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ABSTRACT: An in-depth understanding of the active site requires advanced operando techniques and the preparation of defined 

catalysts. We elucidate here the mechanism of the selective catalytic reduction of NO by NH3 (NH3-SCR) over a Fe-ZSM-5 zeolite 

catalyst. 1.3 wt% Fe-ZSM-5 with low nuclearity Fe sites was synthesized, tested in the SCR reaction and characterized by UV-Vis, 

X-ray absorption near edge structure (XANES), and extended X-ray absorption fine structure (EXAFS) spectroscopy. Next, this 

defined Fe-zeolite catalyst was studied by complementary high-energy-resolution fluorescence-detected XANES (HERFD-

XANES) and valence-to-core X-ray emission spectroscopy (V2C XES) under different model in situ and realistic working (oper-

ando) conditions identical to the catalyst test bench including the presence of water vapor. HERFD-XANES uncovered that the 

coordination (between 4 and 5), geometry (tetrahedral, partly 5-fold), and oxidation state of the Fe centres (reduced in NH3, partly 

in SCR mixture, slight reduction in NO) strongly changed. V2C XES supported by DFT calculations provided important insight 

into the chemical nature of the species adsorbed on Fe sites. The unique combination of techniques applied under realistic reaction 

conditions and the corresponding catalytic data unraveled the adsorption of ammonia via oxygen on the iron site. The derived reac-

tion model supports a mechanism where adsorbed NOx reacts with ammonia coordinated to the Fe3+ site yielding Fe2+ whose reoxi-

dation is slow. 

INTRODUCTION 

Fe-ZSM-5 is one of the most widely studied zeolite catalysts 

for the selective catalytic reduction of nitrogen oxides (mostly NO 
1) by ammonia (NH3-SCR) 2-5. This process is employed as an 

important part of exhaust aftertreatment systems of diesel vehicles 

with metal exchanged zeolites extensively used for automotive 

applications 1,6,7. The mechanistic insight is required as a basis for 

kinetic models of the process which are needed to design and 

model the aftertreatment system. Iron is known to be the required 

active component of Fe-zeolite catalysts for NH3-SCR and de-

monstrates the possibility of coordinating not only NOx 8,9 but 

may also adsorb ammonia 10 and water 11. Hence, both catalyst 

development and application require detailed knowledge of pro-

cesses taking place on the active Fe sites and the identification of 

both structures of Fe sites and adsorbed species under relevant 

conditions.  

There have been several attempts to reveal the mechanism of 

NOx removal by NH3-SCR over Fe-containing catalysts 4,12-14 

with respect to the formation of the Fe2+ site 15, which is important 

since reoxidation of Fe2+ to Fe3+ is a slow step in SCR 13-15. Two 

commonly proposed mechanisms involve oxidation of NO to 

form adsorbed NOx catalyzed by Fe sites. The resulting interme-

diate then reacts with NH4
+, which can be adsorbed on both Fe 

sites and on zeolite, to form ammonium nitrite (NH4NO2) which is 

then decomposed to nitrogen and water. Metkar et al. 12 suggest 

that the reaction of NOx and NH4
+ takes place on Fe3+ sites with 

the subsequent desorption of N2 and H2O from an Fe2+ site, 

whereas Ruggeri et al. 13 propose spillover of NO2 formed on an 

Fe3+ to the zeolite, releasing an Fe2+ site. NO2 then reacts with 

NH4
+ on the Brønsted acid site of the zeolite.  

Alternatively, it has been suggested that first an NH3 molecule 

adsorbs on an Fe3+ site 16 resulting in Fe2+-NH2. NO then reacts 

with this Fe amide complex yielding nitrogen, water and releasing 

Fe2+ which is later reoxidized by O2 to the initial Fe3+. Reoxida-

tion of the Fe sites is considered to be the rate-determining step of 

SCR in this case 10.  

Proof of the suggested mechanisms requires a careful descrip-

tion of the local coordination of the catalytic Fe sites in Fe-ZSM-5 

under reaction conditions. Traditional spectroscopic techniques 

like in situ IR and UV-Vis 17 do not allow unambiguous determi-

nation of adsorbed NOx and / or NHx on the iron sites as contribu-

tions of those are small relative to the NOx and NHx adsorbed on 

zeolite matrix. The task becomes even more demanding with 

addition of water to the system, which is inevitable as it is one of 

the reaction products, competes for adsorption sites with 

ammonia18 and strongly influences the catalytic performance of 

SCR catalysts 19-22. Most in situ IR and UV-Vis studies have, 

however, been reported without the addition of water, also in spite 

of the evidence of different NOx adsorption dynamics during SCR 
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by hydrocarbons obtained by in situ IR with and without water 

vapor 23. In-situ Mössbauer spectroscopy is another tool to study 

Fe sites with the possibility to reveal the oxidation state and coor-

dination geometry of the sites 24,25. The technique requires 57Fe 

enriched samples which imposes a requirement to synthesize the 

sample specifically having in mind Mössbauer spectroscopy and 

makes the task more complicated 26. Mössbauer spectroscopy can 

be performed in-situ 27 and operando 28 but is more often used to 

characterize quenched (freeze-trapped) intermediates 29. 

An attractive alternative are synchrotron-based techniques 

which have demonstrated their ability to shed light on the local 

coordination environment of transition metals 30-32. Among these 

tools X-ray absorption spectroscopy (XAS) is one of the most 

established techniques allowing to selectively probe the local 

chemical environment of the transition metal of interest. Herein 

we focused on the local chemical environment of Fe species in a 

zeolite matrix. The different regions of a XAS spectrum supply 

complementary structural information, the analysis of the pre-

edge and the X-ray absorption near-edge structure (XANES) 

regions can be correlated to the oxidation state(e.g. Fe2+ or Fe3+) 

and geometry (e.g. Fe tetrahedral or octahedral), this task can be 

accomplished either by comparing the unknown spectrum with 

references compounds, or by the use of calculated spectra 33-38. 

