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This work examined the location-steered catalytic behavior of
Mo/ZSM-5 catalyst for one-step methane dehydroaromatization to
benzene reaction. The results indicated that a-site is the preferred
location for the formation of ethylene, the main intermediate for
aromatics production via the propagation pathway, while §-site is
favorable for the hydrocarbon pool aggregation reaction pathway.

Nonoxidative direct methane dehydroaromatization (MDA) to
benzene and hydrogen was first reported in the 1980s." Since
then many different catalysts have been studied, and the results
have indicated that Mo/ZSM-5 is the most promising hetero-
geneous catalyst compared to other materials.> However, Mo/
ZSM-5 hasn’t drawn much attention from the academic
research community in the past few decades because of the
fast catalyst deactivation and the lack of advanced character-
ization techniques to get insight into the nature of the active
site and the coke formation process under the harsh reaction
conditions.® In recent years, this catalytic system has come
back into the spotlight again because of the development of
advanced in situ and operando techniques.*

Regarding the nature of the Mo active site, it has been
identified to be Mo(oxy)carbide species formed at the initial
stage of reaction by reducing the fresh Mo(vi}-oxo precursors
with the reactant of methane.® The real catalytic MDA reaction
is triggered over the so-formed Mo(oxy)carbide sites. This
process is accompanied by gradual coke deposition and catalyst
deactivation.® The fundamental issues of the structure of the
Mo(oxy)carbide species and the reaction mechanism of the
initial methane C-H bond activation and aromatics formation
have been investigated by both experimental characterizations
and computational modelling.”® The general conclusion is that
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highly dispersed small Mo(oxy)carbide species, particularly
mononuclear and binuclear MoC,O, species, confined in the
channels of ZSM-5 are responsible for the catalytic MDA reaction.

For the reaction mechanism, two pathways are under inten-
sive investigation by comprehensive in situ and operando
characterizations.® In the bifunctional mechanism, it was
claimed that the key intermediate of ethylene is first formed
on the Mo active site by C-H bond activation and C-C coupling,
which is further propagated to aromatic products over the
Bronsted acids." Alternatively, Kosinov et al. proposed a hydro-
carbon pool reaction pathway, i.e., methane firstly aggregates into
polyaromatic carbon species, from which benzene is derived from
the secondary reaction between it and the initial product of
methane activation."' The principle underlying this pathway
resembles the mechanism established in the methanol-to-olefin
reaction. This mechanism was also proved by computational
modelling to be kinetically more favourable than the bifunctional
mechanism via the ethylene pathway over the -site of Mo/ZSM-5.°

Tailoring the micro-environment around the catalytically
active sites has a significant influence on the reactivity of
various catalysts." It was recently reported that zeolitic matrix
constraints and the location of the active site can activate and
tune the function of metal-containing species.”® Inspired by
this research, in this study, computational modelling was
performed to assess the effect of distinct local environments
of the ZSM-5 framework on the reactivity of the binuclear Mo-
carbide species. Various locations in the main channel and
zigzag channel of ZSM-5 were selected to stabilize the active
site, and both ethylene and hydrocarbon pool reaction path-
ways were examined. The aim of this work is to explore the
influence of different local confinements on the reactivity and
mechanism and to identify the most favourable sitting position
of the Mo-carbide active site.

Fig. 1 shows the topology of the ZSM-5 framework. Four
different locations of ao-, B-, y-, and d-sites were selected for
accommodating the active site, with a- and y-sites being inside
the main channel and zigzag channel, and - and &-sites at the
intersection between the main and zigzag channels, respectively.
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Fig.1 ZSM-5 framework and selected locations to stabilize the Mo
carbide site.

The active site is a binuclear Mo,C, molybdenum carbide cluster
charge compensated by two Al sites at each location. This cluster
was predicted to be the relevant species for MDA reaction by our
previous work. For each location, the aforementioned two reac-
tion pathways, i.e., ethylene and hydrocarbon pool routes, were
examined.

