S1-T-nitr suggesting that Fe species exhibit low long-range order
(i.e. isolated species or small clusters). Fe/H-SSZ-13 however, exhibits a
lower pre-edge peak intensity and pronounced post-edge features re-
sembling those of Fe,Os;. This is consistent with the UV-vis data
showing the presence of large Fe,O3 particles on the zeolite outer
surface. Conversely, Fe/H-ZSM-5 shows a larger number of isolated Fe
species, as seen by the lower intensity between the pre-edge and the
rising absorption edge (see Fe-Fe contribution in Fig. 2b). The higher
intensity in this region for Fe/S1-T-citr, Fe/S1-T-nitr and Fe/H-SSZ-13
implies the presence of Fe,O, clusters or particles resulting in Fe-Fe
contribution to the spectra.

From the study of the pre-edge peaks centroid position in Fig. 3, all
Fe/zeolites display the centroid around 7113.5 eV, close to the values
reported for ferric references, evidencing predominance of Fe** spe-
cies. If we analyse the pre-edge integrated area, Fe/H-ZSM-5 (0.30) sits
between FePO, (0.42) and Fe,O5 (0.21) references. This intermediate
pre-edge intensity has been ascribed to 5-fold Fe species by some groups
[35]. In our studies however, this intensity can be better attributed to
the presence of a mixture of isolated Td and Oh like Fe** species, as
indicated by the UV-vis spectra discussed in Fig. 1.

Taking into account previous studies on Fe/H-ZSM-5 by Lobree
et al., it can be argued that with the low Fe/Al ratios used here, isolated
Fe>* species exchange Bronsted acidic protons on a one-to-one basis
[54]. It has been reported that isolated Fe species can be located in
different MFI framework sites (i.e. a, B or y sites) [54]. Many mono-
meric Fe sites have been proposed by theoretical modelling studies and
the final Fe coordination and geometry varied according to specific
framework location or zeolite Al distribution [55,56]. In the present
study, we cannot readily provide any further information on the
structure/location of the extra-framework isolated Fe species.

The intense pre-edge on Fe/S1-T-citr (integrated area 0.39) suggests
that tetrahedral Fe>* species are predominant. This can be explained by
the high density of silanol groups forming nests (i.e. framework va-
cancies) in S1-T zeolite - as verified by FTIR shown in Fig. S1 in the ESI,
leading to the incorporation of Fe** in framework positions adopting
Td geometry. In addition, the absorption between the pre-edge and the
rising absorption edge (Fig. 2b) indicates an Fe-Fe contribution that can
be attributed to the presence of minor Fe,Oy clusters and Fe,O3 parti-
cles as observed by UV-vis.

Fe/S1-T-nitr shows a pre-edge peak intensity between those of the
Oh and Td references as well as the presence of an Fe-Fe contribution
between the pre-edge and the rising absorption edge. This is again in
agreement with the UV-vis results which suggests the presence of iso-
lated Fe** species that would possess Td symmetry (consistent with the
highly defective S1-T), as well as the presence of both small clusters and
Fe,O5 particles. Finally, Fe/H-SSZ-13 exhibits pre-edge peak features
and an intensity analogous to the Fe,Os reference, indicating clear
predominance of large Fe oxide particles, likely located on the zeolite
outer surface [33].

The intensity of the pre-edge is known to be inversely correlated
with the extent of centrosymmetry of the crystallographic site of Fe
[32]. Thus, assuming a linear relationship between pre-edge intensity
and the number of Td Fe®* centres, a rough quantification of the spe-
cies present can be performed to estimate the fraction of Td species in
the sample (see Equation S1 in ESI for further details on the quantifi-
cation). The results, presented in Table 2, indicate that approximately
45%, 86%. 42% and 9% of Td Fe®** species are present in Fe/H-ZSM-5,
Fe/S1-T-citr, Fe/S1-T-nitr and Fe/H-SSZ-13 respectively. This
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Table 2

Quantification of Oh and Td Fe™ centres in Fe/zeolites (spectra at room
temperature after calcination under 20% O in He at 500 °C) by pre-edge in-
tegrated intensity values as well as by linear combination of the pre-edge region
(-15 to -5 eV from the main adsorption edge) using FePO, and FeOj3 spectra as
the Fe*>* Td and Fe** Oh references.

