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Abstract  

Here, we present the unique redox properties of distant binuclear iron centers in Al-rich *BEA 

zeolite in O2 splitting and CH4 oxidation. Al-rich *BEA was obtained via a template-free synthesis 

procedure guaranteeing low-defected structure and a high fraction of Al-pairs enabling 

stabilization of binuclear iron centers. By employment of a multispectroscopic in-situ approach 

(Mössbauer and X-ray absorption), the formation of active oxygen over binuclear iron centers in 

Al-rich *BEA was confirmed, and subsequent CH4 oxidation was studied. Spontaneous release of 

the reaction products to the gas stream, representing a significant advantage of the studied system, 

was proved by the results of in-situ FTIR and mass spectrometry. This is the first experimental 
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proof of the formation of fully-functioned binuclear iron centers (able to split O2, stabilize active 

oxygen forms, and subsequently oxidize CH4) in zeolite of *BEA topology. 

Keywords: molecular oxygen splitting, distant binuclear iron centers, methane oxidation, Al-rich 

*BEA, template-free synthesis 

1. Introduction  

The employment of molecular oxygen as an eco-friendly and easily accessible oxidant for 

important processes is a challenge for environmental catalysis on its path to sustainability.[1] 

However, the most demanding step when using molecular oxygen is its activation, which so far 

was carried out most effectively over metalloenzymes in biological systems [2-4]. Nature teaches 

us that an efficient enzyme requires the cooperation of two cations of transition metal ions (TMI) 

as an active center to split molecular oxygen into its active form, which can be further utilized in 

the oxidation of such inert organic compounds as methane [5-7]. CH4 features in high activation 

energy of four equal C-H bonds (101 kcal/mol), high symmetry, and low polarizability, altogether 

making it chemically stable [8]. So far, the only commercial way for methane utilization was steam 

reforming resulting in obtaining the syngas, which can be further transformed into methanol. The 

latter is considered as desired energy vector; however, its production via the syngas process is 

highly demanding and requires significant economic and energetic outlays. Enzymes can perform 

oxidation of methane at the cellular level, however currently we are facing the excess of methane 

on a global scale, and the development of an efficient catalytic system is needed to transform 

methane into oxygen-containing compounds representing the platform for chemical production 

and possible energy vector [9]. In metallozeolites, being inorganic analogs of enzymes [1, 3, 7, 10-

13], TMI serving as redox active centers are embedded in a 3D crystalline, porous aluminosilicate 
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matrix [10, 14-16]. Zeolites, due to the partial substitution of Si atoms with negatively charged Al 

atoms offer the possibility to stabilize TMI in cationic positions with an open, and easily accessible 

for reactants coordination sphere [14-17]. Recently discovered distant binuclear divalent iron 

centers located in close vicinity across the zeolite channel of ferrierite (FER) topology are capable 

of proceeding four electrons redox cycle (Fe(II) ↔ Fe(IV)) with oxidants such as N2O or O2 [18-

20]. The interaction of binuclear Fe(II) centers in FER with N2O or O2 leads to the formation and 

stabilization of the active oxygen form, so-called α- oxygen (α-O) [3, 10, 17, 18, 20]. The 

outstanding feature of these α-O species is their ability to attack the strong C-H bond of inert CH4 

molecules with the production of oxygenates, including methanol, or stabilization of methoxy 

species bound to the zeolite framework [1, 3, 9, 14-16, 18-20].  

The mechanism of α-O formation from molecular oxygen over binuclear iron centers in FER 

significantly differs from the one suggested for Cu-zeolite catalysts also studied in methane to 

methanol oxidation [21]. In the case of binuclear iron centers in FER, the O2 splitting is possible 

due to the cooperation of two axially arranged Fe(II) ions through the zeolitic channel at the proper 

distance of 7.5 Å [18, 19]. Conversely, the Cu-based system activates molecular oxygen via the 

formation of the oxygen bridge between two copper ions distanced by 3.5 Å [22, 23]. The oxidation 

of methane using Cu-oxo bridging species is, according to DFT modeling, inherently connected 

with strong ligation of the oxo-products to the active site and the need for their extraction by water 

vapor at elevated temperature [23]. Moreover, the application of the water extraction results in 

possible poisoning of the Cu-precursor of the active site by water molecules. On the contrary, α-

O species (originating from both N2O and O2) stabilized on the cooperating binuclear TMI centers 

in FER perform oxidation of methane and the oxidation products are released directly to the gas 

phase, without using any effluent [17, 19, 20]. Eventually, similar properties were recently 
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observed by other scientific groups for Fe-FER and also Fe-CHA zeolites in methane oxidation by 

α-O from N2O [11]. 

Based on recent studies, binuclear TMI centers are the most effective active sites for carrying 

both, the activation of molecular oxygen and the subsequent methane oxidation. However, their 

functionality was so far confirmed exclusively in the FER topology. Nevertheless, a DFT study 

predicted that iron cations can form binuclear centers in other than FER zeolitic topologies when 

cationic positions for divalent cations are properly arranged by facing each other axially in close 

vicinity (7 - 9 Å) [18]. Among the suggested zeolitic topologies wide-pore *BEA was mentioned 

(Figure 1 a) with the energy barrier of molecular oxygen splitting of 31 kcal/mol [18] (Figure 1 b, 

c); yet the formation of distant binuclear TMI centers requires not only proper arrangement of 

zeolite rings forming cationic positions but also a proper organization of Al atoms in the zeolite 

framework. In Si-rich zeolites, three types of Al atoms arrangements can be distinguished [24]: (i) 

Al pairs, which correspond to two Al atoms located in one zeolite ring, accommodating bare 

divalent cations (in the case of *BEA and FER zeolites, it means AlSiSiAl sequences located in 

one 6-membered ring of so-called α- and β-cationic positions); (ii) single Al atoms, which can host 

only monovalent species; (iii) close Al atoms, reported for *BEA zeolite, which can stabilize only 

hydrated complexes of divalent TMI [25] (in *BEA, this type of Al distribution corresponds to 

two Al atoms in the AlSiSiSiAl sequence located in two different rings). Moreover, for Al-rich 

*BEA zeolites also AlSiAl sequences located across the zeolite wall were reported [24, 26]. Al 

atoms in such sequences are facing different channels, and thus can behave either as Al pairs or 

close Al atoms. Very recently described synthesis protocol of *BEA leads to a promising material 

with a high Al population in the framework, offering a sufficient potential fraction of Al pairs 

needed for the formation of binuclear centers [27-29]. Moreover, the developed protocol for 
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obtaining these Al-rich *BEA materials meets the requirements of sustainable catalyst production 

due to the template-free approach, which in addition guarantees a low-defected structure [30, 31]. 