The reaction energy profiles over the o-site are demonstrated in
Fig. 2. Local geometries are shown in Fig. S8 in the ESL{ The
adsorption energy of methane to the active site is —0.57 eV,
including the van der Waals interaction with the zeolite framework.
Regarding the ethylene formation reaction pathway, the activation
of the first C-H bond of methane proceeds heterolytically with an
activation barrier of 0.64 eV. The CH; group is bonded to the Mo
site, and hydrogen goes to one of the C sites. This step is
exothermic with a reaction energy of 0.48 eV. Further dehydrogena-
tion of the methyl group to form methylene needs to overcome an
activation barrier of 1.46 eV. The migration of the so-produced H
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species from C sites to the Mo site to form a H, molecule has a
barrier of 1.23 eV and 0.97 eV, respectively. Desorption of the H,
molecule to the gas phase is endothermic, but it should be
thermodynamically favorable considering the significant entropic
compensation at the high reaction temperature. The adsorption of
the second methane molecule is also favorable with an adsorption
energy of —1.0 eV. Subsequently, a similar reaction of methane C-
H bond dissociation takes place, with H atom binding to the Mo
site and the methyl group to the C site. Then the C-C coupling
reaction can occur between the methylene and the methyl groups
to form a C,H; ethyl group. The activation barrier of this reaction
step is 1.86 eV. Ethylene is formed by one further step of dehy-
drogenation reaction of the C,Hs moiety, with the H atom going to
the C site. The barrier of this step is only 0.5 eV. Finally, the H
species migrates to the Mo site to form another H, molecule. The
catalytic cycle is closed by the co-desorption of ethylene and H,
molecules from the Mo,C, site into the gas phase. The desorption
energy of this step is 2.99 eV.

To investigate the hydrocarbon pool mechanism, the benzene
molecule present next to the Mo,C, active site is adopted as a
model hydrocarbon pool polyaromatic species. It is shown that
both the ethylene and hydrocarbon pool reaction pathways share
very similar thermodynamics and kinetics for methane adsorp-
tion and the first C-H bond activation reactions. The methylation
of benzene to form a C,Hy* complex is endothermic with an
activation barrier of 2.27 eV and a reaction energy of 1.8 eV. The
transfer of an H atom from the C,Ho* complex back to the
neighboring Mo site is thermodynamically favorable. It shows
an activation barrier of 0.56 eV and a reaction energy of —1.29 eV.
The recombination of the two H species at Mo and C sites to form
a H, molecule needs to overcome a barrier of 0.81 eV and the
desorption of the H, molecule from the active site of Mo,C, only
has a barrier of 0.23 eV. From these results, it can be seen that
C-C bond formation over the Mo,C, site is the most difficult step for
methane to ethylene reaction, while the benzene methylation step
has the highest activation barrier for the hydrocarbon pool route.

[) [j [j [j H[j H[] [] 2.54
2
C/M?c C/M? CHs  Mo~CHs MG'CHs Mo CHa Mo CHs Mo CHs
b / L / N\, N N,
20 b \Mg \M{) C\ /CH N /CH \ /CH C\ / \ /C
Mo Mo Mo Mo Mo
1.45
[ g
o
— 0.0
L
<
-1.05 -1.08 -0.98
G i | o G |G o o
-2.0 A . CHy CH, Mo Mg SH:  CHp Mo Mo Mo Mo
Mo ~™ Mo HC X 8 c- i Y ¢ ¢ o
Mo eme Hc’Mo‘c HCMO\CH P c . i Cgvm\ C_ Jc-CHy C ¢ c_ cH A N
\ / \ / \ / \ / Mo Mo \ / N Mo Mo Mo Mo ©C f
3.0 - Mo Mo Mo Mo H Hy Mo Mo “H4 H H H Hz Mo

