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ABSTRACT

Oxidative coupling of methane (OCM) is one of the most promising approaches to produce ethylene and
ethane (Cy-hydrocarbons) in the post-oil era. The MnOx-Nay;WO04/SiO, system shows promising OCM
performance, which can be further enhanced by cofed steam. However, the positive effect of steam on C,-
hydrocarbons selectivity practically disappears above 800 °C. In the present study, we demonstrate that
the use of SiC as a support for MnOx-Na;WOy is beneficial for achieving high selectivity up to 850 °C. Our
sophisticated kinetic tests using feeds without and with steam revealed that the steam-mediated
improvement in selectivity to Cy-hydrocarbons is due to the inhibition of the direct CH4 oxidation to
carbon oxides because of the different enhancing effects of steam on the rates of CH4 conversion to C;Hg
and CO/CO,. Other descriptors of the selectivity improvement are MnOy dispersion and the catalyst
specific surface area. The knowledge gained herein may be useful for optimizing OCM performance
through catalyst design and reactor operation.

© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

40/).

1. Introduction

Natural gas is abundant in reserves and widely distributed and is
composed of 70%—90% methane (Holmen, 2009; Schwach et al.,
2017; Wang et al., 2022). Its efficient utilization will greatly alle-
viate the global energy crisis and reduce the dependence on oil
resources (Kondratenko et al., 2017). Among various reaction
routes, the oxidative coupling of methane (OCM) has attracted
much attention due to its advantage to produce C;Hg and CoHy4 (Ca-
hydrocarbons) from CH4 in an eco-friendly and energy efficient
manner (Liu et al., 2022; Xu et al., 2022).

As a typical highly exothermic reaction, OCM is not thermody-
namically limited (Matsumoto et al., 2020; Sourav et al., 2021). The
yield of C,-hydrocarbons achieved up to now is, however, lower
than 30%, which hinders any commercialization of the OCM reac-
tion to some extent. The activation of C—H bonds in the feed alkane
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is the main bottleneck of the OCM reaction (Li X. et al., 2020; Tang
et al,, 2014; Wang et al., 2021). In addition, the desired C,-hydro-
carbons are more reactive than methane and therefore they are
easily oxidized to carbon oxides, which reduces their yield. Since
the discovery of the OCM reaction in 1980s by Keller and Bhasin
(1982), multiple efforts have been made to increase the selec-
tivity to Cy-hydrocarbons. The NaWMn/SiO, system (Fang et al.
1992a, 1992b; Li, 2001) is generally accepted to be promising in
view of high Cy-hydrocarbons selectivity and on-stream stability.
Although this system has been thoroughly investigated, the
knowledge about factors affecting the formation of selective and
side products is still limited. For example, a recent study indicates
that W and Mn species can stabilize the catalyst and catalyze ox-
ygen during the OCM reaction, respectively (Werny et al., 2020).
Some previous studies highlighted the importance of the Mn** and
Mn3* redox cycle in O, activated during the OCM reaction
(Fleischer et al., 2018; Li, 2001). Sinev et al. investigated the redox
behavior of MnOx-NayWO0,4/SiO, catalyst, indicating that the crys-
talline Na,WO4 and Mn,03 phases disappeared during the oxygen
desorption process, forming crystalline MnWO,4 and colloidal sub-
stances (possibly amorphous Na;MnO,) (Sinev et al., 2019).

The NaWMn/SiO; system is also characterized by a positive effect
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of cofed steam on the selectivity to Co-hydrocarbons and overall
catalyst activity (Alzahrani and Lobban, 1995; Aydin et al., 2020;
Aydin et al. 2021; Aydin et al. 2022; Chin et al.,, 2011; Dooley et al.,
1994; Li D. et al., 2020; Li et al., 2021; Li J. et al.,, 2023; Li et al.,
1996; Liang et al., 2014; Lomonosov et al., 2013; Pereira et al.,
1990; Shimizu et al., 2001; Takanabe and Iglesia, 2008, 2009; Xu
et al.,, 2023; Zanina et al., 2022, 2023, 2024 ). Takanabe and Iglesia
(2008) suggested that steam could enhance the selectivity due to
the formation of OH radicals. An alternative explanation was pro-
vided by Lomonosov et al. (2013), steam accelerates the regeneration
of surface oxygen species. Our group has suggested that steam
contributes to the conversion of adsorbed diatomic oxygen species
into monoatomic ones, which is favorable for hindering the direct
CH4 oxidation to CO, (Aydin et al., 2020). The strength of the positive
effect of steam was found to depend on the kind of support for the
NaWMn active component (Zanina et al., 2024).

