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Efficient direct valorization of methane to value-added chemicals and materials remains an unsolved challenge
for modern chemistry and materials science. In this work, we explored direct non-oxidative conversion of
methane to hydrogen, hydrocarbons, and valuable zeolite-templated carbon materials. First, using a set of
spectroscopy and microscopy characterization tools, we investigated how the reaction conditions influence the
process of carbon formation inside the typical zeolite-based catalyst Mo/ZSM-5. Then, we explored the effect of
the zeolite topology on the growth of carbon materials from methane decomposition over Mo/MFI, Mo/MOR,
Mo/BEA, and Mo/FAU templates. Finally, we applied the obtained insights to prepare high-quality zeolite-
templated carbons directly from methane using Fe/BEA and Fe/FAU templates. Altogether, our results represent
a carbon-economic method of methane conversion to COx-free hydrogen gas, a mixture of light aliphatic and
aromatic hydrocarbons, and valuable carbon materials.

1. Introduction

Direct valorization of abundant methane to value-added chemicals
and materials remains an important problem for modern chemistry [1,
2]. Non-oxidative catalytic conversion to solid carbon and COx-free Hy
gas is one of the most promising reactions to upgrade methane [3]. In
this process, production of clean fuel (Hy) can be coupled with the
fabrication of carbon-based materials in a highly atom-economic way
[4]. The existing approaches of methane decomposition, with several
exceptions [5-7], result in unstructured carbon materials that possess
limited applicability. The value of the obtained carbon product is one of
the key factors for the future commercial application of the catalytic
methane decomposition [8]. A general challenge, here, is to find ways to
effectively activate stable methane molecules and convert them to
valuable ordered nanocarbons, without forming low-value graphitic
compounds. Recently we found that coke, formed during non-oxidative
dehydroaromatization of methane (MDA) over Mo/ZSM-5 catalysts,
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shows similar properties to zeolite-templated carbons (ZTCs) [9]. These
materials are ordered microporous frameworks, consisting of sp>-hy-
bridized carbon atoms assembled in curved single-layer graphene moi-
eties. ZTCs display long-range order, high surface area, chemical
tunability, high conductivity, and elasticity. Thus, ZTCs are promising
for a wide range of large-scale applications: gas storage [10,11],
adsorption [12], and separation [13], CO4 capture [14], solar evapo-
ration [15], fluorophores [16], electrochemical capacitors [17,18],
batteries [19], fuel cells [20], and electro-, photo- and thermal catalysis
[21-23]. Previous studies show that, ZTCs can be produced by pyrolytic
carbonization of organic precursors (typically acetylene, ethylene or
furfuryl alcohol) inside the pores of zeolite templates, followed by
dissolution of the zeolite and liberation of the resulting carbon material
[24]. According to Kyotani and Nishihara, ZTCs can be classified into
three types with respect to their quality [25]. Type-I corresponds to ZTC
materials, representing 3D-ordered inverted replica of the zeolite
structure. ZTCs of Type-I are characterized by high surface area (>2100
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m?/g); presence of ordered structure, as indicated by X-ray diffraction
(XRD) peaks corresponding to zeolite d-spacing; and absence of gra-
phene stacking, as indicated by XRD peaks of graphite. ZTCs of Type II
are characterized by some degree of ordering, but either contain gra-
phene stacking defects or possess surface area lower than 2100 m?/g.
Finally, ZTCs of Type-III are microporous carbons that do not possess
obvious ordered structure. In this work, aiming to bring value to the
material side of methane conversion, we explore the synthesis of
high-quality ZTCs directly from methane. In order to realize this
carbon-economic process, we focused on the effects of reaction condi-
tions, zeolite topology, and transition-metal catalytic function required
for methane activation.