Fig. 2 Reaction energy diagram of methane activation over [Mo,C,]?" located at the a-site. Color codes: red — ethylene formation pathway; black —

hydrocarbon pool pathway.
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The influence of Mo,C, locations on the activity and MDA
reaction mechanism was evaluated by comparing methane
activation over the a-site with other sites of B, y and 8. For
each location, two distinct pathways via ethylene and hydro-
carbon pool were evaluated (Fig. S1-S3, ESIt). Over the B-site,
the methane adsorption energy is —0.36 eV and the activation
barrier for the first C-H bond dissociation is 0.75 eV. Dehy-
drogenation of methyl to methylene has an activation barrier of
1.42 eV. The barriers for the migration of a H atom from the C
site to the Mo site and the recombination of two H atoms to
form a H, molecule are 1.79 eV and 1.06 eV, respectively. The
desorption energy of a H, molecule from the Mo,C, site to the
gas phase is 0.7 eV. Adsorption of the second methane mole-
cule to the active site stabilizes the system by 0.31 eV. The
activation barrier for the first C-H bond dissociation is 0.93 eV.
The C-C bond formation is again the most difficult reaction
step with an activation barrier of 2.99 eV. The migration and
recombination of the two H species over the active site to form
a H, molecule is a very easy process with barriers of 0.15 eV and
0.75 eV, respectively. The desorption of ethylene and H, to the
gas phase has a barrier of 2.53 eV.

Methane adsorption over the fB-site becomes endothermic
(0.08 eV) when the benzene molecule is present adjacent to the
Mo,C, site. The C-H bond dissociation needs to overcome a
barrier of 0.63 eV. The next step of benzene methylation to form
the C;Hy* compound needs to overcome a barrier of 2.35 eV.
The reaction energy for this step is 1.3 eV. Dehydrogenation of
the C;Hy compound has a barrier of 0.61 eV and a reaction
energy of 1.37 eV. Formation of the H, molecule is relatively
straightforward. The barrier for H atom shifting from the C to
Mo site is 0.93 eV, while the desorption of the so-formed H, is
thermodynamically favorable.

Fig. S2 (ESIt) demonstrates the reactivity of Mo,C, species
located at the y-site. The adsorption energy of a methane
molecule is —0.52 eV. The activation barrier of the first C-H
bond cleavage is 0.81 eV. Further dehydrogenation of the
methyl group to methylene has an activation barrier of
0.88 eV, and a reaction energy of —1.48 eV. Methylene formed
over the y-site is much more stable than that over the o- and -
sites. Formation of the first H, molecule is energetically not
favorable. The desorption barrier of H, is 0.87 eV. The adsorp-
tion energy of the second methane over the active site is
0.97 eV. The C-H bond dissociation has a barrier of 1.24 eV.
The most difficult reaction step of C-C bond formation needs
to overcome a barrier of 2.42 eV. Once the ethyl group is
formed, the subsequent dehydrogenation and H, formation
steps can take place smoothly with minor barriers. The last step
of ethylene and H, desorption and Mo,C, active site regenera-
tion has a barrier of 2.99 eV at the location of the vy-site.

Similar to what is observed over the other sites, the activity
of Mo,C, for methane C-H bond cleavage is very similar for
both the ethylene and hydrocarbon pool pathways. The methy-
lation reaction needs to overcome an activation barrier of
2.85 eV, with a reaction energy of 1.82 eV, which is the most
difficult step. Once this barrier is overcome, the following steps
of the dehydrogenation of the C;Hy* compound and the
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formation of H, are much easier and can proceed with moder-
ate obstacles. The activation barrier of C;Hy* dehydrogenation
is only 0.71 eV and the barrier for the two H atom recombina-
tions is 1.14 eV.

