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Revealing Active Sites and Reaction Pathways in Methane Non-
Oxidative Coupling over Iron-Containing Zeolites

Hao Zhang, Aleksei Bolshakov, Raghavendra Meena, Gustavo A. Garcia, A. Iulian Dugulan,
Alexander Parastaev, Guanna Li, Emiel J. M. Hensen,* and Nikolay Kosinov*

Abstract: Non-oxidative coupling of methane is a
promising route to obtain ethylene directly from natural
gas. We synthesized siliceous [Fe]zeolites with MFI and
CHA topologies and found that they display high
selectivity (>90% for MFI and >99% for CHA) to
ethylene and ethane among gas-phase products. Deacti-
vated [Fe]zeolites can be regenerated by burning coke in
air. In situ X-ray absorption spectroscopy demonstrates
that the isolated Fe®" centers in zeolite framework of
fresh catalysts are reduced during the reaction to the
active sites, including Fe?" species and Fe (oxy)carbides
dispersed in zeolite pores. Photoelectron photoion
coincidence spectroscopy results show that methyl
radicals are the reaction intermediates formed upon
methane activation. Ethane is formed by methyl radical
coupling, followed by its dehydrogenation to ethylene.
Based on the observation of intermediates including
allene, vinylacetylene, 1,3-butadiene, 2-butyne, and
cyclopentadiene over [Fe]MFI, a reaction network is
proposed leading to polyaromatic species. Such reaction
intermediates are not observed over the small-pore
[Fe]CHA, where ethylene and ethane are the only gas-

phase products.
J

Introduction

Direct upgrading of methane into value-added products is
an important technology to the chemical industry.! One
can broadly distinguish the oxidative and non-oxidative
methane conversion.’!. Oxidative coupling of methane

(OCM) has been widely investigated and suffers from the
low selectivity to C, hydrocarbons due to the overoxidation
towards undesired products.'*? Non-oxidative methane
dehydroaromatization (MDA) to aromatic products has
been investigated since the 1990s."*! The main challenge
relates to the rapid coking deactivation and the limited
activity of typical MDA catalysts such as Mo/ZSM-5.5! The
research into non-oxidative conversion of methane was
reinvigorated by the breakthrough of the Bao group in
2014 that a single-atom Fe®©SiO, catalyst displayed high
activity and stability in non-oxidative coupling of methane
(NOCM) to C,-products.*®! The isolated nature of Fe
hinders C—C coupling reactions, greatly reducing coke
formation on the catalyst surface. The high selectivity
towards low-value naphthalene (~25 %) remains a signifi-
cant disadvantage of this catalyst.

Zeolites are crystalline microporous aluminosilicates,
which can stabilize isolated metal sites in their framework
or in extra-framework positions. Isomorphous substitution
of Si for Fe in MFI and CHA zeolites has been studied for
a variety of reactions.”! The microporous nature of zeolites
provides a confined environment, which can steer reac-
tions, for instance, by limiting the growth of certain
products.®! In this way the formation of unwanted
naphthalene product during non-oxidative conversion of
methane can be suppressed. The shape-selective nature of
zeolites can also be used to enhance the selectivity to
specific hydrocarbons. There is a limited amount of prior
work on NOCM using zeolites. Shen etal. reported a
Mo/[B]ZSM-5 catalyst that reached ~90 % C,H, selectivity
at 650°C at a methane conversion level of 0.8%."! The
decreased acidity obtained by replacing Al by B was
thought to contribute to a decreased formation of aro-
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matics. Gerceker et al. evaluated a series of PtSn/ZSM-5
catalysts at 700°C.'""! The best catalyst showed a methane
conversion of 0.06 % at a C, selectivity above 90 %. Xiao
et al. studied the NOCM activity of PtBi/ZSM-5 by varying
the Pt/Bi ratios.'! The authors contended that surface Pt
species served as the active sites for methane activation,
while Bi promoted C,-product formation. A methane
conversion of 2% was achieved from a 10 vol.% methane
feed. The majority of prior work employed the ZSM-5
zeolite. Compared to this 10-membered ring (10MR)
zeolite, the smaller pore windows in the SMR CHA zeolite
can further enhance the selectivity towards light hydro-
carbon products.!"”