Additionally, the study of the extended X-ray absorption fine 

structure (EXAFS) may result in a detailed description of atomic 

neighborhood of a targeted element, information on the chemical 

nature of ligands, bond distances and structural disorder can be 

obtained by refining the experimental spectrum to a calculated 

one 37. In spite of its many advantages, XAS cannot distinguish 

between atoms with close atomic numbers, e.g. one could not 

differentiate O from N in the chemical neighborhood of Fe. Also 

adsorbed species and poor scatterers such as light elements are 

difficult to detect 39. 

This limitation may be overcome using emerging X-ray pho-

ton-in / photon-out techniques such as high energy resolution 

fluorescence detected X-ray absorption spectroscopy (HERFD-

XAS) and X-ray emission spectra (XES) 30-32,40. These techniques 

explore the relaxation processes after a core hole is created due to 

the absorption of an X-ray photon. The detection of XAS spec-

trum in HERFD mode allows enhancing spectral features in the 

pre-edge and XANES regions, leading even to the identification 

of adsorbed species on catalytic sites 41. In its turn, XES technique 

examines in depth the electronic structure of a certain element (for 

details, cf. 42,43). The XES spectrum can be divided in several 

regions, hereafter we especially exploit the valence-to-core transi-

tion region (V2C, referring to the satellite emission lines Fe Kβ” 

and Fe Kβ2,5) . Such lines correspond to transitions of electrons in 

occupied valence orbitals, which fill the 1s core hole created 

during the absorption process. These electrons may also come 

from the ligands, and therefore they may carry chemical infor-

mation on the ligands. Despite present state-of-the art XES data 

collection is more time consuming than EXAFS, the V2C region 

allows identifying ligands and bond distances in particular by 

comparing the measured spectral features to calculated ones 33,44. 

Density functional theory (DFT) based methods have been suc-

cessfully employed in the calculation of XES spectra and structur-

al models are built based on prior knowledge 32,44. 

The inherent advantage of all these complementary techniques 

is their application under working conditions of the catalysts (i.e. 

operando) due to the penetration ability of hard X-rays, e.g. by 

using a quartz capillary microreactor with a plug-flow reactor 

geometry 45. This allows a correlation of the catalytic performance 

with the structure of the active sites (XAS) and the adsorbed 

species (V2C XES). There are only a few studies in this direction 

exploring in situ the V2C region to investigate catalysts 46. One of 

the authors of the present work employed V2C XES to study 

adsorption of water and NH3 on Ti in an in-situ pretreated zeotype 

catalyst 47. Recently, a XES experiment was reported on the ad-

sorption of NH3 on copper sites of the Cu-SSZ-13 zeolite 48, as the 

shift of the Cu Kβ” feature to higher energies supported the for-

mation of the Cu-N bond as evidenced in earlier studies. Howev-

er, the real challenging goal is to identify the structure of the 

active species also under operating (operando) conditions, as 

extensively done in catalysis in recent time (e.g. refs. 49-56). Com-

pared to in situ studies, in which the reaction conditions such as 

temperature, gases and catalyst loading are adapted to make the 

measurement possible, operando spectroscopy results in measur-

ing the catalytic activity at the same time as acquiring the spectra 
57-61. 

In this work we probe, to our knowledge for the first time, the 

structure of the iron sites in Fe-ZSM-5 under operando conditions 

using high-energy-resolution fluorescence-detected (HERFD) 

XANES 62,63 combined with V2C XES. The Fe K-pre-edge peak 

from the HERFD-XANES spectra and Fe Kβ” V2C lines from the 

X-ray emission spectra 48,64 were used to gain information on the 

oxidation state, coordination number and the chemical nature of 

the ligands on the Fe sites in the Fe-ZSM-5 catalyst during NH3-

SCR of NO in the presence and absence of water and under other 

related reaction conditions using information from DFT calcula-

tions. The gained results are used to validate the mechanism of 

NH3-SCR of NO over Fe-ZSM-5 and in particular to identify 

some of the possible intermediates of this reaction. 

EXPERIMENTAL 

The Fe-ZSM-5 catalyst was prepared by liquid ion-exchange of 

NH4-ZSM-5 zeolite (Si/Al = 11, Clariant) with FeCl2 65. For this 

purpose, 5 g of zeolite was stirred in 500 mL of a 0.05 M FeCl2 

solution under N2 flow for 24 hours. The resulting solid was 

filtered, dried for 2 hours at 120 °C, and calcined for 5 hours at 

550 °C in static air. The final Fe concentration as measured by 

AAS was 1.3 wt%. For the catalytic experiment the sample was 

pressed, crushed and sieved to obtain a fraction with 100 – 200 

µm (200 – 300 µm for the laboratory test bench) grains. The 

catalytic data taken on the laboratory bench are given in the elec-

tronic supporting information (ESI). 