It is due to the lack of the necessity of the calcination step, which in the case of *BEA material 

very often results in the dealumination of parent material and the formation of undesired extra-

framework Al species [30, 31]. The formation of distant binuclear iron centers in *BEA topology 

(3D large pore with 12-membered ring channel system) is of high importance for oxidation 

catalysis as it opens the possibility to apply molecular oxygen as an oxidant for the transformation 

of not only methane but also bulkier molecules.  

 

Figure 1. Arrangement of binuclear Fe(II) site in the beta zeolite (a), isolated Fe(II) site in the beta 

zeolite with the bidentate adsorbed oxygen molecule (b), and of its oxidized form (c), together 

with the corresponding coordination/geometry of Fe ions. 

In this work, we experimentally confirm for the first time the formation of distant binuclear 

iron centers in the Al-rich zeolite matrix of *BEA topology. The fully-functioned binuclear iron 

centers in *BEA are able to split molecular oxygen to a pair of α-oxygen species, and subsequently, 

oxidize methane to oxygen-containing products detected directly in the gas stream without the 

extraction step. For this purpose, we employed newly synthesized Al-rich *BEA material with a 



 6 

low-defected structure guaranteed by the template-free eco-friendly synthesis protocol and a high 

population of Al pairs in its framework as support to introduce distant binuclear iron centers. 

Moreover, the pioneering studies of the speciation of iron and its redox properties in the Al-rich 

*BEA system were carried out under in-situ conditions using Mössbauer and X-ray adsorption 

spectroscopy. The employment of these methods allowed the establishment of the spectroscopic 

benchmarks of the iron species present in Al-rich *BEA and compare them with the structures of 

active centers predicted by DFT studies. Moreover, the oxidation properties of α-O stabilized over 

binuclear iron centers in Al-rich *BEA towards methane oxidation were determined for the first 

time, and potential reaction products were monitored by FTIR spectroscopy and mass 

spectrometry. Oxidation of highly resistant CH4 molecule was used as a test reaction of activity of 

the previously formed α-oxygen. 

2. Experimental Section 

2.1 Synthesis  

Al-rich *BEA zeolite was synthesized hydrothermally from aluminosilicate mixtures of 

molar compositions 0.13 Al2O3: 1 SiO2: 0.4 NaOH: 8 H2O without an organic template but with 

the addition of seeds of BEA zeolite Si/Al 11.5 (Lot. # TZB-212, Tricat). The synthesis mixture 

was placed in Teflon-lined stainless-steel autoclaves at 120 °C for 5 days. The obtained sample 

was thoroughly washed and dried [31]. 

2.2 Introduction of transition metal ions 
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In order to study Al distribution in Al-rich *BEA zeolite, part of the as-made sample was 

ion-exchanged with 0.05 M solution of Co(NO3)2 (3 x 24 h,100 cm3 of the solution per 1 g of the 

sample) to achieve fully loaded Co-containing sample [24]. 

Fe-containing samples (Fe/Al 0.1) were obtained via the impregnation method [32-34]. For 

this purpose, 2 g of the remaining material (as made) was transferred into its NH4-form by repeated 

ion exchange with 1 M solution of NH4NO3, then granulated (fraction of 0.3 - 0.6 mm), dried, and 

finally mixed with a solution of FeCl3 (0.25 g) dissolved in acetylacetone (7 g). Next, the sample 

was subdued to gradual heating (1 h at 100 °C, then 3 h at 350 °C) under a dynamic vacuum. After 

cooling down, the sample was washed with distilled water and calcined in air.  

For the Mössbauer study, an Al-rich *BEA sample with high enrichment of the 57Fe isotope 

(57Fe > 98 wt. % in Fe2O3, supplied by ISOFLEX, USA) and Fe/Al 0.06 was prepared by the same 

procedure. 57Fe2O3 was transferred to 57FeCl3, which was used for the preparation of the 

impregnation solution. This preparation method and employment of 57Fe as a source of iron species 

allows to analyze all iron sites stabilized in 57Fe-*BEA. 

2.3  Structural analysis  

X-ray diffraction was performed on a Siemens D5005 Powder Diffractometer to confirm the 

structure typical for Al-rich *BEA zeolite in the obtained material.  

Chemical analysis of as-made and metal-containing samples was performed based on X-ray 

fluorescence spectra obtained on a BRUKER AXS S8 Tiger spectrometer. Measured data sets were 

evaluated using the Spectra plus V3 software for semiquantitative determination of elements from 

fluorine to uranium with a 5−10% error. Data from the chemical analysis were gathered in Table 

1. 
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Scanning Electron Microscope images of the as-made *BEA zeolite were obtained with a Hitachi 

S-4800 instrument and approximate crystal size was determined by using internal software. 

27Al MAS NMR, 29Si MAS NMR, and 29Si CP MAS NMR spectra of the studied as made Al-

rich *BEA zeolite (already in Na-form) were recorded on a Bruker Avance III 500 WB/US 

spectrometer at 11.7 T. For this purpose, 3.2 mm and 4 mm ZrO2 rotors with the rotational speed 

of 20 kHz and 7 kHz were used for 27Al and 29Si experiments, respectively. To allow quantitative 

evolution of the spectra high-power decoupling pulse sequences were used with excitation pulse 

π/12 (0.7 μs) for 27Al, and π/2 (4.2 μs) for 29Si. In the case of the 29Si cross-polarization (CP) 

spectra (see Supplementary material, Fig. S1), pulse sequences with a 50% ramp CP pulse, 2000 

μs contact time, high-power decoupling, and 5 s relaxation delays were employed. The chemical 

shifts were referenced to an aqueous solution of Al nitrate for the 27Al MAS NMR experiments, 

and Q8M8 for the 29Si MAS NMR experiments. DM fit software was applied for the simulation of 

the 29Si MAS NMR spectra. 