There remains a significant lack of understanding of the
reactive chemistry during zeolite-catalyzed methane con-
version, pertaining mostly to the nature of the active sites,
the reaction mechanism and the contribution of gas-phase
reactions. Several in situ characterization techniques have
already been deployed to resolve these matters.”! Chen
etal. used in situ X-ray absorption spectroscopy (XAS)
and in situ X-ray diffraction (XRD) to investigate the
structure of Pt—Bi/ZSM-5 catalysts used in the NOCM
reaction and reveal the formation of an intermetallic
surface Pt;Bi phase on top of a Pt core.' Using online
vacuum ultraviolet soft photoionization molecular-beam
mass spectrometry, Bao and co-workers proposed the
formation of methyl radicals during methane conversion
over isolated Fe centers in Fe®©SiO,.” Photoelectron
photoion coincidence spectroscopy (PEPICO) is a related
tool which combines photoelectron spectroscopy (PES)
with soft photoionization mass spectrometry to improve
the analysis of different isomers.'”! The group of van
Bokhoven used this technique to study the gas-phase
intermediates formed over Fe/SiO, catalyst. In addition to
the methyl radicals observed by Bao and co-workers,” they
found that propargyl radicals (H,C—C=C-H") are likely
precursors to aromatic products.['¥!

Herein, we aimed at improving the C, selectivity of the
Fe-catalyzed NOCM reaction by using the effect of zeolite
confinement. Specifically, we synthesized a series of Al-
free shape-selective siliceous zeolites with CHA (8MR)
and MFI (10MR) structures in which Fe was the sole
substituent for Si. Combining various characterization
techniques, we could follow the evolution of the structure
of Fe species during the catalyst life and make proposals
for the NOCM reaction pathway over these catalysts.

Results and Discussion

[Fe]CHA and [Fe]MFTI zeolites were obtained by specifi-
cally developed direct hydrothermal synthesis techniques.
The actual Si/Fe ratios were close to the intended values
(Table S1). The particle size of fresh catalysts ranges from
0.5 to 1.5 pm, as shown in the scanning electron microscopy
(SEM) images (Figure S1 and Table S1). Ar physisorption
isotherms demonstrate that the catalysts are microporous
zeolites (Table S1 and Figure S2). The synchrotron XRD
patterns of the directly synthesized FeCHA100 and FeM-
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FI100 (here “100” denotes the Si/Fe atomic ratio) and the
reference samples, prepared by impregnation with iron
nitrate and calcination, confirm the presence of zeolites
with the CHA and MFI topologies, respectively (Fig-
ure la). The diffraction peak at ~2.5 A~'in the patterns of
FeMFI100-imp and FeCHA100-imp catalysts can be as-
cribed to the Fe,O; phase (PDF no. 00-039-1346). The
Fourier-transformed extended X-ray absorption fine struc-
ture (FT-EXAFS) at the Fe K-edge features one coordina-
tion shell originating from the Fe—O single scattering path,
demonstrating the presence of isolated Fe sites in Fe-
CHA100 and FeMFI100 catalysts (Figure 1b). The FT-
EXAFS spectra of the impregnated samples have similar
features as the bulk Fe,O; reference (Figure 1b). The XRD
and EXAFS data obtained for the directly synthesized
[Fe]zeolite samples with Si/Fe ratios of 200 and 80 also
support the conclusion that the samples predominantly
contain isolated Fe species (FigureS3, S6, S7, and
Table S2). The presence of isolated Fe centers was further
confirmed by the wavelet transformed (WT) EXAFS, in
which only one major WT maximum can be seen at ~7 A"
(Figure S4), whereas an additional WT maximum (7.5 A",
2.7 A) is present in the spectra of impregnated catalysts,
indicative of the presence of Fe,O; (Figure S5).

The results of Kf, ; X-ray emission spectroscopy (XES)
and Fe 2p X-ray photoelectron spectroscopy (XPS) analysis
show that iron is present as Fe’' in fresh samples
(Figures S8, S9). High energy resolution fluorescence
detected X-ray absorption near edge structure (HERFD-
XANES) is one of the most suitable technique to study the
pre-edge features corresponding to the / s to 3d electronic
transitions and reflecting the oxidation state and coordina-
tion geometry of Fe-centers (Figure 1c, Figure $10)."”! The
pre-edge peak area and pre-edge centroid of [Fe]zeolite
catalysts for the FeCHA100 and FeMFI100 catalysts are
close to the FePO, reference with tetrahedral coordination
(Fe*" Td). On the contrary, the results for the impregnated
catalysts (FeCHA100-imp and FeMFI100-imp) are close to
the FePO,-2H,0O reference, where Fe is in octahedral
coordination (Fe’" Oh) (Figure S11, S12, and Figure 1d).
These findings indicate the presence of mainly Fe*" Td
sites in the directly synthesized [Fe]zeolite catalysts, where-
as the impregnated catalysts contain mainly Fe’* Oh
centers like Fe,O;, in line with the valence-to-core XES
results (Figure S13).0'")