The XAS/XES measurements were carried out at the European 

Synchrotron Radiation Facility (ESRF, Grenoble, France) at the 

high-resolution X-ray spectroscopy beamline ID26 equipped with 

three mechanically independent undulators providing a flux of 

1013 photons per second at the sample. A cryogenically cooled Si 

(111) double-crystal monochromator was used for selecting the 

photon energy. The emission spectrometer was equipped with five 

Ge (620) analyser crystals, spherically bent (r = 1 m) and installed 

in a Rowland geometry with respect to the sample and the detec-

tor. The counts of the avalanche photo-diode detector were nor-

malized by a photodiode between the slits and the sample. The 

resulting instrumental energy bandwidth in terms of the FWHM 

(full width at half maximum) of the elastically scattered beam at 

7113 eV is 1.4 eV, which is enough to resolve the Fe Kβ-lines and 

is slightly greater than the Fe K-edge spectral broadening. This is 

nevertheless no obstacle for clearly resolving the pre-edge fea-

tures: due to the high-resolution detection these transitions are 

well-separated from the main edge onset and require minimal or 

hardly any extraction 66. The beam size was kept as 1 mm x 4 mm 

to avoid formation of hot spots due to heating by a smaller local-

ized focused beam.  
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The X-ray absorption spectra in terms of HERFD-XANES 

were measured by scanning the incident energy and detecting the 

fluorescence at the maximum of the Fe Kβ1,3 emission line (e.g. at 

7058.81 eV). The pre-edge integrated intensity and centroid posi-

tion were calculated from the fitted peaks, omitting contributions 

centered above 7115.6 eV 35. 

The X-ray emission spectra around the main (Kβ’/Kβ1,3) emis-

sion lines and the satellite (Kβ”/Kβ2,5) lines were recorded be-

tween 7010-7140 eV while applying an excitation energy of 7145 

eV, far beyond the detected emission energy range in order to 

avoid the elastic scattering line and resonant excitations in the 

spectra. The error introduced by the background extraction (de-

scribed in detail elsewhere 39,42 and in the ESI) has been expressed 

by the fit residual between the experimental tail and the fitted one 

and is in the range of 3%. To check the reproducibility of the XES 

measurements we remeasured some spectra using a different 

catalyst batch. The normalized spectra matched each other. It 

should be additionally noted that no drift in the beamline compo-

nents was observed during the experiment.  

A heated quartz capillary microreactor (diameter 1 mm, wall 

thickness 0.02 mm) served as both plug-flow reactor and an in 

situ cell 67. The microreactor was mounted on top of an air flow 

furnace (Gas Blower GSB-1300, FMB Oxford), positioned at the 

focus of the spectrometer at 45° with respect to the incident beam 

and the analyser crystal assembly. Pure gases and gas mixtures 

were dosed to obtain the desired volume concentrations: 1000 

ppm NO, 1000 ppm NO2, 1000 ppm NH3, 5% O2 and pure He as 

balance. Water vapor (~ 1.5% H2O) was dosed via a saturator. 

The gas flow was kept at 45 mL/min and GHSV = 130 000 h-1. 

Pfeiffer Vacuum Thermostar GSD 320 T1 quadrupole mass spec-

trometer was used for the online gas analysis. Conversion (X) of 

NO was defined using values of ion current of m/z 30 measured in 

the outlet of the microreactor capillary and in the bypass line as 

X=(1-Ireactor/Ibypass). The temperature of the microreactor was kept 

by the Gas Blower at 255 °C without the X-ray beam (verified by 

the external thermocouple) but changed due to heating by the 

beam. This heating cannot be measured directly but is deduced 

from the increase of NO conversion from ca. 49% to ca. 62% after 

opening the beam shutter (Fig. S4). From the comparison of the 

given values of NO conversion with the laboratory bench data 

(Fig. S3) the catalyst bed temperature under X-ray beam is esti-

mated to be approximately 295 °C. The same approach was pre-

viously used to determine the real bulk temperature of catalysts 

under working conditions in the DRIFTS in situ cells 68. The NO 

conversions reported in the current paper were measured with an 

open X-ray shutter (the beam on). The transferability of the cata-

lytic data between the microreactor capillary and laboratory set-

ups was proven to be valid for the particular reaction and the 

particular catalyst beforehand 69.  

In the beginning of measurements and during changing from 

experiments with highly adsorbing gas species (NH3, H2O) to the 

experiments without them the catalyst was flushed with He for 15 

min at 550 °C. After experiments involving NOx only the catalyst 

was flushed with He for 15 min at 450 °C. The whole experiment 

was planned in order to minimize the number of flushing steps 

and the total exposure to 550 °C was 1 hour. The named condi-

tions are milder than those reported to alter Fe sites significantly 

(i.e. “steaming” at 650 °C 70 or hydrothermal deactivation 71-73 and 

formation of “α”-sites catalyzing N2O decomposition11,24,74). It 

should be noted that the measurements comprised acquisition of 

many spectra in series with their subsequent averaging and the 

spectra did not show any changes in the sample during long 

measurements. Therefore we assume that the state of the catalyst 

(especially, Fe sites) did not change during the measurements. 

For the simulation of X-ray emission spectra, the structures of 

molecular models were optimized with the ADF 2013.01 program 

package 75,76 using density functional theory (DFT) with the BP86 

exchange-correlation functional 77,78 and a TZP basis. The X-ray 

emission spectra were then calculated with the ORCA 2.9.0 79 

program package using single point DFT calculations 44 with the 

BP86 exchange-correlation functional 77,78 and the def2-QZVPP 

basis set 80. The considered structures are based on a commonly 

used model for a single iron pocket within the zeolite pore 16,81,82. 

The spectra were convoluted using a Gaussian line shape with a 

FWHM of 1.5 eV. All plotted spectra are shifted by 179.71 eV to 

align them with the experimental spectra 83. 