To the best of our knowledge, the effect of steam on the OCM
reaction over SiC-supported NaWMn-based catalysts have not been
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investigated. SiC, because of its remarkable thermal conductivity
(100—200 W-m~!.K~1), outstanding mechanical strength, excel-
lent stability at high temperature and chemical inertness, has been
used for heterogeneous catalysts as a support (Ercolino et al., 2017;
Le et al, 2018; Liao et al., 2019; Wang et al., 2017). Liu and co-
authors used SiC monolithic foam as a support to improve ther-
mal properties of catalysts for the OCM reaction (Liu et al., 2008)
through inhibiting rapid temperature rise. SiC support can also be
attractive due to its high-temperature electronic properties. In
condensed matter physics, when two or more two-dimensional
materials are stacked together with a certain lattice mismatch or
torsion angle, the surface may form a large period of moiré fringes.
This superstructure with long-range quasi-periodic patterns is
called moiré superlattice (Liu et al., 2021; Novoselov et al. 2004,
2005). In the past decade, two-dimensional materials such as gra-
phene and transition metal dichalcogenides have flourished as
atomic-level Lego building blocks. Artificial moiré superlattices,
formed by stacking 2D materials with twist angles and/or lattice
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Fig. 1. The effect of steam content on selectivity to (a) C,, -hydrocarbons, (b) CO, CO,, C;Hg and C,H4 over the 5NaW-3Mn/SiC catalyst at 800 °C. Catalyst was varied between 35 and

190 mg to achieve a methane conversion of about 4.5%.
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Fig. 2. The selectivity to C, -hydrocarbons over (a) SiC, 3Mn/SiC, WO3/SiC, 5NaW/SiC, 5NaW-3Mn/SiC, (b) 5NaW-mMn/SiC (the content of Na,WOy, is 5 wt%, m = 1, 3, 5, 7, 9 wt%), (c)
m5NaW-3Mn/SiC (the content of Mn is 3 wt%, m = 1, 3, 5, 7, 9 wt%) without (blue) and with 30 vol% (gray) steam. X(CHg) = 4.5%, mcyr = 13—1680 mg.
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mismatches, have recently become a fertile playing field, exhibiting
a host of emergent properties beyond their building blocks. These
rich quantum phenomena originate from its non-trivial electronic
structure and are effectively regulated by the moiré period (He
et al,, 2021; Li Y. et al., 2023). The twisted graphene systems from
a large twist angle of 30° resulting in a quasicrystal (30°-TBG) to a
small “magic” twist angle near 1.1° realizing strongly correlated
physics. The scope is then expanded from bilayer to trilayer sys-
tems. 30°-TBG is a two-dimensional quasicrystal with twelve-fold
rotational symmetry but lacking long-range periodicity, which
has been successfully performed on Pt (111), SiC, and Cu (111) (Ahn
et al., 2018; Bostwick et al., 2007; Deng et al., 2020; Weng et al.,
1998; Yan et al., 2019; Yao et al., 2018). The special construction
can improve the transformation of electron thus it can help the
catalysts produce more selective oxygen species.

In view of the above discussion, the aim of the present study was
to extend the knowledge of the fundamentals related to the
improvement of the selectivity to Cy-hydrocarbons over catalysts
based on the NaWMn active component. In particular, we decided
to investigate if and how the use of SiC as a support for this
component is crucial for the positive effect of cofed steam on the
OCM performance. To this end, a series of mono-, bi-, and tri-
metallic SiC-supported catalysts have been prepared and tested
for the activity and product selectivity in the absence and the
presence of cofed steam. Selectivity-conversion relationships were
determined to check whether and how product selectivity is
affected by steam. The results of catalytic tests have been com-
plemented by sophisticated catalyst characterization studies using
X-ray diffraction, scanning transmission electron microscopy
(STEM), X-ray absorption spectroscopy (XAS), X-ray photoelectron
spectroscopy (XPS) and temperature-programmed catalyst reduc-
tion with H, (H2-TPR).