2. Experimental methods
2.1. Preparation of zeolite templates

Commercial zeolites NH4ZSM-5 (Alfa Aesar, Si/Al = 25), HY (FAU,
Alfa Aesar, Si/Al = 2.6), HBEA (BEA, Zeolyst, Si/Al = 12) and NH;MOR
(MOR, Zeolyst, Si/Al = 15) were used in this work. NH4ZSM-5 and
NH4MOR were converted to proton form by calcination at 550 °C for 4 h.
The zeolite powders were loaded with 1 wt% Mo by incipient wetness
impregnation with aqueous solution of ammonium heptamolybdate
tetrahydrate (Sigma Aldrich, (NH4)sMo7024-4H20) at room tempera-
ture. Additionally, Fe/BEA and Fe/FAU were prepared with 1 wt%
loading of Fe by incipient wetness impregnation with aqueous solution
of ferric nitrate nonahydrate (Sigma Aldrich, Fe(NO3)3-9H,0) at room
temperature. After impregnation, Mo/zeolite and Fe/zeolite catalysts
were dried overnight at 110 °C and calcined at 550 °C for 8 h at a ramp
rate of 2 °C/min. The samples were pelletized, crushed with a mortar
and a pestle, and finally sieved to achieve a pellet fraction of 250-500
pm.

2.2. Carbonization of zeolite templates and liberation of carbon materials

Carbonization of metal-modified zeolite templates by methane was
performed in a flow setup. For each experiment, 0.5 g of the catalyst
sample was loaded in a fixed-bed quartz reactor (i.d. 4.0 mm, o.d. 8 mm,
length 450 mm). The reactions were performed in a continuous flow of
50 mL/min of CH4:Ny (95:5) mixture. The product composition was
analyzed by a gas chromatograph (Compact GC, Interscience). In the
experiments, the reactor was heated up to 450 °C at a ramp rate of
10 °C/min, followed by an isothermal step for 45 min to remove phys-
isorbed compounds from the zeolite pores. Afterwards, the reactor was
heated to the specified reaction temperature (625-750 °C) at a ramp rate
of 15 °C/min and held for 960 min (unless stated otherwise) at this
temperature. Once the reaction was finished, the reactor was cooled
down to room temperature and the carbonized zeolite sample was
recovered.

In order to liberate the carbon material from the pores, the carbon-
ized zeolites were treated by hydrofluoric acid (HF). HF is a highly toxic
compound, so these experiments need to be performed with caution and
suitable personal protection equipment should be used. For experi-
ments, aqueous solution of HF (40 wt%) was added to the carbonized
samples (5 gsolution/1 gsample)- After stirring the obtained mixture for 2 h
at room temperature, it was filtered on a paper filter and the solid res-
idue was then washed thoroughly with deionized water. The obtained
carbon samples were dried overnight at 110 °C.

2.3. Characterization of materials

Carbonized zeolite templates and liberated carbon materials were
characterized by a range of physical-chemical techniques listed below.

X-ray diffraction (XRD). XRD patterns were recorded with a Bruker
D2 Phaser powder diffractometer equipped with a Cu Ka x-ray source
(scan speed 0.01°/s, 20 range 5-50°).
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Near edge X-ray absorption fine structure (NEXAFS). NEXAFS
spectra of synthesized carbon materials were recorded at HE-SGM
beamline of BESSY II synchrotron (Berlin, Germany) [26]. NEXAFS
spectra were recorded at the carbon K-edge in a partial electron yield
mode with retarding voltage of —150 V. As the primary X-ray source,
linearly polarized synchrotron light with a polarization factor of ~91%
was used. The incidence angle of the X-rays was kept at 55° (“magic
angle”). The photon energy (PE) scale at the C K-edge was referenced to
the pronounced n* resonance of highly oriented pyrolytic graphite at
285.38 eV. The spectra were corrected for the PE dependence of the
incident photon flux by division through the spectrum of clean gold and
reduced to the standard form (zero intensity in the pre-edge region and
the unity jump in the far post-edge region).

X-ray Raman scattering (XRS). XRS spectrum of carbonized Mo/
ZSM-5 template was recorded at ID20 beamline of ESRF synchrotron
(Grenoble, France). The pink beam from four U26 undulators was
monochromatized, by a cryogenically cooled Si (111) monochromator
and focused to a spot size of approximately 50 pm x 50 pm (V x H) at
the sample position with a mirror system in Kirkpatrick-Baez geometry.
The large solid angle spectrometer at ID20 was used to collect XRS data
with 36 spherically bent Si (660) analyzer crystals [27]. The data were
treated with the XRS program package as described elsewhere [28]. The
powder samples were put in a capillary, and then measured in trans-
mission geometry. Measurements were performed at room temperature.
All scans were checked for the radiation damage by changing the sample
position during the measurement.