RESULTS & DISCUSSION 

Structure of the used Fe-ZSM-5 catalyst and its catalytic per-

formance  

Designing catalysts with Fe sites of the same type is an im-

portant prerequisite for a successful data analysis since XAS/XES 

techniques result in an averaged response from all Fe atoms in a 

studied system, i.e. the state of all types of Fe atoms in the probed 

system will be averaged. As Fe may be incorporated in zeolites in 

form of many different species 70,84 (isomorphously substituted 

framework sites, extraframework single-Fe, binuclear, oligomeric 

FexOy and Fe2O3 species) it is of utmost importance to make sure 

that the catalyst under consideration has only one type of Fe sites. 

Mononuclear extraframework Fe complexes show the highest 

activity in NH3-SCR 15,21,84 and, therefore, the Fe-ZSM-5 catalyst 

studied here was prepared by liquid ion-exchange with FeCl2 

aiming mainly at monomeric and not binuclear or clustered Fe 

sites which was confirmed by UV-Vis and EXAFS 15 (Figs. S1 

and S2 respectively). Our conventional EXAFS analysis (similar 

to refs. 85,86) combined with pre-edge analysis using HERFD-

XANES data uncovered that the local chemical environment of Fe 

in the as-prepared Fe-ZSM-5 catalyst can be best described as a 

FeOx (x = 5) moiety. No conclusion could be made about the 

nature of further coordination shells from the EXAFS results. 

However, from the preparation procedure one can assume that the 

Fe atoms are not incorporated into the zeolite structure, in accord-

ance with 87 but are located in the zeolite cationic sites 4,82 as 

defined by the used synthesis conditions 65.  

The conversion of NO during NO oxidation and SCR of NO 

with and without water in the in situ microreactor cell are given in 

Fig. 1 and the catalyst performance measured using the laboratory 

test bench can be found in Fig. S3. The mass spectrometer at the 

beamline was not calibrated for NO2 and N2O but in the laborato-

ry test bench less than 5% NO were converted to NO2 and less 

than 1% to N2O under the same conditions. As noted for the same 

setup in our previous work, the catalytic data measured at the 

beamline corresponds well to the data obtained in the laboratory 
69. Moreover, the catalytic activity of the synthesized catalyst is 

similar to activity of a commercial Fe-BEA zeolite 69.  

We report the activity of Fe-ZSM-5 catalyst in two reactions, 

namely NO oxidation and SCR of NO because there is an ongoing 

debate in literature whether the rates of these reactions are corre-

lated 88 or not 89. The effect of water on the two reactions is simi-

lar. NO oxidation is strongly inhibited 19, SCR of NO with water 

still demonstrates a high conversion but lower than without water 
88. Another important aspect is that no full conversions are 

achieved under the conditions of an experiment, i.e. the reagents 

present in the whole catalytic bed and there are, thus, no parts of 

the reactor not exposed to the reagent species.  
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Figure 1. Conversions of NO measured during XAS/XES data 

acquisition for NO oxidation and SCR of NO with and without 

water. Conditions: 1000 ppm NO, (1000 ppm NH3), 5% O2, (ap-

prox. 1.5% H2O) and pure He as balance. 

 

Dynamics of the oxidation state and coordination of iron stud-

ied by analysis of the Fe-K absorption pre-edge 

In order to gain information on the geometry and the oxidation 

state of Fe sites under different reaction conditions, pre-edge 

spectral features in the XANES spectra, collected with high ener-

gy fluorescence were analyzed. For this purpose, the emission line 

with instrumental resolution (~1 eV) far below its lifetime-

broadening (4.5 eV for the Fe Kβ1,3) was selected. This acquisi-

tion mode presents two main advantages compared to transmis-

sion XAS and conventional fluorescence detection: i) the energy 

resolution of the spectral features of the pre-edge in the XANES 

region is highly improved 85,86, ii) the HERFD detection mode 

allows selecting one specific channel of decay leading to a XAS 

spectrum with chemical and/or spin selectivity 90,91. We have used 

the Kβ1,3  line which arise when a 3p electron decays to fill a 1s 

hole (3p to 1s electronic transitions) 90,91. Since the 3p hole in the 

final state strongly interacts with the spin of the 3d electrons spin 

selectivity is observed as previously shown 92,93. The 3p electrons 

are more prone to the influence of the chemical environment 

because the energy levels are closer to those of the ligand orbitals 

and the interaction is stronger. Hence, we mainly exploited the 

chemical sensitivity of the Kβ1,3 lines which have been previously 

used in site selective XAS measurements 94,95 and neglected the 

spin selectivity. 

Fig. 2 shows the HERFD-XANES spectra in the Fe-K pre-edge 

region during the different model and SCR reaction conditions. 

The full HERFD-XANES spectra are presented in the ESI (Figs. 

S5 and S6). Moreover, Fe-K pre-edge spectra of reference com-

pounds are shown in Fig. S7 (ESI).  

In the next step we used analogously to Wilke et al. 35 a graph-

ical correlation of the Fe coordination geometry and oxidation 

state to the pre-edge peak integrated intensity (area) and centroid 

position (area-based average position). The resulting plot of the 

observed pre-edge intensity against the centroid position is shown 

in Fig. 3 including a grid of data points of reference samples with 

known Fe geometry and oxidation state (staurolite for Fe2+ Td, 

olivine for Fe2+ Oh, FePO4 (rodolicoite) for Fe3+ Td and hematite 

(α-Fe2O3) for Fe3+ Oh) and trends resulting in binary mixtures 

(80:20, 60:40, 40:60 and 20:80) of these four states. The data 

points extracted from the operando XANES (Fig. 2, correspond-

ing catalytic data in Fig. 1) of the Fe-ZSM-5 catalyst under reac-

tion conditions are superimposed onto this trend-grid and marked 

with the experiment number (Table 1). Generally, when exposed 

to oxidizing conditions (involving O2, H2O, NO and NO2) the Fe 

is present as Fe3+, addition of NH3 to these mixtures results in a 

slightly decreased average Fe oxidation state. When NH3 alone is 

fed (exp. 6 and 7) a large fraction of Fe is reduced to Fe2+. 
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Figure 2. HERFD-XANES spectra of Fe-ZSM-5 catalyst under 

model and SCR reaction conditions (cf. Table 1) recorded in the 

pre-edge region of Fe-K absorption edge. 