The aggregation extent and coordination state of Fe*"
were confirmed by Ultraviolet-Visible diffuse reflectance
spectroscopy (UV/Vis DRS, Figure le). The isolated
tetrahedral Fe’" sites display two oxygen-to-metal charge
transfer (CT) bands at ~211 and ~245nm, while the
feature at ~277 nm can be attributed to isolated octahedral
Fe**.['" The CT bands located at ~333 nm and ~427 nm are
ascribed to oligomeric Fe’" clusters and larger Fe,O,
aggregates, respectively."®! Compared with the directly
synthesized [Fe]zeolite catalysts, the impregnated referen-
ces show pronounced features at wavenumbers higher than
300 nm, suggesting the existence of larger Fe clusters and
even Fe,0; particles. UV/Vis DR spectra of the directly
synthesized catalysts were deconvoluted using 5 compo-
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Figure 1. (a) Synchrotron XRD patterns, (b) k*-weighted Fourier transformed Fe K-edge EXAFS, (c) Pre-edge region of HERFD-XANES, and (d) the
related pre-edge peak analysis. (e) UV/Vis DRS of fresh Fe/zeolite catalysts. (f) AC-TEM image, (g) High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image, and (h,i) the corresponding STEM-EDX results of the fresh FeMFI100. (j) AC-TEM
image, (k) HAADF-STEM image, and (I,m) the corresponding STEM-EDX results of the fresh FeCHA100 catalyst.

nents, as shown in Figure S14 and S15.'® The results
indicate that the fresh samples also contain isolated Fe’*
Oh and Fe aggregates. The Fe Td species represent Fe
cations isomorphously substituted in the zeolite framework,
while the Fe Oh species are located outside the
framework."” The presence of Fe species in the zeolite
framework is further confirmed by Raman spectra (Fig-
ure S16). A comparison with simulated XANES of the
density functional theory (DFT)-optimized framework Fe
model also indicates that the majority of Fe is in the
framework (Figure S17). Besides, transmission electron
microscopy (TEM) and scanning transmission electron
microscopy-energy dispersive X-ray spectroscopy (STEM-
EDX) analysis of one-step synthesized catalysts support
the highly dispersed state of Fe (Figure 1f-m, Figure S18 to
S20). To summarize, one-step synthesized [Fe]zeolite
catalysts mainly contain isolated tetrahedral coordinated
Fe’* species in the zeolite framework, together with a small
minority of Fe*™ Oh species and Fe aggregates located at

Angew. Chem. Int. Ed. 2023, 202306196 (3 of 10)

extra-framework positions. Fe,O; nanoparticles and Fe-oxo
clusters were the main Fe-species in the impregnated
catalysts.

The catalytic performance of Fe/zeolite catalysts and
siliceous MFI and CHA zeolites in NOCM reaction at
750°C is shown in Figure 2a. The Fe-containing zeolites
displayed a substantially higher activity than the siliceous
Fe-free CHA and MFI samples. From the observation that
the activity increased with Fe content, it can be derived
that Fe plays a catalytic role. The one-step synthesized
[Fe]zeolite catalysts perform much better than their
impregnated counterparts with similar Fe loading. While
ethane and ethylene were the only detected gas-phase
products over the Fe/CHA catalysts, Fe/MFI also led to the
formation of benzene and toluene. The formation of larger
reaction products in the [Fe]MFI samples can be explained
by the larger pores in this zeolite, whereas bulky aromatic
molecules cannot leave the small pores of CHA zeolites.
Naphthalene was not observed by gas chromatography-
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Figure 2. (a) Catalytic performance of the various catalyst samples at a pressure of 1 bar. (b) Reaction-regeneration tests of FeECHA100 and
FeMFI1100 (750°C; 20 mL/min 95 vol.% CH, and 5 vol.% Ar; 50 mg catalyst). Catalyst regeneration carried out at 650°C for 1 h in air. In Reac_x, x

refers to the reaction cycles upon intermittent regeneration.