2. Materials and methods

2.1. Experimental section

Catalyst synthesis. All chemicals used for catalyst preparation
were of analytical purity and not further purification. The 5NaW-
3Mn/SiC (5 wt% NaWO4 and 3 wt% Mn) catalyst was synthesized
according to a previous report (Pak et al., 1998), by a two-step
incipient-wetness impregnation method. First, an aqueous solu-
tion of Mn(NO3),-4H,0 (Merck, 98.5%) was added to SiC (Macklin,
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0.5—0.7 um, 99%) under stirring. The resulting slurry was putted in
an oven at 130 °C for 5 h. The obtained solid material was
impregnated with an aqueous solution of Na;WO4-2H;0 (Sigma
Aldrich, 99%) and dried in an oven at 130 °C for 5 h followed by
heating to 800 °C with a heating rate of 10 °C-min~". The catalyst
precursor was calcined at 800 °C for 8 h. In one series of catalysts,
the amount of MnOyx was 1, 5, 7 or 9 wt% and the mass of Na,WOQ4
was fixed to 5 wt%. The resulting catalysts are named as 5NaW-
1Mn/SiC, 5NaW-5Mn/SiC, NaW-7Mn/SiC, 5NaW-9Mn/SiC. In
another series of catalysts, the amount of Na,WO4 was 1, 3, 7 or
9 wt% and the amount of MnOy was set to 3 wt%. These catalysts are
named as 1NaW-3Mn/SiC, 3NaW-3Mn/SiC, 5NaW-3Mn/SiC, 7NaW-
3Mn/SiC, 9NaW-3Mn/SiC. The 5NaW/SiC and 3Mn/SiC catalysts
were impregnated only with an aqueous solution of Na,WO,4 and
Mn(NOs3),-4H30, respectively. All the catalysts were pressed into
pellets, crushed and sieved to 40—60 mesh before catalytic tests.

2.2. Catalyst characterization

X-ray diffraction patterns (XRD) were collected using a BRUKER
D8 ADVANCE X-ray powder diffractometer with Cu-Ka
(A = 0.15406 nm) radiation and a Nickel filter operating at 40 kV
and 10 mA. The 20 range was from 15° to 90° at a scanning rate of
4°-min~ L,

High-resolution transmission electron microscopy (HRTEM)
tests were performed on a FEI F20 electron microscope equipped
with a field emission source. Images were recorded with a high
angle annular dark field (HAADF) detector.

Temperature-programmed reduction tests with hydrogen (H;-
TPR) were carried out to investigate the reducibility of fresh and
spent catalysts. 100 mg of each catalyst were placed into a
continuous-flow fixed-bed quartz reactor. The reactor was initially
heated in air with a heating rate of 10 °C-min~! to 800 °C and
tempered for 1 h followed by cooling in air to room temperature.
Next, the reactor was purged with argon (10 mL-min ') for 30 min.
After that, the catalyst was heated up to 900 °C with a temperature
rate of 10 °C-min~! and in a flow of 5 vol% hydrogen in argon
(10 mL-min~'). The hydrogen and argon were detected by a con-
nected online mass spectrometer (Pfeiffer Vacuum Omnistar
GSD320 03).

X-ray photoelectron spectroscopy (XPS) experiments were
performed on a Thermo Fisher K-Alpha instrument. The C 1s peak
at 284.6 eV was used to calibrate the binding energies.
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Fig. 3. (a) Selectivity to C;Hg, C2H4, CO and CO,, and (b) selectivity to C,. -hydrocarbons with (filled symbols) and without steam (empty symbols), (c) the ratio of the CH4 con-
version rate into C;H4 (magenta), C;Hg (blue), CO (black) and CO, (red) with 30 vol% and without steam over 5NaW-3Mn/SiC at different temperature. X(CHs) = 4.5%,

Mear = 20—630 mg.
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Fig. 4. CH4 conversion and C,,-hydrocarbons selectivity in a 60 h test using 5NaW-
3Mn/SiC with co-fed steam. Reaction conditions: CH4/O2/H,0/Ar 40/5/30/25,
T =800 °C, F= 30 mL-min~', © = 1.67 gg-min-L~".