 

The data points present a trend showing the change of oxidation 

state and the number of ligands in the coordination sphere of Fe 

atoms in the Fe-ZSM-5 catalyst system. The points trace a curve 

from Fe2+ approximately halfway in between Td and Oh geome-

tries to Fe3+ in Td geometry. The state of the Fe2+ species can be 

regarded either as mixture of Td and Oh geometries (coordination 

numbers 4 and 6 respectively) or a different local geometry with 

coordination number of ca. 5. The pre-edge analysis supports both 

cases but cannot differentiate between them 35,36. Potentially, the 

multiplet structure in the pre-edge spectra (Fig. 2) can be used 

which goes beyond the scope of this work 96. 
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Figure 3. Plot of the pre-edge integrated intensity (area) and the 

centroid position (area-based average position) extracted from 

HERFD-XANES spectra of reference compounds representative 

of Fe2+ and Fe3+ in Oh and Td states (large circles), their binary 

linear combinations (filled diamonds) and the Fe-ZSM-5 catalyst 

under reaction conditions numbered according to Table 1 (open 

squares) used to estimate Fe oxidation state and coordination 

geometry. 

The analysis of the Fe-K pre-edge features (Fig. 2) reveals a 

strongly dynamic chemical state between Fe3+ and Fe2+ which 

depends on the reaction conditions. The coordination number in 

the first coordination shell of Fe is 4 during the exposure to oxi-

dizing conditions (O2, H2O and NO2 in exp. 3, 4, 5 and 13), 5 

during the exposure to strongly reducing conditions (6 and 7), and 

between 4 and 5 under SCR conditions and after adsorption of 

pure NO. However, such an analysis does not provide any infor-

mation about the nature, or chemical identity, of the species sur-

rounding the Fe atoms. 

 

Chemical speciation of the local coordination sphere of Fe by 

valence-to-core spectroscopy under reaction conditions  

Complementary to the pre-edge analysis and EXAFS data, V2C 

XES has been used to gain insight to the type of neighboring 

atoms. The Kβ” and Kβ2,5 regions have a high chemical sensitivi-

ty, since the corresponding electronic transitions originate from 

the ligands to fill the Fe 1s core hole 33,43,44. The environment of 

Fe sites in Fe-ZSM-5 was probed under different gas composi-

tions used to represent SCR of NO, SCR of NO2, NO oxidation 

and NH3 oxidation in the presence or absence of H2O. Also the 

influence of adsorption of individual gases (NO, NO2, NH3 and 

H2O) on the chemical environment of Fe was evaluated.  

 

Table 1. Experimental conditions, oxidation state, and local 

coordination number estimated by the pre-edge spectra and the 

qualitative description of the Kβ” V2C region. The gas com-

positions are named herein according to the reactive gases in 

the gas mixtures. 

Exp. 

Nr. 

Gas composi-

tion 

Fe oxi-

dation 

state 

Fe 

coord. 

number 

XES peaks (eV) 

       A         B         C 

    7088    7092   7097 

1 He 2.8-3.0 4-5 - + - 

2 NO 2.8-3.0 4-5 + + - 

3 NO+O2 3.0 4 + + - 

4 NO2 3.0 4 + + - 

5 NO + O2 + 
H2O 

3.0 4 + + - 

6 NH3 2.2-2.4 5 + + + 

7 NH3
[a] 2-2.2 5 + + + 

8 NH3 + O2 2.6-2.8 4-5 + + ± 

9 NH3 + H2O + 
O2 

2.6-2.8 4-5 + + ± 

10 NO + O2 + 
NH3 

2.6-2.8 4-5 + + + 

11 NO + O2 + 
NH3 + H2O 

2.6-2.8 4-5 + + ± 

12 NO2 + O2 + 
NH3 

2.8-3.0 4-5 + + - 

13 O2 + H2O 2.8-3.0 4 - + - 

[a] Fe-ZSM-5 with preadsorbed H2O (after exp. 13 without 

flushing by He) 

 

First, adsorption of NOx on Fe sites of Fe-ZSM-5 was investi-

gated. For that purpose, both pre-edge and V2C spectra were 

recorded and analyzed for the following gas media: NO, NO+O2, 

NO2, and NO+O2+H2O (Table 1, exp. 2-5). All V2C spectra 

measured under these conditions were virtually identical in the 

Kβ2,5 region (Fig. 4). The Kβ2,5 features of those spectra were in 

turn the same as those for Fe-ZSM-5 measured under He. Pre-

edge analysis shows almost the same oxidation state 3 (very 

slightly reduced 2.8 – 3 for NO/He feed) for all NOx-containing 

mixtures. The presence of water does not show any notable effect 

on NOx adsorption contrary to ref. 23. Notably, adsorption of pure 

NO (without O2) results in a different coordination geometry than 

that for NO2 or NO + O2 mixtures, i.e. the HERFD-XAS data 

point of the experiment 2 in Fig. 3 is significantly shifted towards 

Oh geometry compared to other experiments involving NO2 or NO 

+ O2 (exp. 3,4, and 5). The fact that adsorption of pure NO slight-

ly reduces Fe and leads to the increase of the coordination number 

supports the NO oxidative activation process suggested in refs. 
12,13, given as reaction (1),  

 Fe3+-OH + ON· ↔ Fe2+-O+H-N=O,  (1) 
which proceeds via Fe nitrosyl intermediate accounting for the 

slightly higher observed coordination number. Different mecha-

nisms of adsorption of NO and NO2 (or NO + O2) are in line with 

the IR studies 97.  