Sample Pre-edge intensity =~ LCA LCA LCA
Weight fraction Weight fraction ~ Weight fraction R (%)
Fe’* Td Fe** Td Fe’* Oh

Fe/H-ZSM-5 0.45 0.44 0.56 2.7

Fe/S1-T-citr 0.86 0.88 0.12 2.8

Fe/S1-T-nitr 0.42 0.48 0.52 2.2

Fe/H-SSZ-13 0.09 0.00 1.00 2.1

Fe/H-ZSM-5" 0.55 0.48 0.52% 2.6

2 Analysis of Fe/H-ZSM-5 using FePO,4.2H,0 as the Fe>* Oh reference.

estimation is in good agreement with quantification carried out by
linear combination analysis (LCA) of the pre-edge spectra fitting with
FePO, and Fe,0; as the references for Td and Oh Fe* species. These
results are also shown in Table 2 while fitted spectra are included in Fig.
S4 of the ESI. From the LCA there is a 44% contribution of Td Fe** in
Fe/H-ZSM-5, 88% in Fe/S1-T-citr and 48% in Fe/S1-T-citr. Fitting of
Fe/H-SSZ-13 gives 100% contribution of Oh Fe>* with negligible Td
Fe3™.

According to UV-vis results discussed in Fig. 1, Fe/H-ZSM-5 appears
to be composed mainly by isolated Fe species; hence, the analysis of this
sample is performed by using FePO,4.2H,0 (which comprises isolated
FeOg units) as Oh Fe®* reference. The results, included in Table 2, show
that the choice of the reference introduces variation of up to 10% in the
quantification of Fe species. Also, it needs to be taken into account that
in the quantification of Fe** species in Oh and Td coordination we
cannot completely rule out minor effects due to the presence of water
traces; this would result in a certain increase in the amount of Oh sites,
especially in the case of isolated metal sites.

In addition to the HERFD-XANES data discussed above, the KB XES
spectra were also acquired. Fig. 4 shows the KB’ and Kf3; 3 mainlines
(3p—1s transitions of the absorbing atom) for references and Fe/zeo-
lites (room temperature after calcination). All the spectra present a
well-defined K}’ feature indicating they constitute high-spin complexes
[571.

Recent publications report that K’ and KB, 5 spectra can reveal
more than the spin-state of a material. For metal complexes with the
same spin-state, the centroid of the Kf3; 5 feature can be correlated with
the covalent (vs. ionic) character of the metal-ligand bond; it has been
reported that KB, 3 emission shifts to higher energies with increasing
ionic character [38]. This is seen in the high-spin references shown in
Fig. 4a (see inset for better visualisation of the position of the KB, 3
line). The ionic character of a given metal-ligand bond in transition
metal complexes can be inferred from the bond distance (i.e. increasing
ionic character for increasing bond distance). FeSO,4.7H,0 is an ionic
compound [58], and although in a lower oxidation state, the longer
average Fe-O distances (2.12 [o\) [59] ensure a lower covalent character.
Consistently, the maxima of the KB, 3 peak for this reference is posi-
tioned at the highest energy (7059.44 eV). FePO, with a shorter average
Fe-O bond distance (1.85 f\) [51] is a comparatively covalent com-
pound; this reference exhibits the Kf3; 3 peak shifted to the lowest en-
ergy (7058.97 eV). Compared to FePO,, FeP0O4.2H,0 is slightly more
ionic, with an average Fe-O bond distances of (~ 2.00 10\) [60]. This
results in an intermediate position of Kf; ;3 peak for FePO4.2H,0 (at
7059.20 eV).

In Fig. 4b all the spectra seem identical although the Kf; 3 peak in
the Fe/H-ZSM-5 sample is slightly shifted to higher energies (i.e. KB, 3
maxima at 7059.15eV while for the rest of the references is at
7058.78 eV). This shift could indicate a different, more ionic, metal-
ligand bond character with respect to the other samples. This could be a
consequence of the fact that Fe is providing charge compensation of the
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Fig. 4. KB XES mainlines for: a) Fe references at room temperature and b) Fe/zeolites acquired at room temperature after the activation (20% O»/He flow, 2h at

500 °C).

framework AlO,~ charge. This is not the case of Fe/S1-T catalysts as
these materials do not contain framework Al, while for Fe/H-SSZ-13 the
majority of the species present are Fe,O3 particles.

3.2.2. HERFD-XANES and XES studies of Fe/zeolites under controlled gas
atmosphere

In order to gain information on the Fe environment under different
gas compositions, HERFD-XANES and XES spectra were collected for
the catalysts exposed to: 1) 20% O, in He flow at 500 °C after activation,
2) 0.1% NO in He at 200 °C, 3) 1% NHj; in He at 200 °C and 4) SCR
conditions (5000 ppm NO, 5000 ppm NH3 and 5% O, in He) at 300 °C.