Nitrogen adsorption-desorption isotherms (BET) were recorded
using a Micromeritics ASAP 2460 instrument. The samples were
pretreated at 90 °C for 1 h and then at 300 °C for 4 h in vacuum.

The elemental content of each catalyst was determined by
inductively coupled plasma optical emission spectrometry (ICP-
OES) on a Thermo Fisher IRIS Intrepid II

The XANES spectra (Mn K-edge) were measured at the BL11B
station on the Shanghai Synchrotron Radiation Facility. The sam-
ples were deposited on double-sided carbon tape using a Lytle
detector. Mn foil and MnO, were used as references and measured
in a transmission mode using an ionization chamber.

2.3. Catalytic tests

OCM performance was determined under continuous flow
conditions in a fixed bed quartz micro reactor. A certain amount of
catalyst was fixed in the reactor by quartz wool. The reactor was
heated in air to 800 °C with a heating rate of 10 °C-min~. The OCM
tests without or with cofed steam (30 vol%) were performed using a
feed with 40 vol% CH4 (99.999%) and CH4/0, (99.999%) molar ratio
of 8:1. Argon (99.99%) was used as inert standard. The total feed
flow was 30 mL-min—.

The main outlet gas-phase components were CO, CO,, Hy0, O,
Ar, CHy, CoHg, CoHy, C3Hg and C3Hg. The concentration of the feed
components and the reaction products was determined by an on-
line gas chromatograph SP-3420A equipped with a thermal con-
ductivity detector (Porapak Q and TDX-01 columns), in order to
separate Ar, Oy, CO and CO,. A flame ionization detector was con-
nected to a GS-Alumina column used to separate CHy, CoHg, CoHa,
C3Hg and C3Hg. Methane and oxygen conversion (X(A)), product
selectivity (S(i)), the rate of methane conversion (r(CH,4)) and the
rate of methane conversion into products (r(i)) were calculated
using Eqgs. (1)—(4), respectively. The selectivity to C;Hg, CoHa4, C3Hg
and C3Hg was abbreviated as S(Cy.).
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(1)
(2)
Fee
r(CHg) =0 (X(CHy) —XO(CHy) 3)
r(i) =S(i) x r(CHy) (4)

where, x is the mole fraction. X°(CH,) denotes methane conversion
when there is absence of catalyst, and that corresponds to the y-
intercept. The carbon balance determined for all catalysts was
found to be about 96%—99%.

3. Results and discussion

3.1. Catalyst activity and product selectivity with and without cofed
steam

In agreement with previous studies using NaWMn/SiO; cata-
lysts (Aydin et al., 2020, 2021, 2022), the selectivity to C,-hydro-
carbons at a methane conversion of about 4.5% over the 5NaW-
3Mn/SiC catalyst in the present study was also improved by co-fed
steam (Fig. 1(a)). The highest selectivity of 85.5% was achieved
using the feed with 30 vol% steam. The selectivity decreased with a
further increase in steam content. The steam-mediated increase in
the selectivity to Cy.-hydrocarbons was mainly caused by a
decrease in CO; production and, to a lesser extent, in CO production
(Fig. 1(b)). This result is consistent with our previous work using
NaWMn/SiO, catalysts (Aydin et al., 2020, 2021; Li et al., 2023;
Zanina et al., 2022).

To analyze the role of individual components of the NaW-Mn/
SiC system in the increasing steam effect, bare support and mon-
ocomponent catalysts were prepared and tested (Fig. 2(a)). For all
catalysts, the selectivity to Cy,-hydrocarbons was improved by
steam, with the highest increase being determined for the 3Mn/SiC
catalyst. Nevertheless, the latter catalyst is less selective as
compared to the 5NaW/SiC catalyst, which shows, however, lower
Cy,-hydrocarbons selectivity than the 5NaW-3Mn/SiC catalyst.
Thus, the presence of all individual catalyst components is needed
to achieve the highest selectivity through co-fed steam, although
the increase in the selectivity is the least pronounced (Fig. 2(a)).