flame ionization detection (GC-FID) analysis of the
product stream in any of the experiments. The much higher
specific surface area and pore volume of CHA results in
more interactions between CH, and the hot zeolite surface
(Table S1). This can explain why CHA shows a higher C,-
hydrocarbon yield than MFI. The long-term activity tests in
the NOCM reaction, performed at different temperatures
over FeCHA100 and FeMFI100 catalysts, are shown in
Figure S21. With the increase of reaction temperature from
700 to 800°C, the initial ethylene yield increased from
~0.05% to ~0.25 % for both catalysts, although shortening
the catalyst lifetime. Catalyst deactivation is likely due to
the formation of coke, which blocks the zeolite pores.
Variation of the reaction pressure showed that the cumu-
lative C, hydrocarbon yield can be significantly increased (
~3 times) by increasing methane partial pressure from 0.5
to 5 bar (Figure S22). This can be ascribed to the reversible
nature of coke formation. Coke hydrogenation is facilitated
at higher reaction pressures, reducing the negative impact
of coke deposits in the micropores on the activity.”"
Figure 2b shows results of reaction-regeneration tests
performed with FeCHA100 and FeMFI100 catalysts. Cata-
lyst deactivation is evident for both catalysts in terms of
decreasing ethylene yield. The methane conversion de-
creased from ~2% to ~0.5% during the 5Sh NOCM
reaction for FeECHA100 and FeMFI100 catalysts (Fig-
ure S23). Due to the smaller pore windows in [Fe]CHA,

Angew. Chem. Int. Ed. 2023, 202306196 (4 of 10)

aromatics formed inside zeolite pores cannot escape
compared with [Fe]MFI catalysts, which led to faster
deactivation profiles (Figure2b). This can explain the
stronger deactivation observed for FeCHA100. The
[Fe]zeolite catalysts exhibit enhanced catalytic perform-
ance in terms of reaction rate compared with reported
zeolite-based catalysts in NOCM reaction (Table S3).

We performed aberration corrected (AC)-TEM and
STEM-EDX to investigate the [Fe]zeolite catalysts after
the NOCM reaction. The majority of Fe species remain
highly dispersed, although some Fe particles with a size
larger than 10 nm can be found (Figure 3a—f, Figure S24 to
S27). These Fe particles, located on the external surface of
zeolites, were not observed in fresh catalysts. Quasi in situ
Mossbauer spectroscopy demonstrated the presence of
three types of Fe species, namely metallic Fe, Fe
(oxy)carbide, and Fe’"-centers in used catalysts (Figure 3g
and Figure S28). As the Mossbauer spectra were recorded
at 4.2 K, the Fe distribution can be calculated as well
(Figure 3h and Table S4). For small Fe (oxy)carbide
species, the Mossbauer spectrum would have been para-
magnetic, appearing as a doublet.”" This points to the very
limited aggregation of Fe (oxy)carbides in the zeolite cages.
At cryogenic temperatures, both catalysts display similar
values of the hyperfine field related to metallic Fe species
(~33.8 T, Table S4), which suggests the presence of bulk
Fe" particles (~10 to 15 nm).”” This means that the nano-
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Figure 3. (a) HAADF-STEM and (b, c) STEM-EDX results of used FeMFI100 catalysts. (d) HAADF-STEM and (e, f) STEM-EDX analysis of used
FeCHA100 catalysts. (g) M&ssbauer spectra of used FeCHA100 and FeMFI100 catalysts. Grey: envelop; Green: metallic Fe; orange: Fe’*; wine:
FeO,C,. (h) The percentages of FeO,C,, Fe’*, and Fe® obtained from M&ssbauer analysis. (i) Normalized XANES of working [Fe]zeolite catalysts and
FeO. The spectra of working catalysts were collected at the end of the first reaction runs at 750°C.

particles observed at the external zeolite surface by STEM-
EDX are metallic Fe particles. The formation of bulk Fe®
was furthermore confirmed by analyzing the used Fe-
CHA100 at room temperature, where a sextuplet with a
hyperfine field of ~33 T was observed (Figure S29 and
Table S5). The resistance of a particular fraction of Fe*"
species against sintering is most likely due to their
anchoring to the defective zeolite framework.” We also
analyzed the XANES spectra recorded at the end of each

Angew. Chem. Int. Ed. 2023, 202306196 (5 of 10)

reaction cycle (Figure 3i and Figure S30). Although more
than half of Fe appears to be in a Fe (oxy)carbide phase in
the used catalysts according to Mossbauer analysis, the
position of the rising edge is close to that of FeO. This
finding confirms the strong interaction between zeolite and
the confined Fe (oxy)carbide species, resulting in strong
stabilization of the partially oxidized Fe-species.