Based on the single pulse 29Si MAS NMR spectra, the framework aluminum content (Si/AlFR) was 

calculated by using the following equation: 

Si/AlFR = 𝐼/# (!
"#
𝐼n) (1) 

in which In stands for the intensity of the resonance of the Si(4-nSi, nAl) atoms and I is the total 

29Si intensity [35, 36]. 

2.4  Analysis of Al distribution  

A fully loaded Co-containing *BEA sample prepared under conditions that guarantee the 

exclusive presence of Co(II) hexaaqua complexes in the ions exchanged sample was used for the 
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determination of Al distribution in the studied *BEA zeolite according to the method described 

elsewhere [24, 37, 38]. In general, Al pairs are able to stabilize Co(II) cation in the hydrated (Co 

hexaaqua complex) and dehydrated zeolite (bare Co(II)), and their concentration corresponds to 

the concentration of the latter calculated from FTIR study and is given by the following equation: 

!𝐴𝑙!"#$$ = 2 × [𝐶𝑜(𝐼𝐼)%"$&]  (2) 

Close Al atoms accommodate only Co(II) hexaaqua complex in hydrated zeolites, thus their 

concentration can be calculated based on the maximum ion-exchange capacity of Co(II) from 

chemical analysis decreased by the fraction of bare Co(II) stabilized by Al pairs, which is given 

by the following equation: 

[𝐴𝑙'()*&] = 2 × [𝐶𝑜(𝐼𝐼)] − !𝐴𝑙!"#$$  (3) 

Single Al atoms do not participate in the stabilization of divalent cations or their complexes, and 

can be calculated based on the following equation: 

!𝐴𝑙*#+,(&$ = [𝐴𝑙] − 2 × [𝐶𝑜(𝐼𝐼)] = [𝐴𝑙] − !𝐴𝑙!"#$$ − [𝐴𝑙'()*&]  (4) 

In order to determine the concentration of bare Co(II) in the sample, static infrared spectra of the 

Co-containing sample were recorded using an FTIR spectrometer (Nicolet 6700) equipped with a 

liquid-nitrogen-cooled MCTB detector. The quartz cell with KBr windows was connected to a 

vacuum, which allowed the transport of the sample between the heating and measurement modes. 

A thin, self-supporting wafer was placed in the holder and evacuated before the measurement 

under a dynamic vacuum (10−3 Pa) at 450 °C for 3 h. FTIR spectra were recorded at RT in the 

range between 4 000 and 400 cm−1 (128 scans, resolution of 2 cm−1). Spectra were normalized 

regarding the wafer density [39]. 
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The concentration of bare Co(II) in the studied *BEA sample was established based on a method 

reported elsewhere [30, 40]. Spectra in the range of the T-O-T vibrations (970-870 cm-1) were 

deconvoluted using Origin 8.1 software (OriginLab, Northampton, MA) into three Gaussian bands 

[41]. Further, the modified Beer-Lambert-Bouger law was used for the calculation according to 

the following equation: 

A = ε · C (5) 

where A (cm g−1) is the integral intensity of the band normalized to self-supporting wafer density, 

ε is the extinction coefficient (cm μmol−1), and C is the concentration of (mmol g−1) of bare Co(II). 

2.5  Mössbauer spectroscopy measurements 

The absorption 57Fe Mössbauer spectra were acquired with a 57 °C source in the Rh matrix 

(the maximum velocity of the source was 12 mm/s). The velocity scale was calibrated using α-Fe 

foil. A self-supporting pellet (100 mg) of 57Fe-*BEA (Al-rich) was placed into the quartz set-up 

enabling sample transport between the heating and measurement regions and exposition of the 

samples to various atmospheres of the reactants. Mössbauer spectra were measured at RT under 

vacuum (10-3 Pa) after the following treatments: evacuation under dynamic vacuum for 3h at 450 

°C and evacuation under dynamic vacuum for 3h at 450 °C, then interaction with O2 at 220°C for 

60 min and subsequent 5 min O2 desorption at 220°C. The spectra were deconvoluted into 

Lorentzian-shaped components using MossWinn software. The corresponding Mössbauer 

parameters, i.e. isomer shift (IS) and quadrupole splitting (QS) were then ascribed to individual 

iron species in Fe-*BEA (Al-rich) [42]. 

2.6  X-ray absorption measurements 
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Fe K-edge (7.112 keV) X-ray absorption spectra of Al-rich Fe-*BEA were acquired in the 

transmission mode at the SuperXAS beamline of the Swiss Light Source, Paul Scherrer Institute, 

Switzerland with the use of Si(111) monochromator and spot size of 2000 x 400 µm2. The Si(111) 

monochromator crystal, results in an energy resolution of ca. 1.43×10−4 deltaE/E, corresponding 

to an incoming beam energy bandwidth of ca. 1 eV at 7 keV. A spectrum of Fe reference foil was 

acquired simultaneously for the energy calibration. Fe-*BEA sample was measured in quartz 

capillary (10 μm wall thickness and 1.5 mm of external diameter) connected with a gas-flow 

controlling system and mass spectrometer. XAS spectra were recorded during Fe-*BEA (i) heating 

in He flow (5 ml/min) up to 450 °C and equilibrating at this temperature for 2h, (ii) cooling down 

in He flow (5 ml/min) up to 220 °C, (iii) interaction with O2 (5 ml/min) at 220 °C for 60 min, (iv) 

interaction of the oxidized sample with CH4 (5 ml/min) at 220 °C for 30 min. Quick-XAS spectra 

were averaged, background corrected, and normalized using the ProQEXAFS software [43]. 