The fourth sitting position studied is the §-site (Fig. S3, ESIT),
which was predicted to be the most stable location for the
stabilization of the Mo,C, species.® The adsorption energy of
methane over the active site is —0.57 eV. The activation barrier of
the first C-H bond dissociation is 0.57 eV and the reaction
energy is —0.62 eV. Dehydrogenation of the methyl group to a
methylene group has an activation barrier of 1.35 eV. The
migration of the H atoms from the C-sites to the Mo-site to
form a H, molecule is an endothermic process. The adsorption
energy for the second methane is —1.02 eV. The dissociation of
the C-H bond of the methane has an activation barrier of 1.34 eV
and a reaction energy of —0.59 eV. Reaction via the hydrocarbon
pool mechanism is energetically favourable over this site. Activa-
tion of the methane C-H bond has a barrier of 1.18 eV and the
methylation step is rather easy to occur with a barrier of 0.58 eV.

To compare the reactivity differences of Mo,C, at different
locations, all of the reaction energy profiles are summarized in
Fig. S4-5 and Table S1 (ESIf). As can be seen from Fig. S4
(ESIY), the C-C bond coupling reaction step is the most difficult
along the ethylene formation route and the reaction barrier
over the B-site is the highest. The methylene group shows the
highest stability over the y-site compared to other locations, while
the &-site is the most favorable location for co-accommodation of
the methylene and methyl groups and for stabilization of the
C,H; species. Fig. S5 (ESIT) shows that benzene methylation is the
most difficult step and B- and y-sites are not favorable for such a
reaction. The reaction barriers over the o- and d-sites are very close
to each other, with the é-site being preferable for both methyla-
tion and the subsequent deprotonation reactions.

Microkinetic modeling (MKM) was further carried out to
evaluate the reactivity of different locations and to identify the
rate-determining steps that govern the overall reaction rate.
Fig. 3a shows the apparent activation barriers for the formation of
ethylene from methane over different locations. This indicates
that ethylene formation is favorable over the o-site with an
apparent activation barrier (E,pp) of 0.65 eV. The Mo,C, site
located at all other locations is much less active with apparent
activation barriers at least four-fold that over the o-site. The results
of the degree of rate control (DRC) analysis are shown in Fig. S6
(ESIf). Very interestingly, it is found that the rate-determining step
is also sensitive to the specific locations of the Mo,C, active site in
ZSM-5. The rate-determining step over the o-site is the initial C-H
bond activation of methane, while the C-C bond coupling
becomes dominant over the - and J&-sites. In contrast, the
reaction rate over the y-site is controlled by the reaction steps
related to molecular H, formation.

The MKM results of the hydrocarbon pool reaction pathway
are illustrated in Fig. 3b and Fig. S7 (ESIt). Following this
mechanism, it is identified that the §-site is the most preferred
location. For all sites evaluated, the apparent activation barriers
along the hydrocarbon pool reaction pathway are much lower
than the pathway of ethylene formation. Subsequent DRC

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Microkinetic modeling of methane activation via (a) ethylene and (b) hydrocarbon pool pathways over the active site of [M0,C]** in ZSM-5. The

formation rates r (in mol s

of ethylene as a function of temperature are presented. The apparent activation barriers (E,pp) indicated in the figures were

calculated using the Arrhenius equation. Dual-site microkinetic models were considered.

analysis shows that benzene methylation to C;Hy® is the main
rate-determining step over the -, 8-, and vy-sites, while over the
a-site, the C;Hy* dehydrogenation step turns out to have a more
significant influence on the overall reaction rate. These results
indicate the high degree of heterogeneity of MDA reactions
taking place in Mo/ZSM-5.

In summatry, the reactivity of Mo-carbide at different locations of
the ZSM-5 matrix was evaluated by DFT calculations combined with
microkinetic modeling. Distinct micro-environments can steer the
reaction pathways and rate-determining steps. These results point
out the complexity of MDA reaction and the significance of
maximizing metal site utilization in the Mo/ZSM-5 catalyst by
control of the Mo-carbide location.
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