To investigate the structure of Fe sites during the
NOCM reaction, we carried out in situ quick XAS
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measurements in quartz capillary reactors at methane
partial pressures of 1 bar, 0.5 bar and 5 bar with intermit-
tent regeneration by calcination (Figure S31, S32). The
rising edge that shifts to lower energy and the gradually
decreasing pre-edge peak intensity during each reaction
cycle suggest the reduction of initial Fe species and a
possible change in the Fe coordination environment (Fig-
ure S33, S34). Differences can also be distinguished in the
k-space and Fourier-transformed EXAFS spectra, in which
the amplitude of the Fe—O/C shell varies (Figure S35, S36).
The absence of a strong signal originated from the second
backscatter suggests the dispersed nature of Fe throughout
the whole process. We analyzed these data in more detail
by linear combination fitting (LCF), pre-edge peak fitting,
and EXAFS fitting (Figure 4). The presence of isosbestic
points suggests that the initial framework Fe sites are
transformed without intermediate to their final states
(Figure S33, S34).”Y There are subtle differences among
the final spectra between the reaction cycles (Figure S37).
Accordingly, we used the initial and final XANES spectra
in each reaction cycle as references for LCF fitting. In the
first run, the FeCHA100 and FeMFI100 catalysts were not
fully reduced even when the temperature reached 750°C.
However, the reduction of Fe species was more facile in
the second run. Less significant differences can be observed
between the third and the second runs. The shift of the pre-
edge centroid to a lower energy also reflects the reduction
of Fe species, and the easier Fe reduction in the second and
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the third runs can be observed (Figure 4). These findings
are indicative of the extraction of Fe species from zeolite
framework to the zeolite cages during the successive
reduction-regeneration cycles. EXAFS analysis displayed
the slight decrease of the coordination number of the first
shell during the NOCM reaction, which can be ascribed to
the formation of Fe (oxy)carbides or Fe’' species with
lower coordination number (Figure 4, Note S1 and Ta-
ble S6). A possible reaction pathway for the evolution of
Fe centers based on DFT calculations is given in the
Supporting Information (Figure S38, S39, Note S2). The
study of regenerated catalysts indicates the formation of
Fe,O; aggregates after multiple reaction-regeneration
cycles and irreversible changes of the zeolite framework.
Acidity characterization using infrared (IR) spectroscopy
of adsorbed pyridine for the [Fe]MFI catalysts indicates
that Brgnsted acid sites do not play a significant role in the
NOCM reaction (Figure S40 to S49, Table S7 to S9,
Note S3).

Based on above analysis, the fresh [Fe]zeolite catalysts
mainly contain isolated Fe’" Td species located in zeolite
framework. Quasi in situ Mossbauer spectra recorded after
5h of NOCM reaction revealed a significant fraction of Fe
as finely dispersed (oxy)carbides in the zeolite cages
(Table S4). A smaller fraction of metallic Fe particles (<
20%) was found at the external surface in keeping with
TEM analysis. The rest of Fe (~30%) are Fe?' species
likely strongly anchored to the defective zeolite framework.
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Figure 4. The evolution of LCF fractions (the semi-transparent lines show the evolution of components with the spectra collected before reaction),
Fe—O/C coordination number, and the pre-edge centroid, obtained during in situ quick XAS measurements. The tests were performed from room
temperature to 750°C using a ramping rate of 10°C/min, and hold at 750°C for 30 min. 4 mg catalysts and 20 mL/min CH, were used.