The positive steam effect was also found for other catalysts
differing in the ratio of MnOy to NaWOg4. The selectivity to Cy, -
hydrocarbons slightly decreases with increasing MnOy content at a
fixed NaWO4 loading of 5 wt% in OCM tests without co-fed steam
and hardly changes in the presence of this feed component
(Fig. 2(b)). Regardless of the feed content of steam, the selectivity of
catalysts with a fixed MnOy loading increases with increasing
NayWO, content (Fig. 2(c)). When the content of the latter
component is higher than 3 wt%, no selectivity improvements
could be found.

Using a feed with 30 vol% steam, we also investigated how this
feed component influences product selectivity over the 5NaW-3Mn/
SiC catalyst in the temperature range between 750 and 850 °C
(Fig. 3(a) and (b)). In the absence of steam, the selectivity to Cy,-
hydrocarbons at about 4.5% CH4 conversion increased with an in-
crease in the temperature from 750 to 825 °C, and slightly decreased
when the temperature was further increased to 850 °C. In the
presence of steam, the selectivity was improved at all temperatures
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Fig. 5. STEM images and EDX images of Si (green), O (orange), Na (yellow), W (amaranth) and Mn (cyan) elements over 5NaW-3Mn/SiC fresh ((a)—(f)) and spent with steam

((g)-()).

but passed a maximum of 85.5% at 800 °C. This improvement is due
to a decrease in selectivity to CO and CO; (Fig. 3(a)). The negative
effect on the selectivity to CO passed a maximum at about 800 °C,
while the strength of the steam mediated decrease in the selectivity
to CO; decreased with increasing temperature. Consequently, the
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improvement in Cy,-hydrocarbons selectivity also decreased.

The kinetic origins of the steam effects described above were
elucidated by analyzing the rates of methane conversion to indi-
vidual reaction products. To this end, we plotted the ratio of each
rate determined in the presence of steam to that in the absence of
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Fig. 7. TEM images of fresh ((a), (b)) 1NaW-3Mn/SiC, ((c), (d)) 3NaW-3Mn/SiC, ((e), (f)) 5NaW-3Mn/SiC and ((g), (h)) 7Naw-3Mn/SiC.

Table 1
BET surface area, pore volume and pore diameter of fresh and spent SiC, 3Mn/SiC,
5NaW/SiC and 5NaW-3Mn/SiC with and without steam.

Sample Sper, m2-g ! Vabs, cm>-g~! Daps, NM
SiC 18 0.07 23.6
3Mn/SiC 18 0.08 223
5NaWw/SiC 5 0.06 8.30
5NaW-3Mn/SiC 6 0.01 6.60
SiC dry 17 0.08 311
3Mny/SiC dry 13 0.06 255
5NaW/SiC dry 4 0.00 3.0
5NaW-3Mn/SiC dry 7 0.01 440
SiC wet 13 0.07 58.8
3Mn/SiC wet 14 0.06 26.0
5NaW/SiC wet 2 / /
5NaW-3Mn/SiC wet 3 / /

Vabs is mainly BJH adsorption cumulative volume of pores.
Daps is mainly BJH adsorption average pore diameter.
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steam (Twet/Tdry) versus the reaction temperature (Fig. 3(c)). For all
products, this ratio is above 1, i.e., steam accelerates all rates but to a
different extent. The highest increase was achieved for the forma-
tion of CyHy4, followed by C;Hg, CO and CO,. It is worth mentioning
that this improvement order differs from that determined previ-
ously for the NaW-Mn/SiO, system, for which the highest increase
was determined for the rate of CO formation (Aydin et al., 2020). For
all products formed over the 5NaW-3Mn/SiC catalyst in the present
study, the strength of the acceleration of their formation rates de-
creases with increasing temperature. The strongest decrease by
about factor of 2 was determined for the rates of CH4 conversion to
CO and CO;. The ratio of ryet/rdary for CO, CO,, C;Hg and CHy4 at
850 °C is 1.8, 1.5, 4.0 and 4.8, respectively. The value for CO is
significantly lower as compared to that previously determined for
the NaW-Mn/SiO, (Aydin et al., 2020), while the values for C;Hg
and CyHy are similar.

In the OCM reaction, the catalysts should show not only excel-
lent methane conversion and selectivity to C,,-hydrocarbons, but
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Fig. 8. XRD patterns of (a) SiC, (b) 3Mn/SiC, (c) WOs/SiC, (d) 5NaW/SiC and (e) 5NaW-3Mn/SiC fresh and spent with steam.

also high on-stream stability. For this purpose, we tested 5NaW-
3Mn/SiC for 60 h. The results obtained are shown in Fig. 4. The CHyq
conversion increased slightly with increasing time and the selec-
tivity to C.-hydrocarbons showed no obvious changes. It illus-
trates the excellent on-stream stability of the catalyst.