Raman spectroscopy. Raman spectra were recorded with a Witec
Alpha 300 confocal Raman microscope equipped with a 532 nm laser.

Ar adsorption. Textural properties of materials were analyzed by Ar
physisorption carried out at —186 °C with a Micromeritics ASAP-2020
apparatus. Surface area was estimated by the BET model and micropo-
rous volume was estimated by the t-plot model. Prior to the measure-
ments the samples were pretreated at 300 °C in vacuum.

Electron microscopy. The morphology of the zeolite and carbon
particles was analyzed by scanning electron microscopy (SEM) with a
Phenom World Pro Desktop scanning electron microscope at an accel-
erating voltage of 3-5 kV. Transmission electron microscopy (TEM)
micrographs were obtained with a FEI Tecnai 20 instrument at an
electron acceleration voltage of 200 kV. The samples for TEM were
prepared by suspending carbon materials in ethanol and placing a drop
of the suspension onto holey copper grid covered with carbon film.

Thermogravimetric analysis (TGA). Thermogravimetric analysis
(TGA) of prepared materials was performed with a Mettler Toledo TGA/
DSC 1 instrument. About 20 mg of carbonized zeolite templates and
about 2 mg of carbon materials was placed in uncovered alumina cru-
cible, which was heated to 800 °C at a rate of 5 °C/min in a 40 mL/min
He + 20 mL/min O, flow.

Electron paramagnetic resonance (EPR) spectroscopy. EPR
spectra of carbon materials were recorded with a Bruker Elexsys E580 X/
Q-band EPR spectrometer equipped with a temperature control system
(Oxford Instruments, T = 4-300 K). Powdered samples were placed into
quartz sample tubes (OD = 3.8 mm). Dielectric X-band resonator ER
4118 X-MD?5 has inherent Mo (III) impurities in the sapphire ring, giving
signal outside the spectral region of interest and, therefore, convenient
as a reference. The number of spins in this reference signal was deter-
mined by measuring a model solution of stable TEMPO radical. X-band
CW EPR measurements with this inherent reference allowed us to esti-
mate the number of radicals in each sample. To assess possible influence
of exchange couplings on the apparent spin concentration of radicals,
the X0-band continuous wave (CW) EPR spectra for all samples were
obtained at temperatures between 80 and 200 K. The apparent radical
concentration was found similar in this temperature range for each
sample.
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3. Results and discussion
3.1. Conversion of methane over Mo/ZSM-5 templates

First, we studied a conventional MDA catalyst Mo/ZSM-5 and
assessed the potential temperature window for the direct methane-to-
ZTCs reaction. For this purpose, we carbonized 1%Mo/ZSM-5 tem-
plate in a flow of methane (50 mL/min) for 16 h at varying temperature
(625-750 °C). The results show that the amount of formed carbon in-
creases with increasing the reaction temperature (Fig. S1). To probe the
structure of deposited carbon inside the zeolite pores, X-ray Raman
scattering (XRS) was employed. XRS has recently attracted widespread
attention in materials science due to its unique capabilities: it allows
analyzing low-energy X-ray absorption edges, such as carbon K-edge
(~280 eV), using hard X-rays for both excitation and signal collection
[28]. The use of XRS solves common problems associated with soft X-ray
techniques, such as X-ray absorption fine structure (NEXAFS) spectros-
copy and X-ray photoelectron spectroscopy (XPS), namely the low bulk
sensitivity and the need to use vacuum. Fig. 1a shows an XRS spectrum
of carbon, formed inside the pores of Mo/ZSM-5, after carbonization at
700 °C for 16 h. The peak at 285.5 eV corresponds to transition of 1s
electron to empty n* states, and peaks above 290 eV correspond to
1s—o* transitions [29]. The spectrum of carbonized Mo/ZSM-5 shows
that, in line with the structure of ZTC, the carbon material formed inside
the zeolite pores is mainly sp? hybridized [30,31]. Vibrational Raman
spectra of carbonized Mo/ZSM-5 samples (Fig. 1b) display typical for
ZTC materials features: G band at around 1598 cm™! and D band at
around 1345 cm ™! [32]. The G band is related to the graphitic/graphene
lattice vibration mode with E; symmetry and the D band is related to
the presence of defects or disorder in graphitic and graphene materials
[33]. The D/G ratios (Fig. 1b inset) of carbonized Mo/ZSM-5 samples
have a minimum at 675 °C, likely indicating that the least defective ZTC
structure was obtained at this carbonization temperature. Next, we
dissolved the carbonized Mo/ZSM-5 samples in HF (the efficiency of the
dissolution procedure is confirmed by TG analysis on Fig. S1), collected
the obtained carbon materials, and analyzed them by NEXAFS (Fig. 1c).
The results demonstrate that formed ZTC materials, except for the
sample obtained at 625 °C, mainly consist of sp>-hybridized carbon