The structure with three-coordinated positively charged oxygen 

is further supported by the analysis of the emission lines in the 

low-energy region of the V2C spectra (Kβ”) in combination with 

DFT calculations, as is discussed in the following. 

For indentifying the broad overlapping peaks with low intensi-

ty, the second derivative of the V2C spectra (Fig. 5) was ana-

lyzed. The XES spectra before background extraction were used 

for this analysis as the background extraction may introduce a 

significant error in the Kβ” spectral region. The second derivative 

of the Kβ” feature (7080-7097 eV) comprised up to three peaks at 
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ca. 7087, 7092, and 7097 eV which herein have been assigned as 

peaks A, B, and C, respectively. While for the catalyst under He 

and O2 (experiments 1 and 13) only peak B is present, the addi-

tional peak A appears for all NOx-containing mixtures.  
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Figure 4. Comparison of measured V2C spectra of Fe-ZSM-5 in 

different gas media (cf. Table 1). 

As a second step, interaction of Fe sites with NH3 was probed 

by analyzing Fe-ZSM-5 catalyst under an atmosphere of NH3, 

NH3+O2, and NH3+H2O+O2 (exp. 6 – 9). The interaction of dehy-

drated Fe with NH3 without O2 (exp. 6) leads to a significant 

change of the V2C spectrum. A splitting of the Kβ2,5 peak into 

two peaks with maxima at 7103 and 7108 eV (Fig. 4) is observed. 

At the same time, the pre-edge analysis points to a reduction of 

Fe3+ to Fe2+. Repetition of the same experiment with Fe-ZSM-5 

after adsorption of H2O (exp. 7) still yielded peak splitting in the 

Kβ2,5 region, though less pronounced. Interaction of the catalyst 

with NH3 and O2 (without or with H2O, exp. 8 and 9) resulted in 

spectra similar to the spectra of adsorbed NOx but with a shoulder 

at 7103 eV, while the pre-edge analysis yields an oxidation state 

of iron 2.6-2.8. 

If NH3 is present in the feed, the analysis of the Kβ” region 

shows both peaks A and B. Thus, peak A appears when either 

NH3, NO or NO2 are present in the feed, which is most likely 

indicative of the formation of Fe-Oδ+H-N- intermediate (see be-

low). Peak B is always present, whereas peak C is clearly ob-

served upon NO-SCR reaction conditions without water (experi-

ment 10) and under NH3 flow (experiments 6 and 7). The pres-

ence of the peak C under other NH3-containing feeds cannot be 

confirmed because of low intensity, below the noise level. In this 

case we marked the peak C as ± in Table 1. We assign this peak C 

to a direct NH3 adsorption 48 on Fe. This is supported by the 

strong reduction of Fe (Fig. 3) and to the reported strong affinity 

Fe sites in this catalyst to NH3 which may lead to the inhibition of 

SCR reactions by NH3 (top row of the Scheme 1) 69. 

 

DFT calculations of V2C XES spectra 

To assign these peaks and identify the nature of the ligands on 

Fe, we performed DFT calculations of the V2C XES spectra of 

several molecular models (Fig. 6). The Kβ2,5 region can be as-

signed to transition from ligand 2p-orbitals, whereas the Kβ” 

region is due to transitions from the ligand 2s-orbitals 33,43,44. The 

latter are mainly contributing to the oxygen and nitrogen lone 

pairs. 

For the Kβ2,5 region, calculated spectra of selected models are 

shown in the ESI. Here, we cannot assign the appearance of the 

peak at 7103 eV based on the DFT calculations, but conclude that 

its description requires the use of more sophisticated models of 

the zeolite framework. 

On the other hand, for the Kβ” region, the DFT calculations 

provide a clear assignment. The calculated spectra are shown in 

Fig. 6, alongside the orbitals from which the main contributing 

transitions originate. For model (1), in which two hydroxyl lig-

ands are coordinated to the iron site only peak B is found in the 

Kβ” region. It can be assigned to a transition originating from the 

oxygen lone pairs of hydroxyl ligands and of oxygen atoms in the 

zeolite framework. In model (2), one hydroxyl group is replaced 

by a -O+H-NH2 ligand to mimic a proposed intermediate with 

partially positively charged, three-coordinated oxygen. In this 

case, peak A appears in addition to peak B and it can be assigned 

to transitions from the lone pairs of the oxygen carrying a partially 

positive charge. For model (3), in which both a hydroxyl and a 

NH2 ligand are coordinated to the iron site, peaks B and C are 

present, whereas peak C is due to transitions from the nitrogen 

lone pairs of the NH2 ligand. This peak C is also present for mod-

els (4)–(5), in which the iron site is coordinated by one NH2 lig-

and and one NH2 or NH3 ligand. However, it disappears for model 

(6) with two NH3 ligands, because there are no nitrogen lone 

pairs. For the models (4)–(6), which have no hydroxyl ligands, the 

intensity of peak B decreases, but it remains present because of 

the contributions of oxygen lone pairs of the zeolite. 