3.2. Physical properties of catalysts

The distribution of Si, Na, W, O and Mn on the surface of fresh
and spent 5NaW-3Mn/SiC catalyst samples used in the OCM reac-
tion without or with co-fed steam was investigated by scanning
transmission electron microscopy (STEM) with EDX (Figs. 5 and 6).
No obvious difference between the different samples in the dis-
tribution of Si, Na, W, O could be found. However, the dispersion of
Mn-containing species increased after the OCM reaction with co-
fed steam in agreement with a previous study using a similar
SiO,-supported catalyst (Aydin et al., 2020). This can be a reason of
the positive effect of steam on the selectivity to Co. -hydrocarbons
over 3Mn/SiC and 5NaW-3Mn/SiC (Fig. 2(a) and (c)).

HRTEM images of fresh mNaW-3Mn/SiC (m = 1%, 3%, 5%, 7%)
catalysts are shown in Fig. 7. Moiré superlattices (red dotted frame)
are seen in the images of all catalysts and they become more
evident when the amount of Na,WOQ, in the catalysts increases
(Abbas et al., 2020). As typical semiconductors, SiC, MnOx and
Na,WO04 react with each other and the heterojunctions interface
leads to the modifications of the electronic structure resulting in
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such superlattices (Abbas et al., 2020), which is in favor of
improving selectivity to C,,-hydrocarbons. The structure of moiré
superlattices can also generate more electrons and holes and
separate them quickly, optimizing the electronic property of cata-
lysts under high temperature to improve the selectivity to Cy, -
hydrocarbons.

The BET surface area and pore diameter of SiC, 5NaW/SiC and
5NaW-3Mn/SiC decreased after impregnating with NayWO4
(Table 1). This finding suggests that the Na,WOy is loaded on the
surface of SiC. The BET surface area decreased further after the
catalysts have been used in OCM with co-fed steam. This decrease
of surface area is consistent with STEM data for the redispersion
effect of steam on MnOy.

Fresh and spent SiC, 3Mn/SiC, 5NaW/SiC, WOs3/SiC and 5NaW-
3Mn/SiC catalysts were also characterized by ex situ XRD (Fig. 8).
The XRD patterns of all SiC samples have reflections typical for the
hexagonal SiC structure (JCPDS No.01-074-1302) (Xu et al., 2021).
After depositing MnOy on the surface of SiC, two additional weak
diffraction peaks centered at 28.7° and 32.4° appeared. They belong
to MnO; (JCPDS No.00-050-0866) and Mn304 (JCPDS No.01-075-
1560), respectively (Lolupiman et al., 2019; Yang et al., 2019). The
XRD pattern of fresh WO3/SiC has reflections characteristic of SiC,
WO3 (JCPDS No.01-077-1317) and SiO; (JCPDS No.01-087-2096)
(Pourasad et al., 2016; Vairojanakit and Sinchai, 2019). The latter
phase was also identified in the XRD patterns of 5NaW/SiC and
5NaW-3Mn/SiC. This means that WO3; and NapWO,4 can partially
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Fig. 9. (a) Experimental XANES spectra at the Cu K edge over 5NaW-3Mn/SiC fresh and spent with water, (b) FT k*-weighted y(k) function of the EXAFS spectra over 5NaW-3Mn/SiC

fresh and spent with steam.

Table 2
The surface atomic composition of fresh and spent (after OCM with co-fed steam)
catalysts of 5NaW-3Mn/SiC.

Si 2p Cls Na 1s W 4f Mn 2p 01s
Fresh catalyst 21.94 35.99 0.99 0.29 0.48 21.94
atomic, %
Spent catalyst 24.08 23.28 1.74 0.51 0.78 49.62
atomic, %
Table 3
The total atomic composition of fresh and spent catalysts of 5NaW-3Mn/SiC.
Si Na W Mn
Fresh catalyst 39.7 0.21 1.33 2.09
atomic, %
Spent catalyst 40.1 0.22 1.48 2.53
atomic, %

oxidize SiC to SiO,. According to a previous study (Sourav et al.,
2021), WO3 and Na;WOy4 can store oxygen, which may be respon-
sible for this oxidation reaction.