285 290 295 300 305 310

AFS spectra of carbon materials liberated from
carbonized Mo/ZSM-5 samples together with
graphite reference spectrum. (A colour version of this
figure can be viewed online.)

Photon energy (eV)

Fig. 2. a) XRD patterns of liberated carbon materials
obtained at different temperature. b) Ar adsorption
isotherms and textural properties of liberated carbon
materials. ¢) SEM image of Mo/ZSM-5 sample after
methane treatment at 700 °C. d) SEM image of car-
bon material liberated from Mo/ZSM-5 after methane
treatment at 700 °C. TEM images of carbon material
liberated from Mo/ZSM-5 after methane treatment at
e) 700 °C and f) 750 °C. (A colour version of this
figure can be viewed online.)

atoms with a certain fraction of C-H and/or C-O bonds as manifested by
peaks between 287 and 291 eV. These peaks correspond to extended
Rydberg-type final states [34]. The NEXAFS spectrum of liberated ZTC
obtained at 700 °C is similar to the XRS spectrum of the corresponding
carbonized Mo/ZSM-5 sample. This finding confirms that the structure
of the material is preserved during the dissolution of the zeolite matrix.

XRD patterns of MFI-ZTC materials (Fig. 2a) display no obvious
ordering and only peaks related to graphene stacking are observed. With
increasing carbonization temperature, the degree of graphitization in-
creases. These findings are in line with the EPR spectroscopy data,
showing that the concentration of radicals (unpaired electron spins) in
MFI-ZTC materials decreases with increasing carbonization temperature
(Fig. S2). Indeed, ordered ZTC materials are known to contain radicals in
their structure (dangling bonds, unsaturated edges, radical spins local-
ized on negatively curved graphene fragments) [31,35,36]. The higher
extent of graphitization on the external surface of zeolite crystals leads
to a lower overall number of ZTC-related radical spins. As shown by
Fig. 2b, the liberated ZTC materials are microporous carbons with an
optimum in BET surface area (370 m?/g) when prepared at 700 °C, and
the optimum in microporous volume (0.03 cm®/g) was observed for the
one synthesized at 675 °C. SEM analysis (Fig. 2c and d) confirms the
particulate nature of the prepared ZTC materials, and TEM analysis
(Fig. 2e and f) demonstrates presence of graphene stacking on the
external surface of the particulates. We notice that TEM results correlate
well with XRD and EPR analysis, as the highest amount of graphene
stacking/graphitization of ZTC material was observed when increasing
the temperature to 750 °C. To investigate the influence of Mo loading on
the formation of ZTC materials, we prepared 2% Mo/ZSM-5 template
and treated it in methane flow at 675-700 °C. We show that, for 1%
Mo/ZSM-5 and 2% Mo/ZSM-5 templates, the amount of formed carbon
does not significantly depend on Mo loading (Fig. S3). We also obtained
comparable Type-III ZTC materials (presence of graphene stacking, low
degree of ordering) with both templates (Fig. S4). We conclude that the
influence of the Mo loading on methane-to-ZTC reaction is minor. To
summarize, we were able to obtain Type-III ZTC materials from methane
using conventional MDA catalyst — Mo/ZSM-5. We also identified the
suitable temperature window for the methane-to-ZTC reaction
(675-700 °C) (see Fig. 2).
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3.2. Effect of zeolite topology