The second derivative of the spectrum calculated for model (2), 

in which all three peaks are present, is included in Fig. 5. Addi-

tional calculations to support our assignment are included in the 

ESI. In particular, we can show that the assignment is independent 

on the oxidation state of the iron atom, information that is also 

supported by the pre-edge data. 

In summary, the DFT calculations support the assignment of 

peak A to the formation of Fe-Oδ+H-N- intermediate (where N can 

originate from NO or NHx). Moreover, peak C can be clearly 

assigned to the coordination of ligands with nitrogen lone pairs, in 

accordance with 48. Thus, as spectra 2-5 for feeds containing NOx 

(Table 1) show peaks A and B and no peak C, we can suggest NO 
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adsorption on Fe only via Oδ+ atom from the hydroxyl group, e.g. 

as Fe2+-O+H-N=O, similar to one of the structures reported in 16. 
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Figure 5. Comparison of the second derivatives of the V2C spec-

tra (Fe Kβ” lines) of Fe-ZSM-5 in different gas media (cf. Table 

1), the simulated XES was obtained as the second derivative of 

the calculated spectrum of the structure (2). 

 

Insight into the mechanism of NH3-SCR of NO and discussion 

on the operando spectroscopic results 

Analysis of the weak emission lines in the Kβ” region V2C 

XES spectra can identify the existence of O, three-fold coordinat-

ed Oδ+ and N atoms in the first coordination shell of Fe sites (Fig. 

6 and Table 1). The three-fold coordinated Oδ+ feature seems to 

exist in all recorded spectra involving NOx and / or NH3 and the 

feature due to the N atom is only clearly seen for adsorbed NH3 

and SCR of NO without water (less clear for SCR of NO with 

water), i.e. Fe-NHx coordination seen by IR spectroscopy 10,13,97,98 

can be severely hindered due to competition with water under real 

SCR conditions. Water is known to occupy Lewis acid sites of the 

zeolite in the presence of ammonia 18 and also to adsorb on Fe 

sites 11, and a high partial pressure of water vapour can indeed 

completely suppress the direct coordination of NH3 to Fe. The 

catalytic data (Fig. 1) confirms the inhibiting effect of water for 

both NO oxidation (exp. 3 and 5) and SCR of NO (exp. 10 and 

11). At the same time with water the intensity of the peak C de-

creases below the noise level. Hence, even if there is any X-ray 

emission in the peak C region, this may be due to N from Fe(3-δ)+-

O δ+H-NH2 moiety. This species (top right in the Scheme 1) may 

be the ammonia intermediate along with the structure representing 

nitrous acid adsorbed on Fe site 16 (middle right of the Scheme 1). 

Without water peak C (clearly observed in this case) may be due 

to the direct coordination of NHx on Fe 48 (Scheme 1, top left). 

Therefore, as water suppresses peak C and also inhibits NO con-

version we suppose that a NHx directly coordinated on Fe sites is 

the real intermediate 16 and is not observed due to the fast con-

sumption (and also the competition with water). Fe(3-δ)+-O δ+H-

NH2 moiety (Scheme 1, top row) exists under only NH3 condi-

tions and may also exist under SCR conditions (triple-coordinated 

O+ is observed upon adsorption of both NH3 and NO) but is not 

quickly consumed and is not involved in the fastest reaction 

pathway.  

According to the HERFD-XANES data, under exposure to wa-

ter vapor (Table1, exp. 13) Fe sites show coordination number 4 

which is below the maximum observed coordination number 5 

(under NH3 atmosphere) but still leads to an inhibition of SCR. 

This strongly hints to a Langmuir-Hinshelwood mechanism 69, on 

a single Fe site, for which the site must have two coordination 

vacancies or two neighboring Fe sites (which is excluded in our 

case). If even one of the coordination vacancies is occupied the 

inhibition would be observed. 

The actual pathway of SCR of NO with the intermediates sug-

gested in our study is shown as the middle and bottom lines of the 

Scheme 1. Adsorption of NO may take place on the Fe3+ site with 

partial reduction of this site which fits with 13 and then followed 

by adsorption of ammonia (an intermediate was suggested in the 

DFT study 16). Since the adsorption of NH3 is the reversible pro-

cess and water is the product high partial pressure of water may 

inhibit this stage of the SCR of NO. The nitrous acid and ammine 

ligands then react together yielding N2 formation and Fe2+ site 

with lower coordination 69. HERFD-XANES observed between 

20% and 40% of the Fe sites in the Fe2+ state during NO-SCR and 

earlier we observed up to 50% of Fe2+ sites by spatially-resolved 

XAS 69. The fact that such a high fraction of Fe2+ exists under net-

oxidizing conditions leads to a conclusion that Fe2+ to Fe3+ oxida-

tion is slow and possibly the rate-limiting step of NO-SCR 12. 
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Figure 6. Top: Lewis structures of molecular models (1)-(6) considered in DFT calculations. Middle: calculated V2C XES Kβ” spectra for 

these models. Bottom: The orbitals from which the main contribution to peaks A-C originates, shown as isosurface plots.  

 

Scheme 1. Suggested intermediates during SCR of NO over 

Fe-ZSM-5. Additional oxygen coordination (from water or 

zeolite) in the Fe coordination sphere is left out for simplicity. 

ZO stands for a zeolite cationic position.  