Fig. 5a shows the HERFD-XANES spectra collected for Fe/H-ZSM-5
while Fig. 5b compares the pre-edge features with those for reference
compounds. The scatter plots of pre-edge integrated areas vs. the area-
based average centroid positions resulting from the pre-edge analysis is
shown in Fig. 6; the corresponding deconvolution plots can be found in
Fig. S5 while pre-edge feature values obtained from the analysis are
presented in Table S2 in the ESI.

The HERFD-XANES data reveal a dynamic chemical state of Fe in
Fe/H-ZSM-5 which changes with gas atmosphere. As discussed earlier,
pre-edge peak features of the calcined catalyst suggest the presence of
mainly isolated Fe®* species with both Oh and Td species. No

a)
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w
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x
o
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@2
s
£ 0
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Z 0.4 ——NO 200°C
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—SCR300°C
0.0— T T T T
7110 7120 7130 7140
Energy (eV)

significant changes in the XANES spectrum can be observed when
flowing NO (Fig. 5). While previous standard XANES studies show no
reduction of Fe/zeolites under NO [28], Boubnov et al. [18] report very
small shifts to lower energies (~ 0.05 eV) in the pre-edge peak centroid
position using HERFD-XANES together with an increase in Fe co-
ordination. They attribute these observations to NO adsorption onto
Fe3* centres, leading to Fe reduction (i.e. NO oxidative activation).
Comparing the centroid positions for our calcined and NO exposed
catalyst, no such shift is discernible. The slightly increased rising ab-
sorption edge energy and white line intensity in the NO exposed spectra
(Fig. 5a) could be indicative of increased Fe coordination due to NO
adsorption into Fe centres. This is not compelling evidence since the
changes are within the error limits of the technique; nonetheless, this is
consistent with those reported previously for Fe and Cu-based catalysts
[18,61].

In contrast, the pre-edge peak is seen to shift to lower energies
under NH; (centroid position goes from 7113.42 to 7112.95eV), in-
dicating reduction to Fe** - probably due to ammonia coordination to
the metal and donation of the free electron pair of the nitrogen resulting
in the formation of Fe?*-NH, complexes. A similar shift is observed
under NH3-SCR conditions, pointing out that reoxidation of Fe?* to
Fe* during reaction is slow. In line with previous proposals [20,21]

0.20] ©)
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\;0.15- Fe,O, E
- FePO,
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[ 010{——NH,200°C !
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Fig. 5. a) Fe K-edge HERFD-XANES spectra collected for Fe/H-ZSM-5 after activation in 20% O,/He (500 °C), under 0.1% NO/He and 1% NH3/He (200 °C), and
under SCR conditions (5% O,, 5000 ppm NO, 5000 ppm NHj; in He, 300 °C); a) General features for the catalyst spectra, and b) comparison of the pre-edge features
for the Fe reference model compounds and the catalyst (dotted vertical line at 7111.4 and 7113.5 eV indicate the energy position of the two components in Fe**

reference).
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Fig. 6. Pre-edge integrated area vs the area-based average centroid for Fe in
selected reference compounds and in Fe/H-ZSM-5 under in situ and operando
conditions. Dotted vertical line at 7112.6 and 7113.5¢€V indicate the average
energy position of the centroid for Fe>* and Fe** compounds respectively.

this might suggest that reoxidation of Fe sites is the rate-determining
step for standard SCR. Note that MS spectrometry data collected during
NH;-SCR verified the correct operation of the catalysts with N, and H,O
product formation; this data can be found in Fig. S11 of the ESI.
Interestingly, the pre-edge features of Fe/H-ZSM-5 under NH; and
SCR conditions indicate that only part of the Fe species are reduced to
Fe?". As shown in Fig. 5a the relative intensities of the two pre-edge
components (centred at 7111.6 and 7113.5eV) in the reduced Fe/H-
ZSM-5 and in FeSO,4.7H,0 are inverted. The increased intensity of the
high energy component in the spectra evidences the presence of Fe>*
species. In agreement, the centroid position for Fe/H-ZSM-5 under NH;
and SCR appears located at higher energies than for the ferric reference
compounds. Previous studies point to a linear response of the pre-edge
centroid energy with the oxidation state [52]. Hence, using the same
approach as in Equation S1 discussed earlier, a rough estimation of the
reduction to Fe?* can be performed using the centroid position of
calcined Fe/H-ZSM-5 (7114.42eV) and FeS04.7H,O reference
(7112.64 eV) as the references for Fe>™ and Fe? ™ species in the catalyst.
The approximate estimation for Fe/H-ZSM-5 under SCR conditions
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(pre-edge centroid at 7112.95 eV) suggests that around 60% of species
undergo reduction to Fe?*.