EXAFS fitting was performed using the Artemis interface of the Demeter software [44] 

2.7  Analysis of the reaction products 

FTIR spectroscopy  

FTIR spectra of the products of methane oxidation by active oxygen stabilized on iron 

centers in Al-rich *BEA sample were recorded on GC-IR Interface with liquid nitrogen cooled 

MCT-A detector using Nicolet NEXUS 670 FT-IR spectrometer with a resolution 2 cm-1 and 32 

scans. The sample in a form of a self-supporting palette (ca. 10 mg/cm3) was placed in the through-

flow cell with NaCl windows. Fe-*BEA zeolite before the experiment was pretreated in He flow 

(100 ml/min, purity 5.0) for 3h at 450 °C, then oxidized for 60 min in O2 flow (30 ml/min, purity 

5.0), and flushed by He (100 ml/min, purity 5.0) for 5 min before the CH4 (5 ml/min, purity 5.5) 
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was introduced at 220 °C for 20 min. A blank experiment with no O2 usage was performed as 

follows. Fe-*BEA zeolite was pretreated in a flow of pure He (100 ml/min, purity 5.0) at 450°C 

for 3h and then cooled down in He flow to 220 °C then He flow was switched to CH4 flow (5 

ml/min, purity 5.5) for 20 min. 

Mass spectrometry  

The quantitative analysis of the products of methane oxidation by active oxygen formed 

over Fe-*BEA was performed by AutoChem system (Micromeritics) equipped with a quadrupole 

mass spectrometer (OmniStarTM Pfeiffer Vacuum). The 0.020 g (fraction of 0.03-0.06 cm) of the 

Fe-*BEA was placed in the quartz reactor and activated in a He flow (40 ml/min, purity 5.0) for 3 

h at 450 °C. Then, the sample was cooled down in He flow to 220 °C, treated at this temperature 

with O2 (20 ml/min, purity 5.0) for 60 min, and purged with He (5 ml/min, purity 5.0) for 15 min 

in order to remove the excess of O2. Finally, the oxidized sample interacted at 220 °C with CH4 (5 

ml/min, purity 5.5) for 30 min. The signal with m/z = 31 and 44 related to methanol and CO2 was 

analyzed as the only oxidation products in three consecutive redox cycles performed isothermally 

at 220 °C. After each interaction with CH4, the sample was purged with He (20 ml/min, purity 5.0) 

for 15 min. The quantitative analysis of produced methanol, and CO2 was based on a calibration 

using signals m/z = 31 and 44 respectively, and injections of a set of different amounts of these 

chemical compounds and corrected for the pressure changes and mass spectrometer responses 

during the blank experiment. A blank experiment with quartz wool was performed and did not 

reveal the significant presence of any m/z signals that can be assigned to products of methane 

oxidation (Supplementary material, Fig. S7). Also, a blank experiment with the *BEA precursor 

without introduced iron was performed, and the registered mass spectrum (not showing the 

presence of oxygenates) was added to the Supplementary material (Figure S11). 
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3 Results and discussion 

3.1 Structural characterization of parent Al-rich *BEA zeolite 

The XRD patterns, depicted in Figure 2, show that the obtained parent zeolite exhibit reflexes 

typical for a well-developed *BEA zeolite with no phase impurities, and in agreement with data 

previously published for Al-rich *BEA materials [25, 31, 42]. As visible in SEM micrographs 

shape of crystals is homogeneous and their average size reaches 0.4 μm (see Figure 3). The crystal 

size is significantly bigger than typically reported for commercial or Si-rich *BEA zeolites and 

corresponds to those already reported for Al-rich *BEA zeolites [25, 30, 31, 42]. 

 

Figure 2. XRD pattern of the as-made A-rich *BEA zeolite. 
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Figure 3. SEM images of as-made Al-rich *BEA zeolite. 

3.2 Aluminum organization in parent Al-rich *BEA zeolite 

27Al MAS NMR spectrum, Figure 4, exhibits only one symmetric signal with an observed shift 

around 58 ppm confirming the exclusive presence of tetrahedrally coordinated Al atoms in an 

oxygen environment, typical for framework Al atoms with no resonances around 0 or 10 – 40 ppm 

reflecting the presence of extra-framework Al species. 29Si MAS NMR spectrum is more complex 

comparing those reported for Si-rich *BEA zeolites due to the presence of resonances associated 

with the abundant Si atoms with more than one neighboring Al atom, which is characteristic for 

Al-rich *BEA zeolite [24, 25, 45], see Figure 5. Resonances at -114.2 and -109.0 ppm were 

assigned to Si atoms with the exclusive silica surroundings – Si(4Si). The most intensive resonance 

at -104.0 ppm, together with the signal at -106.0 ppm were attributed to Si atoms neighboring 3 Si 

atoms and 1 Al atom – Si(3Si,1Al). Resonances below -101 ppm usually indicate the presence of 

silanols – SiOH, yet in the case of Al-rich zeolites the signal characteristic for Si tetrahedra 

connected to 2 Si and 2 Al tetrahedra – Si(2Si,2Al) would be expected. In order to distinguish 

between those resonances a 29Si CP experiment was performed, which enhances the signal from 

Si atoms in the proximity of protons. As the result, the resonance at -98.4 ppm was denoted as 

2 μm 1 μm
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Si(2Si,2Al), and the remaining signals at -100.5 and -95.4 ppm were assigned to SiOH. As a matter 

of fact, the low intensity of the latter (SiOH) is in line with the well-crystalline structure and large 

crystals of the as-made *BEA zeolite suggested by XRD and SEM. The correct assignment of the 

particular resonances allowed determining the framework Si/Al ratio (Si/AlFR) equal 5.8 (for 

details see Experimental Section). This value differs from the one obtained from the chemical 

analysis (Table 1) performed for the Co-exchanged sample (Si/Al 5.2), but still, the discrepancy is 

in the measures of method accuracy (below 10%). Moreover, signals at around -100.5 and -95.4 

ppm can represent an overlap of the resonances of Si(2Si,2Al) and SiOH atoms. Based on the 

presented results, it can be concluded that the parent *BEA sample represents well-crystalline and 

low-defected zeolite with Al atoms present exclusively in the framework. Thus, the previously 

developed methodology involving the maximum exchange with Co(II) hexaaqua complex for 

studying Al distribution in Al-rich *BEA sample was performed [24]. 

 

90 60 30 0 -30
27Al observed shift (ppm)
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Figure 4. 27Al MAS NMR spectrum of the as-made Al-rich *BEA zeolite. 