Angew. Chem. Int. Ed. 2023, 202306196 (6 of 10)

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWIWOD 8A e8I 8|qedt|dde ayy Aq peusenob aJe Seoe VO ‘@SN JO Sa|nJ oy AreiqiT8ulUQ 481\ UO (SUORIPUOD-PUR-SWBHW0D A8 |IMAe.d Ul juo//Sdny) SUORIPUOD pue swie | 8u18es *[£20z/20/8T] o AriqiTauliuo 481 ‘ed L Aq 96T90£202 3 1U8/Z00T 0T/I0p/woo" A3 1M Afelq 1 pul [UO//:SANY W01y pepeo|umoq ‘0 ‘€LLETZST



GDCh
=

Such Fe?" sites can display some heterogeneity with differ-
ent degrees of coordinative unsaturation.””! The evolution
of framework Fe was also tracked by in situ XAS during
the reaction-regeneration cycles. Regeneration by air to
remove coke led to the reoxidation of Fe-species to Fe’".
Reduction of these Fe’* species to Fe?* during subsequent
NOCM reaction runs was easier for the FeCHA100 and
FeMFI100 catalysts (Figure4). Clear features of Fe
(oxy)carbides and metallic Fe are absent in the XAS
analysis, which can be ascribed to their disordered
structure and high dispersion. The active sites for the
NOCM reaction are likely Fe?" sites stabilized by the
defective framework, as also supported by the DFT
analysis, and highly dispersed Fe (oxy)carbides dispersed in
the zeolite cages. We speculate that Fe (oxy)carbide also
interacts with the defective zeolite framework possibly
involving Fe’" as well, which may explain the high stability
against sintering under the harsh conditions applied.
Metallic Fe particles do not significantly contribute to
methane activation considering the low activity of the
impregnated catalysts containing mainly metallic Fe (Fig-
ure 2a, S50). Moreover, in the best performing substituted
zeolites the amount of metallic Fe is small as compared to
Fe?" and Fe (oxy)carbides. Despite the slight decrease in
the ethylene yield in the second and third reaction runs
(Figure 2b), the relatively stable catalytic performance
during the reaction-regeneration cycles can be explained
by the high stability of the Fe phases present in the zeolite
pores against sintering. It is difficult to discern the catalytic
role of Fe?* species and Fe (oxy)carbides in the NOCM
reaction. However, assuming that more Fe (oxy)carbide is
formed at the expense of isolated Fe** during consecutive
reaction-regeneration cycles, the increased coke amount in
the second run may indicate a higher coke selectivity of Fe
(oxy)carbide as compared with Fe?* species (Figure S51).

To understand the underlying mechanism of the con-
version of methane to products including ethylene, ethane,
and (poly)aromatics, we deployed PEPICO for the Fe-
CHA100 and FeMFI100 at 750 °C under 0.8 bar of methane
partial pressure. This technique can help to detect short-
lived intermediates, which are usually difficult to observe
by conventional analytic techniques. The configuration of
the PEPICO experiment is sketched in Figure S52 and
more experimental details are given in the Supporting
Information. The ionization energy was set at 10.2eV,
which is below the ionization energy of methane (12.6 eV)
but higher than the ionization energy of methyl radical
(9.8 V). This approach helps avoiding the formation of
fragments with m/z=15 from ionization of unconverted
CH,. Therefore, ions with m/z=15 only correspond to
methyl radicals. Due to the coincident detection of ions
and electrons, the pure PES of each of the products of soft
ionization seen in the time-of-flight mass spectrum (TOF-
MS) can be extracted and used for unambiguous identi-
fication of the gas-phase species, including possible iso-
mers.

Figure 5a displays the PES of m/z =15 species obtained
for the FeCHA100 and FeMFI100 catalysts. The photo-
electron spectra match that of the methyl radical.” In light

Angew. Chem. Int. Ed. 2023, 202306196 (7 of 10)