Zeolite topology plays a key role in the formation of zeolite-
templated carbons [37]. In line with previous reports, we could only
obtain ZTC materials of Type-III using MFI templates with medium-sized
10MR pores [38]. Next, we decided to investigate three other topologies
with larger 12MR pores: BEA, FAU and MOR. These commercialized
zeolites have been previously used for the synthesis of ZTC materials
from olefin or furfuryl alcohol precursors [39]. We prepared the corre-
sponding Mo-modified templates and compared their performance in
non-oxidative methane conversion at 700 °C. The catalytic results
onFig. 3a,b and S5 demonstrate that conversion of methane over these
materials strongly depends on the zeolite topology. While Mo/MFI and
Mo/BEA templates display high carbon selectivity towards aromatic and
aliphatic hydrocarbons (~60%), solid carbon is the main product
formed over Mo/FAU and Mo/MOR with the selectivity to carbon of
~70% (Fig. S5b). The total amount of formed carbon correlates with the
microporous volume of the zeolite templates, particularly 12MR ones,
indicating the preferential growth of carbon inside the pores (Fig. 3c). A
lower amount of carbon formed in the Mo/MFI template can be
explained by the incomplete filling of smaller 10MR pores. The XRD
patterns of the carbonized templates display distinct differences as
compared to the XRD patterns of as-prepared templates (Fig. S6). This
finding further confirms the deposition of carbonaceous molecules in-
side the zeolite pores, which leads to changes in XRD patterns [40]. The
highest carbon loading (~0.358carbon/8catalyst) Was observed for the
Mo/FAU template (Fig. 3c and S7). We then dissolved the carbonized
Mo/FAU template in HF and characterized the obtained FAU-ZTC ma-
terial by NEXAFS, XRD, Ar adsoption and electron microscopy (Fig. S8).

The results demonstrate that carbon material, obtained from decom-
position of methane over Mo/FAU, is a Type-II ZTC. This material
mainly consists of sp>-hybridized carbon atoms and displays a charac-
teristic XRD peak at 6.3° and surface area of 1360 m?/g (Figs. S8a-c). A
significant fraction of graphene stacking on the external surface was also
observed (Fig. S8f).

3.3. High-quality ZTC materials from Fe/BEA and Fe/FAU templates

In order to further improve the quality of methane-derived ZTC
materials, we have prepared Fe-modified Fe/BEA and Fe/FAU zeolite
templates. We hypothesized that, since Fe is less active for methane
activation than Mo [41], it will lead to a slower growth of carbon inside
the zeolite pores and may accordingly result in a better quality of ZTCs.
The Fe/BEA and Fe/FAU templates were prepared by incipient wetness
impregnation of commercial BEA (Si/Al = 12) and FAU (Si/Al = 2.6)
materials with 1 wt% Fe.

To optimize the carbonization time for these Fe/zeolite templates,
we first tested Fe/FAU template in methane flow of 50 mL/min and at
675 °C for 16 h, 2 days and 4 days, respectively (Figs. S9, S10 and dis-
cussion therein). The results show that ZTC materials can be obtained
with Fe/FAU zeolite templates and that 2-3 days for carbonization is
optimal. Thus, the prepared Fe/BEA and Fe/FAU templates were slowly
carbonized in methane flow at 675 °C for 3 days. Solid carbon and
hydrogen were the main reaction products (Fig. S11). We should note
that, in contrast to Fe/FAU with 95% selectivity to solid carbon, Fe/BEA
also demonstrated significant Cy (23.2%) and aromatic (12.3%) selec-
tivity (Fig. S11c).