 

 

 

 

 

 

 

 

 

 

 

Previous studies by conventional XAS have in agreement with 

the present here already evidenced dehydration 99 and changes in 

the oxidation state of Fe sites upon adsorption of NH3 15 or during 

NH3-SCR (without water) 14. Operando EXAFS revealed changes 

in the coordination number of Fe sites as a result of SCR and NH3 

adsorption 69. However, the nature of the adsorbed species could 

not be unraveled by these techniques. While EXAFS under such 

disordered system cannot supply information on the third coordi-

nation shell of Fe, V2C XES Kβ” spectra is a probe for the lig-

ands and they strongly hint to the presence of an Fe-Oδ+H-N 

intermediate. This can be due to the adsorption of NO but was 

also observed after adsorption of NH3 with the subsequent reduc-

tion of Fe3+ as an alternative to the NHx ligand in the direct Fe 

environment. Note that both theory and experiment point out that 

the contribution stemming from such transition in Fe-NHx species 

is weak. Moreover, Fe-NHx species can also be an actual reacting 

species which yields very low signal in the spectra because of its 

quick depletion in the course of SCR. In this case Fe(3-δ)+-Oδ+H-

NH2 observed as peak A in the V2C XES spectra can be a precur-

sor for reacting Fe-NHx or a spectator. 
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Most importantly, the study was performed using a microreac-

tor with a sieved catalyst to prevent mass transport limitations and 

to be able to measure catalytic data (but making the spectroscopic 

experiment more demanding) 59 and a typical SCR feed including 

water which limits the application of other in situ techniques such 

as FTIR 13,97,98 or EPR spectroscopy 100. In fact, water is always 

found in the Fe coordination sphere at temperatures of interest 11. 

It competes with ammonia 18 and NOx for adsorption on the Fe 

sites and has a profound effect on the catalyst performance 19,88 

and, thus, needs to be included in the study. Addition of water 

resulted in lower intensity of the V2C peak C which decreases the 

probability of the coordination of an NHx ligand directly bound to 

Fe.  

Hence, V2C XES - combined with a model catalyst containing 

a large fraction of monomeric SCR-active iron sites, pre-edge 

analysis, XANES and EXAFS - is an excellent and presently the 

only technique to draw a clearer picture of NH3-SCR mechanism 

in terms of probing Fe coordination environment under the rele-

vant SCR conditions (a mixture of NOx, NH3 and water) and 

distinguishing between different ligands. This makes it an indis-

pensable complementary tool. A second advantage of V2C XES is 

that due to its element specific nature we were able to discrimi-

nate only those ligands that are within the coordination shell of 

the probed element, i.e. in the reported case we are monitoring 

only part of NOx and NHx bonded directly to Fe sites and not to 

the zeolite framework which would have been difficult using 

other techniques like IR spectroscopy. The third major advantage 

of V2C is the possibility to vary the geometry of the in situ cell, 

i.e. to choose the plug flow reactor to match reactors normally 

used for catalyst performance testing. For instance, the shape and 

design of the in-situ cells for EPR are dictated by resonator cavity, 

dimensions of which, in turn, depend on the wavelength of mi-

crowave radiation used in the specific device 101. The cells for 

diffuse reflectance IR and UV-Vis can be constructed using a plug 

flow reactor geometry 102,103, however, despite DRIFTS is better 

probing the surface one has to deal with strict space constraints 

and quantification of the diffuse reflectance data is limited 104-106. 

These benefits of the XAS and XES techniques are not only lim-

ited to the studied reaction but can also be used for other catalyst 

systems where predominantly one structural site of the element of 

interest is present.  

Further development of the technique will be a possibility of 

recording V2C in a spatially resolved way to gain additional 

information on the catalyst performance and the reaction mecha-

nism depending on the probed catalyst zone 69. This will require 

using smaller X-ray beams and result in a smaller number of 

emitted photons. Higher intensity of the incoming beam will not 

be an optimal solution for the increasing signal-to-noise ratio as 

intense X-ray beam will overheat and possibly destroy the cata-

lyst. Therefore, for the spatially resolved XES improved spec-

trometer design and detector efficiency are needed. The same 

improvements would allow performing time-resolved XES meas-

urements as another indispensable tool for studying of mecha-

nisms of catalytic reactions in future. 

CONCLUSION 

Unraveling mechanisms of demanding reactions like NO re-

moval via NH3-SCR requires studies with defined catalysts under 

realistic operating conditions in terms of e.g. realistic gas mixtures 

with water combined with online gas analysis. By the use of 

complementary X-ray absorption and emission techniques com-

bined with DFT calculations we could confirm several reaction 

steps speculated in literature and propose a new reaction scheme 

for the NH3-SCR of NO over Fe-based zeolites. The results 

demonstrate that valence-to-core XES as new addition to the “in 

situ toolbox” allows distinguishing between different types of 

oxygen and nitrogen in the first coordination shell of Fe under 

operando conditions. Thus, together with complementary high 

resolution XANES and EXAFS 69, it is excellently suited for 

uncovering the state of the active site and the nearest neighbor 

environment under SCR conditions or more general of working 

catalysts. What is more important for studying NH3-SCR, V2C 

XES allows specific detection of adsorbed ammonia in the pres-

ence of large quantities of water which was previously not possi-

ble. 

The key reactions in the NH3-SCR mechanism over Fe-ZSM-5 

involve (a) the adsorption of NO and ammonia via oxygen atom 

on a Fe3+ site leading to a partial reduction of the site with (b) 

subsequent release of Fe2+, nitrogen and water 69, (c) reoxidation 

of Fe2+ as the rate-limiting step and (d) water inhibition by coor-

dination to the active centre. Application of V2C XES Kβ” spec-

troscopy allowed to evidence the adsorption of ammonia in the 

presence of water and to elucidate the potential reaction interme-

diates. The knowledge allows now a more rational catalyst design 

and facilitates further optimization of this industrially important 

catalytic reaction. 
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