In addition to SiC and SiO,, the Na,WO4 phase (NaWOg4, JCPDS
No0.00-020-1163) is present in the 5NaW/SiC and 5NaW-3Mn/SiC
catalysts. However, in contrast to the former catalyst, no reflections
characteristic of MnO; could be identified in the XRD pattern of the
5NaW-3Mn/SiC catalyst, which also contains crystalline Mn7Og(-
SiO4) characterized by the reflection at 26 of 33.0° (JCPDS No.01-
089-5662) (Aydin et al., 2021).

After OCM tests with co-fed steam, the diffraction peaks of the
MnOy-related phases in spent 3Mn/SiC disappeared (Fig. 8(b)) due
to their redispersion. This finding is also valid for other spent Mn-
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containing catalysts. In addition, the intensity of the reflections
characteristic of SiC decreased, while those of SiO, increased in
spent WO3/SiC, 5NaW/SiC and 5NaW-3Mn/SiC after OCM with co-
fed steam.

3.3. Chemical properties of catalysts

The local atomic and electronic structure of Mn in fresh and
spent (after OCM with co-fed steam) 5NaW-3Mn/SiC was charac-
terized by X-ray absorption fine structure spectroscopy (XAFS).
Based on the X-ray absorption near edge structure (XANES) spectra
(Fig. 9(a)), the oxidation state of Mn should be between MnO; and
metallic Mn? in the spent catalyst as compared to its fresh coun-
terpart. The fresh and spent catalysts also differ in the local coor-
dination on manganese. According to the EXAFS spectra (Fig. 9(b)),
the first shell scattering at 1.4 A and 1.6 A corresponds to O
neighbors in the fresh and spent catalysts. The corresponding dis-
tances of the second shell scattering (Mn-Mn) are 2 A to 3 A.

The surface composition of fresh and spent (after OCM with co-
fed steam) 5NaW-3Mn/SiC was analyzed by XPS (Table 2). The
content of Si, Na, W and Mn slightly increased after performing the
OCM reaction with steam, while the content of C and O decreased
and increased obviously, respectively. This is due to the oxidation of
SiC to SiO; as also seen by XRD (Fig. 8(e)). From the ICP-OES analysis
(Table 3), the total atomic composition of Si, Na, W and Mn keep did
not change after the OCM reaction.

The signals at about 534.8 and 535.0 eV in the XPS spectra of O
1s of fresh and spent catalysts, respectively (Fig. 10(b)) can be
attributed to Si—O interactions, which turns out that SiC can react
with dissolved oxygen with the help of Na;WO,4 to convert to SiO,
(Sinev et al., 2019). The signals at about 532.9 and 532.7 eV can be
ascribed to Mn—O bond and Na—O—W bonds, respectively (Torshizi
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Fig. 10. The Mn 2p (a), O 1s (b) and W 4f (c) peaks of XPS survey spectra over 5NaW-3Mn/SiC fresh and spent with steam.

etal., 2024; Vovk et al., 2024). The XPS survey spectra of O 1sand W
4f signals shifted to a lower energy after OCM, while the signals
characteristic of Mn?* (639.7 eV), Mn>* (641.7 eV) and Mn**
(643.2 eV) (Fig. 10) (Fang et al., 2023) shifted to a higher energy.
This result suggests that Mn provided some electron density to O
and W probably due to an increased dispersion of MnOy species as
evidenced by STEM mapping (Fig. 5(1)). It may be one of the reasons
to increase the selectivity to C,,-hydrocarbons.