After carbonization, the zeolite templates were dissolved by HF and
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Fig. 5. SEM images of a) carbonized Fe/BEA and d) carbonized Fe/FAU. SEM images of b) Fe/BEA-ZTC and e) Fe/FAU-ZTC. TEM images of ¢) Fe/BEA-ZTC and f)

Fe/FAU-ZTC. (A colour version of this figure can be viewed online.)

the obtained ZTCs were characterized. Carbon K-edge NEXAFS spectra
of BEA-ZTC and FAU-ZTC are characterized by a sharp 1s—x* transition
at 285.6 eV, several 1s—oc* transitions at 292-295 eV (Fig. 4a). The
spectra confirm that the majority of carbon atoms in BEA-ZTC and FAU-
ZTC are of sp nature, and that the number of C-H and C-O bonds in the
obtained materials (Rydberg-type orbitals between 287 and 291 eV) is
low. XRD patterns of Fe/FAU-ZTC display a sharp reflection at 20 = 6.3°
(d spacing = 1.4 nm). XRD pattern of Fe/BEA-ZTC demonstrates two
reflections at 7.6° (d spacing = 1.1 nm) and 14.6° (Fig. 4b). These re-
flections correspond to the FAU (111) and BEA (101) and (201) planes of
the initial zeolite templates, respectively, and indicate the presence of
ordered carbon structure [42]. No significant graphene stacking was
observed in XRD patterns of Fe/BEA-ZTC and Fe/FAU-ZTC (Fig. 4b). Ar
adsorption isotherms demonstrate the microporous nature of the ob-
tained ZTC materials with high microporous volume (0.68-0.73 cm®/g)
and surface area (1900-2200 mz/g) values (Fig. 4c).

Similar morphology of the carbonized zeolite templates and liber-
ated ZTC materials was observed by SEM (Fig. 5a,b,d,e). Finally, TEM
images show that the formed ZTCs are composed of uniform carbon
particles without significant graphene stacking on the external surface
(Fig. 5c¢,f). The observed interatomic distance for BEA-ZTC (1.1 nm)
corresponds well to the XRD peak observed at 20 = 7.6°. Obtained re-
sults confirm the high quality of the ZTC materials, belonging to ZTC
type-I in classification of Nishihara and Kyotani.

To summarize, we identified a suitable combination of reaction
conditions and metal-modified zeolite templates that allowed us to
prepare high-quality ZTC materials directly from methane. The transi-
tion metal catalyst function, zeolite topology and reaction temperature
are the key parameters influencing the conversion of methane into ZTCs.
Here, we should note, that the loss of the zeolite templates is the
fundamental disadvantage of the proposed process. There are several
potential solutions to this problem, including, using cheaper templates
[43], waste zeolite materials (i.e. spent FCC catalysts [44] or zeolite
materials produced from industrial waste [45]), and even recycling of
the zeolite template. Indeed, the products of aluminosilicate dissolution
in HF or NaOH [46] are a mixture of sodium silicate/sodium aluminate
or fluorosilicate/fluoroaluminate compounds. Such mixtures are either
directly suitable for the hydrothermal synthesis of zeolites or can be
made suitable just by adding an organic structure-directing agent (e.g.,
tetrapropylammonium hydroxide for the synthesis of MFI zeolite) [47].
The successful recycling of the zeolite template will lead to the reduction
of the waste and enhancement of the overall atom efficiency of the
process. This can potentially promote the fabrication of
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methane-derived ZTCs from an academic novelty to a commercially
relevant process.

4. Conclusions

In this work we showed that coke forming over metal-modified
zeolite catalysts during conversion of methane is not necessarily a
waste. The growth of carbon from methane inside the zeolite pores can
be directed to obtain high-quality zeolite-templated carbons. In addition
to the value-added carbon materials, COx-free hydrogen, light olefins
and aromatics are also produced, resulting in a high overall atom-
efficiency of the process. Zeolite templates based on BEA zeolite are
particularly promising for the simultaneous production of high-quality
ZTCs and hydrocarbons. Since existing indirect methane conversion
routes suffer from high capital costs, the atom-economic direct conver-
sion of methane to valuable carbon materials, hydrocarbons, and
hydrogen might be a promising solution for the widespread remote and
small methane sources.
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