 

Figure 5. 29Si MAS NMR spectrum of the as-made Al-rich *BEA zeolite (thick line) together with 

its fit (dashed line), and individual resonances (thin lines). 

The results of chemical analysis for the maximum loaded Co-*BEA sample are gathered 

in Table 1. The Co(II) ion-exchange capacity of the studied *BEA sample is equal to 0.48, thus 

close to the maximum theoretical value of 0.50 [24]. Nevertheless, for *BEA zeolites this value 

reflects the shares of both Al pairs and close Al atoms participating in the stabilization of Co(II) 

hexaaqua complexes in the hydrated form of the zeolite. However, only Al pairs with two Al atoms 

in one ring can compensate for bare Co(II) cation (or any other divalent transition metal ion) in 

dehydrated zeolite [24, 46]. Therefore, distinguishing between Al pairs and close Al atoms is 

possible by using the results obtained from FTIR studies of dehydrated Co-samples. This allows 

quantification of bare Co(II) cations coordinated to Al pair forming cationic sites denoted as α, β, 

and γ [47]. Among them, the most populated cationic site for hosting divalent cations is the β site, 

arranged in a 6-membered ring containing two Al atoms (Al pair) (Fig. 1a). Ligation of Co(II) by 

-80 -100 -120

 

29Si chemical shift (ppm)

 

 

Res.(ppm)  Area(%)   Si type
-95.4
-98.4
-100.5
-104.0
-106.0
-109.9
-114.2

1.2
9.1
1.4

37.0
13.9
26.2
11.2

SiOH
Si(2Si,2Al)
SiOH
Si(3Si,1Al)
Si(3Si,1Al)
Si(4Si)
Si(4Si)

Si/AlFR 5.8
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the framework Al atoms (of the Al pair) results in the perturbation of anti-symmetric T-O-T 

vibrations of the zeolitic lattice and is visible in the FTIR spectrum in the range of 990 – 840 cm-

1. The perturbation of anti-symmetric T-O-T vibrations enables the distinction of Co(II) location 

in cationic sites of the *BEA zeolite (see Supplementary material, Fig. S2). The concentration of 

Al pairs in obtained Al-rich *BEA sample was calculated according to Equation 2 (Experimental 

section) and is equal to 0.74 mmol/g (30% of all Al atoms), while the fraction of close Al atoms 

(Equation 3, Experimental section) reaches a value of 1.64 mmol/g (66% of all Al atoms). The 

population of Al pairs mainly occupying 6-membered rings of *BEA represents a sufficient 

starting point for the introduction of divalent iron cations, which might cooperate with each other 

as distant binuclear sites in the activation of molecular oxygen. The remaining fraction of 4% of 

all Al atoms (0.1 mmol/g) represents single Al atoms (Equation 4 in the Experimental section, 

Table 1).  

 

Table 1. Chemical composition of obtained Al-rich *BEA sample, fully exchanged by Co(II) 

based on chemical analysis and FTIR studies, together with the results of Al distribution, and the 

concentration of introduced iron. 

 [a] Based on XRF [b] Based on FTIR studies 

 

Sample Si/Al[a] 
Fe/Al[a] Fe[a] Co/

Al[a] 
Cobare/A

l[b] 

Al[a] Co(II)[a] Co(II)bare[b] Alpair Alclose Alsingle 
 

Alpair Alclose Alsingle 

 (mmol/g) (mmol/g) (%) 

Al-rich 
Co-

*BEA 
5.2 0.05 0.13 0.48 0.15 2.48 1.20 0.37 0.74 1.64 0.1  30 66 4 
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As shown above, Al-rich *BEA zeolite selected for the study possesses proper Al 

distribution with a high population of Al pairs enabling stabilization of bare divalent cations (Table 

1). Such prepared Al-rich BEA is a convenient material for the introduction of iron ions (Fe/Al 

0.06) for further spectral investigation.  

3.3 Mössbauer spectroscopy studies of the nature of iron species in Fe-*BEA 

Mössbauer spectroscopy was used to determine the type of iron sites formed in Fe-*BEA 

(Al-rich) and the determination of iron centers involved in O2 cleavage. The main advantage of 

Mössbauer spectroscopy is its ability to identify iron species, exclusively. For interpretation of the 

Mössbauer spectroscopy results of iron-zeolites, we generally accept the assignment presented in 

the following papers [3, 10, 42]. According to them all types of iron species present in studied 

samples can be detected and described by Mössbauer parameters: isomer shift (IS) and quadrupole 

splitting (QS) determining the oxidation state and symmetry of iron species, respectively. The 

presence of the doublet in the Mössbauer spectrum of iron zeolites with IS value higher than 0.7 

mm/s confirmed the presence of Fe(II) centers. The value of IS below 0.5 mm/s characterized 

Fe(III) forms. The symmetry of Fe sites is characterized by the value of quadrupole splitting: QS 

≥ 1.50 mm/s describing Oh-like symmetry and iron centers with QS ≤ 1.0 attributing to Td-like 

symmetry [42, 48-50]. For the Mössbauer study, we intentionally selected Fe-*BEA (Al-rich) 

containing low iron loading Fe/Al 0.06, which guarantees the location of iron species as cationic 

sites exclusively. This approach allows studying both siting of iron centers and the behavior of 

particular sites in oxidation conditions. Mössbauer spectrum of Fe-*BEA (Al-rich) after 3h 

evacuation at 450 °C together with its fit is presented in Fig. 6a. The spectral parameters obtained 

in the fitting process are gathered in Table 2. Mӧssbauer spectrum recorded under vacuum of 

evacuated Fe-*BEA was deconvoluted to three subspectra (goodness of the fit χ~1) with the value 
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of IS indicating the exclusive presence of Fe(II) centers in studied Al-rich Fe-*BEA (no iron oxide 

present, see Supplementary material, Fig. S3.). The parameters of doublets D1 and D3 are typical 

for Fe(II) Td-like coordination. This type of species was previously assigned to bare Fe(II) 

stabilized in zeolite rings containing two Al atoms. The low value of QS indicates that the 

symmetry of Fe(II) described by the D1 and D3 doublet is close to Td coordination. Similar values 

of the parameters obtained for FER or ZSM-5 were assigned to Fe(II) in β cationic positions [3, 