To check if the above-discussed structural changes are relevant
to redox properties of 5NaW-3Mn/SiC catalyst, we performed
temperature-programmed reduction tests with Hy (H,-TPR) using
its fresh and spent (after OCM tests without or with steam) sam-
ples, as well as fresh 3Mn/SiC and 5NaW/SiC for comparative pur-
poses. The latter catalysts did not consume H, in the total
temperature range between room temperature and 900 °C. Only
one peak of Hy consumption with the maximal rate at 513 °C is seen
in the Hy-TPR profile of 3Mn/SiC (Fig. 11). It can be assigned to the
reduction of Mn;03 to Mn304 (Jiang et al., 2016; Shahri and Alavi,
2009). Two H, hydrogen consumption peaks with the maxima at
660 and 860 °C are present in the Hy-TPR profiles of fresh, and
spent 5NaW-3Mn/SiC. The low-temperature peak is due to the
reduction of Mny03 to Mn3O4, and the high-temperature peak
should belong to the reduction of Mn304 to MnO (Jiang et al., 2016;
Sun et al., 2022; Zhang et al., 2017). The coexistence of Na,WO4 and
MnOyx changes the oxidation-reduction ability of the 5NaW-3Mn/
SiC catalyst. It was also found that the low-temperature peak of Hy
consumption over fresh 5NaW-3Mn/SiC moved to lower temper-
atures after OCM test without steam. In contrast, it moved to higher
temperatures after OCM test with steam. These results suggest that
steam-induced catalyst restructuring can also change the
oxidation-reduction ability of the 5NaW-3Mn/SiC catalyst.

3.4. Selectivity-conversion relationships and reaction pathways of
catalysts with and without steam

Further insights into the role of steam in product formation in
the course of the OCM reaction over the 5NaW-3Mn/SiC catalyst
were derived from analyzing the selectivity-conversion relation-
ships for C;Hg, CoH4, CO and CO». These relationships were obtained
using the results of catalytic tests performed at 800 °C but different
contact times. In the absence of steam, the selectivity values of CO,
CO,, and CoHg extrapolated to a zero conversion of methane are not
zero (Fig. 12). Thus, these products are formed directly from CHa.
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The extrapolated C;Hg4 selectivity is zero, i.e., this product should be
formed from CyHg as can be concluded from the fact that the
selectivity to CoHy4 increases, while the selectivity to C;Hg decreases
with increasing methane conversion. The latter decrease can also
be partially due to the oxidation of ethane to carbon dioxide,
because the selectivity to the latter product increases with
increasing CH4 conversion. However, the main pathway leading to
CO; is the oxidation of CO. Although this general scheme of product
formation does not change in the presence of steam, this feed
component inhibits the direct oxidation of CH4 to CO and CO,. This
conclusion was made based on the fact that the selectivity values of
CO and CO, extrapolated to a zero CH4 conversion are lower in the

presence of steam.
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Fig. 11. H,-TPR profiles of 3Mn/SiC, 5NaW/SiC, fresh, spent 5SNaW-3Mn/SiC with and
without steam.
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catalyst of 5NaW-3Mn/SiC.

From the analysis of relevant literature and our data, especially
the selectivity-conversion relationships in Fig. 12, an overall
scheme of the formation of C;Hy4, C;Hg, CO and CO», in the course of
the OCM reaction was obtained (Scheme 1). C;Hg, CO and CO- are
directly formed from CH4 both with and without steam. The latter
feed component enhances the formation of C;Hg and decrease the
direct oxidation of methane to CO and CO,. The positive effect of
steam on CyHg formation can be partially assigned to the redis-
persion of MnOy species.
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4. Conclusion

In summary, this work reports a positive effect of steam on the
selectivity to Cy-hydrocarbons in the OCM reaction over 5NaW-
3Mn/SiC. In contrast to the NaWMn/SiO, system, for which the
steam effect has been originally discovered, this effect is also pro-
nounced above 800 °C for the 5NaW-3Mn/SiC catalyst developed in
this study. The difference can be due to interactions of SiC, MnOyx
and Na;WO4 with each other resulting in heterojunctions and
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Scheme 1. The reaction pathways in OCM reaction over 5NaW-3Mn/SiC catalyst with
and without steam.

accordingly modifications of electronic properties as indirectly
supported by the formation of Moiré superlattices. Advanced
characterization by STEM, XPS and XAS shows that steam increases
the dispersion of MnOy and reduces the surface area of the catalyst.
These changes appear to be important for increasing the selectivity
to Cy-hydrocarbons. Although steam accelerates the rates of CO,
CO, C3H4 and C;Hg formation, the overall scheme of the formation
of these products is not changed. As the highest enhancement was
determined for the latter two products, the contribution of the
direct oxidation of methane to carbon oxides decreases by steam.
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