From the data we cannot unequivocally discern and quantify the
different possible geometries for Fe>* and Fe®* species in reduced Fe/
H-ZSM-5. Recent in situ electron paramagnetic resonance (EPR) studies
highlight that isolated octahedral Fe** sites in ion-exchanged Fe/zeo-
lites are more reducible than tetrahedral sites [62]. In this regard, we
can hypothesise that the Oh Fe** fraction of our samples is being re-
duced under reaction conditions used here while the Td Fe** remains
oxidised.

Note the integrated pre-edge intensity of reduced Fe/H-ZSM-5
(around 0.27) is significantly higher than FeSO,4.7H,0O (0.08). This is
also the case when considering just the first pre-edge component
around 7112.6 eV contributed only by the Fe?* fraction of the Fe
species. This intensity increase suggests a more distorted geometry of
Fe?* species in the catalyst. Alternatively, the state of the Fe*>* species
can be regarded as a local geometry with coordination number of ca. 5
as proposed by Bouvnov et al. [18].

The K3 main emission lines of Fe/H-ZSM-5 collected during the in
situ and operando conditions (Fig. S6 in the ESI) exhibit no noticeable
changes to account for variations in covalency under different gas
compositions studied. Thus, at this stage we cannot readily correlate the
XES lines with a Fe ionicity feature that could actively participate
during SCR reaction.

Regarding the other three catalysts studied, Fe/S1-T-citr, Fe-S1-T-
nitr and Fe/H-SSZ-13, the in situ and operando HERFD-XANES spectra
presented only minor changes under the different gas environments
studied (see Fig. 7a). The deconvolution results and pre-edge integrated
area vs centroid plot for Fe/S1-T-citr, Fe/S1-T-nitr an Fe/H-SSZ-13 is
shown in the ESI (Fig. S7 to S10 and Table S2); the plot presents only
small shifts that are within the analysis error. No significant changes are
seen either in the KP mainlines (Fig. 7b).

The fact that no reduction is observed in these three samples sug-
gests a decreased redox activity of the Fe species. This is expected for
Fe,Oy clusters and large Fe,O3 particles (main species in Fe/S1-T-nitr
and Fe/H-SSZ-13), which, by having a lower number of accessible sites
for adsorption, should have a lower activity for SCR at low tempera-
tures [11-13]. In case of the isolated Td Fe®* species it needs to be
considered that isomorphously substituted Td Fe** in Silicalite-1 would
be less accessible to reactants than extraframework Fe species. This is
due to the fact that substituted Fe sites are shielded and stabilised by
the zeolite framework [49,63].
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Fig. 7. Fe/S1-T-citr, Fe/S1-T-nitr and Fe/H-SSZ-13 spectra acquired after activation (20% O»/He, 500 °C) under NO (0.1% NO/He, 200 °C), under NH3 (1% NHs/He,
200 °C) and under SCR conditions (5% O,, 5000 pm NO, 5000 ppm NHj; in He, 300 °C): a) Fe K-edge HERFD-XANES, and b) Fe Kf emission mainlines.
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Fig. 8. NO conversion of Fe/zeolites after 1 h of NH3-SCR under 5000 ppm NO,
5000 ppm NH; and 5% O, flow at 300 °C, GHSV = 35,000 h 1.

3.3. Standard NH3-SCR catalytic results for Fe/zeolites

To obtain quantitative catalytic data, the NH3-SCR activity of Fe/
zeolites at 300 °C was evaluated via lab-based measurements. The NO
conversion values obtained for the Fe/zeolites after one hour of reac-
tion (Fig. 8) result in the following trend: Fe/H-ZSM-5 (63.4%) > Fe/
S1-T-citr (23.8%) > Fe/S1-T-nitr (20.0%) > Fe/H-SSZ-13 (17.1%).
Note that the results show formation of N, and H,O products while no
N,O side product is detected (mass spectrometry trends for the reaction
products is given in Fig. S12 in ESI).

The conversion trends suggest that isolated Fe species are the most
active centres for NH3-SCR at 300 °C while clusters and large Fe,O3
particles show lower NH3-SCR performance.