28, 48-51]. However, in Fe-*BEA Al-rich the value of the QS component describing Fe(II) in β 

cationic site has a higher value in contrast to those observed in Fe-FER or Fe-ZSM-5. This suggests 

the lower symmetry of Fe(II) in the β position in *BEA. This observation is in agreement with 

DFT calculations, which revealed that Fe(II) in β is withdrawn above the zeolite ring (Fig. 1), in 

contrast to Fe-FER and Fe-ZSM-5, in which Fe(II) is in a planar position. Based on the literature 

data the doublet D2 was pointed out to Fe(II) located in α cationic positions. The higher value of 

QS indicates the symmetry of Fe(II) close to Oh–like. In the investigated Fe-*BEA, divalent iron 

occupied mainly β cationic positions of the zeolite lattice (88 %), the rest of the iron is located in 

α cationic positions (component D2).  
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Figure 6. Mössbauer spectra of 57Fe-*BEA (Al-rich) together with their fits recorded after the 

following treatments: 3h evacuation at 450°C under dynamic vacuum (a), 3h evacuation at 450 °C 

for 3h, then interaction with O2 (105 Pa) for 60 min at 220 °C and after that O2 desorption at 220 

°C for 5 min (b). 
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Table 2. Mössbauer parameters and spectral contribution of iron species in evacuated and treated 

with O2 Al-rich Fe-*BEA. 

57Fe-FER  IS  QS  Rel. Fe species 

Fe/Al 0.06  mm/s mm/s %   

3h @450°C D1 0.81 1.09 24 Fe(II)  

 D2 1.20 2.10 18 Fe(II) 

  D3 0.80 0.60 58 Fe(II) 

+ O2 @220°C D4 0.37 2.70 6 Fe(III)  

 D5 0.90 2.70 35 Fe(II) 

  D6 0.41 1.00 59 Fe(IV)=O 

 

Mössbauer spectrum recorded at RT after interactions with O2 at 220 °C is presented in Fig. 

6b. Results of spectra deconvolutions (Table 2) reveal that after interactions with O2 majority (65 

%) of divalent iron species present in the evacuated Fe-*BE A (Al-rich) was oxidized. The new 

components (D4 and D6) with IS values lower than 0.5 mm/s can be assigned to the oxidized form 

of iron. Low populated (6 % of total Fe) D4 with a high value of QS (QS= 2.70 mm/s) can be 

attributed to isolated Fe(III) in Oh-like coordination. The presence of this type of species was 

observed previously in silica-rich Fe-FER, Fe-ZSM-5, and Fe-BEA treated in an oxidizing 

atmosphere. The major faction (59 % of the total Fe) of the spectrum represents a new component 

D6 with IS = 0.41 and QS = 1.00 mm/s. The value of IS indicates that iron is present in a higher-

than-divalent oxidation state and the value of QS specifies the coordination close to Td. The 

component D6 exhibiting similar values of Mössbauer parameters was detected in Mössbauer 
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spectra of Fe-zeolites (silica-rich FER, ZSM-5, and *BEA) after interaction with N2O or very 

recently with O2 (Fe-FER). The authors assigned this component to the active oxygen form 

originating from N2O or O2 splitting, which is stabilized on iron ([Fe(IV)=O2-]2+. It was shown 

that this type of species exhibits a high oxidation potential towards methane to methanol and 

benzene to phenol transformation [3, 10]. The value of Mössbauer parameters characterizing ions 

with stabilized active oxygen subtle differs depending on the zeolite topology, which controls the 

geometry of iron sites. However, it is commonly accepted that Fe sites able to stabilize active 

oxygen form have to be embedded in the zeolite matrix as bare cations and stabilized in the zeolite 

ring containing two Al atoms [24]. It confirms that the position of iron bare cations is defined by 

the structure of the zeolite and Al distribution. These two factors explain the changes in the value 

of Mössbauer parameters depending on the zeolite matrix. Mössbauer parameters of subspectrum 

D5 are typical for Fe(II). This species represents the fraction of iron that resisted O2 oxidation. 

3.4  X-ray adsorption studies of the Fe-*BEA redox behavior 

The behavior of the iron species present in the zeolite under each reaction step i.e. (i) activation in 

He, (ii) oxidation by O2 and (iii) methane oxidation was additionally followed using in-situ 

XANES, which allows getting more insight into the oxidation state and geometry of the active 

center. The XANES spectra (Figure 7) consist of pre-edge and absorption edge region, which are 

sensitive to both oxidation state and coordination geometry. The XANES spectra recorded for the 

ex-situ sample, prior to any treatment, are shown in Figure S4. The position of the edge, which is 

similar to the Fe2O3 (Figure S4), and the low intensity of the pre-edge, point towards Fe(III) species 

in an octahedral geometry, respectively [52]. During the activation procedure (Figure S3) 

pronounced changes occur i.e. (i) shift of absorption edge towards lower energies and (ii) 

replacement of the pre-edge feature at ca. 7114.8 eV by a new one at ca. 7113.4 eV both suggesting 
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a partial reduction of Fe(III) to Fe(II). The discrepancy between XANES and Mössbauer, which 

suggests that all iron species are in the reduced form, may arise from possible different redox 

behavior of the 57Fe as well as different conditions during activation (vacuum vs flow). 

The XANES spectra recorded after exposure of the activated material to the O2 atmosphere 

at 160℃ and 220℃ are shown in Figure 7. The XANES spectra acquired after the addition of O2 

underwent pronounced changes. During activation, part of the species were reduced from Fe(III) 

to Fe(II). Those species were later on fully oxidized by O2 to Fe(III) species, which is identified 

by (i) the similar position of the absorption edge to the Fe2O3 reference (Fig. S5) and (ii) arising 

pre-edge feature at ca. 7114.8 eV. The XANES features observed for this material under O2 are 

very similar to the reported by Westre et al. for Fe(salen)Cl in square-pyramidal geometry and for 

Fe-ZSM-5 catalyst in our previous studies [53, 54].  

The oxidation of the material under the O2 atmosphere was followed by the introduction of 

CH4, the XANES spectra recorded after equilibration are shown in Figure 7 at 160℃ and 220℃. 

XANES spectra recorded under the O2 atmosphere were added in order to follow the changes 

occurring. The introduction of CH4 resulted in a reduction of Fe(III) species to Fe(II), which is 

represented by (i) the replacement of the pre-edge feature at ca. 7114.8 eV by one at ca. 7113.4 eV 

and (ii) a significant shift of the absorption edge towards lower energies by ca. 3.7 eV. The 

absorption edge position of the spectra obtained under CH4 at 220℃ matches that of the Fe2O3 

reference (Figure S5), which suggests that all of the species may shuffle between Fe(III) and Fe(II) 

and are involved in the redox cycle at 220℃. Compared to the spectra recorded for Fe-ZSM-5 in 

our previous work the one acquired under a reducing atmosphere for Fe-*BEA does not show a 

shoulder at the absorption edge at ca. 7121 eV, which is a 1s → 4p transition and is a fingerprint 

of Fe species in square planar geometry. This is in agreement with the results acquired by 



 24 

Mössbauer, which suggest that Fe(II) species present in *BEA zeolite after activation show low 

symmetry, indicating that iron is pulled out of square planar geometry and would explain the lack 

of such shoulder.  

On the other hand, XANES spectra recorded at 160 ℃ under CH4 suggest that a part of 

iron species remained oxidized as suggested by a smaller shift of the absorption edge (of ca. 

towards lower energies) compared to 220 ℃. In order to determine the oxidation state linear 

combination fitting was applied using the spectra recorded under the most oxidizing and reducing 

atmosphere. The obtained results suggest that 77.2 % of Fe(III) species present were reduced to 

Fe(II) under CH4 at 160 ℃. The best fitting parameters of EXAFS are reported in Table S1 

(Supplementary materials, Fig. S6). The obtained results suggest two oxygen sub-shell with 

average Fe-O distances of 1.73 and 2.00 Å with CN = 0.8 and 4.3, respectively. After the 

introduction of CH4, fitting of the first shell at ca. 1.73 Å was not possible, which is most likely 

related to the consumption of the formed α-O. 
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Figure 7. In-situ transmission Fe K-edge XANES spectra of Fe-*BEA recorded at 160℃ and 

220℃ under a stream of O2 (dotted line) or CH4 (straight line).  

3.5 The results obtained from Mössbauer and XAS spectroscopies confirmed that after 

evacuation at 450 °C, the Al-rich Fe-*BEA sample consists predominant fraction of Fe(II) 

located in cationic positions. Small discrepancies between Mössbauer and XAS results 

obtained for samples after the dehydration might be connected with the different 

methodology of this step (dynamic vacuum vs. inert gas flow) and application of the different 

sample, which for Mössbauer studies was prepared separately with enriched 57Fe-source (see 

Experimental section). A part of Fe(II) centers can form sites that exhibited strong redox 

behavior towards O2 activation and subsequent reduction by CH4. The iron centers 

previously oxidized by O2, after their interaction with CH4, exhibited the same symmetry 

and oxidation state, as was observed in evacuated samples (Fig. 6, 7 and Table 2), which 



 26 

confirms that the redox process took place and the products of the reaction were released 

form the active iron centers.Detection and identification of oxidation products  

Suggested by the results of X-ray absorption spectroscopy spontaneous release of the 

products of methane oxidation from binuclear iron centers in Al-rich *BEA was further studied 

with the use of FTIR spectroscopy and mass spectrometry by analyzing the outlet gasses. The latter 

was also employed for their quantitative analysis. Note, that during the reactivity tests, chosen 

sample with low iron loading (Fe/Al 0.05) and the reaction conditions (220 °C) were in line with 

those applied during the spectroscopic studies of the iron centers and targeted on the highest 

possible release of the oxidation products, not maximum productivity to any of the oxygenates. 

The FTIR spectrum of the volatile products of the interaction between the active oxygen 

stabilized on iron centers in Al-rich *BEA with methane at 220 °C is depicted in Figure 8a. The 

spectrum contains two bands at 2925 and 2850 cm-1, which are characteristic for the vibrations of 

methoxy species. The presence of these bands clearly indicates the formation of methanol [55]. In 

addition, the bands at 2360 and 2335 cm-1 typical for the CO2 stretching vibrations are visible in 

the acquired spectrum. Moreover, the band at 3215 cm-1 was found in the region of OH vibrations 

confirming water as one of the reaction products. The presence of both CO2 and H2O among the 

reaction products suggests total oxidation of CH4. Similar conclusions were driven based on the 

FTIR products analysis performed in the work of Sushkevich et al., in which both carbon monoxide 

and carbon dioxide were found after a methane oxidation reaction over Cu-MOR [56]. Finally, a 

blank FTIR experiment without the O2 oxidation step was performed at 220 °C, see Fig. 8b, which 

revealed only a weak signal from CO2, and no signal originating from oxygen-containing 

compounds, which confirms that the O2 activation of iron centers in Al-rich *BEA is an essential 

step for the further oxidation process. 
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Figure 8. FTIR spectra of the gas phase acquired during the reaction of Al-rich Fe-*BEA with O2 

and methane (a), and interaction of methane with Al-rich Fe-*BEA without previous treatment of 

the sample with O2 (blank experiment) (b). 

 

In order to quantify products of CH4 oxidation by α-oxygen formed over Al-rich Fe-*BEA, 

and the stability of the catalytic system, the activity tests with mass spectrometry detection of the 

reaction products were performed at 220 °C in three consecutive redox cycles. The Fe-*BEA (Al-

rich) sample was activated at 450 °C, cooled down to 220 °C and at this temperature oxidized by 

O2, and subsequently, interacted with CH4 (for details see the Experimental section). The mass 

spectra of such three redox cycles (Fig. 8) revealed the formation of two main reaction products 

attributed to signals with m/z = 31 (methanol) and m/z = 44 (carbon dioxide).  

 

Commented [PM1]: The range will be changed to 3600-2000 
cm-1 
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Figure 9. Time dependence of the signals with m/z = 31 and 44 related to methanol and carbon 

dioxide forming over Fe-*BEA after O2/CH4 interaction at 220 °C monitored by mass 

spectrometry in three consecutive redox cycles. The numbers in the right corner represent the 

productivity of the detected oxidation products (see Supplementary material). 

 

Quantitative analysis of the mass spectra undoubtedly confirms the oxidation of methane 

over O2 activated Al-rich Fe-*BEA sample with carbon dioxide as a main product under the 

reaction conditions (see SI Table S2). The methanol production over Al-rich Fe-*BEA obtained at 

220 °C (Figure 9) varied in three subsequent redox cycles from 0.30 to 0.45 µmol/gcat. A significant 

increase (four times) of CO2 productivity in the third cycle in comparison to the first one suggests 

a higher tendency of the redox system towards total oxidation of CH4 or over-oxidation of 

previously formed methanol. However, the productivity of methanol over Fe-*BEA increased in 

three cycles of oxidation with O2 and interaction with methane carried at 220 °C. This phenomenon 

might be connected with the evolution of the transition metal ion active sites during the ongoing 
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reaction, which leads to the enrichment of the fraction of Fe(II) in β cationic positions and thus an 

increase in the number of binuclear Fe(II) centers being responsible for O2 splitting and methane 

oxidation in the studied system.[57] The latter statement is confirmed by a strong decrease (around 

50%) in the system productivity of methanol in comparison with CO2. It has to be noted that 

presented quantitative results were obtained for *BEA sample with low iron loading (Fe/Al 0.05) 

convenient for spectral studies but not guaranteeing the highest catalytic performance. Moreover, 

carrying out the reaction at an elevated temperature (220 °C) can facilitate the recombination of α-

oxygen stabilized over binuclear iron sites in Al-rich *BEA leading to lower productivity of the 

oxygenates [28]. However, the oxidation of methane was used solely as a testing reaction to 

confirm the formation of α-O, so the presence of binuclear iron centers in the studied sample. 

Moreover, the presence of the oxygenates (CO2 and CH3OH) was confirmed also in three redox 

cycles (O2/CH4) carried at ambient conditions (50 °C) and subsequent temperature programmed 

desorption exhibited only increasing of the signal m/z 18 attributed to H2O (see Supplementary 

material, Figure S9 and S10). 

The results of FTIR and mass spectrometry analysis of outlet gasses confirmed the ability 

of Al-rich Fe-*BEA pretreated with molecular oxygen to oxidize CH4 with the formation of CO2 

and methanol. This particular reaction was chosen as a test reaction, confirming the engagement 

of a very active α-O species in the formation of oxygenates. Obtained results constitute an 

important voice in the discussion present in the literature related to the mechanism of products’ 

formation and desorption in methane oxidation by α-O. The interaction of methane with α-O 

originating from N2O assumes the formation of methoxy species bound to the iron sites in the 

zeolite matrix, and was confirmed experimentally by FTIR spectral study [58]. The appearance of 

methanol, in this case, occurred by protonation of the methoxy intermediates by the water 
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molecules, which allows methanol desorption to the gas phase at a temperature higher than 250 

ºC. However, recently it was shown that the structure of the zeolitic framework significantly 

influences the desorption of the methane oxidation products [11]. Theoretical studies revealed that 

in zeolites with transport restrictions (cavities with iron active sites interconnected by 8-membered 

rings) e.g. chabasite (CHA) or ferrierite (FER), methane oxidation by α-O (from N2O) occurred 

via rebound mechanism [21]. In this mechanism, methyl radical appears after the abstraction of a 

proton from methane by α-O, and Fe-OH is formed. Subsequently, methyl radical attacks the same 

iron site producing a methanol molecule which is released to the gas phase. Desorption of methanol 

as a product of methane oxidation by α-O originating from both N2O and O2 over Fe-FER was 

already experimentally confirmed [28, 29]. However, unlike in the case of narrow-pored zeolites, 

DFT calculations suggested that the spontaneous release of methane oxidation products is limited 

over wide-pore zeolitic topologies with 10-membered ring or 12-membered rings channels (MFI 

or *BEA respectively) [11]. Yet, the results reported in this study clearly evidence, that methanol 

can be formed and released to the gas phase also in the case of wide-pore *BEA zeolite. 

 

4 Conclusions 

The results presented in this work confirmed that low-defected Al-rich *BEA material with a high 

population of Al pairs, additionally prepared by eco-friendly template-free synthesis protocol, 

allowed hosting distant binuclear iron centers. Moreover, extensive spectroscopic studies provide 

the first experimental evidence of molecular oxygen activation by its cleavage over binuclear iron 

centers in zeolite of topology other than FER. The results of both Mössbauer and X-ray absorption 

spectroscopies unanimously confirmed that molecular oxygen interacts with iron centers in Al-

rich *BEA with the formation of active oxygen form called α-oxygen, which exhibits unique 
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oxidation potential towards the attack on inert C-H bond of CH4 molecule, resulting in the 

formation of oxygenates already at ambient temperatures. Furthermore, in-situ studies revealed 

that methane treatment of oxidized samples leads to the full reduction of Fe(III) to bare Fe(II) 

species, indicating the removal of the reaction products from active centers. In-situ FTIR and mass 

spectrometry evidenced the spontaneous release of carbon dioxide and methanol in the gas stream. 

Thus, the confirmation of the presence of methane oxidation products represents the unambiguous 

evidence of the formation of α-oxygen species over binuclear iron centers in the *BEA topology. 

Additionally, this finding supports previous DFT predictions on the diffusion mechanism of 

methane oxidation products from wide-pored zeolitic topologies. Based on the results presented in 

this contribution, it can be stated, that distant binuclear iron centers are not unique for the FER 

topology, and can be prepared in other zeolitic matrices when the structural requirements to the 

site arrangement as well as Al distribution in the matrix are met. This is essential both for the 

development of catalysts for selective oxidation of methane, and its functionality can be extended 

for highly desired from an energetic point of view oxidation processes involving long-chained 

hydrocarbons. It is due to enhance of the transport properties in wide-pore *BEA zeolite topology. 

Moreover, in the case of the application of successfully prepared Al-rich zeolites, the formation of 

a high fraction of distant binuclear TMI centers being the active sites in oxidation reaction is 

feasible. 
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