Research Articles

Angewandte

intemationaldition’y) Chemie

of the enhanced catalytic performance of [Fe]zeolites
compared with reference samples without Fe (Figure 2a),
we infer that methyl radicals are mainly formed on Fe sites,
although there is also a contribution of the hot zeolite
surface. Since the methyl radicals diffuse through the gas
phase before detection, it is likely that the following C—C
coupling reactions occur in the zeolite pores. Although
only CH;* was observed over the [Fe]JCHA catalyst, addi-
tional larger reaction intermediates including allene,
vinylacetylene,”  13-butadiene,”™  2-butyne,”  and
cyclopentadiene™! were detected over [Fe]MFI. The differ-
ence can be explained by the small size of the pore
windows of CHA zeolites, which hinders the diffusion of
larger hydrocarbon fragments out of [Fe]CHA (Figure 5a).
Ethane and ethylene molecules cannot be ionized at the
applied ionization energy of 10.2 eV. Moreover, we did not
observe C, intermediates including CH;—CH," and
CH,=CH", which can in principle be detected at 10.2 eV
(Figure S53).B" It is possible that these reaction intermedi-
ates are below the detection limit of PEPICO. We
speculate that ethane is the primary C, hydrocarbon
product, which was obtained by the coupling of methyl
radicals. Ethane is then likely dehydrogenated to ethylene
in keeping with the ethylene formation pathway proposed
by Bao and co-workers.!! Gas-phase ethane dehydrogen-
ation measurements further support the proposed ethylene
formation process (Figure S54). Nevertheless, the role of
catalytic Fe centers and the zeolite surface in the present
study for ethane activation cannot be excluded under the
applied conditions. Ethylene is then a precursor to the
further growth into C; to Cs hydrocarbons, aromatics, and
deactivating polyaromatic species as shown in Figure 5b.
Complementary to the light hydrocarbon intermediates
observed by PEPICO, we performed in situ Raman over
FeCHA100 and FeMFI100 catalysts to study the evolution
of heavy hydrocarbon components retained inside the
zeolite pores. The in situ Raman spectra were obtained
simultaneously with the in situ quick XAS presented above.
The resulting Raman spectra contain similar features for
the FeCHA100 and FeMFI100 catalysts, indicating the
generation of the same confined hydrocarbon species in
both samples (Figure S55). For identification of the Raman
features, we employed the assignments in Table S10. Peak
fitting was based on these assignments (Figure S56). The
Raman signal of hydrocarbon species can already be
detected before reaching the reaction temperature of
750°C, implying that the reaction already starts before Fe
is fully reduced (Figure4). The signal belonging to
phenanthrene or methylated benzenes increased and then
levelled off during the NOCM reaction at 750°C and 1 bar.
On the contrary, the signal assigned to either conjugated
olefins or cyclopentadienyl species decreased, suggesting
that there is a dehydrogenation pathway of these species to
aromatics. Furthermore, the evolution of these hydro-
carbon species was affected by the reaction pressure. While
these hydrocarbon components evolved slower at 0.5 bar,
this process was much faster during the reaction at 5 bar
(Figure S56). The following evolution of confined hydro-
carbons towards coke was investigated by operando time-
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Figure 5. (a) TOF-MS and the corresponding PES of gas-phase intermediates obtained from PEPICO at 750°C. The intermediate detected over
FeCHA100 is shown using the green line and the intermediate species diffused from FeMFI100 are shown using blue lines. (b) A possible reaction
network governing the conversion of methane over [Fe]zeolite catalysts.

resolved synchrotron XRD (Figure S57 to S59, Note S4).
The gradual build-up of coke from the inlet to the outlet of
the reactor was tracked by the expansion of zeolite unit
cell, indicating the progressive deactivation along the

catalyst bed.

Angew. Chem. Int. Ed. 2023, 202306196 (8 of 10)

Conclusion

To summarize, a comparison of isomorpoushly substituted
[Fe]CHA and [Fe]MFI with impregnated Fe/CHA and Fe/
MFI counterparts demonstrates the enhanced performance
when starting from the high (framework) Fe dispersion in
the former samples. The [Fe]zeolite catalysts exhibit
relatively stable performance in three reaction-regenera-

tion cycles. [Fe]MFI catalysts display a C, selectivity of

>90% with benzene and toluene as the main gas-phase
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side-products, while the C, selectivity over [Fe]CHA
catalysts is >99 %. The initial framework Fe" species are
reduced to the active sites, which include Fe*" species and
Fe (oxy)carbides stabilized by the defective zeolite frame-
work, during the reaction. The proposed mechanism
involves the formation of gas-phase methyl radicals
through direct methane activation on Fe centers, which
yields ethane by C—C coupling followed by dehydrogen-
ation to ethylene. The reaction network also features
formation of C; to Cs species including allene, vinyl-
acetylene, 1,3-butadiene, 2-butyne, cyclopentadiene, which
are eventually transformed into polyaromatic deactivating
species.
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Siliceous iron-containing zeolites were
synthesized for methane non-oxidative
coupling. Advanced spectroscopic inves-
tigations elucidated the active sites in-
cluding Fe’" species and Fe
(oxy)carbides dispersed in zeolite pores,
and revealed the gas-phase reaction
pathways starting from methyl radicals
towards (poly)aromatic species.
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