Interestingly, Fe/H-ZSM-5 presents significantly higher NO con-
version than the other samples studied. In spite of the differences in Fe
species distribution, activity for Fe/S1-T-citr, Fe/S1-T-nitr and Fe/H-
SSZ-13 show moderate variations. Even Fe/S1-T-citr, dominated by
isolated Td Fe®** centres, gives nearly three times less NO conversion
than Fe/H-ZSM-5. The lower activity in these samples can be related
with the decreased Fe reducibility observed by HERFD-XANES. The
results for Fe/S1-T-citr, showing a good Fe dispersion, can be rationa-
lised if we consider that isolated Td Fe>* are occupying framework
positions, resulting in highly stable FeO, tetrahedra. Framework Fe is
known to be more difficult to reduce as it is stabilised and shielded by
the zeolite [49,63]. In agreement, extra framework isolated Fe sites
have been reported to be more active for NH3-SCR than isomorphously
substituted Fe species [63,64]. It is very likely that small clusters are the
responsible of the activity observed on Fe/S1-T-citr, Fe/S1-T-nitr and
Fe/H-SSZ-13, with the differences in activity among them being prob-
ably due to a particle size effect.

Hence, our data indicates that optimal NH3-SCR activity in Fe/H-
ZSM-5 is given by highly reducible isolated Oh Fe®** species. The pre-
sence of framework Al and the resulting ion exchange capacity of H-
ZSM-5 is probably the driving force for the formation of these highly
active Fe centres. Indeed, it has been suggested that partial compen-
sation of the positive charge of ion exchanged Fe species by the local
negative charge likely facilitates the Fe>* /Fe?* redox cycle resulting in
high catalytic activity in NH3-SCR [3]. Nonetheless, most of Fe in this
catalyst is agglomerated as Fe,Oj3 particles in the zeolite outer surface
which explains its low activity.

4. Conclusions

Fe/zeolites (c.a. 0.5wt. %) have been synthesised by incipient
wetness impregnation using H-ZSM-5, Silicalite-1 and H-SSZ-13 zeolites
as supports. The samples have been characterised by UV-vis and
HERFD-XANES and XES. Changes in Fe chemical state under O,, NO
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and NH; atmosphere as well as under SCR conditions have been studied
by in situ and operando HERFD-XANES and XES. The main results of
these studies can be summarised as follows:

® The preparation methods used led to catalysts with varied Fe spe-
cies. Fe/H-ZSM-5 comprises isolated Fe®* species with both Oh and
Td geometries. Fe/Silicalite-1 prepared with ferric citrate contains
highly dispersed Fe species, mainly in tetrahedral coordination,
while Fe/Silicalite-1 prepared with ferric nitrate presents increased
amounts of Fe,Oy, clusters and Fe,O3 particles. Fe/H-SSZ-13 catalyst
comprises mainly large Fe,O3 particles. Unlike the other catalysts
studied, Fe/H-ZSM-5 presents a slight shift of the Kf,3; X-ray
emission peak to lower energies suggesting a more ionic metal-li-
gand (Fe-O) bond character. While this could be induced by a charge
compensating effect between Fe** and framework AlO,~, the ab-
sence of detectable changes in Kf3; 3 under reaction condition does
not allow to see a correlation between the increased ionicity and
SCR mechanism.

Changes in the spectra during in situ HERFD-XANES measurements
were only observed for Fe/H-ZSM-5. The increase in white line in-
tensity upon NO exposure could suggests an increase in Fe co-
ordination due to NO adsorption on Fe centres. Exposing the catalyst
to NH; flow or SCR conditions results in partial reduction to Fe ™. It
is hypothesised that isolated Oh Fe species undergo reduction while
Td species remain oxidised.

Fe/H-ZSM-5 gives higher NH3-SCR activity, this can be attributed to
the isolated Oh Fe ™2 species with enhanced redox behaviour. The
presence of framework Al appears to promote the formation of such
species in ion exchange sites probably providing charge compensa-
tion facilitating Fe redox activity. The absence of spectral changes in
Fe/S1-T catalysts points that Td Fe** species barely interact with
the reactants, showing no reduction. The activity in these samples is
attributed to the presence of Fe clusters/particles.

These observations suggest that the reducibility of Fe and its capa-
city to coordinate with reactant gases is important for realising low-
temperature activity which is essential during cold-start/idling of ve-
hicles. Cu-based catalysts are usually the choice for low temperature
SCR; they show appreciable activity (100% NO conversion) already at
200 °C while Fe-based catalysts require at least 300 °C [2]. Nonetheless,
for its industrial use, Fe is cheaper than Cu and there are no reported
issues with its use in such technology on a global scale. Perhaps then,
understanding how the reducibility of Fe can be further affected is key
to realising low temperature activity of these catalysts for the standard
SCR